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Preface

The work reported in this thesis concerns the new CERN-MEDICIS (MEDical
Isotopes Collected from ISOLDE) facility. It presents details of the first stable
and radioactive beams, and developments to optimize its operation. Chapter
1 lays out the motivation behind this work. In Chapter 2, details on the
infrastructure and operation of the MEDICIS facility are given. It includes
calculations of ion optics for the design and characterization of the MEDICIS
beamline. The results obtained during the commissioning phase, where both
stable and radioactive beams have been produced, demonstrate the readiness of
the facility to enter full production mode.

Chapter 3 gives a review of the ion sources employed at ISOLDE, summarizing
the latest developments and ongoing work. In Chapters 4 and 5, which together
with Chapter 2 constitute the bulk of this thesis, computational and experimental
studies performed to characterize, optimize, and improve the performance of
the VADIS and VADLIS ion sources are discussed. Part of the research on the
VADLIS has been published in a peer-reviewed scientific journal and is included
in Chapter 5:

e Y. Martinez Palenzuela et ol “Enhancing the extraction of laser-ionized
beams from an arc discharge ion source volume”, NIMB, vol. 431, pp.
59-66, 2018. https://doi.org/10.1016/j.nimb.2018.06.006

The final chapter (Chapter 6) gives an overview of the main findings from the
simulations and experimental work, with suggestions for further studies.






Abstract

This work describes the operating regime of the newly commissioned CERN-
MEDICIS facility and reports on the first extracted ion beams. To achieve this
milestone and to ensure that the facility is capable of meeting the performance
requirements, simulation software is used to optimize the ion beam extraction,
mass separation and transport. The MEDICIS mass separator, recovered from
the LISOL facility [1], has been characterized and optimized for this application:
laser-window installation, electromagnetic field mapping and assessment of mass
resolving power amongst others.

In the quest of improving the performance of the ISOLDE FEBIAD (VADIS) ion
source, a study of the dependence of the ionization efficiency on the operational
parameters has been performed. The role of the cathode temperature, anode
voltage, ion source magnetic field and gas load have been investigated, leading
to recommendations for the optimal operation of the ion source. The ionization
efficiencies for magnesium, manganese, gallium, tin and mercury were measured,
with values ranging from 1-21 % recorded.

Particle-in-cell software was used to visualize the electrostatic field distribution
within the VADIS and VADLIS and to perform ion tracking. By doing so, the
VADLIS, which has been recently developed at ISOLDE for the application
of element-selective laser ionization in the FEBIAD cavity, was modified for
enhanced extraction of laser-ions. This modification allows for the recovery of
the extraction capabilities of the VADLIS when operated in the so-called RILIS
mode.

The modified VADLIS prototype, presented here, was used for the production
of laser-ionized 2*Mg, "' Ga, ®*Mo and '"Hg beams, both off-line and on-line.
An efficiency improvement greater than a factor of two was achieved in all
cases, although, for species exclusively laser-ionized inside the FEBIAD anode,
a seven-fold increase in efficiency was measured.






Beknopte samenvatting

Dit werk beschrijft de operationele werking van de in gebruik genomen CERN-
MEDICIS faciliteit en de eerste geproduceerde ionenbundels. Simulatie software
is gebruikt voor de optimalisatie van de extrahering van de ionenbundel, de
massa separatie en het transport om zowel deze mijlpaal te behalen als de vereiste
performantie van de faciliteit te garanderen. De massa separator van MEDICIS,
afkomstig van de LISOL [1] faciliteit, is gekarakteriseerd en geoptimaliseerd
voor deze toepassing. Dit betreft het installeren van het venster voor de laser,
opmeten van het magnetische veld, bepalen van het resolverende vermogen van
de magneet, etc.

In het kader van de verbetering van de ISOLDE FEBIAD (VADIS) ionenbron is
de rol van de operationele parameters op de ionizatie efficienté bestudeerd. De
temperatuur van de cathode, het voltage van de anode, het magnetisch veld van
de ionenbron en de gasdruk zijn in rekening gebracht, wat geleid heeft tot een
voorstel voor een optimale werking van de ionenbron. De ionizatie efficiéntiés
van Mg, Mn, Ga, Sn en Hg zijn opgemeten, welke allemaal tussen 1-21% vallen.

Particle-in-cell software is gebruikt voor de visualisatie van de distributie van
het elektrostatisch veld in VADIS en VADLIS, en ook voor het bepalen van
de baan van de ionen. Hierbij is de VADLIS, recent ontwikkeld in ISOLDE
voor element-selectieve laser ionizatie in de FEBIAD, aangepast voor verhoogde
extrahering van laser geioniseerde deeltjes. Deze aanpassing laat het herstellen
van de extraherende mogelijkheden van de VADLIS toe wanneer deze wordt
gebruikt in de zogenaamde RILIS-modus.

Het aangepaste prototype van VADLIS, wat hier besproken wordt, is gebruikt
geweest voor de productie van laser geioniseerd 2*Mg, "' Ga, %Mo and '*°Hg,
zowel on-line als off-line. Een verbetering van de efficiéntié met meer dan een
factor twee is behaald voor alle gevallen, hoewel exclusief voor laser geioniseerde
deeltjes in de FEBIAD anode een verhoging van de efficiéntié van een factor
zeven opgemeten is.
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Chapter 1

Introduction

This introductory chapter states the motivations for this research work, and
places it in the context of radioactive beam production for fundamental research
and for applications in medicine. The isotope separator on-line technique (ISOL)
is described, which is used worldwide for the production of a wide range of
radioactive beams. The main computational tools used to optimize the ISOL
process are introduced, as are the instrumentation and experimental facilities
relevant to this work.

1.1 Motivation and relevance

Before the advent of nuclear reactors (<1942), our access to the isotopes of the
chart of nuclides was limited to those naturally occurring on earth (stable, and
long lived species) ~500 isotopes. Nuclear fission reactors expanded our range
of isotopes to those which could be extracted from the reactor material and
processed (treated/purified chemically after extraction) to ~800 isotopes, with
half-lives down to several hours/days. The purpose of the Isotope Separator
On-Line (ISOL) approach is to overcome this radioisotope lifetime limit by
coupling the production, extraction, purification and transport of the desired
radioisotope in a single machine. This was first achieved at the Niels-Bohr
Institute in 1951. Thanks to facilities such as ISOLDE (Isotope Separator On
Line DEvice) [2] at CERN in Geneva, Switzerland, the number of discovered
isotopes has grown considerably (~3000), with half-lives as short as several
milliseconds, and can be often provided to experimentalists in the form of pure,
high quality ion beams.
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While such facilities were developed primarily for fundamental research projects
in nuclear astrophysics, nuclear structure and reaction physics, their use has
been expanded to many other fields of applied science such as solid state,
biophysics, life sciences, material physics, etc.

This thesis places particular emphasis on the application of ISOL technology
for the production of novel radioisotopes for medical applications. According
to the World Health Organization, cancer is the second largest cause of death
globally. The disease was responsible in 2018 for an estimated 9.6 million
deaths. The field of nuclear medicine offers many opportunities to study and
refine our understanding of cancer biology. Radiopharmaceuticals, drugs that
can be used either for the diagnosis or treatment of cancer, are composed of
radioisotopes that bind to organic molecules. The radioisotope is chosen for
its therapeutic or imaging capabilities while the molecule conveys it to specific
cells, tissues or organs. For example, the 223RaCl, (Xofigo®) is used as a pain
relief and treatment drug in advanced bone cancer. '®F-FDGQ, a radioactive
sugar equivalent, is by far the most widely used diagnostic tracer for Positron
Emission Tomography (PET) imaging.

Radioisotopes that are currently commercially available for nuclear medicine are
not always optimal in terms of their effectiveness in the treatment or diagnostics
of cancer. Innovative isotopes with better nuclear-decay properties for use in
medicine have emerged, and efforts to scale up their production are ongoing.

The ISOLDE facility provides a large catalogue of radioisotopes for a variety of
physics experiments. The production of radionuclides for medical applications
is dictated by the facility’s scientific programme, heavily dominated by
fundamental research in nuclear physics. This leaves only about one quarter of
the total beamtime to be split between atomic and solid-state physics, biology,
beam development and the production of medical isotopes, which translates to
approximately two weeks of collections for medical research per year. In spite
of this, the diversity and high quality of the mass-separated (therefore high
specific activity radiopharmaceuticals) beams at ISOLDE provide novel and
interesting isotopes for the nuclear-medicine community.

For example, *9Tb (collected from ISOLDE) emits both a and 3 particles.
This property of the radioisotope enables targeted therapeutic use and PET
imaging to be combined [3]. 152Tb and *Tb (also produced at ISOLDE) have
proven to be suitable candidates for PET and SPECT imaging [4, 5].

In order to help to overcome the production shortage of medical isotopes for
research, a new facility named MEDICIS (MEDical Isotopes Collected from
ISOLDE) [6] has been built next to the ISOLDE laboratory. It broke ground in
September 2013 and extracted its first radioactive beams in 2017. MEDICIS
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constitutes a dedicated facility for the production of novel, medically interesting
and relevant radionuclides throughout the year, with minimum interference
with ISOLDE operations. Beyond MEDICIS, a network has been established
with European partners called MEDICIS-PROMED, with the aim of bridging
different disciplines across hospitals, private companies and research institutes.

The ISOLDE and MEDICIS facilities are complex experiments with many parts
that have to work in synchrony to produce the radioisotopes of interest. In this
thesis, we dedicate a chapter to the MEDICIS facility, providing details on its
infrastructure and operation. An overview chapter describing the principle of
operation of the ion sources most commonly used at ISOL facilities is included,
before dedicating two chapters to the research performed here for a better
understanding and further optimization of these devices for use at ISOLDE and
MEDICIS. The radioactive quantities produced should be large enough to allow
research in small animals and pilot studies in human patients. To this end,
it is important to optimize the different stages of the production process for
radioisotopes: choosing the right target material, optimizing the extraction and
transport efficiency to the collection point, and matching the expected beam
purity while striving for high production yields.

1.2 The ISOL technique

The isotope separator on-line (ISOL) method aims for the production of
radioactive beams with good ion optical quality, purity, wide energy range
and abundance. The radioisotope production process must then be selective,
fast (in case one wants to produce beams from short-lived isotopes), efficient
and have a high production rate.

The ISOL technique is described in detail in [7]. To produce a radioactive ion
beam, a primary beam impinges on a target material, where a nuclear reaction
takes place. The products of the nuclear reaction recoil and/or diffuse out of the
target material and effuse towards the ion source via a transfer line or through
a gas medium. The transfer line is in general kept at high temperature to avoid
condensation of the elements on its surface, but may also be actively cooled to
selectively favour gaseous species. Once in the ion source, the atoms are ionized
via different ionization mechanisms. The type of ion source is chosen depending
on the required beam characteristics (e.g. purity, yield, ion charge). The ions
are extracted and accelerated towards an analyzing magnet, which separates the
ions according to their mass-to-charge ratio. Given that most beams consist of
singly-charged ions, those devices are often referred to as mass separators. The
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formed beam is transported using optical elements to the different experimental
setups, where the detection/collection systems are located.

Other elements can be placed in the beamline in order to change or modify
the characteristics of the ion beam. Radio frequency coolers and Penning traps
can be used to reduce the axial and radial energy spread of the ion beam and
bunch them if necessary [8, 9, 10]. Charge-state breeders can be used to produce
multiple-charge state ion beams. This can be achieved by using an Electron
Beam Ion Source (EBIS) or the Electron Cyclotron Resonance (ECR) ion source
[11]. The multiple-charge or single-charge ion beam is then injected into the
accelerator; a process known as post-acceleration.

1.3 Computational tools for optimizing the ISOL
process

1.3.1 SIMION: A simulation tool for ion tracking

The SIMION software package [12] is used in the present work to perform
simulations of ion beam optics for the MEDICIS front-end and beamline.
SIMION uses finite difference methods to solve the Laplace equation. It
calculates the electromagnetic fields and particle trajectories under such fields
given the initial conditions are provided by the user.

SIMION has been used to determine the optimal configuration of electromagnetic
elements in the beamline, given space constraints within the MEDICIS
laboratory, while keeping the desired beam characteristics. The beam profiles,
emittance and settings for the optical elements calculated with SIMION were
validated with experimental results.

1.3.2 VSim: A simulation tool for ion source optimization and
characterization

This thesis presents experimental and theoretical studies to better understand
and optimize the VADIS (Versatile Arc Discharge Ion Source) and VADLIS
(Versatile Arc Discharge and Laser Ion Source). The VSim software package
[13, 14] from Tech-X Corporation [15] allows the modelling of electron and
ion distributions, as well as the electric and magnetic field distribution within
the ion source volume. VSim is also used to visualize the trajectories of the
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laser-ionized gallium ions from their creation point within the source to their
extraction.

The particle-in-cell approach VSim follows is favoured over fluid-based models
due to its ability to model non-local-thermal-equilibrium distributions for
electrons and ions, such as they are generated in the plasma volume. In this
approach, fields are initialized taking into account magnetic fields, the potentials
on the electrodes and the charge density in order to solve Poisson’s equation,
using a high performance scalable linear solver. New fields are computed,
and electric and magnetic fields are interpolated to the location of so-called
macroparticles (a macroparticle represents a large group of physical particles).
The Boris algorithm [16] is used to make the particles move under these fields,
and a new charge density distribution, and therefore new fields, are found to
be used at the next time-step. Care has been taken to resolve the Courant
condition and Debye heating in the plasma simulations.

1.3.3 OPERA-3d/TOSCA: A simulation tool for magnetic
field characterization

OPERA-3d/TOSCA [17] - a software suite for electromagnetic, thermal and
structural simulations - was used to obtain electromagnetic field maps of
the CERN-MEDICIS dipole magnet. It uses a static module to compute
magnetostatic and electrostatic fields or DC current flow in three dimensions. It
solves Maxwell’s equations using the Finite Element method. Within the static
module, the properties of magnetic material can be specified and coils/solenoids
can be simulated with the Biot-Savart integral to calculate magnetic fields from
coils. The program calculates the potential at each node of the mesh with a
sophisticated, iterative-solution technique, offering high computer speed and
great memory efficiency.

Particle tracking was performed using OPERA, and the results compared to
those from SIMION. The magnet was modified in order to install a window for
the lasers. OPERA was used to assess the field homogeneity of the modified
magnet and determine the homogeneous field region.

1.4 The ISOLDE facility

At CERN, proton beams are delivered to any of the two ISOLDE target stations
with an energy of 1.4 GeV and with an average proton current intensity up
to 2 pA. Reaction processes such as spallation, fragmentation and fission take
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place within the target material and the products ionized using, for example,
the hot cavity, laser or plasma ion sources (see Chapter 3 for an overview of the
ion sources used at ISOLDE). The target/ion source assembly can be coupled
to two different mass separators: the high resolution separator (HRS) or the
general purpose separator (GPS). The ions are then extracted and accelerated
towards different experimental setups located within the ISOLDE experimental
hall. For the on-line measurements performed at ISOLDE and discussed in
Chapter 5, the ISOLDE tape station [18] was used for the detection of the
radioactive isotopes extracted from the ion source/target assembly.

A detailed description of the ISOLDE facility and latest achievements can be
found in [2].

1.4.1 The ISOLDE off-line separator

The experimental work for this thesis was mostly carried out at the ISOLDE
off-line laboratory. This laboratory is also used for the preparation and
characterization of the ISOLDE targets before they are taken to ISOLDE
for on-line experiments. New prototypes are characterized in this experimental
facility, such as the modified VADLIS ion source described in Chapter 5.

The off-line separator consists of a target/ion source unit, an extraction electrode,
electrostatic deflectors for both axis, an einzel lens and Faraday cups for the
measurement of the total and mass separated beam currents. The mass separator
consists of a 60° bending dipole magnet. At the end of the beamline a diagnostics
box is located, containing a horizontal wire scanner, horizontal slits and a
Faraday cup. The extracted beams are accelerated towards the dipole magnet
at typically 30 keV and sent to the collection box. More details on the off-line
laboratory are given in [19] and in Section 4.1.



Chapter 2

CERN-MEDICIS: A new
facility for the production of
medical radioisotopes

The CERN-MEDICIS (MEDical Isotopes Collected from ISOLDE) facility aims
to produce innovative radioisotopes for applications in the field of nuclear
medicine [6]. It had its ground-breaking ceremony in September 2013 and
collected the first radioactive isotope batch in December 2017. MEDICIS
operates hand-in-hand with the ISOLDE facility and makes use of the knowledge
and expertise gained at ISOLDE during more than 50 years of operation. The
ISOLDE facility underwent a major upgrade during the CERN Long Shutdown 1
(LS1) period (February 2013-July 2014), offering a time window to add /upgrade
HIE-ISOLDE [20] infrastructure and build an extension of building 179, which
hosts the CERN-MEDICIS class A laboratory for the production of medical
radioisotopes. The new building also hosts a new area for target storage, for
both MEDICIS and ISOLDE.

This chapter gives an overview of the MEDICIS laboratory infrastructure
that allowed integration to the ISOLDE facility. The results of the simulations
using software like SIMION and OPERA are discussed, which were essential for
the design of the MEDICIS beamline. First results on the production of stable
and radioactive beams are reported at the end of the chapter.
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2.1 The CERN-MEDICIS facility in the context of
ISOLDE

The MEDICIS laboratory is located in the Meyrin site of CERN, next to the
ISOLDE facility. It has a dedicated irradiation target station located between
the ISOLDE HRS target and its beam dump. ISOLDE and MEDICIS receive
protons on their targets from the PS Booster which forms part of the CERN
accelerator network as shown in Fig. 2.1.
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CERN-MEDICIS
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PS  Proton Synchrotron

n-TOF  Neutron Time Of Flight

» protons antiprotons SPS  Super Proton Synchrotron AWAKE Advanced Wakefield Experiment
ions B clectrons LHC  Large Hadron Collider CTF3  CLIC Test Facility 3
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Figure 2.1: CERN accelerator complex.

Although the current energy specifications of ISOLDE are a 1.4 GeV proton
beam impinging on the HRS target, the MEDICIS facility has been conceived
considering an energy increase to 2 GeV primary beam energy, where up to
6-10%° protons per year are expected. Both laboratories are connected through
a corridor as shown in Fig. 2.2.

MEDICIS and ISOLDE’s operation schedules may seem strongly linked
at first sight, but the specificities allow for decoupled operation. Even when
ISOLDE stops operations (physics with the GPS front end, Year End Shut-Down
or Long Shut-Down), MEDICIS can continue its normal activities provided
the availability of CERN’s infrastructure resources like water, electricity, etc.
This is because besides operating with freshly irradiated targets, MEDICIS can
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Figure 2.2: CERN-MEDICIS laboratory next to the ISOLDE facility and target

area.

re-use previously irradiated ones from ISOLDE. ISOLDE operates around 30
targets per year and once the physics programme is finished, they can be used
for the extraction of medical isotopes at MEDICIS if desired. MEDICIS can also
operate with imported target ion source systems, in which external, activated
material is inserted inside a standard target unit for isotope separation.

During the time the MEDICIS targets are being manipulated by the target
handling robots, protons are prevented from irradiating the HRS and GPS
targets. Details on the MEDICIS guidelines for target irradiation and operations
are given in [21, 22].

2.2 MEDICIS operating cycle

When the proton beam impinges the HRS target, more than 85 % of the beam
traverses it without interacting and may reach the MEDICIS target located 400
mm further downstream. Radioactive isotopes are produced this way, benefiting
from the otherwise lost proton beam.

After irradiation, the MEDICIS target is brought back to the MEDICIS
building by a rail conveyor system (RCS). The target is then retrieved by a
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robotic arm which couples the target to the MEDICIS off-line front-end. The
target container is heated to promote diffusion of the nuclear recoils out of the
target material and enhance the diffusion towards the ion source, through a
hot transfer line, that can be also cooled to condense non-volatile elements and
extract gaseous species. The elements reaching the ion source are then ionized,
as discussed later in Section 2.4.2.

An accelerating voltage of 30-60 kV is applied and the extracted ion beams are
accelerated towards a dipole magnet for mass-over-charge separation. Isotopes
are collected after separation onto different possible substrates (e.g. metallic
foils, salt samples) at the end of the beam line. The collected samples are finally
retrieved from the collection box and transferred to a fume hood or glovebox
using a trolley, where they can be processed in preparation for shipping to
partner institutions specializing in radiochemistry, radiolabelling, and nuclear
medicine research.

The following list describes (though not in an exhaustive way) the main
aspects of the MEDICIS operation cycle from target irradiation to isotope
extraction.

1. Target delivery: The operation starts with the delivery of a fresh target
to the MEDICIS radioactive area through the supply point. It is handled
by the KUKA® robotic arm (Fig. 2.3), which places the target in the Rail
Conveyor System (RCS), also known as MONTRAC®. This supply point
can also be used to deliver targets for operation at the GPS and HRS
front-ends of ISOLDE.

2. Transport to target area: The target is transported in ~12 minutes to the
ISOLDE target area and placed between the HRS target and its beam
dump by the RCS where the irradiation starts. Inspections of the ISOLDE
target area can be done using a RCS module equipped with a camera, as
well as monitoring radiation levels with portable radiation detectors. A
rescue shuttle, also equipped with a camera can be used to retrieve the
RCS shuttle in case of failure.

3. Irradiation: The incoming 1.4 GeV proton beam traverses the ISOLDE
HRS target. About 85 % of the beam continues without interaction
towards the MEDICIS target and the irradiation process begins. The
irradiation time lasts until saturation for the isotope of interest is reached
(depending on half-life and operation schedule).

4. Transport to the MEDICIS laboratory and decay point after irradiation:
The irradiated target is transferred back to the MEDICIS laboratory by
the RCS and placed in the decay point. Radiation monitors keep track of
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Figure 2.3: a) Storage room for new and used ISOLDE/MEDICIS targets. The
targets are handled by a KUKA® robotic arm, also used at ISOLDE. b) KUKA

robotic arm placing/retrieving a target from the rail conveyor system (RCS) or
MONTRAC®.

the radiation levels. The time the target spends at the decay point varies
depending on irradiation time, target material used, primary proton beam
intensity and isotope to be extracted amongst others. The target can
safely be removed from the decay point once the dose rate falls below 1
Sv/h (measured at 26 cm distance)

5. Mass separation: The target is placed by the KUKA® robotic arm in
the MEDICIS front-end (located in the MEDICIS bunker) where mass
separation takes place. The products of the nuclear reaction diffuse out
of the target material after the target has been heated and effuse to the
ion source where ionization takes place. The beam is accelerated at 30-60
keV towards the mass separator, consisting of a 55° bending angle dipole
magnet. The beams are deflected according to their A/Q ratio (where Q
is the charge state) and the beam of interest is implanted in a metallic
foil in the collection box.

6. Chemical separation: The MEDICIS chemical laboratory (still under
preparation as of February 2019) will receive in its fume hoods the collected
samples for further chemical purification when deemed necessary. The
fume hoods are shielded spaces made out of corrosion-resistant material
to operate strong acids. For higher activities, glove boxes or hot cells
will be used. They will be installed at a later stage of the commissioning
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phase of the chemical laboratory, once experience with lower activities
has been gained.

7. Delivery of samples: The final product is delivered to partners of the
CERN-MEDICIS collaboration in sealed transport containers.

2.3 Infrastructure

2.3.1 Irradiation point

To make this irradiation process possible, the new MEDICIS target had to be
accommodated in the HRS Faraday cage. The HRS target is kept at high-voltage
(on-line extraction of isotopes after proton impact) while the MEDICIS one is
grounded (isotopes are extracted off-line at a further stage in the MEDICIS
laboratory). The MEDICIS target is surrounded by a shielding box which
creates a sub-environment within the Faraday cage. The positioning of the
MEDICIS target behind the ISOLDE one is shown in Fig. 2.4.

ISOLDE target MEDICIS target

Figure 2.4: The MEDICIS target is positioned behind the ISOLDE target for
irradiation in the ISOLDE target area.

2.3.2 Ventilation system

The ventilation system of ISOLDE’s laboratories was upgraded to fulfil the
requirements of the MEDICIS facility and ensure that the ISOLDE facility
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complies with the latest Swiss regulation for Class-A laboratories. The
ventilation system of ISOLDE’s target area stays however independent from the
rest. It follows the principle of pressure differentials to ensure the air flows from
areas with lower to higher risk of radiation contamination. The hot-cell and
glove boxes will have independent extraction systems. To ensure the activated
air by the proton beam from the target area does not reach the MEDICIS
laboratory, two Special Airlock Systems (SAS) were installed between the Class
A laboratory and the target area. More details can be found in [23].

2.3.3 Vacuum system

The MEDICIS beamline is held under vacuum during isotope collection. Three
vacuum sectors exists: one for the front-end, one for the separator and one for
the collection chamber. The estimated volume of each sector is 11, 375 and 15
litres (each collection chamber) approximately. During operation, the pressure
along the beamline must not exceed 10~% mbar, except for the target where it
must not be higher than 10~% mbar.

As the pumped volume contains radioactive isotopes, the contaminated gas
is stored in tanks located behind the MEDICIS bunker (see Fig. 2.2). The gas
is held there so that the radioisotopes may decay and once the radioactivity
level has reached a sufficient low level, the accumulated air may be released into
the atmosphere. For more details on the MEDICIS vacuum system see [24].

2.3.4 Target storage

The MEDICIS building has a new storage area for targets for both MEDICIS
and ISOLDE. It has an area of 50 m? and can host 104 targets. It consists of
two shielded shelf assemblies on each side of the target handling KUKA robot
corridor with 4 levels each (see Fig.2.3). More details on the target handling
devices, transport and storage area can be found in [23].
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2.4 Beamline elements and ion beam optics
simulations

2.4.1 Target unit and materials

During the commissioning phase of the MEDICIS facility, standard ISOLDE
targets were used, consisting on a tantalum tubular oven of 2 cm diameter
and 20 cm length. In a future stage of the facility, a larger target container
will be used to match the ISOLDE yields, accounting for beam losses after the
the proton beam traverses the ISOLDE target. In this design, the resulting
volume equals ~200 cm? (compared to ~60 cm? for the ISOLDE one). The 5
cm diameter is chosen so that most of the scattered proton beam is caught in
the target volume. The novel material Sigratherm is proposed to replace the
standard 5 layers of metal thermal shields (see Fig. 2.5a with shielded target).

°C
23 268 758 1274 1737 2262

(b)

Figure 2.5: a) MEDICIS target with thermal shielding made out of Sigratherm
replacing the standard 5 layers of metal shields used for ISOLDE targets.
b) ANSYS simulations to visualize heat homogeneity and distribution when
applying 900 A to the container electrodes in the new MEDICIS target design.
(Images courtesy of J.P. Ramos, M. Ballan and S. Marzari).

The thickness of the target container will be reduced from 0.5 mm to 0.3
mm so that the resistance increases, in order to obtain the standard target
temperature of ~2000 °C for the available current (max. 1200 A) delivered by
the power supplies.

A temperature of ~2140°C has been reached inside the target container
during the tests of the prototype by applying a current of 900 A to the container
electrodes, dissipating 2.9 kW. These values were in agreement with simulations
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performed using the ANSYS software [25] (see Fig. 2.5b). More details on the
MEDICIS target design can be found in [26, 27].

The FLUKA software [28] was used to calculate the proton fluence on the
ISOLDE-MEDICIS target region as shown in Fig. 2.6 [6, 29]. In this specific
example, a target material consisting of four tantalum cylinders (2.5 cm length,
2.5 cm radius each) were considered. The optimal distance between the ISOLDE
and MEDICIS targets was found to be 400 cm. In these conditions, ~90 % of
the initial proton beam intensity hitting the HRS target unit irradiated the
MEDICIS target. The material of the HRS target considered was UCx with a
density of ~2.35 g/cm?®.

[ N
1E9 1E10 1E11 1E12 1E13 1E14
p/cm?

Figure 2.6: Proton fluence (p/cm?) in the ISOLDE-MEDICIS target region [6]
simulated using the FLUKA software. (Image courtesy of R.S. Augusto).

2.4.2 The ion source

The first beams, both stable and radioactive, were produced at the CERN-
MEDICIS facility using a standard ISOLDE surface ionizer. It consists of a
tubular cavity of 3 mm inner diameter and 34 mm length typically made of
tantalum or tungsten. More details on the working principle of the hot cavity
can be found in Section 3.1.1. This geometry served as an input for particle
tracking, emittance and mass resolving power calculations using the SIMION
software [12].
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To simulate the ion beam extraction and transport, ions were distributed
homogeneously inside the ion source following a Gaussian energy distribution
with a mean energy of 0.25 ¢V (~3000 K) and a 10 % energy spread. Ions drift
towards the exit of the hot cavity due to a longitudinal voltage drop of ~2
V (this voltage gradient was also taken into account for the simulations) and
are extracted due to the field penetration created by the extraction electrode.
The ions are then accelerated towards the dipole magnet where they will be
separated according to their mass-over-charge ratio.

FEBIAD-type (VADIS) ion sources have been already operated at MEDICIS,
following those used at ISOLDE. In the future, the MEDICIS facility will
diversify its ion sources. A laser ion source, MELISSA (MEDICIS Laser Ion
Source Setup), is currently under development [30]. Altogether, MEDICIS is
seeking an ideal ion source that would allow for a versatile operation between
surface, laser, and plasma ionization. This concept will be discussed later in
chapters 4 and 5.

2.4.3 Front-end

The ISOLDE front-end 5 (FE5) was adapted for use at MEDICIS. The main
components are the target coupling flange and a movable extraction electrode,
usually operated at 30 kV, placed after an acceleration gap of 50-100 mm from
the ion source exit. Due to the limited available space at the MEDICIS bunker,
an einzel lens was used instead of an electrostatic quadrupole triplet like the
ones used at ISOLDE to shape the ion beam downstream of the extraction
electrode. The einzel lens makes it possible to have a parallel beam at the
entrance of the mass separator (more details in Section 2.4.4.1). Between the
extraction electrode and the einzel lenses, an X-Y electrostatic deflector is used
to adjust for misalignments that may cause the transport of the beam with a
wrong angle. This can be achieved by applying a voltage of up to + 5 kV to
the deflectors.

The initial position of the vacuum valve in the separator sector was changed
to reduce the pumping volume and minimize the radioactive gas load going
into the gas storage. Simulations using the SIMION software were done to
ensure that such modifications would not be detrimental to the mass resolving
power. Figure 2.7 shows a technical drawing of the MEDICIS front-end and
mass separator after modifications.

Einzel lenses consisting of three separated cylindrical electrodes are used to
guide the ions during flight. The central lens is kept at high (variable) potential
to create the lens effect while the outer ones are kept at ground potential. The
einzel lenses in this set-up are used to ensure a parallel beam at the entrance of
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Figure 2.7: MEDICIS front-end after modifications to reduce the pumping
volume in the target sector and fulfil requirements concerning the available
space in the MEDICIS bunker.

the mass separator. This is a requirement for horizontal and vertical focusing
at the focal plane for the kind of magnet employed (see Section 2.4.4.1 and
Ref. [1]). The radius of the electrodes of the einzel lens are 45 mm and their
length 77, 90 and 77 mm respectively. The gap between them is 20 mm. Those
parameters were used as input for the geometry in the SIMION simulations
(Fig. 2.8a). More details can be found in [31].

2.4.4 Mass separator

The mass separator dipole magnet used at CERN-MEDICIS was provided by
the University of Leuven (KU Leuven) in Belgium. This magnet was used for
40 years at the LISOL experiment [1] in Louvain-la-Neuve at the Centre de
Recherche du Cyclotron. Figure 2.9 shows the magnet before decommissioning
at LISOL and the magnet once it was installed at the MEDICIS bunker during
the commissioning phase of the facility.

The mass separator is a 55° double focusing magnet with a bending radius of
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Figure 2.8: Geometry of the MEDICIS beamline simulated with SIMION. Figure
a) shows the geometry and electromagnetic elements included in the simulations.
Figure b) shows the potential energy surface, the vertical axis representing the
electrostatic potential.

(a) (b)

Figure 2.9: Mass separator donated by KU LEUVEN to the MEDICIS
experiment. a) Exit of the dipole magnet at the LISOL bunker. b) Dipole
magnet installed at the MEDICIS bunker. A window was installed to allow
lasers to be sent towards the ion source for resonance ionization.
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1.5 m. The entrance angle of the magnet is 90° and 35.5° at exit. The magnet
has a curved, H-type yoke made of solid iron, with an aperture of 200 mm wide
and 55 mm height (full mechanical aperture). It has an indirect water cooled,
bedstead coil electrically connected in series. The required maximum integrated
field strength in T - m is provided by 90 turns per coil with a current of 120 A.

Ions are bent in the horizontal plane following a 55° curvature radius. The
integrated field homogeneity AB,d,/B,(0,0,z)d, must be better than 2-10~*
inside the rectangular homogeneous field region, where Z is the distance along
the central trajectory. The requirements on the integrated field homogeneity
have to be respected at all operational field levels.

The mass separator was modified to enable use with a resonance ionization
laser ion source (MELISSA). MELISSA will become available in a next phase
of upgrades of the facility, however it was essential to perform this modification
from the early stage of the laboratory, before any risk of contamination in the
magnet. With this purpose in mind, a window for the lasers with a 33 mm
diameter was incorporated to the vacuum chamber to allow a clear line-of sight
to the ion source (see Fig. 2.9b). A shutter was installed in front of the window
to prevent contaminating it when e.g. the dipole magnet is off but the high
voltage is on.

2.4.4.1 Focal plane distance and orientation

In here we determine the position of the focal plane and its orientation using
the SIMION software [12]. The geometry of the magnet used as an input for
the simulations was kept as close as possible to the geometry described in the
technical specifications of the mass separator. It determines most of the optics
of the entire beamline. The 90° angle at the entrance and 35.5° at the exit
with respect to the central beam trajectory ensures double focusing given an
incoming parallel beam.

When the ions enter in the magnet they are bent by the magnetic field
according to their A/Q ratio. For ions flying along the central trajectory, the
corresponding magnetic field can be calculated using the Lorentz law:

. 2
Qv x B =m,A% (2.1)

where e is the electron charge, @) is the ion charge state, B the magnetic
field, m,, the mass of a nucleon, A the ion mass number, ¥/ its velocity and R
the curvature of its trajectory under the magnetic field. By substituting:
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v =4/ 2:1@;1/ (2.2)

in equation 2.1 for an acceleration voltage of 30 kV, R = 1500 mm and A =
100 amu we obtain B=0.166 T.

The distance to the focal plane can be calculated using the matrix formulation
for the focusing of charged particles. The transfer matrix H in the horizontal
plane can be found in [32] to be:

1 % cosp sing 1 — cos¢p
0 1 x | =mect) codooh) gt (1-coso)tgh | = ( H )
0 0 0 0 1

where f is the focal distance, ¢ = 55° , § = 35.5° and R=1500 mm. The
focusing condition from a parallel beam to a focal point is Hyp = 0 [32] we find:

_ cos5¢ X cosf3
T o) (2)

Finally we obtain f = 2098.3 mm.

Different masses will have their focus at different locations from the magnet
exit. The focal plane is therefore not normal to the central trajectory but has an
inclination as shown in Fig. 2.10. The focal plane distance and inclination with
respect to the central beam were found using SIMION. Particles with A = 99,
100 and 101 were launched from either side of the central trajectory, upstream
of the dipole magnet at 30 keV.

Good agreement between the theoretically calculated focal distance as given
by equation 2.3 and the SIMION simulations is observed as shown in Fig. 2.10.
The angle of the focal plane with respect to the central trajectory is ~24°.
These results were used to determine beam instrumentation specifications. The
scanner moves along the focal plane with the calculated inclination angle. The
collection point is then placed as close as possible to the focal point for the
beam on the central trajectory.
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Figure 2.10: SIMION simulations to determine the focal distance and angle of
the focal plane.

2.4.4.2 Characterization of the magnetic field with the OPERA
software

Magnetic field calculations of the dipole magnet were performed using the
Opera-3D/TOSCA program [17]. Fig. 2.11 shows the field distribution on the
surface of the magnet when applying a current of 70.3 A, which would be the
current necessary to keep ions of mass 300 on the central trajectory.

The magnetic field distribution along the central trajectory for 3 different
values of current was also determined. In Figure 2.12, model #1 refers to the
original structure of the magnet (no hole for laser window) and model #2 takes
into account the yoke with the hole of 40 mm diameter (outer diameter) for the
laser window.

The homogeneity of the magnetic field was calculated to determine the
homogeneous field region of the magnetic field. The field was calculated
at different heights (Y-direction, different colours in Fig. 2.13). The X-axis
represents the shift from the central trajectory.

The integrated field errors were calculated according to the expression:

[ Bdz— [ Bydz
B [ Bodz

€

(2.4)
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Figure 2.11: Magnetic field homogeneity of the magnet using the OPERA
software for I=70.3 A.
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Figure 2.12: Comparison between OPERA models without (model #1) and
with (model #2) the window for the lasers
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where By is the magnetic field along the central trajectory at Y=0.
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Figure 2.13: Relative integrated field error [10~4] for I=70.3 which corresponds
to A=300 amu at 30 keV. Left-model #1 (no hole), right-model #2 (hole)

It is seen then that the impact of the hole in the return yoke (laser window,
model #2) on the field strength is negligible compared to model #1. In order
to keep an integrated field homogeneity better than +2-107%, the beam should
stay within a rectangle of 40 mm in the X-direction (horizontal) and 20 mm in
the Y-direction (vertical).

2.4.4.3 Mass resolving power

An important property that expresses the quality of the system is the mass
resolving power (MRP). The resolving power depends on the properties of the
magnet and of the ion optical properties of the ion beam. In here we will use
the MRP definition given in [1], which defines it as:

M

MRP =d- g

(2.5)

where d is the distance between two adjacent peaks with masses M and
M + 1 and FWHM is the full width at half maximum of a beam of ions with
mass M in the focal plane of the separator. This value must be maximized
to decrease the cross-contamination from neighbouring masses. Typical values
for ISOL systems vary from a few hundred to a few thousand. Under normal
off-line working conditions, the MRP has been measured to be larger than 1500
for the LISOL magnet (refurbished for use at MEDICIS) when operational at
the LISOL facility [1].
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As mentioned in Section 2.4.3, the ISOLDE FE5 front-end had to be adapted
to be compatible for use at MEDICIS. The modifications, as a consequence,
influences the mass resolving power. SIMION calculations were performed to

demonstrate the feasibility of modifying the geometry without strongly affecting
the MRP.

The MRP was calculated for the original configuration (geometry 1), in
which the vacuum valve for vacuum sector 1 (target sector) is placed behind
the einzel lenses. The results are compared with a new geometry (geometry
2), in which the vacuum valve is placed before the einzel lenses to reduce the
pumping volume of the target sector. The einzel lenses were moved 80 mm
away from the ion source as a result. Other elements of the beamline were also
discarded/replaced during the modifications. More details can be found in [31].

In the simulations, the voltage of the einzel lens was scanned for both
geometries as shown in Fig. 2.14. Ions with mass A=100 were launched with
the parameters described in 2.4.2 and accelerated towards the mass separator
under a 30 kV acceleration voltage.
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(a) (b)

Figure 2.14: MRP as a function of einzel lens voltage. a) Geometry 1. b)
Geometry 2.

The MRP were 400 and 380 respectively, which shows that the MRP is
not strongly affected by an 80 mm displacement of the einzel lens. From the
simulations it can be observed that a change in 500 V applied to the einzel
lenses can affect the MRP significantly. This sensitivity of the MRP on the
applied voltage to the einzel lens has also been observed at the MEDICIS facility
while tuning the beamline for isotope extraction and collection.
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2.4.5 Beam emittance

The emittance of the beam gives a measure of its quality. It is related to the
volume occupied by the particle beam in the phase space determined by the
position and momentum of the particles in the beam. Often, only the two
directions transversal to the beam direction are of interest (in here, y and z
are considered the transverse directions). When calculating the emittance, the
momentum p,, can be replaced with y’=(d,/d;) = (dy/d¢)/(de/ds) = vy /Va,
often referred as trace space. In the paraxial approximation this slope y’ can
be represented as an angle # with units of radians.

10, 10 “

5 i) e = 14w mm mrad 5 € = 170 mm mrad 80

y’ (mrad)
o

-10 -10
-30 -20 -10 O 10 20 30 -30 -20 -10 O 10 20 30
y (mm) y (mm)
(a) (b)

Figure 2.15: Emittance at magnet entrance. The quoted emittance values
correspond to the area of the ellipse containing 95 % of the simulated events.
a) Emittance geometry 1. b) Emittance geometry 2.

The simulated beam emittance was computed at the entrance of the magnet
for geometries 1 and 2 as defined in subsection 2.4.4.3. The emittance plots
are displayed in Fig. 2.15. The ellipse that has been drawn and the values
computed encompass 95 % of the simulated events. By comparing the emittance
for geometries 1 and 2 we can see that the beam quality stays similar for both
geometries. Therefore, to fulfil the requirements of operation of the MEDICIS
facility, geometry 2 was chosen.

The beam profile at the focal plane seen in Fig. 2.16 shows that at mass
A=100, a cross-contamination at the level of 1-2 % exists (assuming a Gaussian
distribution). Two adjacent masses are separated by ~14 mm.

The beam spotsize is shown in Fig. 2.17a as calculated using SIMION, which
takes into account an initial energy spread and angular distribution of the ions
leaving the ion source (details in subsection 2.4.2). The positions of the mass
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Figure 2.16: Horizontal beam profile for masses 99, 100 and 101 at the focal
plane.

centroids correspond to those predicted by the OPERA simulation (Fig. 2.17b).
OPERA considers only a mono-energetic, parallel beam, perpendicular to the
magnet entrance plane with a radius of 15 mm. On the other hand, OPERA
takes into account an accurate magnetic field distribution (as seen in 2.4.4.2)
while for the SIMION simulation, an homogeneus magnetic field between the
poles is considered.

2.4.6 Collection box

The main components of the collection box are the beam diagnostics
instrumentation, the beam switchyard and the sample collection system. Up to
three samples can be placed in the sample holder separated by 15 mm with a
size of 10 by 10 mm. Before the holder for the sample plates a collimator and
electron deflector are placed. The current in the sample should be maximized
while it should be minimized in the collimator.

The position of the sample is controlled by a moveable arm that can move
perpendicular to the beam direction. Figure 2.18 shows two different positions.
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Figure 2.17: Simulation of the beam spot size at the focal plane for masses 99,
100, 101. a) Simulated with SIMION. b) Simulated with OPERA.

In Fig. 2.18a the samples are still outside the collection box and in Fig. 2.18b
the sample intercepts the beam in the central trajectory.

(a) (b)

Figure 2.18: Sample holder positioning. Three different sample positions are
shown (blue, green and yellow). A vacuum valve separates the sample container
from the collection box. Once the container is attached to the collection box,
the valve is opened, the samples moved into the collection box and the vacuum
valve is closed. a) Fresh samples to be placed at irradiation position. b) Samples
are in position to be irradiated.

As for the beam instrumentation, Faraday cups are used, one for total beam
current measurements (before the mass separator) and one to measure the
separated beam (in the collection box). Wire scanners are used for beam profile
and quality assessment in the YZ plane.
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A beam switchyard was not used at the start-up of the facility. Instead,
samples were collected at the collection point, in the central beam trajectory. For
the upgrade of the facility, a beam switchyard is foreseen to enable collections of
different masses at the same time. The purpose of the switchyard, which is made
of electrostatic slits, is to divert the beams towards the collection chambers.
The required electric field applied to the slits will depend on the energy and
mass of the selected beam. The slits will be mounted on rails and moved by
stepmotors along the focal plane. The MEDICIS switchyard model is shown in
figure 2.19.

Figure 2.19: Option for the MEDICIS switchyard system to be installed for a
future upgrade of the facility. This system is inspired from the one used at the
LISOL experiment in Louvain-la-Neuve, allowing the collection of 3 different
masses simultaneously.

2.5 First stable beams produced at MEDICIS

The first stable mass-separated beams at CERN-MEDICIS were produced on
November 15th, 2017. Tantalum rolls of 25 pm thickness were used as target
material with a standard ISOLDE hot cavity ion source (target unit #Ta621M).
Mass markers of europium (A=151, 153) and erbium (A=162, 164, 166-168,
170) were connected for calibration of the magnet in the region of interest - the
terbium isotopes (A=149, 152, 155).

The target was kept at ~1220°C while the ion source was heated to
~1850°C. The target/ion source assembly was kept at 30 kV during the
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Figure 2.20: Calibration curve of the MEDICIS dipole magnet. The quadratic
expression shown in the figure was fitted through the data points (red curve).

commissioning phase. The relation between current and mass was found using
the calibration shown in Fig. 2.20. Figure 2.21 shows a scan done on the first day
of commissioning of the stable beams. The scan was done by slowly increasing
the magnet current manually. The X-axis shows time and Y-axis amplitude.

A VADIS (Versatile Arc Discharge Ton Source) was coupled to the MEDICIS
front-end on March 2018 to further characterize the mass separator and continue
with the beam commissioning phase, producing this way the first noble gas
beams. A gas mixture of helium, neon, argon, krypton and xenon (20 % each)
was connected to the target unit (#Ta649M) through a calibrated leak. The
beam profile in the xenon region can be seen in Fig. 2.22, in which masses 129,
130, 131 and 132 are visible and with intensity at each mass reproducing the
expected natural abundances. The extraction electrode was 40 mm away from
the exit of the ion source. The measured total beam was 1.33 pA while the
separated beam for '?Xe was 135 nA. The cathode temperature was kept at
1950 °C.

The information provided by the beam profile taken with the scanners
give information on the mass resolving power (MRP). Considering the FWHM
for A=131 is 3 mm and the distance between the peaks is ~11 mm, we get
an approximate value for the MRP of 480. For LISOL, a MRP of 1500 was
measured. A reason for this drop in the measured MRP could lie in the fact
that at MEDICIS, the scanners are not located at the focal plane, resulting



30 CERN-MEDICIS: A NEW FACILITY FOR THE PRODUCTION OF MEDICAL RADIOISOTOPES

" —
e

39K

s

41K

I

Figure 2.21: First mass separated beams at the CERN-MEDICIS facility. The
horizontal axis shows the acquisition time while varying the magnetic field
strength (by varying the current in the magnet coils) and the vertical axis the
amplitude. The blue curve represents the acquisition at each given time while
the red curve averages the last 5 data points taken.
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Figure 2.22: Xe beam profile. The heatmap shown in the left panel (data
represented by colours, with red and blue being the maximum and minimum
values of the beam intensity respectively) shows the relative intensities for
A=129 to A=132. Figures in the right side show the scanner images for the
horizontal axis (top panel) and vertical axis (lower panel)
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in a larger measured FWHM. Also, different ion sources were used, and as a
consequence the extracted beams have different energy spread, influencing the
measured MRP.

Even though the beam profiles shown in Fig. 2.21 and Fig. 2.22 are not fully
Gaussian and tails at low masses can be observed, the ability of the experimental
setup to separate the beams of interest was demonstrated. The first stable
beams produced during the commissioning phase showed that the facility was
ready to start collection and delivery of the first radioactive isotope batches.
The agreement between simulations and experiment demonstrate its usefulness
to continue the studies for the future upgrade phases of the laboratory.

2.6 First radioactive beams produced at
MEDICIS

The target #621M was installed at the irradiation point at the ISOLDE target
area on December 5th 2017. The target/ion source assembly consisted of a
standard ISOLDE target container filled with tantalum rolls (25 pm thickness)
and a tungsten surface ionizer.

An overnight irradiation took place with a low intensity beam from the
PS Booster. The target received a total ~1.65-10'7 protons in 24 hours. One
full day after the end of the irradiation, the target unit was installed at the
MEDICIS front-end. The mass separator was tuned using the calibration curve
shown in Fig. 2.20 for A=155. The target was slowly heated to 1950 °C (once
the separator was properly tuned and ready to start the extraction) and the
ion source to 2150 °C. The extraction was done at 30 keV. The first radioactive
beam collections took place on the 11th and 12th of December 2017.

The collected samples were sent to IRA [33] in Lausanne, Switzerland and to
IST-C2TN [34] in Portugal. For the latter, the collection time was 30 minutes.
Fig. 2.23 shows the gamma spectrum highlighting some of the isotopes identified.
A summary report by the CERN radioprotection group identified 218 Bq +
9% of '%5Tb (T, /»=5.3 days) and 64.8 Bq & 15% of '3*Ce (T /,=137.6 days)
which can appear at mass A=155 as an oxide.

The commissioning period of the facility, both with stable and radioactive
beams offered the opportunity to gain operational experience and identify
potential issues. The separator magnet was calibrated as well as the sample
holder position which was, initially, done manually. The transmission was
assessed (~90%) and software were debugged.
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Figure 2.23: Gamma spectrum of the second radioactive sample collected at
MEDICIS. The collection time was 30 minutes. The target (tantalum rolls)
and ion source (tungsten surface ionizer) temperature were 1950 and 2150 °C
respectively.

The first collections done during this commissioning phase demonstrated
the readiness of the facility, which then allowed to enter in full production mode
for the 2018 campaign at CERN.



Chapter 3

lon sources for the production
of radioactive beams at ISOL
facilities

The ion source is the starting point for all particle accelerators. A wide spectrum
of ion sources have been developed to serve the many thousands of particle
accelerators that are operated worldwide. Ion sources can be compared and
characterized based on the following performance criteria: intensity, efficiency,
selectivity, versatility, universality, stability, reliability. To complicate the
picture, for a given ion source, these parameters will vary according to the
required ion species, energy spread, emittance, charge state and purity.

A universal ion source does not exist, instead the correct ion source type
and mode of operation must be selected depending on the relative importance
of each of the parameters discussed here:

Intensity: The intensity is defined as the extractable ion current from the
ion source. For example, in the case of negative hydrogen sources for fusion
reactors, the injected atom flow comes from an unlimited supply (e.g. hydrogen
bottle), compromising in efficiency and other parameters for beam intensity.
For radioactive beam facilities, sample injection comes from radiogenic in-target
production. These radioisotopes are a valuable commodity to be preserved, and
do not generally pose an intensity limit on the ion source. For radioactive beam
production (RIBs), the efficiency becomes the most important parameter.

Efficiency: The ionization efficiency € is defined as € = N;pps/Natoms where

33
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Nions is the number of ions extracted from the source and Ngtoms the number
of atoms in the sample.

Selectivity: The selectivity of the ion source refers to its capability to ionize
just the desired element. It could be defined as the ionization efficiency of the
element of interest divided by the mean ionization efficiency of all other elements.
In combination with mass separation, which typically relies on a dipole magnet
separator to select isotopes with mass A = N + Z, an element-selective ion
source, providing Z-selectivity, ensures unambiguous isotope selection.

Versatility: This is a measure of the scope for a particular ion source to
be optimized as required for a variety of different applications. It should not be
confused with Universality, which is purely a measure of the range of species
that can be ionized with the source.

Stability: This refers to the ability of the ion source to sustain its
performance without fluctuations during the course of an experiment (e.g.
maintain its efficiency/intensity /beam quality properties in time).

Reliability: The reliability is a combined measure of the mean time between
failure, reproducibility in performance between one unit and the next, and the
long-term survivability of the ion source under typical operating conditions.

This chapter will describe the principles of operation of the ion sources used
at ISOLDE that are relevant for the discussions that follow in Chapters 4 and
5.

3.1 lon sources used at ISOLDE: principle of
operation

3.1.1 Surface ion source

The process of surface ionization was well described by Saha and Langmuir [35]
in the first half of the 20*" century, during the early days of radioactive beam
production using the ISOL technique. Positively charged ions can be produced
when an atom with a low ionization potential W;, hits a heated surface with a
higher work function ¢, losing a valence electron in the process.

The ionization probability will depend strongly on the temperature of the
surface and the difference between the work function of the material and the
ionization potential of the atom. It will be given by:
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Equation 3.1 is called the Langmuir equation. Here N,, is the number
of neutrals, T is the temperature of the hot surface and g, and gy are the
statistical weights of the ionic and atomic ground state respectively.

The hot cavity surface ion source (SIS) used at ISOLDE is a hollow cavity
34 mm long, with a 3 mm internal diameter and walls 0.5 mm thick. It is
connected via a transfer line to the target container. A transversal view of its
design is shown in Fig. 3.1.

30 60 kV Surface ionizer |
1=34 mm, =3 mm

Extraction
electrode

Transfer line |~ 300 A/~2 V
Target container )

H

Figure 3.1: The ISOLDE hot cavity surface ion source (SIS). The products of
the nuclear reactions from the primary proton beam with the target material
reach the surface ionizer via a transfer line.

In this geometry, it has been observed that the ionization efficiency of the
SIS greatly exceeds the ionization probability predicted by equation 3.1 for a
single atom/wall collision. This is because of the well documented and much
discussed "hot-cavity effect’, which stems from the transverse plasma potential
generated by the thermionic emission of electrons from the cavity walls [36, 37].
As a result, when under the influence of this effect (with sufficient electron
emission), each ion leaving the cavity walls is confined in the transverse plane,
thus avoiding further wall interactions. They are guided towards the extraction
region by the longitudinal electrical potential of the resistively heated cavity.
Thus, the ion survival may approach 100 %. The overall efficiency of the
ionization process in the hot cavity is therefore enhanced and will be given by:

wka

= — 2
1+ wka (3.2)

B
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where k accounts for the number of collisions with the hot surface the ion
suffers before being extracted and w is the trapping efficiency of the created ion
in the potential well of the low density plasma created inside the cavity.

The ideal SIS material will have a combination of high melting point,
mechanical stability and reliability under heating and cooling cycles, high work
function and low thermal expansion coefficient. The most commonly used
materials are tungsten (¢=4.53 V), tantalum (¢=4.19 ¢V) and rhenium (¢=5.1
eV). At the IRIS facility (PNPI, Gatchina), a high temperature, and therefore
high efficiency SIS has been developed from a single tantalum crystal tube
[38, 39].

Figure 3.2 shows the elements produced at ISOLDE using the SIS, and a
summary of the advantages and disadvantages of this ion source is given below.

T Tonization energy :
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Figure 3.2: Elements for which the hot-cavity SIS has been applied for ion beam
production at ISOLDE [40]. The different color shades are associated to the
ionization potential of the element.

Advantages Disadvantages

e simple o low efficiency for high W, elements
(> 6¢eV)

¢ limited element selectivity

e robust and reliable

e high efficiency for low W;
elements (< 6 V)
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3.1.2 Hot-cavity RILIS (Resonance lonization Laser lon Source)

The Resonance Ionization Laser Ion Source (RILIS) is the most commonly used
ion source at ISOLDE, providing 60 % of all the beams delivered in 2017 and
2018 and more than 85 % in 2016.

Figure 3.3 shows the principle of resonance laser ionization.
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Figure 3.3: Principle of resonance photo-ionization.

The atoms are stepwise excited by precisely tuned laser light, so that the
energy of the photon matches successive transitions of the electrons to excited
states. Omne or two resonant excitations are used to bring the electron to
the continuum through the absorption of a further photon, in a non-resonant
ionization step or a transition to an auto-ionizing state (AIS).

The standard way of applying laser ionization at ISOLDE is to make use
of the fact that the hot cavity, described in 3.1.1, offers a simple and robust
laser-atom interaction region as shown in Fig. 3.4.

The hot-cavity offers the following favourable characteristics for RILIS
applications:

e Atom confinement within the laser beam path for the duration of time
between laser pulses (100 us)

o Cavity plasma potential (as discussed in 3.1.1) for survival and efficient
extraction of laser-ions

e Simplicity and reliability
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Hot cavity RILIS laser

beams

Transfer line

Figure 3.4: The hot-cavity surface ion source used as laser-atom interaction
region for RILIS applications.

Full details of the RILIS system and the applications can be found in
[41]. Figure 3.5 shows the currently available list of RILIS ionized elements at
ISOLDE.

Figure 3.5: Elements for which RILIS has been applied at ISOLDE according
to [41]. The ionization schemes are accessible through an online resource known
as 'The RILIS Elements Database’ [42].
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Advantages Disadvantages

e simple o surface ionized isobars may limit the

« robust and reliable achievable selectivity

. high efficiency can be ° efficiency decreases with high ion
achieved (typically exceeding rates of the order of 100 nA (laser
10 %) plus surface ions)

e over 40 elements so far
available at ISOLDE

¢ clement selective ionization
mechanism

e beam diagnostics benefit
with laser ON/OFF proce-
dure

e isomer selectivity in some
cases [43]

3.1.3 Forced-Electron Beam Induced Arc-Discharge lon
Source (FEBIAD) and the VADIS series

FEBIAD ion sources [44] rely on electron impact ionization. The ISOLDE
FEBIAD is shown in Fig. 3.6. The products of the nuclear reaction taking place
in the target (the target material is placed in a cylindrical container) reach the
anode volume of the ion source via a transfer line. Electrons are extracted from
a heated cathode in a shape of a flat disc and accelerated towards an anode
where ionization takes place. To reach the anode, the electrons traverse a grid
with a transparency of 50 to 75 %. The energy of the electrons is typically in
the range of 100-200 €eV.

The electron current emitted by the cathode is described by the Child-
Langmuir equation when the space-charge limit has been reached:

. _ 4 2¢ \ /2 v3/2
JelmAmm™?] = g€ (m) 5 (3.3)

where j. is the electron current density emitted from the cathode, e and m.
the charge and mass of the electron respectively, V[V] is the voltage applied
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Figure 3.6: Geometry of the ISOLDE FEBIAD ion source (VADIS). The
electrons released by the hot cathode are accelerated towards the anode volume
where the atoms (which reach the anode through the hollow cathode, connected
to the target using a transfer line) are ionized mainly by electron impact
ionization. The structure shown on top going through the cathode support,
serves to connect the anode to its power supply.

to the anode and d[mm] the distance between the cathode and the anode grid.
At low temperatures, the electron emission from a hot cathode is limited and
follows the Richardson-Dushman equation:

Je[mAmm ™2 = AT?exp(—¢/kT) (3.4)

where A is the material-dependent Richardson’s constant.
Several factors can influence the ionization efficiency for a given species:

o Residence time in the anode (lighter elements typically spend less time in
the anode volume)

o Cross section for ionization (influenced by atomic radius and electron
impact ionization energy)

 Volatility of the element of interest (also applies to the SIS and RILIS)
e Chemical compatibility with ion source parts and insulators
o Collisions with atoms and ions in the ion source

« Total gas/ion load
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The parameters that can be controlled are:

e Cathode temperature, which influences electron emission rate and anode
temperature

e Anode voltage, which determines the electron energy

o Magnetic field strength (this source is embedded in a weak axial magnetic
field), which influences the electron trajectory

At ISOLDE, several subtypes of the FEBIAD ion sources were used [45]
until 2009 when they were replaced by the VADIS (VD) series [46]. A wide
experimental investigation of the main mechanisms influencing the ionization
efficiency of the ISOLDE FEBIAD, was carried out by L. Penescu during his
PhD work [19]. It was based on the work of R. Kirchner, inventor of the
FEBIAD [47]. Penescu identified that the MK7 geometry was inferior to that
of the MK5 [45] in terms of ion extraction efficiency. Furthermore, to mitigate
any efficiency loss due to ion load limits caused by CO™ ion creation, it was
proposed that the carbon anode body should instead be made of molybdenum.
These two changes constitute the so-called VADIS series of FEBIAD ion sources
now used as standard at ISOLDE.

In reference [19], progress is reported towards the development of a model
for the ion source operation based on experimental investigation and computer
modelling (using the software CPO [48]) of many parameters. From this model,
an expression was obtained for the efficiency e:

—W) . In (VU>  VMVT (3.5)

=2.33-10% [ Vipurce - A -
‘ f “rp < kT U : ‘/ioniz Sout

where Vgource is the ion source volume, A the Richardson’s constant, W
the work function of the cathode material, T' the cathode temperature, [ the
number of electrons in the valence shell, U the anode voltage, Voni, and M
the ionization potential and mass of the element under study respectively and
Sout the area of the outlet hole.

Nevertheless, the model still requires the inclusion of an adjustment factor,
f, referring to the ion survival and extraction efficiency. Since this factor
incorporates the interplay between many phenomena occurring within the
ion source (plasma potential, ion confinement, trapping, collisions, chemistry,
recombination, and so on), the scope for further understanding of the FEBIAD
operation is evident.
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Details on recent developments at ISOLDE of the FEBIAD for improved
efficiency, selectivity and robustness will be given in Chapters 4 and 5. Figure 3.7
highlights the elements for which the FEBIAD has been used at ISOLDE. The
term ‘Cold plasma’ is used when the transfer line is kept at room temperature
and ‘Hot plasma’ when the transfer line is kept at 1900 °C or higher.

Hot plasma

Cold plasma

Hot/cold

Figure 3.7: Elements produced at ISOLDE using the FEBIAD or VADIS ion
source indistinctly from the ion source subtype [40].

Advantages

Disadvantages

o high efficiencies are achiev-
able, independent of ioniza-
tion energy (universal)

e molecular species can be
ionized

e total ion output can be
higher than that of the hot-
cavity surface ion source
(typically 10 times more)

e gas injection and mass mark-
ers can be used for beam
tuning, optimization and
efficiency checks

o compatibility with liquid tar-
gets at ISOLDE

increased complexity with respect to
SIS

ion source dynamics are not fully
understood

reliability concerns when operating
at maximum efficiency (insulator
breakdown and cathode failure)

o little to no element selectivity

low operating temperature with
respect to maximum target tem-
perature (and lower temperatures
compared to the hot cavity): not
suitable for the most refractory
elements produced at ISOLDE
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3.1.4 Negative ion source

A negative beam can be extracted from a surface ion source following similar
processes as the ones described for its positive counterpart, described in 3.1.1.
In this case, the material with which the atoms interact should have a low work
function ¢ so that the expression:

X g- Ea—9¢
=<5 = n egcp( T > (3.6)

is maximum, where E 4 is the electron affinity. The ionization efficiency is
given by equation 3.2. But in this case the multiplication factor is a simple
geometrical factor corresponding to the probability of an atom coming into
contact with the ionizing surface.

Figure 3.8 shows the ISOLDE negative ion source (MK4) with the main
components highlighted. A magnet that creates a perpendicular magnetic field
(~0.08 T) is placed closed to the exit of the ion source to deflect the emitted
electrons. The electrons are collected at a polarized electrostatic deflector,
typically biased to 1 kV.

Electron catcher/
Pre-extraction
( 0-3kV

Magnet for 1 Fi_L Extraction

electron deflection electrode

f e

- \ q Z

Transfer line

Target container

Pellet holder Pell'et/§urface
ionizer
Figure 3.8: Negative ion source used at ISOLDE. A magnet and an electron
catcher ensure the emitted electrons are not accelerated downstream of the
ion source. A low ¢ pellet is placed near the exit to enhance the interaction
probability with an atom.
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A LaBg pellet (2=2 mm, thickness=1.5 mm) is placed at the cavity exit (as
shown in Fig. 3.8). In this geometry, each atom has a roughly 50 % probability
of coming into contact with the material. The well defined point of origin of
the ions and the penetration of the extraction field from the electron deflector
ensures efficient (~100 %) extraction of the negative ions as a monoenergetic
beam.

Even though this is the geometry traditionally used at ISOLDE for the
production of negative beams, hollow-tube ionizers have also been used, for
example for the production of Br~ and I~ with an efficiency of 10 % [49]. While
this improves the probability of atom contact with the ionizing surface, the
hot-cavity plasma potential which is beneficial for the positive SIS, is actually
detrimental for negative ion extraction. To mitigate this, attempts have been
made to enhance ion extraction by injecting a flow of Cs™ ions from the cavity
exit. This adds extra complexity and the efficacy of this process has not proven
reliable.

The negative ion beams produced at ISOLDE using the MK4 and tubular
geometries are highlighted in Fig. 3.9. Halogens are practically the only isotopes
that can be negatively ionized, therefore negative beams are very pure.

H Electron affinity He

SLi lBe > 3 ev 5 6 7 8 9 10
T 25-3.0eV 3
Na |[Mg <2.5eV i

19K 20Ca 21Sc 22Ti 23V uCr 2;\/In ste nCo 2lNi zgCu 30Zn
an 3BSr 39Y er “Nb 4]2\/[0 MTc 44Ru ﬁRh AsPd “Ag de
s5Cs seBa La 7sz 73Ta "W 75Re 75Os 77Ir 7EPt 79Au B‘i-lg
FFr m3Ra Ac MRf n]5)b mSg n]73h n;—Is n;\/[t 1;Ds 1i{g “Cn ";\Ih “‘Fl “ls\/Ic MLV st mOg
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Figure 3.9: Elements for which the negative ion source as been applied at
ISOLDE for the production of negative ion beams [40)].
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Advantages Disadvantages

« only option for producing e low operation temperatures (below
beams of negative ions 1600°C)

o high purity negative ion e only suitable for elements with high
beams electron affinity (halogens)

o high efficiency for halogens e ionizing materials prone to poisoning
(several %) by target outgassing

3.1.5 Versatile Arc Discharge and Laser lon Source (VADLIS)

As the name suggests, here the ISOLDE FEBIAD (VADIS) volume is used as a
laser-atom interaction region. The anode voltage can be tuned to allow for only
resonance ionization (RILIS-mode) or electron-impact ionization (VADIS-mode)
depending on the element of interest or the required beam purity [50].

The VADLIS with grounded extraction plates has been used at ISOLDE on
several occasions since 2015. Figure 3.10a shows the RILIS lasers being directed
into a modified FEBIAD anode volume [51]. By inserting a boron nitride
insulator as depicted in Fig. 3.10a, the extraction plates can be independently
tuned, modifying the electrostatic field inside the cavity, allowing for better
laser ion extraction. Figure 3.10b shows the modes of operation (RILIS-mode,
VADIS-mode) depending on the anode voltage. Further details are given in a
dedicated chapter (Chapter 5).

So far, the VADLIS has been used for the production of Ga and Ba beams
off-line while Hg [52], Mg, Cd and Mo have been produced during on-line
operations at ISOLDE [50, 51]. The first on-line physics application of the
VADLIS was for the laser spectroscopy of the mercury isotope chain produced
in a liquid-lead target (the first application of RILIS with a liquid target [52]).

In Chapter 5, we report on the characterization of the VADLIS operation
as well as simulations conducted to better understand the ion dynamics
and extraction process. The motivation and performance benefits of the
modifications implemented in this thesis work (addition of an adjustable
extractor voltage) are presented.

The following is a list of the known advantages and disadvantages of the
VADLIS. A comprehensive list will require a more complete understanding of
the characteristics and performance of the ion source. For example, the ion
capacity in RILIS-mode has not yet been evaluated.
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Figure 3.10: (a) RILIS lasers directed onto the anode volume. Boron nitride
insulators are used to independently bias the voltage of the extraction plates for
improved laser-ion extraction. (b) Anode voltage scan to identify the different
modes of operation of the VADLIS. For more details see Section 5.1.

Advantages Disadvantages

o versatility (only ion source e increased complexity compared to
that can ionize all elements hot-cavity RILIS
produced at ISOLDE e.g.
noble gases in VADIS-mode

and selective ionization of
metallic elements in RILIS- ¢ same reliability concerns as for the

mode) VADIS

o lower operation temperature than the
hot-cavity RILIS

o provides RILIS compatibility
with liquid targets

o enhanced RILIS selectivity
compared to the hot-cavity
in certain cases when the
anode grid repels surface ions
coming from the cathode
tube

e ability to switch to electron
impact ionization to evaluate
the presence of the desired
RILIS ionized element prior
to laser optimization
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3.2 Other ion source technologies in use or under
development at ISOLDE

The Laser Ion Source and Trap (LIST), first proposed in 2003 [53], has
been implemented in a simplified form at ISOLDE as the most effective means
of applying resonance ionization with active suppression of surface ions from the
hot-cavity. This is achieved by surrounding the region immediately downstream
of the hot-cavity exit by an RFQ structure and separating this region from the
hot-cavity with an electrostatic ion repeller. In LIST-mode, the ion repeller is
positively charged and suppresses ions from the hot-cavity (suppression factor
>10%) and laser ionization takes place inside the RFQ (RILIS efficiency loss
factor 20-50). The LIST can operate in ion guide mode (negative repeller
voltage), in which case the performance is comparable to that of hot-cavity
RILIS [54, 55].

The Time-of-Flight Laser Ion Source (ToF-LIS) proposed by V.
Mishin [56] is an alternative approach to RILIS surface ion suppression based
on the exploitation of the time structure of the laser ionization process. The
ToF-LIS combines a hot-cavity with an increased field gradient, and a shortened
LIST RFQ ion guide structure (length equal to the hot-cavity dimensions). The
laser ions created inside the hot-cavity drift through the RFQ structure and
reach a narrow time focus (few us) at the end of the RFQ and are extracted
by the penetrating field of an extraction electrode. By fast beam gating of the
ion beam, synchronized with the time focused laser ion bunch, a selectivity
enhancement equal to the laser duty cycle (100 us), divided by the beam gate
width is achieved. This has yet to be implemented at ISOLDE but it is believed
to be a promising means of enhancing RILIS selectivity without the efficiency
loss associated with the LIST [57].

The application of RILIS using Doppler-free two-photon excitation is
under investigation for the following reasons: enabling In-Source Resonance
Tonization Spectroscopy studies without the resolution limitation or Doppler
broadening in the high temperature cavity; isomer selective ionization of elements
with a hyperfine structure of less than a few GHz; laser ionization of elements
with high-lying first excited states (non metals such as carbon). This method
was tested at ISOLDE in 2018, with promising results to demonstrate that
the Doppler broadening limitation is indeed overcome by using two counter-
propagating laser beams, provided that a narrow linewidth laser is used (Fourier
limited linewidth). The relatively low excitation cross-section for the 2-photon
transition is somewhat compensated for by the increased spectral brightness of
the narrow linewidth laser. The hot cavity (with a mirror placed in the transfer
line), the VADLIS (with a mirror surface at the centre of the anode grid) or the
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LIST (using a newly developed perpendicular illumination geometry [58]) are all
under further investigation as possible solutions to the requirement of reflecting
the incident laser back upon itself, within the laser/atom interaction volume.
The initial feasibility study of this technique is reported by K. Chrysalidis [59]
and the development of the method is the subject of her PhD thesis.

The Helicon and COMIC ion sources are both low temperature plasma
ion sources that rely on RF, rather than electrostatic voltage induced plasma
generation. As such they are designed for the ionization of volatile species
such as noble gases. Their low operating temperature make them potential
candidates for the production of ion beams of heat-sensitive volatile molecules of
refractory metals (such as the carbonyls). These ion sources are therefore being
tested at ISOLDE in attempts to produce refractory metal beams. Results of
ongoing developments will be given in the PhD thesis work of J. Ballof. More
information about the Helicon and COMIC ion sources can be found in [60]
and [61].



Chapter 4

Insights into the Versatile Arc
Discharge lon Source

(VADIS)

The FEBIAD (Forced Electron Beam Induced Arc Discharge) is one of the
most widely used ion sources for the production of radioactive beams at ISOL
facilities around the world. It was first introduced by Kirchner in 1976, aiming
for high ionization efficiencies at low current densities [44]. A different cathode
design was adopted at ISOLDE, making the ion source more robust and reliable,
leading to longer lifetimes. A series of FEBIAD subtypes, namely MK3, MK5,
MKG6 and MK7 were born [45, 46]. The subtype choice depended on the ion
beam to be produced. In 2009, the VADIS (Versatile Arc Discharge Ion Source)
series were introduced and a model for the ionization efficiency proposed [46].
More details are given in subsection 3.1.3.

In the present work, several studies were performed to gain better
understanding on how different operational parameters affect the extraction
efficiency of the VADIS. With this goal, both experimental and theoretical
studies based on simulations using the VSim software were carried out.

Section 4.1 discusses the dependence of the extracted ion beam current
and/or efficiency on operational parameters like cathode temperature, anode
voltage, ion source magnetic field and ion load within the anode volume. It also
reports on the efficiencies measured for a series of metals. Section 4.2 discusses

49
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simulations using the VSim software package to characterize the influence
of the ion source magnetic field and charge density on the electrostatic field
distribution.

4.1 Experimental studies

The list below specifies the parameters that can be controlled experimentally,
the specific operating conditions that change as a result, and the performance
criteria affected by these changes. For an optimal operation of an ion source, an
understanding of how the different operational parameters affect the performance
is essential. The relation between them is complex and difficult to disentangle.
For example, for space-charge limited electron emission from the cathode,
increasing the anode voltage results in an increased electron density in the
source. Furthermore, the change in electron energy has an influence on the
probability of electron impact ionization. Together, these change the ion density
in the source. Secondary to this, increased electron bombardment of the anode,
results in a temperature change of the ion source. Finally, the ion extraction
potential and electrostatic potential profile rely on the potential difference
between the anode and the grounded extraction plates. Therefore the ion
extraction probability is also influenced by the anode voltage. Together, these
changes in operating conditions can influence all of the measurable performance
criteria of the ion source.

Variable parameters Operating Performance
conditions

Anode voltage Ton density Tonization efficiency

Magnetic field strength Temperature Selectivity

Cathode heating current  Electron energy Emittance

Buffer gas type Electron density Reliability

Buffer gas pressure Neutral pressure

Extraction voltage Electrostatic potential

Cathode material
Anode material

Anode geometry

In the assessment of the ion source performance, in response to changes
of operating conditions when adjusting the variable parameters, an important
(and the simplest) performance criteria measure is the efficiency. This can
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Figure 4.1: Sketch of the ISOLDE off-line laboratory.

be evaluated by an absolute efficiency measurement where the atom sample

size t

hat is injected into the ion source is known, or relative measurements

based on changes in instantaneous ion rate. The ion rate is measured using
a secondary-electron suppressed Faraday cup (FC), with an approximately
linear response in the hundreds of fA to mA range. One FC is positioned
before the separator magnet to measure the total beam current and another one
after the magnet, measuring the separated ion beam current. A layout of the
experimental set-up is shown in Fig. 4.1 and the various means of determining

efficie

ncy are described below:

Absolute efficiency measurements

Gas injection with calibrated leak: The ionization efficiency of the noble
gases can be measured by injecting into the source a support gas of which
the composition is well known. The leak used is 2.6 x 1076 mbar [/s. The
support gas is a mixture of 40 % helium and 20 % neon, krypton and
xenon each (unless otherwise specified)

Sample evaporation from calibrated mass marker (MM): the ionization
efficiency for condensable elements can be measured by attaching a
capillary to the rear of the transfer line, containing a well known amount of
the element of interest. The sample is evaporated into the ion source and
the current of the mass-separated beam I, is integrated using a Faraday
cup. The efficiency can be found as:

- [ Ldt (41)
67e><]\7,4><’ns><75FC '

with e x Na=96485 C'/mol~! being the Faraday constant, ns the molar
quantity of the atom inserted and tgpc the beam transmission to the
Faraday cup.
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Relative efficiency measurements

o Evaporation of atoms from an oven or excess mass marker (or atoms
evaporating from the materials of the target/ion source assembly):
measuring the ion rate enables assessment of relative improvements in the
operation of the ion source. The sample size deposited in the oven is not
known, but should be large enough to provide a continuous flow of atoms
throughout the experiment.

o Gas injection with an adjustable leak valve (uncalibrated): a leak valve
can be used to inject slowly and in a controlled manner gas into the ion
source. It covers a range of 1000 steps, where 1 is closed and 1000 means
the valve is fully open (a Nenion leakvalve F3 was used in these studies).

The determination of the efficiency of the ion source is subject to two
main sources of uncertainties. One is the measurement error and the other
the uncontrollable variation in experimental conditions between measurements.
The former is relatively easy to estimate but the latter is harder to assess and
typically results in a scattering of values between measurements.

Amongst the measurement errors we find:

e Beam transmission: From the ion source to the Faraday cup is calculated
as the ratio of the sum of the contribution of the separated beams and
the total current. These values depend on the background pressure
which might be changing during the measurement, or drift of ion
source characteristics. A value for the transmission was estimated by
averaging values obtained from 5 different mass scans, leading to 76+15%
transmission.

o Mass marker preparation: An instrumental error of 1-2 % is introduced
when depositing the precipitate in the foil before being evaporated in the
oven.

« Calibrated leak: uncertainty in the leak rate when using calibrated leaks
for the injection of support gas.

Difficult to control experimental conditions:

o Electron emission: Cooling and heating of the cathode may change the
properties of the cathode surface, shape and degradation of the thermal
shielding and as a consequence variation in the electron emission.

o Cold spots: Refractory elements can condensate in the colder parts of the
ion source (e.g. insulators).
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e Chemical reactivity or evaporation: The elements of interest may react
with the materials of the target/ion source assembly or evaporate from
the MM due to radiative heating from the cathode. They can then start
evaporating even before the capillary in which they are placed is heated
(temperature at the location of the MM can reach up to 1400 °C [62]).
The HSC software [63] can be used to identify when the chemical elements
under study enter the gaseous phase. Elements like Hg and Mg start
evaporating at rather low temperatures, therefore the reported efficiencies
are underestimated.

4.1.1 Dependence on the cathode temperature

The standard procedure for optimizing the ion source is to heat the cathode until
a saturation of the noble gas efficiency is reached. Under these conditions, it
can be assumed that the electron current is optimized for maximum ionization
efficiency. Typical curves showing the dependence of the efficiency on the
cathode temperature are given in Fig. 4.2 for the noble gases helium, neon,
krypton and xenon. The drain current (directly related to the electron current
drawn from the cathode) and the total ion beam current (measured before the
analyzing magnet) are also represented.

For a given element, ignoring volatility concerns and space charge limitation
of the extracted ion beam, a further increase in cathode heating will not improve
the efficiency, however it will accelerate the cathode ageing, reduce the ion
source lifetime and increase susceptibility to other failure mechanisms (such as
anode/cathode contact due a thermal distortion of the cathode).

In Section 3.1.3, equation 3.5 is the efficiency model for the FEBIAD, taken
from [19]. Here we see that a factor ‘f” is used to account for the difference
between the calculated ionization efficiency due to electron impact and the
experimentally observed ion source efficiency. Plotting this f-factor as a function
of different variables (temperature, electron current, chemical element, pressure)
offers an insight into the parameters affecting underlying ion source dynamics
that are not taken into account in the efficiency calculation. For example, in
[19], the f-factor has been interpreted to be a geometrical factor, relating to
the ratio of ‘active’ (fraction of the total volume from where the generated ions
are successfully extracted) to total volume of the ion source. Since this ratio is
based on the field map of the anode, and since all ion species will be subject to
this same field distribution, the f-factor should therefore be the same for all
elements.
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Figure 4.2: Efficiency of the noble gases as a function of the cathode temperature.
The anode voltage was kept at 125 V. The red curves (values on the right-hand
side axis of the figure) correspond to the drain current, both experimental
and theoretical (the latter calculated according to the Richardson-Dushman
equation for thermionic emission) and total ion current.

In Fig. 4.3, we see that this is not the case. Even for the noble gases, where
we can safely assume no temperature-dependent wall sticking, the f-factors
differ by almost an order of magnitude. Nevertheless, when plotting them as
a function of the cathode temperature, we see that the influence of cathode
temperature on f-factors exhibits no evidence for chemical or mass dependence,
consistent with a hypothesis that the electron density in the ion source influences
the ratio of ‘active’ to ‘inactive’ volumes inside the ion source. Furthermore, f
actually decreases with increased cathode temperature. This is expected if the
corresponding increase in electron current results in a deepening of the potential
well in the ion source, thereby increasing the size of the ‘inactive’ volume (this
effect will be discussed in more details in Section 4.2). Note that this is also
consistent with the experimentally observed saturation of ionization efficiency
with increased cathode temperature.
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Figure 4.3: f-factor calculated using equation 3.5, for the efficiencies shown in
Fig. 4.2.
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4.1.2 Dependence on the anode voltage

FEBIAD-like ion sources are usually operated at anode voltages in the range of
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100-200 V. This voltage defines the energy of the electrons entering the anode

volume. The dependence of the extracted ion current on the anode voltage for

gallium and krypton is shown in Fig. 4.4a.

The following regions can be identified in Fig. 4.4a and Fig. 4.4b:

I. The electron energy is too low to cause electron impact ionization. In this

IT.

ITI. Optimal operation conditions

The following behaviour can be identified in Fig. 4.4a and Fig. 4.4b:

region, the presence of surface ionized Ga™ can be identified while surface
ions are not present for Krt.

The electron energy is high enough to cause ionization but other factors
are not optimal (e.g. mean electron energy too low, poor ion survival,
poor extraction). The scan of the anode voltage from higher to lower
values exhibit a hysteresis (red curve), where for this same region good
operation conditions can be achieved.
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Figure 4.4: Mass separated ion current as a function of the anode voltage (ion
source magnet ON). (a) For gallium. Two curves were taken: first with voltage
increasing from 0 to 200 V; second one with voltage decreasing from 200 to 0 V.
(b) For krypton.

1. When increasing the anode voltage from 0 to 200 V, a sudden increase
in ion current occurs at ~75 V. This onset, or threshold effect, was
systematically observed when slowly increasing the anode voltage (no
sudden variation in the electron current was observed). This is strong
evidence of the ion source performance being governed not only by the
electron impact ionization process, but also by the plasma conditions
inside the anode cavity. The threshold value (~75 V in this case)
was observed to vary depending on the ion source unit used (different
operating temperature and cathode emission properties, creating different
electrostatic potential distribution within the source with direct impact
in the extraction properties).

2. The characteristics of the anode voltage scan shows hysteresis when the
voltage scan is done from a higher to a lower value (red curve). The
extracted ion current value (or plasma properties) is maintained over a
longer operation voltage range.

3. The ion current onset is independent of the ionization potential of the
element: it occurs at ~75 V for both elements.

A similar effect to the sudden jump in ion current observed in Fig. 4.4 has
been reported when studying the discharge characteristics of a relatively low
pressure (104 - 1075 mbar) argon plasma [64]. The phenomenon of hysteresis
has also been observed, and the existence of a magnetic field has been reported
necessary for this sudden jump and hysteresis to occur. These effects have
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been seen when using dedicated discharge devices for plasma physics studies
[64, 65, 66]. The reproduction of the curves shown in Fig. 4.4 represents one of
the main challenges in the ion source modelling field. Sections 4.2.1 and 4.2.2
give an insight into electron and ion dynamics that could give rise to such a
behaviour for the FEBIAD.

Figure 4.5 presents the dependence of the anode drain current as a function
of the anode voltage for different cathode temperatures.
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Figure 4.5: Experimental measurement of the cathode current as a function of
the anode voltage for different cathode temperatures.

At higher temperatures, in the voltage range studied, the electron current is
said to be space-charge limited and it is governed by the Child-Langmuir law
Eq. 3.3 (higher voltage results in higher electron current). At lower temperatures,
when the voltage becomes large enough to draw all electrons from the surface,
the electron emission is limited by the electron production at the cathode
(temperature-limited region), and the relationship between anode current and
voltage is given by the Richardson-Dushman equation as stated by Eq. 3.4.

By taking these curves at different cathode-anode grid distances, the electron
flow into the ion source can be optimized for improved performance of the ion
source. These curves provide information about the electron density inside the
ion source, which will be used as an input parameter for simulations performed
with the VSim software package in Section 4.2.
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4.1.3 Dependence on the ion source magnet

An axial magnetic field is applied in the anode volume region by regulating the
current of the coils of a fixed solenoid that surrounds the ion source. With a
magnetic field strength in the range 0-0.03 T, and since the electron mass is
3-5 orders of magnitude smaller than that of the ions, the mean path of flight
of the electrons is affected, but the effect on the ion trajectory is negligible.
As a consequence, for a given electron flux to the anode, the probability of
interaction of an electron with an atom is enhanced.

The ion current dependence on the ion source magnetic field was partially
studied in [19]. It was observed that the dependence of the extraction current
on the ion source magnetic field is a succession of maxima and minima. The
ratio of maximum to minimum ion current in this investigation was typically
2:1. This behaviour was reproduced [67] using the COMSOL Multiphysics®
software package [68].

An investigation into the characteristics of the anode scans with different
magnet settings reveals some interesting features of the ion source operation.
For example, Fig. 4.6 shows an anode scan for ®*Kr under otherwise identical
experimental conditions, with and without the source magnet ON. If the ion
source is operated below, but close to the threshold anode voltage value seen in
Fig. 4.6, the sudden efficiency jump can be irreversibly induced by adjusting
the source magnet setting. In this case, at optimal anode voltages (above 80 V),
the benefit of the magnet is seen by the increased ion rate for 3*Kr (red line).
However, below 80 V, the presence of the magnetic field is actually detrimental.

As it is understood, the presence of the magnetic field results in an increased
path length for the electrons. On the other hand, the corresponding increase in
electron density in the ion source gives rise to a deeper potential well where ions
can be trapped. This could increase the mean residence time of an ion inside
the ion source thereby increasing the probability of recombination. Clearly,
these processes are competing and in the low voltage range detrimental effects
in terms of extracted ion current (ion survival or ion extraction probability)
outweighs the increased ionization rate due to an increased electron path length.

If the magnet is tuned at each voltage value for maximum ion extraction, a
similar behaviour to that observed when the magnet is switched off is seen. A
smooth transition to optimal operation conditions is observed. Since the data
collected in these two cases (magnet OFF and magnet optimized for maximum
ion extraction) corresponded to different experimental conditions (e.g. different
cathode temperature and oven heating), it is not possible to determine the
impact in terms of efficiency of these modes of operation.
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Figure 4.6: Scan of the anode voltage with ion source magnet ON and OFF at
2000 °C. Both curves were taken under identical experimental conditions.

4.1.4 Dependence on the ion load capacity

In the present section we study the influence of the ion load within the VADIS
on the ion beam output. Because of the unselective nature of electron impact
ionization, it is not possible to independently investigate the dependence on the
neutral gas load. However, this will be investigated in Chapter 5, where the
VADIS is operated in RILIS-mode and electron impact-ionization doesn’t take
place.

The gas used in the study was COs and the following mechanisms for the
formation of CO™ were considered:

« Dissociative ionization of COg: COy + e~ — COT + O + 2e~.

o Thermal dissociation or dissociation by adsorption/chemical reaction of
CO5 when interacting with the surfaces of the target/ion source assembly
resulting in CO. CO™ is then formed by electron impact ionization of CO.

Release efficiencies of CO from a target/ion source assembly were studied
in [69]. This study shows that the majority of the CO, in the transformation
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from CO5 to CO comes from a reaction that takes place inside the ion source.
Calculations using the HSC software [63] show that the COs that arrives in
the ion source reacts with molybdenum (the anode body is made out of Mo)
forming CO which gets then extracted as COT. More details can be found in
Ref. [69].

The role that impurities in the FEBIAD play in the total efficiency of the
ion source was discussed by R. Kirchner in [70]. More specifically, Kirchner
observed that by reducing the N~ (W;=15.58 eV) beam output of the FEBIAD
the efficiency and stability of the ion source decreased. A similar effect was
observed for the case of CO* (W; = 14.0 eV). It was then believed that for
an efficient and stable operation of the FEBIAD the presence of impurities
at a level where these are seen as few pA ion beam, influences the ion source
performance. This is due to possible charge transfer mechanisms when collisions
of the elements of interest with these molecular ions take place.

In this work, CO2 molecules were released into the ion source using a leak
valve (the pressure in the target sector of the front-end was kept just below
the interlock value of 5x10~° mbar). The leak valve was then closed and the
extracted beam current for the noble gases He, Ne, Kr, Xe (W; = 24.6 €V, 21.6
eV, 14.0 eV and 12.1 eV) was measured at several occasions as well as the CO™
(W; = 14.0 eV) output beam. These data were taken over a total period of 4
hours. The noble gases extracted beam current was plotted as a function of the
CO™ beam current as shown in Fig. 4.7.

To some extent, the findings of Kirchner are confirmed; for elements with
lower ionization potential than that of CO, with a sufficient CO™ ion load,
a positive effect on the ionization efficiency takes place (as long as the ion
source capacity limit is not reached). This is attributed to the additional
ionization mechanism of charge exchange collisions with the lower W; elements.
An increase in efficiency for Xe is due to the energy advantage in the formation
of a Xet by a CO' molecule collision with Xe: W;(Xe) < E4(CO™).

The rapid decrease in efficiency for elements with a higher W, than the
dominant species (in this case the dominant species is the deliberately injected
COa4, but in the case of a target/ion source assembly it could be a source of
atoms evaporated from the target material), is cause for concern if trying to
operate the ion source with ion loads greatly exceeding several pA. Indeed,
high ion current operation is exactly what is required for next generation ISOL
facilities and the medical isotope extraction process at MEDICIS.

For example, at ISOLDE, in on-line use, a well outgassed target operates
roughly in equilibrium (atom release=in-target production). At MEDICIS on
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Figure 4.7: Normalized extracted ion current for the noble gases as a function
of the extracted CO™ ion beam.

the other hand, the target works off-line. The radioisotope production may take
place inside a cold target for many days but the extraction of the radioisotopes
may take place in a fraction of this time. Consequently, the required ion
throughput during this extraction may exceed that of an ISOLDE target by an
order of magnitude or more.

Figure 4.8 shows the extracted CO™ ion current as a function of the COq
injection (though what is measured is the CO, monitored on a residual gas
analyzer (RGA) attached to the side of the vacuum chamber, downstream
of the anode exit hole). The actual neutral pressure in the source was not
measured directly. These values should be considered relative measurements on
the assumption that the pressure measured in the RGA is proportional to the
neutral pressure within the ion source.

The maximum current that can be extracted under space-charge limited
conditions is given by the Child-Langmuir equation as follows:

I[A]=1.71-1077- \/E (%)2 V32V (4.2)
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Figure 4.8: Extracted COT ion beam and total current as a function of the
CO gas load in the VADIS. The anode voltage is set to 100 V. The set point
labelled on the x-axis indicate the position of the leak valve, where 1 is ‘closed’
and 1000 means ‘fully open’

We can use this formula as a guide to the upper limit to the extractable
ion current from the ion source. If CO™ was the only species present in the
ion source, applying equation 4.1.4 ( M(CO)=28, aperture radius ¢=0.75 mm,
gap extraction hole-extraction plates d=1 mm, =1 and V=100 V), the space-
charge limited COT beam current is 18 yA. In actual fact, despite an increasing
CO supply (red curve in Fig. 4.8), the CO™T ion current saturates at 5 to 10 pA
(black curve in Fig. 4.8). This is because CO™ is not the only ionized species in
the ion source. In fact, the total extracted beam current saturates at ~23 puA
which is consistent with expected space-charge limitations of the source.

In another experiment, jointly performed with the Paul Scherrer Institute
(PSI [71]) (with the goal of determining evaporation rates and transmission of
different manganese salts), the ion load capacity of the VADIS was determined
using manganese instead of CO. A graphite block was impregnated with a
manganese solution and evaporated into the ion source. A gas mixture containing
Xe, Ne, Ar, He, Kr (20 % each) was injected into the ion source and their
current, together with the CO™" and total ion current were monitored as the
Mn was evaporated into the ion source volume as shown in Fig. 4.9.
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Figure 4.9: Extracted ion beam for different elements at the start of the
measurement (blue bars-Mn oven cold) and at maximum Mn ion extraction
(orange bar-oven hot). A decrease in efficiency for the main elements contributing
to the total beam is observed under the presence of high Mn beam current. A
manganese beam of about 160 nA is present at the beginning of the measurement
(oven cold) due to indirect heating.

The blue bars correspond to the ion current measured for the different
elements when the oven heating was set to 0 A. The orange bars indicate the
ion current after the oven has been heated up, therefore the Mn*t and total ion
current are above 10 pA. The latter values correspond to the extracted beam
once the total extracted current and Mn™ ion beam, even when heating further
the mass marker, didn’t increase any longer. The main contribution to the total
beam current was the 5Mn (10 uA out of 16 uA total beam current).

Using the same approach as for CO, the maximum achievable extracted
current for ®>Mn ions only is 12 uA at 100 V applied to the anode walls. Indeed
what we see is that as the experimentally measured current reached this value,
the efficiency for all the elements measured decreased, indicating that the space-
charge limit for ion extraction has been reached. This is further evidence that,
to maintain the efficiency for a chosen species, the ion source should be operated
under conditions in which a limitation imposed by the extracted total beam
current is not present.
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4.1.5 lonization efficiency measurements

Absolute efficiency measurements of the metallic elements gallium, mercury,
magnesium, tin and manganese were performed at the ISOLDE off-line separator
using the VADIS ion source. For this purpose, a calibrated mass marker was
used. The ions created by electron impact ionization within the ion source are
then extracted and the current of the mass-separated beam is integrated using a
Faraday cup. An example for the case of a mercury beam is shown in Fig. 4.10.
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Figure 4.10: Determination of the efficiency of mercury off-line. The extracted
current is shown as a function of the necessary time it took to evaporate the
sample (x-axis). The ‘oscillations’ observed correspond to the heating of the
mass marker to promote the release of Hg atoms. The measured current is
integrated to determine the ion source efficiency.

Table 4.1 shows the experimentally measured efficiencies and the measure-
ment conditions. The efficiencies were measured using 4 different ion sources
with the same design (slight modifications may arise during the assembling
process, therefore the different units were labelled as 1,2,3 and 4 as indicated in
table 4.1). The efficiencies as a function of the cathode temperature are also
plotted in Fig. 4.11. The values have been corrected for transmission through
the separator (~76 %).

For the noble gases, it is systematically observed that the efficiency is higher
the heavier the element is, regardless of the ionization potential. This is due to
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Table 4.1: Experimental efficiencies measured at the ISOLDE off-line laboratory.
Unit # refers to the target/ion source assembly used. T is the cathode
temperature, A the mass of the element, W; the ionization potential, V,
the anode voltage, I, the electron (drain) current, e the ion source efficiency
and f the f-factor as defined in equation 3.5. The transmission through the
mass separator was 76 %.

Element Unit# T (°C) A W, V. (V) L (mA) (%) f

Ga 1 2020 71 5.99 125 80 177 1.79
2 2110 71 5.99 150 390 124 0.58
2 2020 71 5.99 150 120 6.1 0.70
Hg 1 2020 202 10.44 125 70 9.2 1.01
3 2075 202 10.44 98 80 4.0 0.22
2 2110 202 10.44 150 370 5.1 0.25
2 2110 202 10.44 150 390 214 1.07
Mg 3 2035 24 7.65 95 70 6.2 1.28
3 2075 24 7.65 103 90 12.6  1.82
Sn 3 2035 120 7.34 100 50 7.8 0.27
3 2075 120 7.34 100 90 1.5 0.05
Mn 4 1835 95 743 100 ) 1.3 1.64
3 2035 95 743 100 50 187 2.57
3 2075 55 743 100 80 10.6  0.98

the fact that the atoms spends a longer period of time in the ion source volume,
which increases the probability of getting ionized.

The observation of a similar trend for metallic elements was attempted with
the measurements described in this section. It is seen that the scattering of
the efficiency values for a given element is of the same order as the variation in
efficiencies measured for the different elements. For this reason, it is not possible
to draw a conclusion as to the properties of the element governing the achievable
efficiency (mass, ionization potential, vapour pressure, atomic radius, etc).
One reason for this is the inability to perform successive measurements under
identical experimental conditions and with the same ion source. Understanding
the element dependence of the ionization efficiency therefore requires a different
experimental approach. One could consider a dual ion source assembly such as
the one described in [72] which could enable a known current of a particular
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Figure 4.11: Experimentally measured efficiency of metals at the ISOLDE
off-line laboratory as a function of the cathode temperature. The efficiency for
the noble gases at 2125 °C are also shown, taken from 4.2.

element to be injected in the ion source and then compared with the extracted
current of that element from the ion source.

As for the f-factors, these values are calculated from equation 3.5, which
doesn’t take into account recombination mechanisms, element volatility, surface
ionization probability and reactivity with anode materials just to name a few,
which would contribute to the large spread in the computed values.

4.2 VSim: A Particle-in-Cell software for the study
of the VADIS ion source

The VSim software package [13, 14], which uses a particle-in-cell approach for
the modelling of, for example, electron and ion distributions, has been used to
gain an insight into the following aspects of the VADIS ion source: field map
inside the anode volume; the electron charge density distribution; and the time
structure of the ion beam extracted after laser ionization. The evolution of
these under varying experimental conditions such as anode voltage, magnetic
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field strength, electron current/cathode temperature, extraction voltage, ion
density is investigated. The aspects relating the operation of the ion source in
RILIS-mode are discussed in Chapter 5.

4.2.1 Influence of the magnetic field on the charge density
distribution

Simulations with and without a magnetic field were performed to study its effect
on the charge density distribution. In the simulation, electrons are emitted from
the wall opposite to the extraction aperture, emulating the cathode emission,
with an initial energy of 150 eV. The anode walls are biased positively (150
V, to match the electron injection energy), therefore the electrons enter the
anode volume with enough energy to cause ionization by electron impact. The
simulation assumes an argon-only environment with a pressure of 102 mbar
inside the anode volume. This would allow an ion creation rate high enough
to provide sufficient statistics to study the charge density distribution, while
still maintaining simulation timesteps that are suitable for ion tracking. Elastic
and inelastic collisions of the electrons and argon gas are considered, as well
as electron impact ionization of the argon. The different particles (or species)
considered in the simulation are:

e Primary electrons: electrons emitted from the hot cathode that enter the
cavity due to the positive 150 V applied to the anode walls.

o Argon ions: Art as a result of electron impact ionization, left in the 1+
charge state (o(+)=2.4-10"%cm?, o(2+)=4.9-10"17cm? at 140 eV [73]).

e Recoil electron from ionization: electrons produced by electron impact
ionization in the reaction e+ Ar=Art+2e".

e Secondary electrons: electrons emitted from the anode walls after the
impact of primary electrons with it.

o Wall electrons: Electrons emitted from the anode walls, simulating
thermionic electron emission due to the fact that the anode is radiatively
heated by the cathode.

To carry out the simulations, we have used a special work-flow to allow for
meaningful timescales for ion dynamics to be studied. The simulation is left
to run for long enough for the electron population to saturate (e.g. number
of electrons that enter the volume equals the number of electrons lost in the
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walls), with the electrostatic field being computed throughout the evolution of
the electrons simulation. At this point, the dominant species in the simulation
are the incoming electrons from the cathode (primary electrons), exceeding by
several orders of magnitude the other species mentioned above.

The field distribution established when the electron saturation is reached
is effectively a convolution of the electron charge density distribution and the
electrical field generated by the relative potentials of the anode, extraction
plates and extraction electrode. The charge density distribution of the electrons,
with and without a magnetic field, and for two different values of the electron
current are compared. An homogeneous axial magnetic field of 0.03 T was
considered. The results are shown in Fig. 4.12. By comparing the figures in
the left hand side (B=0.03 T) with the ones in the right hand side (B=0 T) in
Fig. 4.12, we can deduce that the magnetic field provides confinement of the
electrons, thereby increasing their path length across the anode, and resulting in
a more uniform electron charge density within the anode volume. As a result, an
increase in ionization efficiency is expected (as is also observed experimentally).

This simulation was performed for two different electron current values: 40
mA and 100 mA. In both cases, the steady-state electrostatic potential includes
a central potential well, that can act as a trap for ions created at this location.
This ‘trapping’ region was discussed in [46] as the ‘inactive’ volume of the ion
source. In fact, the difference in overall ion source efficiency between the MK5
and MK7 FEBIAD variants was shown to correspond to the different ratios of
the ‘active’ to ‘inactive’ volumes of these two FEBIAD geometries.

When considering a 100 mA electron current, a cloud of electrons is formed
at the rear of the ion source as seen in Fig. 4.12 (panel e-left). As can be seen in
the field map, this results in an electron-suppressing negative potential barrier.
The electron charge density (panel e in Fig. 4.12) therefore is minimized in
the center of the ion source (at the location of the ‘inactive’ volume - located
around the blue-shaded region of panel d in Fig. 4.12) and maximized in the
‘active’ regions of the ion source, closer to the anode walls. Panel e does not
give information on the electron energy distribution but, the simulation does
enable the corresponding ion density distribution to be displayed (panel f). This
assumes a uniform distribution of atomic vapor, and so is therefore effectively
showing the convolution of the electron density and energy distributions. If
such a scenario depicted in panel f could be sustained in the steady-state, we
can imagine this would be an ideal ion source operating mode, resulting in
a significant enhancement in ion extraction probability, due to the exclusive
creation of ions inside the active volume.

In this respect, the simulation provides an insight into ion source behaviour
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Figure 4.12: Field map, electron and ion density distributions with (left-hand
side) and without (right-hand side) the presence of the ion source magnetic
field. The results are also shown for two different electron currents: 40 mA
(panel a, b, ¢) and 100 mA (panel d, e, f).
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that may help in explaining the experimentally-observed (Fig. 4.4) jump in
ionization efficiency and indicate how the hysteresis could occur as a result of
a sudden change in ion density and distribution. It is notable also that this
operating regime is not achievable without the application of the axial magnetic
field, consistent with the experimental data shown in Fig. 4.6.

Further investigating this would require a continuation of the simulations to
identify the range of conditions (values of V, B and Ion current) required to
generate the favourable ion density distribution shown on the left-hand side of
panel f of Fig. 4.12, which would be seen experimentally as the onset of the
threshold. After the onset of this threshold, the sudden change in ion population
and distribution may constitute a significant enough change in experimental
conditions, to result in the observed hysteresis effect. This is the subject of the
next subsection, where it is seen that the initial electron-dominated conditions
described here, evolve with time as the ion density inside the anode volume
increases.

4.2.2 Influence of the ion population on the electrostatic field
distribution

Here we discuss the influence of the ion population on the electrostatic field
distribution. We have so far considered an electron-dominated regime. But in
reality, ions present in the volume as a result of the different ionization processes
modify the field map, and this becomes non-negligible at an ion density that
approaches the value corresponding to a total extracted ion beam of several pA.

Ideally, a simulation would include and couple all physics phenomena taking
place in the ion source: electron and ion motion, ionization, recombination,
secondary electron emission (from the wall/collisions), thermal electron emission
amongst others. But the charge to mass ratio of the electrons is 3-5 orders of
magnitude smaller than that of the ions. As a result, the time-scales of the ion
and electron dynamics are very different.

To overcome the computational issue, the simulation is split in two main
steps as follows:

Step 1 - Electrons are launched from the back of the ion source as described
in Subsection 4.2.1. As they enter the ion source volume, the ion population
increases as a result of electron impact ionization. The simulation is left to run
for long enough for the electrons to equilibrate. The information collected in
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this step (e.g. ion population distribution, electrostatic field distribution) are
used as an input for step 2.

Step 2 - A new simulation is run in which the ions generated in the first step
of the simulation are left to move in the electrostatic field previously defined
by the electron distribution and the external fields. The electron dynamics are
not considered in this step. This enables the simulation to run with timesteps
that are appropriate for ion, rather than electron, dynamics. A new charge
distribution for the ions is obtained. At this point, maintaining the same ion
density distribution, the actual ion density is uniformly increased by adjusting
the number of particles per macro-particle in the simulation. This is done to
ensure that a non-negligible number of ions are considered in the next iteration,
without necessitating the use of impractically long simulation times. This is
then used as a starting point for the next iteration (returning to Step 1).

With this approach, it is not necessary to simultaneously use a timestep
short enough to resolve the electron dynamics and also simulate for a long
enough duration to track the ions from the anode volume out to the extraction
electrode.

The number of ions and electrons as this iterative process takes place is
shown in Fig. 4.13. It can be seen that as the ion number increases, the electron
number keeps increasing as well. This is because the positive charge of the ions
compensate for the space charge of the electron population, allowing a higher
number to enter the ion source volume.

Then we proceed to study the electrostatic field, electron and ion distributions
at 5 different stages as highlighted in Fig. 4.13: t1, to, t3, t4, and t5 for an
electron current of 100 mA. This will show how it evolves as the ion number
increases. The five stages are depicted in Fig. 4.14.

We start (at t1) with the electron-dominated system, similar to that seen
in Fig. 4.12 (d,e,f). After each time-step (each of roughly 12 us), the ion
distribution influences the potential field map, and in turn the electron density
and energy distribution. We see that, as the iterative simulation progresses,
the minimum of the axial potential moves towards the center of the ion source
and eventually, at t5 is almost eliminated, and a smooth slope or ion ‘funnel’ is
established. In this case, electrons penetrate further into the ion source and lose
less energy in doing so, resulting in a more uniform ion density distribution.

Further simulation time would confirm the expectation that, once completed
(possibly requiring several more time steps), a complete transition to a down-
ward sloping longitudinal potential will be made. This would result in a
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Figure 4.13: Number of electrons and ions in the ion source volume. The ion
number is ‘boosted’ during the iterative process to gain an insight on how the
electron number and electrostatic field distribution evolve.

steady-state operation of the ion source, because newly introduced ions then
efficiently drain out of the anode volume, analogous to water filling a bath to
the level of the overflow drain. In this mode, we can expect that the ionization
efficiency is optimal since the residency time of the ions is minimized while
the extraction probability is maximized. If this is indeed the case, it should
be possible to experimentally determine this time from ion source ‘switch on’,
ton to ‘full ignition’, t;, where the ionization efficiency is at its maximum. For
example, if, as is suggested here, this process is entirely dependent on the filling
of the potential well with ions, it must be dependent on the neutral flux of the

species being ionized.

Testing this experimentally could be rather simple: for example, using a
time-resolved (ns resolution) ion detection system (an MCP or channeltron),
the ion bunch arrival time downstream of the ion source after the onset of a
fast (nanosecond-range) rise-time anode voltage pulse could be recorded. As
an additional measurement, if the anode pulse duration and repetition rate is
changed (from Hz to kHz) while maintaining a fixed duty cycle (20 % anode
on, 80 % anode off for example), the influence of the anode pulse length on
the ion rate could be monitored using the Faraday cup'. Any deviation from a

1The experimental setup described here is already available at the ISOLDE off-line
separator, and has been previously applied for FEBIAD pulsing tests [74]
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Figure 4.14: Evolution of the electrostatic field, electron and ion distribution
as the ratio of ions and electrons in the ion source varies (see stages shown in
Fig. 4.13). The first column shows the potential along the axis of ion source.

measurement of 20% of the ion current with a fixed voltage anode, would then
be attributed to the need for a FEBIAD ignition time. This same measurement
could be performed under different experimental conditions: anode voltage,
neutral species, magnetic field strength, and neutral pressure.

Coming back to the subject of the hysteresis in the anode voltage plot of
Fig. 4.4, it can be imagined that, once the steady-state conditions are reached
and the ion extraction rate equals the ion creation rate, the system becomes
more resilient to parameter changes (such as the anode voltage). However, it
may be that, to reach this state in the first place, a certain minimum anode
voltage is required. This can be investigated in an extended simulation campaign
by performing the iterative study at several values of anode voltage, with the
goal of determining the minimum voltage, V; (forward) required to enable t;
to be reached. In the same way, a voltage V; (backward) could be determined
by continuing the simulation in Fig. 4.14 for more time steps but with a range
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of lower anode voltages. If V;, (backward) is less than V; (forward), hysteresis
is shown to be present in the system.

Finally, going back to the experimental study, if t; can be determined
using the anode pulsing test for a given ion source and set of experimental
conditions and for a range of anode voltages, then a comparison of anode voltage
scans performed in a way that ensures the anode voltage pulses either always
shorter or always significantly longer than t; could be performed. Depending
on the appearance (or not) of the characteristic hysteresis curve, we could then
understand which of the two scenarios presented here (electron dominated, or
ion-influenced) are most relevant to describing the FEBIAD operation.



Chapter 5

The Versatile Arc Discharge
and Laser lon Source
(VADLIS)

The Versatile Arc Discharge and Laser Ion Source (VADLIS) has been an
available option for ISOLDE users since 2015. The ability to switch from VADIS-
mode to RILIS-mode of operation has been crucial to the success of a series
of experiments [50, 75, 76]. This chapter investigates, and later demonstrates
how the extraction efficiency of laser-ionized species can be improved when
operating the VADLIS in RILIS-mode, through the application of an extraction
potential to the exit aperture.

In Section 5.1 an article is presented [51] which proposes a way to overcome
the reduction in extraction voltage when the VADLIS is operated in RILIS-mode,
due to the decrease in the anode voltage that is required. A series of simulations
using the VSim software [13, 14] were carried out to investigate the enhancement
of extraction efficiency with a modified electrical configuration of the VADLIS.
Prototypes were built and tested and results compared to simulations. The
off-line studies were performed using gallium. Results from on-line operation at
ISOLDE of the modified VADLIS are also discussed.

Section 5.2 gives more details of the performance of the modified VADLIS

when operated at ISOLDE at the end of 2017 and the enhancement in extraction
efficiency for stable magnesium, molybdenum and mercury. Section 5.3 gives

75
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information on how the ion extraction is influenced by changes in the electrostatic
field distribution based on VSim simulations while Section 5.4 shows the influence
(experimentally measured) of changing the extraction voltage using the modified
VADLIS on the mass resolving power. Section 5.5 provides experimental results
when operating the VADLIS in RILIS-mode in the presence of abnormally high
neutral atom and ion densities, the former is achieved by injecting CO4 gas
and the latter is achieved by evaporating a rubidium atom dispenser, which is
surface ionized inside the ion source due to its low ionization potential.

Finally we discuss ongoing and proposed developments for the VADLIS,
which can potentially broaden its use at ISOL facilities.

5.1 Paper: Enhancing the extraction of laser-
ionized beams from an arc discharge ion source
volume
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ARTICLE INFO ABSTRACT

The Versatile Arc Discharge and Laser Ion Source (VADLIS) is a recently established ion source for the CERN-
ISOLDE radioactive ion beam facility. It offers either electron-impact ionization (VADIS-mode) or resonance
laser ionization (RILIS-mode). The choice of operating mode depends on the element of interest or the required
beam purity. Particle-in-cell simulations using the VSim software show that the ion extraction efficiency of the
VADLIS in RILIS-mode can be improved if it is equipped with an insulated extractor plate, to which an optimal
voltage can be applied. This enables optimization of the RILIS-mode ion extraction independently of the electron
density. Experiments have been performed using a prototype VADLIS with an adjustable extractor plate voltage
for the generation of gallium ion beams at the off-line as well as lybd and
mercury ion beams at ISOLDE. A factor > 2 increase of the VADLIS efficiency in RILIS-mode has been achieved.

Keywords:
Ton source

Resonance laser ionization
Arc discharge fonization
Radioactive ion beams
Particle-in-cell simulation

1. Introduction

The Versatile Arc Discharge and Laser Ion Source [1] (VADLIS)
combines the FEBIAD (Forced Electron Beam Induced Arc Discharge)
ion source [2] and the RILIS (Resonance Ionization Laser Ion Source)
[31, both employed at Isotope Separator On Line (ISOL) facilities for the
production of radioactive ion beams. The ISOLDE variant of the FEBIAD
is known as the VADIS (Versatile Arc Discharge Ion Source) [4] but they
share the same design and operating principle based on electron impact
ionization. At ISOLDE [5], reaction products (radioactive isotopes)
produced in the high-temperature target effuse as atomic vapor towards
the anode volume of the ion source, via a transfer line. The transfer line
is connected to the cathode tube (see Fig. 1) through which the atoms
effuse into the anode cavity, where they are ionized, primarily by
electron bombardment. Electrons are emitted by thermionic emission
from the flat surface of the cathode which is resistively heated to ty-
pically 2000 °C. A positive voltage is applied to the anode cavity (ty-
pically in the range of 100V to 150V). Electrons are therefore
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E-mail address: yisel.martinez@cern.ch (Y. Martinez Palenzuela).
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accelerated towards the grid. Those that pass into the anode do so as a
mono-energetic electron beam with an energy corresponding to the
anode voltage. An axial magnetic field, regulated by the current applied
to the coils of a fixed solenoid installed around the ion source volume,
increases the mean path length of the electron trajectory thus increasing
the probability of an electron/atom interaction. The VADIS series of ion
sources all use the anode geometry of the MK5 FEBIAD [6] though the
material of the grid was replaced from graphite to molybdenum in an
effort to reduce the CO™ ion formation. The total ion load of the cavity
decreases creating a low density plasma [4]. Previous experimental
studies indicate a complex relationship between the anode voltage
(electron energy) and the overall ion source performance [4]:

® The electron energy must exceed the ionization potential of the
element of interest. The ionization cross section varies with electron
energy and peaks at a value typically equal to 2-3 times the ioni-
zation potential.

o If the electron emission from the cathode is space-charge limited,

0168-583X/ © 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/BY/4.0/).
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Fig. 1. Sketch of the VADLIS and general description of the experimental set-up. (not to scale).

then the electron flux is proportional to V%/ d?, where V is the vol-

tage difference and d the distance between the cathode and the

anode [7].
o The anode body temperature is determined by its proximity to the
hot cathode (~2000°C). The anode is also heated by electron
bombardment, which is determined by the electron current and the
anode voltage. The anode temperature influences the surface ioni-
zation rate of the atoms and wall sticking times as well as electron
emission from the walls. Theoretical estimations are given in [8].
For the standard VADIS configuration, the extraction plates are held
at the potential of the high voltage platform as indicated in Fig. 1
(locally grounded). The voltage difference between the anode and
extraction plates is therefore equivalent to the anode voltage.

It is challenging to experimentally determine the relative im-
portance of each of these aspects of the ion source in terms of the re-
sulting ionization efficiency for a given species. For this reason, par-
ticle-in-cell (PIC) simulations of the ion source, for which individual
physical effects can be switched on and off, can therefore provide a
valuable insight. The CPO software [9] has been used in the past to
demonstrate the impact of the so called ’active’ volume in the overall
efficiency of the ion source. A model describing the dependance be-
tween efficiency and the active volume was then inferred from ex-
perimental results over a wide range of operational parameters. More
details can be found in [4,10].

Recently it was demonstrated that the VADIS cavity could be used as
an effective laser-atom interaction region provided that the lasers can
be transmitted through the 1.5 mm diameter exit aperture of the anode
[1]. In this case the ion source is operated in so-called RILIS-mode, with
the source magnet and the anode voltage optimized for laser-ion sur-
vival and extraction, whilst keeping the anode voltage below the re-
quired value for electron impact ionization to occur.

The development of this multi-purpose ion source (known as the
VADLIS) has been crucial to the success of several experiments at
ISOLDE since its first on-line use in 2015. For example, this approach
enabled the first operation of RILIS with molten lead targets for the
study of mercury isotopes by in-source laser spectroscopy [11] since a
reliable means of coupling the standard hot cavity RILIS ion source with
liquid targets does not currently exist. On-line experiments for the
production of mercury, cadmium and magnesium beams have shown
that RILIS-mode achieves a beam purity comparable to that of the
standard hot-cavity RILIS ion source as well as an operating efficiency
comparable to VADIS-mode for the laser-ionized species [1,11]. This
additional degree of ion source flexibility proved vital to the success of
the ISOLTRAP [12] experiment at ISOLDE described in Ref. [13,14] for
which magnesium and neon beams were required in a single experi-
ment and thus one target/ion source assembly should be used. Beams of
neon isotopes need an electron impact ionization mechanism while
magnesium can be ionized by both electron impact and laser ionization

(RILIS). The RILIS-mode allowed the »*Mg yield to be preserved with a
much cleaner isobaric spectrum compared to the VADIS-mode (electron
impact ionization).

In this work we characterize the performance of a modified VADLIS,
equipped with an adjustable-voltage extractor plate, primarily intended
to improve the performance of the RILIS-mode of operation in terms of
selectivity and extraction efficiency. This is highly desirable at ISOL
facilities: e.g users would benefit from a reduced number of shifts ne-
cessary to perform their experiments without any apparent drawback.
Even though the VADIS operation mode can also benefit from these
modifications, the enhancement in extraction efficiency was observed
to be not as significant as for the RILIS-mode. We demonstrate that the
source can perform as a standard VADIS with no loss of performance or
drop in lifetime. The particle-in-cell software VSim [15,16] is used to
study improved RILIS-mode extraction characteristics. VSim is also
used to simulate the ion extraction time profile which shows good
agreement with experimental results. In the outlook we discuss the
prospects of this modified VADLIS as the new standard configuration,
and suggest further modifications for improved ion source flexibility,
diagnostics and performance.

2. Experimental set-up

The study performed in Ref. [1], which identified the different
modes of operation of the VADLIS served as a starting point for a better
understanding and optimization of the anode cavity as an efficient
laser-atom interaction volume. The experimental studies were carried
out at the ISOLDE off-line laboratory described in Ref. [8]. Gallium
vapor was released from a GaNOj precipitate contained in a resistively-
heated capillary oven, connected to the rear of the tubular cathode
tube. Atomic Ga (ionization potential ~6.0eV) effusing along the
cathode tube is able to enter the anode cavity by passing through the
anode grid, located 1 to 2 mm downstream of the cathode exit. The Ga
atoms were ionized via a two-step, one-resonance ionization scheme
(294.36 nm,532nm) [17]. The first step involves a transition from the
thermally-populated low-lying atomic energy level 3d'%4s?4p>P}), to the
4524d°Ds,, state. Up to 200 mW of 294.36 nm light was produced using
a frequency-doubled Rhodamine 6G dye laser, pumped by 20W of
532 nm radiation from a frequency-doubled Nd:YAG laser (Edgewave IS
series). The second step, non-resonant ionization to the continuum
made use of up to 15W of residual 532 nm light from the dye pump
laser. An optical delay line ensured coincidence of the ~8ns laser
pulses in the ion source. The laser pulse repetition rate was fixed to
10kHz for these studies.

The laser beams are transmitted to the ion source through a fused
silica window in the separator vacuum chamber and enter the anode
volume through the 1.5 mm diameter aperture of the anode extractor
plate. A portion of the laser beams passes through both the anode cavity
and the central hole of the anode grid, entering the cathode tube
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Fig. 2. Ga* beam intensity as a function of the anode voltage (black line). The
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anode (region II) and by electron impact ionization plus resonance ionization
(region III). Details on the contribution of different ionization mechanisms to
the Ga* signal are discussed in [1]. The red line represents the Ga* beam
intensity as a function of the anode voltage when the cathode polarity is in-
verted (see subSection 2.1)

(diameter 1.2 mm, length 22 mm) as shown in Fig. 1. The ion source
assembly is on a high voltage platform, held at +30kV. A grounded
extraction electrode, located ~60 mm downstream of the anode exit,
extracts ions as a 30keV, effectively mono-energetic beam, which is
transmitted through a magnetic dipole mass separator for isotope se-
lection. After mass/charge selection the ion beam is transported to a
Faraday cup as shown in Fig. 1.

The beamline is equipped with a high voltage pulsed switch
(BEHLKE GHTS60) connected to a vertical deflector downstream of the
extraction electrode, also shown in Fig. 1. By using a sliding beam gate
technique, the time structure of the extracted beam can be obtained as
discussed in Section 3.2.

The dependence of the 7'Ga* current while sending the lasers into
the anode cavity, as a function of the anode voltage V;, is shown in
Fig. 2. In the analysis of the ion source performance we assume a
constant atomic Ga flux into the anode (i.e. the effect of the electron-
bombardment heating of the anode on the Ga evaporation rate from the
oven is negligible).

Three regions can be identified in the anode voltage scan. Below
V, = 30V laser-ionization is the dominant ionization mechanism. The
highest ion signal is recorded at values of V, for which the kinetic en-
ergy of the ions created by the laser pulse within the cathode tube is
sufficient to overcome the voltage of the anode grid (region I). As the
anode voltage increases region II is reached. At this stage, the positive
anode grid potential exceeds the potential difference along the resis-
tively heated cathode tube (Fig. 1). Laser-ions originating from inside
the cathode tube are therefore prevented from entering the anode vo-
lume and the ion current decreases. At around 30V, electron impact
ionization becomes the predominant ionization mechanism and the ion
source operates in the standard VADLIS regime (region III).

2.1. Cathode with inverted polarity

The survival of ions created inside the cathode tube is expected to be
enhanced by the ’hot cavity effect’ [18,19]. The voltage drop along the
resistively heated cathode tube acts as a drift field for any ions created
in that region. The direction of ion flow depends on the polarity of the
power supply. In the standard configuration, there is a negative voltage
gradient towards the anode-end of the cavity, attracting positively-
charged ions towards the anode. These ions can be generated either by
laser or surface ionization. If the polarity of the cathode is inverted, the
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ion flow along the cathode towards the anode is suppressed.

Fig. 2 compares the Ga™ ion rate (combined effect of laser, surface
and electron-impact ionized) dependence on the anode voltage with
standard and inverted cathode heating current polarity. The dis-
appearance of the ion current peak in region I in the case of inverted
polarity confirms our interpretation that the observed ions at low anode
voltage originate from inside the hot cathode tube itself.

Alkali suppression could be achieved by equipping the target as-
sembly with a resistively heated transfer line, with inverted polarity,
between the RILIS cavity and the target as discussed in Ref. [20]. In
Section 4.3 we will discuss this aspect and how the overall RILIS-mode
selectivity can be increased under certain conditions by making use of
the same mechanism for surface ion suppression using the cathode it-
self. This is possible since the MK5-type ISOLDE ion sources are capable
of operation with an inverted polarity [20].

3. Particle-in-cell simulations for the characterization of the
VADIS electrostatic cavity

The software VSim from Tech-X Corporation [15,16] is used in the
present work to model the electrostatic field distribution within the
VADIS cavity and gain an insight into the RILIS-mode ion dynamics. It
contains a well validated implementation of the electrostatic particle-
in-cell (PIC) algorithm with Monte Carlo treatment for the field ioni-
zation, impact ionization as well as elastic and inelastic scattering
processes.

In this study we focus on the electric field distribution caused by the
electrons reaching the anode cavity, combined with the voltages ap-
plied to the ion source walls and external electrostatic fields reaching
the extraction zone. When the rate of electron supply to the anode
(electrons incident from the cathode, plus those generated through
collisions with the atoms and anode walls) matches the rate of electron
absorption on the walls of the anode, a quasi-steady state is reached for
the electron population and, accordingly for the electric field distribu-
tion. The electron current extracted from the cathode and injected into
the anode volume in VADIS-mode is of the order of some tens of mA
while the typical ion current extracted from the anode volume through
the exit aperture reaches at maximum several pA. We therefore con-
sider in the present study that the ion density inside the anode volume
has a negligible influence on the quasi-steady state electric field dis-
tribution. The impact of the ion source external magnetic field in the
electron/ion dynamics was not included in the present study.

3.1. Electrostatic field distribution within the anode volume

Fig. 3 shows the contour lines for the electrostatic field distribution
(after the quasi-steady state described above has been reached) when
applying 100V to the anode walls (VADIS-mode of operation). Elec-
trons are launched from a circular surface with an initial homogeneous
spacial distribution representing the cathode. An electron current of

Y
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81V

Fig. 3. Simulated electrostatic field distribution inside the anode (exit aperture
on the right hand side) with an anode voltage of 100 V (VADIS-mode) and the
electron current to 20mA. Ions created at a location corresponding to an
equipotential field line linked to the extraction aperture will be successfully
extracted while those created in the potential well (blue region in the center of
the source) will be trapped.
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Fig. 4. (a) Simulated time structure of Ga*
with VSim - extraction plates at 0V and
anode at 20V (top panel) and integrated
number of ions from 0 to 100 us (time be-
tween two laser pulses) normalized to the
total number of ions created during one
laser pulse (lower panel). The inset re-
presents the ion’s origin in the anode vo-
lume and the color code is the same as in the
figure. (b) Experimental time structure of
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20 mA is used as an input parameter for the simulation taking into
account that the anode grid transparency is ~50%. This value is
comparable with the 40 mA current measured experimentally for a
cathode operation temperature of 1935 °C. The results are in broad
agreement with earlier studies [8] which used the CPO software [9].

The ion source efficiency depends on the ionization efficiency, ion
survival and extraction probability. Since the anode exit aperture is
small compared to its internal surface area it is particularly important
for the electrostatic field distribution to provide ion confinement
(preventing anode wall collisions) and to result in ion flow towards the
exit aperture.

The consequence of this, however, is that satisfying this requirement
typically results in a region of the potential well in the centre of the
anode volume where ions are confined from reaching the anode walls
and the exit aperture. They are therefore trapped. This is illustrated in
Fig. 3 — where the central blue area corresponds to this trapped region.
In [8] the ratio of this trapped region to the active region (ion con-
finement but with access to anode aperture) was identified as the pri-
mary difference between MK5 and MK3 FEBIAD geometries responsible
for the different efficiencies of these two ion sources. Based on these
considerations, a reduction in the volume of this inactive region will
result in an increase in ion source efficiency. In VADIS-mode, ion
creation takes place throughout the full anode volume while in RILIS-
mode ions are created only where the laser beam is present: a well
defined central region in a cylinder with a diameter of 1.5 mm (the exit
hole diameter of the VADIS). The initial VADLIS investigations sug-
gested this potential well, which also appears when the ion source is
operated in RILIS-mode, resulted in a comparatively slow release of
laser-ionized ions from this region [1].

3.2. Laser ionization as a probe to study the electrostatic field distribution
and ion extraction time structure

The histogram of the ion arrival time at the detection system, re-
lative to the moment of ion creation (the laser pulse arrival time),
provides the time structure of the ion beam generated at the ion source.
The field distribution inside the ion source has a strong impact on the
time structure of the laser-ionized beam. The time structures from the
first VADLIS investigations [1] were qualitatively interpreted as re-
sulting from ionization in three distinct regions along the length of the
anode cavity. An analysis of the time structures can provide information
about the field distribution, as well as the ion survival and the prob-
ability for an ion to be extracted.

To validate and better describe the time structure interpretation
given in Ref. [1], a column of uniformly distributed ions is placed in the
calculated electrostatic field along the axis of the ion source, re-
presenting the ions created in the region of interaction of the laser beam
with the atoms. The length of the laser pulse is in the ns range, small
compared to the ion motion time scale. Therefore we consider the ions
are created instantaneously. Because of the relative low atom density,

focal plane of the dipole separator magnet.
40 60
Time (ps)

(b)

80 100

the number of photo-electrons created by the laser pulse is sufficiently
small not to perturb the static electrical field simulated previously. It is
therefore assumed in the calculation that ions are subject to this pre-
defined and unchanging electric field distribution. These approach is
advantageous given the charge to mass ratio of the electrons is 3-5
orders of magnitude smaller than that of the ions and as a result the ions
experience much smaller acceleration due to the same field magnitude.
These assumptions are therefore necessary to enable the simulation to
run in time steps suitable for ion, rather than electron, motion. Since we
do not model explicitly the electron-ion dynamics at the same time,
ion—electron neutralization mechanisms were not taken into account.

With the anode voltage set at 20V in the simulations we study the
ion time structure (this voltage value was chosen to study the time
profile of the ions created within the anode volume and will be com-
pared to the time structure measured experimentally at this same vol-
tage). The electron current which determines the electrostatic field
distribution was set to 1.5 mA since just half of the electrons reach the
anode volume due to the 50% grid transparency (3 mA was measured
experimentally at 1935 °C though this number was observed to go up to
12 mA for a different ion source). Considering a 1 nA laser-ionized Ga™
beam with a 1.5 mm diameter (defined by the aperture of the extraction
plates) and 23.16 mm length (length of the anode cavity) ion creation
cylinder, the ion density along the laser beam path from a single
overlapped set of laser pulses is of the order of 10'!/cm®.

The simulated results show good agreement with the qualitative
interpretation given in [1], with the time structure (Fig. 4a (top panel))
showing two distinct peaks. A prompt release peak, appearing after
~ 21 ps, (corresponding to the time-of-flight of the ions from the source
to the Faraday cup) was associated to the ions created by the laser pulse
in the region close to the exit-hole aperture and first to feel the ex-
traction field. The second peak of the prompt release, appearing ~ 10 ps
later can be associated to regions where the potential is high enough to
overcome the potential well present at the rear of the ion source, which
is the case for the ions created near the anode grid (see Fig. 1 and
Fig. 3). These statements were validated by tagging each ion inside the
ion source according to their horizontal coordinate with a color code
and observing how the particles are extracted from the volume as a
function time. Fig. 4a (lower panel) shows that up to 18% of the ions
are extracted within 10 ps after ion creation and 10 ys later, the per-
centage of ions extracted from the ion source equals 25%.

According to the simulation, approximately 75% of the ions are not
released within 100 ps, but remain confined within the region of en-
closed electrical potential (Fig. 4a (lower panel)). In fact, it is demon-
strated in Ref. [11] that, by operating the lasers with a 2kHz repetition
rate, the laser related ions residency time within the cavity exceeds
500 ps.

To validate these results, the experimental time structure of the
extracted beam was obtained through a sliding beam gate technique: by
applying a pulsed high voltage source to a vertical deflector plate
downstream of the extraction electrode a fast beam gate was realized.
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The variable-width beam gate was operated at the repetition rate of the
pulsed RILIS lasers (10kHz) and triggered, with adjustable delay from
the master clock that triggered the laser.

The Ga™ signal was recorded while a 10kHz beam gate (gate open)
of 2 s duration was applied. The measurement was repeated for dif-
ferent gate delay times across the 100 ps interval between laser pulses.
The results are shown in Fig. 4b. The ions generated within the central
(grey) region on Fig. 4a (inset), are not extracted within the time-
window between laser pulses, and therefore form a ’DC’ background in
the experimentally-observed time structure (Fig. 4b). A laser on/off
measurement proved that 50% of this DC background current is at-
tributed to laser-ionized Ga. One notices also two distinct time struc-
tures on top of the DC background current. We can evaluate the ratio of
ions found in the prompt release (from a single laser pulse) to this slow-
release DC component to be 1:1.3 (calculated after subtraction of the
non laser-ionised DC background). This is in agreement with earlier
studies which indicated that the majority of the ions are slowly ex-
tracted on a time scale which is long compared to the time between
laser pulses [1,11]. The ion survival time in the anode volume is
therefore sufficiently long for the ion population to build up, exceeding
the capacity of the potential well.

The general features of both the experimental and theoretical time
structures are consistent. The two peaks appearing in the experimental
time structure, separated by ~4us as shown in Fig. 4b is consistent
with the existence of a voltage depression. The spacing in time of these
peaks as well as their intensity will depend on the electron density in
the cavity and anode voltage, since it is the electron density that de-
termines the field distribution and depth of the potential well.

The information provided by the simulated and experimental time
structures shown in Fig. 4 enables an estimation of the extraction effi-
ciency of the slow-release component of the laser-ions. From the si-
mulation (Fig. 4a), we see that the prompt release accounts for 25% of
the ions generated by one laser pulse. The remaining ions are either not
released (trapped or re-neutralised), or released slowly with respect to
the 100 us between laser pulses. Using the assumption that the elec-
trostatic field used for the simulation in Fig. 4a remains unchanged
after many laser pulses, and that the ion-survival for the ions origi-
nating in the prompt release regions (colored regions in Fig. 4a (inset))
is 100%, the extraction efficiency for the ions generated in the 'trapped’
region is estimated to be 42%, resulting in an overall ion extraction
efficiency of 57%. As will be shown in Section 4.3, even with an anode
voltage of 20 V, the application of an optimal voltage to the extraction
plates (see Fig. 1) results in an enhancement in overall efficiency of
~30%.

4. VADLIS with improved extraction characteristics of laser-ions

The electrical field distribution inside the anode due to the potential
difference between the anode body and the locally grounded extraction
plates, has an effect on the ion extraction. Here we investigate the re-
covery of an effective potential difference, that can be optimized for
maximum ion extraction probability while operating in RILIS-mode.
This can be achieved by applying a negative voltage to the extraction
plates aperture of the ion source. The present study was performed
using the VSim software, leading to the construction of a VADLIS pro-
totype that presents improved ion extraction characteristics as de-
monstrated experimentally.

4.1. Dependence of electrical field distribution on the extractor-plate voltage

A comparison between the field distribution inside the anode cavity
of the VADIS when the extraction plates are set to 0V and —100V is
shown in Fig. 5. For both cases, the anode voltage is set to 1.35V and
the electron drain current (the electron current from the cathode to the
anode) to 0.2 mA, corresponding to the value measured during optimal
RILIS-mode operation. At such low voltages no significant electron
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impact ionization takes place (1.35eV is below the threshold for elec-
tron impact ionization of Ga). As shown in Fig. 5a, an electrical po-
tential well of ~1 V depth with respect to the anode walls is established
towards the rear of the source. This means that ions created in this
region will not be extracted (or the extraction will be slow since it will
require the accumulation of enough ions to exceed the capacity of this
potential depression) since their thermal energy is insufficient to
overcome this potential well.

Biasing the voltage of the extraction plates to —100V (Fig. 5b)
results in an extraction field which penetrates deeper into the anode
volume to better satisfy the efficiency requirements discussed earlier:
ion confinement to prevent wall collisions, a field distribution that re-
sults in ion flow towards the exit aperture, and a reduction of ion
trapping effect in the ’inactive’ anode space.

Fig. 6a represents the potential along the axis of the anode cavity.
Only the positive voltage values are displayed, however the curves
corresponding to the extraction voltages of 0V and —100V reach a
value of —6V and —39V at the anode exit respectively.

The solid curve in Fig. 6a represents the simulated potential along
the axis of the ion source when the extraction plates are at 0V. Ions
created in the light grey regions shown in Fig. 6a will be extracted. This
is due to the fact that their initial positions lie outside the potential
barrier defined by the solid vertical lines (trapping region). In the same
way, when applying —100V to the extraction plates, this trapping re-
gion is reduced (defined by the vertical dashed lines). As a result, the
volume of the region from which ions can be successfully extracted
increases and is represented by the dark grey area in Fig. 6a.

The percentage of ions extracted within the first 100 us can be re-
lated to the length along the x-axis defined by the shaded regions shown
in Fig. 6a. This is because the laser-ions are assumed to be created and
uniformly distributed in a cylinder of laser illumination along the axis
of the ion source. For 0V, this percentage equals 32% and increases to
48% for — 100V applied to the extraction plates.

The percentage of ions remaining within the ion source as a function
of time is represented in Fig. 6b for 0V (Fig. 5a) and —100V (Fig. 5b)
respectively. It shows a faster and more efficient extraction of the ions
when the extraction plates are biased to —100V. The extraction effi-
ciency within the first 100 ys is calculated to improve from 32% to 48%,
in agreement with the evaluation from Fig. 6a. After many laser pulses
and accumulation of ions in the potential well region, ions will be able
to escape more easily when —100V are set in the extraction plates due
to a shallower potential well compared to the standard configuration. It
can also be noticed that when comparing Fig. 6b and Fig. 4a (lower
panel), the extraction efficiency of the prompt release it is higher for the
case of 1.35V applied to the anode walls (32%) compared to when the
voltage of the anode is 20 V (25%). For 20 V more electrons are drawn
from the cathode, which results in a higher electron density and deeper
potential well.

The ions created near the exit aperture will suffer from a larger
energy spread. Considering an energy spread that the ISOLDE mass
separators can accept of 20 eV, only ions created at a position within
the ion source higher than 22.4 mm will not be transmitted through a
slit corresponding to the standard resolving power of the mass se-
parator. This means that for the case in which the extraction plates are
set to —100 V, the relative fraction of ions with an energy spread larger
than 20 eV is only of 3% of the total extracted beam.

The increase in energy spread of the extracted ions when applying a
voltage of —200V on the extraction plates was also visible in the ex-
perimentally measured mass spectra. The mass resolution M/AM for
71Ga decreased from 1200 (at 0 V) to 600 (at —200 V).

4.2. Adjustable-extractor VADLIS prototype
In order to validate the improved ion extraction suggested by the

aforementioned simulations, a VADIS with an adjustable-voltage ex-
traction plate has been constructed and tested at the ISOLDE off-line
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Fig. 5. Electrostatic field distribution simulated with
VSim with anode walls at 1.35V (optimal value for
RILIS-mode efficiency) and 0.2 mA electron current:
(a) OV extraction plates; (b) —100V extraction
plates. The color scale is adjusted to best visually
depict the [0V, 1.35V] region. Values at 0V and
below appear as dark blue. The consequences in
terms of energy spread of the ions generated in this
region are discussed in the text.

Fig. 6. (a) Potential along the axis of the
anode cavity for 0 V (solid line) and —100 V'
(dashed line) set on the extraction plates.
The x-axis represents the full length of the
anode cavity (23.1 mm). The y-axis shows
the potential within the source just in the
range [0V, 1.35V] b) Percentage of ions
K extracted from the anode volume as a
N function of time. Details about the meaning

of the shadowed areas are given in the text.
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Fig. 7. (a) Standard VADIS used at ISOLDE based on the MK5 FEBIAD geometry (just one out of three anode holders shown); (b) VADIS with BN insulator. In this case
just one anode holder was used to allow the electrical connection of the anode. Extraction plates can be biased with a voltage in the range from —300 to +300V.

laboratory. The differences between the standard VADIS and the new
version are highlighted in Fig. 7b. The extraction plates are mounted in
a boron nitride (BN) cylinder, leaving them insulated from the target
unit and allowing the application of an independent voltage.

This modification has the additional advantage of improving the
structural stability of the ion source: the anode cylinder is screwed into
the BN insulator, rather than being held by three insulating screws as
can be seen in Fig. 7a. The relevant distances for the standard perfor-
mance of the source when operated both on-line and off-line were kept
the same (cathode-grid distance = 1.5mm, extraction plate aperture
diameter = 1.5mm). The source was operated for a period of more
than a month in which multiple cycles of cooling and heating were
performed demonstrating its reliability and showing the new BN com-
ponent withstands thermal expansion of the metal parts.

The new configuration showed typical ion source performance
under standard operation conditions. The %Kr* ion current produced
by electron impact ionization in the VADIS operation mode was mon-
itored during the whole period of operation. The obtained total effi-
ciency remained between 16 and 25% at the cathode temperature of
2030 °C when operated at 100 V anode voltage, which is comparable to
typically measured values with a standard VADIS unit. This is a typi-
cally used reference parameter at ISOLDE for testing the VADIS ion
source performance.

4.3. Experimental results using the adjustable-extractor VADLIS prototype

The performance of the new VADLIS source was investigated by
measuring the intensity of 7'Ga* ion beam produced in the RILIS-mode
under different combinations of the anode voltage (V,) and the ex-
traction plates voltage (V). The obtained results are presented in Fig. 8
and Table 1.

Fig. 8a shows the "'Ga* beam intensity for the extractor voltage
range V; [0, —140V] and an anode voltage range V, [0, 2V] (falling
within region I in Fig. 2). Fig. 8b shows the same in the ranges V; [0,
—60V] and V,[10, 25V] (corresponding to region II in Fig. 2). At
V. = 0V, corresponding to the standard VADIS configuration, the
maximum current measured in the range V, [0, 2V] is 113 pA at 1.35V
and decreases as the anode voltage increases. The decrease in laser-
ionized Ga* current for V, > 1.35V is due to the anode voltage ex-
ceeding the voltage drop of the resistively heated cathode. Ga™ ions
originating from the cathode tube are therefore suppressed since they
are unable to pass the anode grid to enter the anode volume.

For V, < 1.35V, the ion current is less sensitive to changes in the
voltage of the extraction plates compared to V, > 1.35V as can be
observed in Fig. 8a. When V, < 1.35V, the ions created by the laser
light inside the cathode flow towards the anode cavity due to the vol-
tage gradient that exists inside the cathode. These ions can be
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Fig. 8. Voltage scan of V, and V. for (a) region I and (b) region II as defined in Fig. 2. Note: the data represented in Fig. 8a and Fig. 8b were taken during different

periods and
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in terms of all experimental conditions (laser alignment, power, ion beam purity, electron emission etc) could not be guar-

anteed. Therefore, the intensity ratios observed when going from region I to region II do not correspond to the ion signal ratios observed in the anode scan shown in 2.

Table 1

Experimentally measured ion rates for different anode voltages with and
without the application of the extractor plate voltage for region I. Here V;
refers to the value of V. for which the ion signal is the highest.

Va (V) I[Ve = 0V] (pA) T [Veopr] (PA) Veopt (V)
0.0 50 170 —140
1.0 100 187 -=50
135 113 179 —40
1.5 60 200 —120
2.0 30 223 -120

successfully extracted once they traverse the anode grid. All ions pas-
sing the anode grid enter the active region of the anode volume and are
therefore rapidly and efficiently extracted.

With V, > 1.35V (within the region represented in Fig. 8a), most of
the observed Ga™ ions are generated inside the anode volume rather
than in the hot cathode. Since these ions have a point of origin that is
not necessarily in the active region of the anode, a higher proportion of
these ions have an extraction probability that is dependent upon the
extraction aperture voltage Vi.

The maximum Ga® signal when V, =0V equals 113pA (for
V, = 1.35V), see Table 1. When tuning the voltage of the extraction
plates to maximize the extracted Ga* beam current, a value of 223pA
was achieved. These results demonstrate that, by having an in-
dependently-adjustable extractor plate voltage, the ion extraction effi-
ciency of the VADLIS in RILIS-mode can be improved by a factor 2. In a
similar way for region II, a 30% increase in the Ga™ signal was ob-
served. Operating the ion source in this region has the advantage of
suppressing the incoming ions from the cathode. This is desirable if the
required beam suffers from surface-ionized isobaric contamination.

In November 2017 the first on-line test of the modified VADLIS was
performed at ISOLDE. The target material was a magnesium oxide
(MgO — 9.8 g) and uranium oxide (UO, — 92.2 g) mixture, specifically
chosen for the production of molecular beams for a separate beam-
development activity. Magnesium and molybdenum atoms were avail-
able from the target-ion source assembly, with magnesium evaporating
from the target material and molybdenum from the anode grid, whilst
mercury was either radiogenically produced or present as a con-
taminant in the target material. The target was operated in the range of
780 to 1200°C while the cathode of the ion source was kept at
~2000°C. The enhancement in the magnesium, molybdenum, and
mercury laser-ion signal when optimizing V. for maximum ion extrac-
tion in the RILIS-mode of operation is shown in Table 2. The optimal
anode voltages V, for 2*Mg,”Mo and *Hg were 1, 0 and 1V respec-
tively.

In our tests magnesium, mercury and gallium reach the anode by

Table 2

Enhancement factor obtained when optimizing the extraction plates voltage for
maximum ion extraction in RILIS-mode. The anode voltage V, and the source
magnet current were optimized in each case for maximum ion extraction effi-
ciency.

Isotope  Background  Lasers  Lasers  Enhancement  Laser scheme
V=0V On on" factor (mm) {4 122123}
Ve=0V Vi

2pg 8pA 85nA  23.5nA 28 (28515531532}
(171

%Mo 0pA 13.4pA  103pA 7.7 (38014161635}
[21]

1965g 18pA 58pA  133pA 23 (25613131532}
[22]

) The Lasers Off signal for V,,y is also expected to increase, however this
value was not measured.

travelling along the cathode tube. In contrast, the anode body itself is
the source of the molybdenum atoms. This difference is reflected in the
enhancement factor achieved when optimizing the extraction voltage V.
for Mg, Hg and Ga (2 to 3), compared to Mo (7.7). This is as expected,
since ions originating outside of the anode volume (Mg, Ga, Hg) enter
the anode through the grid and therefore have enough kinetic energy to
reach the extraction aperture as shown in Fig. 6a. Their extraction
probability is therefore independent of the extraction voltage settings.
The situation for Mo (factor 7.7 enhancement) is analogous to that of
71Ga depicted in the right-hand column in Fig. 8a, when the anode
voltage (V, = 2) is sufficient to suppress the cathode ions. At this point,
the enhancement factor achieved by optimizing the extractor voltage
becomes 7.3.

The VADIS efficiency for Ga, Mg and Hg have been measured at the
off-line laboratory in a separate set of measurements to be 12%, 6% and
9% respectively [23]. Assuming an equal VADIS-mode and RILIS-mode
efficiency (as is typically shown in the laser-on anode scans), the RILIS-
mode efficiency of the VADIS with optimally biased extraction plates is
expected to be 24% (Ga), 12% (Mg) and 18% (Hg).

5. Conclusions and outlook

Previous studies have demonstrated that the anode cavity of the
VADIS ion source serves as an efficient laser-atom interaction region.
We used the VSim particle-in-cell software to study the electrostatic
field distribution inside the anode cavity and the ion time structure. The
general features observed in the calculated time structure with the help
of VSim simulation code matched the experimentally measured values
and the interpretations of previous work.

The simulated electrostatic field distribution within the anode



Y. Martinez Palenzuela et al.

volume of the VADLIS when operating in RILIS-mode was compared to
a simulation of a cavity with better laser-ion extraction characteristics.
The simulations showed an increase in the active region of the latter,
favourable for the extraction of laser-ions created in the anode volume
within the first 100 ps of ionization when biasing the voltage of the
extraction plates to negative values, which gives the flexibility of op-
timizing the extraction field for maximum ion extraction probability.

Based on the input of the simulations, a new prototype ion source
was designed. During off-line tests of the prototypes, no loss of relia-
bility was observed. On the contrary, the insulator design enables a
more structurally-sound means of securing the anode chamber, and
potentially eliminates some VADIS failure modes such as short circuit
caused by tilting of the anode chamber. A twofold increase in efficiency
was observed in RILIS-mode with this prototype for gallium during the
off-line testing period. This modified VADLIS was also operated on-line
at the ISOLDE facility showing an enhancement factor greater than 2 for
the stable isotopes tested (**Mg, Mo and *°Hg). The extraction vol-
tage V, allows for the operation of the ion source in a regime for which
surface jons created inside the cathode tube are suppressed while an
enhancement in overall signal can still be achieved.

The agreement between the experimental and simulated results
obtained so far indicate that VSim can be used to optimize the anode
cavity geometry for improved RILIS and VADIS mode performance.
Following the validation of this approach to optimizing ISOLDE ion
sources, we will aim to continue this work to find the optimal RILIS-
mode VADLIS geometry and design. Re-purposing the anode grid, and
decoupling its polarization from the anode body, offers an additional
parameter which can be used to change the electron energy and elec-
tron flux. This would enable a switching from RILIS-mode to VADIS-
mode without changing the extracted beam energy. This is important
for maintaining optimal conditions for energy-sensitive beam manip-
ulations downstream (such as for injection in the REXTRAP/EBIS
[24,25]). Such modification allows better diagnostics of the ion source,
enabling the measurement of the electron drain current at different
anode components (grid, body, extractor).

The modified VADLIS ion source has been shown to be reliable and
highly versatile, while offering an improved efficiency compared to the
standard VADLIS. These characteristics are expected to be particularly
important for next-generation ISOL facilities (SPES [26], SPIRAL2 [27],
ISOL@MYRRHA [28]) where the target lifecycle is expected to be long
(weeks-months), or for cases where a wide variety of species will need
to be extracted from a single target-ion source assembly (e.g. CERN-
MEDICIS [29]). Regular target/ion source changes to suit specific ex-
periments are therefore less practical.

This work represents an important step forward in the development
and exploitation of the VADLIS as the most versatile ion source for ISOL
facilities. We propose this could be a favourable standard configuration
for operation at ISOLDE. It would offer unmatched versatility combined
with the option of high selectivity, without compromising standard
VADIS performance and reliability.
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5.2 Performance of the modified VADLIS on-line
at ISOLDE

After the first off-line studies demonstrating a factor >2 enhancement in
extraction of gallium, follow-up tests and characterization of the modified
VADLIS took place at ISOLDE. A summary of the results obtained while
operating the modified VADLIS in RILIS-mode on-line for the extraction of
magnesium, molybdenum and mercury beams are given in Section 5.1. In the
present section, more details are given regarding the operation of the modified
VADLIS at ISOLDE during such tests, carried out in November 2017 (unit
#630). These measurements were possible since an experiment intended to
extract refractory transition metals as oxides or fluorides as proposed in [77]
was scheduled. It gave the opportunity to test the new device under on-line
conditions. Information on the target material used is given in Section 5.1. The
modified VADLIS with which the unit was equipped would allow for favourable
extraction of laser-ions by biasing the extraction plates to negative voltages.

Figure 5.1a shows the boron nitride (BN) insulator with a thread in which
the extraction plates and anode body were mounted. Figure 5.1b shows the
connection to the anode body and extraction plates.

(a) : (b)

Figure 5.1: Building of the modified VADLIS with extraction plates for first off-
line tests. a) Anode body mounted on BN insulator with thread. b) Connections
to anode body and extraction plates.

RILIS-ionized beams of magnesium (which evaporates from the target
material), molybdenum (atoms evaporate from the molybdenum anode surface)
and mercury (either radiogenically produced or present as a contaminant in
the target material) were extracted. The ionization schemes used during the
measurements are shown in Fig. 5.2. The summary of the measurements and
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Figure 5.2: Ionization schemes used for the study of laser-ionized beams of
magnesium [42], molybdenum [78] and mercury [42].

more details on the target/ion source assembly specificities can be found in
Table 2 of Section 5.1.

5.2.1 Magnesium

Magnesium atoms evaporate from the target material and reach the anode
via the cathode tube. The extraction of 2*Mg*t was studied by scanning the
extraction plate voltage (V) in the range from [0 V,-300 V]. Results are shown
in Fig. 5.3 for three anode voltages: 1, 5 and 250 V. The enhancement factor
when the anode is at 1 V (RILIS-mode) equals 2.8. When the anode is set at 5
V (RILIS-mode, no cathode ions) this factor increases to 4.7.

These results are in agreement with the off-line results for gallium: when
V,.=5 V only the ions produced within the anode volume by the laser pulse are
present, then applying an additional extraction voltage plays a more important
role in extracting a higher percentage of the ions that otherwise would have
been trapped in the potential well. More information in this regard can be seen
in Fig. 8 in Section 5.1.

In cases where surface ions are present as an isobaric contaminant in the
RILIS-ionized beam, the VADLIS offers an opportunity for increased selectivity.
For example, when magnesium beams are desired, isobaric sodium contaminants
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Figure 5.3: 2*Mg ion current as a function of the voltage applied to the extraction
plates for 1, 5 and 250 V anode settings.

can also be present (sodium is surface ionized). By operating the ion source in
RILIS-mode at 5 V, the incoming sodium contribution from the cathode tube
can be suppressed while maintaining the same magnesium extraction efficiency.

RILIS-ionization of magnesium required the use of a non-resonant ionization
step, provided by a 40 W, 532 nm Nd:YVOy laser (Coherent Blaze) [79].
Approximately 25 W is directed to the ion source, and can cause localized
heating of the cathode surfaces. This heating increased the total (VADLIS)
signal considerably (see Fig. 5.3). The cooling effect was observed at the end of
the anode voltage when blocking the Blaze laser as shown in Fig.5.4.

5.2.2 Molybdenum

It was discussed in Section 5.1 that a higher enhancement factor is achieved
for ions created within the anode volume when biasing the extraction plates to
negative values. Molybdenum atoms evaporate from the anode body, and are
not volatile enough to exist in large quantities outside of the anode. This makes
it a suitable element to study the extraction enhancement of ions with a creation
point within the anode volume. Figure 5.5 shows the results of scanning V, and
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Figure 5.4: 2*Mg ion current before and after blocking the Blaze laser to observe
heating effect.

V. to determine the regions for which the extraction enhancement is highest.
The isotope used was *®Mo, which has an isotopic abundance of 24.39 %.

The highest signal is obtained at V,=0 V. The anode scan for Mo does
not exhibit the characteristic low V, ion peak corresponding to the combined
effects of extracting ions created inside both the cathode and the anode. This is
because the anode walls themselves are the source of Mo atoms. For this reason,
Mo is a good candidate for investigating the ion extraction enhancement of the
additional extraction voltage for ions created inside the anode only. In this
case, the enhancement factor was higher (7.7) when optimizing the extraction
voltage.

5.2.3 Mercury

The versatility of the VADLIS for selective ionization of mercury has been
demonstrated in various occasions. For example, in 2017 a successful run for

SSP (Solid-State Physics) experiments (IS602, 1S640, IS585 and IS515) and
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Figure 5.5: Scan of the voltages V, and V. to optimize the extraction of *®Mo.

MINIBALL took place in which both teams (SSP and MINIBALL) required
beams of Hg and 2°°Hg respectively. A liquid-Pb target was used (#619).
VADIS-mode provided enough beam intensity for SSP collections while RILIS-
mode provided the required purity for MINIBALL (isobaric Pb contamination
was dominant in VADIS-mode). Switching from one mode of operation to the
other allowed for a more efficient exploitation of the available time without the
intervention of the RILIS team to correct for the isotope shift each time, when
switching from mass 199 to mass 206.

In this work we used the modified VADLIS for enhanced extraction of laser-
ionized mercury ion beams. Mercury atoms (present in the target material as a
contaminant or radiogenically produced) are laser-ionized in both the cathode
tube and the anode. Surface ionization of mercury is negligible due to its high
ionization potential, however an ion current of an unidentified species at this
mass was observed. The ‘lasers OFF’ signal has therefore been labelled as
‘background’.

Table 5.1 shows the enhancement in ion signal when V, is optimized in
RILIS-mode, compared to the signal when V. is kept at 0 V, showing that a
factor 2 improvement can be achieved.
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Table 5.1: '%6Hg ion current enhancement when V, is optimized for maximum
ion extraction in the RILIS region. (This dataset is different from the one used
to get the results shown in Table 2, Section 5.1).

T PR N R o)
0.0 30 18 97
0.2 50 35 90
0.4 50 34 100
0.6 56 31 86
0.8 44 34 85
1.0 45 34 85
1.3 50 37 99
1.6 58 40 90
1.9 60 40 114

5.3 Electrostatic field distribution in the VADLIS:
other considerations

For the purpose of these studies, the simulations are divided in two parts (same
procedure was followed to obtain the results in Section 5.1). First, we find the
electrostatic fields at a quasi-steady state for the electron population, where
the electrons incident from the cathode plus those generated through ionization
processes in the anode match those absorbed in the walls.

Figure 5.6 (obtained from a simulation) shows the number of electrons in
the ion source and the electron current as a function of time. The anode voltage
is set to 1.35 V to ensure RILIS-mode of operation (region I in Fig. 2 Section
5.1). The electron current emitted from the cathode is 0.2 mA (taken from
Fig. 4.4), and using 0.1 mA as an input for the simulation due to the 50 %
transparency of the anode grid) for an operation temperature of 1935 °C.

Under these conditions, the quasi-steady state for the electron population is
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reached at ~30 ns (Fig 5.6 (top panel)). The evolution of the electron current
can be observed in Fig 5.6 (lower panel). At this point, the electrostatic fields
are established and it is assumed that these conditions will not change when
photo-ions are created on the axis of the anode volume (see Fig. 5a in Section
5.1).
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Figure 5.6: Simulated number of electrons as a function of time in the anode
cavity (top panel) and electron current (drain current) emitted by the cathode
as a function of time (lower panel).

As a second step, a cylinder of ions is placed along the axis of the ion source
representing the ions created in the region of interaction of the laser beam with
the atoms.

Figure 5.7 (top-left) shows the initial position of the ions within the ion
source, marking the arrival of the laser pulse. In the four stages represented,
the color scale stays the same. The blue dots represent ions with initial position
near the back of the ion source and red dots represent ions near the exit hole of
the ion source. The beam formation and extraction is depicted in the top-right
panel (5 us). Ions nearer the exit hole are extracted first, contributing to the
prompt peak release in Fig. 4a) in Section 5.1. After ~ 30 us (bottom-left), ions
initially at the back start being extracted. These are the ones that contribute
to the second peak in Fig. 4a) in Section 5.1. The ions that are not extracted
within the ~100 pus window are trapped in the potential well, or come out slowly
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Figure 5.7: Temporal evolution of the location of the ions in a 100 us window
(time between two laser pulses at 10 kHz repetition rate, 5 to 30 ns laser pulse
duration). The particles are color-tagged according to their initial position from
left (blue) to right (red), as shown in the top-left figure (0 us). See text for a
description of the four stages depicted in the figure.

compared to the time between pulses, contributing to the background signal
measured in Fig. 4b) in Section 5.1.

5.4 Influence of the extraction voltage on the mass
resolving power

As discussed in Section 5.1, biasing the voltage of the extraction plates increases
the energy spread of the ions created in the region close to the extraction
aperture as shown in Fig. 5b), Section 5.1. The influence of setting the
extraction plates to -200 V while operating the ion source in RILIS-mode was
studied experimentally by observing the mass resolving power as shown in
Fig. 5.8. The peaks correspond to %°Ga and "*Ga. The peaks were fitted with
a Gaussian function and the mass resolution decreased from 1200 (0 V bias on
the extraction plates) to 600 (-200 V bias on the extraction plates). A mass
resolving power of 600 is sufficient to separate the masses of interest.
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Figure 5.8: Beam profile measured at the scanner position (focal plane
downstream of the dipole magnet) when the extraction plates are set to 0
and -200 V.

5.5 Effect of neutral atom density and ion load

By introducing an additional ionization mechanism that is independent of
temperature, electron dynamics and collisional processes, the RILIS-mode offers
an opportunity to study the effect on the ion survival or extraction, without
altering the dominant ion creation process itself. In this case, the effect of
neutral atom or molecule presence on the RILIS-mode ionization efficiency is
studied. In standard FEBIAD operation ( with electron impact ionization being
the dominant ionization mechanism) it is not possible to inject a neutral gas,
without in turn increasing the ion production rate (due to ionization of the gas
itself).

Similarly, when operating in RILIS-mode, it has been possible to study the
effect on the RILIS ionization efficiency as the ion load of the ion source is
varied. This is done by evaporating a dispenser of rubidium atoms which are
readily surface ionized on the metallic parts of the ion source.

Both aspects of this study are of interest since, at laboratories producing
radioactive beams on-line, particularly next-generation facilities, it is important
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to be able to maintain the ionization efficiency under a variety of experimental
conditions. Aspects such as target and material cleanliness, volatility, volume,
production rate and required temperature, all influence the evaporation rate of
neutrals and, in turn, ion densities in the ion source. It is therefore important
to understand the operating limits of the ion source options that are available.

The advantage of injecting neutrals in the ion source was discussed by
Kirchner for the case of the hot cavity [36] in which an increase in efficiency was
observed. Kirchner discusses how the probability of a surface ionized particle
leaving the ion source as an ion is enhanced when the neutral atom density is
increased. Xenon gas was used for such studies, showing that the extraction
efficiency for the surface ionized elements can be increased up to a factor 5.
The reason for this was associated to the suppression of the recombination
probability in the walls of the ion source. An ion created in the surface of the
cavity loses its excess energy by colliding with the neutral atoms, not having
enough energy anymore to traverse the ionizer cavity and overcome the plasma
potential when approaching the wall of the ion source. The ion is therefore
confined, unable to recombine with the cavity walls, and efficiently extracted
after being guided along the cavity under the influence of the longitudinal cavity
heating voltage.

Fig. 5.9 shows how the laser-ionized (RILIS-mode of the VADIS) "' Ga beam
intensity varies while adjusting the neutral COq pressure (by injecting COq
in a controlled way using a leak valve, which decomposes into CO at high
temperatures). Gallium is either surface or laser ionized (laser off shown as
sharp dips). Electron-impact ionization of Ga in RILIS-mode is negligible.

It can be seen how, as the pressure increases (which is dominated by
the CO gas load in the ion source), the extraction efficiency of 'Ga also
increases by a factor 3. When the leak valve was closed, (see maximum value in
Fig. 5.9), the extracted "' Ga started to decrease. Since the CO remains neutral,
the enhancement in the "'Ga signal cannot be explained by charge exchange
mechanisms. A more plausible mechanism is inelastic collisions between Ga™
ions and CO molecules, which improves the confinement of the Ga™ ions in the
potential well, reducing their probability of reaching the anode walls, where
neutralization could occur.

A direct observation that suggests the presence of a collisional environment
(for the hot cavity) was reported by the ISOLTRAP collaboration. The RILIS
scheme for ionizing elemental Cu was used, yet the laser wavelength scan,
corresponding to the atomic Cu resonance, was seen when observing the CuCH,
peak (mass separator set to maximize transmission of CuCHs) in the ISOLTRAP
MR-ToF-MS. This proves that the Cu™ ion formed a CuCHy molecule inside
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Figure 5.9: "'Gat signal enhancement as COs is injected into the source in
RILIS-mode (again, we measure the CO content in the RGA). The ‘dips’ going
to zero correspond to the insertion of the Faraday cup in the way of the beam
for total current measurements. The large ‘dips’ correspond to periods where
the laser beams were blocked or the wavelength was being readjusted.

the laser ion source, after resonance ionization. More details can be found in
[80].

Another more probable mechanism that could be the factor leading to the
increase in Ga™ signal, is the enhancement in surface and laser-ion survival
of Ga™ in the cathode tube due to the CO gas load present. In the cathode
tube, the gas pressure is higher (smaller volume) as compared to the anode
volume and the ion confinement is weaker (based only on the cavity plasma
potential). The enhancement mechanism is then explained by the one proposed
by Kirchner. Further investigation is required to better understand the effect
of the CO gas load (or using non-surfaced ionized species) such as using gas
injection from elsewhere (not through the cathode), by inverting the cathode
polarity to suppress ions created inside the cathode tube, or by using a closed
cathode, therefore measuring only ions created in the anode volume.

To test this hypothesis (enhancement in surface and laser-ion survival of
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Figure 5.10: Amount of CO in the ion source as a function of time measured
by the residual gas analyzer, placed at the exit of the ion source. (The y-axis
shows relative values since a calibration of the RGA is not available.)

Ga™ in the cathode tube due to the CO gas load present), anode voltage scans
with different CO pressures were performed. During the anode voltage scans,
the Ga signal with lasers ON and lasers blocked was recorded. Three situations
were studied. In the first one, the ion source is loaded with CO (leak valve open
and stable conditions reached) yielding an extracted CO™ ion current of 10 pA
in VADIS mode. In the second one, the leak valve was closed and the scan was
performed when the CO pressure was 50 % of the initial value. The last anode
scan was performed after more than 40 hours of outgassing, meaning the ion
source was operating under typical CO™ ion extracted ion currents of the order
of ~ 500 nA. The relative amount of CO measured by the residual gas analyzer
is displayed in Fig. 5.10.

Figure 5.11 shows the three anode scans performed. The ’Lasers on
(VADLIS)’ curve refers to the total signal recorded for gallium which includes
all possible ionization mechanisms. The "Lasers off” scan was performed while
blocking the lasers, the main ionization mechanisms are therefore surface
ionization and electron impact ionization (or VADIS). The 'RILIS’ curve is
the result of subtracting the 'Lasers on’ and ’Lasers off’ curves, showing the
contribution from laser ions only.
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The data displayed in Fig. 5.11a and Fig. 5.11b were taken under the
same experimental conditions (Ga evaporation rate from the oven and laser
performance were kept stable during the time the measurement was done). A
higher total ion rate in Fig. 5.11a in the low voltage region suggests, given that
the RILIS signal did not increase noticeably, an increase of the surface ions
created within the hollow cathode.

Once the ion source has been outgassed and the CO content brought back
to the nominal value, the ion source performs as usual and the ratios VADLIS:
(surface + VADIS): RILIS are as expected as shown in Fig. 5.11c (see also Fig.
2 in Section 5.1). In this case the absolute values cannot be compared to those
shown in Fig. 5.11a and Fig. 5.11b since the lasers were re-tuned and the same
evaporation rate of Ga atoms from the oven couldn’t be guaranteed.

Since the results obtained here points out an enhancement for cathode tube-
originating ions occurs, it hints to the prospect that, the hot cavity SIS can be
used for higher ionization potential elements with enhanced efficiency if neutral
species are added. This would improve ion survival through inelastic collisions
to reduce wall contact probability. This would be highly beneficial mainly for
facilities without a laser ion source available, for which the injection of CO
would be of great advantage (e.g. MEDICIS). The plasma ion source is more
complicated from the technical point of view and less robust than the hot cavity.
It also creates undesired contamination. The emittance is worse compared to
the hot cavity and it has larger energy spread. Intermediate ionization potential
elements for which high temperatures are needed would benefit from the option
of improving the properties of the cavity for surface ionization. A calibrated
leak could be added to the standard units to further investigate the influence of
CO (and other gases) on the ionization enhancement. Adding the gas would
allow for better surface ionization while laser ionization, if available, can be
used when selectivity is desired.

The influence of ion load on the ion source efficiency was investigated by
measuring the "' Ga output when the Rb™ ion density is increased. Rubidium
atoms (W;=4.2 eV) were evaporated into the ion source volume from an oven.
Due to its low ionization potential, Rb is easily surface-ionized and several pAs
of 8°Rb beam can be extracted.

Figure 5.12 shows how an excess of ions in the ion source influences the
extracted Ga™ beam. The Gat beam almost disappears, decreasing from 3.4
nA to 0.1 nA. At this point the total beam current is 9.4 uA, Rb™ being the
biggest component (6.3 pA at the end of the measurement).

From this study it is not possible to draw conclusions about the ion capacity
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Figure 5.12: "' Ga ion current in RILIS-mode dependence on the ion load
capacity. The cathode temperature is 2035 °C.

of the VADLIS on its own because the measured signal has several sources of
origin:

o Ga™ and Rb™ surface ions originating in the cathode tube
o Ga' and Rb™ surface ions originating in the anode

o laser ionized Ga™ from the cathode tube and anode volume

Increasing the Rb™ ion rate ends up having an influence in the extracted
Ga™ ion beam as observed in Fig. 5.12. A different experimental configuration
would be required to understand the influence of the ion load capacity on the
extracted beam for ions generated inside the anode volume. Such an approach
would be important for determining the ion capacity limits of the VADLIS itself.
For example, inverting the cathode polarity, measuring the Ga™ signal in an
anode voltage region that guarantees suppression of ion created in the cathode
tube or using a closed cathode configuration. Under these conditions, it would

also be possible to investigate the influence of the extraction plates voltage on
the VADLIS ion capacity.



Chapter 6

Conclusions

6.1 Contribution of this work

This thesis work investigated two aspects of radioactive beam production at
CERN using the isotope separator on-line (ISOL) method:

e The optimization, commissioning and first beams of a new facility
(MEDICIS), dedicated to the production of potentially interesting new
medical isotopes.

e A detailed characterization and optimization of the VADIS and newly
established VADLIS ion sources, of interest for ISOL facilities around the
globe.

The MEDICIS infrastructure and operating regime are introduced. The
application of ion beam transport simulations to drive the design and
commissioning of the MEDICIS beamline has been described. The experimental
beam properties have been used to validate the ion optics simulation approach
used in this work. The agreement between simulations and experiments showed
that the facility is operating in line with expectations and indicate its suitability
for full scale operation. Details on the first beams produced at MEDICIS, both
stable and radioactive, are provided.

With the goal of improving our understanding of FEBIAD ion sources,
and thereby enhancing their performance for ISOL facilities in general (in

100
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our case ISOLDE and MEDICIS), a study of the ISOLDE FEBIAD (VADIS)
has been conducted, using a mixture of experimental work and particle-in-
cell simulations. For example, the dependence of the ion source extraction
efficiency on operational parameters such as cathode temperature, anode
voltage, ion source magnet and ion load was studied. In addition, the VADIS
efficiency for gallium, mercury, manganese, tin and magnesium were investigated
experimentally.

Using the VSim software package, and by employing a novel iterative
approach to mitigate the computational challenge of accounting for both the
electron and ion dynamics, a deeper insight into the FEBIAD operation has
been achieved. Although largely qualitative, the evolution of the potential field
lines generated by the combined effect of the electrostatic potentials and the
electron and ion densities has been shown. The role of the ion source magnetic
field in enabling the electrons to penetrate further into the ion source has been
demonstrated.

The simulations also imply a transition between ion source ‘modes’ during
the initial ‘ignition’ phase. This does not suggest an arc discharge, as the
acronym FEBIAD suggests, but rather a filling of the electrostatic potential
well with ions, leading to the creation of a sustainable electrostatic ion funnel,
providing favourable and self-sustaining ion extraction conditions.

Such an interpretation is consistent with the notion that the ion source
is not simply an electron-dominated electron-impact ionization volume but
rather that the optimum conditions for ionization efficiency require a certain
balance of electron and ion densities. This implies an ion start-up (ignition)
time, estimated to be several tens of microseconds depending on the ion creation
rate. A next step, but out of the scope of this work, would be to test this
experimentally using one or both of the methods described in Section 4.2.2.

Particular attention has been devoted to the newly developed VADLIS,
which is a combination of the VADIS and the RILIS, offering unique versatility
amongst ion sources used for radioactive ion beam production through the ability
to quickly switch between a selective laser ionization mode and a universal
electron impact ionization mode. For example, the VSim software has been
used to demonstrate that the VADLIS, operated in RILIS-mode, suffers from
a lower ion extraction voltage which reduces the ion extraction probability.
This led to the development of a modified VADLIS prototype for enhanced
laser-ion extraction by means of extraction voltage optimization. The results of
using this device for the first off-line and on-line tests are presented, confirming
the efficiency improvement expected from simulations. This ion source is now
proposed as the most versatile ion source for use at ISOLDE.
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The ion load investigation carried out in this thesis indicates that, by
combining the RILIS and the VADIS, and now with the ability to optimize ion
extraction, progress has been made towards realizing a high ion capacity laser
ion source. This conclusion is based on the comparison of the experimentally-
observed ion load limits of the hot-cavity laser ion source (several hundreds
of nA, observed during ISOLDE operation) and the calculated space-charge
limited ion extraction rate from the VADIS (in the range of 10 pA). This
is particularly important for a facility such as MEDICIS, for which in-target
production takes place over several days inside a room-temperature target unit.
The subsequent extraction of the radioisotopes of interest takes place later on
at MEDICIS, with the goal of extracting the sample in the form of an ion beam
with minimal loss of specific activity. To further complicate matters, when the
target is heated, any sufficiently volatile radiogenic species that was accumulated
during the target irradiation, will enter the ion source alongside the sample of
interest. To handle this, the ion source should have a sufficient ion capacity,
or be sufficiently selective to minimize the ionization of the unwanted species.
By offering the ability to switch between selective and non-selective ionization
modes the VADLIS offers the advantage of enabling detailed evaporation or
outgassing monitoring (in VADIS mode) of the target unit, followed by selective-
laser ionization of the isotope of interest (in RILIS mode). Further experimental
characterization of the modified VADLIS is required to test the assumption
that this ion source offers an ion-capacity advantage over the standard hot-
cavity RILIS. Such a test could be carried out by monitoring the effect on the
laser-ion rate while varying the ion density of a surface ionized species (such
as Rb, through the use of a Rb ion dispenser). By measuring the laser-ion
current versus total extracted current (ensuring the ions are created in the
anode volume) while maintaining the same atom density of the laser ionized
species, the ion capacity of the VADLIS could be evaluated.

6.2 Future directions

Based on the validation of the VSim software for the study of the electrostatic
field distribution and ion dynamics in the VADIS and VADLIS, further use
of this modelling approach could be devoted to the optimization of the
physical parameters of the ion source (extraction hole and ion source diameter,
length, grid shape, cathode-grid distance). Such an approach will undoubtedly
streamline the process of realizing an optimal FEBIAD configuration.

Although this work has provided further insight into various aspects, it also
points out certain areas of uncertainty which require further investigation. For
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example, the importance of collisional ionization/charge exchange processes
occurring under high gas load has been demonstrated but so far the investigation
has been limited to a small variety of gases and a restricted pressure range. For
example, similar work at GANIL indicates that, under certain conditions, the
presence of xenon enhances the ionization rates for certain species [81].

The attempt to understand the chemical dependence of the VADIS efficiency
through a series of standard efficiency measurements was unable to reveal any
correlations. This was because the measurement method does not allow to
preserve all operational parameters between measurements. An alternative
method that enables an interrupted use of the same ion source, and therefore
maintaining the same experimental conditions, is clearly required.

Making use of the independent control of the extraction voltage of the
VADLIS should be investigated as a possible means of improving RILIS
selectivity. This could be achieved by optimizing the timing of a pulsed
extraction voltage, with respect to the laser-ion creation time.
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