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Abstract
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This thesis presents the results of a broad study investigating different possibilities
to improve the performance of the JYFL 14 GHz Electron Cyclotron Resonance Ion
Source (ECRIS). The experimental work includes studies of ECRIS plasma, ion beam
formation and beam transport, all of which contribute to the properties of ion beams
produced with ECR ion sources. In particular, it is shown that the degradation of beam
quality due to the formation of hollow beam structure is influenced by phenomena
originating from all of these categories.
The effects of fine tuning the frequency of the plasma heating microwaves of the JYFL
14 GHz ECRIS are presented, showing that the frequency tuning can influence the ion
beam properties. It is demonstrated that the ion beams produced with the ion source
are not completely space charge compensated during the first section of the beam
transport, and the space charge effects in this region have significant impact on the
beam properties. Also, it is shown that mitigating these effects can lead to substantial
improvement in beam quality. The temporal stability of ion beams produced with
ECR ion sources is discussed and it is shown that the beams exhibit fast beam current
oscillations in the 102 − 103 Hz region, characteristics of which depend on the ion
source tuning. Experiments with the so-called collar structure are presented, providing
new insight into the plasma conditions near the ion extraction. As a culmination of
the thesis work, a new extraction system has been designed and constructed for the
JYFL 14 GHz ECRIS. It is shown that the new system provides improved performance
compared to the old one in terms of extracted beam currents, beam quality and
transmission efficiency.
Keywords: Electron cyclotron resonance ion source, highly charged heavy ions, beam
formation, beam transport, beam quality
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Chapter 1

Introduction

Highly charged heavy ion beams provide an ideal tool for scientific research to probe
the structure of matter, study particle interactions and investigate a wide range of
natural and exotic phenomena in laboratory conditions. In addition to basic research,
during the last decades a vast field of applications has formed around ion beams,
ranging from medical uses like radiation therapy to industrial material processing and
analysis, as well as radiation hardness testing of electronics [1–4].

The advancing scientific research and the development of the applications constantly
increase the demands set for the ion beam properties. In many cases these properties
are directly linked to the performance of the ion source which acts as an injector for the
particle accelerator. Higher beam energies and new ion species are needed to expand
the range of phenomena available for studies and higher beam currents are required
to make the observation of rare, low cross section reactions feasible. In addition, a
high degree of beam quality, both in the temporal and spatial domains, is essential in
many cases. These requirements act as a strong driving force for continuous ion source
development.

The most widely used type of ion source for the production of high intensity highly
charged heavy ion beams is the Electron Cyclotron Resonance Ion Source (ECRIS) [5],
a plasma ion source with its roots in the plasma fusion research of 1960’s. The high
reliability and lack of eroding parts like filaments has made these ion sources very
popular during the last decades. Already in 2008 there existed over 70 operational
second and third generation ECR ion sources around the world [6], underlining the
importance of ECRIS in the field of ion beam production.

The accelerator laboratory of the Department of Physics, University of Jyväskylä
(JYFL), has two ECR ion sources for the production of highly charged ions [7, 8]. In
order to meet the increasing demands set for the ion beams, a thorough investigation
of the beam transport from the JYFL 14 GHz ECR ion source through the JYFL
K-130 cyclotron [9] was carried out in the laboratory during 2007 – 2008 [10]. The
results indicated that the transmission efficiency was severely degraded due to poor ion
beam quality. The clearest indication of this was the hollow beam structure observed
with many ion beams. Furthermore, it was observed that the beam quality degraded
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2 Chapter 1. Introduction

with increasing current extracted from the ion source, limiting the ion source operation
and indicating problems in the beam formation and transport [11].

These results provided strong motivation to initiate a broad study to investigate
different possibilities to improve the beam quality and performance of the JYFL
14 GHz ECRIS. The different phenomena which affect the beam quality can be divided
into three categories: (1) the production of ions inside the ion source plasma chamber,
(2) beam formation in the ion source extraction region and (3) beam transport from
the ion source through the accelerator to the target. The work presented in this thesis
consists of a series of experimental studies in all these categories.

The thesis is outlined as follows. Chapter 2 is devoted to the electron cyclotron
resonance ion source, presenting its general structure, main features and operating
principles. Special emphasis has been given to the ion source performance and the
beam quality. Chapter 3 presents the experimental apparatus, set-ups and methods
used in the measurements. The JYFL 14 GHz ECRIS, which is the ion source used
in the work presented in this thesis, is introduced in this chapter. The experimental
work related to this thesis is presented in chapter 4. The chapter has been divided into
three main subsections, the first concentrating on the studies related to the ECRIS
plasma, the second to the beam transport and the third to the beam formation. The
ECRIS plasma studies concentrate on the effects of varying the frequency of the plasma
heating microwaves on the properties of the extracted ion beams. The beam transport
studies comprise of space charge and ion beam temporal stability related experiments,
and the influence of these phenomena on the beam quality and transmission efficiency.
The beam formation section also includes two distinct studies. The first probes the
properties of the extracted ions and the plasma conditions in the immediate vicinity of
the beam extraction with a cylindrical collar structure around the extraction aperture.
The second study describes the upgrade of the JYFL 14 GHz ECRIS extraction system.
The problems of the old system are discussed and the structure and performance of
the new extraction system are presented. Finally, chapter 5 summarizes the presented
work and discusses the obtained results and future prospects.



Chapter 2

ECR ion sources

Electron Cyclotron Resonance (ECR) ion sources are currently the main workhorses
of high intensity highly charged heavy ion production in the world. The ions are
produced inside a plasma confined with external magnetic field and sustained with
microwave radiation. This frees the ion production from eroding parts like cathodes,
significantly improving the ion source reliability in continuous long term operation.
This, combined with the capability to produce continuous (cw) or pulsed ion beams
with usable currents from virtually any element, forms a solid basis for the popularity
of the ECR ion sources.

The next section gives a short introduction to the origins and development of ECR
ion sources. This is followed by a description of the operational principles of ECRIS,
divided into several sections: (1) electron heating with microwaves at electron cyclotron
resonance, (2) production of highly charged ions, (3) the confinement of the plasma
with magnetic fields, (4) the introduction of material to be ionized, (5) different aspects
affecting the ECRIS performance and (6) the beam extraction. In addition, the quality
of ion beams produced with ECR ion sources are discussed.

2.1 A brief history of ECR ion sources
The origins of the ECR ion source lie in the plasma fusion research of the 1960’s. The
first ion source using ECR plasma heating was born in 1965, when R. Geller installed a
beam extraction system to the 3 GHz PLEIADE plasma generator [5]. The promising
results obtained with the device led to fast development of subsequent devices during
the late 1960’s and early 1970’s.

In 1970 H. Postma proposed ECR heating as an efficient process for the production of
multiply charged ions [12]. This was successfully demonstrated in 1972 by R. Geller et
al. with the MAFIOS ion source [13,14] and independently by K. Wiesemann et al. [15].
A few years later in 1974 the enormously successful SUPERMAFIOS was constructed,
incorporating magnetic hexapole field for radial confinement and two-stage plasma,
yielding huge improvement to the production of multiply charged ions [16]. This device
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4 Chapter 2. ECR ion sources

is usually considered as the first true high charge state ECRIS and came to be the
basis for practically all subsequent ECR ion sources.

In 1981 ECR ion sources became production devices, when the PICOHISKA source
became the first ECRIS to be linked to an particle accelerator, the Karlsruhe cyclotron
[5]. This combination has proven to be hugely successful, thanks to the fact that the
cyclotron output energy is quadratically proportional to the charge of the accelerated
ion.

During the last few decades the performance of ECR ion sources has steadily increased.
This is the result of increasing understanding of the phenomena taking place in the
ECR heated plasma and the subsequent improvements in the source design. The
technological development, especially in the field of superconductors, has also had a
significant impact. The development of ECR ion source performance can be described
with different source generations. As the ECRIS performance scales with the frequency
of the heating microwave (see the following sections), it is the natural choice for the
classification. The first generation includes ion sources developed mostly in the 1980’s
and is mainly populated by devices with two-stage plasma heated with microwaves up
to 10 GHz. For example the 6.4 GHz LBL ECR [17] and the 6.4 GHz RT-ECRIS [18]
represent this generation. The second generation uses microwaves up to about 14 GHz,
and includes e.g. the CAPRICE [19] and the AECR type ion sources [20]. The
most powerful ECR ion sources currently operational in the world, e.g. VENUS [21],
SECRAL [22] and RIKEN SC-ECRIS [23], belong to the third generation operating
with microwave frequencies up to 28 GHz. The transition from room temperature to
fully superconducting devices occurs between the 2nd and 3rd generations. The most
powerful room temperature ECR ion sources operate at 18 GHz, placing them in the
transition between the generations. To push the ECRIS performance even further,
the 4th generation sources are envisioned to function between 40 and 56 GHz [24,25].
This poses many technical challenges, especially with the superconducting magnet
design [26].

2.2 Electron cyclotron resonance
In ECR ion sources the plasma heating is based on the energy transfer from microwaves
to electrons via electron cyclotron resonance in external magnetic field. The resonance
occurs when the cyclotron frequency (i.e. gyrofrequency) of an electron traversing in
the magnetic field matches the frequency of the heating microwaves. This condition is
described with the relation

ωrf = ωc = eBECR

γme

, (2.1)

where ωrf is the microwave angular frequency, ωc the electron gyrofrequency, e the
electron charge, BECR the magnetic field at the resonance, γ the relativistic gamma
factor and me the electron mass. At the resonance the electron gains (or loses) energy
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from the electromagnetic wave based on the phase difference between the electron
gyrovelocity and the electric field component of the microwave perpendicular to
the magnetic field. As the electrons pass through the resonance multiple times, the
stochastic nature of the process leads to a net gain in the energy of the electron
population. As the ECR process heats the electrons selectively, the ions remain cold in
the plasma. This is desirable, because the ion temperature contributes to the emittance
and energy spread of the extracted ion beams, and consequently low temperature
improves beam quality. In addition, the low ion temperature increases the time the
ions remain in the plasma, enabling production of highly charged ions via stepwise
ionization by consecutive electron impacts, as is discussed in the next section.

The energy gain of the electrons in the resonance is affected by the electric field
amplitude, which increases with increasing microwave power injected into the plasma
chamber. In addition, the gradient of the external magnetic field at the resonance
influences the energy transfer. As will be discussed in the following chapters, the
ECR condition is fulfilled in ECR ion sources on a closed surface inside the plasma
chamber. Consequently, altering the field gradient at the resonance effectively decreases
or increases the thickness of the resonance surface, varying the volume where the
resonance occurs and consequently the effectiveness of the energy transfer from the
microwaves to the electrons.

Some insight into the properties of the electric field at the resonance can be obtained by
considering the ECRIS plasma chamber as a resonating cavity for the microwaves. When
microwaves are introduced into the cavity, an electromagnetic standing wave structure
can be excited depending on the microwave frequency and the cavity dimensions. The
structure of the electromagnetic field is characterized by transverse electric (TE) and
transverse magnetic (TM) modes, which can be calculated theoretically for a simple
cylindrical system approximating the ECRIS plasma chamber [27]. Each of these
modes represents an electromagnetic field distribution which can be excited inside
the cavity. The mode quality factor, or Q value, describes the resonance properties
of the mode in terms of how much energy is stored to the system in relation to the
energy dissipation required to sustain the mode. High Q value corresponds to low rate
of energy loss compared to the stored energy in the system. The Q value can also be
presented in terms of the center frequency f0 and the bandwidth ∆f (full width at
half maximum) of the mode, yielding expression

Q = f0

∆f . (2.2)

Calculations with the simplified cylindrical system in vacuum can be used to obtain
rough ideas of the modes and mode density inside ECRIS plasma chamber. It is
observed that the plasma chamber of modern ECR ion sources is highly overmoded
with high density of modes around the primary microwave frequency. For example, the
separation of modes around 14 GHz with typical ECRIS plasma chamber dimensions is
in the order of some MHz [27]. As the modes occupy a finite bandwidth, as described
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by Eq. (2.2), this leads to overlapping of the adjacent modes and due to this mode
coupling the final electromagnetic field structure present in the cavity is defined as a
superposition of the individual modes.
However, the real ECRIS plasma chamber is not an ideal cylindrical cavity, as it typically
includes pumping ports, aperture for beam extraction, a biased disc, microwave input
structures, perhaps even oven and sputtering equipment to introduce material for ion
beam production. Advanced simulation tools (e.g. CST Microwave Studio [28]) are
required to model the resonance behavior of such a complex system.
With plasma the situation becomes even more complex. The spatial distribution of the
confined plasma with density variations yields anisotropic permittivity distribution
inside the cavity. The locally varying permittivity and the power absorption by
the plasma decreases the Q value and leads to broadening and shifting of the modes,
increasing the mode overlapping and thus influencing the electromagnetic field structure.
The field distribution also has spatial variations, which in turn influence the plasma
through electron heating. As such the electromagnetic field and plasma distributions
are coupled and functions of each other. Theoretical or numerical modeling of such
a system is a very challenging task and consequently it is very difficult to describe
the structure of the electromagnetic fields inside the plasma chamber during ECRIS
operation. Because the Q value decreases with increasing plasma density and power
absorption, leading to increased overlapping of the broadening modes, the discrete
structure of modes present in the vacuum filled cavity should be effectively smeared
out and damped. However, some experimental studies do exist which suggest that
some narrow bandwidth frequency dependent phenomena can still exist with plasma
and can influence the properties of the extracted beams [29].
Another important factor in the microwave – plasma interaction is the plasma acting as
a high-pass filter for electromagnetic radiation [15]. The cutoff frequency is determined
by the plasma frequency, which is defined as

ωp =
√
nee2

ε0me

, (2.3)

where ne is the plasma density, e the electron charge, ε0 the permittivity of vacuum and
me the electron mass. Microwaves with frequencies higher than the plasma frequency
can propagate in the plasma, whereas microwaves with lower frequencies are reflected
back. The plasma frequency depends on the plasma density, which indicates that plasma
heating with fixed microwave frequency ωRF sets an upper limit for the obtainable
plasma density. This so-called critical density can be described as

ne,crit = ε0meω
2
RF

e2 . (2.4)

As higher plasma density is one of the requirements to produce higher beam currents,
the ECR ion source development has been characterized by the increase of the plasma
heating microwave frequency.
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2.3 Production of highly charged ions
The ion production in ECRIS plasma can be divided into three types of processes:
ionization processes to produce ions of charge state q, recombination processes that
decrease ion charge state and ion losses through diffusion and transport processes.
Electron impact ionization is the main ionization process in the ECR plasma, and
charge exchange in collisions between ions and neutral particles is the dominating
process that decreases the ion charge state. The time evolution of density of ions nqi of
species i with charge state q can be described with the balance equation [30]

dnqi
dt

= ne〈σv〉ionq−1,qn
q−1
i −ne〈σv〉ionq,q+1n

q
i +n0,i〈σv〉cxq+1,qn

q+1
i −n0,i〈σv〉cxq,q−1n

q
i−

nqi
τ qi
, (2.5)

where ne is the electron density, n0,i the density of neutral particles of species i and τ qi
the confinement time of ions of this species and charge state q. The terms 〈σv〉ionq1,q2

and 〈σv〉cxq1,q2 are the rate coefficients of ionization and charge exchange processes from
charge state q1 to q2, with σ and v the corresponding cross sections and interaction
velocities. The first term of the above equation corresponds to the production rate of
ions with the charge state q from lower charge state and the second term is the further
ionization of these ions to higher charge state. The third and fourth terms represent
the production of the studied ions through charge exchange processes from the higher
charge state and losses to lower charge states. The last term represents the ion losses
through diffusion and transport from the plasma. This term is also relevant in light of
beam extraction, as the extracted ions constitute of favorable losses from the plasma
towards the extraction aperture.

High charge states are reached by consecutive electron impacts in a stepwise process.
Many theoretical and empirical models have been developed to estimate the electron
impact ionization cross section σq−1,q [31], among which the empirical formula proposed
by Lotz [32–35] is still widely accepted and used, describing the cross section as

σq−1,q =
N∑
j=1

ajnj
ln (E/Pj)
EPj

{1− bj exp [−cj(E/Pj − 1)]} and E ≥ Pj, (2.6)

where E is the energy of impacting electron, Pj is the binding energy of electrons in
the j-th subshell (P1 being the ionization potential), nj is the number of electron in
the j-th subshell and aj, bj, cj are empirically determined constants, which depend
on the atom or ion species to be ionized. The electron energy constraint presented in
the above equation (E ≥ Pj) dictates that only those terms (subshells) in the sum
are included for the cross section calculation for which the electron energy is sufficient
to remove electrons. Thus the binding energy of the electrons in the first, outermost
subshell sets an energy threshold for the impacting electron for the ionization to
occur. For neutral particles this is the first ionization potential, for singly charged ions
the second ionization potential, and so forth. At energies higher than this threshold
the cross section has strong dependence on the impacting electron energy, reaching
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Figure 2.1: Electron impact ionization cross sections of 16O and 16O6+ as a function of
the impacting electron energy. Figure modified from Ref. [38], which includes references
to the presented experimental data.

maximum at around 3 – 4 times the threshold value and decreasing with higher
energies [15]. An example is presented in Fig. 2.1. Consequently, the production of
highly charged ions requires electron energies up to tens or hundreds of keV. It has
been demonstrated experimentally that the efficient ECR heating of electrons provides
such energies [36, 37].

Charge exchange between ions and neutral atoms or molecules through collision
processes is the main mechanism reducing the ion charge state in the plasma. The
cross sections can be estimated with the empirical model presented by Müller and
Salzborn [39,40]. At low ion energies the charge exchange cross section depends only
on the initial ion charge state q and the first ionization potential P1 of the neutral
particle, and can be described as

σq,q−k = Ak q
αk P βk

1 , (2.7)

where Ak, αk and βk are parameters acquired from fitting to experimental data and k
denotes the number of electrons transfered in the process. In general the single electron
transfer is the dominant process and can be used to estimate the total charge exchange
cross section [40]:

σq,tot ≈ σq,q−1 = 1.43 · q1.17 · P−2.76
1 , (2.8)

where σq,tot is in cm2 when P1 is given in eV.

As the above equation shows, the charge exchange cross section increases with increasing
ion charge state. In addition, the charge exchange cross sections are significantly higher
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than the electron impact ionization cross sections [15]. In order to compensate for
this and produce highly charged ions, the electron density in the plasma must be
significantly higher than the neutral density. These conditions are reached by operating
the ECR ion source at low vacuum conditions reached with efficient pumping of
the plasma chamber. The pumping is normally arranged from both axial and radial
directions, if permitted by the ion source magnet structure around the plasma chamber
(see section 2.4.1). As an example, the normal baseline vacuum (no material injection)
measured for the JYFL 14 GHz ECRIS is in the 10−8 mbar region. During beam
production with material injected into the plasma chamber the neutral pressure is
normally varied from high 10−8 mbar to the 10−6 mbar region, depending on the ion
species for which the ion source is optimized. High total extracted beam currents
favoring the low charge state ions are produced when operating in the 10−6 mbar
region, whereas the production of high charge state ions is optimized in the high
10−8 mbar or low 10−7 mbar regions, associated with low total extracted currents.
Usually the pressure can not be measured directly from the plasma chamber due to
technical constraints. This is also the case with the JYFL 14 GHz ECRIS, where the
measurement is performed through one of the radial pumping ports of the plasma
chamber. Consequently, the actual pressure inside the chamber is higher than the
measured value.

2.4 Magnetic confinement of plasma
The external magnetic field of the ECRIS serves two purposes. Firstly, the field is
necessary to form a region in the plasma chamber where the ECR condition is fulfilled.
Secondly, the field provides magnetic confinement for the charged particles created
through the ionization processes, leading to the formation of quasineutral plasma. This
significantly increases the time the electrons and ions remain in the plasma volume. For
electrons this allows multiple passes through the resonance and consequently enables
them to reach the energies required for the production of highly charged ions. For
ions the increased confinement time increases the probability to experience multiple
consecutive electron impacts and thus reach higher charge states. The decreased
particle losses from the plasma also decreases the required input energy to the system
to produce and sustain a certain plasma density. Production of highly charged ion
beams with high beam currents from the ion source plasma is obtained through a
careful compromise between favored particle losses and confinement.

2.4.1 Minimum-B configuration

The magnetic confinement in most ECR ion sources is based on the minimum-B
magnetic field structure. In this configuration the magnetic field minimum is located
near the center of the plasma chamber and the field increases in every direction
outwards from the minimum. In addition to providing efficient confinement, this
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Figure 2.2: The axial and radial magnetic fields of the JYFL 14 GHz ECRIS. The
radial field is presented at the pole and between the poles of the permanent magnet
hexapole. The resonance field BECR is also indicated.

configuration also stabilizes the plasma against MHD instabilities [15]. Due to the
minimum-B structure, the ECR condition (Eq. (2.1)) is fulfilled on a closed magnetic
equipotential surface, traditionally called the ECR surface.

The minimum-B configuration is normally realized with a combination of solenoidal field
providing the axial confinement and a multipole field providing the radial confinement.
The solenoidal field is realized with coils at the ends of the plasma chamber producing
axial mirror trap. In room temperature ion sources the multipole field is usually created
with permanent magnets placed around the plasma chamber. In superconducting
devices they are replaced with coils. Figure 2.2 presents as an example the axial and
the radial magnetic fields of the JYFL 14 GHz ECRIS.

The choice of the multipole is a balance between the size and shape of the axial plasma
flux towards the plasma chamber ends (and beam extraction) and the radial field
strength [5]. The radial magnetic field of a multipole scales with the number of poles
n as Br ∝ r

n
2−1. When the number of poles increases, the radial field close the plasma

chamber axis decreases, which increases the area of the plasma flux coinciding with
the plasma chamber ends. The number of poles also changes the shape of the flux
pattern. For example, when combined with the solenoidal field, quadrupole yields
a narrow line shaped pattern, hexapole a triangular pattern and octupole a square
pattern. Hexapole offers a good compromise for a flux shape that is easy to extract
through round extraction aperture, while still keeping the flux concentrated close to the
chamber axis. Consequently, hexapole is used in virtually all ECR ion sources, though
quadrupole and octupole configurations have also been studied experimentally [41, 42].

The hexapole can be constructed as a closed Halbach structure [43] or an open
structure with spaces between the magnetic poles. The closed structure can provide
higher magnetic fields as the full volume around the plasma chamber can be filled
with magnet material. The advantage of the open structure is the radial access to the
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plasma volume, allowing diagnostics, material introduction to plasma and enhanced
vacuum pumping. Recently the use of additional iron tips at the magnetic poles has
been demonstrated as a possible way to enhance the radial field produced with an
open hexapole structure [44,45].

The extracted ions, i.e. the ion beam, constitute of particle losses from the plasma. In
order to favor particle losses through the extraction aperture and consequently enhance
the extraction efficiency, the axial mirror field is asymmetric with lower peak magnetic
field at the extraction end of the plasma chamber (see Fig. 2.2). The scaling of the
ECRIS magnetic fields to achieve good performance is discussed further in section
2.6.1.

2.4.2 Magnetic mirror and loss cone

Charged particle confinement in minimum-B field is based on the concept of magnetic
mirror. Let us examine a particle with charge q, mass m and velocity components v⊥
and v‖ with respect to the external magnetic field. The gyromotion of the charged
particle produces circulating current I = |q|ω/2π, where ω is the angular frequency.
The current loop, encompassing an area A = πr2

L with Larmor radius rL, produces
magnetic moment ~µ, magnitude of which can be described as

µ = IA = |q|ω2π πr2
L = W⊥

B
, (2.9)

where ω = v⊥/rL = |q|B/m and W⊥ the perpendicular kinetic energy of the particle
with respect to the magnetic field. If the magnetic field variation during one particle
revolution is small, the magnetic moment is conserved during the particle motion.
Assuming no electric fields, the particle kinetic energy is also conserved. As the particle
moves to increasing magnetic field, the perpendicular velocity component increases, as
dictated by the conservation of magnetic moment in Eq. (2.9). As the total kinetic
energy is conserved, this leads to decreasing parallel velocity, until the particle reaches
the location where its parallel velocity reaches zero and is reflected back. This location
is called the reflection or mirror point.

As the above description suggests, the ratio of the particle’s perpendicular and parallel
velocities determines whether or not it remains confined in the magnetic mirror field.
This ratio can be related to the properties of the magnetic field with pitch angle θ,
defined in the velocity space (v‖,v⊥) as [5]

tan θ = v⊥(s)
v‖(s)

=

√√√√W⊥(s)
W‖(s)

and v⊥ = v sin θ (2.10)

at location s. Using these definitions and Eq. (2.9) the magnetic moment of the particle
can be written as

µ = W0 sin2θ

B(s) . (2.11)
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Figure 2.3: Loss cone of magnetic mirror field in velocity space. For electrons in ECRIS
plasma the cone tip at low velocities is truncated due to the positive plasma potential.

At the reflection point v‖ → 0 and consequently pitch angle θ → π/2. As the magnetic
moment remains constant, writing the Eq. (2.11) for the particle at location s and at
the reflection point yields the definition of pitch angle using the external magnetic field

sin θ =
√
B(s)
Brefl

, (2.12)

where Brefl is the magnetic field at the reflection point. The particle is trapped in the
mirror field if Bmin ≤ Brefl ≤ Bmax. Using this condition the confinement limit of the
pitch angle can be written with Eq. (2.12) as√

B(s)
Bmin

≥ sin θ ≥
√
B(s)
Bmax

. (2.13)

The left side of the equation is always fulfilled, imposing no limitation to the particle
confinement. The right side of the equation thus describes the confinement condition in
terms of velocity components relating them to the properties of the confining magnetic
field. Particles which do not fulfill this requirement are in the region of velocity space
called the loss cone, presented in Fig. 2.3, and escape from the magnetic mirror. The
loss cone limit for particles starting from the magnetic minimum is

sin θ =
√
Bmin

Bmax
= 1√

R
, (2.14)

where R = Bmax/Bmin is the mirror ratio, usually used to describe magnetic mirror
systems. With ECR ion sources the Bmin is usually replaced in the mirror ratio
with BECR, because crossing the resonance has a strong influence on the electron
perpendicular velocity, which determines the electron confinement. Also, with ECR ion
sources the loss cone for electrons is truncated at low velocities due to the attractive
influence of the positive plasma potential, which is discussed in section 2.4.4.
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2.4.3 Collisions in plasma

The collisions between electrons and ions leading to ionization and collisions between
ions and neutral particles leading to charge exchange were discussed in section 2.3. In
addition to this, the electrons and ions in plasma also experience collision processes
between themselves. The average electron – electron collision frequency in the plasma
can be estimated as [46]

〈νee〉 ≈
106 nee

5/2 ln Λ
ε2

0m
1/2
e T

3/2
e

, (2.15)

where ne is the electron density, e,me and Te the electron charge, mass and temperature,
ε0 the permittivity of vacuum and ln Λ is the Coulomb logarithm. For laboratory
plasmas it can be estimated that ln Λ ≈ 10. [46]. The ion – ion collision frequency
between ions of species i and j can be described as [30]

νij = 6.8 · 10−8 q2 ln Λ
T

3/2
i Ai

∑
j

√
Aj
∑
q

nqjq
2, (2.16)

where q is the ion charge state, Ti the ion temperature, Ai and Aj the mass number
of ion species i and j and nqj the density of ions of species j and charge state q.
Using the effective mean ion charge state in the plasma, qeff, it can be estimated
that ∑q n

q
jq

2 = neqeff. For both of the above equations the temperatures are in eV
and densities in cm−3, which yields the collision frequencies in units of s−1 or Hz.
Both of the equations assume that the particle energies follow Maxwell-Boltzmann
distributions characterized by the the electron and ion temperatures Te and Ti.

Collisions between particles in plasma can alter the ratio of the particles’ perpendicular
and parallel velocities. Consequently, particles that exhibit high rate of collisions can
be scattered into the loss cone. In addition, the collisions between charged particles
randomize the particle motion in the confining magnetic field. The principle of the
magnetic confinement presented in the previous sections assumes unperturbed particle
motion which is dictated by the Lorentz force. If the particles are very collisional, they
no longer strictly follow the external magnetic field. The degree of magnetization can
be estimated by comparing the particle collision and gyrofrequencies (see Eq. 2.1). If
the collision frequency is higher than the gyrofrequency, i.e. the particle experiences
multiple collisions during the time required for one revolution around magnetic field
line, the particle motion is no longer dictated by the magnetic field and the particles
can not be considered magnetized.

The electrons in ECRIS plasma range from thermal electrons with 101 eV energies
up to hot electrons with energies in the order or excess of 105 eV. Due to the ECR
heating the electron population is characterized by accumulation of electrons at high
energies. This distorts the energy distribution, making the assumption of Maxwell-
Boltzmann energy distribution in Eq. 2.15 doubtful. However, the equation does allow
evaluation of an upper limit for the electron collision frequency by assuming that
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the whole electron population consists of the cold electrons, characterized by electron
temperature Te = 10 eV. Using the electron density of 5 · 1011 cm−3, obtained from
ECRIS plasma experiments [30], this yields electron collision frequency of 107 s−1.
With the magnetic field values associated with modern ECR ion sources the electron
gyrofrequencies are still several orders of magnitude higher than this upper limit
approximation, typically ≥ 1010 s−1. As the hot electrons present in the ECRIS plasma
are in reality even less collisional, it can be concluded that the electron population is
well magnetized in the ECRIS plasma.

Due to the selective heating of electrons with the electron cyclotron resonance, the ions
remain cold in the ECRIS plasma with energies around a few eV. Using reasonable
assumption for argon plasma, ne = 5 · 1011 cm−3 and Te = 500 eV, derived from
experiments [30,47], the collision frequencies of e.g. argon charge states 1+ and 12+
are 4.3 · 105 and 6.2 · 107 s−1. With magnetic field variation between 0.5 and 1 T, the
corresponding ion gyrofrequencies range from 1.9 · 105 to 3.8 · 105 s−1 for 1+ and from
2.3 · 106 to 4.6 · 106 s−1 for 12+. As the collision frequency scales with the square of
the ion charge state while the gyrofrequency has linear dependency of the charge state,
the difference between collision and gyrofrequencies increases with ion charge. For
example, with 0.5 T magnetic field the collision frequency is more than an order of
magnitude higher than the gyrofrequency with charge states q ≥ 5+. For 1 T this
occurs with q ≥ 9+. As these examples indicate, the ions are not magnetized in the
ECRIS plasma [30,47].

The previous calculations are based on plasma density which is determined in the
ECRIS core plasma. A rough order of magnitude approximation for the plasma density
near the extraction aperture can be made based on the extracted ion current. If it is
assumed that the ion velocity is Maxwell-Boltzmann distributed and the extracted
current through the extraction aperture is governed by directional ion flux from the
plasma, it can written

Iext = 1
4〈q〉eni〈v〉A, (2.17)

where 〈q〉 is the mean ion charge state, e the electron charge, ni the ion density, 〈v〉
the mean ion velocity and A = πr2 the area of the round extraction aperture with
radius r. It can be assumed that ne = 〈q〉ni based on quasineutrality and the mean
velocity can be expressed as 〈v〉 =

√
8kTi/πmi, where kTi is the ion thermal energy

and mi the ion mass, which yields for ne the expression

ne = 4Iext
eπr2

√
πmi

8kTi
. (2.18)

For argon plasma with 1 eV ion energy and 1 mA of extracted beam through extraction
aperture with 4 mm radius, the above equation yields plasma density ne ∼ 1011 cm−3.
This result is still in the same order of magnitude as the estimates used for the collision
calculations discussed above, suggesting that the ions are collisional even in the plasma
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volume in the vicinity of the extraction aperture. However, it is noted that the above
approximation does not take into account the effect of the external magnetic field.

Though the ions themselves are not directly magnetized, the ions are bound to
the magnetic field lines indirectly through the dynamics of the magnetized electron
population, as the experimental results reported in a recent study [48] indicate. In that
study the ion and electron current density distributions were spatially resolved near
the extraction region of an 11 GHz ECR ion source. It was shown that the strongly
magnetized electrons follow the external magnetic field lines, and the ion distribution is
localized around the electron distribution maintaining the plasma quasineutrality. This
view is also in good agreement with ECRIS plasma simulations taking into account
the ion – ion collisions (see e.g. Ref. [49]).

2.4.4 Plasma potential

Due to their higher mobility in the plasma, electrons have higher intrinsic loss rate to
the plasma chamber walls than ions [50]. In order to retain the quasineutrality, the
charge carried by the escaping electrons must be compensated with positive ion charge.
As a result, a positive plasma potential builds up with respect to the chamber walls
to equalize global electron and ion losses by retarding the electrons and accelerating
the ions to the walls. The plasma potential of ECR ion sources has been the subject
of extensive experimental studies (see e.g. Refs. [50–54]) and has been determined to
be in the order of 101 − 102 V. It has been observed that low plasma potential values
correlate with good ion source performance, yielding enhanced production of highly
charged ions.

Furthermore, it has been suggested [55,56] that the improving electron confinement
with electron temperature leads to increased density of hot electrons in the core plasma,
creating a local negative potential, which contributes to the confinement of ions.

2.5 Introduction of material into ECRIS plasma
In order to produce a beam of desired ion species, the element to be ionized needs to
be introduced into the plasma volume to undergo ionization and subsequent extraction.
Elements which are in gaseous form in room temperature or solid elements which form
gaseous compounds (like CO2, SF6) can simply be injected into the plasma chamber
through precision valves. For solid elements a number of different methods have been
developed. The solid material can be evaporated with a resistively or inductively
heated miniature oven, which is inserted into the plasma chamber either axially or
radially [57–59]. If the thermal properties of the material are not suitable for this
approach, it can be inserted into the plasma chamber as a solid sample and biased
negatively to achieve sputtering by the plasma ions [60]. The sample can also be
injected further into the plasma to be directly heated by the energetic plasma electrons
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resulting to evaporation of the material, in which case the method is usually referred
to as injection technique [61,62]. Laser ablation can also be used to evaporate solid
material directly into the plasma volume [63]. Another option is the MIVOC (Metal
Ions from VOlatile Compounds) method [64], where the desired element is part of a
volatile organic compound with high room temperature vapour pressure, in the order
of 10−3 mbar or higher. A sample of the compound is connected to the plasma chamber
vacuum through a delivery assembly, undergoes evaporation and drifts into the plasma
volume.

2.6 ECRIS performance
2.6.1 ECRIS scaling laws

In 1987 Geller et al. proposed a set of semiempirical scaling laws to provide a simplified
way to estimate and extrapolate the performance of ECR ion sources in terms of
a few controllable parameters [65]. Over the years these scaling laws have proved
to be valuable, even if only approximate, guidelines for the design of new ECR ion
sources [5, 65,66]. The scaling laws can be summarized as [65]

Iq ∝ ω2
RFm

−1
i (2.19)

neveτ ∝

B3/2
avg

ω
7/2
RF

(2.20)

qopt ∝


logB3/2

avg

logω7/2
RF

P
1/3
RF

(2.21)

where ne is the electron density, ve the electron velocity, τ the ion confinement time,
Bavg = 1

2(Bmax +Bmin) the average magnetic field, ωRF the heating microwave angular
frequency, PRF the microwave power transmitted to the plasma chamber, qopt the
charge state with maximum current, Iq the value of this current and mi the ion mass.

The scaling laws indicate that the ECR ion source performance strongly depends on
the frequency of the heating microwave and the confining magnetic field. Increasing the
magnetic field improves the ion and electron confinement, which subsequently increases
the plasma density and shifts the charge state distribution to higher values. The
performance improvement with increasing microwave frequency has been associated
with the increasing critical plasma density (see Eg. (2.4)) [65]. In order to fulfill the
resonance condition, the magnetic fields have to be scaled with the frequency. Higher
microwave power increases the energy available for electron heating, allowing higher
electron energies required for the production of highly charged ions.

It has been observed experimentally that the structure of the ECRIS minimum-B
magnetic field has significant and more complex relation to the ion source performance
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than suggested by the scaling laws (2.20) and (2.21). The role of the field structure,
especially in terms of the axial and radial mirror ratios, on the performance of ECR
ion sources has been the subject of extensive studies [67–75]. This has led to the
formulation of the semiempirical scaling laws, sometimes referred to as the high-B
operation mode, for the ECRIS confining magnetic field. These scaling laws can be
combined and expressed as [15,72]

Binj

BECR
≥ 4 Bext

BECR
≥ 2 Brad

BECR
≥ 2 Bmin

BECR
≈ 0.8 Bext

Brad
≈ 0.9 (2.22)

where Binj and Bext are the axial magnetic field maxima at the plasma chamber
injection and extraction, Brad the maximum radial field, Bmin the minimum field and
BECR the resonance field. The magnetic field maxima at the extraction is a compromise
between efficient confinement required to produce highly charged ions and allowing
particle losses to enable ion extraction. The mirror ratio should be the lowest at
extraction to favour particle losses towards the extraction aperture, enhancing the
extraction efficiency.

It has been suggested [68,70] that the improved performance of ECRIS when operated
with high magnetic mirror ratios as stated by the above scaling laws follows from the
MHD instability limitation. The MHD criteria states that the particle pressure in the
plasma must be significantly lower than the magnetic pressure induced by the external
field. In ECRIS plasma the electron temperatures are significantly higher than those
of ions and neutral particles, so the MHD criteria can be described as [68]

nekTe �
B2

2µ0
, (2.23)

where ne is the electron density, k is the Boltzmann constant, Te is the electron density,
B the magnetic field and µ0 the permeability of vacuum. The equation suggests
that the increase in the confining magnetic field allows higher electron densities and
temperatures in the plasma before the onset of MHD instabilities, which leads to
improved ion source performance.

2.6.2 Methods to improve ECRIS performance

Numerous techniques have been developed to improve the performance of ECR ion
sources, especially the production of highly charged ions. The most widely adopted
ones include (1) the gas mixing technique, (2) a biased disc, (3) multiple frequency
heating and (4) optimization of plasma chamber surface material and surface coatings.

In the gas mixing technique an additional, lighter element gas is injected into the
plasma chamber, which results into an increase in the beam current of the high charge
states of the heavier element [30, 56]. The effect is related to ion cooling, though other
contributing processes such as improved plasma stability have also been proposed [76].
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Ions of the heavier element experience ion cooling as they transfer momentum to the
lighter ions through ion-ion collisions in the plasma. This increases the confinement
time of the heavier ions leading to an increase in their mean charge state. Gas mixing
also reduces the consumption of the heavier element, because the lighter gas can sustain
the bulk plasma, where only small quantities of the heavier element is introduced. This
is desirable when using e.g. expensive isotopes.

The production of highly charged ions can be improved by installing an electrode to
the injection end of the ECRIS plasma chamber and biasing it negatively up to a few
hundred volts [77–79]. The electrode, often called biased disc due to its general shape
in most ECR ion sources, acts as an electrostatic mirror, reflecting axially escaping
cold electrons back to the plasma, increasing the electron density. Additionally, in order
to maintain quasineutrality the ion losses also decrease, increasing the ion confinement
time and subsequently the production of highly charged ions. Other processes which
have been proposed to contribute to the improved ion source performance are secondary
electron emission from the biased disc and alteration of the plasma potential.

The introduction of multiple heating microwave frequencies into the ECR plasma can
be used to substantially increase the beam currents of highly charged ions [80–83].
Usually one or two additional frequencies are used in conjunction with the primary
heating frequency. According to the current (qualitative) understanding, the improved
source performance is the result of the generation of multiple concentric ECR surfaces
inside the plasma chamber and the subsequent increase in the volume of efficient
electron heating. It has been observed experimentally that multiple frequency heating
improves the plasma stability. Also, it has been observed that the spacing of the
frequencies should be adequate to achieve optimal performance. For example, the main
heating frequency of the JYFL 14 GHz ECRIS is 14.1 GHz and the optimal 2-frequency
performance is achieved when the secondary frequency is about 11.5 GHz [54].

The plasma chamber surface material has an impact on the ECRIS performance.
This was first observed as an improved ion source performance after production of Si
beams, and thus became first to be called the ”silicon effect” [84]. Based on current
knowledge, the performance improvement is associated with the formation of an oxide
layer on the surface of the plasma chamber with high secondary electron emission
coefficient, providing increased flux of cold electrons into the plasma and consequently
increasing the plasma electron density. The coating effect has also been observed with
Al2O3 and MgO [85] and subsequently different coating methods, additional coated
surfaces and replaceable plasma chamber liners have been studied to boost the ion
source performance [86–89]. It has been observed that even without active oxidization
aluminium plasma chamber provides improved performance over copper or stainless
steel [90]. Consequently aluminium has become a widely adopted material for ECRIS
plasma chambers.
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Figure 2.4: Schematic presentation of the positive ion extraction from plasma. The
bulk plasma has positive potential Vp, from which the ions are extracted through the
plasma sheath, where the plasma density and potential drops, and accelerated into
ion beam with the potential difference between the plasma chamber (ion source bias,
potential indicated as Vc) and the following extraction electrodes.

2.7 Beam extraction
Ions are extracted from the plasma through the extraction aperture at the end of the
plasma chamber and accelerated into an ion beam with a potential difference between
the chamber and the first electrode of the following beam extraction system. This
potential difference is usually called the extraction (or acceleration) voltage, and the
space between the extraction hole and the following electrode is the acceleration gap.
In addition to these, the extraction system usually comprises of a set of electrodes
immediately downstream from the extraction aperture which are used to manipulate
the properties of the ion beam, providing tuning capabilities to match the beam to
the following beam transport section. The energy of the extracted beam is defined
by the potential difference between the plasma chamber and the beamline, with a
small alteration due to the positive potential of the plasma from which the ions are
extracted. Usually the most convenient arrangement is to bias the ion source plasma
chamber to high positive potential and keep the beamline at ground potential.

The trajectories of the extracted ions determine the initial beam properties and quality,
and are influenced by several factors. These include the properties of the plasma,
which determines e.g. the ion transverse temperature which contributes to the beam
divergence, the electric and magnetic fields present in the extraction region and the
space charge of the beam itself. As such, careful beam extraction design is crucial to
ensure good beam quality.

A schematic presentation of the positive ion extraction from bulk plasma with plasma
potential Vp is presented in Fig. 2.4. The ions are extracted through a plasma sheath,
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Figure 2.5: The relation between the potential distribution at the extraction aperture
and the initial beam behavior demonstrated with a simple two electrode (diode)
extraction system. Equipotentials are indicated with green lines. Simulations performed
with IBSimu [91] by altering the electric field strength in the acceleration gap.

where the plasma density and potential drop from the values associated with the bulk
plasma. This enables the positive ions to be accelerated from the quasineutral bulk
plasma to the region where they are influenced by the potential difference (extraction
voltage) between the plasma chamber and the following extraction electrode, and
accelerated into an ion beam. Several theoretical models have been developed to model
the positive ion extraction. These are discussed in detail e.g. in Ref. [92].

As a boundary layer between the bulk plasma and the accelerated beam particles, the
plasma sheath has significant impact on the initial properties of the extracted beam.
The potential distibution in this region in the immediate vicinity of the extraction
aperture has strong influence on the motion of the slow ions before acceleration by the
extraction voltage. The distribution can be visualized conveniently with equipotential
surfaces, and observation of the shape and location of the surfaces close to the plasma
chamber potential provides useful insight into the initial properties of the extracted
beam, as is presented in Fig. 2.5. The potential distribution in this region is strongly
affected by the balance of the plasma density, the ion and electron temperatures and
the electric field in the acceleration gap. Increasing the plasma density and particle
temperatures pushes the plasma sheath outwards from the plasma, resulting to convex
shape of equipotential surfaces close to the chamber potential. As a result, the extracted
beam becomes initially diverging, as presented in Fig. 2.5(a). When the density and
temperatures are lowered, or the electric field is increased, the equipotential surfaces
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become first flat, producing almost parallel initial beam (Fig. 2.5(b)) and then concave
with converging initial beam (Fig. 2.5(c)). Due to the good correlation between the
equipotential surface corresponding to the chamber potential and the initial beam
behavior, the concept of plasma meniscus is often associated with this surface. In
this approach the influence of the plasma sheath region on the beam is simplified
by reducing it to a boundary surface between the plasma and the beam, from which
the ions are emitted. This emitter analogy does over-simplify the ion behavior in the
extraction, but it can sometimes be an useful tool to gain insight into the initial beam
behavior.

The maximum beam current which can be extracted from the plasma is mainly limited
by two factors: the ion production limit and the space charge limit. The production
limit is governed by the ion source plasma properties, and can be roughly considered
to be the result of the balance between the ionization, recombination and loss rates
of ions, which determines the total production rate of ions available in the plasma,
the plasma volume, which scales the size of the ion population, and finally the ion
losses towards the extraction aperture, determining the fraction of the ion population
available for extraction. The space charge limit arises from the charge of the extracted
ions in the vicinity of the plasma, shielding it from the extraction electric field. The
maximum current density in the space charge limited extraction can be described with
the Child–Langmuir law [93,94]

j = 4
9ε0

√
2q
m

V
3/2
ext

d2 , (2.24)

where ε0 is the permittivity of vacuum, q and m the charge and mass of the extracted
ion species, Vext the extraction voltage and d the acceleration gap length. The above
description assumes that the charged particle emitter and the first electrode are in
parallel configuration, their transverse dimensions are large compared to the area
under consideration and the emitted ions have no initial velocity. Even though these
assumptions rarely hold with real ion source extraction systems, the above equation
provides a practical approximation for the space charge limited current.

As Eq. (2.24) shows, the space charge limited current increases with extraction voltage.
With low voltages the space charge is the limiting factor defining the maximum beam
current, and as the voltage increases the current becomes limited by the ion production
in the ECRIS plasma. This is demonstrated in Fig. 2.6. As the ECRIS development
aims to increase the ion production capabilities of the ion source plasma, it is necessary
to increase the extraction voltage accordingly to take advantage of the increased
production limit.

The ECRIS plasma produces a distribution of charge states from all the elements
which are present in the plasma and subsequently ionized. This is reflected in the ion
population which is extracted from the plasma and formed into an ion beam. As a
result, the beams extracted from an ECR ion source can be a combination of tens
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Figure 2.6: Schematic presentation of the extracted beam current as a function of the
extraction voltage. With low voltages (section 1) the beam current is space charge
limited and follows the V 3/2

ext scaling set by the Child-Langmuir law. With higher
voltages (section 2) the beam current becomes limited by the ion production in the
ion source plasma.

of different ion species with varying element and charge state, depending on the ion
source operating conditions. The ion species of interest is usually separated from the
total extracted beam with a dipole magnet, usually referred to as the analyzing magnet,
located in the beam transport downstream from the extraction region. The separation
is based on the difference in the magnetic rigidity of the different ion species. For an
ion with mass m and charge q, extracted with voltage Vext, the magnetic rigidity is

Bρ =
√

2mVext
q

, (2.25)

where ρ is the radius of curvature of the ion trajectory caused by the magnetic field B.
As the above equation shows, the trajectories of different ion species are separated
based on the ratio of the ion mass and charge, and the ion species of interest is selected
for further transport. Consequently, this process is often referred to as m/q separation.

2.8 ECRIS beam quality
When discussing ion sources, the most often quoted property regarding the ion beams
is the maximum ion current. However, this is only half of the truth, as no matter how
high the current is, it is ultimately the beam quality which determines what fraction
of the beam can be transported and accelerated for its intended use. With ECR ion
sources the beam quality is normally treated in terms of emittance and brightness,
which are introduced in the following sections. This is followed by discussion of the
temporal stability of ion beams, which is an important factor in many applications,
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Figure 2.7: Orientation of phase space patterns corresponding to (a) diverging beam,
(b) parallel beam, (c) converging beam and (d) beam at focal point.

and beam quality degradation by space charge. Finally, the formation of hollow beam
structure and different factors related to it are also discussed.

2.8.1 General aspects of beam emittance

Beam emittance is the most widely used measure of the quality of ion beams, and is
closely connected to beam transport. Emittance defines the beam quality in terms
of the beam focusing properties and the parallelism of the beam particle trajectories.
The ion beam propagating towards z-direction can be expressed as a distribution of
particles in six dimensional phase space composed of three position coordinates (x, y, z)
and three momentum coordinates (px, py, pz). The volume occupied by the particles in
this 6D phase space describes the beam emittance. Small volume, i.e. small emittance,
indicates good beam quality, as the variation between the behavior of the individual
beam particles is small.

In many cases, especially with cw beams, the transverse beam properties at given
location z are of more interest than the longitudinal properties. Thus it is sufficient to
limit the emittance analysis to the transverse subspaces (x, px) and (y, py). Assuming
pz � px, py, the transverse momenta can be replaced with angles of propagation

x′ = arctan
(
px
pz

)
≈ px
pz

and y′ = arctan
(
py
pz

)
≈ py
pz
. (2.26)

The beam transverse emittances εx and εy are determined based on the area occupied
by the particles in the (x, x′) and (y, y′) phase space. This is convenient, as the direct
measurement of angles x′ and y′ are often simpler than the determination of the
transverse momenta. The orientation of this transverse phase space pattern can also
be used to estimate the collective trends of the particle movement at the given location
z. Based on this it can be determine if the beam is e.g. converging or diverging. This
is demonstrated in Fig. 2.7.

Several different approaches exist for how the exact value of emittance is defined
from the area occupied by the beam particles in the phase space [15, 95]. These
can be narrowed down to three major cases: (1) determination of the emittance
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based on the area of the actual pattern occupied by the particles in the phase space,
(2) determination based on the area of an ellipse encompassing this pattern, or (3)
statistical determination based on the distribution of particles in the phase space.

The first determination is the most straightforward, and the emittance is determined
as the area of the pattern divided by π. In the (x, x′) transverse phase space this can
be described as [15]

εx = 1
π

∫ ∫
dxdx′, (2.27)

where the integration is performed over the phase space pattern. This definition is
sometimes called the area emittance. The main shortcoming of this approach is in the
evaluation of beams with strong distortions in the phase space and how this relates to
beam transport. Beam transport systems are typically described using the concept of
acceptance, which is the maximum emittance value matching a certain shape in the
phase space which the beam can occupy without being collimated during transport. A
strongly distorted beam can have small total area, but be impossible to transport as it
can not be matched to the acceptance of the beam transport system. In this case the
small emittance value, which should indicate good beam quality, is misleading.

The second emittance determination, sometimes called effective emittance, strives to
amend this problem by enveloping the actual phase space pattern with an ellipse.
The ellipse is chosen as it is the shape of the contours of two dimensional Gaussian
distribution, and thus often matches quite well with measured emittance patterns. The
definition of the emittance is identical to Eq. (2.27), but the integration is performed
over the area of the ellipse [95]. With this definition the distortions in the phase space
pattern increase the size of the ellipse, giving a better evaluation of the true beam
quality, especially in terms of how it is likely reflected in beam transport. An example
of this is presented in Fig. 2.8. The main drawback of this definition is the possibility
of a gross overestimation of the emittance if the emittance pattern exhibits strong
distortions with very low particle density or in the case of low intensity beam halos.
This can, however, be amended to some extent by setting density thresholds for the
pattern included inside the ellipse.

As the above definitions are based only on the area occupied by the particles in the
phase space, they both neglect the variations in the particle density. As a result,
the acquired emittance values fail to take into account that certain parts in the
phase space with high density are more relevant in the sense of representing the
beam (and the beam quality) than other regions with very low density and thus very
small contribution to the beam current. These aspects taken into account by the
third approach, statistical determination of the emittance, which has gained increased
popularity in the accelerator community [96]. The statistical rms-emittance is defined
as the second moment (i.e. variance) of the distribution of particles g(x, x′) which form
the ion beam, and can be written as

εx,rms =
√
〈x2〉〈x′2〉 − 〈xx′〉2 (2.28)
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Figure 2.8: Comparison of the area emittance and the effective emittance determined
for the same (x,x′) phase space distribution.

with the expectation values

〈x2〉 =
∑
x2g(x, x′)∑
g(x, x′) (2.29)

〈x′2〉 =
∑
x′2g(x, x′)∑
g(x, x′) (2.30)

〈xx′〉 =
∑
xx′g(x, x′)∑
g(x, x′) (2.31)

The rms-emittance value is associated with an elliptical shape in the phase space to
visualize the fraction of the beam it represents. Because the elliptical presentation is
not limited to be used only with rms-emittance, the transverse emittance is represented
with the plain symbol ε without the subscript details in the following equations. The
ellipse in (x, x′) phase space is defined as

ε = γx2 + 2αxx′ + βx′2, (2.32)

and the constraint
βγ − α2 = 1, (2.33)

where α, β and γ are known as the Twiss parameters. As the definition shows, the
Twiss parameters define the orientation and the aspect ratio of the ellipse, and the
emittance is the product of the ellipse half-axes (minor and major radii), scaling the
ellipse size. The area of the ellipse can thus be expressed as

Aellipse = πε. (2.34)

The connection of the Twiss parameters and emittance to the ellipse properties is
presented in Fig. 2.9. The Twiss parameters can be defined statistically in similar
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Figure 2.9: The definition of ellipse properties with Twiss parameters.

fashion as the rms-emittance from the distribution g(x, x′) with the relations (2.32)
and (2.33):

α = −〈xx
′〉

ε
(2.35)

β = 〈x
2〉
ε

(2.36)

γ = 〈x
′2〉
ε

(2.37)

Sometimes emittance values are presented as 4rms-emittance, defined as

εx,4rms = 4εx,rms. (2.38)

This convention arises from the observation that for an uniform hard-edge distribution
(KV distribution) the phase space ellipse described by the 4rms-emittance exactly
covers 100 % of the beam [15]. For beams with more realistic distributions this does
not apply, and in order to define the exact percentage of beam inside the rms or
4rms-emittance value, more information is required about the particle distribution. For
example, using Bi-Gaussian distribution it can be calculated that the 4rms-emittance
covers 86 % of the beam [97]. However, 4rms-emittance is still often used when it
is desired to present emittance values that represent a higher fraction of the beam.
This can be useful e.g. when statistically calculated emittance results are transfered to
beam envelope calculations.
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Figure 2.10: An example of the emittance threshold analysis.

Change in the beam energy alters the beam emittance. In acceleration the longitudinal
momentum of particles increase, while the transverse momentum remains unaltered.
This leads to reduction in x′ and y′, as is seen from Eq. (2.26), and consequently to
decreased emittance. Normalized emittance is used to compare emittances of beams
with different energies, and is defined as

εn = βγε, (2.39)

with the relativistic factors β = v
c
and γ = (1− β2)−1/2, where v is the speed of the ions

and c the speed of light. As ion sources are usually operated with varying extraction
voltages, normalized emittance is typically the preferred way to present emittance
values.

Sometimes ion beams can exhibit low intensity halos or other distortions at the outer
edges of the particle distribution. The structure of the ion beam can be studied by
varying the fraction of the distribution in the transverse phase spaces which is included
into the emittance calculation, rejecting the low density parts. The beam emittance
can then be presented as a function of the beam fraction, as in the example presented
in Fig. 2.10. The steady increase in the emittance with low and medium beam fractions
represents the core beam, whereas the sharp increase in emittance at the highest beam
fractions is contributed by the low intensity beam halo. This technique is called the
emittance threshold analysis. As the beam halo normally represents a part of the beam
which is not usable or will be lost during transport, its contribution to beam emittance
is often excluded from the presented emittance values. The fraction of beam used to
determine emittance, usually called the threshold value, is usually between 90 and
95 %. If this tradition is used, it is essential to present the threshold value with the
emittance values. In the work presented in this thesis, the experimental rms-emittance
values have been given with 90 % threshold, unless stated otherwise.
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In ideal transport systems the beam emittance is conserved, as is dictated by the
Liouville’s theorem [95]. However, strictly speaking this only applies to the six dimen-
sional volume definition of beam emittance, not to the transverse subspaces (x, x′)
and (y, y′). If the beam is subjected to nonlinear forces, e.g. due to fringe fields of
beamline focusing elements, the particle distributions in the transverse phase spaces
can be stretched and distorted, leading to emittance growth.

The connection between the area of the ellipse and the emittance (Eq. (2.34)) has
been a source of some confusion, as sometimes π is presented with the emittance value
and sometimes not, making it unclear whether the numerical values correspond to the
emittance (half-axis product) or the area of the ellipse. As a result, it has become the
current tradition to include π explicitly in to the unit of the emittance as a flag to
emphasize that the presented numeric value corresponds to the half-axis product, not
the area of the ellipse [95]. However, it has been proposed that this convention should
be replaced with clear and unambiguous use of sub- and superscripts in the emittance
presentation to describe what the given values represents (e.g. εx,rms,n for normalized
rms-emittance in (x, x′) phase space) [96]. This is used as a guideline when emittance
values are presented in this thesis, and all the presented values always correspond to
the half-axis product, not the area of the ellipse.

Beam emittance and beam current can be combined to obtain a more comprehensive
description of beam quality, linking together the transportability and intensity of beam.
This quantity is called the beam brightness and is defined as [15]

B = I

εxεy
, (2.40)

where I is the beam current and εx, εy the beam transverse emittances in (x, x′) and
(y, y′) phase spaces. If the beam and the beam transport follow cylindrical symmetry,
it can be assumed that εx ≈ εy and the above equation reduces to

B = I

ε2 , (2.41)

where ε is either of the transverse emittances.

2.8.2 ECRIS specific emittance issues

Two distinct phenomena influence the emittance of ion beams extracted from ECR ion
sources that deserve special mentioning. These are the temperature of the extracted
ions and the magnetic field where the ions are extracted from.

Assuming Maxwellian temperature distribution for the ions in the ECRIS plasma,
the ion temperature contribution to the normalized rms-emittance can be described



2.8. ECRIS beam quality 29

as [98]1

εtemp
x,rms,n = 0.0164 r

√
kTi
M

, (2.42)

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).
Due to the minimum-B confinement scheme used with ECR ion sources, the axial
magnetic field reaches a local maximum near the extraction aperture. As a result, the
ions are extracted from a region of high magnetic field. The decreasing field downstream
from the extraction aperture induces beam rotation, which contributes to the beam
emittance. Assuming uniform particle density at the extraction aperture and transport
of the beam to field free region, the contribution to normalized rms-emittance can be
described as

εmag
x,rms,n = 0.0402 r2 BQ

M
, (2.43)

where B is the magnetic field at the extraction where the ions originate from and Q is
the ion charge state. The derivation of the above equation is presented in detail in the
Appendix of Ref. [99] (publication A.VII).
The ion temperatures in ECRIS plasma are in the order of a few eV and the magnetic
field at the ion source extraction is in the order of Tesla (e.g. for 14 GHz ECRIS
Bext ∼ 1 T). Consequently it is seen from equations (2.42) and (2.43) that the magnetic
field effect is the dominating contributor to the ECRIS beam emittance.
The magnetic field contribution (2.43) indicates that the beam emittance increases
with increasing charge state Q. This is, however, contradictory to experimental results,
which show decreasing emittance trend with increasing charge state of a particular
element [100]. It has been suggested [15, 100] that this is due to high charge states
being concentrated closer to the ion source axis than the medium and low charge
states. Consequently, the effective extraction aperture is reduced for the high charge
states, resulting into lower emittance.
Besides the ion temperature and the magnetic field, the beams extracted from ECR
ion sources are also influenced by other phenomena, e.g. space charge effects and field
aberrations, which can contribute to the beam emittance. As such, the above emittance
contributions should not be regarded as approximations of the actual total emittance,
but as theoretical lower limits dictated by two different phenomena.

2.8.3 Temporal stability of ion beams

As described above, the ECRIS beam quality is traditionally described mainly in terms
of beam emittance and brightness. Recently, however, more interest has been shifting

1. The first edition of the book The physics and technology of ion sources, edited by I.G. Brown, is
referenced here instead of the newer second edition (Ref. [15]) because the latter includes an error in
the equation.
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to the temporal stability of ion beams. This has been driven by the requirements of
current and forthcoming applications of ECR ion sources. For example, beam current
oscillations in high power linear accelerators, which will be utilized by large scale
nuclear physics research facilities currently under construction (see e.g. Refs. [101,102]),
can cause beam spill at high energies leading to activation of accelerator structures.
Also, the increased use and development of medical applications using ion beams, such
as carbon radiotherapy, sets strict limitations to the beam current variations (see e.g.
Ref. [1]). And, closer to the activities performed at JYFL, many accelerator based
industrial applications, such as material modification and testing, require a certain
level of temporal stability to maintain high product quality and testing reliability (see
e.g. Refs. [2–4]).

The temporal variations exhibited by ion beams can be divided into two categories: long-
term fluctuations in the time scales from seconds to days and short-term fluctuations in
the millisecond time scales. The long term variations are usually driven by ion source
conditioning effects, such as changing gas balance in the plasma chamber and material
heating. These phenomena are currently relatively well known and consequently can
be taken into account or compensated for in applications.

The exact characteristics of the short-term fluctuations or the processes driving them
are not yet well known. A few studies have been published [103, 104], verifying the
existence of the beam current oscillations with the 6.4 GHz VEC-ECR, the JYFL
14 GHz ECRIS and the superconducting VENUS with 18 and 28 GHz operation.
It has been observed that the oscillations normally occur in the kHz range with
amplitudes up to tens of percent of the average beam current. Both the frequency
and the amplitude depend on the ECRIS tuning parameters. Increasing the heating
microwave power has been shown to increase the oscillation frequency and amplitude,
while increasing the biased disc voltage seems to mitigate the oscillations. It has
been also demonstrated that double frequency heating shifts the oscillations to higher
frequencies. Based on this it is possible that the observations of seemingly improved
beam stability often associated to the use of secondary heating frequency are in fact
caused by the limitations of the high frequency detection capabilities of the beam
current monitoring equipment. The structure of the confining magnetic field also affects
the beam fluctuations. Tarvainen et al. reported [103] that increasing the minimum
magnetic field value in the plasma chamber resulted to pronounced instabilities, while
operation at magnetic mirror ratios higher than those suggested by the scaling laws
(see Eq. (2.22)) yielded the most stable beams.

Based on the connection between the oscillation characteristics and the ECRIS tuning
parameters, it has been suggested by both Tarvainen et al. and Taki et al. that the
short-term beam current fluctuations are caused by plasma processes. Kinetic and
MHD instabilities have been proposed as possible candidates.
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2.8.4 Space charge effects

Ion beam is a collection of charged particles which are in collective motion. Individual
particle motion is influenced by the rest of the beam through self-fields, which are
generated by the beam charge and current. The electric Coulomb repulsion between
the beam particles results into radial force on the individual particles, which is directed
outwards from the center of the beam. The beam current exerts force on the particles
through the azimuthal magnetic field it produces. This force is radially towards the
center of the beam and its impact increases with the beam velocity. The combined
radial force is always outwards, and the beam space charge introduces defocusing
effect on the beam, which increases the beam divergence and consequently the beam
transverse size. This collective effect, which is proportinal to beam current, is sometimes
called the space charge blow up, discussed e.g. by Mazarakis et al. [105].

As an example, lets consider a cylindrical beam with uniform charge density n (i.e.
KV distribution), radius a and longitudinal velocity v, yielding current density J = nv
and total current I = nvπa2. The electric and magnetic self-fields can be solved with
Gauss’s and Ampere’s laws, leading to radial electric field and azimuthal magnetic
field expressions

Er(r) =


Ir

2πε0va2 if 0 ≤ r ≤ a

I

2πε0vr
if r > a

(2.44)

Bθ(r) =


Ir

2πε0c2a2 if 0 ≤ r ≤ a

I

2πε0c2r
if r > a

(2.45)

where c is the speed of light and ε0 the permittivity of vacuum. The combined radial
force exerted by the self-fields to a beam particle with charge q at radius r is given by
the Lorentz law, which simplifies in the used geometry to

Fr(r) = q(Er − vBθ) = qEr︸︷︷︸
FEr

− qvBθ︸ ︷︷ ︸
FBr

= qIr

2πε0va2

(
1− β2

)
(2.46)

where β = v/c. As the above equation shows, the space charge force of a uniform
cylindrical beam is linear and defocusing in the transverse directions. Also, it is seen
that when the beam velocity is increased, the force decreases and finally disappears at
v = c. In the low energy beam transport v � c, and the contribution of the magnetic
force is insignificant. For example, for 40Ar8+ accelerated with 10 kV the ratio of the
magnetic and electric forces is FB

r /F
E
r ≈ 4 · 10−6.

The beam potential Φ can be solved from the radial electric field by integrating and
assuming a grounded beam pipe with radius R around the beam. The calculation
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yields parabolic potential behavior inside and logarithmic outside the beam:

Φ(r) = I

4πε0v

(
1 + 2 ln R

a
− r2

a2

)
inside the beam (2.47)

Φ(r) = I

2πε0v
ln R
r

outside the beam (2.48)

The same potential equations have been presented e.g. in Ref. [106].

Even though the assumption of uniform density distribution is rather nonrealistic for
real ion beams extracted from ECR ion sources, the above equations can be used to
make rough approximations of the space charge effects. As an example, for an argon
beam extracted from the JYFL 14 GHz ECRIS with 10 kV extraction voltage, the
total beam potential at the center of the beam, including all extracted charge states,
varies between 30 and 100 V when the total extracted current is varied between 0.6 and
1.8 mA. The calculation was performed at the location of the 40Ar8+ waist between
the ion source and the analyzing magnet.

A more realistic description of the space charge related forces can be made using a
Gaussian charge density distribution

n(r) = I

2πvσ2 e
−r2/2σ2

, (2.49)

where σ is the standard deviation. This distribution yields radial force which can be
described as [107]

Fr(r) = qI

2πε0vr

(
1− β2

) (
1− e−r2/2σ2)

. (2.50)

Unlike in the case of the uniform charge density, the defocusing space charge force
of a beam with a more realistic Gaussian distribution is nonlinear. As discussed in
section 2.8.1, this nonlinear force is a source of emittance growth. The improved
beam emittance due to mitigated beam space charge has also been demonstrated
experimentally (see e.g. Refs. [108,109]).

If charge of opposite sign is introduced into the volume occupied by the ion beam,
the effective charge density of the beam decreases, mitigating the space charge effects.
This process is called space charge compensation, and it occurs naturally when the ion
beam passes through the rest gas present in the beam transport system. Interaction of
the ion beam with the rest gas leads to inelastic collisions between the ions and the
neutral particles, resulting in ionization and charge exchange processes. The ionization
processes form slow positive ions and electrons inside or near the volume occupied
by the ion beam. In the case of positive ion beam, the ions are expelled from the
beam due to the positive beam potential, whereas those electrons which do not have
enough energy to escape the potential are trapped by the beam. This process leads to
accumulation of negative charge into the ion beam, resulting in formation of beam
plasma with effective charge density that can be considerably lower than the initial
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Figure 2.11: Profile of 100 µA beam of 40Ar8+, extracted from the JYFL 14 GHz
ECRIS with 10 kV extraction voltage and 0.7 mA of total current. The beam has
distinctly hollow ring-like structure.

charge density of the beam. It has been shown experimentally that with rest gas
pressures in excess of 10−4 mbar the beam potential can be reduced to less than
1 % of its initial value [98,110]. However, with high rest gas pressures the collisions
between ions and neutral rest gas particles also cause beam losses through charge
exchange. Mazarakis et al. [105] have shown experimentally that the time required
for an ion beam to reach an equilibrium state in terms of space charge compensation
decreases with increasing pressure of the rest gas. For 1 mA Xe1+ beams accelerated
with 80 kV the required time was measured to be in the order of 100 µs with 10−6 mbar
background pressure and in the order of 10 µs when the pressure was increased to
10−5 mbar.

With ECR ion sources the beam current is at its highest in the beam transport section
between the ion source extraction and the q/m separation, where all the extracted ion
species are still present. Consequently, the space charge effects and related consequences
to beam properties are also strongest in this beamline section.

2.8.5 Hollow beam structure

Hollow ring-like beam structures are regularly observed with the beams produced by
the JYFL 14 GHz ECRIS. The hollowness is exhibited by the low and medium q/m
ion species, whereas the particle distribution of ion species with high q/m remain
more uniform. For example, with argon beams extracted with 10 kV, the charge
states up to 40Ar9+ are hollow. An example is presented in Fig. 2.11. Similar behavior
has been observed also in other laboratories employing ECR ion sources, e.g. at
MSU/NSCL [111].

The formation of the hollow beam structure is connected to the space charge effects
caused by the magnetic solenoid focusing of multispecies ion beams extracted from the
ECR ion source. The influence of the magnetic focusing on the ions can be described
with the magnetic rigidity, which is defined in Eq. (2.25). For a given magnetic field the
focusing effect experienced by the ions increases with the ratio of the ion charge and
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Figure 2.12: Schematic presentation of the q/m dependence in magnetic solenoid
focusing with three ion beams of different charge to mass ratios. Due to the selective
focusing, the focal points of different ion species are separated in the axial direction.

mass, q/m. Consequently, the magnetic solenoid focusing separates ions to different
focal points based on this ratio. When the beam component of interest is transported
through the analyzing magnet, the other ion species with higher q/m present in the
beam are overfocused by the solenoid and can exhibit beam waists, i.e. focal points,
during the beam transport before the q/m separation (see Fig. 2.12). At these locations
the radius of the beam of interest is larger than the radius of the unwanted beam
component. Subsequently, the ions in the beam of interest are influenced by the radial
electric field of the unwanted beam, which decreases radially outside the focused
beam edge. As a result, the center parts of the beam of interest experiences increased
radial divergenge, which can lead to the formation of hollow, ring-like transverse beam
structure downstream from the analyzing magnet.

Magnetic solenoid focusing as a source of hollow beam formation has been investigated
with simulations and experiments. Particle-in-cell simulations presented by Kazarinov
[112] show that solenoid focusing of multispecies beams leads to the formation of hollow
beams. In addition, the simulations predict substantial increase in the transverse beam
emittance due to this process. The role of the high q/m beam components in the
beam hollowness has been also shown experimentally. The hollowness is significantly
mitigated and pushed to lower q/m when the current of the high q/m ion species
are decreased in the total beam extracted from an ECR ion source [111, 113]. At
MSU/NSCL the magnetic solenoid focusing between the ECR ion source and the
analyzing magnet has been replaced with electrostatic focusing, which focuses all q/m
to the same focal point. It has been reported that as a result the hollow ring-like
structure is no more evident in the measured beam profiles [114].

However, other sources have also been suggested as contributors to the beam hollowness.
The inhomogeneity of the ion distribution inside the ECR plasma can be reflected
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in the structure of the extracted beams. This is most clearly seen in the triangular
beam shapes often associated with the ECR ion sources, which are caused by the
magnetic hexapole field inside the ion source plasma chamber, defining the plasma
flux shape towards the extraction. This effect has been successfully reproduced with
several computational models of the ion dynamics inside the ECRIS plasma (see
e.g. Refs. [49, 115–117]). In a similar manner the ion distribution could also exhibit
features which contribute to the formation of hollow beam structures later on during
the beam transport. This is supported by the observation of some degree of hollowness
exhibited by proton beams extracted from an ECR ion source [115]. For protons the
q/m = 1, and as such the observed hollowness can not be due to the magnetic solenoid
focusing effect discussed above. Also, a few computational models of ion dynamics
inside ECRIS suggest that plasma conditions can contribute to the formation of hollow
beam structures [115,116,118].





Chapter 3

Experimental setup and methods

The experimental work presented in this thesis has been performed at the accelerator
laboratory of the Department of Physics, University of Jyväskylä. The equipment
used for the studies include the JYFL 14 GHz ECR ion source, the low energy beam
transport (LEBT) from the ion source to the JYFL K-130 cyclotron and the first
section of the high energy beam transport after the cyclotron. A detailed description
of the JYFL 14 GHz ECRIS is presented in the following section.

The low and high energy beam transport sections are presented in Figs. 3.1 and 3.2.
The ion optics in the low energy beam transport is realized with magnetic solenoids and

Figure 3.1: Schematic presentation of the low energy beam transport from the JYFL
14 GHz ECR ion source to the JYFL K-130 cyclotron.

37
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Figure 3.2: Schematic presentation of the JYFL K-130 cyclotron and the first section
of the high energy beamline.

dipoles with additional steering magnets to fine tune the beam path in the transverse
(x and y) directions. A set of four magnetic quadrupoles is located upstream from
the last dipole preceding the cyclotron to provide improved beam matching to the
cyclotron injection. Downstream from the cyclotron the high energy beamline ion
optics is also mainly managed with magnetic solenoids and quadrupoles and is divided
into separate sections leading to different target stations.

3.1 JYFL 14 GHz ECRIS
The JYFL 14 GHz ECRIS [8] is a second generation room temperature ECR ion source.
It is based on the design of the highly successful AECR-U at the Lawrence Berkeley
National Laboratory (LBNL), which is the upgraded version of the original AECR
with increased magnetic fields to improve the plasma confinement [119, 120]. Other
ECR ion sources belonging to this ion source family include the two ARTEMIS ion
sources at MSU/NSCL (the National Superconducting Cyclotron Laboratory, Michigan
State University, USA) [121], the 14 GHz ECRIS at the ATLAS facility at ANL (the
Argonne National Laboratory, USA) [122] and the 14 GHz ECRIS at KVI (Kernfysisch
Versnellerinstituut, The Netherlands) [123].
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Figure 3.3: The JYFL 14 GHz ECRIS. The magnetic system consists of injection
(1) and extraction (2) coils and permanent magnet hexapole (3) around the plasma
chamber (4). The injection chamber (5) includes gas injection, two waveguides for
primary and secondary microwaves and port for oven or MIVOC. The extraction
chamber (6) houses the extraction electrodes. Old extraction system is presented in the
figure and the different electrodes have been indicated with varying colors for clarity.
The ion source is pumped with three turbomolecular pumps (7). The first focusing
solenoid of the beamline (8) is also shown.

The structure of the JYFL 14 GHz ECRIS is presented in Fig. 3.3. The main microwave
frequency is 14.1 GHz, which is produced with a klystron and injected into the plasma
chamber through the injection end iron plug with WR62 rectangular waveguide. A
secondary microwave input with variable frequency between 10.75 and 12.40 GHz is
produced with a Traveling Wave Tube Amplifier (TWTA) and injected axially into
the plasma chamber through a WR75 rectangular waveguide. The maximum output
power of the klystron is 2.5 kW, limited to 1 kW in normal operation. The maximum
TWTA output is about 400 W.

The minimum-B magnetic field is produced with the combination of two water cooled
solenoid coils (axial magnetic field) and NdFeB permanent magnet open hexapole
(radial magnetic field). The axial magnetic field at the injection and extraction ends
of the plasma chamber are about Binj = 2.0 T and Bext = 1.0 T, the exact values
depending on the ion source tuning (coil current settings). The field minimum Bmin
at the center of the chamber varies normally between 0.3− 0.4 T and the radial field
at the plasma chamber wall is about Brad = 1.1 T. The main microwave frequency of
14.1 GHz corresponds to resonance field BECR ≈ 0.5 T (see Eq. (2.1)), which yields
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the following mirror ratios

Rinj = Binj

BECR
= 4.0 (3.1)

Rext = Bext

BECR
= 2.0 (3.2)

Rrad = Brad

BECR
= 2.2 (3.3)

which fulfill the magnetic field scaling laws, presented in Eq. (2.22).
The ion source plasma chamber is manufactured from aluminium with 76 mm inner
diameter and about 300 mm length. The open hexapole structure allows radial pumping
of the chamber through openings between the magnetic poles. In addition, the slits can
be used for diagnostics (e.g. bremsstrahlung, light emission and pressure measurements)
and introduction of materials into the plasma chamber to be ionized. For example,
a radial sputtering equipment has been developed for this purpose to serve in the
production of metal ion beams. The gaseous elements are introduced into the plasma
axially from the injection end of the chamber. The injection end also includes biased
disc and a channel for the axial insertion of ovens or MIVOC equipment. The ion
source is normally operated with extraction voltages around 10 kV, which is dictated
by the properties of the JYFL K-130 cyclotron injection. To provide an example of the
typical performance of the JYFL 14 GHz ECRIS, the beam currents of selected charge
states of 131Xe were measured, yielding the following result: 52 µA (23+), 47 µA (24+),
33 µA (25+), 20 µA (27+), 7 µA (28+), 4 µA (29+) and 2 µA (30+).

3.2 Diagnostics and instrumentation
3.2.1 Beam current and transmission efficiency

The current of the ion beams produced with the JYFL 14 GHz ECRIS can be measured
along the LEBT and after the cyclotron with Faraday cups. The primary measurements
used to quantify the ion source performance are conducted after the analyzing magnet
at Faraday cup FC2. Two other cups, FC4 and FC5, are used to measure the beam
current along the LEBT. The beam current injected into the cyclotron can be measured
at the spiral inflector, which turns the incoming beam into the acceleration plane of
the cyclotron. During acceleration the beam current can be measured with a radial
main probe and at the cyclotron extraction with a deflector probe. The current of the
accelerated and extracted beam is measured at Faraday cup PFC, located in the high
energy beamline after the cyclotron (see Fig. 3.2).
Transmission efficiency is often used to quantify the performance of beam transport.
The transmission efficiency through the LEBT and the cyclotron is defined as

T = IPFC
IFC2

· 100 %, (3.4)
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Figure 3.4: A schematic presentation of an Allison type emittance scanner and the
voltage sweep between the deflector plates. The scanner position determines the
coordinate x and the deflector voltage all the coordinates x′ at this position. A beamlet
trajectory with an angle x′ is shown as an example.

where IPFC and IFC2 are the beam currents at Faraday cups PFC and FC2, respectively.

3.2.2 Beam transverse emittance

The transverse emittance of the ion beams is measured with an Allison type emittance
scanner [124], located downstream from the Faraday cup FC2 (see Fig. 3.1). The
scanner is oriented in the beamline to perform measurements in the vertical direction
perpendicular to the bending plane of the analyzing magnet. A schematic presentation
of the scanner is presented in Fig. 3.4.
The scanner position fixes the location of the entrance slit and determines the coordinate
x in the phase space. While the scanner is at this location, the voltage V between the
deflector plates is swept from +Vmax to −Vmax, while simultaneously measuring the
current arriving at the Faraday cup behind the plates and the second slit. The voltages
of the individual deflector plates are ±Vp, and as such V = 2Vp, as is presented in Fig.
3.4. The voltage V determines the angle of incoming particles which can pass through
the second slit, i.e. the phase space coordinate x′. The relation can be described as

V = 4dVext
L

x′, (3.5)

where Vext is the ion source extraction voltage determining the incoming beam energy,
L the length of the deflector plates and d the gap between them (see Fig. 3.4). This
procedure is repeated for all positions x through the beam profile to determine the
transverse phase space occupied by the beam. The transverse rms-emittance is then
calculated based on the measured current distribution over the phase space pattern.

3.2.3 Beam profile

The beam profile is recorded with potassium bromide (KBr) scintillation screens.
Potassium bromide is chosen as the scintillation material as it yields good performance
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Figure 3.5: Scintillation screen assembly inside a cross chamber. The actuator is used
to move the screen in or out of the ion beam path.

with the range of beam energies and q/m separated beam currents normally extracted
from the JYFL 14 GHz ECRIS. Other possible candidates include e.g. barium fluoride
(BaF2). The scintillation material is applied as a thin coating on a grounded aluminium
plate, to prevent charge build up. During experiments a scintillation screen is located
after the analyzing magnet inside a cross chamber. The screen is placed into a 45
degree angle with respect to the optical axis of the beamline to allow observation
from one of the chamber branches. Another branch is used to move the screen in and
out of the beam path. The assembly is presented in Fig. 3.5. Interaction with the
beam particles results to photon emission in the visible light range. The light emission
pattern on the scintillation screen, observed with a camera through a vacuum window,
correlates with the beam current distribution of the beam. This method provides
direct, real time monitoring of the beam profile.

3.2.4 Measurement of plasma loaded cavity resonance properties

A dual port measurement technique has been developed for the studies of the microwave
frequency dependent properties of the JYFL 14 GHz ECRIS plasma chamber, discussed
in section 4.1. The purpose of the technique is to isolate and remove the influence of the
microwave transmission line leading to the plasma chamber from the results and thus
gain direct measurement of only the properties of the plasma chamber. In addition,
the technique decouples the diagnostics signal probing the chamber properties from
the main plasma heating microwave signal.
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Figure 3.6: Schematic presentation of the dual port measurement technique used to
determine the microwave frequency dependent properties of the JYFL 14 GHz ECRIS
plasma chamber.

The experimental setup for the technique is presented in figure 3.6. The plasma is
ignited and sustained with microwave emission from a TWTA operating around 11 GHz,
which is transmitted into the plasma chamber through a rectangular waveguide. The
frequency dependent properties of the chamber are measured with a network analyzer
through another waveguide with probing signal around 14 GHz, i.e. around the normal
operation frequency of the JYFL 14 GHz ECRIS. The power of the probing signal is
10 mW, which does not contribute significantly to the plasma properties compared to
the microwave power of up to 300 W from the TWTA. In addition, it has been verified
that the probing signal power is not sufficient to ignite plasma without microwave
input from the TWTA, and consequently this technique can be used to measure the
properties of the plasma chamber without plasma loading. The network analyzer is
protected from the main plasma heating power with a microwave high pass filter with
13 GHz cutoff frequency, placed between the analyzer and the chamber. Consequently,
the technique can not be used to measure the chamber properties at the frequencies
used to sustain the plasma. With the presented setup the plasma chamber is kept at
ground potential and no beam is extracted during the measurements.

The plasma chamber diagnostics is performed by determining the reflection coefficient
S11 of the measured system, defined as

S11 = 10 log10

(
Pr
Pf

)
, (3.6)

where Pr and Pf are reflected and forward power of the probing signal, as a function of
frequency. S11 describes the systems ability to absorb and transmit microwave power.
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Figure 3.7: Schematic presentation of (a) the biased grid assemby and (b) the heated
filament assembly.

In the case of the ECRIS plasma chamber, this includes the possible microwave power
leaks through the chamber apertures. When the plasma is ignited, S11 describes the
combined behavior of the chamber and the plasma it contains. The resolution of the
measurement is defined by the data acquisition properties of the network analyzer, and
depends on the studied frequency range. As an example, the measurement of 250 MHz
frequence band yields point separation of 62.5 kHz.

3.2.5 Space charge measurements

Three different experimental methods have been used in order to study the impact of
the ion beam space charge compensation degree to beam quality and transport. The
results of these experiments are presented in section 4.2.1.

The first method is the injection of additional neutral gas into the beamline to increase
the production of compensating electrons from the rest gas which is ionized by the ion
beam. The gas can be injected into the JYFL 14 GHz ECRIS branch of the JYFL
low energy beamline through two venting ports, one upstream and one downstream
from the the analyzing magnet. The port locations are indicated in Fig. 3.1. The gas
feed into the beamline from a high pressure gas source is adjusted with a pressure
regulator and a high precision valve. Gas injection into beamline as a way to enhance
space charge compensation has been studied earlier with singly charged He [110] and
proton beams [108,109] with good results.

The second method uses a grid introduced inside the beamline, near the vacuum
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vessel wall. A variable positive bias is applied to the grid to collect electrons from the
beamline in order to gain information regarding the consequences of degraded space
charge compensation. The grid assemby is presented in Fig. 3.7.

The third method aims to introduce additional compensating electrons into the
beamline from an external source. The electrons are produced with a heated tantalum
filament, which is placed inside the beamline and shielded from the ion beam with
a grounded grid. The electrons are accelerated towards the beam with the voltage
difference applied between the filament and the grid. The filament assembly is presented
in Fig. 3.7.

The biased disc and the heated filament have been used at the same locations in the
beamline as the gas injection.

3.2.6 Determination of beam properties after ECRIS extraction

In order to study the properties of beams extracted from an ECR ion source, es-
pecially when determining the performance of the beam extraction system itself, it
is advantageous to be able to do measurements immediately downstream from the
extraction region, before the beam is subjected to beamline ion optics. However, in
the case of the JYFL 14 GHz ECRIS the space available for this is very limited
due to the arrangement of the first beamline solenoids (see Fig. 3.1), restricting the
possible diagnostics. A simple and compact pepperpot-like (see e.g. Ref. [125]) system,
presented in Fig. 3.8, has been constructed to determine the diameter and divergence
of beams leaving the extraction region. The system is installed to the end of the JYFL
14 GHz ECRIS extraction chamber (see Fig. 3.3), and utilizes a pepperot plate to
collimate the incoming beam into separate beamlets. As the location and size of the
apertures on the plate are known, as well as the distance from the plate to the following
flange acting as the screen plane, the beam divergence can be estimated from the beam
indiced markings on the flange. The pepperpot plate also includes a slot which allows
a section of the full beam to pass to the flange, which is used to determine the beam
radius at the flange. The system does not significantly alter the ion source vacuum
thanks to the efficient pumping of the extraction vacuum chamber. With beam some
initial outgassing was observed, duration of which was however short compared to the
time used to obtain clear markings on the screen plane. This system was mainly used
in the extraction studies of the JYFL 14 GHz ECRIS, described in section 4.3.2.

3.2.7 Determination of ion beam temporal characteristics

As discussed in section 2.8.3, temporal stability is one of the factors defining the quality
of ions beams. The current oscillations exhibited by ECRIS beams are often periodic
in nature, especially those observed in the millisecond time scales [103,104]. In order
to identify and analyze the periodic temporal characteristics of ion beam current, it
is convenient to perform signal analysis in the frequency domain in addition to time
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Figure 3.8: Schematic presentation of the pepperpot-like setup used to measure the
beam diameter and divergence after the extraction chamber of the JYFL 14 GHz
ECRIS. (1) is the incoming beam, (2) a collimated beamlet, (3) a pepperpot plate, (4)
pepperpot aperture (2 mm diameter), (5) flange (screen plane) and (6) slot for the
determination of beam radius. Figure from Ref. [99].

domain. A new measurement software was developed for the temporal beam stability
studies, which are presented in section 4.2.2 of this thesis and in Ref. [126] (publication
A.V). In the following the main properties of the measured signal transformation
from time domain to frequency domain are presented, followed by a description of the
measurement software.

In frequency domain the original signal is represented as a sum of periodic (sine and
cosine) components. The amplitude determines the contribution of given component
in the original time domain signal, and consequently the frequency domain signal is
usually presented in frequency, amplitude coordinates as a frequency spectrum. In
power spectrum the amplitudes are squared, which enhances the detection of dominant
frequencies.

In a real measurement scenario like the measurement of beam current from a Faraday
cup, a finite number of samples represent the complete time domain signal. This
windowed segment can be transformed to frequency domain with the Discrete Fourier
Transform (DFT), which is described as [127]

X[k] = 1
N

N−1∑
n=0

x[n]e−i2π kN n, (3.7)

where k is an index number representing the frequency domain variable and N the
number of samples. The output of DFT is a complex number, i.e. X[k] = Re(X[k]) +
i · Im(X[k]) ≡ Ak + i ·Bk, where Ak and Bk are the amplitudes of the cosine and sine
terms of the k frequency component of the original signal. The frequency spectrum
combines these terms as

√
A2
k +B2

k and the power spectrum as its square, A2
k+B2

k, with
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k ranging from 0 to N −1. In practice in numerical calculations the DFT is determined
using Fast Fourier Transform (FFT), which is a collective name for algorithms to
perform DFT (and other transforms) efficiently. With large data sets the use of FFT
can reduce the computational time several orders of magnitude [127].
In order to obtain the frequency domain information in the units of Hz instead of
frequency index k, the frequency axis must be scaled accordingly. If the original time
domain signal is sampled with sampling interval ∆t, i.e. sampling rate of fs = 1/∆t,
the frequency resolution in the frequency domain is ∆f = fs/N = 1/N∆t [127].
Increasing the number of time domain samples improves the frequency resolution and
reduces spectral leakage (smearing of the frequency spectrum peaks to surrounding
frequencies) arising from the mismatch between the sampling frequency and the
frequency components of interest in the measured signal. Thus longer data acquisition
times enhance the representation of periodic signals and suppress random noise.
In the case of beam current measurement the original time domain signal is real (no
imaginary component), and the frequency domain signal between k = 0 and k = N/2
contains all of the acquired information. This means the DFT only gives frequency
information up to half the sampling frequency (Nyquist sampling theorem) [127]. In
order to mitigate aliasing, it is advantageous to suppress the frequencies above the
fs/2 limit in the measured signal.
Many development platforms are currently available offering high performance basic
routines for signal processing and manipulation which are required for the above
discussed transforms and the following signal analysis. Constructing the measurement
software using one of them was considered to be a more flexible alternative compared
to commercially available systems. This approach gives full control over the signal ac-
quisition and manipulation procedures, and thus the implementation of special features
and automated measurement routines becomes more transparent and straightforward.
This is an important property as the measurement system is planned to act as a
platform for additional features required by future studies.
The measurement software, nick-named Beam-N-SPECTR (Novel SPECtral Tool for
Research) [128], was realized with the National Instruments LabVIEW development
environment. The program utilizes the inbuilt high performance FFT algorithms of the
LabVIEW to perform the basic signal transformation from time domain to frequency
domain. Rest of the data manipulation, including data acquisition, calculations and
analysis, both in the time and frequency domains, are built around this feature.
Figure 3.9 shows a schematic presentation of the core structure of the program and the
data flow between different segments. Multiple run modes exist for online and offline
monitoring, data recording and data analysis. The choice of run mode selects which
features and routines of the program are used but they all essentially include three main
steps: acquisition of time domain data, primary data analysis and postprocessing where
results are combined into more presentable form. During these steps the produced
data is stored and displayed to the user. When all steps have been completed, the
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Figure 3.9: The structure of the measurement program Beam-N-SPECTR and the
data flow. Figure from Ref. [126].

acquired data and analysis results are written into files (depending on the settings)
and the main program terminates.

The functionality of the analysis block can be divided roughly into four steps. First, (1)
the transform from time to frequency domain is performed with the DFT block which
utilizes the LabVIEW FFT capabilities. Then (2) the frequency domain information
is modified to desired form, including finding of the dominant frequencies, optional
normalization of the frequency amplitudes, optional frequency domain filtering of the
data and inverse transforming to generate a frequency filtered time domain signal.
After this (3) the program calculates signal variation parameters, such as the standard
deviation and fluctuation amplitudes to better describe the temporal oscillations of
the signal. Finally (4) the produced information is collected and returned to the main
program.

The program output includes graphical representations of the measured signal, its
frequency spectrum and, if requested, frequency filtered reconstruction of the time
domain signal. If the frequency spectrum of the background noise and electrical pickup
is known, filtering of these frequencies can be very useful in order to acquire purified
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signal of interest. The time domain signal fluctuation characteristics (with optional
frequency filtering) are calculated and presented. The user can also choose to determine
these beam properties averaged over multiple measurements and construct frequency
histograms from the measured spectra to better describe the stability of the measured
signal. All measured data, produced graphs and calculated values can be saved into
files for later use, either with the same program or with other applications.





Chapter 4

Experimental work

This chapter summarizes the experimental work and presents the main results. The
detailed documentation of the experiments is presented in Refs. [99, 126, 129–133],
which are attached as appendices A.I – A.VII.

The aim of the presented work was to study new ways to improve the performance of the
JYFL 14 GHz ECRIS and the properties of the extracted ion beams. The experimental
work includes studies connected to the three major factors which determine ECR
ion source performance: ECRIS plasma, beam formation and beam transport. The
experimental work is correspondingly divided into three sections.

The first section focuses on the ECRIS plasma and presents the studies related to
microwave – plasma coupling by fine tuning of the microwave frequency. The second
section describes the beam transport studies, including experiments aiming to determine
the role of space charge on the beam quality and studies of the temporal stability of the
beam. The third section brings together the first two, describing the work performed
to improve the beam formation from the ECRIS plasma. This consists of experiments
with a collar structure attached to the ECRIS plasma electrode and culminates to
the design and construction of a new and improved extraction system for the JYFL
14 GHz ECR ion source.

Chronologically the new extraction system represents the last experimental work of
this thesis. Consequently, all the other experiments have been performed with the old
extraction system, apart from part of the work related to the temporal beam stability.

4.1 Plasma heating microwave frequency fine tuning
In 2008 Celona et al. presented that the performance of the 14.5 GHz Caprice ion
source at GSI (Gesellschaft für Schwerionenforschung, Germany) could be significantly
affected by the altering the plasma heating microwave frequency in a span of a few
tens of MHz around the primary frequency [29]. This phenomena, dubbed frequency
tuning effect, was shown to have pronounced effect on the extracted beam currents
and the spatial current distribution over the recorded beam profiles. In order to further
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Figure 4.1: Comparison of the microwave coupling schemes of AECR-U and Caprice
type ECR ion sources. AECR-U: (1) rectangular waveguide, (2) plasma chamber.
Caprice: (3) rectangular waveguide, (4) tunable matching cavity, (5) coaxial transmis-
sion line, (6) plasma chamber. The presented ion sources are the JYFL 14 GHz ECRIS
(AECR-U) and the 14.5 GHz Caprice at GSI.

study these effects, a collaboration was formed with the JYFL ion source group and
the Catania ion source team, members of which were among the main contributors in
the previously published studies, to continue the experiments with the JYFL 14 GHz
ECRIS. Among other structural differences, the microwave delivery system from the
emitter to the plasma chamber is profoundly different in the AECR-U type JYFL
14 GHz ECRIS compared to the Caprice type ion sources, as is presented in Fig. 4.1.
With AECR-U the rectangular waveguide from the emitter is connected directly to the
ion source plasma chamber through the injection plug. With Caprice the waveguide is
connected to a tunable matching cavity, from which the microwaves are transported
to the plasma chamber through a coaxial transmission line. Consequently the aim of
the collaboration was to study if the effects observed with the Caprice are also present
with the AECR-U, and whether the frequency tuning can be used to improve the ion
source performance. The detailed documentation of the experiments is presented in
Refs. [129–131] (publications A.I, A.II and A.III).

The frequency fine tuning experiments were conducted by varying the primary plasma
heating microwave frequency of the JYFL 14 GHz ECR ion source. The frequency
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Figure 4.2: An example of 40Ar9+ beam profile with varying microwave frequency.
Forward power of 428 W and frequency of (a) 14.050 GHz, (b) 14.090 GHz and (c)
14.108 GHz. Figure reproduced from Ref. [129].

Figure 4.3: 40Ar8+ beam profiles with varying primary microwave frequency at 203 W
and 11.56 GHz from TWTA at 30 W. With these ion source settings the beam exhibits
profile structure of two concentric rings at 14.070 GHz (a) and 14.100 GHz (b), while
at 14.135 GHz (c) the normal (one ring) hollow beam structure is observed. Figure
reproduced from Ref. [129].

was varied between 14.050 and 14.135 GHz around the normal operation frequency
of 14.085 GHz. The frequency range was dictated by the bandwidth of the klystron
providing constant output power. The effects of the frequency alteration on the
properties of extracted beams were studied by measuring the beam current, emittance
and profile after the q/m separation. The coupling of the microwave power to the
ECRIS plasma chamber was studied by monitoring the klystron forward and reflected
power.

It was observed that varying the microwave frequency can affect the distribution of
particles in the beam profile. An example of 40Ar9+ profile is presented in Fig. 4.2.
When the frequency is adjusted, the hollow ring-like beam structure exhibited by
the low and medium charge state ion beams becomes more or less pronounced. The
transitions normally occured smoothly over a span of tens of MHz. At which frequencies
the changes in the profile occur was found to be very sensitive to the ECRIS tuning,
to the extent that with certain ion source settings the beam profile remained unaltered
during the whole frequency sweep. It was observed that the profile could be further
affected when the primary microwave frequency was varied during double frequency
heating. The secondary microwave with a power of a few tens of watts was introduced
into the plasma chamber through a separate waveguide from the TWTA at fixed
11.56 GHz frequency. In these conditions the beam profile exhibited a structure of
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Figure 4.4: 40Ar6+ and 40Ar12+ beam current and reflected microwave power with
varying microwave frequency. The drain current, i.e. total extracted beam current, and
forward microwave power signals are also presented. Figure reproduced from Ref. [129].

two concentric rings at certain frequencies of the primary microwave. An example is
presented in Fig. 4.3. The beamline optics between the ion source and the beam viewer
can not produce a concentric beam structure like this from homogeneous distribution,
which strongly indicates that the observed structure is linked to the plasma conditions
inside the ECRIS plasma chamber. Consequently, these observations indicate that
plasma conditions contribute to the formation of hollow beams.

The beam emittance is also affected by the varying microwave frequency, and variations
in the order of a few tens of percent were normally observed. The emittance variations
are associated with the changes in the beam profile, reflecting the shape of the transverse
particle distribution. The altered beam quality due to the frequency tuning is also
reflected in the transmission efficiency from the ion source through the cyclotron [134].

An example of recorded beam current and reflected power behavior is presented in Fig.
4.4. The reflected power exhibits periodic oscillatory variations as a function of the
microwave frequency, while the forward power from the klystron remains constant. The
reflected power oscillations are also seen in the beam current, with the current maxima
corresponding to reflected power minima. In addition the beam current exhibits regions
of pronounced instability at certain frequencies. The appearance and location of these
instabilities is strongly influenced by the ion source tuning. The variations exhibited
by the beam current increase with charge state. The current of low charge states was
observed to be virtually unaffected by the microwave frequency, whereas the medium
and high charge states exhibit significant variation.

The oscillations of the reflected power were initially associated to be the result of
changing electromagnetic mode structure inside the ECRIS plasma chamber, as was
discussed in Ref. [129]. However, the oscillations were virtually unaffected by the ion
source tuning parameters, like microwave power, magnetic confinement and neutral
gas pressure, which should have significant impact on the plasma conditions inside
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Figure 4.5: Correlation of reflected microwave power, normalized beam currents of
40Ar5+ and 40Ar12+ and bremsstrahlung emission from the ion source plasma. The
forward microwave power remains constant and the input power fluctuations due to
varying reflected power are clearly seen in the 40Ar12+ beam current and bremsstrahlung
signals. Figure reproduced from Ref. [134].

the plasma chamber. Further investigation revealed that the reflected power signal is
strongly influenced by the microwave delivery system between the klystron and the ion
source plasma chamber. It was discovered that altering the waveguide length between
the klystron and the ion source resulted into varied number of oscillation minima
and maxima in the measured frequency range. Furthermore, when the waveguide was
disconnected from the ion source and then connected to a load element, the oscillating
behavior remained. These results indicate that the oscillations observed in the reflected
power are not connected to plasma effects or mode structure variations in the ion
source plasma chamber, but are instead caused by the microwave delivery system. This
frequency dependent behavior can be explained by considering the waveguide as a long
rectangular resonator. Around 14 GHz the separation of the resonance frequencies,
corresponding to the minima of reflected power in the system, matches the distance
between the measured reflected power minima, as is discussed in Ref. [131].

The verification of the waveguide influenced oscillations in the reflected power signal has
important consequences. Firstly, the oscillatory behavior observed in the beam currents
is the result of the variation of total microwave power transmitted into the ECRIS
plasma chamber, and is not connected to possible changes in the electromagnetic
mode structure. This is especially clearly seen in the comparison of reflected power
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and current signals presented in Fig. 4.5. The figure shows that the influence of the
oscillating input power is also clearly observed in the bremsstrahlung emission from
the ion source plasma.
Secondly, if the mode structure variations inside the plasma chamber influence the
reflected power signal, this behavior is obscured by the waveguide induced oscillations.
Furthermore, any possible narrow frequency range (in the order of a few MHz) effects
coming from the mode structure must be weak in comparison to the influence of the
waveguide, as such effects are not evident in the measured reflected power signal.
However, in addition to the periodic oscillations, the reflected power signal does exhibit
level variation in a broader frequency range (see the reflected power signal e.g. in Fig.
4.5). This variation was absent when the waveguide was connected to the load element
(see Fig. 1 in Ref. [130]), and as such it could originate from the plasma chamber.
In order to accurately study the properties of the ECRIS plasma chamber and how the
microwave power absorption is affected by the frequency fine tuning, the influence of
the microwave transmission line on the results had to be isolated and carefully removed.
This was achieved with the so-called dual port measurement technique, which enables
direct measurement of the resonance properties of the ECRIS plasma chamber with
plasma loading. The measurement is performed with a network analyzer through one
of the two waveguides leading to the ECRIS plasma chamber, probing the system
consisting of the chamber and the plasma with microwave signal around 14 GHz. The
influence of the transmission line between the analyzer and the plasma chamber is
removed with the network analyzer calibration feature. The second waveguide is used
to ignite and sustain the plasma with microwaves around 11 GHz from the TWTA,
decoupling the measurement from the plasma heating. The dual port measurement
technique is described in detail in section 3.2.4.
Figure 4.6 presents the microwave power absorption properties of the JYFL 14 GHz
ECRIS plasma chamber without plasma (case (a)) and with plasma using different
microwave power levels from the TWTA (cases (b) – (e)). The power absorption is
presented with the reflection coefficient S11, described by Eq. (3.6) in section 3.2.4. It
is immediately seen that the periodic oscillation observed previously is absent from
the signals, further verifying that it originates from the properties of the microwave
transmission line. Without plasma loading the measured signal exhibits a number
of narrow minima, corresponding to electromagnetic modes (i.e. cavity resonance)
with efficient power absorption and indicating good coupling between the probing
microwave signal and the plasma chamber. With plasma the signal properties change
significantly. The number of observed minima decreases with the increasing microwave
power and the remaining minima become less pronounced. With the highest measured
microwave powers the frequency dependent behavior is strongly damped and only
smooth level variations over tens or hundreds of MHz remain in the measured signal.
This order of frequency dependence in the microwave power absorption agrees well
with the broad frequency range variations observed previously in the reflected power
signal (see e.g. Fig. 4.5).
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Figure 4.6: Plasma chamber reflection coefficient S11 with varying microwave frequency,
measured with different microwave power levels from the TWTA. The case (a) corre-
sponds to empty cavity without plasma and cases (b) – (e) to plasma loaded cavity.
Figure reproduced from Ref. [131].

It was observed that apart form the microwave power, the ECRIS tuning parameters
do not have strong influence on the frequency dependent behavior of the plasma loaded
cavity when varied around the normal operation values. Increase in the neutral gas
injected into the plasma chamber leads to less pronounced frequency behavior, but
the effect is considerably weaker than increasing the microwave power. Varying the
magnetic confinement leads to subtle changes in the measured signal when the ion
source is operated with high field values known to be prone to plasma instabilities.
Varying the biased disc, plasma species or TWTA plasma heating frequency does not
yield significant alteration of the S11 signal.

The Q value of the plasma chamber can be evaluated from the measured S11 signal for
the observed modes, which are represented by the local signal minima. As it is not
possible to separate different sources of power dissipation in the measurement, the
Q values discussed here include all the power absorption inside the plasma chamber,
whether it is caused by the resistive heating of the cavity walls or the plasma. The
Q values associated with the plasma chamber without power input from the TWTA
(no plasma) are in the order of 103, calculated with Eq. (2.2). With plasma and the
highest measured microwave power of 300 W the Q values decrease to the order of 102,
corresponding to the broadening of the S11 signal minima. These values are in good
agreement with the results obtained with the LBL 6.4 GHz ECRIS, which indicate
that the loaded cavity Q value drops to about 10 % of the empty cavity value [135].
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Figure 4.7: Ratio of reflected to forward power at plasma ignition with various mi-
crowave frequencies. Klystron output set to 430 W. Microwaves turned on at t = 0 ms.
Figure reproduced from Ref. [131].

The results obtained with the network analyzer indicate that the mode structure
observed with the empty chamber is strongly damped with the plasma. To acquire
more information regarding the transition from the empty chamber to the plasma
loaded situation, a series of time sampled measurements has been performed by pulsing
the microwave power from the klystron. Figure 4.7 presents the ratio of reflected
to forward power with various microwave frequencies during the first milliseconds
after turning the microwaves on. It is observed that the microwave frequency affects
significantly the initial power absorption conditions inside the plasma chamber, as is
evident from the different initial levels of the reflected to forward power ratios. When
the plasma density builds up the differences between the different frequency cases are
mitigated and the signal behavior saturates after about 3.5 ms. The differences in the
saturation values are caused by the superimposed effects of the waveguide and the
cavity behavior (see the reflected power behavior e.g. in Fig. 4.5). The klystron output
power rise time is ∼10 µs, and consequently does not contribute significantly to the
observed behavior.

4.2 Studies of beam transport
4.2.1 Effect of space charge compensation on beam properties

The observation that some beams produced with the JYFL 14 GHz ECRIS are hollow
also suggests the possibility that the beam quality degradation is contributed by space
charge related effects. In addition, the relatively low ion source extraction voltages
used at JYFL compared to the operation of many other ECR ion sources amplifies the
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space charge effects, as they increase with decreasing beam velocity (see section 2.8.4).
However, the extent of how the space charge influences the quality of beams produced
with the JYFL 14 GHz ECRIS was not known. As a result, a series of measurements
has been performed to study the connection between space charge and beam quality
at JYFL and to dictate whether the quality could be improved by enhancing the space
charge compensation.

The experimental apparatus and the methods used in the space charge studies are
presented in section 3.2.5. Detailed documentation of the gas injection experiments is
presented in Ref. [132] (publication A.IV). The results obtained with the biased grid
and the heated filament which are presented here have not been published previously.

The beam properties were characterised in the experiments with the beam current,
transverse emittance and profile of q/m separated argon beams with varied charge
states and acceleration voltages. In the gas injection experiments the beamline pressure
was varied between 1 · 10−7 and 3 · 10−5 mbar by injecting He, N2 or Ar gases into the
beamline close to the focal points (beam waists) of the beam of interest in order to
enhance the space charge compensation. A series of measurements were performed to
ensure that the observed effects on beam properties do not depend on the ion source
tuning and are not influenced by gas diffusion into the plasma chamber [132]. The
experiments were performed upstream and downstream from the analyzing magnet.
Upstream all ion species extracted from the ECR ion source are still present and the
total beam current in the beamline is normally around 1-2 mA. Downstream from the
analyzing magnet only one q/m is present and the beam currents are one or two orders
of magnitude lower, depending on the studied ion species. In order to gain a more
complete picture of the relation between the beam properties and the space charge, a
positively biased grid was installed to the same locations in the beamline to study the
effects of degraded space charge compensation by removal of electrons. The potential
of the grid was varied between 0 and 140 V.

It was observed that gas injection into the beamline section upstream from the analyzing
magnet results into significant improvement in beam quality. This is characterized by
a pronounced reduction in the beam emittance and increase in the beam brightness.
The emittance reduction is associated with a decreasing level of distortions observed
in the phase space distribution as well as decreased beam size and angular spread.
As the beamline pressure is further increased, the emittance reaches a minimum and
starts to slowly increase. The emittance growth is most likely related to the increased
interactions between ions and neutral atoms. This is indicated by the increasing angular
spread at the highest pressures. The beam current decreases steadily with increasing
pressure due to interactions between ions and the neutral atoms or molecules leading
to charge exchange. As a result, the beam brightness exhibits a maximum in the
10−6 mbar (10−5 mbar for He injection) pressure region, as is presented in Fig. 4.8.
The beam diameter decreases with increasing beamline pressure, as is presented in
Fig. 4.9.
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Figure 4.8: Beam current, normalized transverse rms emittance and normalized rms
brightness of Ar ion beams with varying beamline pressure. First row: different Ar
charge states with N gas injected into the beamline. Second row: different extraction
voltages, 40Ar8+, and N injection. Third row: different injected gas species, 40Ar8+ and
10 kV extraction voltage. Figure reproduced from figures in Ref. [132].

Figure 4.9: Beam profile of 40Ar8+, extracted with 10 kV, with various beamline
pressures. Nitrogen as buffer gas and injected into the beamline. Part of the 14N3+

beam can be seen at the left edge of the viewer plate. Figure from Ref. [132].
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Figure 4.10: Profiles of selected Ar charge states with different grid voltages.

Increasing the grid potential has the opposite effect on beam quality. The beam
emittance and the diameter of the beam spot increase with the potential. In addition,
the low charge states become increasingly hollow, as is presented in Fig. 4.10. The
beam transverse emittance as a function of the grid voltage with different extraction
voltages and argon charge states is presented in Figs. 4.11 and 4.12. The results are
presented in comparison with the gas injection data to emphasize the complementary
nature of these two experiments. The beam current exhibited decrease with saturating
behavior, as presented in Fig. 4.13.

The trends described above were exhibited by all measured argon charge states and
extraction voltages. The clear variations seen in the size and structure of the recorded
beam profiles are in good agreement with enhanced space charge compensation with
gas feeding and degraded compensation with biased grid. With gas injection the high
charge states exhibited higher beam losses than the low ones, which is consistent with
increasing charge exchance cross section with ion charge [136]. With biased grid the
beam losses increase with decreasing charge state. This is probably caused by increased
losses during beam transport due to degrading profile structure and increasing beam
diameter, which are more pronounced for the low charge states (see Fig. 4.10). The
beam losses also increased with decreasing extraction voltage.

The emittance improvement with gas injection and degradation with biased grid is
more pronounced with low charge states and low extraction voltages. The voltage
behavior is in good agreement with the v−1 dependency of the beam potential (see Eq.
(2.47)), i.e. increased beam velocity v due to increased extraction voltage mitigates
the space charge effects. The stronger emittance variation of the low charge states is
linked to the stronger variations seen in the beam structure, especially in terms of
hollowness. When the low charge states are measured, they are transported over the
focal points of the higher q/m ion species, as discussed in 2.8.5. Thus the impact of
the space charge variation is stronger for the low charge states.
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Figure 4.11: Combined presentation of the transverse emittance behavior with dif-
ferent extraction voltages obtained with gas injection and biased grid. Gas injection
measurement performed with 40Ar8+, biased grid with 40Ar9+.

Figure 4.12: Combined presentation of the transverse emittance behavior with different
Ar charge states obtained with gas injection and biased grid. 10 kV extraction voltage.

Two phenomena were observed with different injected gas species. Firstly, the magnitude
of the beam losses caused by the increased beamline pressure is gas species dependent.
For a given beamline pressure, He caused the the least amount of losses, followed by Ar
and N. Secondly, it was observed that the slope of the emittance decrease as a function
of the beamline pressure is steeper with the heavier gases. Both of these effects are
explained with the charge exchange and ionization cross section inverse dependency
on the ionization potentials of the injected gases [136,137].
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Figure 4.13: Argon beam currents with varied grid voltage. Left: 40Ar9+ beam current
with different extraction voltages. Right: beam current of different argon charge states
extracted with 10 kV.

Figure 4.14: The normalized beam current, emittance and brightness of 40Ar8+ beam
with gas injection upstream and downstream from the analyzing magnet. Figure
reproduced from Ref. [132].

The effects of the gas injection and biased grid were also measured downstream from
the analyzing magnet. In this beamline section the gas injection did not yield improved
beam quality, as is presented in Fig. 4.14. The beam current decreases with increasing
beamline pressure, but the decrease is less pronounced than with gas injection upstream
from the analyzing magnet. The beam emittance increases with pressure, which leads
to degraded beam brightness. No shrinking of the beam profile was observed. The
effects of the biased grid are also weaker. A comparison of the beam current and
emittance behavior upstream and downstream from the analyzing magnet with varying
grid potential is presented in Fig. 4.15.

The combined results of gas injection and biased grid indicate that the ion beams
produced with the JYFL 14 GHz ECRIS are not fully space charge compensated and the
beam quality is susceptible to variations in the compensation degree. The experiments
also show that the strong space charge effects are localized to the beamline section
upstream from the analyzing magnet where all extracted ion species are present.
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Figure 4.15: Normalized 40Ar9+ beam current and transverse emittance measured with
varied extraction voltages with the biased grid installed upstream and downstream
from the analyzing magnet. The effect of the grid voltage on the beam properties is
significantly mitigated in the downstream location.

Downstream from the analyzing magnet the decreased beam current due to q/m
separation mitigates the space charge effects substantially, and it ceases to be a
significant contributor to the beam quality.

The effect of the improved beam quality to the beam transport was studied by
measuring the transmission efficiency from the ion source through the cyclotron
for 40Ar8+ and 40Ar9+ beams with normal beamline vacuum conditions and with gas
injection upstream from the analyzing magnet to obtain the maximum beam brightness.
The measurements were performed with varied ion source extraction voltages and He,
N and Ar gases were injected into the beamline. Operation with gas injection yielded
improved transmission in all measured cases. The improvements varied between 3.8
and 32.0 %. However, the decrease in the initial beam current measured after the q/m
separation caused by the gas injection matches closely the improved transmission. As
a result, the accelerated beam current measured after the cyclotron is not significantly
different.

The transmission results indicate that beam quality improvement by enhanced space
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charge compensation can yield improved transmission performance. However, in order
to gain significant increase to the accelerated beam current, the enhanced compensation
must be realized without introducing significant beam losses. Thus the gas injection
method is not a practical approach to this, especially as the increasing charge exchange
cross section with the neutral atoms is an additional limitation for highly charged ions.

A heated tantalum filament has been tested as an external source of compensating
electrons in the beamline section upstream from the analyzing magnet. The filament
was located at the same point as the gas injection and the biased grid. The filament
bias voltage, which accelerates the electrons from the filament towards the ion beam
through a grounded grid, was varied between 0 and −90 V. The current of thermally
emitted electrons was varied between 0 and 50 mA. However, no significant variation
in the beam properties, i.e. beam current, emittance and profile, was observed. This is
most likely due to the electrons not being trapped into the positive beam potential. In
order to emit electrons towards the beam, the filament is biased to negative potential
with respect to the beam pipe and the grid. The beam potential, on the other hand,
is positive with respect to the beam pipe. As such, the electron traverses the beam
without being trapped into the beam potential, unlike in the case of rest gas ionization,
where the electrons are produced inside the beam potential. Without being trapped
into the beam potential and being accumulated and distributed along the beam,
the compensating effect of the emitted electrons remains localized on the immediate
vicinity of the filament. The experiments show that this is not enough to provide
significant impact on the beam properties.

4.2.2 Beam current temporal stability

As discussed in section 2.8.3, the long-term beam fluctuations observed with ECRIS
beams in time scales from seconds to days are rather well known and understood.
In contrast, the knowledge on the short-term beam fluctuations in the millisecond
scale is still sparse, and only a few tentative studies have been published [103, 104],
providing insight into how the fluctuations are affected by the ECRIS tuning parameters.
This is discussed in section 2.8.3. In order to acquire further information about the
characteristics of the short-term beam current fluctuations and their relation to beam
transport, a series of measurements has been performed with the JYFL 14 GHz ECRIS
and the JYFL K-130 cyclotron. A specialized measurement and analysis software was
developed for these studies and is presented in section 3.2.7. Detailed documentation
of the experiments is presented in Ref. [126] (publication A.V).

The measurements were performed with 16O6+ and 40Ar8+ beams with varying ion
source settings. The beam current oscillations were studied in the frequency range of
102− 103 Hz. It was observed that the beams produced with the JYFL 14 GHz ECRIS
exhibit clear beam current oscillations at broad range of frequencies and amplitudes
when the ion source settings are varied. The oscillation frequencies vary from 100 Hz
up to 1.5 kHz, while the relative oscillation amplitude, defined as the 2σ variation
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Figure 4.16: Relative oscillation amplitude and average beam current of 16O6+ with
varying coil currents and the corresponding axial solenoid magnetic field values. Figure
from Ref. [126].

Figure 4.17: Relative oscillation amplitude and beam current of 40Ar8+ as a function
of ion source extraction voltage. Data is shown for two different ion source settings.
Total extracted current (in mA) is indicated on top of the beam current data points.
Figure from Ref. [126].

of the beam current compared to the average value, varies from ∼1 up to ∼65 %.
When the ion source settings were varied, it was observed that the beam current
oscillations often seemed to favor two distinct ”oscillations modes”. The first mode is
characterised by frequencies around a few hundred Hz, while the second is localized to
higher frequencies around 1 kHz. The low frequency mode was observed to usually
exhibit higher oscillation amplitudes than the high frequency mode.

Besides the microwave power and the biased disc voltage dependencies which have
been reported in Ref. [103] for the JYFL 14 GHz ECRIS, it was observed that the
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Figure 4.18: 16O6+ beams used for the transmission studies with (a) low and (b) high
frequency beam current oscillations. Figure from Ref. [126].

beam current oscillations depend strongly on the ion source solenoidal magnetic field
and extraction voltage. Increasing the solenoidal magnetic field in the plasma chamber
by increasing the coil currents yields strong increase in both the absolute and relative
oscillation amplitudes, as is presented in Fig. 4.16. In addition to affecting the axial
magnetic field minimum and maxima, the varied coil currents also affect the field
gradient at the electron cyclotron resonance. Increasing the extraction voltage has the
opposite effect to the magnetic field, as it was observed to mitigate the oscillation
amplitude. This is presented in Fig. 4.17. No clear trends concerning the oscillation
frequency were observed in either case.

The beam current oscillations were measured with three Faraday cups along the
low energy beam transport between the JYFL 14 GHz ECRIS and the JYFL K-130
cyclotron (FC2, FC4 and FC5), and with two Faraday cups after the cyclotron (PFC,
BB3). The locations of the Faraday cups are presented in Figs. 3.1 and 3.2. The
measurements showed that the distinct oscillations originating from the ECRIS are
preserved along the LEBT all the way to the cyclotron, but are not observed in
the high energy beamline after the cyclotron. This result was verified by repeating
the measurement with two different ion beams (16O6+ and 40Ar8+) and two different
cyclotron tunings, both yielding the same result.

The consequences of different ion beam temporal characteristics to beam transport
were studied by measuring the transmission efficiency from the ion source through
the cyclotron with two 16O6+ beams with comparable beam currents but different
oscillation characteristics corresponding to the two ”oscillation modes” often observed
with the JYFL 14 GHz ECRIS. The properties of the beams are presented in Fig. 4.18.
With the high frequency mode the measured total transmission was 2.1 %, which is
about 30 % higher than the transmission obtained with the low frequency mode, 1.6 %.
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Figure 4.19: The measured beam currents through the low energy beam transport
(LEBT) and the cyclotron into the first Faraday cup in the high energy beamline (BL)
with two different oscillation modes. FC2 - FC5 are the LEBT Faraday cups, Infl.
is the cyclotron inflector (injection), D.1 and D.2 are the cyclotron deflector probe
positions 1 (last rotation before the deflector) and 2 (beam through the deflector).
PFC is the first Faraday cup after the cyclotron. Figure from Ref. [126].

This is a significant difference, because at the time of the measurements (before the
ion source extraction upgrade) ∼2 % represents the normal transmission performance.
The difference in the transmission occurs inside the cyclotron, as is shown in Fig. 4.19.
The transmission through the LEBT remained virtually unaltered (32.4 % with the
low frequency oscillations and 31.1 % with the high frequency oscillations).

4.3 Improvement of ECRIS beam formation
4.3.1 Plasma electrode collar structure

Over the years numerous techniques have been developed to improve the performance of
ECR ion sources, as is discussed in section 2.6.2. In 2009 Mironov et al. proposed [138]
the use of a so-called collar, a cylindrical structure around the extraction aperture
extruding towards plasma, as a new method to improve ECRIS performance by shifting
the charge state distribution of extracted ions to higher values. However, no systematic
studies were published. As a result a series of collar experiments were performed at
JYFL with the JYFL 14 GHz ECRIS to study the influence of the collar structure
to the ion source performance. Detailed documentation is presented in Ref. [133]
(publication A.VI).

The collar structure used in the experiments is presented in Fig. 4.20. Experiments
were performed with varying collar lengths between 5 and 60 mm and different
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Figure 4.20: A schematic presentation of the collar installed to the plasma electrode of
the JYFL 14 GHz ECRIS (a) and the structure of a separate collar (b). The collar
length L, defined in part (b) of the figure, was varied between 0 and 60 mm. In the
figure L = 30 mm in the schematic plasma chamber assembly (a) and L = 15 mm for
the presented separate collar (b). Figure from Ref. [133].

collar materials, namely nonmagnetic stainless steel, aluminium and aluminium oxide.
Different plasmas ranging from 14N to 82Kr and gas mixing with 40Ar + O2 were used.

Three main conclusions can be derived from the collar experiments. Firstly, the collar
structure itself does not provide remarkable improvement to the performance of the
JYFL 14 GHz ECRIS. With collar lengths up to 30 mm the ion species for which the
ion source was optimized exhibited moderate beam current and transverse emittance
improvement, as is presented in Fig. 4.21 for 40Ar12+. The performance of other charge
states exhibited more variation, and no clear charge state dependent behavior was
observed, as is demonstrated in Fig. 4.22. Between different plasmas, the results
with the optimized ion species seem to suggest weak m/q dependence. However, this
behavior becomes obscured when all extracted ion species are considered. With collar
lengths over 30 mm the ion source performance was substantially degraded, which was
most pronounced for high charge states. This is due to the collar disturbing the ECRIS
plasma, which is evident from the damage observed around the collar tip. The damaged
length of the collar corresponds to the location of the electron cyclotron resonance
for hot 100 - 200 keV electrons in the plasma chamber, and the existence of electron
population at these energies in the JYFL 14 GHz ECRIS plasma has been confirmed
with bremsstrahlung measurements [36, 37]. Up to 30 mm the collar exhibited very
little evidence of interaction with plasma particles.

Secondly, the collar experiments provide information concerning the dynamics of the
extracted ions. The results suggest that the extracted ions originate from a plasma
volume further away from the extraction aperture in the axial direction. This is
supported by the observation that even though the collar structure severely limits the
radial direction around the extraction aperture, up to 30 mm the collar exhibited very
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Figure 4.21: Beam current and normalized rms emittance of 40Ar12+ with varying
collar length. Figure from Ref. [133].

Figure 4.22: Beam current improvement of different argon charge states compared to
baseline average (normal operation without collar) with varying collar length. The
dashed lines correspond to the maximum baseline variation around the average. Ion
source optimized for 40Ar12+. The data in the figure corresponds to Table 1 of Ref. [133].
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little evidence of interaction with the plasma. Furthermore, no significant performance
differencies were observed between the different collar materials and the recorded beam
profiles with collars did not exhibit significant variation compared to the baseline
measurements without collar. This indicates that particle interaction with the collar
material does not contribute significantly to the properties of the extracted beams.
The result is also in good agreement with the predictions obtained from several
computational models of the ion dynamics inside ECRIS plasma [49,115–118], albeit
they employ rather different assumptions, and the results of the recent experimental
work by Panitzsch et al. [48] concerning the current densities and sputter marks near
the ECRIS extraction.

Thirdly, and perhaps most interestingly, the experiments indicate that the volume
around the collar could be utilized without compromising the ion source performance.
This opens up a discussion on novel techniques to improve the ECRIS performance that
could be implemented in this region near the extraction aperture. As an example, these
possibilities could include hexapole correction of extracted ion beams with compact
magnetic design around the extraction aperture, or enhancement of ion extraction
by local manipulation of the ECRIS solenoidal magnetic field with a small solenoid
assembly around the extraction aperture.

4.3.2 New extraction system for the JYFL 14 GHz ECRIS

The initial conditions of beams extracted form an ion source are crucial for the following
beam transport, having strong impact on the transport performance. Based on the
operation experience of the JYFL 14 GHz ECRIS it was known that the performance
of the old extraction system of the ion source was not perfect and had several undesired
features. As a result, in order to provide improved beam quality and increase the
flexibility of operation to accommodate possible future beam transport improvements,
it was necessary to determine the problems of the old system and improve the situation
with a new extraction system. Detailed documentation of the work is presented in
Ref. [99] (publication A.VII).

The structure of the old extraction system as part of the JYFL 14 GHz ECRIS is
presented in Fig. 3.3. The performance of the system was studied with a combination
of simulations and measurements. The simulations were performed with the ion optical
code IBSimu, which has been developed at JYFL by T. Kalvas and used successfully
e.g. in the development of light ion source extraction systems [91,139–141].

An example of the simulation results for the old extraction system is presented in
Fig. 4.23. The main challenge of the beam extraction is the relatively low extraction
voltages around 10 kV. As a result, the extracted beams are the subject of strong space
charge forces, which are further strenghtened by the inclusion of beam deceleration
during beam formation, which unfortunately is necessary for the extraction system
ion optics. Combined with the weak einzel lens, this leads to increased beam diameter
inside the extraction and subsequent degradation of beam quality. In addition, the
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Figure 4.23: Simulation result (trajectory density) of the old extraction system for
1 mA argon beam. Extraction voltage 10 kV, puller electrode at 0 kV, decelerating
electrode at 4 kV and einzel electrode at -7 kV. Magnetic field on axis is indicated
with the solid purple line. Figure from Ref. [99].

conical shape of the plasma electrode weakens the electric field in the vicinity of the
extraction aperture, resulting to poor electric field structure in the acceleration gap
between the plasma and puller electrodes, and extraction of diverging beams from the
ECRIS plasma. Consequently, the beam extraction is unable to handle beam currents
in excess of 1 mA without decreased transmission through the extraction region and
degraded beam quality. These effects have been also indicated experimentally [11].

The simulations were compared to experimental results by performing a set of measure-
ments right after the extraction chamber, which corresponds to the end of the simulated
region. The beam diameter and divergence was determined using the pepperpot-like
system described in section 3.2.6. The experimental data was in good agreement with
the simulated beam properties [99].

The results obtained for the old extraction system prompted the designing of new
beam extraction system to improve the properties of extracted beams and the overall
ECRIS performance. IBSimu was chosen as the main simulation tool for the design
based on the good correlation achieved between the simulated and experimental results
with the old extraction system.

The mechanical structure of the new extraction system, including modified planar
plasma electrode, puller electrode and two accelerating einzel lenses, is presented in Fig.
4.24 and a photo of the system installed inside the JYFL 14 GHz ECRIS extraction
chamber is presented in Fig. 4.25. The two accelerating einzel lenses, designed to be
used with up to −30 kV voltages, provide improved focusing properties compared
to the old system. Both of the lenses are independently movable along the optical
axis, providing a high degree of tuning flexibility. The improved shape of the plasma
electrode, providing more uniform electric field distribution between the plasma and
puller electrodes, and the adjustable acceleration gap length offer improved beam
extraction from the ECRIS plasma. An example of simulation of the new extraction
system is presented in Fig. 4.26, showing clearly improved performance compared to
the old system (see Fig. 4.23).

Measurements of transverse beam emittance as a function of einzel lens voltages and
acceleration gap length provided good correlation with simulated values. In addition,
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Figure 4.24: Mechanical design of the new extraction system including the plasma (1),
puller (2) and einzel electrodes (4 and 8). The puller electrode is separated from the
first einzel electrode with MACOR insulator (3). The einzel lenses are completed with
grounded electrodes (6, 7 and 9) and are independently movable on rails (5, 10). The
electrodes have open structure for improved pumping. Figure from Ref. [99].

Figure 4.25: Photo of the new extraction system installed into the extraction chamber
of the JYFL 14 GHz ECRIS.
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Figure 4.26: Simulation result (trajectory density) of the new extraction system for
1 mA argon beam. Extraction voltage 10 kV, puller at 0 kV and both einzel lenses
at -15 kV. Magnetic field on axis is indicated with the solid purple line. Figure from
Ref. [99].

the diameter and divergence of selected beams with different extraction settings were
determined immediately downstream from the extraction chamber. The experimental
results agree well with the simulated values [99].

The new extraction system provides improved performance compared to the old
system. Firstly, the new extraction yields improved beam quality, indicated by the
decrease in the measured transverse beam emittances. For example, with the old
extraction system the transverse normalized rms-emittance of 0.10± 0.01 mm mrad
was measured for 40Ar8+ beam with 170 µA beam current, as the new extraction
system yields 0.07± 0.01 mm mrad for comparable beam current of 187 µA (values
from Table 2 of Ref. [99]). The improved beam quality is also seen in the beam profile
measurements, which show improved current distribution with the new extraction
system. Two examples with 40Ar8+ are presented in Fig. 4.27.

Secondly, and closely related to the improved beam quality, the transmission efficiency
from the ion source through the cyclotron is almost doubled with the new extrac-
tion system. This is shown by the experiments performed with 40Ar8+ and 84Kr16+

beams with varying beam currents yielding an average improvement of 90 and 80 %,
respectively, in transmission efficiency.

Thirdly, the new extraction is capable of handling higher beam currents. The im-
provement is seen clearly with beams which were earlier extraction limited instead
of production limited. As an example, 4He+ and 4He2+ beams have been produced
with record beam currents of 1120 and 720 µA, respectively, which are a factor of two
higher than the records obtained with the old extraction.
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Figure 4.27: Comparison of profiles of 40Ar8+ beams produced with the old and the
new extraction systems with beam currents of about 140 and 180 µA. Figure from
Ref. [99].





Chapter 5

Discussion and conclusions

The experimental work presented in this thesis comprises of five major studies which
focus on different phenomena in ECRIS plasma, beam formation and beam transport.
As such, the presented results provide a relatively extensive view of the different
processes influencing the properties of the beams extracted from the JYFL 14 GHz
ECR ion source.

The frequency tuning experiments show that the current distribution over the beam
profile is influenced by plasma processes, which are affected by the variation of the
heating microwave frequency. This agrees with the results obtained with the GSI
Caprice [29]. The observation of the beam structure with two concentric rings, achieved
with double frequency heating, further indicates that these effects originate from the
ECRIS plasma, as formation of such a beam structure later on during the beam
formation and transport is highly unlikely. In addition to beam structure, the current
and emittance of beams extracted from the JYFL 14 GHz ECRIS are also influenced by
the varying microwave frequency. The variations occur smoothly over the span of tens of
MHz, which matches well the observed variations in the power absorption of the plasma
loaded chamber. This indicates that with plasma the frequency dependent behavior of
the ion source is strongly damped, and only wider frequency range variations remain,
produced by the overlapping of a large number of cavity modes. Consequently, tuning
the plasma heating microwave frequency in the frequency range of hundreds of MHz
can yield improvement to the ion source performance, but the exact frequency ceases
to play a crucial role. This is also supported by the results of the collar experiments,
which indicate that alteration of the chamber inner structure near the extraction
aperture by the introduction of the collar structure does not disturb the ion source
performance (until the collar is long enough to interact with the plasma itself).

The frequency dependent behavior observed with the JYFL 14 GHz ECRIS is somewhat
different than that reported with the Caprice type ion source [29]. Both ion sources
exhibit beam structure and beam current variations with varied microwave frequency,
but with the Caprice these variations are stronger and occur at narrower frequency
ranges than with the JYFL 14 GHz ECRIS. Two possible reasons can be presented
for the different behavior. Firstly, the Caprice has somewhat smaller plasma chamber,
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which makes it less overmoded. This increases the mode spacing inside the chamber,
and can contribute to stronger frequency dependent behavior with plasma loading.
Secondly, as already mentioned at the beginning of section 4.1 and presented in Fig. 4.1,
the microwave delivery systems of the Caprice and the AECR-U type JYFL 14 GHz
ECRIS are significantly different. It is possible that the more complex microwave
coupling scheme in the Caprice yields stronger variation of the plasma conditions
when the injected microwave frequency is varied. With Caprice the strong effect of
the altered microwave frequency makes the frequency fine tuning an effective tool in
the optimization of the ion source performance. With AECR-U type ion sources the
structural differencies compared to the Caprice seem to damp these effects substantially.
As such the effect of frequency tuning is weakened. On the other hand, this can also
be seen as an advantage of the AECR-U, as operation at a certain exact frequency is
not a critical parameter for the ion source performance.
The space charge experiments indicate that the ion beams produced with the JYFL
14 GHz ECRIS are only partially compensated and the beam properties are strongly
influenced by space charge effects. Furthermore, the experiments suggest that significant
beam quality improvements can be achieved if the space charge effects are mitigated,
leading to improved transmission efficiency. However, the studies performed with gas
injection into the beamline and the heated filament demonstrate that increasing the
compensation degree during beam transport is not a trivial matter. In the case of
gas injection the improved beam quality and transmission efficiency was successfully
demonstrated, but the beam losses render this method impractical.
A clear link between space charge and beam structure was observed. Improved com-
pensation yielded decreased beam diameter and improved structure, whereas with
degraded compensation the beam size and the degree of hollowness observed with the
low and medium charge states increased substantially. This result is in good agreement
with the work performed at MSU/NSCL, which connects the hollow beam formation
to the space charge effects generated by the solenoid focusing [111,113,114].
The space charge plays an important role in the determination of the beam quality only
in the beam transport section between the ECR ion source and the q/m separation.
Consequently the space charge related beam quality degradation could be mitigated
by minimizing the length of the beamline section where the ion beam is subjected to
strong space charge. In practice this can be achieved by moving the ion source as close
to the analyzing magnet as possible. With this configuration it would also be possible
to arrange the ion optics in such a way that solenoid focusing is not required after
the ion source, or only weak focusing is used to optimize the beam transport without
focal points between the ion source and the analyzing magnet. Optimally the beam
manipulation would be performed only using the electrostatic lenses which are part
of the beam extraction system. This beam transport scheme would not only mitigate
the space charge effects in general, but would also remove the contribution to hollow
beam formation caused by the solenoid focusing. This approach has been chosen to be
one of the future low energy beam transport upgrades at JYFL.
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It was observed that the ECR ion source tuning has significant effect on the temporal
stability of the extracted beam current. With varying tune the short term oscillations
exhibited by the beam current can alternate substantially in frequency and amplitude.
Knowledge of this can be crucial for some applications, because the beam current
monitoring systems normally utilized in accelerator laboratories often operate at low
sampling rates or use averaging features, and consequently might be unable to detect
the presence of fast current fluctuations. Taking into account that the measured
oscillation amplitudes varied from 1 % to over 60 % of the average beam current,
the properties of the short term fluctuations can have significant impact on sensitive
experiments. Also, it was observed that the oscillation characteristics influence the
beam transport through the JYFL K-130 cyclotron, indicating that the short term
fluctuations can alter accelerator performance.

The dependence of the beam current temporal characteristics on the ECRIS tuning
parameters suggests that the current fluctuations originate from the ion source plasma.
It is unlikely that the oscillations originate from beamline optics, as the oscillations
have been observed with both the old and the new extraction systems of the JYFL
14 GHz ECRIS, which have different ion optical properties. The influence of background
and beamline effects are further ruled out by the fact that other ECR ion sources
have also been reported to exhibit short term current fluctuations in similar time
scales. These include VENUS at LBNL [103], SuSI at MSU/NSCL [142], NIRS-HEC
at HIMAC [143] and VEC-ECR at VECC [104].

It was observed that increasing the axial solenoidal magnetic field leads to increased
oscillation amplitude, whereas scaling the radial magnetic field with the axial field
yields improved beam stability. This has been demonstrated with the JYFL 14 GHz
ECRIS and the VENUS at LBNL [103]. The strong dependence on the microwave
power, reported in Refs. [103, 104], and the confining magnetic field structure suggest
connection to electron heating and plasma confinement processes. However, more
experimental work and new diagnostics is required to determine the exact processes
in the ECR heated plasma which lead to the observed temporal variations in the
extracted beam currents. These could include direct measurement of plasma behavior
through light or bremsstrahlung diagnostics in coincidence with the beam current, or
determination of the spatial distribution of the beam current oscillation characteristics
over the beam profile. These will be the subject of future studies.

The collar structure did not turn out to be a source of remarkable performance
improvement in the case of the JYFL 14 GHz ECRIS. However, it did provide
important insight into the ion dynamics near the extraction aperture. The results
indicate that the region around the collar structure does not contribute significantly
to the extracted ions or the overall performance of the ion source. This information
provides a basis for future work to find new ways to utilize this space in order to
improve the ion source performance, especially in terms of improved beam extraction.
These studies will act as a natural continuation of the presented work.
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The new extraction system of the JYFL 14 GHz ECRIS has proven to be a success. It
offers improved performance in terms of beam current, beam quality and transmission
efficiency, and the system has proven to be reliable and flexible to operate. This
indicates that the double accelerating einzel lens approach is a viable option to
realize a flexible, high performance ECRIS extraction, especially when the ion source
extraction voltages are relatively low, which increases the requirements for beam
focusing. However, with high extraction voltages the HV insulation of the lenses can
become a technical challenge. The new system is the first ECRIS extraction which
has been designed with the IBSimu code and subsequently constructed and installed.
This provides important benchmarking result for the code, indicating its suitability
for ECR ion source development.

Comparison of beams produced with the old and the new extraction systems shows that
the new system yields improved beam structure. This indicates that the beam formation
also contributes to the formation of the hollow beams. The observed improvement
can be linked to the improved matching between the plasma and the electric field in
the acceleration gap, providing improved initial beam conditions. Another possible
contributor is the improved space charge conditions in the beam extraction due to the
removal of the beam deceleration, a feature which was present in the old extraction
system. If the beam structure improvement is caused by improved matching between the
plasma and the extraction electric field, this effect could have also been a contributor
to the beam structure variations seen in the frequency tuning experiments due to
varying plasma conditions.

The initial beam conditions play an important role in the beam transport. This was
clearly demonstrated as improved transmission with the new extraction system, and
it shows that the ion source beam formation can have substantial impact on the
performance of the whole accelerator laboratory. The increased beam tuning flexibility
achieved with the new extraction system provides good initial beam conditions for all
the subsequent beam transport upgrades to improve the performance even further.
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Ion beam intensity and quality have a crucial effect on the operation efficiency of the accelerator
facilities. This paper presents the investigations on the ion beam intensity and quality after the mass
separation performed with the Department of Physics, University of Jyväskylä 14 GHz electron
cyclotron resonance ion source by sweeping the microwave in the 14.05–14.13 GHz range. In many
cases a clear variation in the ion beam intensity and quality as a function of the frequency was
observed. The effect of frequency tuning increased with the charge state. In addition, clear changes
in the beam structure seen with the beam viewer were observed. The results confirmed that
frequency tuning can have a remarkable effect on ion beam intensity and quality especially in the
case of highly charged ion beams. The examples presented here represent the typical charge state
behavior observed during the measurements. © 2010 American Institute of Physics.
�doi:10.1063/1.3267287�

I. INTRODUCTION

The work to improve the ion beam quality has an in-
creasing role in the field of electron cyclotron resonance
�ECR� ion sources. The parameters affecting the ion beam
quality have been studied with the aid of simulations and
experiments. For example, at National Superconducting Cy-
clotron Laboratory/Michigan State University �NSCL/MSU�
a comprehensive set of measurements to find the effect of
different beam optical components on the beam transport ef-
ficiency has been carried out.1 According to the experiments
the solenoidal focusing before the q/M separation can result
in strong degradation of the beam quality and can create a
hollow beam structure due to different focal points of differ-
ent charge states. The hollow beam structure, observed by
several ion source groups, could possibly be avoided, at least
partially, by increasing the space charge compensation and
by using electrostatic focusing. Intensive research work to
understand the parameters affecting the beam quality has
also been done at Department of Physics, University of
Jyväskylä �JYFL�.2 This work has now been extended to
cover also the so-called frequency tuning effect.

Frequency tuning has been studied by the Instituto Na-
zionale di Fisica Nucleare-Laboratori Nazionali del Sud
�INFN-LNS� ion source team in order to see the effect of
different electromagnetic wave modes excited in the plasma
chamber on the beam intensity and the beam profile �see
Refs. 3–5�. According to the experiments, strong variations

in the beam intensity and profile were observed. For ex-
ample, the ion beam distribution changed from uniform to
hollow when the frequency for the plasma heating was
changed. These measurements were performed in the extrac-
tion area of the electron cyclotron resonance ion source
�ECRIS� before any solenoid focusing. The main motivation
for the experiments at JYFL was to measure the effect of
frequency tuning on the beam emittance of mass separated
beams and to get more information about the formation of
the hollow beam structure.

II. FREQUENCY TUNING

In the frequency tuning the microwave frequency is var-
ied in order to select the efficient heating mode inside the
plasma chamber of ECRIS. In the experiments the input fre-
quency for the klystron was swept from 14.05 to 14.13 GHz
in 100 s with Rohde & Schwartz signal generator. This band-
width was found adequate to maintain the constant output
power over the whole frequency sweep using the automatic
level control feature of the klystron.

A. Effect on ion beam intensity

The measurements were started using Ar8+ and Ar9+ ion
beams, because they have been used as a benchmark beams
for the transmission experiments at JYFL. Figure 1 shows a
typical intensity behavior of Ar9+ ion beam and the drain
current as a function of microwave frequency while other
tuning parameters of the ECRIS were kept constant. Clear
intensity variation in Ar9+ ion beam was observed. In the end
of the frequency scan very unstable intensity behavior was
observed and can be associated to unfavorable mode struc-

a�
Contributed paper, published as part of the Proceedings of the 13th Inter-
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2009.
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ture. Similar behavior was seen frequently and was more
pronounced for higher charge states. The measurement with
lower charge states show that the intensity variations in ion
beam is very small or does not exist at all. This behavior
seems to be independent of the RF-power level �see Fig. 2
for Ar6+�. This indicates that the production of low charge
states is not very sensitive to the changes in the plasma con-
ditions. According to the measurements the effect of fre-
quency tuning seems to get highlighted with increasing
charge state. This is demonstrated in Fig. 3, which shows the
intensity variation in Ar12+. Figures 2 and 3 also show the
behavior of forward and reflected microwave power read
from the klystron. Similar behavior in reflected power and
intensity was seen also in the measurement corresponding to
Fig. 1. However, for the clarity the reflected power was not
included �variations 3–25 W�. It was noted that in the case of
high charge states the reflected power had a local minima at
the frequencies corresponding to local maxima in the ion
beam current. In all three measurements �Figs. 1–3� same

number of maxima �8� in reflected power was observed dur-
ing the frequency scan. Consequently, surprisingly small
changes in the behavior of reflected power between different
ion source settings were seen. Only the frequency for maxi-
mum power absorption changes slightly. However, the mea-
sured changes in the ion beam intensity cannot be caused by
corresponding changes in the total microwave power inside
the plasma chamber �Pforward−Preflected�. Thus it is plausible
to claim that the variations are related to the changes in the
plasma-electromagnetic wave coupling.

In order to explain the observed behaviors TE and TM
modes inside the used frequency range were calculated. To
study the effect of plasma to the mode structure uniform
electron distribution in the volume of the plasma chamber
was assumed in the calculations. However, for the complex-
ity of the system, no energy absorption was included—i.e.,
the electrons only affect the permittivity of the space inside
the vacuum chamber. Calculations show that even a small
change in electron density affects the frequency of each
mode excitation and consequently changes the mode struc-
ture. Because of that, it is impossible to calculate the correct
mode excitations as the spatial electron density variations in
ECRIS plasma remain unknown. Taking into account the
plasma absorption makes the system even much more com-
plex. However, the calculations demonstrated that several
modes can be excited within the range of the narrow fre-
quency scan. The calculations also show that the density of
calculated modes is at the same order as the density of mea-
sured intensity variations. This is demonstrated in Fig. 1
where the electron density of 4�1011 cm−3 was used as an
example.

B. Effect on beam structure and emittance

The beam emittance and the beam structure were studied
as a function of the frequency with the aid of an Allison type
emittance scanner6 and KBr beam viewer. Figure 4 shows
three beam viewer pictures corresponding to the data shown
in Fig. 1. The beam structure varies strongly with the micro-
wave frequency as an indication of the plasma-wave cou-
pling changing during the scan. However, no unequivocal

FIG. 1. The intensity of Ar9+ and drain current as a function of the micro-
wave frequency. Figure also shows the calculated TE and TM modes in the
plasma chamber �OD=76 mm, length 280 mm�. Uniformly distributed elec-
tron density of 4�1011 cm−3 was used in calculations. The ripple seen in
the drain current is attributed to inadequate noise shielding and filtering.
RF-power=430 W, pressure=3.8�10−7 mbar, and BD=−180 V.

FIG. 2. The intensity of Ar6+ ion beam, corresponding drain current and
reflected microwave power as a function of microwave frequency. The used
RF-power of 110 W gave the highest intensity. Pressure=2.8�10−7 mbar,
BD=−80 V.

FIG. 3. The intensity of Ar12+ ion beam, forward and reflected microwave
power as a function of microwave frequency. RF-power=520 W, pressure
=1.8�10−7 mbar, and BD=−180 V.
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explanation concerning the origin of beam structure varia-
tions can be given: they could originate from the changes in
the plasma in electron ion dynamics due to electromagnetic
field variations and/or in the beam line due to changes in ion
beam intensity �and space charge�. On the other hand, the
intensity at the frequencies of 14.050 and 14.090 GHz is
practically same �see Fig. 1�, which indicates that changes in
the beam structure shown in Fig. 4 are at least partially due
to varying plasma conditions. Figure 5 shows the beam
structure in the case of double frequency heating. With some
frequency combinations two concentric hollow beam struc-
tures can be seen, which indicates that this time the hollow
beam structure is formed inside the plasma as the structure
cannot be generated by the beam optical components.

Table I shows the emittance �normalized 1 rms, 90%
threshold� and the intensity of the Ar8+ and Ar9+ ion beams
for the frequencies of 14.07, 14.10, and 14.13 GHz. The
intensity and percentage of the beam within the acceptance
of the K130 cyclotron are also shown �100 � mm mrad as
area emittance�. Strong intensity variations within the accep-
tance of the cyclotron can be obtained as a result of the
frequency tuning. The measurement proves that the fre-
quency tuning has a strong effect also on the beam quality—
not only on the intensity. However, no explanation for the
behavior shown in the Table I can be given: the high charge
states �9+ and higher� had a lowest emittance in the begin-
ning of the frequency scan while the lower charge states in
the middle of the frequency scan.

III. DISCUSSION

The experiments demonstrated that frequency tuning can
be an efficient tool for improving the ion beam intensity and
the ion beam quality produced by ECR ion sources. The
effect increases with the charge state of ions. One possible
explanation for the phenomenon seen in the experiments is
the variation in plasma—electromagnetic wave coupling.
Typically the maximum reflected power was about 5% com-
pared to the forward microwave power. Consequently the
intensity variations in highly charged ion beams cannot be

explained by relatively small power variations inside the
plasma chamber. Calculations show that changes in coupling
can appear because different modes are excited even during
the narrow frequency scan. It was observed also that the
frequency tuning has a strong effect on the ion beam struc-
ture. This is also an indication about the changes in plasma-
wave coupling. Clear evidence was seen that in some cases
the hollow beam structure is at least partially formed already
inside the ion source �two concentric rings were seen with
some 2-frequency combinations�. However, we have seen
some evidences with space charge compensation measure-
ments that the hollow beam structure can be produced also
in the beam line.7 Consequently, the formation of the
hollow beam structure can be a superposition of these two
phenomena.

Interesting speculations concerning the quality factor Q
can be done if it is assumed that the intensity variations
shown in Fig. 1. are related to the changes in the mode ex-
citation �Q=stored peak energy/dissipated energy per cycle�.
In order to see the mode structure the quality factor Q of the
system has to be high. This is due to the fact that the Q-value
characterizes the bandwidth �f �full width at half maximum
�FWHM�� of a resonating system relative to its center fre-
quency f0 ��f=f0 /Q�. The Q-values differ from mode to
mode and were calculated to be between about 20 000 and
100 000 for the system described in the figure caption of Fig.
1. The Q-values correspond to the bandwidth of 700 and 140
kHz, respectively. This is a very narrow peak in the scale
presented in Fig. 1. The difference can be explained by the
fact that no absorption of plasma has been taken into account
in the calculations. However, in order to see any intensity
variation as a function of the frequency the Q-value has to be
relatively high. For example, the Q-value of 100 would give
the FWHM-value �i.e., �f� of 140 MHz, which is more than
the frequency scan performed during the experiments.

A more accurate Q-value approximation can be done us-
ing the reflection coefficient, presented, for example, in Ref.
3. From our measurement the Q-value of about 2200 was
obtained by the reflection coefficient analysis. Furthermore,
it was noticed that the Q-values corresponding to Figs. 1–3
are all on the same order of magnitude. The value is much
lower than was obtained by the calculations. This is because
the measurement also includes the energy absorption by the
plasma. The values indicate �20 000–100 000 versus �2200�

TABLE I. The normalized 1 rms emittance and ion beam intensities of Ar8+

and Ar9+ �measured intensity and calculated intensity within the acceptance
of the K130 cyclotron� and emittances in the case of three different frequen-
cies. The ion source was tuned for Ar8+. RF-power=200 W, pressure=3.3
�10−7 mbar, and bias disk �BD� voltage=−110 V.

Ion
Frequency

�GHz�
�nrms 90%

�� mm mrad�
Imeas

��A� I within 100 � mm mrad

Ar8+ 14.07 0.100 117.0 59.6 �A �50.9%�
Ar8+ 14.10 0.084 84.7 55.9 �A �66.0%�
Ar8+ 14.13 0.104 101.5 57.9 �A �57.0%�
Ar9+ 14.07 0.068 67.5 56.0 �A �82.9%�
Ar9+ 14.10 0.110 37.8 30.2 �A �79.9%�
Ar9+ 14.13 0.101 51.0 36.2 �A �70.9%�

FIG. 4. �Color online� The structure of the Ar9+ ion beam with different
plasma heating frequencies: �a� 14.050 GHz, �b� 14.090 GHz, and �c�
14.108 GHz.

FIG. 5. �Color online� Two concentric hollow beams can be obtained with
two frequency heating: �a� 14.070 GHz+11.56 GHz, �b� 14.100 GHz
+11.56 GHz, and �c� 14.135 GHz+11.56 GHz. RF-power=203 W
+30 W, pressure=3.9�10−7 mbar, and BD=−68 V.
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that the most of the power is dissipated by the plasma and
only a small fraction by the walls via Joule heating �naturally
walls are also heated by the plasma particles�. The approxi-
mated value is much higher than Q-value of 3 used in Ref. 8
but is in good agreement with the experiments described in
Ref. 3.
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Erratum: “Effect of electron cyclotron resonance ion source frequency
tuning on ion beam intensity and quality at Department of Physics,
University of Jyväskylä” [Rev. Sci. Instrum. 81, 02A319 (2010)]
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1Department of Physics, University of Jyväskylä (JYFL), 40500 Jyväskylä, Finland
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(Received 1 October 2010; accepted 22 December 2010; published online 10 February 2011)
[doi:10.1063/1.3541812]

In Sec. III of the article, speculations concerning the
quality factor Q of the plasma chamber of JYFL 14 GHz
electron cyclotron resonance ion source were presented. The
discussion was based on the behavior of the reflected power
as a function of the microwave frequency. It was assumed
that all the observed minima in the fine structure of the
reflection coefficient, calculated from the reflected power,
represent electromagnetic wave modes excited in the plasma
chamber and can, thus, be used to estimate corresponding Q
values. However, recent measurements have shown that the
observed behavior of the reflected power is strongly affected
by the wave guide system, as described in the following
chapters, and cannot be directly used for Q value evalua-
tions. The other conclusions of the original article remain
unaffected.

In the new experiments, the behavior of the reflected
power was studied using different lengths of wave guide
between the microwave emitter and the ion source. As a re-
sult, it was observed that the number of maxima and minima
of the reflected power in a fixed frequency range changed
with the length of the wave guide [see Figs. 1(a) and 1(b)]
while keeping the ion source settings (magnetic field, neutral
gas pressure, etc.) constant. Furthermore, at high microwave
powers it was observed that the minima and maxima of
the reflected power drifted slightly toward lower frequency
with time as length of the wave guide increased due to heat
expansion. The measured ion beam currents exhibited similar
behavior as in the measurements discussed in the original
article. In all measurements of high charge state ion beams,
the beam currents follow the behavior of the reflected power
fluctuations with local current maxima occurring at the same
frequencies as the local reflected power minima.

To further study the connection between the behavior
of reflected power and phenomena originating from the
plasma chamber, the plasma chamber was disconnected from
the wave guide and replaced with a low voltage standing
wave ratio load element. The oscillatory fine structure of the
reflected power remained, as shown in Fig. 1(c). The exact
locations of the minima and maxima [see Figs. 1(a) and 1(c)]
are affected by the difference in the wave guide length due to
the connectors.

These two studies show that in the case of JYFL 14 GHz
ECRIS, the periodic oscillations seen in the reflected power
cannot be associated to the mode structure inside the plasma

chamber and, thus, cannot be used to estimate the Q values of
the plasma chamber.

Some considerations concerning the oscillatory behavior
of the reflected power can be presented. The wave guide
between the microwave emitter and the ion source is of the
WR75 type, which allows for microwaves around 14 GHz
the propagation of TE01 mode only. The energy propagates
in the wave guide with group velocity, which also determines
the wave length. When the phase of the propagating elec-
tromagnetic wave is calculated at the end of the wave guide
for two consecutive reflected power maxima, it is observed
that the frequency shift between the maxima corresponds
very closely to a phase shift of π /2 (λ/4). This holds very
well for all the studied cases, suggesting the existence
of a phase dependent process behind the reflected power
behavior.

Furthermore, if a clear mode structure persists with
plasma, as the observed changes in the extracted beam
current and beam shape presented in the article imply, the
reflected power behavior must be a superposition of the
effects caused by the wave guide and the mode structure. This
obstructs the mode evaluation from the reflected power signal
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FIG. 1. Reflected power measured at klystron with (a) original 11.55 m wave
guide, (b) 13.85 m wave guide, and (c) when plasma chamber was discon-
nected from the wave guide and replaced with a load element at the end of
the wave guide (notice the slight difference in the wave guide length due to
the length of the connectors). Automatic level control function of the klystron
and a set output power level of about 500 W were used in the measurements.
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even further. If the mode structure causes narrow frequency
range effects (a few MHz), it is evident from the measured
results that these effects must be very weak compared to the
effects caused by the wave guide. However, the global trend
of the reflected power across the whole studied frequency

range (ignoring the periodic ripple) is somewhat different for
the plasma and the load element. It is possible that this trend
corresponds to the actual mode structure. Unfortunately, it is
impossible to identify the origin or role of this behavior from
the narrow frequency range used in the measurements.
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Electron cyclotron resonance ion source plasma chamber studies using a
network analyzer as a loaded cavity probea)

V. Toivanen,1,b) O. Tarvainen,1 C. Lyneis,2 J. Kauppinen,1 J. Komppula,1 and H. Koivisto1

1Department of Physics, University of Jyväskylä, Jyväskylä 40500, Finland
2Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

(Presented 14 September 2011; received 7 September 2011; accepted 15 September 2011; published
online 2 February 2012)

A method and first results utilizing a network analyzer as a loaded cavity probe to study the resonance
properties of a plasma filled electron cyclotron resonance ion source (ECRIS) plasma chamber are
presented. The loaded cavity measurements have been performed using a dual port technique, in
which two separate waveguides were used simultaneously. One port was used to ignite and sustain
the plasma with a microwave source operating around 11 GHz and the other was used to probe the
cavity properties with the network analyzer using a frequency range around 14 GHz. The first results
obtained with the JYFL 14 GHz ECRIS demonstrate that the presence of plasma has significant
effects on the resonance properties of the cavity. With plasma the frequency dependent behavior is
strongly damped and this trend strengthens with increasing microwave power. © 2012 American
Institute of Physics. [doi:10.1063/1.3660818]

I. INTRODUCTION

The electron cyclotron resonance ion source (ECRIS)
plasma chamber can be considered as an overmoded cavity
for the microwaves that are used for plasma heating. The
resulting microwave electric fields in the cavity play an im-
portant role during the plasma ignition by transferring energy
to the electron population and sustaining the following step-
wise ionization to high ion charge states. Thus the electric
field configurations, or modes, inside the cavity with plasma
are of interest considering the performance of the ion source.

The first measurements of the microwave frequency de-
pendent behavior of the AECR-U-type 14 GHz ion source
at Department of Physics, University of Jyväskylä (JYFL
14 GHz ECRIS (Ref. 1)) were performed utilizing microwave
power probes integrated with the microwave emitter.2 Fur-
ther studies3, 4 revealed that the waveguide transmission line
connecting the emitter to the ion source exhibits strong fre-
quency dependent behavior, which was considerably more
pronounced in the studied narrow frequency range than the
actual chamber behavior, obscuring the results. The frequency
dependent behavior of the waveguide can be explained by
considering it as a long rectangular resonator. This can hap-
pen if a mismatch exists near both ends of the waveguide. As
only TE01 mode propagates in the waveguide, the resonance
frequency fr of such a cavity can be expressed as5

( fr )T E
01p = (c/2π )

√
(π/b)2 + (pπ/d)2, (1)

where c is the speed of light in vacuum, b is the longer waveg-
uide transverse inner dimension, d is the length of the waveg-
uide, and p is the longitudinal resonance index. Each of the
resonance frequencies, i.e., values of index p, corresponds

a)Contributed paper, published as part of the Proceedings of the
14th International Conference on Ion Sources, Giardini Naxos, Italy,
September 2011.

b)Electronic mail: ville.toivanen@jyu.fi.

to a minimum of reflected power in this system. Around
14 GHz, the separation of these resonance frequencies
matches the measured distance between the minima of re-
flected power seen in earlier measurements.3, 4

In order to measure the loaded plasma chamber proper-
ties, the influence of the transmission line on the results must
be isolated and carefully removed. In this paper, a technique
is presented which enables this.

II. DUAL PORT MEASUREMENT TECHNIQUE

The plasma loaded cavity properties were studied us-
ing a dual port measurement technique. In this approach, the
plasma was ignited and sustained by using one waveguide for
launching the microwave power. The cavity properties were
measured with a Rohde & Schwarz vector network analyzer
(frequency range up to 15 GHz) through another port. A mi-
crowave frequency high pass filter with cutoff at 13 GHz
was installed into the waveguide between the plasma cham-
ber and the network analyzer to prevent the transmitted mi-
crowave power from reaching and potentially damaging the
device. The actual measurements were performed using a fre-
quency range which does not include the heating frequency.
In the case of the measurements presented in this paper, the
plasma was sustained with frequencies between 10.86 and
11.81 GHz using a traveling wave tube amplifier (TWTA) and
frequencies between 13 and 15 GHz were used to probe the
chamber properties. The effect of 0.1 mW probe signal can
be considered insignificant for the plasma behavior compared
to the TWTA output with forward powers of 0.5–300 W. A
schematic presentation of the measurement setup is shown in
Fig. 1.

In order to measure only the chamber properties, the net-
work analyzer was calibrated with the transmission line up
to the interface of the waveguide and the plasma chamber us-
ing its inbuilt calibration feature. A three-reference calibration
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FIG. 1. Schematic presentation of the measurement setup.

was performed with two WR62 waveguide offset shorts and a
load element, each connected in turn to the end of the waveg-
uide. This procedure enables the network analyzer to take into
account the frequency dependent behavior of the transmission
line.

The plasma chamber properties were studied
by measuring the S11 reflection coefficient, defined
S11 = 10log10(Prefl/Pinc), where Prefl and Pinc are the re-
flected and incident power of the probing signal, as a function
of frequency. S11 describes the system’s ability to absorb
and transmit microwave power, including the possible power
leaks through the cavity apertures. When the plasma is
ignited, the measured S11 describes the combined behavior
of the cavity and the plasma it contains. The maximum
resolution of the network analyzer depends on the studied
frequency range. The narrowest frequency range used in
the measurements, 250 MHz, yields point separation of
62.5 kHz.

III. EXPERIMENTAL RESULTS

To ensure that no plasma ignition took place due to the
probing signal in the empty cavity measurements, the cavity
was also measured at atmospheric pressure (vented with N2).
The results with vented chamber were identical compared to
the case with vacuum. Empty cavity behavior is presented as
part of Fig. 2.

The loaded cavity properties were studied by varying the
ECRIS parameters around those representing normal opera-
tional values, except the microwave power, which was lim-
ited to the TWTA maximum output value (300 W with the
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FIG. 2. (Color online) Plasma chamber S11 behavior with various microwave
power levels from TWTA.

oscillator input used in the measurements) and the microwave
frequency (11.56 GHz, normal operation utilizes a klystron at
14.085 GHz frequency). No high voltages were used during
the measurements and consequently no beam was extracted
from the ion source.

The TWTA microwave power was varied between 0 and
300 W. The S11 behavior of the chamber with increasing mi-
crowave power is presented in Fig. 2. The number of S11

minima decreases with increasing microwave power and the
minima become less pronounced. The location of the minima
moves to higher frequencies as microwave power is increased,
as is presented in Fig. 3.

The negative biased disc voltage (varied between
0–300 V), gas species (argon and oxygen, matched cali-
brated pressures), and TWTA frequency (10.86–11.81 GHz)
had no significant effect on the S11 behavior. Increasing gas
pressure (1.4–32 × 10−7 mbar, calibrated argon neutral gas
pressure) makes the S11 minima somewhat less pronounced
but the effect is very frequency specific (localized between
13.6 and 14.1 GHz) and weaker than with increasing power.
The changes saturated after 7 × 10−7 mbar. The magnetic
field was varied between 1.95/0.90/0.32 T and 2.11/1.02/0.39
T (inj./ext./min.). Only the highest magnetic field values
changed the S11 behavior, yielding subtle shifts in the S11 min-
ima location and level. The ion source is known to be prone
to plasma instabilities with high magnetic field values, which
can contribute to this result.

IV. DISCUSSION

The presented results demonstrate that the presence of
plasma changes the cavity resonance properties significantly,
damping the mode behavior. This was observed to take place
in the whole measured frequency band of 13–15 GHz, giving
reason to assume that the same trends also apply beyond this
frequency range.

The plasma chamber Q value for a certain mode can be
defined as Q = f0/�f, where f0 is the center frequency and
�f is the FWHM value of the mode, represented by the fre-
quency and bandwidth of a measured S11 minimum. The Q
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FIG. 3. (Color online) Example of the movement of S11 minima with in-
creasing microwave power.
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FIG. 4. (Color online) The ratio of reflected and incident power with various
microwave frequencies at the plasma ignition. Microwaves turned on at t = 0
ms (klystron, 430 W).

values discussed here include all the power absorption inside
the cavity, whether it is caused by the cavity walls (resistive
heating) or the plasma. With no power input from the TWTA
(no plasma), the calculated Q values are in the order of 103.
With plasma at 300 W of microwave power, the Q values drop
to the order of 102. These values match well with the results
obtained with the LBL 6.4 GHz ECRIS, which indicate that
the loaded cavity Q value drops to ∼10% of the empty cav-
ity value.6 The chamber diameter to wavelength ratio of the
JYFL 14 GHz ECRIS is 3.7 (for the normal operation fre-
quency of 14.085 GHz), making it overmoded compared to
the value of 2.0 of the LBL 6.4 GHz ECRIS.

After careful calibration of the measurement system, the
∼11 MHz ripple observed in earlier measurements2–4 is ab-
sent, confirming it originates from waveguide imperfections.
Comparison with the earlier results also shows that when
the ripple is ignored, only one broad S11 minimum remains
with high microwave powers in the klystron frequency range
of 14.050–14.135 GHz used in the earlier experiments (see
Fig. 1(a) in Ref. 3), which matches very well with the new
results (see the 300 W case in Fig. 2).

The frequency of the microwaves sustaining the plasma
had no significant effect on the resonant properties of the
cavity at the measured frequency range. However, pulsed op-
eration of the JYFL 14 GHz ECRIS has shown that the mi-
crowave frequency plays an important role during the plasma
ignition as the temporal behavior of the ratio of reflected to
incident power in Fig. 4 indicates. Initially, at low plasma
density the frequency has a substantial effect on the struc-
ture and amplitude of the electric fields in the cavity. Plasma
breakdown leads to rapid increase in plasma density and the
collapse of the electric field amplitudes and the rate of en-
ergy transfer to individual plasma electrons.7 Consequently,
as the results presented in this paper indicate, the resonant

properties of the chamber are damped, the effective mode
structure of the combined system of cavity and plasma weak-
ens considerably (as shown in Fig. 2) and the exact frequency
ceases to play as critical a role in the plasma behavior as it
does during the ignition. The differences in the saturation val-
ues of the Pr/Pi ratio in Fig. 4 are caused by the superimposed
effects of the waveguide and the cavity behavior.

The results presented in this paper differ somewhat from
the data obtained with a Caprice-type ECR ion source.8 With
Caprice the mode structure remained considerably more pro-
nounced even with higher microwave powers. Also, with
Caprice the S11 exhibited strong behavior with varied mag-
netic field and gas pressure, a phenomenon which was not
observed in the measurements presented here. These differ-
ences can be due to the different microwave coupling schemes
used with the ion sources. Caprice has a more complex mi-
crowave coupling including a waveguide to coaxial transition
compared to the AECR-U-type ion sources which use a sim-
pler design in which the rectangular waveguides are inserted
directly into the plasma chamber. Also, AECR-U has larger
plasma chamber diameter than Caprice, increasing the mode
density.
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a b s t r a c t

The results of a series of measurements studying the possibility to use neutral gas feeding into the beam
line as a way to improve the quality of the heavy ion beams produced with an electron cyclotron reso-
nance ion source (ECRIS) are presented. Significant reduction of the beam spot size and emittance can
be achieved with this method. The observed effects are presumably due to increased space charge com-
pensation degree of the ion beam in the beam line section between the ion source and the analyzing mag-
net. This is the region where the neutral gas was injected. It is shown that the effects are independent of
the ion source tuning. Transmission measurements through the beam line and K-130 cyclotron have been
carried out to study the effects of improved ion beam quality to the transmission efficiency.

� 2010 Elsevier B.V. All rights reserved.

1. Introduction

At the JYFL (University of Jyväskylä, Department of Physics)
accelerator laboratory 6.4 GHz and 14 GHz electron cyclotron
resonance ion sources [1] are used for production of intensive
highly charged heavy ion beams. Earlier studies [2] have shown
that the transmission efficiency from the 14 GHz ECRIS through
the cyclotron decreases when the beam current extracted from
the ion source increases. This is caused by degradation of the
beam quality. At high beam currents the ion beam is hollow [3]
and the beam emittance is considerably higher than the K-130
cyclotron acceptance ð100 p mm mradÞ. This is believed to be
caused at least partly by space charge effects in the beam line
between the ion source and the analyzing magnet. In this beam
line section all the ion species produced by the ECR ion source
are still present.

Feeding neutral gas into the beam line offers a possibility to
enhance the space charge compensation of the ion beam. As the
ion beam passes through neutral gas, ionizing and charge
exchange collisions are constantly occurring. As a result of these
interactions slow ions and electrons are formed. The slow ions
are repelled away from the beam and the electrons are trapped
into the beam potential. The overall charge density of the result-
ing plasma is lower than the charge density of the uncompen-
sated ion beam and thus space charge compensation is achieved

[4,5]. This method has been used earlier to study emittance
reduction of high intensity proton beams with good results
[6,7]. In this article the results of measurements studying the ef-
fects of gas feeding on the quality and transmission of medium
charge state heavy ion beams produced with the JYFL 14 GHz
ECR ion source are presented.

2. Theoretical background

In this paper normalized 1-rms emittance is used when pre-
senting emittance values. Beam brightness B is used to combine
the emittance and current information and quantify the beam
quality. The brightness is defined as

B ¼ I
�yy0�xx0

; ð1Þ

where I is the beam current and �yy0 and �xx0 are the beam emit-
tances in ðy; y0Þ and ðx; x0Þ phase spaces. The emittance scanner
used at JYFL can only measure emittance in one plane and thus
we have to approximate �yy0 ¼ �xx0 . This approximation is sup-
ported by ion optics simulations done for the JYFL low energy
beam line. Also, it can be assumed that the effects caused by the
gas feeding into the beam line are symmetric in both transverse
planes.

The space charge of the ion beam creates a potential (beam po-
tential) which is parabolic inside the beam and logarithmic outside
the beam. For a cylindrical beam in grounded beam line the poten-
tial U at radius r is given by [8]:

0168-583X/$ - see front matter � 2010 Elsevier B.V. All rights reserved.
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UðrÞ ¼ ð1� gÞI
4p�0v

1þ 2 ln
rw

rb
� r2

r2
b

� �
inside the beam ð2Þ

UðrÞ ¼ ð1� gÞI
2p�0v

ln
rw

r
outside the beam ð3Þ

where g is the space charge compensation degree, I is the beam cur-
rent, �0 is the permittivity of vacuum, v is the longitudinal velocity
of the ions, rw is the beam pipe radius and rb is the beam radius. The
above equations are valid with the assumption of a beam with a
homogeneous density distribution. As will be seen later, this is
not the case in the measurements that are presented here. However,
the equations can still be used to obtain rough approximations of
the beam potential.

The beam potential depends strongly on beam current, velocity
and beam size. In non-relativistic cases for a beam with only one

ion species the beam velocity can be written as v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qV=m

p
,

where q is the ion charge, m is the ion mass and V is the ion source
acceleration (i.e. extraction) voltage. Thus increasing the extraction
voltage decreases the beam potential and consequently the space
charge effects. The dependency on the beam size shows that during
the beam transport the beam potential varies and the space charge
effects are strongest at beam waists (focal points), where the beam
size is smallest.

A rough approximation of the beam potential can be calculated
using a measured charge state distribution. For this purpose the
distribution of argon charge states was measured from JYFL
14 GHz ECR ion source with 10 kV extraction voltage. The portion
of the beam for each charge state was estimated from the distribu-
tion and the beam potential was calculated at the center of the
beam with Eq. (2) for each charge state. The beam pipe radius is
5 cm and the beam radius was estimated separately for each
charge state. The estimations are based on simulations in which
Ar8þ was optimized through the beam line. The values of the radii
were taken close to the focal point of Ar8þ between the ion source
and the analyzing magnet and they varied between 0.4 and 5 cm.1

The sum of the potentials of each charge state gives an approxima-
tion for the potential of the whole beam. When the total extracted
beam current is varied between 0.6 and 1.8 mA and no space charge
compensation is assumed ðg ¼ 0Þ the beam potential varies between
30 and 100 V.

The degree of space charge compensation depicts what portion
of the full non-compensated potential (as calculated above) affects
the beam particles. With high beam line pressures the ions of the
beam exhibit more collisions with residual gas, which leads to en-
hanced production of compensating electrons. At pressures over
1� 10�4 mbar over 99% of the beam potential can be compensated
(compensation degree g > 0:99) but some beam losses are also
introduced [4]. At low pressures the collision rate decreases, which
leads to reduction of compensation. Comparison of measurements
and simulations conducted at Lawrence Berkeley National Labora-
tory (LBNL) for helium beams have given an estimate of 70–80%
compensation degree for beam line pressures in the 10�8 mbar re-
gion [9]. As the compensation degree is reduced, the radial electric
field, and consequent transverse forces, generated by the space
charge get stronger and increase the beam size [10]. This has been
shown experimentally, for example, by Mazarakis et al. for
1 mA Xe1þ ion beam [5].

3. Experimental setup

The ion beams used in the measurements were produced with
the JYFL 14 GHz ECR ion source. The beam line of the ion source

is presented in Fig. 1. The ion beams are focused with two sole-
noids (SOLJ1 and SOLJ2) through an analyzing magnet. Down-
stream from the magnet the ion beam is focused with a third
solenoid (SOLJ3) through a bending magnet (labeled as switch
magnet in Fig. 1) that merges the beam lines coming from different
ion sources into the main injection line of the K-130 cyclotron. The
beam diagnostics include a beam viewer, a Faraday cup, a plasma
potential measurement device [11] and an Allison type emittance
scanner (see e.g. [12]) as shown in Fig. 1.

The beam viewer consists of a small vacuum chamber with a
window and an actuator, a digital video camera and a KBr coated
scintillation screen. The emittance scanner can be used to measure
the beam emittance �yy0 in the plane perpendicular to the analyzing
magnet bending plane.

The beam line between the ion source and the switch magnet
offers two locations for feeding neutral gas into the beam line (re-
ferred to as gas feeding from now on) through the beam line vent-
ing ports. The ports are located upstream (port 1) and downstream
(port 2) from the analyzing magnet (see Fig. 1). The neutral gas
pressure was measured with Penning ionization gauges, located
next to the gas feeding ports and also in the ion source extraction
and plasma chamber. The gauge readings were corrected for differ-
ent feeding gases according to a calibration table provided by the
manufacturer.

The measurements were performed with argon ion beams. The
effect of gas feeding was studied with different argon charge states
and ion source extraction voltages. The beam currents were opti-
mized to the Faraday cup downstream from the analyzing magnet
and the neutral gas flow was controlled with a pressure regulator
and a precision valve. Nitrogen (N2), helium and argon were used
as feeding gases.

Some of the injected gas diffuses into the ion source, increasing
the ion source pressure. To mitigate the effects caused by the dif-
fusion, the same gas species was also used as a buffer gas in addi-
tion to argon. Consequently the ion source could be tuned to
maintain optimal plasma conditions for maximum beam currents
of argon as the pressure in the beam line varied within the range
of 1� 10�7 mbar to 3� 10�5 mbar. The beam current was opti-
mized by adjusting the ion source buffer gas feeding and the beam
line solenoids upstream from the analyzing magnet separately for
each beam line pressure. A beam viewer image, beam emittance
and beam current were recorded for each value of neutral gas pres-
sure in the beam line. The current of the solenoid between the Far-
aday cup and the emittance scanner was kept constant in all
measurements.

4. Experimental procedure and results

In the following measurements, if not mentioned otherwise, the
buffer gas feeding into the ion source was tuned to achieve maxi-
mum beam currents with each beam line pressure and port 1 (be-
tween the ion source and the analyzing magnet) was used for gas
feeding. Tuning the ion source this way does not affect the tenden-
cies that are seen in the results. This is shown in Section 4.4.

4.1. Effects of gas feeding on different charge states

The ion source was tuned for Ar8þ and the emittance, beam cur-
rent and beam viewer images were measured for argon charge
states 6+, 8+, 9+ and 11+. Different charge states were selected
by changing the beam optics. Nitrogen (N2) was fed into the beam
line between the ion source and the analyzing magnet and also
used as a buffer gas. The ion source extraction voltage was 10 kV
(typical value for cyclotron injection at JYFL) for all charge states.
The beam line pressure was increased from 1:8� 10�7 mbar to

1 Due to insufficient focusing rb > rw in the simulations for the lowest charge
states. In these cases rb ¼ rw is assumed in the beam potential calculations.
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1:5� 10�5 mbar in ten steps and the viewer image, beam emit-
tance and beam current were recorded for each pressure value.
The results are presented in Figs. 2 and 3.

The behavior of the beam current, emittance and brightness as a
function of the beam line pressure is similar for all charge states.
The beam current decreases with increasing beam line pressure.
The beam emittance also decreases but unlike the beam current,

the emittance values exhibit a minimum between pressures of
4:6� 10�6 mbar and 1:2� 10�5 mbar depending on the charge
state. As a result the brightness values reach maximum in the same
pressure region. The emittance data is analyzed in more detail in
Section 4.6.

Gas feeding into the beam line causes beam losses. These are
due to interactions between ions and neutral atoms (or molecules)

Fig. 1. Layout of the JYFL 14 GHz ECR ion source beam line.
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Fig. 2. The current, emittance and brightness values of different charge states of argon with various beam line pressures. N2 as feeding gas.
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that lead to charge exchange [5]. The relative beam losses are
greater for higher charge states. This behavior is explained by the
charge exchange cross section which increases with charge state
[13]. For high charge states the emittance minimum is reached at
lower beam line pressures. The corresponding beam line pressures
of brightness maxima of charge states 6+, 8+, 9+ and 11+ are 6:2�
10�6 mbar, 9:2� 10�6 mbar, 4:6� 10�6 mbar and 4:6� 10�6 mbar,
respectively.

A clear shrinkage of the beam spot can be observed as the
pressure increases. This behavior was very similar with all charge
states. Therefore only the beam viewer images of Ar8þ with differ-
ent pressures are presented as an example in Fig. 3.

4.2. Effects of gas feeding with different ion source extraction voltages

Three different ion source extraction voltages, 10 kV, 12 kV and
14 kV, were used to study the gas feeding effects. The measure-
ments were performed with Ar8þ ion beam. Nitrogen was fed into
the beam line and used as a buffer gas. The ion source was opti-
mized with 10 kV extraction voltage. For other voltages only the
beam line optics were adjusted. The measured beam currents
and emittances, as well as calculated brightness values, are pre-
sented in Fig. 4.

The behavior observed with different voltages is very similar.
The beam current of Ar8þ increases significantly when extraction
voltage is increased from 10 kV to 12 kV. Compared to this, the in-
crease with 14 kV is very modest, indicating that the beam extrac-
tion is no more space charge limited. The relative beam losses are
slightly higher with 14 kV compared to the other measured extrac-
tion voltages. However, this is not caused by changes in the charge
exchange cross section, which is virtually independent of ion
velocity at low (pre-accelerator) energies [13]. As such, the reason
for this behavior remains unknown.

The maximum brightness for 10 kV, 12 kV and 14 kV voltages
are achieved with 9:2� 10�6 mbar, 6:2� 10�6 mbar and 6:2�
10�6 mbar beam line pressures, respectively. The shrinkage of the
beam spot with increasing pressure can be seen with all voltages.
With higher voltages the beam size is smaller to begin with,

resulting to even smaller beam size with highest pressures. Fig. 5
shows an example measured with 14 kV.

4.3. Experiments with different feeding gas species

As a next step, helium, nitrogen and argon were injected into
the beam line separately. Hydrogen and krypton were also tried
but due to the gas mixing effects they do not work well as a buffer
gas for argon. Because of this the resulting beam currents are not
comparable with other gases. Also, these gases are never used as
buffer gases in practice. For these reasons the results for hydrogen
and krypton are not presented. However, it can be mentioned that
the observed tendencies were similar to the ones obtained with
nitrogen, argon and helium. In the case of argon no additional buf-
fer gas was needed as argon was already injected into the ion
source to produce the desired ion beam. All measurements were
performed with 10 kV extraction voltage and Ar8þ ion beam.

The beam current, emittance and brightness for different gases
and pressures are presented in Fig. 6. Argon yields less beam losses
(27% decrease in the beam current with the highest beam line pres-
sure) than the lighter nitrogen (52% decrease), which is in good
agreement with the results obtained with high intensity proton
beams [6]. With helium the losses are even smaller. With the high-
est beam line pressure the beam current is only 3% lower than the
intensity without any gas feeding. The charge exchange cross sec-
tion decreases with increasing ionization potential [14,15]. The
ionization potentials of nitrogen, argon and helium are about
15:58 eV, 15:76 eV and 24:59 eV, respectively [16]. As can be seen,
the measured beam losses correlate well with the ionization
potentials of the injected gases. With the heavier gases (N2;Ar)
the drop of the emittance is steeper as the beam line pressure in-
creases. This is understandable because the ionization cross section
in ion–atom collisions increases with the target atom element
number [17] and thus less gas is needed to produce the same
amount of compensating electrons than with lighter gas species
like helium. This result is also in good agreement with the proton
beam experiments [6].

The beam line pressures for maximum brightness are
2:0� 10�5 mbar for helium, 4:6� 10�6 mbar for nitrogen and

Fig. 3. The beam viewer image of Ar8þ with various beam line pressures. Nitrogen as feeding and buffer gas. Note the hollow beam structure. Part of the N3þ beam can be seen
at the left edge of the viewer plate.
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4:0� 10�6 mbar for argon. The shrinkage of the beam size could be
seen with all gases. As an example the beam viewer images with
helium as the feeding gas are presented in Fig. 7.

With nitrogen the increase in brightness is smaller than in the
previous measurements. This is caused by different tuning of the
beam line solenoids upstream from the analyzing magnet, leading
to lower emittance values. However, the behavior of the emittance
and current with increasing beam line pressure is still the same.
This highlights the fact that the gas feeding effects are independent
of the beam optics i.e. solenoid settings.

4.4. Complementary experiments

Injecting neutral gas into the beam line resulted to small varia-
tion of the ion source operating pressure even when the buffer gas
feed rate was tuned for optimum beam current. To rule out the
possibility that the presented results are due to changing plasma
conditions in the ion source, the experiment was repeated keeping
the ion source pressure constant instead of optimizing the beam
current with buffer gas feed rate separately for each beam line
pressure. In Fig. 8 the beam current, emittance and brightness val-
ues are presented in the cases of optimized current and constant
ion source pressure. Nitrogen was used as a feeding and buffer
gas and the ion source extraction voltage was 10 kV. The behavior
of current, emittance and brightness is very similar in both cases.
The shrinkage of the beam size was also identical in both cases.

To rule out the effects of ion source pressure even further, the
behavior of the ion beam was studied with the beam viewer while

only the pressure inside the ion source was varied. No gas was fed
into the beam line during this measurement. Small changes could
be seen in the shape of the beam but not the same kind of shrink-
age that was achieved with gas feeding.

To show that the effects of gas feeding are truly independent of
the ion source settings, the beam current and emittance were mea-
sured for various beam line pressures without optimizing the ion
source performance. This resulted to a much lower Ar8þ beam cur-
rent of 73 lA compared to the beam currents around 190 lA in
earlier measurements. The results for beam current, emittance
and brightness are presented in Fig. 9. The values have been nor-
malized to make the comparison easier. In the beam current plot
the value 1 corresponds to 183:5 lA for optimized case and
73 lA for unoptimized case. For emittance and brightness the val-
ues are 0:069 p mm mrad and 38542 lA=ðp mm mradÞ2 for opti-
mized case and 0:114 p mm mrad and 5617 lA=ðp mm mradÞ2

for unoptimized case. Without optimization the beam emittance
is much higher, resulting to lower brightness. This shows that low-
ering the beam current does not necessarily lead to lower emit-
tance by itself. However, when gas is fed into the beam line, the
behavior of the emittance and brightness is very similar compared
to the good ion source tuning. These results confirm that the effects
observed with the gas feeding do not originate in the ion source
but are due to phenomena in the beam line.

In order to verify that the observed effects are due to the com-
pensation of space charge, the location of the gas feeding was
changed to the port downstream from the analyzing magnet (port
2). Nitrogen was injected into the beam line and used as a buffer

Fig. 5. The beam viewer image of Ar8þ with 14 kV extraction voltage. Nitrogen was used as feeding and buffer gas. Part of the N3þ beam can be seen at the left edge of the
viewer plate.
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Fig. 7. The beam viewer image of Ar8þ with helium as feeding gas with various beam line pressures.
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gas in the ion source. The ion source extraction voltage was 10 kV.
Normalized beam current, emittance and brightness results for
both feeding locations are presented in Fig. 10. In the beam current
plot the value 1 corresponds to 183:5 lA upstream from the dipole
and 186 lA downstream from the dipole. For emittance and
brightness the values are 0:069 p mm mrad and 38542 lA=
ðp mm mradÞ2 upstream from the dipole and 0:080 p mm mrad
and 29063 lA=ðp mm mradÞ2 downstream from the dipole.

When the gas is fed downstream from the analyzing magnet the
emittance starts to increase. As a result the brightness starts to
decrease almost immediately with increasing beam line pressure.
The beam spot remained virtually unaffected with all measured
pressures.

Downstream from the analyzing magnet the beam current is
much lower as only one m=q value is separated from the total beam
produced by the ion source. Consequently, the beam potential is
also lower and the effects of gas feeding should be weaker. The

results are in very good agreement with this. Therefore, it can be
claimed that the observed effects are caused by space charge
compensation.

A plasma potential measurement device was used to study the
effects of gas feeding on the longitudinal energy spread of the ion
beam. The device was installed in the beam line downstream from
the analyzing magnet as shown in Fig. 1. A retarding voltage was
applied to a mesh inside the device and the ion beam current
was measured behind it. The plasma potential and longitudinal en-
ergy spread were determined from the voltage needed to stop the
ion beam and the behavior of the beam current as a function of the
retarding voltage. The structure and the working principle of the
device and measurement procedure are explained in detail in
Ref. [11]. The measurements were performed without gas feeding
into the beam line (2:2� 10�7 mbar beam line pressure) and with
6:2� 10�6 mbar beam line pressure (maximum brightness). Nitro-
gen was used as a feeding and buffer gas for Ar8þ ion beam with
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10 kV extraction voltage. The measurements showed no change in
the ion source plasma potential nor in the longitudinal energy
spread of the beam.

4.5. Transmission experiments

In the transmission measurements the ion beams were trans-
ported through the injection line and the JYFL K-130 cyclotron
[18]. The injection line elements and the cyclotron were optimized
to achieve maximum beam currents in the first Faraday cup down-
stream from the accelerator. The optimization was done first with-
out gas feeding into the beam line and subsequently with the beam
line pressure yielding the maximum beam brightness in the injec-
tion line. The extraction voltages were chosen to match accelerated
beam energies that have been used for actual nuclear physics
experiments. Table 1 summarizes the results.

Gas feeding increases the transmission in all of the measured
cases. Unfortunately the decrease in beam current Ii (measured
in the Faraday cup downstream from the analyzing magnet) due
to the beam losses caused by the gas feeding match closely to
the overall increase. As a result, the amount of beam current after
the cyclotron is not significantly altered, as can be seen in the last
column of Table 1.

4.6. The effects of gas feeding on the beam emittance – detailed
analysis

In all measurements the beam emittance is reduced when gas is
fed into the beam line between the ion source and the analyzing
magnet. This reduction of emittance is not only due to decreasing
beam current. With highest beam line pressures the emittance sat-
urates and even starts to increase again even though the beam cur-
rent continues to decrease. Also, separate measurements have
shown that when only beam current is reduced (by varying the
microwave power), the dependency of the emittance on beam cur-
rent is not as strong as was measured with gas feeding.

Fig. 11 shows the measured emittance phase space plots, emit-
tance values and Twiss parameters (also called Courant–Snyder
parameters) for Ar8þ ion beam accelerated with 10 kV with various
beam line pressures and nitrogen as feeding gas. When the pres-
sure in the beam line increases, the aberrations become smaller
and the shape of the plot becomes more elliptical. The Twiss
parameters define the elliptic fit for the beam emittance in phase
space. Using them it is possible to estimate the beam size and
angular spread at the emittance scanner. The beam radius is de-
fined with Twiss parameters as r ¼

ffiffiffiffiffiffi
b�
p

and the maximum angular
spread as y0max ¼

ffiffiffiffiffi
c�
p

[4]. Using the values given in Fig. 11 it can be
seen that the beam size, i.e. maximum r, decreases with increasing
beam line pressure. This is also seen with beam viewer down-
stream from the analyzing magnet. Also the angular spread de-
creases but starts to increase again with the highest beam line
pressure. The reduction of aberrations and the decrease of trans-
verse beam size and angular spread are indications of improved
beam quality.

The reduction of aberrations is most likely caused by the shrink-
age of the beam, which in turn is the result of enhanced space
charge compensation. When the distance from optical axis in-
creases, second and higher order effects are introduced into the
magnetic fields of solenoids and dipoles. When an ion beam with
large radius passes through the elements these effects cause aber-
rations and consequently emittance growth. At higher beam line
pressures the beam continues to get smaller but the beam emit-
tance saturates to a certain value or reaches a minimum and starts
to increase again. The saturation is most likely achieved when the
beam is small enough to avoid all aberrations caused by the beam
line elements. Another possibility is that the ion beam becomes
fully compensated. When the beam line pressure is further in-
creased, the interactions between ions and neutral atoms increase,
causing emittance growth. The increase of angular spread at the
highest pressures fits well with this interpretation.

The JYFL K-130 cyclotron has an acceptance of roughly
100 p mm mrad, expressed as an area emittance value for

Table 1
Results of the transmission measurements. Vext is the ion source extraction voltage, Efin is the energy of the accelerated beam, Ii is the beam current in the Faraday cup
downstream from the ion source analyzing magnet (in lA) and If is the beam current in the first Faraday cup downstream from the cyclotron (in lA). T ¼ ðIf =IiÞ � 100% is the
transmission efficiency through the injection line and the cyclotron. " T is the increase in transmission, # Ii is the decrease in beam current Ii and DIf is the difference in
accelerated beam current caused by the gas feeding.

Setup No gas feeding Maximum Bnrms " T # Ii DIf

(Ion=feeding gas=Vext=Efin) Ii If T (%) Ii If T (%) (%) (%) (lA)

Ar8þ=N2=9:66 kV=190 MeV 192 10.8 5.6 136 10.1 7.4 32.0 29.2 �0.7

Ar8þ=N2=11:15 kV=220 MeV 177 5.0 2.8 167 5.0 3.0 6.0 5.7 ±0

Ar8þ=He=9:66 kV=190 MeV 157 9.7 6.2 141 10.0 7.1 14.7 10.2 +0.3

Ar8þ=Ar=9:66 kV=190 MeV 136 7.4 5.4 134 8.4 6.3 15.3 1.5 +1.0

Ar9þ=Ar=9:75 kV=216 MeV 121 7.3 6.0 107 6.7 6.3 3.8 11.6 �0.6

Ar9þ=Ar=12:14 kV=269 MeV 124 8.1 6.5 102 7.9 7.8 18.7 17.7 �0.2

Fig. 11. Emittance phase space plots with various beam line pressures for Ar8þ ion beam accelerated with 10 kV. Nitrogen as a feeding gas. �1 and �2 are the normalized 1-
rms emittance and (not normalized) 4-rms emittance, respectively. a, b and c are the Twiss parameters defining the elliptic fit of the emittance.
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convenience. For Ar8þ ion beam accelerated with 9:66 kV this
equals to 0:051 p mm mrad in normalized 1-rms emittance. The
portion of the beam outside this emittance value cannot be in-
jected into the cyclotron. In order to study how much of the beam
is inside given acceptance value, the threshold percentage of the
emittance analysis was varied. When the threshold percentage is
lowered, part of the beam is left out from the emittance calcula-
tion, starting from the pairs of ðy; y0Þ with the lowest intensity.
As a result, threshold value of 90% takes only 90% of the beam into
account when the emittance value is calculated. Determining the
amount of beam inside given acceptance value is then possible
by lowering the threshold until the calculated beam emittance fits
inside the acceptance limit. As an example the analysis for the first
transmission measurement with Ar8þ ion beam, nitrogen feeding
gas and 9:66 kV extraction voltage is presented in Fig. 12. The
threshold analysis was first carried out for emittance measurement
without gas feeding into the beam line and then with the pressure
yielding the optimum brightness. Without gas feeding the amount
of beam inside the cyclotron acceptance is about 80%. When gas is
fed into the beam line this value is increased to 94%.

5. Discussion

It has been shown that feeding neutral gas into the high beam
current section of the beam line upstream from mass separation
has significant effects on the ion beam size and emittance. The
reduction of the beam size with increasing beam line pressure is
an indication of enhanced space charge compensation. This shows
that the ion beams produced with the JYFL 14 GHz ECR ion source
are not fully compensated at the nominal beam line operation
pressures. This result is in good agreement with the work done
at LBNL [9].

The enhancement of space charge compensation is achieved by
increased production of electrons by the ionization of the injected
gas. In addition to ionization, some amount of electrons are also
produced from the beam pipe walls when they are hit by ions.
Especially when high charge states are focused through the beam
line before mass separation the insufficient focusing for low q=m
ions leads to a situation where part of these ions hit the beam pipe
walls. The resulting outgassing is seen regularly in the operation of
JYFL 14 GHz ECRIS, as the neutral gas pressure in the beam line be-
fore the analyzing magnet increases slightly when the ion beam is

switched on. The simulations of the behavior of different charge
states in the beam line agree with these results. However, the role
of these electrons in the space charge compensation is not yet
specified.

The enhancement of the space charge compensation leads to
improved ion beam quality, characterized by the increase in beam
brightness. It was revealed that the maximum of beam brightness
is not achieved at the nominal beam line operation pressures of
low 10�7 mbar (or even 10�8 mbar) region but rather in the region
of 10�6 mbar. This was seen with all measured ion beam charge
states, ion source extraction voltages and feeding gas species.

The improvement on beam brightness leads to higher transmis-
sion efficiency through the JYFL K-130 cyclotron and its injection
line. However, because of the increased beam losses this method
does not offer significant increase in the current of accelerated
beam in the case of JYFL K-130 cyclotron. The increasing charge ex-
change cross section with neutral atoms and consequent increase
of beam losses is also a limitation for highly charged ion beams.

If the beam losses could be reduced, the enhancement of the
space charge compensation can be a powerful tool to improve
the beam quality of highly charged ions on a practical level in
accelerator facilities. Further studies are planned to achieve this
by introducing compensating electrons into the beam line using
other methods than gas feeding. These include, for example, the
use of heated filament.
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Oscillations of ECR ion source beam current along
the beam transport of the JYFL K-130 cyclotron
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ABSTRACT: A versatile measurement system has been developed to studythe temporal character-
istics of ion beams in millisecond time scale. The system is composed of data acquisition hard-
ware and LabVIEW based measurement and analysis program. The measurement system and ion
beam current oscillation results measured with a 14 GHz AECR-U type ion source at University
of Jyväskylä, Department of Physics (JYFL), are presented. It is shown that the ion beams exhibit
periodic current fluctuations at frequencies from 100 Hz to 1.5 kHz with amplitudes ranging from 1
to 65 percent of the average beam current. It is argued that these oscillations originate from the ion
source plasma since their characteristics depend on the ionsource tuning. It is shown that increas-
ing the ion source solenoid magnetic field increases the relative oscillation amplitude. Increasing
the ion source extraction voltage has the opposite effect. The beam current oscillations were mea-
sured along the low energy beam transport (LEBT) connectingthe ion source to the JYFL K-130
cyclotron as well as in the following high energy beamline. It is shown that the beam current os-
cillations originating from the ion source are preserved during the LEBT but are not observed after
the cyclotron. The transmission efficiency from the ion source through the cyclotron was measured
with two beams of comparable beam currents but different oscillation frequency and amplitude,
corresponding with the two cases typically seen when the ionsource is tuned for high charge state
production. The transmission of the LEBT remained unaltered but the cyclotron performance was
affected by the varying oscillation characteristics.

KEYWORDS: Ion sources (positive ions, negative ions, electron cyclotron resonance (ECR), elec-
tron beam (EBIS)); Coherent instabilities; Beam-line instrumentation (beam position and profile
monitors; beam-intensity monitors; bunch length monitors)
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1 Introduction

The quality of the ion beams extracted from electron cyclotron resonance ion sources (ECRIS) [1]
is traditionally described with the beam currentI and transverse emittancesεxx′ and εyy′ , often
combined as beam brightnessB = I/εxx′εyy′ [2]. More attention has recently been shifting to the
temporal stability of the ion beams. The increased interestin the stability of the ion beams arises
from the requirements set by current and forthcoming applications for ECR ion sources. Several
large scale nuclear physics research facilities currentlyunder construction will be utilizing high
power linear accelerators (see e.g. [3, 4]) in which beam current oscillations can cause beam spill
at high energy, leading to activation of the accelerator structures. Many accelerator based industrial
applications, e.g. material modification and testing, require a certain level of temporal stability to
sustain high product quality and testing reliability (see e.g. [5, 6]). Also the increased use and
active development of medical applications, such as carbonradiotherapy (see e.g. [7]), set strict
limitations to the beam current variations.

The temporal oscillations of ion beams produced with ECR ionsources can be divided into
two distinct categories: (1) the long-term trends in the scale from seconds to days, and (2) the
short-term fluctuations in the millisecond scale. The long term trends are usually driven by factors
such as changing gas balance in the ion source plasma chamberand material heating, i.e. ion source
conditioning. These effects are relatively well known and understood, and can usually be taken into
account or compensated for in the applications.

The work presented here concentrates on the periodic beam current oscillations in the mil-
lisecond scale. Published work on current oscillations of continuous highly charged heavy ion
beams in this temporal region is scarce. Previous work includes studies by Tarvainen et al. [8] with
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the JYFL 14 GHz ECRIS [9] and VENUS [10] (18 and 28 GHz) and Taki et al. with the 6.4 GHz
VEC-ECR [11], where the beam current oscillation dependencies on microwave power, biased disc
and magnetic confinement were studied. These experiments suggest that the oscillations are due
to the plasma behavior and/or are related to the electron heating efficiency and plasma confine-
ment. However, these studies only consider the beam behavior right after the ion source mass over
charge separation and the consequences of observed oscillations to performance are not studied.
The work presented here concentrates on the persistence of the oscillations along the low energy
beam transport and through the K-130 cyclotron [12] at JYFL. One of the main motivations has
been to determine the consequences of the beam current oscillations to the performance of the
beam transport and acceleration. Also understanding of thedependencies of beam current oscilla-
tion on ion source parameters is further advanced with systematic studies of varying axial magnetic
confinement of plasma and ion source extraction voltage.

The standard beam current monitoring systems used in most accelerator laboratories have rela-
tively low sampling rates and/or rely on averaging features. For example, at JYFL the beam current
monitoring samples the LEBT current signals at 60 kHz and averages it over 500 samples. After
the cyclotron the sampling rate drops to 1.5–10 kHz and averages over 100 samples. Moreover,
the added capacitance of the long coaxial cables used to carry the current signals from the Faraday
cups to the measurement panels further degrades the temporal resolution. Consequently, the system
can not detect beam current fluctuations at frequencies over∼100 Hz. For this purpose a versatile
measurement system with capabilities to measure and analyze the ion beam behavior with suffi-
cient temporal resolution has been developed. The system will act as a platform for new features
required by future studies.

The measurement setup used for recording the ion beam temporal behavior and subsequent
transformation to frequency domain (to enable quantitative analysis) are described in the following
chapter. This is followed by the presentation of the functionality and features of the developed
measurement program, which is used for the data acquisitionand the transformations between time
and frequency domains. The experimental results describing the observed beam current oscillations
and their consequences to beam transport through the LEBT and the JYFL K-130 cyclotron are
presented and discussed in the last chapters.

2 Experimental methods

2.1 Measurement setup for the time domain signal acquisition

The ion beams used for the experiments were produced with theAECR-U type JYFL 14 GHz elec-
tron cyclotron resonance ion source. The temporal behaviorof the ion beams was recorded from
five Faraday cups, three located in the beamline between the JYFL 14 GHz ECRIS and the K-130
cyclotron and two after the cyclotron. The measurements were conducted using the setup presented
in figure1 for the first Faraday cup after the ion source. The same setup was used for all the Faraday
cups. The switchS is used to select whether the current signal from the Faradaycup is measured
with a Keithley picoammeter or connected to the oscillationmeasurement. The picoammeter is
normally used for the ion source tuning. In the oscillation measurement the current flows through
a shunt resistorR= 10 kΩ and the voltage difference across the resistor is measured with National
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Figure 1. Schematic presentation of the measurement setup for the first Faraday cup after the JYFL 14 GHz
ECR ion source.

Instruments USB-6255 16-Bit, 1.25 MS/s, M Series Multifunction DAQ. The NI USB-6255 is con-
nected via USB to a PC running a LabVIEW based measurement program, presented in detail in
section2.3.

The Faraday cups and the cables used for the measurements have capacitanceC (in parallel).
This combined with the shunt resistorR used for the measurement of the current signal creates a
current driven parallel RC circuit acting as a low pass filter. The cutoff frequency (3 dB attenuation)
of the circuit is

fcutoff =
1

2πRC
. (2.1)

The measurements were performed using as short cables as practically possible. The combined
capacitance of each Faraday cup and the cables was measured to be up to 2.3 nF. With 10 kΩ shunt
resistor this corresponds to a cutoff frequency of about 7 kHz. In the following chapters only beam
current oscillations up to this cutoff limit are considered.

The measurements from the Faraday cups after the cyclotron were performed with external
triggering due to radiation safety reasons. The measurement setup was assembled next to the Fara-
day cup, which minimizes the cable length and subsequently the stray capacitance and pickup of
electrical noise. The measurement software was prepared and primed before removing the per-
sonnel from the area. The measurement was then performed by triggering the software via one
of the digital inputs of the NI USB-6255 after allowing the accelerated beam into the high en-
ergy beam line.
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2.2 Signal transformation from the time domain to the frequency domain

Frequency domain processing is an essential technique whenit comes to extracting information
from the measured time domain signal and especially for enhancing the detection of its periodic
components. When the measured signal is transformed to the frequency domain, it is represented
as a sum of periodic (sine and cosine) components, amplitudes of which are presented in a fre-
quency spectrum. In order to enhance the detection of the dominant components, the values in
the frequency spectra are often squared, resulting into thefrequency power spectrum. In a real
measurement scenario a finite number of measured samples represent the complete time domain
signal. This windowed segment can be transformed to frequency domain with the Discrete Fourier
Transform (DFT) [13].

The frequency resolution in the frequency domain is described as∆ f = fs/N = 1/N∆t, where
fs = 1/∆t is the sampling rate,∆t the sampling interval andN the number of samples. The DFT
only gives frequency information up to half the sampling frequency (Nyquist sampling theorem).
As the sampling frequenciesfs used in the presented measurements varied between 40 and 100kHz,
the limit fs/2 was always over the RC cutoff of the measurement system (7 kHz). This enhances the
results, as it mitigates aliasing by strongly attenuating the frequencies abovefs/2 [13]. In practice
the DFT is calculated with Fast Fourier Transform (FFT), which is a collective name for algorithms
designed for solving the DFT computationally efficiently.

2.3 Measurement software

A new measurement software to monitor, record and analyze the beam current oscillations was
developed and used for the studies presented in this paper. Many development platforms currently
available include high performance basic routines for signal processing and manipulation, and this
approach was considered to be a more flexible alternative to the commercially available systems. As
this gives full control over the signal acquisition and manipulation procedures, the implementation
of special features and automated measurement routines becomes more transparent and straightfor-
ward. This is an important property as the measurement system is planned to act as a platform for
additional features required by future studies.

The measurement software was realized with the National Instruments LabVIEW develop-
ment environment and nick-namedBeam-N-SPECTR(Novel SPECtral Tool for Research) [14].
The program utilizes the inbuilt high performance FFT algorithms of the LabVIEW to perform the
basic signal transformation from time domain to frequency domain. Rest of the data manipula-
tion, including data acquisition, calculations and analysis, both in the time and frequency domains,
are built around this feature. The structure of the program is modular to allow future additions
and modification.

Figure 2 shows a schematic presentation of the core structure of the program and the data
flow between different segments. Multiple run modes exist for online and offline monitoring, data
recording and data analysis. The choice of run mode selects which features and routines of the
program are used but they all essentially include three mainsteps: acquisition of time domain data,
primary data analysis and postprocessing where some results are combined into more presentable
form. During these steps the produced data is stored and displayed to the user. When all steps have
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Figure 2. The structure of the measurement programBeam-N-SPECTRand the data flow.

been completed, the acquired data and analysis results are written into files (depending on the run
mode) and the main program terminates.

The functionality of the analysis block can be divided roughly into four steps. First, (1) the
transform from time to frequency domain is performed with the DFT block which utilizes the Lab-
VIEW FFT capabilities. Then (2) the frequency domain information is modified to desired form,
including finding the dominant frequencies, optional normalization of the frequency amplitudes,
optional frequency domain filtering of the data and inverse transform to generate a frequency fil-
tered time domain signal. After this (3) the program calculates signal variation parameters, such as
the standard deviation and fluctuation amplitudes to betterdescribe the temporal oscillations of the
signal. Finally (4) the produced information is collected and returned to the main program.

The program output includes graphical representations of the measured signal, its frequency
spectrum and, if requested, frequency filtered reconstruction of the time domain signal. If the
frequency spectrum of the background noise and electrical pickup is known, filtering of these fre-
quencies can be very useful in order to acquire purified signal of interest. The time domain signal
fluctuation characteristics (with optional frequency filtering) are calculated and presented. The
user can also choose to determine these beam properties averaged over multiple measurements and
construct frequency histograms from the measured spectra to better describe the stability of the
measured signal (see the next chapter). All measured data, produced graphs and calculated values
can be saved into files for later use, either with the same program or with other applications.
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Figure 3. Left: typical background frequency spectrum measured from the first Faraday cup after m/q
separation (FC2). Right: the frequency spectrum with 110µA 40Ar8+ beam. The spectra are shown up to
the RC circuit cutoff of the measurement system (7 kHz).

2.4 Signal and spectrum considerations

Figure3 shows a comparison of typical frequency power spectra measured from the Faraday cup
FC2 shown in figure1 without the ion beam (background) and with 110µA 40Ar8+ beam. The
influence of the beam on the spectrum is concentrated to frequencies of∼1 kHz and dominates
over the background.

It was verified that the measurement program functions reliably with the signal levels corre-
sponding to the beam currents along the beamline, i.e. in theorder of 1–100µA. This was done with
a 40Ar8+ beam exhibiting distinct oscillations of a fewµA located around 1.1 kHz (see figure4).
The frequency power spectrum of the beam was measured with varying average beam currents
between 1.55 and 111.1µA at the Faraday cup after the m/q separation (FC2). To preserve the
oscillation characteristics, the beam current was varied by adjusting the beamline optics (dipole
current) while the ion source settings were kept constant. As shown in figure4, the beam current
oscillation is clearly visible at all beam current levels (see corresponding background in figure3).
It is thus concluded that the data acquisition setup and the program are suitable for performing
measurements at the required signal levels.

It was observed that the beam current oscillation characteristics vary slightly with time, re-
sulting to small jitter in the frequency and amplitude of thespectral peaks. To better characterize
the oscillations, each of the studied cases (ion source tunes, etc.) was measured up to 20 times in
sequence. The highest peaks from each individual sample were detected from the power spectrum
and normalized with respect to the maximum (non-DC) value. This normalization was used as a
weighting factor to construct a frequency histogram summing the highest peaks from all the indi-
vidual measurements. The histogram presentation mitigates the effect of background fluctuations
and suppresses momentary interferences causing additional peaks to appear in individual samples.
It also characterizes the jitter of the frequency peaks, i.e. the width of the histogram distribution
describes the stability of the periodic oscillations. The process to create a histogram from multi-
ple measurement samples is presented in figure5 showing three measurements. The beam current
characteristics, such as the average beam current and the oscillation amplitude, are averaged over
the individual measurements.
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Figure 4. Measured frequency spectra with varying beam currents between 1.55 and 111.1µA of 80 keV
40Ar8+. The spectra are normalized to the highest peak (present in the 12.7µA case). Measured with 40 kHz
sampling rate and 2 s data acquisition time.

Figure 5. The process to create the oscillation frequency histograms. First the time domain signal (beam
current) is measured multiple times. The signals are transformed to the frequency domain, normalized and
finally combined into a single histogram.
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In order to remove rogue points from the beam variation measurements, theoscillation am-
plitude is defined as 2σ standard deviation of the time domain signal, rejecting∼5 % of the data
points (see figure5). This is a compromise when effectively mitigating the possibility of a severe
overestimation of the oscillation amplitude caused by a fewerroneous data points, it can also reduce
the real amplitude value if the signal exhibited sharp peaks, which is often the case (see figure5).
The relative oscillation amplitudeis defined as the percentage of the oscillation amplitude with
respect to the average signal.

Frequencies over 7 kHz (RC cutoff) and below 100 Hz were excluded from the analysis. This
was done in order to suppress the background signals, e.g. the influence of AC line frequency
(50 Hz) and other electrical pickup. As can be seen in figure3, only few background peaks exist
in this frequency range. The influence of the remaining background was studied by filtering away
all frequencies around the peaks caused by the beam and reconstructing the current signal. It was
found by comparing the reconstructed signals with the original ones that the remaining background
accounts for a constant 0.4µA increase in the oscillation amplitudes. The effect was found to be
negligible for the observed trends.

3 Experimental results

The measurements presented in this section were performed using 16O6+ and40Ar8+ ion beams
with varying ion source settings. As the aim of these measurements was to study the current
oscillations exhibited by the ion beams, the presented ion currents do not represent the maximum
performance of the JYFL 14 GHz ECR ion source but they can be considered typical for the K-130
cyclotron operation.

The measurements were carried out using sampling rates between 40 and 100 kHz and the
number of collected samples varied to yield total data acquisition times between 0.1 and 2 seconds.
As a result the frequency resolution varied between 1 and 10 Hz.

3.1 Effects of ion source tuning

The ion source tuning affects the characteristics of the ionbeam current oscillations. The effects
of microwave power and biased disc voltage on the beam current oscillations of the JYFL 14 GHz
ECRIS have already been reported in reference [8].

The sensitivity to the ion source tune is depicted in figure6. Variation of the ion source settings
(in this case the microwave power) alters the beam current oscillation behavior of16O6+ beam
dramatically. In figure6(a) the oscillations are concentrated around 800 Hz. The average beam
current is 188µA with an oscillation amplitude of 8.3µA (4.4 % relative oscillation amplitude). In
figure6(b) the oscillations are shifted to lower frequencies around 100–200 Hz. The average beam
current of 180µA is almost identical to the previous case, but the oscillation amplitude is increased
to 84.9µA (47.2 %). With conventional beam current monitoring equipment and techniques both
beams seem equally stable. These two presented cases are thetypical ones often observed during
the tuning procedure of the JYFL 14 GHz ECRIS.

The observed beam current oscillations vary strongly when the ion source magnetic field
(plasma confinement) is adjusted by altering the coil currents. No clear trends connecting the oscil-
lation frequencies to magnetic field values are observed, but the oscillation amplitude (relative and
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Figure 6. Oscillation frequency histograms of16O6+ beam with two different ion source tunes. Corre-
sponding ion source settings and beam characteristics are presented in the plot legends. Both histograms are
combined from 20 measurements.

Figure 7. Relative oscillation amplitude and average beam current of 16O6+ with varying coil currents (both
extraction and injection) and the corresponding axial solenoid magnetic field values.

absolute) increases with increasing coil currents, as shown in figure7. The average beam current
increases first with increasing coil currents, but turns to strong decrease with the highest values.

The effect of the ion source extraction voltage on the beam current oscillations was studied by
varying the source potential around the normal operation value of 10 kV, dictated by the injection
of the K-130 cyclotron. The measurements were performed with two different ion source tunes for
40Ar8+ beam and the results are presented in figure8. It was observed that the relative oscillation
amplitude decreases with increasing extraction voltage. This is not exclusively due to the increasing
beam current, as the absolute value of the oscillation amplitude also decreases. No clear trends
concerning the dominant oscillation frequencies with varying extraction voltage were observed.

The results show that the properties of the measured oscillations exhibit clear dependencies on
the ion source settings. This behavior confirms that the observed peaks in the frequency spectrum
originate from the ion beam, not from external sources.
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Figure 8. Relative oscillation amplitude and beam current of40Ar8+ as a function of ion source extraction
voltage. Data is shown for two different ion source settings. Total extracted current (in mA) is indicated on
top of the beam current data points.

3.2 Beam current oscillations along the LEBT and through thecyclotron

The oscillation behavior of16O6+ beam was studied along the beam transport. The temporal char-
acteristics of the beam were measured from three Faraday cups between the ion source and the
cyclotron and from two Faraday cups after the cyclotron. Thebeam transport and the location
of the Faraday cups are presented in figures9 and10. To ensure that the properties of the initial
beam remained unchanged, the beam current oscillation characteristics were measured from FC2
between all the other measurements from different Faraday cups.

Figure11 presents the beam current oscillations measured from Faraday cups FC2, FC4 and
FC5 between the ion source m/q separation and the cyclotron (LEBT). The beam is focused into
Faraday cups FC2 and FC5 through 20 mm aperture collimators placed right in front of the cups.
There is no collimator in front of FC4. Table1 summarizes the beam properties measured from
each Faraday cup. The beam current is lower at FC4 than at FC5 due to the ion optics, making the
beam matching to FC4 more difficult.

The results show that the oscillations are preserved along the low energy beam transport all
the way to the cyclotron. The variation of the relative oscillation amplitude measured from dif-
ferent Faraday cups is a few percentage points, which is considerably less than what is seen with
varying ion source tuning parameters (see figures7 and8). With lower beam currents at FC4 and
FC5 the magnitude of the peaks in the frequency spectra are naturally decreased in comparison to
FC2. It was observed that the magnitude of the∼800 Hz peak in the frequency spectra is reduced
considerably more than the magnitude of the lower frequencypeak of∼150 Hz (also visible in the
FC2 measurement, see figure11). This leads to a situation where the peak magnitudes in these two
frequency regions become comparable. When the outer parts of the beam are cut using smaller col-
limator apertures at the FC2 the oscillation amplitudes decrease with the decreasing average beam
currents but the relative oscillation amplitudes tend to remain about constant or increase slightly.
Similar behavior is seen at all Faraday cups (see table1). However, the ratio of peak magnitudes
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Figure 9. Schematic presentation of the beam transport from the 14 GHz ECR ion source through the K-130
cyclotron.

Figure 10. Schematic presentation of the beam transport through the K-130 cyclotron to the high energy
beamline Faraday cups PFC and BB3. Deflector probe measures the beam current inside the cyclotron before
deflector (position 1) and through it (position 2).
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Figure 11. Beam currents and current oscillation frequency histograms measured from Faraday cups FC2,
FC4 and FC5 between the ion source and the cyclotron. FC2, FC4and FC5 beam currents normalized to
188.9µA, 81.1µA and 94.7µA, respectively. Each histogram is combined from 20 measurements.

Table 1. Average beam currents, oscillation amplitudes and relative oscillation amplitudes of 60 keV16O6+

beam measured from the LEBT Faraday cups.

Faraday FC2 collimator Average Oscillation Relative oscillation
cup diameter (mm) current (µA) amplitude (µA) amplitude (% of average)

FC2 20 188.9 8.3 4.4
15 146.9 6.1 4.1
10 107.8 5.2 4.8

FC4 20 81.1 4.4 5.4
15 63.4 4.3 6.8
10 53.9 3.5 6.5

FC5 20 94.7 2.7 2.9
15 88.2 2.3 2.6
10 78.9 3.3 4.1
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between different frequency regions (∼800 Hz and∼150 Hz) exhibited no clear tendencies with
varying FC2 collimator sizes and remained mainly unaltered.

The beam current behavior was measured after the cyclotron from two Faraday cups, PFC and
BB3. The16O6+ beam was extracted from the ion source with 12.04 kV extraction voltage and
accelerated to 179 MeV energy with the cyclotron. The ion source gas feed was adjusted to achieve
identical oscillations at FC2 around∼800 Hz as presented in figure11with 204.1µA average beam
current and 14.1µA (6.9 %) oscillation amplitude. Other ion source settings remained unaltered.
The average beam currents at PFC and BB3 were 1.08 and 0.74µA, repectively. The background
level at PFC, located inside the cyclotron vault, was considerably higher than at the Faraday cups
along the LEBT, preventing the observation of possible oscillation peaks originating from the beam.
BB3 is located outside the cyclotron vault and the background was again at the same level as with
the LEBT Faraday cups. Figure12 shows the beam current oscillation histogram and examples of
original frequency power spectra measured from BB3 with andwithout the beam. No influence of
the beam is observed in the studied frequency range in the frequency histogram or in the frequency
spectrum. This is further demonstrated in figure13, which shows comparison of the 1.55µA
beam measured from FC2 exhibiting a clear peak at 1.2 kHz (from figure4) and the 0.74µA beam
measured from BB3 which is indistinguishable from the background. The correct average beam
current is still measured by the program, which verifies thatthe signal is correctly delivered to the
measurement system. The oscillation amplitude of the beam at BB3 is 0.20µA (28 %), produced by
the background noise distributed in the whole measured frequency range. This was confirmed with
the background measurement without the beam, which yieldedthe same oscillation amplitude value
around zero average beam current. To further verify this result, the measurement was repeated with
different ion beam and cyclotron settings. Beam of40Ar8+ was extracted from the ion source with
9.25 kV extraction voltage and accelerated with the cyclotron using the third harmonic (ωRF = 3ωc,
whereωRF andωc are the cyclotron RF frequency and the ion cyclotron frequency), compared to
the second harmonic used with the oxygen beam. The average beam current at FC2 was 83µA
with 3.8µA (4.6 %) oscillation amplitude. In the frequency spectrum the beam exhibited clear
dominant peak at about 470 Hz with negligible background. The beam was accelerated to the
energy of 182 MeV with the cyclotron and the beam current behavior of 0.34µA of 40Ar8+ was
measured at BB3. As presented in figure14, the measurement yielded the same result as with the
oxygen beam. No influence of the beam was observed in the frequency spectra.

3.3 Consequences of beam current oscillations to transmission efficiency

The influence of the beam current oscillations to the transmission through the LEBT and the K-130
cyclotron was studied with two different ion sources tunes,yielding comparable16O6+ beam cur-
rents after the ion source m/q separation but with differenttemporal characteristics presented in
figure15. These cases represent the two typical beam current oscillation characteristics often seen
when the ion source is optimized for highly charged ion production. The conventional current
measurement system presented both beams as equally stable.The beams were accelerated with the
cyclotron to 179 MeV energy.

The first beam (figure15(a)) exhibits oscillations localized at low frequencies below 300 Hz
with highest peak at 140 Hz. The average beam current at FC2 is175.1µA with 24.1µA oscillation
amplitude (13.8 %). However, the beam current exhibits sharp drops, which are mitigated in the
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Figure 12. Beam current oscillation histograms and example frequency spectra measured from the Faraday
cup BB3 after the cyclotron with and without the ion beam (0.74µA of 179 MeV 16O6+). Histograms are
combined from 20 measurements. As in PFC, the influence of thebeam is not observed in the original
spectra nor in the histograms.

Figure 13. 0.74µA beam current signal measured from BB3 (left) and the corresponding frequency power
spectrum compared to the 1.55µA beam measured from FC2 (right). The influence of the beam at BB3 is
not observed in the studied frequency range.

statistical 2σ calculation. The beam current at PFC was measured to be 2.8µA, corresponding to
a total transmission efficiency of 1.6 % through the LEBT and the cyclotron.

The second beam (figure15(b)) exhibits oscillations localized at higher frequencies, between
1 and 1.5 kHz with highest peaks at 1.1 and 1.25 kHz. The average beam current is 191.4µA with
19.5µA oscillation amplitude (10.2 %). The beam current at PFC wasmeasured to be 4.0µA,
yielding a transmission efficiency of 2.1 %. This gives over 30 % increase in transmission compared
to the first case with low frequency oscillations. Total transmission efficiency of∼2 % represents
the normal performance of the JYFL K-130 cyclotron with highintensity highly charged heavy
ion beams. Thus the difference seen in the absolute transmission efficiency is significant. All ion
optical components of LEBT (see figure9) and the cyclotron parameters were tuned for both cases.
The low frequency oscillations case was measured first, and switching the oscillations to higher
frequencies yielded practically immediate performance improvement. Further tuning only slightly
improved the result.
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Figure 14. Left: 83µA average beam of40Ar8+ measured from FC2 and the corresponding frequency
histogram. Right: frequency power spectrum measured from BB3 with and without 0.34µA of 40Ar8+

beam. As with the oxygen beam, the influence of the beam is not observed at BB3. Ion source settings
presented at the top of the figure.

Figure 15. 16O6+ beams used for the transmission studies with low (a) and high(b) frequency beam current
oscillations. Both histograms are combined from 3 measurements.

The beam currents through the LEBT and the cyclotron are presented in figure16. In both
measured cases the transmission through the LEBT (from FC2 to the cyclotron inflector) remained
virtually the same; for the low frequency case it was 32.4 % and for the high frequency case 31.1 %.
Thus the differences in total transmission are due to different transport through the cyclotron. In
the case of low frequency oscillations the increase in beam losses becomes evident at the outer
radius and extraction of the cyclotron (delflector probe positions 1 and 2) and the high energy
beamline (PFC).
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Figure 16. The measured beam currents through the low energy beam transport (LEBT) and the cyclotron
into the first Faraday cup in the high energy beamline (BL) with two different oscillation modes. FC2–
FC5 are the LEBT Faraday cups, Infl. is the cyclotron inflector(injection), D.1 and D.2 are the cyclotron
deflector probe positions 1 (last rotation before the deflector) and 2 (beam through the deflector). PFC is the
first Faraday cup after the cyclotron.

4 Discussion and conclusions

The new measurement systemBeam-N-SPECTRhas proven to be a versatile and reliable tool
for studying the temporal characteristics of ion beams, i.e. recording, identifying and analysing
periodic oscillations exhibited by the signal. In the presented measurements the ion beam current
behavior was studied in the frequency range of 102− 103 Hz. Studies of beam current behavior
at higher frequencies can be achieved by replacing the shuntresistor in the measurement setup
with a transimpedance amplifier, preferably connected directly to the Faraday cup (as an example,
see [15]). Considering most of the applications utilizing highly charged ion beams, the current
oscillation amplitude and frequencies are usually the mostimportant factors characterizing the
beam temporal behavior. However, improving the time constant of the measurement could be
beneficial in determining the shape of the signal variationsmore accurately, possibly yielding more
information on the exact origin of these oscillations.

The presented results indicate that the observed periodic oscillations of the beam current orig-
inate from the ion source plasma. This is supported by the fact that the properties of these oscil-
lations, namely the frequencies and the fluctuation amplitudes, are clearly dependent on the ion
source settings. It is unlikely that the observed phenomenaoriginate from the beamline ion optics,
as the same beam current oscillation behavior has been observed with two different extraction sys-
tems of the JYFL 14 GHz ECRIS. The systems have very differention optical properties (see ref-
erence [16]) but exhibit similar beam current oscillation trends. To further rule out the background
and beamline effects, it is noted that different ECR ion sources including VENUS at LBNL [8],
SuSI at MSU/NSCL [17], NIRS-HEC at HIMAC [18] and VEC-ECR at VECC [11] have been re-
ported to exhibit similar beam current oscillations at 102−103 Hz range. However, it is also noted
that varying space charge compensation, driven by beam current variations, can possibly amplify
or mitigate the observed current oscillations, as suggested by the results presented in [19].

– 16 –



2
0
1
3
 
J
I
N
S
T
 
8
 
T
0
2
0
0
5

The ion beam current oscillations have strong dependencieson the ion source parameters,
which suggests a connection between plasma processes and measured ion beam temporal charac-
teristics. The dependency on microwave power reported by Taki et al. [11] and Tarvainen et al. [8]
suggests connection to electron heating. The reported dependency on the magnetic confinement
(axial solenoid field) indicates the same, as it also affectsthe energy transfer from microwaves
to electrons by altering the magnetic field gradient at the electron cyclotron resonance (for ex-
perimental evidence, see [20], for JYFL 14 GHz ECRIS, see [21]). Stronger axial solenoid field
yielded increase in oscillation amplitude, but stronger radial confinement, produced with sextupole
magnets, seems to mitigate the beam current oscillations, as reported by Tarvainen et al. [8]. This
behavior has important consequences for the beam quality ofhighly charged ions, production of
which require high magnetic confinement. Defining the exact plasma instability processes leading
to the observed beam current oscillations is beyond the scope of this paper. However, it is noted
that the strong dependencies on magnetic confinement and electron heating suggest kinetic and/or
magnetohydrodynamic (MHD) instability processes as possible candidates. Kinetic instabilities
arise from the anisotropy and shape of the electron energy distribution function (EEDF) with re-
spect to the external magnetic field (see e.g. [22, 23]). MHD instabilities are connected to the
magnetic field topology (see e.g. [24–26]). Depletion of neutral density by efficient ionization and
consequent plasma density oscillation through neutral-plasma coupling has also been suggested as
a source of periodic plasma instabilities in ECR heated plasmas (see e.g. [27, 28]). Further identi-
fication of the plasma processes behind the observed beam current behavior is a subject of future
studies with additional diagnostics methods.

The observed dependence on the ion beam extraction voltage,namely the mitigation of the
oscillation amplitude with increasing extraction field, can also be connected to plasma effects. For
example, periodic variation of plasma properties such as the plasma potential in the region where
ions are extracted from the plasma could affect the properties of the formed ion beam. Increase
of extraction voltage decreases the energy spread∆E/E and could thus suppress the resulting
beam oscillations. However, as the two presented cases demonstrate (see figure8), even with
high extraction voltages different ion source tuning can still result in considerable beam current
fluctuation. This is also seen with VENUS, which exhibits beam current oscillations of up to 25 %
with extraction voltages over 20 kV [8].

The observed ion beam current oscillations occur in a broad range of frequencies and ampli-
tudes. The frequencies vary from 100 Hz up to about 1.5 kHz. Atthe same time the relative oscil-
lation amplitude, describing the fluctuation of the ion beamcompared to the average value, varies
from ∼1 up to∼65 %. With conventional beam current monitoring systems thedifference be-
tween such ”oscillation modes” is often undetected. However, as the transmission results indicate,
the oscillations can affect the beam acceleration. The performance of the low energy beam trans-
port remained practically unchanged with varying oscillation characteristics but the transmission
through the cyclotron was degraded when the ion beam exhibited low frequency, high amplitude
oscillations. The connection between the temporal characteristics of the beam and the functional-
ity of the cyclotron is further underlined by the observation that the oscillations clearly present in
the LEBT are not detected after the cyclotron. To verify thissurprising phenomenon, the study of
the beam current behavior after the cyclotron was performedwith two different ion beams (16O6+

and 40Ar8+) with different cyclotron settings, both yielding the sameresults. The cause of this
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phenomenon remains unknown but some possible reasons can besuggested based on the observed
trends of the beam current oscillations. As stated above, the oscillations are damped with increas-
ing extraction voltage of the ion source. If this trend is indeed connected to the fluctuating energy
spread,∆E/E, this leads to a periodic variation of the beam properties asit passes through dipole
magnets, which can contribute to the observed current oscillations at the LEBT Faraday cups. As
the beam passes through the cyclotron, the energy spread is decreased substantially, which can
subsequently lead to the absence of those oscillations observed in the LEBT, at the Faraday cups
after the cyclotron. Another possibility for this behavioris the collimation of the ion beam in the
cyclotron injection, and subsequent acceleration of only apart of the injected ion beam, which
could exhibit different behavior in the frequency domain, as discussed below. Bunching of the ion
beam before the cyclotron injection is an unlikely source for this phenomenon, as it occurs at much
higher frequencies around 107 Hz.

The results obtained with varying the collimator aperture sizes of the Faraday cups along the
LEBT suggest that the oscillations are not only localized inthe beam halo, but are either uni-
formly distributed in the beam profile or have some more complex distribution. Thus, future plans
concerning the studies of beam current oscillations include further development of the beam in-
strumentation and diagnostics. The measurement program will be extended to include a feature to
perform simultaneous measurements from multiple input channels. Using this in combination with
a Faraday cup divided into multiple sectors should offer valuable information on the distribution of
oscillation characteristics in the beam profile and could consequently shed more light on the beam
oscillation behavior after the cyclotron.
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a b s t r a c t

The influence of a so-called collar structure on the performance of the JYFL 14 GHz electron cyclotron
resonance ion source (ECRIS) has been studied experimentally at the Department of Physics, University of
Jyväskylä (JYFL). The collar is a cylindrical structure extruding inwards from the plasma electrode. The
collar length was varied between 5 and 60 mm. For some ion species a moderate performance
improvement was achieved in terms of extracted beam current and transverse emittance up to 30 mm
collar length. Longer collars resulted in a substantial performance decrease. Different collar materials, i.e.
nonmagnetic stainless steel, aluminum and Al2O3, and a wide range of ion species for elements ranging
from 14N to 82Kr were studied. No clear material or ion species dependent behavior was observed. The
experiments suggest that the extracted ions originate from a plasma volume which is at a considerable
axial distance from the extraction aperture. Furthermore it is concluded that a substantial space exists
surrounding the collar that could be utilized for applying novel techniques to boost the performance of
ECR ion sources.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Electron cyclotron resonance ion sources (ECRISs) are used for a
wide range of applications requiring highly charged heavy ion
beams, both in research and industry (see e.g. [1] and the
references therein). Numerous techniques have been developed
to improve the performance of ECR ion sources. These include the
use of a negatively biased disk at the injection end of the plasma
chamber [2–4], the gas mixing technique in which lighter gas is
introduced into the plasma to boost the production of the high
charge states of the heavier element [5,6], the use of two
(or multiple) microwave frequencies to produce additional reso-
nance surfaces [7–10], the introduction of metal–dielectric (MD)
surfaces with high secondary electron emission coefficients into
the plasma chamber [11,12] and, more recently, the fine tuning of
the heating microwave frequency [13–17].

In 2009 it was presented by Mironov [18] that using a so-called
collar structure around the extraction aperture (see Fig. 1) could
yield improved ECR ion source performance by shifting the charge
state distribution of ions toward higher values. In addition to
offering a possible performance improvement, such a structure at
the extraction region of the ion source could be used to probe the
dynamics of the extracted ions. Despite the promising initial

results, systematic studies of the collar structure have not been
published.

This paper presents the results of the collar studies conducted
with the JYFL 14 GHz ECR ion source [19]. A detailed description of
the collar structure and the experimental setup is given in the next
section. This is followed by experimental results and discussion.

2. Experimental setup and procedure

The measurements have been performed with the AECR-U type
JYFL 14 GHz ECR ion source. In order to enable installing the collar
structure, a new plasma electrode with removable center piece
was manufactured. The cylindrical collar structure with 10 mm
inner and 14 mm outer diameters was implemented into the
center piece around the 8 mm extraction aperture (see Fig. 1).
Multiple center pieces with varying length and material were
manufactured. The baseline measurements were performed with
an aluminum center piece with 8 mm extraction aperture, recreat-
ing the original plasma electrode structure. The new plasma
electrode with a 30 mm collar is presented in Fig. 1.

The length of the collar was varied from 5 to 60 mm. Since the
influence of the plasma flux on the long collars was originally
unknown, nonmagnetic stainless steel was chosen as the collar
material for this study due to its favorable thermal properties,
especially the high melting point. The results obtained with
stainless steel were later compared to 20 mm collars manufac-
tured from aluminum and aluminum oxide (Al2O3) in order to
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study the possible material dependent behavior. Aluminum has
higher secondary electron emission coefficient compared to stain-
less steel and is therefore the preferred material for ECRIS plasma
chamber walls. Al2O3 was chosen to study if the performance was
affected by a dielectric material.

Possible ion species dependent effects were studied using 14N,
16O, 20Ne, 40Ar and 82Kr plasmas and gas mixing with Ar+O2. The
ion source extraction voltage was varied between 10 and 14 kV,
corresponding to the typical injection energies of the JYFL K-130
cyclotron [20].

Changing the collar between the measurements required
venting the ion source. The ion source was subsequently condi-
tioned for a few days to achieve good performance and deplete
residual gas contaminations, e.g. water and oxygen. The same
procedure was performed for the baseline measurements to
ensure identical conditions. With the Al2O3 collar the conditioning
period was extended until the level of residual oxygen detected in
the extracted beam decayed to a normal level. The performance of
the ion source was quantified by measurements of beam current,
transverse emittance and profile of m=q separated ion beams. The
beam current was measured with a conventional Faraday cup, the
transverse emittance with an Allison type emittance scanner [21]
and the beam profiles were recorded using potassium bromide
(KBr) coated scintillation screens. The transverse emittance values
were calculated with 90% threshold value in the vertical plane, i.e.
perpendicular to the bending plane of the analyzing magnet. The
limitation of the Allison scanner is that it provides 2D emittance,
compared to the 4D emittance achieved with a pepper pot
emittance meter. However, the results obtained with the scanner
have been correlated with the beam transmission efficiency at JYFL
(see e.g. [22]) and it has been shown experimentally that Allison
scanners and pepper pot emittance meters provide consistent
results [23]. The first section of the low energy beam transport
downstream from the JYFL 14 GHz ECRIS and the locations of the
diagnostics is presented in Fig. 2.

The experiments were performed with the extracted beam
currents Iexto1:5 mA because the extraction system of the JYFL
14 GHz ECRIS is known to degrade the properties of the extracted
beams with high total extracted beam current. After the collar
experiments the extraction has been replaced with a new system
providing improved performance [22].

Because of the demanding beam time schedule of the JYFL
accelerator laboratory, the collar experiments were distributed over
a time period of roughly 2 years. As a consequence, the measure-
ments included numerous baseline measurements, providing a good

assessment of the normal variation of the ion source performance.
This information has been utilized for establishing error estimations
for the collar measurements.

3. Experimental results

The experiments with varying collar lengths were performed
with argon plasma. The ion source was optimized for the produc-
tion of 40Ar12+ with 10 kV extraction voltage and the extracted
current and transverse emittance of charge states 5þ…16þ were
measured. The 40Ar12+ beam current and normalized rms emit-
tance obtained with collar lengths between 0 and 60 mm are
presented in Fig. 3, with L¼0 mm corresponding to the baseline
measurements. With collar lengths between 5 and 30 mm 40Ar12+

exhibits an average improvement of ∼20% and ∼30% in the beam
current and the transverse emittance, respectively, compared to
the baseline. The beam current and emittance of the other argon
charge states exhibit more variation. This is probably due to slight
variations in the ion source tunes, such as gas pressure and
microwave power, yielding the optimum 40Ar12+ performance.
This underlines the sensitivity of the charge state distribution on
the tuning parameters, especially for the high charge states. This is
demonstrated in Table 1, which presents the beam currents and
current improvements compared to baseline average for all
measured argon charge states with varied collar lengths. The ion
species for which the ion source is optimized exhibit moderate

Fig. 1. A schematic presentation of the collar installed to the plasma electrode of the JYFL 14 GHz ECRIS (a) and the structure of a separate collar (b). The solenoidal magnetic
field on axis is also presented with Binj ¼ 1:95 T, Bmin ¼ 0:35 T and Bext ¼ 0:94 T. The collar length L, defined in part (b) of the figure, was varied between 0 and 60 mm. In the
figure L¼30 mm in the schematic plasma chamber assembly (a) and L¼15 mm for the presented separate collar (b).

Fig. 2. A schematic presentation of the low energy beam transport downstream
from the JYFL 14 GHz ECRIS.
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performance improvement compared to the baseline (40Ar12+ in
this case) consistently with all collar lengths. However, such a
clear trend is not observed with the other charge states. Significant
differences were not observed in the beam profiles with different
collar lengths, including the baseline measurements, which imply
that the collar does not interfere with the plasma flux toward the
extraction.

With collar lengths L430 mm the ion source performance is
substantially degraded, as the results with 40 and 60 mm collars in
Fig. 3 show. The total extracted beam current and the current of all
individual charge states decrease significantly (see Fig. 4). The
decrease is most pronounced for the highest charge states,
indicating that the long collars disturb the plasma. After the
measurements it was observed that the 60 mm collar was
damaged by the plasma bombardment up to a distance of
15 mm from the collar tip.

The measurements were performed with varying collar lengths
at 10, 12 and 14 kV extraction voltages. The measured ion beams
exhibited the behavior described above with all extraction
voltages.

In addition to stainless steel, aluminum and Al2O3 were tested
as the collar material with L¼20 mm. No significant differences
were observed in the ion source performance between the
different collar materials. The stainless steel and aluminum collars
exhibited very little evidence of interaction with the plasma
particles, but the Al2O3 collar experienced significant damage after
several days of operation.

The influence of the collar was further studied with 14N, 16O,
20Ne, 40Ar and 82Kr plasmas. The measurements were performed
with 15 mm stainless steel collar. The results obtained with the
ions species for which the ion source was optimized, i.e. 14N6+,
16O7+, 14N6+, 40Ar12+ and 82Kr20+, seem to suggest a weak mass per
charge dependence, as is presented in Fig. 5(a). However, when all
extracted ion species, not just the optimized ones, are studied, this
dependence is obscured by the performance variation of the ion
source, as presented in Fig. 5(b).

The effect of mixing gas was studied with Ar+O2 plasma. As
expected, the mixing gas enhanced the production of high charge
states with the collar effect remaining similar as with pure argon.

4. Discussion

The experiments show that surprisingly long (up to 30 mm
with the JYFL 14 GHz ECRIS) collar structures can be implemented
without degrading the ion source performance in terms of
extracted beam current and transverse emittance. For some beams
a moderate performance improvement was obtained with the
collar.

The collar measurements provide experimental information
regarding the dynamics of the extracted ions. The collars with
lengths up to 30 mm exhibited very little evidence of interaction
with the plasma particles. Also, different collar materials had no

Table 1

Beam currents I of 40Ar charge states Q and current improvement Iimpr compared to baseline average IBLavg with varying collar lengths L (in mm). The standard error of the

mean for IBLavg and the range of baseline variation between measurements IBLvar are also presented. Ion source optimized for 40Ar12+.

Q IBLavg (μA) I (μA) and Iimpr (%) with varying collar length L

IBLvar (μA) L¼5 L¼10 L¼15 L¼20 L¼25 L¼30

5 2373 2872 2472 2472 2672 2272 2772
17 …28 20717 3715 3715 11716 −6714 16717

6 2571 2972 2372 2071 2672 2572 2372
23 …27 17717 −8713 −21711 3715 0714 −7713

7 3172 3572 3072 2472 3172 3172 3072
27 …35 15717 −3714 −21711 2715 2715 −1714

8 6577 8575 7174 5873 7074 7274 7274
53 …81 30719 9716 −11713 7715 10716 10716

9 7573 8775 7874 6374 9275 8375 8675
68 …79 16717 4715 −16712 22718 10716 14716

10 7374 7774 7674 6474 8775 8175 8675
64 …82 6715 5715 −12713 20717 11716 19717

11 5773 6274 6174 5673 6774 6374 6874
51 …62 9716 7715 −2714 17717 11716 19717

12 3572 4373 4373 4173 4173 4573 4473
31 …39 22717 22717 16717 16717 27718 24718

13 1772 18.070.9 17.570.9 2172 14.570.8 1971 2072
13 …19.3 8716 5715 26718 −13713 16717 21717

14 5.870.8 6.070.3 5.970.3 8.670.4 4.070.2 6.670.4 7.170.4
4.1 …7.2 4715 3715 50721 −30710 15716 23718

15 1.470.3 1.6070.01 1.4070.07 2.570.2 0.9070.05 1.6070.08 2.570.2
0.94 …1.6 17717 20715 82726 −34710 17717 82726

16 0.1470.07 0.1870.01 0.1470.01 0.4070.02 0.0170.01 0.1770.01 0.2370.01
0.01 …0.29 26718 −2714 180740 −9378 19717 61723

Fig. 3. Beam current and normalized rms emittance of 40Ar12+ with varying collar
lengths.
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observable effect on the ion source performance, indicating that
particle interaction with the collar surface is not a significant
contributor to the properties of the extracted beams. As the
30 mm collar structure with 10 mm inner diameter strongly limits
the plasma flow in radial direction around the 8 mm extraction
aperture, the results suggest that the extracted ions originate from
a plasma volume further away in the axial direction. This is in good
agreement with several computational models of the ion dynamics
inside the plasma volume of an ECR ion source [24–28]. Despite
different assumptions, these models are capable of reproducing
many of the observed properties of ECRIS plasmas and ion beams.
The simpler models, used for beam extraction studies, assume the
ion dynamics to be dictated by the external magnetic field of the ion
source. Consequently, the extracted ions are bound to the magnetic
field lines which go through the extraction aperture. With the
conventional ECRIS magnetic field structure, composed of solenoi-
dal and hexapole magnetic fields, these field lines remain closely
bunched and are nearly parallel for a considerable axial distance
upstream from the extraction aperture.

The unperturbed ion motion in external magnetic field B is
dictated by the Lorentz force, resulting to ion gyromotion around
the magnetic field lines with Larmor radius rL ¼mv⊥=qB and
gyrofrequency f ci ¼ω=2π ¼ qB=2πm, where m, q and v⊥ are the
ion mass, charge and perpendicular velocity, respectively, with
respect to the magnetic field. However, ion–ion collisions in the
plasma disturb this motion, randomizing the ion path. As a result,
the ion motion is not directly dictated by the magnetic field, i.e.
the ions are not magnetized, if on an average f ii=f ci41, where f ii is

the ion–ion collision frequency. In ECRIS plasma the f ii can be
estimated with the equation presented by Melin et al. [6] and
Girard et al. [6,29], showing that f ii∝Q

2Qeffne=T
3=2
i , where Q is the

charge state of the ion, Qeff the effective (mean) charge state of the
ion population in the plasma, ne the electron density and Ti the ion
temperature. Using reasonable assumptions, obtained from
experiments with ECRIS plasmas [6,29], the collision frequencies
of 40Ar charge states 1+ and 12+ are 4:3� 105 and 6:2� 107 s−1,
for example. The corresponding ion gyrofrequencies range from
1:9� 105 to 3:8� 105 s−1 for 1+ and from 2:3� 106 to 4:6�
106 s−1 for 12+, when the magnetic field varies between 0.5 and
1 T. With 0.5 T the collision frequency is more than an order of
magnitude higher than the gyrofrequency with charge states
Q≥5þ. For 1 T this occurs with Q≥9þ. Based on the given collision
frequency examples f ii=f ci41 even for the low charge states.
Altogether, this implies that the ions are not magnetized. It is
noted that the situation can be different in the plasma sheath,
where the plasma density can be considerably lower than in the
core plasma.

However, the ions are bound to the magnetic field lines indirectly
through the dynamics of the magnetized electron population, as the
experimental results reported in a recent study [30] indicate. In that
study the ion and electron current density distributions were spatially
resolved near the extraction region of an 11 GHz ECR ion source. It was
shown that the strongly magnetized electrons follow the external
magnetic field lines, and the ion distribution is localized around
the electron distribution maintaining the plasma quasineutrality.
This view is also in good agreement with simulations taking into
account the ion–ion collisions (see e.g. [27]).

As the ion and electron dynamics can be considered strongly
coupled, it can be argued that a rough estimation of the influence
of the collar on the extracted ions can be made by studying how
the collar structure limits the motion of the magnetized electrons.
The electron trajectories were calculated in a static 3D representa-
tion of the magnetic field structure of the JYFL 14 GHz ECRIS, i.e.
superposition of the solenoid and hexapole fields. The field structure
can be described with the injection, extraction and minimum fields
on axis, Binj ¼ 1:95 T, Bext ¼ 0:94 T and Bmin ¼ 0:35 T, and the radial
field strength on the magnetic pole at the chamber wall,
Brad ¼ 1:06 T. Collision processes and electric fields, i.e. electron
heating, were not considered. Monoenergetic 10 keV electrons were
used in the calculation. No significant difference was observed using
a distribution of electron energies.

The electrons were launched from the plasma electrode aper-
ture toward the chamber in order to identify the spatial volume
from where the magnetized electrons, followed by the nonmag-
netized ions, are transported into the extraction. In theFig. 4. Argon charge state distribution with varied collar lengths.

Fig. 5. Beam current improvement compared to baseline for (a) ion species for which the ion source is optimized and (b) all extracted ion species as a function of the ratio of
the ion mass (in amu) and charge state.
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calculations it was assumed that the initial electron population
occupies the whole aperture area. This is supported by the plasma
flux induced markings on the plasma electrode of the JYFL 14 GHz
ECRIS, presented in Fig. 6. In addition a uniform distribution was
assumed over the aperture. This can be considered as a worst case
scenario for the fraction of electrons blocked by the collar
structure.

The results of the electron calculations are presented in Fig. 7
showing the electron density distributions on the (x,y) planes at
different axial distances z from the plasma electrode. It is observed
that the collar can be several tens of millimetres long until it starts
to severely limit the flow of electrons (and thus, the ions) which

would reach the extraction aperture without the collar. This rough
estimate is in good agreement with the measured performance of
the ion source with varied collar lengths. It is also noted that the
distributions launched from the plasma electrode, reflecting the
population that could pass through the circular extraction aper-
ture, are rotated 601 compared to the distribution arriving from
the plasma. The measured performance with the collars and the
electron calculation results is also in good agreement with the fact
that the collar can have a considerable length before it intercepts
the magnetic field lines going through the extraction aperture.
This is demonstrated in Fig. 8. The contribution of the hexapole is
small close to the axis (radial direction) and the extraction
aperture, and has been omitted from the schematic projection of
the field lines in the collar region. The effect of the hexapole on the
field lines intercepting with the extraction aperture is thoroughly
discussed in Ref. [31] (see Fig. 2 therein).

The plasma induced markings on the 60 mm collar indicate
that the collar tip entered into a volume of plasma with substantial
density. The axial location of the resonance field for the cold
electrons (BECR ¼ 0:5 T), where high plasma densities are expected,
is 78 mm from the extraction aperture (see Fig. 1). The location of
the damaged part of the collar corresponds to the distance of
45–60 mm. In this region the magnetic field on axis varies from
0.7 to 0.6 T, which is the resonance field for hot electrons with
temperatures ranging from about 100 to 200 keV. The existence of
electron population at such energies in the JYFL 14 GHz ECRIS has
been confirmed experimentally with bremsstrahlung measure-
ments (see e.g. [32,33]).

The fact that the performance of the ECR ion source is not
significantly altered by the introduction of the collar structures
indicates that the ECR plasma heating is rather insensitive to
variations of the plasma chamber geometry, at least near the
extraction. This is in good agreement with the microwave power
absorption experiments performed with the JYFL 14 GHz ECRIS,

Fig. 6. A photo of the plasma electrode of the JYFL 14 GHz ECRIS with replaceable
center piece for the collar measurements. The photo shows the baseline center
piece (no collar) and the triangular markings induced by the plasma flux.

Fig. 7. Electron density distributions at different axial distances from the plasma electrode based on electron tracking from the extraction aperture (∅8 mm) toward the
plasma in the magnetic field of the JYFL 14 GHz ECRIS. The fraction of electrons inside the ∅10 mm collar, indicated with dashed circles, is also presented.
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which have shown that with high microwave powers the mode
structure of the AECR-U type ion source is strongly damped and
the exact heating frequency ceases to play a critical role [34].

It is concluded that based on the results obtained with the JYFL
14 GHz ECRIS, the collar structure itself does not provide remark-
able improvement to ECRIS performance. However, the experi-
ments open up a discussion on possible new techniques to achieve
this, because the results indicate that the volume around the collar
could be utilized without compromising the ion source perfor-
mance. This volume is demonstrated very clearly in Fig. 1 with
30 mm collar. Possibilities to enhance the ion source performance
could include, for example, hexapole correction of extracted ion
beams with compact magnetic design around the extraction
aperture. This could offer a simpler passive alternative for the
implementation of active correction downstream in the beamline,
which is made challenging by the ion species dependent ion optics
(see e.g. [35]). Another possibility could be the enhancement of ion
extraction by local manipulation of the ECRIS solenoidal magnetic
field with a small solenoid assembly around the extraction
aperture. This could yield an improvement in the emittance which
is dominated by the influence of the solenoidal magnetic field at
the extraction. This might also provide a way to affect the charge
state distribution of the extracted beams. Ideas such as these could
be studied with relatively simple redesigns of the ion source
plasma electrode.
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ABSTRACT: In order to improve the performance of the JYFL 14 GHz electron cyclotron resonance
ion source (ECRIS) and initiate low energy beam transport (LEBT) upgrade at the University of
Jyväskylä, Department of Physics (JYFL) accelerator laboratory, a new ion beam extraction system
has been designed and installed. The development of the new extraction was performed with the ion
optical code IBSimu, making it the first ECRIS extraction designed with the code. The measured
performance of the new extraction is in good agreement with the simulations. Compared to the old
extraction the new system provides improved beam quality, i.e. lower transverse emittance values
and improved structure of beam profiles, and transmission efficiency of the LEBT and the JYFL
K-130 cyclotron. For example, the transmission efficiencies of 40Ar8+ and 84Kr16+ beams have
increased by 80 and 90%, respectively. The new extraction system is capable of handling higher
beam currents than the old one, which has been demonstrated by extracting new4He+ and4He2+

record beam currents of 1.12 mA and 720µA, exceeding the old records of the JYFL 14 GHz
ECRIS by a factor of two.
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1 Introduction

The low energy beam transport of the JYFL K-130 cyclotron [1] at the University of Jyväskylä,
Department of Physics (JYFL) accelerator laboratory is being upgraded to improve the ion beam
transport efficiency from ion source to target. The upgrade is carried out in intermediate steps,
starting from the JYFL 14 GHz electron cyclotron resonance ion source (ECRIS) [2]. A new ex-
traction system has been designed and installed to improve the performance of the ion source and
provide better tuning and operation flexibility in comparison to the old system. The new extraction
enables controlling the properties of the extracted beam — such as beam diameter and divergence
— in a wide range without compromising the beam quality. Thisis essential for further beamline
upgrades.

The new extraction system of the JYFL 14 GHz ECR ion source hasbeen designed with the
ion optical code IBSimu, developed at the University of Jyv¨askylä [3]. In the past the code has
been used successfully for the development of extraction systems for light ion sources [4, 5]. The
extraction system presented in this paper is the first one developed with IBSimu for an ECR ion
source. Successful operation of the extraction system actsas the first benchmarking result for the
IBSimu code in ECRIS extraction design and development.

An overview of the simulation aspects and previous work specific for ECR ion source extrac-
tion is presented in the following section. An overview of the IBSimu code and the ECRIS specific
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simulation parameters used in the presented work are given.This is followed by a description of
the experimental methods which were used to compare the simulation results to measurements. A
study of the old extraction system of the JYFL 14 GHz ECRIS is presented. This was performed to
gain confidence in the use of the code for designing an ECRIS extraction and to find out the main
problems of the old system. The design and simulation results for the new extraction system are
presented and compared to the experimental results. Finally, the measured performance of the new
extraction system is compared to the old one in terms of beam quality and transmission efficiency
through the low energy transport and the JYFL K-130 cyclotron.

2 Simulation aspects

2.1 Simulating ECRIS extraction

Exact modeling of ECR ion source extraction is a challengingtask. This is due to the complex
plasma conditions determining the dynamics of the extracted ions. In ECR ion source the magne-
tized plasma is confined axially and radially with a combination of solenoid and hexapole fields.
To achieve proper axial mirror ratio necessary for sufficient confinement necessary for production
of highly charged ions, the axial magnetic field reaches a local maximum near or at the extrac-
tion aperture. This leads to extraction of ions from a strongmagnetic field and subsequent beam
formation in decaying fringe field. The highly charged ions are produced in the plasma via step-
wise ionization driven by ECR heated electrons. The hot electrons are strongly confined and their
movement is dictated by the magnetic field structure. In contrast, due to the selective heating of
electrons, the ions remain cold and highly collisional, i.e. the ion collision frequency is signifi-
cantly higher than the ion gyrofrequency around the magnetic field lines [6]. The ion dynamics
is strongly influenced by the dynamics of the electrons, as the negative charge of the electron dis-
tribution bounds the ion population, resulting into quasineutrality. Direct experimental evidence
supporting this view was provided by a recent study [7], in which the electron and the ion current
densities were measured close to the extraction aperture ofan ECR ion source. It was shown that
the electron distribution was strongly localized into a triangular shape, dictated by the magnetic
field, and surrounded by a spatially broader distribution ofions.

The computational efforts to model the ECR plasma and ion beam extraction from it can be
roughly divided into two categories: (1) models of charged particle dynamics in the ECR plasma
which include the entire plasma volume, and (2) models of ionextraction with simplified plasma
models. Models of the first category are focused to the plasmaprocesses such as electron heating,
ionization, charged particle collisions and their connection to the particle dynamics. The TrapCAD
code (see e.g. [8, 9]) and studies conducted by Heinen et al. (see e.g. [10, 11]) concentrate on
the dynamics of magnetically confined electrons in the ECR plasma. The PIC-MCC (Particle In
Cell Monte Carlo Collision) code developed by Mironov et al.[12] models the dynamics of ions,
treating the electrons as neutralizing background. These models provide information on the ion
distribution close to the extraction aperture, but are not self-consistently connected to the modeling
of the following extraction systems. Consequently, the beam formation needs to be simulated
separately (for an example, see e.g. [13]).

A few notable extraction case studies are very closely connected to the first category of com-
putational tools. These approaches are based on the assumption of ion movement inside the plasma
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being directly dictated by the magnetic field, discarding the highly collisional nature of the ions. In
the model presented by Spädtke [14, 15] the extracted ions originate from regions where the mag-
netic field exceeds the field at extraction, and are tracked along the magnetic field lines through
the extraction aperture. As a result the extracted ions originate from the plasma volume close to
the chamber walls. In the model presented by Todd [16] the initial ion population is defined from
experimentally observed sputtering marks on the ion sourcebiased disc, located at the injection end
of the plasma chamber. The ion distribution at extraction aperture is obtained by tracking the ions
through the plasma chamber along the magnetic field lines. The beam formation and extraction is
modeled with this 3D distribution and precalculated cylindrically symmetric electrostatic potentials
of the extraction system. Despite of the different initial conditions and ignoring the ion collisions
both models are capable of reproducing many of the observed properties of ECRIS beams. These
models have been applied to case studies of existing ion sources to link the observed beam proper-
ties to the ion dynamics inside plasma, but not for actual extraction system development.

Models of the second category decouple the entire plasma volume from the region of beam
formation. The influence of the plasma is represented with simplified positive plasma models, usu-
ally based on the work of Self [17, 18]. The ions are produced inside a plasma volume close to
the extraction aperture with predefined spatial and ion species distributions. Electrons are mod-
eled as neutralizing background with Boltzmann distribution. The plasma sheath is resolved self-
consistently by iterative calculation of potential, solved from Poisson’s equation, taking into ac-
count the space charge of traced ions. Several codes exist with such plasma model capabilities,
for example IGUN [19], PBGUNS [20], WARP [21], KOBRA3-INP [22], IONEX [23] and, most
recently, IBSimu. Several studies focusing on different aspects of ECR ion source extraction have
been performed with the given codes (see e.g. references [24–26]). However, comprehensive stud-
ies depicting complete ECRIS extraction system designs anddirectly comparing the simulated and
measured performace in the literature are not known to the authors.

In the work presented here the extraction of the JYFL 14 GHz ECRIS has been simulated
using the nonlinear positive plasma model of IBSimu. Features of ECR plasmas and ion beams
are employed in the plasma model. The ions with known ECRIS charge state distribution and
temperature are generated inside a predefined plasma volume, restricted to the region behind the
extraction aperture, with neutralizing background electron density. The plasma has a predefined
plasma potential, a well known parameter for the JYFL 14 GHz ECRIS. The magnetic field of
the ion source, the most dominating feature of ECRIS extraction, is implemented based on the
real magnetic field topology. The presented study is the firstECR ion source extraction which has
been designed with IBSimu and subsequently benchmarked experimentally against the simulation
results.

2.2 Overview of the simulation code IBSimu

IBSimu is a freely available1 ion optical code developed at the University of Jyväskylä[3]. The
code is modular in nature, distributed as a library package and accessed via C++ interface to max-
imize its versatility and flexibility. The main features of the code include geometry input using
analytical definitions or CAD files, calculation of electrical potential distribution in the given ge-

1IBSimu and the related documentation is available at http://ibsimu.sourceforge.net.
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ometry, magnetic field importing, multispecies particle extraction from plasma volume (positive
or negative) and trajectory tracking in electric and magnetic fields, space charge calculation and
extensive diagnostics tools for particle and field data. Simulations can be performed in 2D (spatial
coordinatesx, y and velocity coordinatesvx, vy), in cylindrically symmetric 2.5D (x, r, vx, vr , vθ )
or in 3D (x, y, z, vx, vy, vz).

The simulation procedure is performed in steps, starting with the discretization of the simu-
lated volume with rectangular mesh. The potential distribution is solved from Poisson’s equation
taking into account the defined geometry, electrode potentials and boundary conditions. The ther-
mal background electrons of the plasma are included analytically in the Poisson’s equation. Particle
trajectories are traced integrating the equations of motion derived from the Lorentz equation. The
space charge of the beam is distributed to mesh nodes and is taken into account when the electric
potentials are solved iteratively. The above sequence is repeated until the solution converges to
required precision.

More detailed presentation of the IBSimu code, its development and applications can be found
in references [3–5, 27]. A description of the nonlinear positive plasma model can be found e.g. in
reference [18].

2.3 Simulation parameters

The plasma model was defined using a plasma potential of 20 V, which matches the experimental
values measured with the JYFL 14 GHz ECRIS [28, 29]. The temperature of the cold electron
population in ECR ion sources is believed to be in the same order of magnitude with the plasma
potential (in eV) [30], and was chosen to be 10 eV. The extracted ion beam was definedbased on
argon charge state distribution ranging from 5+ to 16+, measured with the old extraction system
when the ion source was optimized for high charge state production, yielding highest beam currents
to charge states 9+ and 10+. Contributions of charge states 1+ – 4+ were estimated based on the
shape of the measured part of the spectrum, while charge states 17+ and 18+ were excluded due to
their negligible currents. The simulated beam particles were generated inside the plasma volume
5 mm upstream from the extraction aperture with uniform radial distribution. The ions require some
initial longitudinal energy to be extracted from the plasmavolume (Bohm criterion, see e.g. [31]).
To minimize the effect of this initial energy on the properties of the extracted beam, low values rel-
ative to the potentials present in the extraction are advisable. For the plasma parameters mentioned
above, it was observed that initial particle energies on theorder of 10 eV is needed for converging
solution. Varying the value between 10 and 100 eV affects theproperties of the extracted beam by
a few percent. The ion temperature was chosen to be 1 eV, matching the generally accepted order
of magnitude for ECR ion sources [6].

The simulations have been performed assuming entire space charge of the extracted ion beam
outside the plasma volume. This assumption can be justified in the regions of the extraction where
strong electric field exists. However, it is likely that in reality there are also regions where the
density of electrons produced by the beam via residual gas ionization can yield substantial space
charge compensation [32]. As the space charge defocuses the beam, the simulations with full space
charge can be regarded as the worst case scenario. In practice this provides additional safety margin
to the extraction design.
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Figure 1. Schematic presentation of the first section of the low energy beam transport from the JYFL 14 GHz
ECR ion source to the JYFL K-130 cyclotron.

The distance from the extraction aperture of the JYFL 14 GHz ECRIS to the end of the vac-
uum chamber housing the extraction electrodes is about 0.5 m. Consequently, the simulation vol-
ume becomes such that for 3D simulation the memory requirements to achieve reasonable accuracy
exceed the memory capabilities of normal desktop computers. Furthermore, optimizing the extrac-
tion design requires a multitude of simulation runs to be performed when the effects of the design
parameters are studied, which makes long simulation times impractical. As a result, the majority of
the simulations were performed with cylindrically symmetric 2D geometry. The results were veri-
fied by running a few dedicated simulations in 3D with the finalextraction design. The solenoidal
magnetic fringe field of the ECR ion source, modeled with FEMM[33], was included in all simu-
lations. The field correspond with the normal operating values of the JYFL 14 GHz ECRIS coils.
The hexapole fringe field was omitted in the cylindrically symmetric simulations but a dedicated
set of 3D simulations were performed to study its effect on the beam in the extraction region, as
discussed later.

3 Experimental methods

The first section of the low energy beam transport (LEBT) fromthe JYFL 14 GHz ECR ion source
to the JYFL K-130 cyclotron is presented in figure1. The beam current measurements are con-
ducted with a Faraday cup, located downstream from the analyzing magnet (q/mseparation). Mea-
surements of beam transverse emittance, performed with an Allison type emittance scanner [34],
are used to determine the quality of the extracted beams. Dueto the fact that the emittance scanner
is located at considerable distance from the extraction (∼ 6 m), the measured beam properties are
somewhat affected by the intervening beamline ion optics and space charge effects. Profiles ofq/m
separated beams are recorded after the analyzing magnet with a KBr coated scintillation screen.

The limited space available for measurements immediately after the extraction system restricts
the possible diagnostics. A simple pepperpot-like (see e.g. [35]) system consisting of a multia-
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Figure 2. Schematic presentation of the pepperpot-like setup used to measure the beam diameter and diver-
gence after the extraction. The incoming beam (1) is collimated into separate beamlets (2) by a pepperpot
plate (3) (for clarity, only a single beamlet is shown). As the size of the apertures (4) on the pepperpot plate
is known (� 2 mm), the beam divergence can be determined from the beamletinduced markings on the
flange (5). The slot (6) on the first plate is used to determine the beam radius.

perture plate and a flange (see figure2) was installed after the extraction to determine the beam
diameter and divergence from the induced markings on the aluminum flange. Water cooling was
applied to the flange to ensure the heating caused by the ion bombardment would not distort the
results.

4 Simulation and experimental results

4.1 Old extraction system

The old extraction system of the JYFL 14 GHz ECRIS was studiedwith IBSimu to gain confidence
in the code for modeling ECR ion source extraction. The old extraction system consists of a
plasma electrode, a puller electrode and an asymmetric accelerating einzel lens with a decelerating
electrode acting as its first part. The system is presented infigure3 with 1.1 mA of extracted argon
beam. The on-axis magnetic field present in the extraction region is also indicated. The local
minimum in the magnetic field aroundx = 0.04 m is caused by magnetic iron, which is used to
shape and optimize the magnetic confinement of the plasma in the extraction end of the plasma
chamber.

One of the main challenges of the JYFL 14 GHz ECRIS extractionis the low source potential,
normally around 10 kV, dictated by the JYFL K-130 cyclotron injection. Hence, the extracted
beam energies are relatively low, resulting in strong spacecharge effects. The old extraction design
includes a decelerating electrode as the first part of the einzel lens. This further deceleration leads to
increased emittance growth due to increased divergence anddiameter of the beam inside the lens.
However, the deceleration is inevitable as the increased beam diameter also results in stronger
focusing by the weak einzel lens. Without this the beam is collimated at the end of the lens and the
following beam pipe.

The case presented in figure3 corresponds to the optimum simulated conditions for the ex-
tracted beam. The electrode potentials match well with the operational values. The beam is on

– 6 –



2
0
1
3
 
J
I
N
S
T
 
8
 
P
0
5
0
0
3

Figure 3. Simulation result (trajectory density) of the old extraction system for 1 mA argon beam. Extraction
voltage 10 kV, puller at 0 kV, decel at 4 kV and einzel at−7 kV. Magnetic field on axis is indicated with the
solid purple line.

the verge of being collimated at the puller face and at the last electrode of the einzel lens. If the
puller voltage is increased or the acceleration gap length decreased to mitigate the collimation at
the puller, the beam divergence increases further downstream, resulting to collimation inside the
einzel lens. Increasing the focusing by applying higher voltage to the einzel lens would prevent
this, but is prohibited by insufficient insulation.

The simulated beam diameter inside the extraction increases with the beam current due to
space charge induced divergence and poor electric field structure in the acceleration gap between
the plasma and puller electrodes. The strongly conical plasma electrode leads to increased accel-
eration gap length close the optical axis and subsequently reduces the electric field strength at the
extraction aperture. As a result the extracted beams are strongly diverging. The modest electric
field also decreases the local Child-Langmuir limit for the maximum space charge limited cur-
rent [36, 37].

The transmission through the extraction drops substantially when the extracted beam current
exceeds∼ 1 mA. At the same time the beam quality degrades because the large beam inside the
einzel lens leads to strong aberrations. These effects havebeen confirmed experimentally [38].

The beam diameter and divergence were measured after the extraction and compared to sim-
ulations. Two measurements were performed with∼ 1.1 mA argon beam and two with∼ 0.8 mA
argon beam, using the electrode potentials presented in figure3. The measured beam diameters for
the∼ 1.1 mA beam were 63± 2 mm and for the∼ 0.8 mA beam 51± 2 mm. The corresponding
maximum half-axis beam divergences were 60±10 mrad and 20±10 mrad. For similar beam cur-
rents the simulations yield beam diameters of about 65 and 50mm (surrounded by low intensity
halos) and maximum half-axis beam divergences of 60 and 55 mrad.

The agreement between the simulated and measured behavior of the old extraction suggests
that IBSimu has sufficient capabilities to be used for modeling the extraction of ECR ion sources.

4.2 New extraction system

A simulation of 1 mA argon beam is presented in figure4. The extraction is composed of a modified
plasma electrode, a puller electrode and two accelerating einzel lenses. Compared to the old ex-
traction system (figure3) the simulated beam transport through the extraction is clearly improved.
The mechanical design is shown in figure5.

Even though accelerating einzel lenses require higher operating voltages compared to deceler-
ating ones, they were chosen for the design based on the advantages they offer for the quality of low
energy ion beams. Decelerating lenses are prone to increased space charge effects, as the energies
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Figure 4. Simulation result (trajectory density) of the new extraction system for 1 mA argon beam. Extrac-
tion voltage 10 kV, puller at 0 kV and both einzel lenses at−15 kV. Magnetic field on axis is indicated with
the solid purple line.

Figure 5. Mechanical design of the extraction system including the plasma (1), puller (2) and einzel elec-
trodes (4 and 8). The puller electrode is separated from the first einzel electrode with MACOR insulator (3).
The einzel lenses are completed with grounded electrodes (6, 7 and 9) and are independently movable on
rails (5, 10). The electrodes have open structure for improved pumping.

of the ions passing through the lens are temporarily reduced. The positive lenses can also act as
electron collectors decreasing the space charge compensation degree of the ion beam. Last but not
least, accelerating einzel lenses induce less spherical and chromatic aberrations, as the beam size
and energy spread remain smaller inside the lens [39].

4.2.1 Beam formation

In order to increase the electric field strength in the acceleration gap, the new design features almost
planar plasma electrode. To facilitate this, the location of the extraction aperture is shifted 12 mm
outwards from the plasma and the magnetic iron around the extraction is modified to match the
axial magnetic field maximum to the new aperture location. The magnetic field on axis is presented
in figure4. The new extraction system has been simulated with extraction voltages ranging from
6 to 20 kV. No degradation of performance in terms of beam properties and transmission was
observed. The beam transverse emittance decreases with increasing beam energy following the
expected 1/

√
Vext behavior.
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Figure 6. Comparison of measured40Ar8+ beam current and transverse emittance to simulated beam di-
ameter and transverse emittance with varying accelerationgap length. 1 mA of total extracted current with
Vacc= 10 kV,Vpuller =−2 kV, VE1 =−15 kV andVE2 =−11 kV. In the simulation the contribution of40Ar8+

in the total beam current is 140µA.

Optimizing the performance of the extraction system for a wide range of beam energies and
currents requires adjusting the acceleration gap length. As a consequence, in the new extraction
design the puller electrode acts as the first part of the first einzel lens and both einzel lenses are
designed to be independently movable along the optical axis, enabling a high degree of tuning
flexibility.

As an example, the measured40Ar8+ beam current and transverse emittance with varying
acceleration gap length is compared with simulated beam diameter and transverse emittance in
figure 6. The simulated values are determined atx = 0.513 m (see figure4) and the results are
shown for 1 mA beam (all ion species) and separately for the40Ar8+ component of the beam with
140µA current, which follows the trend exhibited by the total extracted beam. The measured total
extracted beam current was about 1 mA, decreasing 10% with the increasing gap length over the
presented range. The simulations show a very good match withthe measured transverse emittance
behavior. Also, the minima of the simulated beam diameter and maximum of measured beam
current are closely matched, which is believed to reflect improved beamline transmission with
improved beam properties. Both the simulations and measurements indicate optimum performance
with 33–41 mm acceleration gap length for the given extraction settings.

4.2.2 Beam focusing and manipulation

In the following text the expressionshigher lens voltageandlower lens voltagedenote higher and
lower negativevoltages, i.e. higher lens voltage corresponds to increasein the applied negative
voltage leading to stronger focusing.

The simulated effect of varying einzel lens voltages is presented in figures7 and8. Figure7
shows the transverse emittance and beam diameter of 1.5 mA argon beam (all ion species) when
voltages of both einzel lenses, E1 and E2, are varied independently. Figure8 shows the behavior
of individual ion species of the same beam.40Ar4+ (∼ 30µA), 40Ar8+ (∼ 210µA) and 40Ar12+

(∼ 150µA) are chosen, as they represent the charge over mass range of0.1. . .0.3, including most
of the ion species used in the experiments at JYFL. The behavior of the individual ion species
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Figure 7. Beam diameter and transverse rms emittance (all ion species) of 1.5 mA argon beam with varying
einzel lens (E1 and E2) voltages. The regions of converging and diverging beam are indicated. With low
lens voltages (both lenses below−5 kV) the beam is collimated inside the extraction region.

Figure 8. Beam diameter and transverse rms emittance of argon chargestates 4+, 8+ and 12+ with beam
currents∼ 30µA, ∼ 210µA and∼ 150µA (part of the 1.5 mA argon beam) with varying einzel lens E1 and
E2 voltages. The regions of converging and diverging beam are indicated.

follow the general behavior of the 1.5 mA beam. The beam diameter and transverse emittance
variation decreases with increasing charge state. Focusing of the beam by increasing the voltages
of the einzel lenses decreases the beam diameter as expected. If both lenses are operated with very
low voltages (both below−5 kV), the low charge states are collimated inside the secondeinzel lens
when the beam current exceeds 1.5 mA.

Converging beams are produced when the first einzel lens is operated with low and the second
lens with high voltage. In this way the beam enters the secondlens with large diameter, result-
ing to strong focusing. Figure9 presents simulated beam transverse emittance and diameterwith
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Figure 9. Transverse rms emittance and diameter (all ion species) ofargon beams with varying einzel lens
voltages. For extracted currents over 1 mA the data points with low absolute lens voltages have been omitted
due to collimation inside the extraction.

Figure 10. Measured40Ar8+ beam profiles when both einzel lens voltages are varied together. 1 mA of total
extracted current. Profiles recorded after theq/m separation. With the lowest lens voltages the beam spot
becomes larger than the viewer plate.

different extracted beam currents in the case when both einzel lens voltages are varied together,
corresponding to diagonal movement in figures7 and8. With low lens voltages the influence of
varying beam current on the beam diameter and transverse emittance is clearly visible. With strong
focusing good performance is achieved with all simulated beam currents up to 3 mA.

Figure10presents measured40Ar8+ beam viewer images with 1 mA of total extracted current.
Despite the intervening beamline the focusing effect of theeinzel lenses is evident which corre-
sponds well with the predicted tendency. With low einzel lens voltages diameter of the beam enter-
ing the beamline solenoids is large, which results to strongaberrations. Higher lens voltages, and
consequently smaller beam diameters, result to significantly improved structure of the beam profile.

The transverse beam emittance is mainly determined by the first einzel lens, which defines
the diameter of the beam inside the second one. Large beam diameter inside einzel lenses leads
to aberrations and subsequent emittance growth. The emittance variation is strongest with low
charge states exhibiting the largest beam diameters. The minimum emittance is achieved when
both lenses are switched off and only the space charge of the beam itself induces emittance growth.
However, this leads to strongly diverging beams, which are collimated by the beam pipe right after
the extraction. When both einzel lenses are operated with sufficiently high voltages, the emittance
variation resulting from the varying lens voltages becomesinsignificant (operation in the constant
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Figure 11. Comparison of measured and simulated transverse emittance behavior of40Ar8+ beam as a
function of einzel lens voltages. (a) Both einzel lens voltages varied together. (b) First einzel lens varied,
second lens at−11 kV.

emittance region in figures7 and8). The transverse emittance increases with increasing charge
state, as shown in figure8. This is caused by the ion source solenoidal magnetic field, which is
discussed in more detail in the Discussion section.

The dependence of the beam emittance on the lens voltages hasbeen studied experimentally.
Figure11 shows a comparison of simulated and measured40Ar8+ transverse emittance as a func-
tion of einzel lens voltages. The beamline optics limit the range of lens voltages that can be used
without compromising the beam transport to the emittance scanner. The presented voltage ranges
correspond to beam current variation of less than 10% at the Faraday cup in order to minimize the
effect of beam collimation during transport on the results.In figure11(a) both extraction einzel lens
voltages are varied together between−10 and−18 kV. The total extracted current was 1.45 mA
and the average40Ar8+ beam current 120µA. In the given voltage range the simulated transverse
emittance remains practically constant, which matches themeasured emittance behavior. In fig-
ure 11(b) the second einzel lens is at constant−11 kV and the voltage of the first einzel lens is
varied between−10 and−21 kV. The total extracted current was 1.55 mA and the average40Ar8+

beam current 150µA. The measured transverse emittance values show a good match with the sim-
ulations. These results indicate that the extracted beam quality, in terms of transverse emittance, is
not sensitive to the lens voltages, when operated with sufficiently high values. This allows flexible
operation of the extraction system without compromising the beam quality.

Based on the simulations, it can be expected that the new extraction system is capable of
handling considerably higher beam currents than the old system. The simulations have been per-
formed up to 3 mA of total extracted current without observing degradation of beam properties.
The capabilities of the new extraction system with high extracted beam currents have been tested
experimentally by extracting 2.7 mA He beam. The ion source was tuned for the production of
4He+ beam and yielded a new record beam current of 1.12 mA. The highest recorded4He+ beam
current obtained with the old extraction system was 520µA. The corresponding values for4He2+

are 720µA (new system) and 325µA (old record).

The beam spot diameters and divergences have been measured with the new extraction system
using the setup presented in figure2. The measurements were performed with 0.5, 1 and 1.5 mA
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Table 1. Measured beam spot diameters and maximum divergences of argon beams exiting the extraction
region and the corresponding simulation results with two different extraction settings and varied extracted
beam currentIext. #1:Vext = 10 kV,Vpuller =−1 kV, VE1 =−15 kV,VE2 =−10 kV, 35 mm acceleration gap.
#2: Vext = 10 kV,Vpuller =−1 kV, VE1 = VE2 =−15 kV, 31 mm acceleration gap.

Param. Iext Beam diameter (mm) Max divergence (mrad)
set (mA) Measured Simulated Measured Simulated

#1 0.5 31±1 34 30±10 25

#1 1 43±1 35 50±10 36

#2 1 26±1 32 20±10 20

#2 1.5 47±1 35 30±10 26

argon beams with two extraction settings. The experimentalresults and the corresponding simu-
lation results are presented in table1. The measured beam diameters and maximum divergences
agree relatively well with the values obtained from the simulations, although the measured beam
diameter increases with the extracted current somewhat more than suggested by the simulations.

4.3 Transmission measurements

A series of transmission measurements has been performed with 40Ar8+ and 84Kr16+ beams to
compare experimentally the performance of the old and the new extraction systems. The initial
beam currents were measured after theq/m separation and the final currents after the JYFL K-130
cyclotron. The total length of the LEBT from the ion source tothe cyclotron is about 20 m. The
results are presented in table2. The total transmission efficiency of the40Ar8+ beam, averaged
over the individual measurements presented in table2, increased from 2.3% to 4.4% with the new
extraction system, which translates to over 90% improvement compared to the old system. The
transmission of the LEBT section increased from 23.0% to 35.2%, and the transmission through
the cyclotron from 10.0% to 12.6%. The total transmission of the84Kr16+ beam increased from
4.9% to 9.0%, which translates to an increase of over 80% compared to the old extraction system.

The quality of the beams extracted with the old and the new extraction systems has been stud-
ied with transverse emittance measurements of40Ar8+ beams with varying beam currents. The
results are presented in table2, showing that the new extraction system yields lower emittance val-
ues, which indicates improved beam quality. This is supported by the beam profile measurements
of 40Ar8+ beams. Examples are presented in figure12, showing improved current distribution with
the new extraction system. These results demonstrate that the ion source extraction system can
contribute significantly to the beam hollowness.

5 Discussion

The simulations conducted with IBSimu recreated well the observed behavior of the old extraction
system of the JYFL 14 GHz ECR ion source. Thus the code was usedto design a new extraction
system that has demonstrated improved performance over theold one. The measured beam diam-
eters and divergences agree reasonably well with the simulated values. The measured transverse
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Table 2. Transmission results with the old and the new extraction systems.EECR andEACC are the beam
energies after the JYFL 14 GHz ECRIS and the JYFL K-130 cyclotron. IECR andIACC are the corresponding
beam currents,T the transmission efficiency andεrms,n the normalized transverse 1-rms emittance.

Ion Extraction EECR EACC IECR IACC T εrms,n

beam system (keV) (MeV) (µA) (µA) (%) (mm mrad)
40Ar8+ Old 82 200 90 2.3 2.6 0.13± 0.02
40Ar8+ Old 82 200 138 3.1 2.3 0.13± 0.02
40Ar8+ Old 82 200 170 3.6 2.1 0.10± 0.01
40Ar8+ New 82 200 84 3.7 4.4 0.10± 0.02
40Ar8+ New 82 200 102 4.1 4.0 0.10± 0.01
40Ar8+ New 82 200 105 5.2 5.0 −
40Ar8+ New 82 200 132 6.0 4.6 0.05± 0.01
40Ar8+ New 82 200 187 7.4 4.0 0.07± 0.01

84Kr16+ Old 156 383 31 1.6 5.0 −
84Kr16+ Old 156 383 60 2.6 4.3 −
84Kr16+ Old 156 383 30 1.6 5.3 −
84Kr16+ New 156 383 40 3.1 7.8 −
84Kr16+ New 156 383 30 3.1 10.3 −

Figure 12. Profiles of40Ar8+ beams produced with the old and the new extraction systems with beam
currents of about 140 and 180µA.

emittance dependencies on the acceleration gap length and einzel lens voltages show very good
correlation with the predictions obtained from the simulations.

The good results obtained with the new extraction system show that the double accelerating
einzel lens approach is a viable option for a flexible, high performance ECRIS extraction, especially
when the ion source potential is relatively low (< 20 kV). With increasing source potential the high
voltage requirements of accelerating lenses can pose technical challenges in terms of HV insulation.
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As the increasing beam energy also mitigates the space charge effects, the use of decelerating lenses
can become a more favorable option.

The strong magnetic solenoid field in the extraction region is one of the most significant factors
defining the ECR ion source extraction. Variation of±10% of the magnitude of the solenoid
field around the normal operating point yields±15% variation in the simulated beam diameter
and±10% variation in the simulated transverse emittance. This matches the linear magnetic field
dependency of the theoretical emittance contribution due to the diverging solenoid field. For a beam
of ions with chargeq and massm, extracted from a solenoidal magnetic fieldB0, the emittance
contribution can be expressed as

εmag
rms =

qB0

8mvz
r2
0 , (5.1)

wherevz is the longitudinal velocity of the ions andr0 the radius of the extraction aperture. Due to
some confusion in the exact form of the formula [40–42], it is derived in the appendix. The values
of the simulated transverse emittance correlate closely with the values obtained from equation (5.1).

Due to the strong influence of the magnetic field on the beam properties, the simulations are
sensitive to the discretization and structure of the imported magnetic field. As a result, it was
observed that the simulated transverse emittance contribution of the solenoidal magnetic field can
vary slightly around the theoretical value, leading in somecases to transverse beam emittance
values which are a few percent below the theoretical prediction.

The ion source hexapole field is omitted from the cylindrically symmetric simulations. In order
to study how the hexapole field in the extraction region affects the properties of the extracted beams
with the assumption of uniform ion distribution from the plasma, a dedicated set of 3D simulations
was performed. The beam profiles with and without the hexapole field are practically identical.
The difference in the transverse emittance is on the order of1%. The simulations were performed
with 1.5 mA argon beam extracted with the new extraction system and the results apply both for
the total extracted beam as well as individual charge states. The triangular beam shapes observed
experimentally with ECR ion sources originate from the ion distribution inside the plasma and the
hexapole fringe field present in the extraction region has aninsignificant effect on the properties
of the extracted beams. Even though the plasma effects resulting into triangular ion distribution
have been neglected in the presented simulations, the good correlation between the simulation
results and measurements indicate that this simplified approach is still rather suitable in modeling
of ECRIS extraction.

After its installation the new extraction system has been inpermanent use at the JYFL ac-
celerator laboratory. It has proven to be both reliable and flexible to operate, providing improved
performance of the ion source and the beam transport. As the presented transmission results (see
table2) show, the improvement of ion source beam formation can leadto substantial improvement
in the performance of the whole accelerator laboratory. Thenext step of the JYFL LEBT upgrade
is the removal of the beamline section between the JYFL 14 GHzECRIS and the analyzing magnet
(see figure1). This is performed in order to mitigate the space charge effects which, combined
with strongq/m specific solenoid focusing, lead to beam quality degradation and hollow beam
formation.
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Figure 13. Azimuthal velocity thrust induced by the diverging solenoidal magnetic field.
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A Emittance from solenoidal magnetic field

An ion beam originating from a solenoidal magnetic field has an emittance contribution from the
rotation induced by the magnetic field. The emittance contribution can be calculated by assuming a
uniform, zero emittance (no plasma temperature) beam propagating from a round plasma electrode
aperture with radiusr0 into the direction of decaying magnetic field with velocityvz. According to
Busch’s theorem [43] the change of particle’s angular velocity is coupled to thechange of the axial
magnetic field. In this case where the starting point angularvelocity θ̇0 is zero and the magnetic
field is B0, the angular velocity can be calculated at any point withθ̇ = q(B−B0)/(2m). The
azimuthal velocity of a particle in the zero field region is therefore

vθ =−qB0r
2m

. (A.1)

The simplest formulation for calculating the rms emittancecan be achieved by assuming that the
magnetic field drops abruptly fromB0 to zero giving the particles an azimuthal kick according to
eq. (A.1). The resultingεrms is equivalent to the case where magnetic field decreases continuously,
but the mathematical formulation is more simple. The beam divergence inx-direction is given by

x′ =
vx

vz
=−yvθ

rvz
=−qB0y

2mvz
(A.2)

as a function of locationy (see figure13). The rms emittance can be calculated fromεrms =√
〈x′2〉〈x2〉− 〈xx′〉2 by integrating the expectation values

〈
x′2

〉
,
〈
x2

〉
and 〈xx′〉 over the plasma

electrode aperture. The normalized rms emittance (εrms,n= vz/c· εrms) is

εrms,n=
qB0

8mc
r2
0 ≈ 0.0402

QB̃0

M
r̃2
0 , [mm mrad] (A.3)
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where in the approximate formulaQ is the charge state,M is the ion mass in atomic mass units,B̃0

is given in Teslas and ˜r0 in millimeters.
The obtained result agrees with the equation presented e.g.in reference [41]. However, in

several publications (e.g. [24] and [40]) a somewhat different equation has been used for the rms
emittance:

εrms,n=
qB0

10mc
r2
0 ≈ 0.032

QB̃0

M
r̃2
0 [mm mrad] (A.4)

This expression has been derived by calculating the normalized envelope emittanceε100%,n =
qB0r2

0/(2mc) and using a scaling ofε100%,n= 5εrms,n which assumes that the beam follows a wa-
terbag distribution in the zero field region. This is incorrect because the beam resulting from the
uniform distribution at the plasma electrode has a KV-distribution outside the solenoidal magnetic
field. For KV-distribution the envelope emittance scaling is ε100%,n= 4εrms,n leading to the correct
formula (A.3).
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