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Abstract

A beam of charged particles can perform wonders in the field of science and technology. One
of the methods of producing charged particle beams is its extraction from gaseous plasma
created inside ion sources. The thesis deals with a collection of studies on the extraction
of negative ion beams from a multicusp ion source, where multicusp refers to the type of
magnetic field used for plasma confinement inside the ion source. The study revolves around
improving the H− and D− beam extraction from the ion source.

Two kinds of ion sources are considered in the study. One of them, the filament ion
source, generates plasma through thermionic emission, while the other, the RF ion source,
generates plasma through RF energy coupling. The characteristics of the extracted ion beam
depend on a multitude of factors in the ion source and extraction system, and some of them
are analysed in the thesis. Both ion sources produce negative ions in the plasma primarily
through volume production methods. The thesis presents evidence for the negative ion
production through plasma-wall surface interactions also. Results indicate that an optimum
magnetic filter field is needed to increase the efficiency of volume production and a lower
surface temperature is needed to enhance the surface interactions. Design upgrades of the
RF ion source were also performed and improvements in H− and D− beam currents were
achieved. The thesis also presents the results of an experimental campaign for analysing the
validity of IBSimu, an ion beam extraction simulation code. Results indicate that IBSimu is
capable of reproducing the ion beam emittance trends obtained in the experiments. Results
of plasma analysis performed using Langmuir probe and laser photodetachment tools, and
thermal analysis conducted using Solidworks simulations, are also presented in the thesis.
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Chapter 1

Introduction

Energetic charged particle beams have been present at the forefront of scientific explorations
into the secret world of subatomic particles, since the introduction of particle accelerators in
the early 1930s. Remarkable progress has been achieved in this field from Ernest Lawrence’s
1 MeV proton beam in 1932 [1] to CERN’s 6.5 TeV proton beam that discovered the Higgs
boson in 2012 [2, 3]. The applications of the charged particle beams have also diversified from
the fundamental particle research into the fields of medicine, manufacturing, fusion energy,
national security and so on [4]. About 30000 particle accelerators are operating around the
world in various fields and less than 1% operate in the field of fundamental research, as per
the report in 2017 [5]. The majority of the accelerators are used in health care and industries.
Beams with the required energy and quality are used for treating cancer [6], production
of medical radioisotopes [7], polymer material modifications, pollutant treatments [8], ion
implantation in materials [9], etc.

One of the critical parts of a particle accelerator is the ion source, that supplies the ions
for acceleration. There is a long list of different types of ion sources in operation worldwide.
Some of them are "high current gaseous ion sources, RF (Radio Frequency)-driven ion sources,
microwave driven ion source, ECR (Electron Cyclotron Resonance) ion sources, laser ion
sources, vacuum arc ion sources, negative ion sources, ion sources for heavy ion fusion and
giant ion sources for neutral beams" [10]. The choice depends on the requirements of the
type of particle (positive or negative ions), amount of beam currents, pulsed or DC beams,
ion source life time etc.

The production of negative ion beams is more challenging than positive ion beams [11].
This is because the negative ions are less stable as the additional electrons are bound by
very small energy. For example, the extra electron in the H− ion is bound by an energy of
only 0.75 eV [11], whereas the last electron in an H atom is bound by 13.6 eV [12]. Another
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Introduction 2

challenge in negative ion beam generation is the extraction of electrons along with negative
ions from the plasma. In such cases, the extraction systems need additional magnetic fields
for removing the electrons from the extracted beam [13].

Even though challenging, the production of negative ions offer some excellent advantages
in the field of particle accelerators. One of them is its application in tandem accelerators.
Tandem accelerators are electrostatic accelerators in which the negative ions injected at
a ground potential accelerate towards a positive high voltage terminal. After reaching the
positive terminal the negative ions are stripped off two or more electrons by a stripper
system and thus get converted into positive ions [14]. These positive ions are further repelled
by the high voltage positive terminal into the ground potential. Thus the ions gain twice the
amount of energy compared to the case when only positive ions are used. Another advantage
of negative ions is that they facilitate the easier extraction of positive ions from cyclotrons.
The negative ions are fed into the cyclotrons for acceleration and they hit a stripping foil
towards the end of their path and gets converted to positive ions. This reverses the Lorentz
force direction on the positive ions to the opposite direction and they are extracted from the
cyclotrons. Such cyclotrons are often used in medical isotope production [15]. The negative
ions also find its usefulness inmulti-turn charge-exchange injection process, which is used for
proton charge accumulation in storage rings. This enables the production of high intensity
proton beams [16, 17].

The current thesis is a collection of studies related to H− and D− beam generation,
performed by the author in collaboration with D-Pace [18], Canada. The experiments were
conducted at the Ion Source Test Facility (ISTF), Buckley Systems [19], Auckland. Details
of the test facility, components and experimental set up are described in Appendix B. A
picture of the basic ion source configuration, used for the experiments, is shown in Fig.
1.1. This is D-Pace’s TRIUMF [13] licensed filament ion source system. D-Pace has supplied
around 20 ion sources worldwide. The negative ions from the ion source are used in different
tandem accelerators and cyclotrons for a variety of applications. The studies conducted by
the author was targeted at improving the ion source performance and better understanding
of the scientific processes involved in its operation, which is beneficial to D-Pace’s business
interests.

One of the goals of the thesis is the study of factors affecting the beam current extraction
from the D-Pace ion source. D-Pace is looking to achieve more beam currents from its
source, especially D− beam current of at least 10 mA, due to the demand for such beams
in Boron Neutron Capture Therapy (BNCT) [6]. BNCT technology is used for the treatment
of malignant tumours [6]. The tumour cells containing a 10B drug can react with thermal
neutrons and the subsequent reactions can destroy the tumour cells, without damaging the
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Figure 1.1: A picture of D-Pace’s TRIUMF licensed ion source and extraction assembly [13]. This is the
basic configuration used for performing the experiments outlined in the thesis. Details of the system
are presented in Appendix B.

healthy tissues. The neutrons required for this process can be produced in accelerator-based
facilities through the bombardment of energetic deuterium beams with Be and C target [6].
The target amount of D− beam currents needed for a single session of the treatment is about
10-15 mA [20].

Another goal of the thesis is the improvement of D-Pace’s Radio Frequency (RF) powered
ion source. RF ion source offers some excellent advantages in terms of maintenance free
operation and an ion source plasma free from metallic filaments. Currently, there are chal-
lenges related to the operation of the RF ion source. The study aims at solving some of these
challenges and improving the RF ion source performance.

The thesis also aims to contribute to the scientific understanding of the ion source
community by conducting an experimental campaign for the development of the plasma
extraction code, IBSimu [21]. The study includes the development of a simulation model
using IBSimu code for ion beam extraction from D-Pace’s ion sources. The goal of the study is
a comparison of experimentally determined beam properties for different plasma densities,
electric fields, gas flows, etc. to that predicted by the simulation model. This also provides
an extensive data set of experiments and simulations for D-Pace that helps in future design
work involving the ion sources.
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The thesis is arranged as follows:

Chapter 2, Chapter 3 deals with the background theory related to the study. Chapter
2 deals with the basic plasma theory in the ion source and describes the reactions
leading to the formation of negative ions inside the plasma. The method of extraction
of ions from the plasma into a beam and different aspects related to the quality of the
beam are described in chapter 3.

Chapter 4 deals with experiments related to the study of different factors influencing
the extraction of H− and D− beam from D-Pace’s filament ion source.

Chapter 5 describes the design upgrades performed in D-Pace’s RF ion source. The
reasons for the upgrades, the improvements achieved and existing challenges are
outlined in this chapter.

Chapter 6 discusses the results of the experimental campaign for the development of
plasma extraction code, IBSimu.

Appendix A describes the laser photodetachment studies performed in a filament ion
source at Doshisha University, Japan.

Appendix B outlines the details of the experimental venue, ISTF and the ion source
and extraction system used in the experiments. It also describes the ion beam tuning
methods used for the study.

Appendix C shows the details of the neutron radiation observed at the ISTF during
the D− beam experiments.



Chapter 2

Fundamental plasma properties

Plasma is considered as the fourth state of matter, where the temperature is high enough to
cause particle collisions resulting in ionisations [22]. Plasma is composed of neutral particles
and charged particles like electrons and ions. The name ‘plasma’ was introduced by Irving
Langmuir [23]. Natural plasmas are seen, for example, in the Northern Lights phenomenon,
lightning strikes and inside stars. Human-made plasmas can be seen in different scales
ranging from light sources to space propulsion [10]. In the context of the current thesis,
plasma is the parentmedium fromwhich a charged particle beam is extracted and accelerated.
The characteristics of the extracted beam depend heavily on the properties of the plasma.
This chapter deals with the features of an equilibrium plasma and its physical boundaries,
collisions inside the plasma, transport of particles inside the plasma due to external fields
and processes leading to the formation of positive and negative ions inside the plasma. The
discussions in this chapter are based on texts from references [10, 22, 24–26].

2.1 Particle distributions in an equilibrium plasma

Particles inside the plasma move randomly with different energies and velocities. Ions,
neutrals and electrons inside the plasma can be treated as separate plasma species. The
amount of different species can be described by the plasma density of the corresponding
species (ions, electrons or neutrals).

The positions (~r) and velocities (~v) of the particles inside the plasma can be represented as
points in phase space and described using distribution functions [10]. The distribution function
for a plasma species can be derived by considering it as an ensemble of particles in thermal
equilibrium at temperature T . Such an ensemble can be considered as a distinguishable
microsystem in terms of equilibrium statistical mechanics [26]. Hence the average number
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Particle distributions in an equilibrium plasma 6

of particles (N ) of the plasma species in a state of energy E , is proportional to the Boltzmann
factor, kbT [25],

N ∝ exp
(
− E
kbT

)
(2.1)

Ignoring any potential energy associated with the particle positions and assuming plasma
species to be homogeneous and isotropic, theMaxwell-Boltzmann distribution function for
velocities can be derived as

f(~v) = n0

[ m

2πkbT

]3/2

exp
[
− m(v2

x + v2
y + v2

z)

2kbT

]
(2.2)

such that f(~v)d~rd~v gives the number of particles in the elemental volume d~rd~v =

dvxdvydvzdxdydz in phase space [22, 26].m is the mass of the plasma species under consid-
eration. The constant factor shown in the above equation is obtained by considering that
the integration of the distribution function along all the velocities in phase space, gives the
density, n0 in physical space. ∫ ∞

−∞
f(~v) dvxdvydvz = n0 (2.3)

The distribution of speeds, f(v), is obtained by considering the velocity space in spherical
coordinates, dvxdvydvz = v2dv sin θdθdφ and integrating over the solid angle. This gives

f(v) = n0

[ m

2πkbT

]3/2

4πv2 exp
[
− mv2

2kbT

]
(2.4)

The variation in the value of the above distribution function equation as a function of particle
speeds, at different thermal equilibrium temperatures, is shown in Fig. 2.1(A). Temperature
is represented in units of eV (T =⇒ kbT/e, 1 eV ≈ 11, 600 K). As found in the figure and
also in the above equations, when the equilibrium temperature increases, the distribution
broadens and the number of particles possessing high speed values also increases. This
can cause more collisions and ionisations. The mean value of speed can be obtained from
equation 2.4 as

〈v〉 =
1

n0

∫ ∞
0

vf(v) dv =

√
8kbT

πm
(2.5)

The distribution function of energy, f(E), can be derived using the relations E = 1
2
mv2 and

dE = mvdv

f(E) =
2πn0

(πkbT )3/2
E 1/2 exp

[
− E
kbT

]
(2.6)
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(A) (B)

Figure 2.1: Maxwell-Boltzmann distribution of (A) speeds and (B) energies at different thermal equi-
librium temperatures.

The variation in the particle distribution for different energies is shown in Fig. 2.1 (B). The
mean kinetic energy of the plasma species at the equilibrium temperatureT can be calculated
as

〈E〉 =
1

n0

∫ ∞
0

f(E)E dE =
3

2
kbT (2.7)

Equating the above to the kinetic energy term, 1
2
mv2, the RMS speed of a particle of massm,

inside the plasma, can be obtained as

vRMS =

√
3kbT

m
(2.8)

The concept of temperature of a plasma species is valid only if the energy distribution of
the species is Maxwellian. There are kinds of plasma where the distribution deviate from
Maxwellian behaviour [27]. Inside a plasma, the electrons and ions can have dissimilar
Maxwellian distributions with different temperatures, Te and Ti [26]. This is because the
collision rate among the same species is higher than between different species. If the plasma
is anisotropic due to external fields, then there will also be different values of temperatures,
parallel and perpendicular to the fields.

2.2 Debye shielding

One of the properties of a plasma is its capability to protect itself from any electric potentials
applied to it [24]. When a positive charge is introduced into the plasma, the total energy of
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the particles locally around it in the plasma will get modified by the potential generated (φ)
by the charge, E → E + qφ. Using equation 2.1, it can be seen that the number of particles
gets altered by

N ∝ exp
[
− qφ

kbT

]
(2.9)

In the case of electrons, (q = −e), this means that the number of electrons increases near
the positive charge. On the other hand, the number of positive ions decreases. The electrons
will form a cloud (sheath) near the positive charge, shielding it from the rest of the plasma.
The distance over which the positive charge is shielded from the rest of the plasma is an
important parameter that defines one of the basic properties of the plasma. This shielding
length is called the Debye length of the plasma [22, 24].

For deriving a mathematical expression for the Debye length, let us consider a pertur-
bation in the energy levels of the particles by a potential, φ = φ(0), at location r = 0. r
represents the radial coordinate and the potential created along r is represented by φ(r).
Considering symmetry of the potential distribution and no angular dependence, the Poisson
equation can be obtained as

∇2φ =
1

r2

∂

∂r

[
r2∂φ

∂r

]
= − ρ

ε0
(2.10)

where ρ is the net charge density. Assuming that the positive ions are all having a singly
ionised charge state, ρ = e(ni − ne), where ni and ne are the densities of positive ions and
electrons after φ(0) is introduced in the plasma. At locations far away from the potential,
such that φ(r) → 0, ni = ne = n0. Using equation 2.9 and since φ(r) is not a function
of velocities, equations 2.2 and 2.3 gets multiplied by the factor exp(−qφ/kbT ). Hence the
positive ion and electron densities become

ne = n0 exp
[ eφ
kbTe

]
; ni = n0 exp

[
− eφ

kbTi

]
(2.11)

For simplification, we assume a condition of thermal equilibrium between ions and electrons,
Te = Ti = T . Equation 2.11 values can be substituted in equation 2.10 for ρ. The exponential
terms can be expanded using Taylor series in the limit eφ << kbT , such that only linear
terms in the series is considered.

1

r2

∂

∂r

[
r2∂φ

∂r

]
=

2n0e
2φ

ε0kbT
=

2φ

λD
2 (2.12)

where λD = (ε0kbT/e
2n0)1/2, is defined as the Debye length of the plasma. From the proper-

ties of general electrostatic potential of a point charge, it is known that potential varies as
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1/r. Hence we can assume a solution for equation 2.12 as φ = F (r)/r and obtain

∂2F (r)

∂r2
=

1

(λD/
√

2)2
F (r) (2.13)

As evident from the above equation, F (r) should be an exponential function and decaying,
since φ(∞) = 0. Also, considering φ(0) = φ0, the final solution for the potential can be
obtained as

φ(r) = φ0 exp
[
−
√

2r

λD

]
(2.14)

Hence the applied potential is screened by the plasma by a factor∝ exp(−r/λD) and particles
in the region outside a length of∼ λD from the potential, are not affected by the potential
φ0. The net density of positive charges equals the density of negative charges in this outside
region. For regions less than λD, an imbalance in the density of charges is present and the
plasma cannot be considered as neutral. This is the condition when a surface like a metallic
probe is inserted into a plasma. The perturbation can only extend to the order of Debye
lengths from the probe surface and beyond that the plasma is electrically neutral. This
property is known as the ‘quasineutrality’ of plasma. For a typical laboratory plasma with
T = 1 eV and n0 = 1016 m−3, λD = 0.1mm. It should be noted that Debye length is∝ 1/n0.
For interstellar plasma, λD is several metres long [22].

2.3 Plasma frequency

Any local deviation from charge neutrality due to the separation of charges inside the
plasma, leads to the generation of an electric field. The charges inside the plasma experience
a restoring force due to this electric field. Since the ions are much heavier than electrons,
they can be considered stationary with respect to the faster electrons. The generated one-
dimensional electric field, for a charge separation of x distance and electron density ne, can
be estimated using Gauss’ law [22].

Fx = −eEx = −e
2ne
ε0

x (2.15)

As seen here, the force is proportional to displacement x. Using Newton’s second law and
the above equation, we can derive,

d2x

dt2
+
[ nee2

meε0

]
x = 0 (2.16)
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The equation is of the form of a harmonic oscillator and describes the oscillation of electrons
around the local deviation. The angular frequency of this oscillation is represented by ωpe
and is called the electron plasma frequency (or simply as plasma frequency) [22, 24]

ωpe =

√
nee2

meε0
(2.17)

The frequency (νpe = ωpe/2π) corresponding to the above equation, for a plasma with
ne = 1016 m−3 is about 1 GHz and is in the microwave band.

2.4 Plasma boundary

When a plasma is first ignited, there occurs a flow of charges to the plasma chamber walls
[22]. Since electrons are highly mobile, they escape from the plasma faster than the ions,
resulting in a net negative charge at the chamber walls relative to the plasma. This forms an
electric potential barrier to the further flow of electrons from the plasma, but accelerates
the movement of positive ions to the walls. In the course of time, an equilibrium potential
drop will be formed between the bulk plasma and walls, which equalizes the flux of ions and
electrons to the walls. This leads to the formation of a sheath, the plasma sheath, around the
plasma boundary, which shields the bulk plasma from the wall potential. The extension of
this shielding is comparable to the Debye length derived in equation 2.12 [22].

2.4.1 The Bohm criterion

Let us now examine the variation in potential and charge particle densities in the plasma
boundary region by considering a non-magnetized plasma. This plasma is enclosed in a
chamber having absorbing walls where no particles are reflected back to the plasma. A
representation of such a situation is shown in Fig. 2.2. For simplicity, let all the positive ions
be singly ionised with massmi and reach the plasma sheath from the bulk plasma at the
same initial velocity v0. Only one-dimensional motion is considered here. These ions enter
the plasma sheath and start experiencing the potential φ(x) and the velocity changes to
v(x) = vx. The total energy of ions at the beginning of the plasma sheath is purely kinetic.
Then from conservation of energy,

1

2
miv

2
0 =

1

2
miv

2
x + eφ(x) (2.18)

where φ(x) < 0 for negative wall potential. Due to the net negative charge at the wall, we
can assume that the number of electrons having enough energy to overcome the potential
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+x

+φ

Bulk
plasma

sheath

+

+
φ = 0

−

Absorbing wall (x = 0)

Plasma (x < 0)

Figure 2.2: A representation of the variation in potential at the plasma boundary. The chamber wall is
located at x = 0. The electrons from the bulk plasma experiences a potential barrier towards the wall
under equilibrium conditions.

hill in the sheath is very less [26]. Hence, the density of electrons inside the sheath can be
found from the same conditions as equation 2.11.

ne = n0 exp
[ eφ
kbTe

]
(2.19)

The equation is the Boltzmann relation for electrons. Note that the density of electrons is
exponentially decreasing in this case, since the electric potential has negative values here. In
the case of positive ions, they are accelerated and depleted at the walls. Hence the ion density
needs to be determined from other means. We can consider that the positive ion mean free
path is higher than the length of the sheath, such that it does not make any collisions on its
way across the sheath. Then, from the equation of continuity, we can derive the following

n0v0 = ni(x)vx (2.20)

where ni(x) is the density of ions inside the plasma sheath. Using equations 2.18 and 2.20,
an expression for the ion density inside the sheath can be derived as

ni = n0

[
1− 2eφ

miv2
0

]−1/2

(2.21)

By substituting this value and equation 2.19 in the Poisson equation, we can derive

d2φ

dx2
=
en0

ε0

[
exp
( eφ

kbTe

)
−
(

1− 2eφ

miv2
0

)−1/2]
(2.22)
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Figure 2.3: Variation in the normalised plasma sheath potential for different normalised ion energy
values and normalised distances from the wall. The curves are the numerical solutions to equation 2.23
[28].

Following the conventions in [28], the behaviour can be better understood by defining the
normalised dimensionless quantities,

Φ = − eφ

kbTe
;K =

miv
2
0

2kbTe
; X =

x

λD

where Φ is related to the potential, K is related to the ion energy and X is related to the
distance from the wall. Equation 2.22 can be converted into first order by multiplying both
sides by dΦ/dX and then integrating with respect toX . The value of constant of integration
can be determined by the condition, X → −∞,Φ and dΦ/dX → 0. The equation 2.22
changes to [ dΦ

dX
]2

= 4K
[(

1 +
Φ

K
)1/2

− 1
]

+ 2(e−Φ − 1) (2.23)

This is a non-linear equation and can be solved numerically. The solutions are shown in
Fig. 2.3, for an arbitrary value of Φ(0) = 10. As seen from the plot, the sheath successfully
shields the bulk plasma from the negative wall potential for values ofK ≥ 0.5. For values
K < 0.5, the sheath ceases to exist beyond a certain location, as there are no real solutions.
This limit can also be derived by expanding the right side of the equation in terms ofΦ using
series expansions by assuming |eφ| << |kbTe|. Equation 2.23 becomes[ dΦ

dX
]2

= Φ2
[
1− 1

2K
]

+O(Φ3) ≈ Φ2
[
1− 1

2K
]

(2.24)
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From the above equation also, it can be seen that forK < 0.5, there are no real solutions.
This leads to the condition that, for a sheath to exist at the plasma boundary,

K ≥ 1

2
=⇒ miv

2
0 ≥ kbTe (2.25)

and is called the Bohm-criterion [22, 28]. We can also define a minimum velocity for positive
ions corresponding to this limit,

v0 ≥ vB =

√
kbTe
mi

(2.26)

where vB is defined as the Bohm velocity. The reason for this lower limit of ion energy can
be understood from Fig. 2.4, where the variation in the density of ions and electrons from
the arbitrary sheath edge to the plasma wall is shown. The densities are estimated using
equations 2.19 and 2.21 and the dimensionless factors. It can be seen that both ion and
electron densities deplete towards the wall. But for low ion energies such thatK < 0.5, the
rate of fall of the density of ions is higher than the electrons in regions close to the bulk
plasma. Hence a positive space charge cannot be set up to shield the negative wall potential.

As seen in equation 2.26, the Bohm velocity depends on the electron temperature Te and
Te >> Ti in the general plasma conditions [28]. If the ions had only the energy from the
thermal equilibrium (≈ kbTi), then none of the ions could attain the Bohm velocity. Hence
there should be an additional electric field prior to the plasma sheath edge that enables
the positive ions to achieve the minimum velocity for sheath formation, vB . Defining this
potential difference as φp, the value can be found from the Bohm velocity condition,

1

2
miv

2
B = eφp =⇒ φp =

kbTe
2e

, Φ = 0.5 (2.27)

The region where this potential drop exists, prior to the plasma sheath, is termed as presheath.
The boundary between the presheath and sheath is not well defined [29]. We can find the
variation in potential in the presheath region. The extension of the presheath into the plasma
is assumed to be of the length scale L, where L >> λD = ξL [28]. By using this relation and
defining normalized length in the presheath scale, X ′ = x/L, the Poisson equation in the
presheath region can be derived as

ξ2 d
2Φ

dX ′2 =
1

n0

(ni − ne) (2.28)

A very simple picture of the expansion L, can be obtained using the above equation by
considering a small finite value for ξ. The same ion and electron density relations obtained
from equations 2.19 and 2.21 can be assumed. Since the value of potentials in the presheath
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Figure 2.4: Normalised ion and electron densities in the plasma sheath [24]. Φ = 0 represents the
bulk plasma. The positive ion density falls faster than the electron density forK < 0.5, in the regions
close to the bulk plasma.

is expected to be equal to bulk plasma potentials (≈ 0), the terms can be expanded in first
order terms alone and we can derive [28]

ξ2 d
2Φ

dX ′2 =
[
1− 1

2K
]

Φ (2.29)

An analytical solution forΦ in the presheath region can be obtained for the above differential
equation as [30]

Φ = Ce−X
′/h, where h = ξ

(
1− 1

2K
)−1/2

(2.30)

where C is a constant. This gives the variation in the potential in the pre sheath and it can be
seen as exponentially decreasing in a length scale of the order of λD(1− 1/2K)−1/2 which is
larger than λD, forK > 0.5. On the other hand, the potential varies in a length scale of λD
in the sheath as in equation 2.14. Thus the change in potential across the presheath is slower
than that in the sheath. This is illustrated in Fig. 2.5. Approximate location of the sheath and
presheath regions, assuming Bohm velocity for ions (Φ = 0.5), is also shown in the figure.
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Figure 2.5: A representation of the expected variation in the normalized potential (top) and ion-
electron densities (bottom) inside a proton-electron plasma. The wall is atX = 0. The dashed green
lines show the location whereΦ = 0.5 (or φ = −kbTe/2e), which corresponds to the potential drop
between pre sheath and bulk plasma, when ion velocity is equal to Bohm velocity (Eq 2.27). The locations
and general behaviour are only approximate.

2.4.2 Floating wall potential

Under equilibrium conditions, the negative potential developed at the walls (φw) will be in
such a way that the net particle flux to the walls is zero [22]. It is possible to estimate this
floating potential at the plasma walls. The flux of positive ions entering the plasma sheath,
with Bohm velocity, can be obtained by

Γi = n0vB (2.31)

Since the ion mean free path is higher than the plasma sheath length, the flux is assumed
to remain constant inside the sheath. An expression for electron flux to the wall, in one-
dimension, can be derived from the distribution functions in equation 2.2. The distribution
along the velocity direction vx can be obtained by integrating the equation along the other
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two directions, vy, vz . Then for energy, E → E + (−e)(φw), distribution becomes

f(vx) = n0

[ m

2πkbT

]1/2

exp
[
− mv2

x − eφw
2kbT

]
(2.32)

The electron flux along the x-direction can now be determined from the distribution func-
tion,

Γe = ne 〈vx〉 =

∫ ∞
0

dvxvxf(vx) =
1

4
n0 exp

[eφw
kbT

][8kbTe
me

]1/2

(2.33)

Equating the ion and electron flux, the floating wall potential can be obtained as

φw = −kbTe
e

ln
[ mi

2πme

]1/2

(2.34)

For an electron-proton plasma, the value of the floatingwall potential will be≈ −3kbTe/e

or Φ = 3. A general representation of the variation of potentials and ion-electron densities
in such a plasma, from the bulk plasma to the wall, was shown in Fig. 2.5. Since in most of the
ion sources, the plasma chamber walls are usually at ground potential, the above situation
can be considered as plasma acquiring a positive potential (φw) with respect to the walls.

2.5 Collisions in a plasma

Some of the properties observed in a plasma, for example the particle diffusion, can be
explained mathematically only by considering collisions inside the plasma. Collisions can
be broadly divided into elastic and inelastic [26]. Elastic collisions are those which conserve
the kinetic energy and the colliding particles do not lose their identity. Inelastic collisions
are those in which the kinetic energy is not conserved. The colliding particles might lose
their identity and particles can be created or destroyed. These collisions lead to removal of
electrons from neutral atoms leading to ionisation, change in internal energy state leading
to excitation etc. Other kinds of inelastic collisions involve reactions in which the charged
particles recombine to form neutrals or attach with other neutral particles.

Collisions can be between charged particles (Coulomb forces) or between charged parti-
cles and neutral atoms or molecules. The fractional ionisation parameter, which is the ratio
of ion density to total density of ions and neutral particles, ni/(ni + nn), can be used to
specify the percentage of ions in a plasma [10]. When the fractional ionisation is low, the
collisions between charged particles and neutrals dominate and the plasma is said to be
weakly ionised. On the other hand, when the fractional ionisation is high the interactions
between the charged particles dominate. In such a case, the plasma can be considered as
fully ionised [10, 22].
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2.5.1 Weakly ionised plasma

Ionospheric plasma and low current discharge plasma are some examples of a weakly ionised
plasma. The collisions inside a weakly ionised plasma can be explained by binary collisions.
Electrons are the dominating species and hence electron-neutral collisions are important.
An expression for the average collision frequency, νen, can be obtained as [24].

〈νen〉 =
〈
τ−1
en

〉
= nn 〈σenve〉 (2.35)

where τen = λm/ve is the collision time, nn is the neutral particle density, σen is the cross
section area for collisions, ve is the electron velocity. λm is the mean free path between
collisions and is obtained as λm = 1/σenve. The value obtained in the above equation is an
average over all values of ve in theMaxwellian distribution. Themass of electrons is lower and
hence its average thermal speed is higher compared to ions. Hence, assuming similar cross
sections and temperatures, it is evident from the above equation that the electron-neutral
collision frequency is higher than the ion-neutral collision frequency [22].

2.5.2 Fully ionised plasma

In the case of fully ionised plasma, the Coulomb interactions between charged particles
are dominant. In contrast to the collisions in weakly ionised plasma, these interactions can
happen over long distances, where one particle interacts with several other particles at the
same time. The average electron-ion collision frequency over a Maxwellian distribution is
estimated as [24, 26]

〈νei〉 =

√
2niZ

2e4lnΛ

12π3/2ε20m
1/2
e (kbTe)3/2

(2.36)

where Z represents the multiplicity of ionisation, lnΛ factor represents the cumulative
effects of small angle collisions and Λ is the ratio between the maximum and minimum
interaction distance for the electron -ion collision. Since the Coulomb interactions are
screened out outside the Debye length, λD,

Λ =
λD
r0

(2.37)

where r0 is the impact parameter or distance of closest approach in the absence of Coulomb
forces. From the equation for 〈νei〉 it can be seen that electrons with lower velocities suffer
more collisions than those with higher velocities. The electron-electron and ion-ion particle
collisions are obtained as [22, 26]

〈νee〉 =
νei

niZ2/ne
(2.38)
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〈νii〉 =

√
2niZ

4e4lnΛ

12π3/2ε20M
1/2(kbTi)3/2

(2.39)

whereM is the reduced massm1m2/(m1 +m2) for ions, with massm1 andm2.
The value of the various collision frequencies discussed above varies in a wide range

depending on the plasma. These can be roughly estimated for a hydrogen plasma. Let the
neutral particle density be nn = 1020 m−3 with 1% ionisation such that ni = ne = 1018 m−3.
For simplicity, we assume Ti = Te = 2 eV .Then 〈νei〉 = 〈νee〉 ≈ 17 MHz, 〈νii〉 ≈ 400 KHz.
Assuming the elastic scattering cross section corresponding to the radius of a hydrogen
atom,( σ ≈ 10−20 m−3) and using eq 2.35, 〈νen〉 ≈ 1MHz. This shows that even 1% ionisation
is sufficient enough for the Coulomb interactions to be dominant over the charged particle-
neutral interactions. On the other hand, all these collisions are found to be extremely slow
compared to the plasma oscillation frequency (eq 2.17) which is of the order of GHz. This is
the reason why plasmas are sometimes considered to be ‘collisionless’ [30].

2.6 Effect of external fields in plasma

External magnetic fields are applied to plasma for modifying the motion of particles inside
the plasma. This can yield results ranging from plasma confinement to filtering the high
energy electrons inside a region in plasma. The explanations in this section is based mainly
on [22, 24].

2.6.1 Uniform magnetic field

The equation of motion for a plasma species of charge q, velocity ~v and mass m, in the
presence of an external magnetic field ~B is given by

m
d~v

dt
= q(~v × ~B) (2.40)

For simplicity, we assume that the magnetic field is in the z-direction, ~B = Bz ẑ. In cartesian
coordinates this becomes,

d~v

dt
= ±|q|Bz

m
(vyx̂− vxŷ) (2.41)

The± sign depends on the charge of the particle under consideration. Sign located on the
top is used for a positive charge and the sign at the bottom is for a negative charge (for
example, consider equation 2.45). Second derivatives of the x, y components in the above
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equation leads to differential equation of a harmonic oscillator. Solutions for the velocity
components in different directions can then be obtained as

vx(t) = v⊥ sin (ωct+ θ0) ; vy(t) = ±v⊥ cos (ωct+ θ0) ; vz(t) = vzi (2.42)

, where v⊥ =
√
v2
xi + v2

yi, is the speed of particle in the plane perpendicular to ~B. Here
vxi, vyi, vzi represent the initial velocities in the three directions. The equations represent
oscillations of angular frequency, the cyclotron frequency orgyro frequency,

ωc =
|q|B
m

(2.43)

Integration of equations 2.42 with respect to time, gives the location of the particle at
different times.

x(t)−X0 = −v⊥
ωc

cos (ωct+ θ0) ; y(t)− Y0 = ±v⊥
ωc

sin (ωct+ θ0) ; z − z0 = vzit (2.44)

,whereX0 = x0 +
v⊥
ωc

cos θ0 ; Y0 = y0 ∓
v⊥
ωc

sin θ0 (2.45)

The initial location of the particle is given by ~r = x0x̂ + y0ŷ + z0ẑ. The trajectory of the
particle in the x− y plane can be identified from rearranging the equation as [x(t)−X0]2 +

[y(t) − Y0]2 = (v⊥/ωc)
2, which represents circular motion about a guiding centre, (X0, Y0).

This also leads to the characteristic radius in the plane of circular motion, the Larmor radius
or gyro radius,

rL =
v⊥
ωc

=
v⊥m

|q|B ≈
√
mkbT

|q|B (2.46)

The phase of the circular motion about the guiding centre can be found as

φ(t) = tan−1
[ y(t)− Y0

x(t)−X0

]
= ∓(ωct+ θ0) (2.47)

This represents a decreasing value for a positively charged particle and an increasing value
for a negatively charged particle. This suggests a clockwise (anti-clockwise) circular motion
for a positive (negative) charge when the magnetic field is pointing towards the observer.

The net motion will be a combination of circular motion in the x − y plane and an
undisturbed motion in the ẑ-direction, leading to a helical trajectory in 3D space as shown
in Fig. 2.6(A). In this case, the location of the guiding centre remains constant in the plane
perpendicular to themagnetic field andmoves with the undisturbed velocity in themagnetic
field direction. The guiding centre velocity is given by

~vgc = vz ẑ = v‖ẑ (2.48)
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(A) (B)

Figure 2.6: Path of a positively charged particle in the presence of (A) a uniform magnetic field ~B in
the z-direction (left to right) and (B) a combination of uniform magnetic field and uniform electric
field ~E = Exx̂ + Ez ẑ. The red path represents the motion of the guiding centre. The projection of
motion in the x− y plane is shown by green lines.

For a plasma temperature of 1 eV and external magnetic field of 1 T, the different parameters
discussed in the above sections can be calculated as below.

Species Velocity (v⊥) Frequency (ωc/2π) Larmor radius (rL)
Proton 1.5× 104 m/sec 15.9MHz 0.15mm
Electron 6.7× 105 m/sec 28.6 GHz 3.8 µm

Table 2.1: Plasma species in magnetic field.

The cyclotron motion enables the coupling of external electromagnetic power into a
plasma. As shown in Table 2.1, the electron cyclotron frequency lies in the GHz range. An
external microwave power coupled at this frequency helps in creating highly energetic
plasmas called ECR plasma [10], when gas pressure is low enough. This also forms the basis
of ECR ion sources.

2.6.2 Uniform magnetic and electric field

Themotion of the particles get altered when a finite electric field, ~E, is added to the previous
situation. In that case, equation 2.40 changes to

m
d~v

dt
= q( ~E + (~v × ~B)) (2.49)
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The velocities in different directions can be derived similar to section 2.6.1.

vx(t) = v′⊥ sin (ωct+ θ0) +
Ey
Bz

; vy(t) = ±v′⊥ cos (ωct+ θ0)− Ex
Bz

; vz(t) = vzi +
qEzt

m
(2.50)

where v′⊥ and θ0 are integration constants. Integrating the above equations with respect to
time gives the location of the particle

x(t)−X0 = −v
′
⊥
ωc

cos (ωct+ θ0) ; y(t)− Y0 = ±v
′
⊥
ωc

sin (ωct+ θ0) ; z − z0 = vzit+
qEzt

2

2m
(2.51)

,whereX0 = x0 +
v′⊥
ωc

cos θ0 +
Ey
Bz

t ; Y0 = y0 −
v′⊥
ωc

sin θ0 −
Ex
Bz

t (2.52)

It is evident from the above equations that the guiding centre coordinates in the plane of
rotation are no longer constants. The velocity of the guiding centre can be obtained as

~vgc =
Ey
B
x̂− Ex

B
ŷ +

[
vzi +

qEzt

m

]
ẑ (2.53)

=⇒ ~vgc =
~E × ~B

B2
+ v‖ẑ = ~vE + v‖ẑ (2.54)

~vE , which is independent of the charge, mass and velocity of the plasma particle, is called
the ‘ ~E × ~B drift’ and represents the drift of the entire plasma in electromagnetic fields
[22, 24]. This happens in a direction perpendicular to both electric and magnetic fields. The
motion is represented in Fig. 2.6(B). The Ex (Ey) component of the field causes drift in the
−ŷ (x̂)-direction. Variation in the pitch of the helix is due to the Ez component. A physical
understanding of the drift can be seen from the x − y projection of motion in the figure.
The radius between alternate half cycles (thick and broken green lines in the figure) are
different due to gain and loss of energy due to electric field in x-direction (into the page).
This difference in radius causes the drift ~vE

The drift discussed here is not restricted only to electric fields acting alongwithmagnetic
fields. Such drifts can occur for any general force, ~F , when applied in combination with a
magnetic field, ~B and leads to a drift, evaluated similar to the ~E × ~B drift,

~vF =
1

q

~F × ~B

B2
(2.55)

2.6.3 Non uniform magnetic fields, ~∇B
The analysis of motion of charged particles in the presence of non uniform fields is generally
simplified using the small Larmor radius approximation. As seen from table 2.1, the value
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of the gyroradius is very small compared to the usual plasma chamber dimensions or inho-
mogeneity of magnetic fields (≈ L cm). This smallness can be represented as rL/L << 1

[22]. In other words the particles see an approximately constant magnetic field during the
gyro motion. This assumption will help in representing the local magnetic field, at a location
in plasma (~r), in a Taylor series expansion of first order, about the guiding centre [30]. The
magnetic field, at a momentary location represented by ~r, in a guiding centre coordinate system
can be obtained as

~B(~r) = ~B0 + ~r · (~∇ ~B) (2.56)

~B0 ≡ B0ẑ is the magnetic field at the guiding centre and the tensor, ~∇ ~B, is evaluated at
the guiding centre. The terms inside the tensor represent different types of magnetic field
structures (diverging /converging, gradient, curvature and shear or twisted field lines) [22].
Substituting the above equation in 2.40, we obtain

m
d~v

dt
= q(~v × ~B0) + q(~v × ~r · ~∇ ~B) = q(~v × ~B0) + ~F (2.57)

where ~F represents the additional force due to non-uniformity of the magnetic field. A local
cylindrical coordinate system can be considered with ẑ in ~B0 direction at origin. Then, the
additional force becomes [22],

~F = q
(
~v × r∂

~B

∂r

)
(2.58)

In the local coordinate system, ~B = Brr̂ + Bθθ̂ + Bz ẑ. We assume that the change in
velocity in this case, compared to the uniformmagnetic field, is very small and ~v in the above
equation is approximately equal to that found in equation 2.42. In cylindrical coordinates,
~v = vθθ̂ = ∓v⊥θ̂ where the sign is as mentioned in equation 2.47. Bθθ̂ is parallel to ~v and
therefore does not contribute to the force. The ẑ term contributes to the parallel component
(~F‖) and r̂ term contributes to the perpendicular component (~F⊥) of the force.

~F⊥ = q
(
~v × ẑ r∂Bz

∂r

)
= ∓qv⊥rL

∂Bz

∂r
r̂ (2.59)

~F‖ = q
(
~v × r̂ r

)
= ±qv⊥rL

∂Br

∂r
ẑ (2.60)

rL is the cyclotron radius corresponding to ~B0, such that rL = |q|m/B0. An average value of
these forces can be found out by averaging over one gyromotion [22]. The average value of
the perpendicular force can be derived as

< ~F⊥ >= ∓qv⊥rL
[ 1

2π

∮
∂Bz

∂r
r̂dθ
]

= ∓1

2
qv⊥rL(~∇B)⊥ (2.61)
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Figure 2.7: (A) Magnetic field generated by two solenoidal coils to form a trap for charged particles
utilizing the magnetic mirror effect. The location of the cross section of the coils are represented by the
rectangular boxes. (B) Multicusp magnetic field generated by permanent magnets around a plasma
chamber. Arrows represent the direction of north pole of the magnet. The results are generated using
FEMMmagnetic simulations [31, 32].

As seen from 2.55, such a force can lead to particle drifts perpendicular to the gradient of
magnetic fields and the drift velocity of the guiding centre can be estimated as

~v∇B = ±1

2
v⊥rL

~B × ~∇B
B2

(2.62)

Unlike the ~E × ~B drift, the above drift depends on the sign of the charge and leads to
separation of electrons and positive ions leading to electric current flow. On the other hand,
the average value of the parallel force can be similarly estimated as

< ~F‖ >= −mv⊥
2

2B
(~∇B)‖ (2.63)

As seen from the above equation, when there is a variation in the magnetic field (converg-
ing/diverging) along a direction parallel to the magnetic field, all charged plasma particles
experience a force. Also, this force is directed towards the decreasing magnetic field. Such a
force can be used for directing the plasma particles away from a converging magnetic field,
as discussed in the next section.
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2.6.4 Magnetic mirror effect

The equation of the parallel force derived above can be written in terms of the magnitude of
the magnetic moment of a gyrating particle [22], µ = IA = mv2

⊥/2B

< ~F‖ >= −µ(~∇B)‖ (2.64)

When the variation in the magnetic field experienced by a particle propagating in a path is
low compared to ~B, then the magnetic moment can be considered an invariant, the first
adiabatic invariant [22, 24]. Since µ ∝ v⊥/B, this means that the transverse velocity should
be increasing when the particle is moving towards higher magnetic field values. This leads
to an increase in the transverse kinetic energy, (1/2)mv⊥

2. In a magnetostatic plasma, the
total kinetic energy (EK) of a charged particle will be a conserved quantity,

EK =
1

2
mv⊥

2 +
1

2
mv‖

2 (2.65)

and hence the v‖ component should decrease to maintain the total kinetic energy. By further
increasing theB value, it can reach a situation that v‖ becomes zero and then be reversed
such that the particle moves away from the converging field. This is referred to as the
magnetic mirror effect [22].

Some of the configurations which utilize this principle in ion sources are shown in
Fig. 2.7. The first picture shows the field generated by two solenoid coils, which acts as a
particle trap in some ECR ion sources [33]. This creates a converging field longitudinally in
both directions towards the coils, mirroring the charged particles between the high field
regions. The next picture shows a magnetic multipole confinement [10] arrangement, where
permanent magnets are arranged around a plasma chamber to produce very high fields at
the walls and very less fields towards the interior. This reduces the anode (chamber) area,
which helps in increasing the containment time of primary electrons [34, 35].

2.7 Diffusion in plasma

In the previous section, the transport of plasma particles in a spatially homogeneous plasma
was considered in the presence of external fields. Transport of plasma particles can occur in a
spatially inhomogeneous plasma, even without any external fields. Here, the inhomogeneity
appears in the form of density or temperature gradients or both inside the plasma. This
creates pressure gradients in the plasma and particles move from high to low pressure
regions, through collisions [22]. This process is termed as diffusion.
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2.7.1 Diffusion in a weakly ionised plasma

At first, we can consider diffusion in a weakly ionised, inhomogeneous plasma in the absence
of any external magnetic fields. The deviations from equilibrium state due to the spatial
inhomogeneity of the plasma are assumed to be very small. From the fluid consideration
of the plasma, the general momentum transport equation for a hydrogen plasma can be
written as [26]

mn
d~u

dt
= qn ~E − ~∇p−mnν~u (2.66)

where ~u is the fluid velocity, ν is the charged particle-neutral collision frequency averaged
over velocities, p is the pressure and n is the density of the plasma species. For the case of
steady state, the L.H.S becomes zero and then the flow due to a density gradient and electric
field can be obtained. Considering an isothermal plasma [26], p = nkbT

~u = µ~E −D
~∇n
n
; where µ =

q

mν
andD =

kbT

mν
(2.67)

µ is the mobility, which relates the movement of the plasma fluid in response to an electric
field andD is the diffusion coefficient that relates themovement due to a normalised density
gradient. Substituting the above in the continuity equation, in the absence of ~E,

∂n

∂t
=
kbT

mν
∇2n = D∇2n (2.68)

As evident from the above equation, as the collision frequency increases, the diffusion
decreases. It can be seen from equation 2.35 that the electron-neutral collision frequency is
higher than the ion-neutral collision frequency in a weakly ionised plasma. Then, assuming
the same particle temperatures and collision cross sections, the ratio of diffusion coefficient
of electrons to ions can be obtained from the above equation as [26]

De

Di

=
(mi

me

)1/2

>> 1 (2.69)

, which suggests a rapid diffusion of electrons compared to ions. Such motion results in a
space charge electric field, ~E, which creates a barrier for the further diffusion of electrons,
but enhances the positive ion diffusion [22]. This leads to an intermediate diffusion rate value,
such that the flux of ions and electrons are the equal. Such a diffusion is called ambipolar
diffusion. Equating the electron and ion fluxes and using equation 2.68,

∂n

∂t
= Da∇2n, whereDa =

kb(Ti + Te)

miνin +meνen
≈ kb(Ti + Te)

miνin
(2.70)
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is the ambipolar diffusion coefficient. We have also assumed that ne = ni = n in the above
equation. In the case when Ti = Te and comparing with equation 2.68, it can be seen that
the ambipolar electric field leads to doubling of the diffusion coefficient of ions.

Now let us consider the situation when a transverse magnetic field is applied in the ẑ-
direction, ~B = B0ẑ in the plasma. We consider that the cyclotron frequency due to magnetic
field is verymuch higher than the collision frequency. In that case, when the density gradient
is in x-direction, the velocity in the x-direction perpendicular to the magnetic field, can be
obtained as [26]

ux =
ν

mωc2

(
qEx −

kbT

n

dn

dx

)
(2.71)

Compared to equation 2.68, where collisions reduce diffusion, it can be seen from the above
equation that collisions increase the diffusion perpendicular to the magnetic field. In other
words, collisions are required for cross field diffusion. Also the ions tend to diffuse faster
in the perpendicular direction (solving equations 2.35, 2.43, 2.71 gives ux ∝ m1/2) than
electrons which is contrary to the situation parallel to the magnetic field. This will again
lead to ambipolar diffusion where the ion and electron flux will be equal. The ambipolar
diffusion coefficient can be separated intoDα⊥, perpendicular to themagnetic field andDα‖,
parallel to magnetic field. Evidently,Dα‖ = Dα in equation 2.70. The temporal variation in
the density of electron species can now be derived as [22]

∂ne
∂t

= Dα⊥

[∂2ne
∂x2

+
∂2ne
∂y2

]
+Dα

∂2ne
∂z2

(2.72)

, whereDα⊥ =
ν2
en

ν2
en + ω2

ce

Dα (2.73)

It can be seen from the above equation that the perpendicular diffusion is less than the
diffusion parallel to the magnetic field.

2.7.2 Diffusion in a fully ionised plasma

An interesting result can be seen in the case of fully ionised plasma in the presence of external
magnetic fields. The perpendicular diffusion coefficient in this case is called classical diffusion
coefficient, which is given by [26]

D⊥ ≈ νei
〈
r2
Le

〉 [
1 +

Ti
Te

]
(2.74)

where νei is the electron-ion collision frequency and rLe is the electron Larmor radius.
Since r2

Le is proportional to Te (from equation 2.46, r2
Le = v2/ω2

c ≈ kbTe/meω
2
c ) and νei is
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Figure 2.8: Ionisation energy and electron affinity values of elements from references [38] and [12].

proportional to T−3/2
e (equation 2.36),

D⊥ ∝
1√
Te

(2.75)

Thus, the cross-field diffusion decreases as the electron temperature increases. This is in
contradiction to the situation in a weakly ionised plasma. This result indicates the possibility
of confining energetic electrons inside a plasma using a transverse magnetic field. Such per-
pendicular magnetic fields are used in negative ion sources to prevent the flow of energetic
electrons into the negative ion extraction region and are regarded asmagnetic filters [36]. But,
the transport across the magnetic filters in such ion sources cannot be completely described
by classical diffusion. Some plasma models attribute the magnetic filter action to additional
diamagnetic currents and drifts [37].

2.8 Ionisation

A variety of ionisation processes can take place inside a plasma. This can be of electron impact
ionisation, surface ionisation, photoionisation, field ionisation etc. [10]. The explanations in
this section are based on [10]. Only positive ion formation is treated in this section.

Electron impact ionisation is a fundamental ionisationmechanism caused by the collision
between an electron with sufficient energy and a neutral species. The electron energy must
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(A) (B)

Figure 2.9: Cross sections of electron impact ionisation resulting in dissociative ionisation inH2 and
D2 plasmas, for various vibrational energy states. Data is reproduced from graph XVI in [39].

exceed the ionisation potential of the species. The ionisation potentials of different elements
are shown in Fig. 2.8. The electrons responsible for the ionisation belong to the tail of the
Maxell-Boltzmann (MB) distribution and are called the primary electrons. The ionisation
further results in the generation of lower energy electrons called secondary electrons [10].
An important example of electron impact ionisation in H2 and D2 plasmas is the dissociative
ionisation shown below.

H2 + e −−→ H2
+ + 2 e −−→ H + H+ + 2 e (2.76)

D2 + e −−→ D2
+ + 2 e −−→ D + D+ + 2 e (2.77)

Corresponding cross sections of the above reactions are shown in Fig. 2.9. Electron impact
collision process can also result in processes other than ionisation, like non dissociative
electronic excitation, radiative decay dissociation etc [39].

Electron impacts can also lead tomultiple ionisations, which result in high charge state
ions, Ar17+,Ta49+, Xe49+, etc [40]. The ionisation potentials in such plasmas are in the order
of keV. In general, these can be a one step process where the high charge state is created
in a single interaction with an electron or a multiple step process where the ion interacts
with multiple electrons, losing one electron in each step. Electron temperature needs to be
high for such processes and hence the multiple ionisation is observed in high temperature
plasmas, like ECR plasmas [40]. Another requirement is that the ion confinement time should
be sufficiently large such that the step by step stripping of electrons can take place.

Photoionisation can also result in the formation of ions when the incident energy of the
photon is higher than the ionisation energy. For example, the wavelength of photon needed
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for photoionisation of a species with ionisation potential of 10 eV lies in the vacuum ultra
violet range (≈ 120nm).

Ion impact ionisation is another method of producing ions. In this case, an energetic ion
interacts with a neutral atom of low energy, resulting in a low energy ion and a fast neutral.
An exchange of electron also occurs during this process and is called charge transfer or
charge exchange interactions [10]. This is not a prominent method of ion generation in ion
sources, but significant in high temperature plasmas like that in fusion reactors.

2.9 Negative ion formation processes

The ease of negative ion formation and destruction is measured by the electron affinity, which
is the difference in energy between the neutral atom and negative ion state [12]. Electron
affinity of various elements are shown in Fig. 2.8. Electron affinity should be positive for
stable or metastable negative ion formation. Reaction rates for negative ion destruction are
higher than its formation rate and hence offer challenges. The three widely used methods of
producing negative ions are discussed below.

2.9.1 Charge exchange processes

One of the methods of forming negative ions is the indirect production by double charge
exchange of positive ions [10]. Here, a beam of positive ions pass through a medium of neutral
atoms of low ionisation potential, resulting in the formation of negative ions. The medium
usually is a vapour of alkaline earth elements like Mg, Ca, Sr, Ba, etc. or alkali vapours of Na,
K, Rb, Cs etc [10]. The positive ions capture electrons from the vapour in a single step process
or two step process. The conversion efficiency is determined by the conversion factor, which
is the ratio between negative ion current at the output of the medium to the positive ion
beam current at the input. The conversion factor depends on the cross sections of formation
and destruction of negative ions, between the positive ion beam and the particular medium,
scattering of the beam, incident positive ion beam energy, etc. For example, passage of He+

beams over a Na cell, reported about 70 mA of He− beam current at a conversion efficiency
of 1.4% -2% [41]. In another experiment, D+ ions are converted into D− with a cesium vapour
cell at an efficiency of 25% [17].

Another method of negative ion generation is through direct formation in a plasma
discharge. This can further be classified into volume production methods, which deals with
processes in the volume of the plasma and surface production methods, which deals with the
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(A) (B)

Figure 2.10: Dissociative attachment cross sections for different vibrational levels of (A)H2 and (B)
D2 molecules. Data is reproduced from graph XXI in [39].

interaction of plasma with metallic surfaces. Further analysis of these processes is done in
the context of H2/D2 plasmas, since the scope of the thesis is limited to those.

2.9.2 Volume production processes

A major milestone in volume production methods happened in 1977 at Ecole Polytechnique,
France, when a high fraction of H− ions was identified in a low pressure hydrogen plasma by
Bacal et al [42]. The major reaction responsible for the formation of such a high proportion of
H− ions were identified to be dissociative attachment (DA) of electrons to molecules, as shown
below [42].

H2 (v) + e −−→ H2
− −−→ H− + H (2.78)

v represents the vibrational state of the molecule. The reaction proceeds through a short-
lived state of the molecule, H−2 , which dissociates in≈ 10−15 sec [43]. Similar behaviour was
observed in D2 plasmas also. Experimental [44] and theoretical [45] studies showed that the
cross section of the above reaction increases by several orders of magnitude, compared to
the ground state, when the molecules are at high vibrational-rotational levels. The cross
sections for different vibrational levels are shown in Fig. 2.10. Also, the cross sections are
higher for lower electron energies. It was also reported that the cross section enhancement
was mainly through vibrational excitation than rotational [42].

The reactions leading to the formation of molecules with excited vibrational energy
levels, which further leads to DA in the plasma, are the electron-molecule collisions shown
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(A) (B)

Figure 2.11: Cross sections of excitation−radiative decay−vibrational excitation reactions of (A)H2

and (B)D2 molecules from initial ground state vibrational level (v=0) to different final vibrational
energy states. Data is reproduced from graph XIX in [39].

below. The collisions lead to excitation−radiative decay−vibrational excitation reactions [42]

H2 (X1Σg, v−−0) + e −−→ H2
? (B1Σu,C

1Πu) + e (2.79)

H2
? (B1Σu,C

1Πu) −−→ H2 (X1Σg, vf ) + hν (2.80)

X, B, C represent the electronic energy levels,Σ,Π correspond to the projection of total orbital
angular momentum along internuclear axis, the superscript represents the spin multiplicity
(singlet, triplet, etc.) and the subscript refers to the symmetry of molecular orbitals [46]. The
electron-molecule collisions lead tomolecular excitation from the ground state (X1Σg, v = 0)
to excited states (B1Σu, C1Πu). This further decays back to the ground state through radiative
decays, resulting in a higher population of molecules at high vibrational energy levels. vf
denotes the final vibrational energy level of the molecule. The cross sections for these
reactions are shown in Fig. 2.11. Only singlet states are considered here, since the triplet
states of H2 molecule decays by forming atomic fragments [42].

From Fig. 2.10 and 2.11 it can be seen that electrons of low energy are needed for the
formation of negative ions from vibrationally excited molecules through DA. At the same
time, electrons of high energy, ≈ 50 eV are needed for creating the vibrationally excited
molecules. This points to the scenario of creating two different energy distributions within
the same plasma. Ion sources, like those studied in this thesis, overcome this challenge by
using additional perpendicular magnetic fields that results in the magnetic filter effects
mentioned in section 2.7.2. More about this will be discussed in section 4.2.
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In addition to the above DA reaction, there are several other reactions that lead to
negative ion formation. Some of them are polar dissociation, dissociative recombination and
radiative capture [43]. But the cross sections of these reactions are not sufficient enough to
explain the observed negative ion densities [47].

2.9.3 Surface production processes

The production of negative ions due to interaction between surfaces and particles incident
on it was reported as early as 1931 by Woodcock [48][42]. Later it was found that the flux of
negative ions increased when the surface has adsorbed alkali metal films [11]. By 1971, the
group in Russia found that the addition of cesium to the plasma enhances the negative ion
production significantly [11].

The physical mechanism leading to negative ion generation, due to the interaction
between surface and plasma, is termed as Surface Plasma Generation. The presence of a
surface modifies the ionisation energy and electron affinity levels of the nearby atom, due to
image potential formation [49]. In the case where the modified electron affinity falls below
the Fermi level of the metal surface, the electron can tunnel from the Fermi level to the
electron affinity level of the interacting atom [10]. This is a single step process involving
the direct transfer of electrons, forming a negative ion. The interaction can be enhanced by
covering the metal surface with a material of low work function. Cesium vapours are widely
used in such processes due to the low work function (1.8 eV) and have achieved significant
improvements in negative ion generation [11].



Chapter 3

Ion sources and beam extraction

Out of the different kinds of charged particles formed inside a plasma, the species of interest
need to be extracted and formed into a beam for further applications. This is the task of
an ion source, which is basically a combination of a plasma source and an extractor [10]. This
chapter deals with the basic mechanisms involved in the formation of an ion beam from a
plasma and the basic features of the beam propagation in a beam line. The explanations are
mainly based on the texts from references [10, 50–53].

3.1 Ion extraction from plasma

Charged particles can be extracted from a plasma by subjecting them to electric fields. Those
particles that experience the electric fields are accelerated into a beam line. These fields
are established by means of electrostatic potentials on electrodes placed at the exit of the
plasma chamber. A very simplified schematic of an ion extraction system is shown in Fig. 3.1.
Most of the ion sources have (a) plasma electrode, which forms the boundary of the plasma
and (b) extraction or puller electrode, which provides the electric field for extraction of ions
from the plasma. The potentials on the electrodes in the extraction system determine the
energy of the extracted beam,

E = q(VE − VP ) (3.1)

where q is the charge of the ion extracted, VP and VE are the electrostatic potentials on the
plasma electrode and extraction electrode. In most cases, there will be additional electrodes
present for further acceleration and focusing.

The magnitude of the electric fields needed for beam extraction depends upon the
properties of the plasma. The dependence on the plasma density can be easily seen by

33
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Figure 3.1: Schematic of ion beam extraction from plasma. Electrodes are shown in blue. Equipotential
lines are denoted by dashed green lines.

considering the penetration depth of electromagnetic field in a collisionless plasma, given
by δ = c/ωp, where c is the velocity of light and ωpe is the plasma frequency [54]. Since
ωpe = (nee

2/ε0me)
1/2,

δ = c

√
ε0me

nee2
(3.2)

where ne is the plasma density,me is the electronmass, ε0 is vacuum permittivity and e is the
electronic charge. As can be seen from the above equation, as the plasma density increases,
the penetration depth decreases and the electric field ends more abruptly in the plasma [55].
So a higher potential on the extraction electrodes is required to extract more ions.

The polarity of the electrostatic potentials on the electrodes depends on the type of ions
that need to be extracted. In the case of extraction of positive (negative) ions, the extraction
electrode should have a negative (positive) potential. The potentials experienced by the
positive and negative ions are shown in Fig.3.2 [21]. In general, the plasma inside the ion
sources will have a positive plasma potential φp. In the case of positive ion extraction systems,
the potential experienced by the positive ions will fall off exponentially and the ions get
accelerated from the bulk plasma into the extraction region. Electrons experience a repelling
potential and hence their density will decrease exponentially along the beam. Energetic
electrons can also backstream into the plasma, creating the requirement for additional
electron dumping [56].

In the case of negative ion extraction system, a potential well exists between the bulk
plasma and positively biased extraction electrode due to repelling electric fields. The negative
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Figure 3.2: Variation in the potential along the beam axis for (A) positive ion extraction system and
(B) negative ion extraction system [32].

ions having enough energy to overcome this potential barrier will be extracted. Unlike the
positive ion extraction case, electrons having enough energy to overcome the initial potential
barrier will also get extracted. Additional magnetic fields are created in the extraction region
for deflecting the extracted electrons to dumping electrodes, such that they are removed
from the negative ion beam. Low energy positive ions from the plasma can get trapped in
the potential well. Positive ions with higher energy will get reflected back into the plasma
by the positive extraction potentials.

3.1.1 The plasma "meniscus"

As seen in section 2.4.1 a plasma sheath exists between the plasma and thewalls of the plasma
chamber. Similarly, a plasma sheath interface exists between the plasma and the beam of
charged particles somewhere near the plasma electrode. The amount of compensating
charge particles declines from the plasma sheath towards the extraction, leading to ion beam
formation. A boundary layer called plasma meniscus is imagined to be present between the
bulk plasma and extraction, at a potential≈ 0 V. Charged particles that cross the meniscus
experience the electric fields and are accelerated out of the ion source. Since the shape and
position of the plasma meniscus depend on the plasma parameters and extraction fields, it
plays a very significant role in the optics of ion beam extraction and even in the quality of
beampropagation [57].More details on themeniscus and its influence on the beamproperties
can be found in the next section.
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3.1.2 Limitation due to space charge

In the extraction of ion beam from the quasi-neutral plasma, one of the challenges to en-
counter is the field produced by the charges itself. This field counteracts the electric field at
the beam starting surface (plasmameniscus). This establishes a limit for themaximum current
that can be extracted from the plasma for a fixed plasma density, electrode potential and
geometry. This upper limit can be established mathematically. Historically, the ion optics in
the extraction system is treated in the same way as the mathematical treatment of electron
guns [58]. This approach is followed here.

Let us consider a beam of negative ions flowing between the plasma electrode and
extraction electrode, separated by a distance d. The plasma electrode is at z = 0 and at
ground potential (φ(0) = 0 V ). The extraction electrode is at z = d and at a positive
potential φ(d) = V0. The flow of charges along the z-direction only is considered with
velocity v = v(z). The extracted current density is represented as J . In this case, we assume
that the emission surface at the plasma electrode is planar. The initial energy of the beam at the
plasma electrode is assumed to be zero. An expression for the velocity of particles along the
z-axis can be determined from energy conservation equations. The energy gained by the
particle during the motion along the z-direction is given by

1

2
mv2 = qφ =⇒ v =

√
2qφ

m
(3.3)

where φ = φ(z). With the continuity equation, an expression for the charge density, ρ, can
be derived for a one dimensional steady state condition (∂/∂t = 0).

∂ρ

∂t
+
∂J

∂z
= 0 =⇒ J = ρ v, a constant; ρ = J

√
m

2qφ
(3.4)

The combined electrical effects of the charges can be considered as a field, space charge,
assuming a continuous distribution of charges in space. The electric potential generated by
the charges in the ion beam can be found from the Poisson equation.

∂2φ

∂z2
= − ρ

ε0
= − J

ε0

√
m

2qφ
(3.5)

Multiplying both sides by ∂φ/∂z and integrating by parts we obtain,[∂φ
∂z

]2

φ(z)
= −4J

ε0

√
mφ

2q
+
[∂φ
∂z

]2

φ=φ(0)
(3.6)

where the last term is the constant of integration. It is the square of the value of the electric
field at z = 0, the emission surface, for a constant value of J and is obtained by setting the
condition φ(0) = 0.
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As evident from equation 3.5, when J = 0, the electric field is constant. The response of
the electric field at the emission surface is of particular interest here. As J increases, the
electric field at the emission surface decreases due to space charges. The maximum value of
current density, JCL, is obtained when the electric field at the emission surface vanishes and
hence further increase in extraction of ions from the plasma is not possible. This condition
is called space charge limited emission. JCL can be obtained by equating the electric field at
emission surface as zero in equation 3.6, i.e. (∂φ/∂z)φ=φ(0) = 0. Further integration and
setting φ = V0 and z = d, the maximum current density that can be extracted can be
obtained as

JCL =
4

9
ε0

√
2q

m

V0
3/2

d2
(3.7)

This equation is called the Child-Langmuir law initially derived by Child [59] for the flow of
positive ions between conducting plates. Langmuir used this in the study of electron flow
between conducting plates [60]. In the current study, it gives the maximum current density
that can be achieved between the electrodes by increasing the plasma density, for a fixed
potential V0 and distance d. The curve is shown in 3.3(A). It is also interesting to note that
JCL ∝ (q/m)1/2 and hence it is possible to extract≈ 42 times more electron current density
than proton current density.

In the case when the electric field at the emission surface is non-zero, it gives the con-
dition for J , 0 < J < JCL, and this condition is called emission limited or partial space charge
limited. For such a case, (∂φ/∂z)φ=φ(0) 6= 0 and the following quadratic equation can be
derived [61] by integrating equation 3.6.

j2 − j +
27

16
f 2(1− f) = 0 (3.8)

where j =
J

JCL
, E0 =

[∂φ
∂z

]
φ=φ(0)

and f =
E0d

V0

(3.9)

j represents the normalised extracted current density and f represent the normalised
electric field density at the emission surface. j = 1 is the space charge limited condition.
j = 0 is the condition where there is no current flow and the electric field at the emission
surface is V0/d, which gives f = 1. A graph of variation of f at different values of j is shown
in Fig. 3.3 [61] [62]. As can be seen, the electric field at the emission surface decreases faster
as the current density approaches the space charge limit.

Space charge effects can be characterized by perveance, a quantity dependant only on
the geometry of the extraction system and type of extracted species [52]. It gives a measure
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(A) (B)

Figure 3.3: (A) Red curve is the space charge limited current (eq 3.7) for hydrogen ion extraction with
d = 3.0mm. Other curves represent the situation for constant plasma densities. (B) Variation in the
normalised electric field at the emission surface for different values of normalised current density.

of the extent of space charge limited emission from the ion source and can be defined as

P =
I

V0
3/2

=
4

9
ε0

√
2q

m

πa2

d2
(3.10)

where a is the radius of emission surface and I is the extracted current. The experimentally
determinedperveance value starts to decreasewhen the plasma is unable to provide anymore
ions for extraction [63]. Hence the I value and perveance decreases. Optimal parameters that
lead to a low divergence beam can be theoretically evaluated by determining the perveance
of the extraction system [64].

In the derivations so far, we have assumed a planar emission surface, which is not the
real case in ion sources. The Child-Langmuir law was extended to the study of electron flow
between spherical and cylindrical surfaces by Langmuir and Blodgett [65]. This analysis was
applied to the case of ion extraction from a curved emission surface [58], such as shown in
Fig. 3.1. In the case of curved emission surface, the perveance becomes

Pc =
I

V0
3/2

=
4

9
ε0

√
2q

m

πa2

d2
(1− 1.6

d

rc
) = P (1− 1.6

d

rc
) (3.11)

where rc is the radius of curvature of the emission surface. The curvature of the emission
surface is positive (negative) when the centre of curvature is in the plasma (extraction) side.
Hence, if the emission surface is concave, the beam is converging andPc < P . If the emission
surface is convex, the beam is diverging and Pc > P . The convergence or divergence of
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PLASMA

rc

a

θ

(A)

PLASMA

−rc

a

θ

(B)

Figure 3.4: Location of emission surface for (A) a converging beam and (B) a diverging beam.The
radius of curvature, rc and angle θ are also shown.

the extracted beam is represented by θ ≈ a/rc, with θ becoming negative for a diverging
beam. The influence of the plasma parameters on rc can be seen by equating the saturated
ion current density that can be extracted from the plasma [58] to the space charge limited
current for a curved emission surface. It can be obtained using Bohm velocity, vB (in section
2.4.1), that

J = nie

√
kbTe
mi

= JCL =
4

9
ε0

√
2q

m

V0
3/2

d2
(1− 1.6

d

rc
) (3.12)

As can be seen from the above equation, an increase of the plasma density, ni or the electron
temperature Te can cause an increase in the radius of curvature, moving the emission surface
closer to extraction electrode and vice versa. Thus it can be seen that the plasma parameters
also influence the beam optics.

3.2 Liouville’s theorem

A particle in a beam can be completely specified if we know the information about its location
(x, y, z) and momentum (px, py, pz) in a coordinate system at a given point of time t. This
information about a particle can be specified by a single point in a 6-dimensional space called
phase space, whose axes are composed of 3 axes of location and 3 axes of momentum [22].
The number of points in the phase space corresponds to the number of particles in the beam.
We can consider a distribution function in the 6D phase space, f6D, which can be defined in
the following manner [52]. ∫

f6D dx dy dz dpx dpy dpz = N (3.13)
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,whereN is the total number of particles inside the beam. Thus the distribution function is
the number of particles inside an elementary volume in phase space defined by the product
of dx dy dz dpx dpy dpz . The particles are considered to be non-interacting here. The motion
of particles in the physical space is represented by an equivalent motion of points in the
phase space. The motion in phase space can be denoted by velocity vector, vph ≡ {q̇j, ṗj}.
Since the total number of particles remain constant, this motion in phase space should
satisfy the continuity equation [52],

∂f6D

∂t
+∇ · f6D vph = 0 (3.14)

∂f6D

∂t
+ f6D∇ · vph + vph · ∇f6D = 0 (3.15)

∂f6D

∂t
+ f6D

∑
j=3

[
∂q̇j
∂qj

+
∂ṗj
∂pj

]
+
∑
j=3

[
∂f6D

∂qj
q̇j +

∂f6D

∂pj
ṗj

]
= 0 (3.16)

Suppose that we can define a Hamiltonian for the system, H(qj, pj, t). Since ∂q̇j/∂qj =

∂2H/∂qj∂pj and ∂ṗj/∂pj = −∂2H/∂pj∂qj , the second term vanishes and the equation
becomes

∂f6D

∂t
+
∑
j=3

[
∂f6D

∂qj
q̇j +

∂f6D

∂pj
ṗj

]
= 0 (3.17)

=⇒ df6D

dt
= 0 (3.18)

The above equation is a statement of Liouville’s theorem which establishes that the density
of phase space is a conserved quantity for a Hamiltonian system [52]. This also implies that
the volume occupied by a given number of representative points in phase space remains
invariant. This is true in the presence of electric and magnetic fields also, as long as the
forces are conservative [53]. Non-conservative fields, collisions etc can break the theorem.

It is also convenient to represent the particle trajectory of a beam, propagating in z-
direction, in a 2-dimensional space called trace space. The coordinate pairs used are x− x′
or y − y′, where x, y are the positions and x′, y′ are the slopes, x′ = dx/dz and y′ = dy/dz.
The x− x′ trace space area, Ax is related to the phase space volume projection onto x− px
plane as [52]

Ax =

∫
trace

dx dx′ =
1

p

∫
dx dpx =

1

γβmc

∫
dx dpx (3.19)

,where γ, β are the relativistic factors and
∫
dxdpx is the projected area of the 6D phase space

volume onto x− px plane. If the motion in x-direction can be completely decoupled from
the other directions (y and z), then

∫
dx dpx will remain a constant. This implies that the
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Applied field Self field

∇ · ~Ea = ρa

ε0
∇ · ~Es = ρs

ε0

∇× ~Ea = −∂ ~Ba

∂t
∇× ~Es = 0

∇ · ~Ba = 0 ∇ · ~Bs = 0

∇× ~Ba = µ0J
a + µ0εo

∂ ~Ea

∂t
∇× ~Bs = µ0J

s

Table 3.1: Maxwell’s equations for a particle in a beam [50].

trace space area,Ax, will also be an invariant of motion if there is no change in momentum
(no acceleration or deceleration, γβ = constant). This representation helps in a direct
determination of the beam trajectories and also determines the particle losses to walls or
apertures in the beam line.

3.3 Equations of motion of charged particle beams

As shown in section 3.1, charged particles are extracted from the plasma into a beam, with
the help of electric fields. Magnetic and electric fields need to be present for further beam
propagation through a beam line. In addition to that, the particles in the beam experience
fields due to the neighbouring space charge. The motion of particles in the presence of these
fields, in the direction of beam propagation and the transverse planes, are examined in this
section. The explanations are based on [50, 52].

The beam is considered to be propagating in a Cartesian frame in the longitudinal ẑ-
direction. x̂ and ŷ are the transverse directions. The electric and magnetic fields experienced
by the particles inside the beam can be divided into applied fields from external sources
outside the beam ( ~Ea, ~Ba) and self fields from particle distribution within the beam ( ~Es, ~Bs)
[50]. The resultant fields can be written as

~E = ~Ea + ~Es, ~B = ~Ba + ~Bs (3.20)

The Lorentz force due to these fields can be obtained as

~F a = q[ ~Ea + ~v × ~Ba], ~F s = q[ ~Es + ~v × ~Bs] (3.21)

With paraxial approximation, where the longitudinal velocity is very much higher than the
transverse velocities, i.e. vz >> vx, vy, particle velocity ~v can be written as

~v = ẑβc+ δ~v ≈ ẑβc (3.22)
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Maxwell’s equations for external applied fields and self fields are shown in the Table 3.1. In
the self fields, the evolution of beam is considered sufficiently slow that the time-varying
terms can be neglected [50]. The self electric field, ~Es can be written in terms of a scalar
potential, φ and the self magnetic field ~Bs can be written in terms of a vector potential, ~A
[50].

~Es = −∇φ (3.23)

~Bs = ∇× ~A (3.24)

From equation 3.24 we can derive∇× ~Bs = −∇2 ~A = µ0
~J (Table 3.1). Since ~J = ρ~v ≈ ẑ ρvz ,

we can approximate ~A = ẑ Az , due to paraxial approximation. The potentials φ and c ~A form
a relativistic 4-vector that transforms as a Lorentz vector for covariance, Aµ = (φ, c ~A). So
we can apply the Lorentz transformation equations for finding the potentials in the moving
frame, which is the rest frame of the beam (∗). The flow of charges can be considered slow
enough in the beam rest frame and so the magnetic fields can be ignored. This results in
potentials that are purely electrostatic in the rest frame i.e A∗µ = (φ∗, 0). Then, using the
inverse Lorentz transformations the magnetic potential in the ground frame of reference,
Az , can be found [50].

Az =
β

c
φ (3.25)

Substituting equations (3.22) to (3.25) in (3.21), the self field force becomes

~F s = q
[
−∇φ+ ẑβc× (∇× ẑ β

c
φ)
]

(3.26)

This can be further written in the form [50]

~F s =
−q
γ2

∂φ

∂x⊥
− ẑq ∂φ

∂z
(3.27)

where ∂φ/∂x⊥ = x̂∂/∂x+ ŷ∂/∂y. The first term represents the transverse component of
the self field force and the second term represents the longitudinal component. It can also be
inferred that as the longitudinal velocity increases, value of γ increases and the transverse
component of the self field force [Fs⊥ = (−q/γ2)(∂φ/∂x⊥)] decreases, i.e. space charge force
decreases.

Let us now consider the static applied field from equation 3.21. Separated into transverse
and longitudinal components,~v a = va⊥+ ẑβc, ~Ba = Ba⊥+ ẑBa

z , ~E
a = Ea⊥+ ẑEa

z the equation
becomes

~F a = q[(Ea⊥ + ẑEa
z ) + (v a⊥ + ẑβc)× (Ba⊥ + ẑBa

z )] (3.28)

~F a = q[(Ea⊥ + ẑEa
z ) + ẑ(vaxB

a
y − vayBa

x) + (va⊥ × ẑBa
z ) + (ẑβc× Ba⊥)] (3.29)
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The total Lorentz force on the particles can be obtained by adding equations 3.27 and 3.29.
Separating them further, the forces experienced by particles in the beam in transverse and
longitudinal directions can be derived as [50]

F⊥ = q
[
(Ea⊥) + (va⊥ × ẑBa

z ) + (ẑβc× Ba⊥)− 1

γ2

∂φ

∂x⊥

]
(3.30)

Fz = q
[
Ea
z + (vaxB

a
y − vayBa

x)− ∂φ

∂z

]
(3.31)

3.4 Particle motion in transverse planes

The transverse equation of motion in 3.30 can be expressed in terms of an independent
variable s, where s is the axial coordinate (beam line location) of a reference particle travelling
through the beam line. The reference particle has no momentum spread. The axial velocity
can be expressed in terms of s, vz = ds/dt

vx =
dx

dt
=
dx

ds

ds

dt
= vz

dx

ds
= βcx′ (3.32)

vy =
dy

dt
=
dy

ds

ds

dt
= vz

dy

ds
= βcy′ (3.33)

where ′ ≡ d/ds. In the paraxial approximation, x′ and y′ can be interpreted as the angles
the particle makes with the longitudinal axis. The transverse Lorentz force in equation 3.30
can be written as F⊥ = (d/dt)(mγv⊥). With v⊥ = dx⊥/dt, F⊥ = (d/dt)[mγ(d/dt)x⊥]. This
can be converted in terms of axial coordinate s

F⊥ = βc
d

ds

(
mγ

d

dt
x⊥
)

(3.34)

F⊥ = mγβ2c2x′′⊥ +mβc2(γβ)′x′⊥ (3.35)

Equation 3.35 can be substituted in the L.H.S of equation 3.30. With va⊥ × ẑBa
z becoming

Ba
zvzx

′
⊥ × ẑ, the equation of motion in the transverse plane can be derived as [50]

x′′⊥ +
(γβ)′

γβ
x′⊥ =

qEa⊥
mγβ2c2

+
qBa

zx
′
⊥ × ẑ

mγβc
+
qẑ × Ba⊥
mγβc

− q

mγ3β2c2

∂φ

∂x⊥
(3.36)

The above equation can be applied to particlemotion inside different kinds of beam lines. The
transverse components of the external applied electric and magnetic fields ( ~Ea

⊥,
~Ba
⊥) should

be substituted in the above equation to find out the particle trajectory in the transverse
plane. The equations of motion for a linear focusing beam line (electric quadrupole, magnetic
quadrupole, solenoid, etc. ) can be obtained in the following general form [50]

x′′ +
(γβ)′

γβ
x′ + κx(s)x = − q

mγ3β2c2

∂φ

∂x
(3.37)
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y′′ +
(γβ)′

γβ
y′ + κy(s)y = − q

mγ3β2c2

∂φ

∂y
(3.38)

where κ(s) is the focusing function which takes different forms in different beam line
structures. If we consider that the beam has no acceleration (γβ = constant) and the
electric fields due to space charge are negligible (∂φ/∂x, ∂φ/∂y ≈ 0) then the equations
(3.37, 3.38) change to theMathieu-Hill’s equations[52].

x′′ + κx(s)x = 0 (3.39)

y′′ + κy(s)y = 0 (3.40)

The solutions of the second order linear differential equations of the above form are
uniquely determined by initial values of the dependant variables (x or y) and the first
derivatives (x′ or y′) [66]. For the solution in x-x′, for equation 3.39, this is represented by
the matrix below [50]. [

x(s)

x′(s)

]
=

[
C(s) S(s)

C ′(s) S ′(s)

][
x(s0)

x′(s0)

]
(3.41)

where C (‘cosine’ like) and S (‘sine’ like) are the solutions of equation 3.39, such that C ′′ +
κx(s)C = 0 and S ′′ + κx(s)S = 0 and x(s0), x′(s0) are initial values. The eigenvalue
equation of the solution matrix can be obtained in the form of the quadratic equation,
λ2 − λ(C + S ′) + 1 = 0. A solution to this equation leads to the eigenvalues λ1 = exp(iσ0)

and λ2 = exp(−iσ0) with cosσ0 = (1/2)(C + S ′). Such properties of the solution matrix
are typical of the characteristics of differential equations outlined in Floquet’s theorem [50,
52]. As per this theorem, two independent solutions can be obtained for equation 3.39 as
below [52],

u(s) = ω(s)eiψ(s); v(s) = ω(s)e−iψ(s) (3.42)

where ω(s) represents the focusing action of the beam line and ψ(s) represents the phase
of oscillation around the equilibrium orbit of the beam line. Substitution of u(s) or v(s) in
equation 3.39 leads to the differential equation in the amplitude function, ω(s)

ω′′(s) + κx(s)−
1

ω3
= 0 (3.43)

The general solution of equation 3.39 can be expressed as the linear combination of the
independent solutions in equation 3.42. This leads to the phase-amplitude form of the
solution of particle trajectory as

x(s) = Aiω(s) cosψ(s) (3.44)
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Figure 3.5: Trajectory traced out in x− x′ trace space for different values of ψ(s) at a fixed beam
line location s1. Initial condition,Ai = a, b, where b < a.

and the derivative
x′(s) = Ai

[
ω′(s) cosψ(s)− 1

ω(s)
sinψ(s)

]
(3.45)

whereAi is a constant of motion, dependant only on the initial conditions and not affected
by the beam line. A general graph of (x, x′) using the above equations, at a fixed beam line
location s = s1, generates an ellipse as shown in Fig. 3.5. As shown in the graph, different
values of ψ(s) give different particle locations on the same ellipse. Particles with a smaller
amplitude,Ai will follow the trajectory of a smaller ellipse [67]. The equations are valid for
y − y′ variables also.

By combining equations 3.44 and 3.45, we can derive an invariant of motion in x − x′
variables as below. [

ω2ω′2 + 1

ω2

]
x2 + 2[−ωω′] xx′ + [ω2] x′

2
= Ai

2 (3.46)

Equation 3.46 represents the Courant-Snyder invariant which is very important in the trans-
verse beam dynamics [52]. It can also be inferred that the motion in the x− x′ space, the
trace space (section 3.2), can be represented by a rotated ellipse due to the quadratic form of
the equation. Thus it can be rewritten as

γ̂x2 + 2α̂xx′ + β̂x′
2

= Ai
2 (3.47)
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Figure 3.6: Trace space ellipse at different beam line locations with different arbitrary β̂(s) values.
Area of the ellipse remains the same, but the shape of the ellipse changes depending on the β̂(s).
Location of the particle on the ellipse is dependent on ψ(s), as shown in Fig. 3.5.

where β̂(s) = ω2, α̂(s) = (−1/2)(dβ̂/ds) and γ̂(s) = (α̂2 + 1)/β̂ are functions dependant
only on the beam line, ω(s) and are called the Twiss parameters. β̂(s), called the betatron
function or amplitude function, reflects the exterior forces in the beam line and it affects the
shape of the trace space ellipse as shown in Fig. 3.6. The area of the ellipse, represented by
equation 3.47, can be obtained as πAi2/(γ̂β̂ − α̂2)1/2 = πAi

2, since γ̂β̂ − α̂2 = 1. Hence the
area of the elliptical trajectory of a particle in the x− x′ trace space is given by∫

ellipse

dx dx′ = πA2
i (3.48)

which represents an invariant in the motion through the beam line, sinceAi depends only
on the initial conditions of motion. In section 3.2, it was shown that 6D phase space volume
and 2D trace space area (for decoupled case) are invariants in the beam propagation through
a beam line. This can be compared with equation 3.48 and can be said that we can associate
an ellipse, the twiss ellipse, of constant area to a constant trace space area. Such constants
present in the description of beam propagation leads to the definition of an important figure
of merit related to the beam quality, the beam emittance [52]. In the x−x′ trace space, beam
emittance is defined as (1/π)× area of the ellipse which represents the trajectory of the
outermost particle in trace space and is denoted as εx. Hence we can rewrite 3.47 in terms of
εx

γ̂x2 + 2α̂xx′ + β̂x′
2

= εx (3.49)

In most cases, it is desirable to keep the emittance value of a beam as low as possible. Even
though Liouville’s theorem predicts emittance conservation, there aremany processes which
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Figure 3.7: Twiss ellipse

act against this in beam propagation. Some of them are synchrotron radiation emission,
space charge effects, scattering on residual gas and intra beam scattering [68]. Maintaining
the beam emittance under control is one of the challenges in accelerators.

3.5 Features of the Twiss ellipse

The equation 3.49 can be rewritten in the following two different forms using the relation
β̂γ̂ = 1 + α̂2.

(β̂x′ + α̂x)2 + x2 = εxβ̂ (3.50)

(α̂x′ + γ̂x)2 + x′ 2 = εxγ̂ (3.51)

Dimensions of the twiss ellipse can be found out from equation 3.49. By setting x = 0

and x′ = 0, it is possible to determine the x intercept and x′ intercept of the ellipse. The
maximum values, xmax and x′max which denotes the half angle and half width of the beam
in trace space, can be determined from equations 3.50 and 3.51 using the differentiation
method (dx′/dx = 0 for finding x′max and dx/dx

′ = 0 for finding xmax). The values are
shown in Fig. 3.7. These values help to determine the sizes of apertures needed for beam
propagation without losses.
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3.5.1 Ellipse propagation in beam line

Propagation of the ellipse in Fig. 3.7, which represents the beam envelope, through the beam
line can be further studied with the help of the envelope equation [52],

x′′max + κx(s)xmax −
εx

2

x3
max

= 0 (3.52)

obtained by using the relation xmax = (εβ)1/2 = ε1/2ω, in the amplitude function equation
3.43, where xmax is a function of beam line location s. In the case of a beam line without
any focusing (κx(s) = 0), the beam is drifting in free space. With x0 and x′0 as the initial
conditions at location s0, the solution to the above equation for a freely drifting beam is
obtained as [51]

xmax(s) =

√
[(x0 + x′0(s− s0)]2 +

ε2x
x2

0

(s− s0)2 (3.53)

(A) (B)

Figure 3.8: (A) Variation in the beam radius with distance (s) for three different emittance values. (B)
Beam radius increases by

√
2 times at a distance of βw from beam waist for a beam with zero initial

divergence (x′0 = 0).

The solution is plotted in Fig. 3.8(A) for a beam with initial conditions x0 = 10mm and
x′0 = −10mrad at s = s0, with different emittance values. Initially, the beam converges to a
location with minimum beam radius, the beam waist and then starts to diverge. It can be seen
that as emittance becomes larger, the width of the beam becomes wider. Fig. 3.8(B) shows a
special case of the beam with no divergence at the beam waist, x′0 = 0. The equation for this
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case can be obtained from equation 3.53 as

xmax(s) = x0

√
1 +

[(s− s0)

βw

]2

(3.54)

As shown in the figure, the radius of the beam increases by
√

2 times its width at the beam
waist, at a characteristic length βw = x2

0/ε for a freely drifting beam. From the figures, it
can be understood that the emittance term in the envelope equation (3.52) acts in a manner
causing continuous defocusing of the beam [51, 52]. The (1/x3

max) factor indicates that the
defocusing is more when the beam cross sectional area is small and indicates the need for
external focusing elements when small beam sizes are required.

3.5.2 Orientation of ellipse

Orientation of the ellipse in trace space indicates whether a beam is converging or diverging.
This is illustrated in Fig. 3.9, which shows a beam travelling from left to right. The trace
space ellipse at 3 locations along the beam direction (z) is also shown. The beam is subjected
to some focusing inside a solid electrode (indicated by blue color). As the beam converges,
the width of the beam (2*xmax) decreases and as seen from the relation, xmax = (εx β)1/2

in Fig. 3.7, β̂ has also decreased. Since α̂ is a negative derivative of β̂, an decreasing β̂ gives
positive value to α̂. In the case of a diverging beam, beam width increases and this gives
a negative value for α̂. Thus, the slope of the line shown in Fig. 3.7 becomes positive for a
diverging beam and ellipse lies in first and third quadrants, as indicated by the 3rd ellipse.
The slope becomes negative for a converging beam, which means that the ellipse lies in the
second and fourth quadrants, as indicated by the 1st ellipse. The middle ellipse represents
the beam waist location where α̂ = 0.

3.5.3 Location of the beam waist

In the case of diverging or converging beams, the beam waist location can be found by direct
calculation from a known set of twiss parameters [53]. The twiss ellipse at two different
locations (z = 0 & z = z) in the beam path is represented by the equations below.

γ̂0x
2
0 + 2α̂0x0x

′
0 + β̂0x

′
0

2
= εx (3.55)

γ̂zx
2
z + 2α̂zxzx

′
z + β̂zx

′
z

2
= εx (3.56)

After substituting the values of xz and x′z from equation 3.41 (considering s = z) in equation
3.56 and rearranging the terms, we can derive the following relation between the values of
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Figure 3.9: Differences in the orientation of trace space ellipse at 3 different transverse planes along
the path of a beam. The beam undergoes an initial focusing due to potentials on the electrode (blue
color). It diverges later in its path. The location of transverse planes are indicated by dashed lines. The
color map indicates the current density in the beam.

twiss parameters. β̂zα̂z
γ̂z

 =

 C2 −2CS S2

−CC ′ CS ′ + C ′S −SS ′
C ′2 −2C ′S ′ S ′2


β̂0

α̂0

γ̂0

 (3.57)

In the case of transport through a drift space of length l, the values can be obtained easily as[
C(s) S(s)

C ′(s) S ′(s)

]
=

[
1 l

0 1

]
(3.58)

Substituting these values in equation 3.57, the values of the twiss parameters in the transport
through the drift space can be obtained asβ̂zα̂z

γ̂z

 =

1 −2l l2

0 1 −l
0 0 1


β̂0

α̂0

γ̂0

 (3.59)

The above equation helps to obtain the location of beam waist in a drift space. If β̂0, α̂0 and
γ̂0 represent the unknown values of the ellipse at the beam waist location (α̂0 = 0) and
β̂z, α̂z and γ̂z represent the known parameters at a distance of l from beam waist, then l can
be obtained as l = α̂z/γ̂z
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3.6 RMS Emittance

The definition of emittance in terms of area of the trace space ellipse does not take into
account the pattern of distribution of particles in the transverse plane of beam propagation.
For example, a beam with particle density higher towards the centre of a beam line and
another beam with particle density higher towards the edge of beam line, would result in
the same emittance, as long as the outermost particle trajectory remains the same. Also, the
information about all the particles will not be available in practical cases and this leads to
errors in the calculated area. In order to overcome these drawbacks and define the emittance
in terms of beam quality, a statistical method of RMS emittance was introduced.

In 1971, Lapostolle [69] introduced rms quantities for calculating the emittance of particle
beams, which takes into account the distribution of particles around the mean values. The
rms emittance in the x− x′ trace space is defined as follows [32, 52]

εx,rms =
[ 〈
x2
〉 〈
x′ 2
〉
− 〈xx′〉2

]1/2 (3.60)

where 〈x2〉 = 1
N

N∑
i=1

xi
2, 〈x′2〉 = 1

N

N∑
i=1

x′i
2, 〈x x′〉 = 1

N

N∑
i=1

xi x
′
i represent the rms values

of the distribution of N particles. In the case where the particle distribution is available in
terms of distribution functions, the terms can be defined as

〈
x2
〉

=

∫∫
x2 I(x, x′) dx dx′∫∫
I(x, x′) dx dx′

(3.61)

〈
x′ 2
〉

=

∫∫
x′ 2 I(x, x′) dx dx′∫∫
I(x, x′) dx dx′

(3.62)

〈xx′〉 =

∫∫
x x′ I(x, x′) dx dx′∫∫
I(x, x′) dx dx′

(3.63)

I(x, x′) is equivalent to the distribution function mentioned in section 3.2 and represents
the density of particles as a function of the coordinates. In practical situations I(x, x′)dxdx′

is the beam current in the elemental area dx dx′.
The trace space distributions described through the above equations are assumed to be

centered at the origin so that the mean values are zeros i.e 〈x〉 = 0, 〈x′〉 = 0. If they are not
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centered, the equations need to be modified like x ⇒ [x− 〈x〉] and x′ ⇒ [x′ − 〈x′〉]. Then
we can use the standard deviation notations,

σx
2 =

1

N

N∑
i=1

(xi − 〈x〉)2, σx′
2 =

1

N

N∑
i=1

(x′i − 〈x′〉)2
, σxx′ =

1

N

N∑
i=1

(xi − 〈x〉) (x′i − 〈x′〉)

(3.64)
and rewrite the rms emittance equation as [70]

εx,rms = σx · σx′
√

1− r2 (3.65)

where r = σxσx′/(σx
2σx′

2)1/2 is the correlation factor having values 0 to 1. As seen from this
equation the rms emittance defined is associated with 1 standard deviation. If the emittance
need to be associated with 2 standard deviations then we can define a 4× rms emittance,
4εx,rms = 2σx · 2σx′

√
1− r2.

The above definition of rms emittance does not assign any shape to the beam boundary.
It is possible to construct an ellipse similar to the twiss ellipse defined in equation 3.49 and
Fig. 3.7, to the rms emittance [68]. This is done by assigning the standard deviations of the
distribution to the twiss parameters.

β̂ =
σ2
x

εx,rms
, γ̂ =

σ′x
2

εx,rms
, α̂ = − σxx′

εx,rms
; (3.66)

The statistical rms emittance is a conserved quantity only when the motion is under linear
forces [68].

3.7 Normalized emittance

For the derivation ofMathieu-Hill’s equation in section 3.4 and emittance studies so far, it was
assumed that the beam undergoes no acceleration. But in real accelerators this is not the case.
As mentioned in equation 3.19, the beam emittance which represents the 2D transverse area
of the trace space, remains a constant of motion only if the longitudinal momentum remains
a constant for the beam. Acceleration of the beam changes the longitudinal momentum
and couples the longitudinal plane with the transverse planes. The 6D emittance is still
conserved during acceleration, but the 2D transverse emittance values are not. As can be
seen from equation 3.19, this problem can be resolved if we multiply the trace space area by
(γβ) and this is used for defining the normalized emittance [52].

εn = γβε (3.67)
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In particle accelerators, normalized emittance is a more useful quantity since the value
remains constant throughout the entire motion. Also, a change in the normalized emittance
value is an indication of any non-linear effects affecting the beam quality in the system [52].

3.8 Space charge

In section 3.1.2, it was shown that space charge would lead to limitations in ion extraction
from the plasma boundary. Also, space charge associated with the ion beam will result in
self field forces as seen in equation 3.26. These fields are functions of the charge and current
distribution inside the beam [52]. This influence of space charge on beam transport is detailed
in this section.

3.8.1 Effect of space charge in beam transport

Let us consider a particle beam of uniform circular cross section of radius σx and charge
density ρ propagating through a beam line with constant velocity vz (= βc). It carries a
current I with current density J such that J = ρβc. It is convenient to study the electric
and magnetic fields produced by the beam in polar coordinates (r, φ) to take advantage of
the symmetry. Since we assume a continuous beam and that the variation of beam radius
with longitudinal distance z is slow, the electric field component Ez and radial magnetic
field componentBr can be neglected [52, 53]. Using Gauss’ law the electric field generated
by the charged particles inside a beam pipe of radius rp can be derived as [71]

Er
s =


I

2πε0βc

r

σ2
x

if r ≤ σx,

I

2πε0βc
ln
( r
rp

)
if σx < r ≤ rp.

(3.68)

The magnetic field generated by the charged particles can be derived from Maxwell’s law
and Stoke’s theorem as

Bφ
s =

I

2πε0c2

r

σ2
x

where r < σx (3.69)

Hence, the fields vanish at the centre of the beam, r = 0 and increase linearly towards the
beam edges. The potential, φ, generated inside the beam pipe can be found by integrating
equation 3.68. The behavior is shown in Fig. 3.10 for an H− beam propagation at different
beam energies. As can be seen, the negative ion space charges create a potential well at low
energies, whose depth decreases as particle velocity increases.
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Figure 3.10: Variation in the potential, due to space charges, along a plane transverse to beam propa-
gation. An 18 mA H− beam with a uniform density and radius of 10 mm, propagating in a beam pipe
of radius 50 mm is considered here. The boundary condition φ(rp) = 0 is applied. The dashed lines
represent the beam edges.

The force due to these self fields by space charge, acting along the transverse x-direction,
can be obtained from Lorentz law, Fxs = q[ ~E+(~v× ~B)]sx. SinceBz

s = 0 for charged particle
motion in z-direction, Fxs = q[Ex

s − vzBy
s]. Substituting values from equations 3.68, 3.69

for r < σx and using Exs = Er
s cosφ,By

s = Bφ
s cosφ and cosφ = x/r

Fx
s = q(Ex

s − vzBy
s) =

qI

2πε0βc

x

σ2
x

(1− β2) =
q

γ2
Ex

s (3.70)

As seen from the above equation, the generated magnetic field acts opposite to the electric
field force and they cancel each other at relativistic speeds, β ≈ 1. So the space charge effect
is mainly a non-relativistic phenomenon. The effect of space charge on particle motion can
be seen by substituting the electric field value in equation 3.68 in the equation of motion
derived in equation 3.37. Then, ignoring beam acceleration, we obtain

x′′ +
[
κx(z)− qI

2πε0mγ3β3c3σ2
x

]
x = 0 (3.71)

x′′ +
[
κx(z)− K

σ2
x

]
x = 0 (3.72)

It can be inferred from the above equation that space charges essentially act as a defocusing
lens leading to an increase of beam size during its propagation through a beam line [52].K
is the dimensionless quantity called generalized beam perveance which represents the space
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(A) (B)

Figure 3.11: Space charge effects on beam propagation in drift space (eq.3.73). Variation in beam
radius for (A) different beam currents at 30 keV energy and (B) different beam energies for a 10 mA
beam.

charge effects in beam propagation. In the case whenK is negative, then this leads to an
opposite effect, focusing of the beam by space charges.

A particle at the beam boundary experiences a force and an acceleration due to space
charge. This can be demonstrated using equation 3.72 by ignoring any external focusing,
κx(z) = 0 and that the particle is located at the beam boundary, x = σx. This gives [72]

d2σx
dz2

=
K

σx
(3.73)

The solution of the above equation for different beam currents and energies, in a drift space,
is shown in Fig. 3.11. As can be seen, both higher currents and lower energies will increase
the perveance values and the beam spread. Since the current density is uniform, the forces
are linear and in theory, the rms emittance will still be conserved. In real beams, the current
density will not be uniform as considered here. This will lead to non-linear space charge
effects resulting in emittance growth.

3.8.2 Space charge compensation

As seen in the previous section, transport of a low energy beam is difficult due to the space
charge effects. One of the processes that comes to the rescue is the beam space charge
compensation (SCC). During the transport of ion beam through a beam line, depending on
the vacuum level of the region, collisions can occur between the particles in the beam and
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background gas. This can result in collisional ionization producing other ions, electrons and
neutrals. This can lead to partial neutralization of the charges in the beam. For example, in
the case of H− ion transport through a beam line having H2 background gas, the following
reactions can occur [73].

H− + H2 −−→ H(fast) + H2 + e (3.74)

H− + H2 −−→ H− + H2
+ (slow) + e (3.75)

e + H2 −−→ H2
+ (slow) + 2 e (3.76)

Equation 3.74 is a stripping reaction leading to the loss of H− ion. Other reactions mentioned
above lead to residual gas ionization, producing compensating particles. The electrons are
immediately ejected out of the H− beam due to the potential well of the space charges as
seen in Fig. 3.10. On the other hand, the slow ions oscillate inside the potential well. This will
result in SCC and decrease the local charge density in the beam. In the case of a positive ion
beam, like a proton beam, positive ions are ejected out of the beam and electrons contribute
to compensation [73].

Let fe be the ratio of positive ions resulting in compensation to negative ions in the
beam, in unit volume. fe = 1 represents 100 % compensation and fe = 0 represent no
compensation. The resultant electric fields due to space charges, after compensation, are
modified by a factor of (1− fe) compared to equation 3.68. TheK value defined in equation
3.72 also gets modified as [52]

K =⇒ K(1− γ2fe) (3.77)

When fe < 1/γ2, K is positive and leads to defocusing. But in the case when fe > 1/γ2,
K is negative and leads to self focusing. The self focusing is more important in the case of
electron beams, where a small fraction of positive ions lead to focusing [52]. In the case of
H− ions, the self focusing is not of much use, as it happens at much higher pressures leading
to increased stripping of negative ions and hence beam loss [74].

SCC is a crucial mechanism in the transport of intense beams in Low Energy Beam
Transport systems (LEBT) [75]. It depends on the residual gas density and cross section of
ionization of residual gas, which again is a function of transported ion beam. A characteristic
time period, τ , is defined for the process, which denotes the time taken for the compensation
process to achieve a steady state. In the Linac4 H− simulation studies, at a pressure of 1×10−5

mbar, τ = 50µs for an SCC of 90 % [75].
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3.9 External focusing forces

From the earlier discussions on emittance and space charge, it is understood that external
focusing elements need to be used for successful beam transport. Some of the focusing
elements commonly used are electric quadrupoles, magnetic quadrupoles and solenoids. The
equation of motion in a beam line, involving the action of external forces, are very briefly
mentioned here.

The external focusing action in a beam line is introduced through the κ(z) term in
equation 3.37. The value of κ(z) depends on the external focusing element in the beam line.
From equation 3.36, an expression for transverse acceleration can be obtained as follows. Let
us ignore the space charge effects for simplicity, (∂φ/∂x ≈ 0), but include the acceleration
term,

x′′ +
(γβ)′

γβ
x′ =

q

mγβ2c2

[
Ex

a + vyB
a
z − vzBy

a
]

(3.78)

x′′ = −(γβ)′

γβ
x′ +

Fx
a

mγβ2c2
(3.79)

From above, it can be deduced that [51]

〈xx′′〉 = −(γβ)′

γβ)
〈xx′〉+

〈xFxa〉
βc p

(3.80)

Thus the effect of external forces on beam propagation can be added into the equation
of motion, by finding out the moment of the external force, 〈xFxa〉. In the case of linear
external forces, Fxa = ±kx. The sign depends on if the force is focusing or defocusing.

3.10 Space charge, emittance and focusing forces

In section 3.5.1, it was found from the envelope equation that the emittance term could lead
to a beam defocusing effect. Again, in section 3.8.1, it was found that the space charges could
also lead to a similar effect. The external forces act to overcome these effects through its
focusing action, as mentioned in section 3.9. In this section, these effects are all combined to
understand the beam propagation in a beam line. For this, the envelope equation in 3.52 is
rewritten in rms terms (equation 3.64) [51].

σ′′x −
1

σx
〈xx′′〉 =

ε2x,rms
σ3
x

(3.81)
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The total transverse acceleration due to space charges and external forces can be found by
combining equations 3.79 and 3.73.

x′′ = −(γβ)′

γβ
x′ +

Fx
a

mγβ2c2
+K

x

σ2
x

(3.82)

〈xx′′〉 can be found similar to 3.80 withK 〈xx〉 /σ2
x = K . Substituting this in equation 3.81

and using normalized emittance, the complete rms envelope equation that describes the
variation of the beam envelope slope during the propagation, can be obtained as [75]

σ′′x +
(γβ)′

γβ
σ′x −

〈xFxa〉
γβ2c2mσx

=
ε2n,x,rms
(γβ)2σ3

x

+
K

σx
(3.83)

The effects of space charge, emittance, acceleration and external focusing forces, on beam
propagation can be summarised in the above equation [51]. As seen from the above sections,
both emittance and space charge tries to defocus the beam. Factors like space charge com-
pensation and external focusing thus become important in a successful beam transfer. The
longitudinal acceleration term in the above equation acts in a way to dampen the envelope
oscillations around the orbit and is hence called ‘adiabatic damping’ [51]. From the above
equation it can be seen that there are roughly "two regimes of beam propagation, space
charge dominated and emittance dominated" [52, 76]. A distinction can be made by defining the
laminarity parameter, ρl, which is the ratio of the space charge term to the emittance term
(ρl = Kγ2β2σ2

x/ε
2
n,x,rms). When ρl > 1 the beam propagation is space charge dominated and

quasi-laminar. When ρl < 1 it is non-laminar and emittance dominated. The space charge
dominated regime is the typical mode for low energy beam transports.



Chapter 4

Filament ion source experiments

D-Pace has established H−, D− and C−2 ion beam generation from its TRIUMF [13] licensed
multicusp filament ion source. Themaximumbeam currents achieved from the ion source are
17.4 mA of H−, 6.3 mA of D− and 0.09 mA of C−2 [77]. The negative ions are generated inside
the plasma in the ion source mostly through volume production methods, as described
in section 2.9.2. Magnetic fields are applied for plasma confinement and for controlling
the electron temperatures in the plasma, as described in section 2.6. The basic methods
of ion beam formation and propagation in the ion source are described in Chapter 3. As
outlined in Chapter 1, improvements in the beam currents are advantageous for broadening
the usefulness of the ion source. This requires a deeper understanding of the negative ion
production methods in the plasma and the factors contributing to it. Some of the factors
that could affect the ion source performance are the magnetic dipole fields in the plasma,
surface interactions and electrode properties. The current chapter deals with the details of
the experiments conducted in H2 and D2 plasmas for studying the influence of these factors
in D-Pace’s filament ion source.

Initial sections of this chapter detail the studies conducted to understand the influence
of the magnetic dipole filter fields in extracting H− and D− currents. The D− beam current
obtained from the ion source is about one-third of the H− beam current [77]. The same
magnetic dipole field configuration is used for the extraction of both H− and D− ions. Inves-
tigations were carried out to understand if different magnetic dipole filter field strengths are
required for H2 and D2 plasma for maximum negative ion extraction. The response of plasma
parameters like electron temperature and electron density to different magnetic dipole filter
fields are also studied using a Langmuir probe. The author has published most of the results
from the initial sections of this chapter in AIP conference proceedings [78]. The chapter
also deals with understanding the role of plasma− wall surface interactions in generating

59
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negative ions in the plasma. Surface temperature dependence of these interactions is also
studied. The last section of the chapter considers the role of the plasma electrode aperture
sizes in improving the quality of the extracted ion beam.

4.1 Filament ion source overview

Figure 4.1: Section view of D-pace’s TRIUMF licensed filament ion source. Water circulation is present
around the plasma chamber. The plasma and extraction electrodes are cooled by conductive heat
transfer with cooling water tubes. Dipole filter magnets are located close to the plasma electrode.
Magnets forming the cusp magnetic fields are present around the plasma chamber and on the back
plate.

The section view of D-Pace’s TRIUMF licensed filament ion source [13] is presented in
Fig. 4.1. The details of the beam extraction system, power supplies, vacuum system, beam
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control parameters, beam tuning methods and diagnostics are outlined in Appendix B. The
cylindrical copper plasma chamber is 98.4 mm in diameter and 160 mm in length. Plasma is
ignited and sustained inside the plasma chamber of the ion source via thermionic emission
from the electrically heated filaments. Filaments are made of four half circles of tantalum.
The plasma is confined by 20 columns of Sm2Co17 magnets and another 4 columns of magnets
on the back plate which holds the filaments. These magnets form cusp fields, which helps in
confining the electrons in the plasma, as described in section 2.6.4.

As shown in Fig. 4.1, the ion source uses plasma, extraction and ground electrodes for
beam extraction. The plasma electrode and the extraction electrode are biased positive
with respect to the plasma chamber. The plasma chamber, plasma electrode and extraction
electrode are biased at a negative potential with respect to the ground electrode for the
extraction of negative ions. The magnitude of the difference in potential between the ground
electrode and plasma chamber determines the energy of the beam (0 − 30 keV) and is
controlled by the bias power supply. More details on the power supply arrangement are
shown in Fig. B.3.

Figure 4.2: Relationship between IFC and Ibias values, obtained from 5 different experiments at 30
keV beam energy.

The current recorded on the bias power supply, Ibias, represents the total current reaching
the ground electrode. Even though Ibias consists of some back-streaming positive ions as well
as some leakage current, it is approximated as the total amount of negative ions extracted
from the plasma to the ground region. The co-extracted electrons from the plasma are
deflected onto the extraction electrode by the magnetic field produced by the extraction
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magnets. This magnetic field direction is transverse to the beam extraction, as shown in Fig.
B.3. Experiments conducted by Jayamanna et al. prove that no significant amount of electrons
can escape from this magnetic field and reach the ground electrode region [79]. Simulations
also indicate the same, as shown in Fig. 6.3. Hence, the co-extracted electrons are considered
to be not contributing to the measured Ibias values. The characteristic beam current from
the ion source is the current measured at the Faraday cup, located 480 mm downstream
from the plasma electrode and is represented as IFC . The locations of the Faraday cup and
emittance scanner are shown in Fig. B.2. The relationship between Ibias and IFC , for the
general experiments is shown in Fig. 4.2. As can be inferred from the graph, the variables
change linearly and IFC values are about 40% to 65 % of the Ibias values. The percentage
depends on the degree of space charge compensation and gas flows [80].

4.2 Effect of magnetic dipole filters

Figure 4.3: Magnet arrangement around the plasma chamber. There are 20 columns of Sm2Co17

permanent magnets. The magnets highlighted in the figure are the main dipole filter magnets, that
create a magnetic field perpendicular to beam extraction, close to the plasma electrode. The arrows
represent the direction of the north pole of the magnet. The beam direction is out of the page.
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Figure 4.4: Variation in the magnetic field strength along the central axis of the ion source for different
magnetic dipole filter fields. Field intensity values represent the integrated field value (Gauss·mm)
over the 100 mm length in the plasma chamber. The vertical line indicates the location of the plasma
electrode. Peaks (A, B) correspond to the field created by the two sets of extraction magnets shown in
Fig. 4.1 and Fig. B.3.

The dipole filter magnets, indicated in Fig. 4.1 and Fig. B.3, consists of pairs of Sm2Co17

magnets of opposite polarity placed diagonally opposite to each other. They provide dipole
magnetic fields, which play an important role in the formation of negative ions inside the
plasma [42, 81]. The magnet arrangement around the plasma chamber is shown in Fig. 4.3.
The main set of magnets that contribute to the filter field are highlighted in the figure and
they are located close to the plasma electrode side of the plasma chamber. This creates a
magnetic field in the plasma, directed perpendicular to the beam extraction as shown in Fig.
B.3. Electrons move across this field through collisional diffusion [42, 82]. This reduces the
average electron energy near the plasma electrode, as the diffusion across the field is lower
for high energy electrons. This is explained in section 2.7.2.

The strength of the filter field can be increased or decreased by changing the number of
pairs of magnets in the magnetic filter region. It should be noted that the modification of
the filter field requires disassembly of the ion source and rearrangement of the permanent
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(A)

(B)

Figure 4.5: Details of the magnet arrangement corresponding to Fig. 4.4 for (A) 1770 G·mm and (B)
13450 G·mm integrated magnetic field strength values. Only one half of the arrangement (10 columns)
is shown here. The other half is composed of magnets of opposite polarity. Grey shaded cells represent
empty locations. The plasma electrode is located close to the last row of magnets.
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magnets. The magnetic field intensity variation along the center of the ion source for the
different configurations used in the current study is shown in Fig. 4.4. The fields are denoted
in the graphs using the integratedmagnetic field intensity over a 100mm length in the plasma
chamber. Themeasurements aremade using calibratedHall probes. The peaks (A, B) in Fig. 4.4
correspond to the field created by the two sets of extraction magnets shown in Fig. 4.1. This
field deflects the co-extracted electrons towards the positively biased extraction electrode
and thus removes the electrons from the beam line. 1770 G·mm represents the weakest filter
field and 13450 G·mm represents the strongest filter field and the corresponding magnet
arrangement (one half) for these two fields is shown in Fig. 4.5.

4.2.1 Influence of filter fields on negative ion current

Studies by Fukumasa et al. [81] have shown an isotope effect in H2 and D2 plasmas. This means
that there could be differences in the transport and production of species in H2 and D2

plasmas, even under the same external magnetic fields. Currently, D-Pace’s filament ion
source uses the same magnetic dipole filter field for both H2 and D2 plasmas. It is important
to understand if an increase in D− beam current could be obtained if a different magnetic
filter field is used. Experiments were performed in H2 and D2 plasmas, using the different
dipole magnetic field configurations shown in Fig. 4.4. These experiments were performed
at 5 kV bias voltage rather than the nominal 30 kV, to prevent the generation of any neutron
radiation while extracting D− ions. More details on the neutron radiation are mentioned in
Appendix C. At 5 keV beam energy, space charge effects are very high and a high fraction
of the extracted beam is lost to the ground electrode. The Faraday cup current was too
low to measure and hence the current obtained on the bias power supply, Ibias, was used to
characterize the influence of the different magnetic dipole filter fields.

Due to space charge effects, an upper limit exists for the maximum negative ion current
that can be extracted from the ion source for a particular plasma density. This is predicted
by the Child Langmuir law, as mentioned in section 3.1.2. The variation in Ibias for H2 and D2

plasmas for the different magnetic filter fields, at 15 A of arc current, is shown in Fig. 4.6.
Plasma electrode voltages and gas flows were optimized before each measurement by tuning
them to achieve maximum current at the Faraday cup, for the fixed arc current. In general,
the Ibias increases at first and flatten out after reaching a particular extraction electrode
voltage. This is the typical behaviour in space charge limited regime and plasma density
limited (or emission limited) regime, as shown in Fig. 3.3. It can also be seen that Ibias is not
perfectly flat in the plasma density limited region, for the D-Pace ion source. The increase
in bias current in this region, with higher extraction voltages, could be due to the increase
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(A)

(B)

Figure 4.6: (A) The variation in bias current for (A) H2 and (B) D2 plasmas for different magnetic fields
shown in Fig. 4.4. A constant arc current of 15 A, an arc voltage of 120 V and a bias voltage of 5 kV is
used. The plasma electrode voltage and gas flow are optimized for each case. The V 3/2 dashed line is
shown for reference only.
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in the concavity of the plasma sheath due to a higher electric field. This is demonstrated
later in section 6.7. The increase in voltage can lead to an increase in the effective area of
extraction and higher amounts of extracted negative ions from the plasma.

It can also be seen from the graphs that the maximum extracted negative ion currents in
the space charge limited regime, decreases for very high and very low filter field strengths.
The increase in current in the plasma density limited regime is not considered [36]. In order
to find the optimummagnetic field for H2 and D2 plasma themaximum Ibias value in the space
charge limited regime for each of the magnetic field distribution needs to be determined.

Figure 4.7: Method of finding Ibias,max, the characteristic value of Ibias from the data shown in Fig.
4.6. Slope, s, at the inflection point of the actual data is determined first. A new linear arbitrary line is
constructed with slope value s/2. Using this new line as x-axis, Ibias,max is found using the derivative
method.

The increase in Ibias value in the plasma density limited region makes it difficult to find
the maximum Ibias in the space charge limited regime, for each case. A method of finding a
characteristic Ibias value, Ibias,max, for a particular magnetic field configuration, is illustrated
in Fig. 4.7. The typical shape of the Ibias data curve indicates the presence of an inflection
point. At first, the inflection point of the actual data curve is foundusing the second derivative
method. The inflection point is where the second derivative value equals zero and crosses
from positive values to negative values. Then, a new arbitrary line is created with a slope
value equal to half of the value of the slope at the inflection point. Considering the new line
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Figure 4.8: Variation of Ibias,max for (A) H2 and (B) D2 plasma at different magnetic filter field inten-
sities and arc currents, at an arc voltage of 120 V and a bias voltage of 5 kV. Gas flows and plasma
electrode voltages are tuned such that the Faraday cup current is maximum.

as x-axis, the actual data curve will have a maximum and a minimum. The maximum value is
then determined using the derivative method by differentiating the actual data curve with
respect to the new line. This gives zero values for the maximum points on the data curve
and the corresponding data value is assigned to Ibias,max. As seen from the figure, this value
corresponds to the maximum current in the space charge limited regime, in a qualitative
manner.

The experiment was repeated for 5 A and 10 A of arc currents also and it showed results
similar to Fig. 4.6. The Ibias,max values were determined using the method mentioned above,
for the different arc currents and magnetic filter field intensities in H2 and D2 plasma. The
combined results are shown in Fig. 4.8. As observed from the graphs, the magnetic filter field
intensity should be optimized for maximising Ibias,max. Low intensity fields (< 3500 G·mm)
and very high intensity fields (>10000 G·mm)will decrease the ion current extracted from the
ion source. The graphs also suggest that the optimummagnetic field strength required for
D2 plasma (≈ 7000-8000 G·mm) could be higher compared to H2 plasma (≈ 4000-6000 G·mm)
for maximum negative ion extraction. But, the reactions generating D− is same as that for
H− [81]. Hence, the observed differences in the optimummagnetic fields could indicate some
differences in the plasma properties in H2 and D2 plasma.
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4.2.2 Plasma parameters in H2 and D2 plasma

The variations in the plasma parameters under different magnetic filter fields were analysed
using a movable Langmuir probe [83] in H2 and D2 plasmas. The probe was made of tantalum
and enclosed in a ceramic sleeve. The probe had a tip length of 5 mm and a diameter of 1.6
mm. It was inserted into the plasma chamber through the plasma electrode aperture of the
ion source. The current-voltage characteristics of the probe were determined at different
locations inside the plasma chamber. The voltages on the plasma electrode and bias power
supply were maintained at zero and no beam was extracted during the Langmuir probe
measurements. A gas flow of 7.5 sccm and an arc current of 5 A, at an arc voltage of 120 V,
was used for the study.

The plasma potential Vp was determined by finding the inflection point of the V -I char-
acteristics through the second derivative method. The electron temperature (kbTe/e) was
found directly from the exponential curve fit for the V -I characteristics of the probe, based
on equation 4.1 [83]. Electron density (ne) was calculated using the electron temperature
values using equation 4.2 [83]
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Ip is the current at the plasma potential Vp, ni and ne are the ion and electron densities,me

is the electron mass, UB is the Bohm velocity,A is the probe surface area, e is the electron
charge, kb is the Boltzmann constant and V is the varying voltage on the probe. The results
of electron temperature and density calculations at different locations inside the ion source,
for the different magnetic fields in Fig. 4.4, are shown in Fig. 4.9. The typical error bars in
the Langmuir probe measurements of electron temperature and density is shown separately
for one of the magnetic fields in Fig. 4.10.

As evident from the graphs (A) and (B), the electron temperature decreases towards the
plasma electrode (0 mm location) for all the magnetic filter field configurations. This is an
anticipated result, as it is through thismechanism that the filter fields enhance the formation
of negative ions in the plasma, through the volume production mechanism described in
section 2.9.2 [42, 79, 81]. This behaviour can also be observed in the Laser Photodetachment
experiments mentioned in figures A.4 and A.3. It can also be seen that a decreasing magnetic
filter field intensity further increases the electron temperature close to the plasma electrode
region. For example, the electron temperature at about 5 mm from the plasma electrode is≈
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(C) (D)

Figure 4.9: Variation of electron temperature inside the ion source for different magnetic filter fields
for (A)H2 and (B)D2. Variation in electron density inside the source for different magnetic filter
fields for (C)H2 and (D)D2. An arc current of 5 A, arc voltage of 120 V and gas flow of 7.5 sccm is used.
Plasma electrode is at 0 mm position.

0.5 eV for 7600 G·mmfield, whereas it increases to≈ 1.4 eV for 1770 G·mmfield, in D2 plasma.
The electron temperature needs to be certainly lower than 1 eV in the plasma electrode
region to maximize negative ion generation reactions [42]. Figures (C) and (D) shows that
the filter field also reduces the electron density in the regions close to the plasma electrode
(0 - 30 mm). In general it indicates that the highest field intensity is resulting in the lowest
density in the region and vice versa. It could be that this reduction in electron density in the
region, below a threshold value, the reason for the decrease in the bias current for high field
intensity, as seen from Fig. 4.8.
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(A) (B)

Figure 4.10: Typical error bars in Langmuir probe measurements of (A) electron temperature (B)
electron density.

Even though the experiments were conducted at the same arc currents and gas flows,
it is seen that electron temperature and density are higher for the D2 plasma compared
to H2. Also, a magnetic field intensity of around 5000 G·mm is required for H2 plasma to
reduce the electron temperature to low values of 0.5 eV, whereas D2 plasma requires fields
around 8000 G·mm to achieve this temperature. This could explain the stronger optimum
magnetic field required for D2 plasma as seen in Fig. 4.8. Another possible factor contributing
to this observation is the difference in Larmor radii between the isotopes, as explained by
Bacal and Wada [82]. The Larmor radius is higher for ions with higher mass, rL ∝

√
m as

in equation 2.46. Thus a higher amount of positive deuterium ions are transported to the
extraction region from the main plasma, compared to hydrogen ions for the same magnetic
filter field. In order to maintain quasi neutrality of the plasma, the electrons are restored in
the extraction region [82]. Hence a higher magnetic filter field intensity is required for D2

plasma to decrease the Larmor radius of the deuterium ions.

4.2.3 Experimental results at 30 keV beam energy

Results obtained in Fig. 4.8 were for beam currents with an energy of 5 keV. It is interesting
to see if the results are valid for 30 keV beam energy, as it is the typical beam energy used in
the filament ion source. Regular tuning experiments were performed for some of the dipole
filter fields shown in Fig. 4.4, in H2 plasma, for 30 keV beam energy. The electrode voltages
and gas flows were optimised for maximum H− current extraction. The bias currents (Ibias)
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Figure 4.11: Variation in (A) bias currents and (B) plasma electrode currents in H2 plasma, for 3
different magnetic filter fields. The extracted beam energy is 30 keV. The results are from tuning
experiments where electrode voltages and gas flows are optimised for maximum beam current.

and plasma electrode currents obtained in these experiments are shown in Fig. 4.11(A) and
(B). The highest Ibias is obtained for the 5270 G·mm field and it decreased on further increase
or decrease of the magnetic field strength. This is the same result obtained in Fig. 4.8 for the
5 keV beam energy. The general behaviour of the plasma electrode current in 4.11 (B) shows
a reduction in the current, as the strength of the magnetic dipole filter field increases. This
suggests a reducing electron density for increasing magnetic field strengths. This decrease
in electron density was also seen from the results of Langmuir probe measurements in Fig.
4.9.

The 30 keV beam energy experiments were performed in D2 plasma also. Only 2 different
magnetic fields were tested due to the constraints mentioned in Appendix C. The results
are shown in Fig. 4.12(A) and (B). It was surprising to see that 7600 G·mm field generated a
lower bias current than the 5270 G·mm. This contradicted the result obtained for D2 plasma
in Fig. 4.8 where a higher beam current was predicted for the 7600 G·mm and the reason is
not clearly understood. But the plasma electrode current behaviour displayed an expected
trend, where its value was lower for the higher magnetic field strength. This can again be
attributed to the lower electron density for higher magnetic field strengths as seen in Fig.
4.9.

The general comparisons between H2 and D2 plasma, at 30 keV beam energy, for the
5270 G·mmmagnetic field is shown in Fig. 4.13(A) and (B). The H− bias current from the H2

plasma is higher than D− current from the D2 plasma by a factor of more than two. Studies
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Figure 4.12: Influence of two different magnetic dipole filter fields on (A) bias current and (B) plasma
electrode current, in D2 plasma, for different arc currents. The extracted beam energy is 30 keV. Electrode
voltages and gas flows are optimised for maximum beam current.

(A) (B)

Figure 4.13: Variation in the (A) bias current and (B) the electrode to ion ratios in H2 and D2 plasma,
for different arc currents. The magnetic filter field strength for the above data is the 5270 G·mm in
figures 4.11 and 4.12.
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have shown that the lower amount of D− ions compared to H− ions could be attributed to
the differences in the diffusion of these ions through the magnetic dipole filter [84]. Another
factor that could lead to lower D− ions is the lower dissociative attachment cross sections
in D2, as shown in Fig. 2.10. The electron to ion ratios are also shown in the figure, which
shows that the ratios are higher for D2 plasma by a factor of at least 4. The high ratios from
D2 plasma is a typical behaviour and one of the challenges when high amounts of D− need to
be extracted, as in the fusion ITER experiment [85]. The higher co-extracted current for D−

could be attributed to the presence of higher concentration of atoms in D2 plasma compared
to H2 [82]. This results in the destruction of D− ions through reactions similar to the one
mentioned in equation 4.4 and leads to higher electron currents in the extraction region.

4.3 Role of surface interactions in H− generation

The experiments presented in this section (4.3) were performed jointly withMelanson [80]
and published in AIP conference proceedings [86]. As mentioned in section 4.1, the plasma
inside the ion source is generated and sustained through thermionic emission from heated
tantalum (Ta) filaments. These filaments are biased at a potential of−120 V with respect
to the plasma chamber during the operation. This results in positive ion bombardment
and sputtering of the filament material. In addition, the filaments are operated at high
temperatures, reaching≈ 3000◦C, causing evaporation. All these lead to Ta being adsorbed
on the walls of the plasma chamber and the surface of the plasma electrode.

An experiment was performed to understand the effect of the Ta adsorbates in negative
ion production in the filament ion source. All the Ta residues on the plasma chamber and
plasma electrode were removed prior to the experiment. The results of the experiment are
shown in Fig. 4.14. It shows the variation in the beam current measured at the Faraday cup
for 20 A of arc current. The beam current data is captured every≈ 10 sec. As evident from
the results there is a clear rise in the beam current with time. Since all the other operation
parameters were kept constant, this rise could be attributed to the ongoing Ta deposition
on the surfaces of the plasma chamber and the plasma electrodes. It is also interesting to
note that the beam current increase is rapid in the first hour but plateaus after about 4
hours. Overall, this could indicate that the Ta adsorbates on surfaces can contribute to H−

ion generation and also that above a certain Ta film thickness it cannot further improve the
H− ion density. The influence of such metal adsorbates on wall surfaces was studied by Bacal
et al. [87] and found that a plasma electrode coated with tantalum adsorbate enhances the
H− ion production in two ways. One of the ways is that the Ta adsorbate on the surface helps
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Figure 4.14: Variation in beam current with time, measured at the Faraday cup for 20 A of arc current
in the filament ion source (beam energy = 30 keV, arc voltage =120 V, plasma electrode voltage = 3.6 V,
extraction electrode voltage = 3.08 kV, gas flow = 15 sccm H2).

in recycling the atomic hydrogen into vibrationally excited hydrogen molecules through
recombinative desorption [88].

H0 + H0 + surface −−→ H2 (v′) (4.3)

These vibrationally excited molecules can enhance the volume production process leading to
negative ion formation. Another reaction is that the Ta coated plasma electrode can reduce
the amount of hydrogen atoms reflected into the H− region close to the plasma electrode,
for the incident flow of atoms and molecules. The hydrogen atoms can act as a killer for H−

ions as shown below.
H0 + H− −−→ H2 + e− (4.4)

Since the presence of hydrogen atoms can lead to the destruction of H− ions [42], a reduction
in its concentration can lead to enhancement of H− ion concentration.

Further experiments were performed in D-Pace’s RF ion source for understanding the
effect of Ta deposits on the chamber surface. It should be noted that there are no Ta filaments
present in the RF ion source. Details of the RF ion source are mentioned in section 5.1. The
results of the regular beam tuning experiments with different configurations in the RF ion
source are shown in Fig. 4.15(A). Initially, the filament ion source was run at 20 A of arc
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Figure 4.15: Variation in (A) H− beam currents measured at the Faraday cup and (B) the electrode to
ion ratios, in the RF ion source. The beam energy was set at 30 keV. The RF power was applied from the
external antenna (section 5.1). Other electrode voltages and gas flows were optimised for obtaining
maximum current at the Faraday cup.

current for two hours, at 15 sccm gas flow, for depositing Ta on the plasma chamber and
plasma electrode. After that the ion source was opened to replace the back plate with the
RF ion source back plate. Later, the regular tuning experiment was conducted in the RF ion
source and the obtained results are shown as ‘Ta on chamber and electrode’ in the figure.
After this run, the plasma chamber and electrodes were cleaned again and the Ta coating
was reapplied using the filament ion source. Then the Ta deposits on the plasma chamber
alone were removed. The RF ion source results of this configuration, with Ta deposit only
on the plasma electrode, is shown under the curve ‘Ta on electrode’. The last configuration
tested in the RF ion source was without any Ta deposits on the chamber and the plasma
electrode. This is presented as ‘no Ta’ in the figure.

As evident from Fig. 4.15(A), Ta deposits lead to an increase in the beam currents in the
RF ion source. About 2 mA of beam current increase is obtained when the plasma chamber
and the plasma electrode are coated with Ta. This also suggests an increase in the amount of
H− ions in the plasma. The corresponding co-extracted electron to ion ratios are shown in
Fig. 4.15(B). As can be seen, the ratios are comparatively lower when some quantity of Ta is
adsorbed on the surfaces. In addition to equation 4.3, this could be attributed to the reaction
mentioned in equation 4.4, which describes that a reduction in the atomic hydrogen density
near the extraction region can also lead to a decrease in the concentration of electrons. Thus
the presence of Ta adsorbates has a beneficial effect in H− ion generation in the ion sources.
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Figure 4.16: Amodel of the copper plasma electrode and flange in the filament ion source. The drawing
shows the plasma facing side of the plasma electrode. Copper tubes carrying circulating water is brazed
to the copper flange.

4.4 Effect of different plasma electrode materials

D-Pace’s TRIUMF licensed filament ion source uses a copper plasma electrode for its regular
operation. The assembled model of the plasma electrode is shown in Fig. 4.16. The diameter
of the electrode is 96 mm and the diameter of the aperture is 13 mm. The electrode is bolted
onto a copper flange and the flange forms a brazed joint with cooling water tubes, as shown
in the figure. Thus, the plasma electrode is cooled through conductive heat transfer between
the parts. The positively biased plasma electrode plays an important role in controlling the
co-extracted electrons and in the formation of negative ions. The material composition of
the plasma electrode could also influence the performance of the ion source. Section 4.3
indicates an enhancement in negative ion production when Ta coated surfaces are present.
This section deals with the details of the experiment conducted for studying the influence of
different plasma electrode materials like Cu, Al, Ta and SS (stainless steel) on the extracted
H− beam current from the ion source.
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Figure 4.17:Variation inH− beamcurrentsmeasured at the Faraday cup, for different plasma electrode
materials.

Plasma electrodes of the same dimension as the standard copper plasma electrode were
manufactured using Al, Ta and SS. Experiments were performed using these different plasma
electrodes in H2 plasma. The replacement of the plasma electrodes during the experiments
involved dismantling and reassembly of the ion source. The ion source was vacuum pumped
for at least 12 hours before the beginning of each experiment. The results of the experiments
are shown in Fig. 4.17 in terms of the beam currents, IFC , measured at the Faraday cup.

As evident from the results, the beam currents from the ion source are dependent on the
type of plasma electrode material. The difference is much more pronounced at arc currents
> 30 A. Cu plasma electrode gives the best result of 16 mA of beam current at about 44 A of
arc current. SS plasma electrode configuration produces the lowest beam current of about
13 mA. The corresponding beam current from Al electrode is about 15 mA and Ta electrode
is about 14 mA. It is interesting to find that the Ta plasma electrode do not possess any
advantage over the copper plasma electrode, whereas in section 4.3, it was shown that fresh
Ta adsorbates on the metallic inner walls of the plasma chamber and surface of the plasma
electrode could lead to an increase in the extracted H− current. It can also be understood
from the results that difference observed in the beam currents could be attributed to the
material property of the plasma electrodes.

One of the major differences between the plasma electrode materials in the experiment
is the thermal conductivity property. The coefficient of thermal conductivity of the different
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Material Thermal conductivity (W/m-K)
Copper (C110) 388

Aluminium (6061 alloy) 170
Tantalum 57.5

Stainless steel (304) 14

Table 4.1: Thermal conductivity values for the different plasma electrode materials used.

plasma electrode materials used in the experiments are shown in table 4.1. Since the heat
transfer rate is proportional to the thermal conductivity, the plasma electrode with the
highest thermal conductivity will be operating at the lowest temperature and vice versa,
for a constant heat load. This suggests that the temperature of the copper plasma electrode
will be the lowest among the electrodes under consideration here, for a fixed arc current.
In the same manner, the SS plasma electrode will be operating at the highest temperature.
The temperature on the plasma electrode cannot be measured directly since it is completely
enclosed by the ion source, as shown in Fig. 4.1. But, the circumference of the copper flange,
containing the water tubes, is accessible from outside the ion source.

A set of simulations were performed for determining the approximate surface tempera-
tures of the plasma electrodes. Solidworks simulations [89] were used for determining the
temperature on the surface of the plasma electrodes. A thermal study simulation in Solidworks
helps in finding the temperature distribution on different parts of an assembly, for a known
amount of heat (temperature, heat flux etc.) applied on a surface in the assembly. Solidworks
simulations use Finite Element Analysis (FEA) method for solving the geometries, where a
model is divided into smaller and simpler elements.

The challenge in creating the thermal simulation was the unknown heat load at the
plasma electrode during the operation of the ion source. In order to find this value, the
temperature at the exposed locations (A, B and C) of the copper flange, indicated in Fig. 4.16,
were measured using a thermocouple during the ion source operation with the Cu plasma
electrode. The difference in temperature between locations B and C provided the rise in
water temperature during the operation. Temperature measurement at location A provided
the copper flange temperature. At about 4560 W of arc power (38 A arc current, 120 V arc
voltage), the temperature at location A was about 50.4◦C and the rise in water temperature
was about 5◦C. The approximate heat load on the plasma electrode during the operation can
now be determined from the simulations such that the resultant temperatures match with
the thermocouple measurements. The simulations also require thermal contact conductance
values between surfaces and the values used are shown in table 4.2. The heat load applied on
the plasma electrode surface was confined uniformly to a diameter of 83 mm.
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Figure 4.18: Solidworks thermal simulation results for the temperature distribution on the plasma
electrode - flange assembly, for different plasma electrode materials. A uniform heat load of 475 W is
applied on an area of 83 mm diameter on the plasma facing side of the plasma electrode. The simulation
parameters are shown in Table 4.1 and 4.2.
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Parameter Contact surfaces Value
Contact conductance Cu plasma electrode− Cu flange 10000 W/m2 K
Contact conductance Cu flange− water tubes 17500 W/m2 K

Convective heat transfer water tube− water 11000 W/m2 K

Table 4.2: The parameters used in copper plasma electrode simulations. The contact resistance values
between surfaces are based on [90] and convective heat transfer coefficient values are based on [91] for
a water flow of 1.7 L/min.

It was found from the simulations that about 475 W of heat load on the Cu plasma
electrodes gave the best match to the experimentally measured temperatures on the plasma
flange at 4560 W of arc power. The temperature distribution obtained from the simulations
for the Cu plasma electrode is shown in Fig. 4.18(A). As shown in the figure the maximum
temperature on the surface can reach up to 131◦C. The simulations were also performed by
replacing the copper plasma electrodes with the other materials (Al, Ta and SS). Only the
thermal conductivity of the plasma electrode material was varied in these simulations, with
all other contact conductance values and heat load remaining the same. The results of the
simulations are shown in Fig. 4.18(B), (C) and (D). As shown in the results, the maximum
temperatures can reach up to 131◦C in Cu, 177◦C in Al, 345◦C in Ta and 936◦C in SS. Note that
the differences obtained in the surface temperatures is due to the differences in the thermal
conductivity of the materials. It is interesting to note that SS plasma electrode temperature
is much higher than the other materials. It can also be seen that the flange temperature is
much less in the SS electrode configuration, compared to other materials, indicating very
low heat transfer from the electrode surface.

The pictures of the SS and Cu plasma electrodes, before (top) and after (bottom) the
tests, are shown in Fig. 4.19. As can be seen, there are heavy burn marks at isolated parts
on the surface of the SS plasma electrode. This suggests that a high operating temperature
on the electrode surface, as found from the simulations, is a possibility. The simulations
also assume a uniform heat load distribution on the plasma electrode surface. This could be
an oversimplification, as the magnetic field effects on charged particles are not considered
here. Hence, the heat distribution could be non-uniform in the real scenario and this could
explain the isolated burn marks seen on the SS electrode surface.
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Figure 4.19: Pictures of plasma electrodes before and after the tests. (B) and (D) shows copper plasma
electrode before and after the tests. (A) and (C) shows stainless steel (SS) plasma electrode before and
after the tests. Burn marks can be seen on the surface of the SS electrodes.
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One of the other factors overlooked in the simulations is the difference in contact con-
ductance between the different plasma electrode materials and the copper flange. A material
of lower thermal conductivity will also lead to lower contact conductance [90]. But the
dependence of the temperature distribution results on the contact conductance value is not
very significant in the current study. For example, in the case of copper plasma electrode, the
maximum temperature reduces to about 115◦C when the contact conductance value between
the plasma electrode and flange is increased to 25000 W/m2 K. The maximum temperature
on the SS plasma electrode reduces to 912◦C when the contact conductance is increased to
15000 W/m2 K.

A comparison between the simulation results and Fig. 4.17 suggests that the surface
temperature of the plasma electrode, during the ion source operation, could be a contributing
factor towards the differences seen in the beam currents. The SS plasma electrode with
the highest surface temperature generated the lowest beam current, whereas the copper
electrode with the lowest surface temperature generated the highest beam current. Beam
currents in Al and Ta configurations also follow the surface temperature trend. Considering
a fixed plasma density, this does indicate that a lower plasma electrode surface temperature
is favorable in the formation of more negative ions in the plasma. The contribution of
‘surfaces’ in negative ion generation is mainly through the recombinative desorption process
mentioned in equation 4.3. As explained in section 4.3, the Ta adsorbates on the surface of
the plasma electrodes is the main factor contributing to this effect. Hence the differences
in beam currents could indicate a degradation in the ‘Ta effect’. One of the observations
that support this inference is the absence of any Ta deposits on the SS plasma electrode
after the tests as shown in Fig. 4.19. A visual examination of the plasma electrodes after the
tests also indicates that the thickness of Ta deposit on the surface is in the order Cu > Al >
Ta > SS. All these observations indicate that a lower plasma electrode temperature could be
advantageous in Ta deposition on its surface which in turn can increase the negative ion
density in the plasma through the recombinative desorption process.

4.5 Influence of plasma electrode aperture size

In most cases, the particle beam from the ion source needs to be transferred to the entrance
of an accelerator or a magnet for its further applications. For reducing the beam losses, it
is desirable to have a minimum beam emittance. One of the ways of modifying the beam
emittance from the ion source is by altering the aperture sizes of the electrodes. An experi-
mental study was conducted in H2 plasma to study the range of beam emittance values that
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Figure 4.20: Results of the experiments in H2 plasma using different plasma electrode aperture sizes.
(A) Variation in beam currents measured at the Faraday cup and (B) variation in electron to ion ratio.
The extracted beam energy is 30 keV. Electrode voltages and gas flows are optimised for obtaining the
maximum current at the Faraday cup.

could be obtained from D-Pace’s filament ion source, using plasma electrodes of different
aperture sizes. The diameter of the different apertures considered are 8 mm, 11.5 mm, 13
mm and 16 mm. The 13 mm aperture size is used for the regular experiments.

The results of the experiment are shown in Fig. 4.20. The H− beam currents obtained
at the Faraday cup for different arc currents in the ion source are shown in (A). As can be
seen from the graph, the beam currents decrease as the size of the aperture decreases. IFC
decreases from 16 mA to about 9 mA, when the aperture size changes from 16 mm to 8
mm. This result is expected as the effective plasma sheath emission area reduces as the
aperture size decreases, as understood from equation 3.10. This can be better understood
with the help of IBSimu simulations [21] results shown in Fig. 4.21. The figure shows the
simulation results for an IFC value of about 8 mA, from 8 mm and 16 mm apertures. More
details on IBSimu are mentioned in Chapter 6. The applied voltages on the electrodes are the
same as obtained from the experiments. The reduction in the plasma sheath area is evident
from the simulations for the 8 mm aperture. The general electron to ion ratio values for the
experiment is shown in 4.20(B). The ratios are considerably higher for the 16 mm aperture
size and it denotes more co-extracted electrons from the plasma. This was evident during
the experiment, as it was difficult to keep the co-extracted current under control without
saturating the extraction electrode power supply. The extraction electrode power supply
saturates above 140 mA and hence irregular values of electrode voltages and gas flows were
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Figure 4.21: 2D IBSimu current density simulation results showing the location of the plasma sheath
(black arrow) for (A) 8 mm and (B) 16 mm apertures. The simulated conditions correspond to about 8
mA of IFC for both apertures. The (1) plasma (2) extraction and (3) ground electrodes are shown in
blue color. Plasma region is located at values z < 0.0 m. Beam propagation is towards the right. Current
flow towards the extraction electrodes can also be seen.

needed to keep the co-extracted current under control. This is the reason for the appearance
of peaks in the ratio for the 16 mm aperture size. This also leads to loss of beam currents.

The corresponding 4 RMS normalized beam emittance values obtained from the experi-
ments are shown in Fig. 4.22, for the different IFC values mentioned in Fig. 4.20(A). As can be
inferred from the graph, a smaller beam emittance can be achieved for a beam current IFC ,
by using the plasma electrode with a smaller aperture. For example, the 8 mm aperture can
generate an 8 mA beamwith an emittance value of 0.38 mm·mrad, whereas it is 0.6 mm·mrad
for the 16 mm aperture size. But, it should also be noted that the arc currents and hence the
plasma densities required for the smaller apertures are much higher than that required for
larger apertures, for achieving a fixed value of IFC , as shown in Fig. 4.20(A).
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Figure 4.22: Beam emittance variation obtained using different plasma electrode apertures.

4.6 Conclusions

Some of the factors that affect the negative ion current obtained from D-Pace’s TRIUMF
licensed ion source were examined in this chapter. The influence of different magnetic
filter field configurations, surface interactions, plasma electrode surface temperatures and
aperture sizes were considered. The results indicate that an optimum dipole magnetic filter
field is required for extracting maximum negative ions from H2 and D2 plasma. It was also
understood from the 5 keV beam energy studies that the integrated magnetic field strength
required by the D2 plasma (≈ 7000-8000 G·mm) was higher than needed by the H2 plasma (≈
4000-6000 G·mm), with the difference in field values contributed only by the strength of the
magnetic dipole filter close to the plasma electrode. Differences in plasma parameters in H2

and D2 plasma, under the different dipole fields, were analysed with the help of a Langmuir
probe. The chapter also examined the surface interactions between Ta coated surfaces and
the plasma, and confirmed the beneficial impact of Ta deposition on negative ion generation
in the ion source. Further studies indicated that the temperature of the interacting surface
also plays an important role in the surface interactions, with very high surface temperature
leading to lower negative ion generation in the plasma. Solidworks thermal simulations were
used for predicting the surface temperature of the plasma electrode. Experiments were also
conducted using different plasma electrode apertures for improving the emittance of the
extracted beam. This result is very useful in situations where a more spatially concentrated
beam is required from D-Pace’s filament ion source.



Chapter 5

RF ion source upgrades

D-Pace has established a 13.56 MHz Radio Frequency(RF)-powered ion source at the Ion
Source Test Facility [77]. This is a hybrid design between TRIUMF licensed filament ion source
[13] and RADIS ion source licensed from University of Jyväskylä [92], for generating negative
ion beams. The ion source uses a planar antenna, placed external to the plasma chamber, for
transferring power to the plasma through inductive coupling. The main advantage of the RF
ion source over the filament ion source is that no filaments are needed for plasma generation.
Thus, the downtime and consumable cost associated with the replacement of worn-out
filaments will not occur. This is intended to allow for a longer maintenance-free operation
of the source. The plasma will be also free from evaporated or sputtered filament materials.
The D-Pace ion source was able to extract up to 8.3 mA of H− and 3.6 mA of D− currents, at
a maximum of 3500 W of RF power so far [77]. But, there were still some challenges in the
stable operation of the ion source. This chapter deals with the details of those challenges and
upgrades performed in D-Pace’s RF ion source as part of the thesis. The author has published
some sections of this chapter in Jacow publications [93].

5.1 RF ion source overview

The section view of D-Pace’s RF plasma and extraction system is shown in Fig. 5.1. The
difference between this and the filament ion source shown in Fig. 4.1 is in the back plate
design of the plasma chamber. The filament ion source has a copper back plate and it holds
the filaments for the thermionic emission, whereas the back plate of the RF ion source is
mainly an aluminium nitride (AlN) ceramic disc of 120 mm diameter and 6 mm thickness.
The extraction system and other components are the same for both ion sources and are
shown in Fig. B.2 and B.3. A Comet Cito RF generator supplies the 13.56 MHz power (0-5000
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Figure 5.1: Section view of RF plasma and extraction system. The RF antenna is made of copper tube
and has water circulation through it. The AlN dielectric window couples the RF energy from the RF
antenna to the plasma chamber. The copper flanges are cooled by water flowing through copper tubes
brazed to the flanges.

W) to the RF antenna. The circuit is shown in Fig. 5.6. The plasma is mainly sustained by
inductively coupling the RF energy from the external RF antenna to the plasma chamber and
hence is an inductively coupled plasma (ICP). The RF antenna is a 3 turn planar spiral copper
tube of 5 mm diameter with internal water circulation. The AlN dielectric window couples
the RF power from the antenna into the plasma chamber. The RF coil is placed about 3 mm
from the window. The AlN window is held in place by copper flanges and is in contact with
the plasma directly. The copper flanges are cooled by water flowing through copper tubes
brazed to the flanges.

Negative ions are produced inside the low pressure plasma chamber through volume
production methods mentioned in section 2.9.2. The extraction electrodes and the associ-
ated power supplies, magnetic fields, vacuum system, Faraday cup and emittance scanner
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diagnostics are the same as that for the filament ion source and are shown in Fig. B.3 and Fig.
B.2.

Plasma

~E, Ip

~B

Irf Dielectric

Chamber

Capacitive
coupling

2R

Figure 5.2: Schematic representation of the electric and magnetic fields in an inductively coupled
plasma (ICP) and the resultant currents (Ip) in the plasma. The high voltage on the coils also induces a
capacitive coupling to the grounded chamber walls. The figure is based on references [94–96].

The RF voltages applied to the antenna generate time-varying magnetic fields. This
induces azimuthal RF electric fields and currents in the plasma. The induced current in the
plasma is opposite to the direction of the antenna current. This further induces opposing
fields, which limits the magnetic field penetration from the antenna to a skin depth, δ. The
approximate resultant fields are shown in Fig. 5.2 for the RF current Irf through the external
antenna [94, 96]. In addition to the inductive coupling, the high voltage regions of the RF
antenna also generate a capacitive coupling, as shown in the figure. This capacitive coupling
is useful in igniting the plasma, but will result in high plasma sheath voltages which is not
desirable in the operation of the plasma [95]. This is discussed in detail in the later sections.

5.1.1 Power absorption in ICP

The general inductive power absorption behaviour of RF antenna-plasma systems can be
described using the transformer model as shown in Fig. 5.3 [98, 99]. Here, the antenna is the
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Figure 5.3: Transformer model of an ICP plasma. An equivalent circuit is shown on the right side. The
model is based on the references [94, 97].

primary coil and plasma is the one turn secondary coil of an air-cored transformer. Irf is
the RF current flowing through the antenna having resistanceRc and inductance Lc. The
plasma current, Ip, flows through the secondary coil.Rp is the plasma resistance, Lp is the
inductance due to electron inertia andLmp is the inductance related to the flux created by Ip.
Themutual inductance,M , couples the antenna to the plasma current loop. The combination
can also be represented by an equivalent circuit with a resistance Rf and inductance Lp.
The change in resistance, ρ, due to plasma can be derived as [99]

ρ = Rf −Rc =
ω2M2Rp

R2
p + ω2(Lp + Lmp)

2 (5.1)

The change in reactance, χ, due to plasma can be derived as

χ = Lf − Lc = − ω2M2(Lp + Lmp)

R2
p + ω2(Lp + Lmp)

2 (5.2)

The power absorbed by the plasma, Pabs is obtained as

Pabs = ρ I2
rf (5.3)

The complex geometry of the planar coil geometrymakes it difficult to obtain the parameters
(Rp,M,Lp, Lmp) in the equations directly and is estimated numerically [99, 100]. As evident
from equation 5.1 asRp → 0, ρ→ 0 and asRp →∞, ρ→ 0. Hence the absorbed power in
the inductively coupled plasma tends to zero for very low and very high plasma resistance
values [99]. The plasma resistance further depends on the plasma density as shown in
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Figure 5.4: An illustration of power absorption behaviour in RF powered plasma [94]. The black dashed
line represents the power loss curve (∝ ne). The power absorption including the capacitive coupling is
shown as dashed red curve (∝ 1/ne) for Ia < Imin. Both axes are in logarithmic scale.

equations 12.2.1 and 12.2.4 of reference [94]. It describes that, at low electron densities, Pabs
increases with electron density almost linearly, ρ ∝ ne. It reaches a maximum and starts
to decrease with further density increase as ρ ∝ n

−1/2
e . The resultant general behaviour

of power absorption in ICP is shown in Fig. 5.4 for different electron densities. The graph
is only for illustration of the power absorption properties. In the graph, we assume that a
minimum RF coil current, Imin, is needed for a stable inductive plasma. We also consider
two different coil currents, Ia and Ib, where Ia < Imin and Ib > Imin. The corresponding
power absorption behaviour for the two coil currents is shown in green and blue curves.
Ploss curve represents the power loss from the plasma and Ploss ∝ ne [97]. The intersection
of this curve with the power absorption curve, for a particular current value, indicates the
stable point of operation [94]. As shown in the figure, the power absorbed in the inductive
coupling reduces towards low and high densities. It is also shown that if the current is less
than Imin, no stable operation point exists and an inductive discharge is not possible. But a
capacitive coupling can still create a discharge, as explained in the next section.
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Figure 5.5: Circuit model of capacitive coupling from the RF antenna to plasma.Rc and Lc are the
resistance and inductance of the antenna. This model is based on reference [101].

5.1.2 Capacitive coupling

As shown in Fig. 5.2, there exists the capacitive coupling between the RF coils and the
plasma. The high RF voltages on the coil can create a capacitive RF current through the
AlN window, plasma sheaths, plasma and then to the grounded chamber walls [97]. This
can be represented by the circuit model in Fig. 5.5 proposed byWatanabe et al. [101]. Here,
Cw represents the RF window capacitance. The capacitance of the two plasma sheaths, RF
window−plasma and plasma−chamber(ground potential), are represented by Cw−p and
Cp−g. These capacitance values are not easy to determine as they depend heavily on the
plasma conditions.Rpc represents the plasma resistance corresponding to capacitive power
absorption.Rpc is dependant on the plasma density and is∝ 1/ne [97], which suggests that
the capacitive power decreases as plasma density increases. The power absorption behaviour
of plasma including the capacitive coupling is shown as a dashed red curve in Fig. 5.4 for
the current Ia. The capacitive power absorption is more dominant at lower densities. Even
when an inductive mode is not possible, Irf < Imin, a stable operation point exists with the
capacitive coupling. In other words, this coupling is essential for igniting the plasma. The
D-Pace RF ion source usually exists in the capacitively coupled mode or electrostatic E-mode
during the ignition. As absorbed RF power increases, the transition to the inductive mode
or electromagnetic H-mode happens, accompanied by a sudden increase of electron density
inside the plasma.

5.1.3 Impedance matching

The impedance of the RF antenna−plasma combination should match with the 50 Ω load
impedance of the RF power supply for efficient power transfer. The resistance of the plasma
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Figure 5.6: Schematic of the impedance matching box. The dashed box represents the copper RF
antenna coil with a resistanceRc and inductance Lc, as in Fig. 5.3.

varies, depending on the plasma properties, as seen in equation 5.1 and hence the circuit
impedance should be changed as the experiment progresses. The impedance match is es-
tablished with the help of an impedance matching circuit as shown in Fig. 5.6. It consists of
two motorized tunable capacitors whose capacitance values can be varied to have the lowest
reflected power in the circuit. These values are controlled manually during the RF source
operation. This is an important part of the operation, as improper tuning can lead to poor
energy coupling to the plasma.

5.2 Challenges in the RF ion source operation

The RF power from the antenna is transferred to the plasma through the AlN dielectric
window. This window offered some challenges in the operation of the ion source. It reached
high temperatures during the operation (≈ 400oC at 2500 W) of the ion source. The window
is sealed to the ion source back plate copper flange using a fluorocarbon O-ring, as shown in
Fig. 5.1. The O-ring is not directly exposed to the plasma. However, the high temperatures on
the window lead to a partial deformation of the O-ring. The temperature on the window and
the regions close to the O-ring location were measured using thermocouples during the ion
source operation [80] and is shown in Fig. 5.7(A). The thermocouples were attached to the
center of the window and to the edge of the window close to the O-ring. It can be seen that
the AlN window temperature is approximately having a linear response to the increasing
RF power. The black curve indicates edge temperatures close to the O-ring’s location. The
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(A) (B)

Figure 5.7: (A) Temperatures at the centre of the AlN window and edge of the window close to the
O-ring, measured using a thermocouple [80]. (B) Fracture of AlN dielectric window during the ion
source operation.

heat ‘resistance’ for fluorocarbon O-rings is ≈ 204oC [102]. Due to this, the RF power was
limited to about 2500 W during the regular experiments, even though the RF power supply
was capable of generating power up to 5000 W.

The situation was further worsened when a fracture occurred on AlN window during one
of the experiments. The fracture is shown in Fig. 5.7(B). This led to damages to the vacuum
system. It adversely affected the confidence in stable operation of the ion source and its
potential to achieve higher negative ion beam currents. One of the goals of the thesis was to
find a solution to this problem and operate the ion source at its full potential of 5000 W RF
power safely.

5.3 Simulation studies of AlN window

The temperature and stress conditions prevailing on the AlN window during the ion source
operation, need to be determined for addressing the challenges outlined in the previous
sections. These were simulated using Solidworks simulations [89]. A thermal study simulation
helps in finding the temperature distribution on different parts of an assembly, for a known
amount of heat (temperature, heat flux, etc.) applied on a surface in the assembly. A stress
study simulation generates the resultant stress on the assembly for a given set of bonding
conditions and temperature distributions. Solidworks simulations use Finite Element Anal-
ysis (FEA) method for solving the geometries, where a model is divided into smaller and
simpler elements.
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Figure 5.8: Contour plot of the temperature distribution on the AlN window and adjacent flanges after
removing the input power to the plasma chamber. The data is generated from a thermal image using
Fluke thermal imager. The axes units are arbitrary. The outer circular edge is the location of copper
flange.

In order to generate a simulation closer to reality, data about the distribution of tem-
perature on the AlN window and adjacent flanges was needed. This was made possible by
capturing a thermal image of these parts using a handheld Fluke camera (TiS55 Thermal
Imager). Such a method was utilized by Melanson [80] for a different set of experiments. It is
not possible to capture the image while running the ion source due to the presence of the
external antenna and impedance matching box in front of the window. Hence, the image was
captured after switching off the RF power and then moving the matching box and antenna
from the line of sight of the camera. So, there is a delay of approximately 15 seconds for
image capture. A color plot of the thermal image, after operating the ion source at 1800 W of
RF input power, is shown in Fig. 5.8. As seen from the figure, the temperature at the centre of
the window reached around 310oC in the thermal image. The temperature dropped to around
200oC close to the copper flange and the flange was around 40oC− 50oC. The flange is cooled
by water tubes around them, as shown in Fig. 5.1. It is not clear why the heat distribution is
not exactly symmetrical in the thermal image.
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Figure 5.9: Section view of the RF ion source model in Solidworks static thermal simulation, receiving
1600 W of RF power on the plasma facing side of AlN window. The RF antenna, electrodes and magnets
are not included in the simulation.

Parameter Contact surfaces Value
Contact resistance Cu flange - cooling water tube 15000 W/m2 K
Contact resistance AlN window - copper flange 1500 W/m2 K
Contact resistance O-ring - copper surface(vacuum) Bonded-no resistance

Convective heat transfer Cooling water tube - water 11000 W/m2 K

Table 5.1: The parameters used in Solidworks simulations. The contact resistance values between
surfaces [90] and convective heat transfer coefficient values [91] for a water flow of 1.7 L/min are
shown.

Based on the results from the thermal image and the thermocouple data in Fig. 5.7(A), a
thermal model of the plasma chamber, AlN window and adjacent flanges with water cooling,
was created using Solidworks thermal study simulations. The electrodes,magnets andmagnet
casing were not included in the thermal simulation, as its contribution to the heat transfer
from the AlN window is negligible. The heat conduction between any two surfaces in the
model can be specified using the thermal contact resistance values between them. Continuous
heat transfer to the cooling water flow can be modelled by specifying the convective heat
transfer coefficient on the respective surfaces. These values used for the simulations are
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shown in Table 5.1. Simulations were performed to replicate the temperature distributions
in the thermal image where the applied RF power was 1800 W. In the simulations, a uniform
heat power of 1600 W was needed to be applied on the plasma facing side of the dielectric
window for matching the temperature distribution in the thermal image. In reality, this is
an oversimplification, as the power loss in the plasma can be due to various other factors
like collisions and losses to the plasma chamber walls. Also, the RF window can be heated
up due to the bombardment of ions and electrons. Hence the power considerations in the
simulations are approximate. Results of the simulation are shown in Fig. 5.9. It can be seen
from the results that the centre of the window reached a temperature around 320oC and
it dropped to around 200oC towards the copper flange. The temperature on the adjacent
copper flanges was around 50oC. The O-ring temperaturewas found to be varying in the range
130oC− 160oC on the surface bonded to the AlN window. Hence the simulations generated a
temperature distribution very similar to that seen in figures 5.7(A) and 5.8.

Figure 5.10: Section view of RF ion sourcemodel in Solidworks static thermal simulation, receiving 4400
W of RF power on the plasma facing side of AlN window. This is the probable temperature distribution
when the applied RF power to the ion source is 5000 W.

Using the same set of parameters as in Table 5.1, another simulation was generated to
find the probable temperature distribution when the maximum RF power from the power
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supply, 5000 W, would be applied. This is about 2.8 times the power used for generating
the thermal image in Fig. 5.8. Considering a linear behaviour in power loss, the heat power
applied on the plasma facing side of the AlN window was also increased by 2.8 times, to 4400
W, for simulating the 5000 W RF power from the power supply. All other conditions were
kept the same as in the previous thermal study simulations. The results of the simulation
are shown in Fig. 5.10. As shown in the plot, there is the probability for the AlN window
temperature to reach up to 830oC at 5000 W of applied RF power. The temperature obtained
on the O-ring surface is in the range of 350oC− 400oC. This would be an alarming situation
as this temperature is very much higher than the heat resistance of the O-ring [102] and can
lead to vacuum seal failure.

Figure 5.11: Results of factor of safety (FOS) evaluation on the AlN window using the temperature
distribution results in Fig. 5.10. The plasma chamber and cooling tubes are not used in stress simulations.
The copper flanges and O-rings are included in the simulations, but is hidden in the above picture. The
regions with FOS <1 is indicated in red and safe regions are in blue. Results indicate that the failure
probability is higher towards the edge of the plasma facing side of the AlN window.

The stress on the AlN window was studied using the Solidworks static stress analysis.
Results from the thermal study simulations for 5000 W RF power in Fig. 5.10 were used as
the thermal load in the static stress analysis. The plasma chamber was not included in the
stress simulations since it is not expected to add any effect on the mechanical stress on the
window. A 15 psi pressure was also applied normal to the plasma facing surface of the AlN
window surface to simulate vacuum conditions. The AlN window is constrained by vacuum
on the plasma facing side and copper flange on the atmosphere side. The Solidworks stress
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simulations can perform a factor of safety (FOS) [103] calculation of a material based on the
value of stress on it. An FOS value of< 1 indicates stress values higher thanwhat thematerial
can withstand. In the case of a brittle material like AlN, the simulations useMohr-Coulomb
stress to predict the material failure [104]. This is done by comparing the stress values to the
limit of tensile and compressive stress of the AlN material. The resulting FOS distribution on
the AlN window, using the simulations, is shown in Fig. 5.11. It indicates that regions towards
the edge of the window exceed the stress limit of the material, as per the Mohr-Coulomb
failure criterion used in the simulations. Hence it can be seen that there is a probability of
failure of AlN window if it is operated at high RF powers.

It should be noted that the results do not indicate that the thermal stress on the window
is the absolute reason for the fracture observed during experiments. But it indicates that
the high temperature on the RF window is not advantageous in the stable operation of
the RF ion source. Failure of brittle ceramics can also occur due to the thermal stress on
pre-existing cracks, leading to crack propagation [105]. Other related failure mechanisms
are thermal shock (sudden change in temperature) and thermal fatigue (repeated cycling
between two temperatures) [106]. Additional contributing factors from the plasma are the
ion bombardment on the window, chamber material (copper) deposition on the window etc.,
which are beyond the scope of the simulations. The quickest way forward for upgrading the
RF ion source was by addressing the possibility of fracture occurring due to the thermal load
on the window.

In the existing original design, the AlN dielectric window is cooled indirectly by water
circulating through brazed copper tubes around the copper flanges as shown in the top
picture of Fig. 5.14. But simulations indicate that this cooling is inadequate, as it leads to
O-ring failures and high stress values on the AlN window. Different solutions like brazing the
window to the copper RF antenna, increasing the thickness of the AlNwindow and continuous
water circulation on the window were simulated. The easiest solution for decreasing the
window temperature was adding a water flow channel directly on the top surface of the
AlN window. This was again simulated using Solidworks thermal simulations. A spiral water
flow was added on the top surface of the AlN window, with all other conditions same as in
Fig. 5.10. The results of the added water flow channel is shown in Fig. 5.12. As can be seen,
adding the spiral water channel has the potential to reduce the peak temperature on the
AlN window by about 80% at 5000 W of applied RF power. But, the water flow rate should be
maintained such that the convective heat transfer coefficient of the water flow should be
at least 11000 W/m2K for maintaining the water temperature to less than 80oC in regions
close to the AlN window. In the practical scenario, a new part needed to be added on top of
the AlN window, with channels for water circulations. The material for this part should be
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Figure 5.12: Thermal simulation results after adding a spiral water flow channel on top of the AlN
ceramic window. Compared to Fig. 5.10, the temperature is reduced by about 80%.

a dielectric material with a low loss tangent, such that it does not absorb much of the RF
energy. The drawback is that the RF antenna would be further away from RF window, which
results in low energy coupling efficiency. But, a higher beam current could be achieved, if
5000 W RF power can be applied successfully.

5.4 Design changes - ‘PEEK design’

The part designed for adding water channels on the AlN window, to increase the heat
transfer, is shown in Fig. 5.13 and the assembly is shown in the bottom picture of Fig. 5.14.
Here, the outer copper flange in the existing design was replaced with a jacket made of PEEK
(polyether ether ketone) material in the improved design. This has separate water inlet and
outlet connections. The cold water entering through the center of the PEEK jacket follows a
spiral channel along the surface of the dielectric and exits through the side of the jacket. An
additional O-ring created a leak proof seal between the PEEK jacket and AlN dielectric. The
water circulation was expected to absorb heat from the AlN window such that the thermal
stress could be maintained in the safe limit even at 5000 W of RF power. The new design was
also expected to maintain the temperature of the window below the heat resistance limit of
the O-ring.
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Figure 5.13: New part made of PEEK material for providing spiral water flow to the outer surface of
the AlN window.

Figure 5.14: Section view of the RF ion source back plate region of the ’original design’ (top) and new
‘PEEK design’ (bottom). Plasma chamber and electrodes are not shown. There is cooling water flow
through the copper RF antenna also. The RF antenna is further away from the AlN dielectric window
by 10 mm in the ’PEEK design’.
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Figure 5.15: Picture of the experimental arrangement for PEEK water jacket design.

5.5 Experimental results

The PEEK water jacket design was manufactured and experiments were carried out in H2
and D2 plasmas. The photograph of the arrangement is shown in Fig. 5.15. The new design
required higher RF power for initiating the H-mode discharge in the plasma, indicating a
lower power coupling from RF antenna to plasma. This is detailed in later sections.

The ion source, with the design upgrade, was successfully operated at 5000 W of RF
power and thus attained the full potential of operation with the design change. The water
flow through the jacket was about 1.5 L/min, corresponding to a minimum convective heat
transfer of 15000W/m2 K [91]. The temperature of inlet and outlet water flowing through the
PEEK jacketwas continuouslymonitored using a thermocouple attached to the fittings during
the experiment. The difference in temperature between the inlet and outlet water through
the PEEK was about 18oC at 5000 W of applied RF power for H2 plasma. This corresponds to
about 2000 W of power removed from the system. The ion source was able to generate 11.7
mA of H− and 5.3 mA of D− beam currents at the Faraday cup at about 5000 W of applied
RF power. The beam current values for different applied RF powers are shown in Fig. 5.16
and the tuning parameters for the highest beam extraction are shown in Table 5.2. The
experiment was repeated several times and the ion source showed stable operation. The
attained beam currents are the highest achieved so far in D-Pace’s RF ion source.
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(A)

(B)

Figure 5.16: (A) H− beam currents (20 sccm gas flow, 30 keV beam energy) and (B) D− beam currents
(18 sccm gas flow, 30 keV) achieved using PEEK jacket design. The beam currents are measured using
Faraday cup at a distance of 480 mm from plasma electrode. The red circle represents the maximum
beam current achieved with the previous RF ion source design [77] and the black circles represent the
data with the upgraded PEEK jacket design.
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Parameter Value (H−) Value ( D−)
Total beam current, IFC (mA) 11.8 5.3

Forward RF power (W) 4800 4900
Reflected RF power (W) 40 154

Bias (mA, kV) 20.1, 30.0 10.9, 30.0
Extraction electrode (mA, kV) 93.4, 3.4 100.3, 3.1
Plasma electrode (A, V) 12.0, 34.6 15.6, 35.8

Gas flow (sccm) 20 18
4 RMS Normalized emittance (mm.mrad) 0.68 0.42

Table 5.2: Tuning parameters for the maximum beam current obtained from the RF ion source using
PEEK water jacket design.

5.5.1 Coupling efficiency and mode transitions

The percentage of RF power coupled to the plasma from the RF antenna cannot be measured
precisely, as there will be a loss of energy to the surroundings and the PEEK jacket. The
coupling also depends on the capacitance values of the capacitors in the impedancematching
box. The RF antenna should be as close as possible to the plasma for maximum coupling
efficiency. As the distance between the coil and plasma increases, the mutual inductance
decreases [107] and this affects the power transfer efficiency, as shown in equation 5.1
(Pabs ∝ ρ ∝M2). In such a case, a higher current flow through the antenna, Irf , is needed
for maintaining the same power absorption in the plasma. As seen from Fig. 5.14, compared
to the original design, the antenna is away from plasma by about 10 mm (thickness of PEEK
water jacket) for the PEEK design. This can contribute to reduced coupling efficiency. The
difference in coupling efficiency between the two designs can be seen by studying the E-
mode to H-mode transition [97] characteristics of H2 plasma inside the RF ion source. As
seen in Fig. 5.4, the plasma exists in E-mode during ignition. It later moves into H-mode
accompanied by a sudden increase of electron density inside the plasma. The threshold
power required for E− H mode transition is a good indication of the coupling efficiency. The
transition can also be identified visually, when the plasma transforms from a low brightness
plasma into a high brightness one. Hence, the spectrum from the plasma can indicate the
mode transition. H2 plasma emission spectrum from the existing design and the PEEK design
were captured using an optic fiber. This fiber was placed about 368 mm downstream of the
plasma electrode, inside the vacuum box. Light from the fiber is transferred to Ocean Optics
optical spectrometer [108] to determine the wavelengths and corresponding intensities. A
typical spectrum from the RF plasma, obtained from the spectrometer software, is shown in
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Figure 5.17: A typical spectrum of H2 plasma from the RF ion source. The applied RF power is 600 W
and the gas flow is 10 sccm. The Balmer lines are shown.

Figure 5.18: Mode transitions for the existing design and the improved PEEK design(dotted lines) for
hydrogen plasma at a gas flow of 10 sccm. The up arrows (E−H) indicate increasing power and down
arrows (H−E) indicate decreasing power.
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(A) (B)

Figure 5.19: Picture of AlN ceramic window (A) before and (B) after the operation of the RF ion source
with the PEEK water jacket, at 5000 W of RF power, 20 sccm gas flow. A continuous film of copper is
deposited on the plasma-facing side of the window, obstructing the RF energy coupling from the RF
antenna to the plasma.

Fig. 5.17, in which the Balmer series lines of Hα, Hβ and Hγ can be identified. The intensity
of all the three lines increases by manifolds during the E−H mode transitions.

The intensity of the Balmer alpha line, Hα, is used in the current study for identifying the
E−Hmode transitions. The intensity of the Hα is recorded from the software for different
RF powers. The results of the Balmer-alpha line study for the two designs are shown in
Fig. 5.18. The E−Hmode transition for the existing design occurs at around 220 W and for
the improved PEEK design, it occurs at around 520 W. This indicates more loss of power
and lower coupling efficiency for the new design due to increased distance between the
antenna and plasma. The plots also indicate the typical hysteresis behaviour observed in
inductively coupled plasmas, which represent multiple stable operating points in the plasma.
This is mainly attributed to the non-linearities in power absorption and dissipation in such
plasmas. Various literature is available on this topic [109, 110] and is not pursued further in
the current thesis.

5.5.2 Copper deposition on AlN window

Another major challenge encountered in the operation of the improved PEEK design was
the increased copper deposition on the AlN window during the operation. A continuous
film of copper was formed on the surface of the window, leading to a decrease in energy
coupling from the external antenna to the plasma. This is due to the sputtering of chamber
materials by energetic ions in the plasma. This copper deposition is shown in Fig. 5.19. The
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‘star’ shaped pattern seen on the window follows the geometry of cuspmagnetic fields shown
in 2.7. Ion tracking simulations, in ion sources with similar magnetic cusp fields, generate
such a pattern [111]. Experiments were also conducted using an aluminum plasma chamber,
but still the copper deposition results were the same as in the picture. This indicates that
most of the sputtering is from the copper ion source back flange shown in Fig. 5.14 and Fig.
5.15.

An interesting variable related to the copper deposition is the amount of pressure/gas
flow in the source. Experiments were performed using different gas flows. At lower gas flows
like 10 sccm, the beam currents started to decrease even at low values of RF power, due to
copper deposition on the window. But for higher gas flows of about 20 sccm, no decrease in
beam currents was observed during the operation. This is shown in Fig. 5.20(A). As can be
inferred, a higher gas flow reduces the rate of copper deposition, enabling to reach higher
beam currents. The influence of higher gas flow on copper deposition can be understood by
analyzing the plasma sheath potentials. The corresponding values of the optimum plasma
electrode voltages for the same experiments are shown in Fig. 5.20(B). It shows that the
voltage required for maximum beam extraction is higher for lower gas flows. The potential
applied on the plasma electrode helps the negative ions in the plasma overcome the plasma
sheath potential well. Hence, the optimum plasma electrode voltage value usually lies close
to the plasma sheath potential [112]. Thus it can be inferred that the plasma sheath potential
is lower for higher gas flows and vice versa.

The plasma sheath potential is mainly influenced by the RF currents generated by the
capacitive coupling. The circuitmodel shown in Fig. 5.5 represents the plasma sheath between
chamber and plasma as a parallel plate capacitor of Cp−g. Let the voltage drop across this
sheath be Vp−g. We can consider the width of this sheath as equivalent to the Debye length
[101], λD ∝ (1/n0)1/2, as in equation 2.12. Hence for a constant RF power,

Vp−g ∝
1

Cp−g
∝ λD ∝

1

n
1/2
0

(5.4)

For a fixed power absorbed, an increase in gas flow could lead to an increase in electron
density, which further results in a decrease of the plasma sheath voltages. Thus, the copper
deposition is dependant on the sheath voltage. The high sheath voltages can cause ion
acceleration towards the walls of the plasma chamber and cause sputtering of the chamber
materials. This can result in the observed copper deposition [113]. This in turn is caused
mainly by the capacitive coupling between the high voltage RF antenna and the plasma,
which modulates the RF sheath potential. For low plasma densities, the skin depth is larger
and hence most of the RF voltages is dropped across the sheath [94]. Note that for the case
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(A)

(B)

Figure 5.20: (A) Dependence of H− beam currents measured at the Faraday cup, on different gas flows.
(B) Variation of optimum plasma electrode voltages for different gas flows. The dip in values for 10
sccm and 15 sccm gas flows are due to copper deposition on the AlN window.
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Figure 5.21: Cross sectional view of the ‘immersed antenna’ design. The antenna is immersed in
deionised water and is positioned close to the AlN ceramic window.

of the filament ion source, the maximum optimum plasma electrode voltage is≈ 4 V, which
indicates that high plasma voltages in the RF ion source is in fact due to the RF coupling to
the plasma.

5.6 Water immersed RF antenna

As seen in section 5.5.1, the PEEK design resulted in a reduced energy coupling efficiency
from RF antenna to plasma. In order to improve this, a second design was made by replacing
the PEEK jacket. In this design the RF antenna was immersed in circulating deionised water
and placed about 3 mm from the AlN window such that there is minimum power coupling
loss. Additional delrin flanges were made to seal the water circulation region. This design is
shown in Fig. 5.21.

In the PEEK design, the plasma gets ignited in the capacitive E-mode and on further
increase of power, it moves into inductive H-mode. The drawback of the immersed antenna
design was that the plasma never attained the inductive H-mode. The plasma was getting
ignited and it remained in the capacitive E-mode even after increasing the applied RF power
to about 1500W. The transition to the H-mode was not occurring. But, the design attained the
H-mode of operation easily when experiments were performedwithout the water circulation.
Hence it can be inferred that the continuous water circulation adversely affects the RF energy
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Figure 5.22: Picture of silicon carbide ceramic insert and its location inside the copper plasma chamber.
The ceramic insert extended up to the plasma electrode.

coupling into the plasma. It should be noted that for the PEEK design shown in Fig. 5.14,
water flow was confined to a narrow spiral channel and it attained the H-mode.

5.7 Effect of a ceramic plasma chamber

In order to reduce the copper deposition on the AlN window by reducing the chamber
sputtering, a ceramic insert made of silicon carbide (SiC) was tested as shown in Fig. 5.22,
in the PEEK jacket design. The ceramic formed the boundary of the plasma chamber. The
dimensions of the insert were such that there was very little copper surface on the chamber
in contact with the plasma.

The experiment was conducted using 15 sccm of gas flow. The plasma ignited and sus-
tained successfully in the H-mode discharge. However, the performance of the ion source
was adversely affected, as only about 1 mA of H− beam current was recorded at the Faraday
cup at 1200 W of RF power. Further tuning of the source was not possible as the plasma
electrode current was too low and not increasing, even though the plasma electrode voltage
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Figure 5.23: Picture of plasma electrode after the experiment using SiC insert. There was a deposit of
insulating film on the surface leading to low beam currents.

(A) (B)

Figure 5.24: (A) Picture of plasma chamber after the experiment using half cut SiC ceramic insert.
Deposits are seen on the parts of copper plasma chamber exposed to plasma. (B) Picture of AlN window
after the experiment. Even though appearing free of any copper deposit, some regions of the window
had metal deposition.

was≈ 60 V. Upon examining the source after the experiment, it was surprising to find that
the copper plasma electrode had some layers of insulation deposit on its surface as shown
in Fig. 5.23. This is believed to be due to the sputtering of material from the SiC ceramic
insert itself due to the high plasma potential. This made the surface of the plasma electrode
non-conducting, leading to a decrease in ion beam extraction.

Another experiment was conducted by reducing the length of the SiC ceramic insert in
half, such that it is much more distant from the plasma electrode. This was conducted to
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Figure 5.25: A picture of the Faraday shield used for initial trials. The sheet was made of SS.

see if it reduced the sputtered material deposit on the plasma electrode. The performance
was slightly better compared to the uncut ceramic insert. About 2.6 mA of H− beam was
recorded at the Faraday cup at 2000 W of RF power at an optimum plasma electrode voltage
of 38 V. Thereafter the plasma electrode current began to decrease. The picture of the plasma
chamber and AlN window after the experiment, is shown in Fig. 5.24. As seen in the picture,
there were some colored deposits seen on parts of the copper plasma chamber exposed to
plasma. The exact composition of these deposits is not known. The AlN window was mostly
clear visually. But, some parts of the window showed a lower resistance, indicating metal
deposition on the surface of the window.

5.8 Conclusions

The chapter describes the experimental works undertaken for upgrading the performance of
D-pace’s RF-powered ion source. The major goals of the upgrades were related to improving
the safety of operation and achieving the full operating power of 5000W. Factors affecting the
stable operation of the ion source were simulated and a new design to solve the temperature
and stress related issues on the AlN window was made and implemented. This upgrade has
successfully attained 5000 W of RF power operation of the ion source and achieved 11.7 mA
of H− and 5.3 mA of D− beam currents. This is the highest ever recorded by D-Pace’s RF ion
source. Also, no window failures have been observed so far since the implementation of the
PEEK design.
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One of the important challenges that needs to be solved before the commercialization
of this design, is the copper deposition on the AlN window. Attempts to solve this problem
with a ceramic plasma chamber and an immersed RF antenna design have not succeeded
so far. One of the other established ways for reducing the capacitive coupling is with the
help of a Faraday shield [94, 95, 97], which is a metallic grounded shield in between the RF
antenna and the AlN window. This provides an alternate path for the capacitive coupling
rather than through the plasma. The shield also should not obstruct the magnetic field
coupling to the plasma. Initial trials were conducted using one such Faraday shield shown in
Fig.5.25. The challenge encountered with this shield was related to the difficulty in igniting
the plasma and achieving the inductive coupling from the antenna. As mentioned in the
earlier sections, capacitive coupling is essential for plasma ignition and hence should not be
reduced completely. Another limiting factor in using the shield is the possibility of electrical
breakdown between high voltage antenna coils and the grounded shield. Future works aim
at developing an effective Faraday shield, that can reduce the capacitive coupling without
affecting the plasma ignition. Also, alternate methods that support the plasma ignition in
the ion source need to be determined.



Chapter 6

Simulations using IBSimu code

Computational tools have a high significance in designing and upgrading ion beam extraction
systems and beam lines. Often, the first step in the design of extraction systems is the
development of a simulation using the computational tool. IGUN [114], PBGUNS [115], SIMION
[116], KOBRA [117] and IBSIMU [21] are some of the codes used for simulations. These codes
make stronger approximations of the physical processes inside the plasma, but are much
faster than the particle in cell (PIC) codes [118]. The current chapter deals with the studies
related to IBSimu code. This plasma extraction code is widely used in creating ion beam
simulations at different ion source facilities like CERN, Oak Ridge National Laboratory, Texas
A &M institute and University of Jyväskylä. Hence, the studies related to improving the code
are greatly beneficial to the ion source community. Disagreements were observed between
experimental results and IBSimu simulations in some ion sources [118]. In order to have
more clarity on these observations, an experimental campaign was conducted using D-Pace’s
ion sources, in collaboration with Dr. Taneli Kalvas, the author of IBSimu code. This campaign
was mainly aimed at studying the variation in the beam emittance from the ion source under
different plasma conditions and comparing the results with IBSimu simulations. The chapter
deals with the results of the experimental campaign and a study on the dependence of beam
emittance on factors like gas flow and electrode voltages. The author has published some
sections of this chapter in the journal, Review of Scientific Instruments [119]. The details of
the IBSimu code described in this chapter are based on texts from [32].

6.1 Overview of IBSimu code

IBSimu [21],[118],[120] code is released under an open-source license, which makes it more
usable for the ion source community. It uses a C++ programming interface that includes

114
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separate modules for solving the electric potential distribution, charged particle trajectory,
phase space diagnostics, etc. The program for running the simulation is written by the user
and these different modules are included in the particular program, as needed. It can be
used for solving problems in 2D and 3D geometries. Complex electrode geometries in the
ion source can be imported into the simulation from CAD models. The electric potentials on
these electrodes are specified as the boundary conditions in the simulation. The simulation
domain is divided into rectangular meshes whose resolution can be specified by the user. The
code uses finite difference method in Poisson’s equation for solving the electrostatic potential
distribution in the simulation domain. The charged particles are created in the simulation
by specifying the uniform current density of different species (negative ions, electrons,
etc.) over a fixed area in the plasma region. The charged particles are propagated from this
area using ray-tracing techniques and Lorentz force calculations from the solved electric
field distributions. These charges further affect the electric field distribution. Hence, several
iterations are needed for a self-consistent solution of charge density and electric field. During
the first iteration, the beam space charges are not considered and the potentials inside the
plasma volume are forced to zero. The resulting potential distribution is found by solving
the Laplacian. The effect of space charge is added from the second iteration and electric
fields are recalculated. The number of iterations can be specified in the simulation. A good
indication of a converged simulation is that the beam emittance value at a particular location
stays almost constant between the iterations.

The magnetic field distribution can be included in the simulation from an external file.
The magnetic field is suppressed in the bulk plasma and from the plasma sheath towards the
extraction region till a potential of≈ 10 V. In reality, there will be collisions and associated
collisional drifts in the plasma. The electrons undergo circular motion due to the perpendic-
ular magnetic filter fields at regions close to the plasma sheath. The model used in IBSimu is
non-collisional and proper modelling starts only at the sheath. Hence, suppression of the
magnetic field in the plasma is needed to provide a uniform ion distribution at the sheath.

The schematic view of the potentials in the plasmamodel used for negative ion extraction
in IBSimu is shown in Fig. 6.1 [120]. The basic assumption is that the negative ions are born
at the plasma electrode potential. It also considers the presence of an equipotential surface
with φ = 0 V, between the positive bulk plasma potential φp and the positively biased
extraction region. Negative ions and electrons get accelerated from the plasma potential
into the extraction region. Positive ions from the bulk plasma reach this surface with an
energy eφp and proceed to the extraction region till it get reflected back due to the high
positive extraction electrode potentials. These constitute the fast positive ion population,
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Figure 6.1: Schematic of the negative ion extraction plasmamodel in IBSimu. This model is reproduced
from [120].

with density ρf . The space charge density of the fast positive ions can be defined as

ρf = ρf0

(
1− eφ

Ei

)
(6.1)

where ρf0 is the fast positive ion density at the plasma electrode wall potential and Ei is
the corresponding kinetic energy of the ions. The above equation is valid only for φ < Ei

and is zero for φ > Ei. Another population of low energy positive ions (thermal), ρth, get
trapped in the potential well. These ions are associated with a Maxwellian distribution and
their space charge density can be defined as

ρth = ρth0 exp
(
− eφ

kbTp

)
(6.2)

where ρth0 is the trapped thermal ion density at the plasma electrode wall potential and
Tp is ion temperature. The plasma quasi neutrality is maintained at φ = 0 V potential
by maintaining the sum of charge densities of negative and positive particles to be zero,
ρtot0 = ρrt0 + ρf0 + ρth0 = 0. ρrt corresponds to the charge density of ray traced electrons
and negative ions (suffix 0 represents the location at φ = 0 V). The amount of compensating
fast positive ions is specified in the simulations using theRf factor, whereRf = ρf0/ρrt0.
Hence, the density of different species, thermal ion temperature and initial energy must be
specified in the simulations.

The different plasma parameters mentioned in the above equations cannot be estimated
accurately and hence can lead to errors in results. The approximations made in the IBSimu
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Figure 6.2: Section view of the D-Pace ion source extraction system. Dimensions are in mm.

plasma model enables faster calculations, but can be incorrect. Differences in the beam
emittance behaviour between IBSimu predictions and experiments were obtained in some
ion sources [118]. One of the possible reasons considered for this is the incorrect estimation
of charge densities near the plasma sheath in the simulations, leading to an error in beam
emittance. The charge densities modelled in the simulations are manually estimated by the
user from the co-extracted electron and ion current values obtained in the experiments.
Since all the charged particles influencing the plasma sheath will not be extracted, this leads
to incorrect estimation of charge densities in the simulations.

6.2 Ion source and simulations

D-Pace’s filament and RF ion sources were used for the experimental campaign. The general
section views of these sources are shown in sections 4.1 and 5.1. As described in these sections,
the ion source uses three electrodes in the extraction system consisting of plasma, extraction
and ground electrodes. The schematic of the electrode arrangement in the D-Pace ion source
extraction (both RF and filament ion sources) is shown in Fig. 6.2. The co-extracted electron
current is measured on the extraction electrode power supply. The ion source (plasma
chamber, plasma electrode and extraction electrode) is biased at a negative potential (−30
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Figure 6.3: Typical simulation result using IBSimu. Electrons are shown in yellow and negative ions in
red. Beam direction is from left to right. The (1) plasma, (2) extraction and (3) ground electrodes are
displayed in blue. Equipotential lines are shown in green.

kV) with respect to the ground electrode by the bias power supply. As described in section
4.1, the current measured on the bias power supply, Ibias, consists of the negative charges
reaching the ground region from the ion source and positive charges reaching the ion source
from the ground. The latter is difficult to estimate and is approximated as negligible. Hence
in this study, the amount of negative ions reaching the ground region is treated as equivalent
to Ibias. The ratio between the co-extracted electron current and Ibias is taken as the extracted
electron to negative ion ratio in the experiments.

A typical IBSimu simulation result from the D-Pace ion source is shown in Fig. 6.3. Here,
a simulation region from -10 mm to 120 mm from the plasma electrode is displayed. The
electrons are shown in yellow and negative ions in red. The positive ions are not displayed
in the simulation. The potentials on the extraction and ground electrodes in the simulations
are the same as obtained in experiments. Charge density population of the particular type
of species to be extracted need to be created in the plasma region (z < 0) of the simulation.
These charge densities are defined on a planar surface of 20 mm diameter in the plasma
area, at a location z =−10mm away from the plasma electrode. The user can modify this
surface diameter and location. Positive ion population is created by specifying theRf , Tp
and Ei values as explained in the previous section. The magnetic field distribution data is
also specified in geometry. It can be seen from the simulation that the co-extracted electrons
are deflected towards the front plate of the extraction electrode due to this magnetic field
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(A) (B)

Figure 6.4: Phase space density plots for 13.9 mA H− bias current from the filament ion source, at 3.5
kV extraction electrode voltage, 5 V plasma electrode voltage and 15 sccm gas flow. (A) Experimental
data and (B) Simulated data using IBSimu, are shown. Both are measured at location z = 368 mm
from the plasma electrode. The plots are generated using similar python scripts. The emittance ellipse
represents the 1 RMS emittance area.

and none of them reach the ground region. IBSimu can also generate particle current density
graphs as shown in Fig. 6.6 and 6.13.

Experimental beam emittance is measured at 368mmdownstream from plasma electrode
by D-Pace ES4 emittance scanner. The details of the scanner are given in B.3.2. The IBSimu
simulation region can also be extended from the plasma to the location of the emittance scan-
ner. The simulation can generate the emittance calculation and phase space plots through
one of its diagnostics modules. An example of an emittance plot comparison between ex-
periment and simulation is shown in Fig. 6.4. The plot is generated using similar python
scripts using the particle distribution data from experiments and simulations. Background
noise in the emittance data is eliminated by discarding the intensity values below 4% of the
maximum value.

6.3 The optical effect of plasma sheath

The electric field distribution in the vicinity of the ion source extraction is determined by the
properties of the plasma, geometry of the electrodes around the plasma and electric potential
of the electrodes. Between the quasi-neutral plasma region and the extraction region, where
mainly negative charges are present, the plasma sheath boundary layer is formed. In this
sheath, the separation of charges takes place due to the extraction field and the beam is
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formed. The three-dimensional shape of the sheath is determined by the interplay of the
plasma charges, the charged particle beam formed and the electric andmagnetic fields in the
extraction. The shape of the plasma sheath defines the extraction electric field shape locally
and therefore affects its focusing properties in the region where the extracted beam still has
a low velocity. Modelling the plasma sheath is a tedious task and cannot be achieved easily.
Simplified plasma models need to be used for simulating the sheath and IBSimu is one such
tool that reproduces the plasma sheath by modelling both the extracted and non-extracted
particle species. The optical effect of the plasma sheath can be considered in a qualitative
manner. Under some plasma conditions, the sheath acquires an optimal shape and location.
Modification of the plasma density causes the shape of the sheath to become sub-optimal. If
the plasma density decreases, the plasma sheath will become concave, focusing the beam
too much and if the plasma density increases, the sheath becomes more convex, providing
too little focusing to the extracted beam. The dependence of the curvature of the sheath on
the plasma densities is described in section 3.1.2. Therefore the sheath can be considered as
an optical lens and it can strongly affect the properties of the extracted beam.

The most accessible experimental data dependent on the plasma sheath is the emittance
of the beam, which represents the phase space distribution. Emittance of a beam depends
on the focusing at the plasma sheath. At optimal shape of the sheath, the produced beam
emittance has a minimum value. As the plasma sheath shape becomes sub-optimal, beam
emittance increases. The beam emittance can also get affected by the properties of the
extraction system. The beam can undergo aberrations leading to emittance growth and
collimations leading to beam loss in its propagation. Nevertheless, the presence of an emit-
tance minimum, corresponding to the optimum sheath shape, is expected in a well-designed
extraction system.

6.4 Simulation methods

A model of the D-pace ion source plasma extraction was made using IBSimu for this exper-
imental campaign. The simulation geometry started from inside the plasma (z =−10 mm
from the plasma electrode) and extended till 368 mm from the plasma electrode in the direc-
tion of the beam. Beam emittance values in the simulation are measured at the end of this
geometry, which represents the location of the emittance scanner in the experiments. The
charge density of the negative ions in the plasma region is chosen such that the simulation
produces a negative ion current equal to the bias current, Ibias, obtained in the experiment.
The electron charge density in the plasma is specified using the experimentally obtained
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co-extracted electron to bias current ratio. The simulation was split into two codes. The first
code simulated the initial 60 mm geometry with a high resolution mesh size of 0.5 mm, since
this region consists of the plasma sheath and extraction. The Debye length for a 2 eV plasma
with electron density of the order of 1016 m−3 can be calculated using equation 2.12 and is
around 0.1 mm. Hence, the mesh size in the simulation cannot resolve the plasma sheath, but
can still predict the plasma sheath shape as verified by higher resolution simulations. Grid
sizes shorter than 0.5 mm provided the same phase space results. The second code simulated
the remaining geometry (60− 368 mm) and used a lower resolution mesh size of 0.8 mm.
This was done for reducing the running time for simulations. The average time required for
one complete simulation set in these experiments is about 15 minutes.

6.5 Filament ion source experiments and simulations

Experiments were performed in the filament ion source using H2 plasma. In the usual beam
tuning methods mentioned in B.4, the electrode voltages and gas flows are varied continu-
ously, for obtaining the optimum beam current, for the different arc currents. Contrary to
this, these parameters were kept constant during this experiment to determine the effect of
only the arc current or plasma density on the beam emittance. The plasma electrode voltage
was fixed at 5 V and gas flow at 15 sccm of H2. This ensures that the resulting change in
emittance values are only due to the variation in plasma densities for fixed electrode voltages.
The emittance behaviour for three different fixed extraction electrode voltages (3.0 kV, 3.5
kV and 4.0 kV) were also studied. The beam emittance variation obtained as a function of the
experimentally obtained H− bias current is shown in Fig. 6.5. The data points correspond
to different arc current values or plasma densities. Emittance values are represented as 4
RMS normalized values. Note that the high emittance values at low currents are due to the
unusual electrode voltages, that lead to poor focusing and optics.

IBSimu simulations were also performed for each data point. The extraction and ground
electrode voltages and electron to ion ratios in the simulations are same as that obtained from
experiments. Plasma parameters were chosen from typical values [120] and later slightly
modified to achieve phase space distribution close to experiments (plasma potential = 5 V,
ratio of fast compensating positive ions to negative charges, Rf= 0.2, initial drift energy
of extracted particles, Ei= 5 eV, transverse negative ion temperature, Tt = 0.2 eV, trapped
positive ion temperature Tp= 0.1 eV). The emittance results from the simulations are also
shown in Fig. 6.5.

The results indicate that IBSimu is capable of simulating some of the beam emittance
trends in the filament ion source. The simulations are also predicting the emittanceminimum
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Figure 6.5: Beam emittance comparison between experiment and simulation in H2 plasma for different
plasma densities, at 3 different extraction electrode voltages, (A) 3.0 kV (B) 3.5 kV & (C) 4.0 kV. Gas flow
(15 sccm), Arc voltage (120 V) and plasma electrode voltage (5 V) are kept constant.

in the trends, which represent the optimum plasma sheath shape. The H− current values, for
which the emittance minimum occurs, are very close between experiments and simulations.
The emittance values increase to either sides of the emittanceminimum for both experiments
and simulations.

Fig. 6.5(A) also shows a decrease of emittance at higher bias currents (> 13 mA). This
is also reproduced in the corresponding simulations in the figure. The emittance scanner
scans a region of about 50 mm in length in a direction perpendicular to beam propagation.
The geometry considered in the simulations is also of the same area. Simulations reveal
that there is more amount of negative ions extracted from the source at higher arc currents.
However, the beam is more divergent due to space charge effects, leading to the loss of
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Figure 6.6: Results of current density simulation for two different plasma densities at an extraction
electrode voltage of 3 kV: (A) Negative ion density of 26 A/m2 and electron density of 28 A/m2

resulting in a bias current of 5.9 mA. (B) Negative ion density of 90A/m2 and electron density of 165
A/m2 resulting in a bias current of 16.2 mA. The 4 RMS normalized emittance values are (A) 0.09
mm·mrad (B) 0.19 mm·mrad. Electrodes (plasma (1), extraction (2) & ground (3)) are shown in blue
color. Green lines represent equipotentials. Arrows indicate the location of the plasma sheath (φ = 0
V).

charged particles to regions outside the emittance measurement and hence a decrease in
emittance values. There is also more particles hitting the extraction electrodes, leading to
beam collimation. The decreasing trend occurs at a different current value in the simulations
compared to experiments, indicating a difference in the effect of plasma sheath shape on
beam divergence.

The increase and decrease in emittance values for different plasma densities can be
explained by the optical effect of the plasma sheath, as shown in IBSimu simulation in
Fig. 6.6. It shows the shape and location of the plasma sheath for 2 different plasma densities,
for the same set of electrode voltages. The plasma sheath becomes less concave as plasma
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density increases, leading to a larger divergence and therefore increase in emittance in
the extraction. The general influence of plasma densities on the radius of the emission
surface was described in equation 3.12. The effect of extraction voltage on the observed
beam emittance is discussed in section 6.7.

Even though the general emittance trends arematching between IBSimuand experiments,
there is still a mismatch between the emittance values, as can be inferred from Fig. 6.5. It was
also confirmed through simulations that a further reduction of transverse ion temperature,
Tt, does not have an effect on the simulated emittance level. As mentioned in the earlier
sections, the differences in the simulation results could be due to the approximations used
in IBSimu, incorrect charge densities simulated in the plasma region or due to differences in
the behaviour of the plasma sheath shape between IBSimu and real scenario, for the same
plasma densities. Some of these are considered in the following sections.

6.5.1 Effect of gas flow on beam emittance

A set of experiments were performed to study the influence of different gas flows or pressures
on the beam emittance values from the filament ion source. The experiments were run
at constant electrode potential values of 3.5 kV extraction electrode voltage, 5 V plasma
electrode voltage and 30 keV beam energy. Gas flows were varied from 8 sccm to 17 sccm for
constant arc currents. The corresponding gas pressures are shown in Fig. B.4. The increase
in H− bias current extracted from the plasma is obtained by increasing the arc current and
hence the plasma density.

The variation in the co-extracted electron current obtained at the extraction electrode
and H− current obtained on the bias power supply, for different arc currents and gas flows
is shown in Fig. 6.7 (A),(B). As can be seen from the graphs, both the co-extracted electron
current and the bias current decrease as the gas flow increases. The plasma electrode current
was also found to decrease in the experiments for increasing gas flows. This could suggest a
decrease in electron density as the gas flow increases, in the regions close to the plasma elec-
trode and the plasma sheath. The corresponding co-extracted electron current to negative
ion current (H− bias current) ratio is shown in 6.7(C) in terms of the bias current. Evidently,
the ratio tends to lower values for higher gas flows. The minimum value of the ratio also
shifts to higher bias current values as the gas flow increases. Thus, the amount of gas flow
significantly influences the charge densities inside the plasma and the extracted currents.

The decrease in the observed extracted currents with higher gas flows suggests a decrease
in the electron and negative ion charge densities near the plasma sheath. This could lead to
variation in the beam emittance. The beam emittance values for the different conditions
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(A) (B)

(C) (D)

Figure 6.7: (A) Variation in co-extracted electron current and (B) H− bias current, for different arc
currents and gas flows.(C) Variation in the electron to ion ratio and (D) the beam emittance values,
for different bias currents and gas flows. Extraction electrode voltage is 3.5 kV and plasma electrode
voltage is 5 V.

created in the experiment are shown in Fig. 6.7(D), in terms of the bias current extracted
from the source. As can be inferred, the emittance minimum drifts to lower bias current
values as the gas flow increases. This is contrary to the behaviour observed in some other
filament ion sources as mentioned in [118].

The dependence of emittance values on the gas flows points to the fact that the plasma
sheath dynamics are influenced by the electron and negative ion charge densities near the
sheath. It is sometimes considered that the type of particle species, ions or electrons, do not
influence the plasma sheath behaviour, but it is dependent only on the total charge density
[120]. The total negative charge density (ρtot−) inside the plasma, near the sheath, can be
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represented as sum of negative ion densities (ρH−) and electron densities (ρe) [118].

ρtot− = ρH− + ρe =
JH−

vH−
+
Je
ve

(6.3)

, where JH− and Je are the negative ion and electron current densities near the sheath and
vH− and ve are the corresponding velocities. Let the observed current densities be denoted
by J∗H− and J

∗
e , corresponding to the bias current and co-extracted electrode current values

obtained in the experiment. The observed densities can be different from the actual current
densities near the plasma sheath. The actual current densities can then be estimated by
using an ion density correction factor, Ric and an electron density correction factor, Rec.
Using these correction factors, the actual current densities at the plasma sheath can be
written as [118]

JH− = RicJ
∗
H− (6.4)

Je = RecJ
∗
e (6.5)

Equation 6.3 can be written in terms of the observed currents, using the above equations.

ρtot− = Ric

J∗H−

vH−
+Rec

Je
∗

ve
=

1√
2qU

[
Ric

√
mH− +ReiRec

√
me

]
(6.6)

In the above equation, U is the potential achieved by the negative charges and q is the
magnitude of the charge.Rei is the observed electron to ion current ratio which equals the
ratio of Je∗/J∗H− , when both species uniformly fill the extraction aperture. Assuming no
collimation in the extraction region, the total charge density in the equation can be replaced
with an effective H− current that can be defined from the above equation as [118]

Ieff = RicI
∗
H− +RecI

∗
e

√
me/mH (6.7)

where I∗H− and I
∗
e are the observed bias current and co-extracted electron current in the

experiment.
The emittance values in Fig. 6.7(D) can now be plotted in terms of the effective current,

Ieff. This is shown in Fig. 6.8(A). The correction factor values used areRec = 1 andRic = 1.
It is to be noted that in this set of experiments, the variation in emittance values is due to
the change in charge densities in the plasma. Since Ieff is proportional to the total charge
density of electrons and negative ions in the plasma sheath region, the emittance minimum
is expected to be at the same location in x-axis for the different gas flows. But, as can be
noticed, the behaviour is still similar to Fig. 6.7(D) whenRec = 1 andRic = 1 is used and the
emittance minimum is still drifting to lower bias currents as gas flow increases. The same
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(A) (B)

Figure 6.8: (A) Variation in beam emittance for effective current, Ieff, with values Rec = 1 and
Ric = 1. (B) Variation in beam emittance for effective current, Ieff with different Rec factors and
Ric = 1.

emittance values are again shown in Fig. 6.8(B), but with density correction factor values,
Ric = 1 andRec = 1, 6, 11 and 14, for the different gas flows. As can be seen, the emittance
minimum is now at the same location in x-axis for all gas flows with this modifiedRec factors.
Rec > 1 values suggest that the electron density in the plasma sheath region is higher than
the observed current density corresponding to the co-extracted electron current at the
extraction electrode. This is an anticipated result, as part of the electrons near the sheath
will never get extracted. These electrons would get accelerated from the sheath, bend due to
the magnetic fields and hit the plasma electrode. Hence the real electron to ion ratio at the
sheath would be different from the values obtained at the electrodes in the experiments.
It can also be seen that the value ofRec increases with gas flow. This can be understood in
terms of effect of pressure on electron transport and collisions in the plasma [118]. But such
highRec values are difficult to comprehend as it represents very high electron density at
the plasma sheath.

Another set of correction factors which can produce similar results is whenRec = 1 and
the ion density correction factorRic =0.65, 0.8, 0.95 and 1.0 for the different gas flows. This
indicates that the bias currents recorded at lower gas flows consist of charges other than the
negative ions.

In all cases,Rec 6= Ric for different gas flows indicate that the emittance is also dependent
on the density of the type of particle species, ions or electrons, near the plasma sheath and
not only on the total charge density. This is in contradiction to the basic assumption in
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(A) (B)

Figure 6.9: (A) The variation in beam emittance behaviour at different plasma electrode voltages for
8 sccm gas flow and 3.5 kV extraction electrode voltage. (B) Variation in bias currents obtained for
different plasma voltages and arc currents.

IBSimu, where the ions and electrons are not treated differently near the plasma sheath and
the sheath is influenced only by the total charge density. In order to overcome this problem,
the density of the particular species need to be artificially changed near a fixed region in
the plasma sheath in the code. But additional constraints need to be imposed in the code
such that the changed density will not alter the existing space charge effects in the beam
propagation.

6.5.2 Effect of plasma electrode voltage on beam emittance

Experiments were performed to understand the influence of plasma electrode voltage on
beam emittance, using a fixed H2 gas flow of 8 sccm and three different plasma electrode
voltages (3 V, 5V and 6 V). The plasma electrode current increased proportional to the voltage
for constant arc currents. This was accompanied by a decrease in the co-extracted electron
current and the bias current values. This suggests that the increasing plasma electrode
voltages depletes the corresponding charge densities at the plasma sheath, since the gas flow
is constant. The effect of plasma electrode voltages on the beam emittance is shown in Fig.
6.9(A) for the three different voltages. As seen in the figure, the beam emittance minimum
does not shift appreciably in terms of bias current. But, in general, the beam emittance value
increases as the plasma voltage increases, for a fixed bias current. This could be attributed to
the higher total charge densities needed for attaining a particular bias current at high plasma
electrode voltages as shown in Fig. 6.9(B). For example, 8 mA of bias current is achieved at
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Figure 6.10: The effect of correction factor Rtc on beam emittance values. The ‘experiment’ and
‘Rtc = 1.0’ curves are same as in Fig. 6.5(B).

about 5 A arc current for 3 V plasma electrode. But in the case of 6 V, it requires about 12 A
of arc current. In addition to this, the plasma electrode voltage can also affect the electric
fields in the plasma sheath leading to the trends in the graph.

6.5.3 Charge density correction factor in simulations

As pointed out earlier, there might be errors in the estimation of charge densities in the
simulations, leading to the mismatches obtained in Fig. 6.5. As seen in the figure, at low
currents there is an abrupt increase in emittance value from the emittance minimum. This
is most likely due to some effect that can not be modelled by IBSimu. At higher currents,
the simulations produce too high emittance values compared to experiments. Considering
this, it can be a possibility that the charge densities near the plasma sheath (sum of negative
ion densities and electron densities) are overestimated by the plasma model leading to less
concave plasma sheath. It is possible to add a density correction factor,Rtc, to reduce the
total charge density near the plasma sheath.Rtc = ρtot−/ρ

∗
tot− , where ρtot− is the real charge

density in plasma and ρ∗tot− is the observed charge density for H
− ions and electrons. As in

equation 6.6, the total charge density from the observed electron and negative ion beam
currents can be obtained as

ρ∗tot− =
J∗H−

vH−
+
Je
∗

ve
(6.8)

The simulated charge density in the simulation is now obtained by multiplying with theRtc
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factor. The total negative charge density from the ray-tracing algorithm, at a defined region
(beginning of plasma in the simulation geometry till plasma electrode) is now modified
as ρtot− = Rtc ρ

∗
tot− . The density of compensating positive ions are also modified in the

simulation accordingly to maintain quasi neutrality.
The effect of this factor on beam emittance in the simulations is shown in Fig. 6.10. As

shown in the graph, the emittance values show a decrease when the simulated density is
half, Rtc = 0.5. But the correction factor moves the location of the emittance minima to
higher currents and this does not correspond to the correct experimental result. Thus, the
artificial reduction of the simulated total charge densities in the plasma do not provide a
better match to the experimental results.

The mismatch seen in Fig. 6.5 could also be due to some effect near the plasma sheath
that is not correctly modelled by IBSimu. Modelling should be very accurate in the extraction
region as there are no compensating particles. A good reason that can be considered is the
approximation in IBSimu that the particles reach the sheath from the plasma in straight
trajectories, without any angular spread [32]. This assumption that the particles arrive at
the plasma sheath as a planar flux causes an uneven distribution of particles at the sheath
in the case of a highly curved sheath, and this can lead to an incorrect prediction of the
sheath shape. Such an effect would also explain the deviation in the bias current level where
collimation happens in the case presented in Fig. 6.5 (A).

6.6 RF ion source experiments and simulations

The experimental campaign was performed in D-Pace’s RF ion source also. The study was
conducted using a constant gas flow of 20 sccm and a plasma electrode voltage of 30 V. The
plasmadensity andhence the bias currentwere varied by adjusting the applied RF power from
800 W to 3000 W. Emittance was measured for three different extraction electrode voltages,
3.0 kV, 3.5 kV and 4.0 kV for each of the applied RF powers. The variation in beam emittance
for different bias currents is shown in Fig. 6.11. The emittance trends observed in the RF
ion source were very similar to the results obtained in the filament ion source. Emittance
minimum was observed for each extraction voltage curve. The variation in emittance values
for different plasma densities can be explained as in section 6.5. IBSimu simulations were also
performed for each data point. The extraction and ground electrode voltages and electron to
ion ratios in the simulations were the same as that obtained from experiments. The plasma
parameters used in the simulations [120] (plasma potential = 5 V, ratio of fast compensating
positive ions to negative charges,Rf= 0.2, initial drift energy of extracted particles,Ei= 5 eV,
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(A) (B)

(C)

Figure 6.11: Beam emittance comparison between experiment and simulation for various applied RF
powers at 3 different extraction electrode voltages, (A) 3.0 kV (B) 3.5 kV & (C) 4.0 kV. Gas flow (20 sccm)
and plasma electrode voltage (30 V) are kept constant.

transverse negative ion temperature, Tt = 0.5 eV, trapped positive ion temperature Tp= 0.1
eV) were similar to the filament ion source simulation parameters.

As seen in the figure, the simulations are producing results close to the experimental
values. The emittance minimum and the general trends are reproduced in the simulations
effectively. The emittance values from the simulations are in general higher than obtained
from experiments. But, it can also be inferred that the simulation results of the RF ion source
seem more fitting to the experimental results compared to the filament source results from
Fig. 6.5. However, the reason for the better match obtained in the RF ion source is not clearly
understood.
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6.7 Effect of extraction voltage on beam emittance

(A) (B)

Figure 6.12: The combined graphs indicating the variation in beam emittance values for different
extraction electrode voltages and bias currents in (A) filament ion source and (B) RF ion source.

The combined experimental data for all the three extraction electrode voltages, for both
RF and filament ion sources, is shown in Fig. 6.12. As can be seen in the figure, the value
of beam emittance drifts to lower values as the extraction electrode voltage increases in
both sources. This is mainly seen when the plasma density increases from the emittance
minimum. The curvature of the plasma sheathmight play a role in this behaviour. Increase in
the extraction voltage causes higher positive electric field near the plasma electrode, pushing
the positive ions towards the plasma in the ion source. This causes the boundary of the quasi-
neutral plasma also to be shifted further towards the plasma, resulting in a more concave
plasma sheath. For a fixed plasma density, the plasma sheath is more concave for higher
extraction electrode voltages and this could lead to lower emittance values and an increase
in bias currents. This is illustrated using simulation results in Fig. 6.13, where the plasma
sheath is more concave for higher extraction electrode voltage, even though the plasma
density is the same. Another factor that could contribute to the lower emittance values
at high extraction voltages is the reduced space charge effects. As shown in section 3.8.1,
higher beam velocities experience reduced space charge forces and this could reduce the
beam spread. This can also contribute to the reduction in spherical aberrations experienced
by the beam at the electrodes, which could further reduce the beam spread [121].
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Figure 6.13: IBSimu current density simulations showing the variation in the shape and location of
the plasma sheath (indicated by black arrow) for 2 different extraction electrode voltages, (A) 3.0 kV
and (B) 4.0 kV, using the same plasma current densities (55 A/m2 negative ion density and 70 A/m2

electron density). This results in a beam emittance of (A) 0.23 mm·mrad and (B) 0.18 mm·mrad.

6.8 Emittance comparisons between the ion sources

The combined experimental emittance data for the RF and filament ion sources is presented
in Fig. 6.14. It should be noted that the gas flows and plasma voltages for the RF source
experiments (20 sccm, 30 V) were higher than the filament source experiments (15 sccm,
5 V). As is evident from the figure, there appears to be a shift in the general emittance
behaviour between the sources. In general, the emittance minimum of the filament source
occurs at slightly higher bias currents compared to the RF source. This shift remains the
same even if the effective current, Ieff in equation 6.7, is used in x-axis withRec = Ric = 1.
This again points to the result from section 6.5.1 that the observed extracted currents are
not a true representation of the charge densities at the plasma sheath.
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Figure 6.14: (A)−(C) Experimental beam emittance comparison between RF ion source and filament
ion source for 3 different extraction electrode voltages.(D) Electron to ion ratios for filament and RF ion
sources at different extraction electrode voltages.

The graphs also indicate that the emittance values of the RF ion source is higher for bias
current values>≈ 8 mA. The variation in the extracted electron to ion ratios for the two
ion source configurations is presented in Fig. 6.14(D). In general, the ratios in the RF source
are higher compared to the filament source for a fixed bias current, except at very low bias
currents (< 6 mA). This suggests the presence of higher electron density at the RF source
plasma sheath for achieving a particular bias current. It should also be noted that unlike
the filament ion source, the electron energy in the RF ion source is much less. This is due to
the fact that there is no thermionic emission from Ta filaments in the RF ion source and no
subsequent acceleration of electrons due to the−120 V bias on the filaments with respect
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to the plasma chamber. The presence of high energy electrons in the range of ≈ 50 eV is
essential in generating the vibrationally excitedmolecular states, which are the predecessors
of negative ions in the plasma as explained in section 2.9.2. Also, the lack of Ta deposition
on the wall surfaces results in lower negative ions and higher electron density as shown in
section 4.3. Hence, the negative ion generation is less efficient in the RF ion source. This
could lead to the observed higher ratios in the RF ion source. These differences in the charge
densities at the plasma sheath could be the reason for the shift observed in the emittance
behaviour between the sources.

6.9 Conclusions

Simulation studies were performed on H− beam extraction from D-Pace’s filament and RF ion
sources, using IBSimu plasma extraction code. Differences in the emittance values between
IBSimu predictions and experimental results were observed. The exact reasons for these
observations could not be determined, but some factors were discussed in the chapter. The
experimental results point towards the fact that the plasma sheath behaviour is dependent
on the type of particle species and not only on the total charge density. This contradicts
the basic assumption in IBSimu. The estimation of plasma densities at the plasma sheath
seems to be the most important challenge in the IBSimu code. The code neglects the effect of
magnetic field and collisions at the plasma sheath region. This can lead to errors in plasma
sheath estimation. The simulations also assume that the particles arrive at the plasma sheath
as a planar flux. This can result in an uneven distribution of particles at the sheath in the
case of highly curved sheath.

Another possible factor that can contribute to the observed differences is the bias current,
Ibias, obtained in the experiments. Ibias represents the total negative charges from the source
to the ground region. The simulations also support this assumption as it do not show any
electrons crossing the extraction electrode (Fig. 6.3). But there might be additional negative
charges in the form of secondary electrons and also positive charges flying from the ground
region to the ion source. Hence the actual negative ion current could be slightly different
from the experimentally recorded bias current. In simulations, the negative ion charge
density at the plasma sheath is defined such that the resulting beam current matches the
Ibias value. In short, the differences between simulated negative ion densities and the real
densities could contribute to the emittance mismatch.

In spite of the above-mentioned challenges, the results indicate that IBSimu is a very
useful tool in simulating the ion extraction. It could predict the general emittance trends
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in D-Pace’s ion sources under different plasma conditions. The prediction of the location
of the emittance minimum in simulations is very close to the experimental result. This is
a positive result for IBSimu, as high variations in the emittance minimum locations were
present during the simulation of other ion sources like Pelletron ion source, CERN linac 4
and SNS ion source [118].



Chapter 7

Conclusions

Negative ion beams, extracted from ion sources, are used in a variety of applications in the
field of science and technology. The quality of the beam and the amount of beam current
depend heavily on the features of the ion source and optimisation of the ion source oper-
ation parameters. A deeper understanding of the ion source operation is hence essential
for successful applications in particle accelerators. The thesis describes different studies
performed by the author in D-Pace’s filament and RF-powered negative ion sources, with a
view to improving the ion source performance in terms of H− and D− beam currents. Various
goals of the thesis are reiterated in this chapter and the level of success attained by the
author in achieving these goals is described.

One of the goals of the thesis was achieving an improvement in the beam currents
extracted from the filament ion source, especially increasing the D− beam current to a range
of 10 mA, which is needed for BNCT applications, as described in Chapter 1. Low beam energy
(5 keV) experiments showed that an integrated magnetic field strength of ≈ 7000-8000
G·mm is required for maximum D− beam extraction, whereas the requirement reduces to≈
4000-6000 G·mm for H− beam. However, the optimised magnetic filter field did not produce
an increase in D− current at high energy (30 keV) experiments. The maximum D− current
achieved at the Faraday cup was about 5.6 mA. This is only about 56 % of the target value of
10 mA and hence further improvements are needed. The D− beam current was limited by
the high electron to ion ratios in the D2 plasma, giving rise to high co−extracted electron
current, which saturated the extraction electrode power supply. This led to constraints in
tuning the ion source. An extraction electrode power supply with a higher saturation current
could be a solution to this problem. Another challenge in conducting experiments using
D− beams was the generation of neutron radiation, as mentioned in Appendix C. Hence,
adequate radiation shielding need to be implemented in future for conducting continuous
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experiments. The study of the different factors affecting the beam currents has provided
new insights into the operation of the ion source. The contribution of surface reactions to
the extracted negative ion current, through the interaction of plasma with Ta adsorbates
on the plasma chamber surface, were identified in the study. It was also concluded that for
a given set of plasma conditions, a surface with higher thermal conductivity is favorable
for H− formation through surface reactions. For an applied arc power of about 5000 W, a
reduction of about 20 % H− beam current was observed when the copper plasma electrode
was replaced with an SS plasma electrode.

One of the other goals of the thesis was solving the challenges associated with the stable
operation of D-Pace’s RF-powered ion source. There were incidents in which the AlN RF
window, which coupled RF energy from the external flat spiral antenna into the plasma
chamber, was broken during the operation of the ion source. Thermal and stress simulations
were performed as part of the thesis and the results indicated the possibility of window
failure associated with the temperature distribution on the window. In order to overcome
the high temperature a water jacket design was implemented, as described in Chapter 5. This
method has proven to be a successful solution so far in terms of the stability of the RFwindow.
More power could also be applied to the ion source without the fear of window breakage,
which resulted in attaining about 11.7mA of H− and 5.3mA of D− beam currents. This is about
40 % increase in the beam currents compared to previous results. Even though a solution for
the stability issue was found, the design still needs to be further upgraded due to the chamber
material erosion during the operation. For the copper plasma chamber, the AlN window
gets coated with copper during the operation, degrading the energy coupling to the plasma
from the external antenna. Some attempts were made for reducing the copper deposition
on the RF window, but a successful solution to this problem has not been achieved so far.
Future attempts need to be made to design and implement a Faraday shield for reducing the
capacitive coupling as shown in Fig. 5.25. Such shields can reduce the capacitive coupling,
but can also lead to plasma ignition problems.

The thesis also aimed at validating the ion extraction simulation code, IBSimu, using
D-Pace’s filament and RF-powered ion sources. The validity of the code was evaluated by
comparing the beam emittance values between IBSimu simulations and experimental results.
Beam emittance comparisons were made at different applied powers, gas flows, plasma
electrode voltages and extraction electrode voltages. The experiments have given a better
understanding of the plasma sheath behaviour under different plasma conditions. One
of the drawbacks identified in the study was the difference in emittance values between
experiments and IBSimu simulations. This was attributed to the assumption in IBSimu that
the particles arriving at the plasma sheath would be having a planar flux profile. Another
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drawback identified in IBSimu was the assumption that both ions and electrons behave
similarly in the plasma sheath region. Experimental results indicated that the emittance
behaviour was dependent on the type of particle species and not only on the total charge
density, as considered by IBSimu. Apart from these drawbacks, it was found from the study
that IBSimu successfully simulated the general experimental beam emittance trends. One of
the characteristic features of the emittance behaviour from the D-Pace ion sources is the
existence of an emittance minimum in the trend at different applied powers. The simulation
also predicted the occurrence of an emittance minimum very close to the experimentally
obtained result. This is an important result, which proves the validity of the IBSimu code.

The studies conducted in the thesis have provided a better understanding of D-Pace’s
filament and RF ion sources. The influence of factors like magnetic filter fields and surface
reactions in the plasma, towards the generation of negative ions were observed in the
experiments. The design changes performed in the RF ion source have contributed towards
achieving better ion source performance and reliable operation. The experimental campaign
for validating IBSimu has provided a data set of different beam emittance values that can be
obtained from the ion sources and a simulation tool for future upgrades of the negative ion
sources.



Appendix A

Laser Photodetachment

Laser photodetachment is one of the established tools for the determination of negative ion
density inside a plasma. This was used extensively by Bacal and Hamilton [122] for measuring
the H− density inside H2 plasma. These studies made a significant impact in the understand-
ing of the formation of negative ions through volume production methods [42]. This section
of the thesis contains the experiments performed by the author at Doshisha University,
Japan [123]. The main goal of the experiments was the measurement of negative ion density
inside a filament ion source, using the laser photodetachment diagnostic technique.

Laser photodetachment method relies on the low electron affinity of negative ions [124].
In this method, the loosely bound electron in a negative ion is removed by shining a beam of
laser of the required energy through the plasma. The negative ions are broken down into
free electrons and neutrals. In the case of H− ion, the electron is bound by an energy of only
0.75 eV and the photodetachment reaction can be written as [124]

H− + hν −−→ H + e− (A.1)

where h is the Planck’s constant and ν is the laser frequency. The release of photoelectrons
into the plasma results in a rapid rise in the electron density (∆ne). The change in the electron
density can be characterized by placing a metallic probe, biased at a higher positive potential
compared to the plasma, close to the path of the laser. The photoelectrons released into the
plasma get captured by the positively biased probe. The increase in probe current,∆ie, will
be proportional to the increase in electron density due to photodetachment. Considering
that the laser beam energy is sufficient for destroying all the negative ions in its path and the
generated electrons strike the probe, then∆ne = n−, where n− is the density of negative
ions in the laser path. This gives the following equation [124],

n−
ne

=
∆ie
ie

(A.2)
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Figure A.1: Schematic of the ion source used for photodetachment experiments [125]. Laser is fired
through one of the ports and the Langmuir probe is inserted through the opposite port.

where ne is the electron density and ie is the current through the positively biased probe, in
the absence of the laser beam. As evident from the above equation, the negative ion density
can be determined when all the other three values are known.

A.1 Experiments and results

The schematic view of the filament ion source used for the experiments is shown in Fig
A.1 [125]. The ion source has a cylindrical plasma chamber 150 mm in diameter and 200
mm in length. Plasma is sustained through thermionic emission from a 0.5 mm diameter
tungsten filament of 90 mm length. The Sm-Co magnets provide magnetic multicusp plasma
confinement. There is an additional floating electrode for preventing direct exposure of
plasma to the plasma electrode. The plasma electrode and the floating electrode are both
made of stainless steel. The floating electrode, as the name indicates, does not have any
potential on it. The laser used for the photodetachment experiments is an Nd:YAG laser−Big
sky laser ultra [126] with a wavelength of 1064 nm and pulse energy of 75 mJ. The pulse width
of the laser is 3.3 ns and the spot size is 3 mm. The laser beam is passed to the plasma through
one of the optical ports, as shown in the figure. A movable Langmuir probe, using 0.5 mm
diameter tungsten wire and enclosed in a ceramic sleeve, is inserted into the plasma through
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another port, located opposite to the optical port. The probe has a length of 7 mm tungsten
wire exposed to the plasma. It is connected to an oscilloscope for current measurements
during the experiments.

Figure A.2: (A) Typical Langmuir probe current-voltage characteristic [83] and curve fitting. The
location corresponding to the plasma potential (red circle) and the floating potential (green square) is
shown.(B) Typical photodetachment pulse obtained on the oscilloscope connected to the Langmuir
probe during a laser pulse.

During the experiments, the background electron current (ie) is determined by the DC
current flowing through the Langmuir probe. The probe is biased at a positive DC potential
of 12 V during this measurement. The electron density (ne) and other plasma parameters
are determined from the Langmuir probe current-voltage characteristics, in which the DC
voltage on the probe is swept from negative to positive voltages and the resultant current
is measured. The typical behaviour is shown in Fig A.2 (A). The plasma potential is initially
found out from the inflection point on the data. A curve fitting is done from the lowest voltage
to the plasma potential, using equation 4.1 and the electron temperature is determined.
The electron density (ne) is further determined using the electron temperature value and
equation 4.2. After these measurements, the laser is fired through the plasma. An increase
in the local electron density occurs as mentioned in equation A.1. The resultant increase in
the probe current (∆ie), corresponding to the capture of the detached electrons, is recorded
in the oscilloscope and the typical shape is shown in Fig A.2 (B). The time period for the rise
and decay of the pulse is of the order of≈ 800 ns. This depends on the plasma density and is
faster for higher densities [122]. Thus, all the parameters required for the determination of
the negative ion density, as mentioned in equation A.2, can be found.

Two different experiments were conducted using the laser photodetachment method.
One experiment was aimed at the determination of H− density distribution in a plane parallel
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to the plasma electrode. The other experiment was focused on determining the effect of gas
pressure on the H− density at a fixed location in the ion source.

Figure A.3: (A) Electron density and (B) electron temperature values obtained from the Langmuir
probe measurements at different locations in the plasma, in a plane parallel to the plasma electrode.
The x-axis values are the distance between the wall and the Langmuir probe. The error bar represents
values within one standard error. An error of± 0.5 mA is assumed for the current measurements.

During the first experiment, the Langmuir probe is moved in a plane parallel to the
plasma electrode surface. The probe can be translated up to 100 mm in the experimental set
up. Note that the plasma chamber diameter is 150mm. The electron density and temperature
distributions obtained from the Langmuir probe measurements at different locations in the

Figure A.4: Density of H− ions obtained from the laser photodetachment measurements in the ion
source, at different locations in a plane parallel to the plasma electrode.
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Figure A.5: (A) Electron density and (B) electron temperature values obtained from the Langmuir
probe measurements at the centre of ion source. The error bar represents values within one standard
error. An error of± 0.5 mA is assumed for the current measurements.

plasma is shown in Fig A.3. An arc current of 1 A and an H2 gas pressure of 0.5 Pa were used.
The results indicate a decaying trend for the electron density and electron temperature
distributions in regions closer to the chamber wall (0 mm− 20 mm). This could be attributed
to the presence of magnetic cusp fields along the chamber wall, as explained in 2.6.4. These
cusp fields could be acting as magnetic filters towards the chamber walls, preventing the
energetic electrons from reaching the walls. As can be seen, the electron temperature is
less than 1 eV in the regions close to the wall. The corresponding H− ion density calculated
from the laser photodetachment experiments is shown in Fig A.4. It can be seen from the
figure that the H− density increases towards the wall (0 mm − 20 mm). This could again
be attributed to the lower electron temperature and density in those regions as seen in Fig
A.3. Such low electron temperatures are favorable for the dissociative attachment reactions
that lead to negative ion production. Also, the H− ions can reach these regions from the
main plasma region due to higher Larmor radius, compared to electrons and have a longer
lifetime due to lower local electron temperatures.

Another set of experiments were conducted to see the effect of gas pressure on the
density of negative ions. The H2 gas pressure was varied between 0.5 Pa to 4.0 Pa during the
experiments. The Langmuir probe tip was located at the centre of the chamber during the
experiments and an arc current of 1 A was set. The electron density and temperature results
fromLangmuir probe current-voltage characteristics are shown in Fig A.5. The corresponding
H− density measurements from laser photodetachment are shown in Fig A.6. As evident from
the graph, there is an optimum pressure for the H− density. As the pressure increases, the
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Figure A.6: Density of H− ions obtained from the laser photodetachment measurements for different
gas pressures in the ion source.

H− density increases initially to a maximum value and then decreases on a further increase
of gas pressure. It has been understood from studies [36] that the highest H− density occurs
when maximum population of the highly excited molecular vibrational state (v =10−13)
occurs. Further increase of pressure from optimum leads to collisions of the vibrationally
excited molecules with other molecules. This results in the decay of the excited states and
hence a decrease in the H− density. The presence of an optimum gas pressure is seen in the
electron density behaviour also. It can also be seen that the electron temperature decreases
with increasing gas pressure. This could be attributed to the loss of energy due to increased
collisions as gas pressure increases.

Attempts were made to conduct the laser photodetachment studies in D-Pace’s ion
sources, as part of the thesis study. However, there were some practical difficulties. The
absence of any optical ports around the plasma chamber (Fig. 4.1) proved this to be a difficult
mission. Another way for firing the laser was through the extraction end of the ion source.
This required powerful lasers since the beam must cover at least 600 mm length through the
vacuum box (Fig. B.2). The operation of such lasers needed special safety considerations in
the experimental venue. Hence the laser photodetachment studies were not conducted in
D-Pace’s ion sources. But the results outlined in this section is expected to be applicable to
D-Pace’s filament ion source also.



Appendix B

Experiment venue - ISTF

The thesis-related researchwas performed at the Ion Source Test Facility (ISTF) [127], Buckley
Systems Ltd, Auckland. ISTF is a joint venture between D-Pace [18], Canada and Buckley
Systems [19], New Zealand and was started in November 2015. This test facility has already
displayed its contribution in characterizing different ions, calibration of various instruments
for the accelerator industry and verification of computer simulations. This appendix presents
an overall picture of the test facility and the various components relevant in the context of
the thesis.

A general view of the ISTF is shown in Fig B.1. A Faraday cage encloses the ion source,
extraction system and high voltage power supplies, to protect the users from high voltages.
The cage doors are equipped with additional safety interlocks. The power supplies that are at
high floating voltages are placed in the high voltage rack. All other power supplies are in the
low voltage rack. The communication between a dedicated computer and the various power
supplies and controllers related to beam extraction, is via Programmable Logic Controller
(PLC) modules. Special optic fiber based communication system is used for data transfer to
and from the high voltage connections. A mass spectrometer system with 90 degree bending
magnet is available for the characterization of extracted species. The beam from the ion
source and extraction system can be transported to the mass spectrometer system. It should
be noted that experiments related to beam characterization using mass spectrometry were
not performed as part of the thesis, as those studies were already performed at the ISTF [80].
Hence the mass spectrometry is not discussed here. The process gas cylinders are placed
inside cabinets as shown in the figure. These cabinets are equipped with gas leak detection
systems for safety. De-ionized water circulation is present at the facility and is used for
cooling the components in the ion source and extraction system.
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Figure B.1: An overall view of the Ion Source Test Facility (ISTF).

The section view of the main experimental set up used for the different beam extraction
studies presented in the thesis is shown in the Fig B.2. It consists of the filament ion source,
extraction system, vacuum system and diagnostic components. The relevant components
and their locations with respect to the plasma electrode (0 mm location) are also shown.
Details of the components are explained in the following sections.

B.1 Ion source and extraction

Two types of ion sources are used in the experiments. One of them is D-Pace’s TRIUMF
licensed filament-powered ion source [13]. The other is D-Pace’s RF-powered ion source, a hybrid
design between the filament ion source and RADIS ion source licensed from the University
of Jyväskylä [92]. Both ion sources use the same plasma chamber and extraction system. The
main structural difference between the ion sources is the back plate design of the plasma
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Figure B.2: The section view of the filament ion source-extraction-diagnostics assembly used for the
experiments in the thesis. The dimensions are in mm. 0 mm corresponds to the location of the plasma
electrode.

chamber. The filament ion source has a copper back plate and it holds the filaments for the
thermionic emission, whereas the back plate of the RF ion source is an AlN ceramic disc for
external RF energy coupling to the plasma. Section views of the ion sources are shown in Fig
4.1 and 5.1.

The schematic of the filament ion source and extraction system is shown in Fig B.3. The
ion source has a cylindrical copper plasma chamber of dimensions 98.4 mm X 160 mm. The
plasma chamber is cooled by de-ionized water circulation on the outside of the copper wall
through the magnet housings. The extraction system consists of the plasma, extraction and
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ground electrodes. These electrodes are made of copper and are cooled through conductive
heat transfer to brazed water tubes attached to the electrode flanges. The electrode aperture
dimensions are also mentioned in the schematic.

Figure B.3: A schematic of the filament ion source and extraction system. The different power supplies
used for beam extraction and their ratings are shown. The permanent magnets are shown in grey color.
The arrows point from north pole of magnet to the south. The diameter (mm) of the electrode apertures
are mentioned in brackets.

B.1.1 Magnetic fields

Different permanent magnetic fields are present in the system. The magnets present on
the outside of the plasma chamber, as shown in the schematic, provide magnetic multicusp
fields, as presented in section 2.7(B) which aids in plasma confinement. The magnets on the
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back plate of the filament ion source also provides a cusp field as shown in the schematic.
Note that this plasma confinement is absent in the RF ion source since there are no magnets
in the back plate. The cusp configuration is changed to a transverse magnetic filter field
towards the plasma electrode location. This transverse field helps in filtering energetic
electrons from the plasma electrode region, as mentioned in section 2.7.2. There are two sets
of permanent magnets on the extraction electrode that provide transverse magnetic field
for the beam extracted from the plasma. The electrons extracted from the plasma encounter
this field and get deflected onto the extraction electrode due to Lorentz force. The extracted
ions suffer only a slight offset due to higher mass and larger gyro radius. The second set of
magnets on the extraction electrode are present to correct this offset of ions, as they provide
a magnetic field orientation opposite to the first set of magnets.

B.1.2 Extraction control parameters

The extraction of stable ion beams from the ion source requires efficient control of the
applied power, gas pressure and electric fields. This is achieved via different power supplies
and controllers. These are further controlled by the user through a dedicated computer
interfaced with PLC modules [128]. The schematic of the power supplies that control the
performance of the filament ion source and extraction system is shown in Fig B.3. All power
supplies, except the filament power supply, works in the voltage control mode. The filament
power supply works in the current control mode. The functions of the power supplies and
the main variables associated with it are described below.

i Arc power supply: The amount of power applied to the plasma is determined by the arc
power supply. The potential difference between the filament and the plasma chamber,
the arc voltage, is controlled by this power supply. Different voltages can be applied, but
for the experiments presented in the thesis a fixed voltage of 120 V is used. Note that
the filament is biased at a negative potential for supporting the thermionic emission
from the filaments. The arc voltage accelerates the electrons and causes gas ionization
by electron impact processes, as described in section 2.8. The arc currentmeasured on the
power supply denotes the current flowing between the filaments and plasma chamber.
This is dependent mainly on the conductivity of the plasma and hence can be modified
by varying the amount of thermionic emission from the filament. This is achieved via a
PID feedback loop [129] from the arc current to the filament power supply. The required
arc current can be set by the user and the feedback loop resets the filament current from
the filament power supply such that the target arc current is achieved. The feedback
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from the arc current happens automatically every 10 ms via the PID loop and this ensures
a stable arc current (±0.76% [129]) in the ion source.

ii Filament power supply: The filament current flowing through the Ta filaments is con-
trolled by this power supply. This current flow results in thermionic emission from the
filaments and discharge in the plasma. During the experiments, the filament current is
controlled manually by the user till the beginning of arc discharge in the plasma. Once
the discharge is initiated, the PID control loop [129] is activated, as explained above. This
automatically sets the required filament current flow from the power supply, based on
the arc current requirements.

iii Plasma electrode power supply: The plasma electrode voltage is controlled through this
power supply. A positive potential is set on the plasma electrode. This helps in controlling
the co-extracted electron current and also enables the negative ions to overcome the
plasma potential well. The plasma currentmeasured on the power supply corresponds
to the amount of charge flow towards the plasma electrode. The voltage value needs to
be optimized during the experiments for maximum ion beam extraction and generally
needs to be increased as the arc current is raised.

iv Extraction electrode power supply: This power supply enables the extraction electrode
voltage control by the user. This has an important role, as it provides the required electric
fields for charged particle extraction from the plasma. The voltage needs to be optimized
for maximum ion extraction. The electrons extracted from the plasma are deflected onto
the extraction electrode by permanent magnetic fields around the extraction electrode
aperture. Thus, the extraction current recorded on the power supply is a measure of the
co-extracted electron current from the plasma. The power supply can handle up to 150
mA of current. This limit becomes a challenge in the extraction of D− ions as mentioned
in section 4.2.3.

v Gas pressure control: The volume of gas flow into the plasma chamber is controlled by
mass flow controllers [130]. A gas flow up to 32 sccm of H2 and D2 can be maintained.
The flow level can be set by the user directly. The gas flow also needs to be optimized
for ion beam extraction as seen in Fig. A.6. The gas pressure inside the ion source and
extraction system is determined by a combination of gas flow into the system and the
action of differential pumping by the vacuum pumps as explained in section B.2.

vi Bias power supply: All the aforesaid power supplies and plasma chamber are floating
at a bias voltage set by the user, through the bias power supply. The energy of the beam
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Parameter Value
Beam current, IFC (mA) 15.0

Arc P/S (A, V) 38.1, 120
Filament P/S (A,V) 126.0, 2.1
Bias P/S (mA, kV) 24.7, 30.0

Extraction electrode P/S (mA, kV) 115.6, 3.7
Plasma electrode P/S (A, V) 17.2, 3.4

Gas flow (sccm) 20.5
XY steer P/S (X steer (A), Y steer (A)) 2.0, 1.5

Table B.1: A typical set of control parameters during the extraction of 15 mA of H− beam from the
filament ion source.

reaching the ground electrode is determined by the bias voltage. The experiments pre-
sented in the thesis deal with the extraction of negative ions and hence the applied bias
voltage is negative with respect to the ground electrode. The bias current recorded on the
bias power supply measures the net flow of charges between the plasma and the ground
electrode region.

vii XY steering power supply: This power supply controls the current through the XY
steering magnet shown in Fig B.2. It is made up of two electromagnet dipoles that are
oriented in orthogonal directions. The current flowing through the dipoles generate a
magnetic field that can steer the beam in X and Y directions. This steering is needed
since the ion beam suffers a slight offset due to the magnetic field in the extraction
electrode region.

A typical example set of the above-listed control parameters is shown in table B.1. It repre-
sents the conditions for a 15 mA of H− beam obtained at the Faraday cup from the filament
ion source. It is to be noted that for D-Pace’s RF-powered ion source, the arc and filament
power supplies are not present. The arc power supply is replaced by a 13.56 MHz RF power
supply. The user can set the applied RF power to the plasma through this power supply. The
output of the RF power supply is attached to an impedance matching box and an external RF
antenna. More details on this are presented in section 5.1.

B.2 Vacuum system

The gas pressure inside the plasma chamber needs to be maintained at a higher pressure
relative to other parts of the extraction system for the proper operation of the plasma
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Figure B.4: N2 equivalent pressure recorded for different H2 gas flows in the (A) plasma chamber, (B)
upstream and downstream regions.

discharge. A low pressure level is preferred along the path of the extracted beam to reduce
loses due to stripping. The ion source and extraction system is equipped with a differential
pumping system which helps in attaining these different gas pressure levels needed for
maximum beam extraction. This is done with the help of two turbomolecular pumps, whose
locations are shown in Fig B.2. Both pumps have a pumping speed of 1700 L/s in H2 gas
and is supported by two different dry scroll pumps. The geometry of the vacuum box and
the location of the turbopumps divide the system into an upstream region and a downstream
region as shown in Fig B.2. The pressure on these regions is monitored by vacuum gauges.
The pressure recorded in the upstream region is higher than the downstream region. The
downstream is connected to the ion source-extraction region only through the ground
electrode tube of 14 mm diameter. Hence the gas in the ion source region is conducted
mostly through the upstream region into the upstream turbopump.

The pressure in the plasma chamber cannot be directly monitored during the ion source
operation. Hence, the back plate of the ion source was replacedwith a Pirani gauge connected
flange and pressure was recorded at different H2 gas flows, without plasma. The results are
shown in Fig B.4(A). The corresponding pressures in the upstream and downstream regions
is shown in Fig. B.4(B). Note that the values correspond to N2 equivalent gas pressures. Most
of the experiments in the thesis used a plasma chamber gas pressure range of 5 mtorr to 25
mtorr.
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Figure B.5: Schematic of the D-Pace Faraday cup beam current measurement. The ion trajectory is
represented by the red lines.

B.3 Beam diagnostics

B.3.1 Faraday cup

The amount of negative ion currents extracted from the ion source is quantified by the
Faraday cup as shown in Fig B.2. The entrance of the Faraday cup is 480 mm from the plasma
electrode. The experiments presented in the thesis used D-Pace’s 1 kW Faraday cup [18]. This
can measure up to 55 mm beam diameter. The cup is retractable and can be moved in and out
of the beampath as needed. The basicworking can be explained by the schematic shown in Fig
B.5. It consists of a collimator, electron suppression plate and the Faraday cup. The red lines
represent the beam propagation. The electron suppression plate is biased at -100 V to prevent
the emission of secondary electrons from the cup. A graphite Faraday cup is used in the
experiments. As evident from the schematic, both the cup and the collimator are grounded
through fixed value resistors. The voltage measured across these resistors corresponds to
the beam current striking the Faraday cup. The beam current values mentioned in the thesis,
IFC , is the sum of currents obtained on the collimator and the cup.
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Figure B.6: Schematic of the D-Pace emittance scanner. The ion trajectory is represented by the red
curve.

B.3.2 Emittance scanner

The transverse emittance of the ion beam is measured using D-Pace’s TRIUMF licensed
Allison type [131] emittance scanner [132], shown in Fig B.2. This emittance scanner can
record the density of ions in the beam as a function of position (x or y) and angle (x′ or y′)
simultaneously and determine the distribution, I(x, x′) or I(y, y′), presented in section 3.6.

The basic working of the emittance scanner is illustrated in Fig B.6. In this case, the beam
is propagating in the z-direction and the scanner is moved in the y-direction. It consists
of two slits, slit 1 and slit 2, two deflecting plates (A and B) biased at varying potentials V1

and V2, an electron suppression plate biased at -100 V and a Faraday cup for measuring the
beam current. Slit 1 admits only a slice of the beam to the scanner. The ion beam entering
slit 1 encounters the electric field between the plates and gets deflected as represented by
the red curves. The ion beam needs to pass through slit 2 to be detected at the Faraday cup.
Only those ions entering slit 1 at a particular y′ angle can get past the slit 2, for a set of fixed
voltage values on the plates A and B. This is shown by the solid red curve. Other ions with a
different angle will encounter the electric field and miss the slit 2, in a manner shown by
the dashed red curve. The condition for the beam to reach the Faraday cup can be derived as
[131]

y′ = −qL
4d

∆V

Ek
(B.1)

where∆V is the difference in voltage between plates A and B, Ek is the kinetic energy of
the beam entering the emittance scanner, L is the length of the deflecting plates and d is the
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gap between the plates. As seen from the equation,∆V acts like a selector of a particular
beam angle, when the other parameters are fixed. For example, when∆V =−378.9 V, for
a 30 keV beam energy and the scanner dimensions of L = 76 mm and d = 4 mm, the
current recorded on the Faraday cup would correspond to the portion of the beam slice with
an angle of 60 mrad. In this manner, a sweep through different voltages on the deflection
plates enables the determination of current at different angular values in the beam slice.
This voltage sweep is repeated at different y locations. At the end of the scan, a 2D array of
intensity values, I(y, y′), is obtained, which is used for determining the beam emittance and
twiss parameters.

A sweep of−60 mrad to 60 mrad, with a resolution of 1 mrad, is used commonly for the
experiments in the thesis. The scanner is moved from y = −20 mm to 20 mm with a step
size of 1 mm for the scans. The maximum beam angle that can be detected by the Allison
scanner depends upon the dimensions of the scanner [131]. The emittance scanner used
for the experiments can measure up to a maximum of 97 mrad of beam angle. Emission
of secondary electrons from the Faraday cup is prevented by an electron suppression ring
biased at a voltage of−100 V in front of the Faraday cup. The Faraday cup current is read
with a pico-ammeter. The slit 1 of the emittance scanner is located at about 368 mm from
the plasma electrode. The scanner can be mounted such that the scans are in x− z plane or
y − z plane. The y − z scanning plane was chosen for all the experiments in the thesis.

B.4 Beam tuning methods

The performance or the effectiveness of a modified configuration in the ion source and
extraction system is evaluated by way of the general beam tuning experiments. The target
of these experiments is to maximize the beam current obtained on the Faraday cup (IFC),
by varying the different parameters outlined in section B.1.2. The arc current is the main
guiding variable in the experiments with the filament ion source. The parameters like arc
voltage and bias voltage are mostly fixed throughout the experiment. At first, the arc current
is set at a particular value, about 2 A, after setting the arc voltage and bias voltage. Then
the extraction voltage is increased in steps till the maximum IFC is obtained. The plasma
electrode voltage is now increased to a value which further increases the beam current. Then
the gas flow is also adjusted to attain the best beam current. The XY steerer current values
are modified to steer the beam onto the Faraday cup. This entire cycle is repeated many
times to attain the maximum IFC , for a fixed arc current. The maximum value achieved
after all these optimizations is recorded as the achieved beam current at the particular arc
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current. The beam emittance scan is also recorded after these steps. After data collection,
the arc current is further increased to the next value and the entire cycle is repeated. Note
that in the case of D-Pace’s RF ion source the applied RF power is the guiding variable for
the beam tuning.



Appendix C

Neutron radiation

One of the challenges encountered during the D− beam extraction from the ion source was
the generation of neutron radiation during the experiments. Neutron radiation belongs to
the class of ionizing radiation and has adverse biological effects [133]. This led to constraints
in performing deuterium experiments at the experimental venue. This section presents a
brief description of the extent of radiation observed during the experiments.

The neutron radiation was observed only during D− extraction and no radiation was
observed in H− extraction. One of the possible reactions that could lead to the observed
neutron radiation can be the D−D fusion reaction mentioned below [134, 135].

2
1 D + 2

1 D −−→ 3
2 He + 1

0 n + 3.27 MeV (C.1)

The extracted ion beam current from the ion source is measured using a Faraday cup, as
shown in Fig. B.2. The Faraday cup is made of graphite and acts as a beam stopper for the
energetic ion beam. It is believed that the accelerated deuterium gets implanted on the cup
and this further reacts with the energetic deuterium in the ion beam, giving rise to the
reaction mentioned in the above equation [82].

A regular tuning experiment was conducted in D2 plasma to measure the amount of
neutron radiation obtained during D− beam extraction. The radiation was measured using a
neutron detector that utilized a 3He gas filled proportional detector [136]. The detector was
placed about 0.5 m away from the Faraday cup, outside the vacuum box, as shown in Fig. C.1.
A beam energy of 30 keV was used. The experiment was run remotely with no personnel
within 20 m from the source.
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Figure C.1: A picture showing the location of the neutron detector used for D− beam experiments. The
detector is placed close to the diagnostics box.

Figure C.2: Radiation levels recorded by the detector for different D− beam currents at the Faraday
cup. A beam energy of 30 keV was used for the experiment. The detector is placed at about 0.5 m away
from the Faraday cup.
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The radiation levels detected for the different D− beam currentsmeasured on the Faraday
cup are shown in Fig C.2. The dose rate reached up to 50 mrem/hr for about 5.5 mA of D−

beam measured at the Faraday cup. Due to this neutron radiation, the D2 experiments were
run only under strict safety conditions. No workers were allowed to be present within a 20
metre distance from the ion source and the experiment was run remotely. This limited the
frequency of D2 experiments, with 30 keV beam energy, during the thesis. Since no radiation
was observed for beam energies less than 5 keV, some of the experiments were performed
at low energies. But this severely limited the amount of extracted D− current from the ion
source due to space charge effects, as demonstrated in Fig3.11(B).
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