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Abstract

In this work simulations of the LIBAF Pelletron were performed to gain insight into the
parameters that govern the machine operation and control. Three simulation packages:
COMSOL, WARP and TURTLE/TRANSPORT were employed, and cross-validation of
these software packages was performed by test-case simulations. The major components
of the Pelletron were simulated on a individual basis to ensure their behaviour was well
understood. These components were finally incorporated into a full source-to-exit simulation
in COMSOL. Disagreement by a factor of two was found between the beam divergences
predicted by TURTLE and the other two packages at an initial energy of 30 keV, for test-
case simulations. Good agreement was seen in test-case simulations of the Einzel lens, for
the envelopes and focal points, predicted by WARP and COMSOL. A focal point at infinity
was obtained for Einzel potentials of between 12.7 and 12.8 kV, for both packages. For
the full LIBAF Pelletron simulation in COMSOL, the emittance of the beam exiting the
machine was found to be proportional to the beam current. This proportionality indicating
that simulations of this type could potentially be used to optimise the accelerator settings
for specific user needs. As beam losses were also quantified in the full Pelletron simulations,
it is possible to estimate the maximum attainable beam current from the machine, for a
given set of user setting, if the current produced by the ion source is known.
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1 Introduction
Particle accelerators are complex machines, in which vacuum technology, high voltage, radio
frequency, radiation and high energy ions all come together. The control and operation of
these machines are in most cases still based on trial and improvement. Particle accelera-
tor codes were developed to attain more knowledge about the principles involved in these
machines, resulting in the design of a new generation of particle accelerators. These new gen-
eration of accelerators are able to produce higher currents, generate increased neutron flux,
more events in collisions for particle physics or better resolution as nuclear microprobes. Al-
though a wide variety of simulation codes is available and being developed, cross-validation
of these accelerator codes is lacking. In Section 1.2.1 an overview is given of the project
and the key project goals are stated. The facility and accelerator are introduced in section
1.2.1 and 1.2.2 respectively. In the remainder of this introductory chapter, Chapter 1.3, the
structure of the report is discussed.

1.1 Project Overview and Key Project Goals

One of the goals of this work is to provide such a cross-validation with three software pack-
ages, COMSOL, TRANSPORT/TURTLE and WARP. This cross-validation is performed
by running simulations with test-cases in general scenarios. These simulations will be ex-
panded for the LIBAF accelerator at Lund University, where each component is modelled on
a individual basis. The end result will be an incorporated model of the LIBAF accelerator
components, resulting in a source-to-exit simulation.

The three key goals are of this work can be summarized as:

1. Comparison of the acceleration simulation codes,

2. Modelling of individual accelerator components,

3. Incorporation of individual accelerator components into a full source-to-exit simulation
of the LIBAF Pelletron.

1.2 Background and Motivation

1.2.1 The Lund Ion Beam Analysis Facility (LIBAF)

At the LIBAF (Lund Ion beam Analysis Facility), extensive research is being carried out
within the field of IBA (Ion Beam Analysis). The lab is pictured in figure 1.1, showing
the pelletron accelerator, three beam lines and the experimental chambers at the end. The
middle beam line will be used for neutron production in the near future [1, 2]. The analy-
sis techniques used in these experimental chambers include PIXE (Particle Induced X-ray

1
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Figure 1.1: Pelletron accelerator, beam-lines and experimental chambers at the Lund Ion
Beam Analysis Facility, Lund, Sweden. Courtesy of R.J.W. Frost, LIBAF [9].

Emission) [3], RBS (Rutherford Back Scattering) [4] and NRA (Nuclear Reaction Analysis)
[5], all of which can be used to determine sample composition by irradiating it with an
MeV ion beam. A schematic showing all the processes that can occur when irradiating a
sample with an ion beam can be seen in Figure 1.2. In PIXE, the sample irradiation causes
characteristic x-ray emission that can be used to quantify elements with Z > 11 and was
developed at Lund University from 1970 to 1984 [3]. In RBS the ion beam collides with
heavier elements in a sample which in turn causes back scattering of the incident ions. The
scattered ions are collected and analysed to gain information about the depth profile, it is
widely used within material science to determine composition or contamination of a sample
[6, 7]. Another method for depth profiling is NRA, in which the targeted elements undergo
nuclear reactions. From these reactions, protons, alpha particles or gamma rays are emitted
which can be detected [6, 8].

Figure 1.2: A schematic of the nuclear processes involved in IBA. Reproduced from [5]
with permission of Nathaly de La Rosa.

In IBA the quality of ion beam that interacts with the sample is determinative in the
analysis of the sample. It is therefore of great importance that the produced ion beam is
of high quality and its operation is well understood. Three crucial parameters determine
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the quality; the energy, the current and the divergence of the ion beam. The energy is
an important variable in this accelerator setup because it determines the cross sections of
reactions in the sample. Therefore, the energy spread must be temporally and spatially
stable and small in magnitude. The same applies to the current, deviation in the current
results in a poor normalisation of data. Moreover, a high current might damage the sample
while a low current might not produce any data at all. The divergence of the ion beam is
decisive in the maximum obtainable beam current and lateral resolution as a microprobe.

1.2.2 The LIBAF Pelletron

The ion beam used at LIBAF is produced by an single ended 3 MV electrostatic accelerator
from NEC (National Electrostatics Corp.), which generates a continuous ion beam [10]. A
moving chain with pellets is used to charge the terminal shell in a manner similair to a Van
De Graaf accelerator, as can be seen in Figure 1.3. The terminal shell can be charged up to
a potential of 3 MV [11]. The positive ion source is located within the terminal shell itself
and is followed by an Einzel lens, velocity selector and the acceleration column.

Figure 1.3: Schematic overview of the working principle of a Pelletron accelerator. Repro-
duced from [5] with permission from Nathaly de La Rosa.

The ion source is capable of producing proton, deuterium and helium beams with currents
at the exit of the machine up to 15 µA. Ions are extracted from the gas bottle by the probe
which is situated in the ion source. The Einzel lens is used to focus the beam and the
velocity selector is employed to filter particles of a specific energies. In the acceleration
column the beam is accelerated to the terminal energy. Two steering magnets are located
at the exit of the machine to adjust the direction and position of the beam. Following the
exit, the beam-line or transport line begins. To avoid sparking and making the accelerator
assembly more compact, the whole system is enclosed by a pressure tank that contains SF6

gas at a pressure of around 5 bar.

Insight into the element-parameters and how they affect the beam is lacking. Currently the
beam is controlled by means of trial-and-improvement, which makes obtaining optimal beam
quality a time consuming process. An improvement in knowledge can be acquired by means
of simulation of the various ion optical elements within the accelerator. By incorporating
these individual simulations into a full model, the accelerator can be simulated from source



4 CHAPTER 1. INTRODUCTION

to exit. These simulations can in turn be used as input for the actual accelerator elements
and a study on optimisation can be performed.

Optimisation of the beam taken out from the accelerator is dependent on a number of
variables which are set manually by the user. It has long been desired that constraints on
these variables be placed for different beam requirements e.g. energy, current and profile.
To derive such constraints, and so optimise the use of this accelerator, a full simulation using
a state-of-the-art beam dynamics simulation package is required, modelling the accelerator
from ion source to beam-line.

1.3 Structure of this Report

Following this introductory chapter, Chapter 2 outlines the fundamental theory of trans-
verse beam dynamics, relativistic effects and space charge. An overview of the Pelletron
accelerator system and the principles that govern these accelerator components is discussed,
and simulation methods are described. In Chapter 3 the modelling approach and assump-
tions are discussed followed by the Software/Simulation Codes, initial beam conditions and
the comparison of simulation codes. At last the approach to simulation of the individual
accelerator components and the full accelerator simulation is given. In Chapter 4, results
of the simulated work are presented, and in Chapter 5 they are discussed. Finally, Chapter
6 present a summary of the major findings of this work and provides suggestions for future
work.



2 Theory
In an electrostatic accelerator, ions are created and extracted through focusing and filtering
elements before being accelerated by an acceleration structure and exiting the machine.
For studying the evolution of an ion beam through an accelerator it is important that the
beam dynamics are well understood. In most literature, a difference exists between the
transverse dynamics and the longitudinal dynamics. Longitudinal dynamics focuses mostly
on the energy of the ion beam while the transverse dynamics have an effect on the profile
and divergence of the beam. For a monochromatic ion beam, with a single, energy constant
for all particles, the longitudinal dynamics can be neglected [12, 13].

2.1 Background

2.1.1 Transverse Beam Dynamics

The propagation of an ion beam is described by the 6D phase space which includes all particle
states derived from the equations of motion. The six dimensional phase space consists of
three positional dimensions and three momentum dimensions, expressed as:

< x, y, z, px, py, pz > . (2.1)

The elegant property of the phase space is that the density of the 6D phase space is conserved
under the influence of conservative forces (Liouville Theorem) and thus, the beam acts as an
in-compressible liquid [14]. The phase space is often plotted as the "trace space", in which
the coordinates are replaced by the prime coordinate system:

< x, y, z, x′, y′, z′ >, (2.2)

where the prime variable, also the angle or transverse and longitudinal velocity of the beam
is generalized for any coordinate and defined as:

u′ =
vu
vz

=
du

dt
· dt
ds

=
du

dz
, (2.3)

in which s is the longitudinal position. In linear systems (s = t). Trace space is often
plotted in the transverse planes x and y and the longitudinal plane z, treating the planes
independently as they are only weakly coupled [15, 16]. The trace space is used because it
connects better to measurable quantities compared to the phase space. One has to keep in
mind that the theorems apply only to the phase space in momentum coordinates. The state
of a single particle in transverse dynamics is commonly expressed as the vector:

~x =< x, x′, y, y′, l, δ >, (2.4)

5
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where l is the path length between the particle trajectory and the reference trajectory and
δ = ∆p

p
is the fractional momentum deviation from the reference trajectory [17]. A more

comprehensive way to describe the phase space and transformations of the phase space is
by using matrix formalism. A single particle described by the state vector ~x(s) can be
transformed by a matrix multiplication [15, 18]:

~x(s) =M(s)~x(0). (2.5)

The transformation matrix M represents an ion optical element or effect in the beam-
line (quadruples, dipoles, lenses, aberrations etc). This can be expanded for a beam by
introducing the beam matrix σ which includes all the particle states in an ellipse surrounding
the infinite particle distribution[15, 14]:

σ = ε

(
β −α
α γ

)
(2.6)

where, α, β and γ are the Twiss parameters and ε the beam emittance. The Twiss parameters
define the ellipse in the phase space, the ellipse for the x-dimension can be seen in Figure 2.1.
Transformations of the beam matrix through a matrix system is described by the tensor
transformation [19]:

σ(s1) =M(s)σ(s0)MT (s). (2.7)

Figure 2.1: The phase space ellipse for x showing the Twiss parameters and the relation
to the phase ellipse dimensions. Adapted from [15] with permission of T. Kalvas.

Matrix formalism is mostly used to solve the equations of motion up to the 5th order. The
matrix multiplication of elements is "hard edged", meaning that the elements do not affect
each other and are inserted separately. Collective effects are generally not considered or
approximated by drift matrices if the significance of space charge is known [20, 18, 21, 14].
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Phase space sampling

There are various ways to sample particles from the required input phase space. The KV
(Kapchinskij-Vladirmiskij) distribution is an uniform distribution in the phase space [22].
The Gaussian distribution or normal distribution is non-uniform in phase space and has
a better resemblance to the actual particle distributions in particle accelerators [23]. The
standard deviation of particle distribution can be calculated by:

σ2
s =

1

N

∑
Nb ∗ x2. (2.8)

2.1.2 Relativistic Considerations

In a particle accelerator it is often necessary to consider relativistic effects because of the
high velocity of the particles in an ion beam. These effects are crucial in the accelerator
design and operation. The most significant effect is the transfer of energy to mass instead
of velocity [12].

The relativistic effects can be expressed by the Lorentz factor:

γr =
E

E0

=
m

m0

=
1√

1− β2
r

, (2.9)

where E is the total energy, E0 the rest energy, m the mass of the particle, m0 the rest mass
of the particle and βr the relativistic beta factor given by:

βr =
v

c
=

√
1− 1

γ2
r

, (2.10)

in which v is the velocity of the particle, γr the relativistic gamma factor and and c the
speed of light (3.8e8). The need to include relativistic effects is generally accepted to be for
βr > 0.1, at which an error of 1% is induced at a proton energy of 6.3 MeV [24].

2.1.3 Space Charge

A very important aspect of the ion beam is its space charge, as the name indicates it is the
charge of the beam itself confined to some space. The confined charges have the same sign
(for an ideal beam) and therefore, experience coulombic repulsion. The repulsion between
all the particles in the ion beam causes the beam to diverge. This is a non-linear effect
causing emittance growth, halo formation and even particle loss. In addition, it also limits
the maximum beam current and focusing in a particle accelerator [25]. The space charge
effect is very significant for high current density beams with relatively low velocities [26].
Besides the diverging effect, there also exist space charge compensation effects. At high
velocities the magnetic self field of the beam becomes large and causes a focusing effect that
partially nullifies the divergence. In addition, when considering a low density background
gas in case of a non-ideal vacuum, collisions within the beam tube will result in secondary
electrons that neutralize the space charge. The result of this compensation can neutralize
or even cause a net focusing [27]. An estimation of the significance of the space charge is



8 CHAPTER 2. THEORY

described by the generalized perveance. In the case of non-relativistic beams (γr ≈ 1) and
charge neutralisation not considered:

K =
qIb

2πε0mv3
b

, (2.11)

where, q is the elementary charge, m is the ion mass, vb is the beam velocity, and ε0 the per-
mittivity of free space and I0 the characteristic current. The paraxial beam approximation
is only valid for K << 1 [27], and ∆ε ∝

√
K [26].

2.2 Electrostatic Accelerator Components

2.2.1 Overview of an Electrostatic Accelerator

An electrostatic accelerator can be divided into three main section based on their purpose:

• Ion source: Formation of ions from gas 1-2 kV

• Extraction: Extraction of beam, focusing and filtering 30 kV

• Acceleration: Major acceleration of beam 3 MV

An overview of the major components effecting beam transport can be seen in Figure 2.2.

Figure 2.2: Simplified schematic of a single ended electrostatic accelerator, showing the
major components responsible for beam production, shaping and acceleration. Courtesy of
R.J.W. Frost, LIBAF [9].

The probe serves as an anode with potential Up, relative to the cathode potential, Ub, of the
extraction system. Ub is relative to the terminal potential Ut. As part of the extraction sys-
tem the Einzel lens and Velocity selector also sit at the bias potential Ub. When considering
the laboratory frame as ground, the initial potential of the ions (at rest), Ui is described by:

Ui = Up + Ub + Ut. (2.12)



2.2. ELECTROSTATIC ACCELERATOR COMPONENTS 9

2.2.2 Acceleration Column

The accelerator column is the part of the machine where major acceleration of the beam takes
place. In electrostatic accelerators, acceleration takes place in a beam tube constructed of
multiple rings where the potential is stepped down over by a chain of resistors. The electric
field created by the potential of the acceleration column causes the particle to gain energy
over the acceleration column. The final velocity can be calculated by [28]:

Ef = E0 + Egain = E0 + q∆U. (2.13)

The final energy at the end of an 3MV acceleration column with an initial particle energy
of 30 keV is given by:

Ef = E0 + ∆E. (2.14)

The resulting velocity of a particle in the non-relativistic case where γr ≈ 1 velocity is given
by:

v =

√
2E

m
. (2.15)

Divergence in the acceleration column will be limited because of the reduction in time that
the particles spend there. This has a focusing effect on the ion beam described by the
focusing of a iris doublet lens [18, 29, 30].

2.2.3 Velocity Selector

A velocity selector uses both an electric and magnetic field to filter particles based on their
velocity and species. The electric and magnetic field are perpendicular to the incoming
beam direction and to each other such that it results in the field orientations as shown in
Figure 2.3. Particles that move too fast are deflected downwards by the magnetic force FB
and particles that move too slow are deflected upwards by the electric force FE. The filtered
velocity is determined by the electric and magnetic field ratio [31, 32].

Figure 2.3: Operation principle of a velocity selector. An electric field and magnetic field
are applied orthogonality to each other and to the direction of particle velocity. Particles
are filtered by the electric and magnetic force, respectively FE and FB.

The filtered velocity is given by the fraction of the electric field and the magnetic field:
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~vf =
~E

~B
, (2.16)

and filtered energy is directly related to the filtered velocity by:

Ef =
1

2
mv2

f . (2.17)

2.2.4 Einzel Lens

An Einzel lens is an electrostatic lens that is used to focus low energy ion beams by means
of electric fields. It is a combination of two doublet lenses and does not change the energy
of the particles. An Einzel lens exists in many geometric forms, the most common being
three cylinders separated by a distance d, which can be seen in figure 2.4.

Figure 2.4: Schematic drawing of an Einzel lens with a sketch of the electric field lines.

The transformation matrix of an Einzel lens is:

Mel =

(
m11 m12

m21 m22

)
=

(
4− 3R

2
− 3

2R
2d
R

3R−1
1+R

3(R2−1)(1−R)(3−R)
8dR

4− 3
2R
− 3R

2

)
, (2.18)

with R, being the focusing constant, given by:

R =

√
U2√
U1

=

√
1 +

∆U

U1

=

√
1 +

q∆U

Ekin
, (2.19)

in which ∆U = U2 − U1.

The focal length of such a lens is dependent only on the initial energy and the ratio of
potentials. With a parallel input beam (pencil beam), the focal length is given by [15, 30]:

1

f
=

3

8dR
(1−R2)(R− 1)(3−R). (2.20)

The focusing effect of the Einzel lens is determined by two parameters (if the distance
between the gaps is considered a constant), the kinetic energy Ek and the energy of the lens
q∆U . In this situation Ek is set by both the extraction energy (by probe voltage) Up and
the bias energy Ub. The energy of the lens is given by q(Ue − Ut).
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Figure 2.5: Focal length of an Einzel lens as a function of beam energy and potential
difference applied between the rings at an initial energy of Up =1.2 keV and d =5 mm.

A contour map of the parameters Ue and Ub using equations 2.19 and 2.20 can be seen in
Figure 2.5. In this contour map the focal point is expressed as a function of Ue and Ub, with
an initial energy of Up =1.2 keV and d =5 mm.

2.2.5 Ion Source

The ion source is located at the start of the accelerator and is used to generate a hot plasma
that is separated to create ions. These ions are extracted through an aperture and create a
initial particle beam. The ion source is decisive in the main properties of the ion beam: its
charge state, intensity, initial energy, shape, emittance and time structure [33].

2.3 Simulation Methods

2.3.1 Particle Approach

A distinction has to be made between single particle and multi particle models which are
described as continuum. In single particle simulations the beam is represented by point
particles with no internal structure or size, however, they are assigned a mass and charge.
An actual ion beam consist of N particles (N ≈ 1e6− 1e12) and hence, if collective effects
are negligible the simulation for every single particle can be executed N times. These
simulations are made possible by the Liouville theorem and the corresponding phase space
representation, both mentioned in Section 2.1.3. In continuum models the ion beam is not
represented by a collection of particles, but rather by a continuum in the 6D phase space.
In continuum simulations some collective effects of the beam are also considered and the
propagation of the beam is determined by the Vlasov equation [34]. The beam propagation
in a continuum is now described by the superposition of modes in frequency domain of the
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phase space. By using the Vlasov approach collisions between particles are not considered
and fields between particles are approximated as an averaged field over the whole beam.
Multi particle collective effects can be modelled in two ways, either by representing the
beam as a single particle collection (large N) or by dividing the continuum space into a
grid with macro particles. The former method uses the motions of particles, the latter uses
evolution of the phase space [35].

2.3.2 Ray Tracing

In ray-tracing, the matrix formalism approach is used as discussed in Section 2.1.1, where the
complete beam phase space is transformed as described by the σ matrix. A random generator
generates the initial conditions of the particles (or rays) with a Gaussian distribution. These
rays are then traced through the system of hard edged elements [36, 37, 38, 39].

2.3.3 FEM

In FEM (finite element method) the solutions to general PDE (partial differential equations)
are approximated by numerical models. FEM is one of the numerical methods for finding
solutions to these PDE’s. The approximation to the PDE is done by means of systems of
basic algebraic or polynomial equations. For a time dependent study this must be done at
each time step and based on the problem linearity either basic algebraic or polynomials are
used. In FEM the euclidean space is divided in multiple elements (finite element) which
make up the mesh. If the mesh density is higher, then the approximation comes closer to
the actual solution (this is also observed in a mesh-convergence study). The convergence
is traced by an error function which is minimized to find an approximation to the PDE
solution [40, 41].

2.3.4 PIC

As is stated in Section 2.3.1, for continuum models, the Vlasov equation has to be solved
to determine the propagation of the ion beam. There is two ways to approach this, either
with a Particle In Cell method (PIC) or by using a phase space grid method. The grid-
based method is only useful in one or two dimensions since the memory usage is large,
therefore, solving in 6D phase space will require extremely large memory [42]. In addition,
the grid based method is prone to failure when structures that are smaller than the grid
size are introduced. In contrast, PIC methods have lower memory requirements and are not
sensitive to structures smaller than the grid size. In PIC a computational grid or mesh is
used and the Poisson equation is solved on the grid by using the charge density distribution
from the macro particles.

Initially in the PIC method a finite number of macro particles are created from a random
sampling distribution in the phase space. The particles are tracked through the electric or
magnetic elements and subject to these external fields as well as their self induced space
charge field that is generated amongst the particles. It is commonly assumed that the self
induced magnetic field is not significant for low current ion beams. The general approach
of the PIC method is as follows [43, 44, 45].

0. Start with initial phase space distribution
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1. Project charge densities on grid

2. Solve Maxwell’s equations and combine with external fields

3. Move/Push particles (Lorentz force)

4. Repeat from (1)

There are many methods to solve Maxwell’s equations, the most common are: FDM (Finite
Difference Method, FEM (Finite Element Method) and Spectral methods [46, 47].

2.3.5 Meshing

The meshing and subdivision of the simulation region is a crucial aspect of numerical mod-
elling. The mesh size has a direct influence on the simulation times and the accuracy of the
model. This is very important for the final results because only geometries as small as the
mesh size can be resolved. Geometry features that are smaller then the mesh size cannot be
resolved and a higher quality mesh is required, smaller mesh size −→ longer simulation times
& larger memory requirements. In addition, very sharp geometry features or small changes
can have massive impact on the potentials that are calculated in the first step of the solver.
An example of the artifacts caused by the mesh size can be seen in figure 4.12. The mesh
size has both an effect on the field solve and on the trajectories of the particles.



3 Method
In this work simulations of the LIBAF pelletron were undertaken in three software packages:
WARP, COMSOL and TRANSPORT/TURTLE. The first three sections of this chapter deal
with the general aspects of the simulations and give a overview of the methods and software
used. The remaining three sections detail the specifics of the simulations performed, each
section addressing one of the three key project goals that are stated in Section 1.1. In
Section 3.4 the methodology for comparing and contrasting the three software packages is
detailed, results for which can be found in Section 4.1. The approach to the individual
modelling of the major LIBAF Pelletron components is discussed in Section 3.5, with the
corresponding results presented in Section 4.2. Incorporation of the independent components
into a full source-to-exit simulation is detailed in Section 3.6, with results presented in
Section 4.3.

3.1 Modelling Approach/Assumptions

3.1.1 Overview of Approach

There are various ways to simulate an ion beam in the chosen packages. The most straight-
forward package is TRANSPORT/TURTLE in which matrix formalism is used as described
in Section 2.1.1. Transport uses a phase ellipse and turtle samples this phase ellipse by
using ray tracing. This makes these packages somewhat inflexible and in TURTLE the only
sampling possible is Gaussian. It is common to first run the Transport simulations for an
approximation and use the same input file for TURTLE to do the ray tracing. In WARP
there exists several ways to simulate ion beams, the methods used here are based on the
lattice solver (hard-edge model) and the 3D PIC model. The lattice solver is a useful fast
model solver to approximate a lattice. The 3D PIC model can solve fields within complex
geometries. In COMSOL a lattice solver is not available so the FEM method was used with
hard edged fields, expressed as particle forces.

Simple lattice simulations were set up to get a first approximation of the results of the
lattice solvers and to cross validate the software. Simulations were run at a selection of
currents, to verify that excluding space charge effects were justified. 3D simulations were
implemented, in which the actual geometry of each component was taken into account. These
geometries were approximated from NEC schematics with assumptions made where only
incomplete schematics were available. Implementing detailed and specific geometries was
further challenged by limited access to the machine. The geometries were constructed in such
a way that adjusting the dimensions would be easy to implement if additional information
became available. Each component was simulated independently before combining them.
Simulation codes were initially compared by constructing a basic geometry in the software,
involving a 0.5 m drift and 0.5 m acceleration region. Different simulation methods (lattice
& 3D) were used to distinguish accuracy of these methods.

14
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3.1.2 Major Physics Assumptions

Monochromatic Beam

In the simulations performed it is assumed that the beam has no energy spread, and is
therefore monochromatic. Mono-energetic beams are practically not realistic.

Relativistic Effects

As discussed in Section 2.1.2, relativistic effects can be ignored for βr < 0.1. For protons at
the highest energy of 3 MeV in the LIBAF Pelletron, the relativistic beta factor is 0.08. By
solving:

Erel − Eclas
Erel

=
(γr − 1)m0c

2 − 0.5m0v
2

(γr − 1)m0c2
< 0.01, (3.1)

for γr, the 1% error margin is found to be 6.3 MeV. This is more than twice the highest
particle energy for protons in the LIBAF Pelletron.

Gravitational Effects

To get an estimate of the gravitational effects, a small calculation can be performed to
justify exclusion from the simulations. In the machine that is approximately 3.5 m long, the
particle’s time of flight is 1.46 µs which corresponds to a drop of 10.5 pm. This concludes
that gravitational effects were not significant and therefore ignored.

Collective Effects

Particle-particle interactions, nuclear interactions and the generation of secondary electrons
were not taken into account. These were not considered because they would have introduced
unnecessary complexities in the simulations that have very little influence on the overall
beam evolution.

Perfect Vacuum

In all simulations the beam was assumed to propagate through a ideal vacuum, this being
physically unrealistic. The pressure measured at the exit to the accelerator is 5e− 9 mbar,
at which the effects of beam interaction with gas in the column is expected to be minimal.
It is however, anticipated that beam broadening does occur and this is not accounted for in
this work.

3.1.3 Boundary Conditions

Electrostatics

In WARP the Neumann boundary condition was used [48] for the electrostatics. The Neu-
mann boundary condition causes the normal derivatives at the edges to be zero. In COM-
SOL the boundary was set by defining a terminal shell in the form of a cylinder. Thus, the
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electric field lines terminated on the terminal shell or boundary surface. In TURTLE and
TRANSPORT, there were no numerical boundary conditions because only lattice elements
are solved for.

Particle Tracing

For the particle boundary conditions in WARP, the geometry boundaries were ignored and
the particles disappeared at the surrounding boundary. In COMSOL, the boundary condi-
tion for CPT in this module was set to freeze on impact, which made the particles stick to
the walls when they collided with the boundaries [49]. In TRANSPORT and TURTLE, the
boundary condition was set by a user defined range to calculate the ray traces.

3.1.4 Hardware

The simulations were run on both a desktop computer and a laptop computer both with
Windows 10 installed. The specifications of each are shown in Table 3.1. The Laptop was
used to run only a selection of the simulations in COMSOL and TRANSPORT/TURTLE.
WARP was run only on the desktop computer on a virtual machine with Ubuntu 20.04.2
LTS installed. Limitations imposed by system performance, are discussed in Section 4.2.1.

Table 3.1: Hardware used for the simulations.

DESKTOP LAPTOP
OS W10P + VM (Linux) W10H
CPU AMD Ryzen 5 2600 Intel i5-6200U 2.3GHz
Cores/Threads 6/12 2/8
GPU NVIDIA GeForce GTX 970 Intel HD Graphics 520
RAM 16 GB 8 GB

3.2 Software/Simulation Codes

3.2.1 COMSOL Multiphysics®

COMSOL [50] is a standalone multiphysics simulation package. It uses the FEM [51] to
model complex geometries and physical processes. The magnetic and electric fields generated
by the scalar and vector potentials are modelled with the electrostatics study, within the
AC/DC module or by defining the forces implicitly. To simulate the particle propagation
through the electric and/or magnetic fields and geometries, the CPT (Charged Particle
Tracing) [49] module was used. The sampling of the phase space can be set by the user to
be: Gaussian, KV, waterbag or parabolic. In COMSOL the amount of particles per release
is set and the current at which the particles are released, in this case the charge and current
density are constant. A multiphysics coupling mode can couple the electrostatics and particle
tracing to include collective effects like space charge. In this case the bidirectionally time
depend study is used to obtain a self-consistent solution. There are nine mesh granularities
available in COMSOL, defined as: extremely coarse, extra coarse, coarser, coarse, normal,
fine, finer, extra fine, extremely fine.
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3.2.2 TRANSPORT & TURTLE

TRANSPORT is a package originally developed at CERN [21] and modified by Urs C.
Rohrer at PSI (Paul Scherrer Institute) [52]. TRANSPORT is built on a FORTRAN-77
framework with a C++ GUI (Graphic User Interface) in which the simulations are run. In
TRANSPORT, matrix formalism is used and the equations of motion are solved by applying
Taylor Series up to the third order. Transport is accurate within the boundary of paraxial
approximation.

The simulation can be extended by using the input files of TRANSPORT in TURTLE.
TURTLE is another simulation package also originally developed at CERN [39] and modified
by Urs Rohrer [38]. In TURTLE, ray tracing is used in where the phase space is sampled
with a gaussian distribution. In the ray-tracing method aberrations are resolved up to the
3th order, also cumulative effects of higher order are included [37]. The simulation region is
constructed from different lattice elements which are solved for independently by using the
output of the previous element and therefore the simulations are hard-edged [52].

3.2.3 WARP

WARP is a full 3D PIC simulation kit which is open source and developed by Dave Grote
and others at Berkeley lab [53, 54]. It is an advanced plasma simulation toolkit, built on a
FORTRAN-77 back-end with a Python 3 front-end. One method of simulation of beam-lines
and accelerators is by using a lattice description of the elements. Another is by defining
the element geometries in a 3D model, these geometries are split in cells that make up the
simulation grid. With the PIC model, the beam is made up of a relatively small number of
particles which interact via their space-charge. The effects of the space-charge is included
by a global solution of Poisson’s equation, giving the electrostatic potential, at each time-
step. The particle calculation can follow the time-dependent evolution of beams [55]. The
particles can either be loaded onto the mesh or injected at each time step. The sampling of
the phase space can be semi-Gaussian, Gaussian, parabolic, KV and waterbag, In WARP,
the mesh is determined by the number of grid cells in each dimension which are user defined.
The charge density and external fields are projected onto these grid cells.

3.2.4 Data Extraction

Phase Space

The phase spaces were extracted for WARP, COMSOL and TURTLE at the beginning and
the end of each component modelled. The initial phase space was extracted to confirm that
the input was the same for all packages and to estimate errors in the end-results due to the
random sampling. The final phase space was extracted to compare the simulation codes
to each other in a quantitative and qualitative way. All results were exported from the
packages in ASCII format.

In WARP the phase space was extracted by taking a finite amount of particles in a volume set
by the user. The fact that a volume had to be specified created uncertainty in the z-location,
however, a smaller volume captured less particles and thus created larger uncertainties in
the resulting phase plot. The x and x′ were extracted for all particles and saved within
the boundaries set by the user. In COMSOL the x and x’ of all the particles at time-step
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t=T were extracted by writing the derived values to a table. This data was then saved to
two separate files. The phase spaces were not extracted for the TRANSPORT simulations.
In TURTLE the phase space data was extracted using histogram elements which saved the
particles x and x′ at the locations in the lattice where the elements were placed.

Emittance

ε was calculated by fitting an ellipse to the phase space data. For KV beams, the ellipse was
simply defined as the area enclosed by the particles. For Gaussian beams ε was defined as
one standard deviation (σs) of the 2D distribution in x, x′. From this the minor-, major-radii
[R1&R2] and the angle [θ] were extracted and ε calculated.

Envelopes Lattice

For the lattice solver in WARP, the envelopes are extracted as a function of z and written
directly to output files in ASCII format.

For a KV beam in COMSOL the envelopes are extracted by directly exporting the maximum
and minimum x of the particles as a function of z. Due to symmetry in the x and y planes
it was not necessary to also extract the y minima and maxima. That data was exported
from a table in COMSOL, in ASCII format.

For the lattice simulations in TRANSPORT the envelopes were extracted by the σ matrices
at the initial and final locations in the lattice.

Envelope Gaussian

The transverse symmetry of the beam can be exploited to obtain the 1σs envelope by
extracting r2 = x2 + y2 for each particle as a function of z. By further exploiting the fact
that the mean of the transverse particle distribution is 0 in both x and y, extraction of r2(z)
for all particles allows for the calculation of the envelope according to:

σ(z) =

√∑N
i=1 r

2
i (z)

N
, (3.2)

this holding under the condition that N is large. The uncertainty of the envelope is taken
to be the standard error of the sum given by:

SE =
σs√
2N

. (3.3)

For COMSOL and WARP, r2(z) is extracted for all particles directly in ASCII format. In
TURTLE the data is extracted as histograms of r at certain locations in the lattice by the
histogram elements in ASCII format.
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3.3 Initial Beam Conditions

3.3.1 Parameter Matching

The three software packages each use a different method for establishing the initial conditions
of the beam. The phase space of the beam is defined by the Twiss parameters (α and β)
and ε (see Section 2.1.1). In COMSOL α and β were entered directly, and the conversion
used for ε was:

εc =
1

4
· ε. (3.4)

In WARP, ε was entered directly and the following two input parameters, defined in terms
of α and β:

xmax =
√
ε · β, (3.5)

x′x=max = −α ·
√
ε

β
. (3.6)

In TURTLE the following three input parameters were defined in terms of α β and ε:

xmax =
√
ε · β, (3.7)

x′max =

√
ε(1 + α2)

β
, (3.8)

r12 = − α√
1 + α2

, (3.9)

where r12 is the correlation matrix element (type code 12.0) to define the tilt of the beam.

The initial beam energy was directly set in WARP and COMSOL in V and keV, respectively.
For single charged state particles the relation between these values is 1:1. In TRANSPORT
the initial beam energy is set by the central momentum P, in units, GeV/c. The relation
between the central momentum in GeV/c and the energy in keV is:

P =
√

2mpE, (3.10)

where the proton mass is 938 MeV/c2 and E given in MeV. This conversion is only valid
in the non-relativistic case, this assumption holding in the current study as discussed in
Section 3.1.2.

3.3.2 Test Beam

A test beam was created to extract the initial responses of the software, this being based
on physically representative parameters that are described in Table 3.2. TURTLE does not
have the capabilities to generate KV beams and therefore, the sampling of the beam is either
KV or Gaussian, based on the comparison with, TRANSPORT or TURTLE, respectively.
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Table 3.2: Parameters describing the initial conditions of the test beam.

Parameter Preset Descriptor Relation/Assumption
S Proton (+) Beam species Used species
α 0.6 α Twiss -
β 50 mm β Twiss -
ε 200 µm Emittance -
Ib 20 µA Beam current High threshold current
xi 3.1623 mm Initial x-spread

√
εβ

xpi 73.7564 mrad Inital x-divergence −α ·
√

ε(1+α2)
β

Ekin 30 kV Initial kinetic energy Extraction from vel. sel.

3.3.3 Ion Source Output Beam

The ion source is modelled by specifications provided by NEC [56]. ε is defined as a function
of the initial beam energy which is controlled by the probe potential according to:

ε =
4e− 6√

Uprobe1e− 6
. (3.11)

For extraction by the probe with a potential of 1.5 kV, ε becomes 0.103× e− 3 m. This is
the RMS-emittance which is approximately the 1σs-emittance at high particle (N >> 100).
In the specification sheets a measure of the x and y maximums are given by the extraction
aperture dimensions. The aperture is circular with a diameter of 1 mm. The rotation of the
beam is considered to be θ = 0 or "upright" and β is therefore defined as a function of ε
and the aperture dimensions by:

β =
x2
i

ε
. (3.12)

3.4 Comparison of Simulation Codes

3.4.1 Beam Input

To ensure an identical input for each of the simulations, the beam input was compared for
the different simulation packages. For each software package the Gaussian test beam was
used, described in Section 3.3.2, and the initial phase spaces were compared. This also
allowed for checking that the input conversion was successful for each package. In WARP
and COMSOL 10e3 particles were used, 1e4 rays were used in TURTLE.

3.4.2 Drift and Acceleration Geometry

To compare the packages a proof of concept simulation was created with a 0.5 m drift
and 0.5 m acceleration region. This allowed for comparison of the packages in a concise and
simple manner. Comparisons were performed with both the lattice- and 3D geometry-solver.
Schematic representations of these simulation geometries are presented in Figure 3.1.
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(a) (b)

Figure 3.1: (a) A schematic representation of the lattice used in the simulations in TRANS-
PORT/TURTLE. (b) Geometry created in COMSOL for the simulations; The rings to which
the potential is applied can be seen at 0.5 meter and 1 meter.

3.4.3 Lattice

A study on the variations in the envelopes and phase spaces, between packages, was per-
formed. This study uses the envelope solver in TRANSPORT, both envelope solver and PIC
in WARP, and CPT in COMSOL. Simulations were defined as presented in Figure 3.1(a).
A detailed description of the geometry and parameters of the simulations can be found in
Table 3.3.

As is discussed in Section 2.1.1, TRANSPORT and TURTLE both work with a lattice
definition to run the simulation of the ion beam. In WARP the same lattice was set-up
and solved with the envelope solver. PIC was used on the same lattice to generate phase
space plots. The KV sampled test beam was used, as described in Section 3.3.2, with 10e3
particles. In COMSOL the effect of the lattice was approximated by using hard edged
electric fields. The same test beam was used as in WARP.

Table 3.3: Parameters used in the lattice simulation. The descriptor "Tube Radius" is not
used in TRANSPORT/TURTLE.

Parameter Preset Descriptor Relation/Assumption
Ld 0.5 m Drift length -
La 0.5 m Acceleration length -
R 0.15 m Tube radius Boundary of simulation region
~Eaccl 1.25 MV/m Electric field strength Comparable to column field
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3.4.4 3D Geometry

To compare the three packages when propagating a beam through a defined geometry,
simulations were constructed consistent with the schematic presented in Figure 3.1(b). Pa-
rameters used for these simulations can be found in Table 3.4. Beam envelopes and phase
spaces are compared in the same manner as in Section 3.4.3.

As TURTLE does not have the capabilities to run 3D simulations, lattice elements were used
in this package. In both WARP and COMSOL two rings with an applied potential difference
were created. For all simulations the Gaussian sampled test beam was used, described in
Section 3.3.2. For WARP and COMSOL 1e3 particles were used and for TURTLE 1e4 rays.
For WARP the number of cells used was 64|64|256, for COMSOL the extremely fine mesh
was used.

Table 3.4: Parameters used for the 3D simulation in WARP and COMSOL.

Parameter Preset Descriptor Relation/Assumption
Ld 0.5 m Drift Length -
La 0.5 m Acceleration Length -
R 0.20 m Tube Radius Boundary of simulation region
Ri 0.15 m Inner ring radius -
Ro 0.20 m Outer ring radius -
Rt 0.05 m Ring Thickness -
Ur1 0.5 MV First ring potential From E-field in column
Ur2 0 MV Second ring potential Ground ring

3.4.5 Beam Energy Study

TURTLE and TRANSPORT were developed for high energy applications like those at CERN
and PSI. The LIBAF Pelletron can accelerate particle to a maximum of 3 MeV and therefore,
it was unknown if the software performs the same at different energies, a beam energy
dependence study was conducted to identify discrepancies between the packages. The same
3D geometry that is discussed in Section 3.4.4 was used and simulated for the range of
energies: [30, 50, 75, 100, 120, 150, 200, 300, 600, 1200, 2400, 4800] kV. The divergence and
focal point were studied as a function of energy. The test beam discussed in Section 3.3.2
was used with a Gaussian sampling. 1e4 particles were traced through the system in WARP
and COMSOL, 1e5 rays were used in TURTLE. For WARP the number of cells used was
64|64|256, for COMSOL the extremely fine mesh was used.

3.4.6 Space Charge Study

To justify excluding space charge from the accelerator modelling, a study was conducted to
observe the effect of space charge at different beam currents for an initial proton beam with
E0 =30 keV. Simulations were run for a 1 m drift at eight different beam currents ranging
from 1 mA to 160 mA, K=12.5e-3 to K=2e-6 respectively for 1e4 particles. The study was
performed with a KV sampled test beam, see Section 3.3.2, in COMSOL only, using the
bidirectionally coupled method [49] and independent particle method, for an extremely fine
mesh.
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3.5 Simulation of Accelerator Components

3.5.1 Acceleration Column & Mesh Convergence

Acceleration Column

A smooth and uniform electric field for the acceleration is created by approximately 20
small rings in six sections, separated by five large rings, mounted inside a ceramic beam
tube. An external view of the acceleration column including ion source, Einzel lens and
velocity selector can be seen in Figure 3.2. The rings shown in Figure 3.2 are for connecting
the resistor chain to step down the potential, from Ut at the velocity selector exit, to ground
at the accelerator exit. Each of these external rings is connected to a corresponding internal
ring separated by the ceramic tube that extends over the whole acceleration column.

Figure 3.2: An external view of the ion source, Einzel lens, velocity selector and acceler-
ation column. The small external rings are shown in the figure, the corresponding internal
rings and the ceramic beam tube are not shown here. Six sections of 20 rings each are
separated by large rings. Adapted from [57] with permission from NEC.

As no information was available on the geometry of the internal rings they were omitted from
the geometries developed in WARP and COMSOL. In these simulations the external rings
provided the accelerating electric field. It was assumed that despite the increased radius of
the rings relative to the internal rings, the electric fields in the column would remain linear.
The parameters for the geometry are summarized in Table 3.5. The geometry that was built
in COMSOL can be seen in Figure 3.3. As seen in Figure 3.3 the acceleration column can be
subdivided into six sections with 20 rings each. The rings were constructed in both packages
by defining an array of tori.

In COMSOL, the stepped down potential was applied to the boundaries of the rings using:

Ur,i(z) = Ut − Us
⌊
z − (i− 1)St − (i− 1)Rs

Rs +Rt

⌋
, (3.13)

where Ur,i(z) is the potential at location z in the ith section, Us the potential step per-ring,
St the large ring thickness and Rs the separation between the rings. The large rings, seen
in Figure 3.3, separating each section, were at the same potential as the last ring of the
previous section and were defined by the equation:
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Table 3.5: Parameters of the acceleration column.

Parameter Preset Descriptor Relation/Assumption
L 3.374 m Total length From dimensions
Rr 15 cm Ring radius Approximated from drawings
Rt 2.5 cm Ring thickness Approximated from drawings
Rs 0.1 cm Ring separation Arbitrary separation
St 5 cm Section thickness 2 ·Rring

Nr 120 # of rings Approximated from drawings
Ns 20 # of rings per section Approximated from drawings
Ut 2.5 MV Terminal potential Nominal terminal potential
Us 20.833 kV Step potential per ring Ut/Nr

Figure 3.3: An overview of the acceleration column geometry, created in COMSOL.

Us,i = U0 − (i)Ns · Us, (3.14)

where Us,i is the potential applied to section ring i and Ns is the amount of rings per section.
In COMSOL the beam starts from a plate at the start of the column, a total of 10e4 particles
were traced.

In WARP, a similar procedure for applying potentials to the geometry was used to COMSOL,
however, in this case potentials were applied directly to each ring at its creation. A constant
current injection was used with 1e4 particles at each time step from a virtual plate. In
TURTLE the acceleration column is constructed from 120 separate acceleration elements
(type code 11). After each acceleration element a histogram element (type code 50.0) is
placed for data extraction. The beam is characterized by a 1.0 type element and a total of
1e5 rays were passed through the lattice. A Gaussian sampled ion source output beam was
used, as described in Section 3.3.3, for all packages.
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Figure 3.4: Schematic cross section and side view of the velocity selector that is installed
in the LIBAF Pelletron. Adapted from [57] with permission from NEC.

Mesh Convergence Study

For the 3D simulations of the accelerator column mesh convergence was performed. The
purpose of this study was to asses the changes in phase space and beam envelopes resulting
from simulation using different meshes, and to find a balance between mesh size and run
time. As TURTLE is not a numerical program using a mesh, it is not included in the mesh
convergence study. In COMSOL, mesh granularities of: normal, fine, finer and extra fine
were used in this study, see Section 3.2.1. In WARP, four different granularities of cell
division were defined, these being: 50|50|75, 100|100|150, 200|200|300 and 400|400|600, cell
elements in x|y|z.

3.5.2 Velocity Selector

A schematic of the velocity selector in the LIBAF Pelletron is provided in Figure 3.4. As
the beam input utilized in these simulations is monochromatic, the beam will still be near-
monochromatic when passing through the velocity selector. As such, the effects of the
velocity selector are expected to be limited when electric and magnetic fields are set appro-
priately (see Section 2.2.3). Consequently it was decided that modelling the exact geometry
seen in Figure 3.4 was not necessary and the magnetic and electric field were included as
particle forces in COMSOL. The parameters used for the simulation are given in Table 3.6.
Two proof of principle simulations were performed with a KV sampled ion source output
beam, one with a pencil beam at an initial energy of 50 keV and another with the input
from the ion source, as described in Section 3.3.3 but also with its initial energy altered
to 50 keV. The number of particles used in each simulation was 1e4 with an extremely fine
mesh. No simulations were performed for the velocity selector in either WARP or TURTLE.
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Table 3.6: Parameters used in the simulation of the velocity selector.

Parameter Preset Descriptor Relation/Assumption
L 10 cm VS length -
Rtube 15 cm Tube radius -
By 0.005 T Magnetic flux density -
Ein 50 keV Entry energy -
Efilter 50|100 keV Filter energy Filter off|filter on (2E)
~Ex vfilterBy Electric field From ratio v = E

B

vfilter
√

2Efilter/mp Filter velocity From 1
2
mv2

3.5.3 Ion Source Extraction and Einzel Lens

Due to the complexity of plasma generation in the ion source, it was not modelled in detail
in this study. The ion source output was instead defined according to the specifications
provided by NEC [56] at the ion source exit, as described in Section 3.3.3 using Gaussian
sampling. The extraction electrode of the ion source, seen on the right of Figure 3.5(a), was
modelled as part of the Einzel lens. A schematic representation of the Einzel lens can be
seen in Figure 3.5(b).

This Einzel lens in the LIBAF Pelletron consists of three electrodes placed consecutively, a
potential is applied to the middle electrode Ue whereas the outer electrodes are at Ut, see in
Figure 3.6. The extraction electrode is set at the potential Ub. The geometry was recreated
in COMSOL and WARP by using a 2D plane, rotated around the z-axis. The simulated
geometry is consistent with that shown in Figure 3.6. The collimator shown in Figure 3.5(b)
was not included in the simulation. No simulations were performed in TURTLE. The phase
spaces and envelopes were extracted for values of Ue ranging from 10 kV to 20 kV while

Magnets Gas inlet

Extraction
electrode

RF

Diffuse 
anode

Aperature

Electrode 1

(a) (b)

Electrode 2

Electrode 3Collimator

Beam 
direction

Figure 3.5: (a) Schematic representation of the ion source in the LIBAF Pelletron, adapted
from [56] with permission from NEC. (b) Schematic representation of the Einzel lens in the
LIBAF pelletron, adapted from [57] with permission from NEC.
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(a)
(b)

Figure 3.6: (a) Schematic of the Einzel lens geometry used in both COMSOL and WARP.
(b) Geometry created in COMSOL for the Einzel lens.

holding Ub constant. The envelopes were further used to extract the focal points. The
simulations were run in WARP with a cell count of 200|200|300 and 1e3 particles, and in
COMSOL with an extremely fine mesh and 1e4 particles.

3.6 Full Accelerator Simulation

A fully incorporated simulation was built in COMSOL taking into account the components
that are modelled on a individual basis. The full simulation consists of the ion source output
and Einzel lens discussed in Section 3.5.3, the velocity selector discussed in Section 3.5.2
and the acceleration column discussed in Section 4.2. The accelerator column ring size has
been changed from 15 cm to 8 cm to get a more representative simulation, the rest of the
dimensions were kept the same for all components. A schematic view of the geometry of the
accelerator components is shown in Figure 3.7.

The simulations were run for Ut=1.5 and 2.5 MV, and Ue=10, 12.5 and 15 kV. The ion
source output beam described in Section 3.3.3 was used with a KV sampling distribution
and 1e4 particles. A parametric sweep was used to iterate over the combinations of Ue and
Ut. In addition to the envelope and phase spaces, the fraction of particles that make it
through the aperture, called the APR (Aperture Pass Ratio) is calculated. The APR is
expressed as:

APR =
n

N
, (3.15)

where APR is ratio of the number of particles that reach the end of the accelerator (n), to
the number of input particles (N).
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Figure 3.7: Schematic of the geometry used in COMSOL for the full simulation. Only one
section of the acceleration column is shown.



4 Results
This chapter outlines the major results of this work and is divided into three sections, each
section addressing one of the three key project goals that are stated in Section 1.1. Sec-
tion 4.1 discusses the results generated from the comparison of simulation codes, for which
methodology is discussed in Section 3.4. The results of the independent component mod-
elling, for the LIBAF Pelletron, can be found in Section 4.2, with the approach discussed
in Section 3.5. Section 4.3 presents results from the incorporation of the independent com-
ponents into a full source-to-exit simulation of the LIBAF Pelletron, the methodology for
which is detailed in Section 3.6.

4.1 Comparison of Simulation Codes

4.1.1 Input Beam

The initialisation of the Gaussian sampled phase space, using the Test-Beam described in
Section 3.3.2, was compared for the three software packages. Results are shown in the phase
plot in Figure 4.1 and the corresponding ellipse dimensions with statistical uncertainty are
shown in Table 4.1.

Figure 4.1: Comparison of the Gaussian input Test-Beam for the different software pack-
ages. Particle distributions are indicated by the coloured dots for each software package.
The ellipses of corresponding colour, are fitted to the particle distributions at 4σs.

The maximum variation between any two packages is less than 1% for variables R1 and
θ. Between WARP and TURTLE, R2 and ε vary by less than 1%, but COMSOL shows a
variation of ∼3% for each of these variables. In the case of ε, this 3% difference is within
the 1σs of the uncertainty. For R2 the 3% difference falls within 2σs.

29
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Table 4.1: Measured phase space parameters for a Gaussian input beam at 1σ for the three
software packages. Only statistical uncertainties are reported.

Parameter COMSOL WARP TURTLE
R1[
√
mm2 + 1] 0.250 ± 0.002 0.249 ± 0.002 0.251 ± 0.002

R2[
√
mm2 + 1] 106.6 ± 0.8 103.5 ± 0.7 103.2 ± 0.2

θ[rad] 0.022 ± <0.001 0.019 ± <0.001 0.022 ± <0.001
ε[mm] 84.0 ± 0.8 81.0 ± 0.8 81.0 ± 0.8

4.1.2 Lattice Simulations

The resulting envelopes and phase spaces from the Lattice simulations described in Sec-
tion 3.4.3 are presented in Figure 4.2, and Figure 4.3 respectively. The envelope shown for
WARP in Figure 4.2 is that generated by the envelope solver.

For the first drift element extending to z=0.5 m, the three software packages are indis-
tinguishable. The hard-edged nature of the lattice simulations can clearly be seen by the
separation of the drift and acceleration with the turn over point at z=0.5 m. In the second
region where the acceleration is defined, TRANSPORT shows a very strong focusing effect
compared to both WARP and COMSOL. At the end of the column (z=1 m) a difference of
≈ 20% can be observed for COMSOL and WARP which also can be observed in the phase
plot seen in Figure 4.3.

In Table 4.2 the ellipse parameters are shown at z=1 m. The variation between WARP and
COMSOL in R1 is 13.2% and for R2 it is ∼82%. The resulting ε from warp is more than
six times higher compared to COMSOL.

4.1.3 Simulations Based on 3D Geometry

Figure 4.4 shows the electric field and the potential for the 3D simulation as discussed
in Section 3.4.4. A clear difference is observed compared to the lattice simulation, the
potential lines in the 3D simulation extend into what was formerly a drift region in the
lattice simulation. This causes the field to be continuous over the whole simulation region.
The beam envelope of the 3D simulation can be seen in Figure 4.5, for TURTLE, WARP
and COMSOL. For COMSOL and WARP it is clearly shown that the hard-edge effects of
the fields have disappeared and the focusing effect due to the acceleration is smoothed out.

In Figure 4.6(a) and Figure 4.6(b), the z=0 m and z=1 m phase plots are shown respectively.
The corresponding ellipse parameters are described in Table 4.3. As can be seen from these
data, ellipse parameters vary significantly between the packages. Notably, the angle of the
phase ellipse in TURTLE disagreeing with COMSOL and WARP. Variations in ε predicted
can be seen to be larger at z=0.5 m than at z=1.0 m.

4.1.4 Energy Convergence Study

The envelope results for a selection of energies of the beam energy convergence study, dis-
cussed in Section 3.4.5, can be seen in Figure 4.7. At 30 keV a strong focusing effect is shown
in TURTLE, the focal point is positioned in the simulation region at ∼0.87 m. The same
effect, although less apparent, is observed for COMSOL and WARP where the focal points
are located outside the simulation region. For higher energies the divergence increases in all
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Figure 4.2: Beam envelopes in a 0.5 m field free region followed by a 0.5 m acceleration
region, with an applied potential of 1.25 MV.

(a) (b)

Figure 4.3: Phase spaces of the KV sampled test beam used for the lattice simulation
of the 0.5 m drift, 0.5 m acceleration test, in both COMSOL and WARP. Coloured dots
indicate the sampled particles. (a) The phase spaces at the start of the simulation (z=0 m).
(b) Phase spaces at the end of the simulation (z=1 m).

Table 4.2: Results for the ellipse parameters with uncertainties for the WARP and COM-
SOL phase spaces.

Parameter COMSOL WARP
R1[
√
mm2 + 1] 31.87 ± 0.22 36.72 ± 0.26

R2[
√
mm2 + 1] 0.24 ± <0.01 1.35 ± <0.01

θ[rad] 1.82 ± 0.013 2.05 ± 0.014
ε[mm] 24.25 ± 0.24 156.18 ± 1.55
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Figure 4.4: A 2D (z, y) cut-plane in COMSOL, showing the electric field lines as logarith-
mically sized arrows and the contours of the potential, in the 3D test geometry simulation.
The two rings to which potentials are applied are indicated in dark grey.

Figure 4.5: The beam envelopes at r = 1σs for WARP, COMSOL and TURTLE, simulated
for the 3D test geometry.

(a) Phase space at z =0.5 m (b) Phase space at z =1.0 m

Figure 4.6: Phase spaces at two locations in the 3D test geometry simulation for WARP,
COMSOL and TURTLE. Ellipses are indicated by the same colour, the parameters of which
are presented in Table 4.3.
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Table 4.3: Fitted ellipse parameters of the phase spaces predicted by each package, at two
values of z, for the 3D test geometry. Uncertainties given are statistical. The phase spaces
are depicted graphically in Figure 4.6.

z (m) Parameter COMSOL WARP TURTLE

0.5

R1[
√
mm2 + 1] 7.30 ± 0.05 11.07 ± 0.08 24.98 ± 0.20

R2[
√
mm2 + 1] 5.22 ± 0.04 3.65 ± 0.03 2.01 ± 0.01

θ[rad] 1.37 ± 0.01 1.48 ± 0.01 -0.45 ± 0.01
ε[mm] 119.79 ± 1.19 127.25 ± 1.26 157.58 ± 1.56

1.0

R1[
√
mm2 + 1] 1.23 ± <0.01 1.17 ± <0.01 5.06 ± <0.01

R2[
√
mm2 + 1] 10.43 ± 0.07 11.11 ± 0.08 2.34 ± <0.02

θ[rad] 0.79 ± <0.01 0.77 ± <0.01 -0.13 ± <0.01
ε[mm] 40.37 ± 0.40 40.69 ± 0.40 37.13 ± 0.37

software, where the focal point for energies < 30 keV is positive and > 300 keV is negative.

To extract the focal lengths and divergences for the full range of energies as discussed in
3.4.5, a linear function is fitted to the resulting envelope data in the region 0.7 <z< 0.8 m.
In Figure 4.8(a) the gradients of the linear fits are plotted as a function of the initial beam
energy. Most notably it shows that the crossover point, where the divergence is zero and
hence, f =∞, is located at ∼100 keV. Figure 4.8(b) shows the focal point or y=0 intersect
as a function of energy. The function f = a/(bUe + c) was fitted to the data to obtain the
f =∞ point, visible at ∼100 keV for both COMSOL and WARP.

Figure 4.7: Beam envelopes for the beam energy study, a subset of Uin = [30 keV, 75 keV,
300 keV] is plotted. Different line styles indicate the three software packages, COMSOL,
WARP and TURTLE.

4.1.5 Space Charge

A study on the space charge effects was performed in COMSOL according to Section 3.4.6.
The self potential of the beam was modelled for a selection of currents, Figure 4.9 showing
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(a) Energy gradient. (b) Focal point.

Figure 4.8: The divergence and focal point for the beam energy study for different initial
energies, for each of the three software packages. In figure (a) the solid lines are plotted
to guide the eye while in (b) the dotted lines indicate a function f = a/(xUe + c) with
coefficients fitted for each data set.

the resulting self potential of the beam as function of z. The beam envelopes, resulting
from the initial divergence and the divergence caused by the space charge effects are shown
in Figure 4.10(a) for a variety of currents. In Figure 4.10(b) the variation relative to the
non-space charge (NSC) simulation is shown. At a current of ∼1 mA, corresponding to a
general perveance of 1.25e− 4, a deviation in x of ∼4% is observed.

Figure 4.9: Self potential of the beam, in the space charge study, caused by the coulombic
repulsion of the ions within the simulation region. The potential goes down as the beam
diverges at higher values of z. The color-mapping indicates the potential in V.
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(a) (b)

Figure 4.10: (a) Effects of space-charge in a 1m drift simulation in COMSOL. (b) The
variation compared to the non-space charge envelope (NSC) as a function of z for different
currents.

4.2 Acceleration Components

4.2.1 Acceleration Column & Mesh Convergence

Mesh Convergence

A mesh convergence study was performed in WARP and COMSOL, details of which are
provided in Section 3.5.1. The mesh quality reported, is a range from 1 to 4, which corre-
sponds to the mesh sizes used in the software: Normal, Fine, Finer and extra fine and cell
numbers of |50|50|75, 100|100|150, 200|200|300 and 400|400|600, for COMSOL and WARP
respectively.

The effect of the mesh quality on the construction of the geometry in WARP can be seen in
Figure 4.11. In Figure 4.11(a), the 50|50|75 cell distribution results in the geometry being
barely visible. In Figure 4.11(b), the 400|400|400 mesh clearly resolves the geometry of the
rings. The equipotential lines are distributed more evenly in the region at the higher cell
division. In Figure 4.12(a) and 4.12(b), the geometry created in COMSOL can be seen for
a normal- and extra fine-mesh respectively. The geometry shown in Figure 4.12(b), consists
of smaller element sizes and is therefore represented in a more continuous way.

The beam envelopes, resulting from the particle tracing through the acceleration column
can be seen in Figure 4.13(a) for COMSOL and in Figure 4.13(b) for WARP. The variation
in the envelope for the different mesh granularities of COMSOL was less than 1% at the end
of the acceleration column. In WARP the variation between the lowest and highest mesh
quality is ∼10%.

As can be seen in Figure 4.14(a), values ofR1 for COMSOL remain constant within statistical
uncertainty, while for WARP a decrease of 10% is observed between the lowest and highest
mesh quality. For R2, which can be seen in Figure 4.14(b), COMSOL shows a variation
of about 30% and WARP shows no significant variation at different mesh qualities. For θ,
shown in Figure 4.14(c), values are constant within statistical uncertainty for both WARP
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(a) Cell distribution of 50|50|75 (b) Cell distribution of 400|400|400

Figure 4.11: Impact of the cell distribution on the acceleration column geometry in WARP
for two different cell distributions, shown in a (z, x) 2D cutplane. The red and green lines
indicate the boundaries of the geometry. The blue curves show the equipotential lines.

(a) Normal mesh geometry (b) Extra fine mesh geometry

Figure 4.12: Impact of the mesh size on the geometry in COMSOL for two different mesh
granularities, for a subsection of the acceleration column.
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(a) COMSOL (b) WARP

Figure 4.13: Effect of the mesh quality size on the beam envelopes, predicted by (a)
COMSOL and (b) WARP, in the mesh convergence study.

(a) R1 (b) R2

(c) θ (d) ε

Figure 4.14: Fitted ellipse parameters of the phase spaces predicted by COMSOL and
WARP, at several mesh quality. Vertical lines indicate statistical uncertainties. Lines be-
tween points are to guide the eye.
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and COMSOL. The resulting ε can be seen in Figure 4.14(d), with values from COMSOL
clearly converging towards those from WARP with a decrease of 30%, about 10% per mesh
quality step. For WARP, values of ε are constant within statistical uncertainty.

The simulation times for the three software packages at the different mesh qualities are
summarized in Table 4.4. As the mesh quality increases, the simulation time is increased.
For COMSOL the simulation time increases by a factor of 3.5 if the mesh quality is increased
from normal to extra fine. For WARP the simulation time increases by a factor of around
1.5 when the cell division is increased from 50|50|75 to 400|400|400. Notably the simulation
time for TURTLE is much lower than both COMSOL and WARP.

Table 4.4: Simulation times of the packages at different mesh granularities for COMSOL
and different cell divisions in WARP. The mesh quality definitions are given in Section 4.2.1.
The simulation time reported for TURTLE uses a total ray count of 10e6.

Mesh Quality COMSOL WARP TURTLE
1 183 s 4620 s

27.12 s2 189 s 5666 s
3 191 s 6200 s
4 633 s 7186 s

Acceleration Column

In Figure 4.15 the envelope of the Gaussian beam, propagating through the geometry of the
acceleration column, is presented. The divergence as a result of the acceleration in COMSOL
is slightly less then modelled by TURTLE, however, within a 2.5% margin. The divergence
in WARP is modelled to be larger than both TURTLE and COMSOL by ∼6%.

The phase spaces for the three different software packages at the end of the acceleration
column (z≈3.4) are presented in Figure 4.16. The corresponding parameters describing the
fitted ellipses are presented in Table 4.5. For COMSOL R1 varies by ∼2.4% to TURTLE
while it varies by ∼32% to WARP. While the for COMSOL R2 varies around 20% to WARP
and 30% to TURTLE, WARP and TURTLE differ by only 10%. θ appears to be very similar
for WARP and TURTLE, with difference of only 0.2%, for COMSOL is it ∼3%.

4.2.2 Velocity Selector

Results from the proof of principle simulation of the velocity selector, discussed in Sec-
tion 2.2.3, can be seen in figures 4.17 and 4.18. For the monochromatic pencil and input
beams, seen in Figure 4.17, it can be seen that the electric and magnetic forces are the same
for E0 =50 keV with a filter energy of 50 keV, not affecting the envelope at all. When Ef is
set to 100 keV the pencil and input beams are displaced by ∼7.5 mm in the +x direction
by the electric field. In Figure 4.18 the phase space for the velocity selector is shown. The
filtering effects are apparent for both the pencil beam and the input beam with an input
energy of 50 keV. As Ef is changed from 50 keV to 100 keV a diagonal shift of 1 cm in the
phase space is observed.



4.2. ACCELERATION COMPONENTS 39

Figure 4.15: The 1σs beam envelope through the acceleration column for the highest mesh
granularity/cell division for COMSOL and WARP, as well as the beam envelope predicted
by TURTLE.

Figure 4.16: Phase space predictions for the end of the acceleration column, produced in
TURTLE and for the highest mesh granularity/cell division for COMSOL and WARP.

Table 4.5: Fitted ellipse parameters for the phase space at the end of the acceleration
column (z ≈3.4 m).

Parameter COMSOL WARP TURTLE
R1[
√
mm2 + 1] 24.00 ± 0.17 36.00 ± 0.25 24.60 ± 0.17

R2[
√
mm2 + 1] 0.036 ± <0.001 0.029 ± <0.001 0.026 ± <0.001

θ[rad] 3.00 ± 0.01 1.79 ± 0.01 1.79 ± 0.01
ε [µm] 2.75 ± 0.03 2.37 ± 0.02 2.00 ± 0.02
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(a) Pencil beam. (b) Input beam.

Figure 4.17: Envelopes of the proof of principle simulation for the velocity selector. Blue
and red lines indicate the envelopes for Ef = E0 and Ef = 2E0 respectively. Forces,
expressed by the coloured arrows, are shown for the corresponding filter energies.

Figure 4.18: Phase space plots for the proof of principle simulation of the velocity selector,
for a pencil- and input-beam at two different filter energies.

4.2.3 Ion Source Extraction & Einzel Lens

The beam envelope results of the ion source extraction and Einzel lens simulation, described
in Section 3.5.3, can be seen in Figure 4.19. f ≈5 cm is seen for Ue=20 kV, with a varation
of 13% is observed between COMSOL and WARP. For Ue=15 kV a focusing is observed for
both WARP and COMSOL, with f > 0.3 m. At Ue=10 kV f is negative, for both WARP
and COMSOL. For the 10 kV and 15 kV envelope a variation of 3% is seen between WARP
and COMSOL.

Phase space plots at the end of the Einzel lens (z ≈0.3 m), for Ue=10, 12.5 and 15 kV, can
be seen in Figure 4.20 and the phase ellipse parameters in Figure 4.21. For Ue=10 kV, a 2%
difference is seen for R1. At 12.5 kV, a difference of <1% is seen, and for 15 kV a difference
of 7% is observed. For R2 with Ue=10 kV, a difference of 14% is seen, 26% for R2 at 12.5 kV
and 2% at 15 kV, within 1σs. For θ a variation of <1% is found for Ue=10 kV, within 1σs,
for 12.5 kV 5% and for 15 kV a variation less than 1% within 1σs.

The focal points and divergences, resulting from the linear fits to the envelopes of the Einzel
lens simulation, are shown in Figure 4.22. The Focal points are fitted with the function
f = a/(Ueb+ c). The fitted function shows a crossover at a Ue of between 12.7 and 12.8 kV,
a variation of 0.2% is found between COMSOL and WARP. For the divergences, a variation
<1% is found for Ue<18 kV, a variation of 10% is observed for Ue =20 kV.
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Figure 4.19: The 1σs beam envelope for the Einzel lens simulation, with selected values
of Ue, for WARP and COMSOL.

(a) WARP.

(b) COMSOL.

Figure 4.20: The phase spaces at the end of the Einzel lens simulation (∼0.3 m), in WARP
and COMSOL. Colours indicate the different values of Ue used.
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(a) R1 (b) R2

(c) θ (d) ε

Figure 4.21: Fitted ellipse parameters of the phase spaces predicted by COMSOL and
WARP for the Einzel lens, with different values of Ue. Solid lines are shown to guide the
eye. Statistical uncertainties are indicated by vertical lines, which in some cases are too
small to be visible.

(a) Focal point. (b) Divergence

Figure 4.22: (a) Focal points of the Einzel lens as a function of Ue predicted by WARP
and COMSOL, including fits to the data. (b) The divergence of the beams obtained by
linear fits to the envelopes at different Ue for WARP and COMSOL.



4.3. FULL ACCELERATOR SIMULATION 43

4.3 Full Accelerator Simulation

4.3.1 Rendering

A simulation containing all LIBAF Pelletron components was created in COMSOL and run
for different combinations of Ue and Ut as discussed in Section 3.6. The parametric sweep
simulation took 9 hours, 30 min and 31 seconds to finish with the DESKTOP hardware
described in Table 3.1.4. An example 3D rendering of the first 0.8 m of the geometry and
propagation of the beam can be seen in Figure 4.23.

Figure 4.23: 3D rendering of the geometry and beam evolution through the simulation of
the LIBAF Pelletron with Ue =15 kV and Ut =2.5 MV.

4.3.2 Beam Envelopes

In Figure 4.24 the beam envelopes can be seen for Ut=1.5 MV and Ue of 10, 12.5 and 15-kV.
The envelope at 10 kV shows a profile enlargement of less than 3% while the envelope of
the 12.5 kV shows a decrease in r of 51%. A divergent beam is created with Ue =15 kV,
causing r to increase by seven times over the course of the acceleration column. At the start
of the simulation, from z=0.0 to ∼0.25 m, the extraction can be seen followed by the Einzel
lens, characterized by the focusing effect at around z=0.15 m. After focusing by the Einzel
lens, the beam propagates through the velocity selector from z=0.17 to 0.27 m, eventually
arriving at the aperture, where the beam is cut. The focusing of the Einzel lens has a large
effect on the propagation of the beam after the aperture, as can be seen in Figure 4.24. A
parallel beam is created at the end of the accelerator with values of Ue from 10 to 12.5 kV.

Similar results were obtained for the simulation with Ut=2.5 MV, which can be seen in
Figure 4.25. A comparison of the Ut=1.5 and 2.5 MV envelopes shows a difference in r in
the extraction region of less than 1%. At Ue =12.5 kV a difference in r of 7% is observed in
the region immediately following the Einzel lens (0.2<z<0.3 m). At Ue =10 and 15 kV the
variations are less than 2%. At the end of the column an increase of 100% in r is seen for
Ue =10 kV. At Ue =12.5 kV the change of r is found to be less than 1%, and the increase in
r for Ue =15kV is 18%.
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(a) Full envelope.

(b) Zoom region.

Figure 4.24: The KV beam envelope in r of the full simulation for Ut =1.5 MV. Colours
indicate the different values of Ue. The zoom region indicated in (a) is shown in (b).
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(a) Full envelope.

(b) Zoom region.

Figure 4.25: The KV beam envelope in r of the full simulation for Ut =2.5 MV. Colours
indicate the different values of Ue. The zoom region indicated in (a) is shown in (b).
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4.3.3 Phase Space

The phase space at the end of the extraction plate (z=0.02 m) can be seen in Figure 4.26.
The phase space is the same for all values of Ue and Ut, as can be seen from the fitted ellipse
parameters presented in tables 4.6 and 4.7.

The phase space at the end of the Einzel lens, for Ut=1.5 MV and Ut=2.5 MV, can be seen
in Figure 4.27. Fitted ellipse parameters are shown in tables 4.6 and 4.7. For Ut = 10 kV
the variation in R1 between Ut = 1.5 and 2.5 MV is less than 5%, both within the 1σs
uncertainty. At 12.5 kV the results vary by 8%. For R2, the variation at Ue =10 and 15 kV
is 4%, and 0.4% respectively. At 12.5 kV the contrast is 7%. The angle deviates 22% in
the case of Ue =12.5 kV and 1% for 10 and 15 kV, both within statistical uncertainty. The
resulting variation in ε in the case of 10 kV and 15 kV is 4%, and for 12.5 kV is less than
1%.

Figure 4.28 shows the phase spaces just after the aperture, at z=0.29 m, for Ut=1.5 and
2.5 MV. Fitted ellipse parameters are shown in tables 4.6 and 4.7. For Ut = 1.5 and 2.5 MV
the difference observed for the R1 value for the Ue, 47% for 10 kV, 30% for 12.5 kV and 6%
for 15 kV. In R2, the variation observed is 62% for 10 kV, 28% for 12.5 kV and less than 1%
for 15 kV. For the angle a difference of < 2% is observed for 10 kV, 9% for 12.5 kV case and
less than 1% for the 15 kV case, within statistical uncertainty. Values of ε show a variation
of 27% at 10kV, 3% for Ue = 12.5 kV and 4 % for the 15 kV case.

Phase spaces at the end of the acceleration column (z=3.68 m), can be seen in Figure 4.29,
in which the distribution is dislocated from the origin (0, 0). For the Ut =1.5 MV simulation,
tails can be seen around the x = 0 line for Ue = 12.5kV. The corresponding ellipse parameters
can be seen in tables 4.6 and 4.7. Comparing the results for Ut =1.5 and 2.5 MV, a decrease
of R1 of 75%, for Ue =10 kV. For R2 a 70% decrease is found, and in θ a decrease of
9%. Consequently this results in a decrease in ε, by a factor of ∼7.8. For Ue =12.5 kV a
increase in R1 of 5% is found whereas a factor of ∼7 decrease in R2 is found, the increase
in angle appears to be 40%. ε at the end of the acceleration column decreases by 6 times.
For Ue = 15kV the R1 value increases by ∼9 times while the value for R2 decreases by 17
times, the angle decreases from 2.22 rad to 1.83 rad, corresponding to a decrease of ∼18%.
ε decreases by a factor of ∼18.

Figure 4.26: Phase space at the end of the extraction region (z=0.02 m) for the full
simulation. The same result is obtained for all values of Ut and Ue.
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(a) Ut=1.5 MV (b) Ut=2.5 MV

Figure 4.27: Phase space plot at the end of the Einzel lens (z=0.19 m), for the full
simulation of the LIBAF Pelletron.

(a) Ut=1.5 MV (b) Ut=2.5 MV

Figure 4.28: The phase spaces just after the aperture (z=0.30 m), for the full simulation
of the LIBAF Pelletron.

(a) Ut=1.5 MV (b) Ut=2.5 MV

Figure 4.29: Phase space at the end of the acceleration column (z=3.68 m), for the full
simulation of the LIBAF Pelletron.
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(a) R1 (b) R2

(c) θ (d) ε

Figure 4.30: Ellipse parameters of the phase spaces after the Einzel lens, at different Ue, for
the full simulation. Lines are shown to guide the eye. Statistical uncertainties are indicated.

4.3.4 APR

Particle data in z was filtered to extract the number of particles that pass the slit, as is
discussed in Section 3.6. The APR’s are shown in Table 4.8 for both Ut =1.5 and 2.5 MV
at different values of Ue. For Ue=10 kV an APR of 0.06 was found compared to a APR of
0.058 for the Ut =2.5MV, which correspond to a variation of 3%. For the Ue =12.5 kV case
the variation is 15% and for the 15kV it corresponds to a variation of 7%.
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Table 4.6: Fitted ellipse parameters of the phase spaces predicted at selected locations in
the full accelerator simulation, for three Einzel lens potentials, with a terminal potential of
1.5 MV.

Ue [kV] z [m] R1 [
√
mm2 + 1]] R2 [

√
mm2 + 1]] θ [rad] ε [µm]

10.0

0.02 1.40 ± 0.01 6.60 ± 0.05 1.54 ± 0.01 29.00 ± 0.29
0.19 8.40 ± 0.06 2.10 ± 0.01 1.24 ± 0.01 55.10 ± 0.54
0.30 3.40 ± 0.02 1.10 ± 0.01 2.49 ± 0.02 17.80 ± 0.18
3.68 2.80 ± 0.02 1.50 ± 0.01 1.61 ± 0.01 13.50 ± 0.13

12.5

0.02 1.40 ± 0.01 6.60 ± 0.05 1.54 ± 0.01 29.00 ± 0.29
0.19 7.00 ± 0.05 3.40 ± 0.02 0.87 ± 0.01 74.40 ± 0.74
0.30 1.70 ± 0.01 2.90 ± 0.02 2.43 ± 0.02 15.50 ± 0.15
3.68 1.90 ± 0.01 1.90 ± 0.01 1.20 ± 0.01 11.20 ± 0.11

15.0

0.02 1.40 ± 0.01 6.60 ± 0.05 1.54 ± 0.01 29.00 ± 0.29
0.19 1.40 ± 0.01 23.80 ± 0.17 1.81 ± 0.01 100.00 ± 1.00
0.30 1.00 ± 0.01 23.00 ± 0.16 1.70 ± 0.01 71.50 ± 0.71
3.68 1.55 ± 0.01 2.70 ± 0.02 2.22 ± 1.92 130.00 ± 1.29

Table 4.7: Fitted ellipse parameters of the phase spaces predicted at selected locations in
the full accelerator simulation, for three Einzel lens potentials, with a terminal potential of
2.5 MV.

Ue [kV] z [m] R1 [
√
mm2 + 1]] R2 [

√
mm2 + 1]] θ [rad] ε [µm]

10.0

0.02 1.40 ± 0.01 6.60 ± 0.05 1.54 ± 0.01 29.00 ± 0.29
0.19 8.40 ± 0.06 2.20 ± 0.02 1.23 ± 0.01 57.00 ± 0.56
0.30 1.60 ± 0.01 2.60 ± 0.02 2.52 ± 0.02 14.00 ± 0.14
3.68 1.60 ± 0.01 0.35 ± < 0.01 1.76 ± 0.02 1.72 ± 0.02

12.5

0.02 1.40 ± 0.01 6.60 ± 0.05 1.54 ± 0.01 29.00 ± 0.29
0.19 7.60 ± 0.05 3.20 ± 0.02 1.05 ± 0.01 75.00 ± 0.29
0.30 1.20 ± 0.01 4.00 ± 0.03 2.23 ± 0.01 15.00 ± 0.68
3.68 2.00 ± 0.01 0.29 ± 0.02 1.93 ± 0.01 1.84 ± 0.02

15.0

0.02 1.40 ± 0.01 6.60 ± 0.05 1.54 ± 0.01 29.00 ± 0.29
0.19 1.40 ± 0.01 23.70 ± 0.17 1.82 ± 0.01 100.00 ± 1
0.30 0.94 ± 0.01 2.37 ± 0.02 1.70 ± 0.01 69.00 ± 0.68
3.68 14.30 ± 0.10 0.16 ± < 0.01 1.83 ± 0.01 7.42 ± 0.07

Table 4.8: The fraction of particles that reach the end of the accelerator, at selected values
of Ue and Ut, for the full simulation of the LIBAF Pelletron. Statistical uncertainties are
given, based on total of 10000 particles simulated.

Ue APR for Ut=1.5 MV APR for Ut=2.5 MV
10.0 kV 0.060 ± 0.002 0.058 ± 0.002
12.5 kV 0.100 ± 0.003 0.085 ± 0.003
15.0 kV 0.640 ± 0.005 0.594 ± 0.005



5 Discussion

5.1 Comparison of Simulation Codes

Comparing and contrasting the simulations by the different software was performed in gen-
eral test simulations for WARP, COMSOL and TRANSPORT/TURTLE by using the lattice
solver and 3D solver. The results obtained from these simulations show variations between
the software packages causes by the different procedures and routines on which these soft-
ware packages were built. In the lattice test simulations, detailed in Section 4.1.2, large
variations were found between TRANSPORT, COMSOL and WARP. These variations are
clearly observed from the beam envelopes and phase spaces for each package, presented
in Figure 4.2 and Figure 4.3 and Table 4.2. This results from the lattice, not taking into
account the electric fields generated by the geometry [52, 55]. An example of these field re-
gions are shown in Figure 4.4. TRANSPORT/TURTLE simulations can only be performed
with the matrix representation and limited elements are available. Due to these limitations
TRANSPORT/TURTLE were not used for the full simulation of the LIBAF pelletron.

In comparison to the lattice simulations, the 3D geometry simulations for WARP and COM-
SOL as discussed in Section 4.1.3 show variations in the envelope at z =1 m of ∼10%, as
presented in Figure 4.5 and a good agreement is found in the phase spaces of WARP and
COMSOL in Figure 4.6. At the end of the simulation ε differs by <1% and R1 of 5% and
R2 of 6%. This significant variation of ∼6% seen in the phase space parameters R1 and R2

might be caused by the relatively low cell distribution used in WARP and the difference in
geometry used in WARP and COMSOL which is discussed in Section 3.4.4. The angle and
ε reported in Table 4.3 predicted by WARP and COMSOL differ by only by 3% and < 1%
respectively, showing a good agreement.

The Beam Energy Study, of which results are presented in Section 4.1.4, shows how the three
software packages perform at different E0, ranging from 30-4800 kV. Investigation indicates
that in the lower energy regime, at 30 kV the variation in divergence was a factor of two, seen
in Figure 4.8. The point at which f =∞, is found to be between 95-105 kV accelerating po-
tential for WARP and COMSOL. The f =∞ point for TURTLE was found to be ∼120 kV,
a difference of around ∼15 % compared to WARP and COMSOL. This may imply that the
results for TURTLE are less accurate in the lower energy regime (30-200 kV), however, no
relevant literature was found to substantiate this. To the contrary, articles presenting suc-
cessful simulation of accelerators in the lower energy regime for TRANSPORT/TURTLE
were found [58]. Another implication could be that both WARP and COMSOL are not
suitable for the modelling of low energy ion beam, however, this is less plausible.

The mesh convergence study, presented in Section 4.2.1 shows the effect of the mesh on the
geometry (figures 4.12 and 4.11), phase ellipses (Figure 4.14) and envelopes (Figure 4.13).
Visually large difference can be seen in the mesh projection on the geometry, shown in
Figure 4.12, for WARP and COMSOL at a normal mesh and cell division of 75|75|100
respectively sharp edges are introduced in the meshed geometry, these edges can introduce
artifacts and non-physical effects on the fields that are resolved on the mesh. For the

50



5.2. ION-SOURCE AND EXTRACTION 51

meshing in COMSOL almost no variation is seen in the envelope of the acceleration column,
seen in Figure 4.13 at different mesh granularities. On account that almost no variation is
seen in COMSOL, that may be caused by the fact that only standard physics defined mesh
granularities were used as discussed in Section 3.5.1. Large differences are observed for
WARP at different cell divisions, and therefore, increasing the mesh enhances the accuracy
of the results, however this is limited by memory usage. Memory problems occurred for
COMSOL and WARP using a mesh granularity and cell division of Extremely Fine and
|800|800|800 respectively, with the DESKTOP hardware used as discussed in Section 3.1.4.
The simulation times in WARP were much longer, as can be seen in Table 4.4, >25 times
for the smallest three granularities/cell divisions than for COMSOL. This is caused by
the injection scheme of the software, discussed in Section 3.5.1, where at every time step
1e4 particles are injected causing much longer simulation times. An interesting effect is
observed for the ε at the different mesh sizes and granularities, as can be seen in Figure 4.14,
the ε remains constant within statistical uncertainty for WARP, however for COMSOL a
convergence is observed by increasing the mesh granularity from normal to extra fine with
a decrease in ε of ∼ 30%. The highest mesh was used for the acceleration column.

5.2 Ion-source and Extraction

The beam input used for the simulations is described in Section 3.3, simulations were run
to validate that the beam input is the same for all software. Results of these simulations
are presented in Section 4.1.1, in Table 4.1 the phase space parameters were found to be
within 3%. The results presented in this work assume a mono-chromatic beam, as discussed
in Section 3.1.2, however, a real beam always has a finite energy distribution. Accelerator
systems are design and optimized to create a beam with a well defined energy and small
energy spread to allow a high resolution as a micro-probe. The ion source, discussed in
Section 3.5.3 is modelled according to specifications given by the NEC brochure [56]. It is
unknown if these parameters give an accurate representation of the actual beam emitting
from the ion source.

Simulations of the LIBAF Pelletron in COMSOL show no significant variance for the se-
lection of Ue in the extraction section of the accelerator at Ut =1.5 and 2.5-MV as is seen
in Figure 4.26 and tables 4.6 and 4.7. The resulting phase spaces and envelopes, seen in
figures 4.24 and 4.25 only show variation within the statistical uncertainty. It is therefore
concluded that the extraction is independent of the values of Ut and Ue.

5.3 Einzel Lens

It can be seen in Figure 4.30 that the focusing effect of the Einzel lens is dependent on Ue and
independent of Ut for the 10 and 15 KV Einzel potentials within variation corresponding to
the literature discussed in 2.2.4. At Ue =12.5 kV, however, a variation is seen which may be
caused by fields entering the Einzel lens region, further work is needed to substantiate this.
The envelopes of the Einzel lens, shown in Figure 4.19 show that the focusing effect seem
to be very similar for WARP and COMSOL, showing comparable envelopes at the selection
of Ue. The variations found in WARP may be caused by the relatively small amount of
particles that are used in the simulation N=1e3 compared to N=1e4 in COMSOL (discussed
in Section 3.5.3). A good agreement between COMSOL and WARP is found for the f =∞
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point of the Einzel lens, which can be seen in Figure 4.22. The f =∞ point was found to be
between 12.7 - 12.8 kV, which is an important parameter for creating a low ε ion beams. The
divergence as a function of Ue also shows good agreement between COMSOL and WARP.
An ε growth is observed in Figure 4.22 for both WARP and COMSOL as Ue increases. The
comparative study for the full simulation on the phase spaces, seen in figures 4.27 and 4.27
at different Ue show variations of less than 1% in R1 for Ut =10 kV and 12.5 kV, while large
deviations are found in the R2 values between 10-30%.

The "noodle effect" [59], describing tailing particles with large variations in x′ forming a
HALO can be observed in the phase plots for the Einzel lens and full LIBAF simulation in
Figure 4.20 and Figure 4.27 respectively. The effect is enhanced for higher Ue and in the
case of the full simulation the tails have a different shape and are not symmetric in x. It
is presumed that the "noodle effect" is the result of non-linear forces acting on the beam.
This is supported by literature, where non-linear effects, e.g. caused by the space charge
force show the same effect on the phase space distributions of particles [60, 61, 62]

The exclusion of space charge effects in all simulations were justified by the space charge
effects study described in Section 3.4.6, for which results are presented in Section 4.1.5.
The self-potential of the beam can be observed in Figure 4.9, showing a large potential
(>45 kV) in the center of the beam that is reduced as the beam propagates and diverges,
causing the space charge effect to get smaller. A point of interest is the beam potential
distribution at the start (z=0) where the potential does not seem to be maximum, which
is not expected. Furthermore, from the results seen in Figure 4.10, it was established that
up to a current of 1 mA (K =1.25e-4) the resulting deviations were less than 4% over the
region of z =0.8 m. The practical current in the LIBAF Pelletron is estimated to be around
0.1 mA and therefore, using extrapolation, a increase in beam width of 0.1% is estimated
which is insignificant.

5.4 Velocity Selector

The physical principle of the velocity selector was validated by proof of principle simulations,
results show that the velocity selector can be used to filter particles based on the initial
energy and the electric and magnetic field ratio, this corresponds to the theory discussed
in Section 2.2.3. For the monochromatic been it has been found that the response of the
velocity selector is the same for an input beam as it is for a pencil beam where in both cases
a deviation of 7.5 mm was observed over z =0.5 m for a Ef = 2E0 =100 keV. The geometry
of the velocity selector in the LIBAF Pelletron was not incorporated into the full simulation,
which might cause deviation in results compared to the practical situation.

The proof of principle simulations, results of which are presented in Section 4.2.2, show
the effects of the velocity selector on the beam. The envelopes and phase spaces, seen
respectively in figures 4.18 and 4.17 show that the beam is displaced by the velocity selector
according to the forces indicated in the figure. For a filtered energy of 2E0 a displacement of
7.5mm was found. The displacement of the beam is in the direction of the defined magnetic
and electric field and therefore, have a effect on only one dimension of the beam. Hence,
for further work, the x and y planes cannot be treated symmetric and the envelopes cannot
just be expressed by r2 = x2 + y2 as is discussed in Section 3.5.2.
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5.5 Acceleration Column

For the simulation of the acceleration column, results of which are presented in sections 4.2.1
and 4.3, focusing of the beam by the fields can be observed according, to the theory discussed
in Section 2.2.1, for COMSOL, WARP and TURTLE. In Figure 4.15 it can be observed that
the envelopes are similar and good agreement (within 10%). On the other hand, the phase
space seen in Figure 4.16 and the parameters summarized in Table 4.5, vary by 30% in
R1 and R2. In addition, ε varies by 16% between COMSOL and 20-30% for TURTLE
or WARP and COMSOL. The variation between COMSOL or WARP and TURTLE is
partially caused by the matrix formalism which utilizes the thin lens approximation, other
variations are induced by slight differences in geometry and segmentation of the elements.
The segmentation is the subdivision of the elements to and is key to the accuracy of the
simulations in TRANSPORT/TURTLE [58, 63]. The 3D rendering of the geometry and
the beam propagation can be seen in Figure 4.23. The beam is extracted by the extraction
plate and propagated through the Einzel lens where a focusing effect is observed, at the
aperture the beam is cut and is accelerated through the acceleration column focusing the
beam, finally reaching the accelerator exit with a small profile.

5.6 Properties of the Beam Exiting the Machine

Simulations of the LIBAF Pelletron clearly show that the combination of Ut and Ue govern
the beam characteristics at the end of the accelerator, which can be seen in tables 4.6 and 4.7
and figures 4.24 and 4.25. The trailing particles previously observed in the Einzel lens and
aperture ellipse can still be seen in Figure 4.29(a). Particles are lost by the aperture that
is located after the velocity selector, the APRs are reported in Table 4.8. At Ue =15 kV
and Ut =1.5 MV, the focal point of the beam is located directly behind the slit, focusing
the majority of the particles through the slit (APR=0.640), however, a relatively large ε of
130.00 µm is observed at the end of the acceleration column. For Ue = 12.5 kV the focal
point is located much further causing decrease in ε to 11.20 µm at the end, yet an APR of
0.100 is reported. Decreasing Ue to 10 kV causes a near parallel beam, however an increase
of ε to 13.50 µm is observed and only 6% of the particles make it to the end (APR=0.060).
Increasing Ut = to 2.5 MV causes an emittance decrease to 1.72 µm for Ue =10kV, at
this Ut and Ue an APR of 0.058 is found which is an reduction of 5%. Increasing Ue to
12.5 kV causes ε to increase to 1.84 µm and an APR of 0.65, an reduction of 18%. At 15kV
the majority of particles, ∼ 60% (APR=0.594) make it to the end at with ε of 7.42 µm.
Generally, it can be concluded that the emittance at the end of the accelerator and the APR
are governed by Ut and Ue. An emittance growth at the end of the accelerator is seen for
Ue > 10 kV in both WARP and COMSOL. The APR’s summarized in Table 4.8, reported
for three settings of Ue and two selections of Ue, give a direct insight into the maximum
current that can be extracted from the accelerator. This is very important parameter for
the new neutron production beam line at LIBAF as the neutron production is proportional
to the supplied proton beam current [1, 2].
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5.7 Additional Considerations

One of the major assumptions used in the simulation is that of the perfect vacuum. This is
physically unrealistic and is not accounted for, while the pressure in the machine is especially
low (5e-9 mbar) interaction with the background gas still occurs and has an effect on beam
broadening.

Investigation of the uncertainties caused by the component geometry tolerances is also re-
quired and must be incorporated. Especially because at some point in the time the support
bars for the acceleration column were replaced. This in turn has caused a significant miss
alignment at the accelerator exit. Misalignment can be modelled by taking additional pa-
rameters into account.

Although simulations presented in this work might give more insight into the processes and
principles that govern the operation of the accelerator, the simulations have to be compared
to measurement to asses the validity and operation range. Simulations have been cross
compared by other packages and validation by measurement is still missing, future work
may provide answers to the variations that are seen in the simulations.

One of the systematic uncertainties induced by WARP in the results of the phase spaces are
due to particle selection discussed in Section 3.2.4. In COMSOL, particle data is extracted
at a certain time step corresponding to a z position of the particles. This method created
systematic uncertainties in the results that have large effects on the comparison and valida-
tion of the software. In TURTLE, deviations in results may be induced from the fact that
the energy has to be changed to some discrete or rounded value in some files to be able to
run the simulations, the causes of this are unknown. Envelopes of the simulations with a
Gaussian beam, also discussed in Section 3.2.4 are created by extracting the r and z particle
data and binning those data, the data is extracted for a finite amount of timesteps. The
amount of timesteps at which the data is extracted causes a systematic uncertainty in the
z data.



6 Conclusions
In this work simulations of the LIBAF pelletron were performed, in three software packages:
COMSOL, WARP and TURTLE/TRANSPORT. The goals of the project were: to compare
the simulation codes, to model the individual accelerator components and to incorporate
the individual accelerator components into a full source-to-exit simulation. Cross-validation
of the software packages was performed by test-case simulations and variations observed
between the three packages were discussed. Greater insight into the parameters governing
the LIBAF accelerator was gained through the individual component simulations, results
indicating the trends of, and relations between these parameters. These findings have been
discussed in the context of the full accelerator simulation and beam parameters at the exit
of the LIBAF Pelletron were predicted. A summary of the key findings of this work is
presented in Section 6.1. Recommendations for future work are presented in Section 6.2 and
the closing remarks are given in Section 6.3.

6.1 Summary of Key Findings

A list of the key findings related to the comparison of simulation codes:

• A ∼30% variation was seen between the envelopes, predicted by TRANSPORT and
WARP, at the end a 0.5 m drift and 0.5 m acceleration when applying the lattice
solver.

• WARP and COMSOL show a good agreement in 3D test simulations, with values of
ε differing by <1% and r <10%.

• A 2x variation was found between the divergences predicted by TURTLE and the other
two packages at E0 =30 keV, for the 3D test geometry simulation. Good agreement
is found in this regime between COMSOL and WARP. At higher energies (>200 kV),
WARP and COMSOL results begin to diverge.

• The accelerating potential in the 3D test simulations, which results in a focal point
of f = ∞, lies within the region 95-105 kV for WARP and COMSOL, where as for
TURTLE was found to be ∼120 kV.

• The mesh convergence study showed no significant effect on the beam envelopes of
COMSOL. However, a variation in ε of ∼30% was seen. For WARP significant effects
on the beam envelope were observed, although ε remained constant.

A list of the key findings related to simulation of the individual LIBAF Pelletron components:

• Good agreement was seen in the envelopes and focal points for the Einzel lens, in
WARP and COMSOL. f =∞ is obtained at between Ue =12.7 and 12.8 kV, for both
packages.

55
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• The "noodle effect" is obeserved in both WARP and COMSOL causing an emittance
growth for increasing Ue > 10kV at the end of the Einzel lens.

• A 30% variation was found in R1 and R2 of the phase space ellipse between WARP
and COMSOL for the simulation of the acceleration column.

A list of the key findings related to the incorporation of the components into a full source-
to-exit simulation of the LIBAF Pelletron:

• A study on the space charge effects substantiated the exclusion of these effects in the
simulation for currents below 100 µA, which effects are estimated to be less than 1%.

• An effect of Ut on the focal point of the Einzel lens is seen for Ue=12.5 kV.

• The emittance of the beam exiting the machine is proportional to the APR which
corresponds to the maximum attainable beam current which can be extracted from
the machine

• The envelope and phase space results for the extraction are identical (<0.01%) and
thus, independent of Ue and Ut in the modelled range.

6.2 Recommendations for Future Work

Recommendations for future work are presented:

• Validation by measurement of the simulations performed in this study to asses validity
and operating range.

• Usage of other software and simulation packages, further strengthening the cross-
validation. SIMION is an commercial software package widely used for similair appli-
cations, using FDM. Also recommended to take a look at TRACE-3D [64] and other
software provided by accelsoft [65]. IBSIMU is also a package that seems suitable for
this application [66].

• A more concise way of extracting the data in both WARP and COMSOL to limit
the systematic uncertainties that are caused in this way. It is recommended to use
intercept planes in x, y to extract the moments of the particles as they pass through
these planes.

• Extension of the beam energy study in a larger range of energies and compare qual-
itatively to literature. Substantiate the validity of software packages in the lower or
higher energy range.

• Further study of the non-linearities seen in the focusing of the Einzel lens to attain
knowledge about possible ways to suppress these non-linear effects. Non linear effects
are in most cases undesirable.

• An in depth study of the effects of the Ut on the Einzel lens focusing preceding the
accelerating column, one of the results presented shows that the focusing changes for
the Ut = 1.5MV compared to Ut =2.5 MV case which is not expected. This study can
be performed by taking a larger range of Ut and Ut to establish if the effects occur
over the whole range and at what conditions.
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• Run simulations with a chromatic beam for a variety of velocity selector settings to see
the filtering effect on the ion beam phase space and envelope in both x and y plane,
resulting in a more realistic simulation. Additionally the geometry can be recreated
from the NEC schematics to get a better representation of the real scenario and also
be incorporated into the full simulation.

• Extension on the study of the full simulation by linear fitting of the envelopes to obtain
the divergence and focal points at different settings.

• Full simulation of the ion source and comparing it to the beam properties described
in [56] and on the results that follow the ion source.

• For further work an extension of the mesh convergence with finer and coarser meshes
is recommended. Also implementing user defined and adaptive meshes, in this case
better hardware is also recommended.

• Perform the space charge study for a general case and normalize the results so that
they can be used as a major go to study for ion beam simulation. General studies on
space charge were not found in literature.

• An extension to the study based on the maximum attainable current that can be
extracted from the accelerator. Using a more diverse variety of settings for Ut and
Ue, also incorporating simulations with varying probe potentials. A trend can be
searched for an optimisation can be performed by using this trend to estimate neutron
production rates in the neutron generation beam lines.

• A study on the effects of interaction of the proton beam with background gas to justify
that these effects can be neglected in ion beam simulations.

6.3 Closing Remarks

After ten days and 130 hours I am honoured to say this work has been finished, in time.
I enjoyed working on this project and getting to know more about the field of accelerator
physics and modelling. I have learned a great deal from my supervisor and the people I met
throughout this project, although, limited by COVID-19.
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