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Abstract

Beam emittance is a property of a charged particle beam in a particle accelerator
that is used to estimate the beam quality. It is length-based measure of the average
spread of particle coordinates in position and momentum phase space. This attribute
makes emittance a crucial beam parameter that one requires when tuning the beam
into smaller spaces in a beamline and matching the beam with the acceptance of
an accelerator. At iThemba LABS, the low energy beam transport (LEBT) system
required a system that measures transverse beam emittance. This beamline connects
the two electron cyclotron resonance ion sources (ECRIS) to the second solid pole
injector cyclotron (SPC2) and is composed of a set of solenoid and quadrupole
magnets that are used to focus the beam. This layout makes it possible to use
solenoid and quadrupole magnets to carry out beam emittance measurements.

This thesis is aimed at presenting a developed system that can be utilized for mea-
suring transverse beam emittance of beams emerging from the ECRIS. An analytic
explanation of the techniques used and tools needed for these measurements are
given. The Gauss approximation program and the emittance calculator were de-
veloped and used. During the development process, the system was validated us-
ing different beams simulated using a computer program TRANSPORT [1]. The
beam widths obtained from TRANSPORT were used on the developed emittance
calculator to establish if one could get the injected beam emittances. From the
calculations it was clear that there is an agreement between injected and deduced
emittances. This was an indication that the emittance calculator is working as ex-
pected. Thenceforth, the real beam emittance measurements were performed using
4{He?t beam with kinetic energy Ej, = 12.7 keV. After analysing the helium data it
was decided that a second set of measurements should be performed and this was
done using 3257°* beam with kinetic energy Ej, = 8.35 keV.

The obtained results from both helium and silicon measurements were analyzed in
order to compare the emittance measured in the AX-line with the one measured
in the Q-line. From both set of measurements it was observed that the emittances
obtained in the two beamlines had some disagreement. This disagreement between
the two sets of transverse emittances violated Lioville’s theorem. In order to probe
the source of disagreement the helium measurements were further investigated by
performing beam widths comparison. To do this, the measured emittances were
injected into TRANSPORT and the beam widths gathered were then compared
with the measured widths. From the comparison results it was clear that only
the beam widths from AX-line are comparable while there was disagreement in
Q-line widths comparison. It was evident from these observations that one could
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rely on beam emittances obtained in the AX-line than those obtained from Q-line
beamline. Upon further investigation, it was concluded that reason behind this could
be associated with the fact that for AX-line measurements, instead of performing
minimum number of measurements (i.e three) required to deduce the emittances, five
set of measurements were utilized instead. This choice of number of measurements
makes the system robust in such a way that a small error on measured beam widths
will have a negligible effect on the deduced emittances. For Q-line measurements,
however, the solenoids scan was performed with minimum number of beam widths
measurements (i.e ten) required. This may have resulted in the solenoid scan being
sensitive to errors that could occur when measuring beam widths. For much more
reliable emittance measurements in the Q-line the system needs to be upgraded in
order to accommodate utilization of more beam widths of measurements.
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Chapter 1

Introduction

A beam of particles can be characterized in detail by its density in

. . . / / o dx __
the six d/lmen(?lonal phase space (z,z,y,y,2,p.) where v = & =
L2 and y = % = 2. Positional coordinates = and y respectively

z p

describe the horizontal and vertical displacement of the arbitrary ray
with respect to the assumed central trajectory. The 2" and y slopes
respectively describe the angle the ray makes in the horizontal and
vertical planes with respect to the assumed central trajectory. These
angles are respectively derived from their related momenta p, and p,.
Lastly, z is the path length difference between the arbitrary ray and
the central trajectory and p, is the fractional momentum deviation
of the ray from the assumed central trajectory [1]. Positions = and
y describe the transverse direction and z describes the longitudinal
direction as shown figure 1.1.

¥ [mm)|

Figure 1.1: An illustration of a beam of particles in 3-dimensional space coordinates
x, y and z.



Shown in figure 1.1 is an illustration of beam of particles in three-
dimensional space. Each particle is represented by its three directional
coordinates z, y, and z. As explained above each particle has an addi-
tional coordinate related to their momentum, i.e. p,, p, and p,. This
use of this six-dimensional phase space to describe particle density
is derived from Sturm Liouville’s theorem which involves the use of
constant conservative fields [2] to act on the particles. For any beam
of charged particle, the six dimensional phase space can be split into
three, two-dimensional subspaces (z, z’), (y, ¥') and (z, p.) [3]. The
subspaces (z, ') and (y, y') are used to describe the transverse beam
properties whereas for longitudinal beam properties (z, p,) subspace
is used. Figure 1.2 shows the distribution of particles in (x, ') phase
space. The same distribution can also be illustrated in the other two
phase space subspaces, i.e. (y, y') and (z, pl).

AR = 0 z 2 5
Figure 1.2: A distribution of beam of particles in (x, 2’) phase space.

Traditionally, the beam of charged particles are generated using ion
sources through plasma generation. These beams emerging from these
ion sources have an attribute known as emittance (¢) which is mea-
sured in 7 mm mrad®S. Emittance is a trait of the particle beams that
characterizes its size [4]. It defines an area or volume in the phase
space of particles. Emittance plays a vital role as it can be used to

80ften a 7 is added to the unit of emittance to indicate that the numerical value describes a
surface in (z,z') space divided by 7. This unit will be adopted in this work.



infer the quality of the beam. It can be used to evaluate the abil-
ity of the beam to be transported over long distances and be focused
into small space with minimum divergence as well as the capability
to form high resolution images. In the current study, only transverse
beam emittances are considered i.e €, and g,.

There are number of techniques that can be employed in an attempt
to measure transverse beam emittance [5]. In the current study only
two methods are employed, namely; quadrupole scan and solenoid
scan. The quadrupole scan technique which is also known as “three
gradients” method [6] is one of the well understood method of mea-
suring transverse beam emittance. The principle for this technique
entails the alteration of the quadrupole’s magnetic field strength at
least three times. At each magnetic field strength, the horizontal and
vertical beam widths are measured using the profile monitors. The
obtained beam widths along with their corresponding magnetic field
strengths are then used to compute transverse beam emittance.

As already mentioned, the “three gradients” method involves the use
of quadrupoles. However, in the SPC2 low energy beam transport
(LEBT) beamline quadrupoles are only situated in the second seg-
ment of the beamline, with first part of the beamline only utilizing
the solenoid magnets. The project in hand is centered around ob-
taining the transverse emittance of beams emerging from the electron
cyclotron resonance ion sources (ECRIS). In order to be able to de-
duce the emittance from the ECRIS the beam emittance measuring
system being developed should be able to perform measurement at a
position in vicinity of the ion sources. Hence, the additional method
that utilizes the solenoids lenses to calculate emittance was developed.
The working principle for this method is similar to that of quadrupole
scan with the only difference being that the solenoid’s magnetic field
strength is altered at least ten times instead of three times. This is
due to the fact that solenoid magnet introduces the coupling between
the two transverse directions which results in the two directions not
being able to be treated independently (see chapter 3 for more details).
In keeping the same naming convention, this technique is named the
“ten gradients” method. The details of how both “three” and “ten”
gradients methods are derived are explained in chapter 3.



Motivation for the study

iThemba LABS (Laboratory for Accelerator Based Science) has a sec-
ond solid-pole injector cyclotron (SPC2) that has three external ion
sources, the two ECRIS and the ion source for polarized ions (SPI).
These sources are located in the basement below the (SPC2) vault. In
this work only the beamline from ECRIS is of interest. The ECRIS are
used for generation of both light and heavy ions which are then trans-
ported using LEBT before injection into SPC2 for pre-acceleration.
The LEBT is composed of solenoids, quadrupoles, bending magnets
and steering magnets. Also available are the diagnostic tools used for
measuring beam current as well as beam profile. Beam current is mea-
sured using faraday cups and beam profile is monitored using multi
wire scanners (harps).

Currently, SPC2 has an overall transmission of approximately 10%
for heavy ions. This transmission is not adequate for delivering high-
intensity high-energy beams. In order to improve the transmission sev-
eral ideas are currently being investigated through simulation studies.
Some of these studies are briefly discussed below;

e The effect of the additional buncher on the vertical beamline of
the LEBT was studied using Object Oriented Parallel Library
(OPAL) code.

e A new spiral inflector was modelled using TOSCA.

e Electric and magnetic fields of SPC2 modelled in 3 dimension
(3D) using OPERA-3D [7, 8].

The bunching efficiency of the second buncher operating at the sec-
ond harmonic was investigated in the vertical beamline using OPAL
code[9]. Through simulations, the beam dynamics were studied to
investigate how the addition of the buncher operating in second har-
monic mode would affect the beam transmission through SPC2 cy-
clotron.

Another investigations were performed on how the spiral inflectors
could be improved. Here, the spiral inflector C (see section 2.3 for
infelctors naming convention) which bends the axially injected beams
into the median plane of SPC2 were investigated. These C inflectors
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are mainly used for heavy ions and “C inflector” is just a naming
convention. C1 inflector is an old version and C2 inflector is a new
modelled version. They are both based on Belmont-Pabot [10] de-
signs. Which means they have a good transmission, but suffer from
vertical defocusing [11]. Therefore the study involving, shaping the
inflector electrodes such that they create a quadrupole electric field
along the path length, in order to create a strong focusing effect was
done. The simulation package TOSCA was used to model the beam
passing through the C2-inflector of Solid Pole Cyclotron 2 (SPC2).

In performing the above mentioned simulation studies, the knowledge
of the emittance from the ion sources is required, as this is an impor-
tant parameter injected into the simulation codes. At present there
is no system in use that measures beam emittance in the low energy
beamline at iThemba LABS. Such system is only available in the high
energy beamline whereby the multiple monitors method is used to de-
termine beam emittance. Due to this reason simulations are being
performed with estimated emittance values. This estimation of emit-
tance might result in undesirable conclusions. It is the aim of this
work to mitigate such problem.

The main objective of the project at hand is to develop a method that
will help users to easily measure the transverse beam emittance in the
beamline from the ECRIS to SPC2. This measure can be used as an
input parameter for beam simulation codes. And with the knowledge
of beam emittance it is anticipated that the reliability of simulation
results can be improved. Also, knowing the emittance from the ion
sources will help users to tune the beam such that it matches the
acceptance of SPC2. This can also improve the transmission through

SPC2.

Outline of Thesis

The thesis is structured as follows:

e In chapter 2 the iThemba LABS accelerator facilities are de-
scribed briefly.

e Beam dynamics and parameters that are considered and required



for beam emittance calculations are presented in detail in chapter
3.

e The experimental conditions, equipment and setup are presented
in chapter 4.

e The measurement results and discussion are presented in chapter
5.

e Finally, conclusions and outlook derived from this study are pre-
sented in chapter 6.



Chapter 2

Layout of the Facility

iThemba LABS is a multidisciplinary research facility, operated by
the National Research Foundation (NRF) of South Africa. It provides
accelerator facilities for research and training in the physical, biomed-
ical, material sciences as well as production of radioisotope and radio-
pharmaceuticals for use in nuclear medicine and industry [12]. At the
heart of iThemba LABS, is a separated sector cyclotron (SSC) which
is used for final acceleration of charged particles to higher energies.
The two solid-pole injector cyclotrons, SPC1 and SPC2 are used to
pre-accelerate the charged particles. Shown in figure 2.1 is the current
layout of the cyclotron facility with different beamlines. The working
principles of the cyclotrons are discussed in this chapter along with
the beamline of interest and its ion sources.

Existing Separated
Sector Cyclotron
3 I.I : I l ;\ .II I| h
' - *_| '—"-l——- i
".. k' W
> ) B
SAIF - Phase 2 .,-':‘ f:"' “B
Rhadotron L] | '
O atnon fﬂ
':'. = B |
e T . ,
SAIF - Phase 1 p_ SAIF - Phase 1

Cyelone® 70 eyclotron (1B} =B LERIB

Figure 2.1: The existing layout of the Separated Sector Cyclotron facility of iThemba
LABS. Also shown are the shaded areas which are the planned facilities for the future
[14].



2.1 Cyclotron Accelerators

The fundamental working principle for cyclotrons with two 180° D-
electrodes is illustrated in figure 2.2 and can be summarized as follows:
A beam of particles is accelerated in a gap between two electrodes
usually referred to as dees (D’s) when there is a potential difference
between them. The dees are connected to an RF generator and are
placed in a uniform magnetic field [13]. The beam injected at the
centre of the cyclotron is attracted to the dee with the opposite polar-
ity as that of the beam. The vertical magnetic field causes the beam
to bend into semi-circles inside the dee and across the gap between
them. As the beam is following a semi-circular path the polarity of the
electrode changes. When it reaches the gap, the electric field acceler-
ates them further. This process happens continuously and the beam
gains more and more kinetic energy as it orbit the semi-circles. The
radius of the beam path increases in proportion to r = %*’ as the
beam travels faster. The radius of its path increases and so despite
travelling faster, it takes the same time to travel each semi-circle, so
the alternating voltage is operated at the same frequency.

Cyclotrons are often named using a K-value in [MeV] as a prefix [15].
The K-value of the cyclotron indicate the cyclotron’s performing index
that gives the maximum energy that it can attain for protons. The
K-value of a cyclotron is given by:

K = 47.89(Bpen)* (2.1)

where Bp,,, is the protons rigidity at extraction.

2.1.1 The First Solid Pole Injector Cyclotron (SPC1)

A K = 8 SPC1 injector cyclotron (shown in figure 2.3) is used for pre-
acceleration of light ion beams. This injector cyclotron is equipped
with an internal Penning lonization Gauge (PIG) ion source which is
used for generation of the light ions. This cyclotron is a four-sector
machine with two 90" dees which can attain a maximum dee voltage of
60 kV. It is operated with either 2" or 6/* harmonic mode. The RF-
system for this injector has a frequency tuning range from 8.6 MHz to

*where m, v, Q and B respectively denote mass, velocity, charge state of the particle and
magnetic field of the cyclotron
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Figure 2.2: The illustration of the working principle of the cyclotron with two 180°
D-electrodes[15].

26 MHz which is achieved by utilizing the movable short-circuit plates
in the quarter-wave transmission lines. The maximum flux density
attainable for this machine is 0.86 T. The cyclotron has an extraction
radius of 0.476 m and the beam is extracted by using an Electrostatic
Extraction Channel (EEC) and the two Magnetic Extraction Chan-
nels, MEC1 and MEC2 [16, 17]. In most cases this cyclotron is used
to pre-accelerate protons which are used for radioisotopes production.

2.1.2 The Second Solid Pole Injector Cyclotron (SPC2)

The K=11 SPC2 (shown in figure 2.4) is used for pre-acceleration of
both light and heavy ions as well as polarized proton beams. Just like
SPC1, it is a four-sector cyclotron with two 90° dees which can also
attain a maximum dee voltage of 60 kV. The 2" and 6 harmonic
modes are used for acceleration. The RF-system has a frequency tun-
ing that ranges from 8.6 MHz to 26 MHz with movable short-circuit
plates in quarter-wave transmission lines. The maximum magnetic
flux density of operation is ~1 T with an extraction radius of 0.476
m. The extraction of the beam is also achieved by utilizing the EEC
as well as the two magnetic channels. Unlike the SPC1, SPC2 is fed
by the three ion sources which are situated in the basement. Beams
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Figure 2.3: A cross-sectional drawing of the SPC1 for light ion acceleration.

from these sources are axially injected into SPC2 using the three inter-
changeable spiral inflectors. These three different inflectors are used
in order to achieve three orbit geometries [18]. Depending on the final
energy required and ion species to be accelerated, ions can make 8,
16, or 32 turns before extraction [9].

2.1.3 The Separated Sector Cyclotron (SSC)

As already mentioned, the final acceleration of ion beams to higher
energies is achieved by using the SSC accelerator. The schematic
diagram of the SSC is shown in figure 2.5. The SSC is a K = 200
cyclotron which has four separated sector magnets with a sector angle
of 34° and overall diameter of 13 m. The height of the cyclotron is
7 m. The vacuum chambers of the machine are mounted in the pole
gaps and between the magnet sectors. The maximum flux density in
each sector is 1.256 T in the 66 mm pole gap. Using the % resonators
by means of short plates and variable capacitors the RF-system can
be tuned from 6 to 26 MHz [19, 20]. The dees with an angle of 49"
can be operated up to a maximum voltage of 250 kV. The 4" and
12" harmonic modes are used for acceleration. The extraction of the
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Figure 2.4: A cross-sectional drawing of the SPC2 for light, heavy and polarized ion
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Figure 2.5: A cross-sectional drawing of the SSC at iThemba LABS.
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2.2 The ECR ion sources at iThemba LABS

The ECRIS are types of sources which are widely used for the pro-
duction of high quality singly and multiply charged ion beams [21].
The working principle of ECRIS is that it has a cylindrical chamber
which contains plasma that is confined by the magnetic field. There
are several configurations in ECRIS but in this case our focus is the
type of ECRIS with the design similar to the one shown in figure 2.6.
This design is aimed at achieving the production of highly charged ion
beams. The magnetic field is generated by a combination of solenoidal
coils and permanent magnets. The coils generate a magnetic mirror
field which provides axial confinement of the plasma making elec-
tron bounce back and forth axially. The strength increases axially
providing axial confinement and it is weaker radially, not providing
confinement. To provide radial confinement a second magnetic field
configuration is added. The radial field is generated using permanent
magnets which produce a hexapole field. Adding this field to the mir-
ror field causes the field lines to bend outwards towards the chamber
wall [22, 23]. The confined electrons are heated by electron cyclotron
resonance with an external RF power source and ions are generated
through impact ionization with the heated electrons. Then the ion
beams are extracted from the source’s plasma chamber.

Generally, there are two types of extraction systems that are com-
monly used for extracting charged particles from the ion sources namely;
the diode system and the triode system. In the diode system, two
electrodes are used to accelerate and guide the ion beams out of the
source. The first electrode is called the plasma electrode and is also
commonly known as extraction electrode. It is in contact with the
plasma inside the source and operates on ion source potential. It also
has an extraction aperture which allows the ion beams to exit the
source. The second electrode is called a ground electrode and it is
fixed at ground potential. Thus, the ion accelerating electric field is
between the electrodes. The distance between the two electrode is
called the extraction gap. The triode system is similar to the diode
system but has one extra electrode which is placed between extraction
electrode and ground electrode. This additional electrode is known as
a suppressor electrode. It is held at a negative potential, so that it
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repels stream of electrons back into the ion source from downstream.
This system is also is also known as accel-deccel triode system [24]. In

the following sub-section the ECRIS at iThemba LABS will be briefly
discussed.

Solenoid Coils ECR Zone

Magnetic Field Plasma
lon
Extraction

—)) S 8

—

. © @ N
Micro Wave /‘\,—//ff:m
4 T 3
Hexapole Magnet
==

Figure 2.6: The layout of an ECRIS showing the important parts used to achieve
highly charged ions [25].

2.2.1 HMI-ECR Ion Source

The HMI-ECRIS was donated to iThemba LABS by Hahn Meitner
Institute (HMI) [26] and has been in operation since 2008 [27]. The
source was originally built by Grand Accélérateur National d’lons
Lourds (GANIL) for HMI. It is a modern room temperature type of
ECRIS. It serves to provide highly charged heavy ions which are used
for nuclear physics research. The source is linked up with the beam-
line leading to SPC2. It is made up of a water-cooled plasma chamber
with the length of 18 cm and the diameter of 7 cm. The chamber is
surrounded by FeNdB permanent magnets which produce a hexapole
field of 1 T for radial plasma confinement. For axial confinement of
the plasma two solenoid coils are used. The field on the axis can be
altered from 0.4 to 1.1 T. The source is also equipped with a 14.5 GHz
RF generator that can deliver a microwave power of up to 2 kW [28].
The microwave power is injected into the source chamber through a
wave guide. In order to produce different ion species, the ion source
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has a flexible design such that it can operate with an oven and sputter
target techniques. The ion beam is extracted using the diode system.
The plasma electrode has an aperture of 8 mm in diameter and its
potential can be altered between 2 and 20 kV. The ground electrode
has aperture of 13 mm and the extraction gap is 20 mm [17]. Shown
in figure 2.7 are the two ECRIS situated in the basement below SPC2
vault.

Figure 2.7: The picture of the two ECR, ion sources at iThemba LABS.

2.2.2 GTS-ECR Ion Source

Just like the HMI-ECRIS the GTS-ECRIS is also a modern room tem-
perature ECRIS and has been in operation since 2009. This source
has a double wall plasma chamber with an axial length of 30 cm and a
diameter of 8 cm. This plasma chamber is made up of aluminium and
it is surrounded by permanent hexapole magnets which are made of
FeNdB material. The hexapole is arranged in the Halbach structure
and has a radial magnetic field strength of 1.3 T for radial plasma
confinement. Three sets of coils are used to produce axial magnetic
field, with the centre coil used for tuning the minimum magnetic field
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for axial confinement of plasma. The axial magnetic field can be al-
tered from 0.5 T to 1.2 T using copper coils powered by large current
supplies. The ECRIS is coupled with 14 and 18 GHz microwave gen-
erators through water-cooled waveguides. This gives the source the
flexibility to be operated in either a single or double frequency mode.
The particle beams are extracted using a diode system. The plasma
electrode has an aperture of 9 mm in diameter and its potential can be
varied between 2 and 20 kV. The ground electrode has an aperture of
12 mm in diameter and the extraction gap is 40 mm. In addition, the
source design includes two ovens of which they can be used to produce
metallic vapours for ion beam production [17].

2.2.3 psedo Beam Generation with GTS Ion Source at iThemba
LABS

In order to be able to generate a beam of charged particles several
source parameters need to be set to optimal values. Suppose one needs
to generate a beam of argon particles with **Ar®* being charge state
of choice. The *°Ar gas would be injected into the source’s discharge
chamber which operates in vacuum. The vacuum’s low pressure must
be between 107 - 1072 Pa and this is achieved by using forepumps
and turbo molecular vacuum pumps. A 14 GHz microwave generator
is used to produce microwaves. These microwaves are injected into
discharge chamber where the *°Ar gas is, so that ionization is trig-
gered. In the process of ionization the injected microwaves will excite
the electrons of % Ar gas then the excited electrons would then strip
away from the atom leaving it ionized. This process is done under
the influence of magnetic fields from solenoid magnets and permanent
magnets so that the plasma would be confined.

The plasma is confined both axially and radially. Radially the plasma
is confined by FeNdB permanent magnets with the magnetic field of
1.3 T and axially three solenoid coils with a magnetic field which may
vary from 0.5 T to 1.2 T. The current in the middle coil is opposed
to the other two coils to create the dip in the overall magnetic field
strength.

Ton confinement also plays a critical role whereby if “° Ar ions confine-
ment time is too short ions won’t reach high charge state (87) and
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if its too long the high charge state ions decay by charge exchange.
Therefore, the source must be operated at optimum. Also the plasma
electrons must be in the temperature around 1 keV and 10 keV which
is good for producing the highly charged ions like Ar®*. The 40Ar8*+
beam would be extracted using the diode system. The ions are ex-
tracted and accelerated towards a grounded extraction electrode by
applying a high voltage of typically 12.4 kV to the discharge chamber.
Shown in figure 2.8 is the source monitor displaying a stable beam
current.
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Figure 2.8: Beam current monitor that shows the stability of the beam extracted.

2.3 Injection Beamlines leading to SPC2

As already mentioned, the two ECR ion sources are located in the
basement below the SPC2 vault. Figure 2.9 shows the complete schematic
view of the LEBT from the two ECR ion sources leading to the SPC2
cyclotron. The charged particle beams extracted from these sources
are transferred through a beamline divided into two segments namely;
the Q-line and vertically aligned AX-line. The Q-line consists of the
two bending magnets B1Q and B2Q), solenoid magnets (L2Q-L5Q, R1
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and R2) and the two harps (harp 3Q and 5Q). The beam extracted
from the GTS source is bent into the horizontal Q-line with a 104°
B1Q magnet. This bending magnet is also used as a mass analyser to
separate different charge states of ions. The solenoids (L2Q-L5Q) are
identical, so are the rotatable solenoids R1 and R2. The solenoid mag-
nets are used for focusing the beam in the first segment of the LEBT.
The two harps 3Q and 5Q are used for beam profile monitoring while
Faraday cups are also available for measuring beam current. The beam
is bent into the vertical beamline through the bending magnet B2Q.

The AX-line consists of six quadrupole magnets (Q1-Q6), harp 1AX
and harp 2AX, a buncher and the two solenoid magnets L1AX and
L2AX. The quadrupoles are used to focus the beam to a double waist
at the entrance of the buncher. They are arranged as a two-triplets
with Q1 and Q3 connected in series [28]. The harps 1AX and 2AX
are used for beam profile monitoring, the buncher is used for grouping
charged particles into bunches. And the two solenoids L1AX and
L2AX are used to focus the beam just before it is axially injected into
the cyclotron. The marked points P1 and P2 shown in figure 2.9, are
the points where the transverse beam emittance will be measured.

Harp 2AX

== From
Polarizer

Figure 2.9: The low energy beamline transport leading to SPC2. Also shown are
the two schematic view of the ECRIS.

A buncher is a device that groups charged particle beams into bunches
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such that the number of particles that can be accelerated by cyclotron
can be increased. They are normally used to increase efficiency of
particle accelerators with external ion source(s). The direct current
(DC) beam from the external ion source is pulsed by the buncher so
that the period of the pulsed beam is matched to RF frequency of the
cyclotron [29]. There are different ways in which the bunching process
is achieved and in this case, bunching by velocity modulation using
radio frequency (rf) cavities is used in the injection beamline. The
beam is bunched by introducing velocity modulation with an rf cavity
over a distance [30]. The front beam is decreased while at the back
its increased by using rf staggering. Shown in figure 2.10 is a double
gap buncher which operate in 1% harmonic in the AX-line.

!

=

&
Figure 2.10: A picture of a buncher currently in used in the LEBT at iThemba
LABS.

Spiral inflectors are electrostatic electrodes that are twisted like a spi-
ral such that they bend the beam 90" into the median plane of the
cyclotron. In this case the AX line is vertically connected to SPC2
which makes them perpendicular to one another. The charged particle
beams from external ion sources must be bent 90" in order to be ac-
celerated by the cyclotron. The spiral inflector is used to achieve this.
The beams are axially injected into the cyclotron for acceleration and
the electric fields on the electrodes of the spiral inflector are orthog-
onal to the beam as the beam gets bent by the cyclotron’s magnetic
field [31]. There are different designs for inflectors and shown in figure
2.11 is a design based on Belmot and Pabot [10].
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Belmot and Pabot are the inventors of the first spiral inflector, and
their design is based in consideration of the following conditions [10].

e The first orbit of the injected charged particle beams to be accel-
erated by a cyclotron should coincide with a set out position.

e The axial motion of charged particle beams must be transformed
into horizontal orbital motion inside the cyclotron accurately.

e As the orbital radius increases when charged particle beams get
accelerated, the first turn must be greater than half the horizon-
tal dimension of the deflector gap plus the distance between the
deflector and the dummy dee.

Such design is known to have a good transmission, but suffer from
vertical defocussing, which can lead to beam loss in the inner region
of the cyclotron. The C2 and C3 inflectors shown in figure 2.11 are
newly improved version which have improved vertical focusing (see
[11]) in order to improve the transmission of heavy ions'.

Figure 2.11: This picture shows the newly designed spiral inflectors that are used
for 8 turns patterns in the SPC2 injector cyclotron.

fSPC2 cyclotron at iThemba LABS has three turns patterns. Each pattern requires its own
inflector, these inflectors are named A (32 turns), B (16 turns) and C (8 turns)
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2.4 Considerations During the Initial Beamline
Design

Initially, the injection beamline was designed for the ECRIS which
was located 180° anti-clockwise to where HMI ECRIS is located (see
28] for more details). In order for the dispersion path to lie in the
bend plane of each dipole, the beam extracted from this source needed
to be rotated by exactly 90" between the two dipole magnets. Several
focusing elements were considered for the horizontal section between
the two bending magnets. After investigation it was concluded that
solenoid magnets are best focusing elements to use as they could form
a natural achromat. This desired achromat is formed as a mirror sym-
metric system between two 90° dipoles [32]. The beamline between
the dipole magnets can be classified as a two identical sections. Sec-
tion one composed of solenoids L2Q), L3Q and section two composed
of solenoids L4Q) and L5Q. For solenoids L2Q and L3Q), the first-order
transfer matrix is the identity matrix -I, with no rotation of the beam.
In the second half of the system, the solenoids are powered very sim-
ilar, however this time with similar polarity. The first-order transfer
matrix is again -I, however, the beam is rotated 90°. The total transfer
matrix is then +1I, with 90" rotation as required [28]. The rotatable
solenoids R1 and R2 are operated with opposite polarities and they
lie on the symmetry plane. The results obtained in this work can also
be used to verify if these initial considerations are still achievable with
the use of the 104° bending magnet that is currently being utilized for
GTS ion source instead of the 90" bending magnet that beamline was
designed with.
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Chapter 3

Beam Dynamics & Parameters

In this chapter basic concepts of beam dynamics related to the current
study are discussed. The mathematical formalism for particle beams
going through different segments in the beamline is also introduced.
Different magnetic elements are also introduced. Liouville’s theorem
involving Hamiltonian is briefly discussed. Finally, the parameters
and concepts required for emittance measurements are also discussed.

3.1 Transfer Matrix formalism

There are different methods that can be employed to model the beam
of particles traversing through different elements in the beamline.
Such methods include the use of Monte Carlo simulation which em-
ploys the tracking of particles as well as the use of matrix formalism
to calculate particle trajectories. The modelling of particle beams in
the beamline by calculating particle trajectories can be done by using
the transfer matrix formalism. This describes the effect of ion optical
elements (and drifts space between them) on trajectories using trans-
fer matrices. One can use a vector X, which its density in phase space
can be characterized in 6D as shown in Chapter 1,

SR

(3.1)

ISEIESIIN

P=
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A system that describes the particle represented by the above vector
passing through a lens can be represented by the matrix. For an
example a quadrupole magnet which can be represented by the first
order square matrix R (R is a matrix that describes the action of the
magnet on the particle coordinates see [33]) can be resolved into a
matrix multiplication as follows [1]

X(1) = RX(0) . (3.2)

The vector X(0) is the initial coordinate and X (1) is the final coor-
dinate of the particle under consideration after traversing a lens. The
similar transformation matrix R can be used for all particles travers-
ing a given element one particle differing from another only by its
initial coordinate vector [1]. The ion optical line with interspersing
drift spaces can be described using the same basic equation with R
being replaced by the product matrix R(t) = R(n)...R(3)R(2)R(1) of
the individual matrices of the system elements in conjunction with the
drift space between them. The cumulative matrix R can be utilized to
compute several trajectories using TRANSPORT code [1] or any other
available tool that can perform linear transformation. Fundamentally,

Eq. (3.2) can be written in matrix form with cumulative matrix R as
follows [34],

EZ (Ri1 Ry Riz Riy Ris Rigl| [ o

' Ry Roy Ry Ros Ros Rays| |

yi| _ |Hs1 Rz Rsz Ry Rss Rss| | Yo (3.3)
U Ry Ry Ris Ru Rus Ras| |y |- '
21 Rs1 Rso Rs3 Rsy Rss Rse| | 20

¥2u | Re1 Rg2 Re3 Res Res Ree] |p2]

3.1.1 Beam Dynamics in Quadrupole

The quadrupole magnets consist of four iron pole pieces laid out
such that in the planar multipole expansion of the field, the dipole
terms cancel and where the lowest significant terms in the field are
quadrupole [21]. The magnetic fields produced by such magnets are
hyperbolically shaped. This is due to the fact that the pole pieces of
quadrupole magnets are also hyperbolically shaped as shown in fig-
ure 3.1. One can consider the equation of motion for a particle in a
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Figure 3.1: Cross-section of a quadrupole magnet.

positive quadrupole field (see [35])

d2
d2y
T2 —ky=0, (3.5)

where the parameter k2 = G/Bp is the quadrupole strength

e G = By/a is the magnetic-field gradient and By is the magnetic
field at radius a.

e a is the radius of the aperture.

e Bp is the magnetic rigidity of the particle.

The solutions for Eq. (3.4) and (3.5) can be resolved to

n kl
cos kl) zo + (SZZ ) o

nh ki
cosh kl) yo (sm—k) o

= (
(—k sin kl) zo + (cos kl) x
(
= (

k sinh kl) yo + (cosh kl) y

where [ is the effective length of the quadrupole and in essence k =

%op_ These solutions are for a quadrupole which focuses in the
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horizontal (x) plane and defocuses in the vertical (y) plane. From the
equations in (3.6) one can write first-order quadrupole magnet transfer
matrix as [1, 35]:

coskl  (1/k)sin ki 0 0 00
—k sin ki cos kl 0 0 00
R 0 0 cosh kl  (1/k) sinh kl 0 0
quad = 0 0 ksinhkl  coshkl 0 0
0 0 0 0 10
| 0 0 0 0 0 1

(3.7)

From the above matrix, it is clear that a quadrupole magnet can only
focus in one transverse direction while defocusing on the other. The
quadrupole represented by the 6x6 matrix in Eq. (3.7) focuses in the
x direction. Changing the focusing plane would require one to inter-
change the first two diagonal submatrices. In order to achieve focusing
of the beam in both directions using quadrupoles one would need to
utilize at least two or more quadrupole magnets placed together. This
is the reason why most of the time quadrupoles are arranged in dou-
blets or triplets.

3.1.2 Beam Dynamics in Solenoid

A solenoid is a type of electromagnet whose purpose is to generate a
controlled magnetic field through a coil wound into a tightly packed
helix as illustrated in figure 3.2. It is one of the electromagnets that
are often used to focus charged particle beams in the LEBT. Solenoids

Figure 3.2: Magnetic field lines of a solenoid magnet [36].

couple the x and y directions and they have a slightly complicated
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magnetic field configuration in terms of describing it mathematically.
In order to simplify the mathematical approach, one can look at it as a
three-piece process also known as short lens approximation [37]. The
magnetic field is viewed differently from an entry region (R;), body
region (Ry) and exit region (R3). At the entry and exit regions one
can consider the action of the radial field and in the body region one
can consider the action of the longitudinal field. The transfer matrix
for the entire solenoid is the product of these three different matrices
Ry, Ry & Rj3 and they are given as follows:

1 000 10 0 0
0 1 %k0 01 —k 0
B=1yg g1 0"™=00 1 o]
—k 00 1 k0o 0 1 (38)
1 (1/2k)sin 2kl 0 (1/2k)(1 — cos 2kl) '
o 0 cos 2kl 0 sin 2kl
2710 —(1/2k)(1 —cos 2kl) 1 (1/2k)sin 2kl
0 —sin 2kl 0 cos 2kl

The first-order solenoid magnet transfer matrix is a product of the
three matrices Rgpenoia = R3 + Ro - Ry and can be written as [1, 37]:

C? %SC’ SC %52
R | —kSC c?  —kS* SO
solenoid — —SC —%82 CQ %SC )
kS? —SC —kSC C(C?
where C' = coskl, S = sinkl, | is the effective length of the solenoid,

k = By/2Bp and By is the magnetic field inside the solenoid. The 6D
transfer matrix for the solenoid is given as [1]:

(3.9)

F o lsc SC 1§ 00

_kSC €2 kS SC 0 0

| -sc —1s2 ¢ lsc o o
Hoolenoid = | o2 50 _psc €2 0 0 (3.10)

o 0 0 0 10

0 0 0 0 01
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3.1.3 Drift Space

The drift space is the field free region in the beamline. The particle
beams roam freely here, with the displacement and speed perpendicu-
lar to the z-direction being assumed to be negligible in collation with
the z direction and speed. The first-order transfer matrix for the drift
space of length L is given as [1, 33],

L

Ry = (3.11)

o Pl e T e il o Bl o R
o Pl e Tl e Sl Rt
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3.1.4 Liouville’s Theorem

Theoretically one can deal with a problem of how to trace the path
of a single particle going through an optical system. However, prac-
tically it is different because particles travels as a cloud of particles.
One must deal with this cloud of particles by describing their mo-
tion in phase space. Sturm Liouville provided a powerful tool for
this. If one consider a complex system of N particles with coordi-
nates (qi(t),.....qn, p1(t), .....on (%)) where ¢ is a position and p is the
momentum. Conservative systems can be described by the Hamilto-
nian H(qq,.....qn, p1, -----pn,t). The Hamiltonian equation describes
the evolution of the system [34, 38]:
oH . oH

'i: 3 T = ) 3.12
6= 5, P 90 (3.12)

where ¢ is the derivative of ¢ with respect to the time t. Allowing
U(q,....-qN, P1, -----DN, t) to be the phase space density at a time ft.
The total derivative of ¥ with respect to time is:

oo +2@: Dot +z@: Opiot

ov oA oA
= + ;%a—% + ;plﬁ_pl

(3.13)
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By making use of the equation of continuity

o
L V(Yv) =0, (3.14)
ot

where v = (¢, ..., 9N, ..., D1, .-, DN ), it can be depicted that the total

time derivative of ¥ disappears:

oV
0= E+V(¢V)
LU OU OV o | Opy
Ot * ;qzﬁq@' + ;pl({?pi +¢;<5% * 8pi>

ov . OV . OV 0 0H 0 0H
N Ejin:qz@_qurzi:pZ@_erwzi:\(@qi opi  Op; 8%‘)4'

=0

(3.15)
This is Liouville’s theorem, which states that under the influence of
conservative forces the particle density in phase space remain constant
[2]. Now, it can be shown that a volume V' of a phase space transforms
as

Vi=detR-V;, (3.16)

where V; and V; are the initial and final volume, and R represent
the transfer matrix defined in Eq. (3.3) of the beamline. By the use
of Liouville theorem, this volume will remain constant for as long as
particles are experiencing static magnetic field, therefore

det R = 1. (3.17)

This outcome is only valid when using coordinates defined in Eq. (3.1).
The coordinates should be canonically conjugated i.e. the particle
momentum is kept constant.

3.1.5 Beam Matrix

It is conventional for one to consider the beam of particles as a cloud
of points enclosed by an elliptical contour in (x, ") phase space. This
beam of particles, following Liouville’s theorem, obeys the conserva-
tion law on the phase space [39] described by

va? + 20z’ + Bzt = &, (3.18)
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where (5, a and 7 are the ellipse parameters also known as Twiss
parameters and &, is the emittance in the horizontal plane. The &£
refers to the root mean square emittance (&5 ) which means 60% of
the particles in the beam are considered but for conventional purposes
&, would be used thoughout this work. The Twiss parameters describe
the projections of the beam distribution onto the phase space planes
as illustrated in figure 3.3 and 3, a and ~y are connected by the relation

1+ a?
Y= .
15

(3.19)

2a
vy—p3

XA —oVe/y  tan2p =

Figure 3.3: Ellipse defining the beam emittance in (z,2") phase space [40]

The same representation applies for (y,y’) phase space. The equa-
tion of an ellipse in phase space can be represented by introducing
symmetric two dimensional beam matrix o [34]:

~1
[z 2] |7 72 T = XTo X = 1 (3.20)
o12 02| |2

The horizontal beam width in this case is represented by /o11. Be-

cause of the symmetrical nature of the beam matrix element o9; is
equal to o15. Then Eq.(3.18) can also be written as

099x? — 201908 + o122 = det 0. (3.21)

Comparing Eq. (3.21) with Eq. (3.18) one can deduce the following
relations between the Twiss parameters, the emittance and the beam
matrix:
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o= [“” 012] —£. [B _O‘] , (3.22)

012 022 -y
E = Vdet o = \/0’110’22 - 0'%2. (323)

One can write beam matrix elements normalized by emittance as fol-
lows: @« = —015/E , B = 011/€ and v = 099/E. Using this formalism
and Eq. (3.17), the equation of the beam ellipse can be written as

O901? — 201001 + oyt = E2. (3.24)

From the relation made above between the Twiss parameters and
beam matrix elements, one can now represent an ellipse defining the

beam emittance by using sigma (o) notation as illustrated in figure
3.4.

X
.\,.’cr_zz=x’mm.ﬁ12 o A(ri2v/o11:/022)
B(V/011i1121/022)
1124022

Vo2 (1 —13) —x'/

VI11 X

Vo1 (1 —1%) =X

Figure 3.4: A beam ellipse based on the o matrix in the horizontal phase space [41]
with correlation 1o which measures the tilt of the ellipse.

The density distribution of a beam can be characterized by using a
quadratic function of the phase space variable p(z,2') = p(zTo ).

This density function p is a Gaussian [42]:

p(z,2) = Nexp

— (09222 — 201007 + 011%/2)} , (3.25)

2 det o
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with
det o = 1 12

012 022
By integrating p over z’, the matrix elements are taken to be the
second moments of the distribution i.e, /011 is just the standard de-
viation of the distribution in . As mentioned before, when a single
particle is transported through the beamline whose components are
defined by a transfer matrix, the phase space coordinate in the final
position can be described by Eq. (3.1). Now in 2D phase space it can
be described as

X(1) = RX(0) with R = [R” R”} .

3.26
Ro1 Rao ( )

The concept of finding emittance can be generalized from two dimen-
sional up to n-dimensional phase space. In this case particles are en-
closed by an n-dimensional hyper-ellipsoid instead of an ellipse. The
generalized equation for this hyper-ellipsoid is given by [42]

XL o™ X,p =1, (3.27)

where 0™ is the symmetric n x n beam matrix and X,,p denotes an
n dimensional coordinate vector. Then n-dimensional emittance can

be given by,
E"P = V/det onD (3.28)

Since the beam of the particles is characterized in detail by its density
in the six-dimensional phase space. The beam matrix from the initial
position to final position can be calculated by inserting identities I =

R™R = RT(RT)~! into Eq. (3.27)
XJRY (RN oy 'RTIRXy =1
(RXo)" (RogR") 'RX, =1 (3.29)
X' (RoyRT)'X = 1.
From the above equation it follows that the beam matrix at the partic-
ular position can be related to the beam matrix at any other position

as follows:
o' = Ro"RT, (3.30)

where R” is the transpose of transfer matrix R. When considering the
transverse beam emittance, it is enough to consider beam matrix in
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4D. The projection of the volume of the six-dimensional ellipsoid over
the transverse planes leads to the 4x4 beam matrix, which describes

the dimensions of the projected beam in the transverse phase space
[43];

(%) (xa') (xy) (xy) 011 012 013 O14
oD — (za’) (2?) (2'y) (2y) _ |021 022 023 O24f _ lam Oy
(@y) (2'y) W°) (wy) 031 032 033 034 UEy Tyy
(xy) (@'y) (yy') (¥?) 041 042 043 Oy
(3.31)
where 0, 04,0y, are 2x2 matrices, e.g.
0w = [““ "12] . (3.32)
021 022

The 2D horizontal and vertical motions are characterized by matrices
0, and oy, whereas o,, describes the coupling of x and y. In an event
that the beam is transversely uncoupled o,, = 0, the 2D beam ma-
trices are adequate to describe the beam. From the 2D matrices, the
emittances and Twiss parameters can be acquired using the following

[44, 45],
£, = et oy, 3.5
By = <772>/577
W= (1%)/&, (3.34)
ay, = —(n') /&,

where 7 refers to either x or y.

3.2 4D Transverse Beam Characterization

The transverse emittance is defined in terms of the area occupied by
the beam in two-dimensional phase spaces (z,z') and (y,3'). When
a profile monitor intercepts the whole beam, only the space width is
determined at that point. One can use these beam widths to infer
beam emittances. If a beam has matrix ¢” at some point, z, and
matrix o' at some other point, z;, downstream, the transformation of
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the beam between 2, and z; can be characterized by a transfer matrix
R [46].
One can consider the transverse space only, by dropping longitudinal

space elements in Eq. (3.3), so the 6x6 transfer matrix will reduce to
a 4x4 transfer matrix. The resulting matrix is,

(3.35)

Since the beam property that one can measure at a given point is
the beam width, x and y, which are respectively related to elements
oi; and oi; of the sigma matrix o!, using Eq. (3.30) and Eq. (3.31)
by matrix linear transformation, we can express these elements as a
function of o:
0-%1 ZR%U% —+ 2R11R120’31 -+ 2R11R130’§1 —+ 2R11R140’21 -+ R%QO'QQ—F
2R19R1400 + 2R15Ri305 + 2R3 R 4005 + R2,09, + R0,
(3.36)
and
U§3 :R§10?1 + 2R31R320’31 + 2R31R330‘§1 + 2R31R340’21 + R%QO(Q)Q—}—
2R32R34022 + 2R32R330‘§2 + 2R33R340’23 + R§30g3 + R§4024.
(3.37)
The square root of these two elements of beam matrix o}, and oi;
respectively gives the horizontal and vertical beam widths. The ele-
ments of ¥ can be deduced from a set of several measurements of o{,
and oi; obtained from the beam conditions affected by those differ-
ent transfer matrices. From the acquired beam matrix elements the
transverse beam emittance at z; can be deduced. This is the method
that is employed in this study to calculate beam emittances.

3.3 Methods for Measuring Beam Emittance

There are several methods that can be applied to measure beam emit-
tance. One can use slit-grid method, pepperpot method, three gradi-
ent method, multiple monitors method, etc. In this subsection only
three methods are discussed namely; the multiple monitors method,
three gradient method and ten gradient method.
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3.3.1 Multiple Profile Monitors

One can use multiple profile monitors whereby beam width is mea-
sured at several locations along the beamline, z;, separated by drift
spaces [47]. Ordinarily, one can have a profile monitor on position
2o and on this given position, the beam matrix can be defined as o”.
The width of the beam in = gives us ¢7;. The following monitor down-
stream at point z; where the beam matrix is o'. The transfer matrix

for a drift of length L = 21 — 2, is

1 Ly 0 0
0O 1 0 O
Br=10 0 1 L, (3.38)
0 0 0 1
Then by using this transfer matrix in Eq. (3.30) reduces to:
o1, = 0V, + 20100 + LioY,. (3.39)

A set of ¢!, corresponding to several different L; as shown in figure
3.5 forms the system of equations from which the elements of ¢” are
extracted. Then emittance &, at 2y can be calculated using Eq. (3.23).
The same procedure can be followed to determine emittance in the y
direction.

Reconstruction
point

|
|
‘ L1
—

Figure 3.5: The schematic diagram showing the multiple profile monitors placed at
different positions with different lengths from a measuring point.

L2

L3
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3.3.2 Varying Quadrupole Strengths

Another method involves varying the quadrupole strength in order to
change the transfer matrix elements. This change causes the effect of
transfer matrix on the particles to change, resulting in different beam
profile being measured. A quadrupole 6x6 transfer matrix shown in
Eq. (3.7) can be reduced to 4x4 a transfer matrix as given below,

cos kl % sin kl 0 0
—k sin kl cos kl 0 0
Bauad = 0 0 coshkl +sinhk (3.40)
0 0 k sinh kl  cosh kl

Then, if the beam profile monitor is placed a distance L downstream
from the quadrupole lens. The matrix expressing the beam transfor-
mation from the entrance of the quadrupole to the monitor will be
given by the matrix product, ) = RrR,u.q. By making use of Egs.
(3.36) and (3.37) the following equations are yielded.

ol = Q1100 + 2Q11 R1a0Yy + Q09 (3.41)

and

033 = Q33083 + 2Q33R340%; + Q3,04 (3.42)
where ('s explicitly denotes the product of quadrupole matrix mul-
tiplied by drift space matrix. Above equations have three unknowns
that need to be deduce which means that in order to solve the equa-
tions a minimum of three measurements of o}, and o3, are required
to solve o obtained from the beam exposed to different transfer ma-
trices. Then the 4x4 ¢ obtained can be used to calculate transverse
emittances &, and &, using Eq. (3.23).

3.3.3 Varying Solenoid Strengths

Moreover, one can also alter solenoid strength to cause the transfer
matrix to change. From Eq.(3.10) the 6x6 solenoid transfer matrix
can be also be reduced to a 4x4 transfer matrix given as
C? %S c SC %SQ
I | —kSC c? —kS? SC
solenotd — —SC _%52 02 %SO
kS?  —-SC —kSC (7

(3.43)
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With solenoids the particle beam is rotated as it traverses through it.
The matrix expressing the beam transformation from two solenoids
separated by distance L; between them, with beam profile monitor
placed a distance Ly downstream of the second solenoid is given by S =
Rr, Rsolenoidy R, Rsolenoid, - A similar approach used in acquiring the o1y
and o33 equations on varying quadrupole was adopted. By making use
of Egs. (3.36) and (3.37) the following equations are yielded.

O'h 251210?1 + 2511812031 + 25115130'??1 + 2511514(721 —+ 5122032+
25125140’22 + 25125130'??2 + 25’135140’%; -+ S%?)O'g?) + 51240'24
(3.44)
and

0'§3 :S§10?1 + 25315320'(2)1 + 25315330’§1 + 25315340’21 + S§20'g2+
25325340’22 + 25325330'3(32 + 25’335340’23 + S§30g3 + S§40'24.

(3.45)
where S’s characterizes the product of solenoids multiplied by drift
spaces accordingly. Now, the above equations have ten unknowns that
need to be deduced which means that in order to solve the equations a
minimum of ten measurements of o{; and ol are required to solve
0% obtained from the beam exposed to different transfer matrices.
Then the 4x4 matrix o obtained can be used to calculate transverse
beam emittances &, and &, using Eq. (3.23).
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Chapter 4

Experimental and Computational
Methods

The fundamental tools for beam emittance measurements are dis-
cussed in this chapter. Beam diagnostics equipment to be used for
beam profiling and beam intensity measurements are introduced. The
basic attributes of the developed emittance calculator are also dis-
cussed. The practical procedures for performing both quadrupole and
solenoid techniques are explained.

4.1 Beam Diagnostics

Beam diagnostics is an essential constituent of any accelerator. These
systems are our organs of sense that let us perceive what properties
a beam has and how it is behaving in an accelerator. During rou-
tine operation of a particle accelerator and its associated beamlines,
it is important for an operator to continuously monitor several beam
parameters in order to keep the beam in accepted conditions. Such
beam parameters include beam intensity /current, beam profile as well
as transverse emittance. For a full list of parameters that require mon-
itoring during operation (see [48]). Several tools are used to measure
or monitor those parameters. A Faraday cup is one of the devices that
can be used to measure beam current. For the beam profile monitor-
ing a multiwire profile scanner can be utilised. One other important
beam parameter is the transverse emittance. Its importance lies in
the fact that it can be used to inform the operator if the beam ex-
tracted from the ion source can be delivered to a target station. Beam
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emittance cannot be measured directly, however it must be inferred by
using other measurable beam parameters. In the current work, beam
profiles from a multiwire profile scanner are used to deduce transverse
emittances using the newly developed system. The system is com-
prised of two techniques, namely, solenoid scan and quadrupole scan.
The reason to choose the two approaches was based on the LEBT at

iThemba LABS.

4.1.1 Faraday Cup

As mentioned above, a Faraday cup shown in figure 4.1 is a device
used to measure beam intensity in the beamline of a particle accel-
erator. It was named after Michael Faraday who first theorized ions
in 1830 [49]. It is a metal cup which is electrically insulated from
its surroundings designed to collect all charged particles in vacuum
in the beamline. The resulting current can be used to calculate and
determine the amount of ions or electrons that enter the cup.

Figure 4.1: A picture of a Faraday cup used to measure beam intensity in the beam
pipe [50].

When the beam of charged particles hits the Faraday cup, it gains a
small net charge while the ions are neutralized. The current which is
equivalent to the number of impinging ions is then measured as the
metal cup gets discharged. Fundamentally, the Faraday cup is the
part of a circuit where ions in the beamline are the vacuum charge
carriers and it acts as an interface to the solid metal where electrons
serve as the charge carriers. The number of charges borne by the ions
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in the vacuum part of the circuit can be determined by measuring
the electric current in the metal part of the circuit [51]. The measured
current is directly proportional to the number of ions hitting the metal
cup.

4.1.2 Multiwire Profile Scanner (Harp)

A multiwire profile scanner also known as a harp (shown in figure 4.2)
is a piece of equipment that is composed of a number of metal wires
placed parallel to one another and is used to measure beam profile.
One plane of the wires is aligned vertically to measure horizontal pro-
file while the other set of wires are horizontally aligned for measuring
vertical profile. Each individual wire is connected to an electrical vac-
uum feed-through and an amplifier. Usually these wires are made up
of copper or tungsten because of their high melting and sublimation
temperatures.

The harp is a type of monitor that is capable of measuring the in-
tensity distribution of the beam and its transverse positions. When a
beam of charged particles hit the wires, electrons are kicked out from
the atoms. This is called secondary electron emission. The more the
particles hit the wire, the more secondary electrons are liberated. An
electric field is applied orderly to clear the electrons in the vicinity
of the wire. This is done so that electron cloud would not form over
the surface of wires and impede further emission. Naturally, electric
current is generated when free electrons flow in the conductor, and
in this case the wire is the conductor. Therefore the electric current
flowing in the wire is measured by connecting both ends to a mea-
suring circuit. Consequently by measuring the current arising due to
secondary electron emission from the wire, one gets a handle on the
particle density at the position of the wire. The process is performed
for each wire and the associated current is measured.

Shown in figure 4.2 is the picture of a harp used for beam profile mon-
itoring at iThemba LABS. It has 48 wires in both z and y directions.
The wire spacing is in order of 3 mm, 2 mm and 1 mm towards the
centre position. There are 12 wires with 3 mm spacing, 14 wires with
2 mm spacing and 20 wires with 1 mm spacing. The interval in the
middle of the two end wires is 5 mm and the wires have a length of 87
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Figure 4.2: The harp with 48 copper wires with a thickness of 20 pym, in both x and
y directions used for beam profiling.

mm. Figure 4.3 shows an example of the beam profile when the beam
is intercepted by the harp. Left hand side is the horizontal plane (z)
while on the right hand side is the vertical plane (y).

JONT @ 442 - Beam Low Peak : 138.3 Mid : -3 Mid : -5 | |Peak : 117.2 ONT : 556 - Beam Low

WA 141 nA
120nA 120 nA

100nA 100 nA

42 35 30 42016128 4 ) 4 8 12162024 30 36 42 42 36 30 242016128 4 4 B 12162024 30 36 42

Figure 4.3: This picture shows the beam profiles when the beam is intercepted by
the harp.

4.1.3 Development and Testing of the “Emittance Calcula-
tor”

The ion source division at iThemba LABS is the one responsible for
developing and making of heavy ions beams. In the development pro-
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cess, the knowledge of transverse beam emittances and monitoring
thereof is important. This is due to the fact that emittance can be
used as a tool to inform operator if the beam being extracted from
the source is of good quality. At the beginning of this project there
was no system that makes it possible to infer beam emittances of the
beams from the ECRIS. It was decided that the system which is capa-
ble of deducing emittances in LEBT must be developed. During the
design stage of the system several stakeholders were involved and it
was decided that the system must meet certain requirements. These
requirements include:

e The system must be user-friendly.

e It must be compatible with both Windows and Unix based sys-
tems.

e The system must be incorporated with the Experimental Physics
and Industrial Control System (EPICS).

e Most of the steps required to complete the measurements must
be automated.

e The system should display beam ellipses in order for one to check
against acceptance of SPC2.

In order to meet the above requirements, several ideas on how to build
this robust system were put together. Aspects like which programming
language(s) should be used and why were considered. By looking at
different packages and libraries that each programming language has,
Python and Java were two languages that could be used in developing
the envisaged emittance calculator. And for data collection C™*, Bash
script, EPICS and Python were used and the ROOT package was used
for data analysis.

The emittance calculator application was firstly developed using Java
programming language. This was achieved by solving Eqgs. (3.41, 3.42,
3.44 and 3.45) using Java libraries. At this point of the development,
the Q-line emittance inference was being accomplished by using Eqs
(3.44 and 3.45). These equations were being solved with utilization of
only the transfer matrix of solenoid L5Q matrix and the drift space
matrix before and after the magnet with solenoid L4Q excluded. This
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was done that way because it was assumed that the emittance from the
ECRIS is the same as the one that can be measured at any position be-
tween solenoid L4Q and solenoid L5Q. However, the beamline design
performed in [28] reported that the LEBT setup was designed such
that the emittance from the ECRIS is the same as the one just before
solenoid L4Q and &, & &, must be swapped before the beam is in-
jected into the AX-line. The input parameters that are required by the
application were particle’s atomic mass, charge state, kinetic energy
(E)), beam widths and magnetic field strengths. Using TRANSPORT
simulations the Java application could be tested. Data was uploaded
into TRANSPORT and the beam widths were gathered using both
solenoid and quadrupole scan methods. The acquired beam widths
with associated magnetic field strengths and beam parameters were
used on the emittance calculator to compute transverse beam emit-
tance. The calculated emittances were in agreement with the injected
ones.

Even though the developed application could reproduce the injected
emittances, it was still not calculating emittances extracted from the
ion sources. This was due to the exclusion of solenoid L4Q) in solving of
the transfer matrix. So at this point of the development it was decided
that some changes needed to be implemented on the emittance cal-
culator. Firstly, it became necessary to include solenoid L4Q matrix,
solenoid L5Q matrix together with the drift spaces on the transfer ma-
trix. Secondly, one of the requirements was to make the system user
friendly and at this point it was deemed not completely user friendly.
This was due to the fact that for one to fill in the required param-
eter values on the calculator they have to do it directly within the
code which is a time consuming exercise. Therefore the changes were
implemented on the application and it was also upgraded to become
more dynamic by using a graphical user interface (GUI). The plots
showing the beam ellipses on each phase space were also shown on a
separate GUIL.

The time it took for a user to populate all the required fields to cal-
culate beam emittance was a bit long because it was done manually,
then it had to be reduced. To achieve this, the input values required
were organized and stored in a text file such that it would be easy
to upload data on the emittance calculator. Also, the files needed to
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be generated during measurements hence it was crucial to add this
functionality. The beam widths along with the magnet’s currents are
arranged in columns inside the text file. This functionality makes it
easy to populate the required fields by simply choosing a text file with
the relevant data. At this point of the development making this fea-
ture possible using , proved to be a challenging task and the transverse
beam ellipses plots were impossible to embed on the emittance calcu-
lator without using a different GUI. The decision was then made to
change from Java to Python programming language. This choice was
motivated by the packages that Python offers which would make it
possible to meet all these specifications.

The same logic explained above was followed when using Python to
develop the emittance calculator and the end result for this application
is as shown in figure 4.4. In this improved version the user has an
option of populating all the required fields manually or to use the
select button in order to fill in the beam widths and magnet’s currents
and manually fill in the beam parameters. The user can then click the
calculate button to calculate transverse beam emittance, and a plot
button to show the beam ellipses on each transverse space.

I e T S a

AX-line | O-line
Energy in keV Beam
Atomic mass Tranverse beam ellipses
parameters 10
Charge State
o8
Qseur 0 Q6eur 0 v Horizontal
. 8 Phase space
Qbcur_1 width_x1 a4
Q6cur 2 g width_x2 02
Q6eur 3 2 width_x3 g 20
Q&Ul_q g width_xd s 00 0z 04 . 06 08 10
Q6cur 5 - width x5 _ A button that removes
A button to = o = 3 > .
o z All inputs & outputs
Select & sl | @ widhyl | 10
Upload text Q5eur_2 5 width_y2 - 08
i ini (7]
FII: ::.ln;ammg Q5cur_3 L] width_y3 0
widths & current i X —, Vertical
04
\‘ Qseur 5 width_y5 Phase space
02

load Calculate Flot Clear

¥ emittancey yemiltance:' Nu‘a 02 04 06 08 10
A button \—'—' ¥
To calculate B
. . utton to plot
BERTIETTITtE icEs Emittance values display

Beam ellipses on both Phase spaces

Figure 4.4: The sample of the graphical user interface of the newly developed “Emit-
tance Calculator” system. The text input fields in the GUI are all the required
information that the user is expected to insert in order to perform the calculations.
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To validate the transverse beam emittance calculated using the devel-
oped emittance calculator, TRANSPORT code was used. The Q-line
and the AX-line were simulated in TRANSPORT. Different types of
beams with known beam emittances were injected. The solenoid and
quadrupole scan methods were accordingly employed to gather beam
widths. Subsequently, the magnetic field strengths, beam widths,
along with beam parameters were accordingly used to calculate beam
emittance. The calculated emittances were then compared with the
ones injected into TRANSPORT in order to verify if the emittance cal-
culator is working appropriately. During this process some discoveries
were made and are as follows:

e The minimum solenoid current step size was discovered to be 1.6

A.

e Solenoid L4Q current has to be changed after the 5 alteration
of solenoid L5Q current when acquiring the ten beam widths.

e The relationship between focusing magnetic field and beam widths
must be parabolic.

Firstly, when solenoid L5Q is varied in order to get beam widths.
The step size should not be less than 1.6 A, because if that is the
case, it means that the change in strength is small such that there
won't be a difference between the transfer matrices between the two
measurements. As a result the beam widths acquired won'’t be effec-
tive in constructing the injected emittance. Secondly, when solenoid
L5Q current is varied ten times straight up using 1.6 A step size or
greater, the gathered beam widths grow out of proportion. Therefore
the ten measurements had to be split into two parts. Which means
that solenoid L4Q current has to be fixed at a certain value for the
first five measurements and be changed for the remaining five measure-
ments. Thirdly, the importance of the parabolic relationship between
the magnet’s currents and beam widths. So, the beam widths gath-
ered after performing a quadrupole scan or solenoid scan must be cen-
tered around the beam waist such that the magnet’s currents vs beam
widths relationship is parabolic. This means that as you alter the
magnet’s currents towards the focal point the beam converges, which
means the beam width decreases until it reaches a minimum point
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(focused beam). Then it start to diverge whereby the beam widths
increases. Therefore, such behaviour must be achieved when perform-
ing measurements. If this is not the case the measured beam widths
would most likely not be possible to deduce the correct emittances.
Then after several interactive processes of improving the system, the
transverse beam emittance measurements were then performed on real
beams. The results are discussed in chapter 5.

4.2 Emittance measurements procedure

As already discussed, the beam emittance measurements in this work
are performed using two of the three techniques discussed in Chapter
3 (i.e the quadrupole scan and solenoid scan). For both methods
a Gaussian approximation program was developed and used to deter-
mine beam widths of the beam profile obtained from the harps. The
program was written using C++ programming language and data ac-
cumulated was analyzed using the ROOT toolkit. This program gets
the current measured against wire identification number. Then it is
required to convert wire number to wire position in order to get the
actual widths. The Gaussian fit is performed on the plot of beam cur-
rent measured by each wire against wire positions as shown in figure
4.5 and the beam widths are acquired and saved on a file.

In greater detail the system is designed such that every piece of code
needed for the beam width measurements for each methodology is
put together in the batch file using a bash scripting language. There
are two Batch files compiled; one file is for the quadrupole scan and
the other one is for the solenoid scan. When the Batch file for the
quadrupole scan is executed the user is prompted to give the follow-
ing; the file directory where measurements will be saved, direction of
beam widths, initial current of the quadrupole and the magnet current
step size. The quadrupole currents are then converted to the magnetic
field strengths using the calibration curve shown in figure 4.6. This
conversion is done so that the quadrupole current in amperes is con-
verted to magnetic field in tesla.

The Gaussian fitting program is used to collect and analyze data and
this process is automated. After data collection, the Gaussian fitting is
performed and the magnet’s currents vs beam widths plot is presented
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Figure 4.5: Example of beam profiles fitted with Gaussian distribution in order to
obtain beam widths in both z (left) and y (right) directions.

to the user. It is expected that the plot must show the parabolic
relationship. A user then decides if they approve the results or they
want to start over. If they approve, the data is saved in the text file
and if they don’t, the data can be discarded and the process can be
restarted. The saved data files can be easily uploaded in the emittance
calculator.

The above procedure is similar to the solenoid scan batch file but in
this case the user is not asked for focusing direction due to the fact
that the beam width measurements for both directions are performed
concurrently. The solenoid currents are also converted to magnetic
field using the calibration curve shown in figure 4.7. The results are
then further analyzed by the Gaussian fitting program and then they
are stored in the text file. Then the obtained results are used to
calculate transverse beam emittance using the emittance calculator.
The whole processes (quadrupole and solenoid scans) are summed up
by two flow charts shown in figures 4.8 and 4.9.
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Figure 4.6: The plot showing the calibration curve of the correlation between
quadrupole current and the measured magnetic field in tesla.
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Figure 4.7: The plot showing the calibration curve between current applied to the
solenoid and the measured magnetic field in tesla.
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Figure 4.9: Flow chart showing the data collection flow for the solenoid scan proce-
dure.
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4.2.1 The Quadrupole and Solenoid Scans

Quadrupole Scan

The emittance measurements in the vertical beamline (AX-line) was
accomplished by utilizing the “quadrupole scan”. This process in-
volves the use of quadrupoles Q5 and Q6 in conjunction with harp
2AX in the AX beamline section (see figure 2.9). Using harp 2AX
as a profile monitor, the beam is tuned such that it is focused to the
relative minimum beam size. Then, the current of quadrupole Q5 was
varied five times (two steps down from the optimal set point and two
steps up from the optimal set point) in order to obtain beams widths
for vertical phase space emittance &£,. The current of quadrupole Q6
and other beamline elements are kept constant during this procedure.
For horizontal emittance (€,) measurements quadrupole Q6 was varied
five times while keeping quadrupole Q5 and other elements are kept
constant. Figure 4.10 is an illustration of how a quadrupole scan af-
fects the beam ellipse at position z where a profile monitor is situated.
Also shown in the figure is an example of how the profile will look like
if the beam is intercepted with the harp. For both measurements, the
beam widths were obtained from a Gaussian fitting program and the
emittance £, and &, were calculated with the emittance calculator.

Solenoid Scan

The similar approach was adopted for Q-line measurements. The
“solenoid scan” is achieved by using solenoid L4Q and L5Q in con-
junction with harp 5Q (see figure 2.9). Firstly the beam was tuned
such that the minimum beam waist is found using harp 5Q as a profile
monitor. Then, the solenoid L4Q was fixed at a certain value while
solenoid L5Q) is varied to get the first five beam widths. For the sec-
ond five set of beam widths measurements, solenoid L4Q was changed
and fixed on another current value and solenoid L5Q was again var-
ied five times. The beam widths were also obtained from a Gaussian
fitting program and the emittance &£, and &, were calculated with the
emittance calculator.

49



converging beam

Ta
<

Setting A

focused beam

Setting B

diverging beam

-
e
-
e
s
4

Setting C

Figure 4.10: Figure showing how a quadrupole scan affect the beam ellipse at po-
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Chapter 5

Results and Discussions

The beam widths obtained from utilizing quadrupole and solenoid
scans, on TRANSPORT and by using Gaussian approximation pro-
gram on measured beam profiles are presented in this chapter. Emit-
tance calculations results acquired using the developed emittance cal-
culator are shown and the beam ellipses on each phase space are also
presented. The measurements results are also discussed in detail.

5.1 Emittance Calculator Validation

TRANSPORT code is one of the fundamental tools used for design-
ing non-dynamic magnetic beam transport systems. It is a first and
second order matrix multiplication computer program which can be
used to investigate various beam properties during the design of beam
transport systems. In the current work TRANSPORT was used for
benchmarking the newly developed emittance calculator. To do this
TRANSPORT was used to obtain beam widths at certain points in
the beamline and these widths were inserted into emittance calculator
in order to deduce transverse emittances. It must be noted that the
beam widths obtained from TRANSPORT are 2.5%c which is assumed
to be 100% of the particles enclosed in the beam in the specific direc-
tion, whereas in rms emittances (which are used in the current study’s
measurements) widths are 1*¢ which is 68% of particles enclosed in
the beam'’.

To benchmark the functionality of the emittance calculator, different

tThe parameter o characterizes width of the beam at certain position in the beamline.
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types of beams with user defined transverse beam emittance values
were injected into the TRANSPORT code. Both the solenoid and
quadrupole scans methods were applied in order to calculate beam
widths. The obtained beam widths together with the associated beam
parameters were used on the emittance calculator to verify if the in-
jected transverse beam emittances could be reproduced.

One of the beams investigated is a 2C** beam with £} = 8.77 keV
and chosen emittance values of £, = 63.00r mm mrad and &, = 54.50m
mm mrad. Quadrupole scan was applied and the beam widths were
calculated. For x direction measurements, quadrupole Q5 was kept
constant at 28.3 A, while quadrupole Q6 was varied between (23.95
- 41.16) A. Then for y direction measurements, quadrupole Q6 was
kept constant at 15.34 A, while quadrupole Q5 was varied between
(29.38 - 33.69) A. The quadrupole currents and their respective beam
widths obtained are shown in table A.1. It must be noted that the
arrangement of data in a table resembles the way it is organized in a
text file. The parabolic relation between beam widths and quadrupole
currents was observed as shown in figure 5.1. This relation show that
the beam is being focused to its minimum waist before being defo-
cused. These obtained beam widths along with their associated mag-
nets currents as well as beam parameters were used to calculate the
transverse beam emittance on the emittance calculator. The calcu-
lated transverse beam emittance were £, = 63.057 mm mrad and &,
= 54.417m mm mrad. A complete GUI of the emittance calculator with
all required values and the calculated emittances is shown in figure 5.2.
Also shown in the figure are the associated ellipses in both transverse
directions. Comparing the injected transverse beam emittances with
the ones obtained from the emittance calculator it is clear that the
injected emittances could be reproduced.

A similar approach was adopted in validating the emittance calculator
using the solenoid scan method. A 'H'" beam with E), = 9.81 keV
and user defined transverse beam emittance values of £, = 55.40m mm
mrad and £, = 56.307 mm mrad was injected into TRANSPORT. For
the first measurements, solenoid L4(Q) was kept constant at 17.26 A
while solenoid L5Q was altered from (14.8 - 22.8) A. Then for the last
five, solenoid L4Q was kept constant at 15.54 A while solenoid L5Q
was varied between (15.54 - 22.40) A. The obtained widths together
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Figure 5.1: Beam width as function of quadrupole current for ?C** beam; a) hori-
zontal direction and b) vertical direction.
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load ‘ Calculate ‘ Plot ‘ Clear ‘ _3p ) . . . . . .
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Figure 5.2: Transverse beam emittance calculation done in the AX-line when the
1204+ beam was injected on TRANSPORT code for measurements. The two plots
show the orientation of the ellipses on each transverse space.
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with associated solenoids currents are shown in table A.2. Shown in
figure 5.3 are the plots of solenoid currents vs beam widths. The
collected data was then accordingly used in the emittance calculator
and the calculated transverse beam emittance values were £, = 55.517
mm mrad and &, = 56.36m mm mrad as shown in figure 5.4. The
associated ellipses in both transverse directions are also shown in the
figure. Comparing the injected transverse beam emittances with the
calculated ones, it is clear that the results are in agreement.

—— Sol4_1=17.26A
8 1 —e— Sol4 2=1554A

T T T T T T T
15 16 17 18 19 20 21
SolS Current (A)

(a)

T
23
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—8— 50l4 2 =15.54 A

T T T T T
18 19 20 21 22

Sol5 Current (A)

(b)

Figure 5.3: Beam width as function of solenoid current for H'* beam; a) horizontal

direction and b) vertical direction.
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L5Qcur 5 22.8 width_x5 8.31 width_y5 |7.86
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load Calculate Plot Clear 101 W
X emittance: 55.51. y emittance: 56.36. E -2 $ 4

Figure 5.4: Transverse beam emittance calculation done in the Q-line when the
LH beam was injected into TRANSPORT code for measurements. The two plots
show the orientation of the ellipses on each transverse space.

The benchmarking process was also performed using several other
different beams. Tables 5.1 and 5.2 show all the beams that were
tested with the injected and calculated emittances for both transverse
directions shown for both quadruople and solenoid scan. There is
clear agreement between injected and calculated emittances. With
the benchmarking of the developed system successfully performed, it
was decided that the emittance calculator could be tested with real
beam measurements.

Table 5.1: The different types of beams with estimated emittance values and Fy, that
were injected into the TRANSPORT code in validating quadrupole scan component
on the emittance calculator.

Ton By, (keV) Injected Calculated
&y (m mm mrad) | & (m mm mrad) | & (7 mm mrad) | &, (7 mm mrad)
2ot 8.767 63.00 54.00 63.02 54.50
D Ne3F 13.37 75.60 64.80 76.94 66.50
1602+ 15.50 75.00 65.00 75.29 64.84
129X e6F 20.00 85.00 100.0 85.11 99.94
THel* 6.40 100.0 120.0 100.11 120.1
THTF 9.81 55.00 56.00 57.27 55.56
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Table 5.2: The different types of beams with estimated emittance values and Fj,
that were injected into TRANSPORT in validating solenoid scan component on the
emittance calculator.

Ton By (keV) Injected Calculated
&y (m mm mrad) | & (m mm mrad) | & (7 mm mrad) | &, (7 mm mrad)
2ot 8.767 63.00 54.00 63.64 54.43
DN+ 13.37 75.60 64.80 76.42 60.70
1602+ 15.50 75.00 65.00 76.86 63.80
129X b+ 20.00 85.00 100.0 86.36 98.82
AHe T 6.040 100.0 120.0 100.6 119.4
TH+ 9.81 55.00 56.00 55.51 56.36

5.2 Measurements Results

In the measurements presented below, the GT'S ion source at iThemba
LABS was used for the generation of ion beams and it was operated
at optimum level. Before the measurements are performed, the beam
is first tuned properly in the beamline. The beam stability is checked
using Faraday cups 3Q, 5Q, 1AX and 2AX. This is to make sure that
the measurements in the two beamlines are being performed under
similar conditions. The beam profiles are monitored using harps 5Q
and 2AX. The two monitors are used to examine if the beam is fo-
cused. To focus the beam, the magnets are adjusted accordingly until
minimum beam waist is achieved.

Due to the fact that the quadrupole scan is a well understood tech-
nique which has been widely used, it was decided that when per-
forming the measurements one needs to start with this method in the
AX-line before proceeding with the solenoid scan in the Q-line. This
is to make sure that if there is something wrong with the beam be-
ing extracted it will be easier to diagnose using the qudrupole scan.
In performing the measurements, the minimum beam waist is found
then the beam widths are gathered while changing the strength of
quadrupoles Q5 and Q6 in the AX-line. If the quadrupole scan pro-
cedure is successful, then the solenoid scan will subsequently follow.
The similar approach is adopted for solenoid scan, solenoids L4Q and
L5Q are changed accordingly. Then beam widths are gathered. The
measurements reported in this work were performed using helium and
silicon beams.
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5.2.1 Helium Measurements

Using the automated Bash script developed, the first beam width
measurements were performed using quadrupole scan method with
*He?t beam having Ej, = 12.70 keV. The beam current measured
with Faraday cup 2AX was approximately 41.0 pA and it was sta-
ble. For x direction measurements, quadrupole Q5 was kept con-
stant at 26.80 A while quadrupole Q6 was varied from (19.0 - 27.0) A
and the beam widths were recorded. Then, for y direction measure-
ments, quadrupole Q6 was kept constant at 18.00 A while quadrupole
Qb5 was varied from (24.9 - 27.3) A and the beam widths were also
recorded. The data in table A.3 shows the quadrupole currents along-
side the beam widths gathered. Figure 5.5 shows the relation between
quadrupole currents and the beam widths. The calculated beam emit-
tances obtained for these measurements were &, s = 33.30£0.0037
mm mrad” and &, s = 26.72£0.0017 mm mrad and can be seen
in figure 5.6. Also shown are the associated beam ellipses for both
transverse spaces.

2.2 $ real measuremen t (Quadé = 18.0 A)
% real measurement (Quad5 = 26.8 A) 2.6 TRANSPORT
—=— TRANSPORT

19 20 21 22 23 24 25 26 27
Quad6 Curren t (A)

(a) (b)

Figure 5.5: Beam width as function of quadrupole current for *He*" beam; a)
horizontal direction and b) vertical direction.

With the same *He?t beam, the measurements were performed in
the Q-line. The beam current measured with Faraday cup 5Q was
approximately 42.0 yA and the stability was acceptable. By following
solenoid scan method, for the first five measurements taken, solenoid

*Method used to propagated errors can be found in Appendix B.
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Qbcur_4 25.0 width_x4 1.53

Q6cur_5 27.0 width_x5 1.69
1.0 q

Q5cur_1 24.9 width_y1 2.64
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Q5cur_2 25.5 width_y2 1.93
10

Q5cur_3 26.1 width_y3 1.52
Q5cur_4 26.7 width_y4 1.38 = 09
Q5cur 5 27.3 width_y5 1.82 -10
—20 4

load Calculate Plot Clear
X emittance: 33.3. y emittance: 26.72. =8 = 3 o n

Figure 5.6: Transverse beam emittance calculation done in the AX-line when the
real * He’* beam was used for measurements. The two plots show the orientation
of the ellipses on each transverse space.

L4Q was kept constant at 40.02 A while solenoid L5Q was altered
from (29.3 - 35.7) A. Then for the last five, solenoid L4Q was changed
and kept constant at 37.02 A while solenoid L5Q was altered again
from (29.3 - 35.7) A. The beam widths obtained are shown in table
A.4 and the solenoid currents against beam widths plots are depicted
in figure 5.7. Also the measured beam widths and associated solenoid
currents, particles mass, charge state and kinetic energy were used to
calculate transverse beam emittance. The calculated beam emittances
were &y pms = 137.18+0.01m mm mrad and & ;s = 59.66+0.06m mm
mrad as shown in figure 5.8. Also shown are the associated beam
ellipses for both transverse spaces.

When one looks at the the obtained transverse beam emittances above,
it is clear that there is a discrepancy between emittance measured in
the AX-line and measured in the Q-line. The emittances obtained in
the Q-line are very much larger than that obtained for AX-line. Ac-
cording to the Liouville’s theorem which states that, if there are no
external forces acting on the particles (beam) the density/volume of
particles in phase space between two points remains invariant. This
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Figure 5.7: Beam width as function of solenoid current for * He?* beam; a) horizontal
direction and b) vertical direction.
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Figure 5.8: The transverse beam emittance results from calculations for Q-line when
the actual *He?* beam was used for measurements. The two plots show the orien-
tation of the ellipses on each transverse space.

29



means that in our case the beam emittances measured in the Q-line
and AX-line should remain the same. This must be true if there are
no external forces acting on the beam. Looking at the beam currents
measured with Faraday cup 2AX and 5Q) it is clear that the is no beam
current reduction between the two points. So one can conclude that
the density remain invariant. However, the emittance results have
significant disagreement, which suggest that the Liouville theorem is
violated. In order to investigate the source of this emittances dis-
agreement it was decided that a second set of measurements must be
performed. Now, because a number of measurements had been per-
formed already using the helium beam and the resulted emittances had
discrepancies, it only made sense to use a different beam for further
investigations. Therefore a silicon beam was randomly chosen.

5.2.2 Silicon Measurements

The second set of measurements were performed using the 325i°" beam
with Fj = 8.35 keV. The beam current measured in Faraday cup 2AX
was approximately 14.0 uA and the beam was stable. By following
quadrupole scan approach described in section 4.2, quadrupole Q5
was kept constant at 34.25 A while varying quadrupole Q6 from (23.5
- 33.5) A and the horizontal beam widths were recorded. Then for
vertical direction, the quadrupole Q6 was kept constant at 22.50 A
while varying quadrupole Q5 from (32.65 - 35.85) A and collecting
the associated vertical beam widths. The results in table A.5 shows
the quadrupole currents with the associated beam widths obtained.
Figure 5.9 shows the plots of quadrupole currents vs beam widths.
The calculated beam emittances obtained in this case were &, ;s =
40.58+0.047 mm mrad and &, ;s = 69.14£0.037 mm mrad as shown
in figure 5.10. Also shown are the beam ellipses for both transverse
spaces.

Using the same beam, the measurements were performed in the Q-
line. The recorded beam current was approximately 16.0 uA and the
beam was stable. For the first five measurements solenoid L4Q was
kept constant at 43.75 A while varying solenoid L5Q from (38.15 -
44.55) A to obtain and record the both sets of beam widths. Then
for the last five measurements solenoid L4Q) was changed to 43.95 A
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Figure 5.9: Beam width as function of quadrupole current for 325i°* beam; a)
horizontal direction and b) vertical direction.
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Figure 5.10: Transverse beam emittance calculation done in the AX-line when the
real 325i°T beam was used for measurements. The two plots show the orientation
of the ellipses on each transverse space.
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while solenoid L5Q was altered from (37.55 - 43.95) A. The beam
widths obtained are shown in table A.6 and the solenoid currents
against widths plots are depicted in figure 5.11. Also, the measured
widths and associated solenoid currents, particles mass, charge state
and kinetic energy were used to calculate transverse beam emittance.
The calculated beam emittances were &, ;s = 121.70£0.437 mm mrad
and &, ;s = 156.07 £0.437 mm mrad as shown in figure 5.12. Also
shown are the associated beam ellipses for both transverse spaces.

—— Sold 1=4375A 454 —8— Sol4 1=43.75A
—8— So0ld 2=43.95A —8— Sol4 2=43.95A

T T T T T T T T T T T T T T
38 39 40 41 42 43 44 38 39 40 41 42 a3 44
Sol5 Current (A) Sol5 Current (A)

(a) (b)

Figure 5.11: Beam width as function of solenoid current for 257°" beam; a) hori-
zontal direction and b) vertical direction.

The obtained beam emittances above also show a trend that was ob-
served in the helium measurement. There is still discrepancy between
beam emittances obtained in the AX-line and the ones obtained in
the Q-line. The obtained emittances in the Q-line are higher than
those from AX-line. These observations remain an misunderstood
and unresolved mystery. Since this tendency could be reproduced in
the two measurements, it is clear that this tendency is unrelated to
the the beam but could be due to the way measurements are being
performed. In order to understand if there was anything wrong with

the way the measurements are being performed it was decided that
the beam widths measured should be simulated with TRANSPORT.
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Figure 5.12: Transverse beam emittance calculation done in the Q-line when the
real 3257°* beam was used for measurements. The two plots show the orientation
of the ellipses on each transverse space.

5.3 Beam widths Comparison

In order to investigate the source of disagreement between the emit-
tances in two the beamlines, the helium beam was used. The measured
widths and the beam widths simulated using TRANSPORT were com-
pared. Firstly the obtained beam emittances from the AX-line mea-
surement were injected into TRANSPORT. The quadrupole scan was
performed using the quadrupole settings similar to the ones used dur-
ing the measurements. The same approach of gathering beam widths
was also adopted when using TRANSPORT. Both sets of widths were
then compared with each other. Figure 5.13 shows the two plots of
beam widths against quadrupole currents for both widths obtained
from TRANSPORT and the measured widths. The red data points
indicate beam widths acquired from measurements and the blue line
shows beam widths obtained from TRANSPORT. When one compares
simulated and measured widths it is visible that they follow similar
trend.

In order to probe how the Q-line beam widths compare with the ones
obtained from TRANSPORT, the obtained beam emittances from
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Figure 5.13: Beam width as function of quadrupole current for *He?t when beam
widths from TRANSPORT and measurements are compared; a) horizontal direction
and b) vertical direction.

Q-line measurements were injected into TRANSPORT. The solenoid
scan was performed using the same solenoid currents as the ones used
during measurements and similar approach of gathering beam widths
was followed. The beam widths were obtained using TRANSPORT
and they were compared with the ones gathered during measurements.
Figure 5.14 shows four plots of measured and simulated beam widths
versus solenoid currents. Figures 5.14a and 5.14b shows beam widths
taken in a horizontal direction and figures 5.14c and 5.14d are beam
widths taken for a vertical direction. The blue lines indicate beam
widths obtained from TRANSPORT and grey lines with red data
points are widths gathered from measurements. From these figures

it is clear that there is obvious disagreement between widths obtained
from TRANSPORT and the measured widths.

By looking at the beam widths comparison performed above, it is
visible that the beam widths measured in the AX-line could be eas-
ily reproduced using TRANSPORT. On the other hand, when one
compare the measured beam widths obtained in the Q-line with the
simulated widths there seems to be very clear disagreement between
them. These observations indicate that the emittances obtained in
the Q-line couldn’t be relied on. It was now obvious that something
unexpected was happening in this beamline.
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Figure 5.14: Beam width as function of solenoid current for *He*" beam when
widths from TRANSPORT and measurements are compared.
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5.4 Discussion

Through the benchmarking process the emittance calculator showed
that it was working as expected. The benchmarking process was
achieved by attempting to reproduce known emittances which were
injected into TRANSPORT. The injected emittances could be re-
produced with the emittance calculator. However, when the emit-
tance calculator was used to deduce the measured emittances with
real beams it was found that the results obtained in the AX-line and
the ones from Q-line are in disagreement. The emittances obtained
in the Q-line were much larger than those obtained in the AX-line.
The results were unexpected as it is assumed that the emittances ob-
tained in the two beamlines must remain the same. In probing for
the source of disagreement in the results, the second measurements
were performed. The results from the second set of measurements
also depicted the same discrepancy observed in the first set of mea-
surements. In order to further investigate the source of discrepancy
between the two beamlines, the measured widths were compared with
the simulated beam widths. The widths were simulated by inject-
ing the obtained emittances into TRANSPORT. This was done for
helium measurements. From the comparisons it was observed that
the beam widths measured in the AX-line could be reproduced using
TRANSPORT. On the other hand, the measured beam widths mea-
sured in the Q-line showed a clear disagreement with the ones from
TRANSPORT. From these observations it was evident that there was
something unexpected going in the Q-line.

When looking closely to the Q-line, it was noticed that errors on beam
widths affect the deduced emittances. This was checked by increasing
and decreasing gathered beam width(s) by 0.1 mm for both silicon and
helium measurements. For AX-line measurements one beam width
was increased and decreased by 0.1 mm and the emittance was de-
duced. The deduced emittances were compared with the original ones
and the results are depicted in table 5.3. For Q-line measurements
one beam width on each direction was increased and decreased by 0.1
mm simultaneously and the emittances were deduced. The deduced
emittances were then compared with the original ones and the results
are depicted in table 5.4.
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From the emittance comparison tables, for AX-line measurements it
is visible that when one gathered beam width has an error, it does not
affect the emittance largely. On the other hand for Q-line measure-
ments when one gathered beam width has an error, the emittance is
affected largely. This made AX-line measurements more reliable and
also gave an idea of what could be the source of the discrepancy.

For a quadrupole scan utilized in the AX-line, a minimum of three
measurements are required to determine the emittance but in this case
five measurements were used. This choice of number of measurements
proved to be a good choice as it reduced the effect of errors on the over-
all emittance. Then for solenoid scan which is utilized in the Q-line,
a minimum of ten measurements are required to determine emittance
and in this case, that minimum number was used. This made the
system to be prone to errors hence the determined emittances were
affected largely.

Table 5.3: Comparison of calculated transverse beam emittances between helium
and silicon measurements in the AX-line when one measured beam width on both
x and y directions were altered by 0.1 mm up and down.

Helium measurements Silicon measurements
Original | 0.1 mm 1 | 0.1 mm | | Original | 0.1 mm 1 | 0.1 mm |
Evrms (M mm mrad) | 33.30 32.24 34.10 40.58 34.74 44.93
Eyrms (M mm mrad) | 26.72 27.46 25.87 69.14 70.45 67.83

Table 5.4: Comparison of calculated transverse emittances between helium and
silicon measurements in the Q-line when one measured beam widths in x and y
directions were simultaneously altered by 0.1 mm up and down.

Helium measurements Silicon measurements
Original | 0.1 mm 1 | 0.1 mm | | Original | 0.1 mm 1 | 0.1 mm |
Evrms (M mm mrad) | 137.18 140.26 134.05 121.70 155.01 75.27
Eyrms (m mm mrad) 59.66 61.80 57.34 156.07 170.46 141.04

Another task that was looked into was emittance swapping. This
was done in order to check if it still holds since the beamline was
last modified. As previously mentioned in chapter 2, solenoids (L2Q-

L5Q) together with the decommissioned ECRIS in the LEBT were
designed in such a way that if all solenoids have the same current
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settings and their polarity are applied accordingly, the transverse beam
emittance from the source will swap before injected into the AX-line.
This means that if the beam extracted from the source with £, = a
and &, = b these emittances will be swapped before injected into the
AX-line i.e the emittances measured in the AX-line will be £, = b
and &, = a. However, the G'TS ion source is connected to the LEBT
differently from the previous ECRIS. By looking at the obtained beam
emittances, it is impossible to conclude if the emittance swapping is
achieved since the results from the Q-line were unreliable.
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Chapter 6

Conclusions and Outlook

6.1 Conclusion

The primary objective for this research project was to develop a sys-
tem that will assist the ECRIS users in determining transverse beam
emittances in the LEBT leading to SPC2. An analytical model was de-
veloped which allows the determination of transverse beam emittances
from beam profile measurements. The model is based on matrix for-
malism and was developed using Python programming language. Two
methods of emittance measurement were used namely; quadrupole
scan and solenoid scan. Quadrupole scan utilized in the AX-line was
achieved by using quadrupoles Q5 and Q6 in the AX-line, where Q6
was varied to gather beam widths in the x direction and Q5 was varied
to gather beam widths in the y direction. Solenoid scan in the Q-line
was achieved by using the last two solenoids L4Q and L5Q. This was
done by keeping solenoid L4Q) constant while varying solenoid L5Q in
order to gather beam widths in both z and y directions for the first
five measurements. Then for the last five measurements, solenoid L4Q)
current was changed and kept constant and solenoid L5Q current was
varied five times while also gathering beam widths in both x and y
directions.

This newly developed emittance calculator was validated using TRANS-
PORT. Different types of beams with user defined transverse emit-
tances were injected into TRANSPORT. The solenoid scan and quadru-
pole scan were subsequently used to gather beam widths in both di-
rections. The gathered beam widths along with the associated mag-
nets currents as well as beam parameters were used in the emittance
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calculator to compute the emittances. By comparing the injected
emittances and the calculated ones, it was found that there was an
agreement. This meant that the emittance calculator was working
appropriately. The next step was to perform measurements.

A Gaussian approximation program was developed using Bash script-
ing, C++ and EPICS. The program was used to get beam widths
of the beam profile from profile monitors. The first beam width
measurements were performed using a *He?** beam and the obtained
beam emittances after doing the calculations for AX-line were &, ;s =
33.30+0.0037 mm mrad and &, ;s = 26.724+0.00017 mm mrad while
for Q-line &, s = 137.184+0.017 mm mrad and & ;s = 59.66£0.067
mm mrad. These results showed discrepancy between the obtained
transverse beam emittances in the AX-line and Q-line. The emttances
obtained in the Q-line were much higher than the ones obtained in the
AX-line. Further investigations were performed by doing another mea-
surement. The emittance measurements were performed using 3257°*
beam. The obtained beam emittances were &, ;s = 40.58£0.017m mm
mrad and &, ;s = 69.144+0.067 mm mrad in the AX-line and &, s =
121.70£0.437 mm mrad and &, s = 156.07+0.437 mm mrad in the
Q-line. The results obtained in the second measurement also showed
discrepancy between the obtained transverse beam emittances.

Further probing was done whereby beam widths from helium measure-
ments were compared with TRANSPORT simulated widths. From
this task the measured beam widths in the AX-line were comparable
with the ones obtained from TRANSPORT for this beamline. How-
ever, for Q-line there was a large disagreement between the measured
and simulated widths. From these observations it was clear that when
one is using the newly developed emittance calculator they could rely
more on beam emittances obtained from the AX-line with those ob-
tained from Q-line being less reliable. This indicated that there was
something unexpected happening when deducing emittances in the
Q-line beamline.

When performing any kind of measurements it is a known fact that
the results obtained will have errors associated with them. This also
applies to the widths measurements performed in the current work.
In attempting to see how errors on beam widths would affect the
obtained emittances one of the widths obtained was increased and

70



decreased by 0.1 mm on each direction and the emittances were recal-
culated. From the observations it was clear that when one changes the
widths in the AX-line not much change was observed in the obtained
emittances. Whereas this was not the case in the Q-line beamline.
The change in widths in the Q-line resulted in drastic reduction or in-
crease in emittances. The reason behind this could be associated with
the number of measurements required to deduce the emittances. For
AX-line measurements one need a minimum of three widths measure-
ments to deduce emittances and in the current work five measurements
were utilized. This choice of number measurements is believed to have
made the AX-line measurements to be tolerant to errors. For Q-line
measurements however, only the minimum number of measurements
(ten) were utilized. This makes the measurements in this beamline to
be prone to errors. Therefore for much more reliable emittance mea-
surements in the Q-line the number of measurements utilized have to
be increased. This need to be augmented in the next version of the
emittance calculator.

6.2 Outlook

From the results presented in this work, the transverse beam emit-
tances measured between Q-line and AX-line had discrepancies. These
discrepancies could be due to error(s) on beam widths measurements
affecting the deduced emittances largely for the Q-line. Therefore in
fixing this, the number of beam widths required to determine beam
emittances when using solenoid scan technique have to increase. In
increasing the number of measurements, it should be taken into ac-
count that the beam profile in the harps might overshoots. Therefore
a strategic approach is needed in order to overcome this challenge.

On the next version of emittance calculator, the emittance in 4D will
be included as it holds true for Liouville theorem. So, emittance in 4D
measured in Q-line must be the same as the one measured in AX-line.
Investigation on whether the emittance swapping still holds will be
undertaken. Since the emittances deduced in the AX-line are reliable,
this version of emittance calculator can be used in future to do the
following tasks:
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e Use these transverse emittances as diagnostic tool to improve
beam quality.

e [t is now possible to investigate the SPC2 cyclotron acceptance
which can be used for matching the LEBT with the cyclotron for
better beam transmission.

e The input files for most beam simulations can now be populated
with realistic emittance parameters.

e Investigation of how source parameters i.e magnetic confinement,
frequency, charge state and ion temperature affect extracted emit-
tances from GT'S ion source.

e The contribution of plasma stability on emittance can also be
probed.

e The influence of ion beam intensity on emittance.

e Establishing and modelling of the initial conditions of charge par-
ticle beams at extraction aperture.

All these tasks mentioned above will allow the researchers in the ion
source division to better their understanding of the ECR sources.
Hence, the improvements in the operation of the GTS source can be
anticipated.
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Appendix A

Tables Of Beam Widths Alongside
Magnets Currents

A.1 TRANSPORT Calculations

The following tables A.1 and A.2 show focusing currents along with
beam widths calculated from TRANSPORT code by injecting esti-
mated emittances using 2C?" beam with E;, = 8.77 keV and 'H'*
beam with E) = 9.81 keV. The estimated emittance values for these
beams were £, = 63.00mrmm mrad & &, = 54.007 and &, = 55.40mmm
mrad & &, = 56.70rmm mrad for carbon and hydrogen beams respec-
tively.

Table A.1: The calculated beam widths with the associated quadrupole currents
using ?C?* beam injected into TRANSPORT.

Q6 (A) | Q5 (A) | x (mm) | Q6 (A) | Q5 (A) | y (mm)
2395 | 283 | 337 | 1534 | 2038 | 4.21
2825 | 283 | 297 | 1534 | 3046 | 3.61
3256 | 28.3 | 296 | 1534 | 3153 | 3.30
36.86 | 28.3 | 3.31 | 1534 | 3261 | 3.36
4116 | 283 | 3.90 | 1534 | 33.69 | 3.77
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Table A.2: The calculated beam widths with the associated solenoid currents using
LH' beam injected into TRANSPORT.

L1Q (A) | L5Q (A) [ x (wm) [y (mm)
17.26 14.80 8.29 8.08
17.26 16.80 5.02 4.97
17.26 18.80 2.89 2.85
17.26 20.80 4.74 4.44
17.26 22.80 8.31 7.86
15.54 15.54 6.71 6.50
15.54 17.26 4.03 3.99
15.54 18.97 2.90 2.85
15.54 20.69 4.89 4.62
15.54 224 7.96 7.56

A.2 Real Measurements
The tables from A.3-A.6 show measurement results obtained from per-
forming beam width measurements on the real beams.

Table A.3: Obtained beam widths from measurements with the associated
quadrupole currents using * He?* beam.

Q6(A) | Q5(A) | x(mm) | Q6(A) | Q5(A) | y(mm)
19 | 268 | 214 | 18 | 249 | 264
21 | 268 | 181 | 18 | 255 | 1.93
23 | 268 | 159 | 18 | 261 | 1.52
25 | 268 | 153 | 18 | 267 | 1.38
27 | 268 | 169 | 18 | 273 | 1.82
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Table A.4: Obtained beam widths from measurements with the associated solenoid
currents using * He?* beam.

L4Q(A) | L5Q(A) | x(mm) | y(mm)
40.2 29.3 6.08 2.54
40.2 30.9 4.88 1.39
40.2 32.5 3.75 1.24
40.2 34.1 3.29 1.44
40.2 35.7 3.20 2.10
37.02 29.3 3.68 2.87
37.02 30.9 2.99 1.84
37.02 32.5 2.63 1.16
37.02 34.1 2.46 1.45
37.02 35.7 2.62 3.04

Table A.5: Obtained beam widths from measurements with the associated
quadrupole currents using 325i°" beam.

QG6(A) | Q5(A) | x(mm) | Q6(A) | Q5(A) | y(mm)
235 | 3425 | 274 | 225 | 32.65 | 3.79
26.0 | 34.25 | 2.38 | 225 | 33.45 | 2.73
28.5 | 34.25 | 213 | 225 | 34.25 | 161
31.0 | 34.25 | 1.69 | 225 | 35.05 | 191
335 | 3425 | 1.80 | 225 | 35.85 | 3.27

Table A.6: Obtained beam widths from measurements with the associated solenoid
currents using 3257°* beam.

LAQ(A) | L5Q(A) | x(mm) | y(mm)
43.75 38.15 4.16 3.92
43.75 39.75 3.98 2.12
43.75 41.35 3.06 0.85
43.75 42.95 3.12 1.15
43.75 44.55 3.29 2.77
43.95 37.55 4.53 4.58
43.95 39.55 4.12 2.72
43.95 40.75 3.17 1.27
43.95 42.35 3.03 0.92
43.95 43.95 3.27 2.13
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Appendix B

Error Estimation

B.1 The Chi Squared Distribution

For any experimental data, errors are inevitable and the best thing
that one can do is to minimize them. In this case a x? test was used to
give some insight into the agreement between an observed distribution
of measurements and the true distribution, by a sum of squares with
the following general Eq. [52].

" [ observed value — true value\ >
X=> ( ) (B.1)

= standard deviation

The observed values are beam widths from measurements performed
and true values are the correct beam widths without any error en-
countered.

Now, given the above Eq.B.1 the best estimates for the o,(i) are ac-
quired by the following expression

. . . . . 2
2 zn: 0,(i) — (R%(Z)U(l)l + 2311(Z>R12(@)U?2 + R%Q(Z)O-(2)2)

X = ,
: d(7)

=1

(B.2)

where n is the number of measurements, (i) denotes the error and

Rs & o' represent the beam transfer matrix of the expected distri-

bution as well its elements respectively. Furthermore the x? partial

derivatives were taken against o°(i) (see [53])) in order to obtain the
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following expression

R?, (i)o (i) R, (i) R} Ri5(i) R%, (i)RY,
%% O Raso R, sl §:4R§15<> 22233??33 on
Z 11 262(123 — Z 1($12(i1)2 Z 1512(1'12 Z 1512(2_) 12 0-22
Riy(i)o(i) R%IR%Q(i) 2R3 Ry (4) R%Q(i)
2 5 2R LT 52(1) o2
(B.3)

The above Eq.B.3 is in the familiar form Ax = b, where A is the
curvature matrix coefficients and b is the matrix with the sum of
the product of the measured beam widths and the transfer matrix

elements. Then, in order to solve for x, an inverse of A is taken and
multiplied by b:

r=A"'h (B.4)

The matrix inverse of A is also known as error matriz and its elements
give the error estimates. Therefore in this case elements (R, and Ry»)
give error estimates.

Figures from B.1 - B.4 show the line(s) of best fit to beam widths mea-
surements. Also depicted are the parabolic relations between focusing
currents and gathered beam widths. Then as for errors on beam emit-
tances, Eq.B.3 was used to calculate the true widths and Eq.B.5 to get
errors. These anticipated true widths were used to deduce the true
emittances. Then the true emittances together with the measured
emittances were used to get errors on the measured emittances. The
following equation below was used to deduce errors on the measured
emittances.

germr = |gmeasured — gtrue‘ (B5)
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Figure B.1: Plots showing the best fit of quadrupole currents against the beam
widths for *He?T beam; a) horizontal direction and b) vertical direction.
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Figure B.2: Plots showing the best fit of solenoid currents against the beam widths
for 4 He*" beam; a) horizontal direction and b) vertical direction.
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widths for *257° beam; a) horizontal direction and b) vertical direction.
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