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Resum 

El principal objectiu d’aquest projecte és proporcionar un disseny conceptual i detallat d’una 
font de ions ECR (Electron Cyclotron Resonance) que servirà com a font externa de protons 
en un banc de proves experimental. Aquest representa un punt clau en el projecte 
d’investigació proposat per la Technology and Engineering Division del Plasma Science and 
Fusion Center del Massachusetts Institute of Technology per determinar el límit superior 
d’intensitat en un ciclotró superconductor d’una sola etapa. Aquesta recerca significarà un 
gran avanç en una tecnologia que té aplicacions en el camp de detecció de materials 
nuclears especials, i en el de tractament protònic de càncer.  

La ciència i tecnologia involucrada en les fonts de ions és molt complexa. A més del disseny 
mecànic complet, aquest projecte inclou principis bàsics de la física del plasma, els quals 
són essencials per entendre el funcionament d’una font de ions, incloent paràmetres bàsics 
d’un plasma, processos de ionització i efectes de camp magnètic, que tenen gran 
importància en el disseny d’una font de ions del tipus ECR.  

El concepte genèric de font de ions es basa en una font de plasma i un sistema electrostàtic 
d’extracció capaç de generar el raig. Diversos tipus de fonts de ions poden ser distingides 
depenent de com es compleixin aquestes dues funcions. En concret, un d’aquests tipus és 
el de les fonts ECR, que utilitza el fenomen físic de ECR per escalfar el plasma i assolir les 
temperatures necessàries per tal que les reaccions de ionització tinguin lloc. L’ús d’aquesta 
tecnologia requereix la comprensió de tots els principals sistemes que la formen: càmera de 
plasma, sistema d’escalfament per microones, sistema magnètic i sistema d’extracció. A part 
dels components mencionats, el disseny ha de cobrir altres funcions: refrigeració del 
sistema, aïllament d’alta tensió i suport i connexions mecàniques generals. 

Per proporcionar un disseny complet de la font de ions, és necessari descriure cadascun 
dels sistemes i subsistemes, així com dissenyar, individualment i en concordança amb la 
resta de l’aparell, cada component de la font de ions. Codis informàtics com POISSON, que 
dóna informació sobre el camp magnètic, o BEAM3D, per simular l’extracció del raig en una 
font de ions ECR, seran utilitzats per dirigir i verificar el disseny. Després de l’estudi adequat 
de tots els sistemes que formen la font de protons, en aquest document es presenta el 
disseny final detallat. Es mostren tots els mètodes de càlcul i consideracions necessàries per 
cada component, així com un plànol detallat de cada peça de l’assemblatge. El projecte 
també inclou anàlisis econòmic i mediambiental, concloent que el cost total del projecte és 
de 75,197.44€ i que no representa cap impacte significatiu sobre el medi ambient.  

Aquest document no només ofereix un disseny complet de la font, sinó que també és una 
guia completa i documentada per la comprensió i disseny d’una font de ions ECR.  
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Abstract 

The main goal of this project is to provide a conceptual and detailed design of an ECR 
(Electron Cyclotron Resonance) Ion Source, which will serve as a bright external proton 
source to an experimental test stand. This represents a key point of the research project 
proposed by the Technology and Engineering Division of the Plasma Science and Fusion 
Center (PSFC) of the Massachusetts Institute of Technology (MIT) to determine the high 
intensity limit of a single stage superconducting cyclotron. This research will signify a great 
advance in a technology with applications in special nuclear material detection and proton 
cancer therapy. 

The science and technology involved in ion sources is very complex. In addition to the 
complete mechanical design, this thesis includes basic plasma physics principles which are 
essential to understand the operation of an ion source, including basic plasma parameters, 
ionization processes and magnetic field effects, which have a key importance in the design 
an ECR ion source.  

The general ion source concept consists of a plasma source and an electrostatic extraction 
system which will generate the focused beam. Depending on how these two functions are 
met, different kind of ion sources can be identified. In particular, one of them is the ECR ion 
source which uses the electron cyclotron resonance heating phenomenon to reach the 
necessary temperature that allow the ionization reactions to happen. The use of this 
technology requires the understanding of all main systems included in it: plasma chamber, 
microwave heating system, magnetic system and extraction system. Apart from the 
mentioned components, other functions must also be covered by the design: system 
refrigeration, high voltage isolation and general mechanical support and connections.  

To provide a complete ion source design, it is necessary to describe each system and 
subsystem, and then design, first individually and then in concordance with the rest of the 
technology, every component of the ion source. Codes such as POISSON, which will give 
magnetic field information, of BEAM3D, to simulate the beam extraction from an ECR ion 
source, are used both to direct and verify the design. After the proper study of all the systems 
that form the ion source, a final detailed design is presented in this document. All necessary 
calculations and considerations for each component are shown, as well as detailed drawings 
of every piece of the assembly. Economical and environmental analysis are also included in 
the project, concluding that the total cost of the project is 75,197.44€ and it does not 
represent any significant impact on the environment. 

This document offers not only the complete design of the ion source, but a complete and 
documented guide for the understanding and design of an ECR ion source.  
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1. Glossary 

1.1. Acronyms 

 
CE Conventional Explosives 

CFR Code of Federal Regulations 

CIRCE Coherent Infrared Radiation Centre 

CSC Compact Superconducting Cyclotron 

CSD Charge State Distribution 

DoD Department of Defense 

DTRA Defense Threat Reduction Agency 

EBIS Electron Beam Ion Source 

ECR Electron Cyclotron Resonance 

ECRH Electron Cyclotron Resonance Heating 

ECRIS Electron Cyclotron Resonance Ion Source 

EPA Environmental Protection Agency 

FFAG Fixed-Field Alternating Gradient accelerator 

GND Ground electrode 

HEP High Energy Physics 

HEU Highly Enriched Uranium 

HTS High Temperature Superconductors 

HCD Hollow Cathode Discharge 

IDE Integrated Development Environment 

ITER International Thermonuclear Experimental Reactor 

MIT Massachusetts Institute of Technology 

NEMA National Electrical Manufacturers Association 

PE Plasma Electrode 

PIG Penning Ion Gauge 

PSFC Plasma Science and Fusion Center 

PSFC T&E PSFC’s Technology and Engineering division 

rf Radio Frequency 
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SNM Special Nuclear Materials 

US United States 

USA United States of America 

USD United States Dollar 

VENUS Versatile ECR ion source for NUclear Science 

WMD Weapon of Mass Destruction 

 

1.2. Symbols 

 
A [-] Atomic mass number 

B [A·(m·rad)-2] Brightness 

B [T] Magnetic field  

Br [T] Magnetic field – radial component 

Bz [T] Magnetic field – axial component 

I [A] Current 

ne [m-3] Plasma electron density 

ni [m-3] Plasma ion density 

nn [m-3] Neutral particle density 

Ø, d [m] Diameter 

Øin, Øout [m] Inner and outer diameter 

d [m] Distance 

R [Ω] Electrical resistance 

e [C] Electron charge 

ε [m·rad] Emittance 

E [N·C-1] Electric field strength 

E [J] or [eV] Energy 

F [N] Force 

f [Hz] Frequency 

h [mm] Height 

Q [-] Ion charge state 

L [m] Coil conductor length 
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M [amu] Ion mass 

m [kg] Mass 

N [turns] Coil turns 

Q [kg·s-1] Mass flow 

Rm [-] Mirror ratio 

p [kg·m·s-1] Momentum 

P [W] Power 

P [Pa] Pressure 

R, r [m] Radius, radial coordinate 

 [mm] Coil cross section center radius 

ρ [Ω·m] Resistivity 

S, A [m2] Section, Area 

Ti [eV] Ion temperature 

Te [eV] Electron temperature 

v [m·s-1] Velocity 

ω [rad· s-1] Angular velocity 

V, U [V] Voltage or electromotive force 

Vext [V] Extraction voltage, Extraction electrode voltage 

Vsup [V] Suppressor electrode voltage 

Vgnd [V] Ground electrode voltage 

∆V [V] Voltage drop 

w [mm] Width 

z [mm] Z – axial coordinate 

 

1.3. Unit symbols 

 
 Ångström Length 

A Ampere Electrical intensity 

m·rad meter·radian Emittance 

eV Electron Volt Energy 

€ Euro Currency 
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in Inch Length 

G Gauss Magnetic flux density 

g Gram Mass 

Hz Hertz Frequency 

K Kelvin Temperature 

kg Kilogram Mass 

m Meter Length 

m2 Square meter Area 

n neutron Number of neutrons 

N Newton Force 

Ω Ohm Electrical Resistance 

Pa Pascal Pressure 

rad radian angle 

s Second Time 

T Tesla Magnetic flux density 

V Volt Voltage or electromagnetic force 

W Watt Power 
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2. Preface 

Detection of nuclear weapons and special nuclear material (SNM, certain types of uranium 
and plutonium) is crucial to frustrate nuclear proliferation and terrorism and to secure 
weapons and materials worldwide.  

In the last decade security has become a dominant concern. Among all the possible 
terrorism scenarios, those ones involved with high atomic number fissile materials seem to 
evoke the most concern, probably because of the small volume of material needed to cause 
a catastrophic impact. Actually, a single kilogram of SNM can produce a weapon that would 
significantly harm a modern city. 

2.2. Project origin 

Then, there is a current necessity to develop a certain technology in the field of sensing 
fissile materials. Before extending and detailing this aspect, the following section briefly 
introduces the science involved in this kind of procedures. 

2.2.1. The science of nuclear materials detection 

Nowadays, detection and characterization of SNM is central to several programs related to 
homeland security. The initial objective is often to determine the presence or absence of 
SNM in an unknown object using non-invasive means. If SNM is determined to be present, 
then there is often a need to characterize the material by inferring the type of SNM, the mass, 
and the configuration or geometry. Many such applications are complicated by shielding and 
the competing needs for speed and accuracy. 

There are two primary approaches to detect clandestine SNM: passive detection and active 
interrogation. In the following paragraphs both methods are described. A special emphasis 
and focus is going to be given to the second technique as it is directly to the present project. 

Active interrogation techniques have been used for more than a hundred years since the 
discovery of X-rays. Until recently, these techniques haven’t been widely used except in 
medical and special industrial applications. The main reasons are the cost and complexity of 
such equipment, the ability of passive detection methods to provide accurate results, and the 
concerns of radiation safety issues related to the deployment of radiation emitting systems 
outside of laboratory environments.  
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2.2.1.1. Passive detection 

Passive nondestructive detection is based on the detection of naturally emitted gamma rays 
and/or neutrons from SNM. This method relies on observing intrinsic radiation emitted by the 
SNM, such as, for example, the mentioned neutrons from spontaneous fission reactions. 

Because of the absence of an interrogating radiation source, the passive techniques are 
much simpler to deploy. Moreover, detection systems utilizing this approach deliver no 
radiation dose to the target. 

Passive detection is more challenging if the SNM is heavily shielded. In addition, the 
effectiveness of passive detection can depend on the type of SNM. Furthermore, passive 
detection of photons from HEU suffers from the fact that most HEU photons are low enough 
in energy to be easily shielded. Thus, detecting shielded HEU is often portrayed as the 
“Grand Challenge” of this field. [1][2] 

2.2.1.2. Active interrogation 

An alternative to passive detection is to employ active interrogation. This technique relies on 
nuclear external radiation sources that are used to interrogate the unknown object and 
induce a specific reaction which can be detected. This response is then analyzed to 
characterize the SNM, if any, contained in the object. The induced reaction is unique to each 
SNM, therefore the identification of the quantity and type of material is exact and reliable. 

Although most SNM naturally emit neutrons and/or γ-rays, both the energy and intensity of 
the spontaneous radiation are fairly low in most cases. In security applications, it is prudent 
to assume that the SNM is well shielded enough to avoid passive detection. Sensing well 
shielded SNM using passive techniques, with a low false positive rate in a reasonably 
short time of observation, is almost impossible. 

Although passive techniques may be equally accurate in some cases, active interrogation 
methods offer unique flexibility. The energy and intensity of the interrogating radiation can be 
adjusted to provide an appropriate response intensity and to generate different responses 
from different nuclides. Furthermore, in contrast to passive methods, active interrogation 
techniques can be applied to both low and high-density materials, and even materials 
shielded with high-density equipment. 

2.2.2. MIT project 

According to the concerns mentioned above, the Defense Threat Reduction Agency (or 
DTRA) established the science of WMD sensing and recognition as one of the main thrust 
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areas of the Research and Development Enterprise [3]. This thrust area is described in the 
DTRA announcement: 

“The basic science of WMD sensing and recognition is the fundamental understanding of 
materials that demonstrate measurable changes when stimulated by energy, molecules, or 
particles from WMD in the environment. This research thrust involves exploration and 
exploitation of interactions between materials and various electromagnetic frequencies, 
molecules, nuclear radiation or particles. These interactions and the specific form of 
recognition that they provide are used for subsequent generation of information that provides 
knowledge of the presence, identity, and/or quantity of material or energy in the environment 
that may be significant.” [4] 

In June 2008, DTRA, through its Basic and Applied Sciences Directorate, which is a division 
of the Research and Development Enterprise, proposed several topics and research lines to 
investigate during the following years. The following lines are directly extracted from the 
DTRA announcement to describe the specific topic that led to the implementation of the 
project here explained. 

Topic I:  Sensing Fissile Materials at Long Range (Thrust 1) 

This topic explores novel methods and advancements in the ability to remote sense fissile 
material. In particular, understanding of the interactions of primary radiation or 
alternate/secondary signatures associated with fissile or other radiological materials, with 
nano-structured materials and improvements in the characterization of properties of 
semiconductors at both the micro and nano-scale, is included.  Periods of performance that 
include up to two year options for a total of up to five years are encouraged for this topic.  
Proposals that engage government laboratory (DoD) institutions are also encouraged. [4] 

The Massachusetts Institute of Technology (MIT), and more specifically the Fusion 
Technology and Engineering division of the Plasma Science and Fusion Center (PSFC) 
responded to the DTRA proposal through the main researchers Timothy A. Antaya, Leslie 
Bromberg and Joseph V. Minervini.  

2.2.2.1. Plasma Science and Fusion Center 

The Plasma Science and Fusion Center (PSFC) at the Massachusetts Institute of 
Technology is a research laboratory for the study of plasma physics and nuclear fusion. 
Originally known as the Plasma Fusion Center, it was founded in 1976. 

The PSFC seeks to provide research and educational opportunities for expanding the 
scientific understanding of the physics of plasma, the "fourth state of matter", and to use that 
knowledge to develop useful applications. The central focus of PSFC activities has been to 
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create a scientific and engineering base for the development of fusion power. Nevertheless, 
non-fusion applications involving plasmas at the PSFC are numerous and diverse.  

This division has broad experience in engineering research and development of magnet 
systems for use in PSFC projects, in national and international fusion projects, and in a wide 
variety of applications for government laboratories, industry, medical institutions, and others. 

The PSFC in general, and also the mentioned division is linked and in direct contact with 
other departments in the Institute such as the Electrical Engineering and Computer Science 
department, the Materials Science and Engineering department, the Mechanical Engineering 
department, the Nuclear Science Engineering department or the department of Physics. This 
quality gives almost every project in the PSFC a high level of science and engineering 
diversity. [5] 

2.2.2.2. MIT project proposal 

In response to the DTRA Topic 08-I: “Sensing fissile materials at long range”, a project titled 
“Frontier Studies of Single Stage Superconducting Cyclotron-based Primary Accelerators for 
Sensing Fissile Materials at Long Range” was proposed by T.A. Antaya, L. Bromberg and 
J.V. Minervini on November 2008. [6] 

The following sections describe the objective, the background, the motivation and the task 
division of this project. This will head to identify the specific task in this interdisciplinary 
project that will serve as content for this thesis. 

2.2.2.2.1 Background 

Cyclotrons are now in their eighth decade of use and compact superconducting isochronous 
cyclotrons are now in their third decade of use. It has been demonstrated that this kind of 
accelerators are able to reach a final proton energy of 1.2 GeV. In addition, an accelerator 
complex with multiple cyclotron stages reached a final proton intensity of 1.6 mA at 0.6 GeV. 
These energies and intensities are achieved in conventional, resistive coil based, 
unsaturated iron pole, isochronous cyclotrons.  

Superconducting cyclotrons, introduced in the 1980s, were developed for heavy ion primary 
beam nuclear science. They exploit an inverse relationship of field and final radius in 
cyclotrons for a given energy to achieve remarkably compact accelerators with low overall 
space and power requirements (Eq. 2.1 and Table 2.1).  

   Kr B  

 

(Eq. 2.1) 
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Since the introduction of superconducting 
cyclotrons, there have been more than two 
decades of advances in superconducting 
magnets. These advances have occurred on 
all fronts: engineered materials (structural 
steels and super-alloys, insulation, thermal and 
radiation resistance), cryogenics (including 
cryogen-free cooling), superconductors, 
magnet peak stresses, and design/analysis 
tools.  

No accelerator of any type (cyclotron, linac, synchrotron, FFAG) has reached GeV proton 
energies at mA intensities in a single accelerator stage, and this is a fundamental and limiting 
challenge for primary accelerators particularly for WMD sensing, where the ability to deploy a 
practical system is fundamental.  

One key development of the superconducting cyclotrons is the coupling of a bright 
external plasma based ion source. The use of an axial injection, at high voltage, into a 
single stage high energy cyclotron has never been attempted for a proton optimized 
cyclotron, not for fundamental reasons, but rather because the science application did not 
require it.  

So it is now possible to consider proton acceleration, from zero velocity ions to relativistic 
energies, in a compact single-stage superconducting cyclotron. On the basis of the 
mentioned recent developments, it can be stated with conviction that a compact, 1 GeV, 
1mA, single stage, and cryogen free superconducting proton cyclotron at 7T is possible.  

Multi-GeV or multi-mA performance of a high field superconducting cyclotron is now not 
possible, but a set of fundamental studies to determine the performance limits of such 
cyclotrons can be made, and the sensing of fissile materials at long range is precisely the 
right reason for attempting these studies. [6] 

2.2.2.2.2 Motivation and objectives 

Rapid and accurate sensing of fissile materials at long range may require GeV muon or 
multi-GeV proton primary beams at intensities beyond present technological limits, and in 
configurations that are robust, simple and transportable.  

The simultaneous achievement of mA proton intensities at GeV energies in a single stage 
accelerator has never been achieved and no basic science application requires it. Hence the 
science of WMD Sensing and Recognition requires primary particle accelerators with 
properties beyond their traditional basic science counterparts. Most of the proposed WMD 

Table 2.1. Superconducting cyclotron size vs. 
magnetic field [7] 

B (T) Final Radius 
(m) 

Size Decreases 
by:

 
 

1 2.28 1 

3 0.76 1/27 

5 0.46 1/125 

7 0.33 1/343 

9 0.25 1/729 
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sensing approaches are based on linear accelerator technology. These types of accelerators 
have severe limitations with respect to size, complexity, weight and power at the energy and 
current regimes being considered. 

The recent progress in different fields already stated in the previous section provides the 
opportunity to carefully address whether GeV class compact proton cyclotrons are even 
feasible for WMD sensing. Therefore it is proposed a multi-year study to set the limits on the 
final energy, above 1 GeV, and final intensity, above 1 mA, that may be achieved for protons 
in a compact, single stage, high field cyclotron. [6] 

2.2.2.2.3 Scientific approach 

For all the reasons addressed in the previous sections the mentioned researchers at the T&E 
division of the PSFC propose to address the feasibility of a compact, high field, iron free, 
single stage superconducting cyclotron and its fundamental limits, for the production of 
energetic primary beams for WMD remote sensing that are beyond the present capabilities 
of cyclotrons. In order to accomplish these objectives, the research is broken into two main 
topical areas: High Energy and High Intensity. 

High Energy Limit Determination: In order to do this, a combination of beam dynamics 
simulation and advanced field design is required. The starting point will be a 1-2 GeV proton 
cyclotron at 6-7T. 

High Intensity Limit Determination: In order to assess the intensity frontier of iron free 
superconducting cyclotrons, it is necessary to build and operate a high field cyclotron 
injection test stand. This test stand will include a bright external proton ion source 
operated at high voltage, an axial injection column that includes bunching and 
focusing elements, an inflector, a cyclotron central region and beam phase space 
measurement devices. The principle aim will be to measure the longitudinal and transverse 
phase space of bunched inflected proton beams as a function of intensity, voltage, and guide 
magnetic field. The initial operating point will be at 6-7 T but the project will include provision 
for operating at 8-10T as well. 

Note: The work in this thesis concerns the design of the “bright external proton ion source” 
identified above, and so is expressed in the section “3.2 Project scope”. 

As an ultimate scientific outcome of this work it is possible to expect that coupling higher field 
with the unexplored optimization of cyclotrons for single stage operation with bright external 
proton sources makes possible a new class of compact, high energy, single stage proton 
cyclotrons. [6] 
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2.3. Motivation 

The participation in the project presented in the lines above has the obvious motivation to 
contribute to the development of a complete new and advanced technology which will push 
the field of WMD sensing and detection far beyond the current limits. 

Furthermore, the opportunity to collaborate in this project and with all the people that work on 
it is also a motivation in itself. Also, the fact that it is being developed in the Massachusetts 
Institute of Technology, which is considered one of the best technological institutions in the 
world, adds a huge value to this experience. The chance to spend a relative long period, of 
about nine months, working together and learning from some of the best researchers in this 
field, such as Dr Antaya or Dr Minervini, gives a great incentive to the completion of this 
work. 

In addition to the mentioned motivations, a second application, but not less important, of the 
exact same technology to be researched in this work brings to this assignment an added 
significance. The development of high energy and intensity compact cyclotrons would also 
represent a huge advance in the field of proton therapy for cancer. Current proton therapy 
treatment facilities use both linear accelerators and cyclotrons. But in this case, a 
development in the field of cyclotron technology, as the one that would represent the success 
of the project before presented, would make this type of equipment more affordable, feasible 
and attractive. In the following section the basic science, facts and advantages of the proton 
therapy are presented. 

2.3.1. Proton therapy 

Novel irradiation techniques in cancer treatment, such as e.g. proton or ion therapy are 
developed to minimize the volume of healthy tissue that is irradiated. Since a few years 
facilities are being setup in hospitals for routine use, but at the same time many technological 
developments are still needed for further optimization of the treatment strategies in a hospital 
environment. These developments concentrate on accelerator design, dynamic beam 
delivery techniques, beam delivery systems that allow beam direction flexibility, dosimetry 
and system reliability. [8] 

Proton therapy is a type of particle therapy which uses a beam of protons to irradiate 
diseased tissue, most often in the treatment of cancer. The main advantage of proton 
therapy is the ability to more precisely localize the radiation dosage when compared with 
other types of radiotherapy.  
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The main difference between protons and X-rays is the physical properties of the proton 
beam itself. Protons are large particles with a positive charge that penetrate matter, in this 
case tissue, to a limited depth, based on the energy of the beam, and deposit most of their 
energy at the end of the beam. X-rays are electromagnetic waves that have no mass or 
charge and are able to 
penetrate completely 
through tissue while losing 
some energy along the 
way. In turn, X-rays enter 
the patient on one side of 
the body and travel 
straight through, exiting 
out the other side; with the 
radiation dose gradually 
decreasing as it travels 
through the tissues (see 
Figure 2.1). 

The proton beam is able to enter the body at a fairly low dose of radiation and increase in the 
last 3mm of the beam to the dose required for treatment. In addition, the beam then stops, 
resulting in virtually no radiation to the tissue beyond the target. The ability of the proton dose 
to increase at a specified area is called the Bragg Peak. The depth of the Bragg Peak in 

Figure 2.1. X-ray (left) and proton therapy (right) affected tissues. [9] 

Figure 2.2. Proton therapy treatment facilities [10] 
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tissue is dependent on the energy of the beam; the higher the energy, the deeper the Bragg 
Peak. This allows the radiation team to calculate the energy required to position the dose at 
the depth of the cancer and spare the healthy tissues surrounding it.  

This ability to spare healthy tissue is the main difference between x-rays and protons. 
Research has shown that the biologic effect, or the damage to exposed tissues, is essentially 
the same for both therapies. This means the therapies will destroy tumor cells in the same 
manner, but protons should result in less toxicity to healthy tissues. [9] 

Currently, only few hospitals around the world have proton beam facilities (see Figure 2.2). 
The huge cost that such equipments represent for a hospital, despite the demonstrated 
advantages in front of other kind of treatments, makes it difficult to spread and reach the 
desired level of use. The progress in the field of compact cyclotrons would mean a huge step 
in breaking through the current walls of this technology.   

Compact accelerators may “transform the proton therapy landscape in this country”, says 
Leonard Arzt, executive director of the National Association for Proton Therapy. [10] 
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3. Introduction 

After having explained all the surroundings and background that support the work presented 
in this thesis, it is now possible to introduce the specific topic and aspect developed in the 
following pages.  

The work presented in the current thesis will serve as a significant part of the project 
presented in the previous sections, which will be mainly directed by Dr Antaya at the 
Technology and Engineering division of the PSFC at the MIT, and which responds to the 
research announcement from DTRA. 

In this sense, the current thesis will be focused on the complete design of the ion source 
which will serve as the mentioned bright external proton ion source necessary for the 
completion of the test stand proposed for the high intensity limit determination of a compact, 
high field, iron free, single stage superconducting cyclotron. 

3.1. Project objectives 

The main and the most important objective of the project here explained is to completely 
design a proton ion source following the given specifications.  

Actually, is also essential to provide the design and the calculation methodologies clearly 
enough to ease the task of redesign. Already in the initial approach of the project, it is clear 
that this is a long term task, initially proposed to have a five year duration, in which the 
design of such an ion source can be a major point. Is for this reason why it is more than 
probable that in a near future a whole new ion source, counting with new and different 
specifications, will be needed.  

In addition, the project will be resumed by a completely new person; therefore the fact of 
transmitting all the documentation and work created during the development of this project 
with the maximum clarity and in a concise way has key importance. In this sense, the easy 
adaptation of a hypothetic new student to the project’s dynamic has also to be considered as 
a goal for the current thesis.  

Moreover, as this is a research project, one of the main goals has to be the achievement of 
knowledge in the field of study. Consequently, simultaneously to the fact of providing a 
design that meets the required specifications, it is also necessary to create, proportionate 
and transmit knowledge in the field of ion sources, and specifically ECR ion sources. 
Although the main point of study of the MIT project is the development of a new generation of 
compact cyclotrons, surely the mentioned and hypothetic compact cyclotron to be build, once 
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the feasibility study has come to an end, and only in case it does positively, will have an 
external ECR proton source. Is for that reason that all the acquired knowledge, not only 
during the design, but also during the construction and operation of the ion source, will be 
more than useful towards the development and success of future endeavors.  

Apart from these objectives, which will serve directly to the project success, it is also possible 
and necessary to set some other goals regarding the interaction of this work with the author. 
In this direction, a very important objective to meet after the completion of this project is the 
learning and understanding of new and necessary concepts which will be analyzed and used 
during the design process of the ion source. 

Also, it is essential to build the ability to integrate all the knowledge acquired during the 
previous academic experience in the “Universitat Politècnica de Catalunya”, plus the new 
notions gained during the stage at the Massachusetts Institute of Technology, and to be able 
to materialize it in the realization of a complete technical project.   

3.2. Project scope 

As it has been determined in previous sections, the goal of this project is the complete 
design of a proton ion source. In this sense, the scope of this project encompasses all the 
required calculations, simulations, and in general scientific studies of the operation principles 
for the full determination of the required ion source.  

As it will be explained in the following sections, an Electron Cyclotron Resonance Ion Source 
(ECRIS) will be used. Consequently, all the science behind this kind of technology will be 
studied and analyzed during the development of the project.  

A deep study will be required in some fields, which represent the main concerns in the 
design of a unique ECRIS. For high intensity proton beams the major topics to consider will 
be: 

- Magnetic field design. The detailed design of the coil to meet the necessary magnetic 
field distribution for the correct operation of an ECRIS. 

- Microwave system. Inclusion in the design of the needed microwave transportation 
line and windows following the principles of the ion source. 

- Beam extraction. The simulation, calculation and design of the electrode system that 
will serve as the beam extraction component to accomplish the expected beam 
specifications. 

- High voltage. The correct electrical isolation of the different subsystems in the 
assembly for the proper function of this technology.  
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- Plasma physics. Study and understanding of the main physics principles that reign 
the behavior of the plasma, and thus the beam of the ion source. 

- Cooling. The necessary consideration of the heat to be dissipated in the normal 
operation of an ECRIS, and the consequent design of a system capable of doing it. 

Apart from all the complex scientific procedures needed to be studied, analyzed and 
properly designed; it is also necessary and fundamental to provide the mechanical 
design of all the parts and assemblies that will allow all these subsystems to be put 
together and properly function. Moreover, is important to be constantly and 
simultaneously aware of all the problematic and different aspects of the design. Every 
mentioned feature present in the system will somehow interfere with each other; hence it 
has not to be considered as a modular design, but an integral one.  

The operation of an ECRIS would imply the presence of some auxiliary systems such as 
a vacuum circuit, or a microwave generation. It is important to mention that the design 
and calculation of these systems will not be included in this project. 
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4. Plasma physics 

The characteristics of the ion beam that produces an ion source are mainly determined by 
the plasma and the extractor system. Thus, for example, the ion beam current is determined 
by the plasma density, the plasma electron temperature, the extraction voltage, and the 
extractor geometry. The beam emittance is determined by the plasma density distribution, 
the plasma ion temperature, and the extractor geometry; and, clearly, the beam composition 
is determined by the composition of the plasma. The physics of the ion source is thus largely 
plasma physics. In this section those principles of plasma physics required for an 
understanding of ion source performance and behavior are reviewed. [11] 

4.1. Introduction 

Plasma is sometimes referred to as the fourth state of matter, following the solid, liquid and 
gaseous states. This description refers to the particle energy, or temperature, of the material. 
As the temperature of a substance is increased, the material changes firstly from solid to 
liquid, then liquid to gas, and finally from gas to plasma. In a plasma, one or more of the 
orbital electrons of the atoms are stripped from the nucleus and participate as individual 
particles. Whereas in a gas the constituent particles are molecules of the gas species, in a 
plasma the individual particles that make up the plasma are, in general, a mixture of three 
different kinds: ions, electrons and neutrals. 

Plasmas exist in nature in those environments where the temperature is adequately high, 
such as in the sun, stars and in the ionosphere, and on the earth in transient forms such as 
lightning. Man-made plasmas have become commonplace and are part of the modern world 
in forms such as fluorescent lamps, neon signs and high voltage sparks. 

4.2. Basic plasma parameters 

The most basic of all plasma parameters are the plasma density and temperature. These 
concepts in turn relate to fractional ionization of the plasma and to the concepts of particle 
distribution functions and their means. 

4.2.1. Particle density 

The constituents of a plasma are ions, electrons, and usually also un-ionized neutrals. Thus 
one speaks of plasma electron density ne, plasma ion density ni and neutral particle density 
nn. 
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Most laboratory plasmas have densities in the broad range 1014 – 1022 m–3. For plasmas 
encountered in ion sources the density is generally in the vicinity of 1018 m–3, basically 
because of the conditions imposed on the ion source plasma for good beam formation. As a 
comparison recall that a room temperature gas at a pressure of 1.3x10–2 Pa has a particle 
density of 3.3x1018 m–3. 

4.2.2. Fractional ionization 

The fractional ionization or percentage ionization of the plasma is defined as the ratio of ion 
density to total density of ions and neutral particles,  

       

If there are no neutral particles in the plasma then the plasma is said to be fully ionized. The 
term highly ionized is loosely used to describe plasmas with percentage ionization greater 
than approximately 10%. 

4.2.3. Particle temperature 

The energy of the plasma particles can be described by a temperature. The plasma 
temperature is commonly expressed in units of electron Volts (eV), where 

1 eV = 11,600 K   

Temperature T can be converted to energy kT by multiplication by the appropriate factor. If T 
is given in K then k = 1.38x10–23 J K–1 (Boltzmann’s constant), and if T is given in eV then k = 
1.6x10–19 J eV–1; (electron volts are, of course, already energy units). The ion temperature Ti 
and the electron temperature Te are not necessarily equal. The term plasma temperature is 
thus not strictly meaningful unless the ion and electron temperatures are equal. 

The plasma might possess not only energy due to the random thermal motion of its particles, 
but also energy due to a certain mass flow. In this case the plasma is said to have a directed 
energy, or drift energy. Therefore, it is important not to confuse the plasma drift energy with 
the plasma temperature. 

4.3. Magnetic field effects 

Charged particles in motion experience a force in the presence of a magnetic field, and so 
also do the plasma ions and electrons. In a magnetized plasma, the motion of the ions and 
electrons is circular in the plane perpendicular to the magnetic field (i.e., the transverse 
direction) and is unmodified in the direction parallel to the field (i.e., the longitudinal direction). 

(Eq. 4.1)

(Eq. 4.2)
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Apart from collisions with other plasma particles, the resultant particle motion is helical, a 
combination of the transverse circular motion and longitudinal constant velocity. The ions and 
electrons act, to some extent, as though they are ‘tied’ to the field lines.  

4.3.1. Gyro orbits 

A particle with charge, q = eQ, and velocity, v, moving in a magnetic field, of flux density B 
experiences a force, F, given by 

  

This is called the Lorentz force. It is directed radially inward on the particle as it moves with 
perpendicular velocity  in a circular motion about the parallel component of magnetic 
field   . The velocity component  has no interaction with the magnetic field (   0), 
and thus the general trajectory of a charged particle in a magnetic field is helical. Equating 
the Lorenz force to the centripetal force, an expression for the radius of the circular orbit is 
obtained, 

  

This is called the cyclotron radius or the gyro-radius of the particle’s orbital motion in the 
magnetic field. The cyclotron radius can be expressed in terms of the particle temperature 

via the equality  , valid when the ion motion is non-relativistic. 

4.3.2. Gyro frequencies 

The frequencies with which the ions and electrons gyrate around the field lines are important 
parameters. Equating the centripetal force,  , to the Lorenz force, , yields an 
expression for the (radian) cyclotron frequency, or gyro-frequency, 

,   

where for ions q = Qie, and m is the ion mass mi, and for electrons q = e and m is the 
electron mass me. One can write the ion cyclotron frequency in convenient form as 

fci = 15.2 QB/A (MHz),  

and the electron cyclotron frequency as  

fce = 28 B (GHz),   

(Eq. 4.3)

(Eq. 4.4)

(Eq. 4.5)

(Eq. 4.6)

(Eq. 4.7)
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where again Q is the ion charge state and B is in Tesla. 

The charged-particle circular motion carries a sign corresponding to the sign of the charge, q, 
that indicates the sense of the particle rotation about the magnetic field lines. The electron 
gyromotion is right-handed, and the ion gyromotion is left-handed. These senses become 
important for the coupling of some kinds of waves into the plasma – axially propagating 
waves (of the right frequency) can couple power into the plasma via the electrons if the wave 
is right-hand polarized or into the ions if the wave is left-hand polarized. 

4.3.3. Magnetic confinement 

The fact that the ions and electrons in a plasma are tied in their orbital motion to the field 
lines provides a means of confining the plasma in the direction transverse to the field. 
Moreover, plasma loss along the field can be reduced by increasing the field strength at the 
ends of the confinement region. In this case the plasma is confined both longitudinally and 
transversely. 

The region of increased magnetic field strength is often called a ‘magnetic mirror’ (Figure 
4.1), because the plasma particles are reflected back into the central plasma region rather 
than being lost from the plasma. 

This phenomenon is based on the circular trajectory of a charged particle in the magnetic 
field transverse plane and the centripetal force that induces it. The Lorentz force (Eq. 4.3) that 
causes the circular line of the charged particles depends on the magnitude of the magnetic 
field, B. Then, a raise of B will cause an increase in the centripetal force, and thus an 
increase in the transverse velocity, .  

Figure 4.1. Magnetic mirror [12] 
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Then the essence of magnetic mirroring of plasma particles lies in the transfer of their kinetic 
energy between the transverse and longitudinal directions. In the absence of collisions or 

electric fields, the particle energy is given by E , where   , and 

. As a particle, either ion or electron, moves in its helical trajectory into a region 

of higher field strength, energy is transferred from  to ; the parallel velocity is decreased 
until, at the mirror point, the parallel velocity is reduced to zero and the particle reflects. 

However, all these ideas are valid only if the particles are free to execute their gyromotion. 
Often this condition is not met because of particle collisions. If an ion suffers a collision, on 
the average, in a time short compared to the ion cyclotron period, then it is clear that no 
gyromotion can be sustained; ion transport is dominated in this case by collisional processes 
and the magnetic field will have little effect. [13] 

4.4. Ionization 

Plasma is formed from neutrals by one kind or another of ionization mechanism. In all 
plasma devices, including ion sources, plasma preparation is pivotal. The various ways in 
which the ionization can be done include electron impact ionization, photoionization, field 
ionization, surface ionization, and more. Commonly the name of the ion source comes 
specifically from the way in which its plasma is formed. In the following lines some of the 
ionization forms are briefly described.  

4.4.1. Electron impact ionization 

A common method of ionizing a gas is to pass high-velocity electrons through it, with the ions 
being formed as a result of electron-atom collisions, in which bound orbital electrons are 
ejected from the atom. Electron energies are typically about 100eV. An externally applied 
magnetic field is frequently used to cause the electrons to travel along a helical path and 
thereby increase the ionization efficiency.  

The principle is based on the presence of neutral atoms in the source which are ionized by 
electrons having energies larger than the ionization potentials of the neutral atoms. This 
process is called electron impact ionization. [13]  

4.4.2. Photoionization 

A gas or vapor can be ionized by the passage through it of an intense beam of high energy 
photons. The absorption of the photon by an atom will result in ejection of an electron if the 
photon energy exceeds the ionization energy of the atom, where any excess photon energy 
is carried off as electron energy. This process is called photoionization. Since ionization 
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potentials are generally in the range 5 to 15 eV and a 1 eV photon has wavelength 12400 Å, 
the critical wavelength needed for photoionization lies in the broad range ~800 to 2500 Å, 
i.e., the vacuum ultraviolet or soft X-ray region. 

4.4.3. Field ionization 

Field emission from sharp needle points at which very intense electric fields are created can 
be used to extract either electrons or ions from the solid or liquid state. The field ionization 
phenomenon is used in liquid metal ion sources to produce beams of species of low melting 
point metals such as Ga, In, Bi, Al or Sn, with extraordinarily high brightness. 

4.4.4. Surface ionization 

Atoms can be ionized by contact with a hot metal surface. This is called contact ionization or 
surface ionization, and was first considered by Langmuir and Kingdon. [12] 

4.4.5. Laser ionization 

A focused beam from a high-power pulsed laser can be used to produce a small ball of 
dense plasma from essentially any solid. The high temperature of the plasma results in the 
formation of many multiply charged ions; however these ions are energetic, and the beam 
emittance is not always convenient. [13] 

 

 

 

 



 Design of an ECR Proton Source Page | 39 

 

5. Ion sources 

Ion sources are widely used throughout a wide range of physics disciplines and in many 
related application areas. Many different kinds of sources have been developed, and the 
plasma physics can be complicated, but the basic underlying principles of all ion sources are 
simple and straightforward. Elementary ion sources can be made in the laboratory that can 
be perfectly adequate for many experimental purposes, and often new ideas for ion source 
design, construction and operation can be developed and tested in the laboratory without 
need for expensive and elaborate equipment. At the other extreme of the ion source 
spectrum, sophisticated and high performance sources with ion beam parameters pushing 
the limits of the possible are nevertheless still based on these elementary principles. In this 
section the most fundamental features of ion sources are discussed. [11] 

5.1. Terminology and definition 

In the wider scientific community there is often confusion between the terms plasma source 
and ion source. Since a plasma is an assemblage of ions and electrons, it may seem 
reasonable that a device that generates a plasma might equally well be called an ion 
generator or ion source. While perhaps logically correct, this is not how the terminology has 
evolved. In conventional parlance, by ion source it is meant “ion beam source” or “ion beam 
generator”. With minimal loss of generality, it might be said that the ions formed by a plasma 
source usually possess little directed energy. On the other hand, the ions formed by an ion 
source usually possess significant directed energy.  

 

Figure 5.1. General ion source concept [11] 
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In general, an ion source consists of two parts (see Figure 5.1). The first is the plasma 
generator that provides ion production and thus serves as an ion reservoir. The second is the 
extraction system for accepting ions from the reservoir and forming an ion beam. Both parts 
of the source may be treated independently as long as the plasma generator provides ions at 
the required current density and covers the whole area of the extraction system. The 
extraction system determines the beam properties such as ion current and beam quality in 
general. The extraction system thus fulfils the task of adapting the plasma generator to the 
beam transport system that follows. 

In the usual case, then, the ion source contains a plasma source as its most essential 
component. By one means or another, plasma is formed within the heart of the ion source; 
therefore the hardware and electronics needed to form the plasma are some of the key parts 
of the overall ion source setup. The properties and features of the plasma determine to a 
large extent the kind of ion beam that is produced.  

5.2. Ion beam formation 

The ion beam is formed from the plasma ions by an electrode system to which voltages are 
applied, commonly called the extractor.  

The extractor can take many different forms, consisting of from one to as many as five or six 
different electrodes, and with widely different geometries. In all cases the object is to accept 
into the extractor the plasma flux that is 
presented to it from the main body of 
plasma, and to accelerate the ions into a 
more-or-less tight beam. The plasma flux 
that the extractor sees is the loss flux from 
the plasma; the ions that are available for 
beam-forming are not those that are 
confined within the plasma system but 
those that are lost from the confinement 
system. 

Reasonably, the extractor geometry is 
mainly determined by the size and shape of 
the wanted beam.  

In the simplest case, two separate 
electrodes are used. The first electrode is in 
contact with the plasma and is maintained at the positive (for positively charged ions) high 
voltage that is the extraction potential, and the second electrode is fixed at ground potential 

Figure 5.2. Extraction system. PE – plasma 
electrode, GND – ground electrode, d – 
gap distance, d* - real gap distance, r – 
aperture radius [11] 
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(Figure 5.2). Thus the ion-accelerating electric field is located between the electrodes of the 
extractor. The first electrode is often called the plasma electrode and the second the ground 
electrode. 

The electric field strength, E, is given by the voltage, Vext, and the distance, d, between 
plasma electrode and ground electrode. The emission surface of the ions at the plasma 
boundary is called the plasma meniscus. 

Often a three electrode extractor design is used, with the new electrode inserted between the 
plasma electrode and the ground electrode and biased to a relatively low negative voltage. 
The function of the middle grid is to inhibit the back-flow of electrons into the ion source from 
the downstream region, and so it is often called the suppressor electrode. This configuration 
is also called an accel-decel extractor system, because ions are accelerated in the first gap 
and decelerated in the second gap. (Figure 5.3) 

In all cases the final or outermost electrode is maintained at ground potential; it is important 
that the last electrode of the system is at the same potential as the downstream region. 

 

Figure 5.3. Accel-decel extraction system [11] 
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5.3. Ion beam parameters 

The ion beam formed by an ion source can be specified by many different parameters, and 
all of the parameters can be varied according to the ion source design and operation. Some 
of the parameters are determined by the plasma source, some by the ion beam extractor, 
and some by the overall system geometry. There can be interaction between the various 
parameters, and not all are freely variable. 

The ions formed can be of many different kinds. The ions might be gaseous or metallic 
elements, atomic or molecular species, singly, doubly or multiply ionized; or as is very often 
the case, a mixture. These parameters are determined by the plasma source. An important 
part of understanding the overall ion source is the physics of the plasma formation and 
plasma confinement system; ion source physics is plasma physics. 

The beam energy and beam current are fundamental defining parameters. The term ‘beam 
energy’ refers to the energy per ion in the beam, and is given by the product of the ion 
charge and the extraction voltage (Eq. 5.1). The beam current is the total current carried by 
the ions in the beam. 

,  

Where e is the electronic charge, and  is the extraction voltage. 

Other beam parameters include the beam shape and size; a narrow beam or a broad beam 
can be formed, determined by the extractor geometry. The beam divergence and the related 
parameters emittance and brightness relate to the angular characteristics of the beam. 

The beam quality is measured by the emittance, which describes the particle distribution δ in 
phase space  , , , , ,  . x, y, z are the spatial coordinates, with z in the direction of the 
beam, and x-y forming the transverse plane, and , ,  are the Cartesian velocity 
components. The velocity component perpendicular to the longitudinal direction is often 
written as an angle:  / ,   / . The longitudinal phase space is normally given by 
the energy W and energy spread ∆W, or by momentum p and in momentum spread ∆p. [12] 

In accelerator physics it is common to match the transverse emittance (either xx’ or yy’) 
figure to an ellipse (Figure 5.4). 

(Eq. 5.1) 
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A measure of the density of the four-dimensional transverse phase space density is the 
brightness B of a beam (Eq. 5.2). In words, the brightness is a measure of the current density 
per unit solid angle, or emittance.  

  /
 

 

5.4. Types of Ion Sources 

In the following sections, various ion sources are presented. Only a general description of 
each of them is given as the choice of the type of ion source to be used in this work was 
already taken before starting the project. ECR ion sources, although it is a type of ion source, 
will be only presented, as a special emphasis will be given on it, in the following section. 

Only a little part of the large number of existing different types of ion sources is here 
presented. The goal is to provide a general idea of the current existing technology. For a 
further review, presented references can be consulted. [12] 

Figure 5.4. The emittance ellipse 

(Eq. 5.2)
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5.4.1. Electron bombardment ion sources 

Electron bombardment ion sources are mainly used in areas where a well-defined electron 
energy is requested and a moderate ion current is sufficient. This is the case in mass 
spectrometry and in investigations of metastable states in ions and atoms. The design of an 
electron bombardment ion source can be simple and cheap. 

In this kind of ion source, electrons are emitted by a cathode, usually by thermonionic 
emission, and accelerated to an anode. Some of these primary electrons have collisions with 
gas atoms and ionize them. Secondary electrons from these collisions can be accelerated 
toward the anode to energies depending on the potential distribution and the starting point of 
the electron. The potential distribution depends on electron current density and gas pressure. 

The advantages of electron bombardment ion sources are a low energy spread of the ions 
and the easy and cheap possible design. The low ion current and the possible existence of 
filament problems with oxygen and corrosive elements represent the disadvantages of this 
technology. 

5.4.2. Plasmatron ion sources 

The unoplasmatron ion source, included in the plasmatron ion sources category, was 
developed by V. Ardenne on 1948 to improve the plasma density and the ion current of an 
electron bombardment ion source.  

An intermediate electrode is positioned between cathode and anode of an electron 
bombardment ion source running in an arc mode. This electrode has a conical shape and a 
center bore of a few millimeters in diameter and length. The cathodic plasma is concentrated 
by a double layer to be able to pass the new electrode channel and to reach the anode. In 
this way the ion density in front of the anode is increased and also the extracted ion current. 

The advantages of plasmatron ion sources are its moderate costs and the facts that it is a 
compact source for intensive ion beams and that it has a good beam quality. The 
disadvantages would be that is not well-suited for nonvolatile materials and the filament life is 
limited with heavy elements, oxygen and corrosive gases. 

5.4.3. Magnetron ion source 

The magnetron has a hollow anode, but the cathode is a straight wire parallel to the anode 
axis and the magnetic field, which is 0.1T or more. The primary electrons have to spiral along 
the magnetic field lines, which give them good ionization efficiency.  
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Magnetron ion sources are compact for light ions and serve as a sputter source for coating 
processes. The weakness of this technology lays on the short cathode life for heavier 
elements and the noisy beam that they generate. 

5.4.4. Freeman ion source 

The Freeman ion source has a similar design to a magnetron, but it uses just a low external 
magnetic field of about 0.01 T. The arc current is 1 to 3 A and the arc voltage just 40 to 70 V. 
A quite massive cathode rod, usually 2 mm in diameter and made of tantalum or tungsten, is 
heated with about 130 A and a few volts to the right temperature.  

This type of ion sources are most commonly used in commercial ion implanters, have a high 
beam quality and a stable operation, and serve for all elements. The disadvantage is the 
limited cathode lifetime for oxygen and corrosive gases. 

5.4.5. Penning ion sources 

The Penning ion source consists of a hollow anode cylinder with one cathode on each end. A 
strong axial magnetic field confines the electrons inside the anode and keeps them 
oscillating between the cathodes. This gives a high ionization efficiency. Ions can be 
extracted from Penning Ion Gauge (PIG) ion sources axially through one cathode or, more 
commonly, radially through a slit in the anode.  

The main advantage is that the PIG ion source can use the axial magnetic field of most 
magnets. PIG ion sources are very common for light mass species such as hydrogen or 
helium ions. 

Penning ion sources can provide high current of multiple charged ions, can easily produce 
metal ion by sputtering, and serve as internal sources for cyclotrons. The disadvantages are 
a noisy beam, the medium beam quality, the fact that the beam quality changes during 
source operation time, the short lifetime for highly charged heavy ions and the fact that it is 
expensive if separate ion source magnet is needed. 

5.4.6. RF ion sources 

The use of rf voltage to create a plasma dates back to the late 1940s. In practice, an rf 
discharge is formed in a vacuum vessel filled with a gas at a pressure of about 0.1 to 1 Pa. A 
few hundred watts of rf power is typically required to establish a suitable discharge. Electrons 
present in the gas volume are excited into oscillation by the rf electric field. They quickly 
acquire enough kinetic energy to form a plasma by ionizing the background gas particles.  
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5.4.7. Laser ion source 

The principle of operation of the laser ion source is based on plasma generation by a laser 
beam focused by a mirror system, or lens, on a solid movable target. The focused laser light 
is used to evaporate particles from a target which is made out of the material to be ionized. 
The electrons of the plasma, which is generated during the evaporation process, are heated 
by the laser radiation to temperatures up to several hundreds of eV. The ions are ionized due 
to electron-ion collisions.  

The positive characteristics are its compactness and simplicity for the production of intensive 
pulsed ion beams and the facts that ions of any solid material can be created, it can reach 
medium and low charge states, it has a moderate cost and no high voltage power supplies 
are necessary. The negative ones would be its short pulse length and the low repetition rate.  

5.4.8. Vacuum arc ion sources 

The metal-vapor vacuum arc occurs between hot cathode spots and a cold anode in 
vacuum. After ignition by a high-voltage spark the vacuum arc plasma is maintained between 
cathode spots and the anode. Material is vaporized from the cathode spots and feeds the 
discharge. The ionization behavior in the region of the cathode spots mainly defines the arc 
plasma parameters.  

Vacuum arc ion sources can provide a high current of metal ions, very high pulse currents, 
multiply charged ions, and large beams are possible. On the other hand, they imply noisy 
discharge, insulating and low-conducting materials are not usable, and the technology is less 
suited for gas ions. 
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6. ECR Ion Sources 

6.1. Introduction 

ECR (electron cyclotron resonance) ion sources are widely used for the production of high 
quality multiply charged ion beams for accelerators, atomic physics research and industrial 
applications. 

Several general characteristics of ECR sources explain their widespread application in the 
accelerator community. Most important is the ability to produce beams from any element at 
useful intensities for nuclear and atomic physics research. Another characteristic of ECR 
sources is that the discharge is produced without cathodes. Therefore, only the source 
material injected into an ECR source is consumed. As a result, ECR sources can be 
operated continuously for long periods without interruption. Maintenance required on ECR 
sources is also minimal, consisting mainly of occasional repair of vacuum equipment, 
external ovens and electrical support equipment. [11] 

6.2. Brief history 

The field of ECR ion sources has its roots in the plasma fusion developments in the late 
1960s. The use of electron cyclotron resonance heating (ECRH) in plasma devices to 
produce high charge state ions was suggested in 1969. The first sources actually using 
ECRH to produce multiply charged ions were reported in 1972 in France by Geller et al. and 
in Germany by Wiesemann et al. These devices, which used solenoid magnetic mirror 
configurations and operated at pressures of 10–2 to 10–3 Pa, were capable of producing 
plasma densities of the order of 1x1018 m–3 and keV electrons. 

A breakthrough occurred in 1974 when Geller and coworkers transformed a large mirror 
device used for plasma research (CIRCE) into an extremely successful ion source, 
SUPERMAFIOS. Unlike the earlier ion sources using ECRH, the magnetic field of CIRCE, 
renamed SUPERMAFIOS, used a hexapole field in addition to the solenoidal mirror field. 
This produced a minimum-B magnetic field configuration that stabilized the plasma against 
MHD instabilities. These new features resulted in an enormous improvement in the lifetime of 
the ions in the source (~10–2 s) and shifted the charge state distribution (CSD) to much 
higher charge states. 

A second generation of ECR ion sources was launched in 1984 when the Grenoble group 
constructed a new source, MINIMAFIOS-16 GHz, using higher microwave frequencies and 
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stronger magnetic fields. These improvements significantly increased both the total extracted 
current and the charge state distribution. 

Recently, with advances in superconducting magnet technology, a new generation of high 
field superconducting sources is beginning to emerge, the first being the superconducting 
source SCECR, which established all the key operating characteristics needed for very 
highly charged ion production. The most advanced superconducting source now in operation 
is the VENUS ECR ion source. 

VENUS (Figure 6.1) is a third generation superconducting ECR ion source designed to 
produce high current, high charge state ions for the 88 inch Cyclotron at the Lawrence 
Berkeley National Laboratory. The magnetic confinement configuration consists of three 
superconducting axial coils and six superconducting radial coils in a sextupole configuration. 
The nominal design fields of the axial magnets are 4 T at injection and 3 T at extraction; the 
nominal radial design field strength at the plasma chamber wall is 2 T, making VENUS the 
first ECR ion source to have optimum magnetic fields for 28 GHz operation. [11] 

 

 

Figure 6.1. Mechanical layout of the VENUS ion source and cryogenic system. [11] 
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6.3. Physics and operation of ECRIS 

ECR ion sources use magnetic confinement and electron cyclotron resonance heating to 
produce a plasma made up of energetic electrons and relatively cold ions. The plasma 
electrons have two components, a cold population (~20 eV) and a hot population that has a 
high energy tail reaching up to 100 keV or more. Typical ion energies are a few eV. The 
electrons produce the high charge state ions primarily by sequential impact ionization. The 
ions and the electrons must be confined for sufficient time for the sequential ionization to take 
place. In a typical ECR ion source, the ion confinement times need to be about 10–2 s to 
produce high charge state ions. The ionization rate depends on the plasma density, which 
typically ranges from about 1017 m–3 for low frequency sources to more than 1018 m–3 for the 
highest frequency sources. Charge exchange with neutral atoms must be minimized, so 
operating pressures are typically 10–4 Pa or less. The plasma chamber is biased positively so 
that at extraction the ions can be accelerated out of the plasma and into the beam transport 
system.  

While the basic principles of operation of an ECR ion source are straightforward, the details 
of the plasma physics, atomic physics and electron cyclotron heating on the one hand, and 
the technologies needed to produce the high magnetic fields and high frequency microwave 
power on the other, are not simple and will be described briefly in the following sections. 

6.3.1. Electron impact ionization 

In ECR sources multiply charged ions are created mainly by step-by-step ionization, caused 
by the successive impact of energetic electrons. Therefore the electron impact ionization 
cross sections are significant parameters. The basic 
physics of this type of ionization have been 
previously explained in section “4.4.1 Electron 
impact ionization”.  

6.3.2. Plasma confinement 

The processes that govern particle confinement in 
an ECR ion source are complex. The ion 
confinement time is naturally a very critical 
parameter in ECR sources. In ECR sources, unlike 
in other sources like EBIS, it is not possible to 
arbitrarily interrupt the ion confinement to extract the 
confined ions. All extracted ions have undergone a 
loss of confinement; actually the ion beam is formed from the mirror loss flux. However, if this 
confinement time is too short, ions do not have time to reach high charge states and if the 

Figure 6.2. Sextupole magnet. [14] 
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confinement time is too long, the high charge state ions decay by charge exchange instead 
of being extracted as a useable beam. 

The main magnetic confinement in an ECRIS consists in an axial magnetic mirror. In both the 
extraction and injection plane there must be a certain plasma confinement, therefore in both 
surfaces it will be necessary the presence of a magnetic field peak. The science of this type 
of confinement has been explained in the section “4.3.3 Magnetic confinement”. 

For high charge state ECR ion sources, simple axial 
mirrors do not provide sufficient magnetic 
confinement. In addition to the axial magnetic field 
produced by solenoids, the typical high charge state 
ECR source uses a sextupole (also called hexapole, 
Figure 6.2) or other magnet to produce a radially-
increasing field. The combination of the axial mirror 
field and the radial multipole field produces a 
“minimum-B” magnetic field configuration, where the 
magnetic field is a minimum at the center of the 
device and increases in every direction away from 

the center (see Figure 6.3).  

The ratio of the maximum field strength at the peak of 
the magnetic mirrors to the minimum field strength at the center of the device is defined as 
the axial mirror ratio, Rm= Bmax/Bmin. The ratio of the minimum field at the center of the plasma 
chamber to the maximum field at the plasma chamber wall defines the radial mirror ratio. [11] 

6.3.3. ECR heating 

Electron cyclotron resonance heating is a phenomenon observed both in plasma physics and 
condensed matter physics. To be able to describe this physical process, it is necessary to 
understand the influence of a magnetic field to the plasma physics. The necessary concepts 
have already been detailed in section “4.3 Magnetic field effects”. 

As explained in the mentioned section, charged particles follow a helical trajectory in 
presence of a given magnetic field, B. The gyro frequency of this movement is given by (Eq. 
4.5) and is a function of the moving particle characteristics but also of the magnitude of the 
magnetic field. If electron mass and charge are used in this equation, it is possible to obtain 
the electron cyclotron frequency (Eq. 4.7), fce = 28 B (GHz), where B is in Tesla.  

Therefore, the electron component of a plasma can be heated by coupling into it microwave 
power at the electron cyclotron frequency. The power transfer is resonant, and the scheme is 

Figure 6.3. Plasma in a sextupole 
magnet confinement. [15] 
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referred to as electron cyclotron resonance heating (ECRH). Plasmas formed and heated in 
this way are called ECR plasmas. The electrons can be heated to very high energies, and 
hot electron temperatures in ECR plasmas can readily reach the 10 keV range. 

To optimize the rate of ionization by electron impact, electron temperatures between 1 keV 
and 20 keV are typically needed. The ion temperature on the other hand should be as low as 
possible because the ion temperature is one source of emittance and energy spread of the 
extracted beam. Therefore, a method to selectively heat the electrons in the plasma is 
desirable. The use of ECRH meets this requirement. [12][13] 

6.3.4. Beam emittance in an ECRIS 

For an ECR extraction system two main contributions to the ion beam emittance have to be 
considered: (1) the ion beam temperature, and (2) the induced beam rotation due to the 
decreasing axial magnetic field. 

The emittance due to ion temperature can be estimated by assuming a Maxwellian 
temperature distribution inside the plasma: 

0.016   
/

 

where ε is the normalized x-x’ rms emittance in π mm mrad, r is the plasma outlet hole radius 
in mm, kTi is the ion temperature in eV, and M/Q is the ratio of ion mass in amu to ion charge 
state (number of electrons removed) and is dimensionless. 

Assuming a uniform plasma density distribution across the plasma outlet hole, the emittance 
due to beam rotation induced by the decreasing magnetic field in the vicinity of the extractor 
can be described by Busch’s theorem: 

0.032   
1
/

 

where ε is the normalized x-x’ rms emittance in π mm mrad, r is the plasma outlet hole radius 
in mm, B0 is the axial magnetic field strength at the extractor in T, and M/Q is the ratio of ion 
mass in amu to ion charge state and is dimensionless. [11] 

The lines above did not pretend to be a tool for a real emittance calculation in an ECRIS, but 
only a general indication of the relation of certain operation parameters of the ion source with 
the final beam emittance. In general, direct measurements of the emittance are required to 
characterize a particular ECR Ion Source. 

(Eq. 6.1)

(Eq. 6.2)
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6.4. ECR sources for protons 

As it has been described in the lines above, the main characteristics, and the required 
operation parameters of a particular ECR ion source strongly depends on the type of particle 
or ion that wants to be extracted from the source.  

It must be considered that for high charge states certain characteristics are required to the 
source. A stronger confinement, both using higher axial fields, and using the hexapole 
configuration to enhance the radial confinement, is needed in these cases. Some 
bibliography recommends confinement ratios of about 4 in the injection plane, 2 in the 
extraction plane, and greater than 2 in the radial direction. [11] 

In the particular case of proton sources, all these special characteristics do not need to be 
met. There is no need to include an extra radial confinement using a hexapole, and the axial 
confinement does not need to be as strong as for highly charged ions. This will lead to lower 
magnetic field requirements, and therefore simpler magnetic systems. Also these 
characteristics allow proton sources to have higher total extracted currents since less 
magnetic confinement is needed. 

When protons are to be obtained, the gas to be introduced in the plasma chamber, and then 
ionized, is hydrogen. Then the following reactions are dominant for the production of protons 
[16]: 

,  

 

2   

 

 

Considering this, the prevailing ion species in the plasma, and therefore in the extracted 
beam, are  and   . 

It is clear then, that depending on the kind of beam that one wants to generate, a complete 
different ion source must be designed and built. The differences between a proton ( ) 
source, and for example a source to produce a beam mainly consistent of  are more 
than considerable. For this reason, when designing a proton source, one must not only 
consider the ECRIS design standards, but also keep always present the special 
requirements of the specific ion species expected to achieve.  

(Eq. 6.3)
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7. Specifications 

The technical specifications that affect the design of the ion source concern the 
characteristics of the obtained plasma. The desired plasma must consist on protons with an 
intensity of 40 mA at 20 kV as extraction voltage, and with a transverse emittance of 
2πmm·mrad. Although an extraction voltage is here proposed, it will not be until the 
extraction simulation when the exact high voltage will be determined. As a technical 
specification it must also be considered that the inside volume of the ion source will be at a 
vacuum pressure of 2·10-3 Pa. Also it must be noticed that a microwave source of 1 kW will 
be used during the operation of the ECRIS.  

Moreover, as part of the test stand is already designed and built, some geometrical 
specifications must also be considered. In this sense, as a dimensional restriction it must be 
considered that the ion source assembly will be coupled to the rest of the test stand using 
either a six or eight inch standard flange. Furthermore, the pipe of the magnet that will host 
the beam is approximately of 120 mm. 

In addition, it must be considered that the whole project has the goal to reach a compact, and 
thus a minimum volume final system. For this reason, the design of the ion source has to 
take as a specification the idea of compactness and therefore try to find the solution that 
implies the minimum possible volume.  

Although certain beam specifications are required, as the scope of this project does not 
include the manufacturing, building, testing and operation of the final design, it is difficult to 
guarantee that the final proposed design will be able to accomplish the specified beam 
characteristics. Due to the complex operation principles of this kind of technology, it is not 
until the actual testing of the ion source when every system will be properly set to meet the 
specified parameters.  

Aside from the specifications of the product, certain recommendations regarding some basic 
decisions and operation parameters have been given. It has been proposed to use an 
ECRIS. Also, a microwave frequency of 2.45 GHz has been suggested for several reasons. 
Even though, these recommendations will be considered, a further study of suitability will be 
done, and so it will be shown in following sections.  
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8. Conceptual design 

In this section, main decisions taken regarding important operation parameters and major 
systems conceptual design considerations will be described. Initially the reasons to use 
ECRIS and not other type of ion source technology are reviewed.  

8.1. ECR ion source choice 

The choice of the type of ion source that will be used to meet the specifications described in 
the previous section is a crucial point of the conceptual design. Despite its importance, it is 
not a difficult decision to take, as the ECR Ion Source technology is the the perfect match to 
meet the required beam parameters. 

As widely explained in previous sections, ECR ion sources are based on the plasma physics 
phenomenon called electron cyclotron resonance heating. It has been already mentioned 
that this heating, and then ionizing, process is able to selectively heat the electrons while not 
doing the same to the ions in the plasma. This property allows the ECR ion sources to 
provide high intensity beams with a really low emittance, and so with a high brightness. 
Actually ECRIS is the type of ion source that can offer the highest brightness. For this 
reason, the choice is clear. An ECR ion source will be used for the purpose of this project. 

Initially, the possibility of a study of alternatives was thought as a potential point on the 
development of this project, but as the reasons to choose this type of ion source are so 
straightforward there is no need to do so. While in other projects, normally developed in 
industry, the economic factor is one of the most important features to consider, in this 
particular research project the cost of the final design is not the main concern, as the 
principal goal is to develop a whole new technology never built before, i.e. compact 
superconducting cyclotrons. 

8.2. Main subsystems 

Once it has been decided that ECR will be the technology to use to meet the goals and 
specifications of this project, it is basic to consider all the main systems that allow this type of 
ion source to provide the desired beam. The proper design of systems such as the magnetic 
ensemble, the microwave system, or the extraction group will be fundamental to obtain the 
expected performance by this ion source. In the following sections, a brief description of each 
system will be given, as well as their function, principal operating parameter, and justification 
of any decision taken.  
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Figure 8.1. Ion source assembly. a) Plasma chamber. b) Microwave system. c) Magnetic system. 

d) Extraction system. e) High voltage isolation. f) Cooling system  

a) b) 

c) d) 

f) e) 
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To ease reader´s task both in this section and the next one, “9 Detailed design”, the final 
ECRIS design is here presented (Figure 8.1) identifying different basic systems.  

8.2.1. Plasma chamber 

The plasma chamber consists of the physical space where the ECRH reaction will take 
place. In this sense this space will host the ionization reaction, for this reason is sometimes 
also referred as ionization chamber. Its main function is to be capable of withstanding the 
high temperatures that the plasma reaction formation implies. At the same time, the plasma 
chamber must provide the appropriate environment to allow the correct ionization reaction.  

As the desired ion beam in this particular ion source consists of a proton beam, the gas to 
introduce to the plasma chamber is hydrogen. In this sense, the design of this component 
must contemplate an input gas line that will feed hydrogen to the cavity. 

The proposed design of the plasma chamber is such that the extraction of the ions will be 
done directly from its body. Other types of plasma chambers, especially ones described from 
other ion sources in the section “5.4 Types of Ion Sources”, include a secondary chamber to 
allow a higher time of magnetic confinement with the aim of reaching higher charge states. In 
this case this will not be necessary as the ionization of hydrogen to obtain protons does not 
require a high level of energy, and therefore, is not considered a high charge state. For this 
reason, the presence of a single ionization chamber will be enough. 

So, the plasma chamber will consist of a cylindrical cavity which will be limited by two planes, 
which will be referred from now as the injection plane and the extraction plane.  

8.2.2. Microwave heating system 

This system will provide the necessary microwaves to the ion source to cause the previously 
mentioned ECRH in the plasma chamber. It will include a waveguide to connect the ion 
source to the microwave generation system, and probably a microwave window to physically 
separate the waveguide and the plasma chamber.  

As it has been determined in the section “3.2 Project scope”, the design of auxiliary systems, 
such as in this case the microwave generation system, will not be included in this work. For 
this reason, when completely designing the mentioned microwave heating system, this will 
only mean the inclusion of an input microwave line in the ion source.  

Learned from several papers that described the design of ECRIS, it is known that an 
impedance matching element will be required. Due to a huge difference on the impedance of 
the waveguide and the plasma chamber, the efficiency of the microwave transmission line is 
poor. The mentioned difference causes the reflection of the microwaves in the interface of 
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the two elements. To avoid so, or at least reduce it considerably, a piece to gradually match 
both impedances will have to be placed at the end of the waveguide. 

The conceptual design of this system involves taking a decision regarding the microwave 
frequency to use. Over the last three decades, a wide variety of ECR ion sources have been 
built and tested. These sources have operated at frequencies that range from 2.45 GHz to 
28 GHz. Despite the wide possible choice, microwave and high-current ECR ion sources 
commonly use the frequency of 2.45 GHz by several reasons: 

- Cheap and reliable magnetron tubes and generators are available, especially since 
the microwave oven, which uses this same frequency, was introduced. 

- The size of the waveguides is not too large (about 50x100 mm) and for a microwave 
power up to about 300 W, coaxial cables can be used. 

- The low frequency needs a relatively low magnetic field of 0.0875 T to reach the ECR 
condition. 

- The low frequency creates more low-energy electrons and, thus, les multiply charged 
ions. 

In conclusion, a frequency of 2.45 GHz is cheaper than higher frequencies and at the same 
time it is enough to ionize hydrogen to obtain protons. As the microwave frequency goes up, 
the waveguides get smaller, but then microwave sources are more expensive, and magnetic 
requirements are much higher. If the relation that establishes the magnetic field required for a 
certain frequency in order to meet the ECR (Eq. 4.7) is observed, it can be seen that these 
two parameters are proportional. For this reason, a higher frequency would lead to smaller 
waveguides, but more complex magnetic systems, which would not necessarily mean a 
more compact overall solution; and would certainly imply a more expensive final design. 

Despite the obvious advantages of this lower frequencies, for some cases is inevitable the 
use of higher ones, as in the case when highly charged ions are required. But in this 
particular situation, where a proton beam is to be obtained, a frequency of 2.45 GHz will 
meet all the requirements. 

8.2.3. Magnetic system 

The magnetic system consists on a set of coils, which geometry and number is still unknown 
until a deeper study is performed. The function of this system will be to provide the necessary 
magnetic field in the plasma chamber to meet both the ECRH and plasma confinement 
requirements.  

Given the chosen microwave frequency, 2.45 GHz, the magnetic field to meet the ECR 
condition must be, according to (Eq. 4.7), BECR = 0.0875 T. Therefore the magnetic system 
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must be designed and set up in order to reach a large region of this specific magnetic field 
magnitude inside the plasma chamber.  

Moreover the magnetic confinement must be considered as a specification for this 
subsystem. Magnetic mirror confinement will be used for this purpose. Consequently, a 
higher magnetic field than BECR will be needed at both the injection and extraction plane. 
However, the confinement in the extraction plane must be lower to allow the proper ionization 
of the gas, but at the same time, letting the ions to escape the confinement to finally form the 
expected proton beam. 

8.2.4. Extraction system 

The extraction system is based on a set of electrodes that will have the function to generate 
a specific electric field which will accelerate the ions generated in the plasma, and thus 
forming the expected proton beam. It is then important that the geometrical and electrical 
configuration of this system is set such that the generated beam meets the specified 
parameters.  

Different type of possible extraction geometries have been described in the section “5.2 Ion 
beam formation”. Between them, for this specific design, an accel-decel solution has been 
chosen (Figure 5.3). This consists of three electrodes, called extractor, suppressor and 
ground electrode. The extraction electrode is in direct contact with the plasma, and in this 
case, as the specifications establish, will have an electrical potential of 20 kV although this 
parameter must be confirmed by the detailed design. This electrode in combination with the 
ground electrode, which is obviously at ground potential, will form the needed electric field to 
accelerate the ions in a tight beam. A third electrode is also present in this geometry, the so-
called suppressor electrode. It will be charged at a low negative voltage that in this case has 
been determined to be -2 kV. Because of the high density of positive particles in the proton 
beam, a considerable number of electrons are generated around the beam to neutralize the 
positive charge. In the normal two electrode configuration, the electrons would be 
accelerated back to the plasma chamber because of the present electric field. The function of 
the suppressor electrode, then, is to inhibit the back-flow of electrons into the ion source. 

8.2.5. High voltage isolation 

As described in the previous paragraph, the extraction system requires an electrode at high 
potential. The mechanical configuration of the ion source implies that not only this electrode, 
but a great part of the ion source will be at high potential. Therefore it is necessary to include 
high voltage isolation in the design. 
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This system will consist of some isolation elements that will allow to mechanically connect 
the high voltage parts to pieces at ground potential. It must be considered that the ion source 
will have physical connections both downstream, with the rest of the test stand, and 
upstream, with the microwave generation system. Consequently, both connections must 
include electrical isolation.   

8.2.6. Cooling system 

It will be necessary to include a heat evacuation system, due to the fact that some elements 
in the proton source will dissipate power in their normal operation. 

It is proposed to include a heat extraction system in the ion source design, which will be 
formed by a copper tube coil with water as coolant liquid. Two points in the ion source 
assembly must be initially considered as possible heat generators. On one hand, the plasma 
chamber, because of the given ionization reaction, and the microwave power introduced in it, 
will need to have an auxiliary heat rejection system for sure. On the other hand, the coils that 
will form the magnetic system may or may not need to have a cooling system as well. There 
is a possibility that the coils are self-refrigerated; in that case, this second auxiliary system 
would not be necessary. 
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9. Detailed design 

From the decisions taken in the conceptual design, which have been described in the 
previous section, a detailed design of each system has been done. In the following lines, all 
the design details, calculations or simulations that completely determine each system 
present in the ion source will be developed and justified. 

9.1. Nomenclature 

A standard nomenclature to name all the parts in an organized way has been established. 
This nomenclature has as a goal the easy reference of the parts of the ion source without 
having to refer it by its description, and therefore avoiding any possible misunderstanding. 

Moreover, considering the possibility of a future redesign of the ion source, this nomenclature 
would allow to keep the same name structure, and by changing a little part of the name, 
easily identify that it corresponds to the same system, that is a part with the same exact 
function, but knowing that it belongs to another version of the ion source. 

The nomenclature consists on the following structure: 

 

 

PSFC-01-4201 

The department code will remain invariable for this project. The ion source version will be 01 
for all the work in this thesis, but future designs of the ECRIS must upgrade this code 
continuing with 02, 03... The last four digits serve as a unique code for each part or assembly 
in the final design. The first digit will serve to identify the main group in which that part is 
included; the second digit will identify the subgroup and the last two digits the part number. If 
the second digit is 0, that part does not belong to any subgroup; or if the last two digits are 
00, the code is then referring to an assembly. The particular case of the part code “0000” 
refers to the whole ion source. The main group coding is presented in the following table.  
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PSFC-01-0000 ECR Ion Source 

PSFC-01-1000 Plasma chamber and mechanical parts 

PSFC-01-2000 Microwave system 

PSFC-01-3000 Extraction system 

PSFC-01-4000 Magnetic system 

PSFC-01-5000 Electrical isolation 

PSFC-01-6000 Shields 

PSFC-01-7000 Vacuum gaskets 

PSFC-01-8000 Cooling system and pipes 

All parts and subassemblies will be named following this scheme. This nomenclature will also 
be used to provide a drawing number to each of the sketches provided in Appendix H.  

9.2. Detailed operation parameters 

In the following table, all the operation parameters that affect the ion source design are 
summarized.  
 

Beam intensity 40 mA 

Beam emittance 2·π mm·mrad 

Extraction voltage 20 kV 

Suppressor electrode voltage -2 kV 

Microwave frequency 2.45 GHz 

Magnetic field – ECR condition 0.0875 T 

Table 9.1. Part nomenclature 

Table 9.2. Operation parameters summary 
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9.3. Subsystems design and calculations 

9.3.1. Microwave system design 

Using as a main design parameter the frequency chosen and justified in the section “8.2.2 
Microwave heating system”, 2.45 GHz, a waveguide is selected. The possible waveguides to 
choose among are the following: 

Although the recommended operation frequency range for each waveguide is the one given 
in the third column of Table 9.3, the real physical lower limit of the possible frequencies that 
function in such a waveguide is given by the waveguide cutoff, also provided in Table 9.3. In 
this sense, although the established frequency range for WR284 waveguide is 2.60-3.95 
GHz, this size is often the preferred choice for 2.45 GHz operation at average power levels 
up to 6 kW. WR240 waveguide is used at power levels up to 20 kW while WR430 is 
recommended for higher power levels. [17] 

For these reasons the waveguide chosen for this specific case will be the WR284. Also, the 
project director, Timothy A. Antaya, who has previous experience in this field, supports this 
decision. The chosen material for the waveguide will be brass. The main advantage of this 
material over aluminum is that it is easily weldable. A brazed union will be needed between 
the waveguide and other components of the ion source, for this reason brass is more 
suitable than aluminum. 

Also a great variety of different flanges is available for each of the different waveguides. In 
this particular case, a rectangular WR284 waveguide with a flange in one end, and without 
any flange at the other is required. A UG53/U brass flat flange will be used. The 

RCSC (UK) 
Designation 

EIA (US) 
Designation 

Frequency 
range [GHz] 

Waveguide 
cutoff [GHz] 

Material Waveguide inside 
 dimensions [mm] 

WG8 WR430 1.70 – 2.60 1.327 Brass 109 x 55 

WG8 WR430 1.70 – 2.60 1.327 Aluminum 109 x 55 

WG9A WR340 2.20 – 3.30 1.736 Brass 86 x 43 

WG9A WR340 2.20 – 3.30 1.736 Aluminum 86 x 43 

WG10 WR284 2.60 – 3.95 2.078 Brass 72 x 34 

WG10 WR284 2.60 – 3.95 2.078 Aluminum 72 x 34 

Table 9.3. Waveguide specifications 
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recommended supplier is Penn Engineering components. A part of the catalog from the 
recommended supplier is showed in Appendix G.  

The frequency selection, and consequently the waveguide choice, must be one of the first 
points to consider when designing a new ion source. The great difference between the sizes 
of each model of waveguide leads to a complete different geometry whether one or other 
waveguide is finally chosen. Actually, during the development of this project, this point was 
not initially considered, leading to important redesigns when a final decision on the 
waveguide dimension was taken. In conclusion, for future ECRIS design, it is recommended 
to calculate and choose the necessary waveguide at the beginning of the design process.  

In this section, it is also necessary to consider the inclusion of a microwave window. Even 
though the upper plane of the plasma chamber, which consists of a BN disk, that will be 
discussed in the following section, provide a physical separation between the chamber and 
the waveguide, its porous quality makes it not suitable to provide a vacuum isolation between 
the two spaces. Then, it is necessary to place a microwave window between them to allow to 
have vacuum pressure at one side and atmospheric at the other. 

A quartz microwave window will be selected. The high melting point, and therefore its 
resistance to heating and plasma etching, makes quartz a perfect material for this 
application. Further information on quartz properties can be found at Appendix A. A 
UG584/U aluminum flat window is selected, provided by Microwave Engineering 
Corporation. Dimensional characterization and commercial catalog of this component can be 
found in Appendix G. 

Even though it has been described the necessity of a component to gradually match the 
impedance of the waveguide to the impedance of the plasma chamber, the detailed design 
of it is not included in this project. The calculation of such a problem requires a deep 
knowledge of signals and waves, which go beyond the formation of an industrial engineer. 
For this reason only a representative element that matches this function will be considered in 
this project. Also, as it has not been designed yet, no specific drawing of this component is 
included in Appendix H, although it can be seen in the ion source assembly drawing. 

9.3.2. Plasma chamber design 

The function of the plasma chamber is clear, and is to host the ionization reaction that will 
transform hydrogen gas into protons. Therefore, very high temperatures will be present in the 
region, this is why material selection is a crucial point in the detailed design of this 
subsystem. 

The geometry of the plasma chamber is highly influenced by the design of the microwave 
system, and also by the magnetic coils final shape. The size of the waveguide has been 
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determined, and although the coil design has not been done yet, it is already known that they 
will have a cylindrical shape. This is enough to determine the necessary geometry of the 
plasma chamber. The transverse area of this region must be at minimum, equal to the 
transverse section of the waveguide, in order to properly receive all the microwaves 
introduced through this input line. Also, a cylindrical form is going to be selected for the 
chamber. As said, the coils will be cylindrical, and so will be the magnetic field profile. By 
matching this geometry with the plasma chamber geometry it is sure that no point of the 
chamber wall will be closer to the plasma than another at the same height, due to the 
cylindrical symmetry. This allows to have no critical single points in the inside wall of the 
plasma chamber. For all these reasons, a final cylindrical geometry of the following 
dimensions has been established for the plasma chamber: 82  , 37  . 

The reaction that will take place in this chamber has been already described in section “6.4 
ECR sources for protons”. In this sense it is necessary to anticipate the need of an input gas 
line. This input line will be a copper pipe of a normalized external diameter of 0.125 inches, 
which equals to 3.175 mm. Hydrogen gas will enter the plasma chamber at an approximate 
rate of 1 cm3/min. The presence of the gas in the region will cause the pressure to rise one 
order of magnitude, up to 2·10-2 Pa. 

The plasma chamber consists then of a quartz cylinder, a boron nitride disk that will limit this 
space in the upper plane, and an extraction electrode, made of AISI 1020 steel due to 
magnetic requirements, which will limit the ionization chamber in the lower extreme. The 
characteristics of all the materials used in this design can be found in Appendix A. Quartz is a 
common material among different ECRIS designs. It is capable of resisting the high 
temperatures generated at the plasma chamber and the aggressive chemistry of the 
reactions.  

The boron nitride plate is also a 
recurrent solution among the existing 
ECR ion sources. The BN plate 
reduces the recombination processes 
for the formation of molecular ions. 
Moreover, due to high secondary 
electron emission coefficients of BN 
plate, the electron density in the ECR 
discharge is enhanced leading to 
increased dissociative ionization of the 
hydrogen. By coating the discharge 

chamber with an insulating material 
that discourages recombination of Figure 9.1. Proton fraction vs. gas flow with and without 

BN liner, Microwave power, 1 kW [12] 
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hydrogen molecules, up to 90% of H+ ions can be generated in a microwave ion source (see 
Figure 9.1. [12][16]  

The design of the BN disk has also to include a blind hole to host a dowel that will fix the its 
relative position to the microwave window. This way the holes to host the input gas pipe in 
both components will match.   

9.3.3. Magnetic system design 

Once the microwave frequency has been established, the needed magnetic field profile in 
the plasma chamber is determined. In the axis of the plasma chamber, this field should be 
minimum in the center of this space, and then grow gradually in both directions, towards the 
BN disk, and towards the extraction electrode.  

An important point to consider during the determination of the magnetic field in the plasma 
chamber is the need to have some flexibility to adjust operation parameters while 
experimenting with the ion source. It is certain that the computational design provides a lot of 
information and an excellent starting point, but due to the complexity of plasma physics, a 
margin of error must be considered as well.  

The design of the magnetic field must also be considered one of the first points to determine 
in the ion source design process. The final magnetic solution adopted will directly influence 
the design of other systems. 

To do so, a computational code for magnet design, POISSON, will be used. In the following 
section only a brief description of this software and the results obtained from the final 
simulation are presented. For a deeper description of the magnetic simulations developed in 
the magnetic system design process consult Appendix B.1. 

9.3.3.1. Magnetic simulation 

9.3.3.1.1 Initial considerations 

POISSON code has been used to do all the magnetic calculations. The goal of these 
simulations is to find out which geometry configuration and coil current provides the ion 
source with the desired magnetic field. 

Given the microwave system frequency, f = 2.45 GHz, the resonance magnetic field can be 
calculated. It has already been done in section “8.2.3 Magnetic system”. It was concluded 
that the magnetic field that will meet the resonance conditions for the electrons is BECR = 
0.0875 T. 
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The magnetic field generated by a coil will not be uniform in the space. Moreover it will be 
highly influenced by elements of the system made of ferromagnetic materials. For this reason 
it is necessary to run a magnetic simulation using POISSON code to predict where this 
mentioned “resonance magnetic field” value will take place. 

POISSON is a code that allows to design a set of magnets and to analyze the magnetic field 
they generate. Input data regarding the geometry of the problem, and the proposed 
dimensions and current of the coils is introduced to the code. Then, it will generate data 

about the magnetic field,  , , in all the simulation area, which is defined by cylindrical 
coordinates, (r,z). 

The design of the magnetic system will be an iterating process. The results from one 
magnetic simulation, if they do not match the final conditions desired, will indicate the next 
step to take, which will imply either to do modifications on the geometry or to adjust the 
current of the coil. Starting with an approximate initial solution, and then modifying the 
geometry and parameters according to the results obtained, it is possible to finally reach a 
solution with a limited number of iterations.  

In this sense, not only the results directly obtained from each simulation will be analyzed to 
decide the next step, but also some calculations on coil design will be necessary to advance 
towards the final design. For example, a too high conductor current in the coil would indicate 
the need to increase the cross section of that particular coil, in order to raise the number of 
turns and consequently reduce that current. For this reason, magnetic field simulation and 
coil design are parallel and simultaneous processes.  

During the development of these simulations, not only the coil configuration must be taken 
into account. The influence of ferromagnetic pieces in the system will have a direct impact on 
the final magnetic field. As a result, although this consists of one of the initial points on the 
ion source design, one must be aware of the preliminary design of other parts of the 
assembly apart from the coils. Accordingly, every modification that those elements suffer 
during the design process of the source must be validated by a new magnetic simulation.  

9.3.3.1.2 Results 

After the described iterative process, following the steps detailed in Appendix B.1, a solution 
that meets the magnetic requirements has been found. It will consist of a set of two coils. The 
first one is located around the waveguide, and at a specific height from the plasma chamber. 
And the second one will be located around the plasma chamber, and will be positioned at the 
same height as the extraction electrode. The exact geometry of the magnetic system can be 
seen at Figure 9.2. The upper coil will work at a total current of 8450 A·turns, and the lower 
one at 500 A·turns. Although these are the proposed initial currents for the coils, both can be 
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manipulated to adjust the plasma confinement and ECR region. Further results using 
different total currents for the coils can be found at Appendix B.1.   

Apart from the coil geometry, during this process the need of some ferromagnetic pieces has 
also been determined. For all cases, low carbon steel, AISI 1020, will be used. Its 0.2% 
carbon content improves its mechanical properties, but it is not too high so that it makes 
magnetic properties worse. In Figure 9.2 those parts are identified. For other mechanical 
components, which must not be made of ferromagnetic material, AISI 316L is used. Its 
relative permeability is approximately 1.01.  

 

Graphics in Figure 9.3 and Figure 9.4 provide the necessary information about the magnetic 
field present at the plasma chamber. Figure 9.3 represents the magnetic field, B [T], in the 
axis of the source; and Figure 9.4 indicates all the points in the plasma chamber that have 
the exact BECR magnetic field of 0.0875 T.  

9.3.3.1.3 Conclusions 

When observing the results of using a single coil, which can be found at Appendix B.1, it 
could be affirmed that the presence of the second coil is not necessary. Even though this 
might be true, the complex plasma physics involved in the operation of an ECR ion source 

Figure 9.2. Magnetic system geometry 
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does not allow to ensure that the proposed magnetic field profile will provide the most 
suitable conditions for the generation of the desired beam. For this reason, the inclusion of 
both coils in the real design will offer a unique flexibility on the ion source operation that will 
help on the attempt of finding the exact and perfect operation parameters of this source. 

 

 

Figure 9.3. Magnetic field, B [T], in the axis of the ion source 
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9.3.3.2. Coil design 

From the results of the magnetic field simulation it is now possible to propose a detailed 
design of the coils. Upper coil will be referred from now as Coil 1, and the lower as Coil 2. 

The following calculations have also served as criteria in the iterative coil design and 
magnetic simulation process. Considering the results obtained from the below presented 
calculations of the different type of conductors proposed, different actions have been taken to 
the coil general dimensions. 

First of all it is necessary to consider the different options which would cover this functionality. 
Two alternatives are considered: 

a) Wet wound single conductor coil. 
b) Hollow Cu conductor coil.  

The first option represents the typical single conductor 
coil, such as those used in electrical transformers. The 
second consists in instead of using regular conductor, 
using a hollow conductor (see Figure 9.5). This special 

Figure 9.4. B = 0.0875 T points in the plasma chamber 

Figure 9.5. Hollow copper conductors 
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design allows the flux of a refrigerating liquid through the conductor in itself in order to 
maximize the cooling performance, and therefore to permit higher coil intensities.  In the 
following lines calculations for both options are developed. 

9.3.3.2.1 Wet wound single conductor coil 

Calculations will be done considering a circular cross section copper conductor with a 
diameter of   1 . Coils’ cross section dimensions are: 

32 ,  16  

28 , 20  

66 ,  70.5  

Where h is the height, w is the width and  is the center radius of the cross section. 

Then the total number of turns of the coil, N, and the total conductor length, L, can be 
calculated using (Eq. 9.1) and (Eq. 9.2). 

 , 

· 2 · , 

Using this formula, the number of turns for each coil would be 896   and 
 320  . And the total conductor lengths 371.6   and   141.8  . It is also 
possible to calculate the electrical current that each wire will conduct. 

· 8450  · ,  · 500  ·  

Resulting in 9.43   and   1.56  . Using the copper resistivity, 1.72 · 10 Ω · , 
the total electrical resistance of the conductor can be calculated using (Eq. 9.3). Moreover, 
(Eq. 9.4) and (Eq. 9.5) can be used to calculate the total power dissipated and the potential 
drop respectively.  

·  

·  

∆ ·  

 

(Eq. 9.1)

(Eq. 9.2)

(Eq. 9.3)

(Eq. 9.4)

(Eq. 9.5)
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For this particular case the results obtained are the following: 

8.14 Ω,   3.10 Ω 

  733  ,     6   

∆ 76.7  ,   ∆ 4.9   

9.3.3.2.2 Hollow Cu conductor coil 

Among different options, the cross section chosen for 
this coil design is the one shown in Figure 9.6. The 
dimensions have been selected from a Luvata product 
catalog [18]. A selection of relevant pages of this catalog 
can be found in Appendix G. 

4   

2   

0.5   

The only difference between the calculation procedure in this case and the followed for the 
single conductor refers to the total number of turns. 

, 

Consequently, using (Eq. 9.6) and the equations used in the previous section (Eq. 9.2) to (Eq. 
9.5) results obtained are the following. 

 

Coil 1 2 

N 56 turns 20 turns 

L 23.2 m 8.9 m 

I 150.9 A 25 A 

R 3.16·10-2 Ω 1.21·10-2 Ω 

Pdiss 720 W 7.5 W 

V 4.77 V 0.30 V 

(Eq. 9.6)

Table 9.4. Hollow copper conductor  

Figure 9.6. Square with hole. 
Hollow conductor 
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For this kind of conductors it is also necessary to calculate the cooling of the coil to 
completely determine the design. To do so, a complex method described in [19] has been 
followed. The complete calculations can be found in Appendix E. The final chosen cooling 
circuit conditions are here summarized: 
 

Coil 1 2 

∆P 1.25 MPa 0.477 MPa 

v 2.31 m/s 2.31 m/s 

Re 4087 4085 

q 7.25·10-6 m3/s 7.25·10-6 m3/s 

∆T 23.7 ºC 0.25 ºC 

The cooling circuit design has been done such that both circuits can be connected, having 
only one water circuit. The criteria used to finally choose these parameters is described in 
[19]. It is recommended to have a flow velocity high enough so that the flow is fully turbulent, 

4000, but at the same time satisfy the condition 4  /  to avoid flow vibration and 
erosion of the conductor coolant passage. Typically pressure drops across magnet cooling 
manifolds are around ∆P = 10 atm = 1.01 MPa. Finally, an acceptable temperature rise 
which protects the coil epoxy encapsulation from damage is ∆ 30  . The selected 
operation parameters follow these recommendations. 

9.3.3.2.3 Final selection 

After observing the results obtained for each of the two options proposed, it can be stated 
that the second one offers a better solution. It is true, though, that only the requirements of 
the first coil may not be met by the first option, while the second coil could be built using 
either one or other technology. Even though the possible choice in the second coil, it will also 
be built using hollow conductors in order not to mix the two solutions. The choice of one 
option for one coil and a different one for the other would bring added costs corresponding to 
fix expenses that the use of a certain technology imply. 

Seeing the results obtained in coil calculations, it is clear that the huge power dissipated in 
the coil number 1 requires a cooling system able to reject so much heat and to avoid 
excessive temperature increase of the conductor. Only the hollow conductor solution can 
offer the required cooling to the coil. 

Table 9.5. Coil cooling operation parameters. ∆P: pressure drop, v: water velocity, Re: Reynolds 
number, q: flow rate, ∆T: temperature change.  
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In the final design of the magnetic system, an extra element will be included to ensure the 
correct position of the coil, and to avoid its movement due to induced magnetic forces. This 
will only considered for the coil number 2. The tight shielding of the upper coil makes 
unnecessary the presence of a fixing element. Then, two G10 pieces have been designed to 
provide this function. See Figure 9.7. 

Finally, considering the placement of the coils in the ion source assembly, it is established 
that both of them will be at high voltage, and so will be the power source of the coils. After all 
these considerations, coils and the magnetic system are completely designed and 
determined.  

9.3.4. Extraction system design 

To completely determine the extraction system, one must decide the geometry of each of the 
three electrodes, to ensure that they can generate the proton beam with the specified 
characteristics. These three electrodes will form the accel-decel extractor system. It will also 
be necessary to define the voltage and material of each of them.  

The voltage of each of the electrodes has been previously decided,   20  ,  
2  ,   0  . Although the extraction voltage has already been established, it is one of 

the parameters of the simulation, and so it can finally change after analyzing the results. 

It should be noticed that the material of the extraction electrode is already determined by the 
necessary magnetic field in the plasma chamber. It will be made of AISI 1020. The other two 
electrodes, suppressor and ground, will be made of copper. This is a material with high 
thermal conductivity; this quality will help to avoid the overheating of the electrodes in several 
points; and it will allow the homogenous distribution of the heat. Therefore, direct water 
cooling over the electrodes will not be needed, which would represent a difficult technological 

Figure 9.7. G10 coil positioners. 

Coil positioner 
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challenge. The experience in this field 
of the project director, T.A. Antaya, 
ratifies this decision. 

When designing the extraction 
electrode, it must be considered that 
vacuum pressure will be on both sides. 
To allow an easy pressure distribution 
and to avoid the generation of 
unnecessary tensions, pumping holes 
are included in its design (see Figure 
9.8). They must be situated with a 
minimum separation, and they must be 
small enough in order not to affect the 
magnetic confinement in the plasma 
chamber. Also, it is recommended to place a copper grid over these holes, to keep the 
microwaves out of the extraction region while allowing neutral gas atoms to outflow.  

Apart from these considerations, to complete the electrode design, a code will be used to 
simulate the ion extraction from the plasma chamber. Evaluating the results obtained from it, 
the exact distances between the electrodes will be determined.  

9.3.4.1. Beam formation simulation 

In this section, results obtained from the use of BEAM3D code on the specific case of this 
ECR ion source will be shown. The main points of the procedure followed will also be 
explained. For further review on the development of these simulations refer to Appendix C. 

BEAM3D is a code that solves the motion equations of a charged particle in the presence of 
a magnetic and electric field. The code requires as input data the magnetic and electric field 
data, geometrical information, extraction voltages, and a set of initial parameters of the 
plasma and the beam. Then, by solving the differential Lorentz equation it is capable to 
provide information about the axial and transverse ion orbits, the ion position distribution over 
the space, charge state distribution, and emittances at different points along the longitudinal 
axis. All this information is more than enough to determine whether the extraction system is 
able or not to provide the expected proton beam. 

Some of the required input data of BEAM3D code, such as magnetic and electric field 
distribution, are obtained from POISSON simulations. This data must first be treated to 
match the specific input data format for BEAM3D code. However, output data from Poisson 
does not fit the input format of BEAM3D. For this reason an intermediate step is necessary to 

Figure 9.8. Pumping holes and copper grid in extraction 
electrode. 
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match the two formats. A code, using Fortran language, to translate the data from one format 
to the other has been developed as a part of this project. A detailed explanation of this code 
can be found in Appendix D.  

BEAM3D code has not been used for approximately twenty years, for this reason to use it a 
previous update of some parts of it, and the compilation of all the code was necessary. One 
of the code’s modules, Beam3D_Plot, used some outdated routines, and for this reason had 
to be completely rewritten during the development of this project. The complete code of 
Beam3D_Plot can be found in Appendix C.1. 

The initial point for the geometrical design of the electrodes is based on previous experience 
of the project director. Starting with that solution, and taking the necessary steps on the 
design according to the simulation results, a final solution has been reached. All the 
information regarding the simulation parameters and simulation process in general can be 
found in Appendix C. In that section also results of different scenarios are presented to 
support the final design of the extraction system.  

The final geometry of the extraction system is shown in Figure 9.9. Also, results obtained 
from the simulation are exposed in Figure 9.10 to Figure 9.12. The complete set of results 
can be found at Appendix C. Finally, according to the desired characteristics of the proton 
beam, a 30 kV extraction voltage has been selected. Simulation results for this particular 
voltage show the best focused beam among different proposed scenarios.  

Regarding the geometry of the extraction electrode, it must be mentioned that this particular 
shape provides the required inward focusing in the first gap to counter the blow up from the 
high amount of positive charge. A flat disk would not have this characteristic.  

20 mm 

Figure 9.9. Extraction geometry 

Ground 
electrode 

Suppressor 
electrode 

Extraction  
electrode 
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Figure 9.10. r-z plane ions orbits 

Figure 9.11. X-X’ emittance 
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9.3.4.2. Medium voltage isolation 

As mentioned above, the ion source will include a suppressor electrode. Its function is to 
prevent the electrons generated because of the high intensity proton beam from accelerating 
back to the extraction electrode. For this purpose, the suppressor electrode will be charged 
with a negative potential of 2  . With such electrical conditions, and considering 
that it will be directly mounted on the ground electrode, which must be at   0  , it is 
clear that it will require electrical isolation for its mechanical assembly. 

To reach this electrical isolation, MACOR Machinable Glass Ceramic has been chosen. Its 
dielectric strength of 62.4 kV/mm and the ease to machine it make this material suitable for 
this particular function. Three MACOR pins will be used to hold the suppressor electrode 
over the ground electrode, as shown in Figure 9.13.  

Figure 9.12. Y-Y’ emittance 
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9.3.5. High voltage isolation 

The normal operation of an ECR ion source requires the presence of a high voltage 
electrode in the extraction system. Due to the general configuration of the assembly, not only 
the electrode but some elements in the source will be at this specific high voltage. Given that 
the rest of the test stand must be at ground voltage, it is necessary to include high voltage 
isolation in both extremes of the source: the microwave input plane, and the beam output 
plane.  

Given the high voltage difference and the proximity of the electrodes, the possibility of an 
electrical breakdown which would lead to an undesired electric arc has also to be 
considered. 

As often used in high voltage equipment, a Faraday cage will be installed in the test stand to 
enclose all the high voltage components, providing the necessary safety to the ion source 
users.  

Figure 9.13. Medium voltage isolation 
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9.3.5.1. Extraction plane isolation 

An electrical isolation between the high voltage parts in the source and the flange that will 
serve to mount the ground and suppressor electrode, and to assemble the ion source to the 
rest of the test stand is needed.  

The proposed design is based on the one created by P. Roychowdhury and D. P. 
Chakravarthy [16]. It consists on an alumina -or aluminum oxide- ring that provides both 
electrical isolation and vacuum sealing, and a set of pins that provide a way to mechanically 
assemble the flange to the rest of the ion source (see Figure 9.15).  

Although alumina serves as a perfect electrical isolator, it is not possible to mechanize it due 
to its fragility, as it is normal in ceramic materials. By placing six pins, made of Delrin, around 
the alumina ring, it is then possible to provide the necessary pressure between the two parts 
of the assembly. Delrin, DuPont’s company trade name for polyoxymethylene, is an 
engineering thermoplastic with both good mechanical and electrical properties. Its yield 
stress of around 70 MPa at room temperature and its dielectric strength over 20 kV/mm 
makes this material perfect for this application. On the other hand, different types of alumina 
products have a dielectric strength around 10 kV/mm and compressive strength greater than 
3000 MPa. The configuration of both elements causes that compressive loads will be held by 
alumina ring and delrin pins, but tensile loads are only supported by delrin pins. 

Finally, an alumina ring of 110 , 116  and   51 , and six Delrin pins 
of   12  and 47  are used for this purpose. Due to its large dimension, this 
system will not have any problem on holding voltage differentials of 30 kV as system 
requires, or even 40 kV, a possible voltage extraction of future versions of the ion source. 

In this section it must also be 
considered the necessity to 
protect the alumina ring of 
possible metallic depositions 
from the ion beam, which would 
lead to the loss of the isolating 
function. For this reason two 
cylindrical shields have been 
located near the inside part of 
the insulating ring (see Figure 
9.14). Both shields will be made 
of copper. The justification for 
this choice is the same as for the 
electrodes. 

Figure 9.14. Copper shields for the alumina ring 

Shields
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9.3.5.2. Waveguide electrical isolation 

It is important to design a system to make possible the connection between the ion source 
input waveguide and the waveguide that will provide microwaves from the generator system. 
Given the rectangular geometry of the waveguide, this system should not only ensure the 
electrical isolation between the two waveguides, but also do it while keeping an exact relative 
position between them. 

To meet these two functions a custom microwave window is built (see Figure 9.16). In direct 
contact with each waveguide flange, UG53/U, two half circle pieces made of G10 will be 
placed. Then a total of four pieces of this material will constitute the system. G10 is a 
material consisting on glass reinforced epoxy laminated sheets that provide good mechanical 
properties and a dielectric strength of about 20 kV/mm. Two positioning dowels on each G10 
piece establish their relative position, fixed to the waveguide flange. Also, two slightly 
different aluminum rings will be in contact with the G10 pieces. They will also have a 
determined relative position to the G10 elements. Both rings will provide the necessary 
mechanical pressure between the two waveguides using a set of M6 bolts. Finally, a thin 

Figure 9.15. High voltage isolation 

Alumina  
ring 

Delrin 
pins 
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kapton film will be placed between the two waveguides. Kapton is a polymide film that 
provides extremely high electrical insulation; its dielectric strength is about 200 kV/mm, and 
at the same time allows the transmission of microwaves. To avoid microwave leak on the 
diametrical zone of the kapton film, a small limit is set on one of the aluminum disks.  Further 
information of all materials can be found at Appendix A.  

 

9.3.5.3. Possible electrical breakdown 

The proximity of the extraction and suppressor electrodes and their huge potential 
differential, ∆ 32  , makes necessary the study of a possible electrical breakdown 
between these two electric pieces. This phenomenon must also be considered between the 
ground and suppressor electrode, where  ∆ 2   and   2  . 

Many nonconducting materials become ionized in very high electric fields and become 
conductors. This phenomenon, called dielectric breakdown, occurs in air at an electric field 
strength of 3·106 V/m. In air, some of the existing ions are accelerated to greater kinetic 
energies before they collide with neighboring molecules. Dielectric breakdown occurs when 

Figure 9.16. Microwave input line high voltage isolation 
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these ions are accelerated to kinetic energies sufficient to result in a growth in ion 
concentration due to the collisions with neighboring molecules [20]. Considering this, a 
minimum distance between extractor and suppressor electrodes of 10.7 mm would be 
necessary in an atmospheric pressure air environment. Between suppressor and ground 
electrodes, the required distance would be 0.7 mm in these conditions.  

In the specifications it has been 
established that the whole system will 
be at a vacuum pressure of 2·10-3 Pa. 
Actually, the objective of the vacuum 
system is to evacuate the plasma 
chamber, extractor chamber, 
diagnostics chamber, and other 
vacuum components to avoid loss of 
beam particles due to recombination, 
and to avoid the electrical breakdown 
due to high voltage. It is also known 
that after the addition of hydrogen gas 
to the system, pressure will rise 
approximately to 2·10-2 Pa. Using the 
graphic on Figure 9.17 it is possible to 
calculate a new minimum distance 
between electrodes considering the 
operating pressure. At 2·10-2 Pa the 
dielectric strength of air would be 9.4 
kV/mm, so a minimum distance of 3.4 
mm between extraction and suppressor electrodes, and 0.2 mm between ground and 
suppressor electrodes would be required. In the present ion source, the designed distances 
are 20 mm and 2 mm respectively. Therefore, there is no danger of electrical breakdown. 

9.3.6. Cooling system design 

As described in the conceptual design, a cooling circuit is needed around the plasma 
chamber. A copper tube coil will cover this function. The same method followed in the 
calculation of magnetic coil cooling systems will be used. A detailed development can be 
found in Appendix E.  

The only source of energy of the ion source is the microwave generation system. As 
determined in the specifications, this source will have a power of 1 kW. Although not all that 
energy will be transformed to heat, a conservative specification of 1 kW of heat power to 

Figure 9.17. Air dielectric strength vs. Air pressure. (760 
Torr = 101325 Pa, 1 Mil = 0.0254 mm) 
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dissipate will be adopted for the water cooling system calculation. The final design details of 
this system are shown in Table 9.6. 
 

Øtube 3 mm 

Øcoil 107 mm 

L 3 m 

∆P 0.1 MPa 

v 2.36 m/s 

Re 6257 

q 1.67·10-5 m3/s 

∆T 14.3 ºC 

9.3.7.  General mechanic considerations 

9.3.7.1. Magnetic forces 

The only significant forces present in the ion source, apart from the weight of all components 
are the magnetic forces. These will only affect the two coils and pieces made of 
ferromagnetic material. Given the particular magnetic field distribution around the ion source 
it is not trivial to calculate the forces on each part. For this reason a code will be used, 
FORCE from POISSON SUPERFISH family.  

FORCE code uses as an input the final result of the magnetic simulation obtained from 
POISSON code. It only needs that data to provide the force distribution on the specified part, 
as well as the total radial and axial forces that affect it. This particular problem has cylindrical 
symmetry; therefore the total radial force will be always zero. Further reviews on how to 
obtain these results can be found in Appendix B.3. Results are shown in Figure 9.18. 

Observing the generated forces and the layout of the involved pieces, it can be stated that 
only the possible critical joint is the one between upper shielding, pointed as 4 in Figure 9.18, 
and upper coil’s shielding, 3 in Figure 9.18. Any other element requires any further 
calculation. 

 

Table 9.6. Water cooling system operation parameters 
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Although the calculation of the bolted joint will be done, it is initially clear that it will be more 
than sufficient to hold the present forces. This way, the necessary knowledge to do this kind 
of calculations will be provided in case future designs of the ion source imply higher magnetic 
field and therefore higher forces and more critical joints. Two different possible failures will be 
considered.  

This joint consists in six M4 steel bolts. Effective diameter for this bolt is 3.141 ; yield 
strength of a 4A steel bolt is 200  ; and a safety factor of 1.5 will be used. 
Friction forces between both pieces are neglected. This supposition represents a 
conservative hypothesis. No normal tension on the bolt will be considered as only the 
mounting tension would be present, which will not be considerable. Added to the magnetic 
force present in this joint, the weight of the upper shielding part will also include some stress. 
Finally the total force to consider is   166  . [22] 

Figure 9.18. Magnetic induced z-axis forces. 1: Upper coil, 2: Lower coil, 3: Upper coil’s shielding, 4: 
Upper shielding, 5: Lower coil’s shielding, 6: Lower shielding, 7: Extraction electrode. 



86 | Page   

 

a) Failure by shear stress 

Admissible shear stress is 

·  

Where following the Spanish standard MV-103, 0.65 for ordinary bolts, and   . 

And in this case actual shear in the joint will be given by 

· /4
 

Where n is the number of bolts in the joint. Using (Eq. 9.7) and (Eq. 9.8), results are 
obtained: 86.7  , 3.6  . 

b) Crushing failure 

In this case, effective area and normal admissible tension are 

· ·  

·  

Where e is the length of the bolt, e = 10 mm, and, according to Spanish standard MV-103, 
2 for ordinary bolts. Using these equations, results are 266.7   and 

0.9  . 

It is then concluded that this joint will be able to provide the necessary mechanical support. 

9.3.7.2. Vacuum sealing 

Some vacuum sealing is necessary in the assembly of the ion source. Due to high 
temperatures of operation in the plasma chamber and its surroundings the use of regular 
elastomer toric joint is not recommended. Instead indium seals will be used. The project 
director, T.A. Antaya, suggested the use of these kind of sealing given his previous 
experience with this solution. Also existing stock of indium wire in the PSFC’s T&E laboratory 
influences this decision (see Figure 9.19). 

Indium, a malleable, semi-precious silvery metal, can be utilized to seal unsolderable 
surfaces in cryogenic applications, vacuum pumps, and in heat-sensitive areas. As opposed 
to gaskets made from other materials, which only form a barrier to the medium being 
contained, when indium is used as the sealant, a mechanical and chemical bond is formed 
between this and the surfaces to be joined. Furthermore, seals produced with indium are far 

(Eq. 9.7) 

(Eq. 9.8) 
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less sensitive to the effect of low 
temperature, mechanical shock, and 
vibration than seals produced with other 
materials. 

Because indium quickly forms an oxide at its 
surface, it is necessary to break this oxide 
film in order to obtain a chemical bond 
between indium and another surface without 
soldering. Plastic deformation may be utilized 
to break this film in order to present clean 

indium metal to a substrate. However, this 
process is easily accomplished, since indium 
readily flows under pressure, even at cryogenic temperatures. 

The quality of an indium seal depends on the purity and cleanliness of the indium. The 
proper preparation of the surfaces to be sealed is also an important factor. Metal surfaces to 
be sealed can be bare, pre-tinned with indium, or plated with indium or silver. Bare surfaces 
can be polished using abrasive powders or can be machine finished. Machine finished 
surfaces should not be "improved" by using abrasive powders, cloths, etc; no special 
superficial roughness is needed. Another key feature is the thickness and shape of the 
indium. The thickness of the indium may range from less than 0.2mm to 1-2 mm, depending 
upon the area of the surfaces to be joined and the compressive force on the seal. If the seal 
is positioned in an "O" ring groove, the seal should be sized so that it overfills the groove by 
five to fifteen % when compressed. Correctly formed seals have leak rates of less than 
2.7·10-8 Pa·m3·s-1. 

Therefore, a Ø = 1 mm indium wire section will be used to ensure the vacuum sealing of the 
chamber. A total number of two indium rings will be needed in the ion source design. To 
meet the recommendations on the last paragraph, a rectangular section groove of 1x0.7 
mm2.  

9.3.7.3. Mounting tolerances 

All the dimensions in the drawings, presented in Appendix H, have a general tolerance 
according to ISO 2768 medium. Apart from this, some specific tolerances must be included 
in some parts to ensure a correct assembly. In general, all the necessary diametrical 
mounting tolerances have been set to a H9/h8 configuration, following the recommendations 
of A. Chevalier [23] for sets with the possibility of assembly and disassembly without the 
need of any tool.  

Figure 9.19. Indium wire stock at PSFC T&E lab 
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Other non standard tolerances had to be considered on pieces directly interacting with 
commercial components, such as the waveguide or the microwave window. In any case, 
tolerances have been set according to those provided by suppliers of commercial elements, 
and always allowing hand assembly. In the case of the waveguide, no external tolerances 
are given by the supplier. For this reason, components in contact with it in the assembly are 
left without any special tolerance apart from the general ISO 2768m. Then, a special 
attention must be given to these pieces during the fabrication process. 

9.3.7.4. Bolted joints 

As far as possible, it has been tried to use only M4 or bigger bolts to ease the handling of 
them on the assembly process. Apart from the ones considered in section “9.3.7.1 Magnetic 
forces”, there are no critical joints. Therefore, the only reasons to use one or other bolt in 
each case are geometrical. In Table 9.7 a summary of all the necessary bolts is shown.  

 

Configuration name Description Length Units 

ISO 4762 M4 Hexagonal socket head 6 3 

8 3 

12 6 

16 6 

30 6 

ISO 4762 M6 Hexagonal socket head 16 6 

ISO 10642 M4 Hexagonal socket countersunk head 16 6 

ISO 4016 M6 Hexagon Bolt Grade C 45 6 

ISO 4032 M4 Hexagon nut - 6 

ISO 4032 M6 Hexagon nut - 12 

  

Table 9.7. Bolts summary 
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9.4. Part description 

 In the following section a review on the function, materials, quantities, manufacturing 
method, and other considerations of every element of the ion source is provided. To ease the 
reader’s task, part of the complete ion source drawing is shown in Figure 9.20 and a 
summary of the elements included in it is detailed in Table 9.8. 

 

Figure 9.20. Ion source assembly drawing 
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ITEM NO. PART NUMBER DESCRIPTION QTY. 

1 PSFC-01-1100 Lower support 1 

2 PSFC-01-1200 Upper support 1 

3 PSFC-01-1001 Central support 1 

4 PSFC-01-1002 Quartz tube 1 

5 PSFC-01-1003 BN disk 1 

6 PSFC-01-1004 Upper shielding 1 

7 PSFC-01-1005 8'' Flange - MDC 110030 1 

8 PSFC-01-1006 Dowel 1 

9 PSFC-01-2100 Microwave window 1 

10 PSFC-01-2200 Waveguide system 1 

11 PSFC-01-2001 Impedance matching element 2 

12 PSFC-01-3001 Extraction electrode 1 

13 PSFC-01-3002 Ground electrode 1 

14 PSFC-01-3003 Suppressor electrode 1 

15 PSFC-01-3004 Ground electrode support 1 

16 PSFC-01-3005 Grid 1 

17 PSFC-01-4100 Upper coil system 1 

18 PSFC-01-4200 Lower coil system 1 

19 PSFC-01-4203 Coil positioner 2 

20 PSFC-01-5001 High voltage isolator 1 

21 PSFC-01-5002 Supporting pins 6 

22 PSFC-01-5003 Medium voltage isolator 3 

23 PSFC-01-6100 Small shield 1 

24 PSFC-01-6200 Large shield 1 

25 PSFC-01-7001 Vacuum gasket A 1 

26 PSFC-01-7002 Vacuum gasket B 1 

27 PSFC-01-8001 Cooling system 1 

28 PSFC-01-8002 Gas inlet tube 1 

Table 9.8. Ion source components summary 
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Item number 1 
Description Lower support 
Material AISI 1020 
Manufacturing Machining 
Function 
Provide physical support to the lower coil and a fixing point to the supporting pins (Item n.20). 
It also offers magnetic shielding due to its ferromagnetic material.  
Other considerations 
It is formed of two different pieces, both made of AISI 1020, which will be previously mounted 
and brazed together using silver solder brazing at 800ºC. Is also necessary to consider that it 
has to provide the space for the input and output lines of the lower coil and the water cooling 
system. This element is at high voltage. 

 
Item number 2 
Description Upper support 
Material AISI 1020 + AISI 316L 
Manufacturing Machining 
Function 
Provide physical support to the upper coil and ensure the correct placement of the waveguide 
relatively to the microwave window. It also offers magnetic shielding due to its ferromagnetic 
material.  
Other considerations 
It is formed of two different pieces, one made of AISI 1020 and the other of stainless steel, 
which will be previously mounted and brazed together using silver solder brazing at 800ºC. 
This element is at high voltage. 

 
Item number 3 
Description Central support 
Material AISI 316L 
Manufacturing Machining 
Function 
Provide mechanical consistence to the whole assembly and host the microwave window and 
the elements that will form the plasma chamber.  
Other considerations 
This element is at high voltage. 
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Item number 4 
Description Quartz tube 
Material Quartz 
Manufacturing Commercial component 
Function 
Define the ionization chamber inside the ion source and therefore provide physical 
confinement to the plasma.  
Other considerations 
It will have to resist very high temperatures. 

 
Item number 5 
Description BN disk 

Material Boron Nitride 

Manufacturing Machining 
Function 
Reduce the recombination processes for the formation of molecular ions in the ionization 
reactions of hydrogen. 
Other considerations 
It has to include a thru hole to place the input gas line (Item n.26), and a blind hole for the 
positioning dowel (Item n.17), necessary to set the relative position of this element and the 
microwave window (Item n.9). 

 
Item number 6 
Description Upper shielding 

Material AISI 1020 

Manufacturing Machining 
Function 
Provide physical and magnetic shielding to the upper coil. Also provide a way to fix the 
waveguide to the rest of the assembly. 
Other considerations 
It is brazed to the waveguide using silver solder brazing at 800ºC. This element is at high 
voltage. 
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Item number 7 
Description 8'' Flange - MDC 110030 

Material 304 SS 

Manufacturing Commercial element + Machining 
Function 
Its principal function is to provide a mechanical connection of the entire ion source to the rest 
of the test stand. It also provides physical support to the ground and suppressor electrodes 
and to high voltage isolation elements. 
Other considerations 
This element is at ground voltage. Some additional machining will be needed to meet the 
functions of this element. Commercial catalog in Appendix G.  

 
Item number 8 
Description Dowel 

Material AISI 1020 

Manufacturing Machining 
Function 
Ensure the correct relative position between the BN disk (Item n.5) and the microwave 
window (Item n.9) to allow the correct placement of the gas input pipe (Item n.26). 
Other considerations 
-  

 
Item number 9 
Description Microwave window 

Material Aluminum + quartz 

Manufacturing Commercial element + Machining 
Function 
Provide physical separation between the plasma chamber and the waveguide, allowing to 
have vacuum pressures in the first zone and atmospheric in the second. 
Other considerations 
Additional machining is necessary on the commercial element to meet the magnetic 
requirements, and to allow the upper coil to be placed in its correct distance to the plasma 
chamber. Commercial catalog in Appendix G.  
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Item number 10 
Description Waveguide system 

Material - 

Manufacturing Commercial element + Machining 
Function 
Provide an input line for the microwaves, allow the physical connection of the waveguide of 
the ion source to the waveguide of the microwave generation system, and do it providing high 
voltage isolation between them. 
Other considerations 
In this element both the waveguide and the electrical isolation system is included. A brass 
WR284 waveguide and a UG53/U flange have been selected. A detailed description of this 
element can be found at “9.3.5.2 Waveguide electrical isolation”. 

 
Item number 11 
Description Impedance matching element 

Material Brass 

Manufacturing Machining 
Function 
Gradually match the impedance of the waveguide to the impedance of the plasma chamber to 
avoid reflection of microwaves in the interface. 
Other considerations 
This element has not been designed in this project. It is only included to note that it is 
necessary for correct operation of the source. 

 
Item number 12 
Description Extraction electrode 

Material AISI 1020 

Manufacturing Machining 
Function 
Serve as a high voltage electrode in the extraction system of the ion source to properly 
generate the desired proton beam. Also help to provide the exact necessary magnetic field in 
the plasma chamber. 
Other considerations 
This element is at high voltage. Further review on the design of this element can be found at 
“9.3.4 Extraction system design”. 
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Item number 13 
Description Ground electrode 

Material Copper 

Manufacturing Machining 
Function 
Along with the other electrodes in the system, generate the required electric field which will 
pull the particles through the ion source extraction geometry. 
Other considerations 
This element is at ground voltage. Further review on the design of this element can be found 
at “9.3.4 Extraction system design”. 

 
Item number 14 
Description Suppressor electrode 

Material Copper 

Manufacturing Machining 
Function 
Inhibit the back-flow of electrons into the ion source. It is a part of the extraction system. 
Other considerations 
This element is at medium negative voltage. Further review on the design of this element can 
be found at “9.3.4 Extraction system design”. 

 
Item number 15 
Description Ground electrode support 

Material Copper 

Manufacturing Machining 
Function 
Provide physical support to the ground and suppressor electrode and at the same time allow 
an easy vacuum pressure distribution in the ion source. 
Other considerations 
- 
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Item number 16 
Description Grid 

Material Copper 

Manufacturing Commercial element 
Function 
Partially prevent the outflow of protons through the pumping holes of the extraction electrode 
(Item n.12). 
Other considerations 
- 

 
Item number 17, 18 
Description Upper and lower coil systems 

Material Copper 

Manufacturing Commercial element 
Function 
Provide the necessary magnetic field in the ion source. 
Other considerations 
Glass tape cover will be used to protect and electrically isolate the coil from the surrounding 
components. It also includes the necessary electrical connections to connect to power supply 
and fittings to connect to water circuit.  

 
Item number 19 
Description Coil positioned 

Material G10 

Manufacturing Machining 
Function 
Fix the position of the lower coil (Item n.18) and avoid that it moves during operation. 
Other considerations 
- 

 

 

 



 Design of an ECR Proton Source Page | 97 

 

 
Item number 20 
Description High voltage isolator 

Material Alumina 

Manufacturing Commercial element 
Function 
Electrically isolate the high voltage elements from the flange (Item n.7) and provide vacuum 
sealing. 
Other considerations 
- 

 
Item number 21 
Description Supporting pins 

Material DELRIN 

Manufacturing Machining 
Function 
Provide the necessary compressive pressure to the high voltage isolator (Item n.19) 
assembly, and physically assembly the central part of the ion source to the lower part. 
Other considerations 
- 

 
Item number 22 
Description Medium voltage isolator 

Material MACOR ceramic 

Manufacturing Machining 
Function 
Physically support the suppressor electrode and electrically isolate it from the ground 
electrode. 
Other considerations 
- 
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Item number 23, 24 
Description Small and large shields 

Material Copper 

Manufacturing Machining 
Function 
Avoid metallic deposition to the high voltage isolator (Item n.19) that would cause an electric 
arc and therefore a loss of the electrical isolating function. 
Other considerations 
Both components are formed by two brazed parts. A silver solder brazing at 800ºC will be 
used.  

 
Item number 25, 26 
Description Vacuum gasket 

Material Indium 

Manufacturing Commercial element 
Function 
Provide vacuum sealing to the ion source assembly. 
Other considerations 
Detailed design of this component is described in section “9.3.7.2 Vacuum sealing”. 

 
Item number 27 
Description Cooling system 

Material Copper 

Manufacturing Commercial element 
Function 
Refrigeration of the plasma chamber. 
Other considerations 
Detailed design of this component is described in section “9.3.6 Cooling system design”. 
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Item number 28 
Description Gas inlet tube 

Material Copper 

Manufacturing Commercial element 
Function 
Serve as an input gas line to introduce hydrogen to the plasma chamber. 
Other considerations 
A standard Øout = 0.125 in = 3.175 mm will be used.  

 

9.5. Assembly process 

In this section, the necessary step by step mounting process to assemble the ion source is 
described.  

 

    

Figure 9.21. Waveguide electrical isolator 
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ITEM NO. PART NUMBER DESCRIPTION QTY. 

1 PSFC-01-2201_A Rectangular waveguide A 1 

2 PSFC-01-2201_B Rectangular waveguide B 1 

3 PSFC-01-2202_A G10 sandwich A 2 

4 PSFC-01-2202_B G10 sandwich B 2 

5 PSFC-01-2203 Fixing ring A 1 

6 PSFC-01-2204 Fixing ring B 1 

7 PSFC-01-2205 Kapton film 1 

8 PSFC-01-2206 Microwave dowel 6mm 8 

9 PSFC-01-2207 Microwave dowel 10mm 2 

First the mounting process of component #10 is described. The following steps describe the 
mounting process of the waveguide electrical isolation assembly (see Figure 9.21). 

1. Place the two waveguides, each one facing the other. 
2. Place an auxiliary rectangular block of the waveguide’s inner dimensions inside both 

waveguides to ensure that a perfect alignment is kept during the mounting process. 
3. Introduce the eight 6mm dowels to the blind holes on each waveguide’s flange. 
4. Place the four G10 sandwiches on the flanges fitting them to the dowels. Each 

waveguide must be in contact with one G10 sandwich A and one B. 
5. Place the two 8mm dowels on each blind hole of the G10 sandwiches A. 
6. Place both fixing rings on each plane fitting the dowels of the previous step. 
7. Bolt the two fixing rings together using six ISO 4016 M6 45mm and six nuts ISO 4032 

M6. 
8. Carefully dismount the six bolt joints just fastened, and without modifying the 

alignment of the two waveguides, slightly separate the two halves of the assembly 
and remove the auxiliary rectangular block. 

9. Place the Kapton film between the two flanges, and bolt again the two fixing rings. 

Once this first element is assembled, it is now possible to proceed to the assembly of the rest 
of the ion source. To abbreviate the description and not to continuously repeat components’ 
names, numbering employed in Figure 9.20 and Table 9.8 will be used. It is recommended to 
use drawings in Appendix F to easily follow the mounting instructions.  
 

Table 9.9. Waveguide electrical isolator component summary 
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10. Mount the two components of #1 and braze them together. 
11. Mount the two components of #2 and braze them together. 
12. Mount the two components of #23 and braze them together. 
13. Mount the two components of #24 and braze them together. 
14. Assemble the six units of #21 to #1 using six bolts ISO 4762 M6 of 16 mm. 
15. Wind #27 around #3. 
16. Place #18 on #1. 
17. Place two units of #19 on #18. 
18. Assemble elements #1 and #23 to #3 using six bolts ISO 4762 M4 of 16 mm as 

shown in Figure 9.20. Properly place gasket #26 on the joint. 
19. Braze #16 to #12 on the lower part. 
20. Introduce #12 to #3. 
21. Introduce #4 to #3. 
22. Carefully place #8 in the blind hole of #5. 
23. Mount #5 and #9 together using the help of the positioning pin #8. 
24. Place the set obtained at the previous step on #3 placing also #25 in the joint. 
25. Assemble #2 to #3 using six bolts ISO4762 M6 of 12 mm. 
26. Place #17 on #2. 
27. Bolt #6 to #2 using six ISO 10642 M4 of 16 mm. 
28. Braze both units of #11 to #10 as shown in Figure 9.20. 
29. Introduce #10 through #6 until correct placement over #2 and #9. 
30. Braze #10 to #6. 
31. Assemble #15, #13 and the three units of #22 using three ISO 4762 M4 of 8 mm. 
32. Assemble the result of the previous step and #24 to #7 using six ISO 4762 M4 of 30 

mm and six nuts ISO 4032 M4. 
33. Assemble #14 to the three units of #22 using three ISO 4762 M4 of 6 mm. 
34. Properly place #20 on the groove in #7. 
35. Assemble #7 to the rest of the system through six #21 and using six ISO 4032 M6.  
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10. Economical analysis 

The economical study of this project will include the engineering design cost, and 
manufacturing and assembling expenses for the ion source. The scope of this project 
reaches only the conceptual and detailed design of the ECR ion source; the manufacturing of 
all the necessary parts and posterior assembly would be the next step to take after the 
completion of this project. For this reason, the economical study here presented must only be 
seen as an approximation to the real final value. 

The costs of this project can be divided in two main groups: direct expenses, which include 
engineering labor, commercial components expenses, manufacturing and assembly of the 
source; and indirect expenses, associated to costs such as administrative tasks, electricity, 
office supplies, computer hardware and software amortization, etc. Indirect costs will be 
calculated as a 20% of the engineering costs. 

All the prices will be here presented in Euros, €. As some of the values were originally in US 
dollars, US$, the Euro-USD exchange rate of May 21st, 2010, will be used: 1€ = 1.2497US$. 
[24] 

10.1. Engineering expenses 

To develop the current project, the participation of two members has been required:  

- Dr. Timothy A. Antaya. Project director. PhD in Physics. 
120 hours (150 €/h)  18,000.00 € 

 
- Jordi Reig Armero. Project engineer. Mechanical engineer. 

790 hours (40 €/h)  31,600.00 € 

The total costs associated to engineering labor are then 49,600.00 €. 

10.2. Materialization expenses 

Costs included in this concept will be divided in three chapters: commercial components, 
manufactured pieces, assembly process. Commercial components chapter include all those 
parts directly bought to a supplier. Manufactured elements refer to those pieces specially 
designed for this project. 

In this section, only the total cost of each chapter will be presented. A detailed economical 
analysis of materialization costs can be found in Appendix F. 
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Commercial components 14,209.01 €

Manufactured pieces 1,388.43 €

Assembly process 80 €

TOTAL 15,677.44 €

10.3. Indirect expenses 

As previously described, indirect costs will be computed as the 20% of the engineering costs. 
Therefore, indirect costs are 9,920 €. 

10.4. Expenses summary 
 
Direct costs 65,212.44 €

Engineering costs 49,600.00 € 

Materialization costs 15,677.44 € 

Indirect costs 9,920.00 €

TOTAL cost of ECRIS 75,197.44 €

 

Table 10.1. Materialization expenses summary 

Table 10.2. Total expenses summary 
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11. Environmental analysis 

11.1. Material disposal  

The development of this project does not have any significant environmental impact beyond 
the proper disposal of the materials used to build the ion source. This will be done following 
Title 40 of the Code of Federal Regulations (CFR). The CFR is the codification of the general 
and permanent rules published in the Federal Register by the executive departments and 
agencies of the Federal Government. In this case the mentioned section of the CFR 
represents one of the laws and regulations of the Environmental Protection Agency (EPA) of 
the United States.  

None of the materials used for the ion source design represent a hazardous waste. Most of 
the pieces used in this project will be reused in future ventures, so some of them will not 
even represent a waste. Key elements such as microwave window, alumina ring or the 
waveguide will certainly be useful for upcoming projects.  

Hydrogen gas will be used during the normal operation of the ion source. While this element 
engages several safety issues, it is environmentally harmless. Moreover, the research nature 
of this project will result in the use of small amounts of hydrogen during the source operation.  

Material activation due to the presence of nuclear reactions during hydrogen ionization must 
be considered. Nevertheless, ionization reactions that take place in the ion source will 
generate x-rays of about few keV, while at least 2 MeV x-rays are needed to cause material 
activation. Therefore this risk is discarded. 

11.2. Electricity consumption 

In normal operation the designed ECRIS consumes power through three different sources.  

- High voltage source. A 30 kV and 20 mA power source will be used. An efficiency factor, 
f=2, is considered for this system. Thus, the power of this source is P1 = 1.2 kW. 

- Microwave. As previously described, a 1 kW microwave source will be used. P2 = 1 kW. 
- Magnet. The power consumed by the two coils has already been calculated in section 

“9.3.3.2 Coil design”. P3 = 0.728 kW 

The total necessary electrical power is then 2.93 kW. Considering the reduced hours of 
operation throughout the year given its research purpose, the electrical consumption is not 
significant.  
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Conclusions 

After the completion of the project here explained and the writing of the current thesis some 
conclusions can be made. First of all, it is necessary to review the proposed goals and scope 
of the project and analyze if the expectations were finally met. 

It has been finally possible to provide a complete design of a bright ion source that will serve 
as a fundamental part of the proposed test stand to determine the high intensity limits of a 
compact superconducting cyclotron.  

The long learning and understanding process that this technology required to the author, has 
allowed to present a documented and complete work on the design of the ECR ion source. 
For this reason, and in the author’s opinion, this thesis provides the necessary information to 
completely comprehend and design an ECRIS, which will certainly be useful in future steps 
of the project. Also, the both basic and specialized description of ECRIS operation principles 
will allow the easy adaptation of a new person to the project regardless of his previous 
experience in this particular field.  

A complete conceptual and detailed design of an ECRIS was proposed as the project scope. 
This has been completely accomplished having only one exception. The calculation and 
posterior detailed design of part of the microwave system, in particular the impedance 
matching elements, is missing in this project. The complexity of this calculation and the 
requirement of knowledge beyond industrial engineer’s capabilities caused the no inclusion 
of this part in this thesis. Following the project director’s recommendations, this part was then 
finally excluded from the project scope.  

In other aspects, this project exceeded the originally proposed project scope. The necessary 
development of two codes, one as a previous step of the extraction simulation, and one as a 
part of it, were not initially expected. For this reason, the learning of a new programming 
language, Fortran, by the thesis author was required during the development of the project. 

Once initial objectives have been already reviewed, some recommendations on the next 
steps to take are considered. To complete the detailed design of the ion source, a last step 
must be taken. It is recommended to calculate the mentioned impedance matching element 
before starting the fabrication of the assembly, as its final design can suffer some significant 
modifications after the determination of this component. After that, fabrication process can 
start, as well as the design and materialization of all necessary auxiliary systems, such as 
microwave generation system, coil power system, high voltage system, vacuum line, 
hydrogen gas line or water cooling circuit.  
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Finally it is also convenient to note here a concept already mentioned throughout the text of 
this document. Ion source science and technology, and especially in ECRIS, is very complex 
and sometimes difficult to predict computationally. Although a profound study and design can 
be made, as in the case of this thesis, it is not until the real operation of this technology when 
the final design and proper operation parameters are reached. Unlike in other fields, this 
technology is considered highly empirical, and therefore the learning and design processes 
do not end with the theoretical and analytical determination of the ion source.  
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