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Introduction

Electron Cyclotron Resonance Ton Sources (ECRIS) [1| are the most effective
devices to produce high intensity beams of medium-high charge states for both
applied and fundamental research. In such sources, a plasma is magnetically con-
fined inside a vacuum chamber (the plasma chamber) by an axial magnetic field
(generated by two or more coils) and a radial one (generated by a multiple, usually
a hexapole). Figure 1 shows an example of the magnetic field of an ECRIS: on
the left the axial and on the right the radial magnetic field. The superposition of
these two fields, called the "B-minimum" structure, generates a magnetic struc-
ture whose intensity increases going from the centre of the plasma chamber to the

periphery: it impresses to the plasma the typical "star-shaped" shape.
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Figure 1: Typical magnetic field profile of an ECRIS: on the left the axial field
generated by the coils; on the right the radial one generated by the hexapole.

The mechanism creating and sustaining the plasma is a resonant interaction
(the Electron Cyclotron Resonance, ECR) between electromagnetic waves injec-
ted into the plasma chamber (working as a resonant cavity) and the electrons’
Larmor motion under the influence of the magnetic field: in those points where
the microwave frequency equals the Larmor frequency the energy is transferred
to plasma electrons that, in turn, can create medium-high charge states through
ionizing collisions. Considering the particular topology of the magnetic field, the
ECR resonance takes place at specific points, forming an egg-shaped surface called
resonance surface. The output of an ECR source, in terms of intensity and charge
states produced, strongly depends on the optimization of the energy transfer to
plasma electrons. Many techniques have been developed so far to improve the
performances of an ECRIS: first of all the use of higher and higher frequencies and
magnetic fields, which often implies the development of expensive and technologic-
ally complex devices. Another possibility is the optimization of the electromagnetic
field inside the plasma chamber, by injecting two close or well-separated frequencies
(respectively Two Frequency Heating [2] [3] [4] and Two Close Frequency Heating
[5]) [6], as well as the fine-tuning of a single frequency, known as frequency tuning

effect [7] [8] [9]. The main aim of those techniques is to increase the electrons



density and energy by optimizing the power absorption by the microwave field
following Geller’s scaling laws 1] and the ECRIS standard model [10]. This thesis
presents an alternative approach to the optimization of the electromagnetic field,
consisting of the modification of the plasma chamber geometry and the microwave
injection, to produce an intense field in those points where the ECR resonance
takes place. The thesis will propose a new geometry, called IRIS (Innovative Res-
onators for Ion Sources), based and the shape impressed to the plasma by the
magnetic field and developed in two versions, IRIS-OLD and IRIS-NEW. The geo-
metry has been characterized electromagnetically using CST Microwave Studios,
COMSOL Multiphysics and MatLab to implement the 3D dielectric tensor of the
plasma. The physic case used to validate the eventual improvements brought by
the new design is the ECR source CAESAR, installed at INFN-LNS [11] [12]: it is
a second-generation ECRIS, working at 14.5 GHz and with a plasma chamber of
cylindrical shape. The validation will pass through the comparison of the coupling
of the electromagnetic field from the injection line to the plasma chamber, the
distribution of the electromagnetic field set-up inside the plasma and the power
absorbed by the plasma. Finally, an unconventional launching scheme, as an al-
ternative to the classical rectangular waveguide, will be proposed.

This thesis starts with a first general chapter describing briefly its scientific frame-
work. The second chapter is dedicated to the description of ECR ion sources: it
starts with a short historical review, followed by some basic plasma definitions.
The processes responsible for ions creation and destruction will then be treated,
together with the description of diffusion’s mechanisms typical of ECR ion sources.
Finally, all the physical mechanisms involved in the plasma confinement will be
described, ending with an explanation of the techniques used to improve the per-
formances. The third chapter will describe the electromagnetic theory involved
in the operation of ECR sources: it will explain the theoretical basis of resonant
modes inside the waveguides and in the cylindrical resonant cavities. The fourth
chapter describes the core of this thesis: it is dedicated to the simulations of the
CAESAR plasma chamber and its comparison with the proposed unconventional
geometry. We will see the evolution of the design from the first version to the final
one and the effect of an innovative microwave launching system based on slotted

antennas. The thesis is closed by conclusions and future perspectives.
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Scientific Framework

The work presented in this thesis has been carried out in the framework of two
INFN projects, that involve specific applications of ECR sources and could take
benefit from the improvements resulting from this study and described in chapter
4: the PANDORA [13] and SPES Projects [14]. For the sake of completeness, a
brief description of both will be given in this chapter.

1.1 PANDORA

PANDORA (Plasmas for Astrophysics, Nuclear Decays Observation and Radiation
for Archaeometry) [13] is an INFN project financed by the IIT National Scientific
Committee involving the construction of an innovative plasma trap based on the
ECR principle, to carry out fundamental studies in nuclear astrophysics, astro-
physics and plasma physics. The aim is to measure the decay rate, as a function
of the ionization state, for 3 radionuclides (like 1" Lu) involved in several astro-
physical processes and cosmology. Radioactive species will be injected in a plasma
produced inside a magnetic trap (reproducing stellar-like conditions in terms of
ionization stages), where they will be ionized by energetic electrons (see figure 1.1).

PANDORA will be equipped with a multi diagnostic setup able to measure not

9
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only gamma rays following the g decay, but also the plasma self-emission and in
turn to deduce its characteristics like density distribution, temperature and charge

states produced.
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Figure 1.1: The magnetic trap of PANDORA with the diagnostic system consisting

of an array of 14 HPGe detectors and a non-invasive multi-diagnostic apparatus.

The scientific context of the project is the study of the production of un-
stable nuclei by nuclear fusion in massive stars. The nucleosynthesis proceeds by
nuclear fusion in massive stars until iron, where it stops because the fusion of
heavier nuclei needs energy instead of providing it. Heavier nuclei are the res-
ult of the interplay between neutron capture and beta decay, which represent the
driving mechanisms allowing to increase nuclear mass and charge up to the lim-
its imposed by nuclear stability [15]. This interplay determines the pathways of
stellar nucleosynthesis and, thus, the abundances of atomic nuclei observed in the
Universe. However, a major difference exists between terrestrial and stellar con-
ditions: stellar nucleosynthesis proceeds in a hot and dense environment which
affects the degree of ionization of the atoms involved in the stellar nucleosynthesis.

This raises the question of whether or not the high degree of ionization could
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induce any significant differences in the beta-decay properties concerning neutral
atoms. Experimental results using highly ionized atoms showed strong variations
of their half-life. Bare '3"Re™7 ions decay, due to the bound-state beta decay,
by 9 orders of magnitude faster than neutral 8" Re atoms with a half-life of 42
Gyr [16]. Bare 93 Dy%* nuclei, being stable as neutral atoms, become radioactive,
thus allowing the s-process, with a half-life of 33 days [17]. The main aim of the
PANDORA project is to develop a new and complementary approach to meas-
ure, for the first time, nuclear S-decay rates in a plasma simulating stellar-like
conditions. The study will be mainly focused on radionuclides involved in nuclear-
astrophysics processes. Compact magnetic plasma traps, where plasmas reach
electron density values n, ~ 10"em ™2 — 1013em ™3 and a wide range of temperat-
ures kT, ~ 0.1keV — 30keV, are suitable for such studies. The main advantage
of a plasma trap is that by fine-tuning the electron temperature it is possible to
establish an ion charge state distribution that can mimic a specific stellar environ-
ment. Plasma parameters can be inferred using dedicated diagnostic tools and the
nuclear decay rates can be evaluated as a function of the charge state distribution
of in-plasma ions. This new approach will open up the possibility to investigate
tens of physics cases, among the others, 20471, 8 Ni, ©°Co, ' T'm, 4" Pm, ¥ Kr,
176 and the pairs ¥"Re — 870Os and 3" Sr — 8" Rb, which play a crucial role in
establishing the time scale of cosmological processes (cosmo-clocks). The project
is presently in the design phase and the first experiments on 76 Lu are expected in
2025.

1.2 SPES

The SPES (Selective Production of Exotic Species) project [18] is currently under
construction at Legnaro National Laboratories of INFN: it aims at developing a
facility for exotic beams production. The key feature of SPES will be to provide
high intensity and high-quality beams of neutron-rich nuclei to perform forefront
research in nuclear structure, reaction dynamics and interdisciplinary fields like
medical, biological and material sciences. The exotic isotopes, produced in the so-
called Target Ton Source System [19] [20], will be accelerated by a newly designed
RFQ [21] coupled to the ALPI Superconducting Linac [22], reaching energies of 11
MeV /amu for masses in the region of A ~ 130. Before the injection in the LNL



12 Chapter 1. Scientific Framework

accelerators complex, it is necessary to increase the charge state of the radioactive
species from 1+ to n+, thus allowing its post-acceleration: this task is accom-
plished using an ECR-based Charge Breeder [23] [24] [25] [26] (see figure 1.2). In
particular, it is an updated version of the Phoenix [27| booster, in operation at

Laboratoire de Physique Subatomique et de Cosmologie (LPSC) in Grenoble.

Figure 1.2: Sketch of the SPES Charge Breeder.

The SPES project is divided into four phases:

e «: installation and commissioning of a cyclotron B70, by the BEST Therat-
ronics company [28] |29], capable of accelerating proton beams up to 70 MeV
and with high intensity (expected currents up to 750uA);

e [3: creation of an infrastructure for research in nuclear physics using post-
accelerated radioactive beams. It will apply the ISOL type production sys-
tem, consisting of the interaction of an intense proton beam with different
targets capable of sustaining up to about 10 kW of power. Among the differ-
ent targets, the one of greatest interest is uranium carbide, with which they
can be obtained 10'3 fissions/s [30];

e 7: taking advantage of the peculiarities of the SPES facility, two possible
production processes have been developed that are part of the LARAMED
[31] [32] and ISOLPHARM projects [33] [34]. They have the purpose of
producing radionuclides of interest for diagnostics and therapy (e.g. *7Tkc,
6467y, 47Se, B2 M, 87y, ete.);
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e 0: the SPES cyclotron will also be used to produce intense neutron beams
generated by reactions between the proton beam and beryllium, lithium and
tungsten targets. The aim will be the study of the effects of neutrons in many
fields, from electronics to space missions, passing through fourth-generation
nuclear reactors and treatments of radioactive wastes, without neglecting

fundamental physics and the study of materials.
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The Physics of ECR Ion Sources

The previous chapter identified the scientific framework of the work described in
this thesis. To help in the interpretation and evaluation of the results obtained,
this chapter is dedicated to the description of the physical processes involved in
the functioning of an ECR source. It will start with a brief introduction, followed
by a description of the various mechanisms for plasma generation, sustenance
and confinement. Considering the object of this thesis, special attention will be
dedicated to the electromagnetic behaviour of the plasma. The chapter will end

with a description of the various techniques used to improve the performances.

2.1 Introduction

The Electron Cyclotron Resonance Ion Sources (ECRIS) [1] are the most common
devices to deliver stable multiply charged ion beams to particle accelerators. In
such sources, a plasma is created inside a vacuum chamber (the plasma chamber)
immersed in a particular multi-Tesla magnetic configuration called "B-minimum"
structure, created by superimposing the field generated by two or more coils to
the one generated by a hexapole. The mechanism responsible for the generation

and maintenance of the plasma is a resonant interaction, the Electron Cyclotron

15
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Resonance, between microwaves (typically between 14 GHz and 18 GHz) and the
electrons’ motion in the external magnetic field: the condition for it to take place

is that the microwave frequency v be equal to the electrons’ Larmor frequency
qB

2Tme

Ve = Given the particular magnetic configuration, this condition is usu-
ally satisfied on closed egg-shaped surfaces called resonance surfaces: this process
creates high energy electrons that can, in turn, produce multiply charged ions
through ionizing collisions. The B-minimum structure acts as a magnetic trap,
thus ensuring a sufficiently high confinement time for ions and electrons to reach
high charge states. The development of ECRIS during the last forty years has
been driven by the improvement of the B-minimum magnetic trap, according to
the High B mode concept proposed in 1990 [10]. In particular, the need to achieve
higher currents of highly charged ions pushed the development of ECRIS towards
the use of higher power and higher microwave frequency generators that require
higher confining magnetic field, according to Geller’s scaling laws [1|. Classifica-
tion in terms of ECRIS’ generation is commonly accepted according to the typical
operational frequency: the very first sources operated usually below 10 GHz and
were characterized by very high power consumption and a poor vacuum, leading
to a low average extracted charge. The second-generation ECRIS, still nowadays
used, are operated at 14 GHz - 18 GHz in high vacuum condition, reaching charge
states between 8 and 14 for Ar. An example is the source CAESAR object of the
study of this thesis, into operation at INFN-LNS since the '90s [12]. The third
generation ECRIS works at a frequency of 28 GHz or higher, giving for example
charge states between 14 and 18 for Ar: sources of this kind operate in several
international laboratories like LBNL [35].

Before going to the description of the main physical processes involved with ECR
sources’ operation, it is useful to recall some basic definitions in common with any
kind of plasma. A plasma, a quasi-neutral ionized gas at high temperatures, is
considered one of the four states of matter. It exists in a natural state in stars’
nuclei and represents most of the visible matter in the universe. On Earth, plas-
mas are artificially generated for several applications, such as particle accelerators,
thermonuclear fusion, material processing and manufacturing, medical and envir-
onmental applications, and many others. Contrary to a neutral gas, a plasma
contains also charged particles that interact with each other through collisions.

In most types of plasma, quasi-neutrality is not just an ideal equilibrium state,



2.2. Magnetic confinement 17

but it is a state that the plasma actively tries to achieve and maintain by read-
justing the local charge distribution in response to a disturbance. It is possible to
define a characteristic length-scale, known as the Debye length [36] Ap, defined

as the distance after which a plasma can screen itself from external electrostatic

(kTN n. \?
/\D_(e%e) (cm3) cm. (2.1)

The Debye length is a fundamental property of nearly all plasmas, and depends

disturbance:

equally on the plasma’s temperature and density. An ideal plasma has many

particles per Debye sphere, i.e.
4
Np = neg)\?b > 1, (2.2)

Besides the screening distance described above, it is interesting to see how a plasma
responds to an external disturbance. If we suppose that, at a given moment, an
external force acts separating electrons from positive ions, it is possible to demon-
strate that the former start oscillating around the fixed positive charge density, to
restore quasi-neutrality. This oscillation takes place at a specific frequency, know

as plasma frequency [37], defined as:

en 2 n >
= °) ~5.6x 10 c -1 2.3
o= (G) 5o () (29

The plasma frequency depends only on the electron density and is usually very

high due to the small value of the electron mass: to a density n, = 108m™3

corresponds, in fact, a plasma frequency of v, = 9GHz

2.2 Magnetic confinement

In ECR ion sources plasma particles are generated and confined in a magnetic
field, so it is important to describe the motion of a single charged particle under
the influence of electric and magnetic forces [38]. Generally, the equation of motion

of a particle of mass m and charge ¢ moving in a region where a magnetic field B,
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an electric field E and a generic force F are present can be written:

dv

mazq(va%—E)%—F (2.4)
It can be demonstrated that under particular conditions of magnetic field geometry
and applied external forces, the general solution of this equation, represented by
the vector position r(t), assumes a periodic characteristic. The main types of

periodicity that can happen are:

e Cyclotron motion: the particle will rotate in a plane perpendicular to the

magnetic field.

e Mirror reflection: the particle will move back and forth along a magnetic
field line.

e Drift motion: the particle will move on a closed surface described by some

magnetic field lines.

The first motion is the one with the highest frequency; the second is orders of
magnitude slower. Each magnetic configuration where this last motion happens is
said "magnetic trap" and, as we will see later in this chapter, the process is termed
"magnetic trapping". The drift motion is in turns orders of magnitude slower than
the reflection. In analyzing the cyclotron motion the guiding centre approximation
can be used, where the guiding centre is the centre of the circle described by the
particle motion: its radius is called Larmor radius r., while the period of the motion
is called cyclotron period 7.. The instantaneous velocity of the guiding centre is
defined as the velocity of the Guiding Centre System (GCS): the particle position
can then be expressed through the vector position R, of the guiding centre, the
Larmor radius vector r. and a phase ¢. The instantaneous velocity V¢ of the GCS

can be decomposed concerning the magnetic field direction as:
V=V +V, (2.5)
The first component coincides with the particle velocity along the magnetic field

Vi=v (2.6)
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while the second differs from the orthogonal one v, . The component V| is usually
termed "drift velocity" Vp because represents the motion of the guiding centre
across the magnetic field lines. After this general description, the particle mo-
tion under specific external forces and different magnetic field geometry will be

discussed [39].

2.2.1 Uniform E and B fields

Let’s consider initially a uniform magnetic field and no other forces applied (E =
F = 0). A charged particle has, in this case, a simple cyclotron motion and

equation 2.4 become:

mZ—: =qvxB (2.7)
Supposing the magnetic field B to be in z direction (B = Bz ) we obtain the
equations:
mv, = qBuv, mu, = —qBuv, muv, =0
. _ 4B, ¢B’
e (B
. qB. qB?
vyzﬁvx:—(ﬁ)vy

that describe a simple harmonic oscillator at the cyclotron frequency:

lq|B
c E — 2.9
v m ( )

The solution to equation 2.8 is a circular motion about guiding center in a plane
perpendicular to the magnetic field. The radius of this gyromotion, that is the

Larmor radius r., is given by the relation:

V1 muv
T, = — = 2.10
e B (210

being v, the component of the particle’s velocity perpendicular to the magnetic

field. Two handy formulas allow a fast calculation of this parameter for ions with
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mass number A and charge q and for electrons |39

7’: ~ 1.5 % 10_4LBLA [m]
q (2.11)
VW
ro A~ 3.8% 10 0= [m]

B

being W, [eV] the energy corresponding to the motion perpendicular to B [T].
The direction of gyration is always such that the magnetic field generated by the
charged particle is opposite to the externally imposed field. Plasma particles,
therefore, tend to reduce the magnetic field and so plasmas can be classified as
diamagnetic.

Let’s now add to the magnetic field an electric field E and suppose that the electric
field lies in the o — 2 plane so that £, = 0. Equation 2.4 becomes:

mccli—;’:q(E—i-va) (2.12)
The z component of this equation will lead to the normal acceleration of the
charged particle under the component E, of the electric field along a magnetic field
line. The other two components will lead to the usual gyromotion with angular
frequency w. about the magnetic field line and, superimposed, a drift motion of
the guiding centre with a velocity v,. (in the negative y direction for E, > 0, see

figure 2.1) given by:
_ExB _

Ve 7 =Vpg (213)
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Figure 2.1: Particle drifts in crossed E and B fields

As we see from the above formula, this drift is perpendicular to both electric and
magnetic fields and is independent of ¢, m, and v, . The formula can be generalized
to a generic force F by replacing E with F/q in the equation of motion. In the
case of the gravitational force F = mg, we obtain the drift velocity:

mgx B
g:E 32

v (2.14)
It can be noted that in this case ions and electrons drift in opposite directions, so

the motion leads to a net current density in the plasma given by:

gxB

(2.15)

Anyway, the magnitude of this drift is usually negligible [39].

2.2.2 Non uniform B

Now that the motion under a uniform magnetic field and external forces were
clarified, we can now skip to the more realistic case of a non-uniform magnetic

field. Two important cases will be described in the following:

e GradB Drift.
Consider now only a magnetic field in z direction that increases in intensity
in y direction: the gradient in |B| causes the Larmor radius to be larger at
the bottom of the orbit than at the top. This leads to drifts, in opposite
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B

direction for ions and electrons, perpendicular to both B and gradB. This is

shown in figure 2.2.

Y ®
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Figure 2.2: Drift of a gyrating particle in a non uniform magnetic field

By supposing that the scale of inhomogeneity of the magnetic field is big
compared to the Larmor radius r. (|[VB/B| < 1/r.), if we average the
Lorentz force F = gv x B over a gyration we obtain that the average of F, is
zero since the particle spends as much time moving up as down. The average
of F, can be obtained by a Taylor expansion of the field B about the point

l'(]:yg:o:

B=By+(r-V)+...

(2.16)
The average of F}, then becomes:
- 1 (0B
Fy = :FQUJ_T’C§ (a—y) (217)
and the guiding centre drift velocity is, generalizing the result:
1 B x VB
VvpB — :l:i'UJ_T’CT (218)

Note that the sign stands for the sign of the charge so this kind of drift causes

a current transverse to B.

Curvature Drift.

Let us consider a magnetic field with the line of force curved with constant
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radius R, and take | B| to be constant (figure 2.3). Such a filed does not obey
Maxwell’s equations in vacuum so in practice the gradB drift will always be
added to the effect derived here.

->
S
n

a,

Figure 2.3: A curved magnetic field

A guiding centre drift arises from the centrifugal force felt by the particles
as they move along the field lines. If we denote with vﬁ the average square of
the component of the random velocity along B the average centrifugal force
is:

mvﬁ

This gives rise to a drift, called curvature drift, given by the equation:

_chfXB

2.20
q R (220

VR

We must now compute the gradB drift that accompanies this last one when

the decrease of |B| with radius is taken into account. In vacuum we have

V x B = 0: in the cylindrical coordinates shown in figure 2.3, it has only

a z component, since B has only the 0 component and VB has only r
component. We then have:

10 1
(VX B), =—-—=—(rBy) By o< — (2.21)

ror r
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By using equation 2.18 we obtain:

m o, R.xB
VvB = TQULW (222)
that summed to the previous drift gives:
mR.xB [, 1,
Vv B —+ Vg = EW (U + §UJ_) (223)

As for the previous drifts, this leads to a net current into the plasma. If the
particles have a Maxwellian velocities distribution with an rms velocity vy,
equation 2.23 simplifies as [26]:

vp, Te

— 4S9 92.24
R R Y (2.24)

VrRyvB = *

2.2.3 The plasma trapping

Let us now consider the motion of a charged particle in a magnetic trap. Assume
that a magnetic field is pointed primarily in the z direction and its magnitude
varies in the z direction. Moreover, consider that By = 0 and 0/06 = 0: since the
lines of force converge and diverge, there is necessarily a component B, (figure 2.4).

We can derive this component by the Maxwell equation V-B =0 :

10 OB.
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Figure 2.4: Drift of a particle in a magnetic mirror field

If 0B,/0z is given at r = 0 and does not vary much with r, we have approx-
imately:
" 0B,

1 0B
B, — — dr ~ —=? | 222 .
rB, o r 5" {az}r i (2.26)

The variation of |B| with r causes a gradB drift of the guiding centres about the
axis of symmetry, but there is no radial gradB drift because 0B/06 = 0. The

components of the Lorentz force are:

F,. = qUGBz
Fy=q (_U’/‘BZ + UZBT‘) (227)
F. = _QUGBT

The first equation and the first term in the second equation give rise to the usual
Larmor motion. The second term in the second equation vanishes on axis; when it
does not vanish, this azimuthal force causes a drift in the radial direction. This drift
merely makes the guiding centers follow the lines of force. By using equation 2.26

the equation for F, becomes:

1 0B,
F, = S4ver ( P ) (2.28)

We must now average over one gyration. For simplicity, consider a particle whose
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guiding center lies on the axis. Then vy is a constant during the gyration: depend-

ing on the sign of q, vg is Fv,. Since r = r,, the average force is:

Ia _1mvl 0B,

= 2.29
2 B 0z (2:29)
We define the magnetic moment of the gyrating particle to be:

1 mov?

=_ 2.30

5 5 (2.30)
so that: 9B

F,=— z 2.31

ha, (2.31)

The invariance of p is the basis for the confinement scheme of the magnetic mirrors.
As a particle moves from a weak-field region to a strong-field region it sees an
increasing B and, therefore, its v, must increase to keep u constant. Since the
magnetic field cannot change the total energy of the particle, the component v
must in turn decrease. It can eventually become zero: in this case, the particle is
reflected to the weak-field region by the force F. An example of such a magnetic
configuration is given by a simple pair of coils creating two magnetic mirrors for

plasma trapping, as shown in figure 2.5.

Figure 2.5: A plasma trapped between magnetic mirrors

A trapping is not perfect however. For instance, a particle with v, = 0 will
have no magnetic moment and will not feel any force along B. A particle with
small v, /v) at the mid-plane (B = By) will also escape if the maximum field B, is

not large enough, so for given By and B,, it is interesting to know which particles
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will escape. A particle with v; = v, and v = v at the mid-plane will have
v, = v and v = 0 at its turning point: let the field be B’ there. Then, the

invariance of u yields:
2 2
Imvi, — 1mor

> B, 12 B (2.32)
Conservation of energy requires:
v =03, + Uﬁg = v2 (2.33)
Combining the last two equations we get:
Bo _ ﬁ = ﬁ = sin? 0 (2.34)

.2 2
Br v g

where 6 is the pitch angle of the orbit in the weak-field region. Particles with
smaller 6 will mirror in regions of higher B. If # is too small, B’ exceeds B,, and
the particle does not mirror at all. Replacing B’ by B,, in equation 2.34 we see

that the smallest 6 for a confined particle is:
sin® = By/B,, = 1/ Ry, (2.35)

where R,, is called the mirror ratio. Equation 2.35 defines the boundary of a
region in velocity space in the shape of a cone, called the loss cone, as shown in
figure 2.6.

N~ ———

Figure 2.6: The loss cone in velocity space
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Particles lying within the loss cone are not confined: consequently, a mirror-
confined plasma is never isotropic; note that the loss cone is independent of ¢
and m. Without collisions, both ions and electrons are equally well confined.
When collisions occur, particles are lost when they change their pitch angle in a
collision and are scattered into the loss cone: generally, electrons are lost more
easily because they have a higher collision frequency [39]. It is desirable to have
a magnetic configuration whose intensity increases in every direction away from
the plasma boundary, without regions where it goes to zero inside the plasma.
The B-minimum structure typical of ECR ion sources satisfies this condition: its

structure is schematically shown in figure 2.7.

Figure 2.7: Magnetic system (a) and magnetic field structure obtained by the
superposition of the field produced by two solenoids and a hexapole (b)

The geometrical locus where B is constant is an egg-shaped surface.

2.3 Spitzer collisions

A very important collective process, responsible for particle losses inside the ECR
plasma, is the Spitzer collisions [40]. They represent the interaction of a single

particle with many others, with the net effect of obtaining a scattering angle of
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90°. In principle, the long-range Coulomb forces between the particles can be
extended over the whole plasma. However, to make possible the calculation of the
cross-section, it is necessary to choose a distance, the Debye distance, within which
the interactions of a charged particle with other charged particles may be supposed
to occur. It can be demonstrated that the mean free path for a 90° deflection of
a particle of mass M, charge z; and velocity v scattered by particles of density n

and charge zo can be expressed by the relation (in CGS):

Ap

bmin

2129€2

)\900 = [87m( Mo

)2In( )]t (2.36)

where Ap is the Debye length and b,,;, = A%Q Now an effective cross section for a

90° deflection by means of multiple collisions can be defined in the usual manner:

1
Asoe = no90°
) (2.37)
Z1722€7 9 )\D
90> = 81( Muv? ) ln(bmm)

Let us now evaluate the characteristic times and frequencies of collective collisions
in the center of mass reference frame. The time required for the incident particle

to undergo deflection at large angles depends on the relative velocity v' = v; — v,

between it and the target and on the reduced mass M’ = ;%2 Substituting M’
and v’ in 2.37 we obtain (in MKSA units)
’ (212262 121 inA (2.38)
Tqgpo — —In .
9% eoM'v'’ 2w
from which \
Vggs = Toge = 39 (2.39)

The above expressions give a good estimate for the characteristic times for a de-
flection of 90° in the laboratory reference system, for both e—e and e —1 scattering.
VG A VEho

90 90 (2.40)

ee ~_ €t
Toge ~ Togeo
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Such characteristic times for Spitzer collisions can be expressed by means of useful

formulas:

521076

Voo = x—énln/\
kTeQ
. 221076

Vghe R x—éznln/\ (2.41)

kT2

7 Me 1 kTe 3 ee

Ugpo ~ 4(5)2(]?71) V900

where n is in cm ™3 while kT, and kT; are the electrons and ions energies (in eV/)
expressed as a temperature. The energy transferred from particle 1 to particle 2 in
a collision can be obtained from the kinematics: for an initial energy Ej of particle
1, the energy transferred AF is given by the relation

AFE mi1Mme

~ 2.42
E, (mq + my)? ( )

From this relationship, it is immediately clear that in the case of like particles
the energy transfer is equal to half of the initial energy of the particle 1 while, in
the case in which m; << my, the energy transfer is equal to T times the initial
energy Fjy: consequently, the characteristic time 7,, for the incident particle to
transfer, following collisions, all its momentum is correlated to the time necessary

for a deflection of 90° from the relations:

ee ~ —€ee . €l

T. ~ 7—900 ~ 7-900

.. ms; 1 .

1 1 t\5 et

T, = Togpo ~ |— )2 Tono

m 90 ( me) 90 (2,43)
m; el

7-900

Mme

where Z = 1 and kT, ~ kT;. The time required for an electron to transfer, as a
consequence of a collision, the maximum possible energy is less if the other particle
involved in the collision is another electron instead of an ion. Consequently, the
electrons in an ECRIS plasma exchange energy essentially with each other and can
reach thermal equilibrium in a rather short time. Considering the characteristic

times in normal ECRIS plasma, we note that v.. and v,; are much smaller than w.
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and the microwave frequency v. For this reason, they do not impede the electron
gyromotion, giving to the ECR plasmas the term collisionless. Let’s give some

numerical examples:
n=10"em™3; T, =10eV => v, = 10° — 10%s7! (2.44)

from which it is obtained that the electrons reach thermal equilibrium in times of
the order of i, while the time required for thermalization by electron-ion collisions
is of the order of ms. If the average life of the ions is less than these values, they

will never be heated by the e-i collisions and will remain cold.
n=10"em™>; T, =1keV => v, =10 —10°s"" (2.45)

from which it is obtained that for the thermalization of these energetic electrons
to occur, times greater than ms would be required. Since their average life is less
than these values, it is legitimate to say that they do not have "enough time" to
lose such high energy, so it can be assumed that they will keep it throughout their
stay inside the chamber (obviously excluding any other type of impact).

The examples above explain why in ECRIS plasma we can find hot electrons mixed
with cold ions: the collision frequency of the former particles is so low that their
confinement is possible. Finally, the ¢ — i collision rate can become the main
scattering agent for these particles because the temperature is very low and vl
is proportional to KT, /% and to 212 [40].

2.4 Binary collisions

Binary collisions are the main mechanism for ions creation and destruction in ECR
sources. If v is the relative velocity between interacting particles, the frequency
of collisions corresponds to the inverse of the time required to travel a mean free
path

A 1
C:—:_ 2.4
o= (246
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If there is a certain distribution of velocities, such as the Maxwell-Boltzmann distri-

bution, then the collision frequency is obtained by averaging over the distribution:
ve=n<o(v)v> (2.47)
The most probable processes occurring in ECR plasmas for the production of

multiply charged ions are:

1. Tonizing collisions of energetic electrons on neutral atoms and/or positive

ions
2. Charge Exchange Processes between neutral atoms and positive ions.

Both processes will be described in the following subsections.

2.4.1 Ionizing collisions

The ionization cross section has a threshold behaviour to the energy of the electrons
E.. An electron belonging to an atomic subshell can be expelled only if the energy
of the incident electron is greater than its binding energy I. The single ionization

process is schematized by the reaction:

e+ Xt => XED+ 4 9p (2.48)
For cross-section calculations of this process, the Lotz’s semi-empirical formula is
often used [41] [42]:

. 45107 Ky, B,

= —log(— 2.49

oh = g 3 el ) (2.49)

where m is the number of atomic subshells of the ion that are occupied, n; the
number of electrons in the considered shell and I the binding energy of the shell.

The transition by an ion from the charge state z; to the charge state z,, through

a given ionization channel x, takes on average a time:

e [neag‘f; (ve)ve] (2.50)

2129

which depends directly on the velocity of the electrons. In an ECR source, the

electrons have a Maxwellian distribution of velocities: it is, therefore, necessary
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to average the time of reaction on the distribution. The averaged time becomes
a function of the density and the electron temperature, expressed through the
ionization coefficient S:

5@ (1) < o) (v v, >=>7E) =[n, ngiz (T)]* (2.51)

2122 2122 2122

The transition from state z; to state zs can occur if the ion confinement time 7; is
greater than or equal to the reaction time, leading to the so-called criterion for
production of multiply charged ions:

ner =[S ()] (2.52)
Highly charged ions are usually obtained through the step by step ionization
channel: in this cases the ionization coefficient is expressed by making the sub-
stitutions (xz) — (i), 21 — 2, 22 — z + 1. Figure 2.8 shows the graph of the
ionization coefficient as a function of the electron temperature in case of oxygen:
it is evident the presence of an optimal temperature (7°°"), which increases as the
charge increases z; the ionization coefficient, on the other hand, decreases strongly
as z increases. It can be estimated that to optimize the production of a given
charge state, the electrons must have a temperature corresponding to 5 times its

ionization potential
TP ~ 5 Wmer (2.53)



34 Chapter 2. The Physics of ECR lon Sources
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Figure 2.8: Oxygen ionization coefficient as a function of electron temperature.

Starting from this relation and indicating with ( = Zjvzl g; the total number

of electrons in the outermost shell, we obtain a lower limit for n.7;:
(ner; < 5104(TP)2 (2.54)

The quantity n.7; = QF is called the quality factor and, together with the
electron temperature 7, is a very important parameter that determines the per-
formance of an ECR source. The Figure 2.9 shows the Golovanivsky diagram [43]
that correlates the quality factor to the electron temperature: it is a very useful
graph for determining the possible performance of a source in terms of charge states

obtained, starting from an estimate of the three main parameters (ne, 7, T%).



2.4. Binary collisions 35

NeTicm™3 sec

1014 T

‘013_

102

10" |-

10'0 L

10°
B [U12* x812% k(1 1+ AT+ Na®* NH)
L (UB* xeB+ Kb+ A%+ Net N3+

108 ]S B 1] | L1
1022 4 6102 103 10* 10°

Toptev

Figure 2.9: Golovanivsky’s diagram.

The circles indicate fully stripped ions, while the brackets refer to only partially
stripped ions.

2.4.2 Charge exchange processes

The most important mechanism that lower the average charge state in ECR plasma
is the charge exchange process: it consists of a collision between a positive ion and
a neutral atom. Both particles form a molecular ion (metastable state) that splits
up into two particles following the scheme:

A" + B = (AB)** = AG-DF 4 pit (2.55)
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The charge exchange cross section for the transfer of a single electron is expressed

in an approximate way by the Muller-Salzborn formula [44]
Oeae = 1.43107 221171 P> T0em? (2.56)

This depends on the ionization potential of the neutral atom [P, and is valid in
the case of interaction between ions of the same species. The charge exchange
process limits the average life of an ion in a certain charge state z. In a plasma
with neutral particle density ng and ions of mass number A, assuming

108

kT, ~1eV = v, ~ ——cm/s 2.57
e (257)

the estimated average life time is:

Toosz1 = [N V; Ocxe] ~ 5 108ﬂ (2.58)
2ng
In order for a certain charge state z + 1 to form, the charge exchange time 7,_,,
must be greater than the ionization time 7,. By imposing this condition it is
possible to obtain an upper limit of the concentration of neutral particles to a
given electron density:

"0 < 7103¢(ToP) 3 Az (2.59)

e
As a numerical example, we calculate the maximum limit to the density of neutral
particles to obtain O%*, considering an electron density equal to the critical density

at 18 GHz: \
ne = 3.24102 em =3

TP ~ 400 eV
A =18 ng <4-10%em™3 (2.60)

z=06

(=2

J
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2.5 Waves in plasma

This section will deal with the electromagnetic properties of a plasma, considering
first the case of a homogeneous and uniform medium and then including a static
magnetic field. Finally, the propagation of electromagnetic waves in a magnetized
plasma will be described, focusing in particular on the conditions for the ECR

resonance to take place and its characteristics [45].

2.5.1 Electromagnetic description of plasmas

When a plasma interacts with an electromagnetic field at high frequency, as in the
case of ECR sources, electrons’ motion is affected by two forces: the Lorentz force
and an impulsive force due to the collisions with all the other plasma particles, that
can be indicated as G = —mw,ssv. The contribution of the wave’s magnetic field,
as well as ions” dynamics, are negligible, therefore for non-relativistic electrons the

equation of motion is:

d
md—: = gE — mwespv (2.61)

For a monochromatic electric field oscillating sinusoidally, the equation admits the
particular solution v = voe™!. Substituting we obtain:
qE

V= o o (2.62)

Knowing the velocity, the current density can be calculated:

2 2 2
ng°E EQWe f FW ) A,
J=ngv = e = T g + 1w P

- ——  E 2.63
(g iy~ @@ ) T rug,) (2.63)

where w, is the plasma frequency. From Eq.2.63, it is evident that a plasma can

be considered as a dielectric medium with losses characterized by the following



38 Chapter 2. The Physics of ECR lon Sources

parameters:

€0 Weff w}%
W Wy
2
w 2.64
e=c(l——5——5— L —) (2.64)
e
K= Ho
They depend on the frequency of the electromagnetic wave: this means that a
plasma is a dispersive medium. For a transverse electromagnetic wave propagating

in a homogeneous and isotropic plasma, it is possible to define a complex wave

vector:
k* = w e + iwppo
Ho Ho (2.65)
k=p3+ixa
where
2
B=wi /B 1+ 2 11
2 €2w?
(2.66)
Ho€ o?
Oé:w\/7|: 1+e2w2 _1:|
If the plasma doesn’t have loss (wess = 0), one has
w2
€= € (1 — —Z); o =0 — dielectric medium (2.67)
w

fw=w, = B=0; a=0;n=0: the wave has the magnetic field uguals to zero
and the electric field is irrotational. The frequency satisfying the condition w = w),
is called the cut-off frequency. From it and using equation 2.3 is to possible to

define the plasma cut-off density:

Newt—off = —5 (27V)? = ——w (2.68)
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2.5.2 Electromagnetic description of plasmas under a mag-
netic field

By adding a static magnetic field to the Lorentz force in equation 2.61 it becomes:

d
med—;’ = ¢.E —mvwr +qv x By (2.69)

If the magnetic field is directed along the z axis By = Bz and considering a steady
state solution for the velocity of the form v = e™'vy, equation 2.69 can be written

as:
q.E

m

(—iw 4 Wepp)V + wyzav = (2.70)

where w, is the electron’s cyclotron frequency. The three components of equation

2.70 along the coordinates axes can be written as:

qe —1QE, + wy I,
Uy = —
wg — 02
ge =1, — wy ),

Uy = E wg — Q2 <271)

oot B
= om\ =i

where (0 = w + twess. From equantion 2.71 the current density vector J = ng.v

can be obtained:

2 : 2
ng; —if) ng. Wy
Jpy="————F +——
mwS—QQ mwS—QQ v
2 2 '
_ng; —wy ng, —i§2
Ty = m w? — Q2Ex N m w? — QzEy (272)
g g
7 - ng® 1
oom =it

A plasma subjected to an external magnetic field By becomes also an anisotropic
medium. The current density vector J is no longer parallel to the electric field E
and the dielectric constant becomes a tensor. The matrix elements of the tensor

can be found from Maxwell’s equations:

VaH=J—iwegE = —iwe - E = —iwD (2.73)
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where D = ¢gE — P is the electric induction, P is the electric polarization,
while H = % — M is the magnetic field in the material which takes into account
the magnetic polarization. It is worth noticing that D and E are not parallel,
because D = _—‘{w + eoE. By making this last relation explicit, we arrive at the

expression of the matrix which represents the complex dielectric tensor:

€ ef,cy 0
=€, €, O (2.74)

0 0 €,

The matrix elements are:
X(1+1i2)
! !
€ry = Eyy = 60(1 — (1+ZZ)2 _Y2)
XY
/ / .

€y = —€yi = zeo(l 2y (2.75)

.. =€l 1— X
= 0 1+iZ

where X = (“2)%; Y = %2, 7 = %
As will be clearer in the next subsection, the allowed polarizations will depend on

the direction of propagation with respect to the magnetic field.

2.5.3 Wayves’ propagation in a plasma in the presence of a

magnetic field

Plasma is both inhomogeneous and anisotropic when immersed in a magnetic field:
this is exactly what happens for ECR plasmas and this characteristic influences
the possible polarization of the electromagnetic field. The wave vector k of an
electromagnetic wave propagating in plasma depends on the angle # formed by
the incoming wave with the magnetic field direction. It can be demonstrated that,

for a given angle of propagation with respect to the magnetic field, two different
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constants of propagation exist for the wave [45]:

ol X(1+4iZ - X)
=Y 1o
C\ (14+iZ)(14+iZ — X) = 3Y2 4+ AV + Y2(1 +iZ — X)?
(2.76)
A
C\ (14+i2)(1+iZ — X) — Y2 — \ 3V + Y21 +iZ — X)?

In the above formulas Y7 = Ysinf and Y, = Ycosf. Tt is interesting to consider

the two extreme conditions.

For 6 = 0°:

E
OIE

\/1— T (2.77)

Maxwell’s equations admit two circularly polarized waves, respectively right and

left-handed, with different propagation constants. In the case of a right-handed
circularly polarized, when w = wy, the electron will absorb energy from the elec-
tromagnetic field and will be able to ionize other atoms by impact. This is the

base mechanism of the ECR resonance.

For 8 = 90°:
/ w WZQ)
hop = = |1 — —=— (2.80)
¢ I 2,90.,2

The wave of Eq.2.79 has the electric field vector linearly polarized along the z
axis: the electromagnetic wave is therefore of the TEM type. The wave of Eq.
2.80 has the magnetic field vector orthogonal to the direction of propagation and
parallel to the magnetostatic field: consequently the wave is of the T'M type. The
polarization of the electric field vector is elliptical.
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From the Appleton-Hartree equation it is possible to obtain the refractive

index for the propagation of an electromagnetic wave in a magnetized plasma:

2X(1— X)
2(1— X) — Y2 sin62 £ /Y4sin0* 4+ 4Y2(1 — X)?

ng=1- (2.81)

From the Eq. 2.81 it is possible to define four regions of propagation:
e n > ( propagation region: the wave propagates with a phase velocity =;
e n < 0 rejection region: the wave cannot be propagated;
e n = 0 cut-off: the wave is reflected;
e n — oo resonant: the wave is absorbed.

The resonance depends on the propagation angle and can only takes place in the
region where X < 1:
2

2
wy, < W™ = Ne < Neyt—of f

The last relation tells us that a wave can be absorbed only by plasmas of moderate
density: this is the reason why ECR plasmas are usually termed underdense.

In the two limit cases, we obtain:

T X(1-X
o n(3) =1- =

The first relation is an alternative way to express the condition for the ECR res-

onance to take place, that is Y = 1 or equivalently:

Wy = w

2.6 ECR HEATING

A simplified way to describe the particle acceleration in presence of the ECR res-
onance, deeply studied by Jaeger, Lieberman and Lichtenberg [46] [47], is due to
Delcroix [48]. The interaction between an electron and the electromagnetic wave

can be thought of as an electron moving in a rotational motion on a fixed plane
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in space and interacting with a right-handed circularly polarized standing electro-
magnetic wave. In the case of synchronous motion and phase (¢) favourable to
acceleration, an increase in velocity orthogonal to the magnetic field v, is obtained.
The resulting motion is:
v = %Et—ﬂu X T+ V)
m

The first term depends on the electric field, the second on the magnetic field,
while the initial velocity determines the modulus of the curvature radius and of

the parallel velocity. The perpendicular velocity can be expressed as:

e 2t t2
t)=—Et 1+ —cos —
vi(t) = & 0\/[ + o cosot ]
with ¢y = %”}g])
t
%

Figure 2.10: Trend of electron’s velocity as a function of the time spent at the

resonance for different initial phases with respect to the electromagnetic field.

Figure 2.10 shows the trend of v, (t) versus the time: it is clear that for ¢ = T,
the electron is decelerated first and then accelerated when ¢ > tj; at this time all

the electrons are accelerated proportionally to the time and regardless of ¢. After
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some time one has v, > v|o and can write:

gl
mcw

VL:%Et:gcwt—)g:
m

From figure 2.10 it is possible to deduce that if % > 1, all electrons will be

accelerated, regardless of the value of the initial phase. In this case v, = (L)Et =
gcwt > v, 9. The energy becomes:

|44 1

= = P (2.82)

mec2 2

When we neglect relativistic mass variations, it gets:

W 1y 5.
=—g wt
moc? 29
eB

where in this case w = = Wg.
mocC

A fundamental contribution to the understanding of the ECR resonance in presence
of a magnetic field gradient was proposed by Canobbio in 60’s [49]: he considered
collisionless plasmas and defined some dimensionless quantities that are useful

to simplify the treatment. Besides the already seen g, he introduced other two

quantities:
_ 1 d|Bo
°* 0= \B()|[ el
[ ] Z = ﬁ = qu
w mw

When the magnetic field is not uniform, the electron takes a finite time to cross
the resonance region from which it emerges with energy dependent on the gradient
of the field. Canobbio’s theory describes the phase shift between the electron and
the wave in two extreme cases, namely with a weak magnetic field gradient and

another with a strong gradient.

1. Weak magnetic gradient. In the first case it can be shown that an ex-
pression for energy is:
Bl

WMAX 2 23 => WMAX (eV) ~ 1.510°(—2en)
w

win

where we note the absence of a parameter dependent on the magnetic field.
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2. Strong magnetic gradient. In the second case the energy can be expressed

as: ,
W, ~ 2.9mc2(%)%

in which a dependence on the magnetic field is contained in term 0.

If we consider the single transit through the ECR resonance, it is possible to

distinguish different populations of electrons:

e Electrons crossing only one time the ECR
This condition is verified for those electrons that, after transversing the ECR
resonance one time, lose energy due, for example, to the emission of synchro-
tron radiation. As a consequence of the invariance of the magnetic moment
W= %, if W, gradually decreases then the possible values of B at which
the electrons reverse their motion become smaller. The electrons, therefore,
oscillate back and forth in the magnetic trap with ever smaller amplitudes

and will not be able to reach the ECR a second time.

e Electrons passing through the ECR resonance proceeding towards
increasing magnetic field values
These electrons undergo an increase of W, which leads to a decrease of v.
The transit time through the ECR increases causing a phase shift between
the motion of the electron and that associated with the rotation of the elec-
tric field vector of the right-handed circularly polarized wave. When the
longitudinal component of the velocity is cancelled, the electron stops and

the magnetic force F = —uV B brings them toward the centre of the trap.

e Electrons which, following the crossing of the ECR resonance, are
expelled within the loss cone
The particles within the loss cone are characterized by a small f}—‘L‘ ratio. The
ECR resonance involves an increase in the perpendicular component of the
velocity that increases this ratio and can lead the particle to be expelled by

the loss cone.

If we consider the transit of multiple electrons in the ECR resonance, it leads
to time-mediated heating, as the particles have a certain velocity distribution.

When an electron crosses the resonance it gains an energy AW proportional to
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the energy density and transit time At through the resonance: the heating rate
will be H = 5.

2.7 Techniques to improve the ECRIS perform-

alnces

The scientific community requires higher and higher ion beams intensities. To
produce these currents, continuous improvements in the performances of ECR ion
sources are needed. For many years these improvements consisted principally in the
use of higher power of RF wave heating, and a more intense magnetic field, based
on the “scaling laws” [1]. More recently, this approach has become more difficult
because of the technological limits. A deeper knowledge of plasma parameters
(electron density, temperature and charge state distribution) is thus fundamental:
characteristics of the extracted beam (in terms of intensity and production of
high charge states) are directly connected with plasma parameters and structure.
There are several techniques to improve the parameters of ECR sources, the most

important being:
1. the Two Frequency Heating (TFH) [2] [3] [4];
2. the Two Close Frequency Heating (TCFH) [5] [6];
3. the Frequency Tuning (FT) [7] [8] [9]-

All the above-mentioned techniques aim at optimizing the electromagnetic field
set-up inside the plasma, thus improving the energy transfer to plasma electrons
and in turn the extracted intensities. Being an alternative approach concerning
the one adopted to obtain the results presented in this thesis, a brief description

will be given in the following.

2.7.1 Frequency Tuning

The performance of an ECR source is quantified based on the intensity of the cur-
rent of the extracted beam and the charge state. Ions are guided to the extraction

by the magnetic field lines originating from specific parts of the resonant surface,
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therefore it is essential to optimize the distribution of the electric field in that
region. The Eq. 2.82 shows the dependence of energy on |E|?, so it is important
to maximize this value in those locations. Anyway, there is a limit to the power
that we can introduce into the source, beyond which a population of excessively
energetic electrons (hot electrons) is created which are not effective in the ioniza-
tion process. For this reason, the optimization of the electromagnetic field at the
resonance pass through the research of the optimum value of the frequency to ex-
cite and sustain the plasma. Many experiments have shown that small variations
in the excitation frequency can increase the ion output current from the source.
The Frequency Tuning (FT) technique consists in modifying the microwave fre-
quency in order to obtain more intense and better distributed electric fields on the
resonance surface. Some studies have been carried out to prove the efficiency of
the F'T, as can be found in [7]. To have a clearer view of the FT effect, in the figure
2.11 we can see the electromagnetic field distribution on the resonance surfaces of
the SERSE ECR source (installed at the LNS in Catania) generated by two

different frequencies.

™ f o = 13998.329 MHz f o5 = 14056.391 MHz

E =126 V/m E  =3.33e+004 V/m
X an

9130
e

Figure 2.11: Electric field distribution on the resonance surface of the SERSE
ECR source: on the left the frequency of 13.998 GHz; on the right the frequency
of 14.055 GHz.
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It is evident how a small variation of the frequency (50 MHz on about 14 GHz)

can lead to a very different electromagnetic field distribution. The absolute value
of the electric field is also affected, with two orders of magnitude of difference for
the two cases.
In Figure 2.12, we can see an example of how the FT can affect the C** intensity
extracted from a SUPERNANOGAN type ECRIS developed by Pantechnik [50]
ed installed at CNAO facility [51]. It shows the intensity variation as a function
of the frequency, varying in the range 14.44 GHz - 14.53 GHz at a step of 10 MHz.
Variations up to a factor of two are observed for frequencies very close to each
other.
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Figure 2.12: Frequency tuning effect on the C** intensity extracted from the ECR
source installed at CNAQ facility.

2.7.2 Two Frequency Heating and Two Close Frequency Heat-

ing

To create and sustain a plasma with highly charged ions, a single microwave fre-
quency is typically used. By employing two different frequencies it is possible to
produce two concentric ECR surfaces, whose separation depends on the difference

in frequency and on the magnetic field gradient. If such a difference is significant,
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the two surfaces are separated and heating leads to a higher population of ener-
getic electrons with a consequent increase in the efficiency of the source. So, the
amplitude of the resonance zone is substantially increased, allowing electrons that
did not gain energy in the first crossing to do so in the second. Therefore, with
the same power of the microwaves, the two frequency heating produces, in some
cases, better results than the single frequency.

The first tests regarding the mechanism of TFH were performed with the Lawrence
Berkeley Laboratory’s AECR (advanced ECR) source, using frequencies of 10 GHz
and 14 GHz [52]. With a difference of 4 GHz, the two resonance surfaces are well

separated, as shown in figure 2.13.
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Figure 2.13: Schematic of the ECR resonance surfaces in the plasma chamber of
the AECR source installed at LBNL.

The experiments revealed an improved stability of the plasma. Comparing
the performance of the source with the two frequency heating and with the single
frequency heating, it has been observed the first technique provides a marked
improvement in the case of ion beams with a high charge state, as shown in figure
2.14.
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10.00
209 -
Bi
3
I 1004
— 1
]
(1) single frequency , 2
(2) two frequencies
0.10 y r T
25 30 35 40 45

Q

Figure 2.14: Charge distributions for 2°Y Bi produced in single and two frequency
heating for the same microwave power: curve (1) 14 GHz at 1150 W; curve (2) 14
GHz at 880 W and 10 GHz at 300 W.

It shows the extracted currents of different charge states for 2% Bi, using the
Single Frequency (14 GHz with a power of 1150 W) and Two Frequency Heating
(14 GHz with a power of 880 W and 10 GHz at 300 W). It can be seen that the
peak shifts from 327 to 33+ and the intensity of the beam current increase up to
a factor of two for charge states from 361 to 407.

In the TFH the two frequencies must be separated, while in the Two Close Fre-
quency Heating technique (TCFH) the two waves introduced into the plasma
chamber have very similar frequencies. In this case, the resonance surfaces will be
very close, creating the electron surfing phenomenon. Consequently, the elec-
trons leaving the first ECR resonance undergo a further acceleration by the second,
which depends on the phase difference between the two waves. To make this hap-
pen, the resonant surface corresponding to the frequency of the second wave must
be located where the first ends. Canobbio [19] was the first who studied this phe-
nomenon, estimating that the frequency difference between the two waves should
allow two contiguous resonance zones, being approximately 100 MHz for typical

source parameters.
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sources

This chapter describes the electromagnetic theory underlying the microwave com-
ponents used in the ECR sources. In particular, it will show the equations of
the electromagnetic fields set up in cylindrical waveguides and the cylindrical res-
onant cavities. Before doing this and for the sake of completeness, the typical
microwave injection system will be described. Figure 3.1 shows an example of
the main RF components employed to run the LEGIS (LEGnaro ecrlIS [53]) ECR
source installed at INFN-LNL.

ol
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Figure 3.1: Microwave system setup for the LEGIS ECR source installed at INFN-
LNL.

One or two travelling wave tube amplifiers (TWT) increase the amplitude of the
signals coming from RF generators. In order to avoid possible failures due to the
power reflected from the source, circulators are usually employed: basically they
deliver the reflected power on dummy loads instead of the amplifiers. The power
combiner is useful when a single injection port is available, because it can combine
two different frequencies in a single waveguide. To measure the power reflected
and transmitted from/to the ion source a directional coupler with suitable probes

is normally used.

3.1 Waveguides

The frequencies used in ECR sources are in the order of tens GHz and are guided
inside standard metallic WR rectangular waveguides. The code WR is usually

followed by a number that indicates the internal width of the waveguide in hun-
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dredths of an inch, thus the allowed frequency range. As an example, ECR sources
operating at about 14 GHz employ WR75 (allowed frequency range 10 GHz - 15
GHz) and WR62 waveguides (12 GHz - 18 GHz). The electromagnetic study of the
cylindrical resonant cavities can be derived from the theory of circular waveguides,
so it is useful to study them first. Considering a reference system of cylindrical
coordinates, the equations of electric and magnetic fields for the wave propagations
in a metallic cylindrical waveguide of radius a (schematically shown in figure 3.2)
are [45]:

1 wuOH, OF,

E, =— —
72—k2< r 0¢ +737“)
1 . OH, ~O0E,
Eie—— (_ R
¢ ’}/2—]62( ataly» +7“8¢>) (3.1)
0o 1 ( wedE, n 8Hz> ’
" 2 — k2 I 0¢ T or
1 OFE, ~OH,
H,=— ' —
¢ 72_1{;2(‘7@0667“ +T 8gb)
where w is the angular frequency, v is the propagation constant, k = 27” is the

wavenumber

Figure 3.2: Schematic rappresentation of a cylindrical wave guide.

The tangential component of the electric field to the electric conductor surface

is null, so the normal component of the magnetic field must also be zero on the
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contour. This translates in £, =0, %HTZ = 0, from which can rewrite the Eq. 3.1:
10, OF, 1 0°L,
L2 022) + 5 = .
ror: or r2 0¢? (3.2)
10, OH, 1 0°H, 9 '
——(r—==)+ 5 = —x*H,
ror: Oor r2 0¢?

where % = —k? + ~%.
It is possible to separate the variables, writing E.(r,¢), H.(r,¢) = R(r) - ®(¢).
Since the function ®(¢) is periodic with period of 2w, it can be expanded in

+ inf

Fourier series as ®(¢) = Y. ¢,/ obtaining for each n:

R(r) + ;R(r) + (x* — T—Z)R(r) =0 (3.3)
Equation 3.3 is the Bessel equation of integer order n, whose general solution
can be written as a linear combination of a Bessel function of the first kind of

order n and a Bessel function of the second kind of order n:
R(r) = AJ,(xr) (3.4)

where J,, is the Bessel function of order n.
The boundary conditions must be imposed in r = a, the radius of the waveguide,
so the domain of definition of the electromagnetic fields is 0 < r < a. Two different

modes of propagation are allowed inside the waveguide:

1. TE Modes. In this case R(r)®(¢) = H.(r,¢) and the boundary condition

1S:

(dR(T)
dr
The equation 3.5 can be satisfied for several values of the argument of the

),_w = XAJu(xa) =0 (3.5)

Bessel function. If p,, ,,, is the m'™" zero of the derivative of the Bessel function
of the first kind of order n, these zeros will correspond to a mode T'E,, ,,, of
the circular waveguide. Table 3.1 shows the values of some zeros of the
first derivatives of the Bessel functions of the first type: from those values,
it is possible to calculate the eigenvalues corresponding to each mode of

propagation. The same table shows that the smallest value among the Bessel
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functions of the first type is J; (u), from which:

Py 1.84118
Xi1=—=

a a

The critical frequency, or also cut-off frequency v, is defined as the

minimum propagation frequency in the waveguide:

2ma
Ve = —
P11
It follows that, among the TE modes, the mode with the lowest critical

frequency is the T'F; ; mode;

Table 3.1: Some zeros of the derivatives of some Bessel functions of the first type

Jo(u) J1(u) Jo(u) J3(u) Ja(u) J5(u)
First zero 3.83171 | 1.84118 | 3.05424 | 4.20119 | 5.13755 | 6.41562
Second zero | 7.01559 | 5.33144 | 6.70613 | 8.01524 | 9.28240 | 10.51986
Third zero | 10.17347 | 8.53632 | 9.96947 | 11.34592 | 12.68191 | 13.98719
Fourth zero | 13.32369 | 11.70600 | 13.17037 | 14.58585 | 15.96411 | 17.31284

2. TM Modes. In this case R(r)®(¢) = E.(r,¢) and the boundary condition

1S:

R(r)y=q = AJp(xa) =0 (3.6)

Indicating with p,,, the n' zero of the Bessel function of the first kind
of order n, this zero will correspond to the T'M,, ,, mode of the circular
waveguide. Table 3.2 shows the values of some zeros of first Bessel functions
of the first type:
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Table 3.2: Some zeros of some Bessel functions of the first type
Jo(u) Ji(u) Ja(u) J3(u) Ja(u) J5(u)
First zero 2.40512 | 3.83171 | 5.13562 | 6.38016 | 7.58834 | 8.77418
Second zero | 5.52007 | 7.01559 | 8.41724 | 9.76102 | 11.06471 | 12.33860
Third zero 8.65372 | 10.17347 | 11.61984 | 13.01520 | 14.37254 | 15.70017
Fourth zero | 11.79153 | 13.32369 | 14.79595 | 16.22347 | 17.61597 | 18.98013

The table shows that the smallest eigenvalue y? corresponds to the mode
T My, for which we have:

Po1 2.405

X0,1 = =
a a

Comparing the T'M; ; and the T'E; ; mode, we see that the latter has the lowest cut-
off frequency and is therefore considered the fundamental mode of the circular

waveguide.

3.2 Cilindrical cavities

The plasma chamber of an ECR source, working as a resonant cavity, has usually
a cylindrical shape: for this reason, it is important to derive the equations for the
modes allowed in a given structure. A resonant cavity is defined as a volume
V enclosed by a metal surface and in which an electromagnetic field is excited.

There are three different classes of cavities [54]:

1. Ideal cavity. A completely closed cavity filled with a lossless dielectric and

limited by a perfect metal surface.

2. Real cavity. An ideal cavity where the limiting case of perfect conductor

and lossless dielectric are not satisfied.

3. Coupled cavity. The real cavity with an aperture through which electro-

magnetic power can be coupled.
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As we have seen for waveguides, even in resonators the electric and magnetic
fields can exist only at certain frequencies called resonance frequencies (TM and
TE modes). A cylindrical resonant cavity (see Fig. 3.3) can be obtained from a
circular waveguide (see paragraph 3.1) of radius a, closed at both ends by metal

plates normal to the waveguide axis and placed at a distance b from each other.

Z
B
\l"/—;r s
|

b ROy
-

Figure 3.3: Cylindrical resonant cavity.

i

The resonant fields and frequencies can be derived from the solutions for the
corresponding waveguides with appropriate boundary conditions. Considering cyl-
indrical coordinates (p, ¢, z), the transverse electric field (E, 4) for the mode T'E,, ,,,

T M,,,, of a circular guide can be written as: [55]
Ei(p, ¢,2) = e(p, §)[ATe Fnm? A I Bnm] (3.7)

where e(p, ¢) is the transversal variation of the way, while A* and A~ are arbitrary

amplitudes of the forward and backward waves.
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The propagation constant, for the two types of modes, are:

TE _ k2 — (Jmm)g

’ a (3.8)
J,

T™ _ k2 — n,m\9

o (=)

where k = /pe, J,.m and (']mm are the zeros of the Bessel function of the first kind
of order n and its derivative.
Due to the presence of the two metal plates, it is now necessary to impose the

cancellation of the tangential electric field £y = 0 for z = 0 and z = b, obtaining:

AT = A
At sin(Bum)b=0
from which we get
Bnmb =T

with [ =0,1,2, ... for the TM modes and | = 1,2, 3, ... for the TE/ modes.

The resonance frequencies for the cylindrical cavity are therefore given by:

j 2 2
e = C_\/ P (S5)? (14 0)
) 7l 27r //L'r‘er ( a ) (b) (3.9)
™ __ ¢ Inm\2 l_7T 2
n,m,l_Qﬂ_\/m\/< a ) +(b)

These equations don’t have a superior limit, so the number of modes is infinite but
discrete and as the resonant frequency increases the superposition of the frequen-
cies increases. Complete information on the relationship between the geometry and
the allowed frequencies can be deduced from the so-called mode chart, shown in
figure 3.4.



3.2. Cilindrical cavities 59

15 x 108

10 x 108

(2af1? IMHz)iicm?)

|

5 x 108 | —
M !
2 4

(2a/p)?
Figure 3.4: Modes chart for the cylindrical cavities.

It expresses the following quantity, obtained by multiplying equation 3.9 by 2a

and squaring, as a function of the cavity’s geometry:

20 fumi)? = (=P |(R22) 4 () (310)

where . m = Jnm for the TE modes; while X, = Jy, m for the TM modes.
For low values of the ratio 27“, the fundamental mode is the T'E ; 1, while for QT“

higher than 1, the fundamental mode is the T'M; ;¢ [56].
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CAESAR and IRIS Simulations

4.1 Introduction

The performance of an ECR source depends, basically, on the ability to couple the
electromagnetic power to plasma electrons, through the resonant process. As de-
scribed in chapter 2, the ECR resonance occurs at those points where the electron’s
cyclotron frequency is equal to the microwave frequency: considering the partic-
ular magnetic configuration applied, this condition is verified on specific points
of the plasma chamber, forming typically an egg-shaped surface. More, the the-
ory tells us that this resonant process takes place between the electrons’ Larmor
motion and a right-handed circularly polarized wave propagating parallel to the
confining magnetic field: for this reason, the points of the resonant surface where
the energy transfer could be maximum are those around the plasma chamber axis.
This means that an optimum energy transfer to plasma electrons pass not only
through a good coupling between the microwave injection line and the plasma
chamber but also the creation of an electromagnetic field with a specific distribu-
tion, in particular optimized on the resonant surface. The cylindrical symmetry
makes it often difficult to optimize the field on this surface and the fields could

show asymmetries, or eventually minima on the plasma chamber axis. This is

61
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reflected in the spatial and energy distribution of the electrons, possibly leading
to low performances and poor beam quality (for example the formation of hollow
beams). The approach proposed in this thesis concerns the optimization of the
electromagnetic field acting on the plasma chamber geometry: in particular, the
aim is to break the cylindrical symmetry by implementing an innovative design.
The physic case used to verify the effectiveness of the proposed new design is the
ECR source CAESAR, installed at the INFN-LNS [11] [12]: the idea is to give the
plasma chamber a shape resembling the one given to the plasma by the confin-
ing magnetic field, shown in figure 4.1 for the CAESAR source as obtained from

electrons’ dynamics simulations.

Figure 4.1: The shape impressed by the magnetic field to the plasma in the
CAESAR source.

Based on the shape of the previous figure, a first version of the new design has
been produced and studied, called IRIS-OLD (the reason for this name will be

clarified later in this section), whose geometry is shown in figure 4.2.
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Figure 4.2: Model of the IRIS-OLD geometry.

To explore different possibilities for the microwaves’ injection, the electromag-
netic field produced was initially verified by varying the angle between the input
waveguide and the plasma chamber axis from 0° (usual position) to 90° (as in the
case of the ECR-based charge breeder of the SPES project [26]). At the end of this
verification, an angle of 45° was found as the one giving the most promising results
and is the only one considered for the simulations described in the following. To
obtain a plasma chamber that could have been machined in a real piece, the initial
design IRIS-OLD evolved in a new one, called IRIS-NEW. The microwave injec-
tion system was initially kept the same, but later an innovative system based on
a slotted and twisted waveguide was proposed, to further optimize the generated
electromagnetic field.

This chapter describes the electromagnetic study, performed through numerical
simulations, of the abovementioned geometries. All the simulations have been

carried out by applying the procedure described below:

1. Calculation of the resonant modes of ideal vacuum-filled cavities in a narrow
frequency range around the CAESAR operating frequency, using the CST
eigenmode solver [57];

2. Calculation of the resonant modes of real vacuum-filled cavities for 200 fre-

quencies in a wider range (14-16 GHz), evaluating for each one the Scattering
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coefficients. All the calculations have been carried out with COMSOL Mul-
tiPhysics in the frequency-domain [58].

3. The same simulations described above but including the presence of a plasma

through its 3D dielectric tensor and evaluating the power absorbed.

The approach will be applied, in sequence, to the conventional CAESAR geometry,
IRIS-OLD and IRIS-NEW (with both regular and slotted waveguides); then a

comparison will follow.

4.2 CAESAR cylindrical plasma chamber

The ion source CAESAR used to benchmark the improvements brought by the
proposed new geometry is a second-generation ECR source usually operating at
14.5 GHz. Its plasma chamber has a conventional cylindrical shape, with length
and diameter 150 mm and 63.5 mm respectively. Microwaves are injected through
a rectangular WR62 waveguide, parallel to the plasma chamber axis (see sketch
4.3).

Extraction hole

Plasma chamber

| Al

Aluminium cylinder

|

Figure 4.3: Sketch of the CAESAR ECR Ion Source.

This section will describe the results of the calculations, using the procedure

described in the introduction, applied to the CAESAR cylindrical plasma chamber.



4.2. CAESAR cylindrical plasma chamber 65

4.2.1 Eigenmode solver

As the first step of an electromagnetic analysis of a resonant cavity, it is required
to calculate its resonant modes, by using the eigenmode solver of the CST Mi-
crowave Studio (MWS): it calculates a finite number of modal field distributions
in a closed structure. The eigenmode analysis does not require the definition of
excitation port: the solver imposes field amplitudes to the modes such that each
mode contains a total energy of 1 Joule. This kind of evaluation is a good starting
point to have an idea of the frequencies and the kind of modes (if TE or TM)
allowed in the cavity. By using eq. 3.9 it is also possible to calculate them ana-
lytically using the Bessel functions and their first derivative: the results will be
used for comparison with those provided by CST, which is not only much faster
but give also an immediate picture of the electromagnetic field distribution. A
crucial parameter that had to be determined for all the simulations described in
this chapter has been the mesh spacing. A useful approach usually consists in
starting with a rough value and then reducing it until the simulated frequencies
approximate those calculated analytically. A limit to this approach could be the
computational time, which should be kept at a reasonable level. The analysis
was focused on a narrow frequency range (14.45 GHz - 14.55 GHz) around the
CAESAR operating frequency of 14.5 GHz, where analytical formulas predict 8

resonant modes, illustrated in figure 4.4.
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Figure 4.4: Resonant modes of the CAESAR cylindrical plasma chamber in the
range 14.45 GHz - 14.55 GHz.

Simulations then started and the mesh size was reduced until the difference

between simulated and calculated frequencies was less than 0.002%: it happened
for a mesh spacing equal to ¢ of the wavelength in vacuum (figure 4.5).
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Figure 4.5: Mesh discretization of CAESAR geometry.
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Table 4.1 shows the comparison between calculated and simulated frequencies

for this mesh spacing: it comes out that the closest mode to the operating frequency

of the CAESAR source is the T'Eg ; o, with a frequency of 14.498 GHz.

Table 4.1: Comparison between simulation and analytics values for the modes in
the range 14.45 - 14.55 GHz

Mode | Analytic Frequency [GHz] | Simulation Frequency [GHz]|
1| TMysr 14.454662 14.454842
2| TEs,s 14.456765 14.456576
3| TM;.g 14.481238 14.481390
1| TEs, 14.498006 14.497935
5| TEiz4 14.510868 14.511032
6| TMyag 14.523471 14.523704
7 TMiam0 14.526357 14.526567
8| T'Mg, 14.532405 14.532255

For the sake of completeness, figure 4.6 shows the electric field distribution of

this mode in the yz plane at x = 0 mm (z is the plasma chamber axis).
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Figure 4.6: Electric field distribution at 14.498 GHz of the T'Es; ¢ mode for the

CAESAR resonant cavity.
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4.2.2 Frequency domain solver

The following step consisted in the implementation of the real plasma chamber,
by employing COMSOL Multiphysics and its so-called frequency-domain analysis
including waveguide ports. The mesh size was kept the same as in the eigenmode
simulations: figure 4.7 shows the COMSOL Multiphysics workspace with the sim-
ulated structure. The frequency-domain solver takes into account the materials
constituting the resonant cavity, as well as eventual holes present in the geometry.

While the eigenmode solver searches for resonant modes, the frequency domain

solver simulates specific frequencies.
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Figure 4.7: Mesh discretization of CAESAR with the longitudinal waveguide in-

jection system.

The excitation signal to the cavity is supplied through the input WR62 wave-
guide using the fundamental mode T'E; . The plasma chamber is made in alu-
minium ( o = 3.77 x 107 [S/m]). The program provides the Scattering parameters
in the frequency domain, defined as the ratio between the signal output and input.
To expand the range of frequencies possibly of interest for the implementation of
the new geometry, the calculations were made in the range 14 GHz and 16 GHz,
simulating 200 frequencies separated by a d; = 10M Hz and with an input power
P =100 W. As an example, the figure 4.8 shows the distribution of the E-field cal-
culated at 14.50 GHz in 10 logarithmic scales: it can be observed that the maxima
of the electric field are mainly located in the off-axis region, far from the points

where the ECR resonance produces the maximum energy transfer.
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Figure 4.8: Electric field distribution, in 10 logarithmic scales, calculated at 14.50
GHz for the CAESAR plasma chamber with the longitudinal waveguide injection

systemn.

Generally, a perfect coupling between the waveguide and a cavity takes place
when the first element of the coupler scattering matrix (S11) is equal to zero on
the linear scale, while it approaches minus infinity on the decibel scale. Figure 4.9

shows the coefficient S11 as a function of the frequency in the simulated range.

S11 vs frequency
140 14,2 144 146 148 15,0 15,2 154 15,6 15,8 16,0

1 M

S11 [dB]
A

-~ CAESARoperatingfrequenC\;|

Frequency [GHz]

Figure 4.9: Coeflicient of reflection S11, calculated in the range 14 GHz - 16 GHz,

for the CAESAR resonant cavity with the longitudinal waveguide injection system.
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By considering -5 dB as the upper limit to have a reasonably good matching
(about 30% of the power is reflected), figure 4.9 shows that only three frequencies
have a lower value and the CAESAR operative frequency is not among them.
Clearly, the simulations showed up to now cannot be considered realistic, because
the presence of a magnetized plasma that undergoes the ECR resonance dramatic-
ally change the electric field distribution and amplitude compared to the vacuum-
filled case. So, a plasma was implemented through its fully-3D dielectric tensor,
computed by MatLab [59] for each mesh point given by COMSOM and having a
structure following the plasmoid/halo scheme, that is a dense plasma enclosed in-

side the resonance surface (the plasmoid), with a density npiasmeia = 2.5% 1017 m=3,

and a rarified halo outside with nj., = %. Due to the shortening of the
wavelength approaching the ECR resonance, the mesh size used was not uni-

form, reaching ’1\—8 around the resonance surface and % outside, where \q is the
wavelength in vacuum. Figure 4.10 shows the calculated electric field distribution,

in 10 logarithmic scales, at 14.50 GHz:
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Figure 4.10: Electric field distribution, in 10 logarithmic scales, calculated at 14.50
GHz for the CAESAR with the longitudinal waveguide injection system, including

a magnetized plasma.

the effect due to the presence of the plasma is clearly visible, with two zones
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of intensification of the electric field due to the ECR resonance.
To understand the changes in the coupling between the waveguide and the cavity
due to the presence of a magnetized plasma, it is necessary to analyse again the

reflection coefficient S11 for all the resonant frequencies, shown in figure 4.11.

S11 vs frequency
140 14,2 144 146 14,8 15,0 15,2 154 15,6 15,8 16,0
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Figure 4.11: Coefficient of reflection S11, calculated in the range 14 GHz - 16 GHz,
for the CAESAR resonant cavity with a longitudinal waveguide injection system,

including a magnetized plasma.

In comparison with the results obtained with the vacuum-filled cavity, the
presence of the plasma is such that all the frequencies show now a coupling better
than —5dB: in particular, there are entire sub-ranges (14.6GHz — 14.9GHz for
example) where the coupling is better than —20dB, that is only 1% of the power
is reflected.

To complete the analysis it is interesting to look at a complementary parameter,
the overall power absorption: it has been calculated through the volume integral of
the total dissipated power inside the chamber. The results are shown in figure 4.12:
it can be seen that the CAESAR geometry shows a good power absorption, except
for a region exactly around its operating frequency, meaning that the performances

could take benefit of a geometry’s optimization.
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Power dissipated in the volume vs frequency
100

90
80
70
60
50

40
14,0 14,2 144 146 14,8 150 15,2 154 15,6 15,8 16,0
Frequency [GHZ]

Power [W]

CAESAR operating frequency

Figure 4.12: Power absorbed by the plasma in the CAESAR plasma chamber with

the longitudinal waveguide injection system.

4.3 IRIS-OLD plasma chamber

The IRIS-OLD geometry consists of two “three-branches” stars rotated of 60° one
with respect to the other, that start from the extremities of the plasma chamber
and overlap in the centre (see figure 4.2). It has the same length as the conven-
tional CAESAR, as well as the maximum transversal dimension. This section will
describe the results of the calculations carried out on this first version of the new

geometry, by applying the same procedure described previously.

4.3.1 Eigenmode solver

Due to the peculiar IRIS-OLD’ geometry, it has not been possible to distribute
the mesh as in the case of CAESAR, because it has been necessary to follow its
irregular surface (visible in figure 4.13). In this case, the mesh has been defined
with a tetrahedral shape, whose parameters are: maximum size %, minimum size
2 % 107° m, maximum growth ratio for elements (to determine the maximum rate
at which the element size can grow from a region with small elements to a region

with larger elements.) 1.3 and a factor of curvature 0.2.
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Figure 4.13: Mesh discretization of IRIS-OLD geometry.

For this kind of geometry, it is not possible to evaluate TE or TM modes:
the only possibility is a comparison of the electromagnetic field distribution for
two frequencies very close to each other. As it has been done previously, the
analysis started in the small range 14.45 GHz - 14.55 GHz: the solver found only 3
frequencies, 14.459 GHz, 14.460 GHz and 14.497 GHz. Figure 4.14 shows the one
most similar to the T'Eg; ¢ that shifts of 38 MHz respect to the CAESAR cavity.
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Figure 4.14: Electric field distribution at 14.460 GHz of a mode similar to the
TFEg 1, for the IRIS-OLD resonant cavity.

The electromagnetic field distribution of the frequency closest to the CAESAR
operating frequency is shown in figure 4.15: here again, the electric field maxima

are located in the off-axis region.
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Figure 4.15: Electric field distribution at 14.497 GHz for the IRIS-OLD resonant

cavity.

4.3.2 Frequency domain solver

As we did for CAESAR, we proceeded to analyse the cavity in the frequency
domain, considering the waveguide input tilted of 45°: the geometry is shown in
figure 4.16.

Figure 4.16: Model of the IRIS-OLD geometry with the microwave injection tilted

45° with respect to the longitudinal axis.

As a first step, the electromagnetic field was calculated at the CAESAR op-
erative frequency (14.5 GHz): figure 4.17 shows the results. Compared to the
eigenmode solver, the zones with the most intense field are wider, but still located

off-axis.
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Figure 4.17: Electric field distribution, in 10 logarithmic scales, calculated at 14.50
GHz for the TRIS-OLD plasma chamber with the microwave injection tilted 45°

with respect to the longitudinal axis.

The simulations continued with the analysis of the range 14 GHz - 16 GHz,

keeping the same parameter as in the case of the CAESAR geometry. Figure 4.18

shows the coefficient S11 as a function of the frequency: it can be seen that now the

frequencies showing a matching better than -5dB increased from three to thirteen,

including the CAESAR operating frequency.

S11 vs frequency

14,0 14,2 144 14,6 14,8 15,0 152 154 156 158 16,0

0

2 1 (]

-4
g S I
o -8
%]

-10

_12 -+ ‘ CAESAR operating frequency ‘

-14

Frequency [GHZ]

Figure 4.18: Coefficient of reflection S11, calculated in the range 14 GHz - 16 GHz,
for the IRIS-OLD plasma chamber with the microwave injection tilted 45° with

respect to the longitudinal axis.
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Finally, the plasma was implemented with the same structure and approach
described previously: figure 4.19 shows the calculated electric field distribution, in
10 logarithmic scales, at 14.50 GHz.

Resonances 10*1og(E|[V/m])
50
|
— x Yo 45
. ; - ¥ i {
\ . Y
= L' ~ W35
30

Figure 4.19: Electric field distribution, in 10 logarithmic scales, calculated at 14.50
GHz for the IRIS-OLD with the microwave injection tilted 45° with respect to the

longitudinal axis, including a magnetized plasma.

Again, the power absorption at the resonances around the plasma chamber axis
is visible, but now with a much wider area.
As it has been done previously, let us now see how the coupling between the

waveguide and the resonant cavity changed due to the plasma.
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Figure 4.20: Coeflicient of reflection S11, calculated in the range 14 GHz - 16 GHz,
for the IRIS-OLD plasma chamber with the microwave injection tilted 45° with

respect to the longitudinal axis, including a magnetized plasma.

Figure 4.20 shows that almost the entire frequency range has the S11 coefficient
under -20 dB, except for the highest frequencies where it basically never exceeds
-10 dB. In particular, at 14.50 GHz it is equal to -28.05 dB.

Figure 4.21 shows the power absorption by the plasma in the same frequency range,
with values higher than 90 W between 14.2 GHz and 15.5 GHz.
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Figure 4.21: Power absorbed by the plasma in the IRIS-OLD plasma chamber

with the microwave injection tilted 45° with respect to the longitudinal axis.
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4.4 IRIS-NEW plasma chamber

The IRIS-OLD plasma chamber already shows improvements compared to the
classic CAESAR one. Unfortunately, this cavity revealed difficult to be machined,
due to the numerous surface irregularities. The design was then refined through a
sequence of mechanical tapering and smoothing steps, as shown in figure 4.22. At

each step, the cavity was checked by numerical simulations of the allowed modes.

< \ {C\*"L - : \ -

o, ]

IRIS-NEW

Figure 4.22: The sequence of mechanical tapering and smoothing steps of the IRIS

chamber design.

The final geometry was called IRIS-NEW and differs from the previous version
for the fact that the three branches of both stars extend all along the plasma
chamber (see figure 4.23).
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Figure 4.23: Model of the IRIS-NEW goemetry.

The microwave injection system was initially kept the same as IRIS-OLD, but
later an innovative system based on a slotted and twisted waveguide was proposed,
in order to further optimize the generated electromagnetic field. This section will
describe the results of the calculations carried out on the final version of the new
IRIS geometry.

Here again we began with the calculation of the resonant modes of the cavity using
CST’s eigenmode solver. The mesh size shown in figure 4.24, was the same as for
the TRIS-OLD case.

Figure 4.24: Mesh discretization of IRIS-NEW geometry.



80 Chapter 4. CAESAR and IRIS Simulations

The analysis started in the range 14.45 GHz - 14.55 GHz, where only three
frequencies have been found: 14.483 GHz, 14.526 GHz and 14.546 GHz. Among
them, the resonant mode at 14.483 GHz (see figure 4.25) is the most similar to
the mode T'Eg ;o of CAESAR but it shifted of 15 M Hz.
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Figure 4.25: Electric field distribution of a mode similar to the T'Eg; for the
IRIS-NEW resonant cavity.
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4.4.1 Frequency domain solver with inclined rectangular wave-
guide

Figure 4.26 shows the same microwave injection system of the IRIS-OLD simula-
tions applied to IRIS-NEW:

Figure 4.26: Model of the IRIS-NEW geometry with the microwave injection tilted

45° with respect to the longitudinal axis.
the elettromagnetic field calculated at 14.5 GHz is shown in figure 4.27.
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Figure 4.27: Electric field distribution, in 10 logarithmic scales, calculated at 14.50
GHz for the IRIS-NEW chamber with the microwave injection tilted 45° with

respect to the longitudinal axis.
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The figure shows that the electric field is now more distributed in the centre
of the cavity: this is a good indication of the further improvement of the new
plasma chamber. Looking at the S11 parameter, we see that it is under -5 dB for

7 resonant modes (see plot 4.28).
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Figure 4.28: Coefficient of reflection S11, calculated in the range 14 GHz - 16 GHz,
for the TRIS-NEW plasma chamber with the microwave injection tilted 45° with

respect to the longitudinal axis.

As has been done for the CAESAR and IRIS-OLD cavities the same plasma
model was included in the simulations. Figure 4.29 shows the electric field dis-
tribution at 14.5 GHz: it can be seen that an intense E-field is present at the
resonance points around the axis. For IRIS-NEW, all the frequencies in the range
14 GHz - 16 GHz have the S11 coefficient under -20 dB and come down at about
-30 dB in the range 14.0 GHz - 14.8 GHz (see plot 4.30). Finally, for what concerns
the power absorption, a value around 95% is observed between 14 GHz - 15 GHz,
decreasing down to less than 50% at higher frequencies (see plot 4.31).
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Figure 4.29: Electric field distribution, in 10 logarithmic scales, calculated at 14.50
GHz for the IRIS-NEW with the microwave injection tilted 45° with respect to the

longitudinal axis, including a magnetized plasma.
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Figure 4.30: Coefficient of reflection S11, calculated in the range 14 GHz - 16 GHz,
for the IRIS-NEW plasma chamber with the microwave injection tilted 45° with

respect to the longitudinal axis, including a magnetized plasma.
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Figure 4.31: Power absorbed by the plasma in the IRIS-NEW plasma chamber

with the microwave injection tilted 45° with respect to the longitudinal axis.
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4.4.2 Frequency domain solver with slotted/twisted wave-

guide

The previous sections described the new geometry with an injection system through
the classic rectangular waveguide but used in an unconventional way (tilted of 45°
respect the longitudinal axis). In this section, the results of the application of
an innovative microwave launching system will be presented. The new launch-
ing configuration consists of side-coupled slotted waveguides (see figure 4.32) with

diffractive apertures smoothly matching the overall structure of the chamber walls.

s |
S off ——= S_top
g S_C

S | =Slot lenght
S w = Slot width
S _c = Slot centers distances
S_off = Transversal distance between slots
S _top = Last slot center to short wall distance
S_cutoff = Distance from microwave injectionto
the first slot.
< > WG_a = Waveguide height
WG_b WG_b = Waveguide width

Figure 4.32: The slotted waveguide antenna with its parameters.

When designing a slotted waveguide antenna, particular attention needs to be
given to its parameters (see figure 4.32), and in particular: the distance between
the centre of the last slot from the closing metallic wall (S top), the width of the
slots (S_w), the length of the slots (S 1), the longitudinal distance between the
centre of the slots (S_c¢), the transversal distance between the centre of the slots
(S_off), the distance from the microwave injection to the first slot (S _cutof f)
and the height and the width of the waveguide (respectively WG _a and WG b).
Another important parameter is the number of slots (n_ slots) [60]: in fact, the
impedance bandwidth is inversely proportional to the slot number. However, the
usage of a low number of slots decreases the efficiency, so a trade-off for these

parameters needs to be chosen depending on the required performances. Although
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it is possible to create geometries with the programs CST MWS or COMSOL, it is
difficult to use them for complex geometries: consequently, Autodesk Inventor
was used to optimize the design of the slots, through the parametric modelling
in CAD (Computer Aided Design) [61], while the CST program was still used to
simulate electromagnetic fields. The optimization study started considering the
antenna in free space and excited using the fundamental mode (the T'E}y mode)
of the rectangular waveguide. The operational bandwidth was considered in the
range 14 GHz - 16 GHz with a central frequency about of 14.5 GHz. The study
took also into account the fact that the antenna could not be straight but had to
follow the geometry of the cavity. Consequently, a slotted and twisted waveguide
was simulated and analyzed: figure 4.33 shows the results of the optimization of

all the abovementioned parameters listed in table 4.2.

Figure 4.33: The slotted and twisted waveguide antenna at the end of the para-

meters optimization.

Table 4.2: The best parameters simulated of the slotted waveguide antenna

Parameters

n_slots 6
WG a 15.8 mm
WG b 7.9 mm

S 1 10.2 mm
S w 3.0 mm
S ¢ 11.7 mm
S off 4.5 mm
S top 8.8 mm

S _cutoff 40.6
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Figure 4.34 shows the S11 coefficients in a wide range of frequencies: the slotted
and twisted waveguide is well coupled (under -5 dB) between 14.0 GHz - 14.9 GHz.
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Figure 4.34: Coefficient of reflection S11, calculated in the range 14 GHz - 16 GHz,

for the slotted and twisted waveguide in free space.

A parameter that determines the reliability of an antenna is the farfield: it
describes the electromagnetic radiation distribution of an antenna. The antenna
gain (G) expressed in dBi units indicates the value in decibels by which the antenna
gain is greater than a hypothetical isotropic antenna (G=0 dBi), assuming that
both antennas are supplied with identical power. To calculate the power gain of

an isotropic antenna the following formula is used:

G(dBi)

G=10" 10 (4.1)

Figure 4.35 shows the farfield directivity of the antenna: the maximun value is
11.6 dBi,
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Figure 4.35: Farfield directivity in 3D form at 14.5 GHz.

thus an antenna with a gain of 14.4 times higher than an isotropic antenna.
After having found the best slotted/twisted antenna characteristics, the study

continued connecting it to the resonant cavity, as can be seen in figure 4.36.

Figure 4.36: Model of the IRIS-NEW geometry with the slotted and twisted wave-

guide injection system.

Figure 4.37 shows the calculation of the electromagnetic fiel at 14.5 GHz: it

can be seen that the electric field presents now maxima around the cavity axis.
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Figure 4.37: Electric field distribution (front and side views), in 10 logarithmic
scales, calculated at 14.50 GHz for the IRIS-NEW chamber with the slotted and

twisted waveguide injection system.

Figure 4.38 shows the S11 in the frequency range considered: we can see that

there are 12 resonant modes showing a good waveguide-to-cavity coupling (S11 <
-5 dB).
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Figure 4.38: Coefficient of reflection S11, calculated in the range 14 GHz - 16
GHz, for the IRIS-NEW chamber with the slotted and twisted waveguide injection
system.

The simulations continue considering the magnetized plasma and analyzing
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the distribution of the electric field at 14.5 GHz. Again the simulation shows
in figure 4.39 an intense E-field at the resonance points around the axis, but it
is worth noticing that the values are the highest of the entire plasma chamber.
By analyzing the scattering coefficient S11 a very relevant result was found: in
fact, it is under -20 dB in the entire frequency range, with a minimum close to
14.5 GHz. This means that with TRIS-NEW and its unconventional microwave
launching system all the frequencies are perfectly matched to the cavity. (see plot
4.40). Finally, figure 4.41 shows that the power absorbed by the plasma is at least
90 W in the 14.1 GHz - 15.0 GHz range, decreasing to 65 W at higher frequencies.
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Figure 4.39: Electric field distribution, in 10 logarithmic scales, calculated at 14.50
GHz for the IRIS-NEW with the slotted and twisted waveguide injection system,

including a magnetized plasma.
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Figure 4.40: Coefficient of reflection S11, calculated in the range 14 GHz - 16
GHz, for the IRIS-NEW chamber with the slotted and twisted waveguide injection
system, including a magnetized plasma.
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Figure 4.41: Power absorbed by the plasma in the IRIS-NEW plasma chamber

with the slotted and twisted waveguide injection system.
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4.5 Comparisons between the different geometries

The previous sections showed the results of the electromagnetic simulations, in-

cluding a magnetized plasma, for the following configuration:

e CAESAR with axial microwave injection;

e [RIS-OLD with microwave injection tilted of 45° with respect to the longit-

udinal axis;

e [RIS-NEW with microwave injection tilted of 45° with respect to the longit-

udinal axis;

e TRIS-NEW with microwave injection with a slotted and twisted waveguide.

Those configurations will be now compared in terms of the E-field distribution at
14.5 GHz, the Scattering coefficient S11, and the power absorbed by the plasma
in the range 14 GHz - 16 GHz.

The first comparison regards the electric field distribution, shown in figure 4.42,
in 10 logarithmic scales at 14.5 GHz.
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Figure 4.42: Electric field distribution, in 10 logarithmic scales, calculated through
the COMSOL frequency-domain solver including a magnetized plasma. In order
from top to bottom: CAESAR with the longitudinal waveguide, IRIS-OLD with
the waveguide at 45° with respect to the plasma chamber axis, IRIS-NEW with
the same waveguide input and IRIS-NEW with a slotted and twisted waveguide.
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The regions of intensification of the electric field at the resonance are visible in
all four cases, but it is evident how implementing the TRIS geometry, they become
much wider, especially for IRIS-OLD and IRIS-NEW with slotted waveguides. In
particular, this last configuration shows a very large absorption area at the ex-
traction side of the plasma chamber (right), that is a higher power transfer to the
plasma. If we consider that the ions extracted from an ECR come mostly from the
ionization happening in this region, this is a clear indication that the implement-
ation of IRIS-NEW with slotted waveguides could lead to a relevant improvement
of the performances.

Let us now see the comparison of the reflection coefficients S11 between the wave-

guides and the resonant cavities, shown in figure 4.43.
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Figure 4.43: Coefficient of reflection S11 of all the four systems, in the range 14
GHz - 16 GHgz, including a magnetized plasma. In order from top to bottom:
CAESAR with the longitudinal waveguide, IRIS-OLD with the waveguide at 45°
with respect to the plasma chamber axis, IRIS-NEW with the same waveguide
input and IRIS-NEW with a slotted and twisted waveguide.
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We can observe that the three versions of the new geometry improve the coup-

ling in the entire frequency range. It is worth noticing anyway that the two versions
of IRIS-NEW always show a coupling much better than -20 dB: this is a very im-
portant aspect in connection with the application of the frequency tuning because
there wouldn’t be any influence of the specific frequency used on the power effect-
ively coupled to the plasma. Considering the CAESAR operating frequency, it is
important to underline that at this frequency the coupling improves from -18 dB
to -26 dB for IRIS-OLD and to -30 dB for the two versions of IRIS-NEW.
The last parameter to be compared is the power absorbed by the plasma, directly
related to its energetic content and shown in figure 4.44. Before doing this, it is
important to point out that, due to its present magnetic structure, CAESAR could
not work at a frequency higher than 15 GHz, so the range considered relevant for
the comparison will be 14 GHz - 15 GHz.
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Figure 4.44: Power absorbed by the plasma in all the four systems in the range
14 GHz - 16 GHz. In order from top to bottom: CAESAR with the longitud-
inal waveguide, IRIS-OLD with the waveguide at 45° with respect to the plasma
chamber axis, IRIS-NEW with the same waveguide input and IRIS-NEW with a

slotted and twisted waveguide.
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We can observe from the picture that both versions of IRIS-NEW show a higher
power absorbed, compared to the classical CAESAR plasma chamber, except at
the extremes of the range for the case with the slotted waveguides. More, all the
proposed versions show a much higher power absorption at the typical operating
frequency, indicating that their implementation will surely lead to an improvement

of the performances.



Conclusions and future

perspectives

This thesis described the optimization of the performances of an ECR source,
brought by a possible implementation of an innovative plasma chamber geometry
with an unconventional microwave launching system. Different versions of the
new structure were compared with the classical cylindrical resonant cavity, with
an axial microwave injection, of the CAESAR ECR ion source, carrying out electro-
magnetic simulations including a magnetized plasma. The structure, called IRIS,
presents some key advantages concerning the classic cylindrical resonant cavity, in

particular:

e the creation of electromagnetic field distributions with a predominant electric

field on the axis of the chamber:;

e the presence of much wider zones where the resonant absorption takes place.
In particular, the one at the extraction obtained with IRIS-NEW with the
slotted /twisted waveguide, that could lead to a higher ions’ production, thus

increasing the intensity of the extracted beam:;

e the power absorbed by the plasma is higher than 90 W in the range 14.4
GHz - 15 GHgz, including the operating frequency of the CAESAR source.

Furthermore, passing from the IRIS-OLD structure to the IRIS-NEW we obtain:

99
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e a plasma chamber of easier mechanical construction;

e more space available for the surrounding magnetic system

The use of the slotted and twisted waveguide involves:

e smoother distribution of the S11 coefficient in the analysed energy range,

that translates in a higher flexibility in the operation of the ion source;

e a more symmetric field and power distribution from the multiple radiating

waveguide slots;

e the possibility to have more space available on the injection flange.

The importance of the results has been also demonstrated by carrying out simula-
tions of electrons’ dynamics (not object of this thesis), using the electromagnetic
fields calculated for this work of the thesis. In particular, the plasma resulting
from the interaction of electrons with the electromagnetic field set-up inside the
conventional CAESAR plasma chamber has been compared to the one obtained
with TRIS-NEW, using a numerical approach developed by the INFN ion source
group [62] [63]. To underline the difference given only by the new geometry, the
calculation has been done considering IRIS-NEW with an axial microwave injec-
tion. Figure 4.45 shows the comparison between the electrons’ occupation maps
(resembling a density distribution) obtained for CAESAR (left) and IRIS-NEW
(right): it can be clearly seen how IRIS-NEW creates a much denser plasma in a
smaller region around the plasma chamber axis, with the possibility to eventually

increase the intensity and average charge state of the extracted beam.
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Figure 4.45: Occupation maps, resembling a density of distribution, resulting from
electrons dynamics calculations carried out for the CAESAR (left) and IRIS-NEW
(right) plasma chambers.

In the light of the results described above, the study can be considered con-
cluded and the manufacturing phase has been started. Before the prototype was
made, we used the mechanical cad "refinement" sequence (by Inventor) in order to
obtain a sufficiently "smooth" structure to be created in Additive Manufacturing
technology (3D printing in metal). The first prototype (see figure 4.46) was plastic

made to verify that the printer was actually capable of drawing the geometry.

Figure 4.46: 3D print in plastic material of the resonant chamber with the slotted

and twisted waveguide.
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Subsequently, with the same process but with steel-base metal powders mater-

ial, a classical cylinder was made (see figure 4.47), to verify that this material is

effectively vacuum tight.

Figure 4.47: Vacuum test of a classical cylinder made in steel-base metal powders

material by 3D print.

The last prototype that was made is a slotted and twisted waveguide (shown

in figure 4.48): its characterization is presently on-going.

Figure 4.48: Slotted and twisted waveguide in steel-base metal powders material.
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At the end of the antenna characterization tests, the first prototype of the
IRIS-NEW cavity system will be built with the incorporated slotted and twisted

antenna. To validate the changes proposed in this thesis, we will proceed as follows:

1. Bench tests
The prototype will be connected to a network analyzer to measure the coef-
ficient of reflection S11, in the range 14 GHz - 16 GHz, to compare it with
the one measured with the classic cylindrical cavity. This should confirm the
improvement of the coupling between the waveguide and the cavity brought

in by the new geometry, as foreseen by the simulations;

2. Online tests
Considering that the aim of the work described in this thesis is to propose a
new geometry to improve the ion source performances, the first step will be
the acquisition of reference values on high charge states production of both
light (O™") and heavy (Xe?®*) ions with the CAESAR source employing the
classical cylindrical cavity. The same tests will be then repeated using the
new plasma chamber. In order to perform an accurate comparison of the
results, the microwave circuit used will include a double directional coupler
with two power probes, to measure both the forward and reflected power
and keep the net power delivered to the plasma constant for both the exper-
imental run. This will allow us to identify the direct influence of the new

geometry on any possible variation of the ion source performances.
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