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Abstract

In the scope of an upgrade of the injector chain of CERN’s accelerator complex, a
new linear accelerator, Linac4, is under construction. This accelerator will replace the
existing 50 MeV proton linac, Linac2. By increasing the beam energy to 160 MeV,
Linac4 makes it possible to double the brightness in the PSB, and ultimately increase
the luminosity in the LHC.

Linac4 will accelerate beams of negative hydrogen (H−) to be injected into the PSB
by multi-turn, charge exchange injection. The ion source was initially based on the
non-caesiated RF-volume source from DESY. However, the beam extraction from this
source could not handle the 45 keV beam energy required by the RFQ. A new beam
extraction system has therefore been designed, via IBSimu simulations [1], to extract
and transport the H− ion beam respecting the Linac4 requirements. Key features of the
extraction system is a tuneable puller voltage to adapt the extraction field to the ion and
electron beam currents, and a magnetized Einzel lens to dump the co-extracted electrons
with an energy below 10 keV.

This new extraction system has been successfully commissioned at the Linac4 ion
source test stand, and is currently being used during the commissioning of the compo-
nents of Linac4. An H− beam peak current of 60 mA has been measured at the test
stand, and long-term stable H− beams of 35 mA have been demonstrated. The extrac-
tion system is flexible for the connection of different plasma generators, and can also be
used to extract a proton beam by inverting the polarities of the high voltage transformers.
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Chapter 1

Introduction

Particle accelerators have, since the days of the cathode ray tubes in the 1890s, evolved
as tools of basic science. Even though most of today’s accelerators rely on the same
principle of resonance acceleration that Norwegian engineer Rolf Widerøe explored
when he built the world’s first accelerator in 1928, particle accelerators have come a
long way since then, creating brighter beams of particles with greater energies than pre-
viously imagined possible. Besides basic science, particle accelerators cover various
applications, and exciting new technology. The development of fusion reactors relies on
accelerator driven systems, both for magnetically confinement and inertial fusion. Ac-
celerators are also foreseen to drive next-generation reactors that burn non-fissile fuel,
such as thorium, that can be burned with the use of particle beams. In medicine, hadron
beam therapy has improved cancer treatment by maximizing the beam energy delivered
to a tumour while minimizing the damage to normal tissue. In addition, particles accel-
erators are essential in the semiconductor industry to manufacture computer chips, and
they are as well widely used for material analysis and small-scale imaging. [2]

Today’s largest and most powerful particle accelerator is the 27-km-circumference
Large Hadron Collider (LHC) at CERN in Geneva, Switzerland. As part of an upgrade
of CERN’s accelerator complex, a new linear accelerator for negative hydrogen (H−)
ions, Linac4, is under construction. Linac4 is intended to replace the currently operating
proton accelerator, Linac2, to provide an initial condition for increasing the luminosity
in the LHC. The negative ion beam is produced by an ion source, which is the first, and
probably the most critical part of every particle accelerator.

1



2 CHAPTER 1. INTRODUCTION

1.1 Motivation for this work

The work presented in this dissertation focuses on the Linac4 H− ion source, and in
particular its beam extraction system. The H− beam is extracted from a hydrogen plasma
by a strong electric field, and then transported at low energy (45 keV) in order to be
focused into the 3 MeV Radio Frequency Quadrupole (RFQ) accelerator. In this low
energy part of the accelerator the space charge effect on the beam is strongest, which
leads to emittance growth and reduced beam brightness. In addition, since we extract
negative ions, electrons present in the plasma will also be extracted. These co-extracted

electrons are traditionally removed from the ion beam by a magnetic dipole field and
guided into an electron dump (usually an electrode or a cup) as illustrated in Figure 1.1.
The magnetic dipole only slightly affects the much heavier H− ions.

Hydrogen
plasma

H

Electron dump

Magnetic
dipole field

e

Figure 1.1: Sketch of a negative hydrogen ion source illustrating the ion beam extraction
and the dumping of electrons by a magnetic dipole field.

The co-extracted electrons do, however, complicate the ion beam extraction. Their
contribution to the beam space charge leads to additional emittance growth, and they
should therefore be removed from the beam as early as possible. Furthermore, the
extracted beam current from a plasma is inversely proportional to the square root of the
mass. This relation means that the electron current is about 40 times higher than the
H− current for the same particle density in the plasma. The increase of total extracted
current makes it more difficult for the power converters to keep a constant voltage,
which then affects the beam energy during the pulse. Moreover, the magnetic dipole
field causes asymmetry to the H− beam, which leads beam losses.

In addition, as observed during the first H− beam test at 45 keV, the electron beam
might damage the electron dump. The high power density of the electron beam impact-
ing on the electron dump can sublimate the dump material and release charge carriers
into the extraction area. This evaporation of the electron dump triggers frequent high
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voltage breakdowns that stop the beam and reduce the ion source reliability. The re-
liability is an important requirement of the ion source. Whereas less beam current or
poor beam quality can be accepted to a certain extent, any interruption of the source
stops all fixed-target experiments, and also the filling of the LHC. Linac2 performed
with a remarkable uptime of 98.4 % over a period of 10 years with just 0.2 % down-
time attributed to the ion source. To achieve a similar performance for Linac4, which is
required, it is mandatory that the ion source reliability exceeds 99 %.

The motivation for this work is to improve the ion beam extraction system of the
Linac4 H− ion source leading to an ion source that meets the Linac4 requirements with
a reliable and stable operation. One of the most challenging requirements to meet is the
H− beam current, which directly depends on the production performance of the plasma
generator. However, if the extraction system is not able to transport and handle this
high beam current correctly, improvements of the plasma generator may not improve
the beam current to the same extent. The beam current must also be transported within
the required emittance, if not, the consequence will be beam losses further down the
accelerator.

Existing H− ion sources with similar requirements as Linac4 have solved the prob-
lem of beam extraction and dumping of the co-extracted electrons in different ways.
The Penning source at the Rutherford Appleton Laboratory (RAL) extracts the ion beam
into a 90◦ magnetic box, where the electrons are dumped on the sidewalls [3]. At the
Spallation Neutron Source (SNS) in Oak Ridge National Laboratory, the electrons are
dumped on a puller electrode at low voltage [4], and the Japan Proton Accelerator Re-
search Complex (J-PARC) uses a similar system [5]. The negative ion source for the
world’s largest experimental tokamak nuclear fusion reactor, ITER, has incorporated
magnets in the multi-aperture plasma grid, which deflect the electrons directly back to
the grid [6]. Brookhaven National Laboratory’s (BNL) magnetron uses the magnetic
field of the plasma generator and dumps the electrons on the puller electrode (described
in Section 5.2.3). The solution for the Linac4 ion source extraction system is a different
method that incorporates the electron dump in a magnetized Einzel lens. The extraction
system uses, in addition, a tuneable puller voltage that adapts the extraction field to the
ion plasma density for optimum beam optics. The extraction system is described in
detail in Section 5.3.
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1.2 Scope of work

The work presented in this thesis consists of the study of ion beam extraction from a
plasma, which leads to the design of a new extraction system. The design is based on
simulations with IBSimu, which is a general-purpose three-dimensional simulation code
for charged particle optics with space charge [1]. The extraction system design, produc-
tion and implementation have been made in close collaboration with the design office at
CERN. In this way it is possible to make all components fit in the small available space
while respecting the mechanic and electromagnetic constraints.

The scope of the work consists of the following points:

1. Study of the ion beam extraction from a plasma.

2. Design of a new H− ion beam extraction system.

3. Keep under control the power density of co-extracted electrons impacting on the
electron dump.

4. Minimize the emittance growth in the extraction system.

5. Keep the beam size within the boundaries of the Low Energy Beam Transport
(LEBT).

6. Demonstrate the validity of the beam extraction modelling by experiments.

The commissioning of the new extraction system, and the validation of the beam
extraction modelling have been performed at a dedicated test stand for the Linac4 ion
source. Figure 1.2 shows an overview of this test stand.

1.3 Outline

Chapter 2 gives an introduction to the high energy physics at CERN, and describes
CERN’s accelerator complex. The need for increased luminosity in the LHC requires
the upgrade of the injector chain, starting with the construction of Linac4.

Chapter 3 presents an overview of existing ion sources, starting with a description
of the requirements given by the particle accelerator. In Chapter 4 we will review the
fundamental working principles of ion sources with a focus on negative ion production.

Chapters 5 and 6 constitute the main part of the results of the work for this dis-
sertation. First we will describe the development of the Linac4 ion source, with the
evolution of the plasma generators, and the design of the extraction system. The work
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Ion sourceRFQ

Chopper line

Diagnostics

Klystron

LEBT

Figure 1.2: Overview of the ion source and RFQ test stand.

is then concluded by a characterization of the extraction system with a comparison of
measurements and simulations. This part verifies and leads to a benchmarking of the
simulations that led to the extraction system design. It also provides understanding of
the processes happening during ion beam extraction, which are important for further
improvements.

Appendix A provides a list of abbreviations, symbols, and constants frequently re-
ferred to in this dissertation. Appendix B shows a semi-empirical function for calculat-
ing the work function of a material covered by an alkali metal. Finally, a collection of
publications from this work is given in Appendix C.





Chapter 2

Particle physics at CERN and

motivation for Linac4

Particle physics is the branch of physics that deals with the properties, relationships, and
interactions of subatomic particles. It is sometimes referred to as high energy physics
since most elementary particles do not occur naturally at a precise time and location;
instead they are created by collisions at high energy of other particles such as protons
or electrons in particle accelerators, and observed in particle detectors.

2.1 CERN is a high energy physics research laboratory

CERN is the European Organization for Nuclear Research, an international scientific
collaboration located on the Franco-Swiss border near Geneva. The organization oper-
ates the world’s largest particle accelerator: the LHC, where particle beams are acceler-
ated close to the speed of light and brought to collision in four different locations along
the 27 km circumference.

The idea of a European collaboration first came up in 1949, at a time when European
science was recovering after the Second World War. Inspired by other international or-
ganizations, a European atomic physics laboratory was proposed to unite scientists and
to share the costs of nuclear physics facilities. At first a provisional council was estab-
lished; le Conseil Européen pour la Recherche Nucléaire. Even though the organization
later changed its name, the acronym remained. Geneva was selected as the CERN site
in 1952, and the construction started in 1954.

7
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The CERN convention was signed in 1953 by its 12 founding states1, and the number
of members has increased to 21 in 20142. Membership was originally restricted to
European countries; however in 2010, the organization was opened for applications
from all nations, given that the convention did not explicitly exclude membership of
non-European states. In addition to the member states come collaborations with more
than 50 non-member states, and over 600 institutes and universities.

2.1.1 The accelerator complex contains four synchrotrons

CERN’s accelerator complex, as shown schematically in Figure 2.1, consists of sev-
eral machines that accelerate particles to increasingly higher energies [7]. The latest
and highest energy accelerator is the LHC, where particle bunches of either protons or
lead nuclei are accelerated up to the nominal beam energy of 7 TeV for protons and
2.76 TeV/u for lead ions (208Pb82+). Presently, LHC has operated at approximately half
the nominal beam energy (4 TeV for protons).

The proton physics program is the principal one and runs for about 10 months per
year. The proton beam originates in Linac2, a 50 MeV linear accelerator that injects the
beam into the Proton Synchrotron Booster (PSB). From PSB, the beam is sent to the
Proton Synchrotron (PS) at 1.4 GeV, and then to the Super Proton Synchrotron (SPS)
with an energy of 26 GeV. SPS gives the final acceleration step for LHC injection at
450 GeV. In the LHC, the beam is split into two beam pipes allowing the transmission
of the beam in two different directions and the collision of the particle bunches in four
experiments: ATLAS [8], CMS [9], ALICE [10] and LHCb [11]. For each bunch colli-
sion event, only about 20 out of more than one billion proton actually collide, so after
the interaction points, the particle bunches continue their flight to collide with different
bunches in the other experiments. LHC runs with collisions for about 10 hours before
the beam is dumped, and the accelerator is prepared for a new injection from SPS.

The lead beam starts in Linac3 and is accumulated and accelerated in the Low En-
ergy Ion Ring (LEIR) before injection into the PS. The beam then follows the same
chain of accelerators as the proton beam. Lead collisions in the LHC, run for about one
month per year.

1Belgium, Denmark, France, the Federal Republic of Germany, Greece, Italy, the Netherlands, Nor-
way, Sweden, Switzerland, the United Kingdom and Yugoslavia

2Additional member states: Austria, Bulgaria, the Czech Republic, Finland, Hungary, Israel, Poland,
Portugal, the Slovak Republic, and Spain. Yugoslavia left CERN in 1961.
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Figure 2.1: Overview of the CERN accelerator complex.
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2.1.2 Other accelerators and experiments depend on the proton beam

Besides the LHC physics program, CERN also includes other accelerators and experi-
ments, some of which depend on a reliable proton beam. In the following paragraphs,
the accelerators and experiments shown in Figure 2.1 are briefly described.

ISOLDE

The Isotope Separator On Line DEvice (ISOLDE) is a facility for the production and
studies of radioactive nuclei [12]. The facility produces radioactive nuclei by spallation,
fission, or fragmentation reactions in thick targets that are irradiated with the proton
beam from the PS Booster. The radioactive atoms are ionized, accelerated, separated
according to mass, and delivered to experiments.

AD

The Antiproton Decelerator (AD) provides a 100 MeV antiproton beam for the study of
antimatter [13]. The physics goals are the production and spectroscopy of antihydrogen
to study fundamental symmetries, and to study interactions of antiprotons with atoms
and nuclei. The decelerator uses the proton beam from the PS and fires it into a thin
rod (about 3 mm diameter) of a heavy metal such as iridium or tungsten, which then
produces a 3.5 GeV antiproton beam. About 1013 protons are needed for the production
of 5×107 antiprotons. During the deceleration, the transverse temperature of the beam
is lowered by stochastic and electron cooling.

n-TOF

The neutron Time-Of-Flight facility (nTOF) is a spallation neutron source that studies
neutron-nucleus interactions for neutron energies ranging from a few meV to several
GeV [14]. This facility takes the proton beam from the PS and shoots it on a lead target
for the production of up to 600 neutrons per incoming proton. The separation distance
of the target to the experiment allows the distinction of different neutron energies by
their time-of-flight.

CNGS

The CERN Neutrinos to Gran Sasso (CNGS) project aims to study a phenomenon called
neutrino "oscillations" [15]. Similar studies have shown that neutrinos can oscillate be-
tween two types of neutrinos given a long enough time-of-flight. To achieve a sufficient
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time-of-flight, CNGS sends a neutrino beam 732 km, through the Earth’s crust, to Gran
Sasso in Italy, where the neutrinos are detected. The neutrino beam is created by shoot-
ing the SPS proton beam into a series of small graphite cylinders, which produces a
beam consisting of pions and kaons that decays to neutrino and muon pairs. The last
beam was sent in 2013, and will not be restarted.

CTF3

The CLIC Test Facility (CTF3) is a project independent of the CERN accelerator fa-
cilities, studying the development of an electron-positron linear collider, the Compact
Linear Collider (CLIC) [16]. This new linear collider would complement the experi-
ments at LHC in the TeV energy range. The reason for a straight accelerator is because
of the synchrotron radiation emission that is inversely proportional to the fourth power
of the mass, making the energy loss per turn for an electron/positron beam too high for
ring colliders. CLIC is designed to be 48.4 km long with an acceleration gradient of
100 MV/m.

2.1.3 Some of the greatest scientific achievements in modern times

have been made at CERN

During more than 50 years, several important achievements in particle physics have
been made at CERN. They include the following [17]:

1965 First discovery of an antinuclei: antideuteron, consisting of an antiproton and an
antineutron.

1983 Discovery of the W and Z bosons, carriers of the weak nuclear force, by proton-
antiproton collisions in the SPS. Carlo Rubbia and Simon van der Meer received
the Nobel Prize in Physics the following year for their decisive contribution to the
work leading to this discovery.

1995 First antiatoms produced: antihydrogen (antiproton with a positron).

2011 Trapping of antihydrogen for more than 1000 seconds, long enough to start de-
tailed studies of antimatter.

2012 Announcement of the discovery of a new boson with a mass around 126 GeV: the

Higgs particle, carrier of the Higgs field that gives mass to elementary particles
through interactions with them. Peter Higgs and François Englert were awarded
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the 2013 Nobel Prize in Physics for their theoretical work that predicted the exis-
tence of this particle.

2.2 LHC needs higher luminosity for future discoveries

When trying to make new discoveries in particle colliders such as discovering the Higgs
boson, we need a large number of collisions to distinguish the discovery from the back-
ground data. This is because these new particles are not directly observed in the particle
detector, but very rapidly decay into other particles such as photons, quarks and leptons.
These end products, predicted by the Standard Model, are common in particle colli-
sions and they will be produced orders of magnitudes more often than the new particle
or signs of new physics we are looking for. For this reason, it is necessary to repeat the
production process a large number of times to find an excess from this background data.

The figure of merit for the collision rate in particle colliders is the luminosity, a mea-
sure of numbers of particles per cross section and time. The instantaneous luminosity,
L , is expressed as

L = f
N1N2

4πσxσy
, (2.1)

where f is the bunch collision frequency, N1 and N2 are the number of particles for the
two bunches, and σx and σy characterize the transverse beam profiles in the horizontal
and vertical directions. Here we assume that the transverse profile of the two bunches
are identical and Gaussian shaped, independent of the position along the bunch, and
remain unchanged during the passage.

The number of production events, Nprod , then equals the cross section of interest,
σcol , times the time integral of the luminosity, L :

Nprod = σcol ×
∫

L(t)dt. (2.2)

LHC’s luminosity at the end of 2012 was 1.0× 1034cm−2s−1. With a proton-proton
cross section for inelastic collisions of 6× 10−26cm−2 at LHC energy, the number of
collisions per second is roughly 600 million or 19 per crossing.
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2.2.1 The first luminosity bottleneck originates in the Proton Syn-

chrotron Booster (PSB)

The luminosity value of the LHC is presently not only limited by the LHC itself, but
the injector chain delivering the beam also affects it. To identify potential bottlenecks,
we start by rewriting and expanding Equation 2.1 to better represent the LHC case,
assuming equal horizontal and vertical beam size, and knowing that σ=

√

εβ (described
in Section 3.1.3):

L =

(

frevnb

γF

4πβ∗

)(

N2
b

εN

)

, (2.3)

where f now is represented as the product of the revolution frequency, frev, and the
number of bunches in the beam, nb. F is a geometrical reduction factor from the cross-
ing angles in the detectors, β∗ the beta value at the interaction point, Nb the number of
particles in each bunch, and εN the normalized emittance. The Lorentz factor, γ, is ap-
pearing from the normalized emittance: εN = εβγ, where β in this case is the relativistic
factor v/c, which for LHC energies is equal to 1.

The second term in this formula shows that the LHC luminosity directly depends
on the characteristics of the injected beam. More precisely, it depends on the beam
brightness, which is representing the number of particles that can be delivered within the
transverse beam emittance. This value is limited by space charge effects in synchrotrons,
especially at low energies, meaning that the effect is highest for the beam injection into
the first circular machines of the accelerator chain.

The space charge from the beam acting on itself affects an important synchrotron
parameter called the tune, Q. The tune represents the number of betatron oscillations

per turn. If the tune equals an integer or a low order fraction of integers, machine
errors excite beam resonances, causing high beam losses. When accelerating the beam,
one has to find a favourable working point to avoid these resonances in both transverse
planes, or in a combination of the two. The tune is, however, affected by the Coulomb
forces between the charged particles. These forces create a self-field, which defocuses
the beam [18]. The effect is a reduction of the tune by the so-called incoherent space

charge tune shift ∆Q.

∆Q ∝
Nb

εNβγ2 , (2.4)

where β and γ are the relativistic factors.

In the case of a coasting (unbunched) beam, one could increase the synchrotron
tune by the tune shift, and the space charge would no longer be an issue. However, for a
bunched beam the space charge is not uniform across the bunch length: instead there is a
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tune spread. In order not to have parts of the beam in the lower order resonance regions,
it is therefore vital to keep the tune spread low. As seen from Equation 2.4, ∆Q scales
with 1/γ2, meaning that the effect is largest at injection and reduces at higher energies.
Figure 2.2 shows the tune diagram for the PSB where the horizontal and vertical tune is
represented at injection, after 120 ms acceleration, and at ejection (400 ms). The tune
spread (neck-tie shaped area) is largest at injection, and causes a brightness limit of the
PSB, which later affects the LHC luminosity.

Figure 2.2: Horizontal and vertical tunes QH and QV , and the space charge tune spread
∆Q during acceleration in the PSB [19]. The yellow area is for the injection at 50 MeV,
green after 120 ms acceleration, and red at ejection (400 ms, 1.4 GeV).
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2.2.2 Linac4 is a linear accelerator designed to overcome the bright-

ness limit in the PSB

From Equation 2.4, we see that doubling the brightness and keeping the present tune
shift is possible if the relativistic factor βγ2 is increased by a factor 2 at injection. The
doubling of βγ2 corresponds to an increase in energy from 50 MeV to 160 MeV [20].

Post-acceleration of the Linac2 beam before PSB injection is not a feasible option
because of several reasons. First of all, being close to 30 years old, finding spare parts
for maintenance will become more and more difficult in the future. Important vacuum
leaks on the large accelerating tanks have been progressively appearing, and are a con-
stant concern for future operation. In addition, the technology of linear accelerators has
advanced, now using H− acceleration and injection instead of protons. In a circular ma-
chine, it is impossible to inject a proton beam in the same phase-space (position-angle)
as the circulating proton beam itself. The result is an increased emittance of the circu-
lating beam, leading to reduced (or at least not increased) beam brightness. In addition,
beam losses can reach up to 50 % from protons hitting the septum magnet3. The high
beam loss together with higher proton energy would then cause concern for the radia-
tion level at the PSB injection. The principle of charge exchange injection of H− in a
ring through a stripping foil is shown in Figure 2.3. This method has the advantage that
one can accumulate protons over many turns without increasing the emittance (except
by foil scattering). The peak current in the linear accelerator can then be reduced, thus
saving cost of the accelerating structure. The beam losses are also dramatically reduced
as the stripping foil has an efficiency close to 99 %.

The solution for upgrading CERN’s accelerator structure and increasing the LHC lu-
minosity is to replace Linac2 with a new linear accelerator for H− ions; Linac4. Linac4
(Figure 2.4) is a normal conducting linear accelerator composed of an H− ion source,
an RFQ, Alvarez Drift Tube Linacs (DTL), Cell-Coupled Drift Tube Linacs (CCDTL),
and Pi-mode structures (PIMS). The overall linac length is 76 m with an additional 70 m
long transfer line that links to the present PSB injection line, as shown in Figure 2.5.
Table 2.1 summarizes today’s nominal LHC luminosity together with the parameters for
a high luminosity LHC (HL-LHC) after the upgrades of the accelerator complex and the
implementation of Linac4 [21].

3A septum is a magnet with a high magnetic field gradient, which allows a beam to circulate in a low
B-field, but can be moved in to the high B-field region of the septum for extraction (or the opposite for
injection)
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Circulating
protons

Figure 2.3: Schematic of H− injection into a circular machine. Figure adapted from
[19].

Figure 2.4: Linac4 tunnel layout. The accelerator consists of an H− ion source, Radio
Frequency Quadrupole (RFQ), Alvarez Drift Tube Linac (DTL), Cell-Coupled Drift
Tube Linac (CCDTL), and Pi-mode structure (PIMS).
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Figure 2.5: Linac4 will be linked to the PSB with a transfer line to the present injection
line. The straight continuation from Linac4 was intended for upgrading to a higher
energy superconducting linac, Super Proton Linac (SPL), for direct injection into PS2
(a new proton synchrotron). This project is for the moment stopped, thus leaving Linac4
in its current location.

Table 2.1: LHC parameters for today’s nominal operation, and for the high luminosity
(HL) upgrade of the accelerator complex with 25 ns and 50 ns bunch spacing [21].

Linac2 Linac4
Parameter Nominal HL 25 ns HL 50 ns
frev [s−1] 11 245 11 245 11 245
nb 2 808 2 808 1 404
γ (p+, 7 TeV) 7 460 7 460 7 460
F 0.83 0.37 0.37
β∗ [m] 0.55 0.15 0.15
Nb 1.15×1011 2.0×1011 3.3×1011

εN [µm] 3.75 2.5 3.0
L [cm−2s−1] 1.0×1034 7.4×1034 8.4×1034

Events/crossing 19 141 257





Chapter 3

High intensity ion sources for particle

accelerators

Particle accelerators accelerate and focus beams of ions. An ion is an atom (or a
molecule) with a charge, which means that one or more electrons have been added or
removed, as shown in Figure 3.1. Because of their electric charge, ions obey the Lorentz
force, F 1:

F = q(E+v×B), (3.1)

where q is the ion charge, E an electric field, v the ion velocity, and B a magnetic
field. We can accelerate and steer ions in the same direction as an applied electric field.
However, since the force originating from the magnetic field is always perpendicular to
the ion velocity and the field itself, magnetic fields can never be used to accelerate ions,
only to change their trajectories.

H0

H+

H

Figure 3.1: A neutral hydrogen atom can be ionized by either losing the electron and
become H+ (proton), or adding a second electron and become H−.

1We use the convention to specify vectors with bold characters.
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Beams of ions are created in the ion source. An ion source typically consists of a
plasma generator that produces the desired ions, and an extraction system to accelerate
and focus these ions (Figure 3.2). There exist numerous different ways of producing ion
beams, and just as many different types of ion sources. Before we look into some types
of ion sources, it helps to take a step back and get an overview of the requirements that
are given by the accelerator.

Plasma

Material input

Power to heat
the plasma

E
Ions

Plasma chamber

Hole to let ions out

Extraction electrode

Figure 3.2: Basic scheme of a plasma ion source. The ion source basically consists
of a plasma chamber into which one feeds the material to ionize, and power for the
ionization process. The desired ions are extracted through a hole with an electric field.

3.1 Requirements of particle accelerators

Different particle accelerators have differing requirements. Whereas a medical accel-
erator for cancer treatment by hadron therapy typically needs a precisely focused low
intensity beam of light ions with a well defined energy, ion sources for fusion use high
current beams for injecting hydrogen and deuterium atoms into the fusion chamber. The
LHC at CERN uses both protons and lead ions for studying fundamental physics, and
there are also future plans for using other ions such as argon.

This section starts by defining some basic ion source parameters, and then continues
to characterize the different types of ion sources.
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3.1.1 Particle type and charge state

The first and most obvious parameter is the particle type. It can be either an atom (H,
C, Au) or a molecule (H3, CO). Together with the particle type comes its charge state.
Both positive and negative charges are used (H+, H−), and the charge state number may
also vary (Pb25+, Pb27+). Symbolically, the particle type can be represented by:

AEq±
n , (3.2)

where E represents the element, A is the mass number indicating different isotopes
of the element, q± is the charge state, which can be either positive up to the fully
stripped nucleus, or negative with the addition of an electron, and n is added for ionized
molecules.

3.1.2 Energy

The charged particle’s kinetic energy is gained by the electric potential energy, which
depends on the particle’s charge, q, and the difference in electrostatic potential, V :

Ek = qV, (3.3)

where q is the product of the particle’s charge state, q±, and the elementary charge, e.
The energy unit commonly used in particle physics is electron volts (eV), equal to

the energy when accelerating a singly charged ion with one volt. Instead of using the
standard energy unit of Joules (J), electron volts makes energy calculations for specific
extraction voltages easier. For example, a 208Pb25+ ion accelerated over 20 kV gains an
energy of 500 keV, which equals 8.0×1019 J.

Radio frequency particle accelerators often require a fixed velocity at their input. It
is therefore common to express the beam energy as the energy per nucleon, Eu, which
only depends on the ion velocity, v:

Eu =
Ek

A
=

qV

A
=

1
2

muv2, (3.4)

where A is the mass number of the ion, mu is the rest nuclear mass unit (1.67×10−27 kg).
For the previous 208Pb25+ ion, Ek = 500 keV, whereas Eu = 2.4 keV/u.

Using high energy beams has several advantages such as reduced space charge that
leads to higher beam currents, lower energy spread ratio (∆E/E), reduced geometrical
emittance that gives a smaller beam, and easier injection into an RF accelerator such as
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a DTL. On the other hand, a high energy beam is technically more difficult to achieve,
it has a higher risk of high voltage sparking, and it requires a longer acceleration length.
In addition, higher energy leads to higher power, which has consequences for beam
intercepting devices.

3.1.3 Intensity, emittance and brightness

The beam intensity is defined in terms of the beam current, Ibeam, which in principle is
the same as an electric current.

Ibeam =
qN

t
, (3.5)

where N is the number of ions and t the time. In multiple charge state sources, the beam
intensity is sometimes given as the particle current, Ipart . This parameter makes it easier
to compare the intensity of sources with different charge state ions.

Ipart =
eN

t
=

Ibeam

q± . (3.6)

For a pulsed ion source, it is usual to give the peak current, together with the time
structure of the beam (Section 3.1.4).

To express the density of particles in the ion beam, it is not sufficient to only quote
the beam size. A beam can be focused down to a very small beam size; however, most of
this beam would be lost afterwards because of the individual particles’ large angles. The
term beam emittance is therefore introduced, which includes the positions and angles of
all the particles in the beam, as shown in Figure 3.3 (a). The total geometrical emittance,
ε, is defined as the beam area (A) in the position-angle phase space divided by π:

ε =
A
π
. (3.7)

When a single particle is orbiting in the periodic structure of a circular accelerator, the
motion of the particle can be described by the so-called Hill differential equation [22].
The solution to this equation shows that, at a fixed position along the accelerator, the
particle makes the shape of an ellipse in phase space when making multiple turns. It is
therefore common to represent the total emittance as the area of this ellipse (divided by
π). This definition is also used for linear accelerators. The emittance ellipse is described
by the Twiss parameters: α, β, and γ.

α =−〈xx′〉
ε

, β =
〈x2〉

ε
, and γ =

〈x′2〉
ε

. (3.8)
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Figure 3.3 (b) shows the emittance ellipse with the most important characteristic values.

x

z

x1’

x’

x
x2’

x1

x2

x1’

x2’

x1

x2

(a) Particles travelling along the z-axis with different positions x, and angles x’. The particle
distribution in the plane x-x’ is called the phase-space, within where the emittance is defined as
the area covered by the beam divided by π. This figure represents a diverging beam.

x’

x

(b) Emittance ellipse with the most important
characteristic values.

Figure 3.3: Illustrations of ion beam emittance.

As an ion beam gains higher energy, the angle of the particles, being the transversal
divided by the longitudinal velocity, reduces. We therefore introduce a new term called
the normalized emittance, εN , which is conserved with acceleration. εN , is obtained
by multiplying the geometrical emittance with the relativistic factors β and γ (not to be
confused with the Twiss parameters):

εN = βγε. (3.9)

The above given definition of beam emittance represents the total geometrical emittance.
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It is, however, more common to use the root mean square (rms) emittance, which is a
statistical definition of the amount of phase space covered by the beam. In the case of
beam centred in both position and angle, the rms emittance is defined by

εrms =
√

〈x2〉〈x′2〉−〈xx′〉2, (3.10)

with

〈x2〉= Σx2I(x,x′)
ΣI(x,x′)

, 〈x′2〉= Σx′2I(x,x′)
ΣI(x,x′)

, and 〈xx′〉= Σxx′I(x,x′)
ΣI(x,x′)

, (3.11)

where I(x,x′) is the beam current passing through the phase-space at (x,x′).

The ion plasma temperature, and the size of a circular aperture where the beam is
extracted from define a minimum emittance of an ion beam [23]. The emittance of an
ion beam with a Maxwellian ion temperature distribution can be calculated by

εN,rms =
1
2

√

kT

m

r

c
, (3.12)

where T is the plasma ion temperature, and r is the aperture radius.

The ion beam brightness is merely the beam current, I, normalized over the emit-
tance in the two transversal planes, εx and εy:

B =
Ibeam

εxεy
. (3.13)

Low and high brightness beams are illustrated in Figure 3.4. For a circular plasma
aperture the beam emittance is proportional to the aperture radius, and the beam current
is approximately proportional to the area of the aperture. Changing the size of the
aperture does therefore not influence the beam brightness.

The unit of the emittance unit can be expressed in different ways. π mm mrad is
often used, however neither π nor radians (meters/meter) are units. This topic has been
discussed in [24], and following the paper’s suggestion, the emittance is expressed as
µm throughout this dissertation.

3.1.4 Time structure

Ion sources can operate either pulsed or in continuous mode. The pulse length, tpulse,
and the repetition rate, 1/trep, are two important parameters for pulsed ion sources. The
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Low
brightness

High
brightness

Figure 3.4: The ion beam brightness relates the beam current and emittance. A high
brightness beam carries a high beam current (high number of charged particles) within
a small emittance (small beam size and angular distribution).
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Figure 3.5: The duty factor is the product of the pulse length and the repetition rate.

duty factor, D, is simply defined as the product of the pulse length and the repetition
rate:

D =
tpulse

trep
. (3.14)

With a high duty factor, the ion source plasma is on more permanently, and it can
reduce the ion source lifetime by sputtering off some of the material in the plasma
chamber. On the other hand, with a low duty factor, external heating might be needed
to reach the optimum operational temperature. Figure 3.5 illustrates the time structure
of a pulsed ion beam.
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3.1.5 Material efficiency and beam purity

The material efficiency, η = Nions/Natoms, defines the fraction of atoms of the mate-
rial that are converted to ions. This parameter can be of interest if the raw material is
expensive, limited, dangerous, or polluting.

Some applications may require high beam purity such as medical accelerators. The
beam purity, κ = Nions/Nbeam, is the fraction of the desired ion compared with the total
number of ions in the beam. Some ion sources can minimize beam contamination,
for example with selective ionization. The purity can also be improved by electro-
and magnetostatic spectrometers or radio-frequency acceleration. Another way is by
using stripper foils to produce charge states out of reach for the contaminants. For
example: suppression of 17O from 17F by stripping to 17O8+ and 17F7+, or breaking up
contaminant molecules such as H+

2 background on D+.

3.1.6 Reliability and stability

Depending on the accelerator, the ion source reliability can be more or less important.
In the case of the LHC or for a spallation neutron source, beam downtime is frustrating
and costly. Cancelling the hadron therapy treatment of a cancer patient, however, is
much worse. Ion source faults can be classified in the following way:

Intermittent fault The beam performance changes drastically, but returns without in-
tervention. Downtime: Seconds.

Protection fault A sub-system switches off because of an interlock or a protection cir-
cuit. Downtime: Minutes.

Fault outside vacuum A sub-system breaks outside the vacuum, and does not affect
the vacuum or thermal stability. Downtime: Minutes to hours.

Fault inside vacuum A sub-system breaks inside the vacuum, or the heating system
fails. Downtime: Hours.

Figure 3.6 illustrates the typical downtimes associated with these four classes. The
reliability can be characterized by uptime or availability, mean time between failures
(MTBF), or mean time to repair (MTTR).

The ion source is a sensitive piece of equipment, and may cause accelerator down-
time. Some precautions should be taken such as: (1) improve the electromagnetic con-
figuration to avoid high voltage breakdowns across insulators, (2) use uninterruptible
power supplies to reduce sensitivity due to power cuts, (3) keep installations clean, (4)
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1 60 3600
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Intermittent fault Protection fault
Fault outside vacuum Fault inside vacuum

Figure 3.6: Four classes of ion source faults and their respective downtimes.

have maintained and tested spare parts ready in case of failures, (5) have a cold spare
source fully built, tested and ready for installation, and (6) have a hot spare source ready
to be implemented with a switch yard.

The stability of the ion source is characterized by variations in the beam perfor-
mance, and may cause problems for the accelerator or experiments. Improvement of
the stability can be made by for example adding feedback loops on critical parameters,
over-specifying the ion source and not running at maximum performance, and monitor-
ing and storing ion source parameters in databases to analyse causes of instabilities or
breakdowns.

3.2 Types of ion sources

3.2.1 Electron bombardment

When an electron strikes an atom, ion or molecule, there is a chance that one or more
electrons are removed from the target particle, which increases its charge state and be-
comes ionized. A simple way of achieving this is to accelerate thermionic emitted
electrons to sufficient energy to cause ionization of the atoms in a chamber. This type
of ion source is called an electron bombardment ionization ion source. It is a cheap and
simple ion source, but the beam currents are too low for high power accelerators.

3.2.2 Plasma discharge

As the density of charged particles increases, a plasma is formed, which influences
the electric and magnetic fields in the source. This principle is used in an improved
version of the electron ionization ion source, called the plasmatron. In this type, a
conical shaped cathode funnels down the electrons towards a higher density region near
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the anode extraction aperture as shown in Figure 3.7(a). The higher density means
that more electrons will cause ionization in this region leading to a plasma discharge.
The high ion density in the plasma near the extraction aperture leads to higher beam
currents. An improved version of the plasmatron is the duoplasmatron; in which the
plasma density is further increased by placing the source inside a solenoid, and making
the conical electrode of magnetic steel (Figure 3.7(b)). The magnetic field lines are
now squeezed towards the anode, and together with the funnelling effect of the cone, a
very high plasma density is achieved in front of the extraction aperture. The plasma is
actually too dense for a beam extraction with uniform distribution and low emittance,
and the plasma is therefore allowed to expand in a so-called expansion cup before the
extraction. This type of ion source is commonly used because of its high beam currents,
and is implemented as the proton source for Linac2 at CERN.

C

A E

Funnelling electrode

Plasma Beam

(a) Plasmatron

C

A
E

Funnelling electrode
of magnetic steel

Solenoid

Expansion cup

Plasma Beam

(b) Duoplasmatron

Figure 3.7: Diagram of a plasmatron and a duoplasmatron ion source. C: Cathode, A:
Anode, E: Extraction electrode.

Magnetron and Penning sources are other types that use discharge driven electron
ionization. In principle they both consist of a shaped anode with magnetic field lines
running along its axis as shown in Figure 3.8. The magnetron has a cathode in the cen-
tre, whereas the Penning has two cathodes at either end of the anode. The combination
of electric and magnetic fields increases the distance travelled by the electrons, which
leads to a sustained gas discharge and high ion and electron densities. A common prob-
lem with these ion sources is that the ions in the plasma are accelerated towards the
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cathode, sputtering off the cathode material. This limits the lifetime, and might change
the performance of the ion source during operation. The problem can be addressed by
using other methods to heat the plasma’s electrons and favour ionization such as radio
frequency (RF) or microwaves.
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Plasma Beam

(b) Penning

Figure 3.8: Diagram of a magnetron and a Penning ion source. C: Cathode, A: Anode,
E: Extraction electrode, B: Magnetic field.

3.2.3 Plasma heating with time varying electric fields

RF driven ion sources use a time varying electric field for creating a plasma discharge
and heating instead of a cathode-anode electron acceleration. The coupling to the
plasma can either be capacitive by using two electrodes, or inductive by using a coil.
In microwave ion sources, electric fields in GHz frequency regime generate the plasma.
The microwave energy is coupled via a waveguide to the plasma discharge, which is
located in a chamber with similar dimensions as the wavelengths and is surrounded by
solenoids that produce an axial magnetic field. The static magnetic field makes the
electrons gyrate with the cyclotron frequency

f =
1

2π

eB

me
, (3.15)

where e is the elementary charge, B the magnetic field strength, and me the electron
mass. If the microwave matches the cyclotron frequency, there is a resonant condition
that allows the electrons to absorb the microwave energy. Ion sources that operate with
this condition are called Electron Cyclotron Resonance (ECR) ion sources. They can
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produce a large variety of ions, and have the capability of achieving high charge-states.
The heavy ion source at CERN, Linac3, uses an ECR ion source for the production of
208Pb27+ ions.

3.2.4 Electron beam ionization

Electron beam ion sources (EBIS) are capable of producing very high charge states of
positive ions, even completely stripped heavy elements. In order to ionize the particles,
this ion source type uses a high current, high-density electron beam, which is com-
pressed by a strong magnetic field generated by a solenoid. The positive ions are then
trapped transversally by the negative potential well of the electron beam, and longitu-
dinally by static electric fields. The REX-ISOLDE facility at CERN uses this type of
source as a charge breeder of radioactive ions [25].

3.2.5 Surface evaporation

Laser ionization ion sources use a powerful laser to vaporize particles from a target,
which is made out of the material to ionize. During the evaporation process, a plasma is
generated, and the electrons of the plasma are heated by the laser radiation. The ions are
produced by electron impact ionization of the ablated atoms from the surface. When the
particles are removed from the surface, the target has to be moved to expose a fresh area
for the next laser beam pulse. Laser ion sources can be used to produce a large range of
ions by changing the target material. However, they can only produce short beam pulses
at a low repetition rate, and with a high energy spread.

Vacuum arc ion sources produce a metal-plasma that jets away form the surface
similar to laser ion sources. However, this type of ion source vaporizes the cathode
target material by a high power arc. These sources can produce high currents of metal
ions, but the beam can be quite noisy as the arc spots on the cathode are moving around.
The cathode lifetime is limited to about one day depending on the duty cycle.

3.2.6 Surface ionization

Surface ionization ion sources are efficient sources for producing positive ions from
neutral atoms with low ionization energy such as alkali metals. If a layer of atoms coats
a heated surface of a material with a high work function, the outer layer electrons of
the atoms can populate energy levels of the material. If these atoms are desorbed from
the surface (by heating or bombardment), a fraction will be liberated in an ionized state.
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The ratio of atoms desorbed as ions can be calculated by the Saha-Langmuir equation
[26, 27, 28]:

Ni

N0 +Ni
=

[

1+
g0

gi
exp

(

Ei −W

kT

)]−1

(3.16)

with Ni and N0 the number of positive ions and atoms evaporated form the surface, gi

and g0 statistical weights for the ions and atoms (for alkali metals, g0/gi = 2), Ei the
ionization energy of the atom, and W the work function of the surface. The ratio is
highest for a surface with a high work function (W ) and/or atoms with a low ionization
energy (Ei).

Figure 3.9 shows the ratio of desorbed ions from a tungsten surface (W = 4.54 eV)
for two temperatures. The circles indicate the ratio for different alkali metals, which are
suited for surface ionization because of their low ionization energies.

If the chamber material is made out of low work function material instead, this
method can be used to create negative ions from atoms with a high electron affinity.
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Figure 3.9: Fraction of atoms emitted as positive ions from a tungsten surface for two
different temperatures. The circles indicate the ratios for four alkali metals.
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3.3 Negative ion sources

When creating a plasma, we produce a quasi-neutral mixture of charged particles, mostly
consisting of positive ions and electrons. The cross section for atom ionization by elec-
tron bombardment is high for electron energies of more than approximately 3 times the
atom ionization energy. However, to create negative ions, we have to attach an electron
instead: a process with typically a lower cross section.

The binding energy of the additional electron is called the electron affinity. Stable
negative ions are possible for elements with a positive electron affinity, meaning that
once the electron is bound to the atom, energy is required to release it. Halogens and
hydrogen atoms are good candidates to become negatively charged, whereas elements
such as the noble gases with negative electron affinities are not able to form stable
negative ions.

A common problem for negative ions is that the electron affinities are quite small.
For the case of hydrogen, the value is 0.75 eV compared with the electron binding en-
ergy for neutral hydrogen of 13.6 eV. This means that the extra electron is very loosely
bound, and the ions are likely to be destroyed. Negative hydrogen (H−) is the most com-
monly produced negative ion, and is used as an example in the following descriptions of
production methods. Other types of negative ions can also be produced in similar ways,
such as D−, O−, B−, and C−.

3.3.1 Applications using negative ions

Negative ions are more challenging to produce than positive ions. The beam extraction
is, in addition, more complicated because of the electrons that are co-extracted with the
beam. Nevertheless, because of the opposite charge of the ions, there are benefits for
the following accelerator. Negative ions are oppositely affected by electric and magnetic
fields, and they are easily stripped to neutrals or positive ions. Here are presented five
applications where it is interesting to use negative ions:

Tandem accelerator

Tandem sources accelerate negative ions to a stripping foil at high voltage and the re-
sulting positive ions back to ground potential on the other side of the foil. The ions gain
twice the energy of the applied terminal voltage as illustrated in Figure 3.10.
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Figure 3.10: Illustration of a tandem accelerator.

Cyclotron

In cyclotrons, the ion beam is accelerated by an oscillating electric field through a static
magnetic field. The result is a beam that spirals outwards as the energy increases making
the bending radius from the magnetic field larger (Figure 3.11). By using negative ions,
one can change the charge of the ions by sending them through a stripping foil. The
positive ions extract themselves by curving the opposite direction through the magnetic
field, having a specific energy defined by the radius of curvature of the negative ions
before stripping.

Charge exchange injection

Charge exchange injection into synchrotrons allows overlapping the incoming negative
ion beam with the circulating positive ion beam (Figure 3.12). After injection, the neg-
ative ions are stripped to positive, as described in Section 2.2.2 for the Linac4 injection
into the PSB.

Tokamak plasma heating

The plasma in a magnetic confined system for hot plasmas can be heated using neutral
beams (Figure 3.13).
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Figure 3.11: Illustration of a cyclotron.
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Figure 3.12: Illustration of the charge exchange injection.

Figure 3.13: Illustration of neutral beam injection for fusion reactors.
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Space propulsion

Ion sources for space propulsion traditionally use a positive ion beam for providing
thrust of the spacecraft. When the positive ions leave, the spacecraft charges up neg-
atively, and an electron beam needs to be ejected at the same time to neutralize the
charge. This can be avoided by using an alternating extraction of positive and negative
ions form an ion-ion plasma, as shown in Figure 3.14.

Ion ion
plasma

Alternating polarity acceleration grid

A+ A

Recombination

Spacecraft acceleration

Figure 3.14: Illustration of an ion source for space propulsion.

3.3.2 Methods of producing negative ions

There are generally three methods of producing beams of negative ions: (1) charge

exchange, (2) volume production, and (3) surface production.

Charge exchange

Charge exchange ion sources transfer electrons directly to a positive ion beam with
an energy in the order of 10 keV. The beam is sent through a target (foil or gas), and
the negative ions are produced by sequential electron capture: first the positive ion is
neutralized, and then converted to a negative ion. Alkali-metal vapours are efficient to
use as electron donors because of their low ionization energies. The charge exchange
efficiency can reach about 10 % [29].

An interesting application of this ion source type is the production of polarized ion
beams [30]. Lasers are used to achieve electronic spin alignment in the alkali vapour,
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and this spin alignment is preserved during the charge exchange by the presence of a
strong magnetic field. The beam then consists of electron spin polarized neutrals.

Volume production

In volume production, the formation of negative ions happens in the volume of the
plasma. There are many ways for an electron to be attached to a neutral hydrogen atom
in a plasma such as direct attachment of a free electron, or charge exchange between
two neutrals leading to one H− and one proton. However, most of these interactions
have smaller cross sections than the destruction cross sections of H−, and are therefore
not efficient.

One process that does have a higher production than destruction cross section, is
the dissociative attachment of vibrational and rotational excited hydrogen molecules,
H2(ν, J), where ν and J denote the vibrational and rotational quantum numbers, respec-
tively [31]. The most important of these excitations is the vibrational, ν, that has more
than one order of magnitude higher cross section for dissociative attachment than for a
rotational excitation, J, with approximately the same internal energy [32].

A large contribution for creating vibrational excited states comes during hydrogen
desorption from surface walls. In the case of gas hydrogen excitation, levels up to
ν = 9 have been observed [33]. Another important production mechanism happens in
the volume by collisions with high energy electrons (E > 10 eV) [34]. These collisions
lead to electronic excitation of the hydrogen molecules, which then decay to vibrational
states:

H2(ν = 0)+ e f ast → H∗
2 (ν

′)+ eslow (3.17)

H∗
2 (ν

′)→ H2(ν
′′) (3.18)

The dissociative attachment by electron collision has the highest cross section for low
energy electrons (E ∼ 1 eV).

H2(ν
′′)+ eslow → H−

2 → H−+H0 (3.19)

The cross sections for these two processes leading to the production of H− ions are
shown in Figure 3.15.

Surface production

Surface ionization was introduced in Section 3.2.6. There it was described how a surface
of a high work function material can capture an electron from an atom sticking to the
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(a) H2(ν= 0)+e→H2(ν
′′)+e. Vibrational excitation

cross sections for ground state hydrogen molecules
via electron collision [34].
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Figure 3.15: Cross sections leading to volume production of H− ions.
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surface, which then can desorb as an ion. If the work function of the surface is small, it is
possible that the atom desorbs with an additional electron instead. The Saha-Langmuir
equation describing the fraction of negative ion desorbed is given by:

Ni

N0 +Ni
=

[

1+
g0

gi
exp

(

W −Ea

kT

)]−1

(3.20)

with Ni and N0 the number of negative ions or atoms evaporated form the surface, gi

and g0 statistical weights for ions and atoms, W the work function of the surface, and
Ea the electron affinity of the atom. This relation is lowest for surface with a low work
function, W , and/or atoms with a high electron affinity, Ea.

Figure 3.16 shows the ratio of negative ions emitted from two materials with differ-
ent work function, both heated to 1000◦C. For H− production (Ea(H0) = 0.75 eV), the
ratio is very sensitive to the work function. For example, by reducing W from 2.14 eV
to 1.5 eV, the negative ion production rate increases by two orders of magnitude.
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Figure 3.16: Fraction of atoms emitted as negative ions from a surface with a low work
function material. Two different work functions are represented, and the circles indicate
the ratios for four different elements.
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The formation of negative hydrogen ions by scattering protons from a metal surface
has been described with two models: a probability model [36], and an amplitude model
[37]. The probability model gives the following probability for negative ion formation:

β− ∝
v⊥

W −Ea −∆Ea
, (3.21)

where v⊥ is the ejected atom velocity normal to the surface, and ∆Ea the level shift of the
electron affinity. The amplitude model provides the following probability for negative
ion formation:

β− ∝ e
Ea−W

v⊥ . (3.22)

Similar for both these models and the Saha-Langmuir equation, is that they all show the
importance of having a low work function material for maximum negative ion yield.

Caesium is the element with the lowest work function, W = 2.14 eV. However, even
lower work functions can be achieved by covering a metal surface with a thin (less
than a monolayer) layer of an alkali metal such as caesium. The most likely theory is
that in this thin layer, the alkali atoms are arranged in a different manner than in the
bulk [38]. The maximum reduction of the material work function has been described
by a semi-empirical formula, which is detailed in Appendix B. The work function of
a molybdenum surface as a function of the fractional coverage of caesium is shown
in Figure 3.17. Because of the weak bonding between caesium atoms compared with
the bonding to the material surface, no further caesium adhere to the surface at room
temperature when a monolayer is reached. If the surface is cooled too much, multiple
layers can form, and the work function would then reach the one for bulk caesium. It
is normal that the surfaces operate in the presence of hydrogen, oxygen or carbon, in
which case the work function could be substantially different [38].

Caesium has the disadvantage that it may cause problems for the accelerator such
as instabilities (differences in caesium layer), high voltage breakdowns (caesium accu-
mulation), and safety hazards (caesium is chemically highly reactive). For obtaining
low work function materials without caesium, one proposal is to use so-called negative
electron affinity materials such as hydrogen-terminated boron nitride and diamond [39].

Negative ion destruction

The extra attached electron of the negative hydrogen ion is very weakly bound to the
atom. The ions are therefore easily destroyed by interaction with other particles in the
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Figure 3.17: Work function of a molybdenum surface with a fractional coverage of
caesium. As the coverage increases, the work function decreases to a minimum value,
Wm, located around 60 % of a monolayer. Adding more caesium then increases the
work function to an equilibrium value, W1, which has a value between Wm and the work
function of bulk caesium. The plot is made by using the semi-empirical polynomial fit
described in Appendix B [40].

plasma. The destruction process is usually one of the following:

Mutual neutralization: H−+H+ → H0 +H0 (3.23)

Electron detachment: H−+ e → H +2e (3.24)

Associative detachment: H−+H0 → H∗
2 + e (3.25)

The cross section for destruction by electron detachment is highly dependent of the
electron energy as shown in Figure 3.18. The plot shows that the electron energy should
be kept as low as possible (E∼1 eV) to avoid H− destruction by electron detachment. In
H− volume sources, a magnetic filter is placed close to the extraction aperture to avoid
high energy electrons to diffuse into this region (described in Section 4.1.4).

3.3.3 H− ion sources for particle accelerators

A variety of H− ion sources are in use at accelerator laboratories around the world.
These include surface plasma sources with magnetron, Penning and surface converter
geometries as well as magnetic-multipole volume sources with and without caesium.
Reviews of operational ion sources can be found in references [41, 42].

J-PARC uses a LaB6 filament driven caesium free source to produce a 38 mA H−
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Figure 3.18: Cross section for electron detachment in e + H− collisions. Figure adapted
from [35].

beam with a duty factor of 0.9 % at 50 keV. The plasma is confined with a multicusp
magnet arrangement, and the filter magnets are outside of the plasma saddled on the top
and bottom cusp magnets. The insulated plasma electrode plate has a 9 mm diameter
beam hole, and a thickness of 10 mm with an internal angle of 45◦. The plate was run
with a negative bias to the source body of 12.6 V to attract positive ions.

The SNS RF ion source is required to produce 40 mA of H− at a 6 % duty factor,
1 ms pulses at 60 Hz. During ion extraction, the plasma of the SNS multicusp source is
excited using 20–50 kW of 2 MHz RF. To speed the high-powered ignition, the plasma
is sustained continually with 200 W of 13.56 MHz RF. The RF power is coupled into
the plasma using an internal water-cooled copper-antenna that is coated with porcelain.
The SNS source can run both with and without caesium. It is estimated that the surface
production is directly responsible for 70 % of the beam current.

A Penning H− source is being used at the RAL, ISIS spallation neutron source. The
ISIS source operates at 50 Hz, 200 µs beam (1 % duty factor) while the discharge pulse
width is 400–650 µs long (2 %–3.2 % duty factor). The operating current is 45 mA H−.
While operating at this duty factor, the source lifetime is up to 40–50 days. The beam is
extracted from the plasma at 17 kV through a 10×0.6 mm2 slit.

Table 3.3.3 summarizes the main operational parameters of a selection of H− ion
sources.
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Table 3.1: List of H− ion sources for particle accelerators with main operational param-
eters (values are from 2005). Pd = discharge power, fil. = filament, SPS = surface plasma
source, SCS = surface converter source, DESY = German Electron Synchrotron, Ham-
burg, TRIUMF = Canada’s national laboratory for particle and nuclear physics, Vancou-
ver, INR = Institute for Nuclear Research, Moscow, Russia, BINP = Budker Institute of
Nuclear Physics, Novosibirsk, Russia, LANSCE = Los Alamos Neutron Science Center,
New Mexico, USA. Table adapted from [42].
Source Source IH− Duty Rep. εN,rms Pd e/H− Life-
type location factor rate x/y time

[mA] [%] [Hz] [µm] [kW] [months]
Multicusp

volume, H2
RF DESY 40 0.12 8 0.25 ∼20 26 >12
LaB6 fil. J-PARC 38 0.9 25 35
Multicusp

volume,

Cs+H2
RF SNS 33 6.0 60 0.22/0.18 ∼40
W fil. TRIUMF 20 100 dc 0.022 ∼5 4-5
W fil. J-PARC 72 5.0 50 0.13/0.15 ∼5 4-5
SPS

Magnetron BNL 100 0.5 7.5 0.4 ∼2 0.5 ∼6
Fermilab 60 0.1 15 0.2/0.3 ∼7 ∼6
DESY 50 0.05 6 0.46/0.31 ∼5 ∼9

Penning RAL 45 1.0 50 0.6/0.7 ∼4 ∼2
INR 50 2.0 100 0.4/0.7 ∼10 ∼0.5

Hollow cath. BINP 8 100 dc 0.2/0.3 0.4 ∼0.2
SCS

W fil. LANSCE 17 12.0 120 0.13 ∼6 2.5 ∼1
LaB6 fil. J-PARC 20 0.5 20 0.33 ∼4 4.5 3-4



Chapter 4

Fundamental working principles of ion

sources

Ion sources generally consist of a plasma generator and an extraction system, as ex-
plained in Chapter 3. In order to understand the process of ion beam formation, some
basic knowledge of plasma dynamics and ion beam extraction is required. This chapter
describes the creation and transport of an ion beam from a plasma starting with basic
plasma parameters, then the process of beam extraction, and finally the beam transport.

4.1 Basics of ion source plasmas

A plasma can be described as a quasineutral gas of charged and neutral particles which
exhibits collective behaviour [43]. Since a plasma consists of charged particles, the
forces acting between them are much stronger than for example in a neutral gas. The
interactions between particles are no longer dominated by direct collisions, but rather by
long range electromagnetic forces. This means that each plasma particle interacts with
many other particles at the same time. The plasma is therefore able to show a collective
response to an external stimulus, which is what we mean by collective behaviour. The
term quasineutral means that the plasma is able to shield off external electric potentials.
Quasineutrality is further described in Section 4.1.2.

43
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4.1.1 Thermal properties

An idealized gas in thermal equilibrium has a distribution of particles speeds known as
the Maxwell-Boltzmann distribution of molecular speeds:

f (v) =
( m

2πkT

)3/2
4πv2 exp

(

−mv2

2kT

)

, (4.1)

where m is the particle mass, k the Boltzmann constant, T the temperature, and v the
particle speed. As the temperature increases, the distribution function broadens, and
the maximum shifts towards higher molecular speeds as shown in Figure 4.1. It then
becomes probable that some of the particles in the gas will be ionized through collisions.
At very high temperatures, a large fraction of the particles will be ionized, and start to
show plasma behaviour.

Thermalisation happens when there are sufficient collisions to distribute the energy.
Neutral-neutral and electron-electron collisions have different character, but the result is
the same. A Maxwell-Boltzmann distribution function can therefore also be considered
for a plasma.
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Figure 4.1: The Maxwell-Boltzmann speed distribution function for hydrogen atoms at
different temperatures. As the temperature increases, the distribution function broadens,
and the maximum shifts towards higher speeds.
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The mean particle speed is given by

〈v〉=
√

8kT

πm
, (4.2)

and the mean energy is

〈Ek〉=
3
2

kT. (4.3)

The energy corresponding to kT is normally used to denote the temperature. For a 1 eV
plasma, we then have T ≈ 11,600 K.

A plasma can have several temperatures at the same time. Usually, ions and electrons
can have different temperatures, Ti and Te. This effect can occur if the collision rate
between among ions or among electrons themselves is larger than rate of collisions
between an ion and an electron. Each species can then be in its own thermal equilibrium,
but the plasma might not last long enough for the temperatures to equalize. With the
presence of a magnetic field, a single species can also have different temperatures. This
is because the forces acting along B are different from those acting perpendicular to B. A
Maxwell-Boltzmann distribution function is normally used to describe the temperature
of each particle type, and for the different temperatures of a single species.

4.1.2 Plasma criteria

In order for an ionized gas to be considered as a plasma, it must fulfil the following three
criteria: (1) the Debye length must be much smaller than the dimensions of the system,
(2) the plasma parameter must be much larger than 1, and (3) the plasma frequency

must be larger than the collision frequency with neutral atoms.

Debye length

A fundamental characteristic of a plasma is its ability to shield out electric potentials
that are applied to it. If we insert a positive test charge into a plasma, electrons would
immediately be attracted by this test charge and form a cloud around it. For a negative
test charge, the cloud would be formed by positive ions. The shielding distance from
the test charge to the bulk plasma is called the Debye length, λD, given by

λD =

√

ε0kT

e2n
, (4.4)
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where ε0 is the permittivity of free space, e the elementary charge, and n the plasma den-
sity. When the density increases, λD decreases as expected. With higher temperatures,
the shielding distance increases as a result of the thermal agitations. λD is normally
defined with the temperature being the one for electrons, because electrons are more
mobile than ions and will generally do the shielding by moving towards or from the
perturbation of electric potential.

A plasma is defined as quasineutral if the dimensions, L, of a system are much larger
than λD. This is the first criterion for an ionized gas to be considered as a plasma.

Plasma parameter

In order for the Debye shielding to be a statistically valid concept, it requires a sufficient
amount of particles to create the shielding cloud. The number of plasma particles is
characterized by the dimensionless plasma parameter, ND, defined as the number of
charged particles in a so-called "Debye sphere" (a sphere with radius λD):

ND = n
4
3

πλ3
D. (4.5)

The second plasma criterion is ND ≫ 1. When this condition is fulfilled, the collec-
tive interactions of the charged particles dominate over the binary interactions, and
the plasma particles can be treated as if they interact with a smooth background. The
Maxwell-Boltzmann distribution functions that describe the thermal properties of the
plasma are then still valid.

Plasma frequency and collisions

If an electron in the plasma is displaced, an electric field will build up as to restore
the neutrality of the plasma. The electron is then pulled back by this electric field.
This restoring force has the characteristics of simple harmonic oscillation, leading to
a resonant frequency know as the plasma frequency, ωp. The plasma frequency for
electrons is represented by

ωpe =

√

e2n

ε0me
, (4.6)

where me is the mass of the electrons. For ions, the relation becomes

ωpi =

√

Z2e2n

ε0mi
, (4.7)
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where Z and mi are the charge state and mass of the ions, respectively.

The third plasma criterion has to do with collisions. In the case of a very weakly
ionized gas, neutral atoms will dominate the charged particle collisions, and the charged
particle motion is described by hydrodynamic forces rather than by electromagnetic
forces. In order to be considered as a plasma, the plasma frequency must be larger than
the collision frequency with neutral atoms:

ωpτ > 1, (4.8)

with τ representing the mean time between collisions with neutral atoms:

τ =
1

nnσv
, (4.9)

where nn is the neutral density, σ the cross-sectional area of the neutrals, and v the
charged particle velocity.

4.1.3 Plasma sheath and potential

In all practical plasma devices, the plasma boundary is the vacuum chamber wall. When
ions and electrons hit the chamber wall, they recombine and are lost. The potential of
the plasma is then modified. Since electrons have much higher thermal velocities than
ions, they are lost faster and leave the plasma with a net positive charge with respect to
the wall. This potential difference cannot be distributed over the entire plasma since the
Debye shielding will confine it to a layer of the order of a few Debye lengths: this layer
is called a plasma sheath.

The plasma/sheath transition takes place where Φ= 0, and the potential in the sheath
is described by Poisson’s equation [43]:

d2Φ

dx2 =
e(ne −ni)

ε0
=

en0

ε0

[

exp
(

eΦ

kTe

)

−
(

1− 2eΦ

miv
2
0

)−1/2
]

, (4.10)

where ne and ni are the densities of electrons and ions, respectively, n0 the density in the
main plasma, and v0 the initial velocity of the ions arriving to the sheath. Equation 4.10
is only valid when it satisfies the Bohm sheath criterion:

v0 ≥ vB =

√

kTe

mi
. (4.11)
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This relation gives a minimum velocity of ions arriving at the sheath, the Bohm velocity,
vB. In order for the ions to gain this velocity, there exists a pre-sheath in which the
ions are accelerated to the required velocity by a potential drop of ∆Φ ≥ kTe/2e. The
potential variation of the plasma close to the chamber wall is shown in Figure 4.2.
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Figure 4.2: Plasma sheath at a wall boundary. ΦP and ΦW represent the plasma and
wall potentials, respectively.

To estimate the plasma potential, we assume equal particle fluxes of ions and elec-
trons at the border between the plasma sheath and the pre-sheath [44]. The Bohm ve-
locity gives the ion flux in this region.

Γi = n0vB, (4.12)

and the electron flux by the average thermal electron speed modified by the Boltzmann
relation according to the potential variation in the plasma sheath:

Γe =
1
4

n0〈ve〉exp
(

−e(ΦS −ΦW )

kTe

)

. (4.13)

By inserting the relations for the Bohm velocity (Equation 4.11) and the mean particle
speed (Equation 4.2), we obtain

n0

√

kTe

mi
=

1
4

n0

√

8kTe

πme
exp

(

−e(ΦS −ΦW )

kTe

)

, (4.14)

which simplifies to

ΦS −ΦW =
kTe

2e
ln
(

mi

2πme

)

, (4.15)
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and the plasma potential with respect to the wall becomes:

ΦP −ΦW =
kTe

2e

[

1+ ln
(

mi

2πme

)]

. (4.16)

4.1.4 Magnetized plasmas

In ion sources, magnetic fields are often used for enhanced ion production. These B-
fields can for example be used to confine the plasma, or to increase the probability of
collisions leading to ionization. The magnetic field acts on the charged particles of the
plasma by the Lorentz force. Following are a few examples of plasma magnetization.
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(c) Magnetic mirror.

Figure 4.3: Examples of single charged particle motion. Figures are adapted from [43,
45].
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Gyration

In the presence of a uniform magnetic field, the Lorentz force is expressed as

F = q(v×B). (4.17)

The motion created by the B-field is a gyration around the field line as shown in Fig-
ure 4.3 (a). The radius of circular orbit is called Lamor radius, rL:

rL =
mv⊥
qB

, (4.18)

where v⊥ is the charged particle’s velocity perpendicular to the magnetic field. The
gyration frequency is expressed as

ωc =
qB

m
. (4.19)

ECR ion sources use the electron gyration to effectively heat the plasma. By in-
jecting a time varying electric field with the same frequency as the gyration frequency,
the electrons in phase will continuously increase their energy as they spiral around the
B-field line.

E×B drift

When a constant electric field is perpendicular to a magnetic field, the Lorentz force
acts only in the plane perpendicular to B. The motion created by the magnetic field is
the gyration that was described above. It can be calculated that the electric field does
not contribute to a net acceleration of the particle, but displaces its gyration centre [43].
Since there is no net acceleration of the particle, the Lorentz force reduces to

E =−v×B. (4.20)

By crossing each side with B we obtain:

E×B =−v×B×B =−B(v ·B)+vB2, (4.21)

and we can now express the velocity of the gyration centre:

v =
E×B

B2 . (4.22)
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A perpendicular electric and magnetic field induce a drift that is perpendicular to both
fields, and independent of the particles’ charge and mass. The E×B drift is illustrated
in Figure 4.3 (b).

Magnetron and Penning sources use the E×B drift to increase the path lengths of the
electron trajectories to increase the probability of collision with an ion or neutral before
reaching the anode. E×B drifts might also cause surprising high voltage breakdown
when a magnetic field is present in a high electric field region.

Magnetic mirror

A magnetic field that varies in magnitude along the same direction as the field, gives rise
to a force that acts on charged particles. If we consider the field to be in the z-direction,
the force is expressed as

Fz =−µ
∂

∂z
Bz, (4.23)

where µ is the magnetic moment of the gyrating particle:

µ =
1
2

mv2
⊥/B. (4.24)

This force acts in the opposite direction of the increasing B-field magnitude, irrespective
of the direction of the field. The origin of this force is quite simple to understand. When
the ion moves along the positive direction B-field line, it starts gyrating around this
line, as shown in Figure 4.3 (c). However, when the B-field magnitude increases, the
gyrating particle is affected by a B-field component pointing towards its gyration centre.
The cross product of the particle’s velocity and this field component results in a force
directing towards the low field density region. If the direction of the field lines would
be opposite, the particle would gyrate in the opposite direction, and the force would still
point towards the low B-field density region. With a simple pair of coils, we can form
two magnetic mirrors between which a plasma can be trapped (Figure 4.4 (a)).

The magnetic mirror is, however, not a perfect trap. A particle moving along the
z-axis with no perpendicular velocity (v⊥), will not be affected by the force and escape.
By using the ratio of perpendicular to parallel velocity, we can determine which particles
will be trapped in the mirror. First, we define the pitch angle, θ = tan−1(v⊥/v‖). The
smallest allowed pitch angle for confined particles is given by

θ = sin−1(
√

B0/Bm), (4.25)

where B0 is the magnetic field in the centre of the magnetic bottle and Bm the maximum
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field of the mirror [43].

This type of particle losses is shown for a dodecapole multicusp magnetic confine-
ment in Figure 4.4 (b). 12 magnets surround the plasma with magnetizations alternating
between pointing inwards or outwards. The purple arrows represent the magnetic field
vectors with sizes corresponding to the field magnitude. The orange traces inside are
trajectories from electrons with a randomly chosen starting energy of 5 eV. We see that
the electrons that encounter the transverse field lines (between the magnets), are imme-
diately reflected back to the centre. The only electrons that are allowed to escape the
magnetic mirror that has been formed are those with small enough pitch angle.

B0

Bm

(a) A plasma trapped between magnetic mirrors. Fig-
ure adapted from [43].

(b) Magnetic multicusp confinement of charged
particles. Simulated with Vector Fields Opera
[46].

Figure 4.4: Two examples of magnetic confinement of a plasma.

Diffusion in magnetic field

A magnetic dipole field perpendicular to a charged particle’s velocity will change the
trajectory of the particle and reflect it back to where it came from. This was illustrated in
Figure 4.4 (b). However, in a plasma there are also collective effects that can make par-
ticles diffuse across magnetic dipoles. The diffusion across a magnetic field is expressed
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Table 4.1: Dependence of the electron temperature at the extraction aperture by intro-
ducing a magnetic filter field [47].

Parameter No filter Weak B-field Strong B-field
Max B-field on axis [mT] 0 8.4 20.5
Electron temperature [eV] 4.5 2.5 0.5

as

D⊥ =
kT ν

mω2
c

, (4.26)

where ν is the collision frequency of the particle, and ωc the gyrating frequency around
the B-field (Equation 4.19) [43].

The collision frequency, ν, is not actually an expression of how often particles col-
lide, which is an event that rarely happens. Instead it is a measure of the effect of many
small Coulomb interactions that eventually leads to a trajectory deviation of π/2. ν has a
different expression for electron-electron, electron-ion, and ion-ion collisions. However
all these interactions have the following relation in common:

ν ∝ m−1/2(kT )−3/2, (4.27)

where m is the mass and T the temperature for the electron/ion. Including this in Equa-
tion 4.26 leads to

D⊥ ∝ m1/2(kT )−1/2B−2. (4.28)

As we would expect, this relation shows that a stronger magnetic field will slow the
diffusion of the charged particles. It also shows that the ions diffuse more easily than
the electrons because of their larger mass. Finally we see that the magnetic field has a
selectivity depending on the temperature: cold particles diffuse easier than hot particles.
This effect is used in the so-called filter fields in volume production negative ion sources.
The plasma can thus be separated into a hot and a cold region; these two regions are
optimized for creating vibrational exited hydrogen molecules and creating H− ions by
dissociative electron attachment, respectively.

The effect of the filter field on the electron temperature has been confirmed by Lang-
muir probe measurements on the SPL plasma generator [47]. Two different B-field
strengths were used, including a measurement without magnets. The electron tempera-
ture at the extraction aperture is summarized in Table 4.1.
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4.2 Ion beam extraction from a plasma

Extraction of ions from a plasma and ion beam formation is achieved by an extraction

system. A simple single stage extraction system consists of two electrodes as shown
in Figure 4.5. The electric field is given by the voltage difference and the distance,
d, between the two electrodes, where the puller normally is kept at ground potential
together with the following accelerator parts. The emission surface of the ions at the
plasma boundary is called the plasma meniscus.

Plasma

Plasma
meniscus

Ion beam

d

Plasma
electrode Puller

E

Figure 4.5: Simple single stage extraction system. The ion beam is extracted from the
plasma held at a high voltage to the puller at ground potential.

4.2.1 Definition of plasma meniscus

The plasma meniscus in an ion source represents the transition from plasma to beam.
The plasma meniscus and how the ions are extracted from the plasma are modelled
differently for positive and negative ions.

The simplest case is the extraction of a positive ions beam. We consider a plasma
with a plasma potential, ΦP, with respect to the chamber wall. As described in Sec-
tion 4.1.3, the potential in the plasma sheath naturally falls towards the wall. For a
positive ion beam extraction, the model considers that this potential drop is continued
by the acceleration field of the extraction potential [48]. We consider having a beam
when the potential crosses the wall potential as shown in Figure 4.6(a).

In the case of a negative ion beam extraction, the natural potential fall needs to be
reversed [49]. Combination of the potential drop of the plasma sheath and the potential
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rise of the extraction voltage creates a potential well, sometimes called a virtual cathode.
Ions that have high enough thermal energy to overcome this potential well, or that are
produced in this region are allowed to escape. Positive thermal ions can become trapped
in the potential well, such that this region must still be considered as a plasma. The
plasma meniscus is located on the rising part of the potential as shown in Figure 4.6(b).

z

P

Positive ions

(a) Positive ion beam extraciton.

z

P

Negative ions,
electrons

(b) Negative ion beam extraciton.

Figure 4.6: Modelling of positive and negative ion beam extraction from a plasma. The
plasma meniscus position is indicated with a dashed line.

4.2.2 Space charge limited extraction from a flat surface

We will now have a closer look at charged particle extraction from a plasma by treating a
special case with a relatively simple analytical solution, adapted from [50]. We consider
two infinite, parallel, conducting plates, as illustrated in Figure 4.7.

The first plate, which we call our plasma meniscus, is located at z= 0 with a potential
of Φ = 0. The other plate is the puller electrode at z = d with a potential of Φ =V . We
assume that the particles are emitted with an initial velocity of v = 0, which means that
the particles are flowing on straight lines in the z-direction, and that the current density,
J, is uniform and constant along z. We can now calculate the potential, Φ, as a function
of the position in the gap, z, by solving the following three equations:
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0 d
0 V

Plasma
meniscus Puller

z

V

Figure 4.7: Simple one-dimensional model of positive ion beam extraction.

∇2Φ = Φ′′(z) = −ρ(z)

ε0
(4.29)

ρ = −J/v (4.30)

v =

(

2qΦ(z)

m

)1/2

(4.31)

where ρ is the charge density,v the particle velocity along the z-direction, and q and m

the particle charge and mass, respectively. We now insert 4.31 into 4.30, and substitute
ρ =−J/v from 4.30 into 4.29 to get

Φ′′(z) =
J

ε0

(

m

2q

)1/2

Φ(z)−1/2. (4.32)

By multiplying both sides of Equation 4.32 with Φ′(z), we can integrate and obtain

Φ′(z) = 2
(

J

ε0

)1/2(
m

2q

)1/4

Φ(z)1/4. (4.33)

The integration constant here equals zero since Φ(0) = 0 and Φ′(0) = 0. We choose
Φ′(0) = 0 as the limit case for the maximum value of J. If Φ′(0) < 0, the field of
the surface will push charge carriers back to the emitter. An electron emitter satisfies
Φ′(0)> 0, but for a plasma this would pull electrons "out", and decrease d until Φ′(0) =
0. A second integration gives us

4
3

Φ(z)3/4 = 2
(

Jmax

ε0

)1/2(
m

2q

)1/4

z. (4.34)
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Also here the integration constant is zero because Φ(0) = 0. We have Φ(d) = V , and
the relation simplifies to

Φ(z) =V
( z

d

)4/3
, (4.35)

with

Jmax =
4
9

ε0

(

2q

m

)1/2
V 3/2

d2 . (4.36)

Equation 4.36 is know as the Child-Langmuir law, and represents the space charge
limit, i.e. the maximum current density that can flow between the plates, given a zero
initial velocity of the charge carriers. We observe that to increase the limit for current
density, we can either increase the applied voltage, or reduce the extraction gap. We
also notice that the maximum current is inversely proportional to the square root of the
particle mass. The physical reason is that the velocity of the particles equals

√

2E/m.
Lighter particles gain higher velocity, hence have a lower charge density for a given
current. This means that the electron current becomes about 40 times higher than the
H− current for equal plasma densities, which must be considered when designing a H−

beam extraction system.

4.2.3 Space charge limit for a negative ion beam with co-extracted

electrons

We now apply the Child-Langmuir law to a uniform round beam emitted from a circular
area with radius, r, to better represent an ion source. The maximum beam current then
becomes

Imax =
4
9

πε0

(

2q

m

)1/2

V 3/2 r2

d2 . (4.37)

To correlate this relation with the negative ion beam extracted from the Linac4 ion
source, we assume that the beam only consists of electrons and H− ions. The maximum
total current that can be extracted then becomes

Imax =
4
9

πε0 (2q)1/2
V 3/2 r2

d2

(

RH−
1√

mH−
+Re

1√
me

)

, (4.38)

where RH− and Re are the fractions of H− ions and electrons in the plasma, respectively,
and RH− +Re = 1. The fractions are unknown, but we can estimate them by using the
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measurable e/H− ratio, which can be written as

e/H− =
Re

RH−

√

mH−

me
. (4.39)

Since RH− +Re = 1, we can express RH− and Re as functions of the measured e/H−

ratio:

RH− =

√

mH−
me

e/H−+
√

mH−
me

(4.40)

Re =
e/H−

e/H−+
√

mH−
me

(4.41)

The expression of the space charge limited current for a beam consisting of electrons
and H− ions yields

Imax =
4
9

πε0

(

2q

me

)1/2

V 3/2 r2

d2

⎛

⎝

1

e/H−+
√

mH−
me

+
e/H−

e/H−+
√

mH−
me

⎞

⎠ , (4.42)

where the left and right part of the sum correspond to the contribution from H− ions and
electrons, respectively.

4.2.4 Model of the plasma meniscus dynamics

Our examples have so far considered a beam emitted from a flat surface. However, a
better approximation of the plasma meniscus’ shape for a beam emitted from a circular
aperture is a sphere. This sphere can change between a convex sphere, a flat surface, and
a concave sphere depending on the extraction field and the plasma density. We describe
this effect by using the Langmuir-Blodgett equation. This relation defines the limiting
current between two concentric spheres [51], and is given by

Jmax =
4
9

ε0

(

2q

m

)1/2
V 3/2

r2
0α2

, (4.43)

where α is a function of the ratio of the radii r and r0 of the spheres, r0 being the
radius of the emitter. We immediately recognize the similarity to the Child-Langmuir
law where d has been replaced by r0α. The values of α can be obtained in terms of the



4.2. ION BEAM EXTRACTION FROM A PLASMA 59

following series:

α = γ−0.3γ2 +0.075γ3 −0.0143182γ4 +0.0021609γ5 −0.00026791γ6 + . . . , (4.44)

where γ = ln(r/r0). This series can be used to calculate α accurately to three places of
decimals for values of r/r0 up to 5.

We apply Equation 4.43 to our example by introducing the plasma meniscus as a
part of an emitting sphere, and approximate the collecting sphere by a test sphere at
the position of the puller. The two spheres are concentric, with a constant difference in
radius, d. Our emitting plasma meniscus can either be the convex shaped inner sphere,
or the concave shaped outer sphere as shown in Figure 4.8. Equation 4.44 applies for
both cases, the difference being that γ changes sign, and thus the sign of the alternate
terms.

(a) Convex sphere. (b) Concave sphere.

Figure 4.8: Model of plasma meniscus as part of an emitting shpere with radius, r0, with
the collecting sphere with radius, r, and with a constant distance, d, between the two
radii.

Because we assume that d is constant, we can calculate α as a function of only the
radius of the emitting sphere, r0. In this way we can visualize how the plasma meniscus
changes shape when for instance the extraction voltage is modified. Figure 4.9 plots r0

as a function of r0α where the distance between the two spheres has been fixed to 7 mm.
As Jmax is constant, r0α is proportional to V 3/4. The plotted range is between r/r0 = 0.2
and r/r0 = 5, i.e. where α can be calculated accurately with Equation 4.44.

Starting from a low r0α, we see that the plasma meniscus is convex making the
plasma bulge out of the plasma aperture. As r0α increases, the radius of the convex
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sphere increases as well, and the plasma meniscus becomes flatter. When r0α ap-
praoches d, which in this case is 7 mm, r0 increases towards infinity corresponding
to two parallel plates. The Langmuir-Blodgett equation then becomes the same as the
Child-Langmuir law (Equation 4.36). A further increase of r0α makes the shape of the
plasma meniscus concave with a smaller and smaller radius.

If the ion current provided by the plasma generator is lower than the space charge
current limit, which often is the case, the effect would be similar to an increased ex-
traction field. To compensate for the resulting over-focused ion beam, one can either
decrease the extraction voltage or increase the extraction gap. Figure 4.10 illustrates the
effects of the extracted current on the beam quality with a constant extraction voltage.
The simulations show a negative ion beam extracted from the plasma generator to the
left and through the puller to the right for a low plasma density, a matched condition,
and an over-dense plasma, respectively. All simulations use an extraction voltage of
15 kV, and the beam consists of H− ions and electrons. Only the H− current density
has been varied while the e/H− ratio has been fixed to 50. The plasma aperture has a
diameter of 6.5 mm, and the extraction gap is 7 mm. Case (a) shows an extraction of a
5 mA H− beam, with which the strong electrical field gives an over-focused beam. In
(b), the beam current is 20 mA and shows the ideal case where the plasma meniscus is
slightly curved and provides a close to parallel beam. In case (c), the beam current is
50 mA, and here the beam is divergent and part of it is even lost on the puller. We can
also arrive at the same conclusion by combining Equation 4.42, and Equation 4.43. The
result estimates r0α for these three examples of a negative ion beam with co-extracted
electrons. The dashed lines in Figure 4.9 show the calculated values of r0α, which give
an estimate of r0. We see that these results correspond well with the plasma meniscus
shapes in Figure 4.10.

The effect of the extraction voltage on the plasma meniscus can also be explained
through simple reasoning. When for instance a negative beam is extracted, negative
charges will fill the area in front of the plasma meniscus. This effect causes a drop of
the voltage in the region in front of the plasma meniscus, and starts to attract positive
charges. The region then consists of a mixture of positive and negative charges, which
we now can consider to be a plasma. The plasma meniscus has then moved closer to
the puller. By raising the puller voltage, the electric field now becomes stronger in the
region in front of the plasma meniscus. The positive charges are now repelled, and the
plasma meniscus moves away form the puller towards the plasma generator.



4.2. ION BEAM EXTRACTION FROM A PLASMA 61

Figure 4.9: Evolution of a shperically shaped plasma meniscus radius, r0, as a function
of r0α. The dashed lines show the value of r0α and r0 for three different H− beam
currents with an e/H− ratio of 50, extracted over a 7 mm gap by a 15 kV extraction
field.
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(a) IH− = 5 mA: too low
plasma density and the
beam is over-focused.

(b) IH− = 20 mA: matched
condition and beam is
almost parallel.

(c) IH− = 50 mA: too high
plasma density and the
beam is divergent.

Figure 4.10: Influence of plasma density on ion beam optics of an H− ion beam with an
e/H− ratio of 50. The extraction voltage is 15 kV and the gap distance is 7 mm.

4.2.5 Plasma electrode geometry

The shape of the plasma electrode affects the beam quality. A flat surface makes the
equipotential lines near the edge of the aperture to have a sharp bend, causing particles
here to be extracted with a large angle. These particle leads to beam aberration, which
results in an undesired increased emittance. Ideally, the outside of the plasma electrode
should have an angle that follows the equipotential lines, making a smooth transition
between the electrode and the plasma meniscus.

For space charge limited surface emitted electrons, there exists a perfect solution
that gives a parallel beam extracted from the cathode [52]. The solution is to have
an electrode shape around the cathode with a 67.5◦ angle with respect to the emitting
surface normal. This is called a Pierce electrode. However, for plasma ion sources, this
solution does not apply because the particles are emitted from a plasma with varying
starting conditions as described in Section 4.2.4. Figure 4.11 compares the normalized
rms emittance of three ion beams with different currents as a function of the angle of
the plasma electrode. The beams consist of H− ions and electrons with a fixed e/H−

ratio of 50, with H− ion beam currents of 10 mA, 20 mA, and 30 mA. For a low beam
current the extraction field pushes the plasma meniscus towards the source, giving the
equipotential lines a sharp curve at the edge of the plasma electrode. In this case, a
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small angle gives the optimum emittance. For higher beam currents, the optimum angle
becomes larger.

Figure 4.11: Normalized rms emittance of three H− ion beam with different currents as
a function of the plasma electrode angle with respect to the beam axis. The e/H− ratio
is 50 for all three cases.

Figure 4.12 shows the difference between two extraction geometries for a 20 mA H−

beam with an e/H− ratio of 50, and with a voltage of 15 kV across a 7.0 mm extration
gap. The first case has a flat plasma electrode, and the second has a plasma electrode
shaped with a 65◦ angle. We observe, in the case of the flat electrode, that the electric
potential lines (in green) have to bend around the sharp edge of the plasma aperture,
creating electric fields perpendicular to the beam axis. The extracted particles at the
edges have large transverse velocities, which cause an increased emittance. The 65◦

angle on the outside of the plasma chamber shapes the electric potential lines, and the
meniscus surface is more homogeneous. Here, the extracted beam is more parallel, and
the emittance is reduced by more than a factor two.
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(a) Flat plasma electrode. (b) Zoom of the flat plasma electrode.

(c) Plasma electrode with
a 65◦ angle.

(d) Zoom of the plasma electrode with a
65◦ angle.

Figure 4.12: Influence of the shape of the plasma electrode on the ion beam optics. The
curved equipotential lines at the edge of the flat plasma aperture lead to beam aberrations
that increase the rms emittance.
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4.3 Ion beam transport at low energy

The LEBT is the part of the particle accelerator between the ion source and the first
accelerating structure. The ion beam energy here corresponds to the plasma generator
voltage, and is normally in the order of 10-100 keV. The purpose of the LEBT is to
shape and steer the ion beam such that it matches the input of the accelerator, which in
the case of Linac4 is an RFQ.

4.3.1 Optical elements

In the region of low energy, the space charge dominates and causes the beam to expand.
It is therefore important to focus the beam as early as possible to avoid beam losses.
The focusing is made with either magnetic or electric fields. At higher energy, how-
ever, only magnetic fields are efficient because the force is proportional to the particle
velocity. When v approaches c a magnetic field of 1 T corresponds to an electric field
of 300 MV/m.

With electrostatic devices, the particle trajectory only depends on the energy per
charge. Hence, all charged particles starting from rest will follow the same trajectory
path in a purely electrostatic system (the time of flight does still depend on the parti-
cle mass). By using magnetic fields instead, the trajectories depend on the charge-to-
momentum ratio, which is not equal for all charged particles that have been electrostat-
ically accelerated. Magnetostatic devices thus allow separation of charged particles of
different mass or energy.

Electrostatic lens

An electrostatic lens is simply constructed of two hollow electrodes with a voltage dif-
ference between them as shown in Figure 4.13(a). In the gap between the electrodes,
the electric field curves as a result of the curved equipotential lines. An off-axis positive
ion that is travelling in the z-direction will first see a force pointing towards the beam
axis, then a force pointing outwards. In either polarity, the electrostatic lens provides
a net focus to the beam. The reason is because the focusing force is at the low beam
energy side of the lens, and therefore has a larger impact on the particles of the beam.

The focal length, f , of an electrostatic lens is given by [53]

f =
4L

(

√

V2/V1 +1
)

V1/V2 +V2/V1 −2
, (4.45)
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where L is the gap distance between the two electrodes with potentials V1 and V2. V =0 V
is where the beam kinetic energy is zero.

Einzel lens

A special case of the electrostatic lens is the Einzel lens (Figure 4.13(b)), which is a
three-electrode system with the middle electrode at a different potential. This type of
lens can work in either accelerating or decelerating mode. Accelerating mode means
that the ions are accelerated into the lens, and then decelerated at the exit. In this mode,
as the ions pass through the lens, they will first be focused at the end of the low energy
side, then defocused in the middle electrode, and focused again at the end. The opposite
applies for a decelerating lens. As for the electrostatic lens, the focusing happens on
the low energy side of the lens. This means that a decelerating lens is more effective
than the accelerating one because of the reduced velocity of the ions where the focusing
occurs. On the other hand, in this configuration, the space charge effects on the beam
are stronger in the low velocity region, and causes larger emittance growth.

z

r
V1 V2

EquipotentialForce line
L

(a) Electrostaic lens, V1 >V2.

z

V1 V1

EquipotentialForce line

V2

L L

(b) Einzel lens, V0 >VE .

Figure 4.13: Two examples of electrostatic focusing. The radial component of the elec-
tric field focuses (or defocuses) the charged particles. The focusing takes place at the
low energy side of the lens, resulting in a net focus of the beam.

To estimate the focal length of the Einzel lens fE , we add the focusing effect of two
electrostatic lenses (Equation 4.45) with equal gap lengths as shown in Figure 4.13(b).
To simplify the problem, we do not consider the drift between the two gaps.

1
fE

=
1
f1
+

1
f2

=
V1/V2 +V2/V1 −2

4L
(

√

V2/V1 +1
) +

V2/V1 +V1/V2 −2

4L
(

√

V1/V2 +1
) . (4.46)
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We multiply Equation 4.46 by V1V2/V1V2, and simplify the relation to:

1
fE

=
(V1 −V2)

2

4LV1V2
. (4.47)

Figure 4.14 compares of the focal lengths of an electrostatic lens and an Einzel lens.
For the Einzel lens, the beam exits with an energy corresponding to V1, whereas for an
electrostatic lens the beam obtains an energy corresponding to V2.
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Figure 4.14: Comparison of the focal length (L/ f ) of an electrostatic lens and an Einzel
lens. V1 = 100 V.

Solenoid

A solenoid provides a magnetic field to focus the ion beam. Figure 4.15 shows a simple
solenoid in cylindrical co-ordinates, r,θ,z. When a beam of charged particles travels
along the z-axis and enters a solenoid, it first interacts with the r directed fringe field,
which results in a force in the θ-direction. This force causes the beam to spiral. Inside
the solenoid, vθ now interacts with the now z-directed B-field, and creates a force point-
ing to the centre of rotation, which focuses the beam. The force will point to the centre
irrespective of the ion beam charge, and the direction of the B-field. At the exit, the
beam encounters the opposite fringe field, which cancels the beam rotation.
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The focal length, f , of a solenoid (considered as a thin lens) is given by [50]

1
f
=
( q

2mv

)2∫
B2dz. (4.48)
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Figure 4.15: Scheme of particle dynamics in a solenoid magnet.

Dipole

Both magneto- and electrostatic dipoles, so-called steerers, are commonly used for
beam corrections in the horizontal and vertical plane. Electric steerers are often used
for beam chopping because of their fast rise time, whereas magnetic steerers are effec-
tive for beam position corrections. Magnetostatic dipoles, which are able to select ions
according to the charge-to-momentum ratio, can also separate ions of different charge
states, or measure the beam energy spread. This application is called a spectrometer.

4.3.2 Compensation of beam space charge

An ion beam consists of particles with the same charge polarity. Naturally, these parti-
cles will repel each other, and cause the beam to expand both transversally and longi-
tudinally. This is what we call the beam space charge effect. The effect is strongest at
low energy where the charge density is high. The lower longitudinal momentum also
means that the momentum given by space charge has a larger proportion of the total
momentum.

The potential well created by the ion beam forms a trap for oppositely charged par-
ticles in regions without electric fields. When these charges are trapped, they will lower
the depth of the potential well, and reduce the space charge effect. We call this space
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charge compensation. The origin of the compensating particles is mostly due to ioniza-
tion of the background gas in the beam pipe by the ion beam. For a positive ion beam,
the compensating particles are the electrons created by the ionization, whereas for a
negative ion beam, the space charge compensation comes from positive ions. In prin-
ciple, the space charge compensation is just as effective for a positive as for a negative
ion beam.

For a pulsed beam system, the space charge compensation is not immediately effec-
tive, but needs time to produce enough compensating particles. The characteristic space
charge compensation time, τ, is the time it takes for a particle of the beam to produce a
neutralizing particle of the residual gas:

τ =
1

σingv
, (4.49)

where σi is the ionization cross section of the incoming particles on the residual gas, ng

the gas density in the beam line, and v the velocity of beam [54]. Measurements at the
Linac4 test stand have shown space charge compensation times in the order of 100 µs
for a 45 keV H− beam with a residual hydrogen gas pressure of 3×10−6 mbar, which
corresponds well with the theoretical value [55]. In a magnetic LEBT, the rise time of
pulsed ion beams is dominated by the space charge compensation transient time, which
is in the order of several tens of microseconds. A fast chopping system can be inserted
to decrease rise times and reach orders of hundreds nanoseconds [56].

Measurements suggest that using heavier gases enhances the space charge compen-
sation effect [57]. The most obvious choice of residual gas, however, is to use the same
as the ion beam in order to not contaminate the ion source. The choice of gas must also
take into account the surrounding accelerator elements and the pumping systems.

4.3.3 Particle impact induced electron emission from surfaces

Secondary electron emission from surfaces plays an important role in ion sources. In the
case of beam current measurements with a Faraday cup for instance, a negative potential
in front of the cup prevents secondary electrons emitted from the cup to escape and alter
the measurement. Likewise, for negative ion sources where electrons are co-extracted
with the beam, secondary electron emission from the electron dump needs to be taken
into account for a correct electron current estimation. For a better understanding of the
beam optics of the extraction system, secondary electrons emitted from the extraction
electrodes need to be considered.
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Theoretical approach

Emission of secondary electrons can originate from impact by ions and atoms, or elec-
trons. We define the secondary electron emission induced by ions/atoms as γ, and by
electrons as δ. There are three processes that give rise to secondary electron emission
by particle impact [58]:

1. Kinetic emission relates to the transfer of the kinetic energy from the incoming
projectile (ion or electron) to an electron in the target through a collision. Some
of the excited electrons will escape the target provided that they migrate towards
the surface with sufficient energy to overcome the potential barrier. The follow-
ing model describes the mechanism of kinetic emission for impacting ions or
electrons [59]: (1) Primary ionization of target atoms via direct Coulomb inter-
action with the projectile, or secondary ionization of target atoms by recoiling
target atoms (only for heavy projectiles), energetic electrons, and possibly pho-
tons. (2) Transport of the liberated electrons towards the surface. (3) Penetration

of electrons through the surface barrier into vacuum.

The kinetic emission yield, γk for impacting ions (δk for electrons), depends on
the projectile kinetic energy, E, through the following relation [59]:

γk = ΛD(E). (4.50)

Here Λ is a target dependent constant describing transport of electrons inside the
solid and their ejection through the surface barrier. This constant is in principle
the same for ions and electrons for a given target material. However, primary elec-
trons might be reflected back through the surface and excite additional electrons
on their way out. D(E) is a function that represents the production mechanism
of electrons. At low projectile energies, primary ionization is dominant and the
D(E) is proportional to the ionization cross section of the target atoms. At higher
energies, cascades induced by energetic excited electrons also produce electrons.
D(E) then becomes proportional to the stopping power, S(E), which is the energy
loss of the impacting particle per unit path length.

γk has a maximum value of 1 to 5, and δk is about unity.

2. Potential emission occurs for impacting particles with a potential energy, i.e. ions.
As the surface is approached, a target electron tunnels into a vacant electron shell
of the projectile as illustrated in Figure 4.16. A secondary electron can then be
emitted from the surface by an Auger transition if the ionization energy of the
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incoming ion exceeds twice the material work function. This mechanism is most
effective at low kinetic energy since the electron has to escape the surface before
the ion reaches the surface. A fast travelling ion will probably hit the surface in a
still ionized state.

The potential emission coefficient, γp, has been estimated to

γp =
0.2
EF

(0.8Ei −2W ) , (4.51)

where W is the work function of the material, EF the Fermi energy of the material,
and Ei the ionization energy of the incident particle [58].

As an example, the potential emission coefficient for protons impaction on a gold
surface is 0.02.

e Auger

Figure 4.16: The potential energy of the impacting positive ion captures an electron
from the target surface. A secondary electron can be emitted from the surface by an
Auger transition.

3. Reflections of incident electrons. This process is strictly speaking not a secondary
ejection process, but backscattering of incoming electrons. The reflection coeffi-
cient, η, varies with the target nuclear charge, Z, roughly as [58]:

η = 0.150lnZ −0.206, Z ≥ 4. (4.52)

The coefficient varies little with the energy of the incoming electron, and Equa-
tion 4.52 is suggested to be used in the energy region 0.3 keV to 50 keV.

In the case of an iron target (Z = 26), the reflection coefficient is equal to 0.28.

In summary, secondary electron emission induced by ion (or atom) impact consists
of kinetic and potential emission: γ = γk + γp. Secondary electrons originating from
electron impact consist of kinetic emission and reflections: δ = δk +η.
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Experimental data

Secondary electron emission coefficients can also be found from experimental data.
Figure 4.17 plots the number of secondary electrons emitted per incoming electron (δ)
as a function of the energy for two different target materials [60]. In this plot we see that
the emission coefficient is correlated with the stopping power of electrons [61], which
means that δ is dominated by kinetic emission.
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Figure 4.17: Solid lines: energy dependent electron induced secondary electron emis-
sion coefficients for an aluminium and a nickel target [60]. Dashed lines: energy depen-
dent electron stopping power for aluminium and nickel [61].

Figure 4.18 contains relevant information for negative hydrogen ion sources. Here
the secondary electron emission coefficients for protons (H+), and neutral and negative
hydrogen (H0 and H−) are plotted [59, 62, 60]. We observe that for energies below
8 keV, the secondary electron emission coefficient is similar for H0 and H−. However,
at higher energies, an extra contribution adds to the H− yield, reaching 0.2 electron-
s/projectile at E = 16 keV. The explanation is as follows [59]: the second electron of the
H− is bound very weakly in comparison with the first one. Therefore, we expect that
this electron detaches as soon as the ion hits the surface. The now free electron has the
same impact velocity as the H− ion, and the energy thus equals the H− energy multi-
plied with the quotient of the electron and H− masses, Ee = EH− ×me/mH− . Plotted
with dashed lines are the differences in secondary electron emission for H− and H0, and
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the experimental data for electron induced electron emission where the energy has been
re-calculated to that of the impacting H− ion. These lines correspond well and suggest
that the detached electron is causing emission of secondary electron independently of
the H− ion. For H− ion energies of 50 keV, this would mean a contribution of 0.5 to the
secondary electron emission yield of H0.
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Figure 4.18: Solid lines: energy dependent secondary electron emission coefficients
induced by H+, H0 and H− on a gold target [59]. Dashed lines: difference in secondary
electron emission for H− and H0, and experimental data for electron induced electron
emission [60].

Figure 4.19 shows three other factors that influence the secondary emission coeffi-
cient [60]. An increased Z-value of the target material slightly increases γ for a 100 keV
proton beam. The angle between the incoming projectile and the target surface plays a
bigger role; an angle of 70◦ to the surface normal triples γ for a 120 keV proton beam
on a nickel target. The dependency follows a 1/cosθ fit. A third dependency is the
cleanness of the target material. A chemically etched molybdenum surface bombarded
with protons emits three times more secondary electrons than a sample that was flashed
to 1750◦C.
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Figure 4.19: Effects on the secondary electron emission coefficient, γ.

4.4 Simulation of ion beam extraction from a plasma

For modelling of plasma ion sources, there exist a vast number of computer codes.
Plasma codes simulate particle dynamics using particle in cell (PIC) or fluid models, or
a combination of the two. These codes can predict the plasma processes leading to ion
extraction to a reasonable accuracy. However, the calculation time in three-dimensions
(3D) can be up to several weeks on high-performance parallel computers. The codes
are also often customized to a specific problem, and are therefore not the best choice for
the design of ion source extraction systems where several iterations for optimizing the
geometry is necessary.

So-called trajectory codes tracks particle trajectories through beam transport lines.
For standard optical elements, the particle trajectories can be calculated by using transfer
matrices for each element, and the drifts spaces between them [63]. Ion beam extrac-
tion calculations often use very non-linear fields which do not fit well with the linearized
models, and so the calculations are performed using tracking through the field config-
uration given by a finite element solver. Before staring the work on the new ion beam
extraction system, the extraction system for a copy of the DESY H− ion source (de-
scribed in Section 5.1) was simulated with such a code: Opera/Scala by Cobham Vector
Fields [46]. Even though this tool gave useful results, its predictive power was limited
by the lack of modelling of the plasma to beam extraction process. The simulations were
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prepared by creating a fixed shape conductor at the plasma aperture, from where the par-
ticles were emitted, as shown in Figure 4.20. This particle emitter then represented the
plasma meniscus. However, the shape of this plasma meniscus changes as a function of
the plasma density and the extraction voltage when a beam is extracted from a plasma,
as explained in Section 4.2.4. The disadvantage of particle trajectory codes, such as
Opera/Scala, is that the user predefines the emitter/plasma meniscus shape, whereas the
simulation tool should calculate it. For this purpose, a plasma extraction code is needed.

Electron dump 

H- beam 

e- beam 

Electron dump  

magnets 

0 V -45 kV 

Particle emission  

surface 

Filter magnets 

Figure 4.20: Simulation output from Cobham Vector Fields Opera/Scala. Dimensions
are in mm.

Plasma extraction codes are similar to trajectory codes, but are in addition capa-
ble of tracking the beams from a space charge compensated plasma to an unneutralized
extraction region. This is done by including the space charge from the beam to the simu-
lation grid and using analytical models for the plasma space charge compensation. The
result is a fast and sufficiently accurate modelling of the plasma meniscus formation
and the beam space charge effects [64]. There exists a small selection of plasma ex-
traction codes including PBGUNS [65] and IGUN [66] that can model two-dimensional
and cylindrical symmetric, positive and negative ion plasma extraction systems. For
three-dimensional simulations, there are KOBRA-INP [67] and IBSimu [1].
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Out of these simulation tools, IBSimu was chosen for the design of the H− beam
extraction system. The code is not distributed as a pre-compiled computer program,
but it is made as a C++ library, which contains the modules/classes performing the
calculations [64]. A specific user-made program written in C++ then performs each
simulation, which uses the computational tools of the IBSimu library. This means that
the user needs to be familiar with the C++ language, and to have a good understanding
of how IBSimu performs the calculations. In return, the user has the liberty to replace
the built-in modules, and easily integrate geometries and magnetic fields from other
simulation tools. The code includes a graphical user interface for plotting geometries,
fields and particle trajectories, and can also give output in form of images and text
files. As the code is primarily designed for Linux, there is the possibility to use batch
processing that automatizes the simulations for systematic studies.

4.4.1 Description of IBSimu simulations

Ion Beam Simulator or IBSimu is a computer simulation package for ion optics, plasma
extraction and space charge dominated ion beam transport [68]. One way to model
time-independent extraction systems is by solving Poisson’s equation

∇2Φ =− ρ

ε0
, (4.53)

which relates the electric potential, Φ, with the space charge, ρ, and the time-independent
Vlasov equation

v ·∇ f − q

m
(E+v×B) ·

∂ f

∂v
= 0, (4.54)

which describes the behaviour of a particle distribution f (r,v) in an electric field E =

∇Φ and an independent magnetic field B [64].
IBSimu solves the above given problem by representing Φ, ρ, and E on a grid of

computation points in a bound geometry. The nodes that are on the boundaries of the
simulation domain are constrained by a boundary condition. This boundary condition
is either a Dirichlet boundary condition (fixed potential), or a Neumann boundary con-
dition (fixed derivative with respect to the normal of the boundary).

The solution to the extraction system model is found by an iterative process called
the Vlasov-Poisson iteration, and is shown as a flow chart in Figure 4.21. The iteration
starts by an initial guess of the electric potential by solving the Laplacian ∇2Φ = 0 in
the geometry. The potential is assumed to be ΦP inside the plasma for a positive ion
plasma extraction, and 0 for a negative ion plasma extraction. If no plasma is present,
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as for a beam transport problem, the Laplacian is solved without the fixed potential
plasma volume to provide a starting point for the iteration. The resulting Φ is then
used to calculate the particle trajectories starting from a plasma, or a defined starting
point. Next the simulation tool uses a method called ray tracing, which integrates the
equations of motion of the particles in the calculated E and imported B-fields. The
space charge density based on the ray tracing is then calculated on the grid. This space
charge density is used together with the analytical space charge density from the plasma
model to provide the electric potential, Φ, for the next iteration round. To avoid that the
change in Φ overshoots and prevents convergence, the correction step is damped at each
iteration round. When convergence is reached, the simulation data are saved, and/or
diagnostics are made before the program ends.

Initialize

Solve Laplacian
∇2Φ = 0

Calculate E-field

Calculate particle
trajectories and

deposit ρ on the grid
Solve Poisson
∇2Φ = − ρ

ε0

Perform under-relaxation on ρ

Converged?

Do diagnostics
and save data

Done

Yes

No

Figure 4.21: Flowchart of the IBSimu simulations. Figure adapted from [64].
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4.4.2 Ion plasma extraction model

IBSimu restricts the modelling of the plasma beam formation to the sheath region (de-
scribed in Section 4.1.3). The extracted positively or negatively charged particles arrive
to this region with an initial velocity caused by the acceleration in the pre-sheath, and
the charge density of the compensating charges is assumed to be dependent only on the
potential [64].

Positive ions

For a positive ion beam extraction (Figure 4.22(a)), the compensating electron charge
density is given by

ρe = ρi0 exp
e(Φ−ΦP)

kTe
. (4.55)

The electron density equals the ion density at the potential of the sheath edge, and then
decays exponentially as a function of the potential towards the extraction. The ray traced
positive ions are injected at the pre-sheath/sheath boundary (at φP) with a velocity not
less than the Bohm velocity, vB, to achieve convergence.

Negative ions

In the negative ion beam extraction model, negatively charged particles form a potential
well at Φ = 0 V between the bulk plasma and the extraction region (Figure 4.22(b)). The
potential increases towards the plasma because of the plasma potential, and towards the
extraction region due to the acceleration voltage. The potential well acts as a trap for
thermal positive ions, whereas fast positive ions are reflected back to the plasma by the
extraction field.

The simulation region includes the area from the zero potential ion plasma sheath
towards the extraction region, and is described by Poisson’s equation with

ρ = ρneg +ρ f +ρth, (4.56)

where ρneg is the space charge density of the negative ray traced particles, ρ f is the
space charge of the fast positive ions, and ρth is the space charge of the trapped pos-
itive thermal ions. The thermal ion species is assumed to have a Maxwellian velocity
distribution associated with the space charge distribution

ρth = ρth0 exp
(−eΦ

kTp

)

, (4.57)
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(a) Positive ion beam extraction model.
Thermal electrons populate the plasma,
and the extraction field accelerates the
positive ions.

(b) Negative ion beam extraction model.
Thermal positive ions populate the poten-
tial well at the plasma electrode potential,
the extraction field accelerates negatively
charged particles.

Figure 4.22: Modelling of positive and negative ion beam extraction from a plasma.
Figure adapted from [64].

where ρth0 is the thermal positive ion space charge density at the wall potential, and Tp

is the thermal positive ion temperature. The space charge distribution of the fast ions is

ρ f = ρ f 0

(

1− erf
(

Φ

ΦP

))

, (4.58)

where ρ f 0 is the fast ion space charge density at the wall potential. The space charge
neutrality at the wall requires

ρneg0 +ρ f 0 +ρth0 = 0, (4.59)

where ρneg0 is the negative beam space charge density at the definition plane at zero
potential. The beam space charge density is given by

ρneg0 = ∑
j

J j

v0, j
, (4.60)

where J j is the current density and v0, j =
√

2E0, j/m j is the initial drift velocity of the
extracted species j.
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The negative ions and electrons starts at a definition plane and are ray traced on
artificially straight lines until they are accelerated by the extraction field at the self cal-
culated plasma sheath. In most negative ion sources, however, there is a strong magnetic
field in this area that influences the particle trajectories. Because the real particle dy-
namics is difficult to model in this type of code, the magnetic field is suppressed in the
plasma to provide an even flux to the plasma sheath. This suppression is cancelled once
the particles have travelled to a potential higher than a certain threshold value, typically
1-20 V. The exact value is of little importance as the ion optics is not very sensitive to
this parameter in most cases [69].



Chapter 5

Development of the Linac4 H− ion

source

Linac4 was first proposed in 2002 for injecting H− ions into the PSB from the normal-
conducting part of the future SPL [70]. The specification for the ion source was a pulsed
H− ion beam of 400 µs, 45 keV beam energy, 80 mA beam current within a normalized
rms emittance of 0.25 µm, and at a repetition rate of 2 Hz [20]. These requirements
were higher than the performances of any existing source, and soon began a study of
which type of ion source to use. The first stage of the development program was testing
a microwave-driven source, using the existing experience with the ECR technology for
the heavy-ion physics program at CERN (Linac3) [71]. The tests early revealed that this
type of ion source could not meet the requirements in time. Instead, the strategy changed
to copy and upgrade one of the ion sources operating close to the Linac4 requirements.
Five candidates were considered: the magnetron source of BNL, the 2 MHz RF source
and the magnetron of DESY, the Penning source of RAL, and the caesiated hollow
cathode source from BINP [71]. Among these, the external antenna DESY RF source,
with its high reliability and 150 µs H− pulses of up to 40 mA current, was already close
to the Linac4 requirements as shown in Table 5.1. This source operated without caesium
for more than 25,000 hours without degradation, whereas internal antenna sources had
an average lifetime of 980 hours [72]. The DESY RF source was felt as a promising
candidate, but required improving its performance to meet the Linac4 requirements.

During the commissioning of the DESY RF ion source, it became evident that this
source could not fulfil the Linac4 requirements [78]. First of all, the source could not
operate with a single stage extraction voltage of 45 kV because of high voltage sparks
induced by evaporated material from the electron dump. The H− production capability
of the plasma generator was in addition limited by the RF antenna that started sparking

81
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Table 5.1: Linac4 ion source requirements [20], operational parameters of the DESY
[73], SNS [4, 74] and BNL [75] ion sources, and goals of the ion source development
program [76]. The design value of the beam energy for the Linac4 ion source was
originally 95 keV, but it later changed to 45 keV as a result of a modification of the RFQ
design [77]. Vol = Volume, Surf = Surface (caesiated), M-dis = Magnetron discharge.
Obtained values are shown in bold.

Parameter Linac4 DESY SNS BNL IS01 IS02 IS03
Beam energy [keV] 45 35 65 35 45 45 45
Pulse length [ms] 0.5 0.1 0.5 0.7 0.5 0.5 0.5

Repetition rate [Hz] 2 5 60 7.5 0.8, 2 0.8, 2 0.8, 2

H− current [mA] 80 40 50 90-100 20 40 80

e/H− ratio 30-50 1 0.5-1 50 5 1

εnorm,rms [µm] 0.25 0.25 0.25 0.4 ∼ 0.5 0.25 0.25
H− production Vol Surf Surf Vol Surf Surf
Plasma heating RF RF M-dis RF RF M-dis

at higher power due to insufficient insulation. Another issue was caused by the amount
of co-extracted electrons, which once extrapolated to the Linac4 parameters, would
have been too high for the capability of the power converters to deliver enough current.
Moreover, the beam size out of the single stage extraction was too big and divergent for
the beam pipe of the first solenoid of the LEBT causing important beam losses. These
limitations triggered a dedicated ion source development program, which encompassed
the investigation of the fundamental processes taking place in negative hydrogen ion
source.

Two courses of action were taken for improving the ion source. (1) Creation of a
new ion beam extraction system with the goal of reliably extracting and transporting the
H− beam from the DESY plasma generator with an energy of 45 keV. In the meantime
the commissioning of the LEBT proceeded with a 45 keV proton beam to optimize the
beam matching to the RFQ. The DESY ion source produced this beam by inverting
the polarity of the plasma generator. (2) Upgrade of the plasma generator in order
to reach higher beam intensities. The proposed upgrade program consisted of three
stages, each stage with an increased beam intensity to arrive at the goal of an 80 mA H−

beam current. In this way the commissioning of other accelerator parts of Linac4 could
proceed as foreseen with lower intensities. The three plasma generators were:

• IS01 – an upgraded version of the DESY RF-driven source for reaching higher
RF-powers based on the study of a high duty factor plasma generator for SPL.

• IS02 – a caesiated version of IS01 for H− surface production, inspired by the SNS
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source.

• IS03 – a magnetron type plasma generator from BNL.

The operational goals of these plasma generators and the performances of the SNS and
BNL sources are summarized in Table 5.1. IS01 and IS02 were installed and tested
with the same beam extraction system at CERN, and IS03 was first commissioned at
the BNL test stand.

In addition to finding inspiration from the above mentioned ion sources; other col-
laborations were also essential for the ion source development. Despite of different
ion beam requirements, the ITER ion source developed at the Max Planck Institute
of Plasma Physics (IPP) in Garching, Germany had interesting similarities. This ion
source aimed for a long duration (1 h), high current H− beam (60 A) with no emittance
requirement, extracted from a low current density plasma (0.033 A/cm2) at low pressure
(3× 10−3 mbar) to avoid stripping losses after beam extraction [79]. In order to reach
this high beam current, ITER used a multi-aperture extraction grid. In comparison, the
Linac4 ion beam had much shorter duration and lower beam current, but needs higher
ion current density (0.3 A/cm2) to respect the emittance requirement, and higher pres-
sure for plasma ignition (order of 10−2 mbar [80]). The plasma generators did, however,
use similar systems for plasma heating, ITER with 1 MHz RF drivers at the back with a
large expansion zone for the plasma, and DESY with a 2 MHz RF coil in front. Because
of the power load by the co-extracted electrons on the grids, the ITER ion source was
required to keep the e/H− ratio below 0.5, which is achieved by ceasiation of the plasma
generator. To keep the e/H− ratio within the requirement during the whole pulse, the
plasma was monitored using optical emission spectroscopy, which related the Hα, Hβ,
and Hγ Balmer lines’ to the electron and H− densities in the plasma. This know-how
triggered a collaboration for caesium injection techniques, and for an optical emission
spectroscopy monitoring system of the Linac4 ion source plasma [81]. Other collab-
orations included: JYU for the ion beam extraction system [78], RAL for the caesium
oven and transport line [82], Keio University, Yokohama, Japan for plasma and collision
radiative modelling using a particle-in-cell Monte Carlo collision method [83, 84], and
IPP and University Paris-Sud, Orsay, France for simulations of the different states of
caesium conditioning [85].

The following section describes the different plasma generators of the upgrade pro-
gram, starting with the initial copy of the DESY source. Then follows the design of the
beam extraction system, which is the main focus of this dissertation. Finally, the LEBT
is described to give a complete overview of the ion source together with its diagnostics.



84 CHAPTER 5. DEVELOPMENT OF THE LINAC4 H− ION SOURCE

5.1 The DESY 2 MHz RF volume source

Figure 5.1 shows a cross section of the DESY RF ion source. The essential parts of this
ion source were: a hydrogen gas feed via a pulsed piezoelectric valve, a high voltage
spark gap, a cylindrical shaped Al2O3 ceramic plasma chamber with an inner diameter
of 48 mm, 2×12 NdFeB magnets forming a dodecapole multi-cusp magnetic field, a
5.5-turn external antenna, 10 NiZn ferrites surrounding the antenna, and 2 NdFeB filter
magnets. The extracted H− ions were accelerated from the source body at −35 kV
to the extraction electrode at ground potential over a gap of 6.5 mm. For an H− beam
energy of 45 keV the extraction gap was increased to 8.5 mm to obtain the same nominal
electric field. A magnetic spectrometer separated the electrons from the H− beam after
the extraction.

Figure 5.1: Cross section of the DESY source with the first version of 45 keV extraction
and electron dumping at full energy, as installed at CERN in 2009.

The ion source operated in pulsed mode, and the plasma was on only when the
beam was required in order to not overheat the plasma generator. The plasma generator
itself was constantly held at high voltage (−35 kV or −45 kV), backed up by a 2 µF
capacitor. The capacitor stored sufficient charge to allow the H− and electron current
to be accelerated out of the source, while keeping the source potential variation within
500 V.
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The hydrogen gas was pulsed through a piezoelectric valve and in this way the vac-
uum was maintained at 10−6 mbar in the ion source and LEBT. Good vacuum conditions
were needed to reduce beam losses from interactions with the rest gas, and also to re-
duce the risk of high voltage sparks across the extraction gap. The RF plasma ignition
was assisted by an ignition source located in the gas line: before reaching the plasma
chamber, the hydrogen gas entered a small volume where the pressure was locally in-
creased. Here, a precisely timed ignition voltage of 600 V to 800 V created a discharge
of a few amperes between an anode and a cathode element, and the electrons liberated
in this spark entered the plasma chamber and assisted the plasma ignition.

The multi-cusp magnetic field configuration confined the plasma in the Al2O3 plasma
chamber. RF heating was used, and the antenna itself was surrounded by ferrites that
guided the magnetic field lines to improve the RF-coupling with the plasma. The mag-
netic filter field was located between the antenna and the extraction gap, and separated
the plasma into two regions: one with hot electrons at the position of the RF antenna
and one with cold electrons close to the extraction gap. The penetration of this magnetic
field into the extraction region could affect the beam extraction and make the beam leave
the plasma with an angle. This effect was corrected by tilting the collar electrode with
an angle up to 3◦ in the plane perpendicular to the beam direction.

Negative ions and electrons were extracted from the plasma by a cone shaped puller
electrode at ground potential. The puller was mounted on an eccentric ring that could
be moved to correct for a beam displacement caused by the magnetic filter field and
the collar electrode tilt. The 6.5 mm diameter puller aperture could then be displaced
up to 3.5 mm from the centre. After the beam extraction, the electrons were deflected
by a dipole magnet made from a pair of permanent SmCo magnets, and dumped in an
electrically insulated graphite block that could measure the electron current. A second
dipole pair corrected for the deviation of the H− beam path.

5.1.1 Commissioning of a 35 keV H− beam

The RF-driven ion source was at first commissioned with an extraction voltage of 35 kV,
which was the operational value used at DESY. The operation was a success, and the
ion source performance came close to the operational achievements at DESY with a
stable H− ion beam current of 23 mA during 500 µs at a repetition rate of 0.83 Hz, and
within a normalized rms emittance of 0.26 µm [86]. Figure 5.2 shows eight traces of
parameters that show the different steps for the creation of one H− beam pulse. The
piezoelectric valve was driven with a 0.5 ms sinusoidal shaped voltage pulse (1). A
40 µs ignition pulse (2) followed 0.635 ms after the valve voltage pulse, and created
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a discharge (3) and spark (4) in the ignition element. Then, the RF coupled with the
plasma 0.2 ms after the ignition, as shown by the reflected RF-power (5) and the plasma
light (6). An electron current of about 1 A hitting the electron dump was measured (7)
and the H− beam had an intensity of 23 mA measured in a Faraday cup (8) with a beam
length of 0.5 ms. The ion source also showed excellent short term stability as shown in
Figure 5.3, where 100 consecutive waveforms of the beam current in the Faraday cup
are plotted. Long-term stability was not measured since the ion source was switched off
during nights and weekends for general safety.
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Figure 5.2: Plot of gas injection, ignition voltage and discharge current, reflected RF-
power, and H− and electron beam. Baselines are offset.

Even though the commissioning at 35 kV was initially successful, the ion source
could not reach the Linac4 requirements. The major constraint was the increased extrac-
tion voltage of 45 kV. Already at 35 kV, there were frequent high voltage breakdowns
stopping the beam (about 15 per 24 hours). This was believed to be a problem of high
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Figure 5.3: DESY source stability over 100 beam pulses.

voltage training. However, when the voltage was increased to 45 kV, it was impossible
to run the source for more than a few pulses before the high voltage broke down. In
addition to this problem, the ion source was still far from the Linac4 H− beam current
requirement of 80 mA. These limitations led to a dedicated ion source development pro-
gram. However, the DESY plasma generator was still used with a new beam extraction
system for the commissioning of the 3 MeV RFQ [87].

5.1.2 Limitations of the DESY ion source

During the commissioning of the DESY RF-driven ion source, several weaknesses were
discovered. The most critical issue was that the source could not deliver a 45 keV beam,
a requirement that had to be fulfilled for a correct matching to the RFQ. This section
presents the limitations of the ion source performance.

The ion production was too low

The H− beam current requirement of Linac4 is 80 mA. The DESY plasma generator
could deliver a stable beam of 23 mA, and the maximum current that was observed was
30 mA. The e/H− ratio during the commissioning was in the order of 50-100. Figure 5.4
shows the measured H− and electron currents as a function of the RF-heating power
delivered to the plasma (forward RF-power). The maximum power reached was 60 kW,
and the coupling factor, calculated as the difference of forward and reflected RF-power,
was 60-70 %. Above 60 kW, the ion beam measurement became unstable. The two
points in the top right corner of the figure represent the H− current goal of 80 mA
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with an expected co-extracted electron current of 5 A. These currents are plotted at
the maximum available RF-power of 100 kW, and show that reaching the Linac4 beam
intensity requirement was not realistic with the DESY plasma generator.

Running the ion source with parameters extrapolated to nominal beam and 100 kW
of RF-power would be difficult because of the following reasons: (1) the capacitor
would have to be changed to store the energy at 45 kV when drawing 5 A of current, (2)
the electron beam power would reach 225 kW and cause great damage to the electron
dump, and (3) the emittance growth of the H− beam would be increased due to the
co-extracted electrons, causing reduced beam quality and possible beam losses.
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Figure 5.4: Measurements of H− and electron current as a function of the RF-power
delivered to the plasma (forward RF-power). The two points in the top right corner
show the expected electron current and the goal of 80 mA H− beam current with the
DESY source. These currents are estimated with the maximum available RF-power of
100 kW.

The RF antenna did not resist high power

The DESY ion source has an external RF antenna for heating the plasma. The coupling
factor to the plasma is reduced compared with an internal antenna, but the idea is to
avoid sputtering of the antenna insulation by the plasma. Internal antenna sources need
to change the antenna on a regular basis because of antenna failures, whereas external
antennas can run for thousands of hours without problems.
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The DESY ion source was running for most of the time with an RF-power of 20-
40 kW. However, after running the source with 60 kW, the antenna started sparking. Fur-
thermore, the maximum power that could be applied without sparking reduced slowly
to 20 kW before the antenna inspection. The inspection showed that the air ionization
from the antenna sparks had burned the Kapton foil and dug a groove in the Delrin in-
sulation around the antenna, as shown in Figure 5.5. This weakness of the antenna was
considered when upgrading the plasma generator.

Recent studies at SNS have, however, concluded that most internal antenna failures
come as a result of defects on the antenna insulation before installation. With careful
inspection of the antennas, the lifetime can be drastically increased. Since SNS has
implemented these antenna inspections, they have experienced no ion source failures
because of the antenna [88].

Figure 5.5: RF-sparks penetrated the Kapton insulation of the antenna and dug a groove
in the Delrin insulation.

The dumping of electrons caused high voltage breakdowns

When running the DESY source with an extraction voltage of 45 kV, it was not possi-
ble to hold the voltage over the extraction gap for more than a few beam pulses. The
inspection of the electron dump showed great damage on the graphite surface from the
electron beam impact, and it was concluded that the evaporated material caused the high
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voltage breakdowns. The electron dump damage was already observed when operating
at 35 kV, and was probably the cause of the less frequent high voltage breakdowns at
that voltage. An observation that supports this theory is shown in Figure 5.6, where the
breakdown time is plotted versus the number of beam pulses before a breakdown. The
plot shows that the breakdowns always occurred 0-300 ms after the beam pulse. In the
case of a spark triggered by the beam hitting the puller electrode, the breakdown would
be during the beam pulse, which was not observed. Here the spark was delayed by the
time it took for the dump material to travel to the extraction gap.
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Figure 5.6: The high voltage breakdowns occurred from 0 to 300 ms after the beam
pulse. The source could not run for more than 10 beam pulses before a breakdown.

Another verification came during the commissioning of the RFQ with a 45 keV
proton beam. The beam was produced by the same source by inverting the polarity of
the extraction voltage. During these proton beam tests, the high voltage breakdown rate
was reduced to approximately 1 per 24 hours. This observation was also consistent with
the co-extracted electron beam being the cause of the high voltage breakdowns, and not
because of the ion beam hitting the puller electrode.

The first attempt to solve this issue was to change the electron dump material. In
addition to the original graphite dump, titanium and tungsten were tested. Figure 5.7
show the three different electron dumps that were used, all showing signs of removed
material from the surface by the electron beam.

The effect of the electron beam on the dump surface was analysed by transient ther-
mal simulations made with ANSYS [89]. These simulations concluded that for a pulse
length of 0.6 ms, the maximum allowed power density before melting or sublimation
of a graphite surface was 0.9 kW/mm2. The values for titanium and tungsten were
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(a) Graphite dump after com-
missioning at 35 keV.

(b) Titanium dump. 500 elec-
tron beam pulses at 45 keV.

(c) Tungsten dump. 100 elec-
tron beam pulses at 45 keV.

Figure 5.7: Three different electron dump materials were tested, all showing signs of
impact by the electron beam. The beam came from the left and a magnetic dipole field
bent the electrons. The groove in the graphite cup going from the centre of the cup
towards the left came from the ramp-up of the beam energy from 0-35 keV during the
commissioning. With lower energy, the magnetic field had a larger influence, and the
electron beam was bent back towards the source.

0.4 kW/mm2 and 2.0 kW/mm2, respectively. Figure 5.8 shows the simulated surface
power densities from a 1.5 A electron beam at two different beam energies. The maxi-
mum values reached were 1.8 kW/mm2 for 35 keV and 3.0 kW/mm2 for 45 keV, con-
sistent with the thermal simulations and the state of the electron dumps after use.

One solution for this issue could be to lower the energy of the impacting electrons by
applying a negative voltage to the dump. The approach would, however, be difficult to
implement because of the lack of space in the beam extraction design. The required bias
of the electron dump would have to be at least 10 kV to arrive at the same conditions as
for the 35 keV beam, and even then, the high voltage would break down about 15 times
per 24 hours. In addition, with the goal of having an H− beam current of 80 mA, the
electron current would also increase proportionally as well as the power density on the
electron dump.

The resulting conclusion was therefore to completely redesign the beam extraction
system, which is described in Section 5.3.

Issues with the capacitively stored energy

The high voltage system used a 2 µF capacitor to store the energy from which the beam
charge was drawn, as illustrated in Figure 5.9(a). The plasma generator was kept at a
constant voltage and the ion beam was extracted when the plasma was ignited. A 300 Ω



92 CHAPTER 5. DEVELOPMENT OF THE LINAC4 H− ION SOURCE

Figure 5.8: Comparison between photos of the graphite (left) and titanium (right) elec-
tron dump, used with beam energies of 35 keV and 45 keV, respectively. Above are
shown IBSimu simulations of the surface power density from a 1.5 A electron beam.
Both show surface power densities that would sublimate the dump surface for a dura-
tion of 0.6 ms.
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resistor between the capacitor and plasma generator worked as a current limitation in
case of high voltage breakdowns.

With this type of high voltage system, there was a sudden reduction of the plasma
generator voltage as soon as the plasma ignited and the beam current was drawn through
the 300 Ω resistor. Then followed a constant voltage droop due to the discharge of the
capacitor. After the plasma was switched off and the current stopped, the voltage of the
plasma generator came immediately back to the reduced capacitor potential. The blue
trace in Figure 5.9(b) illustrated this behaviour of the high voltage system for a total
beam current of about 2.5 A (purple trace).
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(a) High voltage system with a capacitor to
store the beam energy. The plasma gener-
ator voltage was measured with a high volt-
age divider.

(b) High voltage drop during beam extraction. Fara-
day cup current (yellow, 10 mA/div), plasma
generator voltage (blue, 500 V/div), plasma gen-
erator current (purple, 1 A/div), and electron
dump current (green, 1 A/div).

Figure 5.9: High voltage system of the DESY source, and voltage drop during beam
extraction.

When running the source with this type of high voltage system, one typically applies
a higher voltage to the plasma generator to compensate for the first reduction. However,
the voltage drop during the beam causes a dispersion of the beam energy. In order to stay
within the RFQ tolerance of 1 %, the maximum allowed voltage change is only 450 V.
The maximum current that can be pulled from the plasma generator during 500 µs is
then equal to: (450 V * 2 µF) / 500 µs = 1.8 A. With maximum expected currents of
5 A, the capacitor to store the charge have to be increased, or a new type of high voltage
system needs to be implemented. Another drawback of this capacitively backed high
voltage systems is that when a high voltage breakdown occurs, a significant amount
of the stored energy will go into this spark and can cause damage to the electrodes.
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In addition, the investigation of the 45 kV high voltage breakdowns revealed that these
breakdowns occurred after beam pulse, as shown in Figure 5.6. These breakdowns could
then in principle be avoided if the high voltage was switched off at this time.

In order to avoid these problems for the future beam extraction system, pulsed high
voltage power converters were designed [90].

5.2 Plasma generator upgrades

To address the issues identified in the previous section and then to increase the H−

current in the Linac4 H− ion source, the plasma generator and the beam optics needed
to be improved. The development program for the plasma generator was a three-stage
improvement of the beam intensity, and in this way being able to deliver a 45 keV beam
for the commissioning of the downstream parts of Linac4.

5.2.1 IS01: high power upgrade of the DESY plasma generator

IS01 is an upgraded version of the DESY plasma generator with the goal of producing
a 20 mA H− beam. Many of the features are inherited from the study of the high duty
factor plasma generator for CERN’s SPL [91, 76]. The major difference between the
DESY plasma generator and IS01, is the antenna that has better insulation to allow
a higher RF-power, as shown in Figure 5.10. The antenna can also be replaced with
versions having between 3 and 6 turns. Because of the larger antenna diameter, the cusp
magnets have been moved outwards and replaced by a stronger octopole field made
by Hallbach elements (Figure 5.11). Another novelty is a simpler Al2O3 cylinder to
replace the complex shape of the old plasma chamber with the filter field magnets on
the inside. The magnets are Nickel coated to protect the rare earth material (NdFeB)
form reacting with the hydrogen gas [92]. The collar electrode has also been replaced
by a more solid design without the tilting capability that added complexity. Aligning
the extraction system instead now compensates any beam offset.

IS01 beam results

IS01 was first tested in December 2012 with a 6-turn antenna, and the beam extraction
system described in Section 5.3. Figure 5.12 shows the first results with a 10 µs, 1 mA
signal measured in the Faraday cup, and less than 0.1 mA during the remaining 0.4 ms
of the plasma pulse.

The following modifications were made after the first test to produce more H− ions:
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Figure 5.10: Comparison between IS01 (top) and the DESY plasma generator (bottom).
The major difference in IS01 is the RF antenna with better insulation, here represented
with 6 turns. The DESY antenna had 5.5 turns.
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Figure 5.11: Cusp magnets configuration of IS01 (top) and the DESY plasma gener-
ator (bottom). The magnetization direction of the magnets is indicated with coloured
arrows. DESY used a dodecapole cusp field, whereas IS01 had an octopole field made
by Hallbach elements.
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Figure 5.12: First negative ions observed from IS01. To the left is shown the whole
Faraday cup signal with steerer in blue and without in red. To the right is a zoom of
the first peak of the signal. The 10 µs peak is the 1 mA H− beam, the remaining signal
without steerer are electrons.
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• Installation of an additional pair of filter field magnets to increase the magnetic
field strength. However, this modification did not change the results.

• Exchange of filter field magnet holder material (AlN) with Macor that contains
10 % of potassium (K2O). Macor was at this point not present in the plasma
generator, but the DESY plasma generator contained this material. The theory
was that the potassium could be sputtered off by the plasma and be deposited
on the collar. The collar work function would then be lowered as it would for
caesium deposition and become a source of surface produced H− ions. Changing
this material, however, did also not have any positive effect.

• Change of the polarity of the antenna. One of the antenna poles is connected
to the plasma generator potential, so the electric field on this side will be much
less than on the "high voltage" end. Initially the plasma generator potential side
was closest to the extraction aperture to avoid heating electrons in this region that
could destroy the H− ions. Reversing the antenna potential, however, resulted in
an electron current of tens of amperes that could not be supported by the high
voltage power converters.

One explanation of IS01’s malfunction was that the plasma was heated too much
by the new 6-turn antenna. After 10 µs, electrons had then gained enough energy to
destroy the H− ions in the extraction region despite the magnetic filter field. The RF-
power was lowered to the minimum necessary for creating a plasma, but still no H−

ions were produced. In order to be on schedule with the Linac4 commissioning, the
DESY plasma generator was therefore installed with the new extraction system and
succeeded in producing a 45 keV H− beam. The IS01 development was thus put on
hold, while the source was used for the commissioning of the extraction system and the
LEBT. When IS01 was reinstalled with a 4-turn antenna, it succeeded in producing a
2 mA H− ion beam with an e/H− ratio of about 200. During one month of conditioning,
the beam current gradually increased to 15 mA, and the e/H− ratio reduced to 70. This
achievement was, however, not sufficient to replace the DESY plasma generator for the
commissioning of Linac4 at low beam current.

5.2.2 IS02: caesiated surface production RF plasma generator

A model of IS02 is shown in Figure 5.13 [76]. A new feature of IS02 is that there is
no longer any ignition element. Both the DESY plasma generator and IS01 managed to
create a capacitive discharge without the ignition element, therefore this part is removed
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from the design to make room for a central view port and the caesium injection. The H2

is directly injected into the plasma chamber from the side. A 45◦ conical shaped molyb-
denum converter replaced the collar electrode. By depositing a thin layer of caesium
on this part, the work function of the material will be lowered sufficiently for surface
production of H− ions, as described in Section 3.3.2. The external part of the converter
facing the puller electrode has a 65◦ angle for better shaping of the electric potential
lines for the beam extraction. Similar to IS01, IS02 can operate with antennas with
different number of turns.

 

H2 injection 

Optical viewport 

Cs injection 

4 turn antenna 

Converter 

Filter magnets 

48 mm 

Figure 5.13: IS02 plasma generator. The filter magnets are moved outside the plasma
chamber, and the first prototype was installed with a 4-turn antenna.

H− beam with a four-turn antenna IS02

IS02 was installed with a 4-turn antenna in November 2013. At first it was operated
without caesium in order to see whether it could produce H− ions in volume mode, as
predicted by [93]. The first tests were positive with H− beam currents yielding 30 mA
with 30 kW RF-power, represented by the blue trace in Figure 5.14. The total current
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extracted from the plasma generator is plotted with a dotted line, and the e/H− ratio was
approximately 16.

The commissioning proceeded in December 2013 by depositing a 100 Å layer of
caesium on the converter for enhanced H− surface production near the extraction aper-
ture. The caesium was injected by vaporization from the external oven, with the amount
of caesium deposition estimated from measurements on a test set-up with a quartz mi-
crobalance. After caesiation, the H− beam current reached 60 mA with 90 kW RF-
power (red trace in Figure 5.14), and the e/H− ratio was reduced to 1.6. After one
month of operation, the ion source performance came back gradually to the values be-
fore caesiation.

Standard procedure for caesiated ion sources could be to re-caesiate several times
during one ion beam run, or to have a constant flow of caesium injected during operation.
IS02 will be tested with both modes of caesium injection to find the optimum for a stable
high current H− beam.

5.2.3 IS03: magnetron type ion source

IS03 is a magnetron plasma generator with a design copied from the ion source at BNL
[76]. In this type of ion source, a discharge between the central cathode and the sur-
rounding anode creates the hydrogen and caesium vapour plasma. The H− ions are
produced on the surface of the caesiated molybdenum cathode, and extracted through a
hole in the anode. The layout of the magnetron source is shown in Figure 5.15.

Caesium is continuously injected during operation, and the hydrogen gas is pulsed
by a custom made electromagnetic valve. A magnetic dipole field prevents the electrons
from travelling directly to the anode, and additionally, they make an E×B drift motion
leading to an increased path length. Collision processes allow electron migration to the
anode. The magnetic dipole field is also used to deflect the co-extracted electrons and
dump them on the puller of the single stage extraction system.

First test at BNL

The parts for the magnetron ion source were built at CERN. Since the auxiliary hardware
was not in place at CERN, the plasma generator was shipped to BNL for the first beam
tests in October 2013. Two tests were performed: one with the operational repetition
rate at BNL of 6.6 Hz, and a second with 2 Hz as required at Linac4. The results are
shown in Figure 5.16 together with the achievements of the BNL ion source from 2002.
The extracted beam currents as a function of the extraction voltage had similar shapes
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Figure 5.14: (a) H− beam current and total plasma generator current measured with
IS02 before (blue) and after (red) caesiation. The RF-power was optimized for having a
stable high current H− beam. (b) The plasma ignition by capacitive discharge creates a
high current electron peak at the start of the beam pulse. The peak disappears when the
coupling mode changes to inductive.
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Figure 5.15: Magnetron ion source. A discharge between the inner cathode and sur-
rounding anode heats the plasma. The co-extracted electrons are dumped directly on
the puller, deflected by the perpendicular magnetic dipole field that is used for confining
the plasma around the cathode.
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for the three cases, and a maximum intensity of 135 mA H− could be demonstrated.
The power converters limited the extraction voltage to 40 kV.

These results are promising for the operation in Linac4, but there still remains to be
a demonstrated beam of the required energy of 45 keV. Because of the low co-extracted
electron current (e/H− = 0.5-1), this beam extraction worked up to 40 kV. However,
signs of wear were observed after the few days of testing. A new beam extraction needs
to be designed for this system to ensure the stability and emittance quality of the beam.

0

20

40

60

80

100

120

140

0 10 20 30 40

H
b

ea
m

cu
rr

en
t

[m
A

]

Extraction voltage [kV]

BNL CERN 2Hz BNL CERN 6.6 Hz BNL 2002 7.5 Hz

Figure 5.16: Results of the magnetron ion source test at BNL. The beam current in-
creased as a function of the extraction voltage, and a maximum H− current of 135 mA
was reached.

5.3 A new extraction system for a high current H− beam

After the DESY ion source could not be commissioned at 45 kV, the design of a new
ion beam extraction system started with the following goals:

1. Extract and transport an H− ion beam with an energy of 45 keV.

2. For a volume production ion source (IS01) with an estimated e/H− ratio of 50:
extract and transport 20 mA of H− within a normalized rms emittance of 0.5 µm.
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3. For a surface production ion source (IS02) with an estimated e/H− ratio of 5:
extract and transport 40 mA of H− within a normalized rms emittance of 0.5 µm.

4. Correct for the deflection of the H− beam that occurs when dumping the electrons.

5. Be flexible for different plasma conditions that might change the H− beam current
and emittance, and the e/H− ratio.

6. For each case, keep the electron beam power density on the electron dump surface
below 1 kW/mm2.

7. By inverting the polarity of the extraction electrodes, extract and transport an
80 mA proton beam for RFQ commissioning with higher beam current.

This section presents the new extraction system that has been designed with IBSimu.
The section starts with the simulation input and output parameters, and a verification
of the simulation output compared with the experimental results from the DESY ion
source commissioning. Then follows a description of the beam extraction system with
the first experimental results.

5.3.1 Input parameters of the simulations

The simulation method of IBSimu was introduced in Section 4.4.1. Below are listed
some of the most important input and output parameters used in the IBSimu simulations:

Co-ordinate system The simulations are made in a normal right handed Cartesian co-
ordinate system. The z-axis is the beam direction with a vertical x-axis and hori-
zontal y-axis. The reason for swapping the x- and y-axis compared with the tradi-
tional choice is to have the following positive directions of the beam: forward for
the accelerating direction, and upward and to the right for vertical and horizontal
movements, respectively. A simulation output image is shown in Figure 5.17.

Mesh size IBSimu uses a cubic mesh. For the simulations it is important to find the
mesh size that is fine enough to give a correct output, and coarse enough to speed
up the simulation time and avoid memory allocation problems. Figure 5.18 shows
the simulated horizontal and vertical emittance of the DESY ion source as a func-
tion of the mesh size used with IBSimu. At 0.5 mm the result is starting to con-
verge, and below 0.3 mm, the simulation failed because of memory allocation
error. 0.5 mm mesh size was used for the new extraction system design.
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Figure 5.17: Simulation output for testing input parameters. This picture shows the
horizontal (y) plane where the positive direction (up) is towards the right in reality. The
beam comparisons have been made at 30 mm (black line).
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Particle trajectory number The simulated beam current is distributed over a number
of particle trajectories. The higher the number, the more precise the simulations.
Between 50,000 and 100,000 trajectories, or 125-250 trajectories per square mesh,
have typically been used for each particle type of the simulation.

Iterations of beam-induced space charge As shown in the flowchart in Figure 4.21,
the simulations follow an iterative process. In the first iteration, the electrostatic
field is calculated, then the particles are tracked through this field, and the space
charge from the beam is added to the potential distribution. In the second itera-
tion, the E-field is recalculated including the beam space charge, and the particles
are again tracked through the converged solution of the E-field. This process
continues for as many iterations as specified by the user. Figure 5.19 shows the
emittance output from the simulation of the DESY source as a function of the
number of iterations. For the new extraction system design, 30 iterations have
been used, but this number could have been reduced as shown in the figure.
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Figure 5.19: Twiss parameters alpha and beta, and emittance as a function of the number
of iterations.

Particle energy and plasma temperature The particles are given an input energy in
the direction of the extraction to initialize their velocity until they are accelerated
by the extraction field. Transverse and parallel temperatures are also given to the
plasma model. The influence of these parameters is shown in Figure 5.20. For the
simulations, 5 eV has been used as input energy, and 0.5 eV and 0 eV have been
used for the transverse and parallel temperature, respectively.

Plasma parameters The method for modelling the ion plasma was described in Sec-
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Figure 5.20: Influence of energy and transverse temperature for IBSimu simulations.

tion 4.4.2. For negative beam extracitons, the plasma potential has been fixed
to 0 V, and the B-field suppression threshold voltage has been set to 10 V. Fur-
ther, the user specifies the space charge densities and energies of the fast ions
(ρ f 0 and E f ) and the thermally trapped ions (ρth0 and Eth). For all simulations
ρ f 0 = ρth0 = 0.5×ρneg0, E f = 7.5 eV, and Eth = 1 eV. ρneg0 depends on the user
input current densities of negative ions and electrons, and is calculated in the code
after the first iteration.

5.3.2 Output from the simulations

Since the users program the IBSimu simulations themselves, the users can freely choose
which output they desire. The database of particle trajectories can be stored for post-
processing, or the information about the beam can be extracted at a plane for integration
into another particle tracking code such as PATH [94]. Here are listed the most common
outputs used in this dissertation:

Beam current The beam current extracted from the plasma generator, and the currents
hitting all electrodes of the extraction system are stored. These currents are com-
pared with the measured beam currents, and enables an overview of where each of
the charged particles species (e.g. H− ions, electrons, secondary electrons) have
been measured.

Transverse beam profile IBSimu can store the beam profile from any plane. The most
interesting is the plane perpendicular to the beam axis to compare with measure-



5.3. A NEW EXTRACTION SYSTEM FOR A HIGH CURRENT H− BEAM 107

ments of the transverse beam phase space. IBSimu calculates the rms emittance,
the twiss parameters, average beam positions, and average beam angles.

Surface density IBSimu can calculate the surface power density of a beam imping-
ing on a surface. This feature has been particularly useful for the design of the
electron dump, in which the high power electron beam of the DESY single stage
extraction system vaporized the material.

5.3.3 Simulations of the single stage extraction system of DESY

The first step was to simulate the single stage beam extraction of the DESY ion source.
The simulation results were then compared with the measurements from the 35 keV
commissioning, and used to benchmark the code and to understand the beam extraction
dynamics. The electron beam power density calculations of the electron dump described
in Section 5.1.2 were also output from this IBSimu model of the H− beam extraction.

The simulation output is shown in Figure 5.21. Because the collar electrode of
the DESY plasma generator was tilted, and the simulations require a straight plasma
aperture, the extraction geometry has been tilted instead. In the particle density plot we
observe the high-density electron beam that is being deviated into the electron dump.
In the particle trajectory plot, we can see that the H− beam is quite divergent out of the
source and slightly offset with respect to the beam axis. Figure 5.22 shows a comparison
between the measured and simulated beam projections of the horizontal and vertical
position and angle. The profiles have a good resemblance, however, the horizontal offset
is inverted. These measurements were performed in the early commissioning stage of
the emittance meter, and it is possible that the horizontal axis was inverted at this stage.

5.3.4 Choice of extraction system type

Two types of extraction systems were considered for the Linac4 H− ion source [78].
In the first option, the electrons were dumped in a magnetized Einzel electron dump
(Figure 5.23(a)), which had the advantage of tuning the puller voltage to optimize the
plasma meniscus shape. It also corrected for the beam offset induced by the magnetic
field of the electron dump by a puller tilt and/or offset. In the second extraction system,
the electrons were dumped on a puller at low voltage (Figure 5.23(b)). With this early
electron dumping, the emittance growth from the electrons would be reduced.

In terms of beam transport and emittance, the two systems showed similar perfor-
mances. In the end, the extraction system with the magnetized Einzel electron dump
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(a) Particle density plot. Red indicates higher
density.

(b) Particle trajectory plot. H− ions are in red and
electrons in yellow.

Figure 5.21: Simulation of the DESY RF ion source beam extraction.
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Figure 5.22: Comparison between measured (blue) and simulated (red) beam projec-
tions. The intensities are normalized.
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was preferred because of its flexibility, and because the electron dumping was done in a
controlled way with a lower electron beam power density on the dump.

(a) Extraction system with a magnetized Einzel lens electron dump. A puller tilt corrects for the deviation
of the H− beam due to the magnetic field for the electron dump.

(b) Extraction system with the electron dump on an intermediate electrode.

Figure 5.23: Particle trajectory plots representing the two candidates for a new extrac-
tion system [78]. Both simulations were made with an H− beam current of 30 mA, and
an e/H− ratio of 50. The H− beam is shown in red, and the electron beam in yellow.
The emittance is calculated at the LEBT entry, 295 mm from the plasma aperture.

5.3.5 Extraction system with a magnetized Einzel lens electron dump

The new H− ion beam extraction system has a tunable puller electrode voltage to op-
timize the beam formation, and a magnetized Einzel lens for the electron dumping as
shown in Figure 5.24. This section presents the different parts of the extraction system
and their effect on the ion beam.

Beam optics tuning with the puller electrode

The puller electrode provides the first stage of acceleration of the H− beam. It has
in addition two tuning possibilities: (1) a variable voltage to give the best matched
electrical field to the plasma density, and (2) a tilt and/or a displacement for correcting
the misalignment of the H− beam caused by the magnetic field in the electron dump.
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Figure 5.24: Simulation of the extraction system of the Linac4 ion source for an H−

current of 30 mA and an e/H− ratio of 50 [95]. The electron beam in yellow is deviated
and dumped into the magnetized Einzel lens. The H− beam in red is focused by two
Einzel lenses and transported to the LEBT.

1. The effect of the extraction voltage (i.e. Vpuller−Vplasma generator) on the H− ion
beam can be visualized by systematic simulations. Here, we represent these beam
properties by the H− beam emittance, and the efficiency of the H− transmission
and electron dumping. The H− transmission efficiency is the fraction of H− ions
that reaches the LEBT entry, and likewise, the electron dumping efficiency is the
fraction of electrons that are dumped inside the magnetized Einzel lens. Electrons
dumped on the sidewalls of the magnetized Einzel lens, outside the dumping cup,
are not included in the calculation. Figure 5.25 shows the simulation results where
these beam parameters vary as a function of the puller voltage for two different
cases: (1) 20 mA H−, e/H− = 40, and (2) 30 mA H−, e/H− = 50. These plots show
that for each of the two cases, there exists an optimum extraction voltage for min-
imum emittance and maximum transmission efficiency. The optimum extraction
voltage is 17.5 kV for the first case, and 25 kV for the second case.

Already from Figure 5.25 we see that for a higher extracted beam current, a
stronger extraction field is required for minimum emittance and good transmis-
sion. We now assume that the beam size and emittance of the H− beam is mainly
defined by the extraction field and the space charge effects of the H− ions and
electrons, and depend less on the beam transport after the electron dump. We
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Figure 5.25: Emittance, H− transmission and electron dumping efficiency as a function
of the extraction voltage (Vpuller−Vplasma generator) for two different beam currents.
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then combine the space charge effects of the two components into what we call
the total space charge equivalent H− current, Itot H− eqv, to better visualize the ef-
fect of the extraction voltage on the beam quality.

Itot H− eqv = IH− + Ie

√

me

mH−
, (5.1)

where IH− and Ie represents the extracted H− and electron currents, respectively,
and mH− and me their respective masses.

Figure 5.26 shows the vertical and horizontal emittances, and the H− transmis-
sion and electron dumping efficiencies as a function of the extraction voltage and
Itot H− eqv. The plots show that the highest H− transmission efficiency and lowest
emittance is obtained with the puller voltage, which is a function of the extracted
beam current. As expected, we see that for a higher extracted beam current (total
space charge equivalent H−), a higher extraction voltage is needed.

2. The second tuning possibility of the puller electrode compensates for the beam
offset induced by the electron dump magnetic field. The correction is made by
a tilt and/or offset of the puller in the horizontal plane. Figure 5.27 shows the
impact of the puller tilt and offset that provides a zero position and angle of the
H− beam at the LEBT entry. For these simulations, the H− beam current was 30
mA, the e/H− ratio 50, and the extraction voltage 25 kV. The crossing point of the
two lines shows the condition that provides an H− beam with no offset and which
is parallel to the beam axis. In this case, the lines converge to a tilt of −5◦ and an
offset of 0.85 mm. The beam position and angle are very sensitive to the offset of
the puller (5.3 mm/mm and 10 mrad/mm, respectively). However, the variation is
less dependent on the puller tilt (0.16 mm/deg and 0.12 mrad/deg, respectively).
Because these values depend on the extracted beam current, the e/H− ratio and
the puller voltage, the puller tilt and offset should be tunable in situ.

Electron dumping and beam focusing with a magnetized Einzel lens

The second electrode of the extraction system is a magnetized Einzel lens. This elec-
trode focuses the H− beam, and dumps the electrons by a magnetic dipole field as il-
lustrated in Figure 5.28. The deviation of the H− beam is not corrected by a second
opposite dipole as for the DESY source. In this way, the electrode is short (30 mm) and
the emittance growth at low beam energy (10 keV) is reduced. Because of the compact
design and the strong magnetic field, a small fraction of the electrons (< 1 %) could
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Figure 5.26: (a) Vertical emittance, (b) horizontal emittance, (c) H− transmission ef-
ficiency, and (d) electron dumping efficiency as a function of the extraction voltage
(Vpuller−Vplasma generator) and the total space charge equivalent H− current, Itot H− eqv.
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Figure 5.27: Puller tilt and offset that provides a horizontal zero position (blue line) and
angle (red line) of the H− beam at the LEBT entry.

return back to the puller, as is visible in Figure 5.24. The quantity depends on the beam
current and the tuning of the extraction system. However, this situation is acceptable
compared to the risk of having electrons being transported through the electrode and
which follow the H− beam or hit the grounded electrode with an energy of 45 keV. The
H− beam misalignment can be corrected by applying an offset and/or tilt to the puller
as described in Section 5.3.5.

The dipole magnets are made of SmCo, which have a surface field strength of 1.05 T
(Vacuumschmelze, Vacomax 170 [92]). Their dimensions are 38.1 mm × 9.9 mm × 6 mm,
and they are spaced by 43 mm. A housing of ferromagnetic steel surrounds the magnets
and forms a return yoke for the magnetic field lines. Figure 5.29 compares the simu-
lated and measured B-fields along the z-axis, and in the xy-plane. The simulations were
made with Vector Fields Opera, and a three axis Hall probe was used for the measure-
ments. From the z-axis measurement, we see that the B-field is well confined inside the
electron dump and rapidly drops to zero outside. On the other hand, in the xy-plane,
we observe that the B-field is not uniform in the horizontal (y) or the vertical (x) direc-
tion. This means that electrons will see different magnetic field strength depending on
their position in the beam, and they will thus be deflected differently. One way of cre-
ating a more uniform B-field is to use stronger magnets placed further away from each
other. However, for such a compact structure as this electron dump, it is very difficult
to achieve a uniform B-field because of the rapidly decreasing field strength from the
magnet surface.

As described in Section 5.1.2, the electron dumping at 45 keV beam energy caused
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(a) Cross section of the magnetized Einzel lens electron
dump.

(b) Magnetic field vectors (pur-
ple) in the zx-plane. The
iron housing (blue) guides
the B-field lines and con-
fines the field inside of the
magnetized Einzel lens.

Figure 5.28: A single dipole pair (one magnet shown in green) creates the magnetic field
that separates the electrons from the H− beam. The electrons are dumped in a tungsten
cup (purple). A housing of ferromagnetic steel surrounds the magnets and forms a return
yoke for the magnetic field lines.
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Figure 5.29: (a) Comparison of the simulated and measured vertical B-field along the
z-axis. (b) Simulation of the B-field in the xy-plane. (c) Measurement of the B-field in
the xy-plane. The electron dump is 30 mm long, and has a 30 mm diameter aperture.
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sublimation of the dump material resulting in high voltage breakdowns in the source.
The simulation of that extraction configuration showed a peak electron beam power
density of 3.0 kW/mm2 in the cup, and transient thermal simulations suggested that
this value should be kept below 1 kW/mm2 for a graphite surface. The new electron
dump has a tungsten cup, which can accept a factor two higher electron beam power
density before surface ablation. This is still not sufficient for avoiding thermally induced
damage. In addition to changing the material, the electron beam energy in the dump
is therefore reduced from 45 keV to 10 keV and the electron dump optics has been
designed to spread the beam over a larger surface in the dump. Figure 5.30 shows
the maximum power density in the magnetized Einzel electron dump as a function of
the extraction voltage and the total space charge equivalent H− current. The figure
illustrates that even the highest calculated power density is a factor 6 lower than the
ablation limit for tungsten, and should be well within the safety margin for operation.

Maximum e-dump power density [kW/mm2]

 10  15  20  25

Extraction voltage [kV]

 20

 30

 40

 50

 60

 70

To
ta

l c
u

rr
en

t 
(H

-  e
q

v)
 [

m
A

]

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

Figure 5.30: Maximum power density in the electron dump as a function of the extrac-
tion voltage and the total space charge equivalent H− current.

Because of the low duty factor of the ion source (2 Hz, 0.5 ms), no active cooling
of the dump is implemented. Instead, the heat from the electron beam is evacuated by
thermal radiation and conduction through a copper leg and a Shapal ceramic insulator
to the stainless steel source body. The average heat distribution in the dump was studied
by an ANSYS steady state thermal simulation showing that the temperature increases
from room temperature to 57◦ C for a 1.8 A electron beam with 600 µs pulse length and
a repetition rate of 2 Hz [95].
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Ensuring the beam transport with an Einzel lens

The purpose of the second Einzel lens is to transport the H− beam to the LEBT while
keeping the beam size small, and to avoid excessive emittance growth. A negative
bias will decelerate the beam and provide stronger focusing. However, it causes space
charge induced emittance growth because of the low ion velocity inside the Einzel lens.
A positive Einzel lens bias is thus preferred since the emittance is kept low. However,
the applied voltage needs to be higher than for the decelerating Einzel lens to avoid
particles hitting the beam pipe. Figure 5.31 demonstrates the improved emittance of
the accelerating lens. The simulations have been made with voltages up to 50 kV for
demonstration purpose. However, it should be noted that the Einzel lens insulation in
the installed ion source only supports 35 kV.
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Figure 5.31: Simulation of the emittance and the beam size as a function of the Einzel
lens voltage [95]. H− beam current is 30 mA, e/H− is 50 and puller voltage is −20 kV.

Extraction of a proton beam

In order to test the LEBT and RFQ in a higher space charge regime, the source will
run in proton mode by reversing the polarity of the high voltage systems. Figure 5.32
shows that it should be possible to run the ion source with a proton beam of 80 mA
being extracted through the same geometry as for the H− beam.
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Figure 5.32: 80 mA proton extraction with inverted polarities on the electrodes. Left:
proton particle density plot. Right: phase space plot at the simulation end.

Pulsed high voltage system

The extraction system electrodes are supplied by a set of pulsed high voltage trans-
formers. These were designed with the purpose of avoiding high voltage breakdowns
between beam pulses that would stop the ion source operation. In addition, they regu-
late the voltage during the beam pulse to keep a constant voltage, and thus a constant
beam energy. From the beam quality point of view, this is a better solution than using a
capacitively stored energy that has a voltage drop during the beam pulse depending on
the extracted beam current as described in Section 5.1.2.

Figure 5.33 shows a diagram of the pulsed high voltage transformers, and Table 5.2
summarizes the parameters of the power converters. The first transformer sets the volt-
age of the plasma generator to −45 kV referenced to ground potential. The second and
third transformer apply positive voltages to the puller and electron dump, respectively,
both referenced to the plasma generator. The second Einzel lens uses a DC power con-
verter. Two independent current measurement systems are implemented: one that mea-
sures inside the high voltage transformer rack, and a set of Pearson transformers that
measure the current going through the cables connected to each independent electrode.

Table 5.2: High voltage system parameters and nominal settings [76].
Voltage Current Duration Nominal voltage

Plasma generator, racks −50 kV 0.1 A 2 ms −45 kV
Puller electrode +25 kV 1 A 2 ms −20 kV
Electron dump +10 kV 1 A 2 ms −35 kV
Einzel lens (DC + 30 nF) +/− 50 kV 0.1 A 1 ms +35 kV

Figures 5.34 and 5.35 show the measured voltages relative to ground and currents
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Figure 5.33: Schematics of pulsed high voltage power converters. The puller and elec-
tron dump are referenced to the plasma generator. Ibeam, Ipuller, and Idump indicate
the location of the current measurement inside the rack. P1, P2, and P3 in yellow show
the location of the Pearson transformers.
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for one beam pulse. The voltage rise time is about 0.3 ms, and during this time there is a
current on all three transformers approaching zero as the voltage stabilizes. The plasma
is then ignited as seen from the perturbation of the voltage and current signals. In this
way, there is no beam extracted during the voltage ramp-up. At t = 0, the voltages are
stable for the beam duration of 0.4 ms, and we observe a stable current on the three
transformers. The fall time is approximately 0.5 ms.

50

40

30

20

10

0

10

0.8 0.4 0 0.4 0.8

V
o

lt
ag

e
[k

V
]

Time [ms]

Plasma generator Puller Edump

Figure 5.34: Measured voltages of the high voltage transformers with the measurement
system inside the high voltage transformer rack.

5.3.6 First experiences with the extraction system

The new extraction system was first installed together with the plasma generator IS01
in December 2012, as shown in Figure 5.36. As explained in Section 5.2.1, this plasma
generator did not produce a significant number of H− ions. However, at that time it
was not clear whether this was related to the plasma generator, or the extraction system.
The next step was to install the DESY plasma generator, which was known to produce
H− ions. With this configuration, the ion source successfully produced the first H− ion
beam of 45 keV in February 2013. Figure 5.37 shows the beam current waveforms of
one of the beam pulses measured with the Pearson transformers and the Faraday cup.
Table 5.3 summarizes the ion source voltages and currents. A positive current means
that negative charges leave the electrode and vice versa for a negative current.
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Figure 5.35: Measured currents of the high voltage transformers with the measurement
system inside the high voltage transformer rack.
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Figure 5.36: Cross section of the IS01 plasma generator, and the beam extraction sys-
tem.
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Figure 5.37: First beam currents measured with the new extraction system and the
DESY plasma generator. The average H− beam current from 0 to 0.4 ms was 11 mA,
and the total current extracted from the plasma generator was about 800 mA.

Table 5.3: Summarized voltages and currents measured on the different electrodes of
the extraction system. The values have been averaged between t = 0 and t = 0.4 ms.

Voltage [kV] Current [mA]
Plasma generator −45 833
Puller −28 −58
Electron dump −36 −656
Einzel lens +35, 0 −153, −45
Faraday cup - −11
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We observe that most of the 800 mA negative charges that leave the plasma generator
were collected in the electron dump. A small fraction of the electrons hits the puller,
which consists of primary electrons extracted from the plasma generator that hit the
puller directly, and/or secondary electrons emitted from the electron dump by impacting
electrons and/or H− ions. On the Einzel lens, we see a high negative current without
any obvious reason. All the H− ions should have stayed well clear of this electrode,
and none of the electrons should pass the magnetic field of the electron dump. The
measured current originated most likely from ionization of the rest gas by the beam, or
from secondary electron emission of the electrodes at ground potential from impacting
electrons or ions. With the Einzel lens at ground potential, the current was suppressed
and reduced to −45 mA. The Faraday cup measured −11 mA of H− ions.

5.4 Low energy beam transport

The ion source is connected to the LEBT, which is shown in Figure 5.38. The LEBT
ensures the beam transfer from the ion source to the 352 MHz RFQ [96]. Two water-
cooled, DC solenoid magnets with external magnetic shielding provide the matching
into the RFQ, and two sets of horizontal and vertical dipole window DC magnets (steer-
ers) correct the beam trajectory. The pre-chopper deflects the beam from the RFQ with
a fast rising electric field. The purpose is to remove the start and the end of every beam
pulse as required for the RFQ.

Several beam instruments are permanently installed in the LEBT. The beam current
can be measured either with the retractable Faraday cup in the diagnostics tank, or non-
destructively by the beam current transformer (BCT) in front of the second solenoid.
Horizontal and vertical harps are located in the diagnostics tank for profile monitoring.
In addition, a slit and grid emittance meter can be temporally installed in place of other
equipment in, or at the end of the LEBT.

Figure 5.39 shows a comparison between the phase space image of the measured
and simulated beam. For this measurement, the emittance meter was placed in the posi-
tion of the BCT, which was removed together with the second solenoid. The simulated
beam has been modelled and fully tracked with IBSimu. The plots show some similar-
ities, with a dense beam core having the same orientation and a low-density halo that
simulations show to be generated at the source extraction aperture. There is also a good
correspondence between the two images with similar beam emittance values: 0.49 µm
for the measurement and 0.52 µm for the simulation, both values normalized, 1 rms.
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Figure 5.38: Layout of the LEBT as installed at the 3 MeV test stand [96]. D Tank
= Diagnostic Tank, F Cup = Faraday Cup, Harp = Harp profile monitor, BCT = Beam
Current Transformer. Beam travels from left to right.

Figure 5.39: Phase space measurement (left) and simulated (right), colours represent
the particle density. [55].





Chapter 6

Measurements and analysis

This chapter presents measurements of the beam extraction system, and comparisons
with simulations. First, we will look at the detailed Linac4 requirements that were intro-
duced in Section 3.1, and see how they can be measured. We proceed by characterizing
the extraction system, and at the end we will discuss further improvements.

6.1 Methods of measuring particle accelerator require-

ments

Particles accelerator requirements for ion sources were described in Section 3.1, and
summarized for the Linac4 ion source in Table 5.1. Here we will go through these
requirements, and describe how they can be measured.

Particle type Linac4 is a negative hydrogen ion, H−, linear accelerator. In addition to
this particle type, the ion source also needs to be able to deliver a proton, H+,
beam for commissioning with higher beam intensity.

The source extracts H− ions and electrons. The electrons are primarily separated
according to the difference of momentum between the ions and electrons with a
magnetic field in the electron dump. Further selection is performed by the differ-
ent focusing properties of a solenoid magnet (selection by momentum per charge)
and the RFQ (selection by velocity and energy per charge).

Energy The beam energy of the ion source is defined by the input energy of the first
accelerating element, which, in the case of Linac4, is the RFQ. This structure
requires a 45 keV beam for correct matching, and maximum 1 % beam energy
spread for minimal beam losses.

127
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The voltage applied to the plasma generator defines the ion beam energy at ground
potential. This voltage is regulated during the beam pulse, and is specified to stay
within 1 % of the reference value. Figure 6.1(a) shows the distribution of the mea-
sured mean voltages (〈V 〉 averaged between 0 and 400 µs) from the high voltage
power converters. The variation within each beam pulse is shown in Figure 6.1(b),
where the distribution of the standard deviation of the voltages (σV evaluated from
0 to 400 µs) from each beam pulse is plotted. The measurements were made dur-
ing a weekend when the ion source was running undisturbed. The plots show that
the voltage variation stays within the RFQ tolerance.

-45.1 -45 -44.9 -44.8

<V> [kV]

(a) Histogram of the measured mean voltage
(〈V 〉 averaged between 0 and 400 µs).

 0  100  200

σV [V]

(b) Histogram of the standard deviation of
the voltage during the beam pulse.

Figure 6.1: High voltage stability of the plasma generator during one weekend of con-
tinuous ion source operation. The plasma generator voltage defines the beam energy,
and is the main source of beam energy spread in the LEBT.

Intensity The beam intensity is measured by a Faraday cup or non-destructively by a
Beam Current Transformer (BCT).

The Faraday cup includes a negatively biased guard ring at the entrance to prevent
secondary electrons from being emitted from the measurement cup. If secondary
electrons were allowed to escape, the measured H− current would be lower than
the real beam current. The opposite effect applies for a positive ion beam current.
The necessary guard ring voltage also depends on the beam intensity. Figure 6.2
shows the effect of the guard ring voltage on the measured beam current. Beam in-
tensity measurements require −V > 100 V for a 15 mA H− beam, and −V > 600 V
for a 40 mA proton beam. All ion beam intensity measurements presented have
been made with the Faraday cup with a guard ring voltage of −1000 V.
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The H− beam intensity from the ion source has reached 60 mA with the cesi-
ated IS02 plasma generator. This achievement was made with 90 kW RF-power.
During one month of operation the beam current remained stable at 35 mA with
30 kW RF-power. The IS01 plasma generator demonstrated a stable 50 mA pro-
ton beam during a period of two weeks.

Figure 6.2: Effect of negative guard ring bias on the beam intensity signal. −V > 100 V
is necessary for a 15 mA H− beam, and −V > 600 V for a 40 mA proton beam.

Emittance Linac4 requires the source to deliver a beam within a normalized rms beam
emittance of 0.25 µm [20].

A slit-grid emittance meter measures the emittance. This device consists of a
horizontal (and a vertical) slit that allows beamlets at a certain position to pass
through. A set of vertical (or horizontal) grid wires then measure the angular
distribution of the beamlet passing through the slit.

The rms emittance can be calculated with Equation 3.10. There is, however, an
error associated with this method because of background noise to the measure-
ment. The background noise can be removed from the signal by thresholding,
or by using more advanced algorithms such as SCUBEEx [97]. The ion source
community is normally thresholding the signals at 10 %. A selection of measured
emittances with different plasma generators is presented in Table 6.1.

Time structure The required beam pulse length is 400 µs at 2 Hz. Within these 400 us,
the beam intensity should be stable, and the rise and fall times short. This is a
square beam pulse.
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Table 6.1: Measured emittances from the DESY plasma generator, IS01, and the non-
caesiated and caesiated IS02.

DESY IS01 IS02 IS02 (Cs)
Beam intensity [mA] 17 11 29 50
εnorm,rms 0.4 % threshold [µm] 0.69 0.52 0.65 1.04
εnorm,rms 10 % threshold [µm] 0.40 0.30 0.16 0.37

To arrive at a quasi-square beam pulse, control of the pulsed source elements is
needed as shown in Figure 6.3. The high voltage is pulsed, and in order not to
load the high voltage during the rise of the pulse, the plasma is off during the
voltage ramp. When the high voltage is stable, the RF switches on and ignites
the plasma. Once the plasma is formed, a current will be drawn from the plasma
generator, and this current causes a change in the plasma generator voltage. The
beam characteristics at the start of the pulse can therefore vary out of tolerance.
When the beam intensity has stabilized, the RF stays on for about 500 µs, and
stops before the high voltage ramps down. A fast rising electrostatic pre-chopper
deflects and dumps the unstable first part of the beam and the pulse end in the
LEBT. The result is then a stable quasi-square pulse as illustrated in the figure.
This is not the actual chopped beam, but an approximation made by removing
parts of the Faraday cup signal. As the space charge compensation time for an
electrostatic chopping system is in the order of hundreds of nanoseconds [56], the
trace is a good approximation.

At present, the ion source runs with a repetition rate of 0.8 Hz (one pulse every
1.2 s), which is the repetition rate of Linac2. Tests at 2 Hz have already confirmed
that the source is operational also at this repetition rate.

Efficiency/purity The efficiency of high intensity hydrogen ion sources is poor con-
sidering the amount of produced ions compared with the quantity of H2 gas that
is injected into the plasma generator. However, since hydrogen gas is quite cheap
and not polluting, the efficiency is rarely considered. Hydrogen gas is flammable,
and extra precautions need to be taken for safety reasons. It is also important that
the evacuated gas is not confined for risks of accumulation and high explosive
risk.

H− ion beams have, on the other hand, a high purity. The beam consists mostly
of H− and electrons, but there could also be fractions of heavier ion impurities
such as O− or C− originating from the air when the plasma generator has been
under atmospheric pressure. Such impurities have not been observed and should
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Figure 6.3: Time structure of an H− beam pulse. 1: HV on, 2: RF on, 3: Pre-chopper
off, 4: Pre-chopper on, 5: RF off, and 6: HV off. The result is a quasi-square H− beam
pulse.
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in any case be insignificant after running the source for a few hours/days with
plasma, which causes outgassing of the impurities from the chamber walls. When
the beam has travelled through the beam extraction system with the magnetized
Einzel lens electron dump, all the electrons should have been removed. Simu-
lations have shown that a few secondary electrons emitted from the extraction
electrodes may follow the H− ion beam to the LEBT, but these are effectively
stopped by the solenoid and are lost on the walls of the beam pipe. What remains
of the beam after travelling through the LEBT should then be a very pure H− ion
beam.

In the case of a a positive hydrogen ion beam, fractions of H+
2 and H+

3 were
measured from the DESY plasma generator using a dipole magnet for separating
the masses. The ion beam contained approximately 80 % protons, and 10 % of
H+

2 and H+
3 each, depending on the RF-power as shown in Figure 6.4. At higher

RF-power, the fraction of protons increased.
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Figure 6.4: Measurement of proton, H+
2 and H+

3 fractions from the DESY plasma gen-
erator.

Reliability / stability Linac4 aims to achieve the same reliability as Linac2, which
means 98.4 % per beam run that lasts for approximately 10 months. During a
commissioning phase, however, it is very difficult to measure the long-term reli-
ability. Many different sub-systems start up for the first time, and the ion source
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can stop frequently because of various reasons such as tuning or attempts to reach
higher beam currents. Long-term reliability test will be performed on the Linac4
installation for a year before connecting to the PSB.

Short term reliability and stability tests are made continuously at the ion source
test stand during week-end, when the source runs uninterrupted. The stability is
good at this time scale, but has small variations. One parameter that influences
the stability is the temperature. Especially the piezo valve for the pulsed gas
injection is very temperature sensitive. A regulation of the applied voltage to
the piezo valve has been implemented, which modifies this voltage according to
the measured pressure in the ion source. Figure 6.5 shows the variation of the
H− beam current and the piezo valve temperature measured during two week-
ends; one with the regulation of the piezo valve voltage on and one without the
regulation. We clearly see from the plot that when the regulation of the piezo valve
is off, the H− current is strongly influenced. Figure 6.6 shows that without the
regulation, the H− beam current varies by approximately 5 mA per ◦C, whereas
with the regulation, the current stays at a constant level.

6.2 Characterization of the extraction system

This section presents measurements that were done to characterize the extraction sys-
tem, and compare its performance with simulations. All measurements were made with
a negative ion beam from the DESY plasma generator, and the comparison with simula-
tions was made with the currents measured on the plasma generator, puller and electron
dump using Pearson transformers, and the H− beam current measured in the Faraday
cup. The layout for the experiments is shown in Figure 6.7. The simulations were made
with input current densities of H− and electrons that resulted in the best match to the
measured currents. These results were presented in reference [98], which is included in
Appendix C.

The following sections presents a measurement as a function of varying RF-power,
a description of how the simulations need to include secondary electron emission, and
finally a measurement with varying puller voltage.

6.2.1 The beam current density increases with the RF-power

In this measurement, the RF forward power was varied from 20 kW to 30 kW, and the
currents on the electrodes and in the Faraday cup were measured. The results from the
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Figure 6.5: Temperature and H− beam current illustrating the effect of the regulation of
the piezoelectric valve.

Figure 6.6: H− beam current as a function of the temperature of the piezo valve.
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Figure 6.7: Layout of the Linac4 ion source and the first part of the LEBT. The boxes
indicate the locations of the current measurements for comparison with simulations.

measurements and simulations are shown in Figure 6.8(a). The measurement shows
an increase of the extracted beam current (marked Plasma generator Meas) as a func-
tion of higher RF-power, and the simulated values of the plasma generator and Faraday
cup currents correspond well. The result is therefore consistent with the H− and elec-
tron charge density in the plasma generator being proportional to the RF-power in the
measured range.

6.2.2 Secondary electron emission needs to be included in the model

In Section 6.1 it was briefly described how a beam current measurement with a Faraday
cup could give false results if secondary electrons were allowed to escape. In these
measurements of the electrode currents, secondary electrons emitted from the electrodes
affect the results in a similar way. Here is a description of what each of the electrodes
should measure as current:

• The plasma generator measures the total current (H− and electrons) that leaves
the plasma, denoted as primary charges. Because this part has the lowest poten-
tial of the extraction system, no secondary electrons should be able to reach this
electrode.
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(a) Comparison between measurements of currents on the extraction system elec-
trodes and simulations with varying RF-power. The RF-power that was trans-
mitted to the plasma (i.e. the incident minus the reflected power) on the x-axis has
been linearly scaled to match the H− density used as input in the simulations.

45 22 36 0 +35 0 V (kV)

0 50 100 150 200 250 300

0

20

20

40

40

z (mm)

y
(m

m
)

(b) Image from a simulation with an H− current density of 0.03 A/cm2 and an e/H− ratio of 65. The
beam is over-focused and parts of the H− beam (red) scrape the inside of the electron dump. The
electron trajectories are shown in yellow. Secondary electron emission is not included in this simu-
lation.

Figure 6.8: Extracted beam as a function of the RF-power transmitted to the plasma.
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• The puller electrode measures the impacting primary charges, either directly from
the plasma generator, or deflected by the magnetic field of the electron dump.
Secondary electrons emitted from the puller electrode cannot escape unless they
have enough energy to overcome the potential barrier in the electron dump. Since
the puller has a higher potential than the electron dump, this electrode also attracts
secondary electrons emitted from the dump.

• The electron dump measures the impacting primary charges. Because the elec-
trode is held at a low potential, secondary electrons are cleared by the electric
fields, and escape easily. The exception are the electrons generated inside of the
electron dump cup, which are repelled by the negative space charge of the incom-
ing primary electrons.

• The Faraday cup has a guard ring that will prevent secondary electrons from es-
caping. As described in Section 6.1, the only charged particles that can be trans-
ported through the extraction system and the solenoid are H− ions. The Faraday
cup then provides a reliable measure of the extracted H− beam transmitted to it.

The plot in Figure 6.8(a) shows that the measured puller current was higher than
the expected value from the simulations, and the electron dump current was lower. Fig-
ure 6.9(a) shows the same plot with secondary electrons included in the simulation.
The simulated currents now match the measurement. A simulation image is shown in
Figure 6.9(b), and here we see that a large part of the secondary electrons in pink are
travelling form the electron dump to the puller.

The emission of secondary electrons from surfaces was described in Section 4.3.3.
The ratio of emitted electrons depended on various parameters, such as incoming parti-
cle type, energy, and incident angle. For these beam extraction simulations, a model has
been used where the secondary electrons have the same current as the incoming parti-
cle, they are emitted with a random angle from the surface normal, and their energy is
randomized between 0 eV and the energy of the impacting particle. This gives a correct
order of magnitude estimation of the current carried by the secondary electrons.

6.2.3 The extracted beam current and optics depend on the puller

voltage

The voltage of the puller electrode is adjustable to adapt the electric field near the plasma
aperture to the current density, and optimize the shape of the plasma meniscus. Fig-
ure 6.10 shows the current dependencies of the extraction voltage (i.e. the difference
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(a) Comparison between measurements of currents on the extraction system elec-
trodes and simulations where secondary electron emission has been included. The
effect of the secondary electrons is a lower electron dump current and a higher
puller current in the simulations. The result is a better match between the mea-
surements and the simulations.
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(b) Image from a simulation with an H− current density of 0.03 A/cm2 and an e/H− ratio of 65. Sec-
ondary electrons (pink) are emitted from the electron dumps with some trajectories hitting the puller
electrode.

Figure 6.9: Extracted beam as a function of the RF-power transmitted to the plasma
including secondary electron emission from the electrodes in the extraction system.



6.2. CHARACTERIZATION OF THE EXTRACTION SYSTEM 139

between the puller and plasma generator voltages). The simulations agree well with the
measurements. We make two observations of the total current extracted from the plasma
generator: (1) it increases with higher extraction voltage, and (2) the measured current
increases slightly more than the simulated one.

The first observation is explained in the simulations by the plasma meniscus that
becomes more curved with higher extraction field. The meniscus surface is then in-
creasing, allowing more particles to be extracted for a constant plasma density. The
second observation suggests that when the plasma meniscus is being pushed further
into the plasma, the plasma density increases. This effect is then causing a higher ex-
tracted beam current than the expected simulation value when the H− density in the
plasma is assumed to be constant. This variation of density as a function of depth of the
plasma has previously been reported from Langmuir probe measurements with similar
plasma generators [99, 47].
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Figure 6.10: Comparison between measurements and simulation with varying puller
voltage. The simulation model includes secondary electron emission from the extraction
electrodes

As we can see from Figure 6.10, for a low extraction voltage and less extracted total
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beam current, the H− beam current in the Faraday cup is the highest. The reason is that
the extraction field needs to be adapted to the ion density in the plasma, and shape the
plasma meniscus to optimize the beam optics. Figure 6.11 shows two simulation images
that correspond to the lowest and highest applied extraction fields. The figure shows that
for this measurement, the lowest extraction field gives the best beam transport through
the electron dump. We also see that the extraction field should actually be even lower
for further improvement.

(a) 15 kV extraction voltage. (b) 27 kV extraction voltage.

Figure 6.11: Two simulation images from the measurement in Figure 6.10. H− ions are
shown in red, primary electrons in yellow, and secondary electrons in pink. The equipo-
tential lines in greens show the shape of the plasma meniscus. For this measurement,
the lowest extraction field (15 kV) was best matched to the ion density of the plasma
generator. This is seen from the flat plasma meniscus shape and the low amount of
secondary electrons emitted from the electron dump.

6.3 Estimation of the e/H− ratio

An important parameter to quantify for negative hydrogen ion sources is the ratio of co-
extracted electrons to H− ions (e/H− ratio). This should be a straightforward calculation
of the electron dump current divided by the Faraday cup current. However, as we have
seen in the previous sections, errors are induced by beam losses and secondary electron
emission. By instead calculating the electron current as the difference between the
plasma generator current and the Faraday cup current, we obtain a result that is closer to
the electron current extracted from the plasma generator. As explained in Section 6.2.2,
the plasma generator current includes all the extracted electrons and H− ions, and is not
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perturbed by secondary electrons. The e/H− ratio then becomes

e/H− =
IPG

IFC

−1, (6.1)

where IPG and IFC are the currents measured on the plasma generator and Faraday cup,
respectively. In the case of H− beam losses in the extraction system, the relation over-
estimates the e/H− ratio.

6.3.1 The e/H− ratio depends on the plasma electrode potential in

the RF-volume source

The DESY plasma generator is equipped with two electrodes close to the extraction hole
that can be biased individually relative to the plasma generator (Figure 6.12). In a series
of systematic measurements, the currents on the two electrodes and the extracted beam
currents have been measured as a function of the voltages applied to the two electrodes.
Figure 6.13 shows the current measured on the two electrodes as a function of (1) the
collar voltage, (2) the plasma aperture voltage, and (3) the voltage difference between
the plasma aperture and collar electrodes. The collar current depends mostly on the
collar voltage, and is little affected by the voltage applied to the plasma aperture. The
plasma aperture current, on the other hand, depends on both the applied bias voltages,
and shows a clear dependency of the voltage difference between the two electrodes.

The plasma aperture electrode is shielded from the reference potential of the plasma
generator by the collar electrode. A bias on the collar electrode will thus change the
reference potential in the vicinity of the plasma aperture. By biasing the plasma aper-
ture electrode with respect to the collar and measuring the induced current, the plasma
properties can then be estimated in a way analogous to a Langmuir probe. The plot
in Figure 6.13(b) (as a function of Vp − Vc), shows similarities with a Langmuir I-V
curve with the ion saturation region below −25 V, the floating potential at −20 V, the
plasma potential at −10 V, and the electron saturation region above −10 V.

Figure 6.14 shows the measured currents in the Faraday cup and on the plasma
generator, and the e/H− ratio as a function of the voltage difference between the plasma
aperture and collar electrodes. The Faraday cup current is little affected, but the plasma
generator current reduces with a negative plasma aperture bias. The result is a reduction
of the e/H− ratio.

The shape of the e/H− ratio is similar to the plasma aperture current, which can be
explained as follows: When the plasma aperture is biased negatively, negative charges
are repelled away from the extraction hole reducing the density of H− and electrons



142 CHAPTER 6. MEASUREMENTS AND ANALYSIS

Figure 6.12: Detail of the extraction region. The collar and plasma aperture can be
biased independently with respect to the plasma generator potential.
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Figure 6.13: Measured currents on (a) the collar electrode and (b) the plasma aperture
electrode as a function of (1) the collar voltage (Vc), (2) the plasma aperture voltage
(Vpa), and (3) the voltage difference between the plasma aperture and collar electrodes
(Vpa − Vc).
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function of the voltage difference between the plasma aperture and collar electrodes
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in this region. Since the electrons have significantly less mass than the H− ions, they
are strongly affected by this voltage difference, whereas the H− current remains nearly
unchanged. By applying a voltage difference of −30 V, the e/H− ratio is reduced by
20 %. With a higher voltage difference, the plasma aperture current is in the positive
ion saturation region, and there is no more gain.

Figure 6.15 shows measurements from three different days, with no applied extrac-
tion voltage on the third day. The shape of the plasma aperture current as a function of
the voltage difference of the two electrodes was conserved, also when either of the two
electrodes was fixed to the plasma generator potential. This measurement shows that
the e/H− ratio only depends on the plasma aperture voltage with respect to the plasma
potential.

6.4 Space charge limited ion beam extraction

The space charge limit of ion beam extraction was introduced with the Child-Langmuir
law in Section 4.2.2. As we have seen from measurements described in the previous
sections, the extracted beam current does not increase as a function of V

3/2
ext , but it de-

pends linearly on the puller voltage. The reason is that the extraction field is sufficiently
large to overcome the space charge limit, and the ion beam current becomes emission
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limited, i.e. the ion density in the plasma limits the current.

6.4.1 The RF plasma generator is emission limited

From a measurement made with the DESY plasma generator and a single stage extrac-
tion system, the transition between the space charge and emission limited extraction can
be visualized. During the commissioning of this ion source at 35 keV, the DC voltage
of the plasma generator was ramped up from 0 kV to −35 kV with the RF on. The total
extracted current as a function of the extraction voltage is plotted with blue points in
Figure 6.16. The red line corresponds to the theoretical space charge limit and has been
calculated with Equation 4.42. The e/H− ratio for this measurement was roughly 40 (or
√

mH−/me), which means that we can rewrite the equation as

Imax ≈
4
9

πε0 (2q)1/2
V

3/2
0

r2

d2

(

1
2
√

mH−
+

1
2
√

me

)

, (6.2)

with r = 3.25 mm and d = 6.5 mm. The densities of H− ions and electrons in the plasma
were thus approximately equal during this measurement (from Equation 4.38 we have:
RH− ≈ Re ≈ 1/2). The measurement shows that the transition between the space charge
limited and the emission limited beam extraction corresponds well with the theoretical
estimation, and occurs at an extraction voltage of approximately 3 kV.

The green line shows the simulated value of the extracted beam current as a func-
tion of the plasma generator voltage. As the extraction voltage approaches 0 V, there
is approximately 400 mA being extracted from the plasma generator, whereas the mea-
sured value becomes zero. In the simulation, the charged particles are given an initial
energy of 5 eV towards the plasma aperture as described in Section 5.3.1. Even with no
accelerating extraction field, the charges drift out of the plasma aperture, expanding the
plasma meniscus and the ion beam. In this region it is therefore difficult to estimate the
H− and electron current densities that are available from the plasma generator.

6.4.2 The magnetron is space charge limited

The magnetron ion source was presented in Section 5.2.3. The extracted H− beam
current measured at BNL yielded 140 mA, and showed similarities with a dependency
of the extraction voltage to the power of 3/2. We will now compare this result with
simulations.

Figure 6.17 compares (1) the measured H− beam current with a Faraday cup, (2) the
theoretical space charge limit of total extracted H− current, and (3) two simulations of
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Figure 6.16: Blue points: total extracted beam current from the DESY plasma gener-
ator with a single stage extraction system as a function of the extraction voltage. The
transition between space charge limited and emission limited beam extraction is located
approximately at an extraction voltage of 3 kV. Red line: space charge current limit
for assumed equal densities of H− ions and electrons. Green line: simulation of the
extracted current as a function of the extraction voltage.
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the extracted H− beam current with different input current densities. The total extracted
beam current from the plasma generator was not measured. The space charge limit
curve has been calculated with Equation 4.42 using an e/H− ratio of 1, and with the
dimensions of the magnetron ion source, i.e. r = 2 mm and d = 5 mm. The plotted curve
includes only the contribution of H− ions, but the electrons are nevertheless included
in the calculation, as well as in the simulations. The two simulations have used input
densities of H− ions to reach beam currents of 50 mA and 200 mA extracted through a
circular plasma aperture with a radius of 2 mm.

We observe that the measured Faraday cup current looks to be space charge limited
because of the similar shape as the theoretical space charge limit. We also see that the
simulated extracted beam currents stay at a constant value with an extraction voltage
below the space charge limit, as we also observed for the measurement described in
Section 6.4.1. With an extraction voltage below 20 kV, the current that reach the Faraday
cup is similar even for a high (200 mA) or low (50 mA) simulated H− beam current.
Above 20 kV, we see that only the highest simulated beam current follows the Faraday
cup measurement. Because the ion source does not reach the emission limited extraction
mode for the measured range of extraction voltages, it is difficult to estimate the H− and
electron current densities that are available from the plasma generator.
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Figure 6.17: Comparison of a magnetron measurement, theoretical space charge limit
of extracted H− current, and simulations with two different current densities.

Figure 6.18(a) shows an image from a simulation with a high current density (i.e.
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200 mA through an aperture of 4 mm diameter) and with an extraction voltage of 40 kV.
All the electrons are here deflected and dumped on the puller, and parts of the H− beam
are lost on the puller. Traces of the impacting particles on the puller have been confirmed
by post-mortem observation, as shown in Figure 6.18(b).
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(a) Simulation of the magnetron beam extraction
with 200 mA H− beam current, and an ex-
traction voltage of 40 kV.

(b) Picture of the magnetron puller electrode
after a few days of testing. The traces
originate from the deviated electron beam
and the outer parts of the H− beam.

Figure 6.18: Simulation of the magnetron ion source with an e/H− ratio of 1. The beam
extraction is space charge limited, and parts of the H− beam are lost on the puller.

6.5 Measurements with a positive ion beam

The commissioning of other accelerator parts of Linac4 such as the RFQ will require
a high intensity beam. In the case that the ion source cannot deliver a high intensity
H− beam in time, there is an option to switch polarity of the extraction electrodes, and
extract a proton beam instead.

Figure 6.19 shows the results from a beam measurement made with the IS01 plasma
generator with the extraction system polarities adapted for a positive ion beam. The
figure compares measurements and simulations of the currents on the extraction sys-
tem electrodes, and in the Faraday cup as a function of the RF-power transmitted to the
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plasma (i.e. the incident minus the reflected power). The simulation input current den-
sity of protons has been linearly scaled to this RF-power. In the simulations, the input
beam includes the fractions of H+

2 and H+
3 that was measured with the DESY plasma

generator (80 % p+, 10 % H+
2 , and 10 % H+

3 ), and the simulation model includes sec-
ondary electron emission from the electrode surfaces.

The current measured on the plasma generator and the Faraday cup in Figure 6.19
corresponds well with the simulated values. The currents measured on the puller and
electron dump have not been reproduced in the simulations. These measured currents
are of approximately same magnitude (50 mA) with opposite signs, and suggests that
there was a current flowing between the two electrodes. The puller received positive
charges and/or emitted negative charges, and this could be caused by the ion beam
scraping the inside of the electrode causing a large fraction of secondary electrons be-
cause of the incident angle. These electrons could then travel to the electron dump,
which has a higher applied potential.
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Figure 6.19: Comparison between measurements of currents on the extraction system
electrodes and simulations with varying RF-power for a positive ion beam extraction.
The RF-power on the x-axis has been linearly scaled to match the H− density used as
input in the simulations, and the simulation model includes secondary electron emission.
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Figure 6.20 compares measurements and simulations of the plasma generator and
Faraday cup currents with an RF-power of 50 kW. The measurement shows that with a
higher extraction field, the beam transmission through the extraction system increased.
The proton current yielded 60 mA. To arrive at higher beam currents, a redesign of
the extraction system is necessary. The reason is shown in the simulation image in
Figure 6.21. The image shows the highest simulated transmission of the positive ion
beam with an RF-power of 50 kW. Parts of the beam are lost both on the electron dump,
and at the LEBT entry. A higher extraction field would reduce the beam losses in the
electron dump, but more beam would be lost on the LEBT entry. The opposite effect
applies for a reduction of the extraction field. The space charge of the beam consisting
of 80 % p+, 10 % H+

2 , and 10 % H+
3 , is thus too high for this extraction system.
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Figure 6.20: Comparison between measurements and simulations of the currents on
the plasma generator and the Faraday cup as a function of the extraction voltage for a
positive ion beam extraction with an RF-power of 50 kW.

6.6 Analysis and improvements of the ion beam optics

Measurements of the H− ion beam extraction system fit well with simulations, and the
first challenge has been achieved: to extract a 45 keV H− ion beam. However, the beam
current and emittance still needs to be improved to reach the Linac4 requirements. This
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Figure 6.21: Simulation image of a proton beam extraction. The trajectories of p+ (red),
H+

2 (yellow), and H+
3 (pink) overlap each other because they in electrostatic devices

depend on the energy per charge, and not on the charge-to-momentum ratio. Secondary
electrons are shown in light blue.

section presents some of the limitations of the extraction system, and suggestions of
how to address these challenges.

6.6.1 The beam intensity is limited by the plasma generator

The ion beam intensity is correlated with the beam emittance. In order to reach higher
transported beam intensities, one could increase the size of the plasma aperture to ex-
tract more current. On the other hand, as the minimum emittance (Equation 3.12) is
proportional to the plasma aperture radius, this would counteract the effect. In addi-
tion, a large beam size compared with the bore sizes of the extraction electrodes, causes
aberrations in the beam that results in an increased rms emittance.

An increased extraction voltage increases the beam current, but also lowers the beam
quality as the plasma meniscus becomes more concaved shaped. This effect then needs
to be counteracted by increasing the RF-power of the plasma generator, and thus in-
creasing the plasma ion density. The limiting factor is thus the plasma generator ion
production capability.

Lowering the amount of co-extracted electrons would help on both the H− ion inten-
sity, and the emittance. Achieving this would require improving the plasma generator,
e.g. by introducing caesium as a catalyst for surface production of negative ions.
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6.6.2 The emittance growth in the extraction system has to be min-

imized

Keeping the emittance within 0.25 µm is a challenging requirement. As the beam travels
through the extraction system, the emittance cannot decrease. The emittance growth
has to be limited by optimizing the extraction system design, and omitting elements that
cause beam aberrations. For instance, the magnetic fields of the plasma generator filter
and the electron dump will induce emittance growth due to ion beam disorder, and by
steering the beam off-axis.

When the beam is extracted from the plasma, it has a minimum emittance given by
Equation 3.12. In the case of a plasma aperture of 6.5 mm diameter aperture that was
installed in the tested plasma generators and an ion temperature of 1 eV that was used
as input in the simulations, εN,rms = 0.053 µm. Most of the emittance at the LEBT entry
is thus caused by emittance growth in the extraction system.

Plasma aperture

In Section 4.2.5, we saw how the shape of the plasma electrode influenced the shape
of the plasma meniscus, and possibly reduced the ion beam emittance. By applying an
angle to the plasma electrode of 65◦, the emittance was reduced by more than a factor
two in the given example. This plasma electrode shape is implemented in both IS01 and
IS02, and was already present in the magnetron design.

Electron dump

The electron dump has been designed to dump the electrons at low energy to avoid
sublimation of the electron dump surface material by the impacting electron beam. The
drawback of this solution is that the space charge driven emittance growth is larger
at low energies. The co-extracted electrons cause additional emittance growth before
they are removed from the H− beam. Figure 6.22 illustrates this effect by comparing
a normal beam extraction simulation with a simulation where the electrons have been
artificially removed at the puller electrode. Both simulations have been made with an
input H− beam current of 30 mA and an e/H− ratio of 30.

Figure 6.23 shows the normalized rms emittance as a function of the distance in
the extraction system. Before entering the magnetized Einzel lens electron dump, the
emittance stays constant, whereas at the exit it is > 2.5 times the input value (blue
trace). Since the beam at this stage includes electrons, the electron space charge will also
contribute to the emittance growth. Plotted in red is the emittance for a simulation where
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(a) Simulation image of the normal beam
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Figure 6.22: Simulation images of 30 mA H− beam current with an e/H− ratio of 30.

the electrons have been artificially removed from the beam before entering the electron
dump. The electrons are still included in the first part to have the same conditions for the
plasma extraction in both simulations. For the second simulation, the emittance growth
is much less (about a factor 1.6), and shows that reducing the amount of co-extracted
electrons will lead to reduced emittance.

We notice that the normalized rms emittance is decreasing at the exit of the electron
dump. This is due to an artefact from the normalization of the emittance. The beam
energy has been assumed to correspond to the voltage on the beam axis. However, since
the equipotential lines curve into the electron dump, the outer particles actually have less
energy than the ones located on the beam axis. The velocity of these particles will then
be over-estimated, and because they have higher transverse velocities, the calculated
emittance will be too high in this region. In the regions where the equipotential lines are
perpendicular to the beam axis, the normalization of the emittance is correct.

Accelerating vs. decelerating Einzel lens

Einzel lenses can operate in either accelerating or decelerating mode. For a given abso-
lute voltage on the lens, the decelerating mode produces more focusing, but can lead to
larger emittance growth. For this reason the accelerating lens is normally preferred. For
the Linac4 ion source, however, the choice needs to consider the emittance growth in the
LEBT. In the end it is the emittance at the RFQ entry that counts, and the beam shape
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electrons has been artificially removed at the dashed line. The green line shows the
beam energy along the z-axis and the coloured areas indicate the locations of the puller,
the electron dump, and the ground electrode.
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out of the extraction system influences the emittance growth in the optical elements of
the LEBT. Figure 6.24 shows two beam extraction simulations tracked through from
the plasma generator through the first solenoid of the LEBT. The simulations only dif-
fer with the polarity of the Einzel lens voltage. As we can see, the beam size for the
accelerating Einzel lens is larger, and the beam passes very close to the beam pipe wall.

0 0.2 0.4 0.6 0.8z (m)

(a) Beam extraction with accelerating Einzel lens.

0 0.2 0.4 0.6 0.8z (m)

(b) Beam extraction with decelerating Einzel lens.

Figure 6.24: Comparison of accelerating and decelerating Einzel for a simulated H−

beam current of 30 mA with an e/H− ratio of 30. The first solenoid of the LEBT is
shown in grey.

Figure 6.25(a) shows the evolution of the emittance as a function of the position in
the extraction system. We observe that the beam from the decelerating lens enters the
solenoid with double the emittance of the accelerating Einzel lens beam. However, the
emittance values are closer at the exit. In Figure 6.25(b), we see that the beam coming
from the decelerating Einzel lens has lower beam size as it passes through the solenoid.

The reason for the differences in emittance growth inside the solenoid is due to the
non-uniformity of the magnetic field. The field strength in the solenoid increases as
one move away form the beam axis, making the particles close to the wall encounter a
stronger field. This spherical aberration of the solenoid lens causes an emittance growth.
For this particular ion beam extraction system, the polarity of the Einzel lens results
in the same emittance after the beam has passed through the solenoid. A solution of
reducing the emittance is to move the solenoid closer to the plasma generator, and to
remove the Einzel lens.
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(a) Comparison of the emittance as a function of the position in the extraction system, for simula-
tions with accelerating and decelerating Einzel lens.
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(b) Comparison of the beam size as a function of the position in the extraction system, for simula-
tions with accelerating and decelerating Einzel lens.

Figure 6.25: Evolution of the emittance and the beam size along the beam axis for an
accelerating (blue) and decelerating (red) Einzel lens. The beam energy is plotted in
dashed lines, and the solenoid axial field in green. The grey areas indicate: (a) the
puller, (b) the electron dump, (c) the ground electrode, (d) the Einzel lens, (e) the LEBT
entry, and (f) the solenoid.
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6.6.3 The electron dumping changes for different plasma genera-

tors

The purpose of the electron dump is to dump the electrons without sublimating the elec-
tron dump material. It should also collect all the co-extracted electrons for a precise
measure of the e/H− ratio and thus the plasma generator performance. The e/H− ra-
tio is of particular importance to follow the evolution of the caesiated surface plasma
generator. We have previously seen (Section 6.2.2) that secondary electrons are emitted
from the dump, which makes the measured current lower than the electrons current that
is impinging the electron dump. The design of the electron dump could be improved
to prevent secondaries form escaping. For instance, stronger permanent magnets with
larger separation would create a more uniform dipole field inside the magnetized Einzel
lens.

An unexpected result of the beam extraction from the IS02 plasma generator was
that the electron dump current was close to zero, whereas the puller collected most of
the current. A measurement plot from IS02 is shown in Figure 6.26, where the currents
in the extraction system are plotted as a function of the extraction voltage. We see
that the plasma generator current increased linearly with the extraction voltage, which
implies that the ion source was operating in the emission limited mode. We also observe
that the optimum extraction voltage was approximately 15 kV for a maximum H− beam
current of 18 mA, measured in the Faraday cup.

When it comes to the puller and electron dump currents, we see that almost all the
current hits the puller. The reason comes from the filter field inside the IS02 plasma
generator. In order to make space for the surface production converter inside the plasma
generator, the filter magnets were moved outside the plasma chamber, as was shown in
Figure 5.13. To reach the same magnetic field strength on the axis as the DESY and
IS01 plasma generator, stronger magnets were used. A comparison of the filter field
strengths along the z-axis for the DESY, IS01 and IS02 plasma generators is shown in
Figure 6.27. We see that the filter field of IS02 has a magnitude of about 10 mT at the
plasma aperture, and cause an immediate deflection of the electrons after extraction.

Figure 6.28 shows a simulation image with an extraction voltage of 15 kV including
secondary electron emission. The deflected electrons hit the sidewall of the electron
dump instead of inside the cup. The secondary electrons are then accelerated by the
electric field and hit the puller. From the plot in Figure 6.26, we can see the transition
when the puller voltage has a lower voltage than the electron dump (Vext < 9 kV). The
puller then repels the secondary electrons, and the electron dump measures an increased
current.



158 CHAPTER 6. MEASUREMENTS AND ANALYSIS

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 5  10  15  20  25  30
 6

 8

 10

 12

 14

 16

 18

 20
P

la
sm

a 
ge

n
er

at
o

r,
 p

u
lle

r,
 e

-d
u

m
p

 c
u

rr
en

t 
[A

]

Fa
ra

d
ay

 c
u

p
 c

u
rr

en
t 

[m
A

]

Extraction voltage [kV]

Plasma generator
Puller

E-dump
Faraday cup

Figure 6.26: Measured beam currents extracted from the IS02 plasma generator as a
function of the extraction voltage.
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Figure 6.28: Simulation image for a beam extraction with IS02. The filter field inside
the plasma generator deflects the electrons (yellow) immediately after being extracted.
Secondary electrons (pink) emitted form the electron dump are collected on the puller.
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Collecting the co-extracted electrons on the puller should be prevented first and
foremost because its power supply is not designed to handle the high current. A simple
solution is to install plates of magnetic steel on the plasma generator facing the extrac-
tion region. These plates would then shield off the magnetic field from the extraction
region. Alternatively, the extraction system can be redesigned to extract the ion beam
at low energy by connecting the electron dump power supply to a combined puller and
electron dump electrode [100]. The filter field would then deviate the electrons onto the
puller dump with the help of an additional dipole if necessary.



Chapter 7

Conclusion

Within the framework of this thesis, a new beam excitation system was designed, pro-
duced and commissioned for the 2 MHz RF negative hydrogen (H−) ion source for
Linac4 as part of CERN’s injector chain upgrade. Key features of the extraction system
include a tuneable puller voltage that adapts the extraction field to the ion plasma den-
sity for optimum beam optics, and a magnetized Einzel lens for electron dumping and
focusing of the H− ion beam.

The extraction system was developed by combining theories of beam extraction
from a plasma and beam transport at low energy, together with simulations of the beam
extraction and estimation of the power density on the electron dump with the plasma
extraction code IBSimu [1]. The most important achievement was to reliably extract
the H− beam at 45 keV with up to 2 A of co-extracted electrons without causing high
voltage breakdowns, which was previously not possible with a single stage extraction
system. The H− beam current yielded a maximum of 60 mA, extracted from the cae-
siated IS02 plasma generator, and stable beam currents of 35 mA were recorded for a
period of two months.

7.1 Summary of extraction system characterization

The measured currents on the excitation system electrodes and in the Faraday cup veri-
fied and benchmarked the simulations. The measurements and simulations values cor-
responded well and helped to identify the locations of beam losses, and which parts of
the beam extraction system needed further improvement. Including secondary electron
emission from electrode surfaces to the simulation model allowed us to better under-
stand the beam measurements.
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7.1.1 Ion source performance

The matching of ion source prototypes to the Linac4 requirements was assessed at the
ion source test stand. The ion source produced a stable and reliable 45 keV H− ion beam
with a beam extraction system that was adaptable for variations of the beam current
densities supplied by the plasma generator. This extraction system no longer suffered
from the high voltage breakdowns that were frequently observed with a single stage
extraction system, and the ion source can run for ∼100 hours between faults.

There is still a need for improvement since the measured beam intensity was lower
than the required 80 mA. 60 mA was reached, but only for a period less than 1 day.
To achieve the final goal, both the plasma generator and the extraction system need to
be upgraded. The emittance was measured to 0.37 µm for a beam current of 50 mA,
when calculated with the standard 10 % thresholding of the signal. The Linac4 require-
ment is 0.25 µm. A comparison of the ultimate Linac4 requirements and what has been
measured with a caesiated RF ion source at the test stand is summarized in Table 7.1.

Table 7.1: Linac4 ion source requirements [20] and achieved values at the test stand
with the new extraction system and a caesiated plasma generator (IS02).

Parameter Linac4 Test stand
Beam energy [keV] 45 45
Pulse length [ms] 0.5 0.5
Repetition rate [Hz] 2 0.8
H− current [mA] 80 50
εnorm,rms [µm] 0.25 0.37

7.1.2 Correspondence between measurements and simulations

The extraction system performance was characterized by measuring the current in four
locations as a function of RF power and the puller electrode voltage, and these measure-
ments were compared with simulations. The simulation output matched all of the mea-
sured values to within a few percent after selection of the best fitting H− and electron
current densities, when secondary electron emission by particle impact on the electrode
surfaces was included. Tuning the puller voltage in order to match the extraction field
to the plasma density can optimize the beam optics.
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7.1.3 Plasma generator e/H− ratio

The e/H− ratio was measured via the ratio of the plasma generator and Faraday cup cur-
rents (e/H− = IPG

IFC
−1). The result is a slight over-estimation because it is not including

H− losses. By applying a negative bias on the plasma aperture electrode of the DESY
plasma generator, the e/H− ratio was reduced by 20 %.

7.1.4 Space charge limited beam extraction

Whereas the RF-source operated in emission limited mode, the magnetron ion source
extraction was space charge limited as observed from measurements performed at BNL.
The IBSimu simulations corresponded well to the measurements, when the extraction
voltage was high enough to overcome the space charge limit (i.e. Vext > 3 kV for the
DESY RF source with an extraction gap of 6.5 mm.).

A challenge of the magnetron source is to achieve a high beam current with a low
extraction field. The reason is to avoid damage of the puller material by electron beam
impact. With the present extraction system design, a high extraction voltage is neces-
sary to reach a high beam current. It would, however, be an advantage to extract the
beam in the emission limited mode. In this way, the plasma meniscus surface would
be concave, providing the beam a focus into the puller. The situation now is that the
beam is diverging out of the plasma aperture, and the H− beam is collimated through
the puller. When operating in emission limited mode, an increase of the current density
can also be adjusted by increasing the extraction voltage.

In order to reach the emission limited mode with the magnetron source, the electric
field has to be increased by either decreasing the extraction gap or increasing the ex-
traction voltage and potentially use an accel-decel beam extraction. The former is the
preferable option because the increased energy of the electrons would cause more dam-
age to the puller electrode, which is being used as an electron dump in the magnetron
ion source.

7.1.5 Positive ion beam extraction

A 60 mA proton beam was extracted and transported from the IS01 plasma generator.
To arrive at higher beam currents, a redesign of the extraction system is necessary, inp
articular because the dumping electrode reduces the beam energy causing a large space
charge induced beam growth.
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7.2 Further improvements of the ion beam extraction

system

In order to achieve higher beam currents and lower emittance of the Linac4 H− ion
source, the following points can be addressed:

• Reduce the length of the extraction system to keep a small beam emittance and
beam size into the first solenoid of the LEBT.

• Install a plasma aperture electrode with an angle that shapes the electric field lines
and reduce the beam emittance.

• Study the focal effect of the electrode geometries such as angles, positions, and
aperture sizes.

• Keep the e/H− ratio as low as possible by caesiation of the converter surface in
the plasma generator.

The use of a good simulation tool such as IBSimu is essential for the development
of new extraction system designs. Batch processing automatizes the simulations and
allows fast systematic parametric studies of both the excitation system design and for
the reproduction of beam measurements.



Appendix A

Symbols and relations

A.1 List of abbreviations

BINP Budker Institute of Nuclear Physics
BNL Brookhaven National Laboratory
BCT Beam Current Transformer
CERN European Organization for Nuclear Research
DESY German Electron Synchrotron
DTL Drift Tube Linac
ECR Electron Cyclotron Resonance
IPP Max Planck Institute of Plasma Physics
JYU University of Jyväskylä
LEBT Low Energy Beam Transport
LHC Large Hadron Collider
PS Proton Synchrotron
PSB Proton Synchrotron Booster
RAL Rutherford Appleton Laboratory
RF Radio Frequency
RFQ Radio Frequency Quadrupole
SNS Spallation Neutron Source
SPL Super Proton Linac
SPS Super Proton Synchrotron
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A.2 List of symbols and constants

Symbol Description Unit

A mass number
Ae electron affinity eV
α Twiss alpha
B magnetic flux density T
β Twiss beta m
E electric field V m−1

E energy eV
Ea electron affinity eV
Ei ionization energy eV
ε Emittance µm
F force kg m s −2

f frequency s−1

γ Twiss gamma m−1

I current A
J current density A m2

L luminosity cm−2s−1

λD Debye length m
m mass kg
N number
n density m−3

ν collision frequency s−1

Φ potential V
Q synchrotron tune
∆Q incoherent space charge tune shift
q charge C
q± charge state
σ cross section m2

σx,y transverse beam size m
T temperature K or ◦C
t time s
v velocity m s−1

v speed m s−1

W work function eV
ω oscillation frequency s−1
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Constants

c Speed of light 2.998×108 m/s
e Elementary charge 1.602×10−19 C
ε0 Permittivity of free space 8.854×10−12 m−3 kg−1 s4 A2

k Boltzmann’s constant 1.381×10−23 m2 kg s−2 K−1

me Electron mass 9.109×10−31 kg
mp Proton mass 1.673×10−27 kg

Relativistic parameters

β = v/c

γ =
(

1−β2
)−1/2





Appendix B

Mathematical relation for work

function changes

The work function of a material, W , can be reduced by covering the surface with a thin
layer of an alkali metal. We express the work function as

W =W0 −∆Wm, (B.1)

where W0 is the intrinsic work function of the base material surface, and Wm the maxi-
mum reduction of the material work function. Wm has been described by the following
semi-empirical formula [40]:

∆Wm ≃ 0.62(Ei +Ea)−1.24W0, (B.2)

where Ei and Ea are the ionization energy and electron affinity of the adsorbate respec-
tively. Here we see that the lowest sum of Ei and Es gives the largest reduction of the
work function. Caesium is then the best candidate as adsorbate with Ei + Es = 4.37 eV.

The material work function can also be described as a function of relative coverage,
W (θ). The result is a polynomial fit that has shown good agreement with measurements
[40]:

W (θ)≃W0 +
6∆Wm

(3−θm)θm
θ− 3∆Wm(θm +1)

(3−θm)θ2
m

θ2 +
2∆Wm

(3−θm)θ2
m

θ3, (B.3)

where θm is the fractional coverage that gives the minimum material work function. θm

needs to be found experimentally, and is normally located around 0.6 [38, 101]. This
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polynomial fit shows that for a full monolayer, the change in material work function is:

∆W1 =
3θm −1
3−θm

∆Wm

θ2
m

. (B.4)

For one monolayer of caesium deposited on molybdenum, the work function estimated
by this relation is 1.8 eV, which has been confirmed experimentally [38]. The work
function of a molybdenum surface as a function of the fractional coverage of caesium is
shown in Figure 3.17.
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Figure B.1: Work function of a molybdenum surface with a fractional coverage of cae-
sium



Appendix C

Collection of publications

C.1 A new extraction system for the Linac4 H− ion source

This paper presents the commissioning of the non-caesiated 2 MHz DESY H− volume
source. This ion source was not able to produce a 45 keV H− beam, which is the re-
quirement of the Linac4 3 MeV RFQ, because of evaporated material from the electron
dump in the single stage extraction system. Two new extraction systems were proposed,
and the decision was to build a new extraction system with a magnetized Einzel electron
dump.

The candidate was the main author of this paper and presented the results with a
poster at the International Conference on Ion Sources 2011. The candidate simulated
the beam extraction from the DESY source, and the second proposal of a new extraction
system. This extraction system was chosen as the baseline for the new ion source at
CERN. The simulation of the first proposal was made by M. Kronberger.
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A new extraction system for the Linac4 H− ion sourcea)

Ø. Midttun,1,2,b) T. Kalvas,3 M. Kronberger,2 J. Lettry,2 H. Pereira,2 C. Schmitzer,2

and R. Scrivens2

1University of Oslo, P.O. Box 1048, 0316 Oslo, Norway
2CERN, 1211 Geneva 23, Switzerland
3Department of Physics, University of Jyväskylä, P.O. Box 35, FI-40014, Finland

(Presented 12 September 2011; received 10 September 2011; accepted 23 October 2011; published
online 13 February 2012)

As part of the CERN accelerator complex upgrade, a new linear accelerator for H− (Linac4) is under
construction. The ion source design is based on the non-caesiated DESY RF-driven ion source, with
the goal of producing an H− beam of 80 mA beam current, 45 keV beam energy, 0.4 ms pulse
length, and 2 Hz repetition rate. The source has been successfully commissioned for an extraction
voltage of 35 kV, corresponding to the one used at DESY. Increasing the extraction voltage to 45
kV has resulted in frequent high voltage breakdowns in the extraction region caused by evaporating
material from the electron dump, triggering a new design of the extraction and electron dumping
system. Results of the ion source commissioning at 35 kV are presented as well as simulations of a
new pulsed extraction system for beam extraction at 45 kV. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.3670344]

I. LINAC4 ION SOURCE COMMISSIONING

The new Linac4 ion source is based on the non-caesiated,
2 MHz DESY H− volume source,1 shown in Fig. 1. The gas
is injected by a pulsed piezo-electric valve from the back
side into a spark gap, triggering the ignition of the plasma.
The plasma is heated by an external solenoidal RF antenna
and confined in an Al2O3 ceramic plasma chamber by a do-
decapole multicusp magnetic field. A magnetic filter field
separates the plasma into two regions, creating a low elec-
tron energy plasma in the collar for enhanced H− production.
The negative ion beam is extracted over a 8.5 mm gap and
the co-extracted electrons are deflected and dumped in a
graphite cup by a permanent dipole magnetic field, whereas
an opposite dipole field corrects the deviation of the H− beam.

The commissioning of the source was completed for an
extraction voltage of 35 kV in 2009, achieving stable pulsed
beam operation with a current of 23 mA.2 When increasing
the extraction voltage to 45 kV, which is the requirement for a
correct matching to the radio frequency quadrupole (RFQ),
it was no longer possible to hold the voltage over the ex-
traction gap for more than a few beam pulses. Inspection
of the electron dump showed great damage on the graphite
surface from the electron beam impact, and it was concluded
that the evaporated material caused the high voltage break-
downs. The damage on the graphite dump had also been ob-
served when operating at 35 kV, however, as the breakdowns
were much less frequent (15 per 24 h), it was believed to be a
problem of high voltage training.

In order to be on schedule for the commissioning of the
RFQ, the source is producing a 45 keV proton beam by in-
verting the polarity of the extraction voltage. It is worth men-

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

b)Author to whom correspondence should be addressed. Electronic mail:
oystein.midttun@cern.ch.

tioning that during the proton beam tests, the high voltage
breakdown rate has been approximately 1 per 24 h, which is
consistent with the dumping of the electrons and evaporation
of dump material being the cause of the breakdowns when H−

is extracted.

II. SIMULATIONS OF THE LINAC4 H− SOURCE

The negative ion beam extraction of the Linac4 ion
source has been simulated with IBSimu (Ref. 3) for verifi-
cation and understanding the observations resulting from the
source commissioning. For this simulation, a set of plasma pa-
rameters have been chosen, which are believed to give good
agreement between simulations and measurements. The most
important being the transverse temperature (Tt = 0.5 eV) and
the initial energy (E0 = 5.0 V) of ions and electrons. The neg-
ative ion beam current has been set to 30 mA with an electron
to H− (e/H) ratio of 50. These parameters have been kept con-
stant in all simulations shown in this paper if otherwise is not
stated.

Simulations of the extracted H− beam have shown good
agreement with emittance measurements, giving confidence
in the simulation tool and chosen plasma parameters for fur-
ther improvement of the ion source. Fig. 2 compares the state
of the graphite cup used in the electron dump after the 35 kV
commissioning with a simulation showing the surface power
density of a 1.5 mA electron beam impact. The power dis-
tribution following from the simulation coincides well with
the finding from the commissioning. A peak power density
of 1.8 kW/mm2 is reached in the middle of the cup at the
same position as the hole from the electron beam. Transient
thermal simulations made with ANSYS show that a pulsed
power density above 1 kW/mm2 (for 500 µs pulses) is suf-
ficient to vaporize the graphite surface. For simulations of
the beam extraction at 45 kV, the maximum power density is
3.0 kW/mm2, corresponding to more material being evapo-

0034-6748/2012/83(2)/02B710/3/$30.00 © 2012 American Institute of Physics83, 02B710-1
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FIG. 1. (Color online) Cross section of the Linac4 ion source 3D model.

rated, thus explaining the increase of high voltage breakdowns
during beam extraction.

A quick solution for solving the problem of evaporating
material from the electron dump could be to apply a negative
voltage to the dump, lowering the energy of the electrons. The
approach is however difficult to implement due to the lack of
space in the present source design for the required insulation.
In addition, simulations show that it does not allow a reduc-
tion of power density of at least one order of magnitude that
will be required to safely operate the source at higher H− cur-
rents up to 80 mA.

III. PROPOSAL OF A NEW EXTRACTION SYSTEM

The results of the 45 kV commissioning triggered the
design of a new extraction system for the H− source. The
extraction system design will be based on IBSimu simula-
tions of particle extraction from a plasma and simulations of
beam transport using the CERN developed software PATH
Manager.4 Particle trajectories simulated in IBSimu can be
exported and used as input in PATH Manager, making it possi-
ble for a full simulation of the source, low energy beam trans-
port (LEBT) and RFQ.

The extraction system needs an improved handling of
the electron dumping, where the co-extracted electrons are
dumped in a controlled way at low energy. They should also
be separated as early as possible from the ion beam to avoid
excessive increase of beam size and emittance due to space
charge. Furthermore, the beam properties need to be opti-
mized for having the best matched emittance and divergence
at the entry of the LEBT. Measurements have shown evidence
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FIG. 2. (Color online) Comparison between a photo of the graphite electron
dump used during the 35 kV commissioning and an IBSimu simulation of
the surface power density from the electron beam on the dump. The groove
from the center of the cup to the left results from the beam extraction at lower
energy (0–35 keV) during the source commissioning.

of beam loss on the walls in the first part of the LEBT, which
should be avoided in order to have the maximum current avail-
able for the RFQ. A steering possibility should also be imple-
mented to counteract on the deflection on the H− beam by the
magnetic field for electron dumping, and the extraction sys-
tem should be able to handle different H− and electron cur-
rents without changing any mechanical parts.

Following these criteria, two design proposals have been
made: One where the electrons are dumped at low energy on
an intermediate extraction electrode and the H− beam is post-
accelerated to its full energy, and a second where the electrons
are dumped in a magnetized Einzel lens. The length of the ex-
traction system, from the plasma electrode to the connection
of the LEBT, has a minimum length of 295 mm due to the
space required by pumping ports and high voltage insulation.

A. Electron dump on intermediate electrode

A first proposed design for an extraction system with in-
termediate dumping electrode is shown in Fig. 3. The design
is similar to the design of the one presently used at the Spal-
lation Neutron Source (SNS). The beam is extracted using
a low voltage of ∼9 kV, and a magnetic dipole field dumps
the electrons on the first electrode. A screening electrode pre-
vents secondary electrons from being accelerated to the puller,
whereas two Einzel lenses ensure good beam transport to
the LEBT. The power density on the dumping electrode is
0.6 kW/mm2 and thus below the vaporization limit.
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FIG. 3. (Color online) Particle trajectory plot from a simulation of the extraction system with electron dump on intermediate electrode. The electron beam
[light grey (yellow)] is dumped on the first extraction electrode and the H− beam [dark grey (red)] is guided to the LEBT entry (emittance plot at 295 mm).
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FIG. 4. (Color online) Particle trajectory plot from a simulation of the extraction system with electron dump in Einzel lens. The electron beam [light grey
(yellow)] is dumped in an Einzel lens and the H− beam [dark grey (red)] is guided to the LEBT entry at z = 295 mm. A tilt is applied to the puller to correct for
the deviation of the H− beam due to the magnetic field for the electron dumping.

B. Electron dump in magnetized Einzel lens

The second proposal uses a puller electrode to acceler-
ate the beam from the source potential of −45 kV to ground
(Fig. 4). The second electrode, which is a combined elec-
tron dump and Einzel lens at −35 kV, decelerates the beam
and separates the electrons from the ion beam by a magnetic
dipole field, lowering the maximum surface power density to
0.18 kW/mm2. The H− beam is then accelerated to full extrac-
tion energy. Again, a second Einzel is implemented for beam
transport and beam optics tuning into the LEBT.

The negative ion beam displacement due to the electron
dump field can be corrected by tilting and/or displacing the
puller so that the negative ion beam is parallel and on axis at
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FIG. 5. (Color online) Example of beam optics optimization by adjusting the
voltage on the puller. Particle density plot (arbitrary unit) of a simulation with
an e/H ratio of 15, using the same geometry as in Fig. 4 without tilt or offset
on the puller.

the entry of the LEBT (Fig. 4). In the case of different beam
currents (e.g., e/H = 15), the beam optics can in addition be
tuned by adjusting the puller voltage as shown in Fig. 5.

IV. CONCLUSION AND OUTLOOK

Two extraction systems have been designed using the
simulation code IBSimu. The designs already satisfy the most
crucial requirements for the Linac4 ion source upgrade and
are still being optimized for better electron handling and H−

beam emittance. The simulated emittance values are similar
for the two systems; however the second proposal, described
in Sec. III B, is preferred since it has the possibility to cor-
rect for both beam alignment and different beam currents. The
electron dumping is also done in a more controlled way with
a lower electron beam power density on the dump.

A decision has been made to start the mechanical de-
sign and production of the extraction system with the elec-
tron dump in the magnetized Einzel lens, shown in Fig. 4. For
further source development with the aim of reaching 80 mA
H− current, the introduction of caesium will ensure a higher
H− current by surface plasma production and a lower electron
density in the extracted beam.
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C.2 A magnetized Einzel lens electron dump for the Linac4

H− ion source

This paper presents the extraction system with the magnetized Einzel electron dump.
The design was based on simulations with IBSimu [1], which are presented together
with the final extraction system design. The paper describes the different electrodes,
and how they affect the optics of the ion beam.

The candidate was the main author of this paper and gave an oral presentation of the
results at the International Symposium on Negative Ions, Beams and Sources (NIBS)
2012. The candidate made the simulations leading to the new ion beam extraction design
and prepared all the figures for the paper.



A magnetized Einzel lens electron dump for the
Linac4 H− ion source

Ø. Midttun∗ ,†, T. Kalvas∗∗, M. Kronberger†,∗∗, J. Lettry†, H. Pereira† and
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Abstract. Linac4 is a 160 MeV linear accelerator which will inject negative hydrogen ions (H−)
into CERN’s Proton Synchrotron Booster, a required upgrade to improve the beam brightness in
the LHC injector chain. A volume production RF ion source, based on the design of the DESY
RF source was implemented, but showed considerable electron dump ablation during operation
at 45 keV beam energy. To reduce the electron beam power density in the dump, a magnetized
Einzel lens is designed that reduces the beam energy to 10 keV before permanent magnets dump the
electrons on a tungsten surface. Presented in this paper are simulations of the design using IBSimu,
the tunable range of parameters depending on the extracted H− and electron current, as well as
details of the implementation, the choice of pulsed power converters and the electrode alignment
system. In addition, simulations of proton extraction from this source will be shown.

Keywords: H- ion source, beam optics, extraction, simulation
PACS: 41.75.Cn, 41.85.Ar, 52.65.Ff

INTRODUCTION

A prototype of a new ion source for Linac4 has been constructed at CERN and is ready
for commissioning [1]. The initial design based on the non-caesiated, 2 MHz DESY
H− volume source [2] has undergone major modifications of the plasma generator and
extraction system to meet Linac4 requirements. The specification for the Linac4 ion
source is a pulsed H− beam of 500 µs, 45 keV beam energy, 80 mA beam current with
a normalized rms emittance of 0.25 mm mrad at a repetition rate of 2 Hz. The goal has
proven to be challenging when it comes to the requirements of beam current, emittance
and extraction voltage.
In 2009, an H− beam of 23 mA with an energy of 35 keV and 0.26 mm mrad

emittance was demonstrated from the non-caesiated source as reported in [3] and [4].
However, when the extraction voltage was increased to 45 kV in 2010, ablation of the
electron dump caused frequent high voltage breakdowns between the plasma generator
and the puller, making it impossible to operate the source. In 2011, two new extraction
systems were proposed to ensure that the co-extracted electrons would be dumped in
a controlled manner and that the high current beam would be transported to the two
solenoid Low Energy Beam Transport (LEBT) with low emittance and beam loss. Both
systems were designed and optimized with the simulation code IBSimu. A decision
was made to construct a new extraction system where the electrons are dumped in a
magnetized Einzel lens, lowering the electron beam energy in the dump and at the same

Third International Symposium on Negative Ions, Beams and Sources (NIBS 2012)
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time focusing the H− beam [5]. The source will in addition use pulsed high voltage
power supplies to avoid breakdowns occurring in between beam pulses and to reduce
damage from sparks with the 2 µF capacitively backed DC high voltage system that was
previously used. The first prototype of the ion source is designed to produce a beam of
20-30 mA for the commissioning of the LEBT, Radio Frequency Quadrupole (RFQ) and
beam chopping system.
During the upgrade of the negative ion source, the plasma generator and extraction

system was operated with inverted polarity to provide a proton beam (with ∼10%
fractions of H+

2 and H
+
3 ) at 45 keV for commissioning of the LEBT.

SIMULATION AND DESIGN OF EXTRACTION SYSTEM

During the commissioning of the ion source, different parameters (e.g. H2 gas pressure,
RF-power) that will affect the plasma properties and beam formation will be iteratively
tuned in order to optimize the extracted H− and electron currents and the beam emit-
tance. Thus, the extraction system is designed to be flexible and the optics of the system
is tunable in-situ for the optimum transmission of the negative ion beam. This choice of
design makes the extraction system complex, however at this stage of the development,
the adaptability of the system is required for systematic studies of the ion source.
The new extraction system, shown in Fig. 1, has a design based on simulations with

IBSimu, a general-purpose three-dimensional (3D) simulation code for charged particle
optics with space charge [6]. The ion source uses a multiple electrode extraction system
for transporting the beam to a two solenoid LEBT. The puller accelerates the beam from
the source before the beam enters a magnetized Einzel lens where the electrons are
dumped. A second Einzel lens is implemented for H− beam transport and beam optics
tuning into the LEBT. The effect of each of the electrodes is described in the following
sections. The geometry for the simulation has been imported to IBSimu as a DXF file
and the magnetic field for the electron dump has been calculated with Vector Fields
OPERA/TOSCA [7].

Initial conditions for simulation

For all simulations described in this paper, a set of plasma parameters which pre-
viously have shown good agreement between simulations and measurements [5], has
been chosen and kept constant. The most important are the transverse temperature
(Tt = 0.5 eV) and the initial energy (E0 = 5.0 eV) of ions and electrons. The simula-
tions use a rectangular mesh with a step size of 0.5 mm. The simulated beam current of
H− and electrons has been distributed over 30,000 particle trajectories for each specie,
starting from a plane inside a defined plasma volume. Approximately one third of these
trajectories exit the plasma generator and are tracked through the extraction system. The
parameter space of H− currents and electron to H− (e/H−) current ratios have been se-
lected based on measurement results from the 35 keV commissioning of the Linac4 ion
source made in 2009 [3]. The H− current has been varied from 10 to 30 mA and the
e/H− ratio from 20 to 60. The potentials of the plasma generator at -45 kV, the magne-

482
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

137.138.48.26 On: Wed, 02 Apr 2014 09:16:50



0 50 100 150 200 250

40

20

0

-20

-40

z [mm]

y
 [

m
m

]
-45 -20 -35 0 50 0V [kV]

Plasma
generator

Puller

Einzel
e-dump

Ground Einzel
lens

LEBT

FIGURE 1. Simulation of the extraction system of the Linac4 ion source. The electron beam in yellow
(light grey) is deviated and dumped in the magnetized Einzel lens. The H− beam in red (dark grey) is
focused by two Einzel lenses and transported to the LEBT.

tized Einzel lens at -35 kV, and the grounded electrode and LEBT at 0 V have been kept
constant in all simulations.

Puller electrode

The puller electrode provides the first stage of acceleration of the H− beam and has,
in addition, two tuning possibilities: (1) A variable voltage to give the best matched
electrical field for the plasmameniscus. (2) The possibility to tilt and move for correcting
the misalignment of the H− beam caused by the magnetic field in the electron dump.

Plasma meniscus tuning

When extracting a beam from a plasma, the process of beam formation will vary
with the properties of the plasma, i.e. plasma density, electron and ion temperature and
electron to ion ratio. In Fig. 2, three simulated cases of beam extraction are illustrated.
All simulations use an extraction voltage of -30 kV, giving a beam energy of 15 keV.
Only the H− beam current density has been varied while the e/H− ratio has been fixed
to 50. Case (a) shows an extraction of a 5 mA H− beam, which with the strong electrical
field gives an over-focused beam. In (b), the beam current is 20 mA and shows the ideal
case where the plasma meniscus is slightly convex giving a close to parallel beam. In
case (c), the beam current is 50 mA, and here the beam is divergent and part of it is even
lost on the puller.
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(a) (b) (c)

FIGURE 2. Illustration of beam extraction from under-dense, matched density and over-dense plasmas.
(a) 5 mA H−: Over-focused beam, (b) 20 mA H−: Matched puller voltage to beam current density, (c)
50 mA H−: Divergent beam. All three cases use an e/H− ratio of 50 and an extraction potential of 15 kV.

A set of simulations was made to visualize the effect of the puller voltage on the beam
properties of the Linac4 ion source, notably the H− beam emittance and the efficiency
of the H− transmission and electron dumping. The H− transmission efficiency is defined
as the fraction of H− ions that reaches the LEBT entry. Likewise, the electron dumping
efficiency is the fraction of electrons being dumped inside the tungsten dump in the
magnetized Einzel lens. Electrons dumped on the side walls of magnetized Einzel lens
are not included in the calculation. Figure 3 shows a case where the beam parameters
vary as a function of the puller voltage with a constant H− current of 20 mA and an e/H−

ratio of 40. These conditions give an optimum puller voltage of -28 kV for minimum
emittance and maximum transmission efficiency.
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FIGURE 3. Emittance, H− transmission and electron dumping as a function of the puller voltage. H−

current is 20 mA and e/H− ratio is 40.
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Assuming that the beam size and emittance mainly is defined by the shape of the
plasma meniscus and the beam acceleration until the electron dump, the data set can be
expanded to take into account the different extracted beam currents. It is then possible
to visualize a voltage range within where one should work for optimal beam optics
depending on the total space charge equivalent H− current extracted from the source:

Itot H− eqv = IH− + Ie

√

me

mH−
, (1)

where IH− and Ie represents the extracted H− and electron current and me and mH− the
mass of electrons and H− respectively. Figure 4 shows the H− transmission efficiency
and the horizontal emittance of the H− beam as a function of the puller voltage and
Itot H− eqv. The plots show that the highest H

− transmission efficiency and lowest emit-
tance is obtained with the same matching of puller voltage to extracted beam current.
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FIGURE 4. (a) H− transmission efficiency and (b) horizontal emittance as a function of the voltage on
the puller and the total space charge equivalent H− current.

H− beam steering

For compensating the offset of the beam induced by the electron dump magnetic field,
the puller can be tilted and moved in the horizontal plane parallel to the electron dump
direction. Shown in Fig. 5 is the impact of the puller tilt and offset on the position of the
beam at the LEBT entry. The H− beam current has been kept constant at 30 mA and the
e/H− ratio to 50 with a puller voltage of -20 kV. The two contour lines show under which
conditions the beam is located centrally on axis and parallel to it. The plot shows that
the beam position and angle are very sensitive to the offset of the puller (5.3 mm/mm
and 10 mrad/mm respectively), however, the variation is less dependent of the puller tilt
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(0.16 mm/deg and 0.12 mrad/deg respectively). The two zero lines converge to a value
of puller tilt and offset giving an average zero position and angle of the beam at the
entry of the LEBT. In this case, the optimum value of tilt is -5°and the offset is 0.85 mm,
however this could vary for different beam currents and puller voltages.
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FIGURE 5. Optimum tilt and offset of the puller electrode.

Einzel electron dump

The second electrode of the extraction system is a magnetized Einzel lens, focus-
ing the H− beam and dumping the electrons with a magnetic dipole field, illustrated
in Fig. 6 (a). The H− beam will also be deviated from the beam axis by this field and
should be corrected. A second magnet dipole may be used, however, it has not been
implemented in the present design, making the electrode shorter and reducing the emit-
tance growth at low energy (10 keV). Due to the compact design and high magnetic
field, a small fraction of the electrons (< 1 %) could return back to the puller, as is
visible in Fig. 1. The quantity depends on the beam current and the extraction system
tuning, however, this situation is acceptable compared to the risk of having electrons
being transported through the electrode and follow the H− beam or hit the grounded
electrode with an energy of 45 keV. A correction of the H− beam misalignment is still
possible by applying an offset and/or tilt to the puller as previously described.

Electron beam power density

As reported in [5], the electron dumping at 45 keV beam energy caused sublimation of
the dump material resulting in high voltage breakdowns in the source. The simulation of
that extraction configuration showed a peak electron beam power density of 3.0 kW/mm2
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in the cup. Transient thermal simulations made with ANSYS have shown that a pulsed
power density above 1 kW/mm2 for a 500 µs beam pulse is sufficient for sublimating
a graphite surface, the material used in the DESY source. For a tungsten surface, the
accepted power density is approximately a factor 2 higher, however, this is still not
sufficient for avoiding thermally induced damage. In addition to changing the material,
the electron beam energy in the dump thus was reduced from 45 keV to 10 keV and
the dump has been designed to spread the beam over a larger surface in the dump. The
electron beam power density was calculated for all surfaces of the new dump design
and was shown to be always one order of magnitude below the critical power density
for tungsten. Figure 6 (b) shows that even for highest electron currents extracted, the
dumped electron beam power density is acceptable.
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FIGURE 6. (a) Cross-section of the electron dump. (b) Maximum power density in the electron dump
as a function of the voltage on the puller and the total space charge equivalent H− current.

Due to the low duty factor (2 Hz, 0.5 ms), no active cooling of the dump is im-
plemented. Instead, the heat from the electron beam is evacuated by thermal radiation
and conduction through a copper leg and a Shapal ceramic insulator to the stainless steel
source body. The average heat distribution in the dumpwas studied by an ANSYS steady
state thermal simulation showing that the temperature increases from room temperature
to 57°C for a beam pulse length of 600 µs.

Einzel lens

The purpose of the second Einzel lens is to transport the H− beam to the LEBT
keeping the beam size small and avoiding excessive emittance growth. The power supply
for the lens is bipolar with a maximum voltage of 50 kV. A negative bias decelerates the
beam and is a good method for keeping the beam size small. It causes, however, space
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charge induced emittance growth due to the low ion velocity inside the lens. A positive
bias is preferable since the emittance is kept low, but the voltage needs to be higher to
avoid particles hitting the beam pipe. Figure 7 demonstrates the improved emittance of
the accelerating lens. Optimization of the positive bias Einzel lens geometry is pending.
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FIGURE 7. Emittance and beam size as function of Einzel lens voltage. H− beam current is 30 mA,
e/H− is 50 and puller voltage is -20 kV.

Proton simulation

During the commissioning of the volume source, the H− current is limited below
30 mA. In order to test the LEBT and RFQ in a higher space charge regime, the source
will run in proton mode by reversing the polarity of the high voltage systems. Figure 8
shows that it is possible to run the ion source with a proton beam of 80 mA being
extracted through the same geometry as for the H− beam.
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FIGURE 8. 80 mA proton extraction with inverted polarities on the electrodes. (a) Proton particle
density plot. (b) Phase space plot at the simulation end.
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DETAILS OF IMPLEMENTATION

Figure 9 shows a cut of the 3D model of the new plasma generator and extraction
system for the Linac4 ion source with the beam travelling from bottom right to top
left. The design of the extraction system was based on the geometry that was found
to give the best results in the IBSimu simulations. At the exit of the plasma chamber
sits the molybdenum plasma electrode with an aperture of 6.5 mm diameter. The puller
is also made of molybdenum with an aperture of 8.0 mm diameter and is located at a
distance of 7.0 mm from the plasma generator. It gives the first stage of acceleration up
to 25 keV. The body of the magnetized Einzel lens is built of ARMCO, magnetic steel, to
confine the magnetic dipole field within the electrode. The dipole is made from a pair of
SmCo permanent magnets which are nickel and then copper coated to prevent reaction
of the micro-structure of the magnets under low pressure of hydrogen [8]. The electron
dump target is made of tungsten for minimizing the ablation by the electron beam. The
tungsten dump is brazed to a copper arm held on a Shapal insulator for heat evacuation
by conduction.
The final acceleration stage to 45 keV is made by the grounded electrode. Between

the grounded electrode and the LEBT entry , a > 150 mm gap provides space for the
high voltage insulators and vacuum pumping. A second Einzel lens that can be biased
either positively or negatively is used to keep the beam size small for minimum particle
loss. The voltages for the plasma generator, the puller and the magnetized Einzel dump
will be pulsed, whereas a DC voltage will be used for the Einzel lens.

Einzel lens

LEBT entry Ground electrode Tungsten dump Collar electrode

Electron dump
magnets

Puller Plasma
electrode

Plasma chamber

FIGURE 9. Cross-section of the Linac4 plasma generator and extraction system.
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CONCLUSION AND OUTLOOK

A new extraction system has been designed and built for the Linac4 H− ion source.
It is a flexible system well suited for the ion source and LEBT commissioning where
systematic studies of the different source parameters will be made in order to optimize
the extracted beam current and its emittance.
In parallel with the upgrade of the plasma generator and extraction system, an effort

is started to caesiate the collar electrode near the extraction hole of the plasma chamber
to meet the final requirement of beam current [1]. The caesiation will lower the work
function of the collar surface and increase the surface production rate of H− ions. The
higher population of H− in the plasma will also help to reduce the ratio of co-extracted
electrons, which again will reduce the electron beam impact on the electron dump. A
lower emittance of the H− beam is expected due to less space charge from the electrons.
Future possible upgrades of the extraction system include:

• Motorization of the puller tilt and offset for in-situ tuning. For the first prototype,
the extraction system has to be dismantled to manually move the position of the
puller.

• An increase of the extraction voltage of the puller. The 25 kV power supply for the
puller is biased relative to the source body, however, by connecting it to ground
instead, it is possible to increase the extraction voltage up to 70 kV provided
improvement of the insulation.

• Optimization of the dipole field in the magnetized Einzel lens in order to collect all
electrons inside the electron dump with a maximum spread of the electron beam.

• Optimization of the shape of the second Einzel lens to achieve better focusing.
• A reduction the overall length of the extraction system for minimum emittance
growth.
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186 APPENDIX C. COLLECTION OF PUBLICATIONS

C.3 Measurements of Linac4 H− ion source beam with

a magnetized Einzel lens electron dump

This paper presents a selection of the first measurements of the ion beam with the ex-
traction system. The results were compared with measurements and showed good sim-
ilarity. It was demonstrated that secondary electron emission from the electrodes had to
be included in the simulations to match the measured beam currents.

The candidate was the main author of this paper and gave an oral presentation of the
results at the International Conference on Ion Sources (ICIS) 2013. The candidate made
all the measurements and comparisons with simulations.
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Linac4 is a part of the upgrade of CERN’s accelerator complex for increased luminosity in the Large
Hadron Collider (LHC). A new system to extract the ion beam from the plasma generator has been
designed and tested, in order to improve the reliability and beam optics of the pulsed H− ion source.
This paper presents the successfully implemented extraction system and three different beam mea-
surements. The simulations compare well to the measurements and show that the plasma density was
too low for the extraction system design during the measurements. © 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4824814]

I. INTRODUCTION

Linac4 is a 160 MeV negative hydrogen linear acceler-
ator that will replace the ageing 50 MeV proton accelera-
tor, Linac2, as an injector to the Proton Synchrotron Booster
(PSB). This upgrade is the first step of a long-term program
aiming for an increase in the Large Hadron Collider (LHC)
luminosity.1 The specification for the ion source is a pulsed
H− beam of 500 µs, 45 keV beam energy, and 80 mA beam
current within a normalized rms emittance of 0.25 mm mrad
at a repetition rate of 2 Hz.

The ion source, based on the non-caesiated, 2 MHz
DESY H− volume source, has been designed with a new ex-
traction system to provide a more flexible and reliable opera-
tion, where co-extracted electrons are safely dumped with an
energy below 10 keV.2–4 At the present stage of the ion source
development program, the extraction system is designed for
a maximum H− beam current of 30 mA with an electron
to H− (e/H−) ratio of 50.5, 6

II. ION SOURCE DESIGN

The ion source, as shown in Fig. 1, consists of two inde-
pendent parts: the plasma generator and the front end. These
two parts are exchangeable, and the ion source has been de-
signed with sufficient flexibility to host plasma generators
based on different ion production modes:6

1. A DESY type RF-driven plasma generator (volume pro-
duction).

2. A version of the DESY plasma generator upgraded to
high RF-power—IS01 (volume production).

3. A RF-driven plasma generator with a caesiated molyb-
denum surface—IS02 (surface production).

4. A magnetron type plasma generator—IS03 (arc
discharge).

a)Contributed paper, published as part of the Proceedings of the 15th Interna-
tional Conference on Ion Sources, Chiba, Japan, September 2013.

b)Author to whom correspondence should be addressed. Electronic mail:
oystein.midttun@cern.ch

The measurements presented in this paper have been
made with the DESY plasma generator.

The plasma generator is kept at −45 kV during opera-
tion, and the newly implemented multi-stage extraction sys-
tem sits inside the front-end.5 A puller electrode gives the first
acceleration from the plasma generator and shapes the plasma
meniscus, which depends on the electric extraction field and
the ion density in the plasma. The electrons are dumped in-
side a magnetized Einzel lens kept at high voltage to reduce
the electron energy and to distribute the electrons over a large
surface. A second Einzel lens ensures suitable beam size to
enter the Low Energy Beam Transport (LEBT).

The extraction system has been designed with IBSimu,
a general-purpose three-dimensional simulation code for
charged particle optics with space charge.7 In IBSimu, the
input values for the H− and electron beam currents are
given as uniform current densities (A/m2) within the plasma
volume, and the extracted beam consists of those particle
trajectories that are caught by the electric field at the plasma
aperture. These input values are estimated from the final mea-
sured beam current and the outlet aperture size, but this can
lead to a significant error when beam loss is involved, and also
depend on the setting of the plasma generator. The simula-
tion results presented in this paper use input current densities
of H− and electrons that give the best match to the results
of electrical currents measured on all the electrodes in the
extraction region.

III. MEASUREMENTS

In this paper, three sets of measurements are presented,
each as a function of a different ion source parameter.

1. RF-power: It changes the H− density in the plasma.
2. Puller voltage: It defines the electric extraction field.
3. Plasma aperture potential: It modifies the ion and

electron densities close to the plasma aperture.

The comparison with simulations is made by using
the currents measured on the plasma generator, puller, and
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FIG. 1. Layout of the Linac4 ion source and the first part of the LEBT.

electron dump using Pearson transformers, and the H− beam
current measured in the Faraday cup.

A. RF-power

In this measurement, the RF forward power was varied
from 20 kW to 30 kW. Increased RF-power should lead to
a higher degree of ionization in the plasma, which means
a higher plasma density, and higher extracted beam current.
The results are shown in Fig. 2. For measured currents, the
x-axis corresponds to the current density linearly scaled from
the RF-power transmitted to the source (i.e., the incident mi-
nus the reflected power). The extraction system electrodes are
illustrated in Fig. 3.

The measurement shows an expected increase in ex-
tracted beam current, and the simulated values correspond
well. Included in the simulation are secondary electrons emit-
ted from the electron dump by the impacting H− and elec-
tron beam, illustrated in black in Fig. 3. Since these negative
charges leave the electron dump, the measured current here
is lower than the simulation output without secondary elec-
tron emission. Likewise, the measured puller current is higher
because of these electrons. The few secondary electrons that
follow the H− to the LEBT are lost on the walls of the

FIG. 2. Comparison between measurements and simulation with varying
RF-power. The RF-power on the x-axis has been linearly scaled to match
the H− density used as input in the simulations.

FIG. 3. Image from a simulation. The beam is over-focused and parts of the
H− beam (red/dark grey) scrape the inside of the electron dump. Secondary
electrons from the electron dump are shown in black.

beam pipe in the solenoid and do not affect the Faraday cup
measurement.

B. Puller voltage

The extraction system has been designed with a tunable
puller voltage to change the electric field near the plasma
aperture, and modify the shape of the plasma meniscus. With
this option, it is then possible to tune the ion beam optics with-
out changing the final energy of the ion beam.

Figure 4 shows that there is good agreement between
simulations and measurements. We make two observations of
the total current extracted from the plasma generator: (1) it in-
creases with higher extraction voltage, and (2) the measured
current increases slightly more than the simulated one.

The first observation is explained by the plasma menis-
cus that becomes more curved with higher extraction field.
The meniscus surface is then increasing, allowing more parti-
cles to be extracted for a constant plasma density. The second
observation suggests that when the plasma meniscus is being
pushed further into the plasma, the plasma density increases.
This effect is then causing a higher extracted beam current
than the expected simulation value when the H− density in

FIG. 4. Comparison between measurements and simulation with varying
puller voltage.
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(a)

(b)

FIG. 5. (a) Detail of the extraction region. (b) e/H− ratio and plasma aperture
current measured at two different days as a function of the voltage difference
between the plasma aperture and collar electrodes.

the plasma is assumed to be constant. This variation of den-
sity as a function of depth of the plasma has previously been
reported from Langmuir gauge measurements with a similar
plasma generator.8

C. Plasma aperture voltage

The DESY plasma generator is equipped with two elec-
trodes close to the extraction hole that can be biased individ-
ually relative to the plasma generator (Fig. 5(a)). The collar is
the largest electrode and will locally change the reference po-
tential, whereas the plasma aperture electrode can be used to
change the potential close to the extraction hole. In one way,
we can treat the plasma aperture as a Langmuir probe mea-
suring the charges in the plasma with respect to the plasma
potential set by the collar. This behavior is clearly visible on

the plot in Fig. 5(b), where the plasma aperture current looks
similar to a Langmuir I-V curve, when plotted as a function
of the voltage difference between the plasma aperture and the
collar. The plot shows measurements made on two different
days, and the plot shape is conserved even when connecting
either of the electrodes to the plasma generator potential.

The e/H− ratio, plotted in Fig. 5(b), has been estimated
from the measured ratio between the plasma generator current
minus the Faraday cup current (electrons) and the Faraday cup
current (H−). This ratio shows a similar shape as the plasma
aperture current which can be explained as follows: When
the plasma aperture is biased negatively, negative charges are
repelled away from the extraction hole reducing the density
of H− and electrons in this region. Since the electrons have
significantly less mass than the H−, they are much more af-
fected by this voltage difference, whereas the H− current re-
mains nearly unchanged. By applying a voltage difference of
−30 V, the e/H− ratio is reduced by 20%. With a higher volt-
age difference, the plasma aperture current is in the positive
ion saturation region, and there is no more gain.

IV. CONCLUSION

The new extraction system has been implemented with
success and has improved the ion source reliability drasti-
cally. During the first three months of operation, the source
was running 24 h/day without high voltage breakdowns, and
the electron dump has no visible spots from the electron beam.

The simulations compare well with the measurements.
These results show that the plasma is lower in density than the
extraction system is designed to handle, causing secondary
electron emission from beam scraping in the electron dump.
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