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Introduction

Intense ion beams are used at the accelerator facilities for nuclear physics
experiments, for tumor treatments and for other applications. Since the
energy of the accelerated ions is proportional to the charge over mass ra-
tio, highly charged ions are requested for all the high energy experiments
or applications. For this purpose the Electron Cyclotron Resonance Ion
Sources (ECRISs) are suitable devices to fulfil these requirements because
they proved to be able to produce intense beams of high charge state ions
in a reliable and continuous way.
In an ECR ion source a magnetically confined plasma is fed by electromag-
netic waves at high power and with frequencies higher than a few GHz.
Several ECRISs are installed in many laboratories all over the world and
better performing ones are continuously under development. An enhance-
ment of performances in terms of more intense beams of higher charge state
ions has been obtained with ECR ion sources operating at higher microwave
frequencies than 18 GHz with improved magnetic confinement. In fact the
increase of the microwave frequency, under proper conditions, leads to higher
plasma densities which are mandatory to reach the desired performances.
In the last years, together with the trend to increase the microwave fre-
quency, new techniques have been evaluated in order to improve the perfor-
mances of the existing ECRIS or of those under development. The variation
of the microwave frequency is a promising aspect for suchlike improvement.
Several experiments confirming this assumption have been carried out in the
last years and interesting interpretations of the results of this ”so called”
frequency tuning effect have been proposed. Another technique success-
fully used to enhance the ion beam current and the production of highly
charged ions is called double frequency heating and consists in the multiple
injection of two electromagnetic waves at different frequencies into the ion
source. These techniques are based on the different electromagnetic field
patterns which can be excited inside an ECRIS and on the improvement



v

of the microwave coupling between the electromagnetic waves and the con-
fined plasma. However, even if these techniques provided interesting results,
a better understanding of the effect of the microwave coupling between waves
and cavity filled with plasma is mandatory.
For this reason a research work has been carried out with the aim to vali-
date the theoretical assumptions concerning the standing waves presence in-
side the plasma chamber of the ECRIS and, by investigating the microwave
coupling to the ECR plasma, to analyze in detail these new techniques
to improve the performances of the ECRISs. The experimental investiga-
tions have been carried out with the CAPRICE ECRIS installed at GSI
Helmholtzzentrum für Schwerionenforschung GmbH, and the achieved re-
sults, which turned out to be important both for the scientific relevance and
for the development of new ECR ion sources, are here described.
The organization of the reported research work is described in the following.
Since the ion production inside an ECRIS passes through the creation of a
plasma, the ion source physics is mostly related to the plasma physics. Then
the main aspects concerning the plasma physics which can be applied to the
ECR ion sources are introduced in the first chapter.
A plasma source is different than an ion source or better than an ion beam
source. Then, in the second chapter the concept of ion source is introduced
and, by focusing on the ECR ion sources, the main ion sources for the ion
beam production are described. A description of the most important proper-
ties of the ion beams and the main tools to measure the ion beam parameters
are also included within this chapter.
The electromagnetic field within the plasma chamber of the ECRIS and the
properties of the electromagnetic waves feeding the plasma affect the plasma
properties and the ion beam production. The third chapter presents the de-
tailed analysis carried out about the electromagnetic field inside the ECRIS
and about the microwave coupling to the ECR plasmas. By applying the
theory of the resonant cavities, the electromagnetic field patterns (modes)
have been calculated inside the plasma chamber of several ion sources and
the plasma properties have been analyzed for different excited electromag-
netic field patterns. Several experiments to relate the extracted ion beam
properties to the electromagnetic field excited inside the ECRIS have been
carried out and the interesting results are analyzed within this chapter.
These investigations are mandatory to explain the enhancement of perfor-
mances when techniques, like the frequency tuning, based on the variation
of the microwave coupling to the ECR plasma, are applied. In the fourth
chapter the experimental analysis of the efficient applicability of the fre-
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quency tuning and of the double frequency heating for the production of
intense beams of highly charged ions is described. In the conclusive section
the results of this research work are summarized and new perspectives and
future investigations on these techniques are proposed.



Chapter 1

Elements of plasma physics

applied to the ECR ion

sources

The ions production inside an ion source passes through the extraction of the
ionic content from a magnetized plasma created from a neutral gas where
accelerated electrons strike with the atoms or with the ions. For this reason
the ion sources physics is mostly related to the plasma physics and within
this chapter the main aspects concerning the plasma physics applied to the
ECR Ion Sources are discussed.

1.1 Definition of plasma and basic parameters

The physics of the ion sources is strongly related to the plasma physics since
the plasma is the medium where the ions are created and extracted. In
order to understand the working principle of the ion sources an introductive
definition of plasma and of its main features is here reported. A plasma is
a state of matter where the particles which constitutes this medium are in
general ions, electrons and neutrals atoms. This feature distinguishes the
gas, where the individual particles are the molecules of the gas, from the
plasmas. A gas in thermal equilibrium presents an amount of ionization in
according to the Saha equation:[1]

ni

nn
= 2.4 × 1021 T 3/2

ni
e−Ui/KT (1.1)
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Where ni and nn are the density of ionized atoms and of neutral atoms,
respectively, T is the temperature in Ko, K is the Boltzmann’s constant
and Ui is the ionization energy (to remove the most outer electrons from an
atom). At room temperature the ratio between the ionized and the neutral
atoms is quite low and increases with the high increase of the temperature
and the gas evolves in a plasma state; for this reason in nature this state
of matter is present where environments with adequately high temperatures
exist like the sun, the stars or the ionosphere. However, a laboratory plasma
can be created by providing energy to the plasma electrons which, by hitting
the neutral atoms, enhance the ionized atoms density. Several techniques
are used to create a laboratory plasma like, for instance, by making use of
an electric discharge, by the interaction with electromagnetic waves or else
by laser ablation. In the specific case of the Electron Cyclotron Resonance
ion sources a plasma is created by the absorbtion by the electrons of an
electromagnetic wave with a frequency, the electron cyclotron frequency, in
the range of the microwaves. The basic parameters featuring a plasma are
the particle (electrons and ions) densities (expressed in particles divided by
cubic meter or by cubic centimeters) and the particle energy or temperature
(measured in eV).

1.1.1 The particle density

In the general case a plasma contains electrons with charge qi = e = −1
and density ne, single or multiple charged ions with charge qi = +1,+2, ...
and density ni and also neutral particle with density nn. A percentage of
ionization of a plasma is defined by the following ratio:

ni

ne + nn
(1.2)

A fully ionized plasma does not presents any neutral particles. A plasma is
precisely described by the electron density together with the distribution of
the ion charge states, and for an ECR plasma the electron density is in the
order of 1012 cm−3. As it will be described in the section 1.5 this parameter
is very important for the waves propagation in plasmas.

1.1.2 The particle temperature

It is conventionally accepted the assumption of the concept of temperature
in order to define the energy of the charged particles constituting the plasma.
For this reason is usual to define the plasma temperature in units of elec-
tron Volts, eV (1eV = 11600 ◦K). It is possible to convert the temperature
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in energy by multiplying it for the K constant. The plasma particles can
assume several temperatures. Ions and electrons can have different temper-
atures Ti and Te. For the ECR plasmas for instance the ion temperature is
in the order to the eV while the electron temperature can rise up to several
hundreds of keV . In the case of a magnetized plasma, due to the induced
anisotropy, also the temperatures of each particle can be different, accord-
ing to the direction of motion with respect to the direction of the ~B: Ti||,
Ti⊥, Te|| and Te⊥ for a motion parallel o perpendicular to the magnetic field
direction, respectively.

1.1.3 The plasma sheath and the charge neutrality

A fundamental characteristic of a plasma is the property to shield the elec-
tric fields which are applied to it. A boundary layer, called plasma sheath,
is formed at the interface between the plasma and its boundary or in the
surrounding of a charged object (i.e. a probe, or an electrode) which is
perturbing the plasma neutral condition. Within this layer the plasma par-
ticles, mostly the electrons due to the higher mobility, assume a distribution
able to neutralize the electric field applied. An estimation of this layer is
given by the following expression:

λD =

√
ǫ0KTe

nee2
(1.3)

Where ǫ0 is the electric permittivity in vacuum. The parameter λD,
called Debye length and expressed in cm, allows to estimate the distance
over which local charge distributions are neutralized. The charged particles
contained in a plasma exhibit an electric field and, if they are in motion,
a magnetic field which create an interaction with the other particles. A
charge neutrality, over a dimension in the order of the Debye length is a
basic property of a plasma and any variation of this condition leads to an
electric field which limits the charging. This condition is expressed by the
expression [2]: ∑

qini = ne (1.4)

A criterion to call a ionized gas a plasma is that it is enough dense that
the Debye length is much smaller than the dimension L of the plasma. In
other words a plasma is able to neutralize applied electric field or charge
accumulations in a small region of it without affecting the plasma total
electric field or potential. The Debye shielding concept is valid only if there
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are enough particles within the plasma sheath. It is possible to calculate
the number of particles ND contained inside the so called Debye sphere:

ND = ne
4

3
πλ3

D (1.5)

Then the second conditions characterizing a plasma is that ND >> 1.

1.1.4 The plasma oscillations

Several modes of oscillations are presents inside a plasma. If ω is the typical
plasma oscillation and τ is the mean time between collisions with neutral
atoms the third condition to call a ionized gas as a plasma is that ωτ >> 1.
The main plasma oscillations are related to the electron plasma frequency
and the ion plasma frequency:

ωpe
2 =

e2ne

ǫ0me
(1.6)

ωpi
2 =

q2
i e

2ni

ǫ0mi
(1.7)

Where qi is the ion charge state, me and mi are the electron and ion
mass respectively. The frequencies of oscillations are often in the order of
the GHz for the electrons and of the MHz for the ions.

1.2 Collisions of charged particles in plasmas

In the previous section it was introduced the concept of collisions in the
plasmas. Here this concept will be explained. Often it is used the quantity
collision’s frequency in order to analyze the various collisions in a plasma.
For this reason it is important to introduce the mean free path λm for a
given precess with cross section σ:

λm =
1

nσ
(1.8)

Where n indicates the appropriate particle density. The time between two
consecutive collisions is then the collision time:

τ =
λm

v
=

1

nσ〈v〉
(1.9)
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Where 〈v〉 is the mean particle velocity (since in general the plasma par-
ticles follow some energy distribution function and often it can be assumed
a Maxwellian distribution). The collision frequency is then:

1

τ
= nσ〈v〉 (1.10)

The main collisions involving the different particles inside a plasma can
be classified in two main groups: multiple collisions and binary collisions.
The first group includes the particles’ deflections due to the interactions
with other particles and to the second class belong the interactions between
two particles determining phenomena like the ionization of neutral atoms or
the recombination between electrons and ions.

1.3 Ionization

The ionization process is one the main aspect for the creation of a plasma.
The ways in which an ionization mechanism occurs include the electron
impact ionization, the photoionization, the field ionization, the surface ion-
izations, etc. Here the ionization by electron impact is discussed since it is
the main process which determines the plasma start-up inside an ECRIS.

1.3.1 Ionization by electron impact

The ionization of neutral atoms by electron impact occurs when an electron,
in a low pressure gas and accelerated by an applied electric field, collides
with a neutral atom. The ionization process takes place when the energy of
the electron exceed the energy to remove the most external electron bound
to a neutral atom. This energy is called ionization potential and we can
resume this mechanism in the following reaction:

e− + A → A+ + e− + e− if E ≥ eφi (1.11)

Where an electron e−, having energy E higher than the product between
the charge and the ionization potential φi, by colliding with neutral atom A,
removes an electron and leaves a positive ion A+. With the process called
step by step ionization the ionization proceeds through the removal of a
single electron per time from the atomic shells.
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1.3.2 Multiple ionization

When only an electron is removed by a neutral atom, the ion which remains
after the reaction is singly ionized and the ion charge state is qi = +1. In
order to fulfill the increasing demand of energy provided by the accelera-
tor facilities the ion sources and, in particular, the ECR Ion Sources are
requested to produce beams of multiply charged ions. When more than an
electron is removed by a neutral atom or by an ion, the ion is called multiply
charged ion and the charge state is qi = +2,+3 + 4, .... In such a case the
reaction is resumed in the following:

e− + Az → A(z+1)+ + 2e− (1.12)

With z ≥ 1. In order to produce ions of charge qi = n+ the electron
must have got an energy equal or higher than the nth ionization potential.
In the figure 1.1 the ionization potential (better the ionization energy) for
all charge states of all elements up to 100 as atomic number is shown.

Figure 1.1: Ionization potentials for multiply charged ions of the elements up to 100
as atomic number.[3]

In order to ”use” the electrons in a more efficient way, it is possible
to force them to proceed over a longer distance than the mean free path.
For instance they can be reflected forward and backwards many times in
a potential well created by negatively biased electrodes, along the axial
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magnetic field lines (this is the typical mechanism to create a plasma in
a (PIG) Penning Ion Source). Or else it is possible to confine ions and
electrons in a magnetic mirror configuration like in the ECR Ion Sources.
Here comes the importance of the analysis of magnetized plasmas which will
be treated in the folowing section. Since it comes out that an enhancement
of ionization occurs in confined plasmas, together with the electron energy
an other important parameter for the multiple charged ion production is the
ion confinement time τi. In fact if τi is too short in the plasma region where
the step by step ionization process takes places, the desired high charge
states ions are not produced even if the electron energy is enough high.
This assumption can be expressed by the following condition:[4]

τi ≥
1

ne〈σk,k+1ve〉
(1.13)

Where σk,k+1 is the cross section for ionization from the charge state k to
a charge state k +1, ve is the electron velocity and the average is taken over
the distribution of electron velocities. This means that the ion confinement
time has to be longer than the time of the ion’s transition from the charge
state k to a charge state k + 1 for an electron impact. The product of the
cross section and the electron velocity is a function of the electron energy
(Te). It is possible to write the equation (1.13) as [5]:

neτi ≥
5 · 104(T

3/2
opt )

∑N
i=1 qi

(1.14)

The condition expressed in the (1.14) is fundamental for the ECRIS
since it establish the plasma optimum parameters for the production of high
charge states ions. Usually Topt is at least 3− 4 times the ionization energy
of the desired charge state ion. The product neτi is called quality factor
for an ion source and it is interesting to relate the quality factor and the
required energy with the desired charge state ion. This can be done by
analyzing the Golovanisky plot in figure 1.2. Here the ions in the circles
are completely stripped (ion with no longer electrons) and in brackets the
not-completely stripped ions, requiring the same quality factor and energy
of the ones in the circles, are reported. In this diagram the combinations of
electron temperature, electron density and ion confinement time to produce
completely stripped ions are shown.
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Figure 1.2: Golovanivsky’s diagram of the quality factor criteria for the production
of highly charged ions.[6]

1.4 Magnetic confinement of plasmas

In the previous section the importance of imposing a magnetic field to con-
fine the plasma particles has been introduced. This imposition determines
a change of the plasma dielectric properties: it will turn in an electrically
anisotropic medium. Ions and electrons, since are particle in motion, expe-
rience an interaction with the magnetic field where the plasma is confined.
Within this section this interaction will be discussed.

1.4.1 Particle motion in a magnetized plasma

Let’s consider a particle with charge q and mass m moving with velocity
~v in presence of a stationary and uniform magnetic field ~B. This particle
experiences a force ~F , called Lorentz’s force given by:
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~F = m
d~v

dt
= q~v × ~B (1.15)

By solving this equation of motion in a x̂yz coordinate systems (and
assuming that ~B = Bẑ) it is possible to demonstrate that the motion of a
charged particle in a magnetic field is the composition of an uniform and
rectilinear motion along the direction of ~B and of a circular and uniform
motion along the perpendicular direction. In fact, it is possible to develop
the previous equation in:

d2vx

dx2
= −ω2

cvx (1.16)

d2vy

dy2
= −ω2

cvy (1.17)

This is the equation of an harmonic oscillator with frequency ωc which
is called cyclotron frequency or gyro-frequency :

ωc =
|q|B

m
(1.18)

The solution of this motion equation is

(x − xc) =
vo⊥

ωc
sin(ωct + φ) (1.19)

(y − yc) =
vo⊥

ωc
cos(ωct + φ) (1.20)

Then the charged particle describes a circumference trajectory in the
direction perpendicular to the direction of ~B with a radius, called Larmor
radius equal to:

R =
vo⊥

ωc
=

mvo⊥

|q|B
(1.21)

The center of this circumference, also called guiding center is

(xc = xo −
vo⊥

ωc
sin φ), (yc = yo −

vo⊥

ωc
cos φ) (1.22)

Where

tan φ =
voy

vox
, vo⊥

2 = vox
2 + voy

2 (1.23)
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and vox, voy, xox, yoy depend on the initial conditions. Then, since

the motion along the direction of ~B is rectilinear and uniform (the velocity
component (v|| has no interaction with the magnetic field, since v||× ~B = vz×
Bẑ = 0), the trajectory described by the charged particle during the motion
is a cylindrical helical. The presence of the plasma collisions oscillating with
pulsation ωeff introduces a force −mωeff~v in the motion equation. In this
case the solution of this equation is a spiral motion along the magnetic field
line with a radius decreasing with the time according to the equation:

R(t) =
vo⊥√

ωeff
2 + ωc

2
e−iωeff t (1.24)

The order of magnitude of the plasma collisions is in the order of the
MHz. The magnetized plasma are created in the ECRISs with the ECR
absorbtion of the electromagnetic waves at the ECR frequency which is
in the order of the GHz. Then the particles motion, the electron velocity
and then the kinetic energy, and the orbit radius are not affected by the
collisions in a period of the electromagnetic waves. For this reason such
a kind of plasma can be considered as collisionless for the electromagnetic
wave absorbtion.

1.4.2 Magnetic confinement

The previous section introduced the concept of plasma confinement in the
direction perpendicular of the magnetic field direction through the fact that
the electrons and the ions are tied in their motion to the field lines. The
plasma loss along the field can be reduced if the magnetic field strength is
increased at the end of the confinement region also called ”magnetic mirror”.
In order to better confine the plasma particle in a magnetic mirror the
following conditions must be fulfilled:

• a magnetic field gradient directed along the direction of the field must
exist

• the vector ~B must have a radial component

• the velocity vector of the charged particles must form a particular
angle with the field lines

The charged particle, moving in a non-uniform magnetic field experiences a
force

~F|| = −µ ~∇||
~B (1.25)
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Where µ, called magnetic moment of the particle, does not vary with the
time and is given by:

µ =
1

2

mv⊥
B

(1.26)

Where B is the amplitude of the magnetic field. The demonstration of this
invariance can be found in [1] and according to this assumption, since the
particle moves along a region where the ~B increases, the velocity along the
perpendicular direction has to increase as well. Then since the magnetic
field does not apply any work on the particle the particle energy:

E = E|| + E⊥ =
1

2
mv|| +

1

2
mv⊥ (1.27)

has to remain constant. Then as the velocity along the perpendicular
direction increases, the velocity along the parallel direction to ~B decreases.
If the magnetic field is strong enough the parallel velocity is decreased until
it is zero and the particle is then reflected backwards. These assumption
are given in conditions of absence of collisions or electric fields. It is then
possible to trap charged particles in a configuration of two mirrors fields with
enough high magnetic magnitude. In fact, according to the third condition
above reported there is an angle θmin:

θmin = arcsin

(√
Bo

Bm

)
= arcsin

(√
1

Rm

)
(1.28)

which defines the so called loss cone. In fact, if the magnetic field has a
value Bo at the middle point and Bm is the maximum value and the particle
has got a velocity vector with an angle θ with the magnetic field line lower
than θmin it is in this loss cone and it is lost from the confinement field. Rm

is called mirror ratio.

1.4.3 Magnetic pressure

In order to define some conditions to maintain a stable confinement let’s
define the magnetic pressure and the β parameter. The region of space
occupied by a magnetic field has got an energy density due to the magnetic
field. The pressure exerted by the magnetic field in the direction transverse
to the field is given by:

Pmag =
B2

2µ
(1.29)
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Where µ is the magnetic permeability. The pressure exerted by a gas is
given by:

Pgas = nkT (1.30)

For a plasma it is possible to define a pressure which is the sum of the
contribution of the electrons and of the ions and in the case of the plasma
confined in a mirror field the perpendicular component of the energy is
relevant. Then the plasma pressure perpendicularly to the magnetic field is:

Pplasma = nekTe⊥ + nikTi⊥ (1.31)

At the equilibrium the sum of the pressures in the internal region of
the plasma must be the same of the pressure in the external region. This
condition is satisfied if:

B2
int

2µ
+ nekTe⊥ + nikTi⊥ =

B2
ext

2µ
(1.32)

The ratio between the plasma pressure and the pressure exerted by the
confinement field is a parameter providing information about the confine-
ment stability and it is called β parameter :

β =
Pplasma

Pmag
=

2µ(nekTe⊥ + nikTi⊥)

B2
ext

(1.33)

The β parameter is then an useful parameter to describe a magnetic
confinement system for a plasma. In fact if β << 1 the magnetic pressure is
higher than the plasma pressure and is the possible to magnetically confine
the plasma.[4]

1.5 Wave propagation in plasmas

There are two main types of waves propagating in a plasma: self-generated
waves and electromagnetic waves sent to the plasma from the outer. The
propagation of both of them is regulated by the proper features of the
plasma. The self generation of waves in a plasma is very important, as
described in the following, for the determination of the electromagnetic field
propagation. In section 1.1 the plasma frequency has been introduced as a
consequence of the motion of the electrons from this position at the equi-
librium. Due to the mass of the ions, they can be assumed as fixed. For
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both of the plasma oscillations indicated in the (1.6) and (1.7), the prop-
agation constant k is not present. Then there is no wave propagation due
to the plasma oscillations since the group velocity (vg = dω/dk) is zero.
However the plasma oscillation can be called a plasma wave since the oscil-
lating electrons moving into adjacent layers of plasma can carry information
about the features of the oscillating fields from the region of origin. The
new expression describing the plasma frequency is [1]:

ω2
LM = ω2

p +
3

2
k2v2

th (1.34)

which is called Langmuir frequency and vth = 2KTe/me is the electron
velocity. Now the plasma frequency is depending on the wave constant and
the group velocity is finite.
There are also waves due to the ions called Ion Waves. In a collisionless
plasma the ions can transmit vibrations to each other because of their charge
and acoustic waves can occur through the intermediary of an electric field.
The ion movement can then originate wave similar to the acoustic waves.
Further details about the ion waves can be found in [1].

1.5.1 Electromagnetic waves in homogeneous non magne-

tized plasmas

An electromagnetic wave while is propagating in a plasma, interacts with
all the plasma particles: electrons, ions, and neutral particles. However, the
interaction with the neutral particles is lower, compared to the interaction
with the charged particles, and it can be neglected. Furthermore, since
the ions have a higher mass than the mass of the electrons the velocity
transferred to the ions is quite low with respect to the one transferred to the
electrons. Then, when an electromagnetic wave is propagating in a highly
ionized plasma, the plasma electrons strongly affect the wave transmission.
The effect of the ions is sensitive at lower frequencies while the ECR plasma
are heated at several GHz of frequency for the electromagnetic wave igniting
the plasma. By assuming the electric and magnetic field associated to the
wave as monochromatic, with pulsation ω, ~E = ~E0e

−iωt and ~H = ~H0e
−iωt,

from the solution of the Maxwell equations defined in a dielectric medium
with losses with a negative electric susceptibility it is possible to calculate
the plasma constitutive parameters like the plasma conductivity σ and the
electric permittivity ǫ:[7]
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σ =
ǫ0ωeffω2

p

ω2 + ω2
eff

(1.35)

ǫ = ǫ0

(
1 −

ω2
p

ω2 + ω2
eff

)
(1.36)

where ωeff is the collisions frequency and ωp is the plasma pulsation
defined in the (1.6). The propagation of a transverse electromagnetic wave
in this medium can be calculated by indicating the modulus of the wave
vector (µ = µ0):

k2 = ω2µ0ǫ + iωµ0σ (1.37)

And since the plasma behaves as a conductive medium with conductivity
σ the wave vector can be expressed as:

k = β + iα (1.38)

where the propagation factor β and the attenuation factor α are:

β = ω

√
µǫ

2

[
1 +

√
1 +

σ2

ǫ2ω2

]
(1.39)

α = ω

√
µǫ

2

[√
1 +

σ2

ǫ2ω2
− 1

]
(1.40)

In the case of a collisionless plasma (ωeff = 0 and σ = 0) the plasma
electric permittivity ǫ becomes:

ǫ = ǫ0

(
1 −

ω2
p

ω2

)
(1.41)

and then α = 0 and:

β =
ω

c

√
(1 −

(
ω2

p

ω2

)
(1.42)

It turns out that, in order to have a wave propagation, the frequency
of the electromagnetic wave must be higher than the plasma frequency. If
ω < ωp the wave is called evanescent and does not transport any energy.
The frequency where ω = ωp is called cut-off frequency, the magnetic field

is zero and the electric field must obey on the equation ~∇ × ~E(t) = 0.
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Then a transverse wave cannot exist at the cut-off, however a longitudinal
wave called plasma wave or electrostatic wave can exist. In the case of a
plasma with low loss rate (when σ/ǫω << 1) the equations (1.39) and (1.40)
become:

β =
ω

c

√
1 −

ω2
p

ω2 + ω2
eff

(1.43)

α =
1
2ωeffω2

p

c(ω2 + ω2
eff )

√
1 −

ω2
p

ω2+ω2
eff

(1.44)

It is then possible to develop the formula of the plasma frequency at the
cut-off by defining the cut-off density:

ncut−off =
mǫ

c2
ω2

p (1.45)

In order to permit the wave propagation in an homogeneous non mag-
netized plasma the density cannot exceed the cut-off density.

1.5.2 Electromagnetic waves in magnetized plasmas

If a magneto-static field, ~B0, is applied to a plasma, it becomes electrically
anisotropous for the electromagnetic waves. This means that the dielectric
constant ǫ becomes a tensorial quantity ǫ. It is possible to calculate the
elements of this tensor by making use of the single particle theory. The
charged particle motion (it is taken into account an electron, with charge
qe and mass me, but it is possible to repeat the calculation for an ion) is
then calculated in a medium where it is subjected to: an electric force, an
impulsive force due to the collisions and the Lorentz force due to the applied
magneto-static field:

me
d~v

dt
= qe

~E − me~vωeff + qe~v × ~B0 (1.46)

It is possible to assume the magnetic field as oriented along the ẑ di-
rection of a x̂yz coordinate system then ~B0 = B0ẑ and then the equation
(1.46) becomes:

d~v

dt
+ ~vωeff =

qe
~E

me
+ ωg~v × ẑ (1.47)
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Where ωg has the dimension of a pulsation, is called electron cyclotron
frequency and is equal to:

ωg =
qeB0

me
(1.48)

Since the electric field is harmonic (~E = ~E0e
−iωt) then the solution for

the velocity is harmonic as well (~v = ~v0e
−iωt) and replaced in the equation

(1.47), the motion equation becomes:

(−iω + ωeff )~v + ωg ẑ × ~v =
qe

~E

me
(1.49)

The solutions for the velocities along the orthogonal axis can be used
to calculate the current density vector ~J = neqe~v to confirm the electrical
anisotropy of the magnetized plasmas. In fact it is possible to demonstrate
[7] that the current density vector is no longer parallel to the electric field
vector. From the Maxwell equation:

~∇× ~H = ~J − iωǫ0
~E = −iωǫ

′
· ~E = −iω ~D (1.50)

it is possible to calculate the tensorial electric permittivity. In fact it
is clear that the vector ~D = ~J/ − iω + ǫ0

~E is no longer parallel to the
electric field vector (condition of electrical anisotropy). A matrix represent-
ing the tensorial electric permittivity describing the electric properties of a
magnetized plasmas is obtained:

ǫ′ =




ǫ′xx ǫ′xy 0

ǫ′yx ǫ′yy 0

0 0 ǫ′zz




The terms of this matrix are:

ǫ′xx = ǫ′yy = ǫ0

(
1 −

ω2
p(ω + iωeff )

ω[(ω + iωeff )2 − ωg]

)
(1.51)

ǫ′xy = −ǫ′yx = −iǫ0

ω2
pωg

ω[(ω + iωeff )2 − ωg]
(1.52)

ǫ′zz = ǫ0

(
1 −

ω2
p

ω(ω + iωeff )

)
(1.53)

It is also possible to consider the interaction of the electric field and of
the magnetic field with the ions, but since the mass of the ions is three order
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of magnitude heavier than the one of the electrons, if the frequency of the
electromagnetic wave is enough high, the ion motion is almost not affected
by the wave field in comparison with the motion of the electron.
Let’s analyze the propagation of a plane wave (electromagnetic field which
vectors depend only on one coordinate and on the time) in a homogeneous
magnetized plasma (with ~B0 = B0ẑ). The electric and magnetic field of a
monochromatic plane wave are:

~E(~r) = ~E0e
i~k·~re−iωt , ~H(~r) = ~H0e

i~k·~re−iωt (1.54)

Where ~E0 and ~H0 are constant vectors, ~r is the position vector and ~k is
the wave vector:

~k = n̂
ω

v
(1.55)

Where n̂ is the unitary vector in the propagation direction thus forming an
angle θ with the direction of the magnetic field and v is the phase velocity
(velocity of propagation of a phase) of the wave. In order to analyze the
wave propagation, the wave vector describing the wave propagation and the
vector ~E0 describing the wave polarization must be calculated starting from
the Maxwell equations. It is then possible to obtain the Appleton formula:

v2

c2
=

[
1 −

X

1 + iZ − 1
2

(Y sin θ)2

1+iZ−X ∓
√

1
4

(Y sin θ)4

(1+iZ−X)2
+ (Y cos θ)2

]−1

(1.56)

where X = (ωp/ω)2,Y = −(ωg/ω) and Z = (ωeff/ω). for the propaga-
tion constants (see equation (1.55)) they are:

k′
θ =

ω

c

[
1 −

X

1 + iZ − 1
2

(Y sin θ)2

1+iZ−X +
√

1
4

(Y sin θ)4

(1+iZ−X)2
+ (Y cos θ)2

] 1
2

(1.57)

k′′
θ =

ω

c

[
1 −

X

1 + iZ − 1
2

(Y sin θ)2

1+iZ−X −
√

1
4

(Y sin θ)4

(1+iZ−X)2
+ (Y cos θ)2

] 1
2

(1.58)

The found result concerning the propagation vector reveals that there
are two electromagnetic waves traveling in an arbitrary direction θ with dif-
ferent propagation constants k′

θ and k′′
θ called ordinary wave (since is the
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same of the propagation constant in an isotropous plasma) and extraordi-
nary wave, respectively. A more detailed explanation of the behavior of an
electromagnetic wave propagating in a plasma can be found by calculating
the refraction index associated to a plasma (n = c/v). This quantity is a
function of the angle θ and of the pulsation of the electromagnetic wave
ω. This reveals the presence of resonances for defined values of the angle θ
like 0◦ or 90◦ for defined values of the ratio ω/ωp. It is the interesting to
better develop the equations for the situations of wave propagation perpen-
dicular to the magnetic field direction and wave propagation parallel to the
magnetic field direction.

1.5.3 Electromagnetic waves with wave vector perpendicular

to the magnetic field direction

When the wave propagation direction is perpendicular to the direction of
the magnetic field the angle θ = π/2 and the propagation constants become:

k′
π
2

=
ω

c

√
1 −

ω2
p

ω(ω + iωeff )
(1.59)

k′′
π
2

=
ω

c

√√√√√√√1 −

ω2
p

(
1 + i

ωeff

ω −
ω2

p

ω2

)

(ω + iωeff )

(
ω + iωeff −

ω2
p

ω

)
− ω2

g

(1.60)

The waves propagating along a perpendicular direction to the magnetic
field are called O waves or X waves depending on the direction of the orienta-
tion of the electric field associated to the wave with respect to the magneto-
static field direction. The O waves have an electric field with a parallel
direction to the direction of ~B0 while the electric field of the X waves have is
perpendicular to the direction of ~B0. It is possible to calculate the refraction
index related to the two waves:

n2
Owaves =

c2

v2
=

c2(k′
π
2
)2

ω2
= 1 −

ω2
p

ω2
(1.61)

n2
Xwaves =

c2

v2
=

c2(k′′
π
2
)2

ω2
= 1 −

ω2
p

ω2

ω2 − ω2
p

ω2 − ω2
p − ω2

g

(1.62)

It is evident that the O waves have no resonances while the X waves
resonate at the pulsation ωh defined as upper hybrid resonance defined as:
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ωh =
√

ω2
p + ω2

g (1.63)

1.5.4 Electromagnetic waves with wave vector parallel to the

magnetic field direction

When the propagation direction is parallel to the direction of the magnetic
field the angle θ = 0◦ and the propagation constants become:

k′
0 =

ω

c

√
1 −

ω2
p

ω(ω + iωeff − ωg
) (1.64)

k′′
0 =

ω

c

√
1 −

ω2
p

ω(ω + iωeff + ωg
) (1.65)

The two waves propagating in a perpendicular direction to the magnetic
field are named R waves and L waves according to their polarization (R is
corresponding to the right hand polarization and L is referred to the left hand
polarized waves). As for the propagation along the perpendicular direction
to the direction of ~B0, it is possible to calculate the refraction index for the
parallel propagation:

n2
Rwaves =

c2

v2
=

c2(k′
0)

2

ω2
= 1 −

ω2
p

ω2

1 −
ωg

ω

(1.66)

n2
Lwaves =

c2

v2
=

c2(k′′
0 )2

ω2
= 1 −

ω2
p

ω2

1 +
ωg

ω

(1.67)

It is then possible to point out that the refraction index related to the R
waves becomes infinitive when the angular frequency is equal to the electron
cyclotron frequency defined in the paragraph 1.4.1 and this implies that the
R wave is in resonance with the cyclotron motion of the electrons. This
resonance is called Electron Cyclotron Resonance and is of primary im-
portance for the ECRISs. No resonance of the refraction index occurs when
a L wave propagates in a magnetized plasma. It is possible to summarize
the different cases of wave propagation in the table 1.1:
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Table 1.1: Wave types propagating in a magnetized plasma and related refraction
indexes.

vector orientation refraction index wave type

~k ⊥ ~Bo, ~E|| ~Bo 1 −
ω2

p

ω2 O Wave

~k ⊥ ~Bo, ~E ⊥ ~Bo 1 −
ω2

p

ω2

ω2−ω2
p

ω2−ω2
p−ω2

g
X Wave

~k|| ~Bo 1 −
ω2

p

ω2

1−
ωg

ω

R Wave

~k|| ~Bo 1 −
ω2

p

ω2

1+
ωg

ω

L Wave

1.6 Electron heating at the ECR

It is important to describe the effect on the electron motion in a magnetized
plasma when an electromagnetic wave is propagating in a parallel direction
to the magnetic field. The injection of such an electromagnetic wave is the
most common way to produce a laboratory plasma and it is also used as
a working principle for the normal operation of an ECR Ion Source. For
this purpose it is interesting to analyze the propagation of left or right hand
circularly polarized waves and their effect on the electron motion. The
wave polarization is a wave property which describes the spatial orientation
of the wave field vectors. If the electric field, during the wave propagation,
describes a circumference, the wave is called circularly polarized. A left hand
(electric field rotating counterclockwise in the direction of travel) circularly
polarized wave has an electric field:

~E′′ = (x̂ + iŷ)Aeik′′

0 z (1.68)

where A is a constant related to the field amplitude. By inserting the
k′′
0 from the (1.65) in the (1.68) and inserting the electric field components

in the solution of the differential equation (1.49), the components of the
velocity (in the plane z = 0) of an electron become:

|vx|
2 = |vy|

2 =
q2
e

m2
e

A2 1

(ωg + ω)2 + ω2
eff

(1.69)

|vz|
2 = 0 (1.70)
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Then the electron velocity does not experience any resonance. In the case
of a right hand (electric field rotating clockwise in the direction of travel)
circularly polarized wave the electric field vector associated to this wave is:

~E′ = (x̂ − iŷ)Beik′

0z (1.71)

where B is a constant related to the field amplitude. In this case by
inserting the k′

0 from the (1.64) in the (1.71) and inserting the electric field
components in the solution of the differential equation (1.49), the compo-
nents of the velocity (in the plane z = 0) of an electron become:

|vx|
2 = |vy|

2 =
q2
e

m2
e

B2 1

(ωg − ω)2 + ω2
eff

(1.72)

|vz|
2 = 0 (1.73)

By analyzing the function:

F (ω) =
1

(ωg − ω)2 + ω2
eff

(1.74)

It turns infinitive when the pulsation ω = ωg. This determines an in-
crease of the electron velocity and then of the electron kinetic energy. It
is worth to observe that independently of the conventional way to describe
the coordinate system and the motion of the electrons, a resonance occurs
when the direction of rotation of the plane of polarization is the same of the
direction of the gyration of the electrons around the lines of the magnetic
field. The wave then loses its energy while it accelerates the electrons and
it is absorbed by the (electrons of the) magnetized plasma.



Chapter 2

The technology of the ion

sources

Within this chapter a brief introduction of the main ion sources, focused
on the ECR type, is presented. Since the ion sources are mainly used for
the production of ion beams, the most important parameters and the main
tools for measuring the main properties of an ion beam are here reported.

2.1 Definition of ion source

In the first chapter the definition of plasma and of its main parameters has
been introduced. A plasma source, however, is different than an ion source
or better than an ion beam source. Most of the ion sources are plasma-based
in the sense that the plasma is used to produce the ions which are formed
in an energetic ion beam. The ionic content from the plasma is extracted
by applying a positive high voltage to a (plasma) electrode where at least
a hole is present. In the next sections more details will be discussed about
the properties of the extraction system in order to improve the ion beam
properties. Then the main features of an ion source are a magnetized plasma
source, an extractor and the obtained ion beam. It is possible to represent
an ideal ion source like shown in figure 2.1. Here the energy Ei associated
to the extracted positive ion beam is given by:

Ei = zQ(Vpl − Vch) = zQVext (2.1)

It is assumed that the vacuum chamber where the ion beam is drifting is
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at Vch = 0 potential and that the plasma chamber is at a potential imposed
by a power supply at Vext potential. The quantity z = +1,+2, .. is the
charge state (or ionization state) of the extracted ion and Q is the charge of
the ion.

Figure 2.1: Elementary ion source scheme: first extractor grid incorporated into the
plasma chamber structure; the downstream region is the vacuum chamber at ground
potential and a high voltage power supply provides the extraction voltage for the
plasma chamber and the extractor grid.[4]

The Vpl is the plasma potential defined as the potential of the plasma
with respect to the wall of the chamber that contains it. Since this potential
is in the order of a few Volts, this voltage can be neglected with respect to
the extraction potential.
The way how the plasma is created usually assigns the name to the ion
source: in an ECR ion source the plasma is created by applying an elec-
tromagnetic wave at high power and with frequency of several GHz to a
magnetically confined plasma; if the microwave frequency is in the order of
a few GHz (usually 2.45 GHz) and the magnetic field is flat for the whole
dimension of the plasma chamber the source is called Microwave (Discharge)
Ion Source (the absence of a double mirror magnetic system makes this kind
of ion sources suitable for providing several mA of singly charged ions); in
the Laser Ion Sources the plasma is created with the interaction of a high en-
ergy Laser with a plasma obtained by ablation of a solid material; the EBIS
(Electron Beams Ion Sources) make use of a focused electron beams to ion-
ize the neutral atoms. A more detailed description of the main ion sources
used for the production of high charge state ion beams will be reported in
section 2.3.
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2.2 Ion beam parameters, formation and trans-

port

The ion beam formation is mostly dependant on the plasma parameters,
i.e. the magnetic system, the microwave power, the extraction voltage. The
extraction system is also very important for the beam formation and for the
beam properties. In the most simple case an extractor is constituted by a
plasma electrode positively charged with high voltage (for the production
of positive ion beams) which is in contact with the plasma and a second
electrode at a fixed voltage, usually at ground potential. The accelerating
electric field is between these two electrodes. An example of this structure
is shown in figure 2.2. Single hole electrodes or multi-aperture design are
used. Some ion sources make use of multiple electrodes systems [4] negatively
biased in order to prevent that the back-streaming electrons formed in the
extraction region can be accelerated backwards to the source direction.

Figure 2.2: Diode extraction system and beam formation. PE is the plasma electrode
GND is the ground electrode.

In some cases the ground electrode can be moved in order to vary the ion
beam properties. An ion beam can be gaseous or metallic, if it is formed from
a plasma obtained by the ionization of a gaseous material or by the vapor
of a metallic material, respectively. In section 2.4.4 the main techniques to
produce a metal ion beam will be described. An ion beam can be also singly
charged or multiply charged or else, as mostly occurs, a mixture of charge
states which can be separated by a magnetic dipole. The ion beam formed
by an ion source can be described with many different parameters: the beam
energy, the ion current, the beam shape and the beam divergence calculated
with the so called beam emittance and brightness. For increasing the beam
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energy, defined as the energy per ion in the beam, according to the (2.1)
it is possible to increase the extraction voltage or to choose the proper ion
source which is able to efficiently produce high charge state ions.
The beam current is the total current carried by the beam. In the most
simple case of an extractor made by two electrodes (a plasma electrode at
positive potential and a ground electrode at ground potential) separated by
a distance d, the extracted current density is defined by the Child-Langmuir
law [8],[9]:

j =
4

9
ǫ0

√
2zQ

mi

1

d2
U3/2 (2.2)

Where U is the voltage drop between the two electrodes. This extraction
system is described in figure 2.2. Here the distance d∗ indicates the distance
between the emission surface of the ions at the plasma boundary, called
plasma meniscus [10], and the ground electrode. The ions with mass mi

and charge zQ will experience an accelerating force due to the electric field
which amplitude is | ~E| = U/d. If the plasma electrode is a single aperture
electrode with radius r, a cylindrical symmetric beam (if the diverging forces
are neglected) is formed with current:

I =
4

9
πǫ0

√
2zQ

mi

r2

d2
U3/2 (2.3)

In most of the cases the beam extracted by an ion source has to be
transported into accelerators to achieve the required energy by the main
projects making use of accelerator facilities. Then beam lines connecting
the ion source with the accelerators are assembled. Along a beam line the
beam is filtered according to the mass over charge ratio, is focused, steered
and analyzed. It is then important to reduce the losses along the beam and
then, for an efficient beam transport, the beam quality represents an impor-
tant parameter. The beam quality is measured by the emittance which is
roughly the product between the beam diameter and the transverse momen-
tum spread. In accelerators physics it is common to define the emittance
with an ellipse. Following Liouville’s theorem [11] (the six dimensional vol-
ume stays constant if only conservative forces are applied) the phase space
of a particle beam can be described by a so called phase space ellipse, see
Fig. 2.3. The beam emittance stays constant in the six dimensional space
(x, y, z, vx, vy, vz). If there is no coupling between the different planes, this
assumption is true for the two dimensional subspaces as well. The area of
the ellipse stays constant if only conservative forces act on the ion beam. If
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the area occupied by particles in phase space is known at any location of
the beam line, the emittance is known.

Figure 2.3: The emittance ellipse and important abbreviations.

The area enclosed by the phase space ellipse divided by π is the beam
emittance ǫ and can be described as:

ǫ = γx2 + 2αxx′ + βx′2 (2.4)

1 = βγ − α2 (2.5)

α, β and γ,called Twiss parameters, determine the shape and orienta-
tion of the ellipse. During the transport of the beam it passes through linear
elements i.e. drift sections, solenoids, quadrupoles, or dipoles. These ele-
ments modify the Twiss parameters, but keeps the area of the ellipse, the
emittance, constant. Therefore it is possible to calculate the emittance by
the knowledge of the beam size in, at least, three different positions along
the beam line and the transport properties of the beam line. This provides
a system of linear equations which can be solved according to the three po-
sitions method described in section 2.5.3.
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An other parameter featuring the beam quality is the beam brightness which
measures the the current per unit solid angle and it is defined by:

B =
I

ǫxǫy
(2.6)

Here the current I is expressed in amperes and, with the brightness
parameter, it is normalized by the emittances of the two-dimensional sub-
spaces.

2.3 Ion sources for the production of beams of

multiply charged ions

The ion sources can provide beams of single or multi charged positively ions
according to the purpose they are designed for. The industrial applications
making use of an ion source include, for instance, the ion implantation, the
surfaces treatments, the thin-film deposition. However, the increasing de-
mand of the ion sources is carried out by the laboratories or the facilities
where at least a particle accelerator is present. A particle accelerator facility
provides high energy beams for nuclear physics experiments, for medical ap-
plications, for instance for the cancer therapy, or for else the nuclear trashes
transmutation etc. In order to fulfill the accelerators request a spreading
request of higher current of highly charge state ion beams has to be fulfilled.
For this reason the main requirements of an ion source, to be used as an
accelerator injector, are:

• high current beams;

• beams of highly charged ions;

• low emittance beams;

• possibility to produce metal ion beams;

• high reliability and low cost and maintenance;

An intense ion beam is requested from the experiments where a low cross
section reaction measurement must be carried out. In fact if the provided
current is reasonably high the aquisition/measurement time can be reduced.
If the transmission through the beam line or at the accelerator output is not
optimized, an high extracted current can compensate the ion beam losses.
For this reason, and in order to match the so called accelerator acceptance
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(maximum beam area, in the space phase, an accelerator can accept as a
beam input), a low emittance beam is also a requirement. Since the ion beam
energy is q∆V in the case of a linear accelerator and it is proportional to the
square of the charge in the case of a circular accelerator, like a cyclotron, then
it is clear that the achievable beam energy can be enhanced if the accelerated
beam is made of highly charged ions. Concerning the high charge state ions
production, in the section 1.3.2 the requirements that an ion source must
achieve are described. They are summarized in the concept of quality factor
which is the product of the electron density and of the confinement time.
Then a suitable source for this purpose has to be conceived to produce a well
confined plasma featured by a high electron density (and energy according
to the diagram shown in figure 1.2). The demand of ions obtained from not
gaseous elements like Uranium, Titanium, Chromium, Calcium [12] restricts
the suitable ion sources on the ones able, with low effort, to produce metal
ion beams with high efficiency and long lifetime. Some interesting techniques
used by the main ion sources for the production of these beams are listed in
section 2.4.4.
Several types of ion sources fulfilling the above listed requirements exist.
One of the most used categories of ion sources for the production of high
current ion beams is represented by the so called filament driven ion
sources. Within this category it is possible to include all the devices where
the plasma is generated by electron-impact of high energy electrons emitted
by a cathode and travelling towards the anode (100 - 1000 ∆V ) dissipating
their energy in the plasma generation. In order to enhance the high charge
states ion production the charged particles are magnetically confined by
a transverse magnetic field (0.1 T - 1 T). However some disadvantages of
these ion sources include the short lifetime of the filament and of the main
components, the low quality of the extracted beam and a not so high charge
state ion production.
A similar kind of ion source, which makes use of an electron beam focused by
a high magnetic flux density is the Electron Beam Ion Source (EBIS)
[13],[14]. Figure 2.4 describes the working principle of an EBIS: the dense
and strongly focused electron beam forms, by its space charge, a radial well
for the ions, closed on the longitudinal direction by potentials applied to
cylindrical electrodes.

The neutral atoms are ionized by electron impact inside the electron
beam and the obtained ions are trapped and subjected to stepwise ioniza-
tion until they are extracted in a pulsed regime. The higher confinement
magnetic field makes these kind of sources suitable for the production of high
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Figure 2.4: Working principle of an EBIS.[2]

charge state ions in not so intense beams. This is mainly due to the higher
confinement times which lower the extractable ion current (since I ∝ ne/τi).
The possibility of provide pulsed beams is largely covered by the Laser Ion
Sources (LIS). Inside a LIS a plasma is produced with the power of a
focused laser ablating a target made of the solid material which ions are
requested. An interaction of the high energy laser and of the electrons of
the so called plasma plume generated during the ablation process accelerates
the electrons and the ionization process takes place. A successive ionization
proceed for the electron-ion collisions. Higher is the power density of the
laser and higher is the electron energy. The plasma expands along a direc-
tion where an extraction plane is placed. Intensive pulsed beams of any kind
of solid material can be produced with a LIS but, even if highly charge state
ions can be produced, it has to be mentioned that the short pulse length and
the low repetition rate restrict the operation of the LIS as a beam supplier
for the main accelerator facilities.
Besides the presented types also others ion sources exist, like, for instance,
the Vacuum Arc Ion Sources or the RF Ion Sources or else the Microwave
Ion Sources, but they are mainly used to produce single or low charged ion
beams.
The main ion sources for the highly charge state ions production have been
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shortly described (more details about the reported ion sources can be found
in [2] and [4]) and it turns out that in order to fulfill all the above present
requirements an other kind of ion source must be used: the ECR Ion Source.
In the next section they are described and it is explained the reason why
they are so largely used for providing higher charge state ion beams for the
accelerator facilities.

2.4 The ECR ion sources

The Electron Cyclotron Ion Sources are nowadays one of the most used
ion sources for producing high charge state ion beams for the particle ac-
celerators facilities. A long life-time, low maintenance/repair works, high
stability in producing intense CW or pulsed beams of highly charged ions
(of gaseous and metallic elements), make these ion sources a very powerful
beam injector. Due to the increasing demand of higher charge states they are
continuously under development and new and more performing ECRISs are
running in several laboratories. This request of higher performances made
also increase the cost of such devices, in particular for the ones making use
of (or planned for working with) a superconductive magnetic system. Some
disadvantages include the long conditioning times, the power consumption
and the not easy production of metallic ion beams. Within this section the
working principles and a detailed description of the main parts of the ECRISs
will be introduced together with a review of the developed ion sources from
the first ones up to the state of the arts.

2.4.1 Working principle and empirical scaling laws

The working principles of the ECR Ion Sources are based on the electron
heating and on the particle confinement. When a gas is injected into the
plasma chamber of an ECRIS the limited number of free electrons moves in
spiral trajectories around the confinement magnetic field lines as described in
section 1.4.1. Under the effect of the electromagnetic wave, with a frequency
f , they are accelerated by the wave field. An absorption of the wave energy
occurs when the electrons cross the surface where is fulfilled the condition:

BECR = 2π
me

e
f (2.7)

The energized electrons by striking with the neutral atoms are able to
ionize them and a plasma ignition occurs. A continuous process, sustained
by the particles confinement in a double mirror magnetic field, ensures to
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reach high values of electron density and confinement times. This makes
possible to obtain the high charge state ions to be extracted by placing the
plasma chamber at a high voltage. On the basis of the results obtained
with the MINIMAFIOS ECR ion source in 1985 R. Geller formulated the
so-called scaling laws regulating the performances of the ECRISs [5]:

I ∼
ω2

RF

M
(2.8)

qopt ∼ log ω3
RF (2.9)

These empirical scaling laws relate the operative frequency of the ECRISs
and the extractable current I and the charge state qopt (giving the maximum
ion current) of the ions with mass M. These results predicted also that the
development of the ECRIS must be accompanied by an increase of the oper-
ative frequency in order to achieve higher intensities of higher charge state
ions. However next experiments brought to the formulation of the so called
high-B mode principle [15]. According to this experimental principle, the
increase of the magnetic confinement generates an enhancement of the elec-
tron density and of electron temperature which consequently improves the
ECRIS performances. Then together with the increase of the microwave
frequency, the confinement field must be increased as well. This principle
can be resumed in the following condition

B

BECR
≥ 2 (2.10)

Where the B/BECR is called mirror ratio of the ECRIS. It will be shown
in the next section how the above introduced laws have accompanied the
development of the ECRISs through the years.

2.4.2 General description

The main components of an ECR ion source are:

• a vacuum chamber which is a metallic cylinder where the gas in in-
jected, with apertures for the income of the microwaves or for the
insertion of devices useful for the normal operation of the source. The
plasma chamber is insulated from the magnetic coils and positively
charged for the ion extraction. Usually the plasma chamber is water
cooled or in the case of superconductive sources the cooling is oper-
ated by the coolant bath where the magnetic system and the plasma
chamber are immersed;
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• a magnetic system which provides a longitudinal and radial confine-
ment of the charged particles;

• the gas injection system;

• the microwave injection system mainly composed by a high power mi-
crowave generator providing the feeding electromagnetic wave through
a waveguide line connected to the ion source;

• an extraction system which includes at least a plasma electrode biased
at the same voltage of the plasma chamber and a grounded electrode.;

• ancillary components like the ion source supports, the water and the
gas pipes, the electrical cables, the pumping systems, etc.;

In the next chapter the plasma chamber and the microwave injection
system will be largely discussed. The magnetic trap is composed by two
solenoid coils (or permanent magnets) producing a longitudinal double mir-
ror magnetic configuration and a multipole producing a radial magnetic
field constraining the particle to be entrapped in the plasma chamber center
both axially and radially. Iron yokes are used to reduce the power consump-
tion of the coils and the stray field around the source (detrimental in the
extraction region for the ion beam emittance increase). According to the
(2.10) it is clear that for ECRIS operating at frequencies higher than 18 GHz
(BECR ∼ 0.64T ) the room temperature coils cannot produce the necessary
magnetic flux density to get an optimal confinement. Then, as described in
the next section, the new ECRIS are equipped with superconductive coils.
Different multipole structure can be used to produce a radial magnetic field
as shown in figure 2.5.

Figure 2.5: Different multipoles for the radial magnetic confinement: a) quadrupole;
b) sextupole; c) octupole.



2.4 The ECR ion sources 33

Higher is the number of multipoles and larger is the loss area of the cham-
ber end points and lower is the flux density achievable far away from the
poles position. For these reasons the most used geometry is the sextupole.
In figure 2.6 the magnetic field structure for an ECRIS (a CAPRICE-type)
is shown. In the left image the magnetic field (BECR) for the operation at
14.5 GHz is indicated. At the two points (a closed egg shaped surface in
the 3D plot) where the condition B = BECR occurs, an absorbtion of the
electromagnetic energy by the electrons takes places.
Concerning the gas injection system, it is composed by a remotely controlled
valve for the precise control of the gas pressure (in order to maintain low
the neutral atoms rate in the plasma). Most of the ECRIS make use of a
gas inlet where two kind of gases are provided in a mixture. This technique,
called gas mixing, is operated by adding a lighter gas (Helium or Oxygen)
to the plasma which produces an ion cooling. The explanation of the bene-
fits of this effect is connected to the cooling of the highest charged ions by
the lowest charged mixing ions thus increasing the confinement time of the
higher charged ions [5].
When a beam of metallic ions is requested, the gas inlet is exchanged with
the components necessary for the metal evaporation. The different tech-
niques for this purpose are described afterwards.

Figure 2.6: Axial magnetic field profile (left) and radial magnetic field profile (with-
out considering the effect of the solenoids) produced by a sextupole (right).

The extraction of the ions from the plasma is obtained by applying a
positive potential (several kV) to the source. Some considerations about
the beam formation have been already introduced in section 2.2. As shown
in figure 2.7, in addition to the plasma electrode and to the grounded puller,
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sometimes intermediate electrodes negatively biased are present in the ex-
traction column in order to prevent that the back-streaming electrons can
be accelerated back to the extraction region. The effect of the electrons,
escaping along the field lines from the magnetic trap and leaving a trace
on the plasma electrode, is clear in this picture. Some typical values of
the settings of the extraction voltage and of the screening voltage, for the
CAPRICE ion source, are also shown.

Figure 2.7: Main components of the extraction system of a CAPRICE-type ECRIS:
in red is indicted the plasma electrode, in green the screening electrode and in blue
the grounded puller electrode.

2.4.3 History and state of the art of the ECRISs

The born of the ECRISs date time the late 1960s when R. Geller applied
his experience with mirror machines for fusion plasma studies to assembly
the first ECRIS for the production of high charge state ions and making
use of mirror solenoid coils. This ECRIS called MAFIOS [16] was not well
performing for the production of high charge states and in 1975 he proposed
an improved version called SuperMAFIOS [17], which was equipped with
a hexapolar magnetic field (for the radial confinement) together with the
mirror magnetic system. This ion source was able to produce high charge
states due to the longer ion lifetime. The main problem of such an ECRIS
was the power consumption (around 3 MW) by the room temperature coils.
The idea to make use of permanent magnets for the sextupole radial confine-
ment field was used by Geller to assembly the MICROMAFIOS ECRIS [18]
which was then further modified, developed and renamed as MINIMAFIOS
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[19]. This source, which drawing is shown in figure 2.8 has been built by
Geller’s team for several laboratories.

Figure 2.8: Cross section of the MINIMAFIOS ion source.

A further improvement of this source was performed in 1984 when a
stronger magnetic field and higher microwave frequency were used for the
construction of the MINIMAFIOS-16 GHz [20] with the fulfilled aim to
get more intense beams of higher charge states. This second generation of
ECRIS was followed by other ion sources with higher operative frequency
and stronger magnetic flux density. It is the example of the Advanced
ECR (AECR) [21] and the Advanced ECR-Upgrade (AECR-U) [22] ion
sources dated 1990 and 1996, respectively, and installed at LBNL and in
other laboratories [23],[24]. A cross section of the AECR-U ion source is
shown in figure 2.9. In this figure the two resonance surfaces at 10 GHz and
at 14 GHz are also indicated. It has to be mentioned that this ion source
can operate with the double frequency technique which will be described in
the fourth chapter.

The ECR-4 [25] and the CAPRICE ion sources (Compacte ion source
A Plusieurs Resonances Ionisantes Cyclotron Electroniques) were developed
in Ganil and in Grenoble in the same years. A complete description of
the CAPRICE-Type ion source will reported in the fourth chapter. Other
sources like RTECR installed at MSU [26], or ion sources making use of
fully permanent magnets like NeoMAFIOS [27] or Nanogan [28] or else the
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Figure 2.9: Cross section of the AECR-U ion source.

Low cost ECRIS [29] installed at Giessen have been developed. The main
parameters of the ion sources, here briefly introduced, are listed in the table
2.1.
The increasing demand of more intense beams of higher charge states re-
quired a development of better performing ECRISs operating at higher mi-
crowave frequency and equipped with magnetic systems based on the super-
conductive technology. Ion sources like SERSE (Superconducting Electron
cyclotRon reSonance ion sourcE) installed at INFN-LNS, [30], [31], [32] or
SC-ECRIS installed at RIKEN laboratory in Japan [33], or else the SUSI
(SUperconducting Source for Ions) superconducting ion source [34] at NSCL,
USA, have been assembled. In the beginning of 2005 the high tempera-
ture superconducting electron cyclotron resonance ion source (HTS-ECRIS)
called PKDELIS [35] was installed at IUAC, India and the SECRAL ECRIS
has been installed in Lanzhou, China. The SECRAL ECRIS, has a special
design of the magnetic structure, as shown in figure 2.10, with the sextupole
surrounding the solenoid coils.[36] This structure has the advantages of the
lower magnetic flux density required by the solenoid coils to achieve a good
axial confinement and a lower stray field effect of the sextupole on the ex-
tracted beam [37].
These ion sources are using 18 GHz microwave generators and for most
of them it is also planned to work at higher frequency. It is the example
of the SUSI and SECRAL Ion source now operating at 24 GHz. Very in-
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Table 2.1: Table reporting the main features and performances of the main
ECRISs.[2]

teresting for this development were the results of the experiments carried
out in 2001 at LNS when a 28 GHz gyrotron generator was coupled to the
SERSE source [38]. A ”third generation” of ECRISs is making use of 28
GHz gyrotron system like the VENUS ECRIS at LBNL [39] or the Euro-
pean MS-ECRIS (Multipurpose fully Superconducting ECRIS), designed to
work at 28 GHz [40] and described in figure 2.11. Here a comparison between
the expected performances of MS-ECRIS and the ones fulfilled by SERSE
is also reported. Even if most of new ECRISs are facing some problems
connected to the stronger magnetic fields, like the VENUS ion source [41]
and the MS-ECRIS ion source [42], it is clear that the development of more
performing ECRISs is still ongoing.
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Figure 2.10: Magnetic structure of the SECRAL ion source. [36]

2.4.4 The metal ion production with the ECRIS

In order to fulfill the request of beams of ions obtained from metallic elements
the ECRISs are demanded to produce efficiently such ion beams. The most
important techniques to obtain an ion beam from a metallic material include:

• insertion of ovens for the material evaporation;

• direct insertion of solid materials into the plasma;

• sputtering;

• use of gaseous or volatile chemical compounds (MIVOC);

An oven for the metal vapor production can be introduced in an ECRIS
radially or axially through a housing where a pushing rod can be moved
inside the ion source. The use of a water flow keeps low the temperature in
the whole structure. In figure 2.12 the two kinds of ovens used at GSI for
the metal ion production are shown. The principle of the STO (Standard
Temperature Oven) is a tungsten wire wound on a ceramic body (heater)
where a voltage is applied (of a few ten of Volts). Normally all of the
ceramic parts are made from Alumina. The material to be evaporated is
filled directly into the heater and a vapor pressure between 10−3 and 10−2

mbar is needed for an effective evaporation. If a possible chemical reaction
between the material to be evaporated and the ceramic might occur, an
additional crucible, which fits into the opening of the heater, can be used.
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Figure 2.11: MS-ECRIS and magnetic system (left). On the right a table describes
the ECRIS’s main features. A comparison with the SERSE ion source is also indi-
cated.

The STO oven works in the range of 500 ◦C-1600 ◦C. In some special cases,
for example when evaporating a material at very high operating (melting)
temperature, a big amount of condensed material can be deposited at the
front of the ceramic body. When the STO cannot be refilled, a new oven
must be used. The HTO (High Temperature Oven) is requested for materials
with a melting point higher than 1600 ◦C. The main problem to design
an oven for higher temperatures (up to 2000 ◦C was the goal to evaporate
uranium oxide for production of uranium ions beams) was connected to the
small dimensions inside the CAPRICE-type ECRIS. It was intended to use
the same outer and inner diameter for the HTO compared to the STO.
The only suitable material for the heating wire is a special tungsten alloy.
Another problem was the material for the crucible retainer (violet). This
part extends over a length of 55 mm and it is made of a tungsten alloy
containing 2% of La2O3. In the CAPRICE-Type ECR source, installed at
GSI, titanium at 1750◦C and vanadium at 1850 ◦C can be vaporized with
the HTO. [43]
The direct insertion technique is carried out by using a solid rod positioned
close to the plasma where the high energetic electrons can be heated to a
temperature sufficient to evaporate the material from the sample. The the
vapor is ionized there and the stability in the operation and in the ionization
is obtained by moving axially the rod.[44] The sputtering method makes use
of the plasma ions for the insertion of neutral metal atoms to be ionized.
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Figure 2.12: Ovens used at GSI for the metal ion production: Standard Temperature
Oven (Top) and High Temperature Oven (Bottom)

In fact with this technique a negatively biased sample material is mounted
radially at the periphery of the plasma and it is sputtered by the plasma
ions. Some difficulties, in applying this technique, in tuning the source
parameters, due to the not-separation between the plasma creation from
the evaporation process, must be mentioned.[45],[46] Gaseous compounds of
the metallic material and lighter elements can be injected into the source or
else volatile compounds can be injected through a so called MIVOC chamber
into the source.[47] However the application of the techniques making use
of these compounds is limited for the contamination of the plasma chamber
walls and for the short duration of the source stability and performances.

2.5 Diagnostic tools of the ion beam properties

In section 2.2 the most important beam parameters have been introduced.
It is necessary to carry out a precise measurement of them in order to esti-
mate the transmission along the beam line connecting the ion sources to the
accelerators. Within this section some tools used in the main accelerator
facilities for the measurement of the beam current, of the beam profile (in-
tensity distribution in the transverse direction over the beam cross section)
and of the beam emittance, are reported. The main devices for the ion beam
intensity measurements are the Faraday Cups or the Beam current Trans-
formers, nevertheless calorimetric measurements [48] can be also carried out
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to indirectly measure the ion beam current. Concerning the beam profile
measurements, viewing screens, profile grids, beam profile monitors based on
the residual gas ionization, wire scanners, or combinations of slits-Faraday
Cup are used. Since in the chapter four the results of measurements with
viewing targets are reported, in this section a short introduction on these di-
agnostic tools is reported. Since the formation and the transport of the beam
are strongly dependant on the beam optical properties, the concept and the
measurement of the beam emittance are of primary importance, specially
if beam imperfections, aberrations, due to the space charge, take place. In
[2] the main emittance measurements methods are described, while here a
brief introduction of them is reported. Since most of the beam properties
can be related to the ion source properties in terms of plasma parameters
and conditions, in this section a short description of one of the main used
plasma diagnostic tool, the Langmuir probe, it has been included.

2.5.1 The Faraday Cup and the Beam Transformer

Figure 2.13: Scheme of a Faraday Cup designed to measure currents of ion beams
with powers levels up to 25 kW.

In order to have an accurate measurement of the beam current there
is the possibility to use destructive methods like the Faraday cup or non-
destructive measurement devices like the beam transformers. A Faraday cup
collects the ions of the measured ion beam in an electrically insulated cup
and the charge is measured by means of a calibrated resistor. Some effects
must be included in the design of a Faraday Cup, in the measurement of
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the ion current and on the lifetime of the device; these effects include the
emission of secondary electrons, the generation of particles from the ion-
ization of the residual, the leak current generation due to the deterioration
of the material due, for instance, to the high power beams. For most of
the reasons above reported, the main Faraday Cups are water cooled. The
use of a repulsion biased electrode in front of the cup can reduce the in-
come of secondary electrons perturbing the measurements. The state of the
art of Faraday Cups are also provided with a water-cooled system in order
to also measure the current of high power beams. A scheme of a Faraday
cup is shown in figure 2.13. Usually the Faraday Cups are mounted on
feedthroughs support in order to be placed on the beam axis to measure
the beam current. The possibility to take the cup out of the beam line can,
for instance, allow the insertion of other device for the measurement of the
beam profile or of the emittance but a simultaneous measurement of inten-
sity and beam profile/emittance cannot be preformed.
The advantage of a current transformer is to provide a non destructive cur-
rent measurement independent on the beam position and size. In fact it
measures the current induced in a secondary circuit by the beams passing
through the device. The working principle of a current transformer is shown
in figure 2.14.

Figure 2.14: Working principle of a beam transformer.

The physical model of this current transformer takes into account a beam
which current creates a magnetic field ~B which can be guided by a toroidal
guide with high magnetic permeability µr inducing a current, proportional
to the beam current, on a secondary circuit obtained by winding N times a
wire around the toroid. The transformer inductance is
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L =
N2µoµrh

2π
ln

ra

ri
(2.11)

Where h, ri and ra are the core height, inner radius and outer radius,
respectively.[2]

2.5.2 Viewing Targets for the measurement of the ion beam

shape

A promising technique to measure the beam inhomogeneities and aberra-
tions is the use of viewing screens, coated with scintillating materials, where
the hitting beam is recorded by a video camera. This real-time method
does not require any controlling electronic device rather that a feedthrough
remotely controlled to be inserted and taken out from the beam line (see left
figure 2.15). Some disadvantages of this technique include the fact that is it

Figure 2.15: Viewing target mounted on a feedthrough and (left) aluminum plate
for viewing target production before coating (right).

a destructive technique together and the lack of information concerning the
beam intensity. In the last years, at Kiel University a device able to monitor
the beam shape and to measure the current intensity has been developed.[49]
In order to measure the ion beam quality and its shape for different modes
of operation of the ion source, viewing targets have been used to achieve
an online recording of the ion beam shape. By changing the ion source pa-
rameters separately the influence on the beam behavior could be observed
and analyzed. This method has been used for different ion sources like SUSI
[50], SUPERNANOGAN [51], CAPRICE [52], SECRAL [53], showing simi-
lar behavior for these ion sources. Several scintillating materials can be used
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for the target coating: barium fluoride (BaF2) can be used as scintillator
because it is suitable for intense beams and it showed a reasonable lifetime;
a potassium bromide (KBr) coated target has been used due to its higher
sensitivity, but at the expense of shorter lifetime. A viewing target made
from 1.5 mm thick aluminum plates of 70 mm diameter, with drilled holes
as visible marks is visible in right figure 2.15. The distance between the
marks on the used targets is 5 mm horizontally and vertically.[53]

2.5.3 Tools for the emittance’s measurement

As for the techniques to measure the intensity and the beam profile, for the
emittance measurements they exists non destructive methods based on the
transport matrix formalism and making use of three different settings of a
quadrupole in front of a profile measuring device (gradient variation method)
or by measuring the beam profile at three different beam longitudinal po-
sitions (three positions method). In both cases the knowledge of the Twiss
parameters derived from the profile measurements allows, by solving a lin-
ear equations system, to calculate the emittance [53]. The main destructive
methods of carry out an emittance measurement make use of one or more
slits or holes devices followed by current or profile measurement devices.[2]
A promising emittance measurement device is the Pepper Pot: it consists
of an array of small holes placed in front of a viewing screen. The x − y
coordinates (transverse plane) are determined by the holes and the beam
divergence can be determined by the spacing of the beamlets visualized on
the viewing screen. The advantage in using such a device is the possibility of
measure the emittance along the vertical direction and along the horizontal
direction, if the device is provided with a moving system along the x-axis.
A picture of such a device and of a 40Ar8+ beam extracted by an ECRIS
are shown in (the right) figure 2.16.

In (the left) figure 2.16 the pepper plate (indicated in (1)) mounted on
the moving slit is shown. It separates the ion beam in beamlets hitting a
multichannel plate with a Phosphor screen (2) which image is mirrored (3)
to a CCD camera (4). By observing the right image of the figure 2.16 it is
possible to confirm that when used for the ECRIS emittance measurements,
such a device can provide more information with respect to a slit device. In
fact the diagnostic tools integrating over one space coordinate like wire harps
for profile measurements or slit-slit devices, respectively slit-grid devices to
measure the emittance might be applicable for beam transport investigations
in a quadrupole channel, but they are not very meaningful for investigations
regarding the ECRIS symmetry.[55]
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Figure 2.16: Layout of a 4-D pepper-pot emittance meter [54] (left) and beam spots
behind a pepper plate (right). Both axis are scaled in pixel.

2.5.4 Plasma diagnostic tools: the Langmuir Probe

A plasma diagnostic device which has been used to perform interesting
measurements of the plasma parameters described in the first chapter is
the Langmuir probe. This device it is constituted by a biased electrode
mounted in a feedthrough system inserted into the plasma.[57] By measur-
ing the V − I characteristic of the Debye sheath it is possible to calculate:
the electron temperature and density, the plasma potential, the ion density
and temperature, or the electron energy distribution function (EEDF). The
typical V − I slope which describes the evolution of the current versus the
applied voltage (by assuming that the probe current does not disturb the
plasma equilibrium since the probe diameter is less than the electron mean
free path) is shown in figure 2.17.

The probe V − I characteristic shown in figure 2.17 can be divided into
three regions:

• (a) for V < Vf (called floating potential, for which the current collected
is zero) the probe current is mainly positive ion current.

• (b) for Vf < V < Vp (the plasma potential), the current is mostly due
to electron diffusion to the probe. It is expected to vary exponentially
with the probe voltage.

• (c) for V > Vp the current is space charge limited electron current, and
for a cylindrical probe in an ideal plasma the square of the current is
expected to vary linearly with the probe voltage.
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Figure 2.17: Voltage-Current characteristic of a Langmuir probe.

By assuming that the plasma electron component is following a Maxwell-
Boltzmann distribution, the current Ie measured by the probe when a volt-
age V is applied (among a few hundreds of Volts from negative values to
positive values), according to the Langmuir theory is given by [58]:

Ie = neeAp
kTe

2πme
e

e(V −Vp)

kTe (2.12)

where ne is the electron density and Ap the probe area. The plasma
potential Vp can be determined by plotting the logarithmic of the probe
current versus the applied voltage; it corresponds to the interception of the
fits to the electron saturating and accelerating regions. Since the electron
temperature Te is inversely proportional to the V − I slope where V < Vp,
it is possible to calculate Te from the Langmuir theory. Once known the
electron temperature, the electron density can be calculated according to
equation (2.12).[58]



Chapter 3

The electromagnetic field

inside the ECRIS and the

microwave coupling to the

ECR plasmas

The microwave coupling between the electromagnetic wave and the plasma
determines the efficient transfer of the energy from the microwaves to the
plasma electrons inside the ECRIS. The plasma chamber, on the other hand,
is a resonant cavity for the electromagnetic waves and, when the magnetized
plasma is created, the electrical permittivity of the medium filling the cham-
ber is not longer homogeneous and not longer electrically isotropous. We
carried out a detailed investigation to demonstrate that the performances
of the ECR ion sources depend on the electromagnetic field excited inside
the plasma chamber and on the coupling mechanism used for providing the
microwaves to the plasma.

3.1 The ECRIS plasma chamber as a resonant cav-

ity

In order to characterize the electromagnetic field which is present inside
the plasma chamber of the ECR ion sources and where the particles mo-
tion occurs it is fundamental to make the following assumption: the plasma
chamber is a resonating cavity for the electromagnetic wave feeding the
plasma. The coupling between the electromagnetic wave and the plasma
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filled chamber and the electromagnetic field patterns which can be excited
inside the resonating cavity are of primary importance for the characteriza-
tion and for the properties of the plasma. Furthermore the characterization
of the plasma chamber in terms of excitable electromagnetic field allows to
make some assumptions about the charged particles motion and energy as
described in the following sections.

3.1.1 Resonant modes inside a cylindrical plasma chamber

A plasma chamber can be represented, in a first order approximation, by a
cylinder with a radius a and length l filled by a medium with a certain elec-
tric permittivity ǫ and a certain magnetic permeability µ. Then a discrete
number of electromagnetic field patterns can exist inside the plasma cham-
ber: the so called resonant modes. They can be defined by the equations
defined in a cylindrical coordinates system (ρ, φ, z):[59]
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Hz = 0 (3.6)

These are the equations describing the TM (Transverse Magnetic with
the magnetic field components only on the transverse plane) modes. The TE
(Transverse Electric with the electric field components only on the transverse
plane) modes can be calculated with the following equations:
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Ez = 0 (3.9)
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Where the time dependance eiωt is omitted and Jn, J ′
n are respectively

the Bessel functions and the derivative of the Bessel functions of n order and
xnν and x′

nν are their related ν roots. A discrete set of frequencies ω/2π can
exists inside the resonance cavity [59] and they are defined by:

ω =
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√
r2π2

l2
+ h2 (3.13)

where the value h is:

h =
x′

nν

a
TE modes (3.14)

=
xnν

a
TM modes (3.15)

The electromagnetic field equations along the ρ, φ e z coordinates de-
pend on the mode parameters n, ν, ρ and on the amplitude Cn, i.e. the
maximum amplitude associated to the wave’s fields. Then the resonant
modes TEn,ν,ρ and TMn,ν,ρ existing inside the plasma chamber are identi-
fied by the mode parameters and they depend on the amplitude which is
related to the amplitude associated to the field strength of the wave. This
last condition is strongly related to the coupling method as described in the
following sections. For instance the resonant modes related to 10 resonance
frequencies close to the operating frequency of 14.5 GHz for a cylinder filled
with a medium with ǫr = 1 and µr = 1 of 179 mm length with a diameter of
64 mm which, in a rough approximation, are the dimensions of the plasma
chamber of the CAPRICE ECRIS installed at GSI are indicated in the table
1:
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Table 3.1: CAPRICE plasma chamber; 10 modes close to 14.5 GHz ± 50 MHz.

Mode Frequency [GHz]

TM3,1,13 14.457219770
TE4,2,5 14.459947050
TE8,1,2 14.481914796
TE6,1,11 14.492060061
TE5,1,13 14.492060061
TE1,1,17 14.498241812
TE0,2,12 14.505304176
TM1,2,12 14.505304176
TM0,3,8 14.538578617
TM3,2,0 14.554128269

According to the equations (3.1)-(3.12) it is possible to calculate the
electromagnetic field pattern for each of the 10 modes above reported. As
an example the electromagnetic field pattern for the mode TE1,1,17, which is
the closest one to 14.5 GHz (operating frequency of the CAPRICE ECRIS)
is shown in figure 3.1.

Figure 3.1: Normalized electric field amplitude for the resonant mode TE1,1,17 in
the xy plane at the z point where it is maximum (left) and on the yz plane at x = 0
(right).

One important observation concerns the modes calculation applied to the
ECRIS. Since the plasma chamber dimensions, with respect to the excita-
tion wavelength, are relatively large, the resonant modes number for higher
frequencies becomes higher and this leads to many difficulties in the deter-
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mination of the excited electromagnetic field. This is shown in the results of
the analysis we carried out at INFN-LNS. In figure 3.2 the resonant modes
distribution for the SERSE plasma chamber is shown in the 0 − 18 GHz
frequency range (upper figure) and close to 14 GHz (lower figure) which is
one of the SERSE operating frequency.[60]

Figure 3.2: Frequency distribution of the resonant modes in the lossless cylindrical
cavity representing the SERSE plasma chamber (length 450 mm, diameter 130 mm
and filled with a medium with ǫr = 1 and µr = 1).

Figure 3.3: Modulus of the electric field in the plane xy at z = 233 mm when
the lossless cylindrical cavity representing the SERSE plasma chamber is excited at
three resonant frequencies close to 14 GHz.

Furthermore the presence of holes, any geometry perturbations and also
the material conductivity constituting the chamber determine a mode over-
lapping and makes difficult the precise calculation of the excited ones. The
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Q (quality factor) parameter of a resonating cavity, indicated in equation
(3.16), is the ratio between the stored energy inside the resonator and the
energy loss, in a period time and gives an indication concerning the losses
of a resonating cavity.

1

Q
=

1

Qint
+

1

Qext
(3.16)

Where Qint depends on the proper losses (for instance due to the low
conductivity wall or to the dielectric material filling the cavity) and Qext

depends on the losses for energy radiated to the outer of the cavity for the
presence of holes. For instance the presence of the excitation waveguide
represents a source of energy losses for the plasma chamber. The position
of the waveguide, its dimensions, and the microwave frequency are funda-
mental parameters for the determination of the electromagnetic field within
the chamber.[60]
In figure 3.3 three electromagnetic field distributions for the SERSE plasma
chamber are shown when the lossy cavity is excited at three resonant fre-
quencies and with 1 W of normalized input power. The patterns and the
maximum electric field vary completely when the feeding frequency varies
of a few MHz. We carried out some experimental measurements on this
ECRIS in order to evaluate the influence of the waveguides position and
orientation. The results are shown in section 3.1.3.

3.1.2 Resonant modes and resonant frequencies perturba-

tions

The approximation of the plasma chamber as a cylinder has been also used
for the simulation of the motion of charged particles inside an ECRIS.[61]
However the resonant modes calculation is sensitive to any small variation
of the geometry and the results of the simulation can be affected by this
variation. In fact, by considering a real plasma chamber, the shape of the
injection flange and of the extraction flange is not plane, i.e. due to the
plasma electrode. The introduction of any perturbing geometries, like a
biased disc or any other probe, or of an oven for metal ion production,
can affect the electromagnetic field distribution inside the chamber. We
performed a series of measurements with a network analyzer in a plasma
reactor operating at 2.45 GHz, according to the principles of the Microwave
Discharge Ion Sources (MDIS).[2] We carried out the detailed characteri-
zation of the scattering parameter S11 in vacuum and the penetration of
the Langmuir probe (7 mm diameter alumina cylinder) inside the plasma
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reactor chamber (at z = 17.2 cm inside the cavity with a slope of 14◦ with
respect to the plasma chamber axis) significantly affects the reflection coef-
ficient measured at the coaxial connector as shown in Figure 3.4. A detailed
description of the experimental set-up is reported in section 3.5.[62]

Figure 3.4: Effect of the Langmuir probe insertion inside the plasma reactor chamber
on the measured reflection coefficient.

3.1.3 Waveguide apertures inside the plasma chamber

The position and the dimensions of the waveguide and the microwave fre-
quency are fundamental parameters for the electromagnetic field patterns
which can be excited inside the plasma chamber. In 2006 we carried out
an analytical characterization of the resonant modes of the SERSE plasma
chamber together with an experimental analysis of the microwave coupling.[63]
Figure 3.5 shows a scheme of the SERSE ion source with a detailed view of
the injection and extraction flanges.

In the injection flange the gas inputs, the hole for the biased disk (used
to increase the amount of electrons in the plasma), and the microwaves ports
(WR62 waveguide apertures) named WG1 and WG2 are present. This flange
is also drilled with holes for pumping; the diameter of the holes is below λ/4
(wavelength related to the 18 GHz microwave frequency) in order to min-
imize the microwave leaks and the plasma formation outside the chamber.
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Figure 3.5: Scheme of the SERSE ion source and injection and extraction flanges.

Similar holes are also present in the extraction side, with the aperture for
the ion beam extraction.
We measured the microwave coupling between the resonant cavity and the
two WR62 waveguides by connecting a Network Analyzer to the waveguide
ports. Figure 3.6 shows the results of the Scattering parameters measured
at the two waveguide ports where the S11 parameter indicates the reflection
coefficient at the WG1 port and the S22 at the waveguide WG2. The pa-
rameter S12 represents the signal measured at port 1 coming from the port
2. By analyzing these parameters it is possible to characterize the modes
that exist inside the plasma chamber. In fact the frequencies for which we
have the minimum values of the S11 or S22 and at the same time the max-
ima values of the S12 parameter occur, they represent modes excited by the
microwaves from the waveguides WG1 and WG2 respectively.[64]

3.1.4 Electromagnetic field in the ECR resonance surface

A fundamental aspect of the operation of an ECRIS is the magnetic confine-
ment. In fact, in order to produce high charge state ion beams, as described
in sections 1.3.2 and 2.4.2, the ions must be confined in a potential well
where the electrons crossing the so called ECR surface and gaining enough
energy from the microwaves, can ionize them by the several impacts in such
a region. A suitable magnetic field system for this purpose is composed by
two solenoid coils and a sextupole generating a magnetic field according to
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Figure 3.6: Measured scattering parameters at the two waveguide inputs of the
SERSE ECRIS plasma chamber from 13.95 GHz to 14.05 GHz.

these equations:

Bx = −B1xz + 2Sxy (3.17)

By = −B1yz + S(x2 − y2) (3.18)

Bz = B0 + B1z
2 (3.19)

It is possible to use these equations to calculate the magnetic field profile
inside the SERSE plasma chamber.[65] The maximum value of the magnetic
field along the plasma chamber of SERSE ECRIS is 2.7 T at the injection
and the maximum value of radial field is 1.55 T. Then the constants B0,
B1 and S to be included in the (3.17) to describe this magnetic field profile
become:

B0 = −0.4 [T ] B1 = 25.55 [T/m2] S = 310 [T/m2] (3.20)

A three dimensions plot of the magnetic field for two position along the
plasma chamber axis is shown in figure 3.7.

It is possible to determine the closed surface fulfilling the condition
ωRF = ωg = qeBECR/me and to calculate the electromagnetic field pattern
for two modes within this surface. As an example the TE9,1,30 and TE1,1,42

resonant modes are calculated in the resonance surface and the results are
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Figure 3.7: Trend of the magnetic field of the SERSE ECRIS on the transversal
plane with respect to the plasma chamber axis at the injection side z = −225 mm
(top), and at the middle point z = 0 (bottom).

shown in figure 3.8.[60] Since the maximum electric field amplitude and the
number of maxima are dependant on the excited mode, this can significantly
affect the Electron Energy Distribution Function (EEDF). In this case just
a frequency of 50 MHz of difference separates the two resonances and this
can explain the difference in performances obtained with the application of
techniques like the frequency tuning described in the next chapter.

3.2 Effect of the electromagnetic field on the par-

ticle motion

In the previous section we calculated the electromagnetic field in the ECR
surface and we pointed out that the maximum electric field amplitude and
the number of maxima along the surface varies according to the excited
mode. Here the choice of the excited mode is related to the properties of
the charged particles in movement inside the plasma chamber. The motion
equation of a particle with charge q and mass m0 moving with a velocity
~v in a region where are imposed a confinement not uniform magneto-static
field ~Bs and an electromagnetic field ~Eem, ~Hem is:
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Figure 3.8: Electric field amplitude on the ECR surface of the SERSE ECRIS
plasma chamber when the feeding frequency is one of the two resonance frequencies:
TE9,1,30 (left) and TE1,1,42 (right).

m0
d

dt
γ(v)~v = q~v × ~Bs + q ~Eem + q~v × µ ~Bem (3.21)

Where µ is the magnetic permeability ( ~Bem = µ ~Hem), γ(v) is the rela-
tivistic factor, function of the particle (in the considered case an electron) ve-
locity |~v|. By including in the differential equation (3.21) the equations (3.1)-
(3.12) describing the excited mode and the (3.17) describing the magneto-
static profile, the solution provides the trajectory of the electrons and the
energy gained from the ECR process for different electromagnetic field pat-
terns. This calculation was applied for the SERSE plasma chamber when
it is fed with the TE4,4,23 mode with a power of 2000 W. Figure 3.9 shows
the electron energy for a simulation time of 50 ns. The red rectangles in-
dicate the times when the electron crosses the ECR surface and it is clear
that the energy gained by the electrons from the electromagnetic wave oc-
curs in these regions.[60] According to the choice of the mode, the energy
gain changes. In fact the simulations of the electron motion under the im-
position of 8 different modes close to 14 GHz reveal how the choice of the
microwave frequency and then of the excited mode is very important for
the ion source performances. Table 3.2 confirms this assumption. Here we
considered a huge number of single electrons (with an initial velocity taken
from a Maxwellian distribution of velocities and with a 500 eV initial en-
ergy) simulations. The choice of the electromagnetic field and then the fine
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Figure 3.9: Electron energy during the simulation time when the SERSE plasma
chamber is fed with the TE4,4,23 mode.

tuning of the microwave frequency can enhance the electron energy transfer
thus increasing the Electron Energy Distribution Function (EEDF) [66] and
the number of confined electrons. We further observed that the microwave
field provides a stabilizing effect on the electron confinement.[67] The intro-
duction of the plasma inside the model has to be taken into account of for
the correct interpretation of the experimental results.

Table 3.2: Electron energy, energy gain and percentage of confined electrons for
different electromagnetic field patterns.

Mode Frequency [GHz] Energy [keV] Energy gain Confined electrons [%]

TE3,1,13 13.952354 13.110 24.97 95
TE4,2,5 13.958445 11.892 22.65 93
TE8,1,2 13.965417 2.601 4.95 93
TM6,1,11 13.995897 0.531 1.01 88
TM5,1,13 13.998329 0.562 1.07 87
TE1,1,17 14.000643 3.932 7.49 95
TE0,2,12 14.000964 3.245 6.18 92
TE1,2,12 14.055391 17.793 33.89 95
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3.3 The electromagnetic field inside the CAPRICE

ECRIS

The CAPRICE-type ECRIS is characterized by an injection system includ-
ing a copper cube, with a movable plunger system for the impedance match-
ing, which acts as a waveguide to coaxial transformer. The inner coaxial pipe
is used to house the oven or the gas injection system. The plasma electrode
is conic with a 10 mm diameter hole for the ion extraction. It appears
clear how the assumption of the ideal cylinder shape of the plasma cham-
ber, carried out in section 3.1 is not longer realistic for the calculation of
the electromagnetic field pattern inside this ECRIS. The analytical solution
cannot be found for such a complex geometry. For this reason we used the
software CST Microwave Studio [68] to simulate the electromagnetic field
excited inside the plasma chamber of the CAPRICE ECRIS and the result
is shown in figure 3.10.

Figure 3.10: CAPRICE ECRIS Electric field amplitude at 14.5 GHz.

We took into account the geometry of the cavity including the copper
cube and the plasma electrode. In this figure the electric field amplitude at
14.5 GHz is shown for the yz and zx planes relatively to the upper right part
of the structure. A WR62 waveguide aperture provides an excitation signal
at 14.5 GHz and 1 W power. Along the coaxial adapter the wave propa-
gation is Transverse Electro-Magnetic (TEM) and the electromagnetic field
inside the plasma chamber is affected by the plasma electrode. The differ-
ence in the electromagnetic field pattern with respect to the theoretical one
referring to a pure cylindrical shape of the plasma chamber is clear. The
analysis mentioned refers to a plasma chamber filled by a medium with an
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electric permittivity equal to one.[69]
We have also analyzed the variation of the excitation frequency and of the
plunger position. In figure 3.11 the results of the simulations concerning
the electric field inside the CAPRICE ECRIS for three different frequencies,
14.49, 14.5 and 14.51 GHz are shown. The frequencies were chosen very
close to the operation frequency (14.5 GHz) in order to point out that a
variation of a few MHz is enough to tune the microwave coupling and then
the ECRIS performances, as experimentally confirmed in [70] and [71]. The
electric field amplitude is shown for the yz plane and similar results can be
analyzed by plotting the other planes. The variation of the frequency affects
the electromagnetic field distribution inside the whole structure (injection
box, first stage and plasma chamber). Different maxima points are shown in
particular inside the plasma chamber. This will affect, as largely described
in the previous section, the EEDF, the electron heating and the ion con-
finement. Around the coaxial plug the electric field is inhomogeneous but
we recognized that, since the pipe dimensions are small compared to the
wavelength (the outer diameter is 6 mm) a higher meshing refinement of
the structure is required to obtain more precise results. This requires higher
calculation resources and more powerful workstations in order to obtain con-
verging simulations in a reasonable calculation time.
The effect of the tuning of the matching plunger position is shown in figure
3.12 where the simulation of the electric field amplitude is shown for two
settings of the plunger: 25.05 mm of distance with respect to the plasma
chamber axis (top figure), which is the same setting also used in figures
3.10 and 3.11, and 20.05 mm (almost a variation of a quarter wavelength
calculated at 14.5 GHz) with respect to the plasma chamber axis (bottom
figure). We have used the first setting for the experimental investigation
carried out to validate the dependance of the ECRIS performances from the
plunger position described in the next section 3.7. The electric field ampli-
tude, at 14.5 GHz, is shown for the yz and zx planes, respectively. It is clear
that the piston tuning produces the similar effect on the electric field of the
variation of the microwave frequency. Different positions of the maximum
electric field are visible.
With these results the determination of the mode excited or the relationship
with the ion source performances when the frequency is changed or when
the geometry is modified, cannot be analyzed. For this purpose we carried
out dedicated experiments and the interesting results are presented in the
next sections.
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Figure 3.11: CAPRICE ECRIS Electric field amplitude in the yz plane (at x = 0)
at three different frequencies: 14.49, 14.5, 14.51 GHz.
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Figure 3.12: CAPRICE ECRIS Electric field amplitude in the plane yz (at x = 0)
and in the zx plane (at y = 0) at 14.5 GHz for two settings of the matching
plunger: 25.05 mm (top) and 20.05 mm (bottom) of distance with respect to the
plasma chamber axis.
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3.4 Plasma filled resonant cavity

As discussed in section 1.5.2 a magnetized plasma can be described as an
electrically anisotropous medium. According to the propagation’s direction
and of the polarization and of the frequency of the electromagnetic wave
propagating inside a plasma, the refraction index assumes the expression
indicated in table 1.1. The dependance on the plasma oscillations and then
on the electron density affects these values. An ECR plasma, due to the
confinement magnetic field distribution, contained in a plasma chamber is
not uniform: several electron energies and electron densities are present.
In fact this plasma can be separated into a high density plasma inside the

0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95
2

3

4

5

6

7

8

9

10

11
x 1017

Electric permittivity

E
le

ct
ro

n 
de

ns
ity

 [m
−3

]

Figure 3.13: Electron density as a function of the electric permittivity for a not
magnetized plasma.

resonance volume and a lower density plasma in the outer region of the
resonance volume. For this reason the definition of a model to calculate the
electromagnetic field inside an ECRIS when the plasma is present is complex.
However, it was possible to simulate the CAPRICE ECRIS electromagnetic
field when the plasma chamber is filled with a medium with an electric
permittivity lower than 1. This assumption takes into account the definition
of electric permittivity of a non magnetized plasma indicated in (1.41). If the
electric permittivity is in the range 0.6−1 the corresponding electron density
is indicated in figure 3.13. These values are in agreement with the values
of the electron densities expected inside an ECR plasma. By including in
the model reported in the figure 3.10 a medium filling the plasma chamber
with such electric permittivity it is possible to analyze the electromagnetic
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Figure 3.14: Electric field amplitude at 14.5 GHz in the yz plane (at x = 0) when
the medium filling the plasma chamber has an electric permittivity in the range
(1 − 0.6).
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field which can be excited inside the CAPRICE ECRIS. In figure 3.14 the
electric field of this ECRIS is shown at 14.5 GHz and 1 W power when the
electric permittivity of the medium filling the plasma chamber varies from
1 (top figure) to 0.6 (bottom figure) in steps of 0.1. The differences on the
electromagnetic field patterns are clear. A more detailed analysis should
be possible if the electric permittivity featuring the plasma was defined
according to the proper electron density. Future investigations in this field
are planned.

3.5 Microwave coupling to the plasma filled cham-

ber

In order to investigate the presence of standing waves in plasmas we carried
out several experiments at INFN-LNS with a plasma reactor. The device,
shown in figure 3.15, is used for environmental applications and it is based
on the same physics principles of the Microwave Discharge Ion Sources,
generally used for industrial applications or as proton sources in nuclear
physics.[72],[73] The plasma chamber is a stainless steel cylinder 268.2 mm
long, with a radius of 68.5 mm. Three NdFeB permanent magnets rings gen-
erate an off-resonance magnetic field along the plasma chamber axis. In the

Figure 3.15: Plasma reactor (left) and experimental set-up (right).

injection flange the gas inlet is located together with a WR284 rectangular
waveguide, placed on the cavity axis, operating in the TE10 dominant mode,
connected to a Magnetron (operating at 2.45 GHz and providing up to 300
W CW power). In the opposite flange are connected the plasma diagnostics
devices like the microwave probe and the Langmuir probe (inserted inside
the plasma chamber off axis with a slope of 14◦ with the probe tip positioned
at z= 17.2 cm inside the cavity). We used this testbench to investigate the



3.5 Microwave coupling to the plasma filled chamber 66

standing wave formation inside the resonant cavity in presence of plasma.
A Vector Network Analyzer (VNA) has been used to measure the reflection
coefficient with and without plasma. The microwave frequency feeding the
plasma was provided by the Magnetron at 2.45 GHz and we analyzed the
plasma properties in terms of the reflection coefficient with the VNA in the
1− 3 GHz frequency range. The VNA was connected to the coaxial connec-
tor (a series of attenuators were used to reduce the coupled power) and the
plasma effect on the resonating modes existing inside the resonating cavity
was characterized. We measured the resonant modes of the cavity in vac-
uum at the microwave probe and from the WR284 waveguide. Figure 3.16
shows the results of this measurement. The numerical calculation, with the

Figure 3.16: Reflection coefficient measured at the two microwave inputs.

equation (3.13), of the resonant modes in the 1 − 3 GHz frequency range
is reported in table 3.3 where the resonating frequencies measured with the
VNA are also included: since many of the calculated modes are excited and
only minor differences exist with the measured frequencies, a good agree-
ment is found. The Langmuir probe insertion at z = 17.2 cm, introduced
the perturbations on the reflection coefficient already described in section
3.1.2 and visible in figure 3.4. Some of the measured modes have resonant
frequencies close to calculated ones. However the introduced perturbations
by the Langmuir probe forbid the determination of the TE or TM modes.
The plasma is created by switching on the Magnetron generator and differ-
ent operating conditions of gas pressure and microwave power (gas pressure
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Table 3.3: Resonant modes inside the plasma reactor in the 1 − 3 GHz frequency
range.

Mode Calculated resonance Measured resonance Measured resonance
frequency frequency frequency

[GHz] probe [GHz] WR284 [GHz]

1 TE1,1,1 1.39896 1.3978
2 TM0,1,0 1.67507 1.6731
3 TE1,1,2 1.70123 1.6897
4 TM0,1,1 1.76585 1.7534
5 TM0,1,3 2.01378 1.9822
6 TE1,1,3 2.11092 2.0838
7 TE2,1,1 2.19960 2.2091 2.2089
8 TM0,1,3 2.37005 2.3687
9 TE2,1,2 2.40320 2.4033
10 TE1,1,4 2.57732 2.5288 2.5287
11 TM1,1,0 2.66896 2.6925 2.6975
12 TE2,1,3 2.70872 2.6975 2.6975
13 TE0,1,1 2.72685 2.7198
14 TM1,1,1 2.72685 2.7198
15 TM0,1,4 2.79352 2.8191 2.8191
16 TE0,1,2 2.89358 2.8956 2.8956
17 TM1,1,2 2.89358 2.8956 2.8956

in the range of 0.1-0.9 mbar and microwave power in the range of 40-70 W)
were analyzed with good reproducibility. It must be once more remarked
that this analysis cannot determine which modes are really excited inside
the plasma chamber, but only that a electromagnetic modal structure is
preserved even in presence of plasma. This is clear by looking at the figure
3.17. The microwave power is 70 W and the gas pressure is 0.7 mbar. By
making a comparison with the vacuum condition some modes are shifted in
frequency by the plasma, some others disappear and a few modes appear
only in presence of the plasma. Therefore, the plasma formation modifies the
S11 structure due to the different coupling between electromagnetic waves
and plasma, however a resonating structure is still preserved as a sign of
the presence of standing waves also when the plasma is created inside the
chamber.
In order to define which modes existing in vacuum and listed in the table
3.3 shifted to higher frequency, we used the measurement of the electron
density with the Langmuir probe. If the chamber is supposed to be filled
by a homogeneous and non magnetized plasma the corresponding electrical
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Figure 3.17: Effect of the plasma creation on the reflection coefficient measured at
the probe port.

permittivity is given by the equation (1.36) where the pulsation related to
the collisions can be neglected:

ǫplasma = ǫ0

(
1 −

ω2
p

ω2

)
(3.22)

Where ω = 2π·2.45·109 rad/sec and the plasma pulsation ωp is a function
of the electron density according to the equation (1.6). Therefore, the change
in the electrical permittivity from ǫr = 1 to ǫr = ǫplasma determines a
variation of the resonant frequencies, because of the change of the ǫ = ǫ0ǫr

in the equation 3.13.
A frequency shift was observed in the reflection coefficient with the RF

power and with the gas pressure and it has been correlated with the electron
density measured by means of a Langmuir probe. At 70 W of microwave
power and 0.7 mbar of gas pressure an electron density value of 6 · 1015

m−3 was measured with the Langmuir probe inserted at z = 17.2 cm. By
inserting this electron density value into the equations (1.6) and (3.22) it
is possible to reconstruct the mode frequency in the vacuum condition for
the modes measured at 2.28 GHz and 2.913 GHz. In particular for the first
mode the frequency in vacuum is around 2.2091 GHz (a mode is present also
before the LP insertion around this frequency). By using the same value of
permittivity for the mode at 2.913 GHz the resonant frequency in vacuum
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Figure 3.18: Reflection coefficient without plasma and with plasma vs frequency
around the TE2,1,1 mode (top figures) and the TM0,1,4 mode (bottom figures) at
different gas pressures and 70 W power (left) and at different microwave powers
and 0.7 mbar pressure (right).
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should be around 2.8 GHz. It is assumed that the shifting mode is the closer
one with frequency of 2.8191 GHz. According to the resonance frequency
calculation (see table 3.3), the above frequencies can be the two resonant
frequencies related to the modes: TE2,1,1 and TM0,1,4.
The procedure to use the measured electron density in order to determine
the mode shift when the plasma is created can be inverted.

Figure 3.19: Peak variation with respect to the calculated resonance frequencies
2.2091 GHz and 2.8191 GHz with the gas pressure for fixed microwave power (left)
and with the power for fixed gas pressure (right).

In fact if there is a shift of the resonant frequencies due to a change of the
plasma reactor parameters (gas pressure or microwave power) this is due to
a variation of the plasma conditions in terms of the electron density, which
can be calculated proper from this frequency shift. Figure 3.18 describes
the variation of the reflection coefficient in terms of a resonance frequency
shift with the gas pressure (left figures) and with the microwave powers
(right figures). In fact the resonances existing inside the plasma chamber
in vacuum shift to higher frequencies by decreasing the gas pressure or by
increasing the microwave power. This observed effect is due to the change
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of plasma density for the different operating conditions. The effect of the
plasma on the reflection coefficient is a resonance frequency shift shown in
figure 3.19 due to a decreasing value of the electrical permittivity in equation
(3.13).

Figure 3.20: Electron density variation with the gas pressure for fixed microwave
power (left) and with the microwave power for fixed gas pressure (right).

The frequency shift can be also used to determine the electron density
once the mode in vacuum is identified as described above. By applying the
hypothesis that the modes shifting to higher frequency are the ones above
reported, two electron densities curves can be obtained. The figure 3.20
shows the calculated electron density with the equation (1.6) (where ωp is
function of the electric permittivity calculated from the frequency shift). A
comparison with the measurement of the electron density with the Langmuir
Probe is reported and we found a good agreement between the measurement
results and the calculation.

3.6 Microwave coupling to the CAPRICE ECRIS

plasma

The experiment described in the previous section was carried out on a test
bench where a microwave discharge plasma reactor was operating. Even if
we obtained interesting results concerning the microwave propagation and
the standing wave formation inside a plasma, such a system is not an ECR
ion source. The magnetic field is almost off resonance for the whole plasma
chamber, thus determining no charged particle confinement and low energy
of the electrons. Furthermore no correlation between the electromagnetic
field and the ionization efficiency or the beam parameters can be observed.
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Figure 3.21: CAPRICE ECRIS and experimental setup to measure the standing
wave formation.

Then we carried out experiments to validate and to measure the standing
wave presence in an ECR plasma with the CAPRICE ECRIS installed on
the ECR Injector Setup (EIS) testbench of GSI and shown in the picture in
figure 3.21. The ion source main features are largely described in the section
4.2.1.

Here it is important to point out which additional components were
included in the experimental set-up. In order to measure the reflection
coefficient with and without the plasma a coaxial probe was guided into the
oven housing up to the end of the first stage (the first section of the plasma
chamber visible in figure 3.10) of the plasma chamber where a tip long 11
mm with 3 mm diameter was inserted (figure 3.22). The choice of the length
was due to avoid the maximum power transfer (occurring when the probe
length into the plasma chamber is λ/2) to the probe in the range 13.5 − 15
GHz which corresponds to the wavelength range 22.2 − 19.99 mm. The
mantel and the internal pin were guided into a bellow (in order to adjust
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Figure 3.22: Coaxial probe inserted into the oven housing (right) and view of the
internal tip inside the plasma chamber (left).

the pin position inside the plasma chamber from 11 mm to 16 mm) out of
the oven housing. In order to avoid that the power feeding the plasma can
be coupled into the housing a sliding contact was mounted at the end of
the oven housing and dielectric (alumina) rings were mounted in the mantel
of the coaxial connector to maintain a diameter continuity along the first
stage. The mantel was also drilled and alumina pins of 0.6 mm diameter
were inserted into the mantel to block the internal probe thus avoiding any
bending of the pin for the heating due to the plasma. The mantel and the pin
were connected to a hermetically sealed N connector like shown in figure 3.22
(right). In order to shield the measurements device from the high voltage
applied to the source, a dielectric foil was inserted into two coaxial to WR62
waveguide adapters (see figure 3.21). Then a cable 15 m long (attenuating
around 10 dB) was used to connect a Network Analyzer placed inside the
control room to the connector. Argon and Helium gas were injected into
the source at pressures around 10−5 mbar through remotely controlled valve
connected to the pipe soldered in the oven housing. A Traveling Wave
Amplifier driven by a synthesizer was used to create the plasma and the
reflection coefficient measured at the waveguide inputs was measured by
recording the forward and the reflected power at two directional coupler
mounted along the injection waveguide line.

The use of a synthetizer allowed us to adjust the microwave frequency
feeding the plasma from 14.5 GHz which is the usual operation frequency
to a value where the microwave coupling was improved. It was found a
stable behavior of the ECRIS with an improved extracted beam intensity at
14.6 GHz. This result is described in figure 3.23 where the drain current, the
Ar8+ current, the reflection coefficient measured at the waveguide input and
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Figure 3.23: Drain current, Ar8+ current and reflection coefficient variation with
the microwave power for two settings of the microwave frequency. The bottom right
figure is the charge state distribution at 70 W power for the two frequencies.

the charge states distribution are shown. Due to the improved microwave
coupling (visible in the reflection coefficient plot) an increased drain current
and an enhanced production of higher charge states was measured. In the
next chapter a detailed analysis of the effect of the variation of the microwave
frequency on the CAPRICE performances is reported. For the experiment
here illustrated the microwave frequency, for the reasons above described,
was set to 14.6 GHz. Then a plasma was created from the microwave input
with a power increasing up to 70 W at steps of 10 W and simultaneously the
reflection coefficient was measured in the 13.5−15 GHz frequency range with
the Network Analyzer connected to the coaxial probe. The results of this
measurements are shown in figure 3.24. The frequency feeding the plasma
is clearly coupled to the coaxial probe. The resonances measured in vacuum
conditions shift toward higher values with the microwave power. This result



3.6 Microwave coupling to the CAPRICE ECRIS plasma 75

13.5 14 14.5 15
0

20

40

60

80

−60

−50

−40

−30

−20

−10

0

10

20

Power [W]

Frequency [GHz]

R
ef

le
ct

io
n 

co
ef

fic
ie

nt
 [d

B
]

vacuum
10 W
20 W 
30 W
40 W
50 W
60 W
70 W

Figure 3.24: Reflection coefficient measured at the coaxial probe when the plasma is
created at the waveguide input for different microwave powers.

can be better visualized in figure 3.25 where the ranges 14.1−14.4 GHz and
14.65 − 14.95 GHz are shown.

According to the method described in section 3.5 the resonance shift was
used to calculate the electron density in the CAPRICE ECRIS at different
power level. Figure 3.26 shows the results of this calculation when the
resonances shift, shown in figures 3.25, with the microwave power increase.
A value around 1016 m−3 is obtained for both cases. This value is lower than
the expected value. It has to be remarked that the method used to calculate
the electron density assumes the electric permittivity on a non magnetized
plasma and furthermore in an ECR plasma the electron density is mostly
concentrated inside the ECR volume.



3.7 Plunger tuning on the CAPRICE ECRIS 76

14.1 14.15 14.2 14.25 14.3 14.35 14.4
−50

−45

−40

−35

−30

−25

−20

−15

−10

−5

0

Frequency [GHz]

R
ef

le
ct

io
n 

co
ef

fic
ie

nt
 [d

B
]

vacuum
10 W
20 W 
30 W
40 W
50 W
60 W
70 W

14.65 14.7 14.75 14.8 14.85 14.9
−50

−45

−40

−35

−30

−25

−20

−15

−10

−5

0

Frequency [GHz]

R
ef

le
ct

io
n 

co
ef

fic
ie

nt
 [d

B
]

vacuum
10 W
20 W 
30 W
40 W
50 W
60 W
70 W

Figure 3.25: Detailed view of the plot in figure 3.24 in the ranges 14.1 − 14.4 GHz
(left) and 14.65 − 14.95 GHz (right).

3.7 Plunger tuning on the CAPRICE ECRIS

An interesting investigated effect is connected with the tuning of a plunger
to enhance the microwave coupling to the plasma. We analyzed experi-
mentally the effect of the matching impedance variation due to the plunger
adjustment with the CAPRICE ECRIS. The CAPRICE ion source injection
system consists of a cubic copper matching box where the WR62 waveguide
line, connecting the microwave supply to the ion source, is mounted. The
gas feeding system or the oven housing constitute a coaxial line, inside the
first stage, where the electromagnetic wave is transmitted into the plasma
chamber. Inside the copper box a cylindrical movable plunger (the diameter
is 46 mm) is used to optimize the impedance matching between the elec-
tromagnetic wave and the plasma filled chamber. However, this structure
movement determines a volume modification which affects the electromag-
netic field inside the matching cube and inside the plasma chamber. We
previously simulated this effect with CST Microwave Studio and the re-
sults are shown in section 3.3. We already analyzed the effect of a small
movement (1 mm) on the Ar5+ beam current and on the beam shape at
GSI in 2009.[74] The analysis of the charge states distribution shown that
its maximum shifted from the Ar8+ to the Ar5+ and the beam current of
Ar5+ increased by 7.4% without changing the forward power (around 60
W). The Ar5+ beam shapes recorded on the viewing target presented small
variations. We investigated the effect of the variation of this plunger over
the complete range of movement (around 16 mm).[69] It has been set to a
distance of 25.05 mm from the plasma chamber axis for the optimization
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Figure 3.26: Electron density variation with the microwave power calculated by
measuring the resonances shifts at 14.2 GHz and 14.8 GHz.

of the source parameters to obtain a charge state distribution with a max-
imum on the Ar8+ with a microwave power of 100 W at 14.5 GHz. Then
we varied the position from the inner position to the outer position while
the Ar8+ and the drain current were measured. Figure 3.27 shows the effect
of this variation (the horizontal scale indicates the distance in millimeters
with respect to the central axis) on the drain current (left) and on the Ar8+

current (right). In these figures the transmission coefficient (referred to the
right scales), calculated according to the equation (3.23), is also included
and the currents evolution during the movement are compared.

Transmission coefficient = 1 −
Reflected power

Forward power
(3.23)

In the equation (3.23) the forward power is the microwave power sent
to the ion source and the reflected power is the one reflected by the ion
source. A fine impedance matching can be obtained by changing the physical
dimensions of the system composed of the injection box, of the coaxial line
and of the plasma loaded cavity. There is a difference in the transmission
coefficients of the two figures; this is due to the hysteresis of positioning
during the movement because of the lack of a control loop.

Figure 3.27 points out that the drain current and the Ar8+ current can



3.7 Plunger tuning on the CAPRICE ECRIS 78

16 18 20 22 24 26 28 30
1.9

2

2.1

2.2

2.3

2.4

2.5

2.6

Plunger distance from the chamber axis [mm]

D
ra

in
 c

ur
re

nt
 [ 

m
A

 ]

 T
ra

ns
m

is
si

on
 c

oe
ffi

ci
en

t 

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

16 18 20 22 24 26 28 30
0

20

40

60

80

100

120

Plunger distance from the chamber axis [mm]

A
r8+

 C
ur

re
nt

 [ 
µA

 ]

 T
ra

ns
m

is
si

on
 c

oe
ffi

ci
en

t 

0.4

0.5

0.6

0.7

0.8

0.9

1

Figure 3.27: Effect of the plunger variation on the drain current (left) and on the
Ar8+ current (right) and on the transmission coefficient (right scales).

be enhanced by adjusting the plunger position. It was then possible to
optimize the Ar8+ current production by setting the plunger position to a
distance of 22.5 mm from the central axis. At this point the current of Ar8+

attained its maximum of 115 µA. At this plunger position it was interesting
to measure the Argon charge state distribution and compare it with the
one measured when the piston was set at a distance of 25.05 mm from the
plasma chamber axis. Figure 3.28 (left) shows the measured charge states
distributions for the two piston settings. It is evident that the optimization
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Figure 3.28: Effect of the plunger tuning on the Argon charge states distribution
for three settings of the plunger at 14.5 GHz (left) and at 14.119 GHz (right).

of the coupling of the electromagnetic wave with the plasma filled chamber
is useful to optimize the production of the highly charged ions. It is then
possible to change the equivalent plasma impedance experienced by the mi-
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crowave generator by using movable plungers because of the variation of the
electromagnetic field in the ionization chamber due to change the physical
dimensions of the resonator constituted by the plasma chamber and of the
injection box as it was simulated and described in section 3.3. This phe-
nomenon depends on the coupling of the electromagnetic wave to the plasma
loaded cavity where an intrinsic mode distribution is present. This varia-
tion of coupling determines the amount of power entering into the cavity
according to the excited mode. This significantly affects the heating rapid-
ity and other plasma parameters like the EEDF.[75] It is possible to change
the equivalent plasma impedance experienced by the microwave generator
by using movable plungers or else by changing the microwave frequency
feeding the plasma. This effect, called frequency tuning will be described
in the following chapter. By changing the microwave frequency it will be
demonstrated that the ionization efficiency increases with a consequent en-
hancement of the production of highly charged ions. For the same setting
of the source a frequency where this enhancement occurred was 14.119 GHz
(see section 4.2.3). For this frequency the charge state distribution was mea-
sured for different positions of the plunger. The result is shown in the left
bar plot in figure 3.28 (right). The plunger positions indicated in the legend
as a distance from the plasma chamber axis are: 25.05 mm was the ini-
tial position; 22.05 mm was the position where a maximum of the Ar8+ was
measured in the case of the frequency excitation of 14.5 GHz (for this setting
of the frequency the highest charge state current decreased) and 28.75 is the
position where the maximum of the Ar8+ production was measured for an
excitation at 14.119 GHz. Then the two effects can be combined together
to increase the high charge state ions current. This optimization process
could proceed in a different sequence by changing frequency and position of
the plunger, respectively. However, if the power is not increased or if the
other parameters of the ion source remain unchanged a saturation of the ion
currents in higher charge states is expected. This results will be discussed
in the section 4.5 where the effect of the piston tuning and of the frequency
tuning will be compared.
By increasing the power it was also possible to analyze the piston tuning on
the higher charge state Argon ions like the Ar11+. The measurement results
shown in figure 3.29 are obtained by measuring the Ar8+, Ar9+ and Ar11+

(which was multiplied by ten in this figure in order to make a comparison)
current when a microwave power of 450 W at 14.5 GHz was sent to the
source and the piston position set to 24.98 mm of distance from the plasma
chamber axis. The noisy measurement is an indication of the high plasma
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Figure 3.29: Effect of the plunger tuning on the Argon beam currents and on the
transmission coefficient (black line referred to the right scale).

instability due to the strong variation of microwave coupling. In fact during
this experiment the power levels feeding the plasma filled chamber ramped
from a few tens of watt (at frequencies where the reflection coefficient had a
maximum) up to 450 W (at frequencies were a condition of optimum match-
ing was fulfilled) and vice versa. This change of power coupled to the source
may have caused this noisy signal dynamic. When setting the piston po-
sition to a distance of 19.88 mm from the plasma chamber axis the Ar11+

current can be increased from 1µA to 4µA. It is possible to conclude that
the ECRISs equipped with a matching plunger have the advantage that it is
possible to optimize the high charge state ion production by simply adjusting
the microwave coupling to the plasma.



Chapter 4

The frequency tuning and

the double frequency heating

The development of better performing ECRIS providing higher intensity
beams of high charge state ions is requested at present accelerator facili-
ties. Together with the projects of ECRISs working at higher microwave
frequency with confining magnetic fields up to 4.5 T on axis there has been
a spreading interest in developing techniques to improve the performances
of the existing ECRIS or of those under development. The variation of mi-
crowave frequency is a promising aspect for suchlike improvement. Several
experiments confirming this assumption have been carried out in the last
years and interesting interpretations of the results of this ”so called” fre-
quency tuning effect have been proposed. Another technique successfully
used to enhance the ion beam current is called double frequency heating and
consists in the multiple injection of two electromagnetic waves at different
frequencies into the ion source. This chapter illustrates the experimental in-
vestigations we carried out on the efficient applicability of these techniques
for the production of intense beams of highly charged ions.

4.1 Application of the frequency tuning on the

ECRIS

The choice of the operating frequency of the electromagnetic wave igniting
the confined plasma of an ECRIS is fundamental for the ion beam pro-
duction. In fact, it was proven that the variation of the ECRIS operating
frequency affects the ion source performance, according to the so called
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”frequency tuning effect” [70], [76]. The results of this technique were con-
firmed by several experiments at different laboratories as for the full perma-
nent magnet ECRIS Supernanogan developed by Pantechnik [77] where this
method has been used to enhance the performance of the produced beam
[78]. The origin of these performance improvements has to be researched in
the variation of the excited resonant modes which determines a change of
the parameters and conditions of the plasma when the frequency is changed.
Some explanations of the relationship between the choice of the frequency
and the plasma conditions have been formulated [67] and simulation results
indicating how to select the microwave frequency have been provided as well
[79]. These studies are based on the assumption that the plasma chamber
is a resonating cavity and by varying the microwave frequency different res-
onant modes can be excited and this affects the plasma properties. Within
this section the experimental measurements to prove these assumptions will
be described and commented.

4.1.1 Experimental evidences and observations on the per-

formance variation

The electromagnetic field excited inside the plasma chamber of the ECR ion
sources plays an important role, by affecting the EEDF, the electron heating
and the ionization efficiency as we theoretically investigated (see section
3.2). Several measurements have been carried out to prove the previous
statements and the firsts date back to the end of ’90s [80]. In fact, in 1996 G.
D. Alton proposed new techniques based on the use of high power, variable
frequency, multiple discrete frequency or broadband microwave radiation,
to enhance the performances of the existing ECRIS. The explanation of the
effect produced by these techniques was the creation of a large ECR plasma
volume thus permitting the coupling of more power into the plasma. This
translates into the heating of a much larger electron population to higher
energies and then into the enhanced production of higher charge state ions
with higher intensity.[81] One year later he was able to demonstrate that
the frequency domain technique can be used to enhance the performance
of a traditional B-minimum ECR ion source. He studied at the Oak Ridge
National Laboratory the performances in terms of high charge state ion
production capability of a Caprice ECRIS, when excited with high-power,
single-frequency, or multiple-discrete-frequency microwave radiation. Figure
4.1 confirmed that the frequency dependence is determined by the modal
structure of the plasma chamber in combination with a TEM injector.[80]

The enhancement of the ECRIS performances with the use of a frequency
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Figure 4.1: Current intensity of Ar8+ versus microwave frequency measured at low
RF injection power levels for the integrated TEM injection system.

tunable generator was then confirmed in 2002 by S. Gammino et al.. In fact,
they observed a different behavior of the CAESAR and of the SERSE ECRIS
installed at INFN-LNS, when they were operated by means of a travelling-
wave-tube-based generator with respect to the standard operation by means
of a klystron-based generator. In figure 4.2 an increase for the highly charged
ion, when the ion sources were set with the same parameters except for the
type of generator, is clearly visible. [82]

Several explanation of these results and measurements were carried out
but, since the only one difference between the two generators, was the dif-
ferent frequencies of operation (the TWT was driven by a DRO set to a
frequency different of a few hundreds MHz with respect to the one of the
Klystron) this opened the way to the next experiments carried out by the
INFN-LNS team to support the effect of the variation of the microwave
frequency on the ECRIS performances. Recently, this technique has been
investigated and a breakthrough experiment, described in the next section,
has been performed at GSI a few years ago [70]. The investigation of the
effect of the variation of the frequency on the beam quality and on the
beam emittance was carried out at JYFL [83] where a set of measurements
was performed. These experiments pointed out that the frequency tuning
can have a remarkable effect on ion beam intensity and quality. Figure 4.3
shows that the beam structure varies strongly with the microwave frequency
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Figure 4.2: Measured current for the highest charge states of Argon obtained with
the CAESAR ion source at 150 W (left) and of Oxygen obtained with the SERSE
ion source at 200 W (right).

as an indication of the plasma-wave coupling variation during the frequency
change. In recent times experiments were carried out also at CNAO, Pavia
and with the Caesar ECRIS installed at LNS-INFN [75] where the X-Ray
spectra for several frequencies have been measured without a remarkable
effect.

Figure 4.3: Structure of the Ar9+ ion beam at different plasma heating frequencies:
a) 14.050 GHz, b) 14.090 GHz, and c) 14.108 GHz.

Besides the experiments reported, some theoretical model have been pro-
posed to explain the origin of these variations and the influence on the
plasma particles motion. Single particle and particle-in-cell (PIC) simula-
tions are particularly useful for the electron dynamics calculation: the effect
of magneto-static and electromagnetic fields can be evaluated. A model
proposed by D. Mascali et al. explained the variation in the performances
in terms of charge states and extracted current by taking into account the
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different patterns of the electromagnetic fields on the resonance surface.[67]
They were able to demonstrate that the shape of the plasma present in-
side the ECR surface, which in turn depends on the excited electromagnetic
mode, influences the ion motion up to the extraction region, where the ion
beam is formed. With this model they explained the different shapes of the
extracted beam experimentally observed in [70] obtained at two different
microwave frequencies (see picture 4.4).

Figure 4.4: (a) and (b) Front view of the ions positions after 100 µs; (c) and (d) Ex-
tracted beam shape experimentally observed at two different microwave frequencies
in the case of the CAPRICE ion source as described in [70].

4.2 Operation of the CAPRICE ECRIS with ap-

plying the frequency tuning

We performed with the CAPRICE-type ECRIS installed at GSI an inter-
esting investigation on how the frequency tuning can affect the ion source
performances in terms of beam current, production of higher charge states
and beam quality. In 2008 we operated this ECRIS with a klystron generator
driven by an analog oscillator sweeping in the 14.46 − 14.54 GHz frequency
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range and the current and shape of helium ion beams were measured. Figure
4.5 shows the results of the frequency tuning effect on the extracted current.
Here the total beam current is divided by three to compare its evolution
with the He+ and He2+ evolution with the frequency. In figure 4.5 the
reflection coefficient (dashed line referred to the right scale) is included and
a clear relationship between the reflection coefficient and the beam current
is visible.

Figure 4.5: Frequency tuning effect on the beam current extracted by a CAPRICE-
Type ECRIS.

In 2010 we replaced this generator with a Traveling Wave Tube Am-
plifier (TWTA) driven by a synthetizer sweeping in the 12.5 − 16.5 GHz
frequency range and the measurements of the ion beam current and shape
were extended to a larger frequency range. This experiment was carried
out by operating the source with a maximum power of 150 W because the
TWTA was not able to handle high levels of reflected power. For this rea-
son, in 2011 we performed an experiment including a waveguide isolator able
to accept up to 650 W and the effect on the high charge state ion produc-
tion of the frequency tuning was then analyzed. Recently we operated once
more the CAPRICE ECRIS with the frequency tuning technique in order
to investigate the effect on the production of metal ion beams.
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Figure 4.6: Cross section of the CAPRICE ECRIS.

4.2.1 The CAPRICE ECR ion source description

The CAPRICE ECRIS is a compact ion source thanks to the iron yoke and
to the small dimensions of the plasma chamber (long around 160− 180 mm
length with a 64 mm diameter). The detailed description of the main fea-
tures of the ion source can be found in [84]. In figure 4.6 the cross section of
the CAPRICE source installed at GSI in the EIS testbench are shown. The
magnetic confining field is generated by two solenoid coils (1.2-1.3 T is the
maximum longitudinal magnetic field at the injection and at the extraction)
indicated in green in the picture in figure 4.6. A NdFeB permanent magnet
sextupole combine to the longitudinal field a radial confinement (there are
several version of the CAPRICE sources equipped with 1.0 T or 1.2 T mag-
netic field at the plasma chamber wall). The microwave injection system is
composed by a waveguide to coaxial transition inside a copper cube where
the WR62 rectangular waveguide is connected. Inside the copper cube the
gas inlet (or the oven housing for the metal ion production) is mounted.
The extraction system is composed by a plasma electrode (biased together
with the plasma chamber at 12−15 kV), a ground electrode and a screening
electrode negatively biased (usually at −2 kV).

4.2.2 The experimental set-up

In order to measure the effect of the frequency tuning on the CAPRICE
performances, the microwave injection of the ion source was modified. In
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fact some components, for instance the waveguide vacuum window, were
changed and some passive devices like the high directivity directional cou-
plers were inserted in the waveguide injection line. Furthermore the mi-
crowave generator has to be equipped with a variable oscillator or else a
wideband microwave amplifier driven by a sweep generator must be used.
Some components of the beamline of the testbench have been used to mea-
sure the effect of the frequency tuning on the ion source performances. The
layout of the EIS testbench, where the ions source is installed, is shown in
the figure 4.7 and it is described in [85].

ECRIS DC1 SO DC2 QS
MS

MS

DC3ECRIS:
SO:
QS:
MS:
DC1-3:

CAPRICE ECR Ion Source
Solenoid
Quadrupole Singlet
Magnet Spectrometer
Diagnostic Chamber

1 m

Figure 4.7: Layout of the EIS testbench.

The main elements of the beamline are: a diagnostic chamber DC1
(where Faraday Cups, emittance measurements or viewing targets devices
can be mounted) a focusing solenoid, a second diagnostic chamber DC2,
a quadrupole singulet, a dipole for the mass over charge ratio separation,
a third diagnostic chamber DC3. The Faraday Cups inside the diagnostic
chambers DC2 and DC3 can measure the beam intensity. The variation
of the beam current with the frequency was measured with the Faraday
Cup at the DC3 position and by recording the drain current at the high
voltage power supply for the total current. In order to measure the effect
of the variation of the microwave frequency on the beam quality, viewing
targets mounted on feedthroughs remotely controlled are inserted inside the
diagnostic chamber along the beam line. We have chosen all the diagnostic
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chambers indicated in figure 4.7 to monitor the beam shape: before and
after the extracted beam focusing solenoid (DC1 and DC2, respectively)
and in the diagnostic box DC3 after the magnet spectrometer. During the
frequency sweeps the forward power and the reflected power were measured
simultaneously with the beam current or with the beam shape.

4.2.3 The effect of the frequency tuning on the ion extracted

current

Figure 4.8: Block diagram describing the main components of the microwave injec-
tion system used for the frequency tuning measurements.

A signal generator produces the electromagnetic wave, which power is
amplified by a TWTA, feeding the plasma. Figure 4.8 shows the block dia-
gram describing the microwave injection. The used TWTA covers the 8−18
GHz frequency range and it is able to provide an output power up to 650 W.
The maximum manageable power reflected to the amplifier was restricted to
80 W, then the microwave power feeding the plasma was kept lower than 150
W. The automatic level control of the output power of the amplifier was al-
ways active. For frequencies higher than 16.5 GHz high reflected power was
measured and the TWTA was not able to handle it over a long time. This
may be due to the confining magnetic field which is no longer adequate for
these high frequencies. A digital signal generator working in the range from
1 to 20 GHz was used. Since the calculated minimum distance between two
resonant frequencies of the CAPRICE vacuum filled plasma chamber, when
assumed as a cylindrical resonating cavity, in the specified frequency range
is around 500 kHz, steps of 200 kHz were chosen. A dwell time of 20 ms
for each step has been set. Then one measurement ranging from 12.5 GHz
to 16.5 GHz had a duration of about 400 seconds. We analyzed the plasma
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properties by measuring, for different ion source conditions, the reflection
coefficient with the two directional couplers of high directivity inserted in
the waveguide line. The forward power and the reflected power were mea-
sured with two probes. Argon as a main gas and Helium as a support gas at
gas pressures around 4∗10−6 mbar were used. We measured the ion currents
of the charge states Ar7+, Ar8+ and Ar9+ with a Faraday cup inserted in
the DC3 diagnostic chamber; the drain current of the high voltage power
supply of the extraction has been recorded simultaneously.
During the current measurements, while the frequency swept, the ion source
parameters were kept constant. First the ion source parameters were set to
optimize the Ar8+ production at 14.5 GHz. This is the operating frequency
of the CAPRICE ECRIS provided by the klystron oscillator which is the
device used for the normal operation of the ion source. During the prelimi-
nary frequency sweeps there were values where we experienced a mismatch
condition and then the forward power at the output of the TWTA was de-
creased to 100 W for all the next experiments: the maximum Ar8+ current
for this setting of the source was around 75 µA with a drain current of
2.36 mA. With these ion source conditions the frequency sweep was ramped
from 12.5 GHz up to 16.5 GHz. During the frequency sweep the reflection
coefficient, the analyzed ion currents and the drain current were recorded
simultaneously and the measurements results are shown in figure 4.9. The
reflection coefficient indicated in the upper figures 4.9 has been calculated
with the formula:

Reflection coefficient = 10 · log10

(
Reflected power

Forward power

)
(4.1)

In the equation (4.1) the forward power is the microwave power sent to
the ion source and measured with a power probe connected to one of the two
WR62 directional couplers, while the reflected power is the one reflected by
the ion source and measured at the power probe connected to the second di-
rectional coupler. By analyzing the reflection coefficient shown in the upper
figures 4.9, it is clear that the plasma chamber has a resonating behavior.
This result was already found in 2008 [70]. We observed a correlation be-
tween the peaks of the reflection coefficient and of the current amplitude in
particular where the impedance matching condition is fulfilled (when there is
no reflected power). The Argon drain current and the charge states currents
are affected by the choice of the operating frequency; for instance the Ar8+

current ranges from a few µA up to 200 µA and the evolution is similar to
the Ar7+. However at the frequencies where both currents present a peak,
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Figure 4.9: (Top) Ion current for 3 different Argon charge states, reflection coeffi-
cient (dashed line referred to the right scale) and total ion current (bottom) for the
Argon beam as a function of the microwave frequency.

the Ar8+ is quite higher than the current of Ar7+ (for instance at 14.119
GHz the difference between the two currents is a factor two). An opposite
behavior is visible for the minima of the current amplitudes where the Ar7+

current is higher than the Ar8+ current. The Ar9+ beam current rise up to
80µA within the considered frequency range and starting from 15.64 GHz
tends to lower values even if the reflected power is less than 10%. This
results seems to be correlated with the confining magnetic field restricting
the ion source operation to lower frequencies. The total beam current is
indicated in the bottom figures 4.9 and it is varying with the frequency with
the same evolution of the charge states current. We checked the obtained
results for several runs by repeating the measurements during the frequency
sweeps and no remarkable variations were recorded on the beam currents
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Figure 4.10: Argon charge states distributions for thirteen different frequencies in
the 14 − 15 GHz frequency range.

and on the reflection coefficients. Then a good reliability of the measure-
ments results is expected.
The frequency tuning effect was also analyzed on the other Argon charge
states by comparing the charge state distributions for different frequencies.
The analysis was restricted to the 14−15 GHz range and, within this range,
the most interesting frequencies (i.e. where the Ar8+ current was mini-
mum and maximum) the charge state distributions were chosen from the
frequency sweeps. In figure 4.10 the Argon charge state distributions are
shown for thirteen frequencies. It is useful to restrict our analysis to the
most significative ones and figure 4.11 shows six of them. The inset of this
plot indicates the reflection coefficient. The highest Ar8+ current was mea-
sured at 14.119 GHz and at this frequency the lowest current of the lower
charge states was measured (measured at 14.57 GHz as well). The Ar8+

is more than doubled, with respect to the standard operation frequency
of 14.5 GHz. It is also important to mention that at 14.119 GHz and at
14.995 GHz the power feeding the plasma was the same (almost the same
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Figure 4.11: Argon charge states distributions for six different frequencies in the
14 − 15 GHz frequency range.

measured reflection coefficients) but the enhancement of the higher charge
states is quite different. Different reflection coefficients can be related to
similar charge state distributions like at 14.0 GHz and 14.46 GHz where the
current of the higher charge state is quite low.
The microwave coupling varies, while the frequency sweeps and for this rea-
son the reflection coefficient presents a strong variation. This is related to the
fact that the coupling of the electromagnetic waves to the plasma changes
by changing the microwave frequency. The amount of power feeding the
plasma varies during the sweep and if higher charge states are requested the
microwave power has to be increased.[5]
At high power the frequency tuning can be more effective for the high charge
state production. In order to validate this assumption it is interesting to
show in figure 4.12 the Ar7+ and Ar8+ beam current evolutions for two
different power levels, 50 W and 100 W. All the other ion source parameters
remained unchanged. The beam currents are restricted in the frequency
range from 14 to 15 GHz. At 50 W the curves of Ar7+ and Ar8+ current
are very similar but at 100 W higher values of current are obtained, a pro-
nounced difference between the two curves appears and the frequencies at
which the current peaks occur are shifting by a few MHz.[69]
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Figure 4.12: Argon beam currents course with the frequency for different microwave
powers.

4.2.4 Enhancement of the current of highly charged ions

In order to analyze the frequency tuning effect on the high charge state
ion production the power provided to the source had to be enhanced and
for this reason we included a waveguide isolator in the waveguide injection
line. The block diagram shown in figure 4.13 describes the modified set-up.
The water-cooled waveguide isolator included in the WR62 waveguide line
is characterized by a low insertion loss and a high insulation (around 20 dB)
among the covered frequency range of 12.5−18 GHz. The CAPRICE source
parameters were set in order to maximize the production of the Ar11+ ion
current at 14.5 GHz and 450 W microwave power and then a frequency sweep
was run in the 12.5−16.5 GHz frequency range. During the frequency sweeps
the Ar8+, Ar9+ and Ar11+ ion currents were measured. The evolution of
these ion currents with the frequency is shown in figure 4.14.

In this figure the Ar11+ values are multiplied by a factor 10 in order to
better visualize the comparison with the other charge states. With respect
to the measurement reported in the previous section, the currents were more
noisy and less stable during the sweep. This behavior, already observed in
[83] can be explained by analyzing the reflection coefficient measured with
the set-up described in figure 4.13 and shown in the dashed line of figure
4.14. During this experiment the power levels coupled to the plasma ramped
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Figure 4.13: Block diagram describing the main components of the microwave in-
jection system used for the frequency tuning measurements at high power.

Figure 4.14: Argon beam currents and reflection coefficient (dashed line referred to
the right scale) during the high power frequency sweeps.

from a few tens of watt (at frequencies where the reflection coefficient had
a maximum) up to 450 W (at frequencies were a condition of optimum
matching was fulfilled) and vice versa. This change of coupled power may
have caused this noisy signal dynamic.

Figure 4.14 clearly shows that it is possible to enhance the current of
the highly charged ions, i.e. Ar9+ and Ar11+, by changing the microwave
frequencies with respect to the 14.5 GHz default setting. In particular one
frequency where this enhancement occurs is 13.221 GHz. It has to be men-
tioned that during the experiment described in the previous section one
optimized frequency was 14.119 GHz. However, the frequency where the
highest Ar8+ and Ar9+ current peak was measured was around 13.29 GHz
(see figure 4.9). Since some source parameters, like the plunger position, the
balance of gases and the position of the plasma electrode, are not the same
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as in the previous experiment, the two optimized frequencies are different
and a direct comparison cannot be done.
By keeping the source parameters in the condition corresponding to figure
4.14 the beam currents were measured at different microwave powers for
two microwave frequencies: 13.221 GHz which is the optimized one and 14.5
GHz.

Table 4.1: Currents of Argon beams expressed in µA for different power levels at
two microwave frequencies.

The charge state distributions were measured at these two frequencies
for microwave powers ramping from 250 W to 550 W in steps of 50 W. The
results of these measurements are reported in the Table 4.1. During these
measurements the other source settings were not varied. The measured
current values reveal how the increase of power can be effective only for the
higher charge states (i.e. above the charge state 8+). For the production
of lower charge states it is clear that the power levels must be kept low in
order not to provide higher energies for the electron heating [5].
In order to visualize the enhancement of current for the higher charge states
(above 8+) when the frequency is changed from 14.5 GHz to 13.221 GHz it
is useful to plot the values contained within this table. Figure 4.15 shows
the ratio of the two current values for the last four rows of table 1. The
Ar12+ can be increased from 5 times to almost 9 times by increasing the
power and by choosing an optimized feeding frequency. The result contained
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in this figure demonstrates how effective is the choice of the frequency for
the high charge state ion production. It is also confirmed that the choice
of the microwave frequency can improve the ionization efficiency. In fact
the ion currents for the lower charge states are higher if the ion source is
operating at a frequency which is not optimized for the production of high
charge states.

Figure 4.15: Current enhancement of Argon high charge states ions for different
microwave powers.

One important observation is that if the power increases a shift of the
resonant modes towards the higher frequencies is also expected, as confirmed
by the experimental evidences reported in section 4.1.1. For this reason for
each power level the optimized frequency could not be the one measured at
450 W and indicated for the comparison of the current levels in table 4.1.[86]

4.2.5 The effect on the beam shape

Beam inhomogeneities and aberrations can be observed by monitoring the
beam shape and, for this purpose, the viewing targets revealed to be a
powerful diagnostic tool.[56] The viewing target technique to measure the
ion beam properties in terms of quality and shape has been described in
section 2.5.2 where the viewing targets have been introduced.
We made use of this beam diagnostic tool to measure the variation of the
beam properties when the frequency tuning is applied to the CAPRICE
ECRIS. In 2008 we analyzed the beam quality at GSI with the beam viewers
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on a helium beam when the microwave frequency was swept from 14.46 GHz
to 14.54 GHz. In figure 4.16 the He2+ and the drain current evolutions with
the frequency (left) and the beam shape (right) right after the extraction
(at the diagnostic chamber DC1 indicated in figure 4.7) are shown. Figure
4.16 shows that the beam intensity distribution is inhomogeneous and that
this distribution changes with the microwave frequency, while keeping all
the other parameters constants.[70]

Figure 4.16: Evolution of the He2+, of the drain current (left) and of the beam
shape (right) with the frequency.

The experiment was repeated in 2010 at GSI with the experimental set-
up indicated in the section 4.2.2. Along the beamline shown in figure 4.7
the viewing targets have been mounted on feedthroughs in order analyze
the effect of the frequency tuning by recording the shape of the ion beam
with a camera during the frequency sweep. The variation of the ion beam
shape was measured in the diagnostic chamber DC2 and DC3. The beam
shape during the sweep was analyzed for different settings of the ion source.
First the ion source was optimized for Ar8+ (see figure 4.9) and then the
Faraday Cup was taken out from the DC3 and a viewing target was inserted
along the beam line and, while the microwave frequency swept, we recorded
the Ar7+, Ar8+ and Ar9+ beam shapes. A selection of images extracted
from the videos are reported in figure 4.17. In this figure the corresponding
frames taken from the measurement of the focused beam shape at the DC2
plasma chamber are included in the first column. These images are recorded
when the focusing solenoid was set to optimize the transmission of the Ar8+

beam current and the visible rings are the unfocused charge states. The
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reported frames are corresponding to the first four frequencies indicated in
figure 4.11: 14.0 GHz and 14.46 GHz (minimum Ar8+ intensity), 14.119 GHz
(maximum Ar8+ intensity) and 14.5 GHz is the usual operation frequency of
the CAPRICE ion source when the klystron provides the microwaves feed-
ing the plasma. For the frequencies where the minimum of Ar8+ current

Figure 4.17: Argon beam, at different microwave frequencies, on the targets located
behind the focusing solenoid (first column) and behind the dipole for Ar7+, Ar8+

and Ar9+, respectively.

is measured, 14.0 and 14.46 GHz, the focused beam shape seems to remain
unchanged concerning the orientation of the arms. At 14.0 GHz the image
is brighter and this can be related to the higher intensity measured at the
Faraday cup with respect to 14.46 GHz. It is worth noting that at 14.46
GHz the reflection coefficient is at the minimum (see caption of figure 4.11)
between the analyzed frequencies. The beam recorded in the DC3 remains
similar but for the Ar9+ some differences between the two frequencies are
present. This is a further confirmation that a fundamental role is played by
the electromagnetic field pattern which influences the heating rapidity, and
the ion confinement time [75].
The beam shapes at 14.119 GHz (optimum performance for the highly
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charged ion production) and the usual 14.5 GHz operation can be com-
pared. Concerning the focused beams, recorded on the DC2, at 14.119 GHz
is bigger and brighter than the one at 14.5 GHz and the orientation of the
arms is turned clockwise by more than 40◦ with respect to the beam shapes
at 14.0 − 14.46 GHz. The brightness of the images at DC3 is higher at
14.119. The beam shapes measured at DC3 remain unchanged with the
exception of the shape of the Ar8+ ion beam which presents some minor
changes. The similar shape of all the charge states on this position for all
the analyzed frequencies can lead to the following observation: even if the
focusing solenoid and the magnetic quadrupole singlet located in front of
the analyzing dipole magnet were set differently for the three charge states,
and for different current intensities, the ”hyperbolic shape” of the beam is
preserved.[69] Then it is possible to observe that while the beam intensity
is very sensitive on the effect of the frequency tuning the beam shape is
affected by the magnetic structure of the beam line and a variation of the
frequency affects the brightness of the image as an indication of the variation
of the beam intensity.

4.2.6 Application of the frequency tuning for the production

of metal ions

We carried out an interesting experiment in order to achieve higher charge
state ion current for a Titanium beam produced at GSI for the future nuclear
physics projects. The element used for this experiment was natural Tita-
nium (48T i), while the requested beam to be injected into the accelerator
will be the enriched material 50T i. Concerning the metal vapor production
no differences involving the oven construction have been observed when us-
ing the natural or the enriched material. Since the melting point of the
Titanium is higher than 1600◦, the High temperature Oven described in
section 2.4.4 has been used for this purpose and around 200 mg of 48T i have
been introduced in the crucible. The goal of this experiment was to produce,
by applying the frequency tuning technique, a stable beam with sufficiently
intensity of a beam of ions with charge state higher than 8+ (T i8+, T i9+,
T i10..). The normal operation of the source for this purpose make use of a
Klystron microwave generator working at 14.5057 GHz providing a power
up to 350 W to the ion source. We replaced this generator with a Traveling
Wave Tube Amplifier driven by a synthesizer (initially set at 14.507 GHz)
providing a power around 250 W for the whole duration of the experiment.
Additional Helium gas was used to stabilize the plasma. The heating of the
oven usually takes half a day of operation while the applied voltage is slowly
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Figure 4.18: T i8+ (top) and T i11+ (bottom) evolution varying the microwave fre-
quency.

ramped until a sufficient power (in this case a power of 200 W was enough
but this value is sensitive on the type of oven and of the material inserted)
was reached in order to obtain a few tens of T i7+ and the spectrum was free
of Oxygen charge states, indicating that the outgassing phase of the oven
is finished. When the source parameters were set to obtain the condition
”A” indicated in table 4.2 a frequency sweep was carried out to measure
the variation of the beam intensity for the T i8+ and for the T i11+ with the
frequency. The results of this current evolution is shown in figures 4.18.

We observed a different behavior of the T i8+ with respect to the T i11+

during the frequency sweeps. First a noisy T i8+ current was measured with
respect to T i11+ current. Then while at 14.5057 GHz the IT i8+ = 49µA
and no enhancement was gained by changing the microwave frequency, the
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Table 4.2: CAPRICE ECRIS settings for the 48T i ion production.

Setting Oven power Inj coil current Ext coil current Gas pressure

A 234 W 1228 A 1078 A 4.8 · 10−6 mbar
B 262 W 1237 A 1099 A 7.8 · 10−6 mbar
C 269 W 1163 A 1094 A 8.8 · 10−6 mbar
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Figure 4.19: Titanium charge state distribution for three microwave frequencies
(same source settings: the condition ”A” in table 4.2).

IT i11+ = 13µA can be enhanced up to 34µA if the frequency is changed
to 13.725 GHz, for instance, which is one value where an increase of the
intensity was measured.
After this sweep it was then possible to identify some frequencies where the
T i11+ had a maximum like at 13.725 GHz and 13.214 GHz and, for these
frequencies, the charge state distributions, shown in figure 4.19, revealed
the current gain when the frequency tuning is applied for the production of
metal ion beams in particular for the higher charge states like the T i11+.
Since it was previously observed that the electromagnetic field distribution
is sensitive on the plasma parameters, if the electric power provided to the
oven is increased (and consequently the gas pressure inside the plasma cham-
ber) also the frequencies, where the maximum of the currents was measured,
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Figure 4.20: Titanium charge state distribution for three microwave frequencies and
different settings of the ion source (see table 4.2).

can vary. For this reason in figures 4.18 it is shown the effect of varying the
source setting (mainly by increasing the oven voltage) into the ”B” (for the
T i11+) and ”C” (for the T i8+ and T i11+) conditions described in the table
4.2. Once more it is possible to identify some frequencies where the current
of the T i8+ is enhanced with respect to the 14.5017 GHz frequency (a more
stable beam was obtained by slightly change the operating frequency with
respect to the 14.5057 GHz previously used). Due to the higher gas pres-
sure it was expected a decrease of the current of the highest analyzed charge
states. For this reason a change of the frequency is not longer effective for
the enhancement of the T i11+ current. All these results are summarized in
figure 4.20. After almost 48 hours of operation the beam was stable and the
ion source worked continuously without any adjustment of the parameters
with the exception of the oven power which was increased for compensating
the consumed material leading to a slow decrease of the current over the
time. Like the gaseous plasmas also the plasmas obtained from a ionized
vapor of a metallic element is sensitive on the variation of the frequency
and this is visible in figure 4.21 (left) where the drain current is plotted
over the frequency for the three source setting above mentioned. During the
frequency sweeps, like described in the previous paragraph, the directional
couplers and the power probes for measuring the forward and reflected power
where used. Then it was possible to measure the reflection coefficient during
the frequency sweeps. This is shown in figure 4.21 (right). A resonant be-
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Figure 4.21: Titanium drain current (left) and reflection coefficient (right) evolution
by varying the microwave frequency.

havior of the source is preserved but it is interesting that the distribution of
the resonances is almost constant, when the source parameters are changed,
with respect to the measurement carried out with a gaseous plasma.

4.3 The double frequency heating

The trend to increase the operating frequency together with the confining
magnetic field permits to achieve higher plasma densities which are neces-
sary to increase the ion current for higher charge states [5]. As shown in
the second chapter, the state of the art ECRISs are mainly using operation
frequencies above 24 GHz with magnetic field values up to 4.5 T for con-
finement, i.e., SECRAL ion source at IMP (Lanzhou) working at 24 GHz
[36], SC-ECRIS at RIKEN [33] (Japan), VENUS ion source at LBNL [87]
and the European MS-ECRIS, designed to work at 28 GHz [40]. In order
to reach the desired current intensity of high charge states most of these
ion sources are using feeding systems with two electromagnetic waves at
different frequencies [88],[89]. This technique, so called ”double frequency
heating”, or ”multiple frequency heating” when more than two frequencies
feed the plasma, is revealed to enhance the ion current intensity. Since 1994,
this technique has been used to improve the production of highly charged
ions. In [80] G.D. Alton et al used a multi discrete injection system to feed a
CAPRICE-type ECRIS with up to three electromagnetic waves thus demon-
strating that the charge-state populations for Argon and Xenon ions move
toward higher values when excited with two and three discrete-frequencis.
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In 2005 the 10.5 GHz ECRIS at Argonne National Laboratory was operated
with a 10.5 GHz klystron and an 11 − 13 GHz TWTA.[90] A factor 2 en-
hancement of the beam intensities for the higher charge states was obtained
from the source with two-frequency heating over single-frequency heating.
Some possible explanations of this increase of current have been provided in
the past and some guidelines for the choice of the two frequencies have been
given [91], [64]. However, in most of the cases this choice is made according
to the available microwave generators without a possibility for fine tuning
of the provided frequency which, as we have largely shown in the previous
section, is mandatory to maximize the effectiveness of this technique. The
next section reports the results of the experimental measurements of the
performances of a CAPRICE-type ECRIS when the double frequency heat-
ing is applied after that the application of the frequency tuning technique
allowed to select the operation frequencies.

4.4 Operation of the CAPRICE ECRIS with the

double frequency heating

Figure 4.22: Block diagram describing the main components of the microwave in-
jection system used for the double frequency heating measurements.

We used the CAPRICE ECRIS installed at GSI to carry out experiments
to investigate the effect of the double frequency heating on the production of
high charge state ion beams. In section 4.2.3 the variation of the ion current
intensities of Ar7+, Ar8+ and Ar9+ in the range 12.5 − 16.5 GHz has been
described. The Argon charge state distributions were analyzed for different
frequencies and we found that for some of them an enhanced intensity of the
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higher charge states occurred. For instance, at 14.119 GHz the current, with
respect to the standard operating frequency (14.5 GHz), enhances from 75
to 180 µA for the Ar8+ and from 14 µA to 65 µA for the Ar9+ at 100 W (see
figure 4.11). The frequencies 14.119 and 14.5 GHz were selected to analyze
the CAPRICE performances in terms of higher current and production of
higher charge states when the double frequency heating is applied. Figure
4.22 shows the block diagram describing the experimental set-up. A power
combiner was used to send to the TWTA two electromagnetic waves with
different frequency provided by two sweeping generators. With this experi-
mental set-up it was possible to explore the double frequency heating when
one frequency is fixed (to 14.5 GHz in one case and to 14.119 GHz in another
case) and the second one sweeps in the 12.5−16.5 GHz range. First, we kept
at 100 W (the output power of each generator was balanced) the amount
of power feeding the plasma in order to compare the results of the double
frequency heating with the measurements of single frequency sweeping. We
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Figure 4.23: Effect on the reflection coefficient of the double frequency heating for
two settings of the fixed frequency and comparison with the single frequency tuning.

set the ECRIS parameters including the magnetic field, the gas pressure,
the extraction voltage, etc, to the same values as used for single frequency
sweep analysis with the charge state distribution optimized for the Ar8+

intensity and they have been kept constant during this experiment. We
analyzed the double frequency heating by measuring the Ar7+, Ar8+ and
Ar9+ currents and the drain current. Concerning the forward power and
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the reflected power they have been measured simultaneously but, with the
double frequency heating the power probes cannot distinguish the respec-
tive measured values of forward/reflected related to each of the two waves.
The forward power and the reflected power indicated in equation (4.1) are
each the sum of the respective power value related to the fixed frequency
and the one related to the sweeping frequency. The reflection coefficients
calculated with the formula (4.1) are shown in figure 4.23 where the one
related to the single frequency sweep, already shown in the upper figure 4.9,
is also included. Figure 4.23 allows to make a comparison between the two
techniques concerning the behavior of the ion source. As expected, in the
case of the two frequencies the minima of the reflection coefficient are higher
because of the higher level of reflected power due to the superposition of the
two waves. It is interesting to observe that these minima occurs at almost
the same frequencies for both techniques. Since the frequencies when a min-
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Figure 4.24: Effect on the drain current of the high voltage power supply of the
double frequency heating for two settings of the fixed frequency and comparison
with the single frequency tuning.

imum of the reflection coefficient occurs does not vary it can be expected
that the peaks of the ion current are located at the same frequencies for
the two heating methods. This assumption can be confirmed by analyzing
the figure 4.24 where for the drain current of the high voltage power supply
is shown for the two techniques. During the single frequency sweeping the
drain current varies from around 1.4 mA to 2.8 mA while with the double



4.4 Operation of the CAPRICE ECRIS with the double frequency heating 108

frequency heating the range of variation is 0.6 mA with a reduced dynamic.
The drain current is more stable with the frequency when the second fre-
quency sweeps instead of the single frequency tuning. In the first case 50 W
are provided at one fixed frequency and the effect of the sweeping of a second
frequency with a power of 50 W produces a different coarse of the current
with respect to the single sweeping frequency (and the same power). This
is also visible in figures 4.25-4.27). The more stable behavior of the ion cur-
rent with the frequency is also observed in the evolution of the Ar7+ current
shown in figure 4.25. A possible interpretation of this result can be found in
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Figure 4.25: Effect on the Ar7+ current of the double frequency heating for two
settings of the fixed frequency and comparison with the single frequency tuning.

the power provided by the two methods. In the case of the single frequency
tuning 100 W are provided to the source and during the frequency sweep
when the impedance matching is not fulfilled the sent power is completely
reflected (see figure 4.23). In the case of the double frequency heating just
50 W of the total forward power of 100 W are associated to a sweeping fre-
quency and at the frequencies where the power is not coupled to the plasma,
one half of the total power are provided at a fixed frequency which is well
coupled to the source (14.5 GHz or better when the fixed frequency is an
optimized one). The behavior of the Ar8+ and Ar9+ in the range 12.5−16.5
GHz is also more stable in the case of the double frequency heating and this
is confirmed by analyzing the figures 4.26 and 4.27. Here the average level
of the ion current is higher with respect to the case of the single frequency
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Figure 4.26: Effect on the Ar8+ current of the double frequency heating for two
settings of the fixed frequency and comparison with the single frequency tuning.

tuning but for the frequencies when a current peak occurs the level is higher
in the case of the single frequency tuning. The comparison is carried out
between the single frequency tuning and the double frequency heating when
one of the two frequencies is set to 14.5 GHz.
Another important results of this experimental analysis is connected to the
choice of the fixed frequency. This choice in fact allows to enhance the ion
currents of the higher charge states as already observed in [90]. A com-
parison concerning the double frequency heating for the two values of fixed
frequencies, 14.5 GHz and 14.119 GHz, can be carried out. The drain current
is 0.2− 0.4 mA higher (see figure 4.24) when the fixed frequency is changed
from 14.5 GHz to 14.119 GHz. A very important results concerns the high
charge state production: with respect to the 14.5 GHz fixed frequency, with
the choice of 14.119 GHz the higher charge states tend to higher ion currents
when increasing the frequency (See figures 4.26 and 4.27).
There is a strong difference when the operating frequency is optimized ac-
cording to a frequency tuning. In fact when operating in the double fre-
quency heating and when optimizing one of the two frequencies (14.119 GHz
for the considered setting of the ion source) the current increases linearly
with the second frequency (with respect to the 14.5 GHz fixed frequency).
This is, for instance, the case of the Ar9+ current which enhances up to 30
µA (see figure 4.27).
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It is possible to summarize the found results and make a comparison between
the single frequency and the double frequency sweeps: the evolution of the
ion currents and of the reflection coefficient remains almost the same with
the frequency between the two techniques. The ECRIS performances can be
further optimized when the double frequency heating technique is used. In
fact the single frequency tuning can be used to find optimized frequencies to
be used for operating in the multiple heating mode. In order to investigate
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Figure 4.27: Effect on the Ar9+ current of the double frequency heating for two
settings of the fixed frequency and comparison with the single frequency tuning.

the effect on the Argon ion beams of the choice of the power between the
fixed frequency and the sweeping one we changed the power distribution be-
tween them by doubling the power of the fixed one in one case and the power
of the sweeping one in the second case. In both cases two fixed frequencies
were chosen and even in this case the possibility to set the fixed frequency
to an optimized one, obtained with the fine tuning of the frequency, made
possible to increase the beam intensity. This is shown in figure 4.28 where
the evolution of the Ar9+ current is reported when 150 W of total power are
distributed between two waves in different fractions, one of fixed frequency
and a second frequency sweeping from 12.5 GHz to 16.5 GHz. Once more
the single frequency sweeping carried out at 100 W is included in the figure
for comparison. We noted small differences on the Ar9+ ion current when
the frequency is not optimized, like 14.5 GHz and the power is differently
distributed. For the optimized frequency, 14.119 GHz, up to a factor 2.5 of
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enhancement is recorded when the power of the fixed frequency is doubled
with respect to the sweeping one. Then, when one of the two frequencies
is optimized, the average level of the extracted current remains high with
respect to a not optimized frequency (like 14.5 GHz) and it is increasing
with the second frequency (quite evident above 15 GHz). It came out from
this measurement that it is more effective to increase the power at the fixed
frequency. By observing this figure it comes out once more that the choice
of the optimized frequency obtained in a previous experiment applying the
frequency tuning, hence is very important for using the double frequency
heating at higher power.[69]
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Figure 4.28: Ar9+ current - Different power distributions between the two waves.

4.4.1 Effect of the double frequency heating on the current

of highly charged ions

In the previous section we pointed out that it is possible to enhance the pro-
duction of high charge state ions, with the double frequency heating with
the increase of the power of the fixed optimized frequency and the decrease
the second one carried by the sweeping frequency. In order to confirm this
result also for the higher charge states ions, the microwave power has to be
increased. For this reason we modified the experimental set-up by including
the waveguide isolator described in section 4.2.4 and shown in figure 4.29.
With this arrangement we were able to send up to 550 W, distributed by
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Figure 4.29: Block diagram describing the main components of the microwave in-
jection system used for the double frequency heating at high power.

two waves at different frequency, to the CAPRICE ECRIS. In section 4.2.4
we demonstrated that the microwave frequency can be used as an optimiz-
ing parameter and this can strongly modify the charge state distribution
thus increasing the ion current of the higher charge states. The results of
the high power experiment revealed that for the frequency 13.221 GHz an
enhancement of the high charge state production was measured. Then we
analyzed, for this frequency, the high charge state production in combination
with the double frequency heating technique and the results are compared
with the ones obtained when the fixed frequency is 14.5 GHz. Figures 4.30
show the results of measurements of the Ar9+ and the Ar11+ beam currents
when two frequencies are provided to the source: a fixed one (13.221 GHz
or 14.5 GHz, respectively) and a second frequency sweeping in the range of
12.5 ÷ 16.5 GHz. The power provided to the amplifier by the two waves is
the same so that a total power of 450 W is injected into the ion source for
comparison with the single frequency sweeping operation. As observed for
lower power the choice of the fixed frequency determined an enhancement
of the intensity mainly at the frequencies where a current peak occurs.
Then we analyzed the Ar9+ and the Ar11+ beam currents when one fre-
quency (13.221 GHz) is fixed and a second frequency sweeps in the 12.5−16.5
GHz frequency range with different settings of the power levels. The results
of this measurement for the Ar9+ and the Ar11+ beam current, respectively,
are shown in figures 4.31 and it is clear that the increment of a few tens
of Watt is enough to increase the ion current. The confirmation that the
optimized frequency chosen as one of the two frequencies allows to increase
the highly charged ion production is clear by observing the Ar11+ current in
the middle figure 4.31. In fact once the optimized frequency is chosen with a
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Figure 4.30: Effect on the Ar9+ (top) and Ar11+ (bottom) current of the double
frequency heating for two settings of the fixed frequency and comparison with the
single frequency tuning.

frequency tuning experiment, the addition of a second wave with low power
(just 50 W) can enhance the high charge state ion current by optimizing
the microwave coupling as shown in the bottom figure 4.31. This result is
very important for the future projects making use of ECR ion sources fed
by Gyrotron oscillators to operate with the double frequency heating. In
fact it would be expected that in such a case it is possible to provide a
few hundreds of watts by a TWTA in addition to the power provided by
the Gyrotrons in order to get the advantages of a tunable double frequency
heating for the enhancement of the production of highly charged ions.[86]
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Figure 4.31: Ar9+ (top) and Ar11+ (middle) beam currents and reflection coeffi-
cients (bottom) when the double frequency heating is applied with different settings
of power levels.
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4.5 Comparative analysis of the frequency tuning

and of the plunger tuning

In section 3.7 we described the technique of the plunger tuning for the match-
ing impedance optimization. The variation of the physical dimensions of the
system composed of the injection box, of the coaxial line and of the plasma
loaded cavity can produce a variation on the beam current like observed
in this chapter with the frequency tuning. In both cases, in fact a fine
impedance match can be obtained. The existing modes inside the plasma
chamber can be excited by changing the microwave frequency or by chang-
ing the volume at fixed frequency. During the frequency tuning experiment
described in section 4.2.3 the plunger was set at a distance of 25.05 mm from
the central axis during all measurements. Then we moved the plunger in-
side the injection box to 22.5 mm of distance from the central axis where the
current of Ar8+ attained its maximum of 115 µA as described in section 3.7.
For this setting of the ion source the microwave frequency has been swept
in the frequency range mentioned above. The results concerning the Ar8+

current are shown in figure 4.32. As expected at 14.5 GHz now a maximum

Figure 4.32: Frequency tuning effect on the Ar8+ current for two plunger positions.

of the Ar8+ current is present. Almost all peaks are shifted in frequency
and amplitude. The value of 14.119 GHz does no longer correspond to a
maximum of the Ar8+ current in the frequency range between 14 GHz and
15 GHz. The reason of this variation of the peaks has to be researched in
the different modes distribution, now present inside the plasma chamber, as
noted in figure 4.33 showing the reflection coefficient versus the frequency for
the two plunger positions. A similar dependence can be expected when any
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kind of perturbing structure, like biased discs, Langmuir probes, or ovens
for the metallic ion beam production, is inserted into the plasma chamber
as already reported in [62].

Figure 4.33: Frequency tuning effect on the reflection coefficient for two plunger
positions.

According to the different current amplitudes, shown in figure 4.32, fig-
ure 4.34 shows the charge state distribution measured for these two differ-
ent positions of the plunger. In this figure we included a comparison with
the charge state distribution related to the optimized case of 14.119 GHz
frequency. Is is clear that the plunger tuning plays the same role as the
frequency tuning. The two methods to optimize the impedance matching
can be used simultaneously (see blue bar in figure 4.34). In this case, since
the frequency was changed to the optimized one the tuner was set to the
position where the Ar8+ current was the highest. This optimization process
could proceed in a different sequence by changing frequency and position of
the plunger, respectively. However, if the power is not increased or if the
other parameters of the ion source remain unchanged a saturation of the ion
current of the higher charge states is expected.
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Conclusions and future

perspectives

The theoretical and experimental investigations presented within this re-
search work provided useful explanations on the performance enhancement
of the Electron Cyclotron Resonance Ion Sources, in terms of production of
more intense beams of highly charged ions, when techniques based on the
tuning of the microwave coupling to the plasma filling the chamber of such
ion sources are applied.
The obtained experimental results showed that the current, the charge states
and even the beam shape change by varying the microwave coupling to the
plasma, by tuning the microwave frequency (according to the so called fre-
quency tuning effect) or by modifying the volume where the plasma is con-
tained. The theoretical explanation of the variation of these ion beam prop-
erties has been related to the difference in the electromagnetic field pattern
over the resonance surface, i.e. that region where the electrons resonantly
interact with the incoming wave, when the microwave frequency provided
to the source, or the physical dimensions of the system, are changed. This
explanation is in agreement with the assumption that the plasma chamber
is a resonating cavity for the electromagnetic wave feeding the plasma. We
demonstrated that the electromagnetic field distribution inside the cavity of
an electron cyclotron resonance ion source can be changed significantly by
means of frequency variations thus having a huge effect both on the spatial
distribution of minima and maxima and on the amount of energy coupled
from the feeding waveguide to the cavity. The resonant modes have com-
pletely different patterns and some of them are more effective on the accel-
eration of the confined electrons and on the rate of ionization and, therefore,
on the plasma formation. The confirmation of this assumption was provided
by means of a series of measurements performed with a network analyzer
connected to a plasma reactor operating at 2.45 GHz, according to the prin-
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ciples of the Microwave Discharge Ion Sources (MDIS). We obtained an
electromagnetic characterization of the plasma chamber in terms of possible
excited resonant modes with and without plasma and we observed that the
plasma dynamics strongly depends on the structure of the standing waves
that are generated. We observed a shift of the resonant frequencies when the
gas pressure or the microwave power were varied. By linking the shift to the
decrease of the electric permittivity due to the variation of the electron den-
sity, this latter parameter was calculated. We compared the measurements
of the plasma electron density with a Langmuir probe to the calculated val-
ues and a good agreement was found.
We also investigated the microwave coupling on a CAPRICE-type ECRIS,
installed at the GSI Helmholtzzentrum für Schwerionenforschung GmbH,
by featuring the existence of standing waves inside the plasma chamber for
different conditions of the plasma. The microwave coupling variation by
using a matching plunger was also investigated and the effects on the beam
current extracted by this ion source were measured. The plunger tuning
provided comparable results on the intensity variation as the frequency tun-
ing. We demonstrated that these techniques can be used simultaneously for
the enhancement of the high charge state production. The use of a match-
ing plunger on an ECRIS provides interesting advantages concerning the
normal operation and the performance optimization. However, the determi-
nation of the electromagnetic field patterns is complicated for the complex
geometry which this system introduces. Then, only electromagnetic sim-
ulators can calculate the electromagnetic field inside these geometries and
in this research work we used CST Microwave Studio and interesting re-
sults were found. The geometry of the CAPRICE ECRIS was reproduced
and the effects of the plunger tuning and of the frequency tuning were an-
alyzed for different parameters like the microwave frequency or the plunger
position. The presence of a non magnetized plasma was considered in the
model by including a medium with an electric permittivity lower than one.
Future investigations on the different distributions of this medium inside
the plasma chamber are planned. Furthermore the model of a magnetized
plasma, which will reproduce the plasma contained inside the plasma cham-
ber of the ECRIS, is considered to be included and evaluated. This will
improve the consistence of the simulation results and the effect introduced
by the presence of the ECR plasma will be investigated more precisely. The
simulated model showed that a different electromagnetic field pattern, with
respect to a first order approximation of the chamber as purely cylindrical,
exists inside the plasma chamber when all the ECRIS components, i.e. like
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the plasma electrode or the matching plunger, are taken into account. The
introduction into the plasma chamber of any perturbing object, like probes
or biased discs, has proven to perturb this electromagnetic field pattern,
thus affecting the ECRIS performances. This assumption has been con-
firmed by the experimental results reported within this work. The reported
measurements hereinafter resulted to be relevant for the ECRIS knowledge
and operation, because they confirmed the validity of the theoretical model
describing the frequency tuning and the double frequency heating.
The experiments largely described in the fourth chapter provided interesting
and important results concerning the operation of the ECRIS when making
use of the microwave frequency tuning and of the superposition of different
microwave sources feeding the plasma. The effect of the frequency tuning
is more pronounced for higher charge states. A variation of the intensity
and the shape of the extracted ion beams with the frequency is the main ef-
fect. We measured the variation of the microwave coupling by changing the
frequency and, by analyzing the reflection coefficient, a resonant behavior
was observed. We also observed a clear relationship between the resonances
of the reflection coefficient and the current intensity and an enhancement
of the current for the highly charged ions was measured. Some frequencies
were identified where the current of the higher charge states was more than
doubled and this effect was more effective for the higher charge states. This
result was confirmed by operating the CAPRICE ion source with higher
microwave power. The measurements of the charge state distributions re-
vealed how the frequency tuning is more effective on the higher charge states
and how important is the choice of the microwave frequency for the normal
operation of the ECRIS and for the optimization of the beam properties.
The performance improvement when applying this technique is confirmed
for ions obtained by elements both gaseous and metallic.
In conclusion, it is possible to state that the electromagnetic field pattern
inside the chamber plays an important role to determine the current density
distribution of the extracted ion beam and its total intensity. In particular,
we demonstrated that the frequency tuning can be a powerful method which
permits, just by changing the operating frequency, the optimization of the
coupling between the electromagnetic wave and the plasma filled chamber.
However, since the ECRIS performances depend on the plasma character-
istics which are also function of the gas pressure in the cavity, and on the
magnetic field used for its confinement, the relationship between the per-
formance enhancements and the different plasma conditions have still to be
investigated. The interest of the scientific community in the use of the fre-
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quency as a ”knob” to tune the ion source performances pushes toward new
developments and better understanding of this technique. Emittance mea-
surements and investigations on the X-ray production when this technique
is applied are also planned. The knowledge of the ion trajectories and of
the energy transferred to the electrons can provide additional information
to the comprehension of the frequency tuning.
Another investigated technique within this research work is the double fre-
quency heating. It is based on the plasma feeding by different frequencies
and, by applying this technique, the performances of the ECRIS in terms
of the beam current intensity, particularly of the higher charge states, can
be enhanced. This has been clearly demonstrated. We pointed out that
when operating with double frequency heating the choice of the frequencies
allows a further enhancement of the intensity of the higher charge states.
The efficient application of this technique cannot be separated by the fre-
quency tuning for the choice of the operation frequency. We observed that
the higher charge states tend to higher currents when the second frequency
is increased. We also demonstrated that the power distribution between
the two waves is also important. By feeding the ECRIS plasma with two
frequencies, the power of one of them can be a small percentage of the other
and this setting was sufficient to obtain a remarkable increase of the ion
current and of the high charge state ion production. This results turned out
to be important for the future developments of the next generation ECRISs
making use of higher magnetic fields and operating with Gyrotron genera-
tors providing microwave frequencies higher than 24 GHz at power levels in
the 10 − 15 kW range. Future investigations will make use of these ECRIS
to validate the advantage of the double frequency heating by combining,
as a microwave injector, a system composed by a Traveling Tube Amplifier
(providing a few hundreds of Watt at a variable frequency) and a Gyrotron
Generator (providing a power of several kW at a fixed frequency). The
availability of the MS-ECRIS ion source to be assembled at GSI will allow
to carry out these promising investigations.



Acknowledgements

First I would like to thank my tutor, the Professor Francesco Musumeci.
He gave me the opportunity to develop all my research activities in the field
of the Electron Cyclotron Resonance Ion Sources. All of his suggestions
were fundamentals to prepare and to carry out my PhD studies.

I would like to acknowledge the PhD coordinator, the Professor Gaetano
Giaquinta. He was always available and friendly in providing me his aca-
demic support.

I am grateful to the Professor Sebastiano Barbarino. He transmitted me
his passion for the electromagnetism and for the plasma physics. He always
encouraged me and he had faith in me during the dissertation process. He
was and he will remain a mentor to me.

I would like to give a special thank to the colleagues of the ion sources
Department I had the pleasure to find at GSI. In particular I am warmly
grateful to the colleagues of the ECR Ion Sources team: Dr. Klaus Tinschert
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L. Celona, Proc. of the 19th Int. Workshop on ECRIS Grenoble, 23−26
August 2010 (edited by T. Tuillier, Grenoble, June 2011 p. 143 − 145).



BIBLIOGRAPHY 129

[72] D. Mascali, N.Gambino, R. Miracoli, S. Barbarino, S.Gammino,
L.Torrisi, F.Maimone, L.Tumino, Radiation Effects e Defects in Solids,
Vol. 163, Nos. 4 − 6, April-June 2008, 471.

[73] S.Gammino L.Celona, G. Ciavola, N. Gambino, F.Maimone,
D. Mascali, R.Miracoli, Proceedings of the 35th EPS Plasma Physics
Conference, 9-13 June 2008, Hersonissos, Crete, Greece.
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