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i
Abstract

At the Isotope Separator and Accelerator (ISAC) facility of TRIUMF, charge state breeding
of radioactive isotopes with an atomic mass greater than 30 is required before they are
injected into the linear accelerator (LINAC) for post-acceleration to provide the required
mass-to-charge ratio (4/Q). A 14.5 GHz Electron Cyclotron Resonance lon Source
(ECRIS) PHOENIX booster developed by Pantechnik is employed for the charge breeding
process. On the Charge State Booster (CSB), the two-frequency heating technique was
implemented using only a single waveguide, contrary to the conventional implementation
using two separate waveguides. In addition, the injection and extraction optics and the
injection and extraction systems of the CSB were optimized for the first time.
The optimization of the CSB injection optics performed in TRANSOPTR (TRIUMEF’s in-
house beam transport code) involved modelling of the magnetic field and electric field at
the injection of the CSB ECRIS to determine tune settings for the injection of singly
charged ions. Moreover, the magnetic field distribution of the source was mapped and the
measurement results, when compared with the OPERA® simulation, revealed a
discrepancy in the control settings of the power supply of the electron cyclotron resonance
ion source’s solenoid coils. The measured magnetic field distribution was finally used to
model the beam extraction system using the code IGUN®, which allowed the optimization
of the extraction of highly charged ions and the reduction of the beam emittance. The
implementation of the two-frequency heating technique provides an additional knob to
condition the plasma of the CSB for the production of highly charged ions, while the
optimization of the injection and extraction systems as well as the associated beam optics,
were necessary to ensure that singly charged ions are efficiently injected into the charge
state booster and highly charged ions with higher intensity and best emittance are extracted
and delivered to the experiments in the TRIUMF ISAC Facility.
The systematic optimizations of the CSB injection and extraction optics and the extraction
system along with the implementation of the two-frequency heating resulted in a significant
increase in the maximum charge state of cesium that can be produced, shifting it from 28+
to 32+. The global efficiency between 20+ and 32+ also increased to 41.1%, while the peak
of the efficiency distribution shifted to 26+ with an efficiency of 9.1%. Additionally, the
emittance of the total current extracted from the CSB decreased by a factor of 2.
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Chapter 1 — Why Charge Breeding?

1.1 Overview of Charge Breeding

One of the most exciting and foremost frontiers in nuclear physics today is the physics of
radioactive ion beams (RIBs) near or above the Coulomb barrier and the study of nuclear
reactions in a stellar environment. Nuclear physics focuses on exploring nucleonic matter under
extreme conditions, the limits of nuclear structure, and understanding the origin of elements in
the universe. The opportunities exotic nuclei beams offer for research in nuclear structure
physics and nuclear astrophysics are exciting. The worldwide activity in the operation and
construction of different types of RIB facilities bears witness to the strong scientific interest in
physics that can be probed with such beams. For example, intense radioactive beams from
isotopes like 12C or 130 can be used to study critical CNO cycle reactions. Further details on
how the nuclear properties of these isotopes are crucial for our understanding of the CNO cycle
reactions can be found here [1].

To perform experiments with radioactive isotopes at the Coulomb barrier at an isotopes
separation on-line (ISOL) facility, post-acceleration of radioactive ions in a low-velocity (v «<
c¢) heavy ion accelerator is required. The least sophisticated and somehow expensive way is the
continuous acceleration of the singly charged radioactive ions in a low-frequency linear
accelerator (LINAC) to stripping energies in the range of several keV. The beam then passes
through a stripping section where its charge-to-mass ratio increases. The resultant highly
charged ions are subsequently post-accelerated in an additional LINAC section. However, this
method is well-tested and used in several facilities (ISAC I, SPIRAL) but is limited in the mass
range of the isotopes. A more economical scheme uses charge multiplication of the radioactive
ions to Q + in a high charge states ion source like the Electron Beam lon Source (EBIS) [2],
[3] and the Electron Cyclotron Resonance lon Source (ECRIS) [3] to use the accelerating
electrical field Q-times better.

Charge state breeding or charge state boosting is an important process in a rare isotope
production facility such as TRIUMF. With charge state breeding, the cavities of the linear
accelerators (LINAC) used for post-acceleration can operate on a higher frequency and be made

more compact and smaller, reducing the cost of designing such a facility. The final energy that
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a rare isotope beam can be accelerated to is directly proportional to the charge state of the
beam, as given in Equation 1.1.

E(keV) = QeU, 1.1
where Q is the charge state of the beam, e is the electron charge, and U, is the accelerating
voltage in kilovolts.

Moreover, with charge state breeding, the injection energy of the linear accelerator as well as
its mass to charge (A/Q) ratio acceptance can be properly matched to avoid or limit beam loss.
Besides, with charge state breeding, molecular ions can be extracted from the target ion source
station and injected into the CSB, where they break up and then extract part of the constituents
of the molecule to form a useful beam for experiments. For example, carbon dioxide ions (CO5)
can be extracted from the target ion source station and injected into a CSB, where it breaks up
into carbon and oxygen isotopes, and either carbon or oxygen beam can be extracted afterwards.
Charge breeding of rare isotope beams (RIBs) using EBIS or ECRIS involves electron impact
ionization of the injected singly charged ions and extraction of highly-charged ions (HCIs)
(1+- Q +), where Q is the charge state of the extracted ion beam. Detailed atomic processes
involved with charge breeding will be discussed later in the dissertation.

At TRIUMF, all the charge breeding techniques and the stripping method are in operation. For
example, the stripping foil technique is used with the TRIUMF 500 MeV cyclotron to extract
the proton beam with H~ as the primary driver beam accelerated. It is also used in the ISAC |
facility of TRIUMF after the Radiofrequency Quadrupole (RFQ) for charge stripping of light
elements. The EBIS is part of the newly constructed TRIUMF’s Advanced Rare Isotope
Laboratory (ARIEL) and the newest charge state breeder. However, at the TRIUMEF’s Isotope
Separation and Acceleration (ISAC) facility, the Electron Cyclotron Resonance lon Source is
used as a charge state booster (CSB) because, unlike an EBIS, it supports a continuous mode
of operation (CW) which is well adapted to the target ion source and linear accelerator of the
ISAC facility. Besides, unlike the EBIS, there is no limit on the intensity and emittance of a
singly charged ion beam that can be injected into the source for charge breeding.

The Electron Cyclotron Resonance lon Source of TRIUMF, which has been in operation since
2010, is a 14.5 GHz PHOENIX developed by Pantechnik in France. This charge state breeder
was originally designed as a conventional single-frequency heating source. Extraction of highly

charged ions (HCIs) is achieved by the three-electrode extraction system. The injection and
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extraction electrodes, as well as the plasma chamber wall, have been replaced with aluminum
to reduce the intensity of background ions liberated by plasma-wall interaction. The minimum
magnetic field configuration for plasma confinement and stability is achieved by combining the
fields of three solenoids and a hexapole field generated by permanent magnets. The CSB has
been used in user beam delivery to charge breed rare isotopes ranging from Potassium to
uranium. The efficiency of the breeder depends on the rare isotope that is being charge-bred.
However, single-charge state efficiency (1+— Q +) has been measured up to 8.5 % operating
the CSB at the designed single RF frequency of 14.5 GHz.

1.2 TRIUMF Isotopes Separation and Acceleration (ISAC) Facility

The TRIUMF Isotopes Separation and Acceleration (ISAC) facility was designed to produce
rare isotopes for experiments in nuclear physics, nuclear astrophysics, fundamental symmetries
and material science using the Isotope Separator On-Line (ISOL) method. In the TRIUMF
ISAC facility, thick target materials such as Ta, UO2, ThO, TaC, NiO, Nb, SiC, TiC, ZrC and
UC: are irradiated with an energetic proton beam of energy up to 480 MeV extracted from the
TRIUMF cyclotron. Proton with energy up to 520 MeV could be extracted from the cyclotron
but because of unwanted electromagnetic stripping that occurs at high energy which reduces
the efficiency of the beam, the proton beam is extracted at 480 MeV The irradiation process
produces exotic isotopes of different atomic masses. The exotic isotopes are allowed to diffuse
to the surface of the target material and then effuse into the closely coupled Forced Electron
Beam Induced Arc Discharge (FEBIAD) ion source [4] where they are ionized (singly charged
ions are mostly produced). A Resonant lonization Laser lon Source is also used at TRIUMF to
ionize short-lived isotopes [5]. The singly charged ions are extracted and accelerated to a
maximum energy of 60 keV (the target ion source extraction voltage is up to 60 kV). The
accelerated isotopes are separated using a high-resolution analyzing sector magnet with a mass
resolution M/AM of 2000 to select the desired isotope before injection into the linear
accelerator (LINAC) for post-acceleration.

There are two areas in the ISAC facility: ISAC I and ISAC I1. The layout of the facility is shown
in Figure 1.1. The ISAC 1 facility was designed to address various questions about energy
production and nucleosynthesis in various astrophysical environments. The nuclear

astrophysics program at ISAC is best known for directly measuring hydrogen and helium
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radiative capture reactions with the Detector of Recoil and Gammas Of Nuclear Reaction
(DRAGON) recoil separator. The ISAC Il superconducting accelerator complex provides
beams, depending on the A/Q ratio of up to a final energy of 16 MeV /u. This allows reaction
experiments at energies below and above the Coulomb barrier and excitation measurements.
Another area of interest is the Equation of State (EOS) for asymmetric nuclei, such as very N-

rich isotopes [6].
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Figure 1.1: Overview of TRIUMF isotope separator and accelerator facility showing the linear
accelerators and some of the experimental stations [7].

In the ISAC | area of the TRIUMF facility, a Radiofrequency Quadrupole (RFQ) and a Drift
Tube Linear accelerator (DTL), designed for nuclear astrophysics experiments, are used to post-
accelerate rare isotope beams to final energies of 153 keV /u and 1.53 MeV /u respectively
with the initial energy of 2.0 keV /u for RFQ and 153 keV /u for DTL. In the ISAC Il area, the
Superconducting Radiofrequency linear accelerator (SRF), designed for experiments in nuclear
physics, is used to raise the energy of isotopes to the energy above the Coulomb barrier (>
10 MeV /u) from the initial energy of 1.53 MeV /u. The RFQ, which is the first section of the
linear accelerator, was designed to accept rare isotope beams at the mass-to-charge ratio (4/Q)
less than or equal to 30 (A/Q < 30) at the injection energy of 2.0 keV /u while the DTL, the

next section and SRF, the last section were designed to accept rare isotope beams at the A/Q <
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6. Thus, to match the A/Q acceptance of the DTL and SRF, it is preferable to inject isotopes
with A/Q < 6 into the RFQ.
The energy gained per nucleon by an isotope of atomic mass A and a charge @ through an
accelerating voltage U, is defined as:

W (keV /u) = Lo 1.2
where W = energy per nucleon in keV /u, Q = charge state of the ion beam, U,.. = extraction
voltage in kilovolt (kV) and A = atomic mass of the ion beam.

Using Equation 1.2, the accelerating voltage required to inject isotopes with A/Q (Q = 1), say
between 1 and 60, to match the injection energy of TRIUMF RFQ at 2.0 keV/ /u is plotted in
Figure 1.2.

120

100

Accelerating Voltage [kV]

30 60
AQ

Figure 1.2: Plot of the required accelerating voltage for beam injection into the ISAC
RadioFrequency Quadrupole linear accelerator vs. A/Q value.

As shown in Figure 1.2, the area shaded in red is the limit of the TRIUMF target ion source
extraction/accelerating voltage. The plot shows that isotopes with A/Q < 30 require
accelerating voltage U,.. < 60 kV while the isotopes with A/Q > 30 require accelerating
voltage U,.. > 60 kV (area shaded in green), which suggests that charge breeding is required
for RIBs with a mass greater than 30 u.
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At the TRIUMF ISAC facility, to charge breed isotopes with the A/Q > 30, electrostatic
benders are inserted into the path of the ions selected with the analyzing sector magnet and are
directed into the charge state booster (CSB), where their charge state is boosted (see Figure
1.3). The chamber of the CSB is biased to an electrical potential close to the potential of the
target ion source station to allow the ions to be decelerated and stopped in the plasma where
charge breeding takes place. The highly charged ions (HCIs) are extracted on the other side of
the booster and accelerated to the ground potential. From Equation 1.2, if the charge state of
the extracted isotope ions from the CSB is boosted to say Q = 10, then the A/Q value of the
isotopes considered in Figure 1.2 is reduced by a factor of 10 and the extraction/accelerating
voltage required to match the injection energy of the RFQ at 2.0 keV /u is also reduced by a
factor of 10, allowing efficient injection and post-acceleration of the RIBs. The extraction

voltage after the charge boosting is determined by the CSB bias voltage.

/_/' Nier-type spectrometer
?Dr L - >

g Charge . s

Vertical

Mass Separatg
Section P .

5 ..

= OEREDE M)
m
o
(o]
?
3

/40 -
= @
» ) '8
n gk 4 "8 \
L . ot Diagnostics f,i N
<’@F_i: 'QEB?CB%,E&&% Box il T
................... 1 ISESEE.] o

Cs test ion source [T s L ssmpail

— Concrete Shielding WalN g /

00 Gas
Containers

EastTarget’ |
Statigh- :

1 meter

Figure 1.3: Layout of radioactive ion beam production and charge breeding facilities at
TRIUMF ISAC facility [6].



7
The desired A/Q that matches the acceptance of the RFQ is selected using the Nier-type
spectrometer [8], essentially a velocity filter combining a magnetic dipole and two electrostatic
benders. The selected ions with the right injection energy are injected into the LINAC for post-
acceleration. The layout of the mass separator room where the charge state booster (CSB) is
located is shown in Figure 1.3. To mention a few, the layout contains the target stations (located
at the bottom of the picture), the mass separator, the cesium test ion source (CTIS), the CSB,

the Nier-type spectrometer and beam optics (mostly drifts and electrostatic quadrupoles).

1.3 Thesis Goal

This research project aims to improve the efficiency and beam quality of the TRIUMF Electron

Cyclotron Resonance lon Source Charge State Booster.

1.4 Thesis Objectives

There are five main objectives to achieve the thesis goal. They are:

e Development of an alternative method for Emittance measurement of the CSB

e A proper definition of the injection and extraction optics of the CSB in TRANSOPTR,
TRIUMF’s beam optics design code.

e Systematic investigation of the beam formation and extraction from the CSB

e Implementation of the two-frequency heating of the ECRIS CSB plasma

e Study of the effect of the Two-Frequency Heating on the efficiency and Emittance of
the TRIUMF CSB

Several numerical codes will be used in this thesis to model and simulate the components of
the charge state booster. IGUN® [9], [10] will be used for the extraction system simulation.
For magnetic field modelling of the CSB, OPERA simulation software [11] will be used. The
TRANSOPTR code [12]-[14] will be used for beam transport modelling and simulation.
Python will be used for curve fitting, data analysis and data processing. This report will not
present the operation of these modelling and simulation tools. However, it is worth noting that
| developed and defined the input files of the CSB modelled and simulated geometry and
developed the Python scripts for data processing and analysis.

A brief introduction to Physics and the atomic processes involved with the operation of the
Electron Cyclotron Resonance lon Source (ECRIS) are presented in Chapter 2. In Chapter 3, a
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review of Beam transport and transverse beam dynamics, as well as the alternative method of
emittance measurement that | developed, are presented and discussed. Chapter 4 introduces the
TRIUMF ECRIS CSB, cesium test ion source, injection and extraction systems, and their
corresponding beamlines. The chapter also presents the results of properly defining the injection
and extraction optics of the CSB in the beam optics code TRANSOPTR. Chapter 5 presents the
results of the operation of the CSB in a single-frequency heating mode after | properly
optimized the plasma and the adjacent optics. Results of the systematic investigation of the CSB
extraction system are also presented and discussed. In Chapter 6, the results of the operation of
the CSB, after | implemented the two-frequency heating, are presented and compared with the
results of the single-frequency heating regime. Chapter 7 concludes and presents the further
work to be carried out on the CSB to improve its operational performance further.

Finally, a brief description of the Python codes, IGUN files, TRANSOPTR files, OPERA files
and results of the mapped magnetic field of the CSB and where all these files are securely kept

are presented in the Appendix.



Chapter 2 - The Physics of Electron Cyclotron Resonance lon Source

2.1 Introduction

The physics of the Electron Cyclotron Resonance lon Source (ECRIS) is entirely plasma
physics. According to [15], plasma is a quasi-neutral gas of charged and neutral particles
exhibiting collective behaviour. Plasma, following the solid, liquid, and gaseous states, is
sometimes considered the fourth state of matter. This consideration refers to the temperature of
the state of the matter. As the gaseous state’s temperature increases, the matter transitions into
the plasma state, where one or more of the orbital electrons of the atoms of the matter have been
stripped from the nucleus. Some basic plasma parameters that are required to describe the
plasma physics of ECRIS are plasma density, plasma temperature, Debye length, and plasma
frequency. While these parameters are briefly described in this chapter, for a more extensive
and comprehensive explanation, refer to textbooks on plasma physics, such as the one cited

above.

2.1.1 Plasma Density

Depending on the degree of ionization, which is determined by the plasma temperature, plasma
can either be fully or partially ionized. In the case of fully ionized plasma, which requires
significant heating such that the ionization rate is much higher than the recombination rate, the
degree of ionization is 1, and the plasma comprises only ions and electrons. Meanwhile, in the
case of partially ionized plasma, such as ECR plasma, the degree of ionization is less than 1;
thus, the constituents of the plasma are ions, electrons and neutrals. The degree of ionization is
defined as:

nj

2.1

aDOI - ni+nn
where n; is the ion density and n,, is the neutral density.
However, electrons respond faster to both internal and external fields because of their high
mobility (and low mass) compared to ions. So, in the partially ionized plasma, the electron
density is usually referred to as the plasma density, which is denoted as n,, and it is usually
expressed in particles per cm3. Most laboratory-produced plasmas have densities in the range

between 108 — 1016 cm 3.
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2.1.2 Plasma Temperature

The thermal energy of the plasma is generally described by temperature. Thermal energy is
related to temperature by E = 3/2 kT, where E is the average thermal energy. Meanwhile, the
temperature in plasma is not a single particle parameter but describes a Maxwellian distribution
of the particle kinetic energy, so the temperature is an average over the distribution function.
There are different temperatures in the ECR plasma since the plasma is non-equilibrium and
not fully ionized. They are electron temperature T,, ion temperature T;, and neutral temperature
T,. In the ECR plasma, where an electromagnetic wave is applied, the energy transfer only
heats the electrons, while the ions are significantly cooler due to their larger mass compared to
the electrons. Since the electron temperature is always larger than the ion and neutral
temperature, the electron temperature is usually regarded as the plasma temperature T, most
especially in nonthermal plasmas. The plasma temperature is usually expressed in units of
electron Volts (eV), where 11,600 K = 1 eV = 1.6 X 1071° J. Temperature T given in Kelvin
[K] is converted to energy by multiplication by Boltzmann’s constant k = 1.38 X 10723 JK 1,

2.1.3 Debye Shielding and Debye Length
Debye shielding, first investigated by Peter Debye in the 1920s [16], is a physical phenomenon

that preserves charge neutrality in the plasma. The preservation of charge neutrality is a
consequence of the collective behaviour of the plasma particles. However, charge neutrality is
not fulfilled at the plasma's edge because electrons, due to their large thermal speed, leave the
plasma much faster than the ions, thus reducing the plasma density and leaving the plasma
positively charged. The positive potential that plasma acquires in this process is called the
plasma potential, and the extraction of ions from the plasma must take the plasma potential into
account. In the ECR ion source, the plasma potential has been measured to be between

10 - 40 V [17]. The expression for plasma potential is given as:

Vo=l [ 2.2

p e 2mme

Where T, is the plasma temperature in eV, m; is the mass of the ion, m, is the mass of the

electron, and e is the charge. If the plasma consists of protons and electrons only, m; =

1.67 x 10727 kg, then Equation 2.2 becomes V}, = Z'S:Te and for an average plasma electron of

5 eV, the plasma potential is approximately 14 V.
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Meanwhile, the external injection of electrons into the ECR plasma has been demonstrated
in [17] to reduce the plasma potential. With the injection of secondary electrons, the product of
plasma density and ion confinement time (n,.t;) is increased, and the plasma potential is
reduced, resulting in the enhanced production of highly charged ions. The plasma sheath is the
edge of the plasma (plasma boundary) where the charge neutrality does not hold. In the plasma
sheath, the ions build an equilibrium electrostatic potential to reduce the electron loss so that
charge neutrality is preserved. In other words, if there is a charge separation in the plasma due
to the high mobility of electrons, the particles of the plasma undergo a rearrangement to shield
the electric fields that arise within the order of length so that the particles that are farther than
the length do not experience the fields. The length over which this screening occurs is called
the Debye length, usually denoted as A,. The Debye length equation is given in Equation 2.3,
where T, is plasma temperature in kelvin, k is Boltzmann constant and n,, is plasma density in
m~3, g, is the permittivity of free space, and e is the electron's charge. In an ECR ion source
plasma, with an average plasma density of 1 x 1018 m~=3 and average plasma temperature of

5 eV, the Debye length is about 17 um.

2.3

2.1.4 Plasma Frequency

Charge neutrality is very important in bulk plasma, and if there is a departure from charge
neutrality, electric fields are created, and the particles of the plasma shield the electric fields
that arise from it. However, the plasma is instantaneously disturbed when there is a departure
from charge neutrality. A restoring force in terms of the internally generated electric field by
the ions sets in to restore the charge neutrality of the plasma by pulling the electrons back to
their original positions. However, the electrons will overshoot and oscillate around their
original positions leading to a periodic oscillation. The frequency of the oscillation is
fundamental, and it is referred to as plasma frequency, denoted as f,,. Also, since the oscillation
is due to electrons' inertia, plasma frequency is usually referred to as the electron plasma

frequency. The plasma frequency is given by:

fo = [ 2.4

21 \| EgMe
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where €, is the permittivity of free space, n, is the plasma density, m, is the mass of
electrons, and e is the electron's charge. The plasma with an average density of 1 x 1018 m™3

has a fundamental frequency of about 9 GHz.

2.1.5 Magnetic Field Effects: Cyclotron Frequency and Larmor Radius

In the ECR plasma, magnetic fields are used to confine the plasma. The applied magnetic field
lines are parallel to the axis of the plasma chamber so that particles of the plasma, mostly
electrons, are confined in the direction perpendicular to the magnetic lines (radial direction).
The motion of charged particles is circular in a magnetic field if the particles have entire
velocities perpendicular to the magnetic field lines, but if the motion of the particles is parallel
to the magnetic field lines, then the motion of the particles is unaffected. Without collisions,
the resultant particle motion is helical if the velocity is not entirely perpendicular but has a
longitudinal component. The radius of the circular motion is called Larmor radius or gyro-
radius, and the frequency of the circular motion is called cyclotron frequency.

Meanwhile, for the plasma electron to be properly confined by the magnetic field, the cyclotron
frequency must be higher than the plasma frequency. The radius and the cyclotron frequency
are different for ions and electrons. The Larmor radius and cyclotron frequency equations are
derived from centripetal motion. The force experienced by an object exhibiting a circular
motion is given as,

mv?

F = 2.5

T

While the force that a charged particle experiences in a magnetic field is given by the Lorentz
force as,

F =Qev X B = Qev,B 2.6
By equating Equation 2.5 to 2.6, the radius of the particle around the magnetic field, which is

called the Larmor radius, is defined as,
_ mv,
o QeB

2.7

The Larmor radius varies with the particles’ mass and charge state. For example, in an ECR
plasma, if the resonance field is 0.5 T with helium as a support gas, assume the average electron

temperature is 5 eV, and the average ion temperature is 0.5 eV, the electron Larmor radius is
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about 18 um, while the He?* Larmor radius is about 240 um (480 um forQ = 1 +), which
shows that the He?* Larmor radius is about 13 times larger than the electron Larmor radius.
Furthermore, by rewriting Equation 2.7, and equating it to v = rw, as given in Equation 2.8,

vl=%=wr=2nfr 2.8

The frequency of the circular motion, which is called the cyclotron frequency, is given as,

__QeB

fcyc -

where m is the mass of the particle, v, is the transverse velocity component of the particle, B

2.9

2mm

is the magnitude of the magnetic field and e electron charge, Q is the absolute value of the
charge state of the particle. The cyclotron frequency depends on the particle's charge state, the
magnetic field's magnitude and the particle's mass. For example, if the magnitude of the field
in the plasma is 0.5 T, the electron cyclotron frequency is about 14.5 GHz, and for He?*, the
cyclotron frequency is about 0.004 GHz (0.002 GHz for Q = 1 +). This indicates that for a
He ion with a charge state of 2, the electron cyclotron frequency is more than 3000 times higher
than the helium ion cyclotron frequency; this suggests that electrons are more magnetically
confined compared with He?* (and He™), meanwhile, for protons, the cyclotron frequency is

7.6 MHz, which is about 2000 times small than the electron cyclotron frequency.

2.2 Atomic Processes in ECR Plasma

The main atomic processes that significantly influence the production of HClIs in ECR plasma

are electron impact ionization and charge exchange.

2.2.1 Electron Impact lonization

In ECR ion sources, highly charged ions (HCIs) are produced by either a single electron-
neutral/ion encounter where many electrons are removed in a single collision or through a step-
by-step electron-neutral/ion encounter in which one or two electrons are removed per collision
and HCls are produced by a sequence of many collisions. Both encounters depend on the energy
of the plasma electrons. In the ECR plasma, there is a distribution of electron energy, although
the Maxwellian distribution cannot overall describe the energy distribution because ECR
plasma electrons cannot reach thermal equilibrium because of the applied magnetic field.
However, a reasonable description is to assume two electron populations, although, in some

articles, three electron populations are assumed, cold, warm and hot populations [18]. However,
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in this thesis work, especially in this section, the electron population will be categorized as

low and high-energy.

e Low-Energy Electrons Population (LEEP)

The low-energy electrons, otherwise known as the cold electrons, are most of the plasma
electrons. They are not well confined because they are highly collisional; that is, their
collision frequency is far greater than their cyclotron frequency (fio; > feyc). Their
loss rate is higher than the ions leaving behind a positively charged plasma, generally
called a plasma potential. The plasma with a high plasma potential is unstable. The
LEEPs have energies ranging from 0.026 to 100 eV. They are responsible for the

ionization of low-charge state ions and medium-charge state ions.

e High-Energy Electrons Population (HEEP)

The high-energy electrons of the ECR plasma, known as warm and hot, are responsible
for producing highly charged ions. They are well-confined and almost collisionless.
They are located in the core of the plasma, thus creating a negative potential for ion
confinement. Because of their high energy, they are the main source of Bremsstrahlung
radiation. The HEEPs have energy greater than 100 eV. Measurements of the plasma
densities in ECRIS have shown that HEEP makes up about 10% of the total plasma
electrons, representing the tail of the overall electron energy distribution [19].
However, regardless of the energy population of the plasma electrons, minimum energy is
required for charge breeding or ionization to occur during the electron—neutral/ion encounter.
The impinging electron's energy must exceed the electron's ionization or binding energy to
remove. The electron impact ionization model proposed by Lotz [20] for a step-by-step

ionization, in which only one electron is removed per collision, is given by:

4.5x10™ Z
Ogog+1(cm?) = Z?’ ld)‘”l ¢ 2.10
. qj ; aj . .
where E, is the electron energy in eV and ¢q1 is the ionization energy of the electrons in the
outermost shell of the atom to ionize in eV, ¢, is the atomic binding energy for the first inner
subshell, etc, Z, is the number of electrons in the respective shells, and N is the number of

shells. Meanwhile, the number of shells needed depends on how rapidly the atomic binding

energy increases with the number of shells. According to [20], N = 2 is sufficient for low
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atomic number atoms. Figure 2.1 shows the cross-section of electron impact ionization for
ionizing all the charge states of oxygen using Equation 2.10 as a function of electron energy.
From Equation 2.10, with N = 2 (oxygen has two shells with two electrons in the innermost
shell, K and 6 electrons in the outermost shell, shell L), we have, where g is the charge state of

the oxygen atom to ionize.

Ogoq+1 = % (4%;1 In ¢E—; + ¢iqzln ;:) 2.11
As is seen in Figure 2.1, the cross-section for producing each charge state increases with the
electron energy until a maximum is reached. Further increase in the electron energy leads to a
gradual decrease of the cross-section. Moreover, the cross-section for ionizing to higher charge
states decreases with charge state, as shown in Figure 2.1. The cross-section for producing O*
is about 5.290 x 10~ 16cm? while the cross-section for ionizing oxygen from 7+ to 8+ is about
6.440 x 10729¢m?, which is over 8000 lower than the cross-section for ionizing oxygen to
1+. It is worth noting that the cross-section for all charge states which is energy dependent is

maximum at electron energy about 3 to 4 times the ionization energy.

lonization Cross-Section for Oxygen Charge States
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Figure 2.1: Cross-section of electron impact ionization for all the oxygen charge states using

Lotz Equation for K and L shells.
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For example, to ionize oxygen to 1+, the cross-section peaked at E, = 37.70 eV, and
ionization energy to that charge state is 13.62 el/, which suggests that it requires about 2.72
times ionization energy to produce O*. Meanwhile, since electron impact ionization cross-
section decreases with charge states and electron energy, thus, to reach a higher charge state in
the ECR plasma, the density of hot electrons must be increased. The process of increasing the
plasma density will be discussed later in this report. The rate at which ions of charge state g +
1 are produced by electron impact ionization of neutrals/ions with charge state g is given by
[21],

Rateproduction,q = ne(aq,q+1ve> 2.12

where n, is the density of electrons, (g, 4+17,) is the product of the electron impact ionization
cross-section from charge state g to g + 1 and electron thermal velocity averaged over the
electron energy distribution. Increasing the electron density, even though the electron energy is

high, highly charged ions can still be produced at the required rate.

2.2.2 Charge Exchange

In the ECR ion source, the high charge state of ions can be lost to charge exchange with neutral
atoms. The density of the neutral atoms in the ECRIS is determined by the operating pressure
(connected vacuum pumps). The cross-section for charge exchange from initial charge state q
to final charge state g — 1 is given by [22],

Ogoq-1 = 143 x 10712q117 5276 2.13
where ¢, ; is the first ionization energy of the neutral atom or molecule in eV’.
The cross-section of ion charge exchange with neutral atoms increases with the charge state, as
shown in Equation 2.13. The cross-section equation was plotted for oxygen charge states (1+
to 8+) in Helium neutral atoms with the first ionization energy of 24.59 eV. The plot of the
cross-section against the oxygen charge state from 1+ to 8+ is shown in Figure 2.2.
As seen in Figure 2.2, the cross-section of 0% charge exchange with Helium atom and then
decay to O™* is higher than the cross-section of O’* recombining to O%* and so on. Moreover,
comparing Figure 2.2 with Figure 2.1, the charge exchange cross-section is larger than the
corresponding electron impact ionization. For example, to produce O®", the electron impact

ionization cross-section, according to Figure 2.1, is 6.440 x 1072% cm? while the charge
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exchange cross-section for 08" decaying to O™ is 2.364 x 101> ¢cm? which is more than
10000 higher than the electron impact ionization cross-section. This shows that the rate at
which highly charged ions are lost to charge exchange with neutral atoms is higher, and

therefore the rest gas pressure must be kept as low as possible.
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Figure 2.2: Charge exchange cross-section of oxygen charge state (1+ to 8+) in helium-neutral
atoms.

According to Equation 2.12, the rate of reaction is proportional to the projectile velocities (that
is, electrons and neutral atoms) and the electron density, and since neutral atoms are much
slower than hot electrons and have a lower density, the rate of electron impact ionization is
greater than the rate of ions charge exchange with neutral atoms. However, the rate of
production of highly charged ions by electron impact ionization can be balanced with the rate
of loss by charge exchange by operating the ECR plasma at low pressure (high vacuum

pressure), typically at 107 Torr or less to reduce the density of neutral atoms.

2.3 Plasma Confinement

Plasma confinement is crucial in the ECR ion source to produce highly charged ions. The
plasma electrons must be well confined to be efficiently heated by the applied electromagnetic
field. On the other hand, ions must also be well confined to reach a higher charge state before
being extracted. Since electrons and ions of ECR plasma are not at thermal equilibrium, their

confinement times vary. Moreover, the electron energy distribution consists of two populations,
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as discussed in Section 2.2.1. They are usually described as low and high-energy electron
populations. The total time needed for an ion to be stripped to a certain charge state by
successive electron-impact ionization is proportional to the electron energy as given by

Equation 2.14, and they are different for each electron population.
1

2.14

Tconfinement ne<EeO'q—>q+1)

where n, is the density of electrons, (aq_>q+1Ee) is the product of the electron impact ionization
cross-section from charge state g to g + 1 and electron energy averaged over the electron
energy distribution. In ECRIS, the ion confinement time cannot be arbitrarily interrupted like
EBIS to extract the confined highly charged ions. The extracted ions from ECRIS are the ions
that have lost confinement. The confinement time of ions must not be too short or too long. If
it is too short, the ions do not have time to reach a high charge state, and if it is too long, the
high charge state can be lost to charge exchange with neutral atoms.

In the ECR ion source, a magnetic mirror structure is employed to confine the plasma electrons,
while the ions are confined by the electrostatic potential established by the electrons. The
magnetic mirror is achieved using two or three sets of solenoid coils generating a magnetic field
in the direction parallel to the axis of the plasma chamber with the minimum field existing at
the center of the plasma chamber, which confines the plasma radially. Longitudinally, plasma
confinement is achieved through the magnetic fields produced by a hexapole magnet in the
radial direction. Combining these fields forms a minimum magnetic configuration that confines
and stabilizes the plasma against magnetohydrodynamic (MHD) instabilities [23]. The
magnetic field is minimum at the center of the plasma chamber and increases in every direction
radially and longitudinally.

In a magnetic mirror structure, electrons are confined in the plasma in the direction transverse
to the magnetic field. They are tied in their orbital motion to the magnetic field lines providing
the means to confine the electrons. The electron confinement (if the velocity is entirely
perpendicular to the applied magnetic field) is achieved due to the conservation of the magnetic

moment given by,

_ mvi
n=— 2.15

But if there is an angle 8 between the velocity of the electron and the magnetic field, Equation

mv, %sin?0

2.15 is then written as 4 = ”
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Where m is the mass of electrons, v, is the velocity component transverse to the magnetic
field lines, B is the magnetic flux density.
Consider the magnetic mirror structure in Figure 2.3 in which the magnetic field is produced
by two solenoid coils, 1 and 2, a charged particle with a velocity v = v, + v, is confined within
the structure when the particle has a velocity component perpendicular to the magnetic field
lines, where v, is the velocity component transverse to the magnetic lines, and v, is the velocity

component that is parallel to the magnetic field lines.

Bmin

S Magnetlc fieldllnes

Figure 2.3: Schematic of the Structure of Magnetic Mirror Fields [24]. The Vt and Vp are the
transverse and longitudinal velocity components of a charged particle with respect to the
magnetic field lines.

Generally, a charged particle experiences a magnetic force called Lorentz force when placed in
a magnetic field. The particle's motion is circular if there is an angle between the velocity of
the particle and the magnetic field, where the field is the guiding center of the motion. The
Lorentz force is given by,

F =Qev XB 2.16
where Q is the charge of the particle, e is the electron charge, v X B = vBsinf where v is the
total velocity of the particle, B is the magnetic field, and 8 is the angle between the velocity of
the particle and the magnetic field. If v is entirely perpendicular to the magnetic field, then 68 =

90°and v X B = v, B.
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For conservation, the magnetic moment at the center of the magnetic mirror structure where
the magnetic field is minimum must be equal to the magnetic moment where the magnetic field

is maximum, which is at the coil locations,

mv?sin?0 mv?

2Bmin 2Bmax

2.17

The transverse velocity of the particle at the center of the magnetic mirror is v, = vsin#é, as the
particle moves in the direction of increasing magnetic field, its transverse velocity increases so
that conservation of magnetic moment is fulfilled while the longitudinal or parallel velocity
component, v, decreases. However, at the location of the maximum magnetic field, By, the
parallel velocity component is zero (v, = 0), and v, = v, and the particle is reflected into the

region of a low magnetic field. Substituting for v, and cancelling out the like terms in Equation

sinf = /Bm—i"= ’i 2.18
Bmax Rm

Where R,, = Bmax js called the mirror ratio. The angle 6 determines if the particles are confined

min

2.17, we have,

or lost. The particles with 8 = 6,,;,, = 90" are well confined at the maximum magnetic field

location, while particles with 8,,;,, > sin™! /5’”—‘” are trapped between B,,;, and B;,q,. The

max

particles will continue to oscillate back and forth in the magnetic mirror provided that 8 < 90°.
The particles with 8,,,;, < sin™? /gm—‘" are lost into the loss cone and not confined. However,
max

beam extraction from the ECRIS is possible because of the imperfection of the magnetic

structure.

2.4 Particles Collisions in ECR Plasma

Plasma particle collisions can lead to loss of particle confinement. The temperature of the
particles involved dictates collision rates in the ECR plasma, and since electrons and ions are
involved and have different temperatures, there are different collision rates for electron-electron
collisions, electron-ion collisions, and ion-ion collisions. There is also the collision between
charged particles (electrons and ions) and neutral atoms, but collisions between charged
particles dominate in ECR plasma because the density of neutral atoms is kept as low as possible

by operating the ECR at low pressure (high vacuum pressure); thus, the degree of ionization is
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relatively high. As discussed in Section 2.2.1, the low-energy electrons and the cold ions are
mostly affected by collisions. Particle collisions occur mainly at the plasma'’s edge since the
plasma's core is hot (comprised of energetic electrons). At the plasma's edge, near the plasma
chamber wall, charge neutrality is not fulfilled; thus, low-energy electrons and ions suffer
collisions within the Debye length of the plasma. However, beyond the Debye length, the
coulomb potential that arises from non-charge neutrality is shielded from the bulk plasma due
to the collective behaviour characteristic of the plasma. At the atomic level, collision is not
physical contact between two particles, and it is an interaction between the fields associated
with the interacting particles. When the particles are scattered or deflected, their initial
momentum is mostly lost; thus, particle collision leads to a loss of energy and momentum.
The cross-section of the collision between charged particles of the plasma has been derived in
[25]. Assuming the scattered particle with mass m, is in motion, and the other particle with

mass m,, is at rest, the cross-section of the collision between the particles is defined as:

T Ze? 2
o= Mmy (Zneovz) InA 2.19
where A = ’1? , Z is the charge of the ion, v is the velocity of the scattered particle, A, is the

Debye length, b,,;, is the impact parameter, and M is the reduced mass of the particles
exhibiting collision, given in Equation 2.20. In A is called the Coulomb logarithm, and for most

laboratory plasma, its value lies between 10 and 20 [26].

M = a2 2.20

mi+m,

For the distribution of particles, the speed of the particle in m/s is the average over the

(v) = \/% 2.21

And mean energy in Joule(J) of the distribution is given by,

distribution given by

(E) = 2kT 2.22
where k = 1.38 X 10723 JK~1, the Boltzmann’s constant, T is the temperature in kelvin(K),
and m is the mass of the particle.

The collision frequency between the charged particles is given by,
f =n(ov) 2.23
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Substituting Equation 2.19, 2.20 and 2.21 into Equation 2.23, the collision frequency for

electron-electron, electron-ion and ion-ion is defined as follows,

= Electron-Electron Collision Frequency

The collision frequency for electron-electron collision is given as,

nee
(fee) - angm(3kTe)3/2 InA 2.24

= Electron-lon Collision Frequency

The electron-ion collision frequency is given as,

__ Zetm _ mZfee)
(fei) - 4'71'3(2)(3kTe)3/2\/m_e InA= 2, 2.25

= lon-lon Collision Frequency

The ion-ion collision frequency is given as,

_ _ Zjzget Ay,
(i) = mzn rwair o A 2.26

where T, is electron temperature, T; is ion temperature, n, is the density of the electron n; is
the density of ions, Z is the charge of ions, m, is the atomic mass unit, A, =
reduced mass between the interacting ions, n;, = density of targetions, and A is the
atomic mass of the ion. Equations 2.24 — 2.26 show that the collision frequency depends on the
electron and ion temperature and density. In particular, the electron-ion and ion-ion collisions
directly vary with the square of the charge state of ions involved in the collision process.

The types of collision frequencies are plotted and compared with the ion and electron cyclotron
frequencies in Figure 2.4. The collisions between e — 0°*, e — e, and He?* — 05* interactions
are considered, although ECR plasma comprises many ion species. The electron and ion
densities were assumed to be the same so that n, = n; = 2 x 10 m~3. Assuming InA = 15,
the collision frequency was plotted against the particle temperature ranging from 0.026 eV to
100 keV/, and compared with ion and electron cyclotron frequencies. For calculating electron
and ion cyclotron frequencies, a magnetic field with a magnitude of 0.5 T was assumed.

As shown, the collision rate between e — 0°7 is plotted in dashed black colour, the collision
rates for e — e interaction is plotted in dashed blue colour, while the collision rate for He?* —

0>* interaction is plotted in solid red colour.
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Figure 2.4: Collision frequency vs. temperature compared with cyclotron frequency for
electron temperature ranging from 0.026 to 100 keV. The ion and electron cyclotron frequencies
were calculated at 0.5 T.

The electron cyclotron frequency at B = 0.5 T, which is 14.5 GHz and independent of
temperature, is plotted in solid green. The ion cyclotron frequency depends on the atomic mass
and the charge state of the interacting ions. For 4He?* at B = 0.5 T, is about 4 MHz. The ion
cyclotron frequency is plotted in solid magenta colour. Furthermore, as discussed in Sub-
section 2.2.1, low-energy electrons have temperatures ranging from 0.026 — 100 eV, and high-
energy electrons have a temperature greater than 100 eV. For simplicity, the low energy can be
further categorized into low and medium temperatures, with the low temperature assumed to
be between 0.026 - 0.5 eV and medium temperature assumed between 0.5 - 100 eV and high
temperature greater than 100 eV/. In Figure 2.4, the area shaded in yellow corresponds to the
temperature of low-energy electrons, the area shaded in green corresponds to the temperature
of medium-energy electrons, and the area shaded in blue corresponds to the temperature of
high-energy electrons. In the ECR plasma, ion temperatures are a few electron volts, so the
temperature is assumed to be the same as the low-temperature electrons.

For the e — O°* interactions, and for the ion and electron temperature lower than 0.2 eV, the

collision frequency is between about 16 - 400 GHz, which is several factors greater than the



24
electron and ion cyclotron frequencies, 14.5 GHz and 4 MHz, respectively. This suggests
that electrons and ions in that temperature range are not confined magnetically but are highly
collisional. For the e — e interactions at the electron temperature lower than 0.04 eV, the
collision frequency is between 16 and 30 GHz, a few factors higher than the electron cyclotron
frequency. This indicates that electrons in this temperature range suffer more collisions than
confinement by the magnetic field. For the He™ — 0>* interactions, the collision frequency is
between 123 MHz and 10 GHz which is several factors greater than the ion cyclotron
frequency, and this means that the ions are not magnetically confined but suffer many
collisions, and since the collision frequency depends on the mass and the charge states of the
interacting ions, it varies depending on the charge states of the ions.

For the medium energy electrons, for the e — e interactions, the collision frequency ranges
between about 0.12 MHz and 0.4 GHz. The collision frequency is several factors lower than
the electron cyclotron frequency, and this suggests that the electrons in this temperature range
are less collisional and more confined by the magnetic field. For the medium energy electrons,
for the e — 0°* interactions, the collision frequency ranges between about 1.7 MHz and 5 GHz,
and since ions are not found in this temperature range, the collision frequency depends solely
on the electron temperature, and the electromagnetic field more likely confines the electrons
than interacting with the ions.

At a temperature greater than 100 keV, the electrons are considered to have high energy and
the collision frequency for both the e — e and e — 0°* interactions decrease with the increase
in the electron temperature. At the temperature range, for both interactions, the collision
frequency ranges from about 4 Hz — 1.6 MHz. These collision frequencies are several orders
of magnitude smaller than the electron cyclotron frequency of 14.5 GHz. It shows that at
electron temperature greater than 100 keV, the electrons are almost collisionless and well
confined and gyro-motions around the magnetic field largely dominate the collisions with other

charged particles.

2.5 lon Extraction from Plasmas and Extraction System

Extraction of ions from the plasma relies on the loss of ion confinement while the extraction
system creates the electric fields that provide the path from the plasma to pull ions for formation

and extraction. The extracted ions are not well-confined and flow to the point where they are



25
extracted and formed into a useful beam. In other words, electrodes are required to form and
extract ions from the plasma. There are many different configurations for the extraction system.
The extraction system, consisting of a minimum of two electrodes, can either be a two-electrode
system or a three- and more-electrode system. The configuration applicable to this thesis is the
three-electrode extraction system (Figure 2.5 shows a typical example). It has the advantage
over the two-electrode extraction system because the electric field in the extraction gap can be

chosen so that the extracted ions' energy is not affected.

Plasma Puller Ground
Electrode Electrode Electrode
Plasma

K Extraction gap »

Extraction aperture

N

Figure 2.5: Schematic of a typical three-electrode extraction system. The system comprises the
plasma electrode, the puller electrode and the ground electrode. The beam energy is determined
by the potential difference between the plasma electrode and the ground electrode while the
optimized extraction system is achieved based on the potential difference between the plasma
electrode and the puller electrode.

In that order, it consists of the plasma electrode, the puller electrode, and the ground electrode.
In any case, the first electrode, which bears the aperture where ions are emitted, is called the
plasma electrode, while the last electrode is always on ground potential. Furthermore, the
plasma electrode is always on the highest electrical potential (positive for ions), accelerating

ions out of the plasma. In the three-electrode extraction system, the electric field that accelerates
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ions from the plasma is created by the potential difference between the puller electrode and
the plasma electrode; thus, the extraction gap is between these electrodes.
lon beam extraction from the plasma is quite different from the ion and electron beams
extraction from the surface of a cathode because the location where the ions are emitted from
called the plasma meniscus, is not fixed with respect to the puller electrode, unlike the beam
emission from a cathode surface. The plasma meniscus moves in and out of the plasma
boundary depending on the plasma density and the extraction fields. The Child-Langmuir law
[27], [28] which describes the total and maximum extractable current from either ion source
(both plasma and cathode source), is given by,

2
IeL[A] = S megU3/? /% 2.27

Where &, is the permittivity of vacuum, e is the electron charge, Q is the ion charge state, m is
the mass in kg, d is the extraction gap in meters, r is the extraction aperture in meters, and
U is the potential drop in Volts. For example, using the geometrical parameters of the TRIUMF
ECRIS CSB extraction system, the maximum extractable current from a pure Helium-4 plasma
with Q = 2 + at a potential drop of 2.5 kV for an extraction aperture radius of 3 mm and
extraction gap of 25 mm is about 220 uA.

For a given extraction system, the extraction gap is fixed during the design, and for a given
potential drop between the plasma electrode and puller electrode and a fixed emitting surface,
Equation 2.27 determines the total theoretical achievable ion beam current. Since the plasma
meniscus is not fixed with respect to the puller electrode, the total current varies. The shape of
the meniscus can either be concave (plasma boundary shifts inward, long extraction gap), planar
(boundary maintains the designed extraction gap, plane) or convex (boundary shifts outward,
shorter extraction gap), as shown in Figure 2.6. However, the optimum extraction field can be
determined by systematically varying the potential drop between the plasma electrode and the
puller electrode. The effect of the plasma meniscus on the beam emittance will be discussed

later in Chapter 5.
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Figure 2.6: Schematic of plasma meniscus in a three-electrode extraction system. The
schematic describes the plasma boundary depending on the plasma density, space density and
applied extraction field between the plasma electrode and the puller electrode.

2.6 Electromagnetic Waves Propagation in Magnetized Plasma

In the ECR ion source, plasma is ignited when an electromagnetic wave of a defined frequency
is introduced. The electromagnetic wave selectively heats the plasma's electron (most electrons
with a reasonable temperature) on a small surface in the plasma where the applied wave's
frequency equals the electrons' cyclotron frequency due to the magnetic field. When the
frequency of the electromagnetic wave is equal to the electron cyclotron frequency, there is an
efficient transfer of energy between the wave and the electrons. The method of selectively
heating the electrons in the plasma is called Electron Cyclotron Resonance Heating (ECRH).

The equation that describes ECRH is given by,
B
for = fove = g 2.28
where f;f is the frequency of the electromagnetic wave, e is the electron charge, m, is the mass

of the electron, and B is the magnitude of the applied magnetic field at the resonance surface.
Plasma, generally, is a conducting medium with dielectric, conductivity and refractive index;
however, in an ECR plasma, where a magnetic field is applied for particle confinement, the

electrical properties of such plasma become highly anisotropic because of different components
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of motions (parallel and perpendicular) that arise due to the applied magnetic field. The
anisotropic feature in magnetized plasmas makes electromagnetic wave propagation a
complicated process. To simplify the complexity, the cold plasma approximation has been
adopted. In this approximation, the wave propagating in the plasma is assumed to be travelling
at the phase velocity close to the speed of light, and the thermal velocity of the particles is far
lower than the speed of light, so the electrons of the plasma that will be selectively heated are
considered to be at rest except for motions created by the electromagnetic wave.

In [29], the properties of the electromagnetic wave in a magnetized, cold and collisionless
plasma have been derived from Maxwell’s and Lorentz's force equations. The refractive index

of the wave in the plasma is called the Appleton-Hartree equation given as:

X(1-X)

N= |1- T 2.29
12 ¢in2 1,202 9)° 2y2 g2 /2
1-X—3Y?%sin Bi[(EY sin 9) +(1-X)?Y2 cos 9]
2
where X = £—§f Y = ];Cry/f fp is the plasma frequency, f, is the electron cyclotron frequency

frr is the frequency of the propagating electromagnetic wave, and 6 is the angle between the
propagation vector of the wave and the applied magnetic field. The refractive index, N is related

to the phase velocity of the wave by N = vi where c is the speed of light and v, is the phase
rf

velocity of the wave in plasma.
There are four possible solutions to Equation 2.28 depending on the orientation of the
propagating wave with respect to the applied magnetic field. The wave can either be oriented

parallel to the magnetic field, & = 0° or perpendicular to the magnetic field, 8 = 90°.

= For 6 = 0°, the wave propagates parallel to the magnetic field; these waves are called
Right-hand (R) and Left-hand (L) polarized waves, respectively.
= For 6 = 90°, the wave propagates perpendicular to the magnetic field; these waves are

called Ordinary (O) and Extraordinary (X) waves, respectively.

The equations for the conditions above are referred to as the dispersion relations, which are

summarized in Table 2.1
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Table 2.1: Dispersion Relations of Electromagnetic Wave Propagation in Magnetized Cold
Plasmas

Conditions Dispersion Relations Wave Type
RN 2 /£2 Right-hand (R) Polarized
6=0 (k| B N = 1_ﬂ
1- fcyc/frf Wave
N 2 /f2 Left-hand (L) Polarized
0=0 (k| B) N = 1_M 2.31
1+ fcyc/frf Wave

2
6 =90° (k L B) N = ’1 - ]{% Ordinary (O) Wave 2.32
rf

o , 7 - 2 fz - fz .
6=90 (kLB) N-= \/1 — ]%<f2 :ffz _pfz ) Extraordinary (X) Wave | 2.33
rf \JUrf 14 cyc

K is electromagnetic wave propagation vector and Bisa magnetic field vector.

According to Table 2.1, all the waves except O-wave (2.32) depend on the electron cyclotron
frequency. The O-wave behaves like the plasma is unmagnetized and has a refractive index
equal to zero only when the wave's frequency equals that of the plasma frequency. Besides, the
O-wave does not propagate at an electromagnetic wave frequency less than the plasma
frequency. Furthermore, if there was no plasma oscillation, that is if f, = 0, then the refractive
indexes of all the waves equal one, and plasma behaves like a medium made of vacuum, and
there is no change in the wave's phase velocity.

The applied wave must first penetrate the plasma for electron heating to occur in the ECR
plasma. The plasma frequency defines the wave frequency that can propagate in the plasma. If
the frequency of the applied electromagnetic wave is smaller than the frequency of the plasma
electrons oscillating around their equilibrium positions, the electrons are not influenced by the
wave; thus, the plasma acts as an opaque body to the wave, and the wave is reflected at the
plasma boundary. However, at the electromagnetic wave frequency greater than or equal to the
plasma frequency, the plasma electrons appear stationary to the wave, and the wave penetrates

the plasma. In addition, the ECR plasma requires a magnetic field to confine the electrons, so
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it is also important that the electron cyclotron frequency is also greater than the plasma
frequency.

In Figure 2.7, the phase velocities of the propagating waves in a magnetized plasma are plotted
against the frequency of electromagnetic waves ranging from 1 GHz to 20 GHz with the y-axis
plotted in logarithmic scale. The right-hand polarized wave is plotted in red, the left-hand
polarized wave is plotted in cyan, the O-wave in green, and the X-wave in blue. The solid
magenta line is the electron cyclotron frequency determined at the magnetic field B = 0.52 T.
The black dashed line is the plasma frequency at n, = 1.79 x 10*® m~3. The magenta dashed
line is the upper hybrid frequency frzf = ff + f&c. The region shaded in blue are the
frequencies less than the plasma frequency, and the region shaded in red are the frequencies

greater than the plasma frequency.
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Figure 2.7: Phase velocity of R-polarized wave, L-polarized wave, O-wave and X-wave in a
magnetized cold plasma compared with electron cyclotron frequency, plasma frequency and
upper hybrid frequency. An electromagnetic wave with a frequency less than 12 GHz is
reflected at the plasma boundary while a frequency greater than 12 GHz propagates through the
plasma boundary.

As seen in the Figure, the O-wave does not propagate at the frequency below the plasma
frequency; it is cut off at the plasma frequency. The phase velocity of the X-wave strongly
depends on the plasma density. Increasing the plasma density increases the wave's velocity until
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the cut-off is reached. Further increase in the plasma density leads to an evanescent wave
until it attains resonance at the upper hybrid frequency and then propagates until it is cut off
again [30]. The L-wave does not have resonance, while the R-wave has a resonance at a
frequency equal to the electron cyclotron frequency. The ECRIS operates based on the R-wave.
The wave's phase velocity drops to zero, and the wave's energy is dissipated and absorbed by
the electrons exhibiting gyration motion around the magnetic field at the said frequency. This
process of energy absorption by the electrons is called electron cyclotron resonance heating
(ECRH).
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Chapter 3 - Beam Transport System and Transverse Beam Dynamics

3.1 Introduction

In this chapter, a brief review of the optics of the charge state booster that | worked on is
presented. This includes the transfer matrices of drifts, electrostatic quadrupoles, magnetic
dipoles, and electrostatic benders. An introduction to emittance and Liouville’s theorem is also
provided, followed by a discussion of the quadrupole scan technique (QST) for the emittance
measurement of the CSB that | developed. The method of error analysis in the QST
measurement is presented, along with a simple description of the space charge effect. Finally,
a summary of the magnetic emittance in the electron cyclotron resonance lon Source is

discussed. Refer to [31] for further reading on linear beam optics.

3.2  Hill’s Equation and Linear Beam Optics

In a rare isotope separation and acceleration facility like TRIUMF’s, low-energy beam
transports (LEBT) are usually used to transport beams (up to a few tens of keV’) to experimental
areas. The most efficient and cost-effective way to transport the beams at this energy is by using
electrostatic focusing and bending elements. The reason can be deduced from the Lorentz force,
Equation 3.1. If the velocity, v of a beam, is much less than the speed of light (v « c), then the
force that a beam experiences due to the first term of Lorentz force is much larger than the
second term. Besides, electric fields up to 1 MV /m are far more economical to produce than
magnetic fields up to 1 T. Furthermore, with an electrostatic field, unlike a magnetostatic field,
each specie of an ion beam accelerated from rest by the same potential will have the same
trajectory.
F =Qe(E+vXB) 3.1
where Q is the charge state of a beam, e is the charge of the electron, E is the electric field, v
is the beam's velocity, and B is the magnetic field. Since at low energy, electrostatic focusing
is employed, Equation 3.1 reduces to
F = QeE 3.2
As the ions have the same charge, they experience intra-repelling Coulomb force that leads to
transverse or radial beam divergence. Transverse focusing is important in beam transport;

otherwise, the transported beam will grow unnecessarily in the directions perpendicular to the
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main direction of the beam. Transverse focusing involves providing restoring forces, usually
linear, created by an electric and /or magnetic field to reduce the divergence of the transported
beam. The term “emittance” describes beam divergence in accelerator physics. Thus, for a
useful beam, it is important to keep the beam emittance as low as possible otherwise, the exotic
isotopes being transported will be lost to the walls of the transport system. The transverse
directions are usually taken as x and y, while the main direction of the beam is usually taken
as s. During beam transport, quadrupoles (quads) are used to provide focusing for accelerated
beams and dipoles are used to bend the beam around corners. However, depending on their
energy as previously stated in the introduction, electrostatic quads and electrostatic benders are
used to focus and bend beams with a velocity much less than the speed of light, while
magnetostatic quads and dipoles are used to focus and bend beams with a velocity closer to the
speed of light. To describe the effects of electrostatic quadrupoles and bender on a beam, let us
consider the motion of a single particle of mass m with charge Q whose velocity is solely in the
direction of travel (that is v = (0,0, vg) where s is the direction of particle travel) in an electric

field that has components perpendicular to the direction of travelling of the particle so that the
electric field has the form E = (E,, E,, 0). The particle will be deflected and have a circular
trajectory of radius p. Taking x — s as the horizontal plane, then there is a balance between the
x component of Equation 3.2 and the centrifugal force F. = mv2/p where p is the radius of

curvature of the beam trajectory given as

mv?
F. = QeEy(x,y,5) = p(x,y,5) .

Because the overall transverse dimensions of the particle are small compared to the radius of
curvature of the particle trajectory, then the electric field can be expanded in the vicinity of the

nominal particle trajectory, say x direction, so that;

E.(x) =Exo+%x+--- 3.4

The electric field around the particle may be regarded as a sum of many terms in which each
term affects the particle's path differently. For linearity, we will only consider the first-order
terms. The first term is the bending or deflection effect (electrostatic bender), and the second is

the focusing effect (electrostatic quadrupole). So that by equating Equation 3.3 to 3.4, we have,
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Table 3.1: Bending and Focusing Effects of Transverse Electric Field

Effects Field term (x direction only)
Bending effect 1 _ Ex
p ZUacc
Focusing/Defocusing effect P 1 dE,
2U 400 dx

Where K is the strength of the quadrupole, mvZ = 2QeU,.., Ugcc is the beam acceleration
voltage. The equations of motion that describe the motion of charged particles in a series of
quadrupoles and benders transporting the particles from one location to another have been
derived in [32] these fundamental equations are referred to as Hill’s equation. For a constant
quadrupole strength and bending radius, Hill’s equation in the transverse direction (both x and

y directions) is given as,
" 1 _1ap _
X (s)+(—p2—K)x(s)—p—P, v"'(s)+ Ky(s) =0 3.5

Where x" and y'" are the second derivative of x and y with respect to s, p is the radius of
curvature of the beam trajectory in benders, K is the quadrupole strength which is the gradient
of either the magnetic field or electric field, and AP /P is the relative momentum deviation. The
expressions for both p and K are given in Table 3.1. As seen in Equation 3.5, there is no
coupling between the x — s plane and y — s plane; hence it is sufficient to consider only one
plane while solving Hill’s equation. Hill’s equation is used to describe the motion of a beam
through a series of optics. The beam optics are a drift region usually denoted as O (a region
where this no restoring forces), a quadrupole usually denoted as F and D (where F means
focusing and D means defocusing). A transport system, for example, may consist of a focusing
quadrupole (F), a drift region (O), a defocusing quadrupole (D) and finally, a drift region (O).
This type of transport system is called a FODO lattice transport system. There can be many
FODO lattices in a single transport system, and the overall effect of these latices is to provide
an overall focus for the beam that is being transported. In the following sections, we will
consider the effect of each optic on the motion of a single particle after the particle has travelled

a certain distance through the optics.
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3.3 Drift Region
In the drift region, there is no bending of the particle and no focusing or defocusing effect on
the particle. So 1/p = 0, K = 0 and Equation 3.5 reduces to
x"(s)=0,y"(s)=0 3.6
Consider a particle travelling through a drift region of length d, the final coordinate, considering
only x — s plane — horizontal direction, (x, x") of the particle is the solution to Equation 3.6,
which is given as (similarly in y — s plane — vertical direction),
x =x9+ xpd, x' = x| 3.7
Where d is the length of the drift space, x, is the initial position of the beam, x; is the initial
beam divergence (angle), and x and x’ are the final position and angle of the beam. As can be

seen in Equation 3.7, the particle’s final position increased by x,d.

Equation 3.7 can be transformed into a 2 X 2 matrix as (;C,) = ((1) Cll) CZ)

Similarly, in y direction, we have (;],) = ((1) ‘il) @Z) where (ig) and (ig) are the starting

coordinates of the particle, (;C,) and (;],) are the final position of the beam. The 2 x 2 matrix

((1) Cli) is called the transfer matrix of the drift region. However, to determine the final position

of a particle through a drift length region of length d, the transfer matrix is multiplied by the

beam's initial position.

X 1 d 0 0\ /%
x"Y _[o 1 0 o0}
Yy o o 1 d]J\Y 38
y' 00 0 1/ \y
Generally, for a drift space of length d in both x and y directions, the transfer matrix is given
as
1 d 0 0
10 1 0 O
M, = 00 1 d 3.9
0 0 0 1

3.4 Electrostatic Quadrupole

Quadrupoles are generally used to provide the overall focusing of transported beams. The

schematic of an electrostatic quadrupole is shown in Figure 3.1, where a is the radius of the
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aperture of the quad, and the electrodes of the quad are defined by the parabolic curve with
voltage —V and +V. However, the quadrupolar field geometry close to the beam axis can be

very well approximated by circular-shaped electrodes, with an optimized radius.

/
R
-V

Figure 3.1: Schematic of electrostatic quadrupole and electric field lines of the quadrupole
electrode. The electrode cross-section is circularly shaped for simplification of the geometry,
while optimally approximating the fields of the optic.

The direction of beam travel is into the page. The red arrows are the electric field created by
the electric potential V on the electrodes.
Consider the motion of a single particle travelling from one point to another through a
quadrupole of length L and strength K; since the quadrupole focusing effect is created only by
the second term of Equation 3.4 as given in Table 3.1, there is no bending effect, so 1/p = 0
and assume AP = 0, Equation 3.5 reduces to

x"(s) —Kx(s) =0, y"(s) + Ky(s) =0 3.10
As seen in Equation 3.10, the quadrupole strength K is negative in x direction and positive in
y direction because the quadrupole is focusing in one direction and defocusing in another

direction simultaneously. The solutions to Equation 3.10 for a given quadrupole of length L are,

= For K > 0, Focusing
X = Xq cos(\/_L) + 20 sm(\/_L)
x" = —xoVK sin(VKL) + x{ cos(VKL)

= For K < 0, Defocusing

Yy = Yy, COS h(\/_L) + \/—_sm h(\/_L)
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y' = yoVK sinh(VKL) + y§ cos h(VKL)
In general, a particle moving through a quadrupole experience a defocusing force in the vertical
plane, say y direction and a focusing force in the horizontal plane, say x direction and vice
versa. As a result, a 4 x 4 matrix is required to describe the motion of a particle through a
quadrupole. So, for a quadrupole that is focusing in the horizontal direction, the four-

dimensional trajectory vector is given by with, ¢ = VKL,

1 .
N cos @ Z=Sing 0 0 \ %
x| i —VKsing cosg 0 0 H[ x{ 311
y’ \ 0 0 cosh ¢ \/%sinh (p/ y(’) .
y Yo
0 0 VK sinhgo  coshg

However, suppose the quadrupole is required to focus the particle in the vertical direction, then,
the matrix elements are interchanged so that the hyperbolic functions are replaced with the
normal trigonometric functions and vice versa. Equations 3.12 and 3.13 summarize the transfer
matrices for the quadrupoles defocusing horizontally (focusing vertically) and focusing

horizontally (defocusing vertically), respectively.

1

cosh @ \/Esinh 1) 0 0
K si
Mpy = VK sinhg  cosh¢ 0 ) 0 312
0 0 cos @ Nra sin@
0 0 —VK sin Q cos @
cos @ \/ifsin Q@ 0 0
—VK si 0 0
My = VK sin Q@ cos@ ) 313
0 0 cosh @ \/—Esinh 1)
0 0 VK sinh Q cosh @

In a beam transport system, the focusing strength of the quadrupole is often localized to a point
usually referred to in light optics as the focal point. The localized focusing quadrupoles are
referred to as thin lens quadrupoles. With a thin lens, a quadrupole is designed with a focal
length much greater than the length of the quadrupole. Assume that as the length of the
quadrupole approaches zero (L — 0), which is a thin lens approximation, the focal power of the

quadrupole is constant. From Equation 3.13 (similarly in Equation 3.12), after finding the series

expansion of the trigonometric functions, then cosh ¢ = cos¢ = 1, iKsinh Q= \/%sincp =0
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and VK sinh ¢ ~ VK sin @ ~ KL. Thus, the thin lens approximation results in the focal

length of the quadrupole as f = % and Equation 3.13 reduces to

1 0 0 0
_[-KL 1 0 0

Mro=1 o 0 1 o 3.14
0 0 KL 1

For electrostatic quadrupole, the potential on the electrodes is defined as V = V—Z(yz —x?).
a

Using the quadrupole strength defined in Table 3.1, where E = —VV, the strength of the

[Vol
a?u,

quadrupole is defined as K = , Where 1, is the electric potential, a is the radius of the

acc

aperture of the quadrupole and U, is the beam acceleration voltage.

3.5  Magnetic Dipole

A magnetic dipole is used as the mass separator in an accelerator facility. It is used to separate
ion beams into their respective mass depending on the momentum of the ions.

Consider a beam of a non-relativistic particle entering a magnetic dipole of an effective length
L, if the particle's motion is perpendicular to the magnetic field of the dipole, the ions travel in
a circular motion around the magnetic field. The radius of curvature of the beam trajectory in a
constant magnetic field as derived from centrifugal and the Lorentz forces in meters is:

_ 1.44x107*

P = B (%) Uacc 3.15

where B is the magnitude of the magnetic field in Tesla of the dipole, U,.. is the beam
acceleration voltage, A is the atomic mass of the beam, and @ is the charge state.

Equation 3.15 shows that at a constant magnetic field and acceleration voltage, the ions entering

perpendicularly into the magnetic dipole follow a radius defined by their A/Q ratio.

Hill’s Equation can be written as
" 1 — LAP n —
x (S)+(p32 K)X(S) =5 V' (&) +Ky(s) =0 3.16

The transfer matrix extracted from the inhomogeneous solution of Equation 3.16 where K =

n/piand ¢ =1 —nsuchthat 0 < n < 1isgiven as
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cos@ p—Bsin@ 0 0 p—B(l — cos @)
PB Jo PB ¢ PB

—‘/—Esin@ cos@ 0 0 isin@

M. = PB PB PB Vn PB
4 0 0 cos ynl p—Bsin@ 0

pB Vn pB
0 0 — ﬁsin@ cos Vnl 0
PB PB PB
0 0 0 0 1
3.17

The transfer matrix of the dipole is a 5 x 5 matrix, unlike the solution of the quadrupole and
drift region. The added term to the x- direction motion where the beam is deflected is the
dispersion created by the dipole due to the change in the momentum of the deflected beam.
There is no dispersion in the y —direction because the ions are undeflected since this direction
is the same as the direction of the dipole magnetic field. Furthermore, by comparing the transfer
matrix with the solution of the quadrupole, we immediately realize that the beam through the
dipole is weakly focused in both directions because of the negative sign as they exit the dipole.
The focusing effect is due to the field index n included in Equation 3.16. In other words, by
introducing a slight gradient in the dipole's magnetic field, weak focusing is distributed between
the vertical and horizontal planes where the beam is travelling.

From Equation 3.17, if the field gradient n = 0, then K = 0, and we have,

l .1 l
cosp—B PB smp—B 0 0 pg (1 — cos p_s)
1 .1 l .1
——sin— cos— 0 O sin—
My = PB PB PB PB 3.18

0 0 1 1 0
0 0 0 1 0
0 0 0 O 1

Equation 3.18 is the general transfer matrix of a dipole magnet with a uniform magnetic field.
When a particle enters such a dipole, the particle follows a trajectory with a curvature radius
defined by the magnetic field and the mass-to-charge ratio of the said particle; it then exits the
dipole with a larger size due to the change in transverse momentum in one direction, usually
referred to as momentum dispersion which is accounted for by the term in the last column of

the transfer matrix; meanwhile, the trajectory of the particle is unaffected in the other direction.
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3.6 Electrostatic Bender

Electrostatic benders are used to bend beams with low kinetic energy around corners in
accelerator facilities. Unlike magnetic dipole, the radius py that the deflected beam follows
depends only on the kinetic energy of the beam which is defined by the accelerating voltage
U,cc, thus making the optics energy-dispersive. The electric field lines of the bender are

perpendicular to the beam's velocity. Figure 3.2 shows the schematic of an electrostatic bender.

Figure 3.2: Schematic of the side view of an electrostatic bender showing the electric field
lines and curvature radius of the electrodes.

Meanwhile, because an electric field is used to bend the beam, the solution for the electrostatic
bender is not as straightforward as the magnetic bender. However, a detailed explanation and
solution have been presented in [33], [34]. The first-order transfer matrix derived from the

general Hamiltonian for electrostatics for a non-relativistic beam is given as

_50319 pg sind 0 0 0 2pg(1—cosd)

p—sin19 cos? 0 0 0 2sin?9

E
cos  pgsind

M, = 0 0 b F 00 3.19
0 0 p—sm19 cosdv 0 0
E
—2sin9  —2pg(1 — cosV) 0 0 1 ,0519[1_4(1_¥)]
0 0 0 0 0 1

Where pgp = 2U,../E, 9 = l/pg, Uy is the accelerating voltage, and E is the electric field
between the spherical plates of the bender. The solution of the Hamiltonian, as presented in
Equation 3.19, includes the particle's longitudinal motion, which is why the transfer matrix is a
6 x 6 matrix. Comparing the electrostatic bender transfer matrix with the magnetic dipole, it
can be seen that the bender focuses in both the x and y directions, as is the case with magnetic

dipole with a field gradient. Furthermore, the bender creates dispersion in both x and



41
longitudinal directions, unlike the magnetic dipole, which only creates dispersion in the x

direction.

3.7  Transverse Beam Dynamics of Particle Ensembles

During the acceleration of a beam of particles through the optics discussed above, it is expected
that an ensemble of particles would follow the ideally designed trajectory, but because of many
deteriorating factors such as intrinsic thermal velocity spread due to ion sources, nonlinear
forces due to external fields, and space-charge forces due to similar charge of the particles, the
particles diverge from the ideal trajectory and significantly impacts the beam quality. However,
the area occupied by the beam of particles in phase space is described by emittance, which
according to Liouville’s theorem, is invariant at every point in a beam transport system for
conservative forces. The particle's transverse positions and momentum components define the
phase space area. At a given time t, a beam of particles can be described by the sum of the
coordinates of each particle in six-dimensional phase space.

The dimension of the phase space is defined by the three space coordinates and their
corresponding momenta: x, y, s, P, P, and P;.The coordinates of the particles can be divided
into two sub-spaces (transverse phase space and longitudinal phase space) and treated
separately. The transverse phase spaces are (x, P,) and (y, Py), and the longitudinal phase is
(s, P,) where s is the direction of the main momentum of the particles, and since the momentum
in this direction is usually much larger than the momenta in the transverse directions, the

coordinate of the transverse phase spaces can be rewritten as (x,x’) and (y,y'), where x’ =

P. mdx/dt dx P. mdy/dt
_x=—=_1 and y’:—ysz
Pg mds/dt ds Pg mds/dt

Z—Z. The x’ and y' are the transverse angles of the
particle defined with respect to the longitudinal direction s. For a continuous wave (CW) beam,
such as the extracted beam from the ECRIS, the longitudinal phase space can be neglected as
long as the momentum deviation, AP/P = 0.

In the preceding sections of this chapter, only the motion of a single particle has been considered
through the transport optics discussed. However, this consideration does not represent the
property of a beam of many particles. To define the area occupied by an ensemble of particles,
Hill’s Equation is solved considering that the transverse directions of the particles vary with the

longitudinal direction, and in the area, every particle represents a point in the phase space.
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Considering only the motion of a beam of particles in the x direction (similar in the y
direction), and assume that 1/p = 0 and AP/P = 0, at any given distance s along the direction

of beam propagation, the x coordinates of the beam are given by,

x(s) = Xo(s)cos(PY(s) + y) 3.20
() = = [555 a($)c0sW(s) + o) + 5inGh(s) + o) 321

Where X,(s) = /eB(s), ¥(s) = OS% a(s) = — ﬁlz(s), e is the emittance, B(s) is the
amplitude function, also known as the beta function, and it depends on the beam focusing/
defocusing, which varies with position along the beam's path. Equations 3.20 and 3.21 describe
the evolution of the transverse position of all the particles along the beam propagation direction.
The amplitudes of the functions describe the maximum position and angle of the beam. The
evolution of the beam envelope that contains all the rest of the particles is shown in Figure 3.3
below. The top plot shows the evolution of the outermost particle and the trajectory of a single
particle performing sinusoidal motion inside the envelope, while the bottom plot shows the
evolution of a typical beam of particles.

However, Equations 3.20 and 3.21 can be combined to define an expression that describes the
particle motion in the x — x' phase space (similar in the y — s plane) by eliminating the terms

that depend on v, this gives Equation 3.22, plotted in Figure 3.4.
e =yx% + 2axx’ + Bx'* 3.22

2
Where y = HT“ The a, 8, and y are referred to as the Twiss parameters.
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|  Xo(s) =B

envelope

Figure 3.3: Schematic of a beam envelope of a beam of particles in x direction [32]. The top
figure shows the trajectory of a single particle within a beam envelope, while the bottom figure
shows the trajectories of exaggerated many particles.

As shown in Figure 3.4, Equation 3.22 is the general solution of the ellipse in the x — x’ Phase
space, while the emittance ¢ is the area of the ellipse, given as € = A/m. Moreover, Equation
3.22 also obeys Liouville's theorem, which states that the emittance is conserved in the presence
of conservative forces. In other words, the area under the ellipse can neither be increased by
defocusing nor reduced by focusing. If the beam size is reduced, for example, due to focusing,
the corresponding beam angle increases and vice versa, thus conserving the emittance. The
commonly used units of emittance are cm —rad, cm — mrad, mm —mrad and um.

Moreover, as shown in Figure 3.4, the maximum beam radius and angle are given as, X, =
ﬁ and x4, = \Vey. The intercepts of x and x’ are given as x;,,; = m and x;,,, = \/m :
respectively where am and —am are the slopes of the ellipse, and the area of the ellipse
is given as A = me. The orientation and the shape of the ellipse are defined by the Twiss
parameters «a, 3, and y. For a beam that is converging, a is greater than zero (a > 0), for

diverging beam, «a is less than zero (a < 0) while at the beam minimum size, @ = 0, and this

is referred to as beam waist, and the ellipse is upright at that given position.
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Y

Figure 3.4: The phase space ellipse in the x — x' plane [32]. The Twiss parameters «, 8, and
y and the emittance & describe the shape and the orientation of the ellipse at a given location
along the beamline. The area under the ellipse is given by me.

Meanwhile, for this special case that is @ = 0, the emittance of the beam can be defined as the
product of the maximum beam radius and maximum divergence given as €,-¢ = XmaxXmax-
The emittance defined above also referred to as geometrical emittance, will shrink during beam
acceleration with increasing P, therefore, it is important to normalize the emittance to the
beam's energy. This type of emittance is called normalized emittance, and it is defined by, (tilde
has been introduced to differentiate them from the Twiss parameters),

ey = f7e 3.23
Where 8 = v/c is the velocity in terms of speed of light c, and ¥ is the Lorentz factor defined

asy = 1/\/1—7[3'2. The normalized emittance allows the comparison of beams of different
energy.

The emittance of the beam extracted from the electron cyclotron resonance ion source charge
state booster is influenced by electron energy, extraction field, and unavoidably fast-decreasing
axial magnetic field in the extraction region of the charge breeder. All these parameters are

optimized in this thesis to achieve the best beam quality.
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3.8 Root-Mean-Square (RMS) Emittance

The root-mean-square emittance developed by Sacherer [35] is the statistical analysis of the
emittance of a beam distribution without a defined shape. The profile distribution of beams can
be of different shapes, such as normal Gaussian distribution, and coincidentally, in this thesis
work, the shape of the beam distribution considered is Gaussian. In a Gaussian distribution f(x)
of N number of particles, the RMS emittance, corresponding to one standard deviation of the

Gaussian distribution, in x — x’ phase space is given by,

erms = v (X2)x'2) — (xx')? 3.24

(x2) = Jf(x=%)%f (x,x")dxdx’ (x'2) = ff(x’—?)zf(x,x’)dxdx’ (x) = I xf (e x")dxdx’
- If FlxxNdxdx" ' - If Flx,x"dxdx' ! T [ f(x, xdxdx'

n _ I x'f(xx")dxdx' n _ =) (' =x")f(x,x")dxdx’
'y = I flexdxdx" ' (') = If Flx,x")dxdx'

(x?) (x'2)

v BrmMs ==, Vrms = .
ERMS ERMS ERMS

—(xx")

Also, the RMS Twiss parameters are defined as, azys =

For the case of cylindrical coordinates, that is, in » — ' phase space, the RMS emittance is
given as such that (x2) = (r2)/2, (x"?) = (r'? + (r6")?)/2, {(xx') = (rr')/2
Erms = %\/(rz)(r’2 + (r8")?%) — (rr')? 3.25

For the 2-standard deviation, which corresponds to the RMS emittance, we have &,pys =
4epys. This definition will be used throughout this research to describe the emittance of the
reported beams. In the presence of an axial magnetic field, as in the ECR ion source, beam
rotation is induced at the extraction region, which leads to an additional term in the emittance
definition in the cylindrical coordinate. The beam rotation is accounted for by including the 6’
term in Equation 3.25. However, to describe the motion of a beam of particles through any of
the beam optics described above in x — x" phase space, for example, if the initial x, and x; are
known, then the final position can be determined through the transfer matrix of the optics, as

presented in sections 3.2 to 3.5.

3.9  Emittance Measurement: Quadrupole Scan Technique (QST)

The Quadrupole scan technique is an approximate technique employed in an accelerator facility
to determine the beam emittance. The technique involves scanning through a range of focusing

strengths of a quadrupole and measuring the beam size at a given drift length downstream of
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the quadrupole. The technique is well understood and widely used in accelerator facilities
[36]-[38] as a good approximation for beam emittance measurement. The measurement setup
involves a focusing quadrupole, a field-free region (drift) and a profile monitor arranged in a
series with the quadrupole located before the profile monitor along the beam transport system.
The product of the beam matrix, and transfer matrix of the focusing quadrupole, and the drift
length are solved to determine the beam size at the profile monitor. The schematic of the
measurement set-up is shown in 3.5, where a is the quad aperture radius, d is the length of the
drift length, and L is the quad length. The emittance and the Twiss parameters are determined
at the entrance of the quadrupole at point P.

The electrostatic quadrupole strength k is defined as k = V /a?U,, where V is the voltage on
the quadrupole electrodes, a is the quadrupole aperture radius, and U, is the beam accelerating
voltage. So, when the voltage V' on the quadrupole electrodes is changed, the quadrupole
strength is directly changed, and the beam size (width of the beam distribution) at the profile
monitor is equally changed. Meanwhile, during the scanning of the quadrupole voltage, the
minimum beam size must be achieved for the technique to work. Thus, plotting the square of
the beam size against the quadrupole strength results in a parabolic curve; the beam size is

determined from the beam distribution width measured on a profile monitor.
P

-
K
Q
Y

/ Beam envelope
U Profile Monitor

Focusing x
Quadrupole t

S

Figure 3.5: Schematic of the principle of the quadrupole scan technique for emittance
measurement. Point P is the location along the beamline where beam emittance and the Twiss
parameters are determined.
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The beam radius can either be calculated as 1 standard deviation of the beam distribution,
which contains 68 % of the particles or 2 standard deviations, which contains 95 % of the
particles in the case of a Gaussian distribution. In this research, the beam radius is taken as 2
standard deviations for a Gaussian-like beam profile. Figure 3.6 shows an ideal Gaussian beam

profile distribution. The width of the profile could be determined either by Gaussian curve
fitting or RMS.

Beam intensity [A]

2STD

N

Figure 3.6: An ideal beam distribution on a profile monitor. The width of the beam is
determined by either fitting the Gaussian distribution on the recorded profile to extract the 2-
standard deviation or by using the root-mean-square method.

X [em]

A 2 x 2 matrix can also describe the area occupied by a beam of particles, generally referred

to as the beam matrix, given as

_Joll ol2
7= [021 022 3.26
Where x4, = Vo1l = /P&, the maximum beam radius, x;,4, = V022 = \/ye, the maximum
beam angle, 612 = 621 = 1.\/611622 = —ae, which can also be written as r, = ———

T
XmaxXmax

1. is the cross-correlation coefficient of the x — x’ phase space, whose absolute value is between
0 and 1. From Equation 3.26, the emittance can then be defined as, where |o| is the determinant
of Equation 3.26.

e =./|o| = Vol1022 — 0122 3.27
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Moreover, using the beam matrix, the Twiss parameters can also be definedas a = —012/¢,
B =0l11/e and y = 022 /¢. Meanwhile, the beam matrix elements, in x — x’ phase space
(similar in y — y' phase space), can be defined statistically as root-mean-square, which is given
as,

oll = (x?) = Jf(x = 0)*f (x, x")dxdx'

JI fx,x")dxdx’
2y [J(x" = x")2f (x, x")dxdx'
72 = ) = T e
o a0 = X)) f(x,x)dxdx’
012 =021 = (xx') = T 7o) ded

By substituting these expressions into Equation 3.27, we have RMS emittance in x — x’ phase

space is given as

erms =V (X2)x'%) = (xx')? 3.28
Where the 4RMS equivalence of Equation 3.28 contains about 86 % of the particles.
From Figure 3.5, the equation of beam transformation [39] between the quadrupole and the
profile monitor is defined as
opy = MogyaaM” 3.29
Where op,, is the beam matrix at the profile monitor, M is the transfer matrix from the
quadrupole to the profile monitor, oy,44 is the beam matrix at the quadrupole entrance and M"

mll m12]l

is the transpose of the transfer matrix M, which in general can be definedas M =
m21 m22

For example, the transfer matrix for a drift region of length d is defined as My, ¢, = [é (ﬂ

and the transfer matrix for a thick quadrupole lens of length L and strength & that is focussing
1 .
co s(\/FL) s n(\/EL)
—Vksi n(\/EL) co s(\/FL)
M, after the drift length d, is defined as the product of the transfer matrix of the drift length and

in x direction is defined as My qq = , thus the transfer matrix
the quadrupole, which is given as M = Myt Moyaa

COS(\/EL) - d\/ESi n(\/EL) dco S(\/EL) n sin\(/\éFL)
—Vksin(VkL) cos(vVkL)

3.30
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. mll ml2 x11 x12 cgll o012
by defining M, ogpy and ogyuaq S [le 2ol [le 22 and 12 022],
respectively, Equation 3.29 can be rewritten as,
x11 x127 _ ml1l1l ml2 oll ol12 mll m21
21 x22) = lma1 mazl*lo1z o2zl Xz maz 331

After the multiplication of Equation 3.31, the element of the resultant matrix corresponding to

x11, which is the square of the beam radius at the profile monitor, is given as

x11 = x? = (d%022 + 2do12 + o11)cos?(VKL) + (d2k011 —2do12 +

) (V) + (024 28 22 20 1) os(RL) in(FE) 3%

For a given drift length d and quadrupole length L, Equation 3.32 can be fitted to experimental
data to determine 611, 612, and ¢22 that correspond to (x2), (xx'}), and (x'?), respectively, and
the beam emittance and the Twiss parameters can be calculated in Equations 3.26 to 3.28. To
validate the accuracy of the quadrupole scan technique, the CSB extraction beamline was
modelled in TRANSOPTR (the CSB beamlines will be presented in Chapter 4). TRANSOPTR,
a beam transport design code, is used at TRIUMF to calculate the evolution of the beam
envelope and the Twiss parameters along the beam direction of travel to optimize the transport
system. The schematic of the triplet optics after the CSB extraction system is shown in Figure
3.7. The QST was performed on the result of TRANSOPTR to determine beam emittance; the
emittance evaluated using the QST is then compared with the emittance calculated by the
TRANSOPTR code to determine the accuracy of the QST. The beam parameters defined by
the TRANSOPTR were calculated from the IGUN simulation of the CSB extraction system.
The initial parameters of the beam used in TRANSOPTR at point O in Figure 3.7 are x4 =
0.54 cm, x},4, = 3.90 mrad, and emittance &,..,, = 11.88 cm — mrad and the corresponding
Twiss parametersare « = —0.18, 8 = 24.72 cm,y = 0.042 1/cm. The phase space ellipse of

the beam is shown in Figure 3.8. The extracted beam propagates from left to right.
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Figure 3.7: Schematic of the triplet quadrupole optics after the CSB extraction system and
profile monitor RPM14. The emittance and the Twiss parameters are determined at point P
using QST, while the Twiss parameters transformation is used to determine the shape and the
orientation of the beam at point O.

As an example, the triplet optics were modelled in the TRANSOPTR, and the beam envelope
of the extracted beam from the CSB was simulated. The first quad, Q12, focuses in x direction
(defocusing in y direction), Q13 defocuses in x direction (focuses in y direction), and finally,
Q14 focuses in x direction (defocuses in y direction). The quadrupole scan technique was
performed using Q14, and the beam size was recorded on the profile monitor located
downstream of Q14, as shown in Figure 3.7. The beam emittance and the Twiss parameters at
the entrance of Q14 (point P) were compared with the parameters calculated in TRANSOPTR.
The length of Q14 is 8.64 cm with an aperture radius of 2.54 c¢m. The drift length between Q14
and the profile monitor is 7.42 cm. The voltage of Q14 was scanned from 50 V to 2000 V with
a step size of 50 V. The strength of the quadrupole was calculated using k = V /a?U,, where
V is the voltage of the quad, a is the aperture radius of the quadrupole, U, is the beam
accelerating voltage which is 10 kV for the beam extracted from the CSB. The corresponding

beam size to each voltage value was evaluated at the profile monitor.
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Figure 3.8: Reconstructed phase space ellipse of the simulated TRANSOPTR beam in x — x’
plane.

* data
5 4 —f— fit

w £

N

Beam size”™2 [cm™2]

02000 0.005 0.010 0.015 0.020 0.025 0.030

Quadrupole Strength [cm™-2]

Figure 3.9: Parabolic curve produced as a result of scanning the strength of quadrupole Q14
with a range.

Figure 3.9 shows the plot of the square of the beam size against the quadrupole strength, and

Equation 3.32 is fitted to the data. As seen in Figure 3.9, Equation 3.32 fits the data perfectly;
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the R-square of the goodness of fit was 0.999. The coefficients 011,012, and 022 of
Equation 3.32 deduced from the curve fitting are ¢11 = 0.54, 012 = 0.049, and 022 =
0.0048. However, using Equation 3.28, the RMS emittance is ezps = 12.18 cm — mrad and

the Twiss parameters are « = —4.02, § = 43.93cmy = 0.39 1/cm.

— QST
601 —— TRANSOPTR

401

20

X' [mrad]

—201

_40<

—601

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8
X [cm]

Figure 3.10: Comparison between the reconstructed phase space ellipse of the beam simulated
in TRANSOPTR using QST and the actual phase space ellipse of the beam simulated and
calculated in TRANSOPTR in x — x’ plane at point P.

Figure 3.10 compares the phase space ellipse benchmarking with QST with the TRANSOPTR
calculation. The red plot ellipse was generated using the Twiss parameters calculated with the
quadrupole scan technique, while the blue plot ellipse was generated using the Twiss
parameters calculated with TRANSOPTR. As can be seen, the two ellipse plots matched very
well, indicating that the quadrupole scan technique can be used for the emittance measurement
of beams from the CSB. Table 3.2 summarizes and compares the result of QST with
TRANSOPTR calculations. Meanwhile, comparing the beam size, the beam angle, the
emittance and the Twiss parameters evaluated using the QST with the TRANSOPTR
calculation shown in Table 3.2, it can be seen that all the values deduced from the QST have a
percentage error of less than 3 % which indicates that the technique is more than 97 % accurate

for emittance measurement.
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Moreover, to determine the Twiss parameter of the beam at any other location on the
beamline, since they change as the beam moves through the transport system, and only the
beam emittance is the conserved parameter, the Twiss parameter transformation can be used

because these parameters define the shape and the orientation of the emittance phase ellipse.

Table 3.2: Comparison of Quadrupole Scan Technique results with TRANSOPTR results.

Parameters TRANSOPTR Quad Scan Technique Percentage error
& [cm-mrad] 11.88 12.18 25%
a —4.05 —4.02 0.7 %
Blcm] 45.16 43.93 2.7 %
y[1/cm] 0.39 0.39 0%
Xmaxlcm] 0.73 0.73 0 %
Xmax/mrad] 67.60 68.96 2%

If the Twiss parameters «, 8, and y are known at a location, the parameters at any other location
can be determined through the action of each optical element along the path of the beam. The

effect of the optical elements is described by a 3 x 3 matrix, defined as

2 2
miq —2mymy, mi,
T =|—-myimyy MMy + MMy —MyMy, 3.33
2 2
mz, —2mymy, ms;

where the elements of the matrix T are defined in the 2 x 2 transfer matrix of the optical
elements M = [mll 12]. For example, if the Twiss parameters at a location with index 0
21 Mpy2

are known, the Twiss parameters at another location with index n on the beam transport system

can be determined using Equation 3.33, given as

2 2
B miq —2myymy, my, B
al| =|[—mymy; MmyiMy + MypMmyy —MyMmy, || a 3.34
2 2
Y/n myq —2mymy, ms; Y7o

For a drift length of length d, the transfer matrix is M; = [(1) Cll] and 3 x 3 matrix, according

to Equation 3.33, is

T,=lo 1 -d 3.35

1 -2d dzl
0 0 1
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From Equation 3.34, the Twiss parameter after a drift of length d is given as
B 1 —2d d*|/B
al =10 1 —dll a 3.36
/4 o 0 11\yv/,

Similarly, the Twiss parameters transformation matrix can be derived for quadrupoles (focusing
and defocusing), magnetic dipoles and electrostatic benders provided either or all of the optics
are between the initial and final locations where the Twiss parameters are required to be
determined. However, from Figure 3.7, the Twiss parameters at point P (8p, ap and yp) are
known, so using the Twiss parameter transformation, the Twiss parameters at point O
(Bo, @p and y,) can be determined. Between points O and P, there is one focusing quad (Q12),
one defocusing quad (Q13) and three drift regions. From Equation 3.36, the Twiss parameters
transformation is given as, where Typ is the 3 x 3 Twiss parameter matrix derived from the
transfer matrix M,p between points O and P.

B B

(a) =Top (a) 3.37
Y/ p Y/o

Equation 3.37 is a system of equations, and it can be solved using the Python NumPy linalg
module to determine unknown S, a, and y,. After solving the system of equations, the Twiss
parameters at point O are « = —0.38, 8 = 21.28 cmand y = 0.054 1/cm. The phase space

ellipse of the beam at point O is shown in Figure 3.11.
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Figure 3.11: The phase space ellipse of the beam in x — x’ plane determined using the Twiss
parameters transformation at Point O. The purple plot represents the initial phase space ellipse
imported from the IGUN simulation of the CSB extraction system into the TRANSOPTR.

3.10 Error Analysis in the Emittance Measurement

To quantify the errors in the emittance measurements, random errors are assumed to be
negligible, and the physical properties of the beam optics, such as drift lengths, quadrupole
lengths and apertures, are assumed to be exact. So, the error in the emittance is determined
through error propagation in the fitted parameters x11,x12,x22 (x12 = x21). The error
propagation is derived from the resultant matrix after minimizing the chi-square of the least-
square fitting [40]. That is, if H is the n X 3 curvature matrix which contains the product of the
experimental data and the transfer matrix elements of the optics used for the quadrupole scans,

then the square of the errors in x11,x12,x22, (x12 = x21) is defined mathematically as

§x11 = (y/covariance (HTH)‘l)11 3.38
§x12 = 621 = (y/covariance * (HTH)‘l)22 3.39
§x22 = (y/covariance * (HTH)‘l)33 3.40
covariance = Z{ (measurement—model)” 3.41

n-2
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Where n is the number of scans, and subscript numbers are diagonal matrix elements.

3.11 Space Charge Effect

Space charge is a critical factor contributing to emittance growth in the accelerator system,
especially highly charged-high intensity beams. Refer to [41] for further reading on the effects
of space charge on the beam and the associated linear optics. External forces from the electric
and magnetic fields are used for acceleration and manipulation (steering) of charged particles

in the transport system.

Figure 3.12: Schematic of the envelope of a low-energy beam under space charge effect. The
envelope starts from a waist and diverges due to self defocusing electric field.

However, because of the similar charge of the ions (or electrons) being transported, they
experience a repelling force known as space charge force so that in the transverse directions,
the trajectories of the ions become divergent during transport, as shown in Figure 3.12. The
space charge force can be large, in extreme cases dominating the external forces for beam
focusing. Assume non-relativistic, consider a particle with charge Q embedded in a beam of
particles with a constant charge density p, travelling with velocity v in a cylindrical beam pipe
of radius R shown in Figure 3.13. The charged particle whose charge is similar to the charge of
the beam will experience the Coulomb force and moves the particle radially towards the beam
edge leading to defocusing of the particle. The Coulomb force arises from the radial electric

field E,. acting on the particle, as shown in Figure 3.13.
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Figure 3.13: Schematic of a low-energy beam of particles propagating to the right in a
cylindrical beamline and the self-produced electric field creating a defocusing effect on the
particles.

However, for a complete description of the transverse motion of the beam, the space charge
force must be included in Hill’s Equation presented in Section 3.1. The space charge field can

be calculated using Gauss’s law of Maxwell’s Equation, which states that:
J,E-dA = E,(2nrl) = fvi’—zdv = fO”E’—z(anZ)dr 3.42

Where A is the lateral surface area of the cylindrical beam pipe and V is the corresponding

volume.

Carrying out the integration, the electric field is given as

Pov whenr <R
E =4 3.43
r — 2 .
MWhenr>R
2€9T

where €, is the permittivity of free space, [ is the finite length of the pipe, r is the beam radius,
and R is the radius of the beam pipe. As seen in Equation 3.43, the electric field has two unique

solutions, and it is linear inside the beam, that is when r < R and decreases when r > R.



58
Moreover, a charged particle travelling with a velocity v in a certain direction has a magnetic
field associated with it which can be calculated using the Ampere circuital law of Maxwell’s
equation. Considering Figure 3.13, if the current density of the beam in the transport system is
given as J, and the area of the beam pipe is given as A = mr?, the azimuthal magnetic field

created by the beam is given by Equation 3.44:

J B -dl =y, [ JdA 3.44
After computing the integration, we have Byl = poJA, where | = 2mr, | = pov and the beam's
self-generated magnetic field is given as

By = 5Ly 3.45
2

The force due to the space charge experienced by a particle of charge Q embedded in a beam

of particles is radial, and from Equations 3.43a and 3.45, is given as

Fy = Qe(E, — vBy) = £ (é - ,uovz) r 3.46
Equation 3.46 is the space charge force experienced by a particle of charge Q embedded in a
beam of particles with a uniform charge density of p,. However, for relativistic beams, putting
v = Bc, where £ is the relativistic speed parameter, c is the speed of light and 1/€, = poc?

Equation 3.46 becomes,

Fo=%0(1 - p2) 3.47

2€9

As it is seen in Equation 3.47, the 1 in the bracket represents the force due to the electric field,
and — 2 represents the magnetic force. The electric field is defocusing while the magnetic field
is focusing. For relativistic beams § = 1, E. = 0, which suggests that the magnetic force
balances the electric force and the particle in the beam is unaffected by the space charge.
However, for non-relativistic beams § = 0, the space charge force due to the magnetic field is
negligible, and the force has a defocusing effect.

Thus, the extracted beams from ion sources such as Electron Cyclotron Resonance lon Source
Charge State Booster (ECRIS CSB) are non-relativistic (beam energy up to 35 keV = Q for
TRIUMF CSB), thus 8 « 1 and Equation 3.47 reduces to,

Fse = L, 3.48

" 2meqvb?
where p, = I/mvb? where b is the beam radius, I is the beam current, and €, is the permittivity

of free space. The transverse motion of the beam of particles is given as,
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2d?r _ Qel

E*¢ = mv =
r ds? 2megVb?

3.49

mdv d dr ds ds mv3d?r
where ¢ = —=m—-—-—-— =
dt ds ds dt dt ds?

, U= g, the velocity of the beam along the

direction of travel s. Equation 3.49 can be written as, where r'’ is the second derivative of r

with respect to s:

P 3.50

" 2meymb2v3
where r = \/x2 4+ y2, x = rcos 8 and y = rsin 8. In Cartesian coordinate at 6 = 0°inx —s

plane, r = x, (similarly in y — s plane at 8 = 90°,r = y) then we have,

x" = Ks.x 3.51
_ Qel
Kse = 2megmb2v3 3.52

where K, is the strength of space charge effects which must be included in Hill’s Equation

which is given as

x"(s) + (pi — K = Ky ) x(s) = 225 () + (K = Ky (s) = 0 3.53

For mv?/2 = QeU, and m = Am, where U, is accelerating voltage, Equation 3.53 becomes,

1 Am
Ky = 7z o 3.54

4megh?U,

where A is the atomic mass of ions in a.m.u, m,, is the atomic mass unit.

The strength of the space charge effect, as seen in Equation 3.54, shows that the higher the
beam current, the higher the space charge effect, provided that the beam is not relativistic.

In Figure 3.13, the product of the space charge strength and square of the beam radius is plotted
against beam current ranging from 0 to 500 uA for a 10 kV 10°" beam. As seen, for a given
beam radius, the space charge strength is linear with increasing beam current, and its effect

becomes stronger at a higher current but negligible at a low current.
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Figure 3.13: Product of space charge strength and square of beam radius for 1*0°* beam at an
energy of Q*10 keV vs the beam current up to 500 uA.

For example, in a drift region of length d, in x — s plane, the solution to Hill’s Equation with
space charge effect included in the transfer matrix is given as, where K. is given by Equation

3.54 for non-relativistic velocity,

1 .
(;c) _ cosh(,/Kscd) \/?Scsm h(,/KSCd) (i?) 258
0 JKse sinh({JKsed)  cosh({[Kg.d) 0
Where the 2 x 2 transfer matrix is given as
1 .
M = cosh(w/Kscd) \/?Scsm h(w/Kscd) 256

v Kge sinh(,/KSCd) cosh(,/KSCd)
If the length of the drift region is small, and \/K;.d <« 1, then the effect of space charge in the
drift region is negligible, and Equation 3.56 reduces to drift length transfer matrix without space

charge,

1 d) 3.57

Marise = Maripe = (0 1
Furthermore, in the electrostatic quadrupole with strength K, and length L, the solution to Hill’s

Equation with space charge strength K. is given as:
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1
cosh —sinh 0 0
X Pr \/K_T Qr X,
x"\ | VKrsinhor  coshor 0 0 x5 358
y|- 0 0 cos —sin Yo '
y/ \ Pr \/K_T Pr y(,)
0 0 —/Kr sinor cos Qr
the transfer matrix is given as
( cosh @ J% sinh @y 0 \‘
T
 Kr sinh cosh 0
mge = | VT T | 3.59
0 0 cos Pt sm ors
\ 0 0 —/ K7 sinpr cos Qr /
I Amy,
where Kr = Ko = Kec, ¢ = (kg = Ksc)L, Ko = V/Uqa? and Kye = — T o

As seen in Equation 3.59, the magnitude of the quadrupole strength is decreased by the space
charge strength in both the focusing and defocusing plane. Also, the quadrupole and space
charge strength depends on the beam energy. Figure 3.14 compares the magnitude of space
charge strength with quadrupole strength for accelerating voltage ranging from 5 — 50 kV for
a 10 beam with a maximum beam size of 5.5 mm and an intensity of 50 uA (typical current
from the TRIUMF CSB) with the quad electrode voltage V = 800 V, and quad aperture radius,
a = 25.4 mm. The blue curve is the strength of an electrostatic quadrupole, while the red plot
is the strength of the space charge. As seen, both strengths decrease with beam accelerating
voltage; however, in the case of the beam current considered, *0°" at an intensity of 50 A4, the
quadrupole strength dominates the space charge strength across the accelerating voltage,
although quadrupole strength does not depend on beam intensity.

The TRIUMF CSB is usually operated at the accelerating voltage of 10 kV; the quad strength
at this voltage is 77.5 m~2 while the space charge strength is 1.9 m~2 which is about 40 times
smaller than the quadrupole strength; thus, the space charge effect in the further measurement
and analysis of the CSB results can be neglected as the ECRIS is not operated in a high current

regime.
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Figure 3.14: Comparison between space charge and quadrupole strengths on $0°* beam at an
energy of Q*10 keV plotted against accelerating voltage between 5 and 50 kV. The size of
180%* was assumed to be 5.5 mm while the voltage on the quadrupole electrode is 800 V.

3.12 Magnetic Field Emittance Due to Beam Rotation in the Electron Cyclotron

Resonance lon Source

The formation and extraction of ion beams from the ECRIS occur in the source's strong solenoid
magnetic field. The magnetic field's magnitude in the source's extraction region decreases
rapidly as the extracted beams propagate into the beam transport lines. The decreasing magnetic
field induces a beam rotation that significantly affects the emittance of the extracted beam.

The contribution of the magnetic field to the ion beam emittance in the ECR ion source can be
derived from Gauss’s law of Maxwell’s equation and the Lorentz force law. In cylindrical

coordinate (r, 0, s), Gauss’s law of Maxwell’s equation is given as, where B = (B,,0,B;)

10(rBy) , 0Bg
r or + as

Where B, is the radial field due to the solenoid coil and By is the main field on the beam axis

V-B = =0 3.60

in the s direction. The radial field, which is derivable to the first order from the on-axis magnetic

field component B is given as, from Equation 3.60:

r 0B,
B, =—12=

> 35 3.61
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From the Lorentz force law, the force experienced by the ions due to the radial field of the

ECRIS solenoid coil is given as:

d
m% = Qev,B, 3.62

From vg = %, dt = ?, substitute for dt and B, in Equation 3.62, and cancel out vy, we have,

Do _ 2P0 — _el%s 3.63
ds ds 2 9s '

The magnitude of the angular momentum kick due to the radial magnetic field is given as

Pe = @ 3.64
Normalizing Equation 3.64 to the longitudinal momentum p, we have the beam angle given as
R 3.65

Ps Ps .

In r — @' phase space, the geometrical magnetic emittance is then defined as the product of r
and 0’

__ QeBor? _ QeByr?
Emag = =

3.66

2po 2muvg

Where B, is the magnitude of the magnetic field at the extraction aperture with radius r, Q is
the charge of the ion, e is the electron charge and p, is the beam’'s momentum defined as the
product of the mass and velocity of the extracted beam. In terms of the atomic mass and charge,

m = Am,, Equation 3.66 becomes,

_ QeBoT'z
Emag -

3.67

2Amy v
Where m,, is the atomic mass unit.

Equation 3.67 is the geometrical magnetic emittance due to the magnetic field in the extraction
region of the electron cyclotron resonance ion source. Furthermore, by multiplying Equation
3.67 with the relativistic beta and Lorentz factor, substituting v; = ¢, where c is the speed of
light, the normalized magnetic emittance is given as:

mag _ QeBor” 3.68
normalize = 24m,c :

For non-relativistic beam, ¥ = 1, the normalized magnetic emittance in m — rad can then be

expressed as

2
gmag = 0.161 2 3.69

normalize A/Q
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As seen from Equation 3.69, the normalized magnetic emittance depends on the magnitude
of the magnetic field, By, at the extraction aperture location, the radius of the extraction
aperture, r, and most importantly, the mass-to-charge ratio, A/Q of the beam that is being
extracted.
The magnitude of the magnetic field at the location of the extraction aperture of the TRIUMF
ECR ion source charge state booster is about 0.7 T while the radius of the extraction aperture
is 3 mm. Figure 3.16 shows the theoretical normalized RMS magnetic emittance of the beam
with A/Q between 1 and 16.

Theoretical Magnetic Emittance
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Figure 3.16: Theoretical magnetic field emittance plotted against A/Q between 1 and 16
calculated at an extraction aperture radius of 3 mm and magnetic field of 0.7 T.
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Chapter 4 - The TRIUMF Electron Cyclotron Resonance lon Source
Charge State Booster (ECRIS CSB)

4.1 Introduction

The TRIUMF ECRIS CSB is a modified 14.5 GHz PHOENIX booster developed by
Pantechnik, France. It was originally designed to be operated as a single-frequency plasma-
heating source. The booster was installed and commissioned in 2010 [42]. The CSB is installed
adjacent to the main mass separator in a radiation-shielded room in the basement of the
TRIUMF ISAC facility. As presented in Chapter 1, an ECRIS is used at the TRIUMF ISAC
facility as a charge state booster to increase the charge state of rare isotope beams before
injection into the LINAC for post-acceleration. The schematic drawing of the TRIUMF ECRIS
CSB is shown in Figure 4.1.

Injection Extraction
Hexapole Permanent Magnet
System P g System
1+ - 2 n+
— Plasma chamber —1 © = =
Injection Soft -
/4 Extraction Soft

Iron Plug
J ‘ Iron Plug
|- [ o ]
Solenoid coils T
. Yoke

Figure 4.1: Schematic diagram of the TRIUMF ECRIS CSB showing the solenoid coils, iron
yoke, hexapole permanent magnet, iron plugs, injection system and extraction system [43].

Singly charged ions are injected into the booster from the left, and highly charged ions (HCIs)
are extracted from the right. The solenoid coils are indicated with the rectangular boxes with

the crosses, while the hexapole permanent magnet (not shown completely) is located around
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the plasma chamber. For clarity, the model of the CSB designed in OPERA is shown in

Figure 4.2.
Soft iron yoke

Soft iron rings

Extraction soft iron plug

Injection soft i

olenoid coils

Figure 4.2: TRIUMF ECRIS CSB system modelled in OPERA® to simulate the magnetic field
(both radial and axial) distribution of the CSB.

The plasma chamber of the booster is about 300 mm long and 74 mm inner diameter. A singly
charged ion beam selected from the mass separator is injected into the booster through a two-
step deceleration injection system, and extraction of highly charged ions is achieved through a
three-electrode extraction system, otherwise known as the accel-decel extraction system. The
extraction system comprises the plasma electrode, the puller electrode (extraction electrode)
and the ground electrode. The CSB is installed on a high-voltage platform with an electrical
voltage close to the voltage source of the target ion source station so that injected ions can be
decelerated and stopped in the plasma. The booster is equipped with two axial slots at the
injection region, one of these slots is used to introduce support gases into the plasma chamber,
and the other is used to launch electromagnetic waves through the WR-62 water-cooled
waveguide into the plasma. The booster is routinely operated with helium gas as a support gas.
To achieve a low-pressure vacuum as low as 10~ Torr, two cryo pumps are connected to the
booster at the injection and extraction regions because they are not sensitive to the stray fields
of the CSB. Cryo pumps achieve high vacuum by using cold helium-cooled surfaces to trap gas

molecules.
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For axial plasma confinement, magnetic fields are generated axially by a set of three solenoid
coils, one at the injection, one at the center, and the last at the extraction region, while radial
confinement is achieved using magnetic fields generated by hexapole permanent magnets. Each
solenoid coil has 128 turns and comprises four pancakes of copper coils. The solenoid coils
and the hexapole are encapsulated in an ARMCO soft iron core to increase and concentrate the
flux of the magnetic field. The soft iron plugs at the injection and extraction are in place to
shield stray magnetic fields. The axial slot for gas and electromagnetic injection into the CSB
is located in the injection iron plug, making the magnetic field in the region to be asymmetric.
The center coil of the solenoids produces the minimum magnetic field required to meet the
resonance condition of the booster. Besides, the CSB is equipped with two soft iron rings in the
center around the hexapole to adjust the minimum and the resonance magnetic field of the CSB.
The combination of the solenoid fields and the hexapole fields form the minimum magnetic
field configuration that stabilizes the plasma against Magnetohydrodynamic (MHD)
instabilities. In the minimum-B field configuration, the minimum magnetic field occurs at the
center and increases in every direction towards the wall of the plasma chamber. The typical

operating parameters of the CSB are summarized in Table 4.1.

Table 4.1: Typical Operating Parameters of the TRIUMF CSB

Parameters Values
Binj(1 = 1050 A) ~10T
Bouin(1 = 200 A) ~03T
B,(1 =762 A) ~0.7T

Beer (frf = 14.5 GHz) ~05T
B, (r = 32 mm) ~0.7T
High voltage bias 10- 15 kV

The magnetic field distributions, both axial and radial of the CSB, were recently mapped using
a robotic Hall probe that was assembled and calibrated at TRIUMF. The magnetic field
mapping of the CSB was necessary to accurately describe the CSB injection and extraction

systems and to also have up-to-date information about the booster.



68
The hall probe can map up to 1000 mm longitudinally and radius at different angles (0 —
360°). The maximum radius that the probe can map is limited by the system's radius to be
mapped. For the CSB, it was only possible to map the radius up to 24 mm. As part of this
thesis, the field distributions, transverse (Bx and By) and longitudinal (Bz), were mapped from
the injection region to the extraction region of the CSB, one measurement after the other. The
magnetic field was mapped from 123 mm away from the injection soft iron plug for
longitudinal field measurements and 144.5 mm away from the injection iron plug for
transverse field measurements. The measurement covers 1000 mm through the CSB
geometrical center up to the extraction region. The magnetic field distribution of the CSB was
also simulated in OPERA and compared with the measurements. Figure 4.3 shows the measured
B, and B, field distribution resulting from the hexapole at r = 24 mm and z = 10.5 mm
from the geometrical center of the CSB as a function of theta. The measured radial field
distribution up to r = 24 mm due to the hexapole is compared with the OPERA simulation in

Figure 4.4.

Bx and By Component vs Theta atr = 24 mm, Z = 10.5 mm
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Figure 4.3: B, and B,, field distributions of the CSB mapped inside the CSB at the radius of 24
mm and longitudinal position of 10.5 mm.
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Figure 4.4: Comparison between mapped radial magnetic field distribution and OPERA
simulated radial magnetic field distribution at the geometrical center of the CSB.
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Figure 4.5: Measured axial magnetic field distribution of the CSB compared with the axial
magnetic field distribution modelled in OPERA simulation. The yellow region is where the
injection system of the CSB is installed while the blue region is where the extraction system of
the CSB is installed.
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Electric Field and Potential Distribution of the CSB
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Figure 4.6: Electric field and potential distribution of the CSB simulated in OPERA including
the voltage and electric fields from the injection and the extraction systems. The negative
electric field in the injection region indicates that the injected ions are decelerated in two stages
while the positive electric field in the extraction region indicates that highly charged ions are
accelerated in two steps.

The longitudinal magnetic field distribution of the CSB is compared with the OPERA
simulation in Figure 4.5. The vertical black dash line indicates the location of the extraction
aperture along the magnetic field. The area shaded in yellow is the injection region, while the
shaded in blue is the extraction region. As seen, both regions are in a strong magnetic field.

Figure 4.6 shows the electric potential distribution (black plot) and the corresponding electric
field distribution (red plot) of the CSB calculated and plotted from the injection ground to the
extraction potential in OPERA. The distributions consist of the potential and the corresponding
electric fields created by the injection system, the plasma chamber and the extraction system.
The first and the second injection electrodes (IE1 and IE2) are biased to 7.1 kV and 9.2 kV/,
respectively, and the CSB plasma chamber and the plasma electrode are both biased to 10 kV,
and finally, the puller electrode is biased to 7.5 kV. These are the typical operating parameters
for the CSB. As seen in Figure 4.6, the two negative peaks of the electric fields (two steps in
the electric potential) in the injection region indicate that the injected ions are decelerated in

two stages. In the plasma, the ions are completely stopped, provided that the energy of the
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injected ions is equal to the plasma chamber bias voltage. The highly charged ions are
extracted and accelerated in two stages, as shown by the positive two peaks in the electric field
in the extraction region.

The CSB has been used to charge breed rare isotopes ranging from Potassium to uranium. For
injection optics, extraction optics and beam transport system tunning, the CSB is equipped with
a cesium test ion source (CTIS) located behind the injection system of the CSB. Injection of
rare isotope beams into the CSB from the target ion source station is achieved by inserting a set
of electrostatic benders into the beam's path. Overall beam focusing into the booster is achieved
using three FODO lattices (more details in Section 4.4, Figure 4.11), while beam focusing of
extracted highly charged ions before A/Q selection is achieved by OFODOFO lattice (Section
4.5). The injection and the extraction beamlines of the CSB are equipped with several Faraday
cups at specifically defined locations to measure the beam current with sensitivities down to a
few picoamperes. The Faraday cups are inserted into the beam's path and stop the beam's ions
to determine the beam current.

Furthermore, several profile monitors are installed on the beamlines to monitor the shape and
position of the beam vertically (y-direction) and horizontally (x-direction). Also, several
vertical and horizontal steerers are installed to correct the beam angles and compensate for the
misalignment of the beamline optics. Due to the restricted space in the installation area of the
CSB, there was no room to install emittance meters, so profile monitors are usually relied on to
monitor the beam quality. The combination of a magnetic dipole, which has the resolving power
(M /AM) of about 200, two electrostatic benders act as a Nier-type spectrometer [8] to select

the desired charged-bred rare isotope beams.

4.2 The Electromagnetic Wave Heating Setup

The radio-frequency heating of the ECRIS plasma was originally configured for single-
frequency heating. The setup consists of a BNC signal generator (model 845) with a frequency
range between 100 kHz — 26.5 GHz, and a CPI travelling wave tube amplifier (TWTA)
(model VZM6993J4) with a frequency range between 13.75 — 14.5 GHz with a maximum
output power of 600 W. Figure 4.7 shows the not-drawn-to-scale schematic of the single-
frequency heating setup of the TRIUMF ECRIS CSB.
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Figure 4.7: Schematic of the rf system for the TRIUMF ECRIS CSB under single-frequency
heating.

The signal generator and the amplifier are located in the ISAC 1 experimental station in a rack
behind the ISAC yield station. The amplified electromagnetic wave is coupled to the ECR
plasma via a WR-62 waveguide with a frequency range between 12.4 — 18 GHz. The
waveguide, which is about 16 m long, has four E-bends between the amplifier and the ECRIS.
A CERNEX® E/H plane turner (model CPT62EH-01, S/N:7513) is connected to the other end

of the waveguide before transitioning the waveguide into the high-voltage section of the ECR.

4.3  Cesium Test lon Source (CTIS)

For the tuning of the ECRIS CSB (including the injection beam optics, CSB injection system,
extraction system and the extraction beam optics) for preparation for charge breeding of

radioactive isotope beam (RIB), a cesium test ion source (CTIS) is used. The ion source is
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adjacent to the electrostatic bender switchyard for injecting the RIBs produced from the
online station into the booster (see Figure 4.12). The CTIS is a surface ion source designed and
developed by HeatWave Labs, Inc, with model number 101500 HWIG-250. The ion source
assembly consists of a heater to heat up and surface ionize the cesium evaporated from the
pellet (singly charged 133Cs™ ions are mostly produced) and an extraction system that consists
of an extraction electrode (EE), an Einzel lens (EL) (for beam focusing) and the ground
electrode (GE). Meanwhile, the extraction system of the ion source has been modified to adapt
the surface ion source to the injection beamline of the TRIUMF ECRIS CSB. The ground
electrode in the original design was replaced with another extraction electrode followed by
another ground electrode. The total length of the extraction system is about 40 mm (shown in
the simulation in Figure 4.8). The CTIS is biased with the same high voltage as the CSB so that
Cs™ ions can be injected and decelerated in the center of the plasma of the CSB.

Meanwhile, to overcome the positive plasma potential of the CSB, the CTIS is equipped with
a delta-V (AV) power supply to slightly increase the energy of the injected ion to account for
the plasma potential. During normal operation, AV is usually between 8 - 20 V, depending on
the plasma conditions. The CTIS extraction system was simulated in IGUN for the extraction
of a singly charged cesium ion beam with a current of 10 nA at the energy of 10 kV. The result

of the simulation of the extracted beam is shown in Figure 4.8.

10.00E-9 &, crossover at Z= €4, R=3.07 mesh units

TRIUMF's ISAC Cesium Test Ion Source | Joseph Adequn 2020
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Figure 4.8: IGUN simulation of singly charged cesium ion beam at 10 kV from the optimized
extraction system of the test ion source. The extraction system is optimized at the voltage values
printed on the electrodes of the extraction systems. The current of the extracted ions is printed
at the top of the figure.
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The heater that houses and ionizes the cesium pellets is embedded in the electrode, biased to
10000 V' (blue), which defines the beam energy. The extraction electrode that creates the
electric field that extracts the ion beam is biased to 9700 V (green), while the Einzel lens, which
focuses the extracted beam, is biased to 8700 V. The added electrode that adapts the extraction
system to the beamline is biased to 8300 V (red). The singly charged cesium beam (red plot) is
extracted from the left to the right, as shown in Figure 4.8.
The values of the voltage set on the electrodes were defined by systematically varying the
voltage on the extraction electrode (CTIS: EE), Einzel lens (CTIS: EL) and second extraction
electrode (CTIS: EE2) one after the other while monitoring the Faraday Cup (FC5) for the
highest intensity of Cs* which is around 10 nA, and also monitoring the spatial distribution of
the beam on profile monitor, CSB: RPMS5 located in the front of quadrupole Q5, to ensure that
the beam distribution is not distorted. The electrostatic steerers and the quadrupole (Q5) directly
in front of the CTIS extraction system were switched off during this systematic investigation.
Meanwhile, the emittance and the Twiss parameter of the Cs+ ions extracted at the settings
above were measured using the quadrupole scan technique by scanning the strength of
quadrupole Q5 and measuring the beam size at profile monitor RPM5.
The RMS emittance and the Twiss parameters of the beam at the entrance of Q5 are € =
(8.78 £ 0.58) mm —mrad, a = (—2.78%0.20), 8 =(116.2+7.3) cm,y = (0.0752 +
0.0045) cm™. And by using the Twiss parameters transformation, the shape and the
orientation of the Cs ions can be determined at the exit of the test ion source extraction system.
The RMS emittance and the Twiss parameters of the beam at the entrance of Q5 are € =
(8.78 + 0.58) mm — mrad, a = (0.21+0.02), 8 =(13.91+0.02) cm, y = (0.075 +
0.005) cm™1. Figure 4.9 compares the phase space ellipse at the entrance of Q5 (red plot) with
the phase space at the exit of the CTIS (blue plot). As seen, the phase space ellipse at the exit
of the test ion source appears almost upright, which suggests that the extracted ions from the
CTIS are approximately parallel (¢ = 0), while at the entrance of the Q5, the beam is diverging

(a < 0) because of the large drift length.
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Figure 4.9: Phase space ellipses of singly charge cesium ion beam. The red ellipse was
determined using the quadrupole scan technique at the entrance of quadrupole Q5 (see Figure

4.10), while the blue plot was determined using the Twiss parameters transformation at the
extraction region of the cesium test ion source.

4.4  CSB Injection Beamline and Injection System

The schematic of the CSB injection beamline shown in Figure 4.10 from the CTIS to the CSB
consists of 4 x-direction focusing quadrupoles (Q5, Q7, Q9, Q11), 3 y-direction defocusing
quadrupoles (Q6, Q8, Q10), drift regions, 2 Faraday cups (FC5 and FC9), 2 profile monitors
(RPM5 and RPMB8), 2 vertical steerers, 2 horizontal steerers and an electrostatic switchyard for
radioactive beam injection.

Singly charged ions from the test ion source or deflected rare isotopes through the electrostatic
benders propagate from the left through the beam optics and the injection system into the CSB.
The beam optics are arranged in cells, with each cell consisting of one focusing quadrupole (F),
one defocusing quadrupole (D) and two drift regions (O) that are usually referred to as FODO

lattice.
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Figure 4.10: Schematic of the CSB injection beamline elements including the cesium test ion
source and the switchyard for radioactive ion beam injection into the CSB. The right side of the
beamline is coupled to the injection system of the CSB.

The injection beamline consists of three FODO lattices with an additional focusing quadrupole
at the entrance of the CSB. The optics arrangement provides the beam's overall focus from
CTIS or the target ion station into the CSB. To visualize the envelope and optimize the beam
from the CTIS into the CSB, the TRANSOPTR beamline code was used to simulate the
injection beamline. The objective of the modelling was to utilize the fitting routine of
TRANSOPTR to optimize the strengths of all the quadrupoles to achieve an overall focusing
beam with a size less than the aperture radii of the CSB injection system for efficient injection
into the ECRIS plasma. The first Injection electrode (IE1) has a radius of 28 mm, and the
second injection electrode (IE2) is 20 mm, respectively. A converging beam is required to
prevent beam loss to the electrodes of the injection system. The CSB injection system is
discussed later in this section. As presented above, the emittance and the Twiss parameters of
the beam at the entrance of Q5 were imported into the TRANSOPTR for modelling the injected
ions beam envelope. Figure 4.11 shows the optimized beam envelope of the singly charged
cesium beam from the entrance of Q5 up to the booster. The TRANSOPTR calculation includes
the injection magnetic field of the CSB and the electric field of the injection electrodes in this
region.

In Figure 4.11, the blue curve is the horizontal beam envelope, while the vertical envelope is
the curve in red. The black horizontal dashed line is the aperture radius of the quadrupoles,
which is 2.54 ¢cm. The green vertical dashed lines are the geometrical center of the quadrupoles.

The magenta plot is the scaled energy of the beam as a function of longitudinal position. The
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solid green plot is the axial magnetic field distribution of the CSB at the injection site of the
ECR.

Horizontal beam envelopelcm] == = Quadrupole radius [cm] = 10 x Beam energy [keV]
-Vertical beam envelope [cm] = CSB B-field [T]
T T

Figure 4.11: Optimized beam envelope of singly charge cesium ion beam modelled in
TRANSOPTR from the entrance of quadrupole Q5 to the plasma edge. The envelope was
modelled by including the magnetic and electric fields of the CSB in the injection region up to
the edge of the plasma (area shaded in yellow). The space charge from the plasma is not
included. The black dash lines depict the aperture of the quadrupole, while the green dash lines
denote the location of the quadrupoles. The sign of the vertical envelope (red plot) is reversed
for visualization.

The yellow-shaded region of the plot shows the injection system and part of the CSB plasma
vacuum chamber. As is seen in the beam envelope plot, the beam'’s energy from the CTIS is
constant until the ions reach the injection system of the CSB, where they are decelerated in two
stages and simultaneously experience a fast-increasing strong magnetic field before entering
the ECR plasma. The beam, in both directions, is overall focused into the CSB through the
combined actions of all the quadrupoles depending on the beam parameters at the entrance of
Q5. The maximum beam size in both directions as the ions enter the plasma is around 0.1 c¢m,
which is far smaller than the aperture of the injection electrodes.

Furthermore, the injection system of the CSB consists of two electrodes, and they are biased
electrically so that injected ions are decelerated before entering the plasma. The injection
system is designed to decelerate injected ions in two stages. (Figure 4.6). It is embedded in the

strong magnetic field of the ECR ion source. The waveguide and support gas ports are located
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radially at the injection site of the CSB. The feedthrough for the waveguide and support
requires an opening in the magnetic iron yoke, which makes the magnetic field at the injection
region non-symmetric and thus affects the trajectories of the injected ions from the CTIS or
target ion source station. The 2D cross-section drawing of the injection system is shown in
Figure 4.12. Singly charged ions are injected in the drawing from right to left.

IIIV[P!_!/LIJ — {;_;_ =

o T

Beam pipe
Vacuum IE1

Ground potential

Chamber

/ S A 1
a1

Figure 4.12: Geometry of the electrodes of the CSB injection system showing part of the
plasma vacuum chamber [43].

During regular operation, the applied voltage to the first injection electrode (IE1) is about 66 %
of the CSB-biased voltage, while the second injection electrode (IE2) voltage is about 96 % of
the CSB-biased voltage. The injection system is coupled to the beam pipe that is grounded

through an insulator.

45  CSB Extraction System and Extraction Beamline

Extraction of highly charged ion beams from the CSB is achieved using the configuration
known as the accel-decel extraction system, which consists of three electrodes: the plasma
electrode (PE), the puller electrode (EE), and the ground electrode (GE). The extraction system
is about 378 mm long and is also embedded in the strong magnetic field of the ECR, just like
the injection systems. During the operation of the CSB, the plasma electrode (PE) is biased to
the same potential as the CSB, while the puller electrode (EE) is usually biased to about 70 %
of the CSB high voltage bias so that ions are accelerated out of the CSB, and finally, and the
last electrode is on the ground potential. The extraction aperture in the plasma electrode is
6 mm, the extraction gap, distance between the plasma electrode (PE) and the puller electrode

(EE), is 25 mm, while the distance between the puller electrode (EE) and the ground electrode
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(GE) is 26 mm. The aperture of the extraction electrode is 10 mm, while the aperture of the

ground electrode is 32 mm. The 2D drawing of the extraction system is shown in Figure 4.12.
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Figure 4.13: Geometry of the electrodes of the CSB extraction system [43]. The gaps in the
puller electrode (EE) are for vacuum pumping.

Intrinsically, the electron cyclotron resonance ion sources produce ion beams of different mass-
to-charge ratios, firstly, because support gas is needed to produce a plasma of energetic
electrons and secondly because ECRIS is usually operated at a pressure (operating pressure
~10~8 Torr is usually above ultra-high vacuum pressure) where residual gases such as carbon,
nitrogen, oxygen and argon are not completely pumped out. So, during beam extraction, all the
residual ions are extracted alongside the injected radioactive isotopes (radioactive isotope ion
intensities are usually low).

Meanwhile, emittance measurement performed on AECR-U [44], [45] showed that the
magnetic field plays a significant role in the magnitude of the emittance of the ECR beam, and
normalized emittance is strongly dependent on mass and charge state. Furthermore, the
evolution of the normalized emittance showed that low-charged light mass ions are found on
the edge of the beam pipe while highly charged heavier mass ions are concentrated in the center
of the beam pipe during extraction. However, considering the spatial distribution of the different
species of ions extracted from the ECR, it is essential to include the contribution of the residual
ions while simulating the extraction system of the ECR ion source to describe better the plasma
sheath where different ions are extracted. Meanwhile, IGUN code has the feature to model an
ion beam of different masses and many charge states. However, considering the computer's
computing power required and time, only six masses and seven charge states were modelled.
They are from the support gas ions (4He* and 4He?*), some prominent and intense charge states
of residual ions (H*, 12C°*, “N®* and ®0"*) and a single desired high charge state of cesium

(*33Cs?™). The measured magnetic field of the ECRIS CSB, as presented in Section 4.1, was
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imported into IGUN to describe the extraction system accurately. Figure 4.14 shows the
graphics of the extraction system exported from IGUN with the radius and the longitudinal plot

of the picture in mesh units [1 mesh unit = 0.2 mm].

Up=10019.4, Te=5.0 eV, Ui=5.0 eV, mass=4.0, Ti=0.5 eV, Usput=0 V
2.13E-4 &, crossover at Z= 40, R=13.53 mesh units, Debye=4.138 mesh units
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Figure 4.14: IGUN simulation of the CSB extraction system. Some selected intense residual
ions from the CSB plasma and Cs?’* were modelled in the simulation. At a bias voltage of 10
kV, the extraction system is optimized with the puller electrode voltage of 7.2 kV. The plasma
parameters and the extracted beam current are printed at the top of the figure.

The properties of the plasma where the defined ions are extracted, such as bias potential, plasma
potential, electron temperature, ion initial energy, ion temperature, Debye length and extracted
current, are displayed at the top of the Figure. The electrode in green colour is the plasma
electrode which bears the aperture where ions are extracted. The plasma electrode is on the
same electrical potential as the plasma chamber. The electrode in red colour is the puller
electrode. The potential on the puller electrode creates an electric field with respect to the
plasma electrode to extract ions. The last electrode on the right in magenta is on ground
potential. The extracted ion beam flows from the left to the right in Figure 4.14. The green dash
line is the axial magnetic field of the ECR in Gauss (G).

Figure 4.15 shows the phase space of all the ions modelled in IGUN but processed in Python.
Different masses and charge states have different phase spaces, focal lengths and orientations
because of the strong magnetic field at the extraction system of the ECR ion source, which acts
as a magnetic solenoid lens.

The emittances of all seven ion species ranging from H* to Cs?®" modelled in IGUN are
presented in Table 4.1. In addition to the feature in IGUN that allows the modelling of several
ions and computes individual emittance for each ion modelled, as presented in Table 4.1, IGUN

can also compute an average emittance (a single value) for the modelled ions. So, for all the

3
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ions simulated in Figure 4.14, the average emittance is 136.19 mm — mrad. As would be

presented in Chapter 5, the simulated emittance is within a typical ECR emittance.
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Figure 4.15: Phase space ellipses in x — x’ plane of some selected intense residual ions and
133Cs?™ simulated in IGUN using the extraction system of the CSB. The magnetic field in the
extraction region of the CSB is responsible for different phase space orientations.

Furthermore, as seen in Figure 4.15, the phase space of H* encapsulates the phase spaces of
other ions, and the phase space of the desired cesium ion is averagely located in the center of
the rest of the other phase spaces, thus if an emittance measurement is performed on the total
extracted beam from the ECR, it can be then be assumed that the emittance of the desired cesium

charge state lies within the measured value.
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Table 4.1: Modelled Emittance of Some Selected Intense Residual lons and Cs?’* Extracted
from the TRIUMF ECRIS CSB.

lon AlQ Emittance [mm-mrad]
H+ 1 201.88

‘He? 4 103.89

‘He?* 2 142.17

12Cs+ 24 131.38

14Ne6* 2.33 133.43

1607+ 2.28 134.08

133Cg27* 4.93 92.59

Figure 4.15 can be further explained by comparing the emittance due to ion temperature with
the emittance due to the magnetic field in the extraction region of the CSB. The normalized
emittance as a result of the ion temperature in the plasma assuming a Maxwellian temperature

distribution is given by [21]:

RO = 0.0167 /% 4.1

While the contribution from the magnetic field has been derived in Section 3.10, and it is given
as follows:

norm Bor?
EMag = 0.161m 4.2

Where r is the radius of the extraction aperture, B, is the magnetic field at the location of the
extraction aperture, KT; is the ion temperature in eV and A/Q is the mass-to-charge ratio of the
ion beam. Since equations 4.1 and 4.2 both depend on the mass-to-charge ratio, Figure 4.16
compares the magnetic emittance with the contribution from the ion temperature, assuming.
KT; = 0.5 eV with the magnetic field at the aperture radius B, = 0.7 T and aperture radius r =
3 mm for the A/Q modelled and plotted in Figure 4.15.
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Figure 4.16: Comparison between magnetic and ion temperature emittances plotted against
AJ/Q between 1 and 4.75 for ion temperature of 0.5 keV, an aperture radius of 3 mm and a
magnetic field of 0.7 T.

As seen, both the magnetic emittance and the ion temperature emittance decreases with A/Q,
however, the magnetic emittance is more prominent than the emittance due to the ion
temperature; thus, the emittance resulting from the magnetic field in the ECR dominates the
contribution from the ion temperature.

Furthermore, the schematic of the CSB extraction beamline is shown in Figure 4.17. The
beamline will only be discussed until the Faraday cup 16A (FC16A). In this section, the beam
optics consist of five quadrupoles, one 90° sector magnetic dipole, two 45° electrostatic
benders, four profile monitors, drift regions, three Faraday cups, three mass slits that have a
maximum opening width of 20 mm, three vertical steerers, and one horizontal steerer. As
shown in the schematic, three quadrupoles (otherwise referred to as the triplet), Q12, Q13 and
Q14, which are focusing beams in the x — direction (defocusing in the y — direction),
defocusing in the x — direction (focusing in the y — direction) and focusing in the x —
direction (defocusing in the y — direction), respectively, are designed to focus a high current
beam (current up to 500 uA) into a waist horizontally before and after the magnetic dipole,
while the optics after the magnetic dipole were designed for the transport of low current beam
(about 10 nA).
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Figure 4.17: Schematic of the CSB extraction beamline elements with Nier-type spectrometer
configuration. The left side of the schematic is connected to the injection beamline.

At the entrance and exit of the dipole are mass slits to trim the beam tail of the transverse
particle distribution. The momentum dispersion created by the magnetic dipole is counteracted
by the two quadrupoles (Q15 and Q16) and two 45° electrostatic benders (EB1 and EB2)
located after the magnetic dipole. At the exit of the last electrostatic bender (EB2) is another
slit placed to purify the selected beam further before it is sent to ISAC LINAC for post-
acceleration.

As already demonstrated and presented, several ions are extracted alongside the charge state of
interest from the ECRIS-based charge state booster, but in TRANSOPTR, only a single
envelope can be modelled at once. So, the envelope of the *3Cs?”* beam was modelled from
the exit of the extraction system up to Faraday cup 16A (Figure 4.17). The objective of the
TRANSOPTR modelling and optimization was to vary the strength of all the quadrupoles along
the beam path to achieve an achromatic focussed beam (beam with zero dispersion) at the
location of Faraday cup FC16A.

Using the quadrupole scan technique (QST), the total emittance of the CSB was determined by
scanning quadrupole Q14 and measuring the beam size on RPM14, and since emittance is
conserved, the Twiss parameters transformation was used to determine the beam size and shape
at the exit of the CSB extraction system using the Python NumPy linear algebra module. For
example, the emittance and the Twiss parameters of the CSB determined using this technique
are given as € = (118.9 £ 89) mm —mrad,a = —0.67 £ 0.01,8 = (23.1+£1.8) cm,y =
(0.06 + 0.01) 1/cm and for a given charge state, say 133Cs?**, the envelope of the beam can be

modelled from the exit of the CSB extraction system up to the final destination of the desired
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beam. Figure 4.18 below shows the beam envelope of 133Cs** at 10 = Q keV energy from
the CSB.
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Figure 4.18: Optimized beam envelope of *3Cs?** from CSB extraction system to Faraday cup
FC16A (see Figure 4.17) at an energy of 10*Q keV. The green dash lines indicate the locations
of the optics along the CSB extraction beamline. The sign of the vertical envelope (red plot) is
reversed for visualization. The elbow in the horizontal beam envelope (blue plot) around the
horizontal axis at s = 150 cm indicates deflection in the magnetic dipole.

The blue plot is the envelope of the beam in the horizontal plane (affected and deflected by the
magnetic field), while the red plot is the envelope in the vertical plane (unaffected by the dipole
fields). The magenta plot is the dispersion created by the magnetic dipole. The dashed-green
lines are plotted to indicate the diagnostics locations along the beam transport.

As seen, the extracted ions coming from the CSB diverge as they approach the entrance of Q12,
but at the exit of the triplet (Q14), the beam is focused into a waist horizontally (blue curve)
into the entrance and at the exit of the magnetic dipole (MB14) but drifts vertically (red curve)
through the dipole. However, at the location of Faraday cup FC16A, the objective of the
modelling was satisfied, which is a beam with a waist in both planes.

The magenta curve is the dispersion in meters created by the magnetic dipole. As seen in the
plot, there was no dispersion before the magnetic dipole. However, due to the fundamental
properties of a dipole, the deflected plane experienced dispersion at the center of the dipole and

increased the size of the beam as the ion beam exited the dipole. However, it was cancelled out
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by the combined actions of the quadrupoles Q15 and Q16 and electrostatic benders B15 and
B16. The combination of the magnetic dipole and electrostatic benders is called the Nier-type

spectrometer [8].

46  Major Improvements of the TRIUMF ECR lon Source CSB in the Past

The most critical problem in the operation of the ECR ion source is the issue of background
and residual ions contamination. The ion source operating pressure, the composition of the
chamber wall materials, and the injection and extraction electrodes define the type of these
background ions. In the TRIUMF ECRIS CSB, the chamber wall, the injection and extraction
electrodes were originally stainless steel, and the background ions that are encountered during
regular operation are from residual gases, mainly carbon, oxygen, nitrogen and argon, and
sputtered materials such as iron, manganese, and cobalt from the plasma chamber, the injection
and extraction electrodes. The intensity, most especially of the residual ions, can be more than
1012 particles per second (pps) during regular operation. These impurity ions contaminate the
A/Q regions of the desired radioactive ions, which usually have an intensity several orders of
magnitude lower than the intensity of the background ions. The residual gases are generally
abundant in the ECR ion sources because they are not usually operated at ultra-high vacuum
since support gases such as helium and oxygen are required for ECRIS operation. Meanwhile,
sputtered materials are introduced into the plasma from the chamber wall and the surrounding
electrodes during plasma-wall interaction. The plasma-wall interaction is a phenomenon
whereby energetic plasma particles that are unstable magnetically or not well-confined escape
and interact with the surrounding materials releasing secondary particles, primarily neutrals, in
the process. The released particles enter the plasma, get ionized, extracted, and obscure the
mass-to-charge ratio (A/Q) of the desired exotic isotopes.

However, in 2012, the chamber wall, the injection and extraction electrodes, and other plasma-
surrounding materials were either coated or replaced with pure aluminum materials. This
modification reduced the intensity of some sputtered ions by about 2 orders of magnitude, and
the intensities of the residual ions were enhanced [46], as shown in Figure 4.19. Furthermore,
in 2014, the rf amplifier of the CSB, which was initially a fixed-frequency klystron amplifier
[47], was replaced with a travelling wave tube amplifier (TWTA) that allows for frequency
tuning for better optimization of the CSB. As reported in [48], the installation of the TWTA
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enabled frequency tuning between 13.75 and 14.5 GHz and helped in operating the CSB in
stable conditions during beam delivery.
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Figure 4.19: Comparison between the mass spectrum of the CSB between A/Q of 5.0 and 7.0
for bare stainless steel vacuum chamber and aluminum-coated vacuum chamber [46].
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Chapter 5 - Operation of the TRIUMF Charge State Booster with the

Single Frequency Heating

5.1 Introduction

This chapter will present and discuss the results of the TRIUMF CSB operation with single-
frequency heating. The outputs of the CSB that are investigated are the beam current, emittance,
plasma potential and charge breeding efficiency. Concerning the efficiency, one distinguishes
between the charge breeding efficiency in a single charge state and the global efficiency by
summing the extracted charge-bred ions over all the charge states in the spectrum. Although
the TRIUMF ECRIS CSB is used for the charge breeding of radioactive ion beams, there is a
cesium surface ion source, otherwise known as the cesium test ion source (CTIS) (described in
section 4.3) installed upstream of the CSB for routine tuning and optimization of the injection
and extraction system as well as the CSB using singly charged ions. The CTIS and the CSB are
biased to the same electrical potential so that injected singly charged ions are decelerated and
stopped in the CSB. The difference between the CSB bias voltage and the CTIS bias voltage is
called the delta-V. This parameter is varied to adjust for the plasma potential, which can be
determined via this parameter. For the emittance measurement using the quadrupole scan
technique (QST), the quadrupole Q5 and RPM 5 (Figure 4.9) are used to measure the emittance
of the injected beam, Q14 and RPM 14 (Figure 4.15) are used to measure the emittance of the
total extracted beam from the CSB, and Q16 and RPM16 are used to measure the emittance of
the separated beam. The total beam current of the singly charged cesium ions being injected
into the CSB is monitored using the Faraday cup FC5, and the total beam current extracted from
the CSB is monitored using FC14, while the current of the separated beam is monitored using
FC16A. For the emittance measurement of the separated beam, the magnetic dipole is set to the
A/q of the beam of interest. The CTIS and CSB were biased to the electrical potential of 10
kV, and a singly charged cesium ion beam of about 10 nA with the RMS emittance of ¢ =
(7.6 £ 0.3) mm — mrad was injected into the CSB. The magnetic dipole was set to A/q =
5.54 corresponding to 133Cs?4*.
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5.2 Emittance of the Total Extractable Current versus Extraction Field

The RMS emittance of the total current extracted from the CSB as a function of the extraction
field was measured via the QST and Twiss parameter transformation (TPT) by scanning the
strength of quadrupole Q14 and recording the beam size on the profile monitor RPM14. The
voltage on the puller electrode defines the electric field of the CSB in the extraction region, and
by changing the voltage of the puller electrode, the extraction field is modified. The extraction
field is defined as the difference between the CSB high voltage bias and the voltage on the
puller electrode divided by the distance of the extraction gap. As previously stated, the CSB is
biased to 10 kV electrical potential, which defines the beam energy, and the extraction gap of
the CSB is 25 mm. The voltage on the puller electrode varied between 6.5 kI and 8.0 kV.
Thus, the extraction field varies between 80 kV /m and 140 kV /m. The beam emittance, as a

function of the extraction field published in [49], is shown in Figure 5.1.
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Figure 5.1: 4RMS total emittance of the CSB at a bias voltage of 10 kV versus puller electrode
voltage between 2 and 3.5 kV. The total emittance was determined using the quadrupole scan
technique discussed in section 3.9. The total current extracted from the CSB on the Faraday cup
FC14 after the triplet is 30 uA.

As can be seen, the maximum emittance of the CSB, which is 158.1 mm — mrad, was
measured at an extraction field of 80 kV /m. However, as the extraction field is increased, the
emittance of the total extractable current decreases until it reaches 101.6 mm — mrad at

112 kV /m. Further increase in the extraction field to 140 kV /m leads to an increase in the
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emittance of the CSB to about 111.7 mm — mrad. The behaviour and the shape of the
emittance indicate that the plasma boundary, the thin plasma sheath layer between the bulk
plasma and the plasma electrode, was greatly affected by the variation of the extraction field,
leading to the boundary changing shape from convex meniscus (high current density) at the
lowest extraction field to the planar meniscus (optimum current density) at the lowest emittance
and concave meniscus (low current density) at highest extraction field. The optimum extraction
of ions from the ECR ion source plasma depends on the balance between the plasma density
and the space charge density. So to further understand Figure 5.1 and the influence of the
extraction field on the plasma boundary where the ions are extracted, the extraction system was
simulated in IGUN code. Only the plasma electrode and about one-third of the puller electrode
are simulated for clarity. As stated, the plasma boundary can assume either convex, planar or
concave meniscus depending on the plasma density and extraction field in the ion beam
formation region. In the simulation, the beam energy and the current density were fixed at
10 kV and 155 uA/cm? respectively while the extraction field (puller electrode voltage) was
varied. The puller electrode voltages that create the three meniscuses are 8 kV,7 kV and 1 kV.
The results of the simulation are presented in Figures 5.2 — 5.4. Since IGUN allows the
simulation of more than one ion specie, the plasma was defined to consist of H*,
4He', 4He?*,12C5, 14N5%,160°" and 133Cs?**. This definition approximates the plasma
of an ECRIS, most especially the TRIUMF CSB being considered.
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Figure 5.2: Simulation of convex plasma meniscus in IGUN at the puller electrode voltage of
8 kV. The plasma electrode is biased to 10 kV. The extracted ion beam consists of an intense
current of some selected residual ions and Cs?**. The atomic mass and the charge states of the
ions are shown on the right-hand side of the figure, while the plasma parameters and the
extracted beam current are printed at the top of the figure.

The convex meniscus forms a beam with a high divergence angle leading to the extracted ions
being lost to the puller electrode, as shown in Figure 5.2. In this case, the plasma density in the
extraction region is higher than the space charge current density and this results in the plasma
extending beyond the plasma electrode aperture into the extraction gap leading to a significant
emittance of the extracted beam, as shown in Figure 5.1, at the extraction field of 80 kV /m.
On the other hand, the planar meniscus forms a parallel beam with a minimal divergence angle,
as shown in Figure 5.3. In this case, the plasma density is equal to the space charge density, and
the applied extraction field matched the plasma density in the extraction region resulting in the
lowest beam emittance as shown in Figure 5.1 at the extraction field of 112 kv/m which
corresponds to an optimized extraction system. Finally, in the case of the concave meniscus, as
shown in Figure 5.4, the plasma density in the extraction region is less than the space charge

density.
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Figure 5.3: Simulation of planar plasma meniscus in IGUN at the puller electrode voltage of
7.2 kV. The plasma electrode is biased to 10 kV. The extracted ion beam consists of an intense
current of some selected residual ions and Cs?**. The atomic mass and the charge states of the
ions are shown on the right-hand side of the figure, while the plasma parameters and the
extracted beam current are printed at the top of the figure.
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Figure 5.4: Simulation of the concave plasma meniscus in IGUN at the puller electrode voltage
of 1 kV. The plasma electrode is biased to 10 kV. The extracted ion beam consists of an intense
current of some selected residual ions and Cs?**. The atomic mass and the charge states of the
ions are shown on the right-hand side of the figure, while the plasma parameters and the
extracted beam current are printed at the top of the figure.
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The applied extraction field extends into the plasma for beam extraction leading to
overfocussed extracted ions, thus, the ions leave the plasma boundary with high divergence and
beam emittance. However, from Figure 5.1, it can be concluded that the plasma boundary of
the TRIUMF ECRIS CSB is convex between the extraction field of 80 kV/m and 112 kV /m,
planar at the field of 112 kV /m and concave between the extraction field of 112 kV /m and
140 kV /m. The effect of the extraction field on the total extractable current was also
investigated by varying the puller electrode voltage between 1.0 kV and 4.5 kV, corresponding
to the extraction field of 40 kV /m and 180 kV /m.
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Figure 5.5: Comparison between the emittance of the total current extracted from the CSB
modelled in IGUN and actual emittance of the total current extracted from the CSB using QST
while the CSB is biased to 10 kV. The total current from the CSB varies with the extraction
field.

Figure 5.5 compares the emittance of the CSB determined using the QST with the emittance
simulated with IGUN. The disagreement between the measurement and IGUN simulation is
because the total extracted current from the CSB was collimated by the quadrupole in front of
the CSB extraction system, removing a fraction of the low-mass ions that significantly
contribute to the large emittance of the CSB included in the IGUN simulation. However, the
trend of the plots indicates that as the extraction field is varied, the total emittance of the CSB

is changed as a result of the interplay between the plasma density and space charge density.
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In addition to the emittance of the extracted beam from the CSB, the total extractable current
is also influenced by the shape of the plasma boundary where ions are formed and extracted.
For example, the intensities of the ions lost to the electrodes of the triplet quadrupole Q12, Q13
and Q14 in the front of the CSB were measured simultaneously with the beam's intensity that
made it to the Faraday cup FC14. Figure 5.6 shows the plot of the ion current against the
extraction field. The black plot is the current of the ions lost to the aperture of quadrupole Q12,
the magenta plot is the current of the ions lost to the aperture of Q13, and the red plot is the
current of the ions lost to the aperture Q14. The blue plot is the current of the ions not lost to

the apertures of the quadrupoles, recorded on Faraday Cup FC14.
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Figure 5.6: Extracted current losses on the quadrupole triplet after the extraction system of the
CSB and the transmitted current of the ions measured using Faraday cup FC14 in front of the
triplet vs. the field of the CSB extraction system.

As seen in Figure 5.6, at the extraction field between 40 kV /m and 88 kV /m, in addition to
the ions lost to the extraction electrodes, the majority of the ions that made it to the end of the
extraction system are lost to the aperture of the quadrupole Q12, and only a few ions made it to
the Faraday cup FC14 downstream of the quadrupoles. The ion loss to the electrodes is due to
the convex nature of the plasma boundary, which occurs between the extraction fields of 40
and 88 kV /m. The ions extracted in this regime are formed with large divergent angles because

of the low extraction fields. As the extraction field is increased, the number of ions lost to the
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electrode of Q12 decreases while the current measured on Faraday cup FC14 increases
according to Child-Langmuir’s law, and by summing up all the currents around the peak of the
FC14 plot, it equals to approximately 185 uA which is close to the theoretical value calculated
in Section 2.5.

The loss current on Q12 dropped to zero between the extraction field of 88 kV/m and
136 kV /m, indicating that the plasma meniscus is close to the planar shape and the extracted
ion trajectories are parallel. Furthermore, as shown in Figure 5.1, the lowest beam emittance
was recorded within these extraction fields. The maximum extractable current from the CSB
with the least divergence was achieved at the extraction fields of 128 kV /m. Further increase
of the extraction field leads to a decrease in the current of ions that made it to FC14, and an
increase of ions lost to the aperture of Q12 can be measured. The growth in the current of ions
lost to the quadrupole occurs at the extraction field between 136 kV /m and above. At these
extraction fields, the plasma meniscus is concave with an overfocussed beam, leading again to

significant divergence accompanied by large emittance.

5.3 Plasma Potential Measurement: Variation of Delta-V

With the lowest beam emittance of the CSB achieved at the extraction field of 112 kV /m that
corresponds to the extraction voltage (CSBpjas voltage — Puller electrodep;as volage) O 2.8 kV
at the CSByjas voltage = 10 kV, the puller electrode voltage of the extraction system of the CSB
was set to this value, and the plasma potential of the CSB was determined by varying delta-V.
Figure 5.7 shows the normalized intensities of different Cs-charge states plotted against the
delta-V values. As previously presented, a singly charged Cs+ ion beam of about 10 nA was
injected into the CSB and the intensities of Cs*, Cs'®* and Cs®** were monitored one after the
other on Faraday cup FC16A (Figure 4.15). The delta-V was varied between 0 and 30 V.

As the delta-V increases, the intensities of Cs'®* and Cs?** increase until the maximum value
reaches around delta-V = 17 V. On the other hand, the intensity of Cs* measured increased
linearly between 15V and 25 V, while a further increase in delta-V led to a decrease in the
intensities of Cs'®* and Cs?** but the intensity of Cs* remained constant. It can be concluded
that with the delta-V between 0 V and 15 V, most of the injected Cs* ions are repelled by the
positive potential of the plasma because the kinetic energy of the ions is less than the positive
potential barrier generated by the plasma, and only a few of the injected ions are captured. At
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delta-V = 17 V, the injected ions are efficiently captured by the plasma via deceleration and
thermalization due to collisions with the plasma ions. The optimum setting of delta-V indicates
that the plasma potential is of the order of 17 V. However, between 25 IV and 30 V, most of the
injected ions were not effectively captured by the plasma, and they only passed through the

plasma because their kinetic energy was higher than the plasma's positive potential.

- CSZ4 +
—— CSIG +
—o— Cs*

/1 max

0 5 10 15 20 25 30
Delta-V (V)

Figure 5.7: Normalized intensities of Cs*, Cs'®* and Cs?** versus delta-V. Variation of deltaV
is an indirect method of plasma potential measurement.

5.4  Efficiency of the TRIUMF ECRIS CSB with cesium Beam Under Single Frequency
Heating Regime

After the puller electrode voltage with the lowest extraction beam emittance has been identified
at 7.2 kV, and the delta-V value at which ECR plasma efficiently captures the injected ions
from CTIS has also been determined at 17 V, singly charged cesium ions of about 10 nA in
intensity were injected into the CSB, and the efficiency of the charge breeding process using
cesium was determined. Based on the experience of operating the TRIUMF ECRIS CSB, highly
charged ions (HClIs) efficiency depends on how well the ECR plasma is conditioned. Electron
energy and neutral density are the principal plasma parameters that influence the HCIs
efficiency. As previously stated, the electron energy must be high enough to produce a higher
charge state of interest, and the neutral density must be sufficient to produce the highly charged

ions but low enough to prevent charge recombination. The ECRIS plasma and the extraction
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beamline optics of the CSB (from Q12 up to the Faraday cup FC16A (Figure 4.15)) were
therefore optimized for the production and transport of the Cs®** beam. This was done using the
tune calculated and predicted by TRANSOPTR (see Figure 4.16 for a typical beam envelope).
The ECR plasma was conditioned by carefully fine-tuning the TWTA output power, the center
solenoid coil current and the flow of helium support gas while keeping the rf frequency constant
at 14.5 GHz, the solenoid injection coil current fixed at 1050 A and the extraction coil current
fixed at 762 A. After systematic tuning, the combination of TWTA (model number VZU-
6997AD) output power of 350 W, helium gas flow voltage of 6.0 IV (ion gauges at injection
and extraction values are 6.18 x 1078 Torr and 3.71 x 10~ Torr respectively) and center
solenoid coil current of 200 A produced the maximum intensity of Cs?** at Faraday cup FC16A
while the total extractable current on the Faraday cup FC14 is 35 uA. Using Equations 5.1 and
5.2, the single charge state efficiency and the global efficiency of the CSB were calculated,

respectively.

Efficiencyy = o 100 5.1
*ly
Global Efficiency = }.o-, Efficiencyq 5.2

Where 1q.[A] = FC16Ayith cesium — FC16Ayithout cesium

Q = charge state

I, [A] = Current of the injected beam of singly charged Cs ions

According to Equation 5.2, global efficiency is the summation of the efficiency over all possible
charge states that can be detected. The background ions in the A/q corresponding to the A/q
of all the Cs charge states recorded on the Faraday cup FC16A were filtered out by subtracting
the current value of the FC16A without cesium from the value with cesium injected into the
CSB. Furthermore, as presented in Section 4.5 in the schematic of the CSB extraction beamline
(Figure 4.15), there are three slits between the charge state booster and the Faraday cup FC16A.
The slits were opened entirely for the CSB efficiency measurement, and the A/q of the mass
separator along the CSB extraction beamline was scanned between 1 and 150 to record the
mass spectrum with and without cesium injected. Figure 5.8 shows only the mass spectrum
between A/q = 1 and 10.
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Figure 5.8: Mass spectrum of the CSB without magnetic dipole entrance and exit slits with and
without cesium between A/Q of 1 and 10. The spectrum was taken by scanning the field of the
magnetic dipole on the extraction beamline and recording the beam current on the Faraday cup
FC16A.

In the plot, the black arrows show the cesium charge states that can be detected, while the rest
of the peaks in the spectrum are from the residual gases such as carbon, nitrogen, oxygen, argon
and so on. Although a mass scan was performed for A/Q up to 150, the mass spectrum is
showing for A/Q between 1 and 10 because A/Q of interest for beam injection into the
TRIUMF ISAC linear accelerator (LINAC) is less than or equal to 6. As it can be seen, cesium
charge states between 14+ and 27+ can easily be identified, while some charge states in
between, such as 19+, 22+ and 25+, are conspicuously dominated by higher residual ions
intensity. Using Equation 5.1 and extracting the current of each charge state from the complete
mass spectrum of Figure 5.8, the efficiency of all the charge states of the cesium was calculated
and plotted against the respective charge state, as shown in Figure 5.9. The charge states such
as 3+, 6+, 7+,10+, 11+, 19+, 22+ and 25+ with no information contain significant and very
intense residual or background ions, and this will reduce the global efficiency of the cesium
beam.

As seen in Figure 5.9, the maximum charge state of cesium that can be detected is 27+, with an
efficiency of 1.4 %, while Cs?** has a maximum efficiency of about 8.5 %. It is essential to

know that because of the intense background ions that dominate the A/q region of charge 22+,
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there is a possibility that the efficiency distribution peaks on Cs??* instead. Furthermore,

using Equation 5.2, the minimum global efficiency of all the cesium charge states that can be
measured is 53.6 %. The global efficiency would be higher than the determined value if it were
possible to measure the current of Cs®*, Cs®*, Cs™, Cs!%*, Cs!!*, Cs!¥*, Cs??* and Cs®*. From
the efficiency of the cesium charge state distribution, as presented in Figure 5.9, it is evident
that the plasma electrons have either not sufficient kinetic energy to produce the maximum

charge state of 27+ or the Cs?"* ions are not well confined to reach the next charge states.

(@)] ~ (o]
N | N |
| m—

(Global Efficiency = 53.6%]

Efficiency [%]
‘ B o :
|
=
| | 0 | O ) K
S L L S S | o | o Lo

N W
NN | D
[N ||
[ ]

B

||

.

||

=l

| | N

c =
6
>
®
>
3
6
>

V)O
<
2
>
97
v')
v')
V)

~ mill

N1 % x5 6A D 0O

NNIPNCIPN IPNIPN PNIPN N

Cesium CSD

Figure 5.9: Efficiency of cesium charge states by operating the CSB with single frequency
heating. The global efficiency is the summation of each efficiency of the cesium charge states.

It is also possible that the rate of recombination (with low energy electrons to produce lower
charge states) for charge states greater than 27+ is higher than the rate of their production. Either
way, by comparing the results of the TRIUMF PHOENIX ECR booster with the LPSC twin
model, the global efficiency of the TRIUMF booster is generally lower than the efficiency of
the LPSC booster. Recent efficiency measurements from the LPSC showed 14.1 % for Cs?*
and 91.8 % for global efficiency [50]. Although one needs to compare the results of the LPSC
booster with the TRIUMF CSB under similar operation modes (both the single-frequency and
two-frequency), however, these results are evidence that the TRIUMF booster is still being
operated below its optimum potential, and further improvements can still be implemented to
achieve improved and higher global efficiency.
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5.5  Emittance of the Cesium Charge States and Some Selected Residual lons

To quantify the beam quality of the highly charged ions extracted and selected from the charge
state booster, the emittances of some cesium charge states and residual ions were measured
after the magnetic dipole using the quadrupole scan technique (QST) by scanning the focusing
strength of quadrupole Q16 with an aperture radius of 2.54 cm and an effective length of
6.1 cm. The drift length between the quadrupole and rpm16, where the beam size was
measured, is 12.1 cm. Since the optics used for the emittance measurement are located after
the magnetic dipole in between the two-45° electrostatic benders where the electrostatic
benders have not compensated for the dispersion created by the dipole, the use of QST for
emittance measurement at this location is quite tricky, and only the non-dispersive plane is
suitable to gain information about the emittances. Furthermore, to transport a valuable beam to
the entrance of the first section of the post-accelerator, the CSB extraction beamline was
designed to overall focus highly charged ion beams at Faraday cup FC16A which makes the
quadrupole scan technique for emittance measurement even more complicated. So, to perform
the emittance measurement, the quadrupoles, the steerers and the electrostatic benders were
tuned such that while scanning the strength of quadrupole Q16, a beam waist can always be
achieved.

Furthermore, as previously discussed, impurities constitute a significant concern in the
operation of ECRIS CSB; they are sometimes too intense that they obscure and mask the charge
states of the charged-bred ions. So, to limit the intensity of these residual ions, the width of
slit15 was systematically varied while keeping the width of slit14 constant at 15.0 mm, and the
QST was performed to measure the emittance of Cs?* as a function of the slit width. The Cs
charge state of 26+ was selected because the corresponding A/Q contains less background
intensity than the A/Q of Cs?**. Figure 5.10 shows the plot of geometrical emittance of Cs?%*
against the width of slitl5. As seen, the emittance is approximately constant when the slit is
completely opened until the slit is set to 10.0 mm. However, as the width of the slit is reduced,
the geometrical emittance of Cs?* decreases linearly. However, to avoid measuring the
acceptance of the slit, the width of the slit was set to 2.65 mm. On the other hand, when the
width of slit 14 was varied, it did not significantly affect the geometrical emittance of Cs*, so

the width of slitl4 was set to 3 mm, the minimum slit width without cutting into the beam.
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Figure 5.10: Geometrical 4ARMS Emittance of Cs?®* vs Slit15 width. The width of the slit was
varied between an opened position and 2.5 mm.

Also, because slit16A is located downstream of Q16 and RPM16, it was impossible to vary its
width as a function of the separated emittance, so it was set to 3 mm to avoid cutting into the
beam. With the slits14, 15 and 16A set to 3 mm, 2.65 mm and 3 mm, respectively, the mass

spectrum of the CSB was measured between A/q = 4 and 8.5 as shown in Figure 5.11.
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Figure 5.11: Mass spectrum of the CSB recorded by setting the entrance and exit slits of the
magnetic dipole to 3 mm, 2.65 mm and 3 mm.
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Similarly, the black arrow shows the charge states of cesium that are considered for the
emittance measurements. Meanwhile, by comparing Figure 5.11 with Figure 5.8, it can be seen
that by setting the slit widths to the above values, the peaks of each cesium charge state become
narrower, and the peaks that were not previously shown are better separated due to the increased
resolution of the A/Q separator.
The voltage of quadrupole Q16 was scanned between 400 VV and 1000 V at a step of 50 V, and
the emittances of higher charge states of cesium and some selected residual ions were measured.
With the mass slits set to the above widths, the emittance of separated beams for A/Q between
1 and 16 was measured one after the other. The prominent ions between these A/Q ratios are
residual ions from hydrogen, carbon, nitrogen, oxygen, argon and cesium charge states between
16+ and 33+. As shown in Figure 5.11, only Cs charge states of 16+, 17+, 18+, 20+, 21+, 22+,
23+, 24+, 26+, and 27+ are visible, as indicated by the arrows, while the high-intensity residual
ions mask the missing charge states. Figure 5.12 shows the RMS geometrical emittance of the
residual ions and the cesium charge states. As shown, the geometrical emittance depends on
both mass and charge state.
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Figure 5.12: Geometrical 4ARMS Emittance of cesium charge states and some selected intense

residual ions from hydrogen, carbon, nitrogen and oxygen plotted against A/Q between 1 and
16.
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The lightest mass of the measurements, hydrogen (H*) has the highest geometrical
emittance of 67.1 mm — mrad, while the heaviest mass, cesium, has the lowest. In addition,
the geometrical emittance depends on the charge states, as shown. The higher charge state of
each of the masses (smallest A/Q) has the lowest emittance, while the lowest charge state
(higher A/Q) of each of the masses has the highest emittance. For example, *C* has an
emittance of 56.1 mm — mrad while 12C> has the lowest emittance of 26.9 mm — mrad
among the charge states of carbon. This trend is also observed among the charge states of
nitrogen, oxygen and cesium.
The normalized emittance is plotted against A/Q for cesium charge states and residual ions
charge states, as shown in Figure 5.13, to compare the beam emittances for different charge
states and masses. As seen, the normalized emittance depends on the mass of the ions but is
approximately constant for the charge states within a specified mass. Also, for the normalized
emittance, Hydrogen ions with an atomic mass of 1 u show the largest normalized emittance,
while cesium ions with an atomic mass of 133 u have the lowest normalized emittance.
Meanwhile, the normalized emittance is approximately constant among the atom'’s charge state;
this is expected as each charge state has been normalized to have the same energy.
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Figure 5.13: Normalized 4RMS Emittance of cesium charge states and some selected intense
residual ions from hydrogen, carbon, nitrogen and oxygen plotted against A/Q between 1 and
16.
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Furthermore, it can be concluded from Figure 5.13 that the lightest masses are extracted
from a larger radius, while the heaviest masses are extracted from a smaller radius, and this is
the only explanation for the different emittance values and corresponds to the physics of highly
charged ions in an ECRIS. Figure 5.14 compares the magnetic emittance presented in Section
3.11 with the normalized measured emittance presented in Figure 5.13 at B, =0.7T
(approximate magnetic field at the TRIUMF CSB plasma electrode) for extraction aperture

radius ranging from 0.5 — 2.5 mm.

Normalized Emittance: Measurement vs Simulation
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Figure 5.14: Normalized 4RMS Emittance of some selected intense residual ions from
hydrogen, carbon, nitrogen and oxygen and cesium charge state between 16 and 27 compared
with magnetic emittance for aperture radius between 0.5 mm and 2.5 mm at a magnetic field of
0.7 T for A/Q between 1 and 16.

From the comparison shown in Figure 5.14, it can be concluded that the residual ions (H to O
charge states) were extracted at the aperture radius between 0.5 mm and 2.5 mm while the Cs
charge states were extracted between 0.5 mm and 1.5 mm. The measurements and the
magnetic emittance model are consistent with the fact that there is a negative potential
depression in the core of the ECR plasma where the hottest electrons are confined. The hot
electrons attract and confine the highest charge state ions in the center, which migrate via ion-
ion collisions, thus resulting in low beam radius and emittance after extraction. The low charge
state ions and light masses are produced at the outer core of the electrostatic well and are less
bound and therefore extracted with a larger beam radius and show higher emittance values. To
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further demonstrate the concentration of the higher charge state in the core of the ECR
plasma, the phase spaces of the highest charge state of different masses measured from the CSB

are plotted in Figure 5.15.
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Figure 5.15: Phase space ellipses of some selected intense residual ions from hydrogen, carbon,
nitrogen and oxygen and Cs47+ and Cs27+. The Twiss parameters for the plots were
determined using the quadrupole scan technique.

As shown, the phase space ellipses for the highest charge states of Cs are compared with the
phase space of the highest charge state of the residual ions. As can be seen, H*, the lightest of
the ions, has the largest phase space and Cs?** and Cs?’* have the smallest phase space.
Moreover, the phase space orientation and shape are different for different masses and charge
states, as predicted by IGUN simulation and presented in Chapter 4 (Figure 4.15). It can also
be seen that maximum beam size and angle are not only a function of the charge state but also
the atomic mass of the constituent of the beam and different charge states have different focal
lengths due to the influence of the strong magnetic solenoid field at the extraction system of the
ECRIS charge state booster. However, the distribution of the phase space as shown can only be
attributed to the ion-ion cooling effect [51] in which the lighter ions in the beam acquire more

transverse energy due to the repulsive force they experience from the highly charged ions



106
concentrated in the center while the lighter ions are extracted from the edge of the plasma.
In other words, the highly charged ions experienced a deeper trapping potential due to their

high charge state and repelled the low-charged lighter ions to the plasma edge.

56  Effect of Minimum Magnetic Field on the Total Emittance of the CSB

During the tuning of the CSB, it was observed that by changing the current of the center
solenoid coil of the CSB at a fixed extraction field, the total current of the beam extracted from
the CSB and recorded on the Faraday Cup FC14 is affected. To understand the behaviour, the
emittance of the total current was systematically investigated as a function of the central
solenoid coil current. The extraction system was optimized at the extraction voltage of 2.8 kV.
The RMS emittance plotted against the solenoid coil current is shown in Figure 5.16, while the

phase space corresponding to each emittance as a function of the coil current is shown in Figure

5.17.
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Figure 5.16: 4RMS Emittance of the total beam extracted from the CSB as a function of the
coil current on the middle solenoid coil for the CSB magnetic field confinement. The coil
current of the solenoid is varied between 180 A and 350 A.

As seen, the emittance of the extracted beam increases with the middle solenoid coil's current

(magnetic field). The beam's phase space, as shown in Figure 5.17, gives further insight into
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the correlation. The only explanation for this behaviour is that the middle solenoid coil
produces the minimum magnetic field of the CSB responsible for plasma confinement. So by
changing the current of the center solenoid coil of the CSB, the magnitude of the minimum
magnetic field of the source is changed, which directly changes the mirror ratio, R,, =
Binax/Bmin,» and since the frequency of the coupled electromagnetic wave and the extraction
field are kept constant, the resonance zone's size and shape are affected, leading to a reduced
confinement of the core (hot) electrons and ions that are confined electrostatically by the
potential dip. The release of the confined ions increases the ion density in the extraction region
that no longer matches the set extraction electric field. So at 1,,;; = 180 A, the phase space, as
shown in Figure 5.17, indicates that the beam is parallel with a slightly small angle, but as the
current of the middle solenoid increases, the beam changes from being parallel (waist) to
divergent, which indicates that the extracted beam is either being overfocussed by the extracted
electric field or under focus. It can then be concluded that the plasma meniscus at I,,,;;, = 180 A

is planar but either concave or convex as the 1,,;4 is increased.
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Figure 5.17: Phase space ellipses in x — x’ of the extracted beam as a function of the middle
solenoid coil current.
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Chapter 6 — Implementation of The Two-Frequency Heating Technique

in the CSB

6.1 Introduction

Different techniques and methods have been explored and employed to improve the
performance and the efficiency of the Electron Cyclotron Resonance lon Source (ECRIS) since
it was first used to produce highly charged ions in the 1970s [52]. Examples are plasma chamber
wall coating, biased disks, gas mixing, the increase of the magnetic field strength, which allows
for increasing the RF frequency, operation of the ECRIS in multiple frequencies heating mode
and finally, frequency tuning of the applied electromagnetic waves. The operation of the ECRIS
with these techniques mentioned has demonstrated increased performance of the ECRIS
overall, and some are especially beneficial for the application as a charge state booster [53]-
[58]. In addition, investigations of the 1+— Q + conversion processes by the community
demonstrated that the efficiency of the process and quality of the highly charged ion beam
produced by a charge state booster (CSB) could be significantly enhanced by also optimizing
the plasma conditions and the beam formation in the extraction region [59]. Thus, the efficiency
of the conversion of singly charged ions into highly charged ions in the ECR ion source depends

on the following:

= Plasma conditioning — increased electron energy, moderate plasma potential, sufficient
plasma density, and optimum ion confinement time.
= Beam transport — optimization of injection and extraction beam transport optics.

= Optimization of the injection and extraction systems.

Meanwhile, the last two bullet points are straightforward to accomplish. At TRIUMF,
simulations using the codes IGUN® and TRANSOPTR followed by experimental campaigns
have been employed to systematically optimize the ECRIS CSB injection system, extraction
system, injection beamline and extraction beamline, respectively. These combined
optimizations yielded an increase in the global efficiency of Cs CSD from 35 % to 44 % (a
factor of about 26 % increase) for the Cs charge state between 12+ and 27+, and the charge
state with the highest efficiency shifted from 21+ (5.6 %) to 23+ (8.8 %) [60] as shown in

Figure 6.1 under the single frequency heating regime. The global efficiency reported represents
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the minimum global efficiency that can be determined, and it is expected to be higher if the

efficiencies of Cs'%*, Cs%* and Cs?®* are known.
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Figure 6.1: Efficiency of the CSB after optimization of the associated beamline optics,
injection and extraction systems compared with efficiency without optimization of the optics,
injection and extraction systems.

It is critical to know that no matter how well the injection and extraction systems of the CSB
are optimized if the plasma is unstable (high plasma potential), the plasma density and the
electron energy are insufficient to produce highly charged ions, or the ion confinement time is
either too short or too long, the ECRIS will not be able to produce and deliver highly charged
ions at the highest efficiency and the rate that is required. The two-frequency heating technique
has been demonstrated in the ECRIS research community to stabilize the plasma, increase the
intensity of charge states, decrease charge breeding time, and shift charge state distribution
toward the higher charge state and, therefore, overall increases the global efficiency and
improve the performance of the ECR ion source charge state booster [53], [55]. Therefore, this
new method has been explored at the TRIUMF CSB as well.
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6.2  The Two-Frequency Heating Technique of the Electron Cyclotron Resonance
lon Source (ECRIS) Plasma

The Two-Frequency Heating Technique (TFHT) of the ECRIS plasma involves operating the
source at the two distinct electromagnetic wave frequencies to create two resonance surfaces
where plasma electrons can be heated multiple times to produce highly charged ions.
Traditionally, the electron cyclotron resonance ion source was designed to heat plasma
electrons when the frequency of electromagnetic waves is equal to the electron cyclotron

frequency as defined in Equation 6.1.

eBo

Wy = Weye = e

6.1

Where e is the electron charge, B, is the magnitude of the magnetic field in Tesla that produces
the electron cyclotron frequency that is equal to the electromagnetic waves’ frequency, and m,
is the mass of the electron in kg. As discussed in Chapter 2, there is an efficient transfer of
energy from the electromagnetic waves to the plasma electrons when the frequencies are equal.
This usually occurs in a region inside the plasma chamber, generally known as the resonance
zone or surface.

Considering the TRIUMF CSB, it was originally designed to be operated at the electromagnetic
wave frequency of 14.5 GHz, and at this frequency, the magnetic field at the resonance zone of
the source is 0.512 T. However, in this thesis, it will be demonstrated that it is possible to
couple additional electromagnetic waves operating at another frequency other than 14.5 GHz
to the ECRIS CSB to create the expected additional resonance surface where the plasma

electrons can be heated additionally to produce highly charged ions at higher intensities.

6.3  The Two-Frequency Heating Technique Implementation on the TRIUMF ECRIS
CSB

Conventionally, the two-frequency heating technique (TFHT) is implemented in the ECR ion
source using two separate signal generators, two separate amplifiers, and two separate
waveguides, all operating at two different frequencies. The TRIUMF ECRIS CSB was not
designed to accommodate two separate waveguides. Instead, the TFHT was implemented using
the existing single waveguide of the ECRIS CSB. Before the implementation, the existing CSB
RF waveguide was modelled and simulated in ANSYS HFSS [61] to study and investigate the
properties of the electromagnetic waves at two different frequencies being injected into it. It
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was calculated that combined electromagnetic waves of different frequencies have a
transmission of up to 70 % within the frequency region of interest for the CSB [62]. The

simulation showed that the waveguide could be operated without significant reflected power.

6.3.1 First Approach: Two signal generators, One TWTA

The TFHT was initially set up using two separate BNC signal generators, a CPI travelling tube
amplifier, and a low-power combiner (model ZX10-2-183-S+), as described in [63]. The waves
from the signal generators were combined using the power combiner, and the output of the
power combiner was fed to the CPlI TWTA (frequency bandwidth between 8 — 18 GHz) for
amplification through an SMA to N-type coaxial cable. The TWTA used in this setup is
different from the SFHT setup. The amplified signal was injected into the plasma chamber via
the existing waveguide. Figure 6.2 shows the schematic of the described setup. Furthermore,
the software for controlling the signal generators and the amplifier was also changed to allow
the automatic frequency tuning of the electromagnetic waves. After the complete upgrade of
the CSB RF system, the first signal generator was set to 14.5 GHz, and the TWTA output power
was set to 150 W. About 7 nA of Cs™ was injected into the CSB from the CTIS. The mass
separator was set to select Cs®* with A/q = 4.59. The frequency of the second signal
generator was scanned between 13 GHz and 15 GHz while monitoring the intensity of Cs?**
ions on Faraday cup FC16A. At 13.65 GHz, the intensity of Cs?®* was at maximum value, the
frequency of the second signal generator was set to that value, and a mass spectrum scan was
conducted with and without cesium injected. However, during the operation of the CSB with
the two-frequency heating, the travelling wave tube amplifier was damaged, and the reason for

the damage could only be attributed to the high reflected power from the plasma.
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Figure 6.2: Schematic of the rf system setup for the two-frequency heating technique
implemented on the charge state booster.

Figure 6.3 compares the efficiency of cesium with single-frequency heating with the efficiency
of two-frequency heating for this approach. Unlike the single-frequency heating technique set
up, the charge state booster, the injection and the extraction optics were not properly optimized
for the two-frequency heating setup, but the maximum charge of cesium that can be detected
shifted from 27 + for single-frequency heating to 29 + for the two-frequency heating set up.
The result already showed the expected effect of the two-frequency heating on the ECR plasma.
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Figure 6.3: Efficiency of cesium in single and two-frequency heating modes. The CSB was
well optimized under the single-frequency heating mode but not under the two-frequency
heating mode.

6.3.2 Second Approach: Two Signal Generators, Two TWTA

The two signal generators and two travelling wave tube amplifier-approach of implementing
the two-frequency heating were copied from [64]. The only difference is that two TWTAs and
a power combiner are used to implement the TFHT on the TRIUMF CSB. The complete setup
consists of a phase shifter (model 9428A), two BNC signal generators (model 845), two CPI
travelling wave tube amplifiers (one of indoor rack mount and the other is designed for
outdoor), a magic tee power combiner, a circulator, cross guide and E/H plane turner. Dummy
loads are used to terminate the power combiner (frequency range of 14 - 14.5 GHz) and the
circulator (frequency range of 12.8 - 18 GHz). Figure 6.4 shows the schematic of this specific
TFHT setup. A major modification of the existing CSB RF rack was performed to accommodate
the new setup. The phase shifter was added to have an additional knob to optimize further the
electromagnetic wave composition properties injected into the CSB. The output of one of the
signal generators is phase shifted while the other is not, as shown in Figure 6.4. The magic tee
combines the outputs of the two TWTASs, and the combined amplified waves are fed to the
circulator. The circulator is the major RF component missing from the first approach presented

in Section 6.3.1. The circulator prevents the reflected power from reaching the amplifiers. It
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works so that reflected power from the plasma is diverted into the coupled dummy load,

thus protecting the amplifiers. The cross guide provides a means to monitor the reflected

powers.
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Figure 6.4: Schematic of the rf system for the implemented two-frequency heating technique
using a single waveguide. The wave termination (dummy load) installed on the power combiner

has a frequency bandwidth between 12.75 and 14.5 GHz.

6.4 The Two-Frequency Heating Experimental Setup

After the ECRIS CSB was opened for magnetic field measurement, the plasma condition and

the total extracted current from the CSB changed significantly. The changes can be attributed

to changing the location and the positions of the center soft iron rings and unavoidably
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misaligning the injection and the extractions optics during the assembly of the CSB. As a
result, the optics settings and the ECR parameters, such as the solenoid coil settings that worked
for the results reported in Chapter 5, no longer work. So, the CSB was systematically optimized,
and a new set of settings for transport optics, plasma conditioning, injection and extraction
systems, which will be presented later in this chapter, was determined.
The injection and extraction optics were optimized using the TRANSOPTR, and the tune
calculated and predicted were loaded into the EPICS. The CSB high voltage bias, which defines
the beam energy, was set to 10 kV, and the extraction voltage that forms a low beam emittance
of 119.6 mm — mrad at the extraction region was systematically found to be 2.8 kV, at this
extraction voltage, the total beam current on Faraday cup FC14 was about 30 uA. After the
extraction voltage has been determined, a singly charged cesium beam of about 8 nA was
injected into the CSB from the test ion source (CTIS) located upstream of the CSB, and the
mass separator located downstream of the CSB was set to 4.75 corresponding to the Cs?* A/q
ratio while its intensity was monitored on Faraday cup FC16A downstream of the mass
separator.
The ECR plasma was optimized and conditioned for the production of Cs?®* by scanning the
frequencies of the signal generators one after the other, tuning the solenoid coil current, varying
the voltage that controls the helium support gas valve, and systematically varying the RF
travelling wave tube amplifiers (TWTAS) one after the other. While the plasma was being
conditioned, the intensity of Cs?®* was monitored on the Faraday cup, FC16A. The plasma
parameters that produced the maximum intensity of Cs®* are solenoid coil settings: Iinj =
1200 A, Ip;q =263 A, and I, =801 A, RF frequencies: f1 = 14.0631GHz, f2 =
14.3536 GHz, TWTA powerl = 300 W, TWTA power2 = 46 W and gas valve voltage, V, =
6.5V.

6.5  Plasma Potential Measurement under the Two-Frequency Heating Regime
The CSB was set to the parameters above, and deltaV was systematically varied between 0 and
30 V while monitoring the intensity of Cs?®* on Faraday Cup FC16A. Figure 6.5 shows the

according result, the normalized intensities of Cs?®* plotted against the delta-V values.
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Figure 6.5: Normalized intensity of Cs?®* beam plotted against deltaV. The two frequencies
launched into the plasma are 14.0631 GHz and 14.3536 GHz at TWTA powers of 300 W and
46 W.

As seen in Figure 6.5, the intensity of Cs?®* peaked at deltaV = 8 V. Below 8 V, that is, between
0 and 8 V, the kinetic energy of the injected singly charged Cs ions is too low to travel into and
be captured by the plasma for the production of the Cs?®* ion beam, and above 8 V, that is
between 8 and 30 V, the energy of the injected Cs* ions is too high for the plasma to capture
the singly charged ions efficiently, thus reducing the production of Cs?®* but at deltav = 8 V/,
the injected singly charged Cs ions were efficiently captured by the plasma which led to the
highest intensity of Cs?®*. The peak of the distribution, as shown in Figure 6.5, indicates that

the plasma potential of the CSB is of the order of 8 V.

6.6  Efficiency of Cesium Charge State Distributions under the TFHT Regime

After the deltaV value had been determined, the efficiency of Cs charge states distribution was
determined. To reduce the intensity of the background and residual ions, the widths of the slit
before the mass separator and the two slits after the mass separator were set to 3 mm, 4 mm
and 4 mm, respectively. Figure 6.6 shows the mass spectrum of the CSB between the A/q ratio
of 3.0 and 6.0. The mass spectrum was recorded with and without injecting singly charged Cs

ions.
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Figure 6.6: Mass spectrum of the CSB under the TFHT regime with and without cesium. The
black arrows show the peaks of the cesium charge state between 23+ and 32+. The entrance
and exit slits of the magnetic dipole were set to 3 mm, 4 mm and 4 mm. The two frequencies
launched into the plasma are 14.0631 GHz and 14.3536 GHz at TWTA powers of 300 W and
46 W.

The red plot is the spectrum without injection of Cs, while the blue plot is with the Cs injection.
The black arrows show the highly charged Cs charge states between 23+ and 32+, while the
unlabeled peaks are from residual ions such as carbon, nitrogen and oxygen. To further reduce
the influence of the background and the residual ions, the intensity of the background ions was
subtracted from the total current with Cs, and the efficiency of each charge state and the global
efficiency were calculated using Equations 5.1 and 5.2, respectively. Figure 6.7 shows the plot

of the efficiency of the Cs against the charge state.
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Figure 6.7: Efficiency of cesium charge states under the TFHT regime. The two frequencies
launched into the plasma are 14.0631 GHz and 14.3536 GHz at TWTA powers of 300 W and
46 W.

As shown, the global efficiency of all the Cs charge states that can be detected was 43.2 %. It
is important to know that the global efficiency would be higher than the shown value if the
efficiencies of Cs!%*, Cs*®* and Cs?>* were known, but because of highly intense residual ions
from argon, nitrogen and oxygen dominating corresponding A/Q for the charge states, it was
difficult to detect their intensity as shown in Figure 6.6. Also, as seen in Figure 6.7, since the
efficiency of Cs?®* is known, we will assume that the peak of the efficiency distribution falls
on Cs?®* with an efficiency of 9.1 %. And finally, the maximum charge state of Cs that can be

detected is 32+ with an efficiency of 0.02 %.

6.7  Effect of the Two-Frequency Heating on the Plasma Potential, total Emittance and
the Efficiency of the TRIUMF ECRIS CSB

To determine the effect of the two-frequency heating on the plasma potential and the efficiency
of the charge state booster compared with the single-frequency heating, one of the signal
generators was switched off, and the frequency of the second signal generator was set to 14.5
GHz while the travelling wave tube amplifier power was also set 350 W. The injection,
extraction optics, bias voltage (10 kV), and extraction voltage (2.8 kV) were kept constant.

However, the plasma was systematically conditioned to produce and extract Cs?*. So, in
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addition to the single-frequency heating at 14.5 GHz, the combination of magnetic coil
settings that produced higher intensity of Cs*** with A/Q = 5.54 was found to be Iinj =
1200 A, Lyq = 253 A and I,,, = 791 A. With these settings, the intensity of Cs?** as a
function of the deltaV value was measured, the total emittance of the CSB as a function of the
extraction voltage was measured, and the efficiency of Cs charge states was also measured. The
results were compared with the two-frequency heating of the charge state booster using the
settings presented in Section 6.4. In addition, the parameters are also compared with the results

of the CSB before the CSB was opened for the magnetic field measurements.

6.7.1 DeltaV Variation — Plasma Potential Measurement: SFHT vs. TFHT

Figure 6.8 compares the intensity of Cs?** before the CSB was opened under the single-
frequency heating regime with the intensity of Cs?** after the CSB was opened, and the intensity

of Cs?®* under the two-frequency heating regime with deltaV varied between 0 and 30 V.
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Figure 6.8: Variation of deltaV for plasma potential measurement under the SFHT and TFHT
regimes. For the SFHT, the rf frequency was launched at 14.5 GHz at a TWTA power of 350
W, and for the TFHT, the rf frequencies were launched into the plasma at 14.0631 GHz and
14.3536 GHz at TWTA powers of 300 W and 46 W.
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As previously discussed, the CSB and the extraction optics were tuned for the production
and extraction of Cs®** under the single-frequency heating regime and for Cs?®* under the two-
frequency heating regime. As shown in the plot, the plasma potential seems to be an order of
17.0 V before the was CSB (black plot) opened but decreased to 10.0 V after opening the CSB
(blue) under the single-frequency heating regime, then decreased further to 8.0 V. The
difference between the plasma potential before and after the CSB was opened under the SFHT
regime may be attributed to a difference in the plasma density. However, the decrease in the
plasma potential under the TFHT regime can be attributed to the reduction in the density of the

low-energy electrons escaping the plasma.

6.7.2 Total Emittance: SFHT vs. TFHT

Using the quadrupole scan technique (QST), the emittance of the total current extracted from
the CSB was measured as a function of the extraction voltage between 2.0 kV and 3.5 kV for
10.0 kV bias voltage. Figure 6.9 shows the plot of the total emittance as a function of the
extraction voltage. The results are compared for the single-frequency (before and after opening)

and two-frequency heating regimes.
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Figure 6.9: Comparison of the total 4RMS Emittance of the CSB under single-frequency
heating and two-frequency regimes at a CSB bias voltage of 10 kV. For the SFHT, the rf
frequency was launched at 14.5 GHz at a TWTA power of 350 W, and for the TFHT, the rf
frequencies were launched into the plasma at 14.0631 GHz and 14.3536 GHz at TWTA powers
of 300 W and 46 W.
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The extraction voltage is the difference between the voltage on the puller electrode and the
plasma chamber bias voltage of 10.0 kV. The combined power of the RF fed into the plasma
under the two-frequency heating was 350 W, as in the single-frequency heating regime. The
signal generator was set to 14.5 GHz for single-frequency heating, while for two-frequency
heating, the signal generators were set to 14 GHz and 14.5 GHz. The black plot is the total
emittance of the CSB (presented in section 5.2) under normal operation in single-frequency
heating mode before the CSB was opened for the magnetic field measurement. The blue plot is
the total emittance under the single-frequency heating regime after opening the CSB, and the
red plot is the results under the two-frequency heating regime. At 2.0 kV, the emittances under
all the cases considered are generally large. Before opening the CSB under the SFHT regime,
the emittance is 158.1 mm — mrad,; after opening the CSB, the emittance is 151.2 mm —
mrad, while the emittance is 110.9 mm — mrad under the TFHT. As the extraction voltage
increases, the emittance of the CSB decreases to a minimum, 101.6 mm —mrad,
117.8 mm — mrad and 80.6 mm — mrad, respectively. However, a further increase in the
extraction voltage leads to an increase in the beam emittance. As already explained in Chapter
5, for a given plasma density at low extraction voltage (low extraction field), the emittance of
the extracted beam is large because the plasma boundary (edge of the plasma electrode) where
the extracted beam is formed is convex. The extracted field in the region does not match the
ion density, and the extracted ions are created with a large angle producing a large emittance
beam. Furthermore, as the extraction voltage or extraction field is increased, the protruded
plasma boundary starts retracting into the bulk plasma until a planar plasma boundary is
achieved where beams that are formed are extracted with small or no angle, producing the
smallest emittance which was achieved at 2.8 kV and 3.2 kV respectively in Figure 6.9. The
smallest emittance suggests that the applied extraction voltage or field matches the plasma
density. However, when the extraction voltage or field is increased further from the point where
the smallest emittance is achieved, the plasma boundary retracts further in the bulk plasma and
creates a concave plasma interface where the beams formed are extracted with a large angle as
a result of overfocusing due to the plasma density not matching the applied extraction voltage
or field and producing a large emittance of 111.7 mm — mrad, 119.9 mm — mrad and
82.9 mm — mrad respectively at 3.5 kV. Moreover, by comparing the emittance of the CSB

under the SFHT regimes before and after opening the CSB, as seen in Figure 6.9, the total
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emittance of the CSB across all the extraction voltages after the CSB was opened is larger
compared to before opening the CSB, and in addition to that, the smallest emittance after the
opening the CSB was achieved at the extraction voltage of 3.2 kV and not 2.8 kV as the case
before opening the CSB. The discrepancy is due to the changes in the density of the bulk plasma
of the ECR due to higher background pressure.
Furthermore, one of the first major significant effects of two-frequency heating on the ECR
plasma can be seen in the plot in Figure 6.9. In addition to the plasma boundary (density and
extraction field) determining the emittance of the extracted ions, the total emittance of the
extracted ions is also determined by the electron energy of the plasma and the formation of the
potential dip in the plasma. As previously discussed in this thesis, implementing the two-
frequency heating creates an additional resonance zone where plasma electrons are additionally
heated through the electromagnetic wave. With the additional energy gained by the electrons,
their motions are directed toward the plasma center. Since the ions are confined electrostatically
by the electrons due to the negative potential dip [18], the motions of the ions on an average
are also directed to the plasma core where they are charged-bred, and upon extraction, the ions
leave the plasma with small radii, thus the small emittances. So, by varying the extraction
voltage (field), the angles at which the ions are extracted are further influenced by the shape of
the plasma boundary (convex, plane, and concave) and smaller emittances can further be
achieved which is an indication of an optimized extraction system of the ECR ion sources.

6.7.3 Efficiency of Cesium Charge States: Comparison between SFHT and TFHT

Figure 6.10 compares the efficiency of the charge state booster before the injection and
extraction optics, injection and extraction systems were optimized and after optimization under
the single-frequency heating regime with the two-frequency heating regime for cesium charge
states between 20+ and 32+. The charge state of 25+ was omitted in the plot because the

corresponding mass-to-charge ratio is intensely dominated with 160" current.
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Figure 6.10: Comparison of the efficiency of the CSB under the single and two-frequencies
heating regimes. For the SFHT1 and SFHTZ2, the rf frequency was launched at 14.5 GHz at a
TWTA power of 350 W and optics optimized for Cs?**, For the SFHT3, the rf frequency was
launched at 14.45 GHz at a TWTA power of 300 W and optics optimized for Cs!8*, and for the
TFHT, the rf frequencies were launched into the plasma at 14.0631 GHz and 14.3536 GHz at a
TWTA power of 300 W and 46 W. Optics were optimized for Cs?®* under the TFH regime.

The plot also compares the efficiency of the cesium before and after opening the CSB. It is
important to know that the two-frequency heating was implemented after opening the CSB for
magnetic field measurements. As seen in the plot under the single frequency heating regime,
before opening the CSB and before optimizing the CSB (green bars), Cs?'* has the highest
efficiency of approximately 5.6 %, while before opening the CSB and after optimizing the CSB
(yellow bars), the Cs charge state with the maximum efficiency approximately 8.8 % shifted to
23+ but after opening the CSB the Cs charge state with the highest efficiency approximately
7.8 % shifted back to Cs?'*. Thus, it can be concluded that under the single-frequency heating
of the CSB, the Cs charge state with the maximum efficiency that can be produced lies between
21+ and 23+. However, with the two-frequency heating of the ECRIS CSB plasma, the Cs
charge state with the highest efficiency shifted from around 21+ and 23+ to a higher charge
state which could either be 25+ or 26+. Because of the inability to measure the efficiency of
Cs®*, it is assumed that the efficiency shifted to Cs?®* with approximately 9.1 % efficiency. In

addition to the shift in the peak of the efficiency distribution, the maximum charge state of Cs
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that can be produced under the SFHT regime is 28+ with an efficiency of 0.2 %, but the
maximum charge state that can be produced shifted to 32+ with an efficiency of 0.02 % under
the TFHT, and as seen the two-frequency heating has the maximum global efficiency of 41.1 %
of all the regimes considered. The global efficiency could be higher than 41.1 % if the
efficiency for Cs?* were known. The combined improvement of the efficiency and the shift in
the maximum charge state that can be produced in the CSB under the TFHT regime can be
attributed to the increase in the average energy of the ECR plasma electrons because of the
additional resonance zone created where the plasma electrons were additionally heated,
increase in the plasma density within the innermost resonance zone and increase in the ion

confinement time.

6.7.4 Efficiency of Uranium-238 Injected from the TRIUMF ISAC Target Station: SFHT
VS.TFHT

With the advanced performance of the CSB, it was used for the first time to deliver a highly
charged 28U?"* beam to the TRIUME’s Ion Trap for Atomic and Nuclear Science (TITAN)
experiment. The online TRIUMF ISAC target station produced the singly charged uranium
beam. The combined experience gained from operating the CSB using TRANSOPTR and
systematic investigation were employed to tune the injection optics from quadrupole Q5, the
injection system, the ECR plasma, the extraction system and the extraction optics up to Faraday
cup FC16A.

Before general tuning of the CSB and the corresponding optics, it was set to about 8 I less than
the bias voltage of the target ion source, which was 10 kV. On the Faraday cup FC5 (see Figure
4.10) at the injection region of the CSB, the singly charged uranium beam intensity was about
2.6 nA. The first thing that was done was to measure the beam's emittance using the quadrupole
scan technique (QST) by scanning quadrupole Q5 and recording the beam profile on profile
monitor RPM5. Figure 6.11 shows the almost converging phase space ellipse of the uranium
beam at the entrance of quadrupole Q5. The 4RMS emittance and the Twiss parameters of the
beam at the entrance of Q5 were measured to be ¢ = (85.6 + 5.8) mm —mrad, a =
—0.076 + 0.021, § = (183 £ 12) cm and y = (0.0055 + 0.0004) cm™1,
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Phase Space Ellipse of 238U+ at the Entrance of Q5
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Figure 6.11: Phase space ellipse of 28U* in x — x’ plane at the entrance of Q5. The emittance
and the Twiss parameters were measured using the quadrupole scan technique at an energy of
Q*10 keV.

The emittance and the Twiss parameters were imported into the TRANSOPTR, and the optics
tunes were calculated. The beam optics were physically set to the calculated values, and the
CSB plasma, the extraction system and optics were tuned for the production, extraction and
transportation of 238U?*, After systematic tuning of the charge state booster and the adjacent
optics, frequencyl = 14 GHz at TWTA power = 300 W, frequency2 = 14.5 GHz at TWTA
power = 46 W, extraction voltage = 2.65 kV, gas valve voltage = 6.7 V (helium support gas)
magnetic fields distribution at linj = 1200 A4, Imia = 264 A and lext = 793 A were found to produce
highest efficiency of 27 + on Faraday cup FC16A. To compare the efficiency of the uranium
beam under the two-frequency heating with the efficiency under the single-frequency heating,
one of the signal generators was switched off, and the second one was set to an rf frequency of
14.5 GHz and TWTA power of 350 W, all other parameters were kept constant. The mass
separator (see Figure 4.16) was scanned, and the spectrum of the CSB with and without
injecting singly charged uranium ion was measured for single-frequency heating and two-
frequency heating. The mass spectra under the two regimes are shown in Figures 6.12 and 6.13

for the mass-to-charge ratio (A/Q) between 6.0 and 14.0. In the plots, the spectral without
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uranium is red, and the spectral with uranium is blue. The peaks of the uranium charge

states are indicated with the black text arrows, while the rest are from background ions.
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Figure 6.12: Mass spectrum of the CSB with and without uranium under SFHT. The rf
frequency was launched at 14.5 GHz and a TWTA power of 350 W. The optics were optimized

for the extraction of U?"*. The entrance and exit slits of the magnetic dipole were set to 5 mm,
5 mm and 3 mm.
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Figure 6.13: Mass spectrum of the CSB with and without uranium under TFHT. The rf
frequencies were launched at 14 and 14.5 GHz and TWTA of 300 and 46 W. The optics were

optimized for the extraction of U?"*. The entrance and exit slits of the magnetic dipole were set
to 5 mm, 5 mmand 3 mm.
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Using Equations 5.1 and 5.2, the single charge state efficiency and the global efficiency of
the uranium were calculated by extracting the intensity of the uranium charge states that can be
determined from Figures 6.13 (SFH of the CSB) and 6.14 (TFH of the CSB).
Figure 6.15 compares the efficiency of uranium under the two heating regimes. The blue plot
is the efficiency under SFHT, while the red plot is the efficiency under TFHT. No information
was recorded for 17+ and 34+ because the corresponding A/q is dominated by “N* and **N"*
as can be seen in the mass spectrum in Figures 6.13 and 6.14. Also, because of the spark in the
high voltage bias of the CSB during the mass spectrum scan, the intensity of U?%* dropped under
the SFHT, and the intensity of U3!* dropped under the TFHT. The reduction in the intensity can
be seen in Figures 6.13 and 6.14.

BN SFHT:14.5GHz [350W]
51 [Global Efficiency [SFHT] = 12.2%] EEE TFHT;14GHz [300W] + 14.5GHz [46W]
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Figure 6.14: Efficiency of uranium under SFHT and TFHT regimes. Global efficiency is the
summation of all the charge states that can be measured. For the SFHT, the rf frequency was
launched at 14.5 GHz and a TWTA power of 350 W and the optics was optimized for the
extraction of U?"*, For the TFHT, the rf frequencies were launched at 14 GHz and 14.5 GHz
and TWTA of 300 W and 46 W and the optics were optimized for the extraction of U%™*.

With the single-frequency heating of the ECRIS CSB, the maximum charge state of uranium
that can be detected is 36+ with an efficiency of 0.03 %. However, with the two-frequency
heating, the maximum charge state that can be detected shifted to 39+ with an efficiency of

0.02 %. Furthermore, the charge state with the maximum efficiency is 28+ under both heating
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regimes, but the efficiency is about 2.0 % under the SFHT and about 5.2 % under the
TFHT, which is about 2.6 times greater than the SFHT. Also, by summing up all the
efficiencies, the global efficiency under the TFHT is about 38 %, while the global efficiency
under the SFHT is about 12 %, as shown in Figure 6.15. Even though the global efficiencies
for both single-frequency heating (SFH) and two-frequency heating (TFH) will be higher than
the values reported if the efficiencies of the missing charges states were known, regardless, it
is seen that the global efficiency under the TFH of the CSB is more than a factor of 3 greater
than the global efficiency under the SFH of the ECRIS CSB plasma.
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Chapter 7 — Summary and Outlook

7.1 Summary

In Rare Isotope Beam (RIB) facilities using the ISOL method, exotic isotopes are extracted as
singly charged ions from the target-ion source station where they are produced. The radioactive
isotopes must undergo a charge breeding process to an n+ state to match the limit in the mass-
to-charge ratio (A/q) of the post-accelerator for nuclear physics experiments. The study and
development of charge breeding techniques play a prominent role in optimizing the post-
acceleration of intense and exotic beams. High charge states, i.e., relatively low A/Q ratios,
allow for compact ion accelerators and higher final beam energies in combination with
superconducting LINAC structures. Therefore, this advanced post-acceleration scheme has
been chosen by TRIUMF for the ISAC facility. With the construction of the ISAC | facility, a
14.5 GHz PHOENIX ECRIS booster from Pantechnik was installed for the charge breeding of
the radioactive ions. After many years of operation, improving operational performance using
modern modelling and techniques became mandatory. The two-frequency heating technique
was implemented on the ECRIS CSB so that more highly charged ions could be produced and
delivered to the experiments in the TRIUMF ISAC facility. The initial setback was that the
TRIUMF CSB was not designed to accommodate two separate waveguides to implement the
two-frequency heating technique as it is conventionally implemented in other facilities
worldwide. However, the setback was overcome by implementing the superior technique using
a single waveguide. In addition to the two-frequency heating of the booster, the injection and
the extraction optics, as well as the injection and the extraction systems of the CSB, were
optimized for the first time, and the overall improvements led to a significantly increased
efficiency and operational performance of the booster.

Furthermore, for accurate modelling of the CSB extraction system in IGUN and beam envelope
in TRANSOPTR, the magnetic field distributions of the CSB, both radial and axial, were
mapped and compared with OPERA simulation for benchmarking. The OPERA modelling and
field mapping provides up-to-date information about the magnet system of the CSB.
Furthermore, the results of the magnetic field measurements revealed a discrepancy in the

control settings of the power supply of the CSB solenoid coils, which could be fixed. The
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discrepancy was identified after comparing the mapped magnetic fields with the OPERA
modelling.

From the results discussed in Chapters 5 and 6, it can be summarized that optimization of the
injection optics improved the injection efficiency of the cesium and uranium singly charged
ions, partly contributing to the increase in the intensities and efficiencies of the highly charged
ions that are extracted. Besides, the increase in the efficiency of cesium and uranium charge
states reported is largely influenced by the implementation of the two-frequency heating of the
ECR plasma of the CSB. The TFH created an additional resonance surface in the plasma core
where the electrons were efficiently heated. In addition to the increase in the electron energy as
a result of the second resonance surface, the electron density and the ion confinement time were
also increased; this is evident in the shift of the peak of the charge state distribution to a higher
state, most especially in cesium charge breeding results. Because of the increase in the electron
population at the plasma core due to the additional resonance zone, a negative potential dip is
created, and ions are electrostatically attracted to the plasma core by the potential. The negative
potential allows improved confinement of the ions while they are bombarded by the energetic
electrons and get ionized to higher charge states, and upon extraction, the ions have a small size
and hence lower emittance since they were produced at the position that is closer to the plasma
core. Also, a planar plasma meniscus could be achieved by systematically optimizing the
extraction system of the CSB through the variation of the extraction field.

In conclusion, with the overall improvement of the CSB, the total emittance of the extracted
ions from the CSB reduced to 80.6 mm — mrad from 117.8 mm — mrad, the maximum
charge state of cesium that can be detected shifted from 28+ to 32+, the maximum charge state
of uranium shifted from 36+ to 39+. The global efficiency of Cs charge states between 20+ and
31+ increased from 23 % to 41 %, while that of uranium between 15+ and 39+ increased from
12 % to 38 %.

With the overall improvement of the CSB, a highly charged uranium ion beam was successfully
delivered to the TRIUMEF’s Ion Trap for Atomic and Nuclear Science (TITAN) to investigate
a radioactive molecule involving uranium and Fluorine. Singly charged uranium ions were

injected into the CSB online from the TRIUMF target ion source station.
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7.2 Outlook

The Electron Cyclotron Resonance lon Source is a powerful device that produces highly
charged ions in heavy ion accelerator facilities. With the single-frequency heating technique
(SFHT), a restricted parameter space is available for the user of such an ion source to produce
a desired charged state and intensity. Implementing the two-frequency heating technique
(TFHT) further increases the number of parameters that can be tuned and optimized for
operational performance. The additional parameters include frequency and phase shift tuning.
The effect of frequency tuning has been described as beneficial in [65] and the effect of shifting
the phase between the two applied frequencies has also been shown to be beneficial in [64]. As
presented and discussed in the two-frequency heating chapter, it was only possible to tune the
CSB between the electromagnetic wave frequency of 14 GHz and 14.5 GHz because the
dummy load used to terminate the magic tee power combiner was designed for that frequency
range. The dummy load was borrowed to complete this thesis project in a reasonable time. Due
to massive supply chain issues, the contracted companies significantly delayed the original
component for more than a year. When this RF component finally arrives, further tuning of the
CSB will be conducted over a wide frequency bandwidth to optimize the ECRIS CSB further.
The phase shift tuning of the electromagnetic waves could not be performed due to time
restrictions and the availability of the charge state booster; however, an experimental campaign
is planned to systematically optimize all the parameters associated with the electromagnetic
heating of the ECR plasma to improve the performance overall and position the charge state
booster in a state that is capable of producing higher charge state with higher intensity with and
reduced beam emittance that can be delivered to the experiments in the ISAC facility of
TRIUMF.

Furthermore, as presented in Chapter 6, the efficiency of the Electron Cyclotron Resonance lon
Source Charge State Booster (ECRIS CSB) does not only depend on the conditioning of the
plasma. The injection and extraction system of the CSB must be properly designed and
optimized. The extraction system of the TRIUMF CSB has been changed twice and optimized
for the extraction of highly charged ions with the best beam quality, which can theoretically be
achieved. The corresponding beamline and injection system are also well understood. Using
the TRANSOPTR design code, a useful tune can easily be calculated and used in real-time to

transport singly charged ions into and extract highly charged ions from the CSB up to the
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experimental stations. An issue on the injection side of the CSB that needs to be addressed
is that the CSB was originally designed with an asymmetry in the magnetic field at the injection
region, making beam injection into the CSB problematic, especially for light ions. The magnetic
field asymmetry is due to the wide gap in the injection soft iron plug of the CSB to allow access
of the waveguide and support gas pipes to the CSB. The dimension of the gap is about
60 mm wide, 71 mm high and 144 mm long. Figure 7.1 shows the gap in the injection soft
iron plug of the CSB modelled in OPERA.

Figure 7.1: TRIUMF ECRIS CSB OPERA model showing the gap in the injection soft iron
plug. The gap was created in the iron to feed through the waveguide into the plasma chamber.

Assuming the electrical potential of the CSB is OFF and only the magnetic field is ON, the
effect of the asymmetric magnetic field in the injection region is due to the gap in the injection
soft iron plug on the trajectories of the injected ions was investigated. This was achieved by
tracking the trajectories of injected singly charged ions along the longitudinal direction of the
CSB. A 10 keV singly charged cesium ion beam of 10 nA with 5 mm in size was injected into
the CSB from the left at —400 mm with respect to the geometrical center of the model.
Meanwhile, in the absence of no magnetic asymmetry, the injected ions should travel to the
right covering a total length of 1000 mm along the axis into the CSB. The injected beam was

assumed to have no diverging angle, a characteristic that can easily be achieved at the entrance
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of the CSB. Figure 7.2 shows the trajectory tracking of the ions with the CSB geometry

sliced in the plane parallel to the YZ plane.

Injected Beam

Figure 7.2: Modelling of the trajectories of singly charged cesium ion beam into the CSB with
the gap in the injection soft iron assuming only magnetic field is present in the CSB. The beam
was launched at an energy of Q*10 keV. The space charge of the plasma is not included in the
simulation.

As seen, the injected ions do not have a straight trajectory as they travel into the CSB; rather,
they are deflected and directed toward the vacuum chamber and eventually lost to the chamber
wall. The deflection of the trajectories of the ions is caused by the asymmetric magnetic field,
which has a strong dipole component at the injection region of the CSB created by the cut in
the injection soft iron plug. This simulation confirmed the scrape-off observed on the injection
electrode (IE2) of the CSB when it was opened for the magnetic field mapping, as shown in

Figure 7.3.
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Foot print of lost injected ions

Chipped in the IE2 due to the lost injected ions

Figure 7.3: Footprint of the lost injected ions on the second injection electrode due to the
magnetic field asymmetry as a result of the gap in the injection soft iron.
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To better understand the effect of the opening in the injection soft iron plug, another

geometry of the CSB was modelled in OPERA without the gap in the injection plug. Figure 7.4

shows the trajectory of the same beam as in Figure 7.2.

]

Figure 7.4: Modelling of the trajectories of singly charged cesium ion beam into the CSB
without the gap in the injection soft iron assuming only magnetic field is present in the CSB.
The beam was launched at an energy of Q*10 keV. The space charge of the plasma is not
included in the simulation.

In the absence of asymmetry in the magnetic field due to the missing part in the injection side
iron plug, the injected ions travel in a straight line through the CSB without experiencing any
deflection in their trajectories. However, in the presence of plasma, the injected ions will
eventually be captured and charged-bred before being extracted as highly charged ions on the
right. These simulations demonstrated the flaws in the design of the PHOENIX ECRIS charge
state booster, and it is important to fix the wide angle cut in the injection soft iron plug to
enhance the performance of the CSB further. Because no matter how much the injection
beamline, the extraction beamline and the plasma are optimized, if the injected ions do not
make it into the CSB, the efficiency of the CSB would always be below the theoretically

expected value.
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Furthermore, the extraction diagnostics of the CSB, such as the RPM12 and RPM14, must
be exchanged, and the entire beam optics must be properly aligned. Figure 7.5 shows the
screenshot of the RPM12 wire scanner with the beam's profile coming out of the CSB with the
extraction system optimized for 12.784 Q * keV, 55 uA beam. The x — profile is on the left,
and y — profile is on the right of the picture.

Figure 7.5: Measured beam distribution of the total extracted current from the CSB with
RPM12. The left profile is in the x-direction and the right profile is in the y-direction.

As seen, the wire scanner is not well aligned with the extraction system of the CSB or vice
versa, and the edge of the y — profile is cut off, suggesting misalignment in the beamline.
Furthermore, Figure 7.6 shows the beam profile taken with the RPM14 located downstream of

quadrupole Q14. The x and y directions are the same as in Figure 7.5. The profile monitor is
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usually used with Q14 to perform the quadrupole scan technique (QST) for the emittance
of the total beam extracted from the CSB. Meanwhile, one of the requirements to perform QST
is having a beam intensity that is greater than or equal to zero, but RPM14, as shown in Figure
7.6, produces profiles with negative intensity values, and the negative values vary with the
voltage scan of quadrupole Q14 making it difficult to measure the emittance of the CSB
accurately. The source of the negative signal may be from the electronics of the wire scanner
since the negative signal is not present in the RPM12 data, which is located before RPM14.

Figure 7.6: Measured beam distribution of the total extracted current from the CSB with
RPM14. The left profile is in the x-direction and the right profile is in the y-direction.
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However, to accurately describe the extraction system of the CSB in IGUN simulation, the
RPM12 directly at the exit of the CSB should be exchanged with a Faraday cup to properly
quantify the total extracted current from the charge state booster. Also, the profile monitor
RPM12 or RPM14 should be relocated between Q12 and Q13 to efficiently and accurately
measure the total emittance of the CSB.
In addition, the sparking of the CSB high voltage bias that has been observed during operation
is currently under investigation. The cause of the sparking is suspected to be the improper
positioning of the insulators between the injection electrodes of the CSB.
Finally, there is a suspicion of internal vacuum leaks that materialized after the opening of the
CSB. This is evident in the mass spectrum of the CSB before and after the opening intervention,
as shown in Figure 7.7. Before opening the CSB, the intensity of *N* was around 0.2 uA4 but
increased to about 2 uA After opening the CSB, the intensity of 1*N?* was around 0.5 uA before
but increased to about 1.6 uA after opening the CSB. With the higher density of background

ions, the efficiency of the CSB and composition of the extracted ion beam can be highly

impacted.
10%e Background ions
N2+ — Before opening
— After opening
F —
10 - N p
= (\
c
2 108
>
&)
10710 m
L I A “

9 10 11 12 13 14
AQ

Figure 7.7: Comparison between the mass spectrum of the CSB before and after opening the
CSB for magnetic field mapping.

Meanwhile, several leak tests have been conducted to identify the source of the leaks with no
success. However, routine maintenance has been scheduled to open the CSB again and check
the O-ring seal between the plasma electrode and the vacuum chamber. It is expected that the
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CSB will reach a global efficiency of close to 95 %, as it has already been demonstrated in

[50] after all the factors presented have been addressed.
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Appendix
The optimized TRANSOPTR input files for both the injection and extraction optics, IGUN
input files, OPERA files, Quadrupole Scan technique Python codes for emittance measurement,

and mapped magnetic field are stored on TRIUMF SharePoint which can be found in Relevant

Simulation files from Joseph Adegun's PhD Thesis. Please note that a TRIUMF ID is required

to access the folder.

A. TRANSOPTR Files

Refer to [14] and https://gitlab.triumf.ca/beamphys/transoptr on how to install, run and perform

optimization in TRANSOPTR on Windows and the UNIX operating system. Previously,
instruction on how to run TRANSOPTR on Windows OS was not available but with the help
of Thomas Planche, | developed a comprehensive step-by-step on how to install it on Windows
Os.

1 For the injection optics, four input files that must be in the same folder are required to
run the files — data.dat, sy.f, fort.58, and fort.2. Fort.58 contains the generalized electric
field map of the injection system of the CSB, while fort.2 contains the magnetic field
for a defined current on the CSB solenoid coil. The current file corresponds to when
1050A/200A/762A are set on the CSB solenoid coils. If the settings are changed, a new
fort.2 must be created to replace the old one.

2 For the extraction optics, only three input files are required and they must also be in the
same folder. They are data.dat, sy.f and fort.2. Fort.2 contains the magnetic field of the
CSB mapped and imported into TRANSOPTR. The current file corresponds to
1050A/200A/762 A setting on the CSB solenoid coils

B. IGUN Files

To simulate the extraction system of the cesium test ion source (CTIS) and the extraction system
of the CSB, only one input file is needed for each simulation. The input file contains the
geometry of the extraction system to be simulated. In particular, since the extraction system of
the CSB is located in the strong magnetic field of the ECR, the input file also contains the
imported mapped magnetic field of the CSB. The current mapping corresponds to
1050A/200A/762 A settings on the CSB solenoid coils. If a new current value is set on the


https://triumfoffice365.sharepoint.com/:f:/s/ResearchgroupO.Kester/Eu6u09t4sHJIvuwqlUD2NIUBAoIbFAtd-HUFFuJSwmtQvA?e=3TTH46
https://triumfoffice365.sharepoint.com/:f:/s/ResearchgroupO.Kester/Eu6u09t4sHJIvuwqlUD2NIUBAoIbFAtd-HUFFuJSwmtQvA?e=3TTH46
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solenoid coils and an extraction system simulation is required, the &INPUTS3 of the input
file for the CSB IGUN file must be updated accordingly. Please refer to the IGUN manual for

more information.

1 For CTIS extraction system simulation, the input file is named TRICTIS.IN
2 For the CSB extraction system, the input file is named ECRISCSB.IN. The other file in
the folder is named ECRISCSB2.IN allows the simulation of the plasma electrode and

half of the puller electrode for the magnification of the plasma meniscus.

C. OPERA Files
This folder contains the geometry of the CSB modelled and simulated in OPERA. There are

three subfolders in this directory, each subfolder contains the geometry and the solution of the

simulation.

1 Electric Potential Only: This contains the modelling of the complete electric potential
of the CSB including the injection and the extraction systems. The boundary condition
currently defined on the electrodes in the Voltage distribution (type — Opera-3d
Modeller Data File) are injection systems: IE1 = 8884 V, IE2 = 12484 V, CSB Bias
voltage: HV = 12784 V, and the extraction system: PE (same as the CSB bias voltage),
EE = 9471 V. The solution of the modelling is named Voltage_distribution_solution
(type- Opera-3d Database). Please note that installation of OPERA is required to load
and view the solution.

2 Magnetic field and Electric field: This folder contains the modelling of the CSB by
combining both the electric and magnetic fields of the CSB.

3 Magnetic field only: This folder contains the modelling of the total magnetic field of

the CSB including the hexapole permanent magnet.

D. CSB Mapped Magnetic Field Results

This folder contains the results of the magnetic field mapping of the CSB and all the relevant
information about the setup of the magnetic mapper. For more information about the mapper,
please talk to Marco Marchetto at TRIUMF.
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E. Python Codes

At the moment, a UNIX-based computer such as Mac Book or LINUX is required to run the
Python code for emittance measurement. For example, to scan quadrupole Q5 to measure the
emittance of the CTIS, two separate Python codes are required, (the same applies to other
quadrupole scans). The first code which was partly written by Spencer Kiy and modified by me
is required to be run in a Python virtual environment. This code was specifically written to scan
Quadrupole Q5. It accepts the start value and end value of the voltage of Q5 to scan through. It
is named quad5_scan.py. The second Python code which was largely written by me is required
to retrieve the data saved by the previous code, extract the data, perform fitting, plot graphs and
print the emittance and the Twiss parameters. It contains the geometrical parameters and
transfer matrices of the optics required for the emittance measurement. The second file is named
rpm5_QST _data_processor.py. It does not require a Python virtual environment. It accepts the
measure_id of the data saved from running the first code and input. The outputs are the plots of
rpm raw data, rpm processed data, the QST parabolic curve with modelled fitted on the
measurement, Phase space ellipses of the beam and a print-out of the Emittance, the Twiss
parameters, cross-correlation, xmax and xprime max. In general, the same applies to the
scanning of quadrupoles Q14 and Q16. Please note that to use the codes for scanning and
processing other QST data, the content of the quad_scan.py and the QST _data_processor.py
must be edited accordingly. In conclusion, the Python codes in this folder can only scan and
process data from Q5 and rpm5, Q12 and rpm 14, Q14 and rpm14 and Q16 and rpm16.



