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Tiivistelmä

Marttinen, Miha
Transient Sputtering Method for Estimating Ion Confinement Times in ECRIS Plasma
Pro Gradu -tutkielma
Fysiikan laitos, Jyväskylän yliopisto, 2018, 108 sivua

Elektronisyklotroniresonanssi-ionilähteillä (ECRIS) tuotetaan korkeasti varattuja ione-
ja kiihdytinpohjaisen fysiikan tutkimuksen tarkoituksiin. Pitkät ionien säilöntäajat ovat
välttämättömiä korkeasti varattujen ionien tuottamiseksi. Tässä Pro Gradussa testataan
transienttimenetelmää ionien säilöntäaikojen arviomiseksi sputteroimalla.

Tutkielmassa esitellään tarpeellinen tausta plasmafysiikalle, ECR-ionilähteelle ominai-
sille plasmailmiöille, sekä käytännön menetelmille ionien tuottamiseksi ECR-plasmassa.
Kokeellisessa osiossa esitellään sputterointiin perustuva transienttimenetelmä ionien säi-
löntäaikojen arvioimiseksi ionivirtojen transienttien aikavakioista. Aikavakioiden riippu-
vuus ionilähteen operointiparametreistä analysoidaan nojaten teoreettiseen taustaan, ja
sen havaitaan sopivan ionien sähköstaattiseen säilöntämalliin.

Lisäksi työssä tutkitaan ionien tuottoaikoja soveltamalla sputterointimetodia nopeassa
sputteroinnissa. Tuottoaikoja verrataan ionivirtojen saturaatioaikoihin, joita käytetään
tyypillisesti radioaktiivisten ionisuihkujen tuoton rajakriteerinä. Havaitaan, että ionien
tuottoajat ovat merkittävästi lyhyempiä kuin saturaatioajat, mikä on radioaktiivisten
ionisuihkujen tuoton kannalta tärkeä havainto.

Avainsanat: ECRIS, ionien säilöntäaika, ionien tuottaminen
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Abstract

Marttinen, Miha
Transient Sputtering Method for Estimating Ion Confinement Times in ECRIS Plasma
Master’s thesis
Department of Physics, University of Jyväskylä, 2018, 108 pages.

Electron Cyclotron Resonance Ion Sources (ECRIS) are used for Highly Charged Ion
(HCI) production for accelerator based physics research. A necessary condition for HCI
production are long ion confinement times. In this thesis, a transient sputtering method
for estimating the confinement times is tested.

In this thesis, the necessary background of plasma physics, ECRIS-specific theoretical
plasma phenomena, and practicalities of HCI production with the ECRIS are introduced.
In the experimental section, a transient sputtering method for estimating ion confinement
times based on the ion current transient decay times is presented. The parameter depen-
dence of the decay times is analyzed relying on the theoretical background, and found to
be in accordance with the electrostatic ion confinement model.

Additionally, the ion production times are probed by applying the sputtering method
in a fast sputtering experiment. The production times are compared to the ion current
saturation times, which are typically used as limiting criteria for radioactive ion beam
production. It is observed, that the ion production times are significantly shorter than
the current saturation times, which is an important finding with respect to radioactive
beam production.

Keywords: ECRIS, ion confinement time, ion production
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Kiitokset

Tämä tutkielma on vaatinut aika paljon töitä, mutta sen kirjoittaminen on muuttunut
sitä helpommaksi, mitä enemmän sitä on tehnyt, joten uskon oppineeni jotain. Kiitän oh-
jaajiani ja koko ionilähderyhmää tämän urakan aikana saamastani ohjauksesta, avusta ja
neuvoista. Mun on myös välttämätöntä kiittää ystäviäni, joita ilman olisin loppuunpala-
nut ja joiden ansioista fysiikka on hauskaa. Erityisesti kiitän äitiäni, joka tuntuu tietävän
kaikesta muusta paitsi fysiikasta paremmin kuin minä.
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1 Introduction

The Electron Cyclotron Resonance Ion Source (ECRIS) is used for highly charged ion
(HCI) production for nuclear -and particle physics research, industrial applications and
medical purposes. The ECRIS relies on plasma formation via electron impact ionization
of gas atoms. The electrons are heated by microwave radiation and confined in a magnetic
field. Because of their high collisionality, the ions are not magnetically confined like the
electrons, but thanks to the selective heating the ions remain cold and slow moving,
which increases their confinement times. Long ion confinement times are necessary for
HCI production, because the step-by-step ionization process requires the ions to undergo
multiple ionizing collisions with the electrons.

In this thesis, a pulsed sputtering method is applied to measure the ion confinement times
in an ECRIS. Sputtering is a method for introducing metallic substances into plasma. A
metal (in this work copper) sample is inserted radially into the ECRIS plasma chamber
at its edge, and it is biased to a high negative voltage. The negative potential in the
metal sample attracts the positively charged ions of the plasma, which are accelerated
towards the sample. Upon collision, metal atoms are separated from the sample’s surface
and they make their way into the plasma. The voltage can be operated in a pulsed mode
using a TTL control signal to switch it on and back off again.

By varying the different ECRIS parameters: the magnetic field, the microwave heating
power, plasma chamber pressure, buffer gas species and the sputtering voltage, it is
possible to perform a factor analysis of the extracted m/q-analyzed ion current decay
time. The decay times of the different charge states have been measured in sweeps of the
aforementioned parameters, and the response of the decay time has been analyzed.

Ion production times have also been investigated with a fast sputtering experiment. By
making the sputtering times shorter, the amount of metal introduced into the plasma
decreases, and the disturbance caused by the sputtering voltage becomes smaller. Due
to the time that it takes the metal atoms to become ionized, for the shortest sputtering
pulses the sputtering voltage is switched off before any current is measured. As such,
the measured current corresponds to a plasma that is not disturbed by the sputtering
voltage. By integrating the current it is thus possible to determine, how quickly ions
of particular charge are extracted from the ion source after material injection into the
source. It is of particular importance to be able accurately to determine ion production
times when it comes to radioactive beams. In this case the time to produce ions needs
to be short. If the production times are very long in comparison to the half lives of the
beam particles, sufficient beam intensities cannot be reached due to in-beam decay.

The text is arranged as follows: The fundamental properties of plasmas are introduced
in section 2, and the ECRIS specific plasma phenomena are described in section 3. Then,
in section 4, the conditions (including the confinement time) and methods for efficient
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production of highly charged ions are discussed. The development of the experimental
setup and methods are shown in section 5, and the results of the experiments and their
analysis in section 6. Finally, conclusions are drawn in section 7.
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2 Basic properties of plasmas

Plasma is an ionized gas consisting of charged ions, electrons and neutral atoms and
molecules exhibiting collective behavior under the influence of electromagnetic fields.
A plasma is formed when a gas is heated until the particle-particle collisions are intense
enough to cause electrons to be removed from the neutral particles. Because the ionization
process does not involve a specific heat but is continuous in nature, there is no clearly
defined phase shift between a gas, a very weakly ionized gas, and a plasma. Typically,
however, once the ionization degree of the gas exceeds a few percent it exhibits collective
motion, and thus can be considered to be plasma [1]. Because of the abundance of free
ions, plasmas are a good basis for ion source operation. In this section the basic properties
of plasmas distinguishing them from gases are briefly covered.

2.1 Definition of a plasma

Plasmas are quasi-neutral – i.e. approximately macroscopically neutral, but can have
internal charge distributions – and thus their properties are dominated by electromagnetic
interactions[2]. In a cold plasma (such as in ion sources), the massive ions move slowly
relative to the electrons, which may be considered to oscillate about the ions in their
electric potential: The charge separation causes an electric force to manifest between
the electrons and ions, which causes a harmonic oscillation of the electrons about the
ions. The angular frequency of the electrons’ oscillation about the ions, or the so-called
electron plasma oscillation frequency is given by[2]

ωpe =
(
e2ne
ε0me

)1/2

, (1)

where me is the electron mass, e is the elementary charge, ε0 is the vacuum permittivity,
and ne is the electron number density. In order for this oscillation to take place, the motion
must not be significantly perturbed by collisions with neutrals, that is: ωpe � ωen, where
ωen/2π = νen is the electron-neutral collision frequency. If this condition is not met,
the properties of the gas are determined by the neutral atoms, and the gas cannot be
considered a plasma. Usually this condition is met when the ionization degree exceeds a
few percent[1].

The kinetic energy of the electrons determines the amplitude of the oscillation, i.e. the
charge separation. Therefore, based on the electron temperature a measure of the charge
separation can be derived, and it is given by the Debye-Hückel length [3, 2]

λD =
(
ε0kBTe
e2ne

)
. (2)
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Deviations in the plasma charge neutrality are in the scale of the Debye-Hückel length
(often referred to simply as the Debye length). Because of this, the condition for plasma
quasi-neutrality is determined such that the characteristic dimension of the plasma L
is required to be much greater than the Debye length, i.e. L � λD. Furthermore, in
the derivation of the Debye length it is assumed that there is a statistically significant
number of electrons present, which is achieved if neλ3 � 1, where the cube of the De-
bye length is termed the ’Debye sphere.’ Based on these conditions it can be said, that
an ionized gas can be considered a plasma when deviations from charge neutrality are
small in comparison to the the size of the volume occupied by the gas, and the degree
of ionization is high enough for the charged particles to dominate the dynamics of the gas.

2.2 Charged particle motion in magnetic and electric fields

Laboratory plasmas are confined by magnetic fields, the plasma heating is often achieved
via radiowave absorption by the plasma, and an electric field arises across the plasma
sheath due to the plasma potential (see section 3). Additionally, the quasi-neutrality of
the plasma allows small scale electric fields to manifest between the particles. The plasma
dynamics are governed by interactions between the constituent particles and these fields.
The following treatment[2] can be used to model single particle motion in electric -and
magnetic fields:

Considering a single particle with mass m and charge eq, moving at velocity ~v in a
magnetic field ~B and acted upon by the stationary force ~F , its equation of motion is

m~̇v = eq~v × ~B + ~F , (3)

where the time derivative is designated with the dot. This equation may be separated to
its components perpendicular (⊥) and parallel (‖) to the magnetic field. The velocity, for
example, may be written as ~v = ~v⊥+~v‖. The cross product term in the equation has only
components perpendicular to ~B. Parallel to ~B the equation thus describes acceleration
determined by the force ~F‖. Perpendicular to the magnetic field we have

m~̇v⊥ = eq~v⊥ × ~B + ~F⊥, (4)

which is a system of two coupled, inhomogeneous differential equations.

The homogeneous part of equation (4) is

m~̇v⊥ = eq~v⊥ × ~B, (5)

whose solution describes particle gyromotion in a plane whose normal is along the mag-
netic field line. The gyration occurs at constant speed v⊥ at a Larmor radius

r = mv⊥
eqB

. (6)
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and at an angular frequency
ω = eqB

m
, (7)

where the sign of the charge state q determines the direction of rotation (The direction can
be obtained easily according to the well known ’right hand rule’: right handed rotation
for positive charges, left handed for negative).

The inhomogeneous part of (4), in the special case of constant velocity ~v⊥ is

−eq~v⊥ × ~B = ~F⊥ (8)

and it can be solved by taking its cross-product with ~B, i.e.

~v⊥ =
~F × ~B

eqB2 ≡ ~vdrift. (9)

The result is the so-called drift velocity ~vdrift in the direction perpendicular to both ~B
and ~F , which causes the particles to drift across the magnetic field from one field line to
another. The particle drifts can be caused by such forces as those arising from electric
fields (~F = eq ~E), the magnetic field gradient (~F = −µ∇B; where µ is the magnetic dipole
moment) or particle density gradients (in the case of stellar and ionospheric plasmas
gravity also causes notable particle drift). The single particle motion in the transverse
magnetic plane is thus a combination of the gyromotion about the field line and the drift
across the field lines.

The drift caused by a magnetic field gradient ∇B is relevant for the purposes of ECR
ion sources. The magnetic field gradient causes charged particles gyrating in the field to
move perpendicular to the magnetic field, or towards regions of lower magnetic field. The
−∇B× ~B-drift that causes the particle to drift across the field lines, and a gradient parallel
to ~B the charged particles drift towards weaker magnetic field due to the conservation of
the magnetic dipole moment of the gyrating particle. This effect is used in the ECRIS
to achieve electron confinement in the so-called ’magnetic bottle’ and it is treated more
thoroughly in section 3.1.
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2.3 Particle diffusion in magnetized plasma

Figure 1. Diffusion of a charged particle across magnetic field lines. The positively
charged particle (red sphere) collides with neutrals (blue spheres) as it spirals about
the field lines. Arrows indicate the trajectories of the neutrals, which are unaffected
by the field. The particle trajectory begins in the upper left corner. Note the change
in direction parallel to the magnetic field ~B caused by the collisions. Figure adapted
from [2].

Unlike in the case of a simple gas at equilibrium, the motion of particles in a plasma is
not governed by Brownian motion, due to the long range Coulomb interactions between
the charged particles. A magnetic field applied across the plasma will further alter the
dynamics of the system. This section presents a brief version of the treatment of diffusion
in a magnetized plasma by [2].

Temperature and density gradients cause particle flows along the gradient in a transport
process referred to as diffusion. Diffusion is described by Fick’s laws, which state that
the diffusive particle flux

~Γdiff = −D∇n, (10)

where D is the diffusion coefficient, and n the particle density. Here the diffusion coeffi-
cient for electrons and ions (e,i) is determined by the particle mobilities and temperatures
according to the Einstein relation

De,i = be,ikBTe,i ≈ νλ2
mfp, (11)

The mobility be,i is a proportionality constant describing the friction between the electrons
or ions and the other plasma particles: In the case of a weakly ionized plasma the
friction is due to collisions with neutrals, while in a fully ionized plasma the collisions are
between the charged particles. The collisions take place at the frequency ν and determine
the particle mean free path λmfp

1. Equation (10) shows that the diffusion happens from
1Collisions also cause the particle velocities to be changed, which has important consequences with

respect to electron confinement in an ECRIS, as described in section 3.1.
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regions of higher particle density towards lower densities. Meanwhile equation (11) shows
that particles with higher mobility and temperature have higher particle fluxes in absence
of ambipolar electric fields balancing the fluxes.

Applying a magnetic field onto the plasma causes the mobility to differ along and across
the magnetic field, due to the gyromotion of the charged particles about the field lines.
This is illustrated in figure 1, which shows a charged particle spiraling in a magnetic field
~B. In the figure, the particle is deflected from one field line to another in collisions with
neutral particles, whereupon its velocity vector also changes leading to a change in its
Larmor radius and possibly the direction of its motion along ~B. From the figure it can
be deduced, that while the diffusion of the particle along ~B is still determined by the
mean free path between collisions (λmfp in equation (11)), the diffusion across the field is
now governed by the Larmor radius. Therefore, the diffusion coefficient for particles in
a magnetized plasma needs to be defined independently perpendicular and parallel to ~B
as De,i

⊥ or De,i
‖ .

Because the Larmor radius determines the average step size of a charged particle diffusing
perpendicular to the magnetic field, it is the electron which is the slow particle when
diffusing in the transverse magnetic plane, as its Larmor radius is much smaller than
that of the relatively massive ion. Meanwhile, in the direction parallel to the magnetic
field the ions are the slower particle to diffuse – mainly due to their large mass, which
decreases their mobility, but also due to their smaller temperature. In an ECRIS, however,
the electrons diffuse out of the plasma at an overall faster rate, which leads to the build
up of a positive ’plasma potential’ relative to the vessel containing the plasma. This
phenomenon is important, and is looked at more closely in section 3.3.
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3 ECRIS plasma phenomena

The operation of an Electron Cyclotron Resonance Ion Source (ECRIS) is based on
the confinement and heating of electrons, and subsequent electron impact ionization of
the injected gas. The electron confinement is realized by a minimum-B magnetic field
structure, which has a minimum close to the plasma center and thence increases in every
direction. In the minimum-B configuration the magnetic field structure forms closed
constant-B surfaces roughly the shape of American footballs (prolate spheroids). The
electrons follow helical orbits around the magnetic field lines and thus, as they travel
towards an increasing B-field, they experience a force which tends to reflect them back
towards the plasma center [4].

In the ECRIS the electron heating is achieved via absorption of microwaves. As the elec-
trons cross the so called ECR surface in the magnetic field, where the angular frequency
of the electrons’ orbital motion about the field lines is in resonance with the microwave
frequency, as discussed later, the electrons crossing the ECR surface in the accelerating
phase can absorb energy from the microwave. The electrons in the accelerating phase
gain more energy than is lost by electrons crossing the ECR surface in the decelerating
phase, which means that statistically the electrons gain energy. Because the heating af-
fects mainly the electron’s velocity component perpendicular to the magnetic field lines,
the heating improves the electron confinement. Thus, a well confined hot electron pop-
ulation accumulates in the center of the plasma, and a cold electron population in the
outer regions.

The plasma is formed as energetic electrons ionize gas atoms injected into the plasma
chamber. The ionization occurs step-by-step, which means that Highly Charged Ion
(HCI) production requires ions to undergo multiple ionizing collisions with electrons. As
such, the ions need to have long confinement times and the electron number densities
must be sufficiently high to reach high charge states, as formulated later in equation (34)
in section 4.

Collisions define many of the plasma phenomena relevant to ECRIS. Electron confinement
is limited by their collisionality, as the requisite for magnetic confinement is that the
gyromotion of the electrons is unperturbed. If the electron is deflected from its orbit by
a collision before the period is complete, it undergoes no true gyromotion in the field and
cannot be confined. The same is true for the high charge state ions, which indeed are not
magnetically confined due to their collisionality[5, 6]. The diffusion of electrons into the
loss cone is governed by collisions, microwave induced scattering and non-linear effects
[7].

Due to the small mass and higher mobility of the electrons they tend to diffuse out of
the plasma at a faster rate than the ions. Therefore, the plasma develops a charge imbal-
ance with the plasma being at a higher potential than the plasma chamber walls. This
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potential difference is termed the plasma potential. As the plasma potential increases,
it increasingly retards the electrons and conversely accelerates the ions, until the diffu-
sion rates of negative and positive charges equilibrate in the plasma – an effect termed
ambipolar diffusion.

In a plasma, there are two (or three) electron populations each having different temper-
ature: the cold, (warm) and hot electron population. Since the hot electrons are well
confined in the plasma center, it is the population of cold electrons that is mainly re-
sponsible for the build up of the plasma potential. Meanwhile in the plasma center the
hot electrons are slightly slower to diffuse out of the region. Thus, in analogy with the
build up of the plasma potential, a potential dip is formed in the plasma center[6, 8]. No
direct measurement has so far provided evidence for the potential dip, but its existence
is strongly suggested by indirect evidence and theoretical models, as will be seen later.

The collisions also determine the energy equipartition rates between electron and ion
populations, since the energy transfer occurs in collisions between them. The collision
frequency decreases as the energy of the particle increases, and as such the energy equipar-
tition times between the hot electrons and the ions are much longer than the ion pro-
duction times2, which means that the ions will not reach the high energies of the hot
electrons. Equipartition between the cold electrons and the ions on the other hand is
possible, and the ions could be reasonably expected to attain energies in the (10− 20) eV
range typical to cold electrons. Typically, however, the ions are assumed to be quite cold,
having a temperature of a few eV[5, 9].

As ions in the ECRIS plasma are too collisional to be magnetically confined, the ion
confinement is believed to be electrostatic: the ions are confined in the potential dip
generated by the hot electron population in the plasma core. This is especially beneficial
with respect to HCI production, as the potential dip traps especially highly charged
ions, which are produced in the core plasma. An additional benefit gained from the
accumulation of the hot electrons in the plasma chamber is, that as the charge state of
an ion increases, so does the energy required for further ionization. Thus, the necessary
large number densities of hot electrons for HCI production can be realized in the ECRIS.
The following subsections discuss the processes introduced here in detail.

3.1 Electron confinement

Both the ECRIS plasma confinement and heating rely on the magnetic field configura-
tion of the ion source. The magnetic field of the ECRIS is arranged in a minimum-B
configuration, which has its minimum near the plasma center and increases into all di-
rections therefrom. The field generates the ECR surface where energy transmission from
microwaves to electrons is possible, and it confines the electrons, which follow helical
orbits about the magnetic field lines.

The electron confinement is based on the restorative force experienced by a charged
particle as it spirals towards increasing magnetic field. The necessary condition for the

2The production time is a measure of the time it takes for a particle to be both ionized and lost from
the plasma.
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electrons to be confined is that the electron orbital angular frequency ωce about the
magnetic field lines must be much higher than the electron-electron collision frequency
ωee, mathematically stated as

ωce � ωee. (12)

When this condition is satisfied, the electrons can be considered to undergo true circular
motion required for them to experience the restoring force.

The velocity component perpendicular to the magnetic field v⊥ is favored in the heating
(see section 3.2), and consequentially the heated electron moves further away from the
so-called loss cone in velocity space. In this way, the ECR-heating improves the electron
confinement. Furthermore, if the electron gains enough energy as it crosses the ECR-
surface, the point BECR may become its mirror point (the reflection point as explained
below). Then the electron is reflected back towards the center of the plasma, and it
becomes trapped inside the ECR-surface, where it will repeatedly bounce against the
surface absorbing more and more energy, and becoming better and better confined. As
such, a population of hot electrons accumulates in the center of the plasma. The con-
finement of electrons allows them to encounter the resonance zone multiple times, which
leads to increased electron energies necessary to further ionize highly charged ions, and
the good confinement of hot electrons makes the conditions in the plasma center favorable
for HCI production.

3.1.1 ECRIS magnetic field configuration

In an ECRIS, the magnetic field is formed by superposing an axial solenoid field with
a radial multipole field. In typical room-temperature ECR ion sources solenoid field is
generated by coils at the injection and extraction ends of the plasma chamber and the
multipole field by permanent magnet rods. In superconducting ECRIS the permanent
magnets are replaced by coils. The minimum-B configuration in the ECRIS could also be
realized by superposing a quadrupole field onto the solenoid field. This would improve
the radial confinement by reducing the number of available loss channels for the particles.
The improved confinement would come at the cost of a less optimal extraction, as the
end-loss flux would have a rectangular shape. Thus, the hexapole field is a compromise
between confinement and extraction[10].

The effect of the superposed axial and radial fields is to generate a so called minimum-
B magnetic field configuration. In this configuration the magnetic field is composed of
constant-B surfaces roughly in the shape of American footballs (prolate spheroids), such
that the field has its minimum near the center of the plasma chamber. Thus, any charged
particle in the center of the plasma chamber will see an increasing magnetic field gradient
in every direction. As the electrons are on helical orbits about the magnetic field lines,
they will feel a force

~F = −µ∇B, (13)

where µ is the magnetic moment generated by the electron’s orbital motion. The effect
of the force is to resist the electron motion in the direction of the increasing magnetic
field density.

21



Figure 2. The magnetic field lines crossing the ECR zone (illustrated as gray in the
figure). From [11].

Figure 3. Minimum-B field strength axially and radially in the JYFL 14 GHz
ECRIS. From [12].
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In figure 2 are shown the magnetic field lines forming the ECR surface, and in figure 3
the magnetic field intensity in the axial and radial directions. Note the axially twisting,
triangular shape assumed by the magnetic field lines as the superposition of the solenoid
and hexapole fields. The plasma itself will conform to this shape set by the field lines.

3.1.2 The loss cone

Consider a particle having charge q and mass m orbiting about a magnetic field line
with velocity v2 = v2

⊥ + v2
‖, where the velocity is expressed in terms of its components

perpendicular and parallel to the magnetic field. Its magnetic moment is

µ = IA = |q|v⊥2πrL
· πr2

L = W⊥
B
, (14)

where the Larmor-radius rL = mv⊥/|q|B, and the kinetic energy associated with the
perpendicular velocity component is W⊥ = mv2

⊥/2. In a static magnetic field µ is con-
served, and in the absence of electric fields the total kinetic energy W = W⊥+W‖ is also
conserved. Thus, from equation (14) it can be seen, that as the particle moves towards
regions of stronger B, the parallel kinetic energy component must decrease to maintain
a constant µ.

Defining the velocity space in terms of the velocity components perpendicular and parallel
to the magnetic field, the pitch angle between the components is

tan θ = v⊥
v‖

(15)

and v⊥ = v sin θ, which means that we can write also W⊥ = W sin2 θ. As such

µ = W sin2 θ

B
. (16)

For any two points in the magnetic field

µ1 = W sin2 θ1

B1
= W sin2 θ2

B2
= µ2 (17)

or
sin2θ1

sin2θ2
= B1

B2
. (18)

As the particle moves towards increasing magnetic field, its parallel velocity component
decreases. The condition for the particle to be reflected before exiting the magnetic bottle
is that the component v‖ goes to zero at the point of maximum magnetic field. As v‖ → 0
the pitch angle θ → π/2 according to equation (15). Assuming the point 2 as the mirror
point, it follows that

θ1 = arcsin
√

B1

Bmax
. (19)

Taking the point 1 as the point of origin for the particle, equation (19) determines the
minimum pitch angle required for the particle to be trapped in the magnetic bottle (i.e.
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its pitch angle being 90 degrees corresponding to v‖ = 0 at B = Bmax). For electrons this
gives

θ = arcsin
√
BECR

Bmax
= arcsin

√
1
R
, (20)

where the ECR zone is taken as the point of origin for the electron, because the con-
servation of the magnetic moment is broken due to energy gain as the electron crosses
the resonance. Thus, the ECR surface is the only logical solution for the point of origin
of the electrons. The value R = Bmax/BECR is referred to as the magnetic mirror ratio.
This relation between the magnetic field at the ECR-surface and the field maximum de-
fines the so-called loss cone in velocity space. Any particles inside the loss cone have a
large enough parallel velocity component to escape the magnetic confinement and will be
lost from the plasma. While ECR heating will predominantly increase the perpendicular
velocity components of electrons collisions diffuse particles into the loss cone. The loss
cone is illustrated in figure 4. The effect of the positive plasma potential (see section 3.3)
is to confine the electrons, which modifies the loss cone such that only electrons having
energies sufficient to overcome the plasma potential can escape.

v⊥

v‖

θ

Loss cone

(a) Loss cone without the plasma po-
tential

v⊥

v‖

θ

Loss cone

E ≤ eφ

(b) Loss cone modified by the plasma
potential.

Figure 4. Illustration of the loss cone in velocity space. The electron velocity is
expressed in terms of its components perpendicular (v⊥) and parallel (v‖) to the
magnetic field lines. The pitch angle θ defines the loss cone. The plasma potential φ
truncates the loss cone into a loss hyperboloid by confining electrons with energies E
less than the barrier height eφ.
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3.2 Electron cyclotron resonance heating

In an ECRIS the plasma heating is realized by microwaves. The electrons absorb energy
from the microwaves on the so-called ECR-surface, where the electrons’ orbital angular
frequency ωce about the magnetic field line is the same as the microwave frequency ωRF .
The frequency can be derived from the Lorentz force to be

ωce = B · e

γme

, (21)

where e/me is the charge to mass ratio for the electron. The relativistic gamma factor
γ = 1/

√
1− (v/c)2 is taken into account, because the ECR heating causes a fraction of

the electrons to have relativistic energies. The corresponding angular frequency for ions
can be obtained by substituting the ion’s mass in place of the electron mass. On the
ECR-surface ωce = ωRF . Thus equation (21) determines the location of the ECR-surface
as

BECR = ωRF ·
γme

e
. (22)

If the electron gains enough energy at the resonance surface, the surface becomes its
mirror point, and the electron is trapped inside the ECR-surface. The electron then
begins to bounce-oscillate within the surface, being periodically reflected back towards
the plasma center at the resonance zone.

An electron encountering the resonance zone can gain or lose energy depending on the
phase difference between the electron’s orbital motion and the microwave. An electron
in the accelerating phase absorbs energy and thus its Larmor-radius grows. The larger
radius corresponds to a longer circular path in the ECR-region, and thus a larger energy
gain

∫
F ·dl. along the path. Overall, therefore, the electrons will statistically gain energy

as they encounter the resonance zone.

The ECR heating has an upper limit, which is reached when the relative phase of the mi-
crowave and the bounce-oscillations becomes locked at a constant value, and the heating
ceases to be stochastic [13, and references therein]. On the other hand, the upper limit of
the electron energies is limited by the maximum magnetic field intensity. As an electron’s
energy increases, the relativistic effects cause its respective ECR zone to shift towards
stronger magnetic field values (as can be seen from equation (22)). If the relativistic
resonance field is stronger than anywhere inside the plasma chamber, the heating cannot
take place.

The electrons’ velocity components change at the resonance according to the equations
[9]

∆v‖ = eE

me

v⊥
vφ

√
π

ω′v‖
(23)

and
∆v⊥ = eE

me

(
1− v‖

vφ

)√
π

ω′v‖
, (24)

where E is the RF electric field and vφ = ω/k is the phase velocity of the wave. The
derivative of the orbital angular frequency ω′ originates from the expansion ωc (z) ≈
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ωR + ω′ (z − zR), in which zR and ωR refer to the position of the resonance and the
electron angular frequency at the resonance respectively (z-axis defined along the static
magnetic field). From the equations it can be seen, that at velocities low relative to the
phase velocity of the propagating microwave the electrons gain mainly transverse energy,
while at high velocities the perpendicular energy is converted to longitudinal energy.
The increase of the longitudinal energy at high electron energies leads to populating the
loss cone with high energy electrons – a process referred to as RF-scattering or elastic
pitch-angle scattering, which limits the hot electron confinement.
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3.3 Plasma potential

Figure 5. The supposed form of the plasma potential in the ECRIS. From [4].

Due to their lighter mass, electrons diffuse out of the plasma at a faster rate than ions.
This creates a charge imbalance, leaving the plasma more positive than the chamber
walls due to the build up of so-called plasma potential. As electrons continue to diffuse
onto the chamber walls, the plasma potential grows and begins to retard the electrons,
and conversely to accelerate ions, until their respective diffusion rates equilibrate. This
phenomenon is termed ambipolar diffusion. The positive plasma potential thus confines
the electrons, modifying the electron loss cone such that only those electrons that have
an energy higher than the confining potential barrier can escape. The effect is illustrated
in figure 4. The plasma sheath, illustrated in figure 5, is the region between the bulk
plasma and the chamber wall, where the plasma potential and density fall due to the
electric screening effect. The sheath width is a few multiples of the Debye length.

As the hot, well confined electrons accumulate in the center of the plasma – trapped
within the ECR-surface – it is the cold electron population that is responsible for the
build up of the plasma potential. The hot electron population causes the electron density
to be slightly higher in the plasma center and it causes a dip to form in the potential
profile [4, 8]. The figure 5 depicts the plasma potential profile. The depth of the well at
the center is about or less than 1 V according to [14].

There is some disagreement on whether or not a dip is actually formed in the potential
profile. The dip has never been directly measured in an ECRIS, but it is observed in fu-
sion devices where ECR heating is utilized. Nevertheless, there are phenomena observed
in the ECRIS plasma can be explained straightforwardly by assuming its existence: for
example the effect that gas mixing has on the beam emittance and HCI production, or the
HCI outpour in the ’afterglow’-regime of ECRIS operation. These are discussed in more
detail in section 4.2 in conjunction with ion confinement, which is believed to depend on
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the potential dip.

3.4 Collisions in plasma

The plasma consists of neutral atoms, ions and electrons which interact via the electric
Coulomb interaction. Even neutral-neutral interactions take place via their respective
electron clouds. Collisions between the plasma particles can be categorized as: (i) inelastic
collisions affecting the charge state or electronic excitation of the ions, and (ii) elastic
collisions affecting plasma confinement and temperatures of different plasma components.

The collision frequencies in plasmas are usually defined as an average over the supposedly
Maxwell-Boltzmann -like energy distribution as

ν = n 〈σv〉 (25)

where n is the particle density, σ the collision cross section and v the relative speed of
the colliding particles. The factor 〈σv〉 is referred to as the rate coefficient.

As it is that collisions between charged, point-like particles are mediated by the coulomb
interaction over distance, the relative velocity of the interacting particles determines the
quality of the interaction. In order for a collision to be ionizing, for example, the incident
particle must possess sufficient kinetic energy to overcome the ionization potential of the
target atom (or ion), but it must also spend sufficient amount of time in the vicinity of
the target for the coulomb force to cause sufficient acceleration on the ejected electron.
Thus, the cross section for charged particle collisions is heavily energy dependent.

3.4.1 Collisions affecting plasma charge state distribution

The first category of collisions includes processes such as ionization, electronic excita-
tion, charge exchange and recombination. Ionization in an ECRIS takes place stepwise
from one charge state to the next3, while recombination and charge exchange processes
compete with it to decrease the charge state. In the ECRIS plasma charge exchange
takes place mainly between ions and neutrals, as it is that the loosely bound electron
of a massive neutral is far more likely to be captured by a highly charged ion than, for
example, even the valence electron of a singly charged ion, due to the rapidly diminishing
cross section [15].

To estimate the cross section for ionization by electron impact the so-called Lotz formula
[16] can be used:

σq−1→q = 4.5× 10−14∑
k

ξq−1,k
ln (Ee/Iqk)
EeIqk

cm2. (26)

3Although it is possible for two (or more) electrons to be ejected in an electron-ion collision, the
stepwise process is much more probable.
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In the Lotz formula, Ee is the energy of the incident electron, Iqk the ionization potential
of the kth subshell of the ion and ξq−1,k is the number of electrons on the subshell k.
The Lotz formula takes into account that the electron may be lost from any of the ion’s
subshells for which the electron energy is higher than the ionization potential.

The Lotz formula shows that the cross section depends strongly on both the incident
electron energy and the ionization potential. The cross section for ionization decreases
markedly as the charge state of the atom increases, while the optimum electron energy
increases – both effects being due to the increasing ionization potential. This can be
seen in figure 6, where the ionization cross sections for neutral argon and Ar8+ are shown
as functions of the bombarding electron energy: While the optimum bombarding energy
increases by a factor of ten, the cross section for ionization decreases by three orders
of magnitude. The maximum of the cross section is reached at a bombarding energy
around three times the ionization potential. Going over the optimal bombarding energy
causes the cross section to decrease. This means that it’s the warm electron population
that is mainly responsible for ionization processes in the ECRIS plasma, and not the hot
electrons with up to hundreds of keVs energy.

Figure 6. The electron-impact ionization cross sections for neutral argon (left) and
Ar8+ (right). Figures from [15, and references therein].

The charge exchange cross section between an ion and a neutral atom can be estimated
by [17]

σq→q−1 = πa2
0qZ

1/3
(
I0

I

)3/2
. (27)

Here a0 ≈ 0.53× 10−10m and I0 ≈ 13.6eV are the Bohr radius and Bohr energy respec-
tively. The ionization potential I of the neutral atom corresponds to the binding energy
of its outermost electron and Z to its proton number, while q is the charge state of the
ion capturing the electron. From the formula it can be seen, that the probability of
charge exchange increases with the charge state of the capturing ion and decreases with
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the ionization potential of the neutral.

Because the rates of ionization and charge exchange depend on the particle densities,
the cross sections alone are not sufficient to compare the frequencies of these events.
Nevertheless, the probability of charge exchange is significantly greater than that of
ionization, and in particular, the cross section for an ion to capture an electron increases
as the charge state increases – contrary to the case with ionization. Therefore, in order
to produce high charge states, it is essential for the ion source to be operated in good
vacuum conditions in order to minimize the charge exchange processes (i.e. to minimize
the number of neutrals).
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3.4.2 Collisions affecting plasma confinement and temperature

(a)

(b)

Figure 7. Electron-electron collision frequency in the ECRIS plasma according to
equation (28) for electrons in the temperature range 0.1 keV – 10 keV for the cold
electrons (a) and 50 keV – 500 keV for the hot electrons (b) as functions of both the
temperature and electron density. Typical 14 GHz ECRIS parameters were used.
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The second category of collisions in the plasma are the elastic collisions, which do not
directly affect the plasma charge state distribution. This category includes non-ionizing
particle-particle collisions – electron-electron and ion-ion collisions.

Because there are two or three distinct electron populations with different temperatures
formed in the plasma, i.e. the electron population as a whole is not in thermal equilib-
rium, there is no one collision frequency that could be determined for the whole electron
population. The different populations may however be considered separately[10]. The
average electron-electron collision frequency is [1]

〈νee〉 ≈
nee

4 ln Λ
ε2

0m
1/2
e (kTe)3/2 . (28)

Here ln Λ = ln (neλ3
D) is the Coulomb logarithm, which in the JYFL 14GHz ECRIS is

typically around 12. Figure 7 shows the behavior of the collision frequency with respect
to electron temperature and density. The electron density range 1× 1011 cm−3 – 1× 1012

cm−3 is typical of ECRIS plasmas [10, 18]. It can be seen that the collisionality increases
for higher electron densities and lower temperatures.

Assuming the electrons to oscillate about a stationary ion population, the electron-ion
collision frequency [1] is given by

〈νei〉 =
√

2niq2e4 ln Λ
12π3/2ε2

0m
1/2
e (kTe)3/2 . (29)

In figure 8 the electron-ion collision frequency according to equation (29) has been plotted
with respect to the electron temperature (in the cold and the hot electron temperature
ranges) and ion charge state for an ion density of ni = 5× 1011cm−3. The fast decrease
of the collisionality as the electron temperature increases can be clearly seen from the
figure, as well as the effect of the increasing ion charge state. For a given ion density,
the difference in νei between the low and high charge state ions is as much as an order of
magnitude due to the q2 scaling of the frequency.

The heavy, slow ions experience many collisions with each other. Their collision frequency
is given by [5]

νij = 1
τij
≈ 6.8× 10−8 ln Λij

T
3/2
i

q2

Ai

∑
j

√
Aj
∑
q

nqjq
2, (30)

where ∑q n
q
jq

2 ≈ neqeff – given approximate quasi-neutrality of the plasma. Here, Ai is
the mass number of the ion i for which the collision frequency is calculated, while ∑j Aj
are the masses of the ionic species j making up the plasma. In the case of a pure plasma
(single ion species only – e.g. a pure oxygen plasma) the equation simplifies, but for
the purposes of this thesis the complete form is presented as copper is mixed into the
buffer gas. The average time between collisions is the inverse of the collision frequency:
τij = 1/νij.

In figure 9 the collision frequency of 16Oq+-ions in an 16O buffer plasma has been cal-
culated, given an effective plasma charge state of qeff = 4, electron density of ne =
5× 1011cm−3 and ln Λij = 12. The figure illustrates the temperature and charge state
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(a)

(b)

Figure 8. Electron-ion collision frequency in the ECRIS plasma according to equa-
tion (29). Frequencies plotted for different ion charge states at electron energies in
the range 0 keV – 10 keV (a), and 50 keV – 500 keV (b). Note that the ion charge state
only has discrete values in reality, but is shown as continuous for plotting purposes.
The ion density was set to 5× 1011cm−3 and otherwise values typical for a 14 GHz
ECRIS were used.
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dependence of the collision frequency – the highest collisionality is obtained for cold,
highly charged ions.

Figure 9. Collision frequency for 16Oq+–16O collisions in a pure oxygen plasma
according to equation (30). The values ln Λij = 12, ∑q n

q
jq

2 ≈ ne · qeff with ne =
5× 1011cm−3 and qeff = 4, and j = i were used.

The ions can gain energy in elastic collisions between them and the electrons. The
electron-ion collisional energy equipartition time (derived assuming steady state condi-
tions in the ECRIS plasma) is [5]

νeq,e→i = 1
τeq,e→i

≈ 3.2× 10−9 ln Λei

T
3/2
e

∑
i

∑
q n

q
i q

2

Ai
, (31)

where again ∑q n
q
i q

2 ≈ neqeff .

Figure 10 shows the electron-ion equipartition time according to equation (31) for 4He,
16O and 40Ar separately, with their effective charge states set to 1.5, 4 and 8 respectively.
As the mass of the ion increases, so does the equipartition time. From the figure can be
seen, that in an argon plasma the ions may gain an energy greater than 21 eV, if they
remain in the plasma for more than 50 ms.
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Figure 10. The energy equipartition time between electrons and 63Cu ions according
to equation (31). The equipartition time is calculated for 4He, 16O and 40Ar plasmas
with their effective charge states set to 1.5, 4 and 8 respectively. The calculation is
carried out for the cold electron population, whose density is taken to be half the
total electron density ne,cold = 0.5 · 5× 1011cm−3.
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3.5 Plasma temperatures and energy distributions

Due to the selective heating process in the ECRIS, electrons and ions have distinctly
different temperatures. This is a desirable property in the ECRIS, because the high charge
states of the ions are reached in collisions between them and the energetic electrons, while
the low ion temperatures allow them to be confined for a long enough time for them to
experience multiple such collisions.

3.5.1 Electron temperatures

Figure 11. The electron energy distribution of the electrons escaping through
the extraction aperture measured at 600 W microwave heating power at 14 GHz,
3.5×10−7mbar oxygen pressure and Bmin/BECR = 0.79. Distribution area is normal-
ized by the total number of electrons to equal unity. The figure is reproduced from
[13].

Due to the energy dependence of the electron heating and electron loss processes, the
electron velocity distribution function (EVDF), and consequently the electron energy
distribution (EED), becomes very anisortropic. The resultant EVDF is believed to consist
of at least three components: cold, warm and hot populations, each having a distinct
temperature, and energies in the ranges 10 eV – 100 eV, 1 keV –10 keV and 10 keV – 1000
keV respectively[14, 19, 20].

In [13] the Electron Energy Distribution (EED) of axially escaping electrons was studied
in the JYFL 14 GHz ECRIS – the same source used in this work. It was found that
the EED in the range 5 keV – 250 keV is strongly non-Maxwellian and that it exhibits
several local maxima at energies below 20 keV. The EEDs measured were those of escaped
electrons, which may differ from that of the electrons still confined. In figure 11, an
example of the measured EEDs is given for a microwave power of 600 W at 14 GHz
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frequency, oxygen pressure of 3.5×10−7mbar and magnetic field setting Bmin/BECR =
0.79.

In [13] it was found that the EED of the escaping electrons is sensitive to the variations
of the magnetic field, which affected the distribution the most at energies less than 100
keV. In figure 12 the shift of the EED with the changing magnetic field is depicted for
a constant microwave power and oxygen pressure, 400 W at 14 GHz and 3.5×10−7mbar
respectively. The microwave heating power or the frequency of the wave were not found
to markedly affect the distribution, at least in the ranges of 100 W – 600 W and 11 GHz
– 14 Ghz respectively.

Figure 12. The magnetic field dependence of the electron energy distribution at
constant 400 W microwave power at 14 GHz and pressure of 3.5×10−7mbar oxygen.
The distributions are unnormalized. The high energy (>200 keV) electron population
is only partly visible. Figure reproduced from [13].

In figure 13(a) can be seen how the number of escaping electrons decreases as the magnetic
field strength is increased. Meanwhile, the average energy of escaping electrons increases,
as can be seen in figure 13(b). It can be inferred that the decrease of escaping electron
flux results from their better confinement due to an increase in their temperature, and
the fact that the varying Bmin/BECR ratio causes the increment of electron losses in the
radial direction to increase.

Figures 11 and 12 demonstrate, that the assumption of a Maxwellian velocity distribution
is only approximately valid. The thermal electrons, with their large collision rates, are
more precisely Maxwellian, but the hot electrons carry almost all of the total electron
energy[5]. Therefore, mathematically simple Maxwellian and Maxwell-like distributions
(such as the Druyvesteyn distribution) are used to model the electron temperature in
theoretical plasma studies.
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In [20] the electron temperatures in the 18 GHz Minimafios ECRIS were studied based
on the electron cyclotron emission (ECE) -and bremsstrahlung spectra, as well as the
diamagnetism of the plasma. Figure 14 shows the results for ECE and bremsstrahlung
measurements with respect to the microwave heating power. It can be seen, that the
electron temperature increases with increasing heating power and decreasing neutral gas
pressure. For heating powers higher than 50 W, however, the rate of temperature increase
becomes lower and the temperature reaches its asymptotic limit at powers higher than
200 W. The increase in electron temperature cannot continue indefinitely, as the very
hot electrons become confined such that their mirror point lies within the ECR surface.
Thus, they no longer encounter the resonance and their heating ceases to be efficient[20].
The temperature is further limited by the increase in RF-scattering effects, which push
hot electrons into the loss cone. The systematically lower electron temperatures for
higher pressures are due to the increase in electron density: The same heating power is
distributed to more electrons leading to lower temperature [10].

Figure 13. Total number of escaped electrons normalized to unity (a) and the
average energy of an escaped electron (b) as functions of Bmin/BECR. Heating power
100 W at 14 GHz and pressure 3.5×10−7mbar of krypton. From [13].

38



Figure 14. The electron temperature as a function of the microwave heating power
at low and high pressures in the 18 GHz Minimafios ECRIS. From [20]

3.5.2 Ion temperatures

Figure 15. The temperatures Ti of argon and krypton ions as functions of electron
temperature Te in pure plasmas with an electron density of ne = 2× 1012cm−3. From
[18].

Ion temperatures in ECR plasmas are generally considered to be quite low – on the
order of few electronvolts [5]. This is due to the low electron-ion energy equipartition
rates, which lead to low power transfer between electrons and ions. The electron-ion
equilibration power Pei can be calculated from the ion particle losses ∑i

∑
q (Iqi /q), ion
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temperature Ti and fraction of ion losses ending up into the ion source extraction region
kL according to [21]

Pei '
3
2neTeνeq,e→i ≈

3
2
Ti
kL

∑
i

∑
q

Iqi
q
, (32)

where the first form of the approximation is more descriptive. It indicates that the energy
for the heating power is transferred to the ions at the energy-equilibration rate νeq,e→i.

Because the ion confinement times are typically believed to be much shorter than the
energy equipartition rates, the ions cannot reach very high temperatures. Melin et al.
give the following parameters as typical for a pure argon plasma, and particularly for
the ion Ar10+: Electron temperature Te = 500 eV, electron-ion energy equilibration rate
νeq,e→i = 0.28 s−1, average charge qeff = 8, and electron density ne = 5× 1011cm−3.
Assuming additionally a confinement time of τ = 5 ms, the ion temperature calculated
from the equipartition power would be

Ti = Pei
ni
· τ = 3

2
ne
ni
Teνeq,e→i · τ = 3

2 · 8 · 500 eV · 0.28 s−1 · 5× 10−3s = 8.4 eV, (33)

where ne/ni ≈ 8 based on the average charge in the plasma, and the quasi-neutrality
condition. For shorter confinement times the temperature is even lower: For example,
in [14] for Ar12+ optimization the confinement time of Ar10+ was estimated as ≈ 0.8
ms, which would yield a temperature Ti ' 1.3 eV. In reference [22] the simulated ion
confinement times for Ar5+ were found to be in the range 0.2 ms – 1 ms. They also
simulated the ion temperatures, and found them to be around 0.5 eV4.

Referring back to figure 10 it can be seen that for the cold electron population (tem-
perature in the range 10 to 50 eV), the energy equipartition time ranges from 10 to 100
milliseconds. Given that the ion confinement times are generally found to be of the or-
der of 5 ms [14, 23, 24] one would expect that the ion temperatures wouldn’t exceed a
few electronvolts[5]. In a numerical simulation made in reference [18], however, the ion
temperatures are found to range between 5 and 10 eV, and 10 and 30 eV for pure argon
and krypton plasmas respectively. Here the ions were assumed to absorb their energy
from the hot electron population, which is noticeably more than the few eV typically
assumed. The result of the simulation is shown in figure 15. It becomes clear that there
is no common understanding of the confinement times and therefore the development of
new methods, including this work, to estimate them is highly desirable.

Furthermore, due to their low energy the ions are highly collisional, and as a consequence
they have high energy equilibration rates between themselves. This would imply that
the ions share one temperature common to all ion species regardless of charge state
[5, 6]. However, in optical and ion end loss flux measurements the ion energies have been
observed to depend on charge state, and to exceed 10 and even 20 eV in quadrupole
magnetic fusion device largely similar to an ECRIS [23]. The results from the Doppler

4The low ion temperatures are due to the assumption of their short confinement times. There is,
however, an important distinction that needs to be made between the confinement time and the cumu-
lative confinement time (see section 4.1.1). The experimentally observed high ion temperatures suggest
that the cumulative confinement time should be preferred as a measure of the time an ion spends in the
plasma – i.e. the time available for the ion to absorb energy from the electrons.
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broadening measurements are shown in table 1. Similar results have been obtained from
Doppler broadening measurements of the plasma optical spectrum with the JYFL 14 GHz
ECRIS[25]. Figure 16 shows temperatures for argon ions as a function of temperature
obtained by Kronholm et al. [25]. The values for the neutral argon, and charge states 1+
and 2+ were obtained from multiple electronic transitions, while the rest were obtained
from only one transition. The temperatures were obtained from a single optical spectrum
in a source tuned for Ar9+ extraction. The figure shows that the ion temperatures can
be in excess of 20 eV, and that there exists a charge state dependence.

Furthermore, the end loss flux measurements made in [23] provided ion temperatures
’substantially higher’ than those acquired from the optical spectrum with the disagree-
ment increasing linearly with the ion charge state. If there is a dip in the plasma potential
profile (see section 3.3), then only those ions having sufficient energy to scale the poten-
tial barrier can escape the plasma, which would manifest in the ion energy distribution
measured from the end loss fluxes as a shift towards higher temperatures.
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Table 1. Oxygen ion temperatures in a 10.5 GHz (at 1 kW power) ECR-heated
plasma at 5× 10−7Torr neutral pressure, as determined from the Doppler broadened
emission lines. From [23].

Ion species Ti (eV)
O+ 17
O2+ 18
O3+ 22
O4+ 23
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Figure 16. The temperatures for different charge states of argon determined from
Doppler broadening measurements of the plasma optical spectrum in the JYFL 14
GHz ECRIS. The ECRIS was operated at 350 W heating power, Bmin/BECR = 0.70
at 2.0×10−7mbar argon pressure. Figure from [25].
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4 Production of highly charged ions in the ECRIS

The ECRIS produces highly charged ions in stepwise electron impact ionization processes.
In order to produce HCIs it is necessary for an ion to undergo multiple collisions with
electrons. Thus, long ion confinement times are a requisite for HCI production. As the
ion’s charge state increases, the ionization potential – the energy required for further
ionization – also increases. As such, an adequate density of high energy electrons is
necessary for HCI production. The criterion for ionization from charge state q to q+ 1 is
[4]

neτ
q
i ≥

[
〈σve〉ionq→q+1

]−1
, (34)

where the product of the electron density ne and the confinement time τ qi for ions of
species i and charge state q is the so-called ’ionization factor’ [6]. The term 〈σv〉ionq→q+1 is
the rate coefficient for ionization to higher charge state. Increased ion confinement times
allow the ions to undergo multiple ionizing collisions with the electrons, which improves
the production of HCIs.

Because an ion can only be further ionized by an electron having a kinetic energy higher
than the ionization potential, the plasma’s Charge State Distribution (CSD) – particularly
its average charge state – is dependent on the electron energies. Competing with the
ionization process is charge exchange, which lowers the average charge state in the plasma
as ions capture electrons from neutral gas atoms. In order for charge exchange processes
to be minimized the neutral gas pressure must be kept sufficiently low, so that the number
densities of neutral gas atoms stay small. This means that the ion source must be operated
in good vacuum conditions. The so-called balance equation is employed to describe the
densities of different charge states.

As the ions are determined to be electrostatically rather than magnetically confined, the
key to ion confinement is in minimizing their energy – contrary to the case of the electrons.
The ECRIS selectively heats the electrons, but the ions do absorb energy from the cold
electron population in collisions. Ion cooling can be achieved via ’gas mixing’ [26] where
a lighter element is introduced into the plasma. As a result, the lighter element depletes
the heavier of its kinetic energy in collisions between the two species. The ions may also
be heated by a so-called ion sound wave in the plasma. Turbulences and other plasma
instabilities also cause the ion temperatures to increase, but in operating conditions the
ion source parameters are tuned to minimize the effects of these phenomena.

When operating the ECRIS, the operator must find a balance between the ion loss and
confinement by ’tuning’ the ion source parameters. While HCI production requires the
ions to be well confined, most applications require also that the output ion beam is
sufficiently intense. In essence, the operator must simultaneously optimize the balance
between ion confinement and losses.
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4.1 Balance equation of the ion densities

The time evolution dnqi/dt of the density of ions of charge q and species i can be described
by the balance equation[5]

dnqi
dt = + nen

q−1
i 〈σv〉ionq−1→q − nen

q
i 〈σv〉

ion
q→q+1

+ n0n
q+1
i 〈σv〉cxq+1→q − n0n

q
i 〈σv〉

cx
q→q−1

− nqi
τ qi
.

(35)

On the right hand side of the equation, the first two terms describe electron impact
ionization processes. The first term increases the number density of ions of charge q by
ionizing particles from a lower charge state q−1 to state q, and the second term decreases
it by ionization from q to a higher state q + 1. The third and fourth terms describe the
charge exchange processes between ions and neutrals, where the ion captures an electron
from the neutral atom’s outer orbital. The third term increases nqi via charge exchange
from a higher charge state q + 1 to the state q, and the fourth term decreases nqi via
charge exchange to a lower state q − 1. The final term is key for the operation of the
ECRIS, as it describes diffusion and transport losses of ions. It determines the rate at
which ions are lost to the plasma chamber walls and/or extracted from the ion source,
and defines the confinement time τ qi .

4.1.1 Confinement time

The ion may be lost either along the plasma chamber axis towards the ends of the
magnetic mirror, or along the radial direction to the plasma chamber walls. As such, the
true confinement time of a particle is the combination of the axial and radial confinement
times τ‖ and τ⊥ according to the equation [24]

τ =
(

1
τ‖

+ 1
τ⊥

)−1

. (36)

It should be noted, that the confinement time is not an absolute time limit for the ion
confinement – nor is it an average. In equilibrium conditions, populations of ions having
different charge states are established such that their number densities are constant5.
The confinement time tracks the characteristic time for a particle to be lost from one of
these populations. This is in analogy with radioactive decay, as a radionuclide can have
a half life that is in fact very short, but might not decay until several half lives later. In
the same way, the confinement time is a measure of probability for an ion to be expelled
from the plasma.

To put it another way: In the plasma, a particle starts out its life cycle when it is injected
as a neutral particle. It then changes its charge state in ionization and charge exchange

5The number densities of each charge state are determined according to the balance equation, de-
pending on the rate coefficients for ionization and charge exchange, neutral densities and, of course, the
confinement time.
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reactions, until it is expelled at charge state q. As the particle leaps from charge state to
another, there is a probability – characterized by the confinement time – for the particle
to be expelled as an ion at charge state q. On the other hand, when the ion is injected into
the plasma, there is a probability – characterized by the cumulative confinement time – for
it to be expelled later as an ion at charge state q. This distinction is critically important,
as it is the cumulative confinement time which is a measure of the time that a specific
particle actually dwells in the plasma. Meanwhile, the confinement time determines the
rate at which ions of charge q are lost from the plasma volume.

4.2 Ion confinement

Figure 17. A schematic view of an ECRIS plasma contained in the minimum-
B field of a sextupole-solenoid configuration similar to that of the JYFL 14 GHz
ECRIS. From [27].

Due to their much higher mass, and the fact that in the ECRIS electrons are selectively
heated, the ions remain cold and slow moving. They are thus highly collisional, which
breaks their magnetic confinement as the required gyromotion is disturbed by collisions.
Without proper orbits the ions do not feel the restoring force as they drift towards the
increasing magnetic field. Thus, ion confinement is treated with diffusion models.

As an example, let’s compare gyrofrequencies and collision frequencies for certain copper
and oxygen ions. For the calculations, typical values for an oxygen plasma in a 14 GHz
ECRIS were used: ln Λ = 12, ne = 5× 1011cm−3, and qeff = 4.5. Since the amount of
copper sputtered into the plasma is small, the plasma can (to some accuracy) be treated
as consisting of pure oxygen, and the summation over the different buffer gas species j in
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equation (30) can be omitted, and the collision frequency calculated by using Ai = 63 for
copper and Aj = 16 for oxygen. The collision frequency of two charge states of copper is
plotted in figure 18. The solid lines in the figure correspond to the ion’s gyrofrequency
about B = 0.5 T – corresponding to BECR for 14 GHz microwaves. In order for the ion to
be considered magnetically confined, its collision frequency must lie substantially below
this line. For example The collision frequency of 63Cu17+ in an oxygen plasma at ion
temperature of 10 eV for example is about 1.1 MHz. Meanwhile its gyrofrequency at
B = 0.5 T is 2.1 MHz, which means that the ion cannot be truly magnetically confined as
collisions prevent it from completing multiple orbits about the magnetic field lines inside
the resonance zone B < BECR.

Light ions on the other hand may be magnetically confined – provided that they reach
high enough temperatures. For example, at the magnetic field strength of B = 0.5 T
the orbital frequency for an 16O4+ ion is about 1.9 MHz according to equation (21).
Meanwhile, its ion-ion collision frequency in an oxygen plasma is around 230 kHz for 10
eV, as can be seen in figure 18 (a). Thus, the oxygen ions complete (statistically) multiple
periods about the magnetic field lines before experiencing a collision, which means that
they do feel the restoring force of the magnetic field gradient. Such mirror trapped low
charge ions are lost through velocity space diffusion via collisions like the electrons [24].

Two main processes determine ion losses in ECRIS plasma [6]: firstly the classical charged
particle motion in electromagnetic fields and elastic scattering detailed in section 3.4.2,
and secondly turbulent phenomena and plasma instabilities. The effects of the second
category are – as a rule – stronger, and they cause the Charge State Distribution (CSD)
of the plasma and the HCI output of the source to worsen[28]. The design of the ECRIS
magnetic field is such that it minimizes the effects of these turbulences and instabilities.
Nevertheless, a proper ’tuning’ of the source parameters is always necessary when op-
erating the ECRIS. When considering ECRIS plasmas, it can then be supposed that a
proper tuning has been made and that the plasma is stable with respect to these phenom-
ena. In practice this means operating the ion source at magnetic field strengths below
the threshold Bmin/BECR-ratio corresponding to the transition from stable to unstable
regime.
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(a)

(b)

Figure 18. Ion-ion collision frequencies according to equation (30) for two different
charge states of 16O (a) and 63Cu (b) in oxygen plasma as a function of ion tempera-
ture. The gyrofrequencies according to equation (21) for the ions about BECR = 0.5 T
are plotted as solid lines. In order for the ion to be magnetically confined, its colli-
sion frequency must lie significantly below this line. Typical parameters for a 14 GHz
ECRIS were used for the calculations: qeff = 4.5, ne = 5× 1011cm−3, and ln Λ = 12.

47



4.2.1 Diffusion models

(a)

(b)

Figure 19. The confinement times predicted by equations (37), (38), and (39) as
a function of ion temperature for 63Cu10+ (a) and 63Cu17+ (b) in a plasma having
qeff = 4.5 (typical for an oxygen plasma), ln Λ = 12, L = 15 cm, ne = 5×1011cm−3,
E = 1 V/cm, R = 4, and three different values of ∆φ.
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The following diffusion models have been suggested to describe the ion confinement in
the ECRIS. The confinement times for both the ambipolar -and random walk diffusion
models are calculated axially, over the half-length L of the plasma.

The potential dip model: It was suggested by Pastukhov [8] that the ions are elec-
trostatically confined in a potential dip which forms in the plasma potential profile
as a consequence of the hot electron population, which is known to accumulate at
the plasma center in the minimum-B ECRIS. The potential dip model leads to the
following estimation for the confinement time [29]

τconf = R
π1/2L

vT
exp

(
|qe∆φ|
kTi

)
(37)

Here R is the magnetic mirror ratio, L the half-length of plasma and vT =
√

2kTi/mi

the thermal velocity of the ions. The exponential dependence on charge state in
this model can be understood by considering the ion temperatures. It is usu-
ally assumed that due to the large ion-ion collision frequency, all ions share the
same temperature T regardless of their charge. Furthermore, their temperature is
Boltzmann-distributed, which means that as the ion charge state increases the frac-
tion of ions having an energy in excess of the confining potential barrier decreases
exponentially, and consequently the confinement time exponentially increases. This
effect of the increasing barrier height for higher charge states can be seen in figure
20.

Figure 20. A Boltzmann-energy distribution for ions having temperature T , and
the values of the potential barriers for ions of charge state q = 1,2,3,4,5 in a potential
well having a depth ∆φ.

The ambipolar diffusion model: The positive plasma potential creates an electric
field, which causes the ions to accelerate out of the plasma. This ambipolar electric
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field effect leads to a confinement time of the form[14]

τconf = 7.1× 10−20Lq ln Λ
√
Ai

neqeff

T
3/2
i E

(38)

Units: τ = s;L = cm;ne = cm−3;Ti = eV;E = V/cm. This equation does not take
into account ion losses in the radial direction, and only considers the ambipolar
diffusion towards the injection and extraction ends of the plasma chamber.

Random walk diffusion: The collisions the ions experience between themselves leads
to stochastic diffusion towards regions of lower plasma density. This so called
random walk diffusion due to thermal motion yields a confinement time of the
form[14]

τconf = 7.1× 10−20L2q2 ln Λ
√
Ai
neqeff

T
5/2
i

(39)

with the same units as in equation (38).

Based on these models, the following can be said about ion confinement[6]:

1. The confinement time increases with ion charge state.

2. Because the highly charged ions are better confined and remain in the plasma while
the low charge states are expelled, the CSD of the plasma has a higher average
charge the extracted beam. This deduction is also supported by the ’afterglow’
effect, which is touched upon later.

3. Ion cooling causes the confinement times – and consequently the average charge –
to increase.

It is most likely, that all of these processes described by the models above contribute to the
total ion confinement time, and their significance depends on the ion source parameters. A
linear dependence of the confinement time with respect to the ion charge state is usually
observed, which would conform to the ambipolar diffusion model [14, 24]. However,
assuming that the ion temperature scales with the ion charge state, the random walk
diffusion model could also provide the correct linear dependence[10]. A charge state
dependence of the ion temperature has indeed been measured, as was mentioned in section
3.5.2.

Figure 19 shows predictions of the confinement time based on the different diffusion
models at typical 14 GHz ECRIS operating parameters, and three different potential dip
depths ∆φ. The exponential dependence of the confinement time on the ion charge in the
potential dip model would provide very long confinement times even for small dip depths,
and as can be seen from the figure the confinement time reacts strongly to changes in the
dip depth. Then again, multiple experimental observations are parsimoniously explicable
by assuming the existence of a dip in the plasma potential profile. The grounds for
believing that a potential dip forms are indirect: For example, it has been found that
Ion Cyclotron Resonance Heating (ICRH) increases HCI currents, and causes otherwise
hollow beam profiles to turn uniform, which suggests that the energy imbued to the ions
’boils’ the ions out of the trap[24]. Furthermore, the increased HCI production in the
’afterglow’ operation mode (see section 4.3), as well as beam emittance measurements

50



support the model. Again, a scaling of the ion temperature with the charge state could
suppress the exponential increase in the confinement times, and a charge dependence of
the temperature has been observed (see section 3.5). In the following are descriptions for
how ICRH experiments and emittance measurements imply the existence of the dip.

Potential dip and ICRH: in [24], the effect of ion cyclotron resonance heating (ICRH)
on the ion confinement was studied. In addition to the usual electron heating, the
ions were heated by a 1.4 MHz frequency microwave at 2 kW power. The effect
of ICRH is shown in figure 21, where the ion fluxes into the extraction end of
the Constance B quadrupole mirror6 are shown as function of the radial distance
from the extraction aperture. It was found that ICRH causes the end loss flux
profiles of the ions to peak at the center of the magnetic midplane, whereas without
ICRH the flux profile has a local minimum at the center. Additionally, it can be
seen from the figure that HCI currents decrease as a consequence of ICRH, which
implies shortened confinement times. In other words: the heating of ions causes an
otherwise hollow radial profile of the ion flux to become uniform – the ICRH boils
the highly charged ions created in the plasma center out of the central trap.

Figure 21. Ion end loss fluxes in the magnetic midplane without ICRH (left) and
during 2 kW ICRH (right) in a 1 kW at 10.5 GHz ECR-heated 5×10−7Torr oxygen
plasma. From [24].

Potential dip and beam emittance: Emittance measurements also would imply that
there is a potential dip component to the ion confinement in an ECRIS. In figure 22
the emittance of an O6+ ion beam has been plotted with respect to the proportional
partial pressure of helium added as mixing gas. It can be seen, that upon adding
a small amount of helium, the beam emittance decreases very slightly or remains
constant until it begins to increase as the amount of added gas increases more

6In the Constance B, the radial confinement is achieved using a magnetic quadrupole instead of a
hexapole configuration as in the JYFL 14 GHz ECRIS. Using a quadrupole field is beneficial for radial
confinement, but it is not well suited for ion beam production, because it worsens the extraction properties
of the source[10].
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substantially. The increase in emittance towards the end is probably due to an
increase in total pressure, which affects the ion beam momentum spread[30].

Given that adding a lighter mixing gas should decrease the ion temperatures in
the plasma (see section 4.4), one would expect the momentum spread of the beam
to decrease as helium is added. However, according to the potential dip model
any ion that escapes from the electrostatic trap must have an energy in excess of
the potential barrier. Therefore, even though the ion temperature decreases, the
energies of the escaped ions won’t change substantially, and the emittance remains
constant7.

Figure 22. The emittance of an O6+ ion beam in the JYFL 6.4 GHz ECRIS as a
function of proportional partial pressure of added helium mixing gas. From [30].

In [14], however, the confinement times were estimated based on the ionic densities and
axial end loss fluxes, and the linear dependence on the charge, predicted by the ambipolar
diffusion model, was observed. These confinement times are shown in figure 23. Here
unlike with Petty et al. the flux distribution in the midplane was not the taken into
account, however. It would appear that in the magnetic midplane the confinement is
influenced more by the potential dip model, while outside of the potential trap in the
outside regions of the plasma, the ambipolar diffusion of caused by the plasma potential
is more dominant. This makes sense, as outside of the potential dip region the effect of
the plasma potential is to eject the ions rather than to confine them.

7Due to the nonlinear nature of the balance equation, the beam intensity will not necessarily change
by much either. Although the percentage of ions having enough energy to escape the trap decreases with
temperature, the number densities of especially the high charge states also increase as a consequence of
their lengthened confinement times.
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Figure 23. Confinement times estimated for argon ions at 1100 W heating power
and Ar16+ optimization. From [14].

4.2.2 Spatial distribution of ions

It has been observed both directly and indirectly, as well as through numerical models,
that the ions have a charge state dependent spatial distribution in the plasma volume.
The highly charged ions are created (and confined) near the plasma center, while the
lower charges are distributed more towards the edges – see figure 24. This distribution
conforms to the potential dip model, as the dip would be formed in the center region
of the plasma where the hot electron population is amassed. The spatial distribution is
deduced from:

Emittance measurements: The (normalized) emittance due to ion temperature is de-
scribed by [31]

εtemp
x,rms,n = 0.0164r

√
kTi
M

, (40)

where r is the radius of the extraction aperture in mm, kTi is the ion temperature in
eV and M is the ion mass in amu. Meanwhile, the minimum-B field configuration
causes an additional rotation to the extracted ion beam. The rotation adds a
component of emittance, which follows the equation [32]

εmag
x,rms,n = 0.0402r2Bq

M
, (41)

where B is the magnetic field at ion source extraction (the origin of the beam) and
q is the ion charge state. The emittance of an ion beam should increase with the
ion charge state, as per equation (41). It is, however, observed that the emittance
decreases for higher charges[33]. This is explicable, if we suppose that the higher
charge state ions are confined in the plasma center. Then the axial electrostatic
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confinement would act as a kind of collimator for the HCI currents, by effectively
reducing the emittance by decreasing the parameter r in equations (40) and (41).

Direct measurements: The charge state distribution at the plasma electrode aperture
has been directly measured by means of a 3D-movable puller electrode[34, 35]. The
puller’s aperture diameter was reduced to provide better resolution, and the plasma
electrode aperture area was scanned by moving the puller. The ion beam extracted
through each ’pixel’ of the plasma electrode aperture was separated according to
the charge to mass ratio, yielding the CSD at the aperture. The high charge states
were found to be extracted only through the center area of the aperture, while the
lower charges had a spatial spread.

Numerical models: The figure 24 shows spatial charge state distributions for argon
ions in the transversal plane of the ion source, based on a particle-in-cell code
designed to model ion dynamics in the ECRIS plasma[11]. The particle trajectories
for different charge states were also calculated, and are shown in figure 25. The
hollow profile traced by the Ar1+ trajectories, in contrast to the Ar8+ ions, is due
to the fact that the low charge states ending up in the plasma center region get
ionized to higher states.

Figure 24. The number densities of different argon charge states as a function of
the radius in the transversal plane near the Bmin region of the KVI AECRIS. From
[11].
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(a) Trajectories for Ar1+. (b) Trajectories for Ar8+.

Figure 25. Argon ion trajectories in the in the transversal plane of the KVI AECRIS,
nearby the Bmin region along the source longitudinal axis. From [11].

Plasma electrode collar measurements: In [32] the plasma electrode was fitted with
a cylindrical collar, which extruded inwards from the plasma electrode (see figure
26). The collar limited the plasma flow in the radial direction, and any extracted
ion current had to propagate along the collar, which thus acted as a kind of a
collimator. The length of the collar was varied from 5 mm to 60 mm, and collars
of different materials were employed. It was observed, that performances for some
beams were moderately improved with collar lengths up to 30 mm.

The magnetic field structure of the minimum-B ECRIS causes the magnetic field
lines to bunch together axially towards the extraction (and injection) region. The
non-magnetized ions are not influenced by the field, but the electrons are, and thus
due to the plasma quasi-neutrality condition, the ion density approximates that of
the electrons. More importantly, it causes to some extent the ions to inherit the
magnetic dynamics of the electrons. Numerical studies were conducted to show,
that the flux of electrons into and along the collar has its origin towards the plasma
center. This electron flux pulls the ions with them into the extraction aperture.
This suggests that the origin of the ion beam, too, is along the axial direction
further within the plasma. [32]
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Figure 26. Schematic of the the plasma electrode fitted with a collar installed in
the JYFL 14 GHz ECRIS plasma chamber. From [32]

.

4.3 Methods for improving ECRIS efficiency

Based on the discussion in section 4.2, the basic methods to increase ECRIS performance
rely on increasing ion confinement times, which is achievable by ion cooling. The ambipo-
lar diffusion model also suggests that decreasing the plasma potential should increase the
confinement times.

As described in section 3.4, increasing the electron temperatures cannot provide indefi-
nite improvements in HCI production, because the cross section for ionization begins to
decrease for very high energies. For massive ions such as uranium, however, the ioniza-
tion potentials are very high and increasing the electron temperatures is vital. As long
as the plasma is stable, more microwave power can be injected (i.e. the electrons can
be heated more) and neutral pressure be reduced (which reduces the charge exchange
processes and thus increases HCI currents). In any case, as the electron temperature
increases further the RF heating power begins to push them into the loss cone, which
reduces the effectiveness of electron heating at high energy limit.

A brief description of some of the most common methods for improving HCI production
in the ECRIS follows. For the purposes of this work, however, the most important is the
gas mixing method, which is described in its own subsection.

Negative bias disk: A negative bias disk installed at the injection end of the ion source,
can be used to increase the extracted ion currents from the plasma [19]. The
negatively biased disk reflects electrons back towards the plasma interior, which
inhibits the electron flux out of the plasma and thus decreases the plasma potential
[22, 36] leading to increased ion confinement times. It has also been suggested that
the improvement in the extracted currents is due to secondary electrons emitted into
the axial region of the plasma chamber, which modifies the extraction properties
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and thus causes the increase in extracted currents [37]. The negative bias disk is
used in all the measurements in this work.

Afterglow mode: Another phenomenon speaking in favor of the potential dip model,
is the so-called ’afterglow mode’ or RF pulse mode, where the ECRIS is operated
by injecting the microwave heating power into the source in pulses. It has been
found that as the heating power is switched off, there is a sudden increase in the
output of HCIs from the ion source, as can be seen in the figure 27. When the
electron heating is switched off, the electrons begin to cool, and as they do, the
hot electron population dissipates. This causes the potential well to disappear,
which allows the ions previously confined in the trap to pour out[6]. This mode
of operation for ECRIS is no applicable for supplying beams to cyclotrons, which
require a continuos ion beam for correct operation, but the afterglow mode is ideal
for injecting ion beams into synchrotrons.

Plasma chamber materials: The plasma potential is caused by electrons flowing out
of the plasma volume, and onto the chamber walls. If the plasma chamber is coated
with – or constructed out of – a material with a high secondary electron emission
coefficient, the electron loss rate from the plasma can be balanced to some degree
by electrons ejected from the wall coating material. The insulating effects of the
coating material may also modify the plasma potential. [38] The plasma chamber
of the JYFL 14 GHz ECRIS is made out of aluminum, which has been observed to
be the most suitable metal as a plasma chamber material.

Multiple frequency heating: When an additional electron heating frequency is added,
the production efficiency of the ion source has been observed to increase. The addi-
tional microwave frequency improves the ion source heating efficiency by providing
another ECR surface [39], but also by suppressing plasma instabilities [40, 41]. It
has also been observed that the additional heating frequency may slightly decrease
the plasma potential value[42]. The beam intensities for krypton and xenon have
been observed to increase twofold when the ECRIS is operated in double frequency
heating mode, and by yet another factor of two when a third frequency is added[43].
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Figure 27. An example of afterglow current peaks for argon ions in the pulsed RF
power regime in the JYFL 14 GHz ECRIS. From [44].

4.4 Gas mixing

Gas mixing is a method where the HCI production in the ECRIS is significantly improved
by mixing a lighter element into the plasma. In [21] it is shown, that the benefits of gas
mixing are the result of improved ion confinement due to ion cooling. The temperature of
the ion species, whose average charge state needs to be increased, is lowered in collisions
with the lighter element: In the simplest case of an elastic head-on collision between
two particles having masses m1 and m2, the change in their speeds – ∆v1 and ∆v2
respectively – is determined by the relation |∆v1| = |∆v2|m2/m1, whence it can be seen
that the lighter element will deplete the heavier of its kinetic energy in the collision. As
the ion temperature decreases, their confinement improves, which leads to its prolonged
exposure to bombardment by electrons and thus to higher charge states.

In figure 28 the gas mixing -optimized argon currents and the ion temperatures calculated
from the currents are shown as a function of the heating power. The figure shows the
basic effect of gas mixing: introducing a lighter element causes the ion temperatures to
decrease and consequently the HCI output to increase. It should be noted, that the gas
mixing effect is not the simple result of the lighter gas depleting the heavier element of
its kinetic energy, although that is a major part of it. As can be seen in figure 28, the ion
temperature is lower when using 22Ne as the mixing gas than a lighter oxygen element.
Regardless, the optimal ion current is achieved with 18O.
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Figure 28. Gas mixing -optimized Ar14+ ion currents in µA, and calculated ion
temperature Ti with respect to the input RF power PHF . The maximum obtained
ion current and the associated ion temperature are plotted in pure argon plasma, and
argon plasma using either 16O, 18O or 22Ne as mixing gas. From [21].

Neon – being a noble gas – has a low ionization rate compared to oxygen, which means
that adding neon rather than oxygen would decrease the electron density of the plasma.
Furthermore, a low mass element like oxygen only has low charge states available, which
means that using oxygen as the mixing gas lowers the average charge state of the plasma.
This in turn reduces the ambipolar losses from the plasma as a consequence of a lower
plasma potential [4]. Additionally, the portion of low charge ions having an energy in
excess of the confining potential barrier is much larger than for ions of higher charge, as
can be seen from figure 20. This means that low charge ions can carry energy out of the
plasma at a much higher rate than HCIs. Thus, in addition to the collisional mass effect,
adding a light element to the plasma as a mixing gas will cool down the ions simply by
carrying out energy from the plasma more efficiently.

On the other hand, the mixing gas should be massive in order to minimize the electron-ion
equipartition power. According to equation (31), the electron-ion equipartition frequency
becomes higher as the ion mass decreases. In other words, the equipartition time (∼
1/νeq,e→i) is less for light ions. On the other hand, the ion-ion energy equipartition time
is very short (in the order of microseconds) regardless of the ion mass. As such, in
a plasma comprising of a light and a heavy element, the light ion species can absorb
energy from the electrons and conduct it to the heavy species. The particle loss rates
and electron-ion equipartition powers determined by Melin et al. for the plasmas studied
in [21] are depicted in figure 29. It can be seen that the particle loss rates as well as the
equipartition powers are highest for the lighter mixing gases.

59



Figure 29. Total particle loss rate ∑i

∑
q I

q
i /q in particle µA, and the calculated

associated electron-ion equipartition power Pei in arbitrary units with respect to the
RF power for the same plasmas as in figure 28. From [21].

Thus, while the mixing gas should be light to reap maximum benefits of the collisional
mass effect and energy loss via dilution, it should at the same time be massive in order
to minimize the energy absorption from the electrons. Obviously these two requirements
are at odds, and the only solution is a compromise between the two – in the case of Melin
et al. in reference [21] the optimum is found with 18O.

In this work, copper is injected via sputtering into different buffer gases. Thus, the copper
currents obtained are not determined solely by the amount of substance injected into the
source, but they are heavily influenced by the gas mixing effects. Both the maximum
currents and ion confinement times will be affected.

4.5 Material injection

The general method of material injection into ECRIS plasma is by gas injection. In fact,
the ECRIS cannot produce a plasma if the fuel is not in the gas phase. Therefore, any
material injected into the ECRIS must first be vaporised. This makes the production
of especially metal ion beams challenging. There are a number of methods for injecting
metallic elements into the ECRIS. All of them rely on a support plasma of another
element (typically oxygen) in order to sustain the discharge, because the rate of material
injection by these evaporative methods is typically quite small. This is usually not a
problem, since the buffer gas provides ion cooling and actually improves the production
rates of the desired ions. In the following, short descriptions of possible metal-ion injection
methods are given, and a subsection is reserved for sputtering, which was chosen as the
injection method in this work, as it allows the fast changes in the material injection rate
that were required.

Gaseous compounds: Injecting a gaseous compound such as SO2, CH4, CCl4, etc.
can be used to produce beams from various metallic elements like sulfur, carbon
and chlorine [45]. The injected gas molecules are atomized in electron impact and
further ionized in the plasma. Injection of gaseous compounds is a simple, and thus
a popular method of material injection, where the control over the gas input rate
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allows easy tuning of the source [45]. The drawback of the method is the fact that
the ’unwanted’ elements in the compound are also injected into the plasma chamber,
causing contaminations which may interfere with the ion source operation. This
means that the viable compounds are limited to combinations of a desired heavy
element and a light element, in order to take advantage of the gas mixing effects
(see section 4.4) [45].

Ovens: Both low -and high temperature ovens are used to vaporize solid material for
injection into the ion source [45]. The external heating of the oven is used to control
the rate of material injection into the source, and is thus independent of the source
parameters themselves [46]. The drawbacks of using oven methods are that the
material consumption rate may be rather large, and that the extreme temperatures
(in excess of 2100 ◦C) required to heat solids like tungsten and tantalum are not
easily attainable [46].

The MIVOC method: The MIVOC method (Metal Ions from Volatile Compounds)
[47] utilizes chemical compounds containing metal atoms with ( 1× 10−3 mbar) va-
por pressures at room temperature. Vapor from a vacuum chamber containing the
volatile compound is allowed to diffuse into the lower pressure of the plasma cham-
ber, where the gaseous molecule is atomized and subsequently ionized. Examples
of the potential compounds include C2B10H12, Fe(C5H5)2 and (CH3)5C5TI(CH3)3
which can be used to produce B, Fe and Ti beams respectively [48]. Unlike the
oven method, MIVOC is not limited by the often very high melting temperatures
of metals (e.g. Ti has a melting point of 1668 ◦C) [49]. The drawbacks of the
method are that the chemical compounds contain many ’unwanted’ elements – es-
pecially carbon, which contaminate the ion source, and that the number of suitable
compounds is limited.

Evaporation by plasma heating: Instead of using an external heat source to vaporize
the solid element, materials that have relatively low melting points may be inserted
into the plasma chamber and be heated by the plasma itself [46]. The solid may
be put in a tantalum ’boat’ [50], which is then positioned at the plasma boundary
by means of a mechanically driven wire. The boat itself is heated, and the vapor
emanating from the solid enters the plasma through a vent hole in the boat. The
material may also be heated directly by the plasma, in which case a metallic wire
or an oxide pellet of the material may be inserted directly into the chamber[46].
Because the metal object inserted into the chamber interferes with the magnetic field
configuration and the RF power propagation in the ion source, the plasma heating
method comes with at the cost of added difficulties in optimizing the source [46].

Laser ablation: The laser ablation method[46] applies a laser beam, which is targeted
at a solid target positioned nearby the plasma boundary. Given a sufficient, target
specific intensity of the laser beam, the beam evaporates substance from the tar-
get surface explosively. The explosion forces laser ablation plasma which rapidly
expands. The expansion of the laser ablation plasma causes cooling and neutraliza-
tion of the particles separated in the explosion, which form a flux of neutrals into
the ECRIS plasma, where they have a high chance of becoming ionized [51]. The
laser ablation technique can be used to produce ions of any solid material, and the
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injection rate can be adjusted by varying the laser energy and repetition rate [37].
Laser ablation is pulsed by nature.
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4.5.1 Sputtering method for material injection

(a)

(b)

Figure 30. The sputtering yield from a copper target for oxygen and argon projec-
tiles with respect to energy. The general shape of the sputter yield is shown in (a)
and the yield in the energy range more relevant for the sputtering voltages employed
in this work in (b). Calculated using code from [52].
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Sputtering[53, 54] is a phenomenon in which an ion impinging into a material breaks
off atoms from its surface. Sputtering always occurs in ion sources as the plasma ions
(accelerated by the plasma potential and plasma instabilities) collide with the chamber
walls, but it is also intentionally employed as a method for metal injection into the
source. In the sputtering method, a metal sample (the sputter sample) is positioned at
the plasma chamber wall, and biased to a negative voltage, causing the sample to attract
the positively charged ions from the plasma and accelerating them towards the sample.
Upon collision, the ions cause sputtering from the surface of the sample, separating
neutral atoms from the material which then pass into the plasma unaffected by the
plasma potential or the confining magnetic field, until they become ionized by collisions
with electrons in the usual manner.

The ratio of sputtered atoms to projectiles striking the sputtering probe is referred to as
the sputtering yield:

Y = sputtered atoms
projectiles on target , (42)

and it typically ranges between 0.1 and 10. The sputtering yield is a quantity dependent
on the energy and angle of incidence of the projectile, as well as the structural integrity
of the target material i.e. how difficult or easy it is to separate its atoms.

Sputtering yield for a copper target and argon or oxygen projectile is presented as a
function of energy in figure 30. The yields in the figure are calculated based on empirical
equations for sputter yields at normal incidence by [55] in a sputter yield code from [52].
The yield initially increases with the projectile energy, until it reaches a maximum value
whence it begins to decrease. The reason for this is, that as the energy of the projectile
increases, its penetration depth also increases. This means that at higher beam energies
the ion will break off atoms from the target so deep within its surface, that the atoms
cannot make their way out of the material. For this same reason, the sputtering yield is
found to be highest when the projectile impinges on the target at an angle of around 60
to 80 degrees with respect to the surface normal[56]: As the ion comes in almost parallel
to the surface, its energy is deposited in a narrow region near the surface, which allows
any separated atoms to be easily ejected from the material.

The ions attracted by the voltage on the sputtering probe will have energies that are
multiples of the accelerating potential (since the energy (in eV) of a particle having charge
state q accelerated over a voltage V is qV ). This means that the average sputtering yield
is acquired by averaging the energies over the charge state distribution of the different
ion species in the plasma8:

Yavg =
q=qmax∑
q=1+

wq · Y (qV ), (43)

where wq is the fraction of ions having charge q colliding with the sample and V is the
sputtering voltage.

8Assuming, of course, that the different charge states are uniformly distributed in the plasma volume.
This is doubtful, as the HCIs are believed to be formed in, or near, the plasma center (see section 4.2.2).
If only the low charge states are available near the sputtering probe, the average sputter yield is lower.
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5 Experimental setup and methods

Figure 31. The JYFL 14 GHz ECRIS and the experimental setup for the parameter
sweeps.

The experiments detailed here were carried out at the JYFL Accelerator Laboratory in
the Department of Physics, University of Jyväskylä. The laboratory is equipped with
three ECR ion sources used to produce heavy ions for the K130-cyclotron[57] employed
in accelerator based, fundamental nuclear -and particle physics research. The JYFL 14
GHz ECRIS[58] – colloquially known as the ECR2 – was chosen for the experiments, as
it is equipped with a radial port enabling the use of the sputtering method. The plasma
chamber and the radial ports are shown in figure 32.

The purpose of the work presented in this thesis was to develop a method for estimating
the ion confinement times from the transient current signal of an ion species, with a
certain m/q-value, as it is being extracted from the plasma. It is assumed on the basis
of the balance equation presented in section 4.1, that the time constant of the transient
is proportional to the ion confinement time.

These time constants are studied as functions of the different operating parameters of the
ECRIS. By independently varying the magnetic field, gas pressure, RF heating power,
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the sputtering voltage, and the buffer gas, and by studying their effects on the scale of the
time constant, the justification for drawing an equivalence between it and the confinement
time is sought.

In the experiments, material injection into the plasma chamber was controlled by sput-
tering copper into a continuously sustained buffer gas plasma. The sputtering voltage
was controlled using a TTL-guided switch developed in preparation for these experiments
as a research training project during the summer of 2017. In the parameter sweep ex-
periments, the sputtering voltage was pulsed at a frequency of 1 Hz (voltage on 500 ms /
voltage off 500 ms) which was enough for the extracted copper beam current to saturate
and decay – i.e. for the number density of copper to reach equilibrium while the sput-
tering was on, and for all the copper to be ejected from the plasma when the sputtering
was off.

In addition, the ion production times were studied by means of fast sputtering. Here, the
sputtering time was gradually shortened until the voltage was on for only 2 ms during a
pulse. The resulting copper beams for the different pulse lengths were studied, and the
possibility of determining ion production times from the extracted beam was considered.

Figure 32. Picture of the JYFL 14 GHz ECRIS plasma chamber. One of the radial
ports is indicated with the cyan arrow. Picture taken from the extraction end of the
source. The negative bias disk can be seen at the injection end.
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5.1 JYFL 14 GHz ECRIS

Figure 33. A schematic of the JYFL 14GHz ECRIS – or ECR2. Injection end to
the right and extraction to the left. From [58].

The JYFL 14 GHz ECRIS – see figure 31 – is a room temperature ECR ion source based
on the design of the AECR-U at the Lawrence Berkeley National Laboratory (LBNL),
University of California. A schematic of the ion source is presented in figure 33, and
a three dimensional representation in figure 34. The main operation parameters of the
source are tabulated in table 2. The first plasma was ignited in the source in February
of the year 2000[58]. The ion source extraction end has been upgraded in 2013[32].

The ion source operates at a main microwave frequency of 14.056 GHz with a maximum
power of 2.5 kW (limited to 1 kW in normal operating conditions), but it can also be
operated in multiple frequency heating mode (see section 4.3) thanks to the secondary
microwave input produced by a Traveling Wave Tube Amplifier (TWTA) with a variable
frequency in the range of 10.75 GHz – 12.45 GHz. The axial magnetic field is generated
by two sets of solenoids, which are excited by two power supplies to a maximum current
of 650 A at 95 V. The radial magnetic field is provided by NdFeB hexapole magnets. The
maximal on-axis fields in the injection and extraction ends are 2.0 T and 1.0 T respec-
tively. The magnetic field at resonance is 0.50 T. The hexapole magnets provide a radial
magnetic field of approximately 1.07 T at the poles. With these values, the magnetic field
conforms to the experimentally determined conditions for stable operation [59, 60]

Bext/BECR ≥ 2 (44)
Binj/BECR ≥ 4 (45)
Brad/BECR ≥ 2 (46)
Bmin ≈ 0.4Brad (47)
Bext ≈ 0.9Brad. (48)
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Here Bext and Binj correspond to the maximum axial values of the magnetic field at the
plasma chamber extraction and injection, Brad is the maximum radial field, Bmin the field
minimum and BECR the field at resonance. Configuring the magnetic field such that these
relations are approximately met has been found to result in stable operation conditions.

Figure 34. Schematic of the ECRIS basic structure. From [61].

Table 2. Main parameters of the JYFL 14 GHz ECRIS [58, and changes thereafter].

Main parameters
Operating frequency 14.1 GHz
Maximum radial field on wall 1.07 T
Hexapole NdFeB
Maximum axial field at injection 2.0 T
Maximum axial field at extraction 1.0 T
Coils’ power supplies 2× 650A/ 95V
Extraction voltage (max) 20 kV
Vacuum pumps
Injection 60 l/s
Plasma chamber 240 l/s
Extraction 500 l/s
Base vacuum in plasma chamber ≈ 3× 10−8 mbar
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Figure 35. The sputter probe.

5.2 Pulsed sputtering method for material injection

Figure 36. The diagnostics purposes microwave ion source. The main components:
(1) the pumping chamber, (2) plasma chamber surrounded by a coil, (3) wave guide
(4) insulator (5) 2.45 GHz microwave generator and (6) a set of impedance matching
stubs.

In preparation for these experiments, a pulsed sputtering setup was developed and tested
in the spring of 2017. The rig consisted of a fast high voltage switch and the sputter
probe, shown in figure 35. The rig was tested using a small 2.45 GHz microwave ion
source set aside for diagnostics purposes at the accelerator laboratory.

The diagnostics ion source is shown in figure 36. The pumping chamber is connected to
a vacuum pump and a turbo pump. The plasma chamber is connected to the pumping
chamber via the beam extraction end. In operation conditions the plasma chamber was
kept at approximately 5× 10−5 mbar pressure. Because there is only one coil wound
around the chamber, and there is no magnetic multipole configuration, the plasma is not
truly confined, but the magnetic field of the coil allows the heating of the electrons by
microwaves, although no closed ECR surface is formed.

The plasma chamber is fitted with an optical port, which allows the measurement of
light spectra from the plasma. To verify that the sputtering probe worked, the optical
spectrum of a pure argon plasma was compared to spectra measured as the sputtering
voltage was increased. In figure 37 is shown an example of the relative spectra in the 300
nm wavelength neighborhood. It can be seen that two peaks characteristic to copper, but
not to argon, appear as the sputtering voltage is increased. Because the sputter probe
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attracts ions from the plasma, the power source must constantly supply a current to the
metal sample in order to maintain the negative bias. At -2000 V potential the power
source’s internal safety limit for the current was met, and the sputtering voltage could
not be maintained for longer than a few seconds. The high -2 kV sputtering bias was
required, because the diagnostics source is not capable of producing high charge states,
and its plasma consists mainly of ions in the 1+ state, with the occasional 2+ charge. In
contrast, it was found that in the JYFL 14 GHz ECRIS a bias of -700 V is quite sufficient.

Figure 37. The optical spectra measured from the diagnostics source at increasing
sputtering voltages relative to the pure argon plasma. The source was operated at
2.45 GHz, 200 W microwave frequency and power at 6.3× 10−5 mbar pressure in
the pumping chamber with argon as the buffer gas. The sputter probe was injected
axially.
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Figure 38. Circuit diagram for the switch connections. The switch takes in negative
high voltage and the TTL signal, and outputs the negative high voltage pulse.

Figure 39. The Behlke Fast High Voltage Push-Pull Switch. The black
wire takes negative high voltage in and the yellow wire outputs the pulsed high
voltage. The red wire is for alternative mode positive high voltage input, but here
it’s used as the ground wire.

As the sputter probe was found functional and a reasonable sputtering voltage threshold
was acquired, the green light was given for rigging the sputter probe with a switch capable
of quickly switching on and off the probe voltage. A Fast High Voltage Push-Pull
Switch by Behlke was chosen based on its ability to handle the high voltages involved.
The circuit diagram of the switch is shown in figure 38, and a picture of the switch in
figure 39. The switch was operated using a 1 Hz TTL signal from a function generator.
Upon closing or opening the switch, the sputtering voltage was found to rise and decay in
around 50µs. It is important that the sputtering voltage decays quickly, because the ECR
plasma contains highly charged ions, whose energy can be of order keV when accelerated
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over a 100 eV voltage, and thus can have high sputtering yields. Given that the dissipation
time for the voltage is of the order of 100 microseconds, and the first ionization times
in the ECRIS are in the order of milliseconds[62], we can safely say that the sputtering
ceases before ionization begins to affect the equilibrium conditions in the plasma.

5.3 Transient of the ion current

As metal atoms are sputtered into the plasma and ionized, the number densities of the
different charge states will develop towards a new equilibrium: the change in time of the
ion density tends to zero, and the balance equation (35) becomes

dnqi
dt = 0 (49)

or
nqi,eq
τ qi

= + nen
q−1
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q→q−1 ,

(50)

where nqi,eq/τ
q
i is the loss term at equilibrium. In other words, equation (50) states, that

ions diffuse and are transported out of the plasma at the same rate as they are being
formed. The loss term at equilibrium can be substituted in place of the first four terms
of the balance equation to yield a separable differential equation, which has the solution

nqi (t) = nqi,eq [1− exp (−t/τ qi )] . (51)

By differentiating the previous equation we get

dnqi
dt =

nqi,eq
τ qi
· exp (−t/τ qi ) (52)

and since the extracted ion current is proportional to the time derivative of the ion number
density, it can be seen that the ion current decays exponentially from the equilibrium state
due to the diffusion and transport coefficient as

Iqi = Iqi,sat · exp (−t/τ qi ) , (53)

where (nqi/τ
q
i )eq is taken to represent the steady-state saturation current Iqi,sat. Strictly

speaking, the extracted current is proportional to the axial confinement time. It was
shown in [32] that the extracted ion beam originates in somewhere in the plasma center
regions, and – pulled by the escaping electrons – propagates axially through the extraction
aperture. Thus, due to the spatial distribution of the ions (see section 4.2.2) at least for
the HCIs the axial confinement time corresponds well to the total confinement time (see
equation (36))

In a short span of time after the sputtering has been ceased the equilibrium conditions
have not changed substantially and the main component contributing to the decay of the
ion current is the diffusion term of the balance equation, which defines the confinement
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time. By measuring the ion current transient when the material injection is ceased, the
time constant of the transient should correspond to the ion confinement time τ qi . A
similar treatment is presented in [63], where it is also shown that the decay constant
is a lower bound of the confinement time. It is also shown, that if the ionization and
charge exchange rates can be neglected, the decay constant should be equivalent to the
confinement time. This suggests that by applying the fit to the transient only in the region
where the ion current has not yet decayed significantly from the saturation current, the
obtained time constant would be closer to the true value of the confinement time (See
section 6.2).

5.4 Measurements with the JYFL 14 GHz ECRIS

Two sets of measurements were carried out: parameter sweeps of the ion current tran-
sients, and a fast sputtering experiment. In the parameter sweeps, the goal was to measure
the transients of the ion current when material injection to the plasma is ceased. Param-
eter sweeps were conducted by independently varying one of the operating parameters of
the ECRIS, and then measuring the transient.

Figure 40 shows a flow chart of the measurement setup. A negative high voltage from a
JYFL Proxant NP 23 high voltage source was run through the switch, while a SRS
Model 05345 30 MHz Synthesized Function Generator supplied the square
pulse (TTL) signal, which was used to operate the switch (In the fast sputtering exper-
iment, the function generator was replaced by a Digilent Analog Discovery multi
function instrument). The TTL signal was run through optical isolation, which allowed
operating the control system at ground potential while the sputter sample and its volt-
age switch were floating at the ion source potential. The switch control box could be
used to determine whether the square pulse got through to the switch – i.e. whether the
sputtering voltage was pulsed or continuous. From the switch, the negative high voltage
is directed to the sputter probe itself, which is radially injected into the ion source. The
sample was injected from in between the magnetic poles such that its surface was in the
same level as that of the plasma chamber wall (radial ports are indicated in figure 32).
The beam was extracted towards the magnetic dipole, where the ions were separated
according to their charge to mass ratio. The ion current selected at the dipole was then
collected at the Faraday cup (FC). Because of the low, microampere scale currents, the
current was first sent through a SRS Model SR570 Low-Noise Current Pream-
plifier. Finally, the current was measured at the Tektronix DPO 2024B Digital
Phosphor Oscilloscope. Due to noise, the currents were averaged over 16 samples.
For currents with a very high noise/signal ratio, the averaging was done over up to 128
samples.
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Figure 40. Flow chart of the experimental setup.

5.4.1 Parameter sweep measurements

By default, the operating parameters of the ECRIS were set to Bmin/BECR = 0.68,
heating power 300 W and sputtering voltage −700 V. The plasma chamber gas pressure
was approximately 1×10−7mbar – 2×10−7mbar, but it was only precisely measured (with
the heating power at 0 W) in the pressure sweep measurement. Otherwise the pressure
was determined by optimizing the gas input to achieve the desired HV leak current at
operating conditions. The buffer gas input was adjusted such that the HV leak current
was approximately 1 mA9. This was done while the sputtering voltage was on, to maximize
the extracted current while copper was also present in the plasma. The extraction voltages
were set to typical values: extraction High Voltage (HV) at 10 kV, puller-electrode at
0.5 kV and the einzel lens at 6 kV. The negative bias plate at the injection end of the
source was kept at −50 V bias.

In each parameter sweep the function generator was set to produce a square pulse at a 1
Hz frequency, causing the sputtering probe bias to be on for 500 ms and off for 500 ms in
one period. The 500 ms on/off time was sufficient for the ion current to saturate and to
completely decay. The dipole magnet was then used to select 63Cuq+ beams such that the
m/q peaks did not overlap with those of the background plasma. The beam current was
collected at the FC, and guided via a pre-amplifier to the oscilloscope. Each ion current

9The leak current corresponds to the net current out of the ion source, and it is measured at the HV
source. The leak current needs to be compensated for the source to remain at the correct potential.
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maximum was found by adjusting the beam line focusing solenoid and the dipole magnet
until the current measured at the oscilloscope peaked. Transients for the currents were
then measured for as many 63Cu charge states as possible. The sweep parameter was then
adjusted and the process repeated. The parameter sweeps were made with respect to the
coil currents, microwave heating power, sputtering voltage, plasma chamber pressure and
the buffer gas species.

5.4.2 Fast sputtering measurements

The setup for the fast sputtering experiment was the same as for the parameter sweeps,
except that the function generator was replaced by a Digilent Analog Discovery
multi function instrument, which was used to produce the asymmetric sputtering pulse.
The pulse frequency was still kept at 1 Hz, but the symmetry was varied such that
the sputtering pulse was gradually shortened until the pulse duration was no more than
0.3 ms. The currents were measured as before in the parameter sweeps. The ECRIS
operating parameters were set to the default values listed in the previous section.
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6 Results and analysis

Figure 41. The charge state distribution in the ion beam extracted from an oxygen
buffer plasma without and with sputtering probe bias.

The experiments with ECR2 were initiated by igniting an oxygen plasma and measuring
the extracted charge state distribution (CSD) of the ions. The sputtering probe was then
biased to a steady voltage and the CSD was scanned again, to verify that sputtering
takes place. This scan was repeated for a -700 and -1000 volt bias on the sputtering
probe. It was found that -700 volts is sufficient for measurable amounts of copper –
specifically 63Cu – to be sputtered into the plasma. Comparison of the spectra is shown
in figure 41. In addition to the oxygen and copper, there are impurities in the plasma
chamber – either contaminations from previous runs or residues of air and moisture.
Nitrogen remnant has been indicated in the figure, but hydrogen and carbon are also
present. Impurities in the plasma interfered with the measurements: For example, in
figure 41 can be seen the overlap in the CSD between 14N2+ and 63Cu9+, both of which
have a charge to mass ratio q/m = 2/14 = 9/63 = 1/7, and consequently are not separa-
ble in the magnetic dipole. In order to measure the transient of the copper current, the
peaks in the CSD need to be distinctly separate10. Oxygen is thus a good choice for buffer

10Furthermore: The gas mixing effects of the added copper – and the sputtering voltage itself – cause
changes in the CSD. As such, the additional copper current does not appear simply on top of the nitrogen
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gas in these experiments, as its few available charge states reduce the number of overlaps.

The default settings used in the experiments were such that the Bmin/BECR was set to
0.68 (well below the instability threshold), microwave heating power to 300 W, and the
sputtering voltage to -700 V. The gas injection was set such that the resultant HV leak
current was approximately 1 mA. Whenever the pressure is explicitly written, it is given
as a raw value of the pressure gauge i.e. for the N2 calibration11.

6.1 Selecting the fitting range

Figure 42. Examples of exponential fits made to the current transient with different
fitting ranges. Three fits made to the transient of 63Cu10+ in an oxygen plasma are
illustrated. The source was operated at 300 W heating power, with Bmin/BECR =
0.68, and a sputtering bias was −700 V. The chamber pressure was set such that the
HV leak current was approximately 1 mA. All fitting ranges begin from 95% of the
saturation current (i.e. the transient height).

Next, the sputtering voltage was pulsed at a 1 Hz frequency – sufficient for the ion currents
to saturate at their maximum values, and the transients of the currents were studied. In

current in the CSD, but rather the nitrogen current is modified by the effects of sputtering.
11Different gases have different calibration coefficients, thus a pressure of 1×10−7mbar measured for

e.g. oxygen and helium would be different for both of the two gases. Additionally, the pressure is
measured outside of the plasma chamber through one of the radial ports, so the pressure reading does
not correspond to the true chamber pressure. The pressure is, however, considered just an operating
parameter of the ECRIS – specific to the ion source – and simply correlates with pressure dependent
quantities in the plasma.
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figure 42 are shown three fits to the transient of an extracted 63Cu10+ current. The fitting
ranges are chosen such that the fit begins from 95% of the saturation current – i.e. the
transient height – and ends at some other percentage (xx%) of the saturation current.
In the figure, the lower limit of the fitting range for each fit is shown with a colored dot
on the transient.

Figure 43 shows the behavior of the time constant with respect to the fitting range for
63Cu charge states 10+ and 17+. The x-axis value corresponds to the lower limit of the
fitting range, as a percentage of the maximum height of the transient (see figure 42.). It
can be seen that the time constant becomes shorter as the fitting range is expanded.

There are two reasons for the dependency of the time constant on the fitting range. First
and foremost, in the derivation of the transient equation (53) it was assumed that the
plasma is in equilibrium conditions. The equilibrium, however, is perturbed as the lost
ions are no longer replaced by material injection via sputtering. This causes the ion
particle densities, and consequently the ionization rates, to decrease. As a consequence,
the time constant appears to decrease, although the apparent decrease is due to the
failure of the assumption of equilibrium conditions: It can be seen from equation (50)
that as the ionization rates decrease the time constant must also diminish in order for
the equilibrium assumption to hold. This indicates a failure of the transient equation to
describe the current beyond a few milliseconds after the switching off of sputtering.

Secondly, the first ions to escape are the ones having the largest energies. They thus carry
out the ionic energy from the plasma, leaving behind only ions having small energies.
This means, that as the highly energetic ions evacuate the plasma, the remnant ions
will be better confined due to their smaller temperature. This, contrary to the observed
behavior in figure 43, increases the time constant. It can be inferred that the decay of
the equilibrium conditions is a more significant contributor to the dependency.

Therefore, the time constant obtained from the fit in the narrowest fitting range – from
95% to 90% – should best correspond to the confinement time. When, however, the
operating parameters of the ECRIS were set to 300 W heating power, Bmin/BECR = 0.68,
and sputtering voltage of -700 V the time constants obtained were very long – in the case
of the charge state q = 17, the decay constant was found to be 31.1 ms. For the charge
states 14 and 10 the time constants were 21.8 ms and 7.7 ms respectively. Thus, the given
time constants are believed to be more representative of the cumulative confinement time
than the confinement time of an ion at a specific charge state. It can also be seen from
figure 42, that by using the complete transient range from 95% of saturation to 5% the
best fit can be obtained. Because of this, the decay constants presented in the following
sections have been determined from fits to the complete transient range12. Nevertheless,
a sample of the time constants obtained from the short fitting range is also presented in
section 6.2.

12Neben et al. [64] also fit to the full transient length, so the choice here is further influenced by
convenience of comparison of the results.
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Figure 43. The time constant of the exponential fit to the current transient as a
function of the fitting range. The dependency is illustrated for 63Cu charge states
10+ and 17+ in an oxygen plasma at 300 W heating power with Bmin/BECR = 0.68,
and a sputtering voltage of −700 V. The chamber pressure was set such that the HV
leak current was approximately 1 mA.

6.2 Error estimation

The ion currents extracted from the ECRIS are subject to significant internal uncertainty
of the ion source itself – much greater than that of any of the other measurement ap-
parata involved in the experiment. The uncertainty is due to the dependency of the ion
source operating conditions on, for example, contaminations from previous runs, small
deviations in the gas pressure, and – simply put – unknown reasons, which affect the
extracted currents in unpredictable ways. Therefore, the error analysis is done by com-
paring time coefficients acquired from different measurements at the same ion source
parameter settings.

Five separate parameter sweep experiments were conducted. In each experiment, the
default setting for the ECRIS operation was: heating power 300 W, Bmin/BECR = 0.68,
sputtering voltage -700 V and oxygen buffer gas, whose pressure was set such that the
leak current of approximately 1 mA was achieved. In each experiment, there is thus
one data point corresponding to a transient measured at these settings. By averaging
the time constants acquired from all the parameter sweep experiments, and calculating
the standard deviation, an estimation for the uncertainty of the time constant can be
acquired. The thus obtained averages of the time constant, their standard deviations and
relative uncertainties are listed in table 3.

From the table it can be seen, that there is a significant uncertainty to the average value
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of the time constant. The uncertainty ranges from ∼10% to ∼20%. There doesn’t seem
to be a clear tendency to the uncertainty with respect to the ion charge state, but the
error estimate is higher for the high charge states, which are more sensitive to variations
of the ion source parameters. The sample size is not very large – the average values
and standard deviations are determined from five measurements per charge state (four
for charge states 11 and 14), which makes the analysis statistically questionable. In any
case, it can be assumed that the relative uncertainty of the time constants determined
from fits to the full length of the transient is around 20%.

In section 6.1 it was noticed that the effect of the fitting range on the scale of the decay
constant is very significant. For fits to just the beginning portion of the transient, the
time constant is twice as large as those obtained from fits to the full transient length.

For the sake of comparison, a sample of decay constants determined in the fitting range
95% to 90% of saturation current, is listed in table 4. The values in the table are
determined at the same operating parameters as those in table 3. The time constants
thus obtained are consistently twice as large as those acquired from fits to the full length
of the transient, but the relative uncertainty stays almost the same.

Table 3. Standard deviations and relative uncertainties of the average time constants
of the transients obtained for the copper ions from the parameter sweep experiment
at the default setting of 300 W microwave heating power, -700 V sputtering voltage,
Bmin/BECR = 0.68 and oxygen pressure set to produce a leak current of 1 mA. The
time constants presented in the table were obtained from fits to the full length of the
transients.

Ion Average time constant Standard deviation Relative uncertainty
(ms) (ms) (%)

63Cu10+ 4.8 0.5 10.4
63Cu11+ 6.9 0.9 13.0
63Cu14+ 13.3 2.7 20.3
63Cu15+ 15.5 2.8 18.1
63Cu17+ 17.2 3.0 17.4

Table 4. Time constants obtained from fits to the beginning of the transient – i.e.
with the transient current within the range 95% to 90% of the saturation current.
The tabulated time constants are obtained at the same ion source operating settings
as the ones in table 3.

Ion Average time constant Standard deviation Relative uncertainty
(ms) (ms) (%)

63Cu10+ 8.3 1.2 14.5
63Cu11+ 12.1 1.9 15.7
63Cu14+ 26.2 8.5 32.4
63Cu15+ 28.8 4.5 15.6
63Cu17+ 32.7 9.2 28.1
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6.3 Parameter sweep results

(a) A copper current signal during a
sputtering pulse.

(b) Fit to the current transient. The
red dots indicate the fitting region.

Figure 44. Examples of a 63Cu11+ current signal measured with the oscilloscope (a),
and a fit to the current transient for the same signal (b). The TTL signal corresponds
to the normalized sputtering voltage (voltage up = sputtering on). The ion source
parameters were Bmin/BECR = 0.64 at a heating power of 300 W. The sputtering
voltage was −700 V.

An example of the current signals measured with the oscilloscope is given in figure 44a.
As the sputtering bias is switched on, the ion current begins to rise. There is a small
delay due to the ionization time, which can be better seen in the example figure for
the fast sputtering experiment – see figure 52. Meanwhile, in figure 44b is shown an
example of the exponential fits made according to equation (53). Here also a small delay
can be observed after the sputtering is ceased. The delay is probably due to the lower
charge state ions, which feed the number density of the higher charge state ions and thus
maintain their equilibrium. These example figures are representative of all the currents
obtained.
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6.3.1 The effect of the buffer gas species

Figure 45. The decay constant of the ion current transient for different 63Cu
charge states in various buffer plasmas. Plasma chamber pressures: Argon plasma:
1.8×10−7mbar, oxygen plasma 1.4×10−7mbar, helium plasma 1.3×10−7mbar (in N2
calibration of the pressure gauge).

Figure 45 indicates, that the time constant is larger for lighter buffer gas species: e.g.
the time constant for 63Cu14+ is 12.4 ms in oxygen plasma, but 21.9 ms in helium. This
is probably due to ion cooling due to gas mixing effects – primarily the collisional mass
effect and charge dilution effects. That is: the copper ions are depleted of their energy in
collisions with the lighter ions of the buffer gas, and simultaneously the poorly confined
low charge state ions of the buffer gas carry out energy from the plasma.

The figure also shows, that the time constant increases approximately linearly with the
charge state: the decay constant in the oxygen buffer for 63Cu10+ is 5.1 ms while for
63Cu17+ it is 21.3 ms. This behavior is in accordance with measurements of the charge
state dependence of the confinement time made by other authors [14] and indicates the
ambipolar diffusion model for ion confinement. However, it should be recalled that an
increase of the ion temperature with the charge state could also reproduce the linear
dependence of the confinement time on the charge state.

The decrease in the average charge state of the plasma caused by a lighter buffer gas
also causes the plasma potential to decrease. This in turn decreases the ambipolar losses
by weakening the ambipolar electric field, which accelerates ions out of the plasma, thus
improving ion confinement.
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6.3.2 The effect of the minimum-B field

Figure 46. The decay constant of the ion current transient for different 63Cu charge
states as a function of the Bmin/BECR structure of the ECRIS magnetic field.

The effect of the Bmin/BECR-parameter is strongest for the higher charge states, where
the increase of the parameter causes an increase in the time constant. For example,
the time constant of 63Cu17+ ranges from 12.3 ms at Bmin/BECR ' 0.64 to 18.0 ms at
Bmin/BECR ' 0.75. Because ions are not confined magnetically, changes in the magnetic
field do not affect them directly. The electrons, however, experience its effects strongly.
The increase of Bmin/BECR causes the gradient of the magnetic field at resonance to
decrease – i.e. the resonance zone becomes broader – and thus the electron heating
improves. Thus, the hot electron population increases and the potential dip becomes
deeper, which strengthens ion confinement – particularly for the HCIs.

The observed behavior of the decay constant is in accordance with findings showcased in
[65], represented in figure 47. The figure shows how the (normalized) beam currents for
He2+, O7+ and Ar14+ ions increase as the value of the Bmin/BECR-parameter is increased,
until the plasma becomes unstable at strong magnetic fields. This is explicable by a
corresponding increase in the respective ion densities in the plasma, which implies an
extended confinement time.
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Figure 47. The JYFL 14 GHz ECRIS beam currents for He2+, O7+ and Ar14+ as a
function of the parameter Bmin/BECR. The solid points correspond to stable currents,
and the hollow points to unstable currents. From [65]

6.3.3 The effect of the injection pressure

Figure 48. The decay constant of the ion current transient for different 63Cu charge
states as a function of the pressure in the injection end of the ion source (N2 calibra-
tion!).
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In the pressure sweep, it was found that the value of the decay constant decreases as
the pressure increases, as indicated by figure 48. For example, the confinement time of
63Cu17+ at 5×10−7mbar was found to be 34.7 ms, while at 1.1×10−6mbar it was only 13.7
ms. This correlates well with the fact that a low neutral pressure is a necessary condition
for HCI production. Accordingly, it can be seen from the figure, that particularly the
HCIs benefit from the decrease in pressure.

An increase in the neutral pressure leads to an increase in the rate of charge exchange
processes, causing the average charge state of the plasma to decrease. This in turn, would
lead to ion cooling due to their energy being carried out by the weakly confined low charge
state ions, thus improving the ion confinement.

It can be speculated, that an increasing pressure causes the particle distributions in the
plasma to become more uniform, and consequently the hot electron population responsible
for the potential dip diminishes. Furthermore, the larger neutral pressure means that the
electron energy is dissipated in collisions with a greater number of neutrals, which leads to
a decrease in electron temperatures and a consequent decrease in the potential dip depth.
With the shallower potential dip the ion confinement conditions become less favorable.
It has also been observed that a higher pressure corresponds to a slightly larger plasma
potential[66]. This in turn causes the ambipolar losses to increase, which worsens the
confinement conditions in the plasma.

According to [14], the potential dip model becomes questionable for high ion densities
– i.e. when the pressure increases – due to increased ion-ion collisionality. In [24] it
was also found that the potential dip model no longer correctly describes the measured
confinement times for high pressures.
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6.3.4 The effect of sputtering voltage

Figure 49. The decay constant of the ion current transient for different 63Cu charge
states as a function of the sputtering voltage.

Figure 49 shows that the decay constant increases with the (decreasing) sputtering volt-
age. This is probably caused by increased gas mixing effects brought on by the larger
population of copper sputtered into the plasma due to the increasing sputtering yield.
Figure 50 shows the saturation currents of the different charge states of 63Cu in the sput-
tering voltage sweep. The increase in extracted copper current with the sputter sample
bias correlates with the amount of copper present in the plasma. It should be recalled,
however, that the extracted current has a lower average charge than the plasma, because
the low charge states are more easily extracted, which means that the amount of e.g.
63Cu17+ in the plasma is larger than the figure would imply. With more copper ion tar-
gets, the poorly confined low charge oxygen ions deplete the copper ions of their energy
at a greater rate and carry it out of the plasma. Again, it is found that the high charge
states have the strongest reaction. As an example, the ion 63Cu15+ has a decay constant
of 15.4 ms at when the sputtering voltage is -500 V, and 26.5 ms at -1000 V.
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Figure 50. The saturation currents of 63Cu ions in the sputtering voltage sweep.

6.3.5 The effect of microwave heating power

Figure 51. The decay constant of the ion current transient for different 63Cu charge
states as a function of the microwave heating power.
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From figure 51 it can be seen that the microwave heating power does not have a significant
effect on the time constant. This is to be expected, as the ECR heating is electron-
selective, and does not directly affect the ion temperatures. However, the effect of the
heating power on the electron temperature is not significant at powers higher than 200
W [20]. Thus, the increased heating power does not alter the potential dip notably, and
the effect on the ion confinement is minimal.

6.4 Fast sputtering results

Figure 52. An example of a fast sputtering measurement. The current of 63Cu11+

is shown alongside the O6+ current from the buffer plasma. The TTL signal corre-
sponds to the normalized sputtering voltage (voltage up = sputtering on). Here the
sputtering pulse duration has been reduced to 2 ms. In red are shown the current
delay time td = 2.9 ms and the points in time t50% and t90% when 50% and 90%
respectively of the copper ions have been extracted. The dashed blue line designates
the point of maximum displacement for the oxygen current at t = 6.9 ms.

In fast sputtering, the pulse duration was gradually shortened until the sputtering bias
was on for no more than 0.3 ms. In figure 52 is shown an example of the currents obtained.
The figure shows a63Cu11+ ion current for a pulse width of 2 ms. It can be seen that
the sputtering voltage disappears before any ions are registered at the Faraday cup (FC),
meaning that the measured ion current is not disturbed by the effects of the voltage.

In the figure are illustrated the times td, t50% and t90%. The delay time td is the time it
takes for copper current to be first registered at the FC, and it is defined as the time it

89



takes for the current to reach 10%13 of its maximum value after the sputter probe is first
biased. The delay is mostly due to the time required for ionization processes to produce
ions of the charge state. The times t50% and t90% are the moments in time, when 50%
and 90% of the total produced ion beam has been extracted, and they can be acquired
by integrating the current.

The current of O6+ is shown alongside the copper current. As the sputter bias is switched
on, the oxygen current momentarily increases. As the copper current builds up, however,
the amount of extracted oxygen decreases. This is probably due to gas mixing effects:
the copper ions are cooled by the oxygen ions, and as the temperature of the oxygen
decreases its confinement time increases. Consequently, the amount of extracted oxygen
decreases.

6.4.1 Production times

Figure 53. The time required for the current bump caused by the sputtering pulse
to reach 90% of its maximum value as a function of the sputtering pulse width for
different charge states of 63Cu.

13The 10% limit is sufficiently high to distinguish true ion current from noise.
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Table 5. Saturation times, and 50% -and 90% production times (t50% and t90%) for
63Cu ion currents determined in the fast sputtering experiment.

charge state saturation time t50% (ms) t90% (ms)
11 47.1 8.1 13.0
13 42.4 9.5 19.3
15 38.0 14.7 29.2
17 49.0 16.9 33.3

Figure 53 shows the time it takes to reach 90% of the maximum current for the 63Cu
ion currents obtained for different pulse widths. At a pulse width of around 200 ms the
ion currents reach saturation values (i.e. the equilibrium for ion densities is found). The
saturation times are found as the intersection with the y-axis of a linear fit to the linear in-
terval (200 ms – 500 ms) in the figure. The obtained saturation times are listed in table 5.

By integrating the ion currents, it is possible to find out the moment when fifty and
ninety percent of the total produced ions have been extracted. These points in time are
illustrated in figure 52, and their dependence on the sputtering pulse width is shown in
figure 54. In the sub 1 ms pulse width region, some of the charge states deviate from
linearity. This is due to the sinusoidal 50 Hz noise present in the measurement devices,
brought on by the power company. Therefore, to determine the production times, a
linear fit was made to the interval 2 ms – 5 ms. The production times are obtained as
the intersection of the fit with the y-axis, and they are shown in table 5.

The 90% saturation time is commonly used in charge breeding sources[67, 68] as an
estimate of the charge breeding time – i.e the time required for ions of charge state q
to be produced. The 90% production time, however, can be seen from table 5 to be
less than the saturation time. This means, that e.g. 63Cu17+ is produced 15.7 ms (32%)
faster than the current saturation time would imply. The saturation time can be said to
describe the ion cumulation time, rather than their production. The finding is relevant
when estimating the yields of radioactive ions.
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(a)

(b)

Figure 54. The 50% (a) and 90% (b) extraction times for the ion currents in the
fast sputtering experiment as functions of the sputtering pulse width.

92



6.4.2 Superpositions

(a)

(b)

Figure 55. Currents measured in the fast sputtering experiment for 63Cu11+ ob-
tained from sputter pulses of duration 5 ms and 4 ms (a), and 5 ms and 5 ms (b)
are superposed and compared to the actually measured currents (obtained from 9
ms and 10 ms pulses respectively). The superposed currents are shown in red, the
superposition in blue and the actually measured current in black.
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(a)

(b)

Figure 56. Comparisons of the actually measured 63Cu11+ target currents to super-
position currents obtained by shifting and superposing with itself the current bump
from a 0.3 ms sputtering pulse. The current bump is superposed with itself three
times to obtain an equivalent of the 1 ms sputter pulse current bump, seven times
to obtain the current bump from a 2 ms sputtering pulse, etc. Figure (a) shows
comparisons to currents obtained from 1 ms – 50 ms pulses, and (b) from 50 ms –
500 ms pulses.
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When the sputtering pulse becomes shorter than the ionization time, the current bumps
manifest after the sputtering voltage has dissipated. For very short pulses, then, the
measured currents are obtained from a plasma which is not perturbed by the probe bias.
Furthermore, the shorter the sputtering pulse, the fewer copper atoms are sputtered into
the plasma, and thus the lesser the disturbance caused onto the buffer gas. As such,
a current bump caused by as short a sputtering pulse as possible should correspond to
the least perturbed plasma. In order to compare the effects of an extended sputtering
pulse to a short pulse, the currents from short pulses were time-shifted and superposed
to obtain equivalents of long pulse current bumps. The purpose here, thus, is to ensure
that the time constants of the current transients do not depend on the sputtering pulse
width, and that they are not strongly affected by the perturbation caused by the sputter
sample drawing positive ions and emitting neutrals.

In figure 55, is shown an example of the superpositions of two current signals (of 63Cu11+)
to produce the equivalent of an actually measured current. In (a), two current bumps
caused by 5 ms and 4 ms sputtering pulses respectively are summed to yield the equivalent
of a current bump obtained from a 9 ms pulse. Here the 4 ms pulse current bump is first
shifted by 5 ms, and then summed with the 5 ms pulse current bump. Similarly in (b)
a current bump from a 5 ms pulse is shifted by 5 ms and then superposed with itself to
obtain the equivalent of a current bump from a 10 ms sputtering pulse.

In figure 56 the current bump resulting from the shortest possible sputtering pulse (0.3
ms) was used to reconstruct all the measured 63Cu11+ currents. It can be seen, that the
reconstructed current bumps have the same shape as the actually measured currents,
but the saturation current is approximately a microamp less for the superposition. This
is probably because the current bump, which was used to reconstruct the actual target
currents, corresponded to a small amount of copper in the plasma. This means, that the
gas mixing effects – which have the effect of increasing copper confinement times and thus
HCI currents – for the small bump were not so prominent as for the currents obtained
from the long pulses. The rising and decaying edges of the reconstructed current bumps
correspond well to the actual currents, which indicates that the sputtering pulse width
does not affect the time constant of the decay, which is considered reassuring for the
conclusions of this work.

6.5 Buffer plasma response to sputtering

In order to get reliable data from the plasma, the disturbance caused by the diagnostic
method needs to be as small as possible. Ideally, the method does not cause the plasma
to be disturbed from normal ion source operating conditions. If the diagnostic perturbs
the plasma, the obtained data corresponds to the perturbed state, and not to the state
that the plasma is in during normal operation.

In order to determine the effect of the effect of the sputtering on the buffer plasma, mea-
surements were made on the extracted buffer currents. It was noticed that the presence
of sputtering causes the extracted currents from the buffer plasma to decrease. Here, the
disturbance caused on the buffer plasma by the sputtering is defined as the maximum
change in the current extracted from the buffer plasma relative to its saturation current.
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The relative disturbance is determined as:

Disturbance = |saturation current−minimum current|
saturation current · 100% (54)

There is a small uncertainty in determining the saturation current, because the offset of
the current is not precisely known. For the copper currents it was possible to determine
the offset, because it was known that when sputtering is off, there is no copper in the
plasma and the current has to be zeroed in that region. For copper the offset was on
average 0.14 µA, and should be the same for other currents. Nevertheless, these offsets
are very small in comparison to the absolute current values which are more than 50 µA,
and even 100 µA. Even for Ar6+ current the offset cannot create a significant error to the
relative disturbance, regardless of its small saturation current (∼7 µA).

6.5.1 Response as a function of the pulse width

Figure 57. The maximum relative disturbance of the O6+ current as a function of
the sputtering pulse width as measured in the fast sputtering experiment.

Figure 57 and 58 show the effect of the sputtering pulse width on the extracted O6+

current of the oxygen buffer. From figure 57 it can be seen, that the relative disturbance
increases as a function of the pulse width. This is due to the increased number of copper
sputtered into the plasma as a consequence of the broader sputtering pulse. The same
phenomenon has been observed by O. Tarvainen et al. in [69], where the currents ex-
tracted from the buffer gas were observed to decrease as injection of a heavier element
into the plasma was increased. Notice, that the saturation time corresponds to that of the
copper current saturation (see figure 56), which indicates that the disturbance is caused
by the interaction of the buffer gas plasma with copper – and not a direct consequence of
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Figure 58. The effect of sputtering on the extracted O6+ ion current for different
sputtering pulse widths measured in the fast sputtering experiment. The red lines
mark the endpoints of the different sputtering pulses.

the sputter probe bias. Meanwhile, figure 58 shows how the current actually looks like as
a function of the sputtering pulse width. It can be seen, that the oxygen current behaves
in the opposite manner to the copper currents, and the rise time of the current after
sputtering is switched off corresponds to that of the copper decay time. This implies,
that the introduction of the copper element into the plasma causes collisional heating of
the oxygen plasma, which leads to a diminishing oxygen particle density in analogy with
the ICRH experiment by Petty et al. [24] where the ion heating was found to decrease
HCI currents.

6.5.2 Response in different buffer gases

Figures 59 and 60 show the effect of the sputtering voltage on the argon and helium
buffers respectively. First of all, there is a difference between the disturbance caused
onto the ion currents of the two charge states of argon. The smaller current of Ar6+ is
disturbed by a maximum of 13% while the maximum disturbance to the Ar10+ current
is 25%. This is due to the fact that ion-ion collisionality is proportional to the charge,
and consequently the gas mixing effects are stronger. Meanwhile, the effect on the light
helium buffer is small regardless of the large ion current. The disturbance is greater for
high charge state ions because gas mixing effects diminish their confinement time, which
means that they have less time to become ionized by electron impact. Helium is not
significantly affected, because it does not require a long confinement time to reach the
2+ state.
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(a)

(b)

Figure 59. The reactions of extracted Ar6+ (a) and Ar10+ (b) currents to sputtering.
The TTL signal corresponds to the normalized sputtering voltage (voltage up =
sputtering on). The maximum relative disturbances in the currents, respectively, are
13% and 25%.
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Figure 60. The reaction of extracted He2+ current to sputtering. The TTL signal
corresponds to the normalized sputtering voltage (voltage up = sputtering on). The
maximum relative disturbance is 7%.

6.6 Comparison to literature values

Neben et al. in reference [64] have studied current transients produced by pulsed sput-
tering using the transient method reproduced here to estimate confinement times for
different charge states of uranium. In addition to the transient of the decaying current,
they study the rising edge of the current bumps obtained in the same manner as in the
fast sputtering experiment in this thesis. The experiments were performed on the the
14.5 GHz Advanced Room TEMperature Ion Source (ARTEMIS)[70] and the 18 GHz/24
GHz Superconducting Source for Ions (SuSI) [71] at the cyclotron facility at the NSCL.
Their findings in the ARTEMIS source (which is more closely comparable to the JYFL 14
GHz ECRIS than the superconducting source) for the time constant are similar to those
obtained from the parameter sweeps. They found the decay times of U23+, U25+ and U28+

to be on average 50.6 ms. Of course, uranium being a much heavier element, and with
the measured charge states being much higher, the values are not directly comparable.
Nevertheless, the order of magnitude for confinement times of the uranium HCIs is found
to be in the tens of milliseconds, in agreement with what was found here.

The time constants obtained using the transient methods are vastly in excess of the con-
finement times determined from ion densities and end loss fluxes. For example, Ar16+

was estimated to have a confinement time of around 3 ms by Douysset et al. in [14].
Meanwhile, Petty et al. have determined the confinement times of different charge states
of oxygen to range between 1 ms and 9 ms. The results by Douysset et al. are shown
in figure 23, and those of Petty et al. in figure 61. It should be noted, that the decay
constants measured here are all obtained in measurements with a light buffer gas, which
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makes comparisons to experiments made on pure plasmas more complicated. By system-
atically varying the mixing gases and sputter sample materials, these dependencies of the
decay constant could be resolved.

It seems that the confinement times determined by Petty et al. and Douysset et al. are
confinement times in the traditional sense, in that they measure the extraction probability
of ions at charge state q. Meanwhile, the transient method provides and estimate for the
cumulative confinement time, which measures the total time that an ion spends in the
plasma before being expelled at charge state q. This is corroborated by comparing the
90% production times shown in table 5, to the decay constants obtained from fits to
the first few milliseconds of the transient, shown in table 4. The production times are
essentially the same as the corresponding decay constants.

Figure 61. Confinement times obtained in [23] in the Constance B quadrupole ion
source both experimentally and calculated through the potential dip model with a
potential dip depth set to (φi) 15.4 eV. The ion source operating parameters were: hot
electron density nhot

e = 4.1×1011cm−3, cold electron density ncold
e = 1.2×1011cm−3, at

microwave frequency 10.5 GHz at 1 kW power, in a pure oxygen plasma at pressure
5×10−7Torr.
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7 Conclusions and future prospects

In this thesis a transient method for estimating ion confinement times was applied to
estimate the ion confinement times in ECRIS plasmas. Material injection into a buffer
plasma was controlled by a pulsed sputtering method. The transients of the decaying
extracted current were studied based on a transient equation derived from the balance
equation of ion density. The dependence of the decay constant of the current transients
on the ion source parameters (buffer gas species, minimum-B field strength, neutral gas
injection pressure, sputtering voltage and microwave heating power) was analyzed. Ion
production times were analyzed in a fast sputtering experiment. The disturbance caused
by the sputtering was also inspected.

The fitting range for the transient equation was chosen to be the full transient length,
as was done by Neben et al. in [64]. According to Neben, the decay constant obtained
from the fit is a lower limit for the ion confinement time. The effect of a shorter fitting
range on the decay constant was also inspected, and it was found that fits made to the
first few milliseconds of the transients produced decay constants roughly twice as long as
fits to the full transient length. The assumptions made in the derivation of the transient
equation imply, that the first few milliseconds of the transient are indeed the only region
where the equation is valid.

The parameter sweeps showed consistently, that the dependence of the decay constant
on the ion source operating parameters corresponds to that of the confinement time.
The gas mixing effects of the lighter buffer gas plasma – coupled with the assumption
of an electrostatic confinement model for the ions – explain many of the dependencies.
Because all the measurements were made in a light buffer plasma (compared to the copper
sputtering sample) the question arises, how the transient would behave in a heavier buffer
gas, and in future measurements e.g. aluminum sputtering can be studied in oxygen
and argon buffers. The decay constants obtained from the parameter sweeps were in
accordance with the fact, that long confinement times are necessary for HCI production:
The decay constants were found to be long whenever the source parameters corresponded
to efficient HCI production. The cumulative confinement times are found to be so long,
that they indicate the electrostatic confinement of ions in a potential dip, which is believed
to form in the plasma center.

The ion production times were studied in a fast sputtering experiment, where the length
of the sputtering pulse was gradually shortened until it was no longer than 0.3 ms. The
current bumps thus produced were integrated to determine the time it takes for 50%
and 90% of the ions created by the sputtering pulse to be extracted. The production
times were compared to the current saturation times, which were found to be of the
order ten milliseconds longer than the ion production times. This finding has important
consequences for radioactive beam production, where the viability of the beam requires
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the radioisotope to be ionized to a high charge state in a length of time short compared
to its half life. Traditionally, the production time has been estimated to be similar to
the saturation time, but the definition of the production time here would imply, that
the production times are, in fact, much shorter. This can cause the viability of many
previously neglected radioactive ion beams to be reconsidered.

The disturbance caused to the plasma by the sputtering method was studied in two ways.
First of all, it was reasoned that a current bump generated by a fast sputtering pulse would
correspond to a minimally perturbed plasma state, as the electric field of the sputtering
voltage was on for only a short while, and the amount of substance sputtered into the
plasma was small. The currents obtained from longer pulses were thus reconstructed
by time shifting and summing with itself the current bump produced by the shortest
sputtering pulse. It was observed, that the difference between the reconstructed and
measured currents was mainly in their respective values of the absolute current, and not
in the time constants. Because the reconstructed currents match well with the shape of
the measured currents, it can be said that although the maximum currents are affected by
sputtering, the time constant can be reliably measured. The effects of the sputtering on
the buffer plasma can be circumvented to some degree, by pulsing the sputtering voltage
between, for example, -500 V and -600 V. Then the relative disturbance caused by the
sputtering voltage will be smaller than in the measurements performed here, where the
bias was either on or off. This measurement will be performed in the future. Secondly,
the buffer plasma response to the sputtering was studied. It was noticed, that sputtering
causes the currents extracted from the buffer plasma to decrease. The decrease increases
with the sputtering pulse width and charge state, which indicates that the increased gas
mixing effects of a larger amount of substance sputtered into the plasma is the culprit to
the disturbance: The gas mixing effects cause the lighter buffer gas to heat up and thus
causes its confinement to worsen.

The values obtained here seem to be in mutual agreement with those acquired by Neben
et al. in [64], where they studied the confinement of Uranium ions using the same
transient method. Uranium being a much heavier element, naturally has significantly
longer confinement times than the copper ions measured here (otherwise the higher charge
states of uranium couldn’t even be produced). Nevertheless, a decay constant in the
range of fifty milliseconds is found by Neben et al., in accordance with the roughly 17 ms
decay constant of the 63Cu17+. Comparison to values by Petty et al. and Douysset et al.
([23, 14]) shows that the transient method gives much larger estimates of the confinement
time than those that are calculated from the ion end loss fluxes and densities. This allows
the speculation, that either these two methods measure different things, or the underlying
assumptions of the approaches could be questioned. The end loss flux method probably
measures the confinement time as the probability for an ion having charge q to be expelled
from the plasma. Meanwhile, the transient method gives an estimate of the time that
an ion spends in the plasma (leaping from charge state to charge state) until it is finally
expelled at charge state q. This speculation seems to agree with the fact, that the 90%
production times shown in table 5 agree to within 1 ms precision with the decay constants
obtained from the fits made to the first few milliseconds of the transient, shown in table 4
– recalling that the beginning of the transient is the region where the transient equation
(53) is justifiably valid.
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