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Abstract

This PhD thesis consists of planning, simulating, building, testing and char-
acterizing a new electron cyclotron resonance (ECR) ion source, SWISSCASE,
the Solar Wind Ion Source Simulator for the CAlibration of Space Experiments
located at the University of Bern, Switzerland. The ion source will be operated
in the existing CASYMS ultra high vacuum (UHV) facility and will extend
the application field of the existing filament electron collision ion source inside
CASYMS and the existing electron cyclotron resonance ion source MEFISTO,
operated in its own UHV facility.

The chosen ECR ionization concept operating at 10.88 GHz delivers high
currents of highly charged ions of up to 2 pA for Ar®t and a maximum identified
charge state of Ar'?>*. In addition to argon, the ECR plasma of SWISSCASE
has been operated with krypton, xenon and carbon dioxide gas, revealing all of
the expected charge states and featuring a charge states distribution in favor
of highly charged ions. Design constraints were given by the final application
of SWISSCASE being implemented in CASYMS with limited space and power.
The new ion source was realized with limited funding.

Numerical simulations gave insight in unprecedented quality and detail about
the complex three dimensional extent of the magnetic field distribution of the
full permanent magnet confinement of both, SWISSCASE and MEFISTO, the
second ECR ion source, operated since 1997 at the University of Bern. For both
confinement systems, the isocontour surface, defined by the electron cyclotron
resonance condition of the incident microwave, is visualized in 3D.

In addition to the realization of the ECR ion source, a plasma Bremsstrahlung
measurement revealed an average ECR electron temperature of 10 keV for an
argon plasma. This temperature was used to perform numerical simulations of
electron trajectories inside the SWISSCASE and the MEFISTO confinement.
The simulated magnetic field distribution of MEFISTO and the simulated elec-
tron distribution of SWISSCASE are closely related to the observed triangle
shaped surface coating patterns found in hexapole confined ECR ion sources.

Keywords

Electron cyclotron resonance, ECR plasma, ion source, highly charged ions,
X-ray Bremsstrahlung, finite element simulation FEM.



Zusammefassung

Diese Doktoratsarbeit besteht aus der Planung, der Simulation, der Reali-
sierung, dem Testen und der Charakterisierung einer neuen Elektron-Zyklotron-
Resonanz (EZR) Ionenquelle, SWISSCASE (Solar Wind Ion Source Simulator
for the CAlibration of Space Experiments), an der Universitaet Bern in der
Schweiz. Die Ionenquelle wird in der bestehenden CASYMS Ultrahoch-Vakuum-
Anlage betrieben werden. Sie wird das Anwendungsgebiet der bestehenden
Elektronenstoss-Ionenquelle in CASYMS und der ebenfalls bestehenden EZR Io-
nenquelle MEFISTO bezueglich des Ionenstroms und der verfuegbaren Ladungs-
zustaende erweitern. MEFISTO wird allerdings in seiner eigenen Ultrahoch-
Vakuum-Anlage betrieben und befindet sich in einem separaten Labor.

Das ausgewaehlte Elektron-Zyklotron-Resonanz Konzept zur Ionisierung und
Herstellung hochgeladener Ionen, liefert Stroeme bis zu 2 pA bei Ar®t. Der
hoechste identifizierte Ladungszustand ist Ar'?T. Neben Argon wurde SWISS-
CASE auch mit Krypton, Xenon und Kohlendioxid betrieben, wobei saemtliche
erwarteten Ladungszustaende identifiziert werden konnten. Die Ladungszu-
standsverteilung der SWISSCASE Ionenspektren weist ein Ionenstrommaxi-
mum auf, welches bei hoeheren Ladunszustaenden vorliegt. Rahmenbedin-
gungen der Entwicklung waren gegeben durch den zur Verfuegung stehenden
Raum im CASYMS-Labor und die begrenzte elektrische Leistung auf dem Hoch-
spannungsterminal. Zudem wurde die Ionenquelle mit einem limitierten Budget
realisiert.

Numerische Simulationen der Permanentmagnet-Einschluesse haben in noch
nicht berechneter Qualitaet die Magnetfeldverteilung von MEFISTO und SWISS-
CASE gezeigt. MEFISTO ist neben SWISSCASE die zweite EZR Ionenquelle
an der Universitaet von Bern, die bereits seit 1997 in Betrieb ist. Fuer beide
Magneteinschluesse wurde die Isokonturoberflaeche, welche durch die EZR-Be-
dingung definiert ist, in 3D visualisiert.

Zusaetzlich zur Realisierung der EZR-Ionenquelle wurde eine Bremsstrah-
lungsmessung an SWISSCASE durchgefuehrt. Die Messung hat erlaubt, die
Elektronentemperatur eines Argonplasmas mit durchschnittlich 10 keV zu be-
stimmen. Diese Temperatur wurde verwendet, um numerische Simulationen
der Elektrontrajektorien in SWISSCASE und MEFISTO durchzufuehren. Die
simulierten Magnetfelder von MEFISTO und SWISSCASE zeigen beide grosse
Aehnlichkeit mit den beobachteten, dreieckigen Oberflaechenbeschichtungsmus-
tern, welche man in Hexapol-EZR-Ionenquellen vorfindet.

Schluesselwoerter

Elektron-Zyklotron-Resonanz, EZR Plasma, Ionenquelle, hochgeladene Io-
nen, Bremsstrahlung, Roentgenstrahlung, Finite Element Simulation, FEM.
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Chapter 1

Introduction

1.1 Space exploration

The dominance of neutral matter on Earth is not representative for the rest of
the solar system and the universe because space, as we know it, is dominated
by vacuum and plasma rather than neutral matter [7]. The interstellar medium
in general and the interplanetary medium of our solar system especially are
fully ionized due to the long mean free paths, lack of recombination and the
high energetic radiation environment of the solar wind and the cosmic rays
background. Table 1.1 gives a summary of the sun’s photosphere and the solar
wind composition as an example of space particles found in the interplanetary

medium.

Element | Rel. Abundance | Rel. Abundance | Rel. Abundance | Maximum
Photosphere slow solar wind | fast solar wind charge
8-+log(n, /ny) n./no n;/no state

H 8 1900 £400 824 +80 1+

He 10.93 +0.004 7H +20 48.5 +5 2+

O 8.83 +0.06 1 1 6+

C 8.52 £0.06 0.72 +0.1 0.70 +0.1 6+

Ne 8.08 4+0.06 0.098 +0.026 0.082 +0.013 8+

N 7.92 4+0.06 0.129 +0.008 0.145 £+0.011 6+

Mg 7.58 +0.05 0.16 +0.03 0.083 £0.02 8+

Si 7.55 +0.05 0.15 4+0.045 0.108 + 0.023 9+

Fe 7.5 +0.05 0.12 4+0.03 0.063 £0.007 10+

S 7.33 £0.11 0.05 +0.018 0.053 £0.013 9+

Al 6.47 +0.07 0.0175 £0.0066 | 0.008 +0.002 11+

Ar 6.40 +0.06 0.004 +0.001 - 10+

Ca 6.36 +0.02 0.017 +0.003 0.0053 £0.0014 | 10+

Na 6.33 +0.03 0.0079 40.003 0.0038 +£0.0012 | 9+

Cr 5.67 +0.03 0.0021 4+0.0004 | 0.0011 £+0.0002 | 10+

Table 1.1: Relative abundances and maximum charge states of the 15 most common
elements in the solar photosphere, the slow and the fast solar wind [16].
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Elements with larger atomic number are represented partially ionized with
charge states up to 10+. An ion source used to calibrate space borne instruments
for ion investigation has to reproduce these ions.

1.2 Space borne instruments

In order to explore space, instruments are developed to investigate the parti-
cle composition of virtually any matter found in the solar system. Neutral gas
mass spectrometers investigate the composition of planetary and cometary at-
mospheres. Ton mass spectrometers explore the interplanetary media composed
of the solar wind, coronal mass ejections and other sources of charged particles.

Mass spectrometers operate on charged particles, no matter whether the
original particle is ionized or not. If neutrals are the particles of interest they
get charged on entry to the mass spectrometer. Inside the mass spectrometers
the charged particles are separated by energy, mass and charge by various means
such as sector magnetic fields, quadrupole fields or time of flight measurements.

As an example of space borne particle instruments, Figure 1.1 shows both
space borne PLASTIC [21] (PLAsma and Supra Thermal Ion Composition)
mass spectrometers aboard the two STEREO (Solar TErrestrial RElations
Observatory) spacecrafts (each in one spacecraft). Both spacecrafts are simul-
taneously monitoring the sun from different orbital positions, providing a stereo-
scopic view of the sun. At the University of Bern, both instruments were tested
and calibrated prior to flight in the MEFISTO and the CASYMS facility.

1.3 Ground based ion sources to simulate the
space environment

Testing and calibrating space borne instruments such as PLASTIC requires
ground based ion sources to simulate the space environment, where the instru-
ments will be operated eventually.

Since free ions are unstable in the vicinity of neutral matter, appropriate high
and ultra high vacuum facilities in combination with magnetic and electrostatic
confinements are used to separate ions and neutrals and impede recombination.
In addition, free ions do not occur naturally on Earth with very few exceptions
such as in the Earth ionosphere. Ions in laboratories have to be created, con-
fined and transported to the target with as little neutral matter interaction as
possible.

Concepts of producing ions are numerous. Beside hot plasma methods and
thermal ionization there are more subtle methods, more convenient for small
space laboratory use. This is due to the different masses of ions and electrons. If
a hot ion plasma is desired, ions of significant kinetic energy have to be confined
in order to stabilize the plasma. However if hot plasma ions are not required
per se and the mere charged ions are of interest, the plasma confinement can
be realized in a far more economic way. Electrons are easier to confine than
ions due to their smaller mass per charge ratio which constrains them more to
electric and magnetic fields than ions.

Inside a plasma, more than one thermal population with different tempera-
tures can coexist [7, 11]. Especially electron fractions and ions do not necessarily
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(a) PLASTIC instruments. (b) DELTA II launch.

Figure 1.1: (a) One PLASTIC instrument during the calibration procedure in the
MEFISTO facility (upper image) and both PLASTIC instruments, after calibration,
during the integration process (lower image). (b) Both PLASTIC instruments are part
of the space mission STEREO, which was launched into space with a DELTA II rocket
on October 26th, 2006

need to be part of the same temperature population. This plasma attribute is
used to created high energetic electron population by various means and use
them to ionize neutrals via electron impact ionization. In addition to this group
of methods, there are other concepts of ionization, such as field ionization where
locally very strong electric fields are used to disrupt neutrals to produce ions.
However due to the large electric fields necessary for this methods the plasma
sizes and total particle counts are relatively small compared to methods based
on electron impact ionization.

Using electrons with a significantly larger kinetic energy than the background
plasma ions brings the advantage of reduced recombination. This is due to
the energy dependent recombination cross section of ions which diminishes for
electrons in the range of several keVs [11, 29]. On the same hand, electrons
in this energy regime can be confined about as well as ions in the range of
a few eVs. Chapter 3 will further detail this phenomena. Figure 1.2 gives a
comparison of size for a keV electron confinement (SWISSCASE) and a facility
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for keV to MeV ion confinement (JET). SWISSCASE (Solar Wind Ion Source
for the CAlibration of Space Experiments) is the electron cyclotron ion source
realized within the frame of this thesis. JET (Joint Eurpoean Torus) is the
largest fusion research Tokamak in operation today.

(a) SWISSCASE confinement. Lower (b) JET facility (top) and torus view with
flange diameter: 250 mm. Permanent plasma (bottom). Chamber height: 2.1 m
magnet mass: 18 Kg. (inner). Iron core mass: 2800 t.

Figure 1.2: (a): SWISSCASE confinement during assembly process. Permanent
magnets are sufficient for the confinement of low density, anisotropically distributed
ECR electrons of 10 keV. (b): JET for the magnetic confinement fusion research based
at Culham, Oxfordshire, United Kingdom. Bigger and stronger solenoids are used for
the confinement of higher density ions of 10 - 100 keV.

This suggests to set up an ion source with cold ions of small kinetic en-
ergy and hot electrons with large kinetic energy. Given the right parameters
presented in this thesis, the plasma will be highly ionized and features ion en-
ergies far below their thermal ionization equivalent temperature, which can be
found in the largest Tokamak magnetic fusion centers like JET (Joint European
Torus, Culham, Oxfordshire, UK) and Tore Supra (Cadarache, Bouches-du-
Rhone, France).

Following this way, the development and investigation of plasma based ion
sources leads to electron cyclotron ion sources. Invented in 1965 ECR ion sources
have continuously spread since then and can be found as work horses in ion
implanters to the calibration of space borne instruments and up to high perfor-
mance ion and neutral injectors for fusion Tokamaks with megawatts of injection
power (JET, ITER).

All plasma based ion sources are limited in their ion performance by the
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number of available electrons with suitable kinetic energy. Plasma based ion
sources with a single temperature plasma such as PIGIS and other arc based ion
sources, the plasma electron density is always coupled to the neutral density.
This is due to the plasma electron loss which needs to be compensated by
fresh electrons originating from neutrals. However the requirement for a certain
minimal neutral density advances recombination and thus limits the fraction of
plasma ionization.

In contrast, ECR ion sources feature a highly anisotropic electron energy
distribution due to the ECR heating process (further detailed in chapter 3). This
pronounced anisotropy results in an excellent electron confinement exceeding
by far the remaining plasma confinement performance. Hence a lower neutral
density can still maintain a useful hot electron plasma density which would not
be interesting in arc based ion sources. This combination leads to a very high
ionization fraction and an unprecedented successful ion beam performance of
ECR ion sources.

Figure 1.3: 3D Overview of SWISSCASE in green including the 90° mass separation
magnet in blue and the Faraday cup for ion beam measurement and second vacuum
pump facility in violet. The magnet confinement where the ECR plasma is located
and the ion beam is formed is tinged orange.

To give an overview of the realized SWISSCASE ECR ion source Figures
1.3 and 1.4 show the whole facility in a 3D view and a top view respectively
including the 90° mass separation magnet and the Faraday cup for ion beam
measurement and a second vacuum pump facility.

In Chapter 2 the requirements of the desired ion source are presented and
the concept selection is justified. Chapter 3 introduces the principle of opera-
tion of the chosen ECR ion source and details the involved single particle and
plasma physics. Chapter 5 presents the magnetic model and the single particle
simulation of the MEFISTO ECR ion source, also located at the University of
Bern. Chapter 6 explains the results of the same kind of simulation applied to
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Figure 1.4: Top view of SWISSCASE in green including the 90° mass separation
magnet in blue and the Faraday cup for ion beam measurement and second vacuum
pump facility in violet. Color coding is identical to Figure 1.3.

SWISSCASE. Chapter 8 presents the results of a Bremsstrahlung measurement
performed on SWISSCASE with the goal to access the plasma electron temper-
ature. Chapter 9 summarizes the findings and points out suggestions for further
investigations and improvements.



Chapter 2

Requirements and selecton
of ion source

2.1 Introduction

In this chapter, the present situation is explained, which calls for a new ion
source at the University Bern, for the calibration of space borne experiments.
This leads to a list of requirements for the new ion source. Different ion source
concepts are presented and evaluated. The concept of choice is justified and
briefly characterized by its advantages and drawbacks.

For further concept details of the chosen electron cyclotron resonance ion
source, please refer to Chapter 3. Chapter 4 gives details about the realization
and Chapter 7 discusses the performance and characterization of the ion source.

2.2 Situation and the need for a new ion source

SWISSCASE has to fit into the existing CASYMS ultra high vacuum facility
which is equipped with an electron collision ion source operating for more than
20 years already. SWISSCASE will complement the existing electron collision
ion source rather than replace it. After the successful implementation of SWISS-
CASE there will be three fully operational ion sources at the University of Bern.
SWISSCASE will be one of them. However the present filament based electron
collision ion source and SWISSCASE will be operated in the same CASYMS
facility whereas MEFISTO is operated in its own laboratory. The three ion
sources will be used for different tasks, widening the total field of application:

e The CASYMS filament based electron collision ion source is used to
simulate the Earth magnetosphere, cometary and planetary ionospheres
and to the lesser extent, solar wind. It produces ion currents of singly
and doubly charged ions of 1073 A. The ion energy after an optional post
acceleration ranges from 10 eV /q to 60 keV /q at present [21] and is planed
to be increased to 150 keV/q after SWISSCASE is added to the facility.
The ability for low energy ions down to 10 eV /q shall be retained after
the SWISSCASE implementation.
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e The MEFISTO 2.45 GHz ECR ion source is used to simulate the higher
charge states of the solar wind, supra thermal ions and the interstellar
medium. It produces ion currents of all charge states up to Ar®t at low
currents of 10715 - 1072 A. The ion energy can be varied from 3 keV -
100 keV. The lower limit is bound to the extraction voltage of the ECR
ion source.

e The new ion source SWISSCASE is destined to simulate both lower and
higher charge states of the solar wind, supra thermal ions, the interstellar
medium and cometary atmospheres. It is supposed to produce all charge
states up to Ar'°* with currents up to six orders of magnitude larger than
MEFISTO and CASYMS. In addition it shall outperform the CASYMS
filament electron collision ion source in terms of maintenance cycle time.

During a calibration process the space instrument is placed into the ion
beam. The ion beam is wider than the entry aperture of the respective in-
strument. This leads to a geometric factor increasing the necessary ion beam
current because a significant part of the ion beam is lost. In addition, many
space instruments use channeltrons, an ion counter which is able to count single
particles with a certain, limited frequency, typically 1 MHz. These constraints
allow to calculate the ion beam current for every desired charge state, which
would lead to channel-tron saturation and hence the shortest possible calibration
time. Table 2.1 summarizes the resulting ion beam currents.

Charge state | Slit current Total current
1+ 1.60*10~7 pA | 2.20¥1072 pA
2+ 3.20%1077 pA | 4.45%1072 pA
3+ 4.81*%1077 pA | 6.68%1072 pA
4+ 6.41%1077 pA | 8.90%¥1072 A
5+ 8.01*¥10~7 pA | 1.11*107! pA
6+ 9.61%1077 pA | 1.34%107! pA
T+ 1.12%¥1076 pA | 1.56%1071 pA
8+ 1.28%1076 pA | 1.78%1071 pA
9+ 1.44*1076 pA | 2.00%1071 pA
10+ 1.60%1076 pA | 2.23%1071 pA

Table 2.1: Summary of currents received by an instrument slit of 12 mm x 15 pm
(ROSINA), a circular beam diameter of 90 mm and a channeltron count rate of 1
MHz.

Table 2.1 shows that the total current is significantly larger than the slit
current of a channeltron instrument if the maximal count rate of 1 MHz is used.
Lower current and, hence lower count rates, result in longer exposure times.
With the existing filament based electron collision ion source in CASYMS, the
exposure times used to be as long as 10 hours. Such a long beam exposure
time resulted in a change in beam current due to thermal drifts of the ion
source. The table also shows total currents far larger than the currents extracted
from MEFISTO. Because of the multidimensional parameter matrixof the space
borne instrument, which has to be calibrated prior to instrument launch (energy,
charge state, mass, incident angle, ect.) it also leads to calibration times which
normally exceed the available project times by far.
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New space instruments feature channeltrons and alternative particle counters
with saturation count rates far beyond 1 MHz. This calls for an ion source with
a total beam current orders of magnitude larger than the presently installed
filament based electron collision ion source.

2.3 Requirements
The requirements for the new ion source are given by the situation as described

in the previous section. Table 2.2 summarizes the requirements of the new ion
source to give a quantitative overview.

Requirement Quanta hard/soft
requirement
Ton charge states Ar'* to Arl0t hard
Ton charge states Artlt to Arnt soft
Ton current @ Ar®+ 0.178 pA hard
Input power < 750 W, single phase | soft
UHV capability at target | 10~% mbar hard
Material cost 250’000 Swiss Francs hard

Table 2.2: Summary of hard and soft requirements for the new ECR ion source in

CASYMS.

The requirements are separated into hard and soft requirements. Hard re-
quirements must be fulfilled at the exact specified value or better. Soft require-
ments can be fulfilled at the specified value, slightly worse or better. Partially
fulfilled soft requirements do not disqualify the project but generally lead to
higher cost in the following implementation and need to be avoided.

Table 2.2 points out that the available charge states of the new ion source
have to reach at least up to Ar!°*. This is due to the maximum charge state
present in the photosphere and the solar wind (see Chapter 1). Higher charges
states than Ar'®* are desirable.

The ion current at the charge state Ar®*t, collected with a 10 mm aperture
has to be at least 1.78: 107! pA. Ar®t is the charge state of choice because it is
the highest charge state, MEFISTO can produce for comparison. Because the
new ion source will be operated on a high voltage potential (up to 150 kV), an
isolation transformer is used to supply power to the ion source. The present
insulation transformer has a spare capacity of 750 W. Exceeding this limit leads
to the purchase of a new insulation transformer and the according costs.

The new ion source will be used to calibrate space flight instrumentation in
ultra high vacuum of 10~% mbar. Hence the new ion source must not contami-
nate the target chamber with ion source operation gas at a pressure higher than
10~% mbar.

The budget for material cost of the ion source was limited to 250’000 Swiss
Francs. It does not include labor costs or costs associated with material which
is already in place at the University of Bern.

In the next section, the assessed concepts are presented to find the most
suitable ion source type to be realized and implemented into CASYMS.
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2.4 Assessed ion source concepts

Different ion source concepts have been assessed to guarantee an optimal choice.
Available ion source concepts based on thermal ionization, spark discharge or
laser ionization are not able to deliver the desired performance for the available
funds. There are only three high performance ion source concepts of interest
which are able to deliver highly charged ions at high ion currents which fulfill
a majority of the remaining requirements too: EBIS, PIGIS and ECRIS. The
three concepts have been evaluated in terms of usefulness, practicability, cost,
development effort and ease of CASYMS integration.

2.4.1 EBIS

EBIS (Electron Beam Ion Source) is an ion source concept based on a very
dense and focused electron beam. The electron beam is generated by an elec-
tron gun and is accelerated by an electrostatic field to the desired energy. The
electron beam collides with neutrals in a target vessel and produces ions. The
advantage of this concept lies within the electron acceleration which is not lim-
ited by the operation parameters and is restricted only by the available space
for the electron post acceleration. EBIS can produce the largest possible charge
states of ions (U%2F, bare uranium, Lawrence Livermore Laboratory [25]). De-
spite its ability to produce highly charged ions, also this concept suffers from
drawbacks:

e The electron beam can be used more efficiently by strong magnetic fields
modifying the electron trajectories into helices and thereby increasing the
effective path length inside the target gas. However this enhancement
technique is limited and the electron beam finally leaves the target region,
it is absorbed and lost. This leads to a rather low input power efficiency
since most electrons of the electron beam fly either collision less or are
scattered rather than causing ionization. The consequence is a large input
power for the given performance requirement.

e Due to the electrostatic non-stochastic acceleration (as in ECRIS) the
electrons feature a nearly mono-energetic velocity distribution. Due to
the energy dependent ionization cross section of all neutrals, this may be
suitable for the production of a single, even highly charged ion fraction
but not if a wider variety of charge states is desired.

2.4.2 PIGIS

PIGISs (Penning Ionized Gauge Ion Source) use a hot electron emitting cath-
ode in a hollow anode embedded in a static magnetic field. The emitted electrons
are partially confined by the magnetic field and the opposite cathode allowing
for many reflections before electron loss. Due to the reuse of plasma electrons,
the Penning ion source is more efficient in terms of input power than the EBIS
concept. However the PIGIS concept suffers inherently from drawbacks:

e Jon confinement times are low compared to ECRIS and cannot be im-
proved by orders of magnitude necessary for competing with other con-
cepts.



Chapter: Requirements and selecton of ion source 11

e The inherently high source pressure, necessary to sustain the arc discharge,
supports recombination and impedes high charge states.

e The hot cathode suffers from well known life time limits (= 20 h [11]).
Electrode erosion during an operation cycle changes the ion source per-
formance.

e The emitted electrons inside the arc are of low energy. Hence the ionization
cross sections of highly charged ions are restricted.

2.4.3 ECRIS

ECRIS (Electron Cyclotron Resonance Ion Source) use an ECR plasma to
ionize neutrals (see chapter 3). Early designs relied on solenoids to establish
the magnetic confinement and the ECR process. Very significant progress in
the past twenty years made permanent magnetic material available which fea-
tures coercive field properties strong enough to deliver the desired magnetic
field. First, the magnetic field for 2.45 GHz [16, 26], then 5.8 GHz, 7.5 GHz
[36] and now for 10.88 GHz electron cyclotron can be supported by permanent
magnetic material, without the need for solenoids and their associated power
consumption. This allows the construction of an ECR ion source free of any
power input except the microwave feed.

Because of the ECR process, electrons are very well confined due to their
anisotropic energy distribution (see Chapter 3. Hence electrons which did not
succeed in an ionization collision are recycled inside the ECR plasma for further
electron impact ionization. The effective electron current of ECR ion sources
used for ionization is many orders of magnitude larger than the electron current
produced by filament based ion sources [11].

The ECR electrons establish a slightly negative plasma potential (-3 V) [14]
and combine with the magnetic field to an ion confinement, superior to PIGIS.
The ECR process and frequent collisions between ECR electrons result in a
thermal electron distribution rather than a mono-energetic one [11, 3, 12, 19].
Overall, this leads to a very efficient ionization process with respect to power
input, which is of highest interest for any ion source operated on a high voltage
terminal.

2.5 Choice of ion source concept

Based of the summarized assessment, the ion source of choice is an electron cy-
clotron ion source (ECRIS). The chosen concept is characterized by advantages
and their implications which other concepts do not benefit from:

e Most cost-efficient ion source at the specified performance requirements.
While it may be possible to realize other ion source concepts with the
same or better ion beam performance than an ECR ion source, an ECR
ion source returns the best overall performance value for a given funding.

e Electrode-less operation is inherent for ECR ion sources since they do
not require a hot filament or any other cathode. Consequently the ECR
plasma can virtually be kept contamination free. In practice however wall
sputtering and ablation are weakening this argument to a certain extent.
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The lack of a corroding electrode eliminates electrode maintenance cycle
time entirely. In addition, none of the three operation essentials, mi-
crowave, gas feed, magnetic field (see chapter 3 for further details) are
degradable by the plasma [11].

The absence of an electrode furthermore allows the plasma operation with
aggressive gases, such as Os, Fy, Cls, which act highly consuming in fil-
ament based ion sources. The absence of a corrodible electrode makes
the ECR ion source more reliable and stable with respect to ion beam
performance.

e No need for any large power supplies (such as high power solenoid drivers)
with full permanent confinements allows to integrate the ion source in a
close space environment. This attribute is highly desirable for the room
situation in the CASYMS laboratory.

e The ECR plasma can be operated at low pressures down to 10~° mbar.
The pressure immediately beyond the extraction assembly can be kept as
low as 107 mbar and the final target chamber pressure (after the mass
separation magnet) lies between 107!% mbar 10~9 mbar [36]. This makes
the ion source ideal for any ultra high vacuum (UHV) application.

e The thermal energy distribution of the ECR electrons produce a large
variety of charge states from the same ECR plasma [11, 6, 36].

e The ECR concept promises low ion current noise if operated in quiescent
and under dense plasma mode [11] (see Chapter 3).

Electron cyclotron resonance ion sources are the most attractive solution to
satisfy the given demands because they combine a number of advantages with
unprecedented reliability at the lowest cost rather than a single high perfor-
mance record. However, as any other ion source concept also ECR ion sources
present certain drawbacks which some other concepts do not inherently suffer
from:

e Radiation. The ECR plasma produces X-ray radiation [36, 19]. Hence the
ECR ion source needs X-ray shielding for operator safety.

o Temperature sensitive permanent magnet confinement further detailed in
Chapter 7 changes the confinement and the ion beam performance.

e Minimum kinetic ion energy is bound to the extraction energy. ECR
ions cannot be extracted at an arbitrarily low voltage without greatly
impeding the overall ion source performance. Post deceleration of the
ions is necessary but unattractive due to defocusing of the ion beam and
subsequent ion beam current loss.

All these drawbacks can either be solved, circumvented, suppressed or im-
proved to an acceptable level as will be shown in this thesis.



Chapter 3

Electron cyclotron
resonance

In this chapter, the basic concept of electron cyclotron resonance (ECR) is
explained. The essential elements of ECR are introduced and the resulting
electron acceleration mechanism is discussed. A simple numerical simulation
shows the universality of the ECR effect independent of the initial electron
condition in velocity space. Collective plasma attributes are approached and
limits of the current knowledge related to plasma diffusion and miminum-B
confinements are presented.

Furthermore, the plasma density in SWISSCASE, a central plasma param-
eter, is detailed using data from Chapter 8, where the plasma temperature
is derived from a Bremsstrahlung measurement. Finally, a comparison of the
plasma parameters measured and calculated for SWISSCASE and MEFISTO
reveals both, interesting similarities and differences, partially accounting for the
gain in highly charged ion currents of SWISSCASE with respect to MEFISTO.

3.1 Introduction

Cyclotron resonance is a mechanism to accelerate charged particles in a mag-
netic field by way of resonantly coupling an oscillating electric or magnetic field
to the charged particles. Beside few special application where oscillating and
pumped magnetic fields are used, the majority of cyclotron resonance applica-
tions use oscillating electric fields. Despite the fact that oscillating electric fields
are always accompanied by oscillating magnetic fields only the first is used for
cyclotron resonance acceleration [11].

Particle accelerators, general purpose ion sources, ion thrusters and ion im-
planters further divide cyclotron resonance particle acceleration into ion cy-
clotron resonance (ICR) and electron cyclotron resonance (ECR). In ICR, the
ions are directly accelerated by the resonance mechanism and can then be used
for various applications such as further ionization, exhaust formation for space
propulsion (ion-engine) or as ion beam injectors for nuclear fusion research. In
ECR, electrons are accelerated in the first place, which then are used to ionize
neutrals by electron impact ionization. Both using the same concept of reso-
nance coupling, ICR generally operates at much lower frequencies than ECR
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due to the larger mass per charge ratio of ions compared to electrons. This
follows from the resonance condition:

qB
Wee = ——

3.1
m (8:1)
wee 18 also called the Larmor frequency. It describes the angular frequency at
which any charged particle with mass m and charge g gvrates around magnetic
field lines B. The resonance condition is generated by applying an external
oscillating electric field with the same angular frequency wy,,, (see Figure 3.1).
We have:

Winw = Wee (3-2)

Figure 3.1: An electron
moves on a circular path
around a magnetic field 5 5
line (blue) with an angu- o

lar frequency w... Incident \
microwaves with the same

angular frequency are di- \j

rected toward the system.

This condition represents a harmonic oscillator in resonance. With no damp-
ing the energy of the particle in resonance would increase indefinitely. This is
due to the fact that w.. is independent of the particle’s kinetic energy. The
resonance situation can be considered as undamped until either:

e the kinetic energy of the resonance particle gets close to its rest mass
equivalent and special relativity has to be considered. This leads to a
mass increase and hence a change of the resonance condition according to
Eq.(3.1).

e or kinetic energies are large enough that cyclotron emission can no longer
be neglected. This emission is due to the radial acceleration of the resonant
particle.

In addition the resonance situation is limited by collisions with and scat-
tering by other particles. Beside the emission of cyclotron radiation any of the
other energy limiting mechanisms can be optimized to reach particle energies
in the range of several MeVs. Next to ICR for industrial, scientific and space
propulsion purposes, ECR is of highest interest for the production of ions. De-
spite the lower energy threshold where cyclotron emission and special relativity
modifies the ECR condition, ECR is widely used to accelerate electrons up to
energies large enough to ionize neutrals, singly charged ions and even completely
strip the electron shells off an atom. In the medium energy range we find ECR
ion sources which can produce any desired charge distribution.

The ECR process is randomized by collisions between ECR electrons and
other plasma particles. This creates an energy distribution rather than a mono
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energetic electron population, resulting in a charge state variety rather than
a single charge state domination. The variety of available charge states from
the same continuous plasma enables ECR ion sources to satisfy not only indus-
trial and commercial needs but especially represents an ion source for scientific
applications of highest versatility.

The basic principle of ECR heating via microwaves enables an electrode-
less operation, a tremendous benefit compared with electrode based ion sources
such as EBIS. The absence of an electrode removes the operation cycle time
limit restricted by electrodes of earlier designs. In addition the electrode-less
operation of ECR ion sources allow an ECR plasma completely free of any
material intrusion. This enables an ECR plasma free of contamination, an
attribute highly desired in plasma physics of highly charged particles.

3.2 Essentials

To establish a successful ECR process three essential ingredients have to be in
place.

e A magnetic field has to be present,

— matching the resonance condition given by the microwave input fre-
quency, electron mass and electron charge.

— establishing the plasma confinement.

e An oscillating electric field has to be established to resonantly accelerate
free electrons to kinetic energies large enough for ionization.

e A vacuum system has to guarantee mean free paths long enough:

— for the acceleration process of the hot electrons.

— to inhibit diffusion of both electrons and ions (see Section 3.3.3) and
thereby enabling the magnetic confinement in the first place.

— to inhibit recombination of highly charged ions.

Given these essentials an ECR ion source works by resonantly heated high
energetic electrons colliding with slow neutrals or ions to increase their charge
state. The electrons are confined in the ion source by the applied magnetic field.
The magnetic field forms multiple magnetic mirrors (see section 3.2.1) resulting
in a so called minimum-B field structure, a magnetic field configuration which
features an increasing field in every direction moving away from the center of
the ECR zone.

The ions are attracted by the magnetically trapped ECR electrons. Also
ions undergo trajectory alteration due to the magnetic field. But due to their
larger mass ions are less confined to the magnetic field than the more lightweight
electrons of same energy. The charged particles inside a minimum-B configu-
ration combined with a slightly negative plasma potential of minus 3 V, follow
very complex particle trajectories not readily described or analyzed using ana-
lytical methods. However simplified models allow analytical insight and more
sophisticated magnetic configurations can be studied by numerical finite element
simulations.
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The ionization charge state of neutrals or ions is increased by electron impact
ionization, a process which removes an electron from an ion or a neutral by an
impacting electron. The ionization probability depends on the particle charge
state and the impacting electron energy. In addition to neutrals there is always
more than one charge state present in an ECR plasma. In SWISSCASE an
optimized argon ECR plasma consists of all argon charge states from Ar't
to Ar'?t. Ionization cross sections are a function of the impacting electron
energy. lonization cross sections of higher charge states feature their maximums
at higher electron energies [29, 24].

Unlike other ion sources such as electron beam ion sources, ECR ion sources
feature an electron energy distribution rather than a mono energetic electron
population. This leads to the mentioned variety of available charge states.

3.2.1 Confinement single particle motion

In this section, the first of the three ingredients, presented in the previous sec-
tion, is introduced, the magnetic field for the particle confinement. To approach
the concept of magnetic particle confinement, we start with single particle be-
havior in an inhomogeneous magnetic field forming a magnetic bottle, the most
simple case of a magnetic confinement. Later in this section we related the
magnetic properties of the confinement to the second of the three ingredients,
the microwave heating, which is detailed in the next section.

To investigate the trajectory of an electron trapped by magnetic field we con-
sider the following. In a collision-less plasma charged particles gyrate around
magnetic field lines with the Larmor radius (r;, = vm/gB) given by the par-
ticles velocity v, mass m, charge ¢ and the magnetic field strength B. If an
additional longitudinal velocity component with respect to the local magnetic
field is present, the whole motion is a helix along magnetic field lines.

To establish a magnetic bottle confinement as used in ECR ion sources a
inhomogeneous static magnetic field is used. The particle trajectory, the helix,
changes as soon as the particle enters a volume of different magnetic field. There
are two invariants which allow to determine the continuing trajectory of the
particle. Both the kinetic energy of the particle Ey;, and the adiabatic invariant
1 are conserved [7]:

[
Eiin = —muv? (3.3)
2
1 :rn,'uf_
= - 3.4
b=35"F (3.4)

m is the particle mass, v its velocity, v, its velocity component perpendicular
to the magnetic field B. Since v* = v + v we can combine 3.3 and 3.4:

2FE.; y 2uB
kin Ziz‘ﬁ-l- H

3.5
m m )

From Eq.(3.5) it is clear, any increase in B leads to a decrease in vﬁ to keep

the left side of Eq.(3.5) constant. Since the kinetic energy (3.3) is invariant, the

decrease in vﬁ must lead to an increase in v? :
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2Eyi, )
i T)ﬁ (3.6)

2
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+ m

In the most simple case a magnetic bottle consists of a volume with B; and B»
and By/B; = 1, > 1 (see Figure 3.2).

Figure 3.2: The most simple case of a

magnetic mirror: the magnetic field is

distorted by a solenoid (see square cross

‘Z] B section with dot and cross for current in-

By 1 dication), increasing the magnetic field

at B> with respect to By. The particle

moves on a helix along the magnetic field

Bg/Bl = 7 > 1 lines. The particle is confined, if its ini-

tial velocity at the location of B, fulfills

E the mirror criteria vﬁ,;’vil > By/B; -1
(see Eq. 3.9).

rm is called the mirror ratio of the magnetic bottle if Bs is the maximum
field density and B; the minimum field density. The Larmor radius gets smaller
as 'vf_ increases (3.6) and the Larmor frequency gets larger. Additionally, this
effect can also be explained by a different approach, introducing the magnetic

flux ® 4 enclosed by the electron’s circumferential motion path:

P, = / BedA (3.7)
aA

We assume B to be constant in the plane of A: &, = A e B. We can further
use the Larmor radius ry, to express |A| = 77 7. Hence:

2 2
2 um ?r,tém

— = = const. 3.8
i q (38)

This means that an electron circling along its helix toward or away from the
magnetic mirror maximum keeps enclosing a constant magnetic flux by its Lar-
mor radius defined circular motion (see Figure 3.3).

Further considerations lead to the confinement performance of the magnetic
bottle. For this we assume a particle to start at the location with By, the field
minimum, traveling along the magnetic field toward Bs. The particle may have
an initial velocity v? = @f_ 1t 1-'ﬁl. As the particle travels toward Bs, the shape
of its motion helix changes (see Figure 3.3). When the particle finally arrives
at Bs it has a velocity v3 = v}, + t}ﬁz We further require the particle to be
just confined (?)22 = 0) rather than to over shoot the magnetic field maximum.
Further simplification leads to:
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Figure 3.3: An electron moves on a
helix along the magnetic field lines to-
ward or away from the magnetic mirror
maximum. The circumferential path de-
scribes a circle enclosing an area (light
blue) which is changing with the distance
from the field maximum. The enclosed
magnetic flux @ is invariant. The Lar-
mor radius ry, decreases during the par-
ticle’s motion toward the field maximum
and increases on its way back.

Figure 3.4: Loss cone. All
particles with 't.lifl /vl > 1 are
lost from the magnetic confine-
ment bottle. This criteria rep-
resents a cone shape in veloc-
ity space. All electrons with
velocity vectors inside the cone
are lost. Electrons with veloc-
ity vectors outside the cone are
confined by the concept mirror.

(3.9) defines the so called loss cone (see Figure 3.4). The loss cone is a volume in
velocity space given by the condition that all particles with ?"“|2|1 /v}, > Bs/B;—1
are lost from the confinement.

The ratio 'uﬁl/-vi 1 significantly differs for ions, cold electrons and hot elec-
trons. Due to thermalization ions and cold electrons share the same temper-
ature. Despite the presence of a magneto-static field they feature an approx-
imately isotropic velocity distribution [11] and feature a similar 'L-‘ﬁl /v3, ratio
close to 1. This is very different for the hot electron population. Simplified the
hot electrons are only heated perpendicularly to the magnetic field lines due
to the electron cyclotron resonance mechanism presented in the following sec-
tion. This leads to a strong anisotropy in the velocity distribution because the
parallel velocity component remains low with energies comparable to the cold
electrons and ions, whereas the perpendicular velocity component can reach en-
ergies energies from 1.7 keV (MEFISTO [17] up to several hundred keV [11].
In SWISSCASE this velocity component has an average energy of 10 keV (see
chapter 8 Bremsstrahlung).

For the hot electron population, -vﬁ] Jv%, is roughly 2eV/10keV = 2-10~%.
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This allows to simplify the plasma situation considerably by stating that the
hot electrons are perfectly confined unless they undergo a collision or scattering.
This brings the mean free path and the collision frequencies between hot elec-
trons and neutrals and ions to our attention, further detailed in the following
section.

For the successful operation of an ECR plasma a high magnetic field is highly
desirable since it defines the microwave frequency (see Eq. 3.1 and 3.2). This in
turn puts an upper limit on the plasma electron density (see next paragraph),
desired to as high as possible and necessary for high currents of highly charged
ions. According to Geller [11], the following reasoning can be stated. Note
the square root relation between wy. and I;, which makes a higher operation
frequency wgc g very attractive:

B ~wgorp > Wpe ™~ \,.-’Iq (310)

B is the magnetic field, wgcgr the angular frequency of the microwave input
feed, wp. the plasma electron angular frequency and I, the extracted current of
charge state g. This reasoning requires operating an under-dense plasma. This
means the ECR plasma becomes opaque for the incident microwave when the
plasma electron density reaches its critical value and the corresponding plasma
frequency cuts off any incident microwaves [7] (see Section 3.22 for more detail).
However, also over-dense ECR plasmas can be created by microwave coupling
via X-mode. Over-dense ECR plasmas tend to be unstable and feature a high
effervescence not desired for the extraction of a low noise ion beams and are
therefore avoided.

In practice Bs is limited by the chosen concept or material. B; however can
be arbitrarily designed to any value between 0 and Bs. The lower By, the better
the mirror ratio r,,. The higher B; the better the electron density and the ion
charge state distribution due to a higher ECR frequency. For SWISSCASE a
trade off is chosen with r,, &~ 2 (see Ph.D. thesis by Trassl [36], 1999).

The confinement of SWISSCASE consists of an axial magnetic mirror and
a Halbach hexapole. The Halbach hexapole represents six equally spaced mag-
netic mirrors oriented radially rather than axially (see figure 4.4b, chapter real-
ization). Magnetic fields can be superimposed to access the resulting magnetic
field of both the axial mirror and the Halbach hexapole radial mirrors. This
allows to realize a magnetic confinement with an increasing magnetic field in
every direction from the center of the confinement, a minimum-B confinement.
However for this kind of magnetic confinement, particle trajectories calculations
are far from being solvable analytically as shown for the simple magnetic mir-
ror. The results of 3D numerical trajectory integrations in the SWISSCASE
minimum-B confinement are presented in chapter 6.

In the next section we go into more detail about the second necessary ECR
ingredient, the microwave input feed.

3.2.2 Microwave

As shown in the previous section charged particles gyrate around magnetic field
lines with a frequency given by fgor = % /27. This frequency does not depend
on the energy of the particle.
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When a charged particle is trapped by a magnetic field line it gains kinetic
energy and its Larmor radius increases to match the higher velocity. This situa-
tion is highly useful since it guarantees the Larmor frequency to be the same for
all trapped electrons in a constant magnetic field, independent of their energy.

An electric field as part of an electro magnetic wave hitting a particle circling
a static magnetic field line can be decomposed into an electric field component
oscillating parallel to the magnetic field line and another component oscillating
perpendicular to the magnetic field line. The field component oscillating parallel
to the magnetic field line interacts with the trapped electron but does not lead
to an energy increase averaged over time due to the nearly linear oscillating
motion along the field line. In contrast, the component perpendicular to the
magnetic field line and hence parallel to the electron gyro motion does interact
with the electron changing the electrons kinetic energy averaged over many gyro
rotations if the incident wave matches the electron cyclotron frequency.

Figure 3.5: The incident mi-
crowave (top) supplies the gy-  MW: E = E| # sin(wt)
rating electron with a ho- - =
mogeneous oscillating electric
field. Before field excitation
the electron features a circu-
lar trajectory around a mag-
netic field line resulting in a
harmonic function for its x lo-
cation including a phase shift
¢ with respect to the incident
microwave.

&
x(t) = xp * sin(wt + @)

To investigate this acceleration mechanism we introduce figure 3.5. The elec-
tron trajectory in the plane perpendicular to the magnetic field depends on the
phase shift between the electrons initial oscillation and the driving electric field
of the incident microwave. Figure 3.6 shows a numerical trajectory integration
for four different phase shifts. The simulation is accurate to 1% of the electron
velocity within 110 cyclotron orbits or 107 s, the time required to obtain 10
keV (see below). A homogeneous electric field is assumed. For SWISSCASE
this assumption is justified by the small ratio between the larmor radius of
the electrons (0.868 mm) and the wavelength of the incident microwave (27.55
mm). Simplifying the total microwave generator output power of 100 W to be
adsorbed by the ECR zone cross section allows to calculate the resulting electric
field Ey:

Jme

ED: EQCA

(3.11)
P, is the microwave generator output power, ¢ the speed of light in vacuum
and A the cross section of the ECR zone. For SWISSCASE values we obtain
Ey = 18 V/mm. This value for the accelerating electric field E(t) = Epsin(wt)
is chosen for all simulation results presented in this section. The initial kinetic
electron energy is set to 2 eV, the temperature of the cold electron population.

The simulation takes into account the presence of the oscillating electric
field and a static, homogeneous magnetic field rather than a mirror field. It
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Figure 3.6: Electron trajectories in resonance with a magnetic field B = 0.388 'I" and
an oscillating electric field with Fy = 18 V/mm in x direction. Four different phase
shifts ¢ between the electron initial oscillation and the driving electric field from 0 to
m are shown.

does not take into account any effect related to scattering, collisions, cyclotron
emission or other dissipative damping mechanism. The simulation is realized
by a simple loop integrator with a time step of 6.6 - 10~ s, 10° integration
steps and a total time span of 10~% s. This corresponds to 7.25- 10~ - 7, with
7 being the period of the cyclotron motion. In each integration step, the loop
integrator first computes the Lorentz force due to the magnetic field, the force
caused by the electric field of the incident microwave, the resulting acceleration,
the new velocity and the new location based on the previous time step. This
cycle is repeated until the preset loop number is reached and the simulation is
terminated.

Figure 3.6 shows that the early part of the electron trajectory significantly
depends on the phase shift between the initial electron motion and the incident
microwave. A red circle in Figure 3.6d, showing the scenario with a phase shift
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¢ = m, marks the trajectory point where the electron undergoes a near full stop
to synchronize with the driving electric field.

All four scenarios show a similar resonant spiral after several rotations. The
initial phase shift hardly matters for electron energies in the range of several
keVs. To visualize this effect Figure 3.7 shows the development of the kinetic
electron energy with respect to time for larger numbers of rotations.

Electron kinetic energy [eV]

i
10~ 10710 10~ 10-%
Time [s]

Figure 3.7: Kinetic electron energy with respect to time for different initial phase
shifts. Ripples in the electron energy attest to the periodic energy input from the
oscillating driving electric field. Note the low energy spike of the scenario for ¢ =
7 in green representing a near full stop. All four scenarios show a very close energy
development for energies in the range of keVs.

Figure 3.7 shows that the early kinetic energy development of the resonant
electron significantly depends on the initial phase shift of electron motion and
incident microwave, as already discovered in Figure 3.6. The scenario with ¢ =
7 (in green) features a low energy spike, representing the near full stop necessary
to synchronize the phase of the electron motion and the driving electric field.
In comparison the electrons of the scenarios with ¢ = %?r (in blue) and ¢ =
%;’r (in magenta) get decelerated a lot less before the phase locked acceleration.
However approaching kinetic energies of several keVs all scenarios close in on
similar electron energies.

Figure 3.8 displays the kinetic energy an electron gains with respect to the
distance it has traveled in the scenario. Again results are shown for the same
four different phase shifts presented in figure 3.6 and 3.7. The electrons gain a
kinetic energy of 10 keV within 108 to 110 cyclotron orbits and within a distance
of 0.27 m to 0.372 m respectively. This distance is well within the mean free
path of the electrons (4.9 m) presented further down this section.

The similar behavior for different initial phase shifts is a very important
effect of electron cyclotron resonance because it synchronizes the electrons in
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Figure 3.8: Kinetic electron energy with respect to the distance the respective elec-
tron has traveled. The scenarios for four different initial phase shifts are presented.
The electrons reach an kinetic energy of 10 keV after 0.27 to 0.33 m depending on the
initial phase shift.

energy space. Hence electrons with chaotic initial conditions are accelerated to
similar energies and initial phase shifts do not matter for the energy distribution
of the hot electron population.

Another robust attribute of ECR electron heating by microwaves is the ge-
ometric tolerance of the ECR effect. The sophisticated spatial orientation of
the local magnetic field lines gnarantees a non zero electric field component
perpendicular to the magnetic field lines for almost all locations. Only elec-
trons attached to magnetic field lines oriented exactly parallel to the oscillating
electric field (O-wave microwave mode) do not benefit from the resonance effect.

3.2.3 Vacuum

Any electron acceleration process such as the electron cyclotron resonance mech-
anism, presented in the previous section, requires a certain mean free path for
the electrons to complete the acceleration up to energies high enough for ioniza-
tion. The presented numerical simulation has shown that this mean free path
needs to be at least 0.33 m for the ECR process realized in SWISSCASE. In
this section the necessary vacuum condition will be presented to enable such a
situation.

In a collision-less plasma the fraction of particles inside the loss cone would
be lost and the remaining particles would be confined indefinitely. However real
plasmas feature and ECR plasmas even require collisions to produce the desired
ions. Collisions in turn lead to recombination, scattering into the loss cone (loss
cone scattering) and diffusion across magnetic field lines, an additional confine-
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ment loss poorly understood today. Hence a trade off has to be found to allow
enough collisions for a most effective ion production but to inhibit unnecessary
collisions to minimize recombination, loss cone scattering and diffusion loss of
both electrons and ions.

The SWISSCASE plasma chamber pressure, when used for ion beam pro-
duction, lies within a pressure range of 5:10~° mbar to 810~* mbar. The
exact temperature of the neutral particles in the SWSSCASE plasma chamber
is unknown. The lower limit for the temperature is given by the plasma wall
temperature. However the neutrals undergo frequent collisions with ions and
electrons of higher temperature [7, 11, 17] which leads to an increase in neutral
temperature. In addition some neutrals are the result of a successful recom-
bination process of singly charged ion and an electron, both having a higher
temperature than the surrounding neutrals.

This reasoning suggests the neutrals feature a temperature in between room
temperature (plasma chamber walls) and 2 eV [17], the temperature of the cold
electrons. To calculate such important plasma parameters as mean free path
lengths and density we need to assume a temperature of the neutral particles.
According to the ideal gas law the lowest possible temperature leads to the high-
est possible particle density and the shortest mean free paths. Consequently we
will calculate all parameters of the neutral population with a neutral tempera-
ture of T, = 300 K to obtain minimal values for the mean free paths.

The mean free path Aj.c. in a particle ensemble of density n and particle
collision cross section o is given by [7]:

/\fr‘ee = L (312)

nao

CO- gas contains oxygen and carbon which are of highest interest for the cal-
ibration of space borne instrumentation. COs is a straight molecule with no
polarity. We take a collision cross section of 4.25-10720 m? for an electron hit-
ting a CO2 molecule (see Chapter 6 for details). With T, = 300 K we get a
CO3 neutral density of 4.8-10'® 1/m?*. In an ECR plasma there are not just
COs neutrals but also other neutrals such as C and O radicals and CO and
O, molecules. To summarize this density multiplying effect we simply double
the density to compensate for split up CO3 molecules (priv. com. Prof. Wurz,
February 2008). Implementing these values into formula (3.12) results in Af,.ce
= 4.9 m at a pressure of 2-10~% mbar which is the mean optimal pressure for
CO5 plasma operation in SWISSCASE. Hence the mean free path, limited by
the neutral density, is long enough to allow the build up of electron energies
high enough for ionization.

At a plasma chamber pressures of 2-102 mbar or higher the SWISSCASE
plasma ceases to output any high charge state ions. Applying the simplified
ideal gas model for this pressure we obtain a mean free path of 0.49 m which
is very close to the 0.33 m necessary for the cyclotron acceleration, shown in
the previous section. Hence the numerical simulation result presented in the
previous section is in good agreement with the simplified ideal gas model for
the neutral density.
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3.2.4 Summary essentials

The electron cyclotron resonance acceleration mechanism can be explained by
single particle motion and numerical integration of the electron trajectories.
The described acceleration process is robust and works for a thermal ensemble
of electrons with isotropic velocity distribution.

3.3 Minimum-B ECRIS particle confinement

To obtain singly charged ions from an ECR ion source, the ions do not need
to be confined by the ion source because they can be extracted right after the
ionization process. This is very different for ECR ion sources aiming at multiple
charged ions.

The ionization of a multiple charged ion can be performed by the removal
of one electron per ionization step or by the removal of multiple electrons in
the same ionization step. The effective cross section for the removal of two
electrons is generally two orders of magnitudes lower [33] than the effective cross
section for the removal of a single electron per ionization step. Consequently
the production of multi-charged ions is dominated by a step by step process
where a single electron is removed per step [17].

Hence each ion with charge state N needs to undergo an ionization at least N
times without recombination. With recombination present within the sequence
of ionization the total number of successful ionization steps is even higher.

Compared to single or low charge state ions, highly charged ions require:

e Jlonger confinement times to enable multiple ionization events.

e shorter mean free path lengths with respect to hot electrons to increase
hot electron collision frequency and decrease the necessary confinement
time

e longer mean free path lengths with respect to neutrals to inhibit recombi-
nation.

e lower overall plasma density to inhibit malignant charge exchange.

This suggests an increasing microwave power input to increase the hot elec-
tron population and a decreasing optimal feed gas pressure to lower the neutral
density for optimal production of highly charged ions. SWISSCASE confirms
the expected behavior by a monotonously increasing high charge state ion out-
put with monotonously increasing microwave input power and monotonously
decreasing feed gas pressure.

3.3.1 Hot electron confinement

Hot electrons are well outside the loss cone defined by the simple magnetic mirror
and confined indefinitely due to the pronounced anisotropic velocity distribution
in favor of the perpendicular velocity component with respect to the magnetic
lines. Hence to loose hot electrons their anisotropic velocity distribution has to
be altered in a way to expel the electrons, capture them or decrease their kinetic
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energy enough to disqualify them as hot electrons. The dominant mechanisms
of this alteration are collisions and scattering.

In addition to loss cone scattering, collision absorption and recombination,
hot electrons can diffuse across magnetic field lines by scattering. Diffusion
across magnetic field lines is considered to finally lead to electron loss [11] which
is why this type of diffusion is a very important confinement parameter.

3.3.2 Collision mechanisms and mean free paths

Any plasma consists of charged particles which may feature a significant collision
cross section for electrons. This is due to the electric field originating from any
charged particle. Due to their mass, ions are slow relative to both the hot
electrons and the cold electrons and are considered immobile in the following
discussion.

An electron passing by an ion is scattered by the ions electric field. According
to Chen [7] and Geller [11], an oder-of-magnitude estimate for the change in
momentum of a scattered electron can be obtained by assuming a 90° deflection.

82

Ape = me Av, = pr— (3.13)
Ap, is the change in electron momentum, e its charge, v, its velocity and rq the
so called impact distance, the projected distance of the initial electron velocity
vector toward the ion. In a 90° scattering event the initial momentum of the
electron is completely lost with respect to the direction of initial motion. Hence
Ap. = pe = muv.. Given this we can solve for the impact distance which
represents the radius of a circular scattering cross section o;.

e? et

ro - (3.14)
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Note the occurrence of the fourth power of v.. This leads to a very strong
decrease of g.; with increasing v.. The decreasing collision cross section with
increasing electron velocity and energy is characteristic for all momentum ex-
change effects involving long range forces such as electric or magnetic fields.

In addition to the described one time 90° deflection, the sum of multiple
small angle scatterings are significant, called Spitzer collisions. The total colli-
sion cross section from Spitzer collisions turns out to be [11]:

2\’ 1
Oeispitzer = (60 Ek-in) o InA (315)
which is a factor of 32In A larger than o.;. InA = 24.62 is the Coulomb log-
arithm for SWISSCASE, weakly depending on the plasma parameters. Hence
the limiting cross section is dominated by multiple small angle collisions rather
than large angle close encounters. For a SWISSCASE plasma we can summarize
the values of these two collision mechanisms in table 3.1.

In comparison to the values for one time 90° and multiple small angle Spitzer
collisions shown in table 3.1, the collision parameters of 10 keV hot electrons
with neutrals are dominant. This is an important conclusion used in the follow-
ing to calculate the diffusion loss rates across magnetic field lines.
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Mechanism o Afree v

one time 90° [7] 3.2107% m? | 2.1-10" m | 2.8 Hz
multiple small angle Spitzer [11] | 1.2:10723 m? | 5.6:10* m | 1.0-103 Hz
Neutral collisions CO5 4210729 m? | 49m 1.2-107 Hz

Table 3.1: Summary of cross sections o, mean free paths Af... and collision fre-
quencies v of hot electrons (10 keV) for one time 90° and multiple small angle Spitzer
collisions. Hot electron density: 1.46:10'® 1/m?, neutral density: 4.8:10'® 1/m® and
plasma chamber pressure: 2:10™* mbar.

3.3.3 Diffusion loss and ion confinement time

Diffusion loss rates across magnetic field lines is a subject not yet accessible in
an analytical way [7, 11]. Empirical and semi empirical formulas for the calcu-
lation of the diffusion coefficient D show that classical, analytical approaches
are too optimistic in favor for the confinement performance by many orders of
magnitude. On the other hand, Bohm diffusion suggests a diffusion coefficient
many times too pessimistic to be of use for mininum-B ECRIS confinement
engineering [11].

For hot electrons, diffusion is useful to approximate the number of colli-
sions, necessary to let an electron collide with the plasma chamber wall. This
calculation is detailed in chapter 6. However for the ECR performance, hot
electron diffusion is of little interest because diffusion relies on successive colli-
sions. As stated above we consider a hot electron as energetically degraded and
uninteresting for ionization if it undergoes a single collision.

Cold electrons and ions however would potentially still be of interest even
after many collisions because they they do not require a large kinetic energy to
be of use for the plasma. As shown in section 6.1, cold electrons and ions are
of use for the plasma as long as they are confined, no matter at which kinetic
energy. However we will see that loss cone scattering limits their confinement
lifetime to a single 90° collision or even less.

The lifetime of a particle confined in an minimum-B ECRIS confinement is
given by [11]:

T = Togoe lOg (%) (3.16)
Bmt’n

7 is the confinement time of the particle, T9g- the collision time for a 90° scat-
tering and Bjnee/Bmin equals the mirror ratio of the axial magnetic mirror.
log(Baz/Bmin) results in 0.3. This again shows, the collective confinement
performance of a magnetic mirror significantly deviates from single particle mo-
tion, presented in section 3.2.1. Hence 7 results in 79po - 0.3 which is even less
than the collision time for a 90° scattering. Diffusion across magnetic field lines
is always coupled to several 90° scattering collisions and is hence not of interest
because it is dominated by the loss cone limiting particle life time 7.

With SWISSCASE parameters of COy operation we can estimate 7gp- and
7 by using table (3.1) and:

Tooe = Vggo = =736-10"%s = 7=221-10"3s (3.17)

anuv
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o = 2-4.2-107%° m? is the dominating neutral neutral collision cross section,
n = 4.8:10'® 1/m® the neutral density and v = 336.8 m/s the mean neutral
velocity at 300 K. 7 = 2.21-1072 s is the time singly charged ions are given to
produce an ion charge state distribution resulting in the measured ion beam
spectra presented in Chapter 7.

3.4 Plasma potential

In this section, the negative ECR plasma potential is detailed and the charge
imbalance calculated which is necessary to establish this potential. The ECR
plasma is charged negatively because the ECR electrons are better confined by
the minimum-B structure than the ions due to pronounced anisotropic velocity
distribution (see Section 3.2.1) of the ECR electrons. The negative charge of
the ECR plasma significantly improves the confinement performance of the ions
[11].

The plasma potential of minus 3 V (K.S. Golovanivsky and G. Melin, 1992
[14]) is caused by a slight majority of electrons over the ions. Knowing the
size of the ECR zone and simplifying the situation by assuming a homogeneous
charge distribution inside the ECR zone (see figure 3.9), we can calculate the
charge majority by Maxwells first equation [20]:

EdA:-l—f 0 dV (3.18)
av €0 Jv

Figure 3.9: The ECR zone is approxi-
mated as a homogeneous cloud of surplus
electrons. The space charge of the elec-
trons creates an electric field. A stan-
dard integration from the cloud center
to its outer radius yields the potential
difference created by the electric field.

The electric field resulting from (3.18) is given by:

E(r) = % (3.19)

Integrating (3.19) results in a potential difference of:

_ P po
AU = i T (3.20)
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With a potential difference of AU = 3 V [14, 17] we can solve for p to obtain a
surplus electron density of 2.76:10'3 1 /m?®. Considering the total plasma electron
density of 1.46:10'® 1/m?, the surplus electron density amounts to 1.89-107° of
the total electron density.

The potential created by the slight surplus density of the ECR electrons
attracts positively charged ions toward the ECR zone and repels plasma elec-
trons. With no magnetic field present this leads to straight trajectories for each
particle toward or away from the ECR zone depending on its charge. This
suggests an additional plasma electron loss. However in SWISSCASE and any
other ECR ion source there is a strong magnetic field present leading to E' x B
drift [7, 11, 26, 16]. Hence the charged particles would feature a circumferential
cycloid motion rather than a radial straight one. In real minimum-B ECRIS the
magnetic field is not a simple magnetic mirror but a superposition of a magnetic
mirror in axial direction and four to 24 (in hexapole sources: 6) radial magnetic
mirrors. This leads to a highly complex spatial magnetic field distribution (see
figure 3.10).

Figure 3.10: Cylinder cut
of the SWISSCASE mag-
netic FEM model the ECR
zone. The cylinder has a
diameter of 14 mm and a
length of 15 mm. The top
picture features the mag-
netic field distribution on
the surface. The lower pic-
ture shows the highly com-
plex magnetic field vectors
distribution. The color bar
starts at 0.46 'I' and stops
at 0.65 1. To the right: 3D
overview.

Figure 3.10 shows the complex magnetic field resulting from the superposi-
tion of the axial magnetic mirror and the radial Halbach hexapole in SWISS-
CASE. The spatial magnetic field distribution of SWISSCASE and any other
minimum-B ECRIS renders the analytical investigation of single particle mo-
tions in these confinements futile. However numerical trajectory integration is
accessible with the magnetic field simulation (see chapter 6).
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3.5 Plasma density

During an ECR process the ECR plasma approaches a quasi stable dynamic
equilibrium with a plasma density and a charge state ion distribution. Despite
the many operational parameters that can be chosen, the maximal plasma den-
sity is limited by the microwave frequency and the coupling mode. In SWISS-
CASE the exact microwave coupling is highly complex and is only accessible by
numerical simulations of electric and magnetic field propagation. This is caused
by the plasma cavity dimensions creating a near-field situation rather than a
far-field situation of electro magnetic wave propagation. In addition the ECR
zone of SWISSCASE has a length of 13 mm, only a fraction of the wavelength
of the incident microwave denying the assumption of a long plasma column.

However first order approximations lead to useful plasma densities supported
and made plausible by feed gas pressure, mean free path lengths (Section 3.2.2)
and power balance considerations (Chapter 3). This first approximation as-
sumes a right hand circularly polarized, an R-mode, coupling between incident
microwave and ECR plasma (7, 11].

An R-mode of frequency f,., can only propagate inside a plasma if the
plasma electron frequency fpe, called the plasma cut off frequency, is lower
than than f,,,,. Otherwise the incident microwave is reflect and a coupling is
prohibited. We shall refer to this property as plasma opacity. Applying energy
conservation we can distinguish two basic situations:

® fmw > fpe. The ECR electrons can be heated and the plasma density is
allowed to increase. The plasma is under-dense.

® fimw < fpe- The ECR plasma is opaque with respect to the incident
microwaves and the ECR electrons are not heated. The plasma is over-
dense and there is cutoff. Hence, it is losing thermal energy and is cooling.
The plasma density decreases.

This leads to a bistable situation because both, under-dense plasmas and
over-dense plasmas approach the critical density. Assuming this bistable equi-
librium we can set: f, = fpe. The plasma electron density f,. is given by

[7):

1 [nee?

f e — oH_
PE 9\ € me

(3.21)

ne is the plasma electron density, e the charge of the electron and m, its mass.
Rearranging (3.22) and combining it with f,,,, = fpe leads to:

A6y me .
ne = % fow (3.22)

Hence the plasma density scales with the square of the microwave frequency
fmw- A higher microwave frequency allows a much higher plasma electron den-
sity and provides a better environment for the production and confinement of
highly charged ions. In addition a higher plasma electron density allows to de-
sign the ECR zone more compact because the same number of plasma electrons
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fit into a tighter volume. This again significantly increases power efficiency due
to a smaller ECR zone surface and related particle losses. In addition smaller
space requirements and reduced magnet confinement cost can be expected.

For SWISSCASE n, is 1.46-10'® 1/m?®. This is the maximal plasma electron
density limited by the opacity of the ECR plasma with respect to the incident
microwave, If not chosen optimal different operational parameters, such as
power input, feed gas pressure or microwave impedance matching, result in a
significant reduction of the given electron density and the resulting ion beam
performance.

3.6 Comparison of SWISSCASE and MEFISTO

Despite sharing the same principle of operation electron cyclotron resonance
ion sources can be different in their design and operational parameters. We
compare MEFISTO and SWISSCASE, both designed, built and operated at
the University of Bern. Table 3.2 gives a summary of the essential confinement
and the optimal plasma parameters.

Table 3.2 shows that the Larmor radii of hot electrons and for H* ions
are similar in SWISSCASE and MEFISTO respectively. This suggests that hot
electrons and ions with a low m/q ratio feature similar confinement performance.
However the large anisotropic velocity distribution and the low collision cross
section of hot electrons results in a much better hot electron confinement and
less diffusion across magnetic field lines. The negative plasma potential however
favors the ions, due to their positive charge, rather than the hot electrons,
somewhat compensating for the weaker magnetic confinement of the ions.

In addition SWISSCASE and MEFISTO feature similar power densities with
respect to the ECR zone volume and its surface. SWISSCASE features better
ion beam performance with higher input frequency and lower input power de-
spite its far smaller ECR zone volume. The higher microwave frequency allows
a square times higher plasma electron density. This results in an ionization frac-
tion of 30.25 % for SWISSCASE and 1.53 % for MEFISTO. The total electron
count inside the ECR zone is similar for both SWISSCASE and MEFISTO.
However the ratio N./A of total electrons and ECR zone surface is in favor for
SWISSCASE by more than an order of magnitude. This suggests that SWISS-
CASE suffers less from particle loss through the ECR surface and radiates less
cyclotron emission power at the same plasma parameters than MEFISTO. This
results in a better particle confinement and a hotter plasma with ECR electrons
of higher energies. The latter is supported by a Bremsstrahlung measurement
presented in Chapter 8.

3.7 Conclusion

The numerical particle trajectory integration to simulat the ECR acceleration
process showed that:

e the randomized initial phase of the particle gyration with respect to the
incident microwave influences the early part of the acceleration process
but leads to very similar energy behavior once larger electron energies are
achieved.
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Table 3.2: Summary of design and optimal plasma operation parameters for SWISS-
CASE and MEFISO. ECR zone dimensions in mm, Vol and A: ECR zone volume and
surface assuming a rotational elliptical zone shape, fi..: microwave frequency, Prax
@ finw: maximal microwave input power at specified microwave frequency, Ppq./Vol:
specific microwave power per ECR zone volume, A,,.,: wavelength of microwave, Becr
ECR qualified magnetic field, n.: plasma electron density limited by plasma opacity,
N.: total electrons inside the ECR zone, T.por, Tecora: hot and cold electron temper-
ature, k;: ionization fraction, rrehor. TLecotda Larmor radii for hot and cold electrons,

Chapter: Electron cyclotron resonance
SWISSCASE MEFISTO
®:

ECR zone -
Vol 0.980 cm® 8.61 cm?
A 4.78 cm? 21.41 cm?
Pz @ frow 95 W 300 W
B Vol 9.692-10" W/m?3 3.481-107 W/m?
P e f 1.989-10° W /m? 1.401-10° W /m?
j o 10.88 GHz 2.45 GHz
A 27.55 mm 122.36 mm
Bpcr 388 mT 87.5 mT
e 1.46-10'% 1/m? 7.41-10'6 1/m?3
N, 1.431-1012 6.380-101
N./A 2.99-10'% 1/m? 2.980-10" 1/m?
Tohor 10 keV 1.7 keV [17]
Tgco[d 2 eV [11] 2 {3V [1 ]_]
Ki 30 % 1.53 % [17]
T Lekot 8.68107% m 1.59-107% m
TLecold 1.23:107° m 5.45-107°% m
TLH+ 5.26:10~% m 2341073 m
rLC4 1.82:107% m 8.09-10~% m
T 2.39, 1.95 4

rriy, roes Larmor radii for HY and O ions, r,,,: mirror ratio.

o the necessary acceleration path length is 0.27 m to 0.372 m and the elec-
trons complete 108 to 110 gyro revolution, depending on the initial phase

shift.

e the simulation is supported by the critical mean free path of 0.49 m, a
maximum feed gas pressure equivalent above which SWISSCASE ceases to
output multiple charged ions. In addition the simulation is also supported
by the experimentally obtained optimal mean free path of 4.9 m which
enables ECR electrons to be accelerated and scattered about ten times

before hitting a neutral particle.

Hexapole confined ECR plasmas can be approached analytically with sim-
plified single particle motion and simple magnetic mirrors. However this ap-
proach is limited to the very basic understanding of ECR ion sources. More
insight is available by the study of collective plasma behavior including collision
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mechanisms, diffusion and numerical field and trajectory simulations. Collision
mechanisms are useful for the study of the ion distribution because they yield
collision frequencies and mean free paths. Diffusion processes in ECR plasmas
however are still widely unexplored and useful models are not yet available.
On the other side present diffusion theory can be used to estimate the collision
number a particle undergoes before hitting the plasma chamber wall further
detailed in chapter 6.

A comparison between SWISSCASE and MEFISTO suggests a smaller parti-
cle loss via the ECR zone surface resulting in a better confinement and lower ra-
diation loss for SWISSCASE. SWISSCASE also features a larger critical plasma
density and power-volume density than MEFISTO, resulting in higher ion beam
currents of highly charged ions.






Chapter 4

Realization of source
elements

This chapter is structured corresponding to the different components of the ECR
ion source. Figure 4.1 gives a 3D overview, Figures 4.2 and Figure 4.3 show a
top and a side view of the realized components of SWISSCASE.

Microwave input port Antenna mover

Magnetic confinement
with ECR plasma

Pressure

Cube housing ion extraction
Sensor

and ion optics

1as input

Impedance matching
with slidable short

High voltage
Insulation
To vacuum pump

Figure 4.1: A 3D overview of SWISSCASE realized within this thesis.

In Section 4.1 the magnetic confinement responsible for an efficient electron
cyclotron resonance and an successful ionization process is presented. Section
4.2 presents the microwave system used for the electron heating via ECR effect
and the necessary subcomponents. In Section 4.3 the newly designed extraction
system is introduced and effects of different plasma operation on the puller
electrode explained. Section 4.5 describes the newly designed ultra high vacuum
(UHV) facility housing the plasma chamber, the extraction and the ion optics.
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Figure 4.2: 'l'op view section cut through SWISSCASE. Color coding is identical to
Figure 4.1. The width indicated on the left hand side measures 599 mm, the width to
the right hand side measures 450 mm.

Figure 4.3: Side view section cut through SWISSCASE. The length of the facility
measures 1499 mm.

Section 4.6 presents the high voltage setup necessary for the ECR plasma ion
extraction and the ion optics. The chapter concludes with Section 4.7, which
gives a detailed calculation of the necessary parameters of the mass separation
magnet used for spectral analysis of the extracted ion beam.

This chapter is a description of the mechanical and the electrical setup of
the ion source SWISSCASE and justifies some of the purchase criteria of the
microwave generator, the mass separation magnet. For a detailed discussion
of the ion source plasma parameters please refer to Chapter 7. For details
about magnetic field and electron distribution inside SWISSCASE please refer
to Chapter 6.

4.1 The magnetic confinement

4.1.1 Overview

The magnetic confinement assures a successful ECR process to heat plasma
electrons to energies large enough for electron impact ionization. Neutral atoms
and molecules are ionized by electron neutral collisions and finally establish a
quasi stable plasma with electrons and ions. Since ionization to high charge
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states is a step by step process [16] the ions have to be confined for a time long
enough to undergo multiple collisions to obtain multiple charge states. For the
detailed magnetic field distribution, both measured and simulated, please refer
to Chapter 6. The axial magnetic confinement is provided by four ring magnets
arranged around a Halbach hexapole. Figures 4.4 (a) and (b) show section cuts
featuring a side view and a front view of the magnetic confinement used in
SWISSCASE for magnetic confinement and for support of the ECR process.

—
7 T
o
o
]
!

koft iron

Microwave antenna

Halbach hexapole Extraction iris
{Reference plane)

(a) Section cut side view. (b) Section cut through hexapole.

Figure 4.4: (a) Side and (b) front section cuts of the magnet assembly used in
SWISSCASE. Arrows indicate the direction of magnetization of the permanent mag-
netic material. (a) shows the magnetization of the ring magnets together with the
plasma chamber, the microwave antenna and the ion extraction system. (b) reveals
the characteristic alternating orientation of 24 permanent magnet sectors. Bold ar-
rows indicate the resulting main magnetic poles inside the hexapole. Dimensions are
in mm.

4.1.2 Manufacturing process

The magnetic confinement system is established by a sophisticated arrangement
of permanent magnets. It was manufactured by Vacuumschmelze Hanau based
on a design by Salzborn, Trassl and Broetz et al. [6, 36] at the University of
Giessen. Vacuumschmelze Hanau has already manufactured several permanent
magnet confinement systems for the University of Giessen and they alone have
the know-how of bonding, agglomeration (sintering) and overall manufacturing
of such an assembly. The design already proved to be reliable and capable
of a high performance confinement resulting in the successful production of
high intensity beams of highly charged ions at the ion beam facility located
at the Beam Center of the Giessen University [6, 36]. Despite sharing the
same geometry with the Giessen ECR ion source the SWISSCASE ion source is
manufactured of new VACODYM 677 HR rather than VACODYM 400 HR and
VACODYM 335 HR. VACODYM 677 HR promises a higher residual magnetic
induction. This change toward a material with a higher residual induction
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modifies the configuration of the magnetic field and increases the field density
in the minimum region while keeping the geometry constant. This in turn
changes the location of the ECR zone.

4.1.3 Assembly process

To ease the assembly process of the magnetic confinement system an assembly
facility has been constructed. The assembly facility enabled a safe and reli-
able assembly process. However once assembled the confinement system is not
supposed to be disassembled. An attempt to disassemble the confinement sys-
tem may result is the destruction of one or several permanent magnets because
the attractive forces created by the magnetic field locally exceed the shear and
tensile strength of the material.

The magnetic confinement system is mechanically instable. All four disc
shaped magnets tend to slip apart side ways. It is therefore of vital importance
to always fill out the inner hollow cylinder shaped volume with a solid material
such as a PVC tube, a broom stick with the correct diameter or any other non
ferromagnetic material.

The Halbach hexapole is unstable in itself too. It is bonded by high per-
formance glue by Vacuumschmelze Hanau. This bonding can fail (Salzborn et
al., 2002). The resulting explosive disintegration of the Halbach hexapole mag-
net can seriously harm human beings and nearby devices. To prevent such an
event an aluminum bracelet encapsulating the Halbach hexapole magnet has
been implemented.

4.1.4 Optimal setup

Unsuccessful attempts to ignite the ECR plasma operated with a COs working
gas were the result of experiments with the future SWISSCASE confinement
performed by Bodendorfer and Trassl at the University of Giessen from July
2005 to August 2005 using the unaltered magnetic confinement configuration
and a magnetron limited to 10.5 GHz. This was due to the unexpected high
magnetic field inside the hexapole resulting from the new VACODYM 677 HR
material. Adding soft iron plates at both inner shoulders of the confinement
magnet bypassed some of the magnetic field and lowered the central magnetic
field where the ECR zone is located to a value which fulfilled the ECR condition
with 10.5 GHz. Subsequent experiments by Bodendorfer at al. in Giessen during
August 2005 showed that the ECR plasma would ignite with various combina-
tions of 2 mm and 4 mm ARMCO soft iron plates and the given magnetron.
However optimal ion beam extraction performance for Ar®* was achieved with
two 4 mm soft iron plates each one attached to one magnet shoulder.
Experiments with the final setup performed at the University of Bern during
February 2008 showed that, thanks to the higher available frequency of the solid
state microwave generator, higher values for the resonant magnetic field were
accessible and that another optimum with respect to ion output was found using
only one 4 mm ARMCO soft iron plate attached next to the microwave injection
(see Figure 4.4a). This new optimal setup operated at 10.88 GHz and one soft
iron plate is superior to the setup operated at 10.5 GHz with two soft iron
plates in so far that it produces ion currents increased by 23% to 29% for Ar™
to Ar'?*. Figure 4.5 gives the measured magnetic field of SWISSCASE along
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Figure 4.5: Magnetic field along z-axis of SWISSCASE. One 4 mm Armco soft iron
plate is attached to the magnet shoulder according to Figure 4.4. Z-coordinate origin
is at the reference plane defined in Figure 4.4a.

the z-axis in the final state with one single soft iron plate and indicates B,..; as
the magnetic field value fulfilling the ECR condition.

This setup turned out to be close to the one used by Broetz at al. in 2000.
Table 4.1 compares the high B-field confinement setup used by Broetz at al.
in 2000 with VACODYM 335/400 HR and the SWISSCASE confinement using
VACODYM 677 HR and one 4 mm soft iron plate.

Facility High-B field SWISSCASE

Material VACODYM 335/400 HR | VACODYM 677 HR
Magnetic bypass none 4mm ARMCO soft iron
Operation frequency | 9.97 GHz 10.88 GHz

Field maximum 1 780.21mT™* £+ 18nT 850.5mT £ 1mT

Field maximum 2 673.82mT" £+ 18mT 696mT + 1mT

Field minimum 354.64mT** £ 0.2mT 356.3mT £+ 1mT
Mirror ratio 1 2.24+0.05 2.387+4-107*

Mirror ratio 2 1.9 £ 0.05 1.953+9-107*

Table 4.1: Comparison of High-B-field confinement from Broetz at al. (2000) with
SWISSCASE. ** calculated by Eq. 3.1 (ECR eq.) using fecr = 9.97GHz from [6].
* calculated by using mirror ratio 1 and 2.

Table 4.1 shows the mirror ratios of SWISSCASE and the ECR ion source
by Broetz at al. in 2000 differ by 8.5 % for the high and by 2.8 % for the lower
mirror ratio. This suggests [11] that SWISSCASE is able to perform better due
to its increased mirror ratio and consequently smaller loss cone (see Chapter 3)
while maintaining a similar field minimum compared to Broetz at al. in 2000.
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4.1.5 Temperature regime of operation

VACODYM 677 HR was a new material at the time the magnetic confinement
of SWISSCASE has been manufactured. Both its high residual induction of
1.18 T and coercive magnetic field strength of 2466.9 kA/m (corresponding
vacuum magnetic flux density: 3.0999 T) promised a very good confinement
performance. Figure 4.6 shows the demagnetization curve of VACODYM 677
HR.
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Figure 4.6: Demagnetization curves of VACODYM 677 HR for different temper-
atures. The dashed vertical line indicates a coercive magnetic field strength of
2179k A/m representing the maximal field strength given by the FEM model. Data by
Vacuumschmelze Hanau.

If the temperature of the magnetic material rises, the magnetic field den-
sity decreases. This temperature dependent demagnetization is reversible if the
coercive field strength stays within the upper shoulder, the reversible branch,
of the demagnetization curve (see Figure 4.6). If the coercive field strength
further decreases below the knee point, the magnetic material enters the irre-
versible demagnetization branch and permanent demagnetization occurs. This
effect of permanent demagnetization spreads out from the locations of highest
field densities to locations with lower field densities if the temperature is fur-
ther increased. It is therefore important to keep the temperature of the magnet
assembly below the critical temperature where demagnetization starts at the
locations of highest field densities.

To find this critical temperature we first evaluate the highest field density
in the magnet assembly using the finite element model presented in Section
6. Figure 4.7 shows a 3D simulation of the confinement featuring the zones of
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Figure 4.7: 3D overview of the SWISSCASE magnetic field simulation. Both small
ring magnets and halve of the hexapole are shaded transparent to enable the view
to the critical locations where the magnetic flux density reaches its maximum value.
Circles indicate three positions of maximal flux density. Due to symmetry there are
three more positions which are not visible in this view.

The FEM model gives a maximal magnetic field strength of 2.179-10% A/m.
A linear interpolation between the two demagnetization curves of 20 C° and 60
C? results in a critical temperature of 37.2 C°. However as the FEM model
shows the locations of such high field strengths are very limited in spatial ex-
tent. A local permanent demagnetization is not supposed to destroy the whole
magnetic confinement but could change it to such an extent that the ECR zone
is no longer in an optimal position. This in turn could significantly decrease
the ion beam performance of SWISSCASE. To prevent such a scenario safety
measures have been implemented to keep the magnet temperature below the
critical temperature.

During assembly of the different permanent magnets into the definite con-
finement system large forces have to be overcome. The repulsive and attractive
forces and especially their inverse square dependence on the distance of two
magnets easily exceed the abilities of a strong human being. Chipped, cut or
crashed fingers are the result of handling the separate magnets without the
necessary caution.
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4.2 The microwave system

The microwave system is responsible for the ECR heating of the plasma elec-
trons. Different components are implemented to satisfy the needs of a proper
coupling between the microwave generator and the plasma. In such an opti-
mized configuration the generator represents an ideal microwave power source
and the plasma represents an ideal microwave power sink. However neither the
real plasma nor the real microwave power generator act as a pure sink or a
pure source. The nature of the plasma is such that in many operation condi-
tions the majority of the incident microwave power is reflected back toward the
microwave power generator. To prevent the reflected microwave power causing
a malfunction in the microwave power generator a circulator has been imple-
mented further discussed in Subsection 4.2.3.

Due to the optimal operation frequency of 10.88 GHz and the corresponding
wavelength of 27.55 mm the impedance of the system significantly depends on
the system geometry, the plasma shape, its condition and location. During
ECR operation the complete system undergoes thermal expansion caused by
the conversion of microwave power to heat in the plasma chamber and caused
by changes in the room temperature. The plasma further changes both spatial
location and parameters in Smith space [16] depending on operational condition.
During experimental verification also different frequencies had to be tested.
All these varying microwave conditions called for a system which is able to
compensate the effects and establish proper coupling between microwave power
generator and the plasma. This system is called an impedance matching system
and will be discussed in Subsection 4.2.4.

Figure 4.8 gives a schematic overview of the microwave system with the most
relevant components.

4.2.1 The microwave generator

The microwave generator serves as power source to increase the plasma elec-
tron’s kinetic energy via the ECR process described in Chapter 3. First we
show the criteria for the selection of a suitable microwave generator, followed
by detailed information about its characterization and its implementation into
the wave guide system. Finally we will have a closer look into the microwave
coupling structure, which insures coupling between the microwave generator, its
protection from reflected radiation and impedance matching between microwave
source and load.

The criteria for a suitable microwave generator are given by the application.
The magnetic confinement features a minimal magnetic flux density of 356.3
mT requiring a minimal ECR feed frequency of 10.02 GHz. Because of the need
for experimental verification of the optimal operation frequency and therefore
the optimal localization of the ECR zone the microwave generator has to deliver
a variable frequency rather than a fixed one. On the other hand available wave
guides in the common X-band are suitable for a frequency between 8.2 GHz and
12.4 GHz. This gives an upper limit for the frequency range of the microwave
generator. While a higher output frequency than 12.4 GHz would not damage
the system it would undergo severe attenuation by the wave guide system, the
majority of the microwave energy would be converted into heat before reaching
the plasma. Testing the magnetic confinement at the University of Giessen
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Figure 4.8: Overview of the microwave system with the most relevant components

labeled.

showed a significant decrease in ion output for operation frequencies below 10
GHz. The same test suggested more ion output for frequencies above 10.5
GHz. This frequency range could not have been investigated at the University
of Giessen because the available magnetron microwave generator was limited to
10.5 GHz.

Experiments at the University of Giessen [36] have also shown that the op-
timal input power is around 80 W for this kind of system. At the point of
choice this has been the only available data for this magnetic setup. Later ex-
perimental verification at the University of Bern including the new purchased
100 W microwave generator suggested the possibility to further increase the ion
performance by exceeding the input power of 100 W (see Chapter 7).

For ease of operation both output power and output frequency have to be
controlled by two front panel knobs. A power meter has to indicate the effective
output power and a frequency clock has to indicate the chosen output frequency.
In addition to this both output power and output frequency have to be accessible
by an electrical terminal at the back of the device for the implementation into
a computer controlled measuring and control system.

For the protection of the magnetic confinement from thermal overload the
back terminal has to facilitate a shut down connector, which can be integrated
into a temperature control circuit. This allows to switch off the microwave
generator as the only power source and therefore heat input, of the plasma to
let the plasma chamber and the magnet assembly cool down.

SWISSCASE will finally be operated on a high voltage terminal. The mi-
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crowave generator primary power will have to be supplied by a high voltage
isolation transformer. Hence the primary power of the microwave generator
was also a purchase criterium to save on the necessary installed electrical feed
power of the high voltage isolation transformer. A single phase power supply
is strongly favored rather than three phase again in favor of an economic high
voltage terminal power supply.

Table 4.2 gives a summary of the quantitative purchase criteria of the mi-
crowave generator.

QOutput power 0-80W
Output frequency | 10 - 11 GHz
Primary power < 750 W

single phase
Cost < 60°000 CHFr.

Table 4.2: Quantitative requirements for the purchase of the microwave generator.

4.2.2 Choice and characterization of the microwave gen-
erator

A total of eight quotes from four different manufacturers have been received.
Table 4.3 shows the three most attractive options of the microwave offers.

WaveLab Eng. | Microwave | Inwave
Power
Frequency range [GHz| 9.5 -11.0 9.0-11.5 | 9.0-11.0
Power output [W)] 100 100 100
Principle of operation TWT SS TWT
Amplifier manufacturer Quarterwave Omniyig Quarterwave
Price Excl. VAT [CHFr.] | 115’600 57000 77500

Table 4.3: Summary of purchase options for the microwave generator. TW'I": Trav-
eling wave tube amplifier. SS: Solid state amplifier.

From Table 4.3 it is clear that the solid state microwave power amplifier
is the only purchase option that fits within the budget of 60°000.- CHFr. The
specification fulfill all the requirements. It has therefore been decided that the
microwave generator of choice is a solid state RF generator from Microwave
Power Inc. [28]. The output frequency can be varied from 9 to 11.5 GHz. The
generator output is specified to be 100 W or more between 10 and 11.5 GHz.
Table 4.4 gives a summary of the specifications provided by Microwave Power
Inc.

However our own measurements resulted in significantly different power out-
put data than specified by Microwave Power Inc. We installed a measurement
system consisting of the microwave generator, a directional coupler with a cou-
pling of —20 dB, two subsequent attenuators of —10 dB each and a LabView
measurement system (see schematic in Figure 4.9).

All components of the measurement system between the microwave gener-
ator and the power sensor feature a frequency dependent attenuation of the
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Output power 0-100 W
Output frequency 9 - 11.5 GHz
Input power 600 W single phase

Principle of operation | solid state

Yig tuned oscillator,

open frequency loop, open power loop,
6x MPI power modules at 41 dBm each

Table 4.4: Summary of specification of the microwave generator.

Microwave - - Measurement
generator Directional coupler -20 dB system
9- 115 GHz > Two Attenuators each -10 dB PC, LabView

Figure 4.9: Composition of the power measurement system. The microwave gener-
ator is coupled with the computer measurement system with a total attenuation of
-40dB.

microwave signal. To compensate for this frequency dependent attenuation a
separate calibration has been performed to evaluate the exact frequency depen-
dent transmission characteristics of the connecting parts. Figure 4.10 shows the
frequency dependent output power corrected by the attenuation of the measure-
ment system.

The measured power output significantly deviates from the microwave gen-
erator performance as specified by microwave power inc. Despite this deviation
from the specified power output we accepted the generator due to timetable
considerations (delivery time was close to one year) and because the measured
power output is sufficient in the important frequency band of 10 to 11 GHz to
operate the ECR ion source based on data by Broetz et al. [6]. All subsequent
ion beam performance measurements are based on this varying power output.
Therefore care has to be taken in comparing the ion beam performance of dif-
ferent operation frequencies especially at a constant microwave power setting.

4.2.3 Wave transport system and circulator

The wave transport system transmits the microwave power from the microwave
generator to the ECR plasma. It has to fulfill different criteria presented in this
Section.

Back traveling microwaves entering the microwave generator can destroy
the generator. The reflected power tolerance is 25W. The generator features an
internal load to absorb this specified reflected power. The high dynamics of the
plasma deny a precise forecast of the ratio of reflected to input power. Hence we
have to assume that in certain conditions almost all the input power of 100W
will be reflected. In such a case the reflected power tolerance of the internal
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Figure 4.10: Measured power output of the microwave generator from Microwave
Power Ine. The power output varies between 62W and 109W. In the frequency range
between 10 and 11 G H =z the output power is sufficient.

load would be exceeded. Therefore, an additional external circulator is installed
in the transmission line to prevent microwaves reflected from the plasma or the
plasma container to enter the microwave generator. The circulator is acting
similar to a diode (see Figure 4.11. It can distinguish between forward and
backward traveling microwaves and separates them.

Figure 4.11: Schematic of a ferrit to Dummy
core circulator. A circulator ‘circu- g .

lates’ the microwaves in a defined
orientation (here clockwise) and
distinguishes between forward and
backward traveling microwaves. It
serves as protection of the mi-
crowave generator from back trav-
eling microwaves reflected from the
plasma or the plasma container and |
the wave guide system. To microwave generator

To insulate the microwave generator from the high voltage (see Section 4.6
a high voltage insulator microwave window is implemented in the wave guide
system. The high voltage insulator microwave window consists of 1 mm thick
PTFE teflon plate and a composite structure insuring precise alignment of the
transmitting and the receiving wave guide connectors.

The wave guide system is operated under atmospheric pressure. Hence it
has to be separated from the UHV system by a UHV microwave window. This
UHV microwave windows is built in copper and tested for UHV capability. The
vacuum seal and the microwave transmission is defined by a 2.3 mm ceram-
ics plate soldered to the copper wave guide stubs featuring standard X-Band
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connectors on both sides.

4.2.4 Impedance matching

Since the plasma represents an active element in the microwave system with an
impedance that is not constant with respect to time nor to different operation
conditions an impedance matching system was implemented. To meet the needs
of coupling the microwave generator via wave guide system, vacuum window and
high voltage window with the plasma a slidable short is attached to the coupling
cube. The remote controlled short can be moved perpendicular to the optical
axis. The remotely controlled access allows the operation of the short during
active extraction when the ECR ion source is connected to high voltage and
manual access is prohibited. Figure 4.12 shows a section cut of the implemented
short serving as impedance matching system.
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’; Short (movable)
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- ;j &
Microwave gg
resonance ﬂ’
chamber < ’g =
1] ficr
v Microwave
Ll |;; [ 1] ARl Figure 4.12: Section cut
‘ngh :! of the short implemented for
W‘;ﬁi impedance matching of the mi-
I N L crowave power generator and
l"- EH the ECR plasma. The short
R “ can be moved parallel to its own
‘\\IE—‘J\A‘ axis for impedance matching by
u"!‘;'f changing the interior geometry
m— 4 of the resonance chamber and
/I the distance to the microwave
llHlk_ﬁ antenna. Note: the microwave
input port is oriented perpen-
Microwave dicular to the plane and not
combiner Magnetic y : ;
cube confinement shown in this figure.

4.3 Ion optics

The ion optics has to extract the ion beam from the plasma and transport it
from the extraction to the target where the beam is used. On the way from
the extraction to the target the ion beam has to pass through different vacuum
vessels and a ninety degree mass separation magnet, which separates the ion
beam into a mass per charge resolved ion band for spectral analysis. In the
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following section the first stage of the ion optics will be presented, the extraction
process of the ions.

4.3.1 Extraction

The extraction consists of an extraction aperture and a puller electrode and
extracts the ions from the ECR plasma to form an ion beam. Figure 4.13 shows
the principle of ion extraction by high voltage.

Figure 4.13: Section cut of

extraction setup. The puller

electrode colored in blue is

grounded. The plasma chamber

colored orange is connected to

high voltage. T'he applied high
; ) perture

For the start up of the new ion source the extraction mechanism from the
University of Giessen has been used to exclude as many unknown effects as
possible during first light of the new ion source in Bern. As second step the
extraction mechanism has been redesigned resulting in a significant increase in
mechanical precision and far better vacuum performance. These improvements
allow a better access of the different extraction parameter regimes and signifi-
cantly improved reproducability of the chosen operational parameters. Figure
4.14 shows the realization of the newly designed extraction assembly.

During operation ions are extracted from the ECR plasma by the application
of a high voltage potential drop from the plasma toward the puller electrode.
Accelerated ECR plasma ions that are not properly focused hit the puller elec-
trode rather than flyving through its central bore. This leads to wear of the puller
electrode depending on different plasma parameters, acceleration defining ex-
traction voltage and operation time. Hence the puller electrode is a consumable
and has to be replaced after a certain run time. Figure 4.15 shows a photograph
of different puller electrodes each exposed for a different time of operation.

Beside the extraction potential and hence the kinetic energy of the sputtering
ions also the plasma background gas significantly influences the wear of the
puller electrode. Figure 4.15 shows the difference in sputtering progress for
an Ar plasma and COs and O plasma after approximately the same duration
of operation. The sputtering visible on the tip of the puller electrode used to
extract oxygen ions is significantly further progressed than on the tip of the
puller electrode used to extract Ar ions.

After colliding with the puller electrode Ar** ions get neutralized to Ar
atoms which have an extremely low reaction probability. On the other hand
O™ jons colliding with the puller electrode get neutralized to O radicals for a
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Figure 4.14: Realization of
the newly designed extraction
assembly. The puller electrode
assembly can be slid toward the
extraction aperture to a mini-
mum distance of 2.8 mm. How-
ever with an applied extrac-
tion voltage of 10 kV this mini-
mal approach results in electric
arcing between the puller elec-
trode and the extraction aper-
ture. Hence the practical min-
imal distance is not limited by
the mechanism.
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Figure 4.15: Photographs of four different puller electrodes with the same original
geometry and built from the same material of stainless steel. From left to right the
puller electrodes have been in operation for Oh, ~ 100 h at Ar plasma extraction,
~ 200 h at Ar plasma extraction and ~ 200 h at CO2 and Oz plasma extraction. All
puller electrodes were operated at 10 £V extraction potential. Note the difference in
sputtering between the third and the fourth puller electrode despite the same exposure
time but different plasma.

short time before further reacting with either other O radicals, gas molecules
or metal lattice atoms from the puller electrode. It is clear that O radicals
represent a far more aggressive chemical environment for the puller electrode
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Figure 4.16: Photographs of the puller electrode tips exposed for different times and
different plasma.

than Ar atoms. The presence of O radicals or neutral molecules leads to a partial
oxidation of the surface layer of the puller electrode. This leads to embrittlement
of the stainless steel material and makes the puller electrode tip more vulnerable
for sputtering. Figures 4.16 a.) to d.) show photographs of the puller electrode
tips from Figure 4.15.

4.3.2 Baffle

Because the plasma ions are extracted with an extraction voltage of 10 kV, the
ions have a kinetic energy of 10 keV per charge unit. This energy is enough
to remove atoms from the metal lattice of the puller electrode and sputtering
occurs (see previous Section). The sputtered material travels for a certain mean
free path before it either hits a neutral gas atom or molecule or it collides with
a wall and gets neutralized. This way a surface coating with the material of the
puller electrode can occur. Said material is conductive stainless steel and can
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destroy the insulation effect by bypassing an excessive leakage current through
the surface coating.

Figure 4.17: A section cut
where the baffle (colored in red)
is implemented in SWISSCASE.
The baflle protects the high
voltage insulation ceramics (col-
ored in magenta) from surface
coating of sputtered material
from the puller electrode. This
avoids arcing and creep cur-
rents across the insulation ce-
ramics and allows long-term ion
extraction.

The sputtered material is deposited on surfaces exposed directly or indirectly
in line of sight to the surface undergoing sputtering. Experience with the first
extraction setup from the University of Giessen showed that deposition in line
of sight from the sputtered surface dominates rather than indirect deposition
around corners. Concentrating our efforts on the reduction of direct surface
coating allows to shield the exposed surfaces on the insulation ceramics from
line of sight access of the sputtering center. A baffle has been implemented to
facilitate this shielding.

This method proved to be very well suited to such an extent that neither
difficulties with excessive leakage current nor any visible surface coating of the
insulation ceramics have been observed with the new design. Figure 4.17 shows
a section cut where the baffle is installed.

4.3.3 Einzel lenses

After extraction the ions drift toward the first and second Einzel-lens (see Fig-
ure 4.18). The Einzel-lens focuses the ion beam and shape its emittance to
match the acceptance of the consecutive transmission such as the ninety degree
mass separation magnet. The first Einzel-lens incorporates the Puller electrode,
thereby guaranteeing a fixed distance between the point where the ions are fin-
ished accelerating (after extraction) and the point of Einzel-lens entry. This sig-
nificantly eases experimental manipulation and optimization of SWISSCASE.
To match the focus length of the first Einzel-lens with the extraction the hole
assembly can be slid forward and backward (see Figure 4.18). In addition the
second Einzel-lens can be positioned independently from the first Einzel-lens.
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Einzel-lens 1 Einzel-lens 2
central section central section

Figure 4.18: Composition of
Einzel lenses in SWISSCASE.
T'he puller electrode is attached
at a fixed distance to the first

Einzel lense. Both Einzel lenses Puller l:]ill_zel-lens 2
can be moved independently in electrode peripheral section
axial direction (red arrows) by Einzel-lens 1

il eonbals peripheral section

4.3.4 Jon beam transmission

The ion beam transmission is responsible for the efficient guidance of the ion
beam from the point of extraction through different vacuum vessels, a ninety
degree mass separation magnet and finally to the Faraday cup (see Section
7.2.2). The main goal in the design and operation of the transmission system
is to minimize ion bean loss. Such loss mainly consists of part of the ion beam
colliding with wall elements of the transmission system or with the elements of
the ion optics.

The ECR ion source magnet has been tested for plasma production and ion
extraction at the University of Giessen by Bodendorfer et al. During these tests
an older extraction setup and mass separation magnet from a 14 GHz ECR ion
source was used to test the ion beam performance of the future SWISSCASE
confinement magnet. To detail the temporal evolution of the different setups a
chronological summary is given:

e July 2005 to August 2005: Testing of magnetic confinement and ion beam
performance on experimental ECR extraction and mass separation system
at the University of Giessen.

e August 2005: Integration of magnetic confinement and extraction system
from the University Giessen into test bench in Bern.

e November, 28th, 2006: First beam without mass separation, 480 pA,
wit CO; gas operation and 580 pA with Helium gas operation.

e February, 12th, 2007: First beam with mass separation magnet.

e January 2007 to August 2007: Experimentation with plasma parameters,
ion optical setup. Acquisition of first spectra.

e August 2007 to February 2008: Bremsstrahlung measurement.

e January 2008: Integration of new vacuum facility, new microwave coupler
and new extraction system.
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e January 24th, 2008: First beam with new setup.

e January to April 2008: Acquisition of ion beam spectra.

Starting up the newly installed ECR ion source SWISSCASE in Bern under
new conditions such as temperature, microwave and vacuum setup, we tried to
avoid unnecessary changes to the already proven extraction mechanism which
was retained from the University of Giessen resulting in ‘First Light’ at the
University of Bern at November, 28th, 2006. This setup was not supposed
to be final as it did not provide the necessary vacuum quality nor the desired
experimental reproducability. But it allowed to confirm the successful operation
of the ECR ion source in a new environment with a new microwave generator,
new wave guide system and a new vacuum pump setup. With this setup 580
1A of Helium ions were extracted from the ion source measured at the Faraday
cup without a mass separation magnet in place.

Spectral measurements in June 2007, with the mass separation magnet in
place, resulted in a charge state distribution presented in Figure 4.19. In this
spectrum, peaks for Het, He?* and H* are visible. The sum of all these peak
currents amounts to 552 pA. This current is 95.2 % of the total current measured
without the mass separation magnet in place.

In addition to the comparison of current measurements presented above an-
other indication points toward a highly optimized ion transfer. If the extracted
ion beam hits a solid surface two different effects can be observed. Coating
patterns are visible where the ion beam hits a solid surface if the energies of the
particles is suitably small and the resulting neutralized atoms or molecules form
molecular layers and a deposition process is established. If the particle energies
are larger, after extraction, or if the resulting neutrals form gases that do not
deposit, sputtering patterns are observed (see puller electrode Figures 4.16a-d).
Apart from the extraction zone, none of the exposed surfaces of the ion optics
nor of the mass separation magnet showed any sign indicating sputtering or
deposition. This again shows that the ion beam transmission is highly efficient.
At this point no further investigation is performed in the improvement of the
ion beam transmission of SWISSCASE.

We can conclude from this Section that:

e the transmission of the ion beam for Helium ions is highly efficient (95.2%)
compared to the not mass discriminated total extracted current from a
previous measurement. No surface coating patterns nor sputtering is oh-
served on exposed parts. This suggests that the ion optics is close to its
optimal design. The design parameters of the Einzel-lens and extraction
geometry do not need to be modified with respect to the design obtained
from the University of Giessen.

4.4 Radiation shielding

Radiation from the ECR plasma can be harmful to human beings, and the
system must therefore be shielded to protect the operator. The Bremsstrahlung
originates from plasma electrons colliding with plasma ions, neutrals and the
plasma chamber wall. The photon spectrum containing energies of the X-ray
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Figure 4.19: Helium spectrum acquired with original extraction setup. Parameters
are optimized for He?t: f = 10.50 GHz, P = 50 W, ps = 8.0 - 10~ mbar, U., = 4
kV. The sum of all currents shown in this spectrum is 552 pA.

spectrum. X-ray photons have a rather low effective cross section with organic
molecules found in the human body. However if an interaction occurs the X-ray
photon is able to ionize and disintegrate organic molecules of all sizes including
proteins and nucleic acids of human DNA. This effect can lead to a change
in body chemistry, destruction of cells hit by the photon or in rare cases to
stimulation of the cell to degenerate and become a cancer cell. For this effect
there is no minimum radiation dose which can be considered to be harmless.
However for reference there is a natural back ground radiation level to which
the human body is exposed at all times depending on location and daytime.
The average back ground radiation dose rate level in Switzerland is 0.1 uS per
hour, corresponding to 0.876 mS per year.

All measures taken to reduce the radiation dose load taken from the presence
of the ECR ion source are based on the background radiation dose as a radia-
tion reference level. With no measures in place SWISSCASE induces radiation
dose rates up to 10 uS/h at a working distance of 0.2 m. This is 100 times
the background radiation dose rate. Hence measures were taken to reduce the
measured radiation level to the background value as a target level.

X-rays and Gamma rays are absorbed in a given shielding material according

to Eq. (4.1).

Ii — exp(—(u/p)Ad) (4.1)
0

Iy is the incident intensity of the radiation without shielding material in
place, I is radiation intensity at the same distance with shielding material of
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thickness Ad, of mass density p and attenuation coefficient p in place.

Our own bremsstrahlung measurements resulted in a photon energy dis-
tribution peaking at 50 keV. u/p for lead at this energy is 8.041 c¢cm?/g [30].
Lacking the knowledge about the fraction of high energy photons up to 1 MeV
we decided to implement an amount of lead which is practical to handle during
assembly and disassembly and which represents no critical mechanical load to
the structure. These considerations resulted in a minimal thickness of 20 mm.
At a photon energy of 50 keV this leads to an intensity ratio of I /Iy = 6-10730,
However at a photon energy of 1 MeV the corresponding absorption coefficient
of lead at this energy is 0.07102 ¢cm?/g [30] leading to an intensity ratio of I/,
= 0.1997. The dominating part of the measured intensity is contributed by
photons with an energy around 50 keV (see Chapter 8). X-ray Measurements
with the shielding installed and ECR plasma active, resulted in no detectable
radiation above background. Hence the shielding is considered to be safe also
for long term working exposure.

4.5 Vacuum setup and gas feed

SWISSCASE is operated in a pressure range from 8- 10~% mbar to 10~ mbar.
To determine the flow regime we can calculate the Knudsen number for this
pressure range. The temperature is supposed to be ambient temperature 20 C°.
The Knudsen number is then given by Eq. 4.2.

K, = (4.2)

>

K, is the Knudsen number, A is the mean free path of the particles of
interest and L is a characteristic length of the system, the flow tube diameter
for instance. We have the following criteria [40, 2] (Table 4.5).

K, >1/2 Free molecular flow
1/2 > K, > 0.1 | Transition flow (A = L)
01> K, Continuum flow

Table 4.5: Summary of criteria to distinguish free molecular flow, transition flow and
continuum flow.

The mean free path A can be calculated according to Eq. 4.3 [7, 11].

1 ”

A= o (4.3)

n is the particle number density and o the inter particle cross section. During

operation n is = 102 1/m? [4] and ¢ = 1072° m2. This leads to A = 10 m. For

L, the characteristic length, we can take a typical diameter such as the inner

diameter of the plasma chamber (24 mm). This leads to K,, = 417. Even if we

take for L the overall length of the facility (L = 1499 mm), we get K,, = 6.7

which is still in the free molecular flow region. Hence inter particle collisions

can be neglected and the flow behavior is dominated by free molecular flow
behavior.
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Figure 4.20: Scheme of vacuum and gas flow setup. pi, p2 and ps denote pressure
sensors. 'he oil separator protects the UHV part of the facility from oil back streaming
of the rotary vane pump during an emergency shutdown of the turbo pump 7. This
precaution is not necessary for turbo pump 7% because the membrane pump is oil free.

Figure 4.20 gives an overview of the gas feed and vacuum system. The
operation gas enters the UHV facility through the thermal electrical valve V1.
The gas passes through a perforated plate, which serves as a microwave reflector
and absorber. The gas then enters a volume connecting the dead end of the
microwave antenna mover, the T-connector to the small turbo pump and the
plasma chamber. A certain fraction of the gas flow will go into the small turbo
pump and will leave the system. The remaining flow fraction will enter the
plasma chamber and serve as working gas for the ECR plasma operation. After
plasma reaction the remaining gas flows through the aperture entering the ion
optics cube. From there the gas flows through the 90° mass separation magnet
to reach the large turbo pump to be evacuated from the system.

4.5.1 Vacuum capabilities

With the inlet gas valve closed the facility routinely demonstrates a vacuum
pressure of 5- 1072 mbar measured by the pressure sensor ps at the ion optics
cube. Under the same conditions the vacuum pressure measured by the pressure
sensor p3 near the gas inlet is as low as 10~ mbar. However after heating the
vacuum facility to 60 C° for one week the pressure measured by the pressure
sensor po at the ion optics cube dropped below the measurement range limited
to 1079 mbar entering the range of 107! mbar. With the presently installed
pressure sensors (Balzers, Compact Full Range Gauge, PKR 260) we are unable
to resolve this vacuum pressure regime.

During operation the ion spectra show traces of air molecules. The air
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Figure 4.21: Ton spectrum of SWISSCASE. Operation of an Argon plasma (100 W,
10.88 GHz). The operation parameters are optimized for an ion current of Ar''* and
Ar'?*. Despite the contamination with Oxygen, Nitrogen and Carbon the detection of
possible occurrence of Ar'** and Ar'*" is not impeded because the peaks of interest
do not cover the expected locations of Ar'®" and Ar'*T,

contamination is not limiting the resolution of high charge state ions such as
Ar®t. Figure 4.21 shows a spectrum produced from an argon plasma optimized
for the highest charge states possible in this facility Ar''* and Ar'?*. This
operation regime is the most vulnerable to contaminations of any kind and is
therefore a good benchmark for the vacuum quality because highly charged
ions undergo charge-exchange reactions with the background gas and thus are
converted to lower charged ions. We see the presence of (Ar''* and Ar'?*) and
a contamination with O%+, N5+, C**, 0%t and N**. The presence of carbon
in the shown spectrum originates from a former CO, plasma operation.
We can conclude from this Section that:

e the vacuum facility is able to routinely provide a clean vacunm with resid-
ual pressure of 5- 1079 mbar without the need of additional heating. By
heating the facility to 60 C° for one week the residual pressure can be
improved to 1-107% mbar. The contamination of air components and
carbon is present in an expected amount but not impeding the operation
of SWISSCASE nor of the mass separation process.

4.5.2 Plasma chamber gas pressure

To determine the gas pressure in the plasma chamber we can calculate the
different gas flow resistances given by the tubing and the implemented orifices,
then backtrack the pressure profile from the gas inlet measured by the pressure
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sensor p;. The tubing connecting the gas inlet valve V; with the plasma chamber
represents a rather sophisticated geometry for a free molecular flow because of
the presence of the microwave antenna, the flow bifurcating turbo pump Ti, the
right angle connector and the microwave coupling cube. Applying formulas from
literature will lead to a rather inaccurate result requiring numerical simulation.
However we can also access the plasma chamber pressure in an another way
avoiding the mentioned difficulties.

As for most turbo pumps operated in this pressure regime, also the volume
flow rate of the turbo pump 7} can be considered pressure independent [40].
We know the volume flow rate of turbo pump 7 to be gy = 0.23 m®/s from
specifications and we can measure the pressure at this turbo pump inlet by p;.
This allows to calculate the pressure volume flow rate (Eq. 4.4).

pv =4qv - P1 (4.4)
In addition g,y can be related to g, the particle flow rate, by the ideal gas

law (Eq. 4.5)

_ Dv 4
n = Tkp (4«))

T is the temperature of the gas and kp the Boltzmann constant. As leakage
measurements showed, the leakage flow rate of the facility is well below 2.3-10~1°
mbar - m®/s at the pressure level we operate the ECR plasma. Hence we can
take g, as a constant value along a stream line from p; to the plasma chamber.
Further assuming the temperature of the gas does not change along the same
streamline allows g,y to be constant along the stream line.

We can measure the pressure at ps during plasma operation. We further
know exactly the geometry of the extraction aperture acting as a flow restricting
element. The plasma chamber pressure ppiqsmq is therefore given by (Eq. 4.6).

Pehamber = P1 + Apapeﬂ.m‘e (46)

Apaperture is the pressure drop caused by the gas flow streaming through
the extraction aperture. This pressure drop can be calculated by (Eq. 4.7) [40]

dgpv

e TE— 4.7
c-A- Paperture ( )

Apapcrturc =

¢ is the mean velocity of the gas particles, A is the cross section of the
extraction aperture and paperture IS a transmission probability depending on
the geometry 0111}’- Paperture is given bY (EQ- 48)

11
Paperture = 1 — a7 = 0.483 (4‘8)

[ is the length of the aperture orifice and r its radius. Further we calculate
¢ by (Eq. 4.9)
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_ 8RT (4.9)
C=\—F 2
TMpfolar
R is the universal gas constant, T the temperature and M. the mo-
lar mass of the gas. Table 4.6 summarizes the data for a typical Ar plasma
operation.

Entity Origin Value

P1 Measured 1.1-107% mbar

qv Specifications Balzers | 0.23 m?3/s

Qv qv -1 2.5-10"7 mbar - m?/s
P2 Measured 1.3-107% mbar

T Measured 300 K

R Weast at. al [37] 8.314472 J/K - mol
Majorar—ar | Weast at. al [37] 39.95 - 1073 kg/mol
¢ Wutz et al. [40] 398.633 m/s
Poperture Eq. 4.8 0.4383

A A=r’r 2.827-107% m?
Apaperture | BEq. 4.7 1.9-10~* mbar
Pchamber P2 + Apaperturc 2. 10_4 mbar

Table 4.6: Summary of measured and calculated values.

4.5.3 Discussion

To verify the obtained value of the plasma chamber gas pressure we can compare
the corresponding gas density at room temperature and the ECR plasma den-
sity given by the criteria that the plasma is opaque for the incident microwave
frequency (see Chapter 3). This is an approximation because the gas density
depends on the gas pressure and the gas temperature. The latter is above room
temperature because of the interaction with the hot plasma. However the long
mean free paths in this pressure regime do not lead to many collisions between
neutral gas atoms and plasma ions or electrons as shown in Chapter 3. The
overall momentum transfer from the plasma to the neutral gas is therefore low
and the background gas can be considered to be at room temperature for a first
approximation.

We calculate the room temperature density n,eura; Of the plasma chamber
gas pressure by (Eq. 4.10)

Mcutral = P2 = 4.8-10'8 1/m? (4.10)
B

The plasma density limited by its transparency with respect to the incident
microwave is given by (Eq. 4.11)

2
Nplasma = f%m = 1.461- 108 1/m3 (4.11)
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f is the microwave frequency (10.88 GHz), €y is the permetivity of free
space, m. is the electron mass, and e the electron charge. We can now give an
approximation of the ionization fraction by (Eq. 4.12):

L L (4.12)
Npeutral

This result is in good agreement with literature. The ionization fraction of
2.54 GHz ion sources gathers clusters 10% [11, 17, 26]. SWISSCASE operates
at a frequency of 10.88 GHz and is able to produce a larger degree of ionization
than 2.54 GHz ion sources [17, 26]. Higher charged ions require a reduced chance
of recombination with neutrals and hence a higher fraction of ionization. Hence
we expect a higher ionization fraction from SWISSCASE compared to 2.54 GHz

ion sources.

4.6 The high voltage setup
SWISSCASE requires high voltage supply for the extraction setup and two

independent Einzel-lenses. Figure 4.22 gives an overview of all parts connected
to high voltage

Einzellense 1 Einzel lens 2
central section central section
(Upzr) (Upzrz)

Extraction potential (U, )

Ground

Puller Einzel lens 2
electrode peripheral section
(Uputt) (Urzi2p)

Figure 4.22: High voltage parts in section cut showing a side view of SWISSCASE.
Insulation is shaded orange. Not colored parts are grounded.

During ion beam operation all high voltage potentials can be adjusted inde-
pendently. However practical experience showed the following potential settings
to be of interest (Table 4.7).

Potential | [kV]
U 0to 12
Upu” 0to-2.5
Uf;le 0 to 10
Ugpzia 0to?2
Ugzrop ground

Table 4.7: Potential ranges of interest.
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In the following Sections we discuss in more detail the potential distribution
and its implications with the plasma and the ion beam formation.

4.6.1 High voltage for extraction

To extract the ions from the ECR plasma high voltage is applied to the extrac-
tion setup (for mechanical details see Section 4.3.1). The applied extraction
voltage leads to a potential difference creating a potential field extending into
the plasma as shown in Figure 4.23.
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Figure 4.23: Simulation of the potential distribution in the extraction region. U is the
potential in Volts. For better visualization the function —logio(10* — U) is displayed
rather than U. 'The shown equipotential lines (dashed) are equally spaced in log-
space. This transforms to lines at: 9999 V, 9997 V', 9990 V, 9968 V', 9900 V', 9683 V/,
9000 V and 6837 V. The potential field extends into the plasma chamber to extract
plasma ions trapped by the magnetic field and the counteracting plasma potential.
The simulation does not take into account the presence of the plasma conductivity
which leads to a reduction of potential differences inside the plasma chamber (to the
left in the diagram).

Figure 4.23 shows an electric field calculation of the potential drop inside the
plasma region that is small compared to the acceleration region to the right side
of the illustration. However according to Melin et al. [14] the plasma is charged
slightly negative (2 —3 V). Hence ions are trapped not only by the magnetic
confinement field but also by the negative plasma potential created by the ECR
electrons. This negative potential needs to be overcome for the ions to escape
the plasma. This shows that also small field residuals from the extraction setup
extending into the plasma are intense enough to pull out plasma ions.

The plasma potential superimposes the extraction potential. This defines a
surface where the isocontour surfaces of the extraction potential matches the
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plasma potential. This virtual surface gives a first approximate location of
the ion well, called the extraction meniscus. The extraction is further modified
both in shape and location by the plasma pressure, the magnetic field and space
charge created by the extracted ions discussed in more detail in Section 6.

Due to the applied potential difference necessary for the ion extraction. lo-
cally high electric fields arise at specific locations. Critical electric field densities
occur at the tip of the puller electrode and at its shoulder. Figure 4.24 gives an
overview of the electric field situation.

Figure 4.24: Simulation of the ~10 5.6
electric field at the puller elec- ‘ E
trode.  The highest electric T i ;-";
fields are present near the shoul- £ 10 =
ders rather than at the tip of 2 55 =
the puller electrode (see white £ Tz
circles). Despite the high elec- ‘g‘ I b4 e
tric field density at the shoul- S 6 B
der, arcing does not occur un- <
less the puller electrode is ex- i pans
tended maximally toward the - m y . T % 00
extraction aperture. Coordinate [mm]

Despite the presence of high electric fields no visible erosion on the puller
electrode has been observed atter plasma operation in various operation regimes
and with different extraction potentials. However arcing occurs during plasma
operation if the puller electrode is extended maximally toward the extraction
aperture as shown in the field calculation of Figure 4.24. In this position the
puller electrode does not yield a favorable ion current. Hence arcing due to the
position of the puller electrode is not considered to be problematic as it does
not occur at any other position of the puller electrode.

A significant part of SWISSCASE has to be insulated from ground to apply
the extraction voltage. Figure 4.25 shows the parts connected to high voltage
and the parts which are grounded.

During manipulation or disassembly of the extraction unit great care has to
be taken to ensure that no contamination with finger prints or graphite pens
are made on the ceramic insulator. Any such contamination could lead to an
excessive leakage current and the consecutive emergency shutdown of the high
voltage system either by the current limiter or the vacuum protection system.

4.6.2 High voltage setup of ion optics

The ion optics consists of two separate, isolated Einzel-lenses. Each Einzel-lens
can be connected to a different high voltage potential. Einzel-lens 1 includes
the puller electrode responsible for the ion extraction described in the previous
Section. This design brings the advantage of defining the central Einzel-lens
section potential relative to the puller electrode potential rather than to ground
potential if needed. It further guarantees a constant geometry between the
puller electrode tip and the Einzel-lens 1 for different puller electrode positions
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Extracted
ions

High voltage
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Figure 4.25: 3D view of high voltage parts in red and insulation parts in magenta.

White parts are grounded.

relative to the extraction aperture. This significantly simplifies ion optical ad-
justments during testing and operation with different puller electrode positions
and potentials. Figure 4.26 shows a simulation of a typical potential distribu-
tion along the z-axis of SWISSCASE during plasma operation and ion beam

extraction.

Potential [kV]

1] 10 i) L ] K] (1]
Location [mm)]

Figure 4.26: Calculation of typical
potential distribution along z-axis.
Arrows are relating the locations of
interest to a section view. In this
simulation the extraction potential
is set to 10 £V, The puller electrode
and the peripheral section of Einzel-
lens 2 are grounded. Einzel-lens 1 is
set to 7.5 EV and Einzel-lens 2 is set

to =1 kV.

The high voltage design parameters are based on the optimal beam energy
of 10 kV with respect to the ion current performance (see Broetz and Trassl
et al. [6, 36]). In addition, simulations with TOSCA and SCALA showed the
corresponding optimal Einzel-lens voltage to be 7.2 kV to 10.5 kV depending

on the extraction potential difference U,

— Upuit, puller electrode position and

the extracted ions. Table 4.8 summarizes the voltage conditions at which the
construction was successfully tested. Higher voltages especially for Ugz;1 seem
feasible due to the specific vacuum gaps but still need to be tested.
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Potential [kV]

Ues -10 to 10
Upuit -10 to 10
Uz -15to 15
Uex — Upuﬂ <15 kV
UpzL2 -10 to 10
Upzra2p -10 to 10
Upzro —Upzrop | <2 KV

Table 4.8: Tested voltage limits.

4.7 Mass separation magnet

As part of the SWISSCASE ECR ion source project a 90 degrees bending mag-
net is required to separate particles of different mass/charge ratios. The char-
acterizing attribute of such a mass separation magnet is the path integral of the
magnetic field along the path length along which the particle will travel:

a= /da—/'ﬂ fqig) dl = —/B({)dt (4.13)

« is the total deviation angle of the particle with charge ¢, mass m, velocity
v, momentum p, traveling through a magnetic field B for a path length of [.
The specific calculation is done by the concept to keep the heaviest ion with
the least possible charge on a circular path for an angle of 90 degrees. In a first
brief calculation the classic and the relativistic momentum will be compared
to justify the usage of the classic momentum. This special calculation is done
with the mass of a proton, rather than the specified *'Xenon as this will be
the fasted particle we will measure and keep track on inside the magnet. The
symbols used in this calculation are in MKS units as follows (Table 4.9):

4.7.1 Non relativistic justification

First a brief calculation shows the ratio between the classic and the relativistic
momentum leading to the conclusion that using the classic momentum is justi-
fied. The most lightweight and hence fastest particle which we will accelerate
will be a proton. The classic momentum of the accelerated proton is Eq. (4.14):

Pelassic = MoV = \/2Erinmo = V2Ugqmg (4.14)

The relativistic momentum of the accelerated proton is Eq. (4.15):

1
Prelativistic = ;\/Ek-m(Ekm + QEO) (415)

We can write Eq. (4.16):

: 2ELinm 1 1
Pelassic _— kinTTo =c |5 = (416)
Prelativistic Ekm(Ekm + QEO) ﬁ +1 % +1



Chapter: Realization of source elements 65

Entity | Description Value Unit
B Magnetic field density [T

el Bending angle /2 [rad]
L Path length in homogenous B-field [m]
U Acceleration voltage 101 V]
Mxe Rest mass of heaviest particle (Xe3;) | 2.17-107%° [kg]
mo Rest mass of proton 1.66 - 1027 (kg]
q Particle charge €]
F Force required to keep particle on track [N]

a Acceleration of particle [m/s?)
3 Radius of circular path [NVs]
t Time in B-field [s]

P Momentum of particle (Xej3;) [Ns]
Erin Kinetic energy of particle [J]
Ep Rest energy of particle Ey = moc? [J]

c Speed of light in vacuum 2.997924458 - 10° | [m/s]

Table 4.9: Entities, values and units used for the calculation of the path integral
necessary for the determination of the mass separation magnet.

For given values we obtain: —E<es=ic _ — ] _9 68.107%. The deviation from

relativistic

Pelassic 18 therefore small enougﬁ to carry on with the classic momentum.

4.7.2 Calculation of magnetic path integral

In the following we calculate the necessary magnetic path integral (Eq. 4.13) to
keep a charged particle on track for a bending angle of 7 /2. Figure 4.27 shows
a scheme for the performed calculation. Please note for this approximation
fringing fields at the ends of the magnetic field, the entry and the exit point
of the particle, have been neglected. This approximation allows to calculate a
sufficiently precise value for the necessary magnetic path integral.

Exit point of particle

® e H'““-\ Homogeneous magnetic field B
: -H‘"""m\‘ 'x‘\_é perpendicular to plane
i S . B
|
i :
| * i i
| \-\ \
: \ A \\
| \\ <\
: B
| '-\ \ |
! \ '\] Figure 4.27: Scheme for the
| < -
'1 I calculation of the necessary
! magnetic path integral along
® ;. g >0, the flight path of the charged
Entry point of particle EA particle.
(1T

For simplification we assume the magnetic field density along the path length
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to be homogenous. Then the force required to keep the charged particle on track
in the homogeneous magnetic field is given by Eq. (4.17):

2
F=a my, :v—wm,_\—e:B-q-t; (4.17)
-

The path geometry allows to write Eq. (4.18):

a-r=1L (4.18)

We can combine Eq. (4.17) and Eq. (4.18) to Eq .(4.19):

2.
'V MXe _B.g-v (4.19)

L

Simplifying leads to Eq. (4.20):
L -B= % (4.20)

Which is the value of the path integral we are looking for. With the given
data we obtain a value of: L - B = 0.25882 Tm. This value allows to chose a
suitable bending magnet which satisfies the required path integral.

4.7.3 Choice and purchase of mass separation magnet

Different inquiries resulted either in cost, volume, mass or delivery times un-
acceptable for this project. The University of Giessen however offered one of
their used mass separation magnets including current driver which has been
used to analyze beams of Xej3; at an extraction potential of 10 V. In our own
experiments the mass separation system operates at a maximum of 0.67 T to
analyze a beam of Xe 3, extracted at 10 kV'. The current supply is the limiting
device preventing any further increase in magnetic field density. However this
magnetic flux density is not sufficient to saturate the iron material of the mass
separation magnet. Hence also particles with an even larger fraction of kinetic
energy per charge could be resolved for spectral analysis given a more powerful
current supply.



Chapter 5

Numerical Simulation of
MEFISTO

In this chapter the numerical simulation of the MEFISTO ECR ion source
located at the University of Bern will be presented.

5.1 Introduction

The magnetic confinement of both MEFISTO and SWISSCASE are composed
of permanent magnets only. The whole ECR ion source is elevated to high
voltages up to 100 kV for post acceleration of the extracted ions. No solenoid
coils are used in favor of a low electric power consumption for the operation on
the high voltage terminal. In addition the use of permanent magnets instead
of solenoids brings different advantages such as compact size and no cooling
requirements. However this comes at the cost of giving away the option of
magnetic field adaptation after installation.

Unlike the magnetic field of solenoid coils the field of permanent magnets
can only be tuned over a very limited range after the manufacturing process and
the construction of the ECR ion source. Great care has therefore to be taken
in the design of the magnetic configuration because adaptation of the magnetic
field after construction is limited to very few options. The magnetic arrangement
chosen for the MEFISTO [4] ion source features a field distribution which cannot
be reduced from three to two dimensions for the purpose of a more economic
simulation. Hence full 3D simulations have to be performed to visualize and
understand the full spatial extent of the field distribution.

This chapter presents the MEFISTO finite element model simulation results
of the magnetic field distribution and the numerical electron trajectory integra-
tion. The result of the magnetic field simulation is compared to measured data
validating its accuracy. The simulation of the electron trajectories seems plau-
sible but cannot be compared to direct measurements because the experimental
determination of electron trajectories is not possible yet in SWISSCASE. How-
ever observed surface coating patterns match the simulated electron densities,
supporting the simulation accuracy.

In the next Section a brief overview is given of the principle of calculation of
the finite element solver used for all finite element model simulations presented
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in this thesis. Section 5.3 presents the finite element model used to simulate the
magnetic field. Section 5.4 shows the results of the FEM simulation followed by
Section 5.5 revealing the results of the numerical electron trajectory integration.
Section 5.6 concludes the finding in this chapter.

5.2 Finite element solver

TOSCA by Vectorfields is a commercial high performance finite element solver
with the ability to simulate magnetic and electric fields. TOSCA performs
numerical iterations until a predefined convergence criteria is fulfilled. With
this method TOSCA can simulate permanent magnetic setups made of material
with nonlinear properties specified by the user. The name of TOSCA symbolizes
its principle of operation and stands for total scalar potential.

Instead of solving for the three dimensional vector magnetic field B, TOSCA
uses a scalar potential to solve the set of finite element equations. To clarify
this we have a look at the fourth Maxwellian equation in vacuum (5.1).

V x B = ugj +£Lufoda—f (5‘1)
B is the magnetic field, E the electric field, €y the permittivity of vacuum, ¢ the
time, p the permeability of vacuum and j the current density.

In general the right hand side of Eq. 5.1 is not zero. However as a good
approximation for our special case of a permanent magnetic setup there are no
current densities 5 and no electric field E changing with respect to time to be
considered. Hence we can nullify the right side of Eq. 5.1 and we can state the
following reasoning:

VxB=0 = 3¢: Vé=-B

B represents a conservative field due to its nullified curl. Hence there is a
potential ¢ for B. This allows to use a scalar to solve the finite element problem
instead of a three dimensional vector which makes numerical simulations much
more efficient.

In the next section the application of this concept on the finite element model
of the MEFISTO ion source located at the University of Bern is demonstrated.

5.3 Magnetic finite element model of MEFISTO

Figure 5.1 shows the arrangement of the permanent magnets in the MEFISTO
ion source. The six permanent magnets of the ring-shaped cluster on the left
are all magnetized inwards. Similarly the cluster on the right side is magnetized
outwards. These two outer ring-shaped clusters form the magnetic field of an
axial magnetic bottle and thereby establish the axial confinement of the plasma
electrons. In contrast the central magnet cluster consists of permanent magnets
which are magnetized alternatively inwards and outwards. This central cluster
forms the hexapole field which produces the radial confinement of the plasma
electrons. The ECR plasma is located inside this central ring arrangement. In
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gas atoms

Figure 5.1: The arrangement of the full permanent magnets of the MEFISTO ECR
ion source at the University of Bern [Marti et al, 2001, [26]]. Some magnets are
removed in this drawing for better visualization.

addition Figure 5.1 also shows the helix antenna which radiates the microwave
power into the ECR plasma.

As discussed in Chapter 3 the choice of the excitation frequency band de-
termines the required magnetic field density B. Hence the design parameters
of the magnet structure have to be chosen carefully so that the magnetic field
fulfills the ECR criteria (3.1). This criteria is generally fulfilled on a closed iso-
surface of the magnetic field density (see Section 5.4). This isosurface defined by
the magnetic field distribution and the microwave frequency has to be located
entirely inside the plasma container for optimal ECR efficiency.

This ECR ion source is used for the calibration of spacecraft instruments
which are designed to detect highly charged ions in space. The performance of
the ECR ion source with respect to the production of these highly charged ions
depends on the square of the ECR resonance frequency [11]. In addition the
magnetic field distribution forms a magnetic mirror with a ratio r,, = B/Bcentre
in all directions, which should be as high as possible for optimal electron and ion
confinement. However the successful extraction of highly charged ions requires
a locally poor confinement performance so that the ions can be extracted from
the loss cone in the axial beam direction. In Figure 5.1 this extraction system
is formed by the two cylinder shapes to the right.

All of these requirements have to be met for the successful operation of an
ECR ion source. To achieve these goals three dimensional numerical simulations
of the magnetic field can be used which allow the highly accurate design of future
ECR ion sources. The simulation technology has been tested and the results
have been compared with measurements of the existing MEFISTO ECR ion
s0urce.

Due to the unique field distribution of hexapole confined ECR ion sources
the high energy electron population features a trident shaped spatial distribu-
tion as predicted by numerous authors ([7], [11]). The magnetic field simulation
presented in this chapter confirms both theory and experiment in three dimen-
sions.

Magnetic simulations have been performed using Tosca by Vector Fields
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(www.vectorfields.com). The resulting finite element mesh itself has been tested
extensively with reference patterns and circular charged particle trajectories
such as electrons and ions. No deviation from the circular orbits were discovered
within the system limit of 5000 integration steps for each particle. A summary
of the FEM mesh characteristics is given in Table 6.3.

number of linear elements 2.4%10°
number of quadratic elements 1.9 % 10°
number of nodes 7.2%10°
number of edges 3% 10°
RMS 1.033
distortion of worst element 8.31x10~1

Table 5.1: Some characteristics of the finite element model.

ARMCO soft iron rings X

Figure 5.2: The finite el-
ement model of MEFISTO
with its essential parts.
Block magnets in light
green and both ARMCO
soft iron rings in dark green
are visualized.

Figure 5.2 shows the finite element model used to simulate the magnetic
field. As described in Section 5.1 the model consists of three sets of block
magnets arranged in rings around the central plasma area and two massive soft
iron rings separating each of the block magnet ring arrangements. The soft iron
rings allow to modify the magnetic field by shortening the magnetic flux. Figure
5.3 shows the magnetic field density along the beam axis with respect to the
z-coordinate. The ECR zone is indicated at 87.5 mT where the field density
meets the ECR condition.

The two maxima and the miminum of the axial magnetic field of the existing
MEFISTO ECR ion source has been measured previously [26] [23]. The local
maxima and the local minimum of the measured magnetic field are 240 mT and
60 mT respectively. The corresponding mirror ratio is ryy, = 240 mT /60 mT = 4.
The maxima of the numerical simulation are 240.1 mT, the minimum is 60.05
mT and the mirror ratio ry,, = Bpax/Bmin is 3.998. The numerical model is
in excellent agreement with the measurement. All following simulations and
results are based on the results of the presented numerical field simulation.
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Figure 5.3: Simulated magnetic field along the beam axis.

5.4 The ECR zone

The ECR ion source is fed with a constant microwave frequency of 2.45 GHz,
so the location of the resonance region can be determined by the corresponding
magnetic field density Bres = 87.5 mT (3.1). To present a two-dimensional
analysis of the field distribution and the ECR locality inside the magnet system
we introduce cut planes (Plane A, B, C) into the three dimensional model as
shown in Figure 5.4.

Figure 5.4: To map the magnetic field onto two dimensional patches we introduce
cut planes in the 3D model.

In the following figures the magnetic field density has been mapped to color
space. There are two figures of each cut plane (see Fig. 6.3 to 6.8) giving
an overview and a detailed view of the central part of each plane respectively.



72 Chapter: Numerical Simulation of MEFISTO

Isocontour lines of the field density are also indicated on each graph.
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The magnetic field is cut at a different angle to reveal its non symmetric
distribution in cut plane B (Figure 6.6). This feature will be visible more clearly
in the 3D view presented further down in this Section.

Despite the hexapole arrangement of the central magnet cluster the resulting
field distribution in the symmetry plane C (see Fig. 5.4) yields concentric iso-
contour lines as presented in Figures 6.8. However this is true only for contour
lines which are close to the center of the hexapole. Contour lines further from
the center and closer to the actual block magnets show the expected hexapole
pattern with its distinct poles.

The small irregularities within the contour lines are due to the discretization
of the model by the finite element size. The resulting relative error in the field
density is lower than 1072,
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In each detailed view the isocontour line of 87.5mT is highlighted. Extending
the isocontour line concept from two to three dimensions leads to an isocontour
surface. This isocontour surface includes all element centroids of the finite
element model which fulfill the criteria of the given magnetic field density B,.; =
87.5mT. On this surface the gyration frequency of the electrons in the magnetic
field equals the microwave frequency. The plasma electrons are therefore heated
effectively on this surface. The surface defined by this criteria is shown in Figure
0 i

In Figure 5.11, the centroid of each FEM element of the specified surface is
represented by a small bubble. Each bubble also represents one launch coordi-
nate for the trajectory model represented in the following section. The shape is
point symmetric with respect to the origin located at the center of the shape.
Note the tridents at both ends of the shape. These tridents can be explained as
follows. Because the locations of the trident shapes are offset from the center
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of the magnet arrangement in positive and in negative z direction the radial
magnetic field component of the outer ring magnet clusters no longer cancel
out. This leads to a dominance of the outwards magnetized cluster in positive
z direction. Consequently the radial field of the outward magnetized hexapole
magnets is enhanced and the field of the inwards magnetized hexapole magnets
is suppressed where the trident shape in positive z direction is located. The tri-
dent shape in negative z direction is formed in the same way with the field of the
inward magnetized hexapole magnets suppressed and the field of the outwards
magnetized hexapole magnets enhanced. Hence, the shapes are twisted relative
to each other by 60 degrees (see image to the right in Figure 5.11) because of
the same angle separating inward and outward magnetized permanent magnets
in the hexapole cluster. The cross section through the mid plane is circular (see
Fig. 6.8 for 2D contour plot) and has a diameter of 21.0 mm. The overall length
of the shape is 37.3 mm.
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Figure 5.11: Isosurface of a constant magnetic field B.s (upper image), cut-away
from positive z-direction (lower image) and cut-away seen from negative z-direction
(image to the right). The balls at the cutting faces are colored red for better visual-
ization. The triangular shapes at the end of the ECR zone are twisted with respect
to each other by 60°.

Cut plane C is located at z=0 which results in circular isocontour lines of
the field density near the center not similar to the observed trident shaped
sputtering patterns observed on diverse hexapole confined ECR ion sources [4].
However if the cut plane is shifted parallel to z=17mm the isocontour lines can
be identified with the sputtering trident (see Fig. 5.12). This is because the
shifted contour plane cuts the isosurface (Fig. 5.11) no longer at the center (as
plane C) but 17mm toward the trident face.

We can clearly identify the top face of the isosurface shape with the typi-
cal sputtering trident well known for ECR ion sources with a hexapole radial
confinement such as MEFISTO. The identification of the simulated and the ob-
served trident takes into account the shape of the ECR region, the presence of
high energetic electrons and the subsequent emergence of ions as follows.

According to the ECR plasma model of Wurz et al. ([39]) the ionization is a
step by step process starting with few free electrons and a majority of neutrals.
The few free electrons get accelerated to high energies by the electric field of the
microwave by way of electron cyclotron resonance. The energetic electrons then
collide with neutrals to produce singly charged ions and more free electrons.
More neutrals get ionized due to the higher electron density. Singly charged
ions collide with energetic electrons to be ionized from singly to doubly charged
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ions and so forth. This way very few free electrons create an avalanche effect and
finally establish the quasi stable electron density of the ECR plasma featuring
highly charged ions. A fully consistent version of this model has been tested
numerically and verified up to a charge state of Ar®t by Hohl et al. [16].

The magnetic trident face has been identified as part of the volume in which
ions are created. lons are also created by the same process in the rest of the
depicted shape (Fig. 5.11) as well as inside of it. However only the trident
part of the front face is being mapped by the extraction ion optics to the target
surfaces where the sputtering has been observed.

The magnetic field density increases in every direction pointing away from
the entire depicted shape. The closed depicted shape therefore confines a volume
of minimal magnetic flux density. The magnetic arrangement thereby fulfills the
criteria of a minimum B-field structure. We shall refer to the defined volume
as a plasmoid - a plasma magnetic entity [5]. The presented isosurface ele-
ment centroids were used to define the launch points of the electron trajectories
described in the next section.

5.5 Hot electron trajectories in MEFISTO

A numerical trajectory integration of hot electrons has been performed based
on the finite element model of the magnetic field simulation presented in the
last section. SCALA, also by Vectorfields, was used to carry out the numerical
trajectory integration.

The ECR plasma is slightly negatively charged as described by Shirkov [34,
35] and verified experimentally by Golovanivsky and Melin [14]. Following these
measurements the plasma potential has been chosen to be minus 3 V. Due to the
compact shape of the simulated plasmoid the spatial distribution of the plasma
potential was modeled as a sphere with the same diameter as the plasmoid.
The electron heating takes place within the ECR qualified volume sheath with a
magnetic field of 87.5 mT including an assumed tolerance of 0.5 mT, which is due
to the bandwidth of the implemented microwave generator. Because of collisions
and momentum transfer the production of new ions can only happen close to
where the electrons are energized. Consequently the initial launch coordinates
of the simulated electrons were chosen to be located within the ECR qualified
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volume sheath. Each bubble seen in Fig. 5.11 is located at an element centroid
of the magnetic FEM model and therefore represents one launch point for the
trajectory model. In total the isosurface shape vields 25,211 launch points. The
ECR heating process mainly takes place perpendicular to the local magnetic
field lines [11]. Therefore the initial velocity distribution has been chosen to
be anisotropic. The velocity component parallel to the local magnetic field of
each trajectory was distributed symmetrically around zero with a Maxwellian
temperature of 2 eV [17]. Figure 5.13 shows a histogram of the modulus of this
vector component.
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Figure 5.13: The initial velocities of the simulated electron trajectories parallel to the
magnetic field are distributed with an according temperature of 2 eV, the temperature
of the ions.

In contrast, the modulus of the two velocity components perpendicular to
the magnetic field were distributed with a Maxwellian temperature of 2 eV
around a kinetic particle energy of 2 keV. Figure 5.14 shows a histogram of the
modulus of this distribution.

The model takes into account the magnetic field of the confinement and the
electric field of the electron space charge, modeled to be fixed at minus 3 V
[14]. It simulates E' x B particle drifts, VB and VE drifts [7]. The model does
not take into account any particle scattering phenomena nor any other kind
of particle-particle interaction. The element size in the finite element and the
selection criteria of the ECR zone gave a total number of launched particles of
25,211. All simulations have been performed on a IntelCore2Duo 6700 clocked
at 2.66 GHz and 2 GB of RAM. The average run time was 83 h at more than
99% of CPU load. Per simulation only one processor core of the Intel2CoreDuo
was used.

5.5.1 Trajectory life times and lengths

The trajectory lifetimes, lengths and velocities of each particle were analyzed.
Due to hardware limitations the simulations were stopped once less than one
percent of the initial number of electrons remained in the simulation. The life
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Figure 5.14: T'he initial velocities of the simulated electron trajectories perpendicular
to the magnetic field are distributed with a temperature of 2 eV around a characteristic
energy of 2 keV,

time of a particle is limited by the collision with a wall of the plasma container
or by the end of the simulation. In a histogram of electron trajectory counts
versus trajectory life time we can fit two exponential decay functions of the
electron life times 7 and 75:

o=

—t In( 1 e
n(t) = no (e v ) 4 2o "1(*,}) (5.2)

Figure 5.15 shows a histogram of the particle life time, an exponential decay
with 7y = 10us and another one with 7 = 36us indicated.
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Figure 5.15: Histogram of particle life time and the corresponding exponential fits

(simulation A).
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There are two significant deviations from the exponential decay behavior
around 136us and lesser so at 242pus. The deviation represents two electron
fractions featuring unexpected long life times. This simulation will be referred
to as simulation A. Figure 5.16 gives the mean velocity of each trajectory with
respect to its length for this simulation.

Mean velocity |m/s|

1000 2000 3000 2000 5000 6000 7000
Trajectory length [m]

Figure 5.16: Mean velocity versus trajectory length of simulation A. Two clusters
at 3537m and 6287m are separated from the main population.

In addition to the main population from 0 to 2000 m there are two clusters
of trajectories accumulating at a trajectory length of 3537 m and another one at
6287 m. Both cluster areas present a wide velocity spectrum centered around
the same value as the main population. The corresponding trajectories have
been traced back to find their underlying launch points. The respective launch
points and their initial conditions are distributed homogeneously over both the
plasmoid shape and velocity space. Hence, the phenomena is not the result of
a special launch location of the trajectories nor is it due to an anomaly of the
initial velocities.

To distinguish the simulated phenomena from numerical errors associated
with the random particle velocity distribution a second simulation was per-
formed. The second simulation made use of the same principle of anisotropic
initial velocity distribution as the first simulation but starts with a new set of
particles. Due to the randomized velocity vector creation process the new set
is deliberately different from the first one despite the equal mean energy and
the equal initial start locations. Figure 5.17 shows the mean velocity versus
trajectory length of the second simulation B.

Table 5.2 gives a statistical breakdown of the trajectory lengths of both
simulations.

The high standard deviation indicates the wide spread of the length distri-
bution. The medians of both simulations show a shift of 47.7m. We can see
the graphs for both simulation runs are similar in overall shape. Both show the
same two clusters in the same area. However in the second simulation the clus-
ters are slightly shifted toward a higher trajectory length which corresponds to
the higher median of the second simulation. Table 5.3 summarizes the findings
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Figure 5.17: Mean velocity versus trajectory length of electrons in second simulation
run B.

Simulation I o
First simulation A 296.1m | 1207.6m
Second simulation B | 343.8m | 1213.5m

Table 5.2: A statistical breakdown of the trajectory length of both simulations. p
refers to the median and o to the standard deviation.

related to both clusters.

Simulation Helusterl Heluster2
First simulation A 3537Tm 6287m
Second simulation B | 3631m 6499m
Aol 2.59% 3.26%

Table 5.3: A summary of the clusters separated from the main population. ficjustert
refers to as the median of the first cluster in each simulation and t.1yseer2 to the second
one. Arel depicts the relative difference between each median.

Due to the different initial conditions of velocity distribution the two sim-
ulation runs are not identical. Both clusters have a relative shift in length of
2.59% and 3.26%. However both simulation runs show the clusters are clearly
separated from the main population and grouped in the same range of trajectory
length. Neither median of either simulation corresponds to a dimension given
by the plasma container nor a low multiple integer of such.

Electron distribution

In addition to the trajectory length, life times and velocities also their distri-
bution in space can be analyzed. Introducing cut planes parallel to Plane C
(see Figure 5.4 we can plot the electron current density resulting from the simu-
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lated electron trajectories. Figures 5.18a-d give current density maps in planes
spaced 6 mm from each other starting at the plasmoid center and ending at the
plasmoid head.

Figures 5.18a-d show, that the electron current density distribution resem-
bles closely the plasmoid shape from a circular cross section at the center of the
plasmoid to a triangular shape toward the plasmoid head. The plasmoid and
the electron current density are distributed point symmetric with respect to the
plasmoid center.

In addition the electron current density distribution maps in Figure 5.18a
and 5.18b show that the electrons, which are launched from the ECR surface, do
not significantly spread out into the remaining volume outside the ECR surface.
However they do expand toward the center of the ECR plasmoid and fill out
this volume with a consistently high current density.

In total 25211 trajectories have been launched for a simulation run. The
presence of space charge caused by the plasma electrons has been modeled by
introducing a charged sphere with the same diameter of the plasmoid and a
potential of minus 3 V [17, 5, 14].

5.5.2 Discussion

Moving electrons in a magnetic field are deviated from straight trajectories by
the Lorentz force perpendicular to their flight directions. The electrons enter
circular orbits with a radius rp. This is called the Larmour radius of an electron.
It depends solely on the electrons momentum and the local magnetic field. It is
given by:

vm

~ (5.3)

TL
where v is the velocity of the electron, m its mass, e its charge and B is the
local magnetic field density. For the case of the MEFISTO ECR zone and 2keV
electrons this results in r;, = 1.722 mm. The Larmor radii in the ECR zone are
therefore much smaller than the plasma container. Hence we can give a rough
approximation of revolutions an electron takes before colliding with a container
wall with p as the median of the first simulation run (5.4).

Npew = pf (27ry) = 2.7 % 10* (5.4)

Given a collisionless plasma the electron motion in the simulated magnetic ar-
rangement is therefore dominated by the magnetic field rather than the con-
tainer dimensions and could indeed produce long trajectories as it is suggested
by the simulation results. However this does not apply for the current operation
parameters of the MEFISTO ion source as we will see in Section 5.5.3.

5.5.3 Relevance to laboratory plasmas

Laboratory plasmas as in the MEFISTO facility are not collisionless. The mean
free path is limited not only by the plasma container walls but also by collisions
with other particles of the plasma and neutrals. According to Chen [7] the mean
free path of an electron is given by (5.5):
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Figure 5.18: Current density maps of MEFISTO in different planes parallel to plane
C (see Figure 5.4) spaced 3 mm each.
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17 T2V
A=3.4%10 m [m] (\).O)
A = 127023, (5.6)

Ap is the Debye length given by:

_ GUKT(’. e
Ap =1/ o2 (5.7)

where T,y is the electron temperature, K is the Boltzmann constant, n is the
plasma density and e is the charge of the electron. Assuming a plasma density

of 10'® m~3 and an electron temperature of 2 keV we get a Debye length Ap =
3.24 mm, a A of 1.278 * 10'° and a mean free path length A of 5.84 * 10 m.

If we assume an effective cross section for electron collisions with neutrals of
10729 m? [11], a plasma density of 10'® m~3 and an ionization fraction of 10%
[17] we get a mean free path to the next neutral particle of A, = 10% m.

This value shows the mean free path length of 2keV electrons in an ECR
laboratory plasma is too short to produce the phenomena suggested by the
trajectory simulation. However a plasma density of 10® m~3 would lead to a
mean free path of 10" m. This would bring the simulation results into physical
possibility.

5.5.4 Relativistic considerations

Due to the involved electron energies of 2 keV a slight change of electron mass
occurs due to special relativity. The electron cyclotron resonance condition
depends on the electron mass and the magnetic field density (3.1). A change in
electron mass therefore results in a different resonance condition of the qualified
magnetic field density. The relation is as follows:

By my 1

—_— I — = "]{ = 71} -

BU mr(_] Vi ]. - (E)
v is the velocity of the electron, ¢ the speed of light in vacuum, B; the ECR
qualified magnetic field density with the consideration of mass increase and By
without the consideration of mass increase. v/c equals 8.67%1072 and By /By —1

equals 3.78 * 1073, This modified magnetic field requirement would be fulfilled
at a different location due to the spatial distribution of the magnetic field. In

(5.8)

fact the isosurface depicted in Section 5.4 would be enlarged toward the plasma
chamber walls where the magnetic field features a higher modulus and where the
resonance condition would again be fulfilled. However the ECR zone thickness
is given by the bandwidth Afy; of the microwave generator which in turn
determines the qualified magnetic field span ABgcgr. We can write:

Afuw  ABgcr
= 5.9
Fuw Brcr (5.9)
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The implemented Muegge magnetron [26] features a bandwidth A farw of 20
MHz resulting in Afyw/fauw = 8.1%1073. We can state that the ECR zone
broadening due to special relativity is smaller than the broadening caused by
the bandwidth of the microwave generator:

By  ABgc
o1 ECR

5.10
By Bgcr (5.10)

Hence the drift in location of the electron cyclotron resonance toward a higher
magnetic field locality due to the effect of special relativity can be neglected.

5.6 Conclusions of the MEFISTO simulation

Future permanent magnet ECR ion sources can be designed very accurately
using finite element modeling of the magnetic field. The accuracy of the FEM
model was confirmed by comparing it to experimental data from MEFISTO.
The location of the ECR qualified plasmoid constrained by an isosurface of
constant magnetic field density depends on the magnetic arrangement only. It
can therefore be chosen by tuning the design parameters of the magnetic setup.

Confined by permanent magnet hexapoles, long electron life times can be
expected for low density plasmas in ECR ion source. This could also be very
useful for electron or positron traps or any other particle storage facility as
the numerical model is scalable by particle mass, particle energy and magnetic
field density. In addition electron current density maps show that the electron
distribution is closely related to the magnetic field distribution.



Chapter 6

FEM SWISSCASE

6.1 Introduction

The magnetic field of SWISSCASE has been numerically simulated and exper-
imentally investigated. For the first time the magnetized volume qualified for
electron cyclotron resonance at 10.88 GHz and 388.6 mT has been analyzed in
highly detailed 3D simulations with unprecedented resolution. The observed
pattern of carbon coatings on the source correlates strongly with the electron
and the ion distribution in the ECR plasma of SWISSCASE.

There is very little that can be done to change the magnetic field geometry
after production of the permanent magnets. It is therefore very important to
perform reliable and precise numerical simulations of the magnetic field distri-
bution before the production process to guarantee a successful ECR function.

In this chapter we present the simulation of SWISSCASE and demonstrate
the simulation precision that is necessary for the reliable localization of the
ECR process. In SWISSCASE the ring shaped magnets establish the axial
confinement featuring rotational symmetry with respect to the beam axis. The
Halbach hexapole [15] (Figure 4.4b) establishes the radial electron confinement.

The combination of the ring shaped magnets and the hexapole requires a
full 3D simulation, rather than two 2D simulations, which would require far
less computation power. Therefore, a three dimensional simulation has been
performed covering the full spatial extent of the magnetic confinement.

In addition to numerically determining the magnetic field distribution, the
simulation also allows calculating electron trajectories. In this paper we show
that the resulting electron current density and electron charge density coincide
with experimentally observed surface coating and sputtering shapes. Further
calculations show the ions are bound to the same location as the high energy
electron population. This explains the coincidence of the simulated electron
distribution and the observed ion surface coating patterns.

In Section 6.2 the calculation of critical plasma parameters are discussed to
justify the results of the numerical simulation. In Section 6.3 the results of the
magnetic field simulation are presented. Section 6.4 details the simulated elec-
tron distribution followed by the experimentally observed ion coating patterns
described in Section 6.5. In Section 6.6 the simulation results are compared to
our observations.
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6.2 Plasma Parameters

Knowledge of the plasma parameters is required for the calculation of mean free
path lengths for high energy electrons as well as low energy ions inside the ECR
plasma. It is assumed the plasma is dominated by a cold electron population
[17]. It is further assumed the plasma frequency to be the cut off frequency
for the incident microwaves inhibiting further microwave plasma heating and
limiting the cold plasma electron density [7, 11] (see section 6.1). This leads to
a stable equilibrium where the cold plasma density is bound to the microwave
frequency.

Our own Bremsstrahlung measurements resulted in a hot electron tempera-
ture of 10 keV on average for an argon plasma. Since this kind of measurement
and the associated deconvolution methods provide an estimate of magnitude
only [3, 12, 19] we can assume the same order of magnitude for the hot electron
temperature for a CO2 plasma (see next section). With a value of 10 keV we
obtain the mean free path lengths of the hot electron population according to

Table 6.1.

Parameter | Value Term

O Spitzer 1.21%10723 ;2 (ﬁ_‘%;_ )2i£m\
et 0 Ekin

ASpitzer 5.64*%10* m 1/NeOspitzer

Table 6.1: ospitzer: collision cross section for Spitzer collisions, InA: Coulomb loga-
rithm, n.: plasma electron density, Ey;,: kinetic energy of the electrons.

Different formulas for the calculation of mean free path lengths according to
different collision mechanisms can be found in the literature (Table 6.2).

Coll. mech. A Ref.
Spitzer 5.64¥107 m | Geller [11]
Single 90° 1.0¥10% m | Chen [7]
Semi empirical | 6.0¥10° m | Huba [18]

Table 6.2: Mean free path lengths for different collision mechanisms.

For the source operation with CO» gas as will be discussed in the next sec-
tions, the following calculation shows the collision mechanism between electrons
and neutrals lead to far shorter mean free path lengths than predicted by elec-
tron ion collisions. The neutral population consists of CO,, CO, O3 and O3
molecules and of O and C radicals. We simplify the neutral population to a
combined total density of 2% ncgo. It is further assumed this hypothetical pop-
ulation to feature an effective cross section given by a disc with a radius equal
to half the length of a CO2 molecule (116.3 pm). This results in an effective
cross section of 0,5, = 4.25 * 1072° m?. The mean free path can be calculated
by Eq. (6.1):

1

— 6.1
20020509 (61)

Aco, =
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Aco, is the mean free path in the CO2 neutral gas background and nco2
its density. Based on fluid and thermodynamical calculations (see Chapter 4)
and assuming the neutral gas temperature to be 300 K (see Chapter 3), the
neutral gas density in the plasma chamber is 4.805 % 10'® 1/m? resulting in
Aco, = 4.90 m. The limiting mechanism for the mean free path is given by
electron collisions with neutrals rather than electron collisions with electrons or
ions.

Another effect that must be considered for the validation of this trajectory
simulation, is radial electron loss across the magnetic field lines by collision
induced diffusion. A simplified expression for the diffusion process of the hot
electrons is given by Eq. 6.2 [7].

e =—pe ne E— D, Vn, (6.2)

I'; is the loss rate of the electrons per time and area unit. . is the electron
mobility, n. the electron density, F the electric field and D, the electron diffusion
coefficient. D, is given by Eq. 6.3 [11].

De = ':"‘E, Ve—n (03)

ry, is the Larmor radius of the hot electrons and v, _. the dominating collision
frequency between electrons and neutrals as shown in the previous paragraph.
With r;, = 0.868 mm and v,_, = 1.21 * 107 1/s we obtain D, = 9.13 m?/s.

Furthermore p, is related to D, by the Einstein-Smoluchowski equation (Eq.
6.4) [7, 8].

e D,
KT

(6.4)

He =

K the Boltzman constant and T the hot electron temperature. With T" = 10
keV we obtain g = 9.14 * 10~* m? /Vs. We can now compare the two terms on

the right side of Eq. 6.2:

1

e Ne E =3.34 %1017 — (6.5)
1
D, Vn, = 1.21 % 10% — (6.6)

FE is the electric field assumed to be the plasma potential of minus 3 V divided
by the plasma chamber radius R = 12 mm. Vn. has been estimated by the
electron density n. divided by the plasma chamber radius. From the obtained
values we can see the diffusion process is dominated by the term D, Vn, rather
than the term p. n. E. This allows simplifying the calculation of the number
of collisions with neutrals an electron undergoes before being lost by diffusion
(Eq. 6.7).

Neoll = ID Ven {67)
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Tp is the mean time the electrons spend in the confinement before being
lost by the discussed diffusion process. v._,, is the electron collision frequency
with neutrals. We can write Eq. 6.7 as Eq. 6.8:

Te VPIa-smu Ve—n (6 8)

Neoll = =
Npe APIasma

Vpiasma 18 the plasma volume, npe the electron loss rate equal to the right
hand side of Eq.6.6 and Apjasme the plasma surface. We approximate the
geometry of the ECR plasma by a cylinder with length and diameter of the

ECR plasmoid. Further introducing €ya = Vpjasma/ApPiasma as the ratio of the
plasma volume and the plasma surface leads to Eq. 6.9:

gy = e VA Veon R e R (6.9)
o D, n. o '

With our values one obtains n..; = 47.8. This means hot electrons with a
kinetic energy of 10 keV undergo about 48 collisions with neutrals before being
expelled from the plasma by diffusion across magnetic field lines. Relating to the
CO» gas operation discussed further down a similar calculation for ions yields
an average of 22 collisions with neutrals before a singly charged carbon ion is
lost by diffusion.

We conclude from this section that the calculated mean free paths of the
hot electrons are long enough to fit many times into the plasma container and
that diffusion across magnetic field lines is not impeding the trajectories of the
hot electrons because many collisions are needed to complete a successful diffu-
sion loss mechanism. Hence the trajectory integration based on the simulated
magnetic field presented in the next section is valid. Furthermore, consider-
ing diffusion across magnetic field lines, ions are confined in the same order of
magnitude as electrons in terms of number of collisions before loss.

6.3 The magnetic field

For all magnetic simulations of SWISSCASE, the software TOSCA by vector-
fields [4], a finite element solver, is used. A summary of the essential parameters
of the finite element model are presented in Table (6.3).

Attribute Quantity
number of linear elements 4.7 % 108
number of quadratic elements 4.8 10°
number of nodes 1.6 % 10°
number of edges 6.1 %106
RMS 1.033
distortion of worst element 1.40 % 1073

Table 6.3: Some characteristics of the finite element model used for the numerical
calculation of the magnetic field.

Figure 6.1 shows the finite element model used for the magnetic field simu-
lation. Cut planes have been introduced for the visualization of section views.
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Plane A

Plane C

Figure 6.1: Cut planes are introduced to better visualize the magnetic field presented
in Figures 6.3 to 6.8. All magnetic parts of the finite element model have been meshed
carefully according to size and relevance thereby optimizing the simulation efficiency.

The axial magnetic field has been measured using a Hall probe. The sim-
ulation result did not deviate from the measurement more than 2.8 % at any
point along the z — axis (see Figure 6.1). Figure 6.2 shows an overlay of the
simulated and the measured magnetic field.
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Figure 6.2: Overlay of
measured (dashed black
line) and simulated (blue
line) axial magnetic field
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Moo —s0 =60 —w =20 0 20 40 the maxima to the right,
Position [mm] toward the extraction.

The comparison shows that the simulated and the measured magnetic field
are in good agreement along the z-axis. To investigate the full 3D extent of the
simulated magnetic field section cuts are shown, followed by a 3D representation
of the plasmoid, defined by an isocontour surface.

Figure 6.3 to Figure 6.8 give section views of the magnetic model defined by
the cut planes introduced in Figure 6.1 and a detailed view of the central part
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of each plane respectively.

As expected from the non symmetric ring magnet assembly, Figure 6.3 re-
veals the non symmetric magnetic field distribution. The asymmetric field dis-
tribution due to the asymmetric ring magnets improves the extraction process
because the decreased magnetic mirror ratio on the extraction side (to the right
in Figure 6.4) leads to a weaker ion confinement and hence a better ion extrac-
tion.

Figure 6.4 shows, the 388 mT isocontour line shown in Figure 6.4 is slightly
distorted and asymmetric. This is due to the superposition of the hexapole
field and the ring magnetic field. Despite the pronounced asymmetry of the
ring magnets the field distribution inside the hexapole is rather symmetric with
respect to cut plane C (see Figure 6.1).
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Figure 6.3: Simulated magnetic field in plane A.
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Figure 6.4: Detailed view of
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pography of the ECR qualified Coordinate [mm] 350
surface.

In Figure 6.6 is shown that the same contour line is symmetric in a cut plane
B, oriented 90° relative to plane A (see Figure 6.1).
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Figure 6.5: Simulated magnetic field in plane B.
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beam axis.

The magnetic field distribution in plane C (see Figure 6.8) appears circular
at the plasmoid center and close to the 388 mT isocontour line. However the
magnetic field is no longer circular at locations further outside the plasmoid,
dominated by the hexapole confinement.

The ECR qualified surface, the plasmoid, presents itself compact and point
symmetrically deformed as expected from the permanent magnet setup. Fig-
ure 6.6 shows, despite its larger size than the permanent magnetic ring to the
right (positive z-coordinate). the permanent magnet ring to the left (negative
z-coordinate) does not deform the isocontour line in any asymmetric way. How-
ever the difference in size of the larger permanent magnet ring shifts the center
of the plasmoid along the z axis toward the larger permanent magnetic ring (in
Figure 6.4 to the left) without distorting its overall shape on a larger scale.

For a better visualization Figure 6.9 shows the plasmoid composed of spheres
centered at each finite element qualified for the ECR isosurface. The plasmoid
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Figure 6.7: Simulated magnetic field in plane C.
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surface was cut and the cut edges colored red to better reveal its 3D shape.

The simulation results show the design of the ECR zone location is a rather
delicate procedure. A slightly different magnetic field setup, such as an asym-
metry in the permanent magnet assembly, leads to significant deformation and
delocalization of the ECR zone. The rather thin ECR zone defined by the band-
width of the microwave generator (see Chapter 3 for ECR theory and Chapter 5
for ECR zone broadening) defines the maximum finite element size in the ECR
region. Larger elements in this region lead to strong discretization errors and
to a massive loss of simulation precision. The modeling of SWISSCASE showed
that the elements needed to precisely model the ECR zone with a 1% error
margin, are dominated by the remaining elements which model the permanent
magnets, the soft iron rings and the background. Hence saving computation
power on the ECR zone is not economic.
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Figure 6.9: SWISSCASE plasmoid (left image) and cut way (right image) composed
of ECR isosurface qualified spheres. For better visualization the spheres along the
plasmoid cut edges are shaded red.

6.4 The electron distribution

In addition to the solution of the magnetic model, electron trajectories have
been calculated using the finite element model trajectory integrator [4] SCALA
by wvectorfields. The initial velocities of the particle trajectories were chosen to
be anisotropically distributed. The electron velocity vector components perpen-
dicular to the local magnetic field lines are distributed with a temperature of
10 keV, representing the hot electron temperature which was determined by the
Bremsstrahlung measurement presented in Chapter 8. The velocity vector com-
ponents parallel to the local magnetic field are distributed with a temperature
of 2 eV [17], the temperature of the cold electrons. This anisotropic velocity dis-
tribution complies with the ECR heating mechanism with the same anisotropic
orientation which is perpendicular to the local magnetic field lines [7]. A total
of 36328 trajectories have been launched for a simulation run. The presence of
space charge caused by the plasma electrons has been modeled by introducing
a charged sphere with the same diameter of the plasmoid and a potential of
minus 3 V [14, 17, 5].

The magnetic field distribution of the MEFISTO ECR ion source located at
the University of Bern has been simulated by Bodendorfer et al. [4] and matches
the observed surface coating triangles in MEFISTO. The simulated magnetic
field distribution of SWISSCASE does not resemble the respective surface coat-
ing triangles in SWISSCASE to the same extent. However, a closer look at
the electron distribution instead of the magnetic field distribution, suggests a
strong link between electron distribution and surface coatings in SWISSCASE.
Figures 6.10a-f illustrate how the shape of the simulated electron current density
distribution changes from a hexagon at the plasmoid center into a triangular
shape at the tip of the microwave antenna, where a triangular-shaped surface
coating has been observed (Figure 6.11) after the operation of the SWISSCASE
ECR ion source [4]. This transformation of the electron density maps repre-
sents the changing cross section of the ECR zone while the cut plane is moved
from the plasmoid center toward the antenna. Note, due to the geometry of
the magnetic field, the plasmoid and the electron density distribution are point
symmetric with respect to the plasmoid center.

In lack of our own Bremsstrahlung measurement at the time, an earlier
simulation run has been performed with an electron energy of 25 keV (see Ap-
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Figure 6.10: Electron current density maps at different positions along the optical
axis. Note the increasing similarity with surface coating triangles (see Figure 6.11)
toward the antenna tip at 15 mm offset from the plasmoid center. The white ring
represents the plasma chamber wall (diameter 24 mm). Dimensions in mm. Simulated

electron energy: 10 keV.
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pendix A.2). The electron current density patterns are very similar, differing in
magnitude rather than shape. The Bremsstrahlung measurement presented in
Chapter 8 does not exclude the presence of an additional electron population
with a mean energy of 25 keV which has been measured by R. Friedlein et al.
in a 7.5 GHz ECR ion source [10].

In the next section, the observed coating pattern and a spectral analysis is
presented. It shows the coating consists indeed of particles found in the plasma.

6.5 The observed surface coating pattern

Figure 6.11 shows a typical surface coating triangle resulting from the exposure
directly or indirectly to the ECR plasma. In this particular case the observed
surface coating triangle was at the tip of the microwave antenna (see Figure 4.4a)
in the SWISSCASE facility after the operation of a CO5 plasma. In some cases
the observed pattern is a sputtered area rather than a surface coating. This may
originate from the difference in particle energies the surface is exposed to. The
observed surface coatings have been exposed directly to the plasma without any
kind of extraction or post acceleration of the plasma particles. In this case the
particle energies may have been low enough to enable a deposition process of the
neutralized carbon atoms to form the observed surface coating. On the other
hand sputtering shapes are observed after the extraction and post acceleration
where the involved particles have energies many orders of magnitude larger than
they had inside the plasma. In this case the particle energy might be too large
for a continuous deposition process and hence sputtering occurs.

The antenna tip was chemically analyzed to determine the composition of
the surface coating. The result is summarized in Table 6.4.

Element | Weight [%] | Abundance [%)]
Carbon | 90.61 93.04

Oxygen | 7.36 5.67

Fluorine | 1.41 0.91

Neon 0.62 0.38

Total 100 100

Table 6.4: Composition of the surface coating in mass and abundance fraction.

The dominance of carbon in the coated surface suggests a deposition process
originating from the plasma because the plasma mainly consists of carbon and
oxygen neutrals and ions. Oxygen is found as a minor fraction only because
it mainly recombines with other oxygen and carbon radicals and molecules to
form molecular oxygen, ozone, carbon monoxide or carbon dioxide. All of these
recombination products are gaseous and therefore not likely candidates for a de-
position process. FC40, a liquid composed of Fluorine and Carbon, N-(C3F7)3,
is used as cooling fluid enveloping the plasma chamber. Fluorine combines well
with metals. Therefore, the Fluorine traces in the spectral analysis may orig-
inate from cooling fluid diffusing in small amounts through the copper plasma
chamber wall. Neon found in the spectral analysis is a remainder of previous
Neon plasma operations in the same plasma chamber.
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Figure 6.11: Photograph of the microwave antenna of SWISSCASE after operation
(CO2, 100 W input power, 10.48 GHz), published by Bodendorfer at al. in [4]. A dark
triangular patch consisting mostly of carbon is clearly visible, which was not present
before the operation. The shape of the deposited coating matches the electron density
map, as explained in the text and in Figure 6.10. The pattern is displaced from the
optical axis due to a misalignment of the microwave antenna caused by the antenna’s
length and weight. The misalignment did not cause any measurable decrease in the
ion beam performance. I'he antenna has a diameter of 12 mm and the side length of
the triangle measures 4.2 mm.

6.6 Relation between simulation and observa-
tion

In this section we explain the relation between the observed surface coating
pattern and the simulated electron distribution.

As discussed in Section 6.2 the electron mean free path is limited to 4.9 m
by collisions with neutrals. The mean free path is therefore far longer than the
ECR plasmoid. This in turn potentially allows ionization processes anywhere
inside the plasma container. However the magnetic simulation and the numerical
trajectory integration show that the electrons are confined to a limited space
inside the confining field (see Figures 6.10a-f for the electron density profile).

To investigate the spatial distribution of the ions we make the approximation
that the ion-neutral cross section equals to twice the value of the hot electron-
ion scattering cross section (8.5¥1072° m?) and a neutral density equal to the
value presented in Section 2 of this chapter (4.805%10'® 1/m?). This leads to a
mean free path length for ions of 0.8 m which is 62 times the length of the ECR
plasmoid. This suggests the ions would completely fill all of the vessel volume
resulting in an uniform density distribution. However in a magnetic field of
388.6 mT singly charged carbon ions with a kinetic energy of 2 eV gyrate with
a Larmor radius of 1.82 mm around the magnetic field lines on which they
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were created. The trajectories of the carbon ions are therefore restricted by
the magnetic confinement field rather than the limited geometry of the plasma
vessel. Hence the ions do indeed travel for a long mean free path length relative
to the ECR plasmoid dimensions. But the ions are prevented by the magnetic
field from filling all the vessel volume and are confined to a restricted space
similar to the electron distribution presented in the last section.

This explains the good agreement between the observed surface coating tri-
angle and the simulated electron distribution because the carbon ions do not
travel far from the region of ionization defined by the presence of high energy
electrons.

Relativistic considerations

Due to the electron energies involved of 10 keV a slight change of electron mass
occurs due to special relativity. The electron cyclotron resonance condition
depends on the electron mass and the magnetic field density (3.1). A change in
electron mass therefore results in a different resonance condition of the qualified
magnetic field density. The relation is as follows:

B] _ T o _ 1
By mo | 1o (@)?

Where v is the velocity of the electron, ¢ the speed of light in vacuum, B,
the ECR qualified magnetic field density with the consideration of mass increase
and By without the consideration of mass increase. v/c equals 19.77*1072 and
B /By—1 equals 2.01*102. This modified magnetic field requirement is fulfilled
at a different location due to the spatial distribution of the magnetic field. In
fact the isosurface depicted in Section 6.3 would be enlarged toward the plasma
chamber walls where the magnetic field features a higher modulus and where the
resonance condition would again be fulfilled. However the ECR zone thickness
is given by the bandwidth of the open loop microwave generator which in turn
determines the qualified magnetic field span as described in Chapter 5. In
addition the magnetic simulation error is 0.97% and the permanent magnetic
material is susceptible to room temperature. These three effects summarized,
the ECR zone thickness due to the microwave generators bandwidth (0.45%),
the simulation error (0.97%) and a room temperature change of 5 K (0.75%),
result in a bluring of the ECR zone by 2.17% which is larger than the effect
induced by special relativity (2.01%).

(6.10)

6.7 Conclusion

We simulated in detail the 3D magnetic field distribution of the SWISSCASE
ECR ion source. The simulation of high energy electron trajectories based on
the same magnetic model leads to shapes nearly identical to the observed ion
surface coating triangle. This implies the ion distribution is related to the high
energy electron distribution. This is justified by the magnetic field parameters,
the ion mean free path lengths and similar Larmor radii and diffusion parameters
of hot electrons and singly charged carbon ions in SWISSCASE.
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Furthermore we generalize that lightweight ions with Larmor radii and mean
free path lengths similar to those of a hot electron population can be considered
as spatially bound to the latter. This can significantly simplify the calculation
of the ion distribution in ECR related applications such as ECR ion engines and
ECR ion implanters.



Chapter 7

Source characterization and
performance

In this chapter, the characterization and performance of SWISSCASE are pre-
sented. Firstly, an effect is explained which requires re-adjustment of the mi-
crowave antenna for each new microwave frequency setting. The effect is detailed
and the cause for it revealed. Ion mass spectra of SWISSCASE represent the
central section of this chapter, characterizing the ion output of SWISSCASE op-
erated with different gases. Argon, krypton, xenon and carbon dioxide spectra
are presented and explained. Finally, the power input required for the ioniza-
tion of the extracted ions is calculated, based on the presented spectra and the
ion beam composition. To estimate the overall efficiency of SWISSCASE, the
calculated ionization power is compared to the actual microwave power which
is radiated into the ECR plasma.

7.1 Microwave coupling

The ECR plasma can be operated at different microwave frequencies. The fre-
quency available from the microwave generator is in the range from 8.5 to 11.5
GHz. However, as will be mentioned further down, not the whole frequency
band is of interest with respect to the extracted ion beam performance. In the
following we will show the frequency dependent ion current output of SWISS-
CASE in a restricted frequency band which yields an interesting performance.

7.1.1 Frequency dependence

From Chapter 4 the minimum of axial magnetic field inside the SWISSCASE
confinement is 356.3 mT. This magnetic field value corresponds with an electron
cyclotron frequency of 10.0166 GHz (see Chapter 3 for details). Below this
frequency there is no corresponding ECR zone. Hence no ECR effect is supposed
to occur. During the experiment a sharp decrease in ion current was found once
this frequency was undercut. However useful ion current with little noise and
low effervescence were found only for frequencies higher than 10.48 GHz.
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Extracted ion current of ArSt

To give a useful overview of the frequency dependence, the ion beam perfor-
mance with respect to one particular charge state has been recorded. The
chosen charge state is Ar®" because this charge state can be found in many 10
GHz ECR ion sources [11, 26, 16] and shows the ability of the system to produce
high charge states. BEach data point represents optimized settings for all other
input parameters such as feed gas pressure, position of the short, puller elec-
trode position and ion optics voltages. Figure 7.1 shows the maximum extracted
currents of Ar®t ions versus the applied microwave frequency.
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Figure 7.1: Extracted ion current of Ar®" versus applied microwave frequency. Mi-
crowave power was found to be ideal at maximal power settings throughout the hole
frequency band at is thus not strong enough. Note the steps in the ion current which
are explained further down this section.

From Figure 7.1 we see the optimal microwave frequency is 10.88 GH z lead-
ing to a maximum extracted ion current of 2 pA. The measurements start at
a frequency of 10.48 GHz because unstable and monotonous decreasingly low
currents were observed for lower frequencies. The measurements are limited to
11.52 GHz by the frequency limit of the microwave generator (see Chapter 4.
The ion current shows significant fluctuations throughout the applied frequency
band. However, a broad band of multiple maxima is observed between 10.6
and 11.1 GHz. In the following section we will go into more detail about the
microwave antenna position settings applied to obtain the data points shown in
Figure 7.1.

Antenna position

The installed microwave power generator is able to deliver linearly polarized
microwaves with a frequency of 9 to 11.5 GHz. The power output of the mi-
crowave generator depends on the frequency as pointed out in Section 4. The
wave guide system including the circulator, both microwave windows and the
UHV system also feature a frequency dependent transmission curve. Finally the
plasma itself is sensitive to the frequency of the incident microwave because the
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frequency defines the location of the ECR region and the different plasma cut
off densities. We will show that despite these numerous factors, one particular
parameter, namely the microwave antenna position, dominates the transmission
efficiency.

As the frequency of the microwave is changed, the antenna position and the
position of the short have to be adjusted to maintain the impedance matching
of the system. Experience showed the optimal position of the short depends on
the antenna position. This means for each antenna position there is a single
optimal position of the short. Both positions, short and antenna, are adjusted
iteratively to find the optimal position. Figure 7.2 shows the necessary antenna
position for each frequency setting in Figure 7.1.

a

Antenna position [mm]
: =

571 | SR

s s 1o 1m2 14 16
Frequency [GHz]

Figure 7.2: Microwave antenna position versus applied microwave frequency. Opti-
mal operation points up to 11.22 GHz in blue appear coherent (explained further down
this section) while data points beyond this frequency in green are scattered. The black
arrow indicates the frequency which yields the maximum extracted ion current as seen
in Figure 7.1.

In Figure 7.2 we can see jumps in the otherwise smooth data below 11 GHz.
When the microwave frequency is increased to a point where a jump can be
seen in the diagram, no more increase in ion current is observed and another,
lower, value for the antenna position has to be chosen to continue on a high
performance output combination. The new antenna position correlates with the
wavelength of the applied microwaves. To better understand this we introduce
Figure 7.3.

Correlating the distance between the antenna tip and the ECR plasma would
result in an inversely decreasing antenna position with increasing frequency
which leads to hyperbolas in Figure 7.2. This is because the wave-length of the
injected microwave decreases with increasing frequency. This would not lead to
the observed pattern of increasing antenna position with increasing frequency.
However another concept of investigation leads to the effective antenna length to
fulfill geometric conditions to act as an efficient transmitter. Depending on the
frequency the length of the antenna has to allow a resonant condition according
to classical antenna theory.
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Figure 7.3: Schematics of microwave situation for two different microwave frequencies
and adjusted antenna position. We are interested in the effective antenna lengths L,
and L2 rather than the distance between the antenna tip and the ECR plasma.

For simplicity we consider a TEO1 microwave mode in the plasma chamber.
This requires the last fraction of the microwave to be £\;/4. Combining the
requirements we can write down the following relation (Eq. 7.1).

AN
Li=n—4— 7l
=% D) 1 (7.1)
L, is the effective antenna length in the first case with microwave frequency
fi. Due to symmetry we only consider Ly = nA;/2 + A\ /4 and neglect L; =
nA1/2 — A1 /4. In the second case we apply a different microwave frequency fa,
for instance fy < f;. Analogue to Eq. 7.1 we can write Eq. 7.2:

Az A2
Lo=n—+— 7.2
=2+ (72)
L is the effective antenna length in the second case with microwave frequency
f2. We can further write the necessary adjustment AL to the antenna position

as follows Eq. 7.3:

MM Aa Ao
AL=L1—Lea=n—+——n— — — 7.3
1T =Ry T T Ty (73)
Introducing A = ¢/f with ¢ as the speed of light and f as the microwave fre-
quency we can simplify Eq. 7.3 to calculate the expected adjustment of the
antenna position:

_ o Looda =iy
AL=(5+ Z)(*m;“)c (7.4)
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From Eq. 7.1 we can see that n is the number of half wavelengths fitting into
the effective antenna length at the optimal antenna position of frequency f;. In
our case the start of our measurements defines this frequency to be 10.45 GHz,
the corresponding wavelength of 28.69 mm and the optimal effective antenna
length of 328.3 mm. Hence n = Integer(2*¥328.3 mm / 28.69 mm) = 23. n is
conserved throughout the calculation. AL is recalculated for each frequency.
Figure 7.4 visualizes the expected antenna adjustments by a red line, according
to Eq. 7.4 using n = 23. Additionally dashed red lines indicate the expected
antenna position in case subsequent phase shifts of if are subtracted from the
actual calculated position.

=2

2

Antenna position [mm]

a6 s w0  1n2z 14 16
Frequency [GHz]

Figure 7.4: Circles are measured optimum microwave antenna positions versus ap-
plied microwave frequency (same data as Figure 7.2). Red lines indicates the expected
adjustment of the antenna position by Eq. 7.4. Dashed red lines show the same
position corrected by subsequent phase shifts of %

In Figure 7.4 we can see the measured points indeed follow the prediction
(Eq. 7.4) up to a frequency of 10.56 GHz where the first jump occurs with a
phase shift of % A similar behavior can be observed at 10.59 GHz. However
from a frequency of 10.7 GHz the measured points fit the predicted positions
worse. A better fit is achieved again around 10.93 GHz. Despite that the general
tendency toward the predicted position is still visible, the fit gets worse with
increasing frequency and is barely possible to correlate beyond 11.2 GHz.

7.1.2 Conclusion of the frequency dependence

The extracted ion output shows a significant variation with the frequency of
the microwave input. For different frequencies the coupling between microwave
generator and plasma has to be maintained by adjusting the effective antenna
length. The necessary change in the effective antenna length is dominated by
the transmission criteria of the antenna rather than the distance between an-
tenna tip and ECR plasma. This suggests the space between the antenna tip
and the ECR plasma does not allow a proper formation of a microwave radia-
tion field. This is supported by the fact that this distance is in the range of 36
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to 13 mm, very close to the wavelength of a 10.88 GHz microwave (27.55 mm).
Hence we are in a near-field situation rather than a far-field situation. In this
case the electric field of the microwave is significantly distorted and modified
by the presence of the plasma chamber walls and the ECR plasma. A closer
investigation of the electric field distribution would require numerical simula-
tions involving the detailed geometry of the plasma chamber and a sophisticated
microwave plasma model. Both are beyond the scope of this thesis.

7.2 Ion beam performace

7.2.1 Measurement setup

The second Einzel-lens is a remainder of the original experimental ECR setup
from the University of Giessen, where Trassl et al. [36] performed numerous
tests with and without this separate Einzel-lens. In Giessen this Einzel-lens
improved the performance of the 10 GHz multi-mode ion source, tested in 1999,
for some ion species of Bismuth (see [36]).

Despite the high transmission ratio of the ion optics and the mass separation
magnet described in chapter 4, experiments were performed to test the ion beam
performance without the second Einzel-lens in place. At the same mass per
charge resolution the removal of the second small Einzel-lens yielded an ion
beam current improvement between 5% and 15% for all tested operation gases.
Consequently all presented spectra were produced without the second Einzel
lense in place.

To analyze the extracted ions the ion beam is separated into a spectrum by
the mass separation magnet discussed in more detail in Section 4. After separa-
tion the remaining ion beam is collected by a Faraday cup and neutralized. The
ions hitting the Faraday cup capture electrons from the Faraday cup surface
and create a positive potential difference. The potential difference in the Fara-
day cup is allowed to equilibrate by a ground connection. The resulting current
necessary to maintain the charge equilibrium of the Faraday cup is measured
by a Keithsley 6517 pico ampere meter. Figure 7.5 shows a schematic of the
measurement setup.

The magnetic field B splits the extracted ion beam into different mass-per-
charge ions. The magnetic field is measured by a Bell Digital Gaussmeter 811AB
with a Bell x10 lateral hall sensor. The data of the hall sensor and the Faraday
cup are stored by a National Instruments PXI 1042Q) data logger and stored in
a PC with LabView to compose the mass spectra presented in this section. In
addition to the connections shown in Figure 7.5, the current driver for the mass
separation magnet is controlled by a computer. The the microwave input power
and frequency settings, all high voltages, antenna and position of the short, all
pressure sensor outputs and the cooling fluid temperature are stored by the data
logger. Table 7.1 gives a summary of the settings and read-outs.

The preference on manual settings in most of the operation parameters of
SWISSCASE in the experimental phase guaranteed a quick access and allowed
the development of an operational feeling for fine tuning. The optional computer
setting allows to control all input parameters by computer except the antenna
position and the position of the short. However additional automation would
also allow to control the antenna and the position of the short to enable full



Chapter: Source characterization and performance 105

90 sector magnet

Hall sensor

Einzel lense

— | ! ! >§]E—— ECR Plasma

Uex

®B N S
Upuii
Ugzia
& I
Bl
oo
o 8 vl
[ : g '
Faraday Keithley 6517 2
cup m amp meter A

1

Figure 7.5: Schematic of measurement setup used to determine the extracted ion
current of SWISSCASE. For the presented spectra: U., = 10 kV, Up,n = 0 kV,
Ugpzri = 7.2..8.8 kV. The second Einzel-lens presented in Chapter 4 is removed for
improved ion beam performance.

automatic operation.

7.2.2 Faraday cup

Louville’s theorem [11] states the emittance integral of an ion beam cannot
be changed by electro-static or magneto-static fields. Unless baffles and wall
collisions lead to loss related reshaping of the beam we consider the extracted
ion beam emittance integral as conserved throughout the whole beam transfer
system from the plasma meniscus to the Faraday cup.

Ion source parameters optimized for maximal ion current output of a specific
charge state are not the same as for a source setup optimized for best charge
state resolution. They differ in the the high voltage settings for the first Einzel-
lens and the puller electrode position rather than the plasma parameters. Test
runs performed by Broetz, Trassl et al. [6, 36] showed that maximal ion current
output is achieved at the expense of charge state resolution. The lower charge
state resolution is caused by a wider beam leading to wider charge state peak
widths. This effect originates in the lower space charge density in a wider beam.
This is optimal for high current extraction and low beam divergence.

Hence a larger aperture is required to allow a wider ion beam being cap-
tured by the Faraday cup than for the narrower ion beam resulting from a high
resolution setup.
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Table 7.1: Parameter settings and ~ pPyrameter Setting | Logging
logging of SWISSCASE. M: manual Microwave power M(©C) [C (V)
setting preference, (M): manual op- Microwave frequency | M (C) C (V)
tional, C: computer logging prefer- ..
ence, (C): computer optional, (V): Ant.el‘lna. P M C (V)
Al Rt o DV oo Position of the short | M C (V)
sure in target chamber, P»: Pressure Feed gas valve M (C) | C(V)
in ion optics cube, P3: Pressure at - C (V)
feed gas inlet port, U..: Extraction s - C (V)
potential, Ugzp1: first Einzel-lense P = C {V)
voltage and Upyy: puller electrode [/, M (C) | C (V)
voltage (see figure 7.5). Ugzr1 M (C) | C (V)
Upun M (C) | C (V)
Mass separation C (M) | C(V)
Ion current - C (V)

Faraday cup design

To capture both modes, high current and high resolution, we designed a new
Faraday cup with two separate stages featuring two different apertures. The
large aperture of 50 mm allows to capture a wide ion beam in high current
mode. The smaller aperture of 10 mm allows to analyze an ion beam in high
resolution mode with an aperture area 1/25th of the area of the large aperture.
This principle has been realized in a two stage concept where the small aperture
is situated behind the large aperture. In high current mode operation both
apertures are connected in parallel. In high resolution mode the large aperture
is grounded and the small aperture only is used for measurements. Figure 7.6
and 7.7 show a section cut and a 3d view of the new designed Faraday cup used
for all ion current measurements presented in this thesis.

The design of two different apertures operated simultaneously enables us to
switch between apertures purely electrically with no moving parts and without
breaking the vacuum.

Secondary electron suppression

The ion beam hitting the Faraday cup creates secondary electrons leaving the
surface with a typical kinetic energy of up to about 45 eV. This effect increases
the measured current in addition to the ion current if the secondary electrons
manage to leave the Faraday cup. Hence specific measures had to be taken to
suppress the secondary electrons leaving the Faraday cup.

Figure 7.6 shows that a sophisticated rotational symmetric sawtooth profile
has been realized at the bottom of the Faraday cup to further decrease the rate
of secondary electrons leaving the Faraday cup.

The usage of a gridded Faraday cup was not chosen because of additional
complications due to interactions between the grid and the ion beam. Instead
an electrostatic field emitted from two baffles was used to create a potential dis-
tribution along the beam axis which prohibits secondary electrons from leaving
the cup.

A finite element model has been created to design and optimize the potential
distribution necessary for successful secondary electron suppression. Figure 7.8
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Figure 7.6: Section cut of the two stage Faraday cup. Cyan colored are the two
secondary electron suppression baffles. Brown colored are the synthetic ruby balls
providing the necessary insulation. The large aperture is used in high current mode
where a larger beam is present. The smaller aperture is used in high resolution mode
with a narrower beam, where the ion beam passes through the first stage and is
eventually collected in the second stage.

Figure 7.7: 3D view of the newly de-
signed two stage Faraday cup.

shows the optimized potential distribution and a 3D view of the Faraday cup.

Figure 7.8a shows the tail of the potential seen by the incident ions is less
than 5 V' in magnitude at a position of 50 mm before the Faraday cup entry
aperture. This potential tail leads to a focusing effect on the incident ion beam.
However compared to the kinetic energy of 10 kel” per ion charge, the potential
tail is considered to be negligible.

Test electrons were launched in the finite element model to simulate the
secondary electron emission. Figure 7.9 shows a cut visualization of the FEM



108 Chapter: Source characterization and performance

—10

= |

I

&
Figure 7.8: Potential dis- 10 o I T o~
tribution.  Baffle voltage: 17,4
-200 V. A section cut sy :
m‘super.nmposed for better -0 =7 3 o 1 0
orientation. Coordinate z axis [mm]

model.

Tismetorns VELT
- 3 TR

- 4 ¥9S000 00

Figure 7.9: One quarter of the finite element model with trajectories used to deter-
mine the optimal geometry and potentials for successful secondary electron suppres-
sion. The color bar indicates the electron velocities in mm/s.

Figure 7.9 shows electron trajectories with an initial launch energy of 45 eV/.
With a baffle voltage of -200 V' secondary electrons with a kinetic energy equal
or less than 45 eV are trapped by the potential well.

Faraday cup conclusion

In practical application the secondary electron suppression proved to be essen-
tial for accurate current measurements. With the suppression voltage switched
off the measurements indicate an ion current up to 20 % larger compared to
measurements with the suppression voltage switched on. Also the magnitude
of the suppression voltage of minus 200 V' has been veryfied by the observation
that any further increase in voltage did not lead to a further decrease in the ion
current measurement readings.
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We conclude from this section that the design, simulation and operation of
the newly realized Faraday cup with two different apertures is a full success.

7.2.3 Argon spectra

In this section the performance of SWISSCASE to produce different charge
states of argon will be presented. For all argon ECR plasma operation and
argon spectra, argon gas of natural isotope composition has been used. Table
7.2 gives an overview of the natural abundance of the different argon isotopes
[37).

Argon isotope | Natural abundance [%)]
364r | 0.337
BAr | 0.063
1047 | 99.60

Table 7.2: Natural abundance of stable argon isotopes. °Ar is dominant.

During the acquisition of the presented spectra none of the mentioned iso-
topes besides 1°Ar have been identified.

Argon spectra low and medium charge states

As ion current receiver the staged Faraday cup is used, which was presented in
more detail in Section 7.2.2. For best resolution which is necessary for the higher
charge states of argon the small aperture with a diameter of 10 mm is used,
rather than the large aperture with a diameter of 50 mm. Figure 7.10 shows a
spectrum of an argon ECR plasma extraction. The ion source parameters are
optimized for the charge state of Ar®" in this case to bring out the medium
charge state performance of SWISSCASE.

The Ar®* output peaks at 6.01 p#A. The source parameters are optimized
for Ar®* and are suboptimal for all other charge states such as Ar>t. This can
be seen by comparing the Ar®t output of this setup and the setup optimized for
Ar®T. The ion current of Ar®" in the Ar®" optimized setup peaks at 1.75 pA.
However the ion current of Ar®" in the Ar®t optimized setup peaks at 2 pA
(see Figure 7.1). The difference comes from a different feed gas pressure setting
and different optimal voltages of the ion optics. The plasma state optimized for
Ar®" requires a lower feed gas pressure than the plasma optimized for Ar®*.
Since ionization is a step by step process [16] between each ionization step there
is a certain probability for charge exchange with neutrals or lower charged ions.
On the other hand neutrals and lower charged ions are the base where highly
charged ions are derived from. This defines an optimal equilibrium neutral
density where as many neutrals as necessary are present to sustain the ionization
chain but as few neutrals as possible are present to impede high charge states by
charge exchange and recombination. This equilibrium neutral density is lower
for higher charge states hence the lower feed gas pressure for a plasma optimized
for Ar®* rather than for Ar®*.

For these charge states of argon the current peaks are spaced wide enough
to use the large aperture of the Faraday cup with a diameter of 50 mm. Figure
7.11 shows a spectrum acquired with the large aperture active.
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Figure 7.10: Spectrum of argon plasma of SWISSCASE. The ion source parameters
have been optimized for the charge state of Ar®". Plasma parameters: [ = 10.88 GHz,
P =85W (Pnaz), p3 = 6.6 % 10~ mbar.

Figure 7.11 shows that the large aperture collects significantly more ions
than the small aperture. However the full width half maximum (FWHM) peak
widths acquired with the large aperture are also larger than the FWHM peak
widths of the small aperture. Table 7.3 summarizes the peak currents, the gain
ratios and the ratio of the FWHM widths for each charge state in this setup:

Table 7.3 shows that the higher gain in ion current also brings the deficit
of a higher FWHM width which directly impedes resolution. The FWHM for
both the 10 mm and the 50 mm aperture can be slightly improved. However
this always is at the expense of the ion current gain.

In addition to argon also HoOT and CO™ are present as residuals from the
last venting procedure and from the previous carbon dioxide plasma operation,
respectively.

Argon spectra, high charge states

In this section the performance of SWISSCASE to produce highly charged argon
ions is presented. In order to resolve the current peaks of higher charged ions for
all subsequent spectra the 10 mm aperture of the Faraday cup has been used.
Figure 7.12 gives a spectrum of an argon ECR plasma optimized for Ar'?*,

In Figure 7.12 we see different charge states of argon from Ar®t to Ar!?*.
We cannot see a possible peak of Ar'® because it is concealed by the peak of
C*. Ar'* has not been detected. The flat tops of Ar!%+, O*+, €3+, Ar?t and
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Figure 7.11: Spectrum of the same argon plasma as shown in Figure 7.10 with the
same plasma parameters in blue. For comparison the original spectrum acquired with

the small aperture is shown in red.

Charge | current | current | gain FWHM
state 10 mm 50 mm ratio ratio
aperture | aperture I50/I1|) WSU/WIEI
Art 2.73 pA | 16.9 pA | 6.19 4.75
Ar?t 15.8 uA | 73.9 pA | 4.68 4.50
Ardt 12.4 pA | 55.8 uA | 4.50 6.00
Ar't | 101 pA | 413 pA | 4.09 3.91
Ar’t 8.33 uA | 30.0 uA | 3.60 4.93
Arft 6.01 pA | 19.7 pA | 3.28 5.08
Ar™t 3.24 uA | 10.3 pA | 3.18 5.89
Ar3t 1.75 A | 5.50 A | 3.14 5.11

Table 7.3: Summary peak currents acquired with the small aperture of 10 mm
diameter and the large aperture of 50 mm diameter. I50/l10 gives the ratio between
the two currents and Wso/Wig is ratio of the FWHM peak widths at the same charge

state.

N3* are due to the range setting of the Keithley pico ampere meter limited to

2.5 nA.

In addition to argon we can also see contamination with species of ions such
as oxygen, carbon and nitrogen. The oxygen and the carbon ions are residuals
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Figure 7.12: Spectrum of an argon plasma optimized for Ar'?*. Plasma parameters:
f =10.88 GHz, P =85 W (Ppas), p3 = 1.2 % 10~* mbar.

from a former COz plasma operation. The nitrogen is a residual from the last
atmospheric venting. Note the close coincidence occurring with Ar'ot, o4t
and C** in the peak at m/q = 4.0 and the coincidence occurring with C*+ and
Ar'3* in the peak at m/q = 3.0 and m/q = 3.09, respectively. For all argon
plasma parameter settings the most abundant charge state is Ar®*.

Argon performance conclusion

We conclude from this section that all expected charge states of argon are repre-
sented in the acquired spectra well above noise level and measurement accuracy.
The maximum charge state which has been measured is Ar'?* peaking at 30
pA followed by Ar''* (1 nA), Ar'®* (16 nA) and Ar®t (80 nA). The current
reading of Ar!'%% includes possible contamination with O and C** jons.

7.2.4 Krypton spectra

In this section the performance of SWISSCASE to produce different charge
states of krypton will be presented. For all krypton ECR plasma operation
and krypton spectra, krypton gas of natural isotope composition has been used.
Table 7.4 gives an overview of the natural abundance of the different krypton
isotopes [37].

Compared to the natural isotope composition of argon, krypton features an
isotope composition which is spread out over more isotopes. As we will see the
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Krypton | Natural Table 7.4: Natural abun-
isotope | abundance [%] dance of stable krypton
(357¢ 0.35 1sotopes.

S0Kr 2.25

S2Kr 11.6

83Ky 11.5

8Ky 57

S6Kr 17.3

wider isotope distribution of krypton results in wider peaks and even separate
peaks of the same charge state in a current versus mass per charge spectrum.

Krypton performance, low and medium charges states

Figure 7.13 gives an overview of a typical krypton spectrum optimized for Kr®+.
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Figure 7.13: Spectrum of a krypton plasma optimized for Kr®*. Plasma parameters:
[ =10.63 GHz, P = 95 W (Pnaz), ps =3.1%107* mbar.

In the overview of the krypton spectrum we see different charge states present
from Krt up to Kr¥. This shows SWISSCASE is able to provide a krypton
spectrum as expected from its performance with respect to argon. However the
krypton spectrum is different from the argon spectrum insofar that the different
isotopes in their natural abundances in the krypton spectrum are visible. Figure
7.14 provides a magnified view of the two krypton charge states Kr?* and Kr**
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from the same spectrum shown in Figure 7.13 revealing different isotopes in the
substructure of each ion current peaks.

The magnified view of the krypton spectrum presented in Figure 7.14 fea-
tures ion current peaks significantly broadened by the natural isotope composi-
tion of the krypton gas used for the ECR plasma. To investigate the high charge
state performance of SWISSCASE, narrow peaks with little or no isotope broad-
ening are required. However SWISSCASE is able to produce high charge states
of krypton. Because of the higher atomic mass of krypton compared to argon
we can separate higher charge states from each other. This is due to the lower
rate of coincidences with other ions with the same mass per charge ratio.

Krypton performance, high charge states

Figure 7.15 shows a krypton spectrum of SWISSCASE optimized for Kr'**. In
addition to krypton ions there are also ions of oxygen and carbon as remainder
of a previous carbon dioxide plasma operation. C2t conceals the potential
occurrence of Kr!'*+, Hence the highest identified charge state is Kr'3* (3 nA).

For all krypton plasma parameter settings the most abundant charge state is
Kr3t,

Krypton performance conclusion

We conclude from this section that SWISSCASE is able to produce all charge
states of ionized krypton up to Kr'3*. The isotope distribution given by the nat-
ural abundance in krypton leads to wider peaks compared to the argon spectra.
Despite the broader peaks, high charge states of krypton can still be identified
due to the larger atomic mass of krypton gas and consecutive lower rate of
coincidences with other ions with the same mass per charge ratio.

7.2.5 Xenon spectra

Xenon is the gas with the highest atomic mass which SWISSCASE has been
tested with in the framework of this thesis. As for spectra of argon and krypton,
also for xenon the natural isotope composition has been used to operate the ECR
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Figure 7.15: Krypton spectrum optimized Kr'**. The mass per charge resolu-
tion is limited by the broad isotope distribution leading to relatively wide krypton
peaks.Plasma parameters: f =10.63 GHz, P = 95 W (Par), p3 =2.3%10"" mbar.

plasma. Table 7.5 gives an overview of the natural abundance of the different
xenon isotopes [37].

Compared to the natural abundances of krypton isotopes, xenon isotopes
are distributed more broadly with the highest abundance of '**Xe at 26.9 %
and with more stable isotopes than krypton. As we will see this leads to even
wider peaks.

Xenon spectra, low and medium charge states

Figure 7.16 gives an overview of a typical xenon spectrum obtained from SWISS-
CASE.

In the spectrum presented in Figure 7.16 we can see different charge states of
xenon represented by single peaks. Unlike in the krypton spectrum we cannot
resolve distinct peaks for xenon isotopes. This comes from the close distribution
of the isotope abundances of natural xenon leaving no gapes between isotopes
large enough for observation with our mass separation system.

Xenon spectra, high charge states

Despite the wider peaks we can resolve high charge states of xenon. Figure 7.17
shows a cut out of the spectrum presented in Figure 7.16.
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Table 7.5: Natural abun- “Xopnon | Natural
dance ~of = stable xemon jsoone | abundance [%)
1sotupes. 124Xe 0.1
126Xe | 0.09
128Xe | 1.91
129%e | 26.4
130%e |41
LAY 21.2
132%e 26.9
134Xe | 104
136Xe | 8.9
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Figure 7.16: Spectrum of an xenon plasma optimized for Xe®". Plasma parameters:
[ =10.63 GHz, P =85 W (Puaz), p3 = 1.0 % 107 mbar.

The focus on the higher xenon charge states shown in Figure 7.17 demon-
strates the ability of SWISSCASE to produce highly charged xenon ion currents
significantly above noise level. The interference of Xe!'* and C* conceals the
true ion current of Xe!'*. However the presence of Xe'?" indicates the ion
current of Xe!l* is significant. The coincidence of Xe!'*t and Ar'* similarly
conceals the true Xe'?* current. No higher charge states of xenon are visible in
the spectrum. The highest identified xenon charge states is therefore Xe!2T.

For most xenon plasma parameter settings the most abundant charge state
is Xe®*. Only for the highest feed gas pressures required for optimal Xe!'"
production, the most abundant charge state is Xe'*.
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Figure 7.17: Xenon spectrum optimized for Xe'?"

GHz, P = 85 W (Pmaz), p3 = 1.0¥10™° mbar.

. Plasma parameters: [ = 10.63

Xenon performance conclusion

We conclude from this section that SWISSCASE is able to produce xenon ions
of high charge states. The highest charge state identified is Xe'?*. Unlike the
krypton spectrum no separate isotope peaks are visible in the xenon spectrum
due to the limited resolution of the mass separation system and the distribution
of the natural xenon isotope abundances.

7.2.6 Carbon dioxide spectra

Carbon dioxide features ions of two different families, oxygen and carbon, both
of highest interest for space borne instrumentation. Oxygen is the third most
abundant element in the solar wind with charge states up to O%*. Carbon is
the fourth most abundant element in the solar wind and can be found in all
possible charge states, up to C7.

Beside the trace contamination of molecular nitrogen present in all SWISS-
CASE spectra, Carbon dioxide is the only molecular gas SWISSCASE has been
deliberately operated on. Its low chemical reactivity and the absence of any
molecular polarity makes it a very practical ultra high vacuum operation gas
for SWISSCASE. Carbon dioxide with natural isotope composition has been
used. Table 7.6 gives an overview of the natural abundance of the different
oxygen and carbon isotopes [37].

In addition to the shown abundances of the stable carbon isotopes there is
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Table 7.6: Natural abun- Tsotope | Natural

dance of stable oxygen and abundance [%]
carbon isotopes. '*C accounts 60y 09.76

for about 1% in the natural - ;

adundance of carbon. C is 180 0.4

not listed because it is unsta- O 0.200

ble but needs to be considered l_zc 98.90

anyway due to its half life of 13¢ 1.10

5730 years.

1 with a half life of 5730 years which also has to be considered. All other
unstable oxygen and carbon isotopes are of no relevance due to their short half
lives.

Carbon dioxide spectra, low charge states and overview

Figure 7.18 gives an overview of a typical COs spectrum obtained from SWISS-
CASE. The parameters were optimized for C3%.
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Figure 7.18: Carbon dioxide spectrum optimized for C**. Plasma parameters: f =
10.88 GHz, P = 85 W, p3 = 6.8-10~" mbar. Note the "*C* and "?C*" peaks.

The carbon dioxide spectrum given in Figure 7.18 gives an expected charge
state distribution up to O°T, In this setting the optimal microwave power input
is below the maximal possible input power. Higher input power leads to a
decrease in ion current of C**. This effect may be caused by a shift of the
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ionization equilibrinm toward higher charge states with higher input power (see
Chapter 3 for more details).

In addition peaks of the stable carbon isotope *C are visible with charge
states 1+ and 2+. This is an expected result since *C accounts for 1% in the
natural carbon abundance (see Table 7.6).

Carbon dioxide spectra, high charge states

Figure 7.19 shows a carbon dioxide spectrum optimized for C>*. All expected
charges states are present up to O7*. The spectrum is not shown for m/q=2
because the presence of Hj conceals all other ion species with the same mass
per charge ratio such as C%t and O%* is therefore not informative. The shown
spectrum also indicates the presence of N°* as a trace contamination of N» from
the last venting procedure.

10%
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Figure 7.19: Carbon dioxide spectrum optimized for C**. Plasma parameters: f =
10.88 GHz, P =90 W, ps = 5.0 - 10~* mbar.

Carbon dioxide performance conclusion

We conclude from this section that SWISSCASE is able to produce oxygen and
carbon ions of high charge states. The highest charge states possible to identify
are O™ and C%F. O%* and C%F cannot be identified due to an interference in
m/q with Hj Isotope separation is not visible due to the low natural isotope
abundances and the limited resolution of the mass separation system.
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7.3 Required ionization power

7.3.1 Introduction

Ionization is a step by step process evolving many different charge states for
highly charged ions. Ions leaving the ECR plasma, caused by the extraction of
ions and the formation of an ion beam, represent an energy loss for the ECR
plasma. This energy loss is compensated by the microwave input which heats
up ECR electrons and insures the resupply of fresh ions by electron impact
ionization (see Chapter 3).

Hence there is an energy flow from the microwave, through the ECR elec-
trons, onto the ions and out of the extraction aperture, carried away by the
ions. This energy flow is the only inherently necessary energy flow of the ECR
ion source. All other energy flows such as electron and ion loss, radiation and
heat transfer to the walls are parasitic effects, desired to be as little as possible
for best microwave efficiency.

Given an ion spectrum, the total ionization power represented by the ex-
tracted ion beam and the respective ionization energy, can be calculated. The
resulting extracted ionization power, contained in the ion beam, can be related
to the microwave input power to obtain a gross value for the microwave power
conversion efficiency.

7.3.2 Beam ionization power

We first calculate the energy necessary for each ionization step of argon ions,
convolute the ionization energy with the measured ion abundance found in the
mass-spectrum and calculate the ion flux in the ion beam. This results in the
extracted ionization power from the plasma.

If E, is the total energy required to produce the ion, AE}, the energy required
to increase the charge state of an ion from k — 1 to k, then the energy required
to produce an ion of charge state ¢ is given by Eq. 7.5:

q
E, =) AE (7.5)
k=1

The number 7, of extracted ions of charge state ¢ is given by the respective
ion current measured in the Faraday cup (e is the electrons charge):

1

eq

fig = (7.6)

With Eq. 7.7 we can calculate the power P, which was necessary to create
the ion beam with current I, of the respective charges state q. Ey.v) and Eq(j
is the total ionization energy, measured in electron volts [eV] and in Jouls [J]:

I, I
=og Falevi = Eau) (7.7)

P, =n4-E,

Performing these calculations for a given spectrum of argon (see Chapter 8)
results in table 7.7.
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Charge | AE; E, T Ty B,

q q
state | [eV] [eV] [nA] [1/s] [t W]

1| 15.76 15.759 | 2.73 1.70 - 1053 | 43
2 | 27.63 43.388 | 15.8 4.93 - 1013 | 343
3 | 40.74 84.128 | 12.4 2.58 . 1013 | 348
4 | 59.81 143.938 | 10.1 1.58 - 103 | 363
5 | 75.02 218.958 | 8.33 1.04 - 10*3 | 365
6 | 91.00 309.965 | 6.01 6.25 - 10'2 | 310
7| 124.32 | 434.284 | 3.24 2.89 - 10'2 | 201
8 | 143.456 | 577.74 | 1.75 1.37 - 10*2 | 126

9 | 422.44 | 1000.18 | 0.08 5.55 - 1010 | 8.89

10 | 478.68 | 1478.86 | 0.016 | 9.99 - 10° | 2.37

11 | 538.95 | 2017.81 | 0.001 | 5.67 - 10® | 0.183

12 | 618.24 | 2636.05 | 3:10~° | 1.56 - 107 | 6.59.10~3

Table 7.7: Argon plasma. Summary of step wise ionization energy AL}, total ion-
ization energy F,;, measured ion current /,, resulting particle flux n, and ionization
power P,. The total power, summarized over all shown charge states, results in 2111
1 W. Other ion species in spectrum, such as H" or N* are not taken into account.

From Table 7.7 it follows that the ionization power required to deliver the
measured ion beams is a small fraction compared to microwave generator output
power of 95 W, Figure 7.20 gives a diagram
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Figure 7.20: Extracted ion-
ization power for each charge
state of argon from Ar'" to
Ar'?*. The ionization power for
each charge state ranges from
6.59-107% W to 365 pW fea-
10-9 _) ..I E',' S ]'“ v tml'ing a power plateau between
Charge state Ar?t to Ar®t.

10

Tonization power [p1V]
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From Figure 7.20 it can be seen that the ionization power features a plateau
from Art to Ar®t. This suggests a close relation between available ionization
power provided by the ECR electrons and the resulting charge states. However
for charge states higher than Ar®+ the curve steadily declines revealing a more
complex relation.

7.3.3 Discussion

The above calculation neglects ions and ECR electrons which are lost from the
plasma and delivers a power estimation purely based on the extracted ions.
However the extracted ions are a good representation of the plasma ion compo-
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sition [16, 11].

The total power, summarized over all calculated charges states (2.1 mW,
see caption in Table 7.7) is a small fraction of the total microwave generator
output power. The effective microwave power, absorbed by the ECR plasma
is not accessible at this point. This is due to the complex and highly dynamic
absorption and reflection property of any ECR plasma [11]. To reveal the mi-
crowave power absorbed by the ECR plasma, numerical simulations, including
a microwave plasma model, could be used (see Chapter 9) in conjunction of
a bi-directional microwave coupler measuring ingoing and reflected power at a
certain point in the transmission line.

Despite the reputation of ECR ion sources to be very energy efficient in
the production of highly charged ions [11], the overall efficiency is still quite
modest. For SWISSCASE the ratio between microwave generator output power
and necessary ionization power based on the measured ion beam results in:
2.1mW/95W = 0.021 %. Hence there is still a huge potential for efficiency
improvement.

The majority of the microwave power is either reflected from the ECR
plasma, absorbed in the dummy load or in the facility walls. Both, the dummy
load and parts of the facility become warm and even hot to the touch, suggest-
ing that significant microwave power is lost or reflected during the transmission
and the coupling process.

No further investigation was performed regarding absorbed microwave power
in the ECR plasma.

7.4 Summary of characterization

SWISSCASE is able to produce very useful currents of highly charged ions of
argon, krypton, xenon, oxygen and carbon. It can be assumed that its ability
for high charge state production extends to other gaseous elements, metals and
composites. From the charge state distribution found from extracted ion beams
of argon, krypton and xenon plasmas, the most abundant charge states are
multiply charged ions rather than singly charged ions. The most abundant
charge states do not change significantly with feed gas pressure. Only in the
xenon plasma the most abundant charge state shifts from Xe®* to Xe** with
increasing feed gas pressure.

The ion source showed very reliable and reproducible plasma ignition be-
havior for all tested operation gases. Ignition feed gas pressure was found to be
close to the gas pressure optimal for the lowest charge states.

The ion output of each charge state can be optimized individually by opti-
mizing feed gas pressure, Einzel-lens voltage, microwave input power and fre-
quency. However, the ratio of non optimized and fully optimized charge state
does not exceed a factor of 5 generally. This leads to the comfortable situation
where all charge states except the highest ones are present in a wide range of
plasma parameters. This enables robust and quick parameter finding of higher
ion charge states beginning from parameter settings optimized for low charge
states.

The optimal microwave power setting for singly and doubly charged ions
of argon, krypton and xenon were 85W, slightly below the maximum setting.
However, for all charge states higher than two and for all charge states of carbon
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and oxygen, the optimal power setting was at its maximum. This suggests that
a further increase in input power would also increase the ion output.

The optimal microwave input frequency lay within 10.63 GHz and 10.88
GHz for all tested operation gases. The gases with more massive nuclei, xenon
and krypton, are operated more efficiently at 10.63 GHz rather than 10.88 GHz,
which turned out to be optimal for argon and carbon dioxide. This difference in
microwave input frequency leads to a shift of the ECR zone inside the magnetic
confinement producing a larger ECR volume for the heavier ions of xenon and
krypton which seems to be beneficial for the respective ion beam current. An
explanation for this effect has not been found yet.

Comparing the microwave power consumption with the necessary ionization
power based on the extracted ion beam composition, SWISSCASE shows a
moderate energy efficiency. The transmission, absorption and conversion of
microwave energy into ionization energy is a very complex process, which needs
a numerical plasma and facility model in order to further investigate any relation
between microwave power input and ion charge state output.






Chapter 8

Bremsstrahlung
measurement

In this chapter the results of a Bremsstrahlung measurement are presented. The
Chapter is divided into an introduction presenting the target of observation, hot
ECR electrons. The measurement setup is introduced in a dedicated section,
presenting the used X-ray detector and explaining the associated calibration
process of it. In Section 8.3 the results of the Bremsstrahlung measurement are
checked for their validity and are critically discussed. Eventually a restricted
energy region of the obtained Bremsstrahlung spectrum is selected to determine
the temperature of the hot ECR electrons.

8.1 Introduction Bremsstrahlung measurement

Calculations of the ion temperature based on emittance measurements of the
extracted ion beam by Trassl, Broetz et al. [6, 36] showed the temperature of
the ion population to be relatively cold with a mean energy of 2 eV. Collisions
between ions and electrons would lead to a thermalization of the plasma where
all charged particles are part of the same Maxwellian temperature distribution.
However, the observed ion charge states presented in the previous chapter indi-
cate much higher electron energies.

8.1.1 Need for high energy electrons

One of the advantages of ECR ion sources is their ability to produce a wide
variety of charge states as shown in the previous sections. The effective cross
section for double or multiple ionization processes are at least two orders of
magnitude smaller than effective cross sections for single ionization steps [33].
The production of ions with charge states higher than 1+ is therefore dominated
by a step by step process [17] where a single electron is removed from an ion
in each step rather than several electrons per step. Table 8.1 gives a first idea
of the electron energies involved in the production of an argon ion beam from
SWISSCASE containing all charge states up to Ar'?+:

This suggests the presence of electron energies above 600 eV. Ions with higher
charge states are better confined in the ECR plasma than ions with lower charge
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Charge state | Tonization Beam ion
potential [eV] | abundance

Art 15.759 0.346

Ar?t 27.629 1.0

A3+ 40.74 0.523

Ardt 59.81 0.350

ArSt 75.02 0.211

Arb+ 91.007 0.127

Ar™t 124.319 5.86 % 1072

Arét 143.456 2.78 %1072

Ardt 422.44 1.1%1073

Arlo+ 478.68 2%10~4

Arll+ 538.95 1.15% 1075

Ari?+ 618.24 3.17%10°7

A3+ 686.09 .

Artd+ 755.73 =

Ar15+ 854.75H -

Arlﬁ‘f' 918.00 -

Table 8.1: lonization potentials for different charge states of Argon [37]. Ton beam
abundance: relative to maximally abundant charge state (Ar**). Argon charge states
below the separator are not observed in the extracted ion beam of SWISSCASE but
could be part of the SWISSCASE ECR plasma nevertheless due to the enhanced
confinement for higher charge states.

states [11, 36] (see Chapter 3. Hence the ion charge state distribution of the
extracted ion beam shows a lower charge state distribution than the ECR plasma
itself. This suggests higher charge states than Ar'?>* are present inside the ECR
plasma calling for even higher electron energies than 600 eV.

Hohl et al. [17] have measured the electron temperature of the MEFISTO
ECR plasma using an X-ray detector to capture the photons emitted from the
ECR plasma. Despite the fact that the most abundant charge state of the
MEFISTO ion beam is the single charge state, the outcome of the X-ray mea-
surement was a hot electron population at a temperature of 2 keV. Additionally,
Hohl et al. [17] stated that the fraction of these hot electrons is about 10% of
all the ECR plasma electrons. However, in the SWISSCASE ion beam the most
abundant charge states are 2+ for argon, 3+ for krypton and 5+ for xenon.
The higher most abundant charge state of SWISSCASE suggests an electron
temperature exceeding 2 keV, measured in the MEFISTO facility.

It is important to determine the hot electron temperature because the ac-
curate knowledge of the electron temperature of the hot electron population in
the SWISSCASE ECR plasma further allows the determination of the plasma
density, the mean free path lengths, ionization cross sections for all observed
charge states and the calculation of radiation power equilibrium as shown in
Chapter 3.

In the next section the feasibility of a non-Maxwellian energy distribution
and the potential for a high energy electron population is presented.
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8.1.2 Runaway electrons and non Maxwellian energy dis-
tribution

To further understand the energy distribution of ECR electrons we consider the
possibility of two different electron temperatures inside the same ECR plasma.
For this we assume two different electron populations, one with a temperature
of 2 eV and another with a non Maxwellian energy distribution and a mean
energy of 10 keV. The cold electrons originate from the ionization process ot
become part of the plasma. The hot electrons are plasma electrons that were
energized in the ECR zone. The cold electron population is heated by the high
energy electrons and the high energy electron population is cooled by the cold
electrons in mutual collisions. This energy exchange happens by collisions be-
tween electrons of the cold and the high energy population. To estimate the
energy transfer between the cold and the hot electron population we assume the
high energy electrons to lose all of their kinetic energy as soon as they collide
with another electron. In reality the hot electron can also collide with other hot
electrons or with cold electrons without losing all their kinetic energy. Hence
assuming total energy loss by one collision represents a conservative approxima-
tion with respect to the stability of the high energy population.
The energy loss of the high energy population can be described as follows:

P
7 = fee Enin 1 =1ic v & Byin 1y (s8.)
% is the energy loss rate of the high energy electrons per volume, f.. is the

collision frequency of the high energy electrons with the cold electrons, Ey;, is
the kinetic energy of the high energy electrons, ny is the hot electron density,
n. is the cold electron density and v the electron velocity. o is the effective
collision cross section between the hot and the cold electrons. Geller [11] says
that the dominating collision cross section is given by Spitzer collisions:

= (— ) L s (8.2)
Tspitzer — €0 Exin o .

Ospitzer 15 the collision cross section for Spitzer collisions, e is the electron charge,
€p the permettivity of vacuum, and In A the Coulomb logarithm, a property
weakly depending on the plasma parameters. In A takes values between 5 and
30, in our case In A is 24.65 [7]. Hence:

P 2 N\? 4
7= Ne U (67) — InA Epin np = ne Ny 287 InA (8.3)

€0 Epin ) 27 € Me U T

me is the mass of an electron. By introducing v = /2E;,/m. we assumed
the kinetic electron energy to be small enough to apply non relativistic physics.
From Eq. 8.3 we can see that the energy loss rate % per volume is decreasing
with increasing velocity and hence with increasing energy.

With increasing electron energy the Larmor radii increase. However the res-
onance condition is energy independent as long as the electron mass does not
significantly change due to special relativity, i.e., as long as the electron energy
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is significantly smaller than its rest mass energy equivalent of 512 keV. The
energy input by the resonance mechanism is considered constant. This leads to
a runaway effect, where electrons with a slightly higher kinetic energy than the
cold bulk electron mean energy loose less energy while still benefiting from a
constant power input. In this way a high energy electron population is created
limited by effects like radiation loss, loss cone scattering and ionization colli-
sions rather than energy transfer to the cold bulk electrons. This new dynamic
equilibrium apparently stabilizes in a higher energy range which resembles a
quasi-temperature [11, 3] of 2 keV for MEFISTO and 9-11 keVs for SWISS-
CASE, as shown below, but can reach energies as high as 80 keV (Girard et al.
[12] or 300 keV (Petty et al. [32]).

In the following section, attempts are presented to measure the hot electron
temperature of SWISSCASE in a similar way as performed by Hohl et al. [17]
at MEFISTO

8.2 Measurement setup

Hohl et al. [17] measured the Bremsstrahlung of MEFISTO in radial direction
with respect to the confinement axis. Baru et al. [1] measured the Bremsstrahlung
of MINIMAFIOS [27] in axial direction. Both measurement tactics, radial and
axial, delivered an exponentially decaying intensity with increasing photon en-
ergy described further down this section. The Bremsstrahlung of the SWISS-
CASE ECR plasma can only be measured in axial direction due to the obstruc-
tion of the ECR plasma by the permanent magnets.
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Figure 8.1: Setup for X-ray Bremsstrahlung measurement. A lead collimator (cyan)
for X-ray fluorescence suppression is installed. The detector area measures 5 mm?>.

All dimensions in mm.

Fig. 8.1 shows a section side cut of the measurement setup. A lead collimator
is installed to suppress X-ray fluorescence induced by ECR electrons colliding
with the UHV facility walls. The collimator features an aperture of 6 mm and
restricts the view of the X-ray detector onto the ECR plasma. The ECR plasma
is considered transparent for X-rays because the plasma cut-off frequency is
limited by the much lower microwave input frequency. Consequently any X-
rays emitted from the antenna tip (to the left side in Fig. 8.1) can be seen by
the X-ray detector through the ECR plasma.
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8.2.1 The X-ray detector

To detect the Bremsstrahlung from the ECR plasma the same Silicon X-ray
detector from AMP TEK has been used which Hohl et al. [17] used to perform
their X-ray measurements on MEFISTO. The XR-100CR detector features an
energy resolution of 180 eV at 5.9 keV and came with a well-defined efficiency
curve provided by AMP TEK. The Silicon detector head thickness measures 500
pm and is covered with a beryllium window of 12.7 pum thickness. The active
detector area measures 5 mm?. Fig. 8.2 gives the efficiency curve of the X-ray
detector used for the acquisition of all subsequent X-ray spectra.

In the following section we discuss the necessary calibration of the X-ray
detector.

8.2.2 Calibration of X-ray detector

The true photon flux I', the registered photon flux v and the detector efficiency
€ are related by Eq. 8.4.

vy=I'Ge (8.4)

@ stands for element-wise multiplication of both data arrays I' and e. Hence to
obtain the true photon flux the measured photon flux array needs to be divided
element wise by the efficiency data array. This calls for an exact co-alignment
of both arrays in energy space. Radioactive 2! Am was used to obtain a proper
co-alignment in energy space. 2! Am features a well known X-ray spectra from
alpha decay into 2*"Np. Table 8.2 summarizes the most relevant data about the
radiation source used for calibration.

The radiation created by the alpha decay and the subsequent emission of X-
ray from the decay product stimulate further X-ray emission from surrounding
material of the radiation source. Silver is used for the backing and gold is the
material in which the americium is electro deposited into. Hence line emission
from those two elements are expected in addition to the afore mentioned emis-
sion energies of americium and neptunium. Fig. 8.3 shows an 2*' Am spectrum
obtained with the XR-100CR detector. Care has been taken to avoid pile up in
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Isotope 55 Amy g

Original activity | 370 kBq

Half life 432.2 years

Decay product ZTNp144

Source diameter 11.1 mm

Nature of active Electro deposited

deposit in gold matrix

Backing Silver

Most prominent Relative Assignment
energies related intensity (%]

to a-decay [keV)

26.34 2.4 a
33.20 0.13 a
43.42 0.07 a
59.54 35.9 a

Most prominent | Relative Assignment
energies related intensity [%]

to X-ray emission

from #"Np [keV]

13.95 9.6 Np Lai
16.82 2.5 Np Lg2
17.75 5.7 Np Lg
20.78 1.39 Np L4y

Table 8.2: Details of the radioactive calibration source for the X-ray detector.

the counting rate of the silicon detector by choosing a distance of 2 m between
the radiation source and the X-ray detector. No pile up effect was detected with
this setup.

In Fig. 8.3 we identify the + emission lines of 2! Am and line emission of
neptunium, the decay product of 2! Am. Furthermore we see the K 1,3 emission
line of silver at 22.1 and 24.9 keV. Silver is part of the americium source backing
as indicated in Table 8.2. The observed silver emission line originates from X-
ray fluorescence. In addition there are other peaks of line emission visible below
13 keV, which will be of more interest in the following sections where the actual
results of the Bremsstahlung measurements are presented.

The obtained spectrum of **!Am allows to precisely calibrate the X-ray
detector in energy space which is necessary for the coupling with the efficiency
curve provided by AMP TEK.

8.3 Post processing

In this section the effect of solid matter in the line of sight of the measured
Bremsstrahlung is discussed. Disagreement between experimentally obtained
absorption data and literature data disqualifies a limited energy region of the
Bremsstrahlung measurement. However a significant energy range is identified
where the attenuation, obtained by experiment, is validated by literature data.
This restricted energy range is used to determine the ECR electron temperature
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Figure 8.3: Spectrum of the described 2*' Am radiation source, obtained with the X-
ray detector XR-100CR. In addition to + emission lines there are also X-ray emission
lines from neptunium, americium and silver. Exposure time was 10 hours and the
distance between source and detector measured 2 m. No pileup was detected.

in section 8.4.

8.3.1 Correction of attenuation effects

We are interested in a reliable magnitude representation of the registered X-ray
radiation to extract the corresponding electron temperature as further detailed
in Section 8.4. We need to consider solid material placed in the line of sight
between the ECR plasma and the X-ray detector such as the vacuum window
because solid material has great influence on the transmission of the measured
X-rays and can be characterized by its energy dependent attenuation coefficient
4. In our measurements we used a vacuum window made of borosilicate. Figure
8.4 shows the attenuation coefficient of borosilicate according to literature [30].
The correction of the measured Bremsstrahlung spectrum by the literature
data does not result in a useful Bremsstrahlung spectrum over the full range
of photon energy as detailed in section 8.3.2. However the literature data is of
importance for the identification of a restricted energy range where the literature
data is in agreement with the experimentally obtained attenuation presented in
the next section. The Bremsstrahlung spectrum of this restricted energy range
is then used to determined the plasma electron temperature (see section 8.4).
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8.3.2 Validation of the Bremsstrahlung spectrum

Additional radiation, not originating from the ECR plasma, interference effects,
scattered radiation, line emission outside the vacuum window or any absorption
anomalies would falsify the Bremsstrahlung measurement to a certain extent.

A test is performed to compare the attenuation coefficient given by literature
[30] and the attenuation coefficient obtained by an experiment described in this
section. In the ideal situation with no unexpected falsifying radiation effect
or interference phenomena, this test results in coincidence of literature and
experiment. The experiment has shown, that this is not the case and there is
indeed an unexplained effect, falsifying the Bremsstrahlung measurement for
photon energies below 35 keV.

The following experiment is introduced to find differences between the at-
tenuation of the vacuum window based on literature data and the photon flux
measured with the X-ray detector. To obtain the attenuation coefficient of an
unknown material an experimental setup can be used, provided a sufficiently
continuous spectrum of photon energies is available in the energy range of in-
terest. The principle is the comparison between two photon flux measurements,
one flux measurement with a single vacuum window in place, a second flux mea-
surement with a a second, additional but identical vacuum window in place.

Figure 8.5 presents the measurement setup to experimentally determine the
attenuation coefficient é of the two windows. The Bremsstrahlung measurement
with original intensity I, is performed twice, once with one glass window in
place, once with both glass windows in place. Comparing the two acquired
spectra allows to determine the attenuation coefficient 4. Intensity I is related
to intensity I;, d and d by Eq. 8.5

L=Ixe% (8.5)

And so is I5:

L=Lxe® =] xe 20 (8.6)



Chapter: Bremsstrahlung measurement 133

5]
® o > I [ XR-100CR
ECR
Plasma
Glass 1 Glass 2
thickness d thickness d
) )
& u > Iy Iz | XR-100CR
ECR
Plasma

Figure 8.5: Schematics of setup to determine the attenuation coefficient & of the
used vacuum borosilicate glass window. The distance between the first glass and the
detector is insignificant compared to the distance between the ECR plasma and the
detector.

In our measurement [; is unknown, I and I3 are known. To access ¢ we divide
Eq. 8.6 by Eq. 8.5.

= =¢ (8.7)

Hence:

0 =In (I—z) /d (8.8)
I3

Note that, § depends on photon energy and has to be computed separately for
each energy channel of the obtained spectral data I - € and I - € with € to be
the energy dependent detector efficiency explained in the previous section. Any
photon flux originating within or after the glass windows would lead to a wrong
attenuation coefficient at the specific photon energy and deviate from literature
data. This effect is indeed present and is explained in more detail here.

Figure 8.6 shows the attenuation effect obtained from the experiment com-
pared to the attenuation effect from literature data presented in Figure 8.4. For
energies between 35 keV and 70 keV the experimental data fits the literature
data well. However for energies lower than 35 keV the experimentally obtained
attenuation rather falls than it rises as the literature given attenuation does.
For energies larger than 70 keV the experimentally obtained data suffers from
low counts and correspondingly large standard deviation represented in a wide
data point spread. The low count rate at higher energies lies in the nature of the
ECR plasma emission which decreases with increasing photon energy [11, 14].

In the following section this deviation from literature data is investigated.
An hypothesis for the deviation is formulated. In addition a valid energy range
is defined, where the Bremsstrahlung spectrum is used for the determination of
the electron temperature.
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Figure 8.6: Attenuation effect
obtained from the experiment in
blue and attenuation effect cal-
culated from literature data [30]
in red. The experimentally ob-
tained data fits the literature
data well between energies of
35 keV and 70 keV. However
for photon energies below and
above this energy regime the
experimental data significantly
differs from the literature data.
The data points above 70 keV
suffer from low plasma emis-
sion photon number at higher
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8.3.3 Discussion of attenuation effect

The attenuation coefficient obtained by the experiment does not agree with
the attenuation coefficient given by literature [30] for certain energies. The
experimental data is based on photon counts measured by the X-ray detector.
Any additional radiation source beside the ECR plasma would inevitably falsify
the measurement for both, the determination of the absorption coefficient and
the Bremsstrahlung spectrum.

Several possibilities of measurement errors have been checked:

An additional, falsifying photon flux has to be continuous in order to simu-
late the continuous difference in the experimental and the literature given
attenuation. Consequently line emission or X-ray fluorescence from any
source, at the detector tip or the environment, cannot alone be responsible
for the observed effect.

Measurements with the ECR plasma being switched off have shown that
the noise of the X-ray detector lies below 10 counts per hour and can be
safely considered as insignificant. Hence the effect has to be stimulated
by the ECR plasma.

The ECR plasma is very bright in ultra violet (UV) light [11]. UV radi-
ation could interfere with semiconductors and produce an erroneous de-
tector output. However the X-ray detector tip is shielded by a beryllium
window of 12.7 pum thickness. This window is considered to be opaque
with respect to the wave length of UV light [17].

Measurements were performed with active microwave power but with a
feed gas pressure (5%107% mbar) too low to allow plasma operation. This
allowed to check any interference between the microwave activity and the
measurement setup without the presence of an ECR plasma. During these
measurements the X-ray detector showed the well known back-ground
count rate of 10 counts per hour (see above).

The cooling pump motor, the laboratory ventilation and nearby devices
were switched on and off to investigate any interference between the mea-
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surement setup and sharp current interruptions of circuits or motor brushes.
Again the X-ray detector showed the back-ground count rate of 10 counts
per hour.

However the difference in the measured attenuation and the literature based
attenuation may be explained by additional photons created at the detector
front face. These photons had to be in the actual energy range of up to 35
keV rather than UV energies. Such an additional photon flux would explain
the deviation of the experimentally obtained attenuation coefficient and the
attenuation given by literature at respective photon energies. The additional
photons originating from the detector tip would simulate an apparently higher
vacuum window transmission and a lower attenuation because they are not
attenuated by the vacuum window.

There is another indicator suggesting that additional radiation is emitted
from the X-ray detector. Emission lines of silver can be observed in both the
Bremsstrahlungs spectrum and the calibration procedure using **'Am. To vi-
sualize this effect figure 8.7 shows an overlay of a 2! Am spectrum and a plasma
operation spectrum, uncorrected for attenuation.
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Figure 8.7: Overlay of argon plasma Bremsstrahlungs spectrum in blue and **' Am
spectrum in red. The ' Am has been produced with no solid matter in between
radiation source and X-ray detector. Vertical green dashed lines indicate emission
lines occurring in both spectra indicating the presence of the respective material in
the detector rather than the radiation source or the plasma.

In figure 8.7 emission lines of rhenium, tungsten, nickel, molybdenum, tin
and silver can be seen. Rhenium, tungsten, nickel and molybdenum are com-
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mon components of steel and therefore cannot be assigned to a specific location
without doubt. However silver and tin are usually not present in the construc-
tion material of the vacuum facility and tin is used as soldering metal on the IC
board of the detector chip. Silver is part of an internal collimator of the X-ray
detector.

Both the presence of tin and silver emission lines indicate the additional X-
ray activity of the detector and thereby supports the hypothesis that additional
radiation is originating from the detector tip, falsifying the Bremsstrahlung
measurement below 35 keV.,

At this point the exact nature of the observed effect is unknown. However
for energies between 35 keV and 70 keV the experiment is in excellent agreement
with literature data. Hence the useful energy regime is identified and can be
used for the determination of the electron temperature as shown in the next
section.

8.4 Determination of electron temperature

Assuming a Maxwellian kinetic energy distribution for the hot electrons, the
intensity I(Ephoton) of the emitted Bremsstrahlung as a function of the photon
energy Epporon can be written as: (3, 12, 19])

I(Ephoton) = Io exp (— ht ) = Iy exp (—M) (8.9)
kgT.

Iy is the radiation intensity at the energy Egphoton and basically only scales the
whole function along its magnitude. h is the Planck constant, f the photons
angular frequency, kp the Boltzmann constant and T, the hot electron tem-
perature. Plotted in a logarithmic scale the intensity I(Ephot0n) appears as a
straight line with a slope a = —1/kpT,. This allows to estimate the temperature
of the emitting electron population as a first approximation.

The procedure to determine the electron temperature from the X-ray spec-
trum assumes a Maxwellian energy distribution of the ECR plasma electrons.
Due to the presence of a strong magnetic field and due to the energy decreasing
collision cross section between different energy populations the development of
an electron ensemble with a Maxwellian energy distribution is unlikely. Hence
this approximation of the plasma electron temperature is only a first order ap-
proximation used to compare mere orders of magnitude between different ECR
Bremsstrahlung measurements [11, 17, 14].

Figure 8.8 shows a Bremsstrahlung spectra of MEFISTO performed by M.
Hohl in 2002 [16] to give an idea of the expected exponential decay in X-ray
intensity with increasing photon energy.

figure 8.9 shows two Bremsstrahlung spectra obtained from an argon plasma
of SWISSCASE. Both spectra were corrected by the attenuation factor based on
literature data [30] because literature data and experimental data agree between
35 keV and 70 keV, the energy range which is used for the determination of
the electron temperature. In addition the literature data provides continuous
and precise data also for larger energies, where the experiment suffers from low
count rates resulting in low resolution of the experimentally obtained absorption
coefficient. A dashed green line marks the 35 keV limit below which literature
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Figure 8.8: Bremsstrahlungs spectrum generated by an argon plasma in MEFISTO.
The slope x of the exponential function represents a temperature of T, = 1.7 keV.
Picture: Ph.D. thesis from M. Hohl 2002 [16].

data and the attenuation effect obtained experimentally do not agree anymore
due to the unknown measuring effect discussed in section 8.3.3.

In addition, both spectra were obtained with the same plasma parameter
settings except that the feed gas pressure to be 1.8%10~% mbar for the measure-
ment shown in blue and 5%10~° mbar for the measurement shown in green.

In figure 8.9 we can see both exponential decay functions fit the measured
data exactly for energies higher than 35 keV. The exponential fit deviates from
the measured spectrum at the same energy. This again supports the thesis, the
collected data below 35 keV to be subject of an unknown measurement effect
and not part of the actual plasma X-ray spectrum.

8.5 Conclusion

In the validated energy range between 35 keV and 70 keV the Bremsstrahlung
spectrum shows a constant intensity slope, expected by theory (8.9). The tem-
perature derived from this slope is 9 keV for an argon plasma operated at
1.8%10~* mbar, 10.88 GHz of input frequency and 95 W of input power. For
the same frequency and power setting but a lower feed gas pressure of 5¥10~°
mbar the corresponding derived electron temperature is 11 keV.

This result is in excellent agreement with theory which stipulates higher
electron energies for lower feed gas pressures due to the lower particle densities
and the correspondingly longer mean free path lengths [11]. Given longer mean
free path lengths the electrons undergo a longer acceleration process yielding
higher electron energies and temperatures.

The average electron temperature resulting from the experiment is 10 keV
and is further used for the calculation of plasma parameters in chapter ‘Electron
Cyclotron Resonance’.
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Figure 8.9: Bremsstrahlung spectrum of two different ECR plasmas. One is obtained
at a feed gas pressure of 1.8% 10™* mbar, shown in blue. The other is obtained at a
feed gas pressure of 5510~ mbar, shown in green. f = 10.88 GHz, P = 95 W for both
spectra. T'wo exponential decay functions (red lines) represent electron temperatures
of 9 keV for the data in blue and 11 keV for the data in green respectively. The 35
keV limit to where the measurement is correct is shown by a vertical dashed line in
green. Note, the exponential fit deviates from the measured spectrum approximately
at the same point where the 35 keV limit intersects the spectrum.
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Summary

An new ECR ion source, SWISSCASE (Solar Wind Ion Source Simulator for
the CAlibration of Space Experiments), has been realized at the University of
Bern. The facility will be used to calibrate space borne instrumentation.

The new ion source SWISSCASE needs to be integrated into CASYMS and
will be operated parallel to the existing filament based electron collision ion
source. SWISSCASE has to produce ion currents of highly charged ions six
to eight orders of magnitude more intense than MEFISTO or the CASYMS
filament ion source. Because it will eventually be operated on a high voltage
terminal the new ion source is favored to require low feed power.

As the other ion sources of the University of Bern, the new ion source will
be used to test and calibrate space borne experiments under ultra high vacuum
conditions. For this, the ion source must keep the vacuum contamination in the
target chamber from the plasma operation below 10~® mbars.

9.1 ECR Theory

It was shown that the performance of the magnetic confinement can be ex-
pressed by single particle motion widely found in literature (Chen, Geller). Ini-
tial phase differences between different ECR electrons do not impede the overall
high energy electron population because all electrons get accelerated up to large
energies (10 keV). Diffusion is of moderate interest because it relies on multiple
scattering which disqualifies the hot electrons and expels the cold electrons and
ions from the plasma.

However mean free paths are long enough for the hot electrons to build up
a negative plasma potential to improve the ion confinement. This is necessary
to enable a plasma where low charged ions can collide several times with hot
electrons to undergo the described step by step ionization process and build up
the highly charged ion population.

The increase in operation frequency from MEFISTO to SWISSCASE signi-
ficantly improves the critical electron density by a factor of ~20. In addition
the SWISSCASE plasma is more compact and features, defined by the ECR
zone, a volume 8.8 times smaller than MEFISTO. This leads to a similar overall
electron content but a significantly larger ratio of electron content to ECR zone
surface area in favor for SWISSCASE.
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9.2 Realization of source elements

SWISSCASE is a full permanent confinement magnet ECR ion source operated
at 10.88 GHz for an argon plasma. The facility is ultra high vacuum capable.
A slidable antenna and a short allow impedance matching. A movable puller
electrode and Einzel lense assembly enable extraction geometry adjustments for
optimal ion beam formation. A baffle has been implemented which shields the
high voltage insulation ceramics from surface coating of redeposited sputtering
material.

Both electrical and mechanical operation settings can be manipulated re-
motely and without either shutting the extraction voltage nor breaking the
vacuum. However if a vacuum venting is desired to exchange inner components,
the facility is able to reach UHV conditions within 24 hours.

The ion beam output is analyzed by a 90° mass separation magnet and
measured by a sophisticated two stage Faraday cup which suppresses secondary
electron emission.

9.3 FEM MEFISTO and FEM SWISSCASE

The numerical simulation of MEFISTO and SWISSCASE revealed the detailed
magnetic structure of the ECR plasmoid. The magnetic confinement of future
ECR ion sources can be designed with high accuracy with respect to location
and field structure.

In both, the simulation of SWISSCASE and MEFISTO, magnetic field and
electron density maps were correlated with common sputtering and surface coat-
ing patterns found in hexapole ECR ion sources, which verifies the simulation
concept and supports its quality. In MEFISTO the magnetic field closely resem-
bles the observed ion coating patterns. However, in SWISSCASE, the magnetic
field simulation has to be complemented with electron density maps to reveal
the same correlation.

In SWISSCASE, the hot ECR electrons and the plasma ions are closely
related in both, position and velocity space, due to the strong magnetic field and
the resulting similar larmor radii of hot ECR electrons and cold plasma ions.
This can significantly simplify future computations of ion distribution inside
ECR systems, such as scientific ion sources, ion implanters for semi conductor
manufacturing and ion engines for space propulsion.

9.4 Performance, characterization and fulfilled
requirements

SWISSCASE delivers a broad spectrum of different charge states up to Ar'?*,
Kr'?+ and Xe!?* respectively. The ion charge state distribution is continuous
with a maximum ion current at charges higher than one for all tested gases
except the very light ones, carbon and oxygen. This supports the high ECR
electron temperature of 10 keV presented in Chapter 8.

The broad presence of charge states throughout a large parameter field
greatly simplifies the operation and the tuning of SWISSCASE. The extrac-
tion of ions from the ECR plasma leads to sputtering on the puller electrode.
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The sputtering results in wear and degrades the puller electrode. SWISSCASE
has been operated approximately 200 hours and 400 hours with different oper-
ation gases. The wear patterns on the electrodes are well visible but did not
lead to a decrease in ion beam performance over the test period. Hence, despite
the wear on the puller electrode SWISSCASE can be operated well beyond the
tested time scale. A significant decrease in ion beam performance would give
due notice of a puller electrode eventually in progressed sputtering after many
hundreds of hours of operation time.

SWISSCASE fulfills all hard and soft requirements defined in Chapter 2 to
the specified values as shown in Table 9.1.

Requirement Value hard | Value

required /soft | achieved
Ton charge states ArT¥ to Ari0F hard | Ar'* to Ario+
Ion charge states Ar!! to Ar*t soft | Ar''t to Ar!?*
Ion current @ Ar®+ 1.78%107! pA hard | 2 pA
Input power < 750 W, 1 phase | soft | 600 W, 1 phase
UHV capability at target | 10~% mbar hard | 10~% mbar
Material cost 250’000 CH Fr. hard | 200’000 CH Fr.

Table 9.1: All requirements are fulfilled.

9.5 Bremsstrahlung measurement

Between a photon energy of 35 keV and 70 keV the Bremsstrahlung measure-
ment revealed a hot electron temperature of 9 keV for an argon plasma operated
at 1.8%10~* mbar, 10.88 GHz of input frequency and 95 W of input power. A
different hot electron temperature of 11 keV was obtained with an argon plasma
operated at 5¥10~% mbar at the same frequency and the same microwave input
power. The difference in hot electron temperature is in excellent agreement with
literature which predicts hotter electrons for a lower feed gas pressure [11]. The
average hot electron temperature resulting from these two measurements is 10
keV which is in good agreement with literature.

9.6 Outlook

SWISSCASE is ready for integration into CASYMS with the acquired knowl-
edge about the tested gases. It can also be tested further with other gases such
as organics like propane and butane. This would reveal its ability to ionize
molecules without disintegration.

A microwave model of the ECR plasma would allow to determine the mi-
crowave impedance. Finite element modeling with commercial software such as
Opera by Vectorfields allows to model the remaining facility. Combining both
models, the plasma model and the facility model, enables the computation of
the absorbed and the reflected microwave power in the plasma.

Sweeping the microwave frequency allows sweeping of the ECR zone loca-
tion (see Chapter 3) which results in new ion current output data. The output
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frequency of the implemented microwave generator can be controlled via ter-
minal by an external signal generator. The resulting periodic compression and
expansion of the ECR zone can lead to several interrelated effects such as:

e improved neutrals supply for the ECR zone
o weakened electron and ion confinement
e shorter ion confinement times

¢ improved extraction of highly charged ions due to weakened ion confine-
ment

e new plasma effects

Due to the hardware already in place, experimental runs would verify whether
this results in a beneficial overall effect for highly charged ion production.

The puller electrode can be exchanged with a version of different length,
thereby changing the distance between extraction and first Einzel-lens. Simula-
tions with Opera3D and experimental runs could reveal possible improvements
in the formation of highly charged ion beams.

9.7 Conclusion

To conclude, SWISSCASE is a new, very successful, high performance ECR ion
source with a full permanent magnet confinement. SWISSCASE reliably delivers
ion beams of highly charged ions on demand with highest reproducibility and
excellent vacuum quality.

In addition, the findings of this thesis allow the accurate and reliable design
of magnetic confinements and the computation of electron and ion distribution
inside ECR ion sources. This furthers the efficient fabrication of a wide range of
future electron cyclotron resonance applications to meet the demand of modern
charged particle related science fields, semiconductor industries and spacecraft
propulsion.
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Abstract

The complex magnetic field of the permanent magnet electron cyclotron resonance (ECR) ion source MEFISTO located at the Uni-
versity of Berne has been numerically simulated. For the first time the magnetized volume qualified for electron cyclotron resonance at
2.45 GHz and 87.5 mT has been analyzed in highly detailed 3D simulations with unprecedented resolution. New results were obtained
from the numerical simulation of 25,211 electron trajectories. The evident characteristic ion sputtering trident of hexapole confined ECR
ion sources has been identified with the field and electron trajectory distribution. Furthermore, unexpected long electron trajectory life-

times were found.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Unlike the magnetic field of solenoid coils the field of
permanent magnets can only be tuned over a limited range
after the manufacturing process and the construction of the
ECR ion source. Great care has therefore to be taken in the
design of the magnetic configuration because empirical
adaptation of the magnetic field after construction is lim-
ited to very few options. The magnetic arrangement chosen
for the MEFISTO [4] ion source features a field distribu-
tion which cannot be reduced from three to two dimensions
for the purpose of a more economic simulation. Hence
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appropriate 3D simulations have to be performed to bring
out the full spatial extent of the field distribution.

Fig. 1 shows the arrangement of the permanent magnets
in the MEFISTO ion source. The six permanent magnets of
the ring-shaped cluster on the left are all magnetized
inwards. Similarly the cluster on the right side is magne-
tized outwards. These two outer ring-shaped clusters form
the magnetic field of an axial magnetic bottle and thereby
establish the axial confinement of the plasma electrons.
In contrast the central magnet cluster consists of perma-
nent magnets which are magnetized alternatively inwards
and outwards. This central cluster forms the hexapole field
which produces the radial confinement of the plasma elec-
trons. The ECR plasma is located inside this central ring
arrangement. In addition Fig. 1 also shows the helix
antenna which radiates the microwave power into the
ECR plasma.

The ionization process inside an ECR ion source works
by electron collision with neutrals and ions. The electrons



M. Bodendorfer et al | Nucl. Instr. and Meth, in Phys. Res. B 266 (2008) 820-828 821

Fig. 1. The arrangement of the full permanent magnets of the MEFISTO
ECR ion source at the University of Berne [4]. Some magnets are removed
in this drawing for better visualization.

are effectively heated by the microwaves, most effectively
for those meeting the electron cyclotron resonance condi-
tion. Eq. (1) shows that the ECR condition in general
and the resonance frequency « in particular depend on
the local magnetic field density B, the electron mass m,
and the charge of the electron e. However, the resonance
frequency  does not depend on the electron energy as long
as the electron is not accelerated close to the speed of light
where its change ol mass would come into account due to
special relativity.

ECR = ﬁ (] )

m,

Therefore the choice of the excitation frequency band
determines the required magnetic field density B. Hence
the design parameters of the magnet structure have to be
chosen carefully so that the magnetic field fulfills the
ECR criteria (1). This criteria is generally fulfilled on a
closed iso surface of the magnetic field density (see Section
3). This iso surface defined by the magnetic field distribu-
tion and the microwave frequency has to be located entirely
inside the plasma container for optimal ECR efficiency.

This ECR ion source is used for the calibration of space
craft instruments which are designed to detect highly
charged ions in space. The performance of the ECR ion
source with respect to the production of these highly
charged ions depends on the square of the ECR resonance
frequency [2]. In addition the magnetic field distribution
forms a magnetic mirror with a ratio ry, = B/Beny. in all
directions, which should be as high as possible for optimal
electron and ion confinement. However the successful
extraction of highly charged ions requires a locally poor
confinement performance so that the ions can be extracted
from the loss cone in the axial beam direction. In Fig. 1 this
extraction system is formed by the two cylinder shapes to
the right.

All of these requirements have to be met for the success-
ful operation of an ECR ion source. To achieve these goals
three dimensional numerical simulations of the magnetic
field can be used which allow the highly accurate design
of future ECR ion sources. The simulation technology
has been tested and the results have been compared with
measurements of the existing MEFISTO ECR ion source.

Due to the unique field distribution of hexapole confined
ECR ion sources the high energy electron population fea-
tures a trident shaped spatial distribution as predicted the-
oretically by numerous authors [1.2] and verified in
experiments by Zschornack et al. [3]. The presented mag-
netic field simulation confirms both theory and experiment
in three dimensions.

2. The finite element model

To achieve the highest possible simulation precision
given the available infrastructure a finite element solver
has been chosen. Magnetic simulations have been per-
formed using Tosca by Vector Fields (www.vector-
fields.com). All pieces and volumes relevant for the
simulation of the stationary magnetic field were modeled
carefully. The resulting finite element mesh itself has been
tested extensively with reference patterns and circular
charged particle trajectories such as electrons and ions.
No deviation from the circular orbits were discovered
within the system limit of 5000 integration steps for each
particle. A summary of the FEM mesh characteristics is
given in Table 1.

Fig. 2 shows the finite element model used to simulate
the magnetic field.

As described in Section 1 the model consists of three sets
of block magnets arranged in rings around the central
plasma area and two massive soft iron rings separating
each of the block magnet ring arrangements. Fig. 3 shows

Table 1

Some characteristics of the finite element model

Number of linear el 24 % 10°
Number of quadratic elements 1.9 % 10°
Number of nodes 7.2 % 10°
Number of edges 3 10°
RMS 1.033
Distortion of worst element 8.31 % 107°

Fig. 2. The finite element model with its essential parts.
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Fig. 3. Simulated magnetic field density along the beam axis.

the magnetic field density along the beam axis with respect
to the z-coordinate. The ECR zone is indicated at 87.5 mT
where the field density meets the ECR condition.

The axial magnetic field of the existing MEFISTO ECR
ion source has been measured previously [4-6]. The local
maxima and the local minimum of the measured magnetic
field is given with 240 mT and 60 mT, respectively. The
corresponding mirror ratio is r, = 240mT/60 mT = 4.
The maxima of the numerical simulation are 240.1 mT,
the minimum is 60.05mT and the mirror ratio
Fn = Bias/Bumin 18 3.998. The numerical model is therefore
in excellent agreement with the measurement. All subse-
quent simulations and results are based on the results of
the presented numerical field simulation.

3. The ECR zone

The ECR ion source is fed with a constant microwave
frequency of 2.45 GHz, so the location of the resonance
region can be determined by the corresponding magnetic
field density B, = 87.5mT (1). To present a two dimen-
sional analysis of the field distribution and the ECR local-
ity inside the magnet system we introduce cut planes (plane
A, B, C) into the three dimensional model as shown in
Fig. 4.

In the following figures the magnetic field density has
been mapped to color space. There are two figures of each
cut plane (see Figs. 5-10) giving an overview and a detailed
view of the central part of each plane, respectively. Iso con-
tour lines of the field density are also indicated on each
graph.

Because cut plane B is rotated by 90° with respect to cut
plane A the magnetic field is cut at a different angle too
revealing its non symmetric distribution in cut plane B
(Fig. 8). This feature will be visible more clearly in the
3D view presented further down this Section.

Despite the hexapole arrangement of the central magnet
cluster the resulting field distribution in the symmetry plane
C (see Fig. 4) yields concentric iso contour lines as pre-
sented in Fig. 10. However this is true only for contour

Fig. 4. To map the magnetic field density onto two dimensional patches
we introduce cut planes in the 3D model.

lines which are close to the center of the hexapole. Contour
lines further from the center and closer to the actual block
magnels show the expected hexapole pattern with its dis-
tinct poles.

The small irregularities within the contour lines are due
to the discretization of the model by the finite element size.
The resulting relative error in the field density is lower than
10~ and has been chosen to be acceptable.

In each detailed view above the iso contour line of
87.5 mT is highlighted. Extending the iso contour line con-
cept from two to three dimensions leads to an iso contour
surface. This iso contour surface includes all element cen-
troids of the finite element model which fulfill the criteria
of the given magnetic field density B, = 87.5 mT. On this
surface the gyration frequency of the electrons in the mag-
netic field equals the microwave frequency. The plasma
electrons are therefore heated effectively on this surface.
The surface defined by this criteria is shown in Fig. 11.

On Fig. 11, the centroid of each FEM element of the
specified surface is represented by a small bubble. Each
bubble also represents one launch coordinate for the trajec-
tory model represented in the following section. The shape
is symmetric with respect to the origin located at the center
of the shape. Note the trident shapes on both ends. These
tridents can be explained as follows. Because the locations
of the trident shapes have an offset from the center of the
magnet arrangement in positive and in negative = direction
the radial magnetic field component of the outer ring mag-
net clusters no longer cancel out. This leads to a dominance
of the outwards magnetized cluster in positive = direction.
Consequently the radial field of the outward magnetized
hexapole magnets is enhanced and the field of the inwards
magnetized hexapole magnets is suppressed where the tri-
dent shape in positive = direction is located. The trident
shape in negative z direction is formed in the same way
with the field of the inward magnetized hexapole magnets
suppressed and the field of the outwards magnetized hexa-
pole magnets enhanced. Hence, the shapes are twisted
relative to each other by 60° because of the same angle
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Fig. 5. Simulated magnetic field density in plane A.
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Fig. 6. Detailed view of the center part of plane A, The ECR iso contour

line is highlighted. Due to the orientation of the cut plane (see Fig. 4) the
shape of the iso contour line is almost symmetric.
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Fig. 7. Simulated magnetic field density in plane B.

separating inward and outward magnetized permanent
magnets in the hexapole cluster. The cross section through
the mid plane is circular (see Fig. 10 for 2D contour plot)
and has a diameter of 21.0 mm. The overall length of the
shape is 37.3 mm.

The described trident shapes of the ECR zone also influ-
ence the plasma as explained further down. Fig. 12 shows a
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Fig. 8. Detailed view of the center part of plane B. The ECR iso contour
ling is highlighted. Cut plane B is rotated by 90° with respect to plane A.
The contour lines are no longer symmetric with respect to the beam axis.
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Fig. 10, Detailed view of the center part of plane C. The ECR iso contour
line is highlighted. Toward the center the iso contour lines are concentric
circles.

photograph of two superimposed sputtering tridents
observed in a hexapole confined ECR facility.

Cut plane C is located at z = 0 which results in circular
iso contour lines of the field density near the center not sim-
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Fig. 11. Isosurface of a constant magnetic field density B.., (upper image)
and cut-away.

Fig. 12. The ion beam of hexapole confined ECR ion sources produces
trident shaped sputtering patterns (picture from CASYMS ECR ion
source, University of Bern). Here two trident patterns are superimposed
on a microwave antenna. This antenna was used to radiate the microwaves
into the pl and for impedance hing. It was in contact with the
ECR zone,

ilar to the observed trident shaped sputtering patterns.
However if the cut plane is shifted parallel to z=17 mm
the iso contour lines can be identified with the sputtering
trident (see Fig. 13). This is because the shifted contour
plane cuts the isosurface (Fig. 11) no longer at the center
(as plane C is doing it) but 17 mm toward the trident face.

Detail C shifted from z=0 to z=17Tmm

Coordinate [mm]

Field density [mT]

Coordinate [mm]

Fig. 13, Simulated magnetic field density in a plane parallel to C, but
shifted by 17 mm. While contour plot C at = = 0 (Fig. 10) features circular
iso contour lines another contour plot at = = 17 mm reveals the similarity
to the sputtering trident. The three separated islands of the ECR iso
contour lines are highlighted.

We can clearly identify the top face of the shape with the
typical sputtering trident well known for ECR ion sources
with a hexapole radial confinement such as MEFISTO.
The identification of the simulated and the observed trident
takes into account the shape of the ECR region, the pres-
ence of high energetic electrons and the subsequent emer-
gence of ions as follows,

According to the successful ECR plasma model of Wurz
et al. [12] the ionization is a step by step process starting
with few free electrons and a majority of neutrals. The free
electrons get accelerated to high energies by the electric
field of the microwave injection in the described way of
electron cyclotron resonance. The energetic electrons then
collide with neutrals to produce single charged ions and
more free electrons. More neutrals get ionized due to the
higher electron density. Simultaneously single charged ions
collide with energetic electrons to be ionized from single to
double charged ions and so forth. This way very few free
electrons create an avalanche effect and finally establish
the quasi stable electron density of the ECR plasma featur-
ing highly charged ions. A [ully consistent version of this
model has been tested numerically and verified up to a
charge state of Ar8+ by Hohl et al. [13].

The magnetic trident face has been identified as part of
the volume in which ions are created. Tons are also created
by the same process in the rest of the depicted shape
(Fig. 11) as well as inside of it. However only the trident
part of the front face is being mapped by the extraction
ion optics to the target surfaces where the sputtering has
been observed.

The magnetic field density increases in every direction
pointing away from the entire depicted shape. The closed
depicted shape therefore confines a volume of minimal
magnetic flux density. The magnetic arrangement thereby
fulfills the criteria of a minimum B-field structure. Further
we have the liberty to refer to the defined volume as a
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plasmoid — a plasma magnetic entity [9]. The presented iso-
surface element centroids were used to define the launch
points of the electron trajectories described in the next
section.

4, The trajectory model

The ECR plasma is charged slightly negative as
described by Shirkov [10,11] and verified experimentally
by Golovanivsky and Melin [7]. According to these mea-
surements the plasma potential affecting the electron trajec-
tories has been chosen to be minus 10V. Due to the
compact shape of the simulated plasmoid the spatial distri-
bution of the plasma potential was modeled as a sphere
with the same diameter as the plasmoid.

The electron heating takes place within the ECR quali-
fied volume sheath with a magnetic field density of
87.5mT including an assumed tolerance of =+0.5mT,
which is due to the bandwidth of the implemented micro-
wave generator. Because of collisions and momentum
transfer the production of new ions can only happen close
to where the electrons are energized. Consequently the ini-
tial launch coordinates of the simulated electrons were cho-
sen to be located within the ECR qualified volume sheath.
Each bubble seen in Fig. 11 is located at an element cen-
troid of the magnetic FEM model and therefore represents
one launch point for the trajectory model. In total the iso
surface shape yields 25,211 launch points.

The ECR heating process mainly takes place perpendic-
ular to the local magnetic field lines [2]. Therefore the ini-
tial velocity distribution has been chosen to be
anisotropic. The velocity component parallel to the local
magnetic field of each trajectory was scattered symmetri-
cally around zero with a maxwellian temperature of 2 eV
[8]. Fig. 14 shows a histogram of the modulus of this vector
component.

In contrast the modulus of the two velocity components
perpendicular to the magnetic field were scattered around a
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Fig. 14. The velocity component parallel to the local magnetic field is
distributed with a corresponding temperature of 2 eV,
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Fig. 15. The norm of the velocity component perpendicular to the

magnetic field has an offset of 2 keV and a corresponding temperature of
2 eV with respect to the offset.

kinetic particle energy of 2 keV corresponding to the mea-
surements of Hohl et al. [8]. Fig. 15 shows a histogram of
the modulus of the perpendicular velocity components cen-
tered around 2 keV with a maxwellian temperature of 2 eV
with respect to the offset.

The model does not take into account any particle scat-
tering phenomena nor any other kind of particle particle
interaction. The element size in the finite element and the
selection criteria of the ECR zone gave a total number of
launched particles of 25,211, All simulations have been per-
formed on a IntelCore2Duo 6700 clocked at 2.66 GHz and
2 GB of RAM. The average run time was 83 h at more than
99% of CPU load. Per simulation only one processor core
of the Intel2CoreDuo was used.

5. Results

The trajectory lifetimes, lengths and velocities of each
particle were analyzed. Due to hardware limitations the
simulations were stopped once less than one percent of
the initial number of electrons remained in the simulation.
The life time of a particle is limited by the collision with a
wall of the plasma container or by the end of the simula-
tion. In a histogram of electron trajectory counts versus
trajectory life time we can fit two exponential decay func-
tions of the electron life times 1; and 1>

—Lin(2 l _syin
n(t) = "ta(c i) Ec 5! '-—J) 3

Fig. 16 shows a histogram of the particle life time and an
exponential decay with 7, = 10 ps and another one with
7, = 36 ps indicated.

There are two significant deviations from the exponen-
tial decay behavior around 136 ps and lesser so at 242 ps.
The deviation represents two electron fractions featuring
unexpected long life times. This simulation will be referred
to as simulation A. Fig. 17 gives the mean velocity of each
trajectory with respect to its length for this simulation.
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Fig. 16, Histogram of particle life time and the corresponding exponential
fits.
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Fig. 17. Mean velocity versus trajectory length of simulation A. Two
clusters at 3537 m and 6287 m are separated from the main population.

Apart from the main population from 0 to 2000 m there
are two clusters of trajectories accumulating at a trajectory
length of 3537 m and another one at 6287 m. Both cluster
areas present a wide velocity spectrum centered around
the same value as the main population. The corresponding
trajectories have been traced back to find their underlying
launch points. The respective launch points and their initial
conditions are distributed both homogeneous over the
plasmoid shape as well as correctly anisotropic in velocity
space. Hence, the phenomena is not the result of a special
launch location of the trajectories nor is it due to an anom-
aly of the initial velocities.

To distinguish the simulated phenomena from numeri-
cal errors associated with the random particle velocity dis-
tribution a second simulation was performed. The second
simulation made use of the same principle of anisotropic
initial velocity distribution as the first simulation but starts
with a new set of particles. Due to the randomized velocity
veclor creation process the new set is deliberately different
from the first one despite the equal mean energy and the
equal initial start locations. Fig. 18 shows the mean veloc-
ity versus trajectory length of the second simulation B.

30%10°
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Fig. 18. Trajectory length versus mean velocity of electrons in second
simulation run B.

Table 2

A statistical breakdown of the trajectory length of both simulations
Simulation t a
First simulation A 296.1 m 1207.6m
Second simulation B 3438 m 1213.5m

it refers to the median and « to the standard deviation.

Table 2 gives a statistical breakdown of the trajectory
lengths of both simulations.

The high standard deviation indicates the wide spread of
the length distribution. The medians of both simulations
show a shift of 47.7 m. We can see the graphs for both sim-
ulation runs are similar in overall shape. Both show the
same two clusters in the same area. However in the second
simulation the clusters are slightly shifted toward a higher
trajectory length which corresponds to the higher median
of the second simulation. Table 3 summarizes the findings
related to both clusters.

Due to the different initial conditions of velocity distri-
bution the two simulation runs are not identical. Both
clusters show a relative shift between 2.59% and 3.26%.
However both simulation runs show the clusters are clearly
separated from the main population and grouped in the
same range of trajectory length. Neither median of either
simulation corresponds to a dimension given by the plasma
container nor a low multiple integer of such.

Table 3

A summary of the clusters separated from the main population
Simulation Hotuster 1 Hetuster 2
First simulation A 3537m 6287 m
Second simulation B 3631lm 6499 m
¥ 1 2.59% 3.26%

Hauaert Tefers to as the median of the first cluster in each simulation and
Helusier: 10 the second one. 4. depicts the relative difference between each
median.
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6. Discussion

Moving electrons in a magnetic field are deviated from
straight trajectories by the Lorentz force perpendicular to
their flight directions. The electrons enter circular orbits
with a radius rp. This is called the Larmour radius of an
electron. It depends solely on the electrons energy and
the local magnetic field. It is given by

vm

n=-g (3)
where v is the velocity of the electron, m its mass, ¢ its
charge and B is the local magnetic field density. For the
case of the MEFISTO ECR zone and 2 keV electrons this
results in v = 1.722 mm. The Larmor radii in the ECR
zone are therefore much smaller than the plasma container.
Hence we can give a rough approximation of revolutions
an electrons takes before colliding with a container wall
with g as the median of the first simulation run (4).

My & g1/ (2mr) = 2.7 % 10° (4)

Given a collisionless plasma the electron motion in the
simulated magnetic arrangement is therefore dominated
by the magnetic field rather than the container dimensions
and could indeed produce long trajectories as it is sug-
gested by the simulation results. However this does not
apply for the current operation parameters of the MEFIS-
TO ion source as we will see in Section 6.1.

6.1. Relevance to laboratory plasmas

Laboratory plasmas as in the MEFISTO facility are not
collisionless. The mean free path is limited not only by the
plasma container walls but also by collisions with other
particles of the plasma. According to Chen [1] the mean
free path of an electron is given by (35)

Py

%
5 17 eV
h=34+10" 2 |m] (3)

A= IETUI';:.:) (6)
Ap is the Debye length given by

KT,
p =255 (7

ne?

where T,y is the electron temperature, K is the Boltzmann
constant, n is the plasma density and e is the charge of the
electron. Assuming a plasma density of 10'* m~* and an
electron temperature of 2keV we get a Debye length
/p=324mm, a A of 1.278 = 10" and a mean free path
length / of 5.84 * 10° m.

If we assume an effective cross section [or electron colli-
sions with neutrals of 107" m? [2] a plasma density of
10" m~* and an ionization fraction of 10% [8] we get a
mean free path to the next neutral particle of /i, = 10° m.

This value shows the mean free path length of 2 keV
electrons in an ECR laboratory plasma is too short to pro-

duce the phenomena suggested by the trajectory simula-
tion. However a plasma density of 10" m~* would lead
to a mean free path of 10* m. This would bring the simula-
tion results into physical possibility.

6.2. Relativistic considerations

Due to the electron energies involved of 2 keV a slight
change of electron mass occurs due to special relativity.
The electron cyclotron resonance condition is attached to
the electron mass and the magnetic field density (1). A
change in electron mass therefore results in a different res-
onance condition of the qualified magnetic field density.
The relation is as follows:

B m 1
e e 8
By my ' ()

V1=

where v is the velocity of the electron, ¢ the speed of light in
vacuum, B the ECR qualified magnetic field density with
the consideration of mass increase and B, without the con-
sideration of mass increase. v/c equals 8.67+107% and
B, /By — 1 equals 3.78 « 10~*, This modified magnetic field
requirement would be fulfilled at a different location due
to the spatial distribution of the magnetic field. In fact
the isosurface depicted in Section 3 would be enlarged to-
ward the plasma chamber walls where the magnetic field
features a higher modulus and where the resonance
condition would again be fulfilled. However the shift of
the isosurface would be smaller than the thickness of the
surface due to the implemented [requency tolerance of
the microwave generator. Hence this drift in location of
the electron cyclotron resonance toward a higher magnetic
field locality due to the effect of special relativity has been
neglected.

7. Conclusions

The plasmoid shape resulting from the magnetic config-
uration of MEFISTO is responsible for the typical sputter-
ing geometry of hexapole confined ECR ion sources.
Future permanent magnet ECR ion sources can be
designed very accurately using finite element modeling of
the magnetic field. The accuracy of the FEM model was
confirmed by comparing it to experimental data on MEF-
ISTO. The location of the ECR qualified plasmoid con-
strained by an isosurface of constant magnetic field
density depends on the magnetic arrangement only. It
can therefore be chosen arbitrarily by tuning the design
parameters of the magnetic setup.

Confined by permanent magnet hexapoles, long electron
life times can be expected for low density plasmas in ECR
ion source. This could also be very useful for electron or
positron traps or any other particle storage facility as the
numerical model is scalable by particle mass, particle
energy and magnetic field density.
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Abstract

The magnetic field of the permanent mag-
net electron cyclotron resonance (ECR) ion
source SWISSCASE located at the Univer-
sity of Bern has been numerically simu-
lated and experimentally investigated. For
the first time the magnetized volume quali-
fied for electron cyclotron resonance at 10.88
GHz and 388.6 mT has been analyzed in
highly detailed 3D simulations with unprece-
dented resolution. The observed pattern
of carbon coatings on the source correlates
strongly with the electron and ion distribu-
tion in the ECR plasma of SWISSCASE. Un-
der certain plasma conditions the ion distri-
bution is tightly bound to the electron dis-
tribution and can considerably simplify the
numerical calculations in ECR related appli-
cations such as ECR ion engines and ECR
ion implanters.

1 Indroduction

The reliable and stable operation of an Electron
Cyclotron Resonance (ECR) ion source in produe-
ing high intensity beams of highly charged ions
depends on the successful design of the magnetic
confinement. This confinement enables the ECR
process and is responsible for the confinement of
high energy electrons for the production of highly
charged ions. The resonance criteria for the ECR
process is given by Eq. (1) [1, 2, 4].

wim,

€

B,y (1)

B, .. is the magnetic field fulfilling the resonance
condition, w is the angular frequency of the applied
electric field, m, is the electron mass and e is the
charge of the electron. There is very little that can
be done to change the magnetic field geometry after
production of the permanent magnets. It is there-
fore very important to perform reliable and precise
mumerical simulations of the magnetic field distri-
bution before the production process to guarantee
a suceessful ECR function.

In this paper we present the simulation of
the newly developed and operational SWISS-
CASE (Solar Wind Ion Source Simmlator for
the CAlibration of Space Experiments) ECR ion
source (Figure 1 and 2) and demonstrate the sim-
ulation precision that is necessary for the reliable
localization of the ECR process. In SWISSCASE
the ring shaped magnets establish the axial confine-
ment featuring rotational symunetry with respect to
the beam axis. The Halbach hexapole [13] (Figure
2) establishes the radial electron confinement.

The combination of the ring shaped magnets and
the hexapole requires a full 3D simulation, rather
than two 2D simulations, which would require far
less computation power. Therefore, a three dimen-
sional simulation has been performed covering the
full spatial extent of the magnetic confinement.

In addition to numerically determining the mag-
netic field distribution, the simulation also allows
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Figure 1: A cross section of the velevant compo-
nents of the operational ECR ion souree SWISS-
CASE at the University of Bern. Arrows indicate
the dircetion of magnetization in the ring shaped
permanent magnets. Ditnensions in mm.

calculating eleetron trajectories. In this paper we
show that the resulting electron current density
and electron charge density coincide with experi-
mentally observed surface coating and sputtering
shapes. Further calenlations show the ions are
bound to the same location as the high energy
electron population. This explains the coincidence
of the simulated electron distribution and the ob-
served ion surface coating patterns.

In Section 2 we present the calenlation of criti-
cal plasma parameters to justify the results of the
numerical simulation. In Section 3 the results of
the magnetic field simmlation are presented. Sec-
tion 4 details the simulated electron distribution
followed by the experimentally observed ion coat-
ing patterns described in Section 5. In Section 6
the simulation results are compared to our obser-
vations.

2 Plasma Parameters

Knowledge of the plasma parameters is required for
the calenlation of mean free path lengths for high

Figure 2: A section cul through the Halbach
hexapole magnet of SWISSCASE reveals the char-
acteristic alternating orientation of 24 permanent
magnet sectors. Bold arvows indicate the resulting
main poles inside the hexapole. Dimensions in min.

energy clectrons as well as low energy ions inside
the ECR plasma. It is assmmed the plasma is dom-
inated by a cold electron population [8]. It is fur-
ther assumed the plasma frequency to be the ent
off frequency for the incident microwaves inhibiting
further microwave plasma heating and limiting the
cold plasma electron density [1, 2]. This leads to
a stable equilibrinm where the cold plasma density
is bonnd to the microwave frequency. Hence the
cold plasma density can be estimated by equating
the microwave frequency and the plasma frequency:
Eq. (2) [2]. All nmmerical values are for SWISS-
CASE.

f{"' = fMH' = 10.88 GH:z (2)

farw is the incident microwave frequency and
Jpe s the plasma frequency. From the plasma fre-
quency one gets the density as [1, 2]:
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wye i the angular plasma frequency, €y the vac-
num permittivity, m, the electron mass and e its
charge.

Becanse of the acceleration of electrons in the
ECR zone, cold electrons are heated to substan-
tial energies, forming the hot electron population,
which is responsible for the ionization of atoms and
ions.

Lacking our own Bremsstrahlung measurements,
which allows the determination of the plasma elec-
tron temperature, we assume a temperature of the
hot electron population [2] of 25 keV, which has
been measured by R. Friedlin et al. [5] who ob-
tained their measurements by operating an ECR
discharge at 7.25 GHz. With a value of 25 kel
we obtain the mean free path lengths of the hot
electron population according to Table 1. Assum-
ing the same hot electron temperature for SWISS-
CASE, operated at 10.88 GH z, as for the 7.25 GHz
source provides a conservative estimate for the hot
electron energy and henece for the collision cross sec-
tion.

Parameter | Value Term

T
TSpitzer 2.05 % 10_24 ?nz (fu;':kiﬂ )Z%ETTA
Aspitzer 3.33%10°m 1/ RO spitzer

Table 1: ospitzer: collision cross section for Spitzer

collisions, InA: Coulomb logarithm. n.: plasma
electron density, Ey,: kinetic encrgy of the elec-
tromns.

Different formulas for the caleulation of mean
free path lengths according to different collision
mechanisms ean be found in the literature (Table

2).

Coll. mech. A

Spitzer 333 %107 m
Single 90° 5.90 % 10° m
Semi empirical | 3.54 # 10% m

Ref.

Geller [2]
Chen [1]
Huba [3]

Table 2: Mean free path lengths for different colli-
sion mechanisms.

For the source operation with COs gas as will
be discussed in next sections, the following ealeu-
lation shows the collision mechanism between elec-
trons and neutrals lead to far shorter mean free
path lengths than predicted by electron ion col-
lisions. The neutral population consists of COs3,

CO, Oy and Oy molecules and of @ and C atoms.
We simplify the neutral population to a combined
total density of 2 * nege. It is further assumed
this hypothetical population to feature an effective
cross section given by a dise with a radius equal
to half the length of a CO; molecule (116.3 pm).
This results in an effective cross section of o, =
4.25% 1072° m?. The mean free path can be calcu-
lated by Eq. (4):

1
2nco2 000y

Aeo, = (4)

Aco, is the mean free path in the CO; neu-
tral gas background and neoe its density. Based
on fluid and thermodynamical calenlations and as-
suming the neutral gas temperature to be 300 K,
the neutral gas density in the plasma chamber is
4.805 = 10" 1/m?® resulting in Aco, = 4.90 m.
Hence the lmiting mechanism for the mean free
path is given by electron collisions with neutrals
rather than electron collisions with electrons or
ions.

Another effect that must be considered is radial
electron loss across the magnetic field lines by col-
lision induced diffusion. A simplified expression for
the diffusion process of the hot electrons is given
by Eq. 5 [1].

l.=-un. E-D, Vn, (5)
I, is the loss rate of the electrons per time and
area unit. g is the electron mobility, n. the electron
density, F the electric field and D, the electron
diffusion coefficient. D, is given by Eq. 6 [2].

(6)

ry, is the Larmor radius of the hot electrons and
Vy— the dominating collision frequency between
electrons and neutrals as shown in the previous
paragraph. With r;, = 1.37 mm and v._, =
1.92 % 107 1/5 we obtain D, = 36.1 m?/s.

Furthermore p is related to D, by the Einstein-
Smoluchowski equation (Eq. 7) [1].

D, = 7'?, Ve—n

e D,
K

(M

o=

e 1E



K the Boltzinan constant and T the hot electron
temperature. With T = 25 kel we obtain p
1.44 £ 107 m*/sV. We can now compare the two
terms on the right side of Eq. 5:

1

pn. E=528%10"7 poo (8)
1

D Vn. =439 10% — (9)

E is the electric field assumed to be the plasma
potential of 3 V' divided by the plasma chamber ra-
dins B = 12 mm. Vn,. has been estimated by the
electron density n, divided by the plasma chamber
radins. From the obtained values we can see the
diffusion process is dominated by the term D, Vn,
rather than the term p n,. E. This allows simplify-
ing the calculation of the number of collisions with
neutrals an electron undergoes hefore being lost by
diffusion (Eq. 10).

Neott = T Ve—n (10)

T is the mean time the electrons spend in the
confinement before being lost by the discussed dif-
fusion process. ., is the electron collision fre-
gquency with neutrals. We can write Eq. 10 as Eq.
11:

nn_‘_‘(!'!rrmrm Voen

()

Mool ﬁ’f}r AF‘I:!.»:um
Vptasma 15 the plasma volume, np, the electron
loss rate equal to the right hand side of Eq. 9 and
Aprasma the plasma surface. We approximate the
geometry of the ECR plasma by a cylinder with
length and diameter of the ECR plasmoid. Further
introducing eva = Vptsma /A Plasma a3 the ratio of
the plasma volume and the plasma surface leads to
Eq. 12:

Ne €A Ven B eva R
Meoll = = —

12
D, n. r§ (12)

With our values one obtains n..p = 19.1. This
means hot electrons with a kinetic energy of 25 kel
undergo about 19 collisions with neutrals before be-
ing expelled from the plasma by diffusion across the

magnetic field lines. Relating to the CO; gas oper-
ation discussed further down a similar calenlation
for ions yields an average of 22 collisions with nen-
trals before a singly charged carbon ion is lost by
diffusion.

We conclude from this section that the ealeu-
lated mean free paths of the hot electrons are long
enough to fit many times into the plasina container
and that diffusion across the magnetic field lines is
not impeding the trajectories of the hot electrons
becanse many collisions are needed to complete a
suecessful diffusion loss mechanism. Henee the tra-
v integration based on the simulated mag-
: field presented in the next section is valid.
Furthermore, considering diffusion across magnetic
field lines, ions are approximately as well confined
as electrons in terms of number of collisions before
loss.

3 The magnetic field

For all magnetic simulations of SWISSCASE, the
software TOSCA by vectorfields [4], a finite element
solver, is used. A summary of the essential param-
eters of the finite element model are presented in
Table (3).

number of linear elements 4.7 % 10°
munber of quadratic elements 4.8 % 10°
number of nodes 1.6 % 10°
mumber of edges 6.1 % 10°
RMS 1.033
distortion of worst element 1.40 % 1077

Table 3: Some characteristics of the finite ele-
ment model used for the numerical caleulation of
the magnetic field.

Figure 3 shows the finite element model used for
the magnetic field simulation. Cut planes have
been introduced for the visunalization of section
views.

The axial magnetic field has been measured using
a Hall probe. The simulation result did not devi-
ate from the measurement more than 2.8 % at any
point along the z — axis (see Fignre 3). The maxi-
mal error near the center of the electron cyclotron
resonance zone was .97 %. Figures 4, Figures 5
and 6 present section views of the magnetic model
defined by the ent planes introduced in Figure 3.



Plane A

Plane ©

Figure 3: All magnetic parts of the finite element
maodel have been meshed cavefully according fo size
and relevance thereby optimizing the simulation ef-
ficiency.

The ECR qualified surface, called plasmoid,
presents itself compact and point symmetrically de-
formed as expected from the permanent magunet
setup. Figure 4b shows, despite its larger size than
the permanent magnetic ring to the right (positive
z-coordinate), the permanent magnet ring to the
left (negative z-coordinate) does not deform the iso
contonr line in any asymmetric way. However the
difference in size of the larger permanent magnet
ring shifts the center of the plasmoid along the z
axis toward the larger permanent magnetic ring (in
Figure 4b to the left) without distorting its overall
shape on a larger scale.

4 The electron distribution

In addition to the solution of the magnetic model,
electron trajectories have been calenlated using
the finite element model trajectory integrator [4]
SCALA by vectorfields. The initial velocities of the
particle trajectories were chosen to be anisotropi-
cally distributed. The eleetron velocity veetor com-
ponents perpendicilar to the local magnetic field
lines are distributed with a temperature of 25 kel
The velocity vector components parallel to the lo-
cal magnetic field are distributed with a tempera-
ture of 2 eV [8], the temperature of the cold elec-
trons. This anisotropic velocity distribution com-
plies with the ECR heating mechanism with the

o
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Figure 4: Simulated magnetic field in plane A. For
the purpnse of orientation the outlines of the per-
manent magnet structure and the Armeo soft iron
plate are represented by white lines in Figure a.
Figure (b) features a detailed view of the center
section. The ECR iso contour line is highlighted,
revealing the topography of the ECR qualified sur-
face.

same anisotropic orientation which is perpendicu-
lar to the local magnetie field lines [1]. In total
36328 trajectories have heen lanuched for a simm-
lation run. The presence of space charge caused by
the plasma electrons has heen modeled by intro-
ducing a charged sphere with the same diameter of
the plasmoid and a potential of —3 V' [7. 8. 9].
The magnetic field distribution of the MEFISTO
ECR ion source located at the University of Bern
has been simulated by Bodendorfer at al. [4] and
matches the observed surface coating triangles in
MEFISTO. The simulated magnetic field distribu-
tion of SWISSCASE does not resemble the respec-
tive surface coating triangles in SWISSCASE to the
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Fignre 5: Simulated magnetic field in plane B.
same extent. However, a closer look at the electron
distribution instead of the magnetic field distribu-
tion, suggests a strong link between electron distri-
bution and surface coatings in SWISSCASE. Fig-
ures Ta-d illustrate how the shape of the simulated
electron enrrent density distribution changes from
a hexagon at the plasmoid center into a triangular
shape at the tip of the microwave antenna, where
a triangular-shaped surface coating has been ob-
served (Figure 8) after the operation of the SWISS-
CASE ECR ion source [4]. This transformation of
the electron density maps represents the changing
cross section of the ECR zone while the ent plane
is moved from the plasmoid center toward the an-
tenna. Note due to the geometry of the magnetic
field, the plasmoid and the electron density dis-
tribution are point symmetric with respect to the
plasmoid center.

In the next section we present the observed coat-
ing pattern and a spectral analysis of it which shows
the coating consists indeed of particles found in the
plasma.

e [mm) :

(b)

Figure 6: Simulated magnetic field in plane C. Fig-
wre () features a detailed view of the center section
of Figure (a). The ECR iso contour line

circular,

appears

5 The observed surface coat-
ing pattern

Figure 8 shows a typical surface coating triangle re-
sulting from the exposure directly or indirectly to
the ECR plasma. In this particular ease the ob-
served surface coating triangle was at the tip of the
microwave antenna (see Figure 1) in the SWISS-
CASE facility after the operation of a €O, plasma.
In some cases the observed pattern is a sputtered
area rather than a surface coating. This may origi
nate from the difference in particle energies the sur-
face is exposed to. The observed surface coatings
have been exposed directly to the plasma withont
any kind of extraction or post acceleration of the
plasma particles. In this case the particle energies
may have been low enongh to enable a deposition
process of the nentralized carbon atoms to form the
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Figure 7: Electron current density maps at different positions along the optical axis. Note the increasing
similarity with surface coating triangles (see Figure 8) toward the antenna tip at 15 mm offset from the
plasinoid center. The white ving represents the plasma chamber wall (diameter 24 min). Dimensions in
mm.

observed surface coating. On the other hand sput-
tering shapes are observed after the extraction and
post acceleration where the involved particles have
energies many orders of magnitude larger than they
had inside the plasma. In this case the particle en-
ergy might be too large for a continnous deposition
process and hence sputtering ocenrs.

The antenna tip was chemically analyzed to de-
termine the composition of the surface coating.
The result is smmmarized in Table 4.

Element | Weight [%] | Abundance [%]

Carbon 90.61 93.04

Oxygen | 736 5.67

Fluorine | 1.41 0.91

Neon | 0.62 | 0.38

Total 100 100 Figure 8: Photograph of the microwave antenna of

SWISSCASE after operation (COs, 100 W input
power, 10.48 GHz), published by Bodendorfer at al.
in [4). A dark triangular pateh consisting mostly of
carbon is clearly visible, which was not present be-
fore the operation. The shape of the deposited coat-
.flﬂlff Tn”f-f‘hl’:.‘( ﬂar' l"f\"f.”-'f\"!]’l III"”H?;!._I; ”H['.U, s f;f:;)l”?lﬂf'ﬂl
in the text and in Figure 7. The pattern is displaced
from the optical axis due to a misalignment of the
microwave antenna caused by the antenna’s length
and weight. The misalignment did not cause any
measurable deerease in the son beam performance.
The antenna has a diameter of 12 mm and the side
length of the triangle measures 4.2 mim.

Table 4: Composition of the surface coating in mass
and abundance fraction.

The dominance of earbon in the coated surface
suggests a deposition process originating from the
plasma because the plasma mainly consists of car-
bon and oxygen neutrals and ions. Oxygen is found
as a minor fraction only beeanse it mainly recom-
hines with other oxvgen and carbon radicals and
molecules to form molecular oxygen. ozone, carbon
monaexide or carbon dioxide. All of these recombi-
nation products are gaseous and therefore not likely
candidates for a deposition process. FC40. a liquid

=1



composed of Fluorine and Carbon, N-(CyF7)a. is
used as cooling fluid enveloping the plasma cham-
ber. Fluorine combines well with metals. There-
fore, the Fluorine traces in the spectral analysis
may originate from cooling fluid diffusing in small
amounts through the copper plasma chamber wall.
Neon found in the spectral analysis is a remainder
of previous Neon plasma operations in the same
plasma chamber.

6 Relation between simula-
tion and observation

In this section we explain the relation between the
observed surface coating pattern and the simulated
electron distribution.

As discussed in Section 2 the electron mean free
path is limited to 4.9 m by collisions with neutrals.
The mean free path is therefore far longer than the
ECR plasmoid. This in turn potentially allows ion-
ization processes anywhere inside the plasma con-
tainer. However the magnetic simulation and the
numerical trajectory integration show that the elee-
trons are confined to a limited space inside the con-
fining field (see Figures Ta-d for the electron density
profile).

To investigate the spatial distribution of the ions
we make the approximation that the ion-neutral
cross section equals to twice the value of the hot
clectron-ion scattering cross section (8.5%1072" m?)
and a neutral density equal to the value presented
in Section 2 of this article (4.805 = 10'% 1/m?*).
This leads to a mean free path length for ions of
0.8 m which is 62 times the length of the ECR
plasmoid. This suggests the ions would completely
fill all of the vessel volume resulting in an uniform
density distribution. However in a magnetic field
of 388.6 mT singly charged carbon ions with a ki-
netic energy of 2 eV gyrate with a Larmor radins of
1.82 mm around the magnetic field lines on which
they were ereated. The trajectories of the carbon
ions are therefore restricted by the magnetic con-
finement field rather than the limited geometry of
the plasma vessel. Hence the ions do indeed travel
for a long mean free path length relative to the ECR
plasmoid dimensions. But the ions are prevented
by the magnetic field from filling all the vessel vol-
ume and are confined to a restricted space similar

to the electron distribution presented in the last
section.

This explains the good agreement between the
observed surface coating triangle and the simulated
electron distribution because the carbon ions do not
travel far from the region of ionization defined by
the presence of high energy electrons.

7 Conclusion

We simulated in detail the 3D magnetic field dis-
tribution of the SWISSCASE ECR ion source.
The simulation of high energy electron trajecto-
ries based on the same magnetic model leads to
shapes nearly identical to the observed ion surface
coating triangle. This implies the ion distribution
is related to the high energy electron distribution.
This is justified by the magnetic field parameters,
the ion mean free path lengths and similar Larmor
radii and diffusion parameters of hot electrons and
singly charged carbon ions in SWISSCASE.

Furthermore we generalize that lightweight ions
with Larmor radii and mean free path lengths sim-
ilar to those of a hot electron population can be
considered as spatially bound to the latter. This
can significantly simplify the caleulation of the ion
distribution in ECR related applications such as
ECR ion engines and ECR ion implanters.
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