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Abstract

The present thesis addresses aspects of molecular beam developments for thick-target
radioactive ion beam facilities such as CERN-ISOLDE. At these facilities, an intense
and energetic driver beam impinges on a target. Radioisotopes are produced in a target
matrix from which they require to diffuse into an ion source. On their way, numerous
encounters with structural materials and the target material occur, which enable desired
and undesired chemical interactions. The extracted ions are separated by their mass-
to-charge ratio and supplied to various experiments for investigations e.g. in nuclear
structure, reactions and applications.

The motivation to extract radioisotopes as molecular beams is multifold. Firstly, the
elements with the highest melting and boiling points (refractory elements) require em-
bedding in a volatile carrier molecule to enable their transport to the ion source. Sec-
ondly, a common issue are isobaric contaminations which come along with the isotope
of interest after mass separation. They can render impossible the intended user experi-
ments. A powerful tool to produce and purify these beams is the extraction as molecular
sideband which synthesizes volatile compounds in-situ and shifts the mass as seen by
the mass separator away from the contamination. Finally, a field of investigation on
radioactive molecules themselves was recently arising.

This thesis is based on four publications which cover different facets of molecular beam
developments. The first publication concerns the redesign and implementation of the
ISOLDE yield database which provides valuable information of available beams and
demonstrates the need for molecular beam developments. This implementation also
contains new data and models to predict ion beam yields based on measured data. The
first extraction of radioactive boron beams at a thick-target ISOL-facility is discussed
in the second publication. Boron is a reactive and refractory element which cannot be
extracted in elemental form. Its release properties from multi-walled carbon nanotubes
are described. The measured yield of ®B is presented along with predictions for yields of
12B and !%B, based on the derived release model. As an example for beam purification by
molecule formation, the third publication provides investigations by online and offline
measurements towards a reliable extraction of carbonyl selenide sidebands.

The investigations towards extraction of transition metals as carbonyl complexes are a
major contribution to this thesis. Most of the refractory transition metals are not avail-
able as ISOL beam since no suitable carrier molecules to enable their transport have
been identified yet. This is often due to the harsh conditions in the target an ion source
unit that typically operates at high temperatures. It was studied by simulation, calcula-
tion and exploratory experiments, if carbonyl compounds could be used within a cold
target concept. To avoid slow diffusion processes, the recoil momentum in fission and
spallation reactions is exploited. Transition metal carbonyl compounds (e.g. Mo(CO))
form in-situ upon their thermalization in a carbon monoxide containing atmosphere
already at ambient pressure and temperature. However, these are delicate compounds
which easily decompose when exposed to heat, electron bombardment or plasma. The
included publication presents first exploratory experiments with an electron beam in-
duced arc discharge ion source operated at ambient pressure. In contrast to classical
thermionic electron production, electrons are liberated by a laser from a cold ion source.
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The addendum of the thesis documents experimental results towards ionization of the
fragile carrier molecule Mo(CO)s with available ISOLDE ion sources. Their ionization
efficiency turned out insufficient and underlines the need for development of a cold
electron impact ion source, as proposed in the publication. Moreover, an experimen-
tal setup has been built and tested to study the formation of neutral transition metal
carbonyl complexes at ISOLDE. The included documents describe its purpose, mode of
operation and management of involved risks.
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Introduction - Radioactive Ion
Beams

Contents
1.1 Radioactive ion beam facilities. . . . . ... ... ... ... ....... 2
111 In-flightseparation . . . . .. ......... ... ... ...... 3
1.1.2 Thick-target ISOLmethod . . . . . .. ... ... ... ....... 4
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122 Targetmaterials . . . . ... ... ... ... ... . .. .. 10
1.23 Jonsources . .. ... .. . . e 12
124 Transferlines . . ... .. .. . . .. ... 17

The development of techniques for radioactive nuclide production builds the founda-
tion for investigations in various fields of science and their applications, reaching from
fundamental nuclear physics to cancer treatment. A nuclide (or an isotope)! is an
atomic species defined by the number of protons and neutrons residing in its nucleus.

In 1911, Rutherford discovered the latter in his famous scattering experiment [1]. At
first, only primordial isotopes and their decay products have been available for studies.
In 1934, the first artificial production of isotopes could be demonstrated by Curie and
Joliot in Paris by irradiation of light targets (B, Mg, Al) with «-particles obtained from
a polonium source [2]. Since the advent of nuclear reactors, nuclear explosions and
particle accelerators, the number of known isotopes is rapidly increasing. Today, more
than 4000 isotopes of 118 elements have been discovered, out of which only 254 are
considered as stable [3-5]. A significantly higher number of isotopes is predicted to
exist (around 7000 [6]) and many of these are yet to be discovered.

While chemical elements are organized in the periodic table based on their electron
configuration, the visualization of nuclides in the nuclide chart is well established. Typ-
ically, the isotopes are arranged such that the number of protons is increasing along
the vertical axis and the number of neutrons along the horizontal one. Thus, all iso-
topes of the same element are contained in an row. A nuclear chart of known isotopes

I The term isotope originally referred to nuclides of same atomic but different mass number. Since
nowadays the term is used synonymously to nuclide, this work adapts the common terminology.
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Figure 1.1: Three-dimensional nuclide chart showing on the third axis the mass excess [7] and illustrating
the valley of (B-stability. Stable isotopes are shown in black at the very bottom of the valley. Adapted
from [8,9].

is shown in fig. 1.1. The chart also illustrates the mass excess, i.e., the difference be-
tween the mass of the nucleus and the sum of the respective number of neutron and
proton masses, which is related via the equivalence of mass and energy to the binding
energy. Less stable isotopes have lower binding energies and a bigger mass excess. As
can be seen from fig. 1.1, the stable isotopes are situated along the so-called valley of
(-stability.

The generation of ever new radioactive isotopes in higher yields and improved pu-
rity advances our understanding of the atomic nucleus and the nuclear landscape. To
achieve this goal efforts must be undertaken in the development of new and improve-
ment of existing techniques for radioactive isotope production and beam generation.

The remaining part of this chapter gives a brief overview of techniques and facilities for
Radioactive Ion Beam (RIB) generation in general, and the Isotope Separator OnLine
DEvice (ISOLDE) facility in particular.

1.1 Radioactive ion beam facilities

A recent review by Y. Blumenfeld et al. about facilities and methods for RIB production
is available in [10]. Two methods are commonly used for radioactive isotope production:
i) induced nuclear reactions, e.g. by a driver beam impinging on a target and ii) the
collection of isotopes from spontaneous fission sources. After production of a nuclide,
it has to be separated from unwanted byproducts and transported away from the harsh
production environment. The figures of merit of an RIB facility as defined in [11,12]
are:

¢ The diversity of available beams

¢ The beam intensity which depends on the production rate of the desired isotopes
and efficiency of all downstream processes. Always included are beam transport
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Isotope Separation OnLine In-flight separation
Target unit Thick Driver beam
Driver beam and hot )
light fons target heavy ions
/ Fragment
Dedicated separator
ion source Thin
\ target
Isotope \ 1+i' N mnn /
[ ne ) Energy
separator 9 ol RIB degraders

Charge Post-
booster accelerator

(a) The ISOL meathod (b) In-flight separation

Figure 1.2: Comparison of ISOL and in-flight separation methods. Within the (a) ISOL-method, a thick
target is bombarded with a proton or light-ion beam. The radioisotopes are stopped inside the target
and have to diffuse out of the material into a dedicated ion source. If the energy of the secondary beam
of ca. 60kV is not sufficient, a post-acceleration stage is required. (b) The in-flight separation technique
requires swift heavy ions to impinge on a thin target. The produced radioisotopes are not thermalized,
and separated in a fragment separator. Re-acceleration is typically not required. See text for details.

and separation, often also ionization and diffusion processes.

* The beam quality, for instance the absence of unwanted ion components (beam
purity) and beam-optical properties (emittance)

¢ The yearly availability of the facility

* The level of ion beam degradation over time, often related to ageing of the target
material or ion source in ISOL-type facilities

Two complementary approaches for the production and separation of radioactive ion
beams exist: In-flight separation and Isotope Separation OnLine (ISOL). Within this
work, the term ISOL is restricted to thick-target facilities wherein the nuclear reaction
products are thermalized inside a condensed target material.

1.1.1 In-flight separation

Within the In-flight separation method (see [13] for a review), the nuclear reaction prod-
ucts are not thermalized in a thick target. A primary beam is focused on a thin tar-
get of few g/cm? or less from which the reaction products emerge by their typically
large forward momentum. The nuclides are produced as energetic ions and separated
based on their momentum to charge ratio (magnetic rigidity). The beam emittance may
be poor, however, post-acceleration of nuclides is typically not required due to their
large momentum. Since chemical processes, diffusion or dedicated ionization and post-
acceleration steps do not play a role, the efficiency can reach up to 100%. A significant
advantage of this method is its short delay time, which allows to extract very short-lived
isotopes (below ps).

A wide range of isotopes is available with this technique. Exploited reaction mecha-
nisms are mostly fragmentation or fission of fast projectiles. Neutron deficient isotopes
are produced in projectile fragmentation reactions, the neutron number varying with
the atomic weight of the target material. Neutron-rich isotopes are produced by pro-
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Figure 1.3: Beam intensities of selected isotopes available at the BigRIPS in-flight separator which is part
of the RIKEN radioactive ion beam factory [14].

jectile fission, and even more exotic isotopes are available in fusion reactions followed
by recoil separation. Among the existing In-flight facilities are the RIPS [15] and Big-
RIPS [16] separators located at RIKEN (Tokyo, Japan), the FRS separator [17] at GSI
(Darmsadt, Germany) and the LISE spectrometer [18] at GANIL (Caen, France). Beam
yields of selected isotopes currently available at the BigRIPS separator are shown in
fig. 1.3. The reactions **Xe + Be and *8Ca + Be are shown as example for projectile
fragmentation, and 28U + Be for fission. The heavy ion beam energy was 345MeV u~!
and maximum primary beam intensities as given in [14] were assumed.

Within the FAIR project, extending the existing GSI facilities, the Super-FRS is currently
under construction [19,20]. Predicted production rates for FAIR are discussed in [21];
up to a factor of 10* of improvement in radioactive ion beam intensities over the FRS
is expected [10]. The facilities at GANIL are also being upgraded and vastly extended
within the SPIRAL2 project. The superconducting LINAC will deliver heavy ion beams
of up to 14.5MeV u~! and allow the production of heavy nuclei by fusion-evaporation
and light neutron rich nuclei via transfer reactions.

1.1.2 Thick-target ISOL method

The Isotope Separation OnLine (ISOL) method emerged in the 1950s after pioneering
experiments in which short-lived krypton isotopes could be extracted form a 10kg
uranium oxide target and separated by their mass-to-charge ratio [22,23]. The new
inventive step was the simultaneous (i.e. "online") production, extraction and separation
of radioisotopes. In contrast to the in-flight separation method, the produced isotope
ions are fully thermalized and neutralized inside the target material, from which they
need to diffuse out and be re-ionized in a dedicated ion source. Due to the large target
thickness, high in-target production rates can often be achieved. However, the migration
through the target material is time-consuming and strongly depends on the chemical
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Figure 1.4: The first ISOL experiment in Copenhagen [24]. Volatile radioisotopes were produced in an
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decomposition of baking soda yielded volatile species to support the transport of radioisotopes. Reprinted
by permission from Springer Nature : Springer-Verlag US, On-Line Mass Separators by Helge L. Ravn, Brian W.
Allardyce © 1989.

properties of the compound.

With the ISOL-method, isotopes are typically obtained in their ground state and inves-
tigation in related properties can be readily achieved. Investigations in excited states
are feasible by post-acceleration. The dedicated beam formation in ion sources and
accelerators results in beam optical properties which are superior to beams of in-flight
facilities.

The major facilities in Europe are ISOLDE [25,26] at CERN (near Geneva, Switzerland),
SPIRAL1 [27,28] at GANIL (Cean, France) and ALTO [29,30] at IPNO (Orsay, France).
ISOLDE is the oldest of these and offers the largest variety of beams. It is supplied by
1.4 GeV protons allowing to exploit high energy spallation, fragmentation and fission re-
actions. Low-energy (few MeV) neutron-induced fission products are available through
secondary spallation neutrons obtained from a proton-to-neutron converter [31]. At
ISOLDE more than 1000 different isotopes are available from a variety of target mate-

rials and ion sources [32]. Post-acceleration up to ca. 10MeVu~! is available via the
HIE-ISOLDE super-conducting LINAC.

At SPIRAL 1, nuclides are mostly produced via projectile fragmentation of swift heavy
ions (up to 95MeV u~!) on a carbon target. An Electron Cyclotron Resonance (ECR) ion
source is coupled to the target and allows the extraction of volatile elements as multi-
charged ions. Isotopes of the elements He, Ne, Ar, Kr, N, O and F are available as beam.
Before SPIRAL 2, the CIME cyclotron allowed the post-acceleration up to 20 MeV u .
The SPIRAL 1 facility currently undergoes a comprehensive upgrade program which
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includes the usage of heavier target materials (till Nb), hot transfer between target
and ion source, new types of ion sources (surface and FEBIAD) and a new charge
breeder [33-36]. In addition, a new technique is being developed to exploit fusion-
evaporation reactions. The primary beam impinges on a thin target inducing fusion
reactions. The evaporation residues recoil out of the target and are thermalized in a
catcher from where they have to diffuse into the ion source [37].

After invention of the ISOL technique in Copenhagen (Denmark), the first extraction
of condensible elements was achieved in Orsay by coupling the Synchro-cyclotron
(155MeV protons) to an online isotope separator [38]. Today, the ALTO-facility is
equipped with an electron LINAC operating at 50 MeV to induce photo-fission pro-
cesses. Uranium carbide is used as target material and a variety of ion sources, in-
cluding resonant laser ionization and the radial electron impact ion source IRENA, are
available [39].

Outside of Europe, the ISAC facility [40] located at TRIUMF (Vancouver, Canada) pro-
vides a variety of radioactive isotope beams. It is supplied by an intense beam with up
to 100 pA of 500 MeV protons from the cyclotron driver. Similar to ISOLDE, a variety
of target materials (light materials till uranium) and ion sources is available. Two ac-
celerators are installed for post-acceleration: the first stage provides acceleration up to
1.8MeV u~! and a second stage at least 6 MeV u~! for ions below 150 u. The new ARIEL
facility will extend the capabilities of ISAC in the future. Two new target stations are
under construction, which can be equally supplied by protons from the cyclotron or
a new 500kW, 50MeV electron driver to produce isotopes by photo-production and
photo-fission. Along with the new target stations, new mass-separators and beam lines
will be introduced that also allow ion transport to the ISAC facility.

Due to the ever increasing demand in radioactive ion beams, a number of new facilities
is currently under construction. In Europe, these include the SPES project [41] at LNL
(Legnaro, Italy) aiming at extracting and post-acceleration of fission products produced
with an high-power proton beam of up to 700 pA at 40MeV. The target stations are
designed for a power deposition of up to 8kW. The planned ISOL@MYRRHA facility
at SCK+CEN (Mol, Belgium) will use a small fraction (up to 5%) of the protons delivered
by the existing MYRRHA installation to produce ISOL beams. The project is divided
in three phases. In the first phase, proton beams of 100 MeV will be produced. Phase 3
aims at (up to 200 pA) at 600 MeV and would allow to produce a wide range of isotopes
[42]. In Asia, a facility even exceeding these beam currents is being constructed at RISP
(Daejeon, Korea) [43] which will be supplied by 500 pA protons at an energy of 70 MeV,
leading to a power deposition of 35kW in the uranium carbide target. The first phase
of the project aims at 10 kW power deposition, 143 nA current and 70 MeV beam energy.
In China, the CARIF project foresees a research reactor CARR as intense fission source,
providing 2 x 10° fissions per second.

1.1.3 Gas-cell facilities

Besides the big research centers discussed above, some smaller facilities deserve special
attention since they bridge the gap between ISOL and in-flight facilities. These are the
facilities using gas-stopping cells. In these facilities, fission fragments are thermalized
in a gas (few hundred mbar or less) but not neutralized due to the higher ionization




Introduction - Radioactive Ion Beams 7

Separation Target
foil
10" mbar 1 mbar /
/
100 mbar
lon ¢ \ L <
extraction Stoppilg — .
Chamber Target Gas inlet

Chamber
Skimmer- Dn‘fereljtlal Primary beam
electrode pumping from cyclotron

Figure 1.5: Early version of the IGISOL ion guide, simplified and adapted from [44].

potential of the stopping gas. The ions are guided by electrostatic and radio-frequency
tields to the outlet of the stopping cell where they are separated from the gas by differ-
ential pumping. With this method, the extraction of short-lived non-volatile elements
can be achieved that cannot readily diffuse out of an ISOL target. The advantage of the
method, its chemical universality [44], is a drawback at the same time because extracted
beams are typically not pure [45].

In Europe, the IGISOL facility [46] in Jyviskyld, Finland provides beams since the 1980s.
The facility was evolving during time, and today a 30 MeV proton beam with a current
of 140 pA is provided by the MCC-30/15 cyclotron [47]. The same accelerator is also ca-
pable of providing deuterons, and heavier ions can be provided by the K-130 cyclotron.
By adaptation of the stopping cell to the kinematics of the nuclear reactions, isotopes
are available from charged-particle induced fission, neutron induced fission [48], fusion-
evaporation and deep inelastic transfer reactions [49].

A sketch of the IGISOL fission ion guide is shown in fig. 1.8. The primary beam is
focused on a tilted target in the target chamber. Fission fragments recoil out of the
target and propagate through the separation foil into the stopping chamber, where they
are thermalized and reach a charge state of 1" by charge exchange with the gas. The
ions are electrostatically extracted. The injected gas expands after leaving the stopping
chamber and is removed in differential pumping sections. A foil between target and
stopping chamber prevents the beam-induced plasma near the target from extending
to the stopping chamber, where it would cause unwanted neutralization processes. In
newer versions, the skimmer electrode has been replaced by a sextupole ion guide [50].

The CARIBU facility [45] located at ANL (Argonne, Il, USA) is another gas-catcher
facility. Radionuclides are obtained from a 2°2Cf (ca. 1Ci) spontaneous fission source
which was produced by electroplating of material from the High Flux Isotope Reactor
(HFIR) in Oak Ridge. In contrast to IGISOL, also post-acceleration of up to 10MeV u~!
is available via a LINAC. The spacious stopping cell has an inner diameter of 50 cm
and a length of ca. 1.2m. In addition to an electrostatic field that pushes the ions
towards the extraction nozzle, the full cell is covered by a radio-frequency (RF) field.
The complex system consists of more then 1000 electrodes and prevents diffusion of
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ions to the walls.

1.2 The ISOLDE facility and its target assembly

The ISOLDE facility is one of the oldest experiments at CERN. After the pioneering
experiments in Copenhagen and Orsay, it was identified that the Synchrocyclotron (SC)
accelerator at CERN is a well-suited driver for a dedicated ISOL facility. Its 600 MeV
proton beam allowed to exploit spallation reactions for isotope production. In 1967 the
erection of the facility was completed and its first beam was delivered to an experiment
[51,52]. After decommissioning of the SC, an improved version of ISOLDE was built
that now includes two independent target stations and separators. It was connected
to the Proton Synchrotron Booster (PSB). Today, the pulsed proton beam supplied to
ISOLDE has an energy of 1.4MeV and can reach a current of ca. 2pA, which equals
about half of all protons supplied by the PSB. In the future, an upgrade of intensity and
energy to 6 pA and 2 GeV is discussed.

A sketch of the current ISOLDE facility is shown in fig. 1.6. The two target stations are
connected to two independent separators of different conceptual design. The General
Purpose Separator (GPS) consists of a single magnet allowing separations with a resolu-
tion of m/Am = 800. It allows to extract beams at three different masses simultaneously
and is easy to operate [53]. The High Resolution Separator (HRS) is made up of two
separation magnets and has a resolution of up to m/Am = 6000. The beamlines of GPS
and HRS merge into a central beamline. Radioactive ion beam yields can be measured
with the ISOLDE tape station [54] which is installed close to the junction point in the
central beamline (CAQ). It is further described in section 2.4.2 and the process of yield
measurements is outlined in section 4.2.

Many experiments exploit directly the low energy (30kV to 60kV) RIBs, as supplied
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by the target stations. These include e.g. nuclear decay spectroscopy at the ISOLDE
Decay Station (IDS), mass measurements (ISOLTRAP), Collinear Resonance Ionization
Spectroscopy (CRIS) and COLlinear LAser SPectroscopy (COLLAPS). Post-acceleration
is available via the linear accelerators of Radioactive Beam EXperiment (REX) and High
Intensity and Energy ISOLDE (HIE-ISOLDE). Before injection in the post-acceleration
stage, the low-energy beams are bunched and fed into the REX-Electron Beam Ion
Source (EBIS) to boost the charge state.

For the handling of open radioactive sources, a dedicated lab is available that is clas-
sified according to the swiss authorities as Type "A’. The MEDical Isotopes Collected
from ISOLDE (MEDICIS) faclilty [55] aims at production of radioisotopes for medical
applications. Most of the protons hitting an ISOLDE target pass it without significant
loss in energy. MEDICIS makes use of the protons which were otherwise lost to the
beam dump. The MEDICIS target is placed between the HRS ISOLDE target and the
beam dump. A rail conveyor system allows to recuperate the target and to move it to
a dedicated MEDICIS iosotope separator where longer-lived isotopes are extracted and
typically implanted in a metallic foil. In contrast to the ISOLDE target stations, services
like water cooling, heating or electrical connectivity are not available to a MEDICIS tar-
get unit during irradiation. Recently, the parabiotic extension ISolde Irradiation Station
(ISIS) was installed to the GPS target station that allows material irradiations, similar to
the MEDICIS concept. A laboratory dedicated to the handling of nano-materials, some
of which have shown to be very reactive, is currently under construction.

1.2.1 The ISOLDE target unit

The ISOLDE target unit is installed on a target station which is commonly called Front-
end. A Frontend is the interface between beamline and target unit. Frontends provide
all necessary services to target units: water-cooling, electrical connectivity, gases and
RF signals. The Frontends are replaced on a regular basis due to aging in the harsh
environment close to the proton beam. The latest Frontend upgrade included two
additional gas-lines (three in total), and one additional RF connector (two in total) [56].

A target unit is tailored to the desired radioactive ion beam and combines three compo-
nents: i) a target container which confines the target material ii) the ion source and iii) a
transfer line connecting target container and ion source. The components are integrated
into an aluminum vacuum vessel that is equipped with a gate valve. After installation
on the Frontend, the valve is opened and an extraction electrode is moved close to the
ion source. The target unit is kept at a positive voltage of 30kV to 60kV to accelerate
positively charged ions towards the grounded extraction electrode and beamlines. In
the case of negative beam extraction, the polarity of the target is adapted accordingly.

The assembly is also called Target and Ion Source System (TISS) and is the heart of an
ISOL facility. A skech is shown in fig. 1.7a and a photo taken during installation on the
Frontend in fig. 1.7b. Due to radiation and contamination risks, manual intervention
on or near Frontends is avoided during the operation period. The target units are
handled by industry-style robots and the installation on the Frontend is completed
fully remotely.
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Figure 1.7: The ISOLDE target unit

1.2.2 Target materials

The engineering of material characteristics (especially its microstructure) is among the
hot topics in ISOL beam development. The requirements a target material has to meet
are multifold: i) the material needs to have a sufficiently high production rate for the
radioisotope of interest, ii) the diffusion of isotopes in the material must be fast, iii)
adsorption times of the radionuclide should be low, iv) the material must be stable
at high temperatures which are typically necessary for fast diffusion and v) it needs
to be chemically inert towards the structural materials of the TISS and the desired
radionuclide.

Recent reviews about target materials for ISOL beams are given in [57,58] and broader
discussions also covering chemical aspects can be found in [59,60]. Practically all target
materials are operated at elevated temperatures (up to 2200 °C) to promote diffusion
inside the material and reduce adsorption times on surfaces. The number of radioiso-
topes produced inside the target material scales with its density, however, less dense
materials (e.g. high open porosity or thinner foils) show often superior release proper-
ties. A certain target unit is typically used for a period of at least several days up to a
few weeks. It is a common issue of almost all target materials that over this time, the
extracted RIB yield often decreases. In many cases this is attributed to a degradation of
the target material. Due to the limited lifetime of radioisotopes, their released fraction
strongly depends on the diffusion time which in turn depends on the grain size of the
target material. The latter increases with time (sintering), promoted by heating and
radiation damage induced by the primary beam [61]. Target materials can be classified
according to their state of matter and chemical composition.

Molten targets have the highest possible density and are often made of low-melting
metals like lead or tin. The temperature of operation is mostly close to the melting
point of the metal. The diffusion time is typically long [62] and only scales weakly
with temperature, in contrast to solid materials [60]. In some cases, the mechanical
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shaking induced by magnets has been found to reduce diffusion times [63]. Recently, a
prototype equipped with a forced circulation loop and shower to create small droplets
has been developed [64] and tested [65,66]. An advantage of this target class is the
absence of target material degradation, allowing extended usage times.

Metal powder has been considered in the past but was discarded due its susceptibility
to sintering. Commonly, rolled metallic foils are used which are embossed to contain
small spikes. These minimize the contact surface between the layers and reduce sinter-
ing. Typically, the most refractory metals are considered for foil targets. Tantalum is
among the frequently used metal foil targets for the production of lanthanides. Pressed
powders are the most frequently used target materials. Oxides are widely used but are
prone to sintering. As for the metal foils, a successful approach to control sintering
is to minimize the contact surface. Micron-sized fiber materials, e.g. yttria-stabilized
zirconia, have proven to be reliable [67]. As shown in the case of calcium oxide, a rig-
orous temperature control can be decisive to prevent fast sintering [68,69]. Many metal
carbides have refractory properties, among these uranium carbide which is the most
versatile material. The uranium carbide target is produced from uranium oxide in a
reaction with excess carbon (graphite). The latter forms a separate phase that reduces
sintering [70].

A more recent development is the emergence of nanostructured target materials. Due
to their small grain size, diffusion is fast and particularly short-lived isotopes profit




12 1.2. The ISOLDE facility and its target assembly

from this development [12]. The first attempt to exploit nanostructured materials was
a sodium zeolite [71] used at the TISOL facility [72] at TRIUMF, a predecessor of ISAC.
Increased yields were reported for N (t;,, = 7.13s). At ISOLDE, a sub-micron sized
silicon carbide target material was developed [73] and with the development of a novel
calcium oxide target in 2011, the first nanometric material has found its way into the
facility which showed high yields for exotic isotopes e.g. >'Ar (t;,, = 15.1ms) [68]. The
development of nanometric uranium carbide [58], titanium carbide [74], yttria [73] and
the carbon allotrope MWCNT [75] followed.

1.2.3 Ion sources

For radioactive isotope beam extraction, the efficiency of an ion source is a key fig-
ure, due to the very limited number of produced isotopes in the target. Several high-
efficiency ion sources have been developed in the last decades. The choice of ion source
must be adapted to the physical and chemical properties of the desired species and
consideration of selectivity requirements. The relevant ionization phenomena can be
divided into three groups: i) surface ionization, i.e., ionization in hot cavities ii) electron
impact ionization which is also the most relevant ionization process in plasma and iii)
resonant laser ionization.

Surface ionization

Alkaline and alkaline earth metals have low ionization potentials (IP) and ionization
often takes place readily on contact with a hot metal surface of high work function ¢. In
the ionization process, an electron is transfered from the atom to the metal via quantum
tunneling [76]. The ionization process is described by the Saha-Langmuir equation
[77,78]. In tubular cavities, multiple collisions between neutral species and the ionizer
surface occur. Also, the probability of ion extraction from the tubular cavity needs to
be considered. In [79,80], the following expression for the ionization efficiency ey has

been derived:
¢ — IP*
B exp ( T
(1.1)

Esurf = QD—IP* ’
1+[3exp< KT )

where T is the temperature and kg the Boltzmann constant. The effective ionization
potential IP* = IP — kgT In(g;/go) takes into account the statistical weights of ion g;
and atom states gg. The ionization enhancement factor p is related to the effective
number of collisions and survival probability of the ions.

Besides alkaline (earth) metals, the method can also be applied to other low-ionization
potential (IP < 7€V [79]) elements, like the elements of the lanthanide series. As
can be seen in Eq. 1.1, the ionization efficiency strongly depends on the tempera-
ture. Commonly, tantalum (¢ = 4.25eV [81]), tungsten (¢ = 4.55€eV [81]) and rhe-
nium (¢ = 4.72eV [81]) ionizers operated at temperatures of 2000 °C to 2400 °C [59]
are used. Efficiencies for low-ionization potential elements are typically well above
10% and can almost reach 100% in some cases. Besides elements, also low-ionization
potential molecules can be ionized, e.g. barium, strontium and calcium fluorides [82].
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Figure 1.9: The ISOLDE RILIS (a) The different pathways of ionization, including ionization via auto-
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elements available with dye lasers or Titanium Sapphire lasers (Ti:Sa).

Resonant laser ionization

The Resonant Ionization Laser Ion Source (RILIS) [83] is the most frequently used ion
source at ISOLDE. In 2018, RILIS was used during 60% of all shifts. The ionization
method provides, in contrast to all other available methods, element sensitivity due to
the unique electronic structure of elements. Possible pathways for excitation are shown
in fig. 1.9a. Transitions from (typically) the ground state to excited states (b and c in
tig. 1.9a) are step-wise initiated by absorption of photons of specific frequency. From
here, three possible pathways lead to efficient ionization: i) non-resonant ionization
with a powerful laser; ii) resonant ionization to an auto-ionizing state and iii) reso-
nant ionization to a Rydberg state, i.e., a state close to ionization energy, followed by
collisional or field ionization.

Auto-ionizing states are bound states above the ionization potential which can be reach-
ed by excitation of two or more electrons. Due to the reliability and efficiency, auto-
ionizing states are often the preferred pathway, nonetheless not all atoms possess these.
The ionization via Rydberg states suffers from a lack of reproducibility and is not rou-
tinely practiced, also due to limited laser capabilities [83].

The combination of element-sensitive ionization and mass separation would in princi-
ple allow the extraction of a pure beam, only containing the isotope of interest. How-
ever, in practice, the laser ionization takes place in a hot cavity, susceptible to surface
ionization. The elevated temperature is in many cases necessary to avoid sticking of
condensable elements to the walls which would delay the extraction process or even
render it impossible.

The hot cavity also has characteristics that are favourable for ion survival and extrac-
tion. The latter equally applies to surface ion sources. Heating leads to thermionic
emission of electrons, as described by the Richardson-Dushman equation [84]. The
walls of an otherwise empty ionizer are left with a positive potential that confines ions
in the center of the cavity and prevents recombination by collision with the surface of
the ionizer (see [85] for a more sophisticated discussion). In addition, an increasing
electrical potential along the ion source and transfer line, pushes the ions towards the
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Figure 1.10: Electron impact ionization (simplified schematic)

extraction side. Recently, it was shown that this effect can be amplified by application
of an axial magnetic field which increases the electron density [86].

A series of developments has been made to suppress unwanted surface-ionized contam-
inants. These include the use of low-work function (¢) materials and the development
of the Laser Ion Source and Trap (LIST) [88] which allows laser ionization free of hot
surfaces in an RF ion-guide after strong suppression of surface ions by an electrostatic
repeller.

Forced electron beam sources

The Versatile Arc Discharge Ion Source (VADIS) depicted in fig. 1.10 is commonly
used at ISOLDE and based on the concept of the Forced-Electron Beam Induced Arc-
Discharge (FEBIAD) ion source. Electrons are released from a resistively heated tan-
talum cathode (ca. 2000°C) and accelerated through a grid towards the anode body
which is typically biased between 100V and 200 V. The electrons are weakly focused
by an axial magnetic field (< 300G) and forced on helical orbits which reduces elec-
tron flux transverse to the magnetic field. Thus, the electron lifetime and density are
increased. Ions are formed in collisions of neutral atoms or molecules with electrons.
The ion source is held at a voltage of 30kV to 60kV, so that the ions are accelerated
towards the grounded extraction electrode.

The FEBIAD-concept was introduced in the 1970s by Kirchner and Roeckl and tested
on-line at the TRIGA reactor at the Johannes Gutenberg - Universitit Mainz (JGU) [89].
Besides the better stability in operation, its major improvement compared to the ear-
lier Nielsen source and its derivatives [90,91], is the introduction of a grid close to
the cathode which allows to extract higher electron currents thermionically emitted by
the cathode. In earlier versions, the major fraction of electrons was obtained from a
plasma that ignited only at a threshold gas pressure well above 1 x 10~* mbar. In later
versions of the FEBIAD ion source, the heating filament of the cathode was replaced
by a ruggedized (electron-beam welded) tantalum part that was heated along with the
transfer line in a common electrical curcuit [92]. Further geometry and material opti-
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mizations followed which led in some cases to an efficiency increase of one order of
magnitude [93]. The improved model was named VADIS and ion sources of this series
carry '"VD’ in their name, in contrast to the earlier FEBIAD ("MK’) series. The option
to provide a voltage different from the anode potential to its end-cap (named anti-
cathode by Kirchner ef al.) was rediscovered to improve the extraction of laser-ionized
species [94-96], leading to a setup similar to the FEBIAD MK3 model. Electron impact
ion sources and related phenomena are discussed in greater detail in section 2.3.

Via electron-impact ionization, all species can be ionized. This includes noble gases
and molecules which are not efficiently accessible by laser ionization and mostly not
available by surface ionization. The universality, i.e., the lack of selectivity is a draw-
back at the same time. Some selectivity can be obtained by choosing an electron energy
favourable for the ion of interest and adverse for the conataminant. However, since
these differences are often small, the suppression effect is not typically exploited in on-
line operation and comes, especially if higher charge states need to be used, at the price
of highly reduced efficiency. In some cases, the decomposition of molecules could be
achieved by higher anode voltages, so that the elemental beam is preferentially popu-
lated [97,98]. Often the VADIS is combined with a filtering transfer-line (section 1.2.4),
which, e.g., provides pure beams for many noble gases or condenses selectively alkali
matals on a quartz surface. It was also suggested to purify beams by chemoselective
trapping in a pulsed source [99,100]. As will be discussed in Chapter 5, a powerful
technique for beam purifaction is the selective formation of molecules. By attaching
the isotope of interest to a molecular carrier, the mass-to-charge ratio changes and the
species can be separated electromagnetically.

Radio-frequency heated plasma sources

Especially for the production of volatile atom and molecular beams, Radio Frequency
(RF)? plasma ion sources have been considered. Despite this chapter focusing on the
ISOLDE facility, it is worth mentioning that the SPIRAL facility at GANIL used an
ECR Ion Source (ECRIS) as principle mean of ionization. A review about ECRIS for
radioactive ion beam production can be found in [101].

In plasma ion sources, a buffer gas (typically a noble gas) is introduced at a constant
flow rate and ignited by RF injection. In contrast to (forced) electron beam sources,
plasma sources are typically not resistively heated and are believed to offer favourable
properties for the ionization of molecules (like carbon monoxide). Due to cold opera-
tion, thermal decomposition of these molecules on the walls of the ionizer, as it would
occur in forced electron beam sources, can often be avoided. However, molecule de-
composition in the plasma can occur and its confinement is often limited.

The design of an RF-heated ion source for ISOLDE is challenging due to a series of
contradictory requirements. Sources need to be efficient, radiation-hard, compact and
tolerant to the gas-load peaks produced on beam impact on the target material. The
required infrastructure (RF generation, transmission and connectivity) is by far more
complex than the simple electric connectivity required for other source types and the
operation (e.g. plasma ignition) can be troublesome. Most plasma sources have in
common that a magnetic confinement of the plasma is required. The RF power is
coupled into the source by antennas close to the plasma chamber or through a wave

2 Within this work, the term radio frequency is used for the frequency range from 20kHz to 300 GHz, i.c.
also including the microwave region.
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Figure 1.11: The COMIC ion source (a) Photo of the ion source, not showing the permanent magnet array.
(b) Schematics and magnetic field arrangement

guide.

The first RF-plasma ion source operated at ISOLDE was the Minimono source [102,103]
that was adapted from its predecessor at GANIL [104, 105]. It was equipped with
permanent magnets in multipole configuration providing electron confinement [106].
The magnetic field was progressively decreasing from 0.2T to 0T in the center of the
plasma chamber. The required field for the ECR at 2.45 GHz is 87.5mT. In offline tests,
Ionization efficiencies of up to 55% (Xe) [102] have been measured, and 4% and 14%
for the ionization of CO and CO; [103]. In on-line tests, the gas burst on proton impact
caused an efficiency decrease by one order of magnitude [101], however, short-lived ?C
(T1/2 = 123 ms) [75] could be extracted.

Due to concerns regarding the radiation-hardness of the permanent magnets, the devel-
opment of the radiation hard source Mono ECR ISOLDE (MECRIS) was launched [107].
The permanent magnet array was replaced by two coils in Helmholtz configuration,
thus lacking a radial confinement. Compared to the Minimono source, only low elec-
tron densities could be reached. Offline measurements report efficiencies of 5% to 10%
for xenon, which were comparable to the FEBIAD MKY (cold transfer line) source used
at that time (2004).

Aiming at efficient extraction of volatile molecules, the Quartz COmpact Mlcrowave
and Coaxial (Q-COMIC) ion source was tested at ISOLDE [108,109]. It is based on the
COMIC source developed at LPSC Grenoble [110]. As the previously described sources,
the COMIC ion source operates at 2.45 GHz. A photo and sketch of the magnetic field
are shown in fig. 1.11. The source is equipped with an array of permanent magnets,
designed such that the maximum of the magnetic field is located in the center of the
source. ECR conditions are met in the region between center and outlet hole. Due to
the magnetic mirror effect, ions created in this region are longitudinally guided towards
the plane of the outlet hole. The plasma chamber is made of quartz to provide chemi-
cal compatibility for oxide formation. The highest measured ionization efficiency was
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claimed to be 75% (Xe), however, the ionization efficiency for COZ+ did not exceed 0.2%.
The low ionization efficiency was tentatively attributed to breaking of the molecule,
as the dissociation energies of CO, and CO bonds are only 5eV and 11eV [111], re-
spectively, but the ionization potential is 14eV [112]. The mean electron energy of the
COMIC source is expected to be ca. T, =~ 1eV with an decreasing tail towards higher
energy (Maxwellian or Lorentzian distribution) [113].

The Helicon ion source (cf. fig. 1.12) was developed with the goals of higher efficiency
than the COMIC source could provide and tolerance to the pressure fluctuations which
ECR sources suffer from [114]. The source contains a magnetized plasma driven by a
20 MHz to 200 MHz transmitter. The design is based on the concept of energy coupling
through a helicon wave in the magnetized plasma. This coupling mode promises a
high level of ionization and electron density. Efficiencies of 1% and 2.5% for CO; and
CO™, respectively, are reported [115]. In contrast to the COMIC source, helium buffer
gas was found to yield the highest efficiency for molecular beams. The plasma density
was estimated to be 17, &~ 1 x 101" m~3 based on the extracted maximum current. It
was deduced that the density is not sufficient for the generation of a helicon wave. Very
likely, the plasma was coupled inductively. Further detail about plasma sources is given
in section 2.3.

1.2.4 Transfer lines

The transfer line, connecting ion source and target container, does not only provide a
confined pathway for the neutral radioisotopes produced in the target to diffuse into
the ion source but is also used as chromatographic column to delay the transport of
unwanted species. An overview of ion source and transfer line combination is given in
table 1.1 [92,93,116-119].

The simplest transfer line is implemented in the "hot-plasma" source (VD5) and in most
cases also applied for hot cavities. The ion source is connected via a hot tantalum trans-
fer tube to the target container. It is designed with the goal to transport all species
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Table 1.1: Ton sources and transfer lines for the VADIS and FEBIAD-type ion sources. Materials of the
transfer lines in contact with the radioisotopes, the typical temperature of the transfer line and the number
of anodes in the ion source are given. The cathode temperature of the ion source is typically ca. 2000 °C for
all sources listed below. Identifiers starting with "MK’ were introduced in the FEBIAD series, "VD’ refers
to a version of the VADIS source.

N Transfer line | Transfer line | Source Field of lication
ame Material Temp. / °C | Anodes teld of applicatio
Warm plasma for molten metal targets
MK3 steel 200 - 400 2 not used anymore
Hot plasma . .
VD5/MK5 Ta 2000 1 non-volatile species
Warm plasma medium volatile species
MKo6 steel 200 - 400 1 e.. separation of Cd/Hg
Cold plasma very volatile species
VD7/MK7 Cu 20 (RT) 1 e.g. noble gases, BF3, CO
Cold quartz | Ta and quartz 300 - 800 1 Suppression of contaminants
e.g. alkaline metals with
Hot quartZ quartz 700 - 1100 1 hlgh adsorption on quartz
Cold‘ clr}1mney Ta and steel 350 - 550 ) molten targets, retains
helix insert vapor e.g. Pb target
Hot ‘ch‘1mney steel up to 1000 ) molten targets, retains
helix insert vapor e.g. Sn target

effusing out of the target container to the ion source. Thus, it does not provide addi-
tional selectivity. The hot transfer tube is required for species exhibiting relatively high
melting or boiling points.

The "warm-plasma" sources (MK3 and MK®6) are equipped with a stainless steel block,
offering temperatures in the range from 200 °C to 400 °C. The transfer line was designed
to transmit relatively volatile elements (Zn, Cd, Hg) and retain vapours from the hot
target. For very volatile species (e.g. noble gases or carbon monoxide), the VD7 source
is used. It condenses all non-volatile elements in a water-cooled copper block, kept at
ca. 30°C.

To avoid spilling of liquid metals from molten targets into the ion source and also
retain unwanted metal vapors in the target, a dedicated transfer line was designed [62].
It contains a helix structure to condense metal vapors before reaching the ion source.
Designs for three different temperature ranges have been developed, tailored to the
properties of La, Sn ad Hg [119].

The quartz-transfer lines allow to suppress contaminants which show stronger adsorp-
tion than the species of interest [117,118]. Two versions are available and cover the
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temperature range from 300 °C to 1100 °C. Often the quartz line is applied to suppress
alkaline metals, a common class of contaminants due to their susceptibility to efficient
surface ionization.
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The development of new molecular beams is addressed in this work. This chapter
presents models and tools used to derive efficiencies for each step of the ISOL-process:
in-target production in nuclear reactions, transport of radioactive isotopes via diffusion
and effusion, and ionization. The in-target production was studied numerically with
the help of established and benchmarked codes. Models for diffusion and effusion are
presented which together define the fraction and time-structure of the release. The latter
are important properties for conditions experienced at ISOLDE where the proton beam
is pulsed. Ionization will be discussed with respect to the used ion sources, which
are radio frequency-driven plasma sources and electron beam induced arc-discharge

sources.
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2.1 Radioactive nuclide production

2.1.1 Fundamentals

The ISOLDE facility is served with pulses of 1.4 GeV protons which initiate high-energy
reactions inside the target nuclei. At this energy, the wavelength of the incident proton
is less than the average distance between the nucleons. Their interaction energy is also
significantly smaller than the projectile energy. Under these conditions, the reaction is
governed by collisions of the incident proton with single nucleons inside the nucleus
and described by the Intra-Nuclear Cascade (INC) model as shown in fig. 2.1 [120-122].

The proton propagates like a free particle in the nuclear medium which is treated as a
Fermi gas. Secondary particles with typically large forward momentum form in colli-
sions. Their energy spectrum reaches up to the incident particle energy. The secondaries
in turn, initiate new cascades until they either emerge from the nucleus or their energy
has decreased to an extent that the particle can be considered as absorbed. In the latter
case, the remaining energy contributes to the excitation energy of the nucleus. Some
collisions are forbidden by quantum effects, mainly Pauli blocking. The nucleons not
involved in the collision occupy certain quantum states which are not available anymore
as final states of incident particle or its collision partner. As a result, the effective colli-
sion cross section is reduced. The cascade extinguishes within a duration in the order
of only 1 x 1072?s. The remaining nucleus is left in an excited state, defined by its mass
and atomic number, velocity, angular momentum and excitation energy. Besides nu-
cleons, also pions are involved in nuclear cascades and can escape the nucleus despite
their high interaction cross section. In contrast to low-energy collisions, the reaction
between a high-energy projectile and target nucleus does not result in a well-defined
compound nucleus but an ensemble of different compound nuclei.

The further progress of the reaction is depicted in fig. 2.2. In the second stage of the
process, the nucleus undergoes several deexcitation steps. The most important channels
are i) evaporation ii) fission and iii) fragmentation. In evaporation reactions single
nucleons and light particles are emitted from the nucleus. The evaporation residues
of high-energy reactions are often referred to as spallation products.! ~ The highest
production cross sections are found on the low-mass side in the vicinity of the target

energetic p l

proton

X< Absorption

Pauli-forbidden
collision

@ Collision Nucleus

Figure 2.1: The intra-nuclear cascade (INC) model. Adapted from [120].

I The term spallation was first used by G.T. Seaborg in 1937 [123]. It can be derived from the verb to
spall, meaning to chip nucleons of a nucleus [122]. The term can be used either in a general way for
high-energy reactions including all deexcitation channels or refer to the evaporation channel only. In this
work, spallation refers to the evaporation channel only.
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Figure 2.2: High-energy nuclear reactions. Adapted from [124].

nucleus. They decrease steeply with increasing mass difference. With higher energy of
the projectile and higher excitation energy of the compound nucleus, the distribution
turns broader.

Fission plays an important role in high-energy reactions of heavy targets like uranium.
In every step of the deexcitation process, fission is in competition with evaporation. The
probability of fission (fissility) is proportional to Z?/ A, due to the increase in long-range
Coulomb repulsion over short-range attractive forces in heavier elements. Despite the
high energy of the projectile, the excitation energy of the compound nucleus is some-
times as low as a few tens of MeV only. In this case, the deexcitation follows the rules
for low-energy fission processes with often double-humped asymmetric mass distribu-
tion. At elevated excitation energies, shell effects are washed out so that the symmetric
fission channel dominates. Fission products are typically found on the neutron-rich side
of the nuclear chart and have their maximum yields in the intermediate mass range.

At even higher excitation energies (some hundreds of MeV for uranium) fragmentation
reactions emerge. This channel is responsible for the high production cross section of
nuclides in the low mass range but also extends to the fission-dominated intermediate
masses. Besides the discussed deexcitation modes, the hot nucleus can also break up
due to thermal instabilities leading to multifragmentation. The duration of the deex-
citation step with 1 x 1078 is significantly longer than the INC. Between the intra-
nuclear cascade and the deexcitation stage, newer models implement a preequilibrium
stage which is entered when all excited nucleons have reached an energy below a given
threshold (typically a few tens of MeV).

2.1.2 Computational tools

A comprehensive overview of simulation codes can be found in [122] and a recent
review article [123]. Benchmark results of several codes are provided by the IAEA [125].
The main simulation tools used in this work are ABRABLA [126,127] and FLUKA
[128,129] which will be briefly described. From a users perspective, the major difference
between these codes is that FLUKA is a particle-tracking code allowing to implement
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complex target geometries while ABRABLA considers a single encounter between a
projectile and a target nucleus. As a direct consequence, FLUKA considers secondary
reactions, e.g., between neutrons produced in one projectile-target collision and another
target nucleus (sometimes referred to as inter-nuclear cascade).

ABRABLA

The ABRABLA code was developed at GSI and its name can be derived from the in-
cluded models of abrasion and ablation. The abrasion (ABRA) model is a first stage
model developed for peripheral nucleus-nucleus collisions at high energies [130]. In
contrast to the INC-model, it is a macroscopic model. The geometrically overlapping
region between the colliding nuclei is defined as participator (or "hot fireball"), while
nucleons in spectator regions keep moving with their initial velocity. The treatment
of nucleon-nucleus-interactions was added by integration of the BURST model [131],
which is based on parameterization of results obtained from an INC-code [126].

The deexcitation stage is treated within the statistical model in the ABLAO7 code [127].
After the thermal equilibrium is reached, the nucleus expands. If its excitation energy
exceeds ca. 5MeV per nucleon, the result of the expansion is a fast break-up of the
nucleus (multifragmentation) due to its negative incompressibility in this regime. The
expansion even increases the pressure and results in the simultaneous emission of clus-
ters and several nucleons. For excitation energies below ca. 5MeV per nucleon, a single
compound nucleus is assumed.

In the further deexcitation of the fragments, ABLA considers emission of neutrons,
Light Charged Particles (LCP), Intermediate Mass Fragments (IMF), fission and gamma
rays with their respective decay width T'neutron, I'tcp, T'tvE, Tfission and I'gamma. The
probability of deexcitation P; via channel i is given by the ratio of its decay width I;
over the total decay width I'tst,

I
P = riz/ where ot = Ineutron + Z I'Lep + I'Gamma + Tfission + Z I'ive. (2.1)
tot LCP IMF

The sums run over all possible particles that can be emitted.

The code was applied to for the interpretation of experiments at the FRagment Sepa-
rator (FRS) located at GSI. Instead of focusing an energetic proton beam on a steady
target, heavy projectiles (up to uranium) were sent on a liquid hydrogen target [132].
A comparison with results obtained at ISOLDE is available in [133]. ABLA was also
implemented in several transport-codes [122] e.g. in the Geant4 package which also
supports INC models [134].

FLUKA

The multi-purpose FLUktuierende KAskade (FLUKA) Monte-Carlo code was devel-
oped at CERN and INEFN and is based on three dimensional particle tracking. In con-
trast to cross-section codes, it allows to predict energy- and angle-differential particle
fluences in a complex geometry. The production yields of residual nuclei can equally
be obtained along with expected dose rates. However, the kinetic energy of low-energy
tission fragments is not readily available.
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Figure 2.3: Schemetic program sequence of FLUKA, including the different event generators for hadron-
nuclus (h-A) and nucleus-nucleus (A-A) reaction. Reproduced from [140].

FLUKA covers hadron-hadron, hadron-nucleus and nucleus-nucleus interactions from
the threshold up to an energy of 10PeV. Besides heavy ions, sixty different particles
can be transported [135].

The included models are discussed in [121, 136-140] and the program sequence is
schematicially shown in fig. 2.3. The models can be categorized by applicable energy
range and type of interaction. At the highest energies, which are out of the scope for
ISOLDE, the Dual Parton Model and JETs (DPMJET) interface is used. For ion-ion col-
lisions (A-A) below ca. 5 GeV the relativistic Quantum Molecular Dynamics (rQMD)
event generator and at even lower energies the Boltzmann Master Equations (BME)
module is used.

The PreEquilibrium Approach to NUclear Thermalization (PEANUT) model is most
relevant for residual production at ISOLDE and covers hadron-nucleus interaction over
a wide energy range (up to 20TeV). Its implementation follows a sequence of four
sequential steps:

Step 1: Glauber-Gribov cascade and high energy collisions

Coupling of Glauber multiple scattering to a Dual Parton Model (DPM)
(for energies above ca. 5GeV)

Step 2: Generalized Intra-Nuclear Cascade

For lower (< 100 MeV to 200 MeV) and higher (> 2GeV to 3 GeV) energies,
the plain INC model needs to be extended. These extended models are
referred to as Generalized Intra-Nuclear Cascade (GINC) models. This stage
runs until all nucleons are below a smooth threshold of ca. 50 MeV and all
particles (mostly pions) but nucleons have been emitted or absorbed.
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Step 3: Preequilibrium emission

The preequilibrium stage bridges the end of the INC to the begin of the
deexcitation stage. The FLUKA implementation follows an exciton model
called Geometry Dependent Hybrid Model (GDHM). An exciton is either
a particle above the Fermi-surface or a hole below the surface. In nucleon-
nucleon collisions the nucleus proceeds through a chain of several steps. At
each step the probability of particle emission is evaluated. Following the
"never come back" approximation, the number of excitons increases while
the chain progresses. The end of the chain (i.e. equilibrium) is reached if
the excitation energy is below any emission threshold, or if the excitation
number is sufficiently high compared to single particle level density and
excitation energy.

Step 4: Deexcitation

The deexcitation stage considers evaporation, fission, gamma-ray emission
and fragmentation (break-up). The implementation for evaporation follows
the Weisskopf-Ewing description of the statistical model. Emission proba-
bilities depend on the level densities of the final (and initial) nucleus. Fis-
sion can significantly contribute for heavier (Z > 70) nuclei and is equally
considered in a statistical approach describing the way to the saddle point
where the fission barrier is overcome and the system irreversibly separates.
In addition, a Fermi Break-up model is included which is of particular im-
portance for light nuclei.

At ISOLDE, the FLUKA code is widely used to optimize the geometry of the TISS. It
has proven especially useful for the development of proton-to-neutron converter assem-
blies, where energy differential particle-fluence maps play an important role. Obtained
particle fluences have been benchmarked with experimental data [141,142] and are in
agreement over a wide range. Besides residual isotope production, the code is also used
for radio-protection and engineering applications. The energy deposited in target-beam
interactions can be estimated by FLUKA and requires consideration especially for dense
targets or highly intense driver beams.

2.2 Transport phenomena

The various transport phenomena involved in the ISOL process are schematically il-
lustrated in fig. 2.4. Each phenomenon contributes to the radioactive ion beam yield,
as will be discussed in Chapters 3 and 4. The produced isotope is an ejectile of a
nuclear reaction and posseesses a certain momentum, often referred to as recoil mo-
mentum. Its kinetic energy depends strongly on the production channel. Due to the
large Coulomb forces between nascent fission fragments at scission, kinetic energies in
the order of some tens of MeV to even above 100 MeV can be found in uranium fission.
The resulting ranges are in the order of pm in the target material. The recoil energy in
spallation reactions is significantly lower (typically tens of keV to few MeV). However,
it was pointed out that the spallation recoil momentum could contribute to high yields
observed in target nanomaterials [69]. After thermalization and neutralization, the iso-
tope ion has to propagate through condensed (solid or liquid) matter till it reaches a
boundary to open space (e.g., the grain boundary). The following diffusion through
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Figure 2.4: Schematic repesentration of transport processes in the ISOL process. Adapted from [73,74].

open space towards the ion source is often referred to as effusion. Due to the limited
lifetime of radioisotopes, the transport time translates directly into an efficiency, the
so-called release efficiency €., which accounts for decay losses.

2.2.1 Transport of ions in matter

The recoil momentum is typically neglected in models describing the efficiency of ISOL
beam production. However, it plays an important role in the target concept intro-
duced in Chapter 6. A detailed discussion on ion transport in matter is available, e.g.,
in [143-145]. While propagating through a material, the ion successively loses its energy
in interactions with the medium. The energy loss can be quantified with the concept of
a retarding STopping Force (STF)? , S = —dE/dx. It depends on mass and charge of
the ion, its velocity and the stopping medium. The range of an ion can be obtained by
integration. As proposed by Bohr already in 1913, the different velocities (and associ-
ated time scales) of electron and nuclei propagation allow to separate their respective
contributions [147].

Nuclear Stopping

The nuclear stopping force can be estimated by consideration of elastic collisions be-
tween the incident ions and the target nuclei screened by their electron shell. The
calculation is based on the atom-atom interatomic potential V for which several mod-
els have been proposed. They have in common that a Coulomb term (x Z1Z,/r) is
multiplied by a screening function @,

VAV
X
r

V(r) Dy(a,r), (2.2)
where Z; and Z, are the atomic numbers of the involved nuclei which are typically
treated as point charges. The screening function depends on the distance between the
point charges r and the screening radius a. The developers of the Stopping and Range
of Ions in Matter (SRIM) application [148], commonly used to estimate STF and ranges,
have derived an analytic function that is based on a fit of selected interatomic potentials

which were calculated for a set of atom-atom pairs.

2 Historically, the term Stopping Power is used for the same quantity. However, it was pointed out that
the actual unit is that of a force [146].
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Electronic Stopping

Energy transferred to the electrons (inelastic energy loss) is considered in the electronic
STF. The derivation of expressions for the electronic contribution to the STF is more
complex than its nuclear counterpart. The involved particles continually change during
the stopping process, e.g., the charge state of the incident ion depends on its energy.
According to an early theory of Bohr, electrons having an orbital speed smaller than
the speed of the ion are efficiently removed. Also the electron density in the target is
affected by the ion due to polarization. The electronic stopping can be mathematically
treated first for light ions (H, He) and then scaled to heavy ions. The models have
evolved with time, starting with the early work of Bohr in 1913 that was extended by
Bethe and Bloch. The (classic) Bohr-Theory is based on consideration of target electrons
as collection of harmonic oscillators. Within the Bethe-Bloch theory, the issue is treated
quantum-mechanically with the help of the perturbation theory. The non-relativistic
Bethe equation yields the electronic stopping force S,; for an incident ion of velocity v;
and charge Ze in a medium with electron number density N, as

47N Z?%e*

2m,v;?
Sel -

In

e -, (2.3)

where [ is the logarithmic mean excitation energy per electron which can be derived
from the dipole oscillator strength. The equation generally holds for swift light ions. In
later work (e.g., Lindhard stopping), the electrons in the stopping medium are treated
as plasma (Fermi gas with velocity vr), so that collective phenomena can be taken into
account.

Other energy loss mechanism

Nuclear stopping typically dominates at low energies and electronic stopping at ele-
vated energies. In some cases (very high ion energies or stopping of electrons), radiative
energy loss due to Bremsstrahlung needs to be considered. In common terminology,
energy loss due to nuclear reactions (i.e., nonelastic nuclear interactions) is not typically
classified as contribution to the stopping force [149,150]. However, for ion energies
above 10MeV u~! they can significantly contribute [148] or even become the dominat-
ing loss mechanism.

2.2.2 Diffusion

Diffusion is a process of particle transport from one part of a system to another driven
by a difference in concentration. From a thermodynamics point of view, the transport
is favored due to the associated increase in entropy. The particles continuously move
along random trajectories due to their thermal energy. After reaching a homogeneous
distribution, the net particle flux vanishes. However, a selected tracer particle still
follows its random movement. The analog process of conductive heat transfer can
be described by a similar model.

The Fick equations lay the foundations for a mathematical treatment of diffusion phe-
nomena. The first Fick law states that the diffusive flow ], through a section of unit
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area perpendicular to the space coordinate x is proportional to the gradient of concen-
tration C. The proportionality constant is the diffusion constant D.

o
Jo=-D3 (2.4)

The second Fick law is often referred to as the differential diffusion equation and intro-
duces a time-dependence. It can be derived from the continuity equation accounting
for mass conservation. A change in concentration over time is related to the inflow or
outflow of particles as

6C dJx

— =—-—= 2.5

ot dx 25)
From Eq. 2.4 and 2.5 follows the second Fick law (Eq. 2.6), assuming that the diffusion
constant does not depend on the concentration.

5C 52C
5t Poa

(2.6)

Solutions of the second order partial differential equation have been obtained, e.g.,
in [151] under the boundary condition that i) once at the surface, the diffusing iso-
tope desorbs rapidly and does not diffuse back into the bulk material and ii) the initial
distribution of isotopes is homogeneous. The fraction of isotopes remaining in the solid
for foils (n = 1), fibers (n = 2) and particles (n = 3) at time ¢ is given by

n &

frem(f) = ? Z C%leicmf, (2.7)

with ¢, = (m — 1/2)? for foils, (jo,u/7)? for fibers and m? for particles, where jg ,, is the
mth positive root of the Bessel function of order zero and t = t/714. The characteristic
diffusion time 7; = 5%/ (7>D) depends on the diffusion constant and the parameter a5
which accounts for the geometrical size.

The diffusion constant strongly depends on the combination of diffusing species and
the host medium. Its temperature dependence in solids follows an Arrhenius-type
exponential expression. The displacements can be described as jumps between lattice
positions which require a certain activation energy E,. The exponential term reflects
the fraction of species that have sufficient energy. It is combined with a pre-exponential
term Dy, which is equal to the diffusion coefficient at infinite temperature.

D = Dgexp <_I%F> (2.8)

Solid state diffusion is usually a slow process at room temperature. To reach sufficiently
short diffusion times for the extraction of radioisotopes, the operation of target materials
close to their melting point is often required. As can be seen from Eq. 2.7 and the
definition of the characteristic diffusion time, the size of the particles also plays an
important role.
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Diffusion experiments with radio-tracers are often conducted in a series of heat treat-
ments of a sample and the determination of the released (or remaining) fraction of
isotopes. The temperature is successively increased for each treatment. As a result of
the first heat treatment, the distribution of the radioisotopes is not uniform anymore.
A method to correct for the disturbed profile was proposed in [152].

2.2.3 Effusion and adsorption

Effusion is the diffusive flow of particles through an orifice in a gas phase and as such a
special case of diffusion. In the context of ISOL targets, the term diffusion usually refers
to the diffusion through condensed matter only. Effusion covers the transport through
open space from the surface of the target material to the ion source. The distinction
is made due to the different approaches required for modeling of the phenomena. In
powder or fiber targets, an additional regime is involved. The particle flow between the
grains of the material (inter-grain diffusion, bulk diffusion or volume diffusion) is an
effusion-like process which can either be categorized as part of the diffusion process,
part of the effusion process or as an independent phenomenon. A discussion about
inter-grain diffusion and its modeling can be found in [153].

Due to the low pressure (< 1 x 1073 mbar) inside the target and ion source assembly,
which is required for efficient operation of the ion source, the mean free path between
particles of the effusing species is long compared to the structural dimensions of the
setup. Thus, the probability of a collision between two diffusing particles is low and
the flow regime is non-viscous. The diffusing particle undergoes numerous collisions
with surfaces on its way to the ion source. On each encounter, it changes from a free
state to an adsorbed state for a time predicted by the Frenkel equation [154,155],

_AHads
T, =1e RT |, (2.9)

where 1y is the period of oscillation perpendicular to the surface and AH,q4s the ad-
sorption enthalpy which is assumed to equal the negative desorption enthalpy. As the
diffusion coefficient, the sticking time per encounter (or sojourn time) 7, depends expo-
nentially on the temperature. The enthalpy of adsorption is related to the macroscopic
quantity of sublimation enthalpy that is a measure for the strength of interaction be-
tween the atoms in the bulk material lattice and the volatility of the compound. Both
quantities are compiled in fig. 2.5. The maxima are found near elements with maxi-
mum number of free valences [156]. As will be discussed in Chapters 3, 4 and 6, the
adsorption behavior determines if an element can be extracted from an ISOL target.

The number of wall encounters a particle suffers on its way to the ion source can be
obtained by simulation codes for molecular flow. Typical numbers have been obtained
in [153] and reach from 1 x 10% to 1 x 108, depending on target material and geometry.

2.24 Release from an ISOL target

The fraction of isotopes which decay in the target material before their release is ex-
pressed in the release efficiency. While release from an ISOL target has been discussed
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Figure 2.5: Enthalpy of formation of the the gasous monatomic elements, which equals their sublimation
enthalpy [156], in comparison to the adsorption enthalpy on tantalum calulated with the Eichler-Miedema
model [157]. The trends are a measure for the volatility of the elements. Values taken from [81,158-160].
The formation enthalpy of nobles gases equals zero by definition. Connecting lines serve to guide the eye
only.

already in the 1960s [161], Kirchner proposed expressions for release efficiencies of foil
targets [162] considering diffusion and effusion.

Kirchner release model

Each isotope that has been produced in the target material follows its individual trajec-
tory to the ion source with the associated release time t. The distribution function of
these release times for a stable isotope is given by the delay function p(t) which is nor-
malized to unity. Folding the delay function with a factor accounting for decay, yields
the release efficiency €, as fraction of radioisotopes with decay constant A that have
reached the ion source before their decay.

€rel = / p(t) e Mdt. (2.10)
0

The delay function for diffusion can be obtained from Eq. 2.7. If effusion is fast com-
pared to diffusion (diffusion controlled regime), the release efficiency of an isotope with
half-life t; /, from foils of thickness d¢; is given by

i . 2D
Edi ~ 0.76+/po t1 /2, with po = A (2.11)
Ol

which holds for pgt;,, < 0.3.




32 2.2. Transport phenomena

If the radioisotope undergoes strong interactions with the target material or structural
materials (—AH,qs > 350 k] mol '), effusion needs to be considered as major contribu-
tion to the release efficiency. The delay time of effusion through an orifice p, (t) is given
by

pu(t) = vy e, with vl =y (Ta+7), (2.12)
where yx is the number of collisions, 7, the mean sojourn time on each wall collision
and 7; the mean time of flight between two collisions.®> If only effusion is considered,
the fraction of isotopes remaining in the target structure is obtained as frem = €~ and
the release efficiency of effusion computes to

ef _ 0 & Lddugt 2 for vty /2 5 0.2 (2.13)

rel — %

In the combined case of effusion and diffusion, the overall release efficiency is obtained
as product of diffusion and effusion contribution €, = Sillf ngl. Since the effusion
follows the diffusion, the delay function for the combined case can be obtain by convo-

lution as

t
pO) = [ pult) pult=t) ar. (.14

Fit functions by Lukic et al. and Lettry et al.

The model proposed by Kirchner allows to deduce diffusion coefficients, if sufficient
information about the target material structure is known. However, often more simple
functions are required for extrapolation of the half-live dependence of release fractions.
The latter is of importance for the extrapolation of measured yield data to more exotic
isotopes.

Lukic et al. proposed an expression for the release fraction with two parameters. For
short half-lives, the release efficiency is expected to follow a power-law expression of
type €1  t1/2%. The value of « indicates the type of interaction. For pure diffusion from
foils & = 1/2 is expected (Eq. 2.11). In the effusion limited case « = 1 (Eq. 2.13), and in
the combination of both « = 3/2. At longer half-lives, a plateau in a double logarithmic
plot of release efficiency versus half-live is found. The half-life at the transition between
plateau and power-law (free fit parameter) is ! s, and the full expression proposed by

Lukic et al. is .

_‘X'
I+ (fl/z(t?/z))

After the ISOLDE facility moved from the SC to the PSB, the driver beam was no
longer continuous but pulsed. The pulse structure allows to directly measure the delay
function p(t). The so called release-curves are typically fitted with a three-exponential
function as proposed by Lettry et al. [163].

(2.15)

€rel =

p(t) =N <1 - e*)"t) [ale*)‘ft +(1- al)e’Ast} (2.16)

The function contains three time constants which account for one rise component (A;)
and two decay components (As and As) which are weighed by parameter «;. The nor-
malization factor N is chosen such that [~ p(t)dt = 1.

3 In refs. [118,142], a second effusion time constant was introduced and validated with experimental data.
The second parameter considers not only diffusion through an orifice but through a transfer line.
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2.3 Ionization

A general overview about ion sources for radioactive beam extraction was already given
in section 1.2.3. This section will give further detail about plasma phenomena and elec-
tron impact ionization. To goal of this section is to give phenomenological descriptions
and most equations will be presented without their derivation.

2.3.1 Plasma phenomena

Many characteristics of ion sources can be explained by plasma physics. This includes
the maximum ion current of the source, the maximum electron flux of a cathode and
also the energy of electrons, i.e., their temperature. Thus, in this section, a very brief
description of plasma phenomena is given, listing the key parameters. Concise infor-
mation about plasma physics in the context of ion sources can be found in [76,164,165]
and a more general discussion, e.g., in [166]. Properties of RF-plasma are discussed
in [167] and helicon plasma in [168-170]. The following summary is based on these
texts.

Plasma is considered as the fourth state of matter, besides the solid, liquid and gaseous
state. A plasma is characterized by the presence of charged species which interact via
electric (or magnetic) forces in a collective manner. The charged particles are typically
ions of varying charge state and electrons. In addition, neutrals (atoms, molecules,
radicals) can be present in a plasma. According to the principle of charge neutrality of
a classical plasma, negative and positive charges cancel each other (almost) out over a
certain range, so that the bulk plasma appears neutral. However, deviations from quasi-
neutrality appear locally (e.g. in the plasma sheath). In so-called non-neutral plasma
(e.g. electrons or ions in traps), the trap potential ensures confinement and has the role
of the missing counter charges.

Debye length and shielding

One of the collective phenomena of a plasma is its capability to shield electric fields.
If an additional charge is placed inside a plasma, the trajectories of electrons and ions
adapt to the charge. Assuming the charge is positive, electrons are attracted and ions*
are repelled. The capability of the plasma to adapt to the charge depends on its electron
and ion temperature T, which defines the stiffness of the electron and ion trajectories.
Thus, the screening is less efficient at higher energies. Quantitatively, the length of
shielding is described by the Debye length Ap. It can be derived with the help of the
Poisson equation which relates the electric potential ® to the distribution of charge
density (space charge) p;, via its 2nd derivative as

A = Pt 2.17)
€0

The combined Debye length of electrons and ions is given by

1 e% n, e% n;
= , 2.18
)LDZ €0 kBTe + €0 kBTi ( )

4 For the sake of simplicity, “ion” in this section, refers to a singly charged positive ion.
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presheath - sheath

unperturbed
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Figure 2.6: Electron and ion densities in the plasma sheath. In the unperturbed plasma, electron and ion
densities are equal 1,9 = n;9. In the sheath, the neutrality of the plasma is violated. See text for details.
Adapted from [166].

where T, and T; are the electron and ion temperatures and 7, and n; their respective
densities. The Debye length in comparison to geometrical dimensions can be inter-
preted as condition for plasma formation. Since the quasi-neutrality can be violated
within the Debye length, the physical dimension of a plasma must be at least several
Debye lengths.

The plasma sheath and the Child-Langmuir law

In the following, some aspects of the boundary between the unperturbed plasma bulk
and a confining wall are discussed. In fig. 2.6, the densities of electrons 7, and ions #;
in the boundary region are illustrated . In the bulk of the plasma, the charge neutrality
condition is fulfilled, i.e. n. = n;. However, electrons leave the plasma bulk at the
boundary faster as ions, due to their higher velocity. The negative charge accumulates
at an isolated (floating) wall and limits further electron loss. Taking the wall as reference
for the potential, the plasma bulk gains a positive potential. The region between the
wall and the region of charge-neutrality is called plasma sheath. The boundary between
the latter is referred to as sheath edge (x = —d =~ —Ap in fig. 2.6). The transition region
of an unperturbed plasma and the plasma sheath is called presheath.

The Child-Langmuir law was originally introduced for space-charge limited electron
currents in a vacuum diode. It can be derived as steady-state condition for ion flow to
a wall, which is negatively biased by an external voltage. The ion current density j; is

given by
.4 [2e U2
Ji= §€0 P (2.19)

where the potential difference U = ®(—d) — ®(0) and m; is the ion mass. To estimate
the real current flow through the sheath, also the Bohm current (discussed later in this
section) needs to be considered. Furthermore, the application of an external voltage
affects the width of the sheath.

The space charge-limitation is a key parameter in the design of ion sources and illus-
trated in fig. 2.7. An electron current of density j, is emitted from a cathode thermioni-
cally (x=0, ®(0) =0) and accelerated towards an anode at x=—d biased at ®(—d)=U.
If the emitted current exceeds the Child-Langmuir limit, an electron cloud builds up
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near the cathode which forms a negative potential well. The behavior is referred to as
virtual cathode formation, since the jammed electrons act as cathode.

If the charge transport through a gap is not continuous, but pulsed in a way that the
pulse length 7, is short compared to its transit time through the gap t,, equation 2.19
needs to be adjusted. In [171] expressions have been derived to estimate the maxi-
mum current j.ri; that can be transported without virtual cathode formation. Within the
equivalent diode approximation,

_ J13/aX2, 2
3/4Xaq oot with X = = (2.20)

1
]Crlt Xcl 3 3 tv

Expressions have been derived in [172] that take into account a two-dimensional shape
of an electron emitter. For a circular emission surface of radius R, the Child Langmuir-
limited current is given by

. . d
J2d = Je,cl <1 + 4R> . (221)

The Bohm criterion

The Bohm criterion defines the speed of ions at the sheath edge. The criterion has to be
met for the formation of a stationary sheath. From the perspective of the plasma, the
ion speed 1 required to penetrate into the sheath must be equal to or greater than the
Bohm velocity vg, i.e.

kgT,
Uy > vp = :1.3. (2.22)
1

From the perspective of the presheath, further conditions to the velocity apply. The role
of the quasi-neutral presheath is to accelerate ions to gain sufficient energy to enter the
sheath region. It can be shown that only ions below the Bohm speed are accelerated, so
that the inequality of Eq. 2.22 resolves, and the ion speed at the sheath edge is given by
the Bohm speed. The equation allows to estimate the ion flux through the sheath (the
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Figure 2.7: Potential distribution for different electron current densities j. emitted from a cathode at x = 0
and accelerated towards an anode at position x = —d and voltage U in different current regimes: (a)
without electron flow, (b) below Child-Langmuir limit, (c) at Child-Langmuir limit and (d) virtual cathode
formation beyond the Child-Langmuir limited current j, ;.
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Figure 2.8: Space charge and potential in a double layer. Reproduced from [166].

Bohm current) as

ed(—d)
kT,

/2 kB Te

vp =~ 0.61e ny (2.23)

)UB RTINS
1

jB = 371@(—61)1/3 = enep exp <

The comparison of a non-space charge limited current from a plasma ion source with
Eq 2.23 allows to estimate the electron density of a plasma, if the temperature can be
estimated. The equation holds a for collisionless ionization-free plasma.

Double layers

A double layer consists of an accumulation of positive and negative charges residing
next to each other. It can form, e.g., near the electron-emitting cathode of an ion source.
If the electron emission is space charge limited, an electron cloud forms near the cath-
ode. Accelerated electrons produce positive ions in collisions with neutrals. The ions
are attracted by the negative potential in front of the cathode and form a double layer.
Space charge and potential follow the Poisson equation (Eq. 2.17) as illustrated in
fig. 2.8. The ratio of electron and ion currents penetrating a strong (®Pmax > kgT./e)
double layer is given by the Langmuir criterion for a strong double layer as

; —, /% (2.24)

In predecessors of the FEBIAD ion sources, i.e., before the introduction of a grid, the
electron current emitted from the cathode was given by Eq. 2.24. As can be seen from
the equation, a flow of ions to the cathode is necessary to allow electrons emitted from
the cathode to penetrate the double layer (bipolar flow). After introduction of the grid,
the distance between cathode and anode was significantly shortened, and the electron
flux from the cathode is described by Eq. 2.19 [89].

Coupling of RF plasmas

In RF plasma ion sources, energy is transferred from RF fields to the electrons in the
plasma. Three different coupling mechanisms have been identified: i) capacitive cou-
pling, ii) inductive coupling and iii) coupling by waves, e.g., helicon or ECR. The type
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of coupling has an impact on plasma parameters (e.g., density and temperature) and
depends on the design of the setup (especially antenna geometry) but also on operating
conditions, like gas pressure and RF power.

Capacitively Coupled Plasma (CCP) and Inductively Coupled Plasma (ICP) are illus-
trated in fig. 2.9. A CCP forms by applying an RF voltage (typically in the range 10 MHz
to 500 MHz) to two parallel plates placed in a gas-filled (1 x 10~! mbar to 1 x 10~* mbar)
chamber. Typically, the time required for ions to react is long compared to the oscilla-
tion of an RF field. However, electrons do react, and adapt to the RF field. With the
electrons, the sheath adapts and forms the oscillating RF sheath. However, the sum
of the sheath lengths at opposite plasma boundaries is constant. The sheath size s,
scales with the voltage V across the plasma, the gas pressure and strongly with the RF

frequency wgg.
Vo 1/5
2.25
) .29

The capacitive coupling deposits energy mostly within the RF sheath by electron heat-
ing and ion acceleration towards the electrodes but also in the inertia of electrons in the
plasma bulk. The plasma density that defines the maximum ion flux (cf. Eq. 2.23) scales
with RF power and so does the voltage across the plasma. At a given plasma density,
the sheath voltage can be reduced by increasing the driver frequency wgr. The plasma
potential of CCP is relatively high compared to ICP, which leads to beam impurities by
sputtering on the walls.> Thus, CCP is not commonly used for ion sources.

With inductive coupling, higher plasma densities can be achieved and the coupling is
more efficient. The working principle is similar to that of a transformer (fig. 2.9b). An
antenna (coil) is placed close to a plasma and supplied with an RF current. A current
is induced in the plasma representing the secondary coil of the transformer. An elec-
tromagnetic wave emitted from an antenna weakens exponentially during penetration
into a conductor. Thus, its range is limited to the skin of the conductor. However, the
skin depth (typically a few centimeters) is wider than the plasma sheath, so that energy
deposition in ICP reaches further into the plasma bulk than in CCP.

The coupling by helicon waves extends even deeper into the plasma. In magnetized
plasma, low-frequency electro-magnetic waves can propagate through the plasma. He-
licon waves propagate axially to the applied magnetic field and efficiently couple their
energy into the electrons of the plasma bulk.

N

T L® ® ®/® ® 0 0
Ve Spiral coil IRe
Quartz window
(a) capacitively coupled plasma (b) inductively coupled plasma

Figure 2.9: Schematics of capacitive and inductive plasma coupling. Adapted from [166,167].

5 Electrons in the high-energy tail of an ECR plasma can also lead to unwanted contamination.
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The energy coupling mechanisms are also named E-mode for capacitive coupling, H-
mode for magnetic coupling and W-mode for helicon coupling. An ion source designed
for the H mode, will first ignite in E-mode. The antenna does not only couple induc-
tively but also capacitively. The transition from E-mode to H-mode requires a certain
plasma conductivity, so that (in the transformer model) a current can be injected into
the plasma. The mode transition typically appears by increasing the RF power. The
mode change can be seen by jumps in plasma parameters, like density and luminos-
ity. Similar considerations hold for W-transitions, which also require a certain plasma
density. Helicon sources are subject to E-H-W transitions.

2.3.2 Ionization efficiency of FEBIAD ion sources

To date, the models available for FEBIAD ion sources do not yet provide a full descrip-
tion of the ion source. Particularly, a model adjusted to the requirements of molecular
beams has not yet been proposed. Often, the most-simple case of a chemically inert
noble gas is considered.

A first FEBIAD model was provided by its inventors Kirchner and Roeckl. Based on
the electron current measured on the outlet plate (5% to 70% of the extracted electrons),
they concluded that despite the high primary electron current, the high ionization effi-
ciency cannot exclusively be explained by electron impact ionization [89]. The measured
efficiency exceeded values expected by electron impact ionization by more than an or-
der of magnitude. As discussed in [173,174], also other effects, like instabilities below a
threshold pressure, contributed to their classification as arc-plasma source. Based on a
model for electron beam generated plasmas [175], the ion current was claimed to follow
the propagation through a single sheath, similar to the Bohm current (Eq. 2.23)

2kgT,
ji & 0.4en1eq n‘i < (2.26)

1

where 1.4 is the electron density on the discharge axis.

In the work by Penescu [176], a global model for the ionization efficiency based on op-
eration parameters was set up. It was pointed out that the FEBIAD plasma is controlled
by the electron beam produced by cathode emission. The Debye shielding length (Eq.
2.18) is dominated by electrons and it computes to Ap ~ 2mm at a typical cathode
temperature of 2000 °C. It was estimated that a distance of 3.5Ap is required to shield
the applied anode potential (ca. 150 V) due to the low ion energy which is assumed
to be equal to the ion source temperature. Thus, in a typical FEBIAD ion source of ca.
6 mm radius, the potential is not fully shielded. The proposed model is based on the
assumption that ions are not confined in a plasma and follow the the potential distribu-
tion in the source. The ionization efficiency €g, is given by the ionization rate per unit
volume Rjgniz, the ionization volume Vouree, the rate of neutrals admitted to the source
nin and a factor f accounting for the fraction of extracted ions and second order effects.

RionizV.
Mf, Where Rioniz = Nn Ne U'ion(vg) Ue (2'27)

€feb =
Nin

The rate of ionization is calculated under assumption of a neutral gas inside the source
with density N, and electron density N. as extracted from the cathode. The relative
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Figure 2.10: Potential distribution inside the VADIS source. Reprocuded from [176].

speed of ions and electrons is approximated with the electron velocity v, on which also
the ionization cross section cj,n depends.

Due to the space charge of the electron beam, the potential in the center of the anode
body is depressed. The field imposed by the extraction electrode penetrates only to a
certain extent into the source so that a field distribution as shown in fig. 2.10 devel-
ops. Only ions produced in certain regions (the active volume) can be extracted. The
ratio of active volume to total ionization volume Voyre builds the foundation for the
interpretation of the extraction factor f.

Due to the complex mixture of processes in the ion source, the factor f depends not only
on physical and chemical properties of the desired isotope and the structural materials
of the ion source but also on operational parameters like temperature, gas composition
and pressure, anode voltage and the applied magnetic field. The model was verified
for noble gases in a wide range of operational conditions.

Recently, further insights into the FEBIAD ion source could be gained by extensive
Particle-in-Cell simulations by Martinez Palenzuela et al. [94,95] and Milan et al. [177].
The magnetic field could be shown to generate unique electrical field maps, depending
on the magnetic field strength but also on ion population and electron energy. An
experimentally observed oscillation of the ion current while varying the magnetic field
strength could be reproduced in simulations.

2.4 Experimental setups

2.4.1 The Offline separator

Two offline isotope separators are available at ISOLDE. The separators are used for
beam development and quality control of target units prior to their installation on the
GPS or HRS Frontends. The older device (Offline 1) was previously described, e.g.,
in [176]. Offline 2 is a new installation currently undergoing commissioning [178].
Exposure of the setups to radioisotopes is typically avoided so that studies are limited
to stable isotopes. In contrast to their online counterparts, the devices exhibit a higher
level of flexibility regarding experimental installations and control software. Within this
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work, only the Offline 1 separator was used which is described below.

Figure 2.11 provides an overview of the beam extraction part of the separator. The
ions generated in the source of the target unit are extracted by a puller electrode that
is held at a mechanically adjustable distance from the ion source. The ion beam passes
a set of electrostatic steering elements which allow realigning. The Einzel lens focuses
the beam before entering the separation magnet (60°). The total (non-separated) beam
current can be obtained from a Faraday cup placed between Einzel lens and magnet.
After separation by mass-to-charge ratio, the beam arrives in a diagnostic box which is
equipped with a Faraday cup and a horizontal scanner. Additionally, other detectors
like MagneToF or MicroChannel Plate detector (MCP) can be installed for low intensity
beams or single-ion-counting. The transmission from the first to the second Faraday
cup is typically in the order of 75%.

The setup is capable of separating masses of up to ca. 300u at a beam energy of
30keV. The composition of the residual gas in the vacuum system could be obtained
from a Residual Gas Analyzer (RGA) that combines its own ion source, a Quadrupole
Mass Analyzer (QMA), a Faraday cap and a Secondary Electron Multiplier (SEM) ion
detector.

The frontend of the Offline separator is shown in fig. 2.12. For experiments discussed
in Chapter 6 and Appendix A, the injection of vapors of volatile metal compounds was
required. The setup was built of stainless steel tubing and chambers. The evaporation
chamber is connected via a leak valve to a target injection line. A second leak valve
allowed to regulate the flow rate of gases (typically noble gases, NF3, SFs, CF4, CO
or CO,) into the common injection line. Via manually controlled 3-way-valves, the
gas injection could be switched to a calibrated leak for efficiency measurements. The
gas injection is limited by the pumping capabilities of the vacuum system. At the
extraction side, the pressure (pextr) is measured by Penning and Pirani gauges between
the extraction electrode and the Einzel lens. Typically, a pressure of lower than 1 x
107> mbar is required to safely operate the high-voltage system and efficiently operate
the ion source. The maximum for gas injection is in the order of 1 x 10~*mbarLs1.
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Figure 2.11: The ISOLDE offline separator - Beam extraction
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Figure 2.12: The ISOLDE offline separator - Evaporation setup

2.4.2 The ISOLDE tape station

The ISOLDE tape station is located downstream the junction point of GPS and HRS
beamlines. It is used as reference device to measure radioactive ion beam yields and
the delay function p(t). A brief description is provided in [54] and the process of yield
measurements is also outlined in Chapter 3. The tape station was recently replaced by
a new model [25] which is yet to be commissioned.

A sketch of the tape station is shown in fig. 2.13. With the help of a an electrostatic
element, the radioactive ion beam can be deflected towards the tape. After collection of
activity on the aluminized Mylar tape for a period of t., the tape is transported within
tr = 0.9s to the measurement position where the activity is measured for a duration
of t,,. The start of each collection and measurement cycle can be synchronized to an
arriving proton pulse. The delay between proton pulse and start of the collection can
also be set (t;). An upstream deflector (so-called beam gate) prevents the beam from
reaching the tape station before t;. The timing parameters (t;, t. and t,,) are controlled
by software. They need to be adjusted such that a sufficient amount of activity can be
registered but the response of the detector is still linear to the activity. At high counting
rates (> 20000s 1), the scintillation detector approaches saturation. The delay function
can be sampled by a series of measurements with small collection time and variation of
the delay time.

Two detectors are available at the tape station. It is equipped with a plastic scintillator
in 471 geometry for beta counting. In addition, a High Purity Germanium detector
(HPGe) allows to disentangle mixtures of radioisotopes by gamma spectroscopy.
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Figure 2.13: The ISOLDE tape station and typical shape of the delay function p(t). Reproduced from [74]

by permission from J.P. Ramos.
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The ISOLDE yield database provides information about available beam yields and is
an important tool for experiment planning. Within this thesis, the application and
database were completely re-developed and equipped with models and data to predict
beam intensities of isotopes which could not yet be measured. The included yields
demonstrate the strength of the ISOL-method, its limitations and the requirements for
molecular beam developments.
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3.1 Available beams at ISOLDE

At ISOLDE, more than 1000 isotopes of 74 different chemical elements are available.
The variety of elements is often visualized in the ISOLDE chart of nuclides. The chart
extends from the light element helium to elements in the vicinity of the target material.
Nuclear reaction cross-sections define its theoretical upper boundary. With few excep-
tions, only isotopes lighter than the target material are produced. Since macroscopic
quantities (typically at least tens of grams) of target material are required, the heaviest
available target material is uranium. Within the range from the lightest to the heaviest
elements, gaps in the spectrum of available elements appear. The gaps emerge due to
the refractory character of certain elements.

Already early it was concluded that the formation of a volatile carrier molecule is re-
quired to extract elements with high adsorption enthalpies on the surfaces of the target
and ion source assembly [179]. As discussed in sect. 2.2.3, the adsorption enthalpy
correlates to the boiling points of the elements. An ISOLDE nuclide chart along with
the melting and boiling point of the elements is shown in fig. 3.1. In some cases, re-
fractory elements like boron [75,180] or carbon [103] could be extracted as molecular
beam, which are often referred to as (molecular) sidebands. As can be seen in fig. 3.1,
the three biggest gaps in the nuclide chart correspond to the 4d (Zr to Pd) and 5d (Ta to
Pt) transition metals and the early actinide series. Work within this thesis contributed
to the successful extraction of boron (Chapter 4) and the proposal to a concept for the
extraction of 4d and 5d refractory transition metals (Chapter 6).

The radioactive ion beam intensity Y at ISOLDE depends on the normalized production

5d refractory elements

6000 Ta- Pd

Typical temperature [~150

Boron ah
| Silicon 5
4d refractory element P . Lo
5000 = © racz?typz ements Y Actinides Yields at
b S P . ISOLDE / uC
= _ N :
N | ;
= _ N Y i 1e+12

= T i ‘ i 1e+10 w
= N - i ‘ ioa Ls0 O
O 4000 S Ll = . _ i RN 1e+8 ol
i\ i = L = - ! 4 . 1e+6 <
g ‘ ; £ i Te+4 =
S | : q.)
2 4 i i 1e+2 o)
g 3000 - ; 1e+0 100 g
Q 2
e i 4 c
! i o}
g “‘ . & 2000 °C =
2000 = =4
i ]
=z

1000
~200

@ melting point
-~ boiling point

T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 20 100 110
Atomic Number

Figure 3.1: Boiling and melting point of the elements and available beams at ISOLDE as recorded in the
yield database. Isotopic nuclides are shown along the vertical axis. Type of plot proposed by S. Rothe.
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rate of the desired isotope in the target Yj, the driver beam current Lorim and a set
of efficiency parameters accounting for decay during release €, ionization €j,n, and
further losses €y, €.g. due to irreversible chemisorption. In the case of molecular
beams, the chemical yield €gyp, also needs to be considered.

Y = YO Iprim €rel (A) €ion €form €irr (31)

The release efficiency depends on the time an isotope requires to propagate from the
target material to the the ion source. The propagation time of a single isotope ¢ is given
by the sum of time required for diffusion in condensed state matter tg4;s, the in-flight
time of effusion f.¢ and the time spent in the adsorbed state #,4s.

t = taier + tads + tefe (3.2)

Folding the normalized distribution function p(t) of propagation times for a stable
(A = 0) isotope with a factor accounting for decay, yields the release efficiency as

€rl = / p(t) e Mdt. (3.3)
0

It is typically assumed that only the release efficiency depends on the half-life of the
radioisotope. This assumption allows to predict the yield of an isotope, if i) the de-
lay function p(t) and intensity Yy of a different isotope of the same element could be
measured under same experimental conditions and if ii) its production yield could be
determined in simulations. As discussed in the following publication, the functionality
has been implemented in the ISOLDE yield database web application.

3.2 Contributions

Within this thesis, I have designed and implemented the new database, user-interfaces
and application programming interface which led to a first operational release. Further
development work includes contributions by A. Molander under my supervision, as
outlined in [181]. A comprehensive set of simulations for in-target production was
setup, conducted and analyzed by J.P. Ramos. The following article was written by
myself and I was following through the peer-review process.
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At the CERN-ISOLDE facility a variety of radioactive ion beams are available to users of the facility. The number
of extractable isotopes estimated from yield database data exceeds 1000 and is still increasing. Due to high
demand and scarcity of available beam time, precise experiment planning is required. The yield database stores
information about radioactive beam yields and the combination of target material and ion source needed to
extract a certain beam along with their respective operating conditions. It allows to investigate the feasibility of
an experiment and the estimation of required beamtime. With the increasing demand for ever more exotic
beams, needs arise to extend the functionality of the database and website not only to provide information about
yields determined experimentally, but also to predict yields of isotopes, which can only be measured with so-
phisticated setups. For the prediction of yields, in-target production and information about release properties of
target materials must be known. While the former were estimated in a simulation campaign using FLUKA and
ABRABLA codes, the latter is available from measurement data as already stored in the database. We have
compiled the information necessary to predict yields, and made available a yield prediction tool as web ap-
plication. This currently undergoes extensive testing and will be available as powerful tool to the ISOLDE user

community.

1. Introduction

The ISOLDE facility is one of the oldest experiments at CERN and
has been continuously upgraded over the years [1]. Today, it offers
online production, extraction and separation of more than 1000
radioisotopes of 74 different chemical elements from thick targets,
which are typically made of pressed powders, metallic foils, or molten
materials. Within the target and ion source unit, the target materials are
enclosed in a tantalum container, and are coupled to a transfer line and
ion source, which are also selected out of a variety of different types of
sources and lines.

In earlier days, a comprehensive collection of yield data was
available in the ISOLDE Users’ guide compiled by H.-J. Kluge [2]. Later,
an online yield database was developed to provide information about
yields to users and technical teams [3-5]. It is now fully redesigned,

* Corresponding author at:CERN, 1211 Geneva 23, Switzerland.
E-mail address: Jochen.Ballof@cern.ch (J. Ballof).

https://doi.org/10.1016/j.nimb.2019.05.044

upgraded using state-of-the-art technologies, extended in its function-
ality and new yield data were included. The database and web appli-
cation [6] not only store experimental yield information, but also
provide release properties, in-target production cross sections estimated
by means of time consuming and computationally expensive Monte-
Carlo simulations and algorithms to predict yields of isotopes which
have not yet been measured.

2. Beam production at ISOLDE

The isotope extraction and beam production from thick targets is a
multistage process. The radioisotopes are produced upon impact of the
primary 1.4-GeV proton beam on a target material. The atoms then
need to diffuse out of the target material and into the ion source, where
they are ionized, extracted electrostatically and transported ion
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optically to an electromagnetic dipole for separation by mass to charge
ratio.

An efficiency is associated to each step of the process. The first factor
contributing to the radioactive ion beam yield Y is the in-target pro-
duction Np. Efficiencies for beam transport to the focal plane of the
magnet, ionization and chemical efficiency can be summarized in an
overall efficiency parameter ;. The half-life dependent release efficiency
(€release) is governed by diffusion and effusion processes and takes into
account the time passing between production and release. A more de-
tailed discussion of efficiency parameters can be found e.g. in Ref. [7].

Each atom follows its individual path to reach the ion source, and
the distribution function for the time needed to follow these trajectories
is defined by the release density function p(t) [8,9] The release effi-
ciency of an isotope with decay constant 1 is obtained by folding the
release density function p(t) with a factor to account for decay losses.

o0 ,
Y =Ny Erelease €f» Where Erejease = A p®)e* dt ¢}

The release density function is normalized such, that j(;w p()dt=1.
The efficiency parameter ; and the distribution function p(t), which
describes the release of a stable nuclide, depend on the chemical ele-
ment, operating conditions and typically only to negligible extend on
the isotope. Hence, it is only required to experimentally determine the
parameters € and p(t) once for each chemical element in a defined
target and ion source system at given operating conditions. Knowing
the two parameters and the in-target production rates of isotopes, al-
lows to predict yields for the full isotopic chain (cf. Eq. (1)). The isotope
for the measurement of p(¢) must be chosen such, that the tail of the
experimentally obtained radioactive release curve p,(t) = p(t) e is
not governed by radioactive decay.

From elementary diffusion and effusion processes, expressions for
the delay function p(t) have been obtained, e.g. by Kirchner et al. [8].
However, these expressions depend on numerous parameters, such as
target material properties, target geometry and operation conditions. In
addition, the expressions are often difficult to fit to experimental data.
For practical purposes, the experimental data is often fitted to the three
exponential function given in Eq. (2)[11], where A;, is a normalization
parameter, tys, trnn and gy, are time constants describing the curve
shape, and « is a weighting coefficient.

P(D=——(1 — et M@ /tie). (o e~ MO/ttt 4 (1 — g¢)e— M/thaz)
AL (2)

A typical release curve of stable neon is shown in Fig. 1, along with
calculated release efficiencies for short-lived radioisotopes. At the time
of writing, release curves for 427 yield entries are available in the yield
database.

A common procedure to assess a yield, is based on the measurement
of a release curve, as shown in Fig. 1. ISOLDE is supplied with protons
from the proton synchrotron booster (PSB), which arrive as narrow
pulses of only a few microseconds length and typically contain up to
3 x 1013 protons. The proton pulse impinges on the target att = 0. After a
certain delay time t = f4q14y, electrostatic deflectors allow the radioactive
beam emitted from the ion source to pass downstream the beamline and
to the tape of the tape station, in which it is implanted for a defined
collection time f et After the end of the collection (¢ = tgelay + Lcoliect)s
the radioactive ion beam transport is prevented by electrostatic de-
flectors, and the tape is forwarded to move the collected activity to the
measurement position, where it is counted by calibrated detectors.
Taking into account the decay during tape transport, the number of ions
per second extracted at ¢ = fgelay + 0.5 feonece iS Obtained. Repeating the
procedure whilst varying the delay time tqe1,y allows to sample a full
release curve of the radioactive beam. The yield in the focal center of the
separation magnet is obtained by integration of the non-normalized re-
lease curve, and correcting for losses by beam transport from magnet to
tape station. Beam losses are estimated by measurement of stable beam
with Faraday Cups placed along the beamlines. The procedure is

0.7
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Fig. 1. Typical non-normalized release curves A; p(t) of stable neon, and re-
lease curves Ap p, (t) = AL p(t) e~ of radioactive isotopes. The release effi-
ciencies are given in percent and have been calculated according to Eq. (1).
Parameters tyse, tram, trnz and a (cf. Eq. (2)) taken from Ref. [10]. The nor-
malization parameter A; has to be chosen such, that fow p(t) dt computes to
unity.

summarized in Ref. [3], and more detail about pulse shapes, yield cal-
culation and efficiencies is given in Lit. [26].

3. In-target production

The in-target production rates N, of all common target materials
were assessed by means of an extensive simulation campaign. High
statistics of up to 1 x 10° primary particles are needed to achieve reli-
able production rates also for exotic nuclides. Two simulation codes
have been used to investigate the production rates. The ABRABLA code
[12] is commonly used at ISOLDE and was already used and bench-
marked for 600 MeV and 1.0 GeV proton beam [13]. Per each simula-
tion run, the code yields radionuclide production cross sections at a
defined driver beam energy and target nuclide, and is therefore ideally
suited for simple geometries and a beam directly impinging on the
target, where secondary reactions do not contribute significantly. The
cross section estimates are obtained at the initial energy of the proton
beam, not taking into account energy losses in the target. The particle
transport code FLUKA [14,15] allows the definition of complex geo-
metries and calculates multiple particle interactions with matter using
various integrated physics models. The definition of a geometry has
especially proven useful for target units equipped with a neutron
spallation source, the so called proton-to-neutron converter [16,17].

The codes were used to simulate isotope production with common
and prospective target materials at proton beam energies of 0.6, 1.0, 1.4
and 2.0 GeV, to take into account historic driver beam energies delivered
by the Synchrocyclotron (SC) along with the early, present and future
beam energies of the Proton Synchrotron Booster (PSB), which supplies
ISOLDE [18]. Besides the prediction of exotic nuclide yields, the simu-
lation data allows the estimation of release efficiencies if experimental
yields of several isotopes of the same chemical element are available.
Thus, it gives insight into release properties of targets and ion sources
used for the past 60 years at ISOLDE. The data enabled us to conduct a
systematic study of isotope production at the planned upgraded driver
beam energy of 2.0 GeV, for beams delivered after the upgrade.

4. Technical implementation

All software components have been developed compatible to the
CERN centrally provided IT infrastructure services to ensure reliability
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using two different codes. The background color represents the production ratio, and the inset rectangle the decay mode of the isotope. In addition, half-life
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[10,6].The experimental yield for 2>Ne was used as reference point to calculate
€. The in-target production yields were taken from ABRABLA.

and long-term support. The Oracle Database 11 g [19], which is widely
used at CERN, serves as underlying data provider for all high-level
applications.

4.1. Database

The database stores experimentally obtained radioactive ion beam
yields which were typically measured using the ISOLDE tapestation and
taken from publications. The yields are stored along with information
about the used target-unit, such as type of ion source, target material,
thickness and operational conditions, and are given as yield in the focal
plane of the magnet. Within this work, the structure of the database was
completely redesigned and further normalized to ease maintenance and
allow data storage for the upgraded functionality. A measured yield is
linked to a defined target unit, which in turn is associated with a target
material, made up of a nuclide mixture in defined stoichiometry. A set
of new tables was added to store in-target production data obtained in
simulations. For each target material nuclide, one ABRABLA run is
necessary. The total in-target production cross section of a target ma-
terial is then calculated by combining the estimated cross sections ob-
tained in multiple ABRABLA runs and the thickness (areal density) of
the target unit. In addition, FLUKA simulation results are available.
Here the full target geometry and nuclide inventory is covered by one
simulation. Release curve parameters are required to calculate release
efficiencies (cf. Eq. (2)) and are available in a table linked to the table
holding information about measured yields. At the time of writing, ca.
one million production cross sections estimated by simulation codes are
available, also indicating the production channel (like fission or spal-
lation) for ABRABLA data. Besides storing published yield information,
the database was extended to maintain data of yield measurements,
typically taking place before each physics run. Within the 2018 oper-
ating period, new yields have been introduced, which are now available
to advanced users.

4.2. User and application programming interfaces

Two new user-interfaces have been developed. One interface is
implemented as website and displays data to users. For fast data ma-
nipulation, a rich client solution is under development. A prototype
application implemented using Microsoft Access is already provided to
users as RemoteApp by Microsoft Remote Desktop services (RDS) [20]
to allow a rich client experience but avoiding at the same time the need
of local software installation on client computers.

4.2.1. Web application

In contrast to earlier versions, the new web application [6] (Fig. 3)
is not based on Oracle integrated web solutions and Java applets, but
implemented in C# under Microsoft ASP.NET [21] to gain a higher
degree of flexibility in development. User authentication is accom-
plished by Single Sign On (SSO) services, widely used at CERN. The
Microsoft Entity Framework [22] allows object-relational mapping and
rapid development of data driven applications. With the new applica-
tion, further details about production conditions of yields are given,
which include among other attributes, target and ion-source tempera-
tures and release curves. The latter are provided as parameters (cf. Eq.
(2)) and plot to visualize the time structure of the release. Besides
adding yield details, an interactive nuclide chart was developed using
the JavaScript library D3.js [23], which is capable of displaying an
overview chart of all beams at ISOLDE as well as in-target production
yields for each target material [24]. For easy comparison between
target materials or different driver beam energies, the plotting of ratios
between different data sets is also available (cf. Fig. 2). The function-
ality to predict yields for not yet measured isotopes is also included in
the web application. It allows the user to predict yields for the full chain
of isotopes of a certain element. The desired target material, proton
beam energy and simulation software are selected by the users. The
application then searches for reference point candidates in the data-
base, which serve as source for the calculation of the efficiency para-
meter €. The actual reference point is selected by the user, and pre-
diction results are displayed as table and plot. A typical plot is shown in
Fig. 4. Half-life data of nuclides is necessary to calculate release effi-
ciency. An import function for NUBASE evaluation data [25] allows to
continuously update the data with new and modified entries.

4.2.2. Rich client application

The prototype desktop application allows fast and direct access to
the data layer. It is intended to be used for data manipulation and
queries by advanced users. Functionality has been included to calculate
yields obtained during routinely performed measurements for each
unit, which are either conducted at the ISOLDE tape station or derived
from Faraday Cup readings. The tape station is equipped with scintil-
lation counter and high purity germanium detector and used as re-
ference method to determine yields.

4.2.3. Application programming interface

Following user requests to link their own systems to the yield da-
tabase, a REST-interface based on the ASP.NET Web API is available.
The solution integrates nicely into Entity Framework and enables us to
rapidly develop programming interfaces. The data is delivered as JSON
or XML data. The interface is also used to provide data to the CRIBE
(Chart of Radioactive Ion Beams in Europe) project, which aims at
providing an overview of available and future radioactive ion beams at
all facilities in Europe [27].

5. Conclusions and outlook

Within a complete redevelopment of the website and restructuring
of the underlying database we have added a set of new functions to the
ISOLDE yield database application. Now, it does not only provide
available yield information, but is also capable to predict yields at the
prospective proton beam energy of 2.0 GeV, which is an option of the
driver beam upgrade under consideration. Yield predictions for exotic
isotopes, which could only be measured with sophisticated setups, are
now available. To achieve the latter, a comprehensive simulation
campaign was conducted. The results of the simulation data are made
available to users. At the time of writing the application is available to
advanced users and undergoes extensive testing before release on the
ISOLDE web page. In the future, we plan to further extend the func-
tionality of the database and develop interfaces for data exchange be-
tween asset management and control applications. The inclusion of
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yields reported by facility users and an extension of the simulation
campaign are in preparation. The added simulation data will cover
cross sections of materials which have not yet been used at ISOLDE, and
will also be verified against new versions of the simulation codes.
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In many cases, elements can be extracted in atomic state from a target and efficiently
ionized. However, for certain elements this is either impossible or unwanted. The for-
mer holds for elements with high melting or boiling points and the latter is particularly
relevant if severe isobaric contaminations are present in the mass separated beam which
would render user experiments impossible. This chapter provides a general overview
about radioactive molecular beam production and includes the publication about the
first extraction of radioactive boron beams by the ISOL method as example for the
extraction of a refractory element by in-situ volatilization (or chemical evaporation).
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4.1 Production of molecular beams

The motivation for the extraction of radioisotopes as molecular beam can be multi-
fold. Besides previously mentioned volatilization of refractory elements, molecular
sidebands can shift the mass of a radioisotope as seen by the mass separator. The lat-
ter technique is of interest if substantial isobaric impurities are present on the atomic
mass. Such a case is discussed in Chapter 5. Recently, also interest in experiments arose
in which the molecule itself is subject of the study, e.g. by optical spectroscopy [182].
The latter might even facilitate the exploration of particle physics beyond the standard
model [183].

For most applications, the radioactive molecule is formed in the target and ion source
unit, but also molecular beam production from ion traps [184], beam coolers [185] or gas
catchers [186] has been reported. In the foremost case, which this thesis is addressing,
the molecule typically needs to be stable in a high-temperature environment. This
requirement limits the suitable compounds to only a few classes, which are mostly
binary halides, oxides or sulfides.

A general introduction about chemistry in the target and ion source unit, recommended
materials and sideband formation was given by Freeman and Sidenius at the second
conference on ion sources in 1972 [187,188]. The authors also provided a comprehensive
list of candidate compounds. More recent reviews and contributions are available by
Kirchner [189], Koster [59,190, 191], Kronenberg [98], Franberg [103] and Seiffert [75].
A periodic table visualizing radioactive molecular beams as reported in literature is
shown fig. 4.1. The references have been compiled in table 4.1.

H He
Fa |F F si Al,Be, Si
Li | Be B C | N O | F | Ne
Br o N,NH,0/0 _ C|Mg,Sr
F F,Cl, Br Al Xe
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H H H
F F F a F A, Ba, Ca
K|Ca|Sc Ti | V |Cr|Mn|Fe|Co| Ni |Cu|Zn| Ga| Ge | As Se | Br | Kr
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E Fa R FCr |F ALK, Na
Rb| Sr | Y | Zr |Nb|Mo| Tc |[Ru |Rh | Pd |[Ag| Cd| In | Sn | Sb | Te | I | Xe
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Cs |Ba |[Seic| Hf | Ta | W | Re [Os | Ir | Pt | Au |Hg | Tl | Pb | Bi | Po | At | Rn
Clo, C
F
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Figure 4.1: Radioactive molecular beams produced at ISOL facilities. Tracer experiments leading to online
developments are also included. The asterisk (*) denotes proposed intermediates. References are given in
table 4.1.
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Table 4.1: Extracted radioactive molecular beams and beam development with stable tracers. The radio-
genic reactant or volatilized tracer is shown in bold. The stoichiometry is not given.

Fluorides Chlorides Chalcogenides
AcE [192] AICI [193] BaO  [204]
AIF  [82]f[193] BaCl [190] BaS  [190]*
AIF  [192-197] DyCl [2191F
BF  [82][75,180], this work ExCl [219]F €O {gz % Ll)g' 13% 222,223]
BaF  [82]F[59,63,82,194,198-204]  EuCl [219] P
BeF  [82]1[97,194] Gdcl [219]F CO  [224]
BeF  [205] HCl [220] CeO  [200,225,226]
CaF  [82]f[59,97,201] HfCl 2191 DyO [211]
CeF  [206] [202] HoCl [219]" EuO  [226]"
DyF  [206]" InCl [63,221]F [189]1, [190,193,197,227],
ErF  [206]" LiCl 211]  GeS ok
EuF  [206,207]f [194] PaCl [219]F
GaF  [202] PuCl pioff 10 [204]
GdF  [206]" SmCl  [219]F 12O [200,225,226]
HFF  [59,97,191,192,208-210] ToCl  [219ff LwO  [21]
HoF  [206,207] ThCl [2197 NO — [103] +
InF  [202], this work | TmCl  [219]" ggo Egg} [226]
LaF  [206,207]1[199,202,203] ucl [2191* PmO  [200], [226]"
LiF  [211] VCl [98] e
) Wl pofp PO [200],+ [226]
Lup 2001 XeCl [og)  SPS  [1891™
[59,97,192,210] el [179] SiS  [193]
MgF  [82]t YbCl o)t SO [211]+
MgF  [211] zccl ol SmO [2261
NdE  [206]" SnS  [189] [190,193,197,228]
PeF [206,207]1[202] TbO  [211]
RaF  [59,183,194,212-214] XeO  [204]
ScF  [59,97,192] YO - [225]
SE [215] YbO  [211]
SmF  [206]
SnF [202] Others
s [8217197,192,199-202] AlBr  [67,202,227,229], this work
[59,194,196,204,216] Al [192,202,229]
SrF  [216] AsH  [220]
TaF  [191]1[199,208,217] BaBr [230]
TbF  [206]* BaC  [204]
TiF [75] CaBr [194,231]
UF  [97,194] [59,67,190,192,196,227],
YF  [59,97,192,196,202,209] COSe - vork
YbF  [206]1[210]
CsC  [204]
zp 12021 HS  [220]
[173,191,199,209,218] IC [204]
KI this work |
LiBr [211]
Mgl this work |
NN  [59,103,196,222,223,232,233]
NNH [232,233]
Nal  [173]
PH  [220]
SbC  [204]
SnC  [204]
TeC  [204]
XeC  [204]

T Offline experiments with tracers

proposed intermediates.

¥ Faster release or higher yields observed with reactive gas injection,

I Observed from a magnesium-uranium oxide target (not published).

§ Claimed to be not reproducible or partially doubted by other authors [98].
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4.1.1 Requirements for molecular beam formation

A reaction partner is required to synthesize a molecule. The reactant can be either a gas
(e.g. CFy), vapour of a volatile liquid (e.g. CCly), or can be obtained by decomposition
or evaporation of solids in an oven (e.g. sulfur, aluminum). In some cases, the reactant
is obtained from the target material itself or trace impurities in the target and ion source
unit. Reaction mechanisms and sources of reactants are not always understood. If the
production cross sections are sufficiently high, the reactant can also be produced in
nuclear reactions [216]. The latter route is usually unwanted due to a dilution effect.
The desired isotope is distributed among several sidebands of different mass which
reduces the total yield at a given mass.

Several conditions have to be met for efficient formation of a molecular sideband: i)
the introduced reactant needs to be either sufficiently inert towards structural materials
and target material or form an intermediate product that arrives in the target container
and is available for reactions, ii) the carrier molecule must be stable at operational tem-
perature and chemically inert towards structural materials and target material, iii) the
formation of the carrier compound must be favoured kinetically and thermodynami-
cally, iv) the carrier compound must be sufficiently volatile and v) the compound must
be suited for efficient ionization. Due to typically high temperatures, the rate of chem-
ical reactions is fast, however kinetic aspects might play a crucial role if the element
itself is volatile and extracted before a molecule can be formed [189].

4.1.2 Available molecular beams

The history of molecular beam development dates back to the 1960s. The first in-
situ volatilization experiment (also referred to as chemical evaporation) was reported
by Sidenius and Skilbreid in 1961 [219]. The authors presented a method for effi-
cient ionization of rare earth elements with what would later become known as the
CCly-method. Lanthanum oxides were introduces into the discharge chamber of an
arc-discharge ion source and extracted as chlorides from a CCly plasma with up to
22% efficiency. Giinther Herrmann discussed rapid chemical separations and compiled
volatile compounds for all elements known at that time [234]. In 1971, Weber, Herr-
mann and Trautmann reported on the release of refractory fission products (Mo, Tc,
Zr) from an uranium tetrafluoride target [235] and in 1973 the first online radioactive
molecular beams (ZrF3+ ) were extracted at the JGU TRIGA reactor in collaboration with
the a GSI On-line separator group using a tape transport system developed by the
ISOLDE group [218]. The production of the fluoride compound was achieved by evap-
oration of a stable ZrF, carrier into the UF, target. The pulsed neutron beam and tape
transport system even allowed to measure the delay function of noble gases and iodine
radioisotopes.

At ISOLDE, Ravn et al. discovered that alkaline earth elements obtained from metal
targets form fluoride sidebands already with trace impurities of fluorine, while alkaline
elements remain in the atomic state [198]. The discovery allowed to supply pure beams
of barium isotopes. The stability of similar sidebands could be improved by injection of
carbon tetrafluoride [97,202]. Hoff et al. also reported that not only radiogenic metals
can be extracted as halides but also radiogenic halides can be extracted as aluminium
compounds via the aluminum vapour method [202]. The fluorination method was also
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succesfully applied to other elements, e.g., the early transition metals, lanthanides and
actinium [97,192,202]. The extraction of selenium as carbonyl selenide (COSe), an ho-
mologue to carbon dioxide [192], is so far the only ternary radioactive molecule that
was reported to be extracted from an ISOL target. The formation of oxides allowed,
e.g., the extraction of carbon [116] and also lanthanides often appear in the oxide side-
band [190]. Pure beams of the intermediate group 14 elements Si, Ge and Sn were first
reported by Stracener et al. who extracted these elements as sulfides. Faster release of
the molecules compared to the elemental form was observed [189,190,193,197]. Indi-
cations for hydride beams of phorphorous, arsenic and sulfur were reported by Jardin
et al. from an ECR ion source [220]. With a high temperature setup allowing operation
beyond 2500 °C, even typically non-volatile carbide compounds could be extracted by
Hellstrom et al. [204].

4.1.3 Boron beams

Radioactive boron beams are the most recent addition to the index of available molec-
ular beams. As discussed in the article, the extraction as atom is considered impossible
at thick-target ISOL facilities due to its refractory character and reactivity. The extrac-
tion of boron as fluoride had already been been proposed in 1972 by Freeman and
Sidenius [187]. More detailed considerations were presented by Koster et al. proposing
ionization with either a FEBIAD or an ECR ion source from graphite, calcium fluoride
or platinum matrix [191]. Promising release data from MultiWalled Carbon NanoTubes
(MWCNT) and molecule formation experiments were conducted by Seiffert and led to
a first online experiment in which indication for 8B could be found [75]. In a second
online run with only minor modification to the target an ion source unit, radioactive
boron beams 8BF, with 0 < x < 3 could be unambiguously identified in alpha-gamma
coincidence measurements.

4.2 Contributions

The development of boron beams has been initiated within the work of Ch. Seiffert as
reported in [75]. Within this thesis, a second online run with an improved production
and detection setup was performed. The data obtained in the second online run was an-
alyzed by myself and a release model (Eq. 1 and 4 to 7 of the publication) was proposed
within this thesis. Ch. Seiffert prepared a publiction draft covering most of the aspects
reported in [75]. The remaining text was written by myself. Correspondence with the
journal and following the peer-review process were also done by myself. O. Tengblad,
R. Lica and M. Madurga Flores have built and operated the alpha-gamma-spectroscopy
setup used in the second run. M. Delonca, Y. Martinez Palenzuela, T.M. Mendonca, J.P.
Ramos, S. Rothe and F. Wienholtz participated in the measurements of the second or
later online runs.




56 Molecular beams as means of in-situ volatilization

Eur. Phys. J. A (2019) 55: 65 THE EUROPEAN
DOI 10.1140/epja/i2019-12719-1
PHYSICAL JOURNAL A

Regular Article — Experimental Physics

Radioactive boron beams produced by isotope online mass
separation at CERN-ISOLDE

J. Ballof':3-2, C. Seiffert’?, B. Crepieux’, Ch.E. Diillmann®7%, M. Delonca!, M. Gai®, A. Gottberg!®, T. Kroll?,
R. Licab'', M. Madurga Flores', Y. Martinez Palenzuela'?, T.M. Mendonca', M. Owen', J.P. Ramos'*, S. Rothe!,
T. Stora!¢, O. Tengblad!?, and F. Wienholtz'®

! CERN, 1211 Geneva 23, Switzerland

2 Technische Universitiat Darmstadt, Schlossgartenstr. 9, 64289 Darmstadt, Germany

3 Johannes Gutenberg - Universitiat Mainz, Institut fiir Kernchemie, Fritz-Strassmann-Weg 2, 55128 Mainz, Germany

4 Laboratory of Powder Technology, Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne, CH-1015, Switzerland

® Universitit Greifswald, Domstrafie 11, 17489 Greifswald, Germany

6 LNS at Avery Point, University of Connecticut, Groton, CT 06340, USA

7 GSI Helmholtzzentrum fiir Schwerionenforschung, 64291, Darmstadt, Germany

8 Helmholtz-Institut Mainz, 55099 Mainz, Germany

9 KU Leuven, Instituut voor Kern- en Stralingsfysica, B-3001 Leuven, Belgium

10 Tnstituto de Estructura de la Materia, CSIC, Serrano 113 bis, ES-28006 Madrid, Spain

11 “Horja Hulubei” National Institute of Physics and Nuclear Engineering, RO-077125, Bucharest, Romania
Received: 26 August 2018 / Revised: 31 January 2019
Published online: 13 May 2019
© The Author(s) 2019. This article is published with open access at Springerlink.com
Communicated by K. Blaum
Abstract. We report on the development and characterization of the first radioactive boron beams pro-
duced by the isotope mass separation online (ISOL) technique at CERN-ISOLDE. Despite the long history
of the ISOL technique which exploits thick targets, boron beams have up to now not been available. This
is due to the low volatility of elemental boron and its high chemical reactivity which make the definition of
an appropriate production target unit difficult. In addition, the short half-lives of all boron radioisotopes
complicate tracer release studies. We report here on dedicated offline release studies by neutron capture
and alpha detection done with implanted '°B in prospective target materials, as well as molecule formation
and ionization tests, which suggested the use of multiwalled carbon nanotubes (CNT) as target material
and injection of sulfur hexafluoride SFs to promote volatile boron fluoride formation. Two target units
equipped with an arc discharge electron impact ion source VADIS coupled to a water cooled transfer line
to retain non-volatile elements and molecules were subsequently tested online. The measured yield of these
first ®B ISOL beams increases in the series *BF3 < ®BF < 8B < ®BF,, reaching a maximum yield of
6.4 x 10* ®BF2™ ions per uC of protons.

1 Introduction beam from the PS-Booster. The yield of radioactive iso-

topes which can be extracted from ISOL-like facilities is
strongly dependent on the half-life and the chemical prop-
erties of the desired element. For some elements (e.g., Na,
K) extraction efficiencies from ISOL targets can be close to
100%, while for other elements their extraction has proven
difficult or even impossible up to now, despite decades of
research in this field. Examples for isotopes with low ex-
tractable yields are refractory or chemically very reactive
elements such as boron, tungsten or rhenium. The reasons
why yields can be very low is apparent from the extrac-
tion process itself [2]. After isotope production typically
through fission, fragmentation or spallation nuclear reac-
tions, the neutral isotopes have to diffuse to the surface of

At CERN-ISOLDE [1] more than 1000 radioisotopes of
74 different chemical elements can be delivered to a large
spectrum of experimental setups for investigations in nu-
clear structure, atomic physics and applications. These
isotopes are produced by the ISOL (Isotope mass Sep-
aration OnLine) method inside a combined target and
ion source unit upon impact of the 1.4 GeV proton driver

* e-mail: jochen.ballof@cern.ch

Y Present address: TRIUMF, 4004 Wesbrook Mall, Vancou-
ver, BC V6T 2A3, Canada.

¢ e-mail: thierry.stora@cern.ch (corresponding author)
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the target material grain where they can evaporate or re-
act to form more volatile molecules, in the case of a molec-
ular extraction. During the subsequent migration through
the target setup towards the ion source, the isotope expe-
riences numerous interactions with the surrounding target
and structural material. At each interaction losses due to
chemical reactions or irreversible sticking on the surfaces
can occur. In the case of boron these losses are so large,
that no Radioactive Ion Beam (RIB) was produced by the
ISOL method until now, although many possibilities are
offered by different combinations of targets and ion sources
operated in facilities such as ISOLDE at CERN. In the
present article, we introduce the different developments
made, and the description of the target unit obtained for
the delivery of ®B as molecular ion beam [3]. Finally we
report on the online results obtained at ISOLDE with the
prepared target unit.

2 ISOL beam extraction processes

The extractable yield Y of isotopes produced in an
ISOLDE target unit can be estimated by folding the ex-
traction probability of a single isotope weighted by the
number of initially produced isotopes Ny per puC of pri-
mary beam with the distribution function p(¢) of extrac-
tion times in the investigated setup:

Y:/ N(t)p(t)dt, where
0

—At
N(t) = NO € €irrev €form €ion;

t = taifr + tads + left-

and (1)

Here, X\ is the decay constant of the isotope, tqig is
the diffusion time out of the material, t.q45 the delay due
to sticking on surfaces, t.g the time of flight through the
target container and into the ion source and €jreyv is the
transport efficiency considering chemical losses and irre-
versible adsorption on surfaces. N(t) is the yield of ex-
tracted isotopes, which need time ¢ to propagate from the
target material to the ion source. The expression holds for
pulsed and continuous primary beam. However, modified
expressions for facilities using a continuous driver beam
are typically used, which give the radioactive beam inten-
sity as number of radioactive ions per second. If the vapor
pressure of a desired element is too small at achievable
temperatures, extraction as a more volatile molecule is
necessary. The formation efficiency for a particular molec-
ular sideband is given by €form. Finally, €0, gives the ion-
ization efficiency.

Diffusion in solid grains of the target material as well
as effusion processes through open space are responsible
for the shape of the distribution function p(t), which holds
for a stable, non-decaying isotope [4].

The initial number of produced isotopes Ny is deter-
mined by the production cross section, proton beam inten-
sity and number of target atoms. Since in most cases, the
geometry of the target is predefined, a high target material
density is favorable to increase Ny. However, a high den-
sity might be adverse for the diffusion of the isotope out

of the material. A high porosity and small grain size is de-
sired to allow fast and efficient diffusion and migration out
of the target material [5]. If isotopes need to be extracted
as molecules, the target setup can be equipped with addi-
tional gas injection lines, which allows to provide reaction
partners for the formation of volatile carrier molecules. To
minimize the losses due to sticking and chemical reaction
of the reaction products, each of the materials used in the
entire target and ion source assembly has to be considered
separately.

Although the variety of available setups and advances
in target materials production allows the extraction of iso-
topes of a large range of elements, no beams of radioac-
tive boron were extracted at any thick-target ISOL facility
prior to the development reported here. The experimen-
tal interest in beams of 8B is manifold: besides interest in
studying the proton halo structure [6] or high lying reso-
nances of C, which become accessible by elastic scatter-
ing of 8B on a proton target [7], beams of boron would be
ideal to investigate diffusion properties in semi conductors
where boron is commonly used as a dopant [8]. Recently
beams of 8B were extracted at KVI at a rate of 7 ions per
second [9] and at the thin-target facility IGISOL at a rate
of 200 ions per second [10]. However, the yields available in
these facilities are not sufficient for the above mentioned
experiments, which require rates in the order of 5x 103 ions
per second or above, and in some cases post acceleration
of the beam. The relatively high production cross sections
combined with the thick-target technologies available at
ISOL facilities, like ISOLDE, open up new perspectives
for physics experiments, if control over the boron release
out of the target material and ionization can be gained.

In this work the factors important for the extraction
(cf. eq. (1)) of radioactive boron (*B, T/, = 770ms) are
investigated. This includes the choice of target material
based on their production cross sections and the experi-
mental determination of boron mobility in candidate tar-
gets, taking into account overall diffusion and effusion re-
lease processes. A dedicated offline release experiment was
conducted exploiting the high neutron capture cross sec-
tion of 1B to determine which material allows a fast ex-
traction and therefore high mobility. Since boron exhibits
not only a high chemical reactivity but also a high boil-
ing point, it needs to be extracted as molecular sideband.
Upon reaction with a fluorinating agent, boron readily
forms volatile and relatively inert fluorides. In compari-
son to other halogens, fluorine possesses only one stable
isotope which allows to concentrate the molecular forma-
tion on a single isobar and therefore to achieve a higher
mass separation efficiency. In a second step, the release of
boron as boron fluorides (BFy, 0 < x < 3) was studied us-
ing an ISOLDE target setup and the offline isotope mass
separator. This allowed to compare the measured beam
composition with chemical equilibrium calculations per-
formed under different conditions of SFg injection as well
as the investigation of ionization behavior and influence
of target parameters on the beam formation. Following up
on the positive outcome of the preparatory experiments,
a prototype target could be built, and beams of ®B were
produced online and characterized.
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Table 1. Nominal densities [11] and typical material densi-
ties of prospective target materials for the production of boron
radioisotopes at ISOLDE.

Material Nominal density ISOLDE density
[gem ™’ [gem ™’
CaO 3.34 0.38*
CNT 2.2° 0.4°
HfO, 9.68 —
CaFs 3.18 -
Y203 5.03 3.16"
AlyOs3 3.99 -

# Value taken from ref. [5].

b Density of available materials, which were also used in the offline
mobility studies (sect. 4).

¢ The theoretical density of graphite is given in the case of multiwalled
carbon nanotubes (CNT).

3 In-target isotope production

The in-target production of the desired isotope is the first
parameter that needs to be considered for the develop-
ment of new ISOL beams. The factors important for a
high production rate are the production cross section o
for the particular isotope, the number of target nuclei and
the number of protons impinging on the target. In this
work, the production cross section of boron isotopes by
bombarding a selection of target materials with 1.4 GeV
protons was calculated using the ABRABLA code [12].
The selection of target materials is based on character-
istics like melting point and chemical compatibility. Here
the production cross sections were calculated for graphite,
aluminum oxide, calcium oxide, calcium fluoride, hafnium
oxide and yttrium oxide.

From the production cross section ¢ the number of
produced isotopes Ny which is used in eq. (1) can be cal-
culated via the equation

NO =0 Np NT, (2)
where IV, is the number of protons impinging on the tar-
get and Np the areal density of target atoms, given by the
dimensions of the target container and the density p of the
target material. For the sake of comparison the nominal
densities of the bulk materials were used for the calcula-
tion of the in-target production. As discussed in sect. 2
the practical densities of materials suitable for ISOL tar-
gets are lower to achieve a desired open porosity. Both
densities are presented in table 1 and the in-target yields
in isotopes per uC of proton beam according to eq. (2) are
displayed in fig. 1, which take into account the dimensions
of the cylindrical ISOLDE target container, having length
and diameter of 20 cm and 2 cm, respectively [13].
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Fig. 1. In-target production yields of boron isotopes in po-
tential target materials for the extraction of radioactive boron
beams, obtained with the ABRABLA code. At ISOLDE, an
average proton intensity of up to 2 pA is available. Nominal
densities, as given in table 1 are assumed.

4 Mobility of boron in potential target
materials

The diffusion process is specific for every combination of
target material and diffusing element. The diffusion co-
efficient D is a measure for the mean displacement of a
particle per time unit and exponentially increases with
the temperature as given by the Arrhenius equation [14]

D = Dye @/(RT), (3)
where Dy is a temperature independent pre-exponential
factor, ( the activation energy, R the universal gas con-
stant and T the absolute temperature. The characteristic
diffusion time is given by 7p = a?/(72D) [15].

ISOLDE targets can be operated at temperatures up
to about T4 =~ 2500 K. However, in many cases target
materials start to degrade due to sintering effects already
at lower temperatures which can result in an increase of
the characteristic diffusion time and thereby reducing the
yield of the extracted radioactive ions [5]. As diffusion is
a slow process in comparison to migration through open
space, a high open porosity and a small grain size are
the desired characteristics of target materials. Determin-
ing diffusion coefficients is often difficult and requires so-
phisticated setups. For the production of radioactive ion
beams the combination of both diffusion and migration
through open space is important and can be summarized
as the mobility of an element in the target.

In a first approximation, diffusion can be described
by Fick’s second law, and solutions for certain geometries
and boundary conditions are provided in ref. [15]. Effusion
effects are negligible for long heat treatment times (see
sect. 7.1), and the fraction of isotopes remaining in the




4.3 The publication

59

solid after a heat treatment time ¢ computes to

o
2n 1
= c e

ft) =

—cmt/TD
b

(4)

ﬁ m
m=1
with ¢, = (jo.m/m)? for fibers (n = 2), and ¢, = m? for
spheres (n = 3). jo.m stands for the m-th positive root of
the Bessel function of order zero and 7p is the character-
istic diffusion time. The latter can be deduced, if f(t) was
determined in an experiment. The solution of the diffu-
sion differential equation given in eq. (4) was derived in
ref. [15] under the boundary condition, that the diffusing
species is uniformly distributed in the sample. However,
after a heat treatment, the originally uniform distribution
profile is disturbed due to depletion of the particle density
near the edges of each grain. For subsequent heat treat-
ments, the mean path a particle needs to travel to reach
the surface of the grain, is longer compared to the original
distribution. Within the mathematical procedure to cor-
rect for the disturbance of the profile, the two conducted
heat treatments at different temperatures are replaced by
one heat treatment at the higher temperature. The re-
placement procedure to derive the characteristic diffusion
time for the second treatment, is adjusted such that the
release fraction at the beginning and the end match the
experimental treatment. For a discussion see ref. [16].

In earlier studies of boron diffusion in different mate-
rials by neutron depth profiling, more complex phenom-
ena have been found. In certain matrices, accumulation
of boron on the surface of the sample and propagation of
the apparent inventory towards the surface of the sample
were observed. The latter was attributed to the presence
of radiation induced damage, introduced during the im-
plantation process [17].

For this work the mobility of boron in different po-
tential target materials was studied. The high cross sec-
tion of 3.84kb for the reaction “B(n,a)"Li at thermal
neutron energies [18] offers an elegant way to determine
the amount of boron tracers and therefore to study the
mobility of boron in materials. The branching ratio and
expected particle energies for this reaction are as fol-
lows [19,20]:

i+ a + v

A%
= 0.84

0p e 148 0.48 MeV
%% 7 TLi + «
1.01 1.79 MeV

The mobility of boron in three out of the six mate-
rials considered in the previous chapter was studied. We
included yttrium oxide (Y203) as a representative class
for the oxide materials as it had appropriate nanometric
grain size and porosity, and two carbon allotropes namely
graphite and multiwalled carbon nanotubes (CNT). To
obtain reproducible and representative results, calcium ox-
ide, for instance in the form of a nanoporous material,
needs to be handled under inert gas atmosphere [5], and

was therefore not considered for practical purposes. CaFy
was neither considered following the outcome of chemical
equilibrium calculations as discussed in sect. 5. Moreover,
the mobility of boron in MgF, has already been studied,
which might serve as surrogate for CaFq [21].

Samples for the three materials were prepared in
pressed powder form (pellets) and 4 x 10'¢ atoms of
0B, extracted as BFo T from an ISOLDE target unit (cf.
sect. 6) were implanted in each pellet at the ISOLDE off-
line mass separator at 50 kV extraction voltage. In the case
of CNT and Yttria, the sample was biased additionally
(—12kV) to increase the implantation depth. Each sam-
ple was subjected to neutron irradiation with an intense
238Pu-Be source of 1 Ci available from the CERN dosime-
try service, and simultaneously the resulting a-particles
(1.48 MeV) were detected using silicon detectors. A deter-
mination of the initial boron inventory with this method
was done after preparation of each sample. Subsequently,
the samples were heat treated to promote the diffusion
process and the remaining fraction of boron atoms in the
sample was determined. The heat treatment and mea-
surement were repeated to a maximum temperature of
2000 °C, or until no boron could be detected anymore.

4.1 Materials

Multiwalled carbon nanotubes were supplied by Nanocyl,
ref. NC3100, > 95% purity, 10 nm diameter, 1.5 pum
length. Commercially available Yttria (Alfa Aesar, yt-
trium (IIT) oxide, 99.995% (REO) 25-50 nm APS Powder)
and graphite (Alfa Aesar, ref. 40798, 325 mesh, < 44 pm)
were used. The carbon materials have been characterized
and results are provided in ref. [22].

4.2 Experimental setup and measurement

The detection of a-particles was achieved using an Ortec
Alpha Aria spectrometer equipped with an Ortec silicon
detector (450 mm?, 100 um depletion layer). The sample
was placed at a distance of 5mm to the detector and ex-
posed to thermalized neutrons from the 238Pu-Be source.
The emerging fast neutrons were moderated by a 7cm
polyethylene (PE) block. In addition 15 cm of lead served
as shielding to suppress background due to gamma radi-
ation. After measurement of the a-particle rate, and sub-
sequent deduction of the apparent boron inventory, the
samples were heated in a tantalum furnace, similar to a
standard target container [13].

To investigate the temperature dependence of the dif-
fusion, samples were heated for 30 minutes in 5 (4 for
CNT) steps, from room temperature to approximately
2000 °C. After each step, samples were exposed to the neu-
tron source for approximately 50 hours and the emitted
a-particles were recorded.

4.3 Results and discussion

A typical spectrum obtained from the silicon detector
within a measurement time of 27 hours is shown in fig. 2.
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Fig. 2. Typical silicon detector spectrum obtained within a
measurement time of 27 hours for the offline mobility studies.
The peak arising from the 1.48 MeV alpha particle was fitted
with a Gaussian function.
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Fig. 3. Relative apparent boron inventory of the samples mea-
sured in the '°B(n, a)"Li reaction, after successive offline mo-
bility studies (see text).

Due to limited statistics, only the peak arising from
the 1.48 MeV alpha particle is detectable. Peak center
and area were obtained by fitting with a Gaussian func-
tion. Within the errors of the fits, which were less than
40.05 MeV for the peak center energy, we did not observe
a reduction or increase of the alpha energy after subject-
ing the respective samples to the heat treatments. Hence
we assume, that in-diffusion into deeper layers is not the
primary reason for the depletion of the apparent boron
inventory. Figure 3 shows the apparent boron inventory
evolution of the samples obtained from the peak areas. To
ease comparison, measurements are normalized to the ini-
tial implantation of each sample. The boron depletion is
believed to be caused by its migration to the surface of the
material, where it can desorb and is expected to be caught

on parts of the tantalum oven or extracted as volatile
species. Further studies would be necessary to fully ex-
plain the desorption process. We believe, that the desorp-
tion process is promoted by reactions with residual gases.
Candidate compounds are oxides, oxohalides or halides.
Oxygen is available as residual gas (5 x 107> mbar), and
might react with boron to form boron monoxide or diox-
ide as intermediate carriers, which have been identified in
other processes [23]. Halogens might be present as impu-
rities in the oven or host material. A certain amount of
fluorine was introduced during the sample preparation by
implantation of BFyT.

It is obvious, that the diffusion behavior of boron sig-
nificantly varies within the set of investigated host ma-
terials. Diffusion of boron in single crystals of graphite
has been studied by Henning [24], who found almost 1000
times higher diffusion constants for diffusion parallel to
the carbon layers compared to the diffusion perpendicular
to the layers. At a temperature of 2291 °C, the diffusion
constant was determined to be 3.9 x 1070 cm? /s, if dif-
fusion occurs parallel to the carbon layers. Novak et al.
investigated the diffusion in polycrystalline graphite and
obtained diffusion coefficients as high as 3.1 x 107¢ cm? /s
at 2200 °C [25]. Despite our setup not allowing to derive
diffusion constants, the cited values indicate fast diffu-
sion and a strong dependence on the allotrope, which is
reflected in the results shown in fig. 3. After the heat
treatment at 700 °C the amount of boron in the graphite
sample drops from almost 100% to about 50% of the
initially implanted amount. Heating the graphite sam-
ple to 1300°C causes an additional drop of remaining
boron to 30%. Increasing the temperature further does
not change the remaining amount significantly which sug-
gests that the remaining boron is physically or chemically
confined in the graphite matrix. The situation for multi-
walled carbon nanotubes is slightly different. Similar to
the graphite sample, significant fractions are released at
relatively low temperatures with a decrease to approx-
imately 65% after heating to a temperature of 300°C.
Further heating shows a faster decrease of boron in com-
parison to graphite. After heating to 1700 °C no remain-
ing boron could be detected during measurements. Ap-
plying eq. (4) and a disturbed profile correction yields at
the highest respective temperatures, a characteristic dif-
fusion time of TENT = 8.6732 x 102 s for carbon nanotube
fibers at 1700 °C, while a lower limit of 5 times this value
was determined for the micron-sized graphite material at
1900 °C, which was treated as agglomeration of particles.
The given errors are computed from the uncertainty in the
release fraction. The application of eq. (4) requires, that
boron is implanted uniformly in the material grain. For
carbon nanotubes, an implantation depth of 177 nm was
estimated by SRIM 2013 [26,27]. Considering the nano-
metric structure, the condition of a uniform profile is as-
sumed to be met (cf. table 2). However, in the case of the
more dense and micron-sized graphite, boron is only im-
planted close to the surface. It is therefore assumed to be
released faster in comparison to a uniform distribution,
only allowing to give a lower limit of the characteristic
diffusion time within the used model.
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Table 2. Raw material and implantation characteristics, ex-
pected implantation depth and range of 1.48 MeV alpha par-
ticles used in the mobility study. The expected implantation
depth and alpha range were obtained by SRIM [26, 27].

Material Particle size Implantation Alpha
energy ‘ depth range

CNT 9.5nm x 1.5 yum* | 62keV | 177nm | 22 pum
Graphite 5.3 um® [22] 50keV | 35nm | 4.0 um
Y203 67 nm"*° [28] 62keV | 51nm | 5.4pm

2 As given by the supplier.
Particle size parameter obtained by specific surface area.

¢ Sintering is expected at elevated temperatures [28].

While diffusion in-between and through the walls
of the nanotubes should be the same as for graphite,
additional diffusion along and across the surface and
through the capillaries of the tubes can be expected. This
is a probable reason for the faster decrease of boron in the
material [25,29-31].

In the case of Yttria almost no change can be ob-
served up to 1300°C. The remaining amount of boron
at this temperature is close to 100% of that initially im-
planted. However, heating the sample to 1700 °C shows a
drop of 50%. After subsequent heating to 1900°C no re-
maining boron was detectable during irradiation with neu-
trons. However, preliminary investigations show sintering
at these temperatures [28], and simulations indicate pos-
sible decomposition in vacuum above 1900°C [32]. Also
taking into account the diffusion properties of boron in
MgF5 as given in ref. [21], multiwalled carbon nanotubes
offer favorable diffusion characteristics.

5 Chemical equilibrium considerations

Besides production cross sections and diffusion inside the
target material, chemical processes play an important role
in the ISOL thick-target release processes. Boron does not
only have a low volatility, but also exhibits a high reac-
tivity towards many materials present in the target as-
sembly. Hence, boron has to be extracted as part of a
volatile molecule. The demands on the volatile compound
are multi-fold. The formation should be fast, it needs to
be stable at operation temperature, inert towards reaction
with target materials and ionizable with sufficiently large
cross sections.

After an evaluation of the known compounds we have
chosen boron trifluoride as volatile carrier and sulfur hex-
afluoride as fluorinating agent. Both are gases at room
temperature. Chemical equilibrium calculations with a set
of target materials such as alumina, yttria, magnesium flu-
oride, calcium fluoride and carbon, have been conducted
using the software package HSC 7 [32], based on the in-
cluded thermodynamic data. The interactions with other
materials present in the target assembly, like tantalum and
molybdenum were also considered.
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Fig. 4. Chemical equilibrium between molybdenum and BF3.

The results of the calculation performed for molyb-
denum and BFj3 are shown as an example in fig. 4. It
can be seen that within the calculated system gaseous
boron trifluoride is stable even at high temperatures and
does not form thermodynamically favoured compounds
with molybdenum. Only at temperatures above 2200°C
the difluoride starts to build up and eventually becomes
the dominating species well above 2500 °C. Similar results
were obtained for the equilibrium between other construc-
tion materials and BF';3.

The common result for all calculations aiming at the
formation of BF3 in different target materials is that flu-
orine has to be available in excess. If this is not the case
tantalum borides are expected to be formed. In the case
of alumina, volatile molecules of BF3 and BOF are formed
in relatively narrow temperature ranges. Here, BF3 can be
expected from 800 °C to 1400 °C and BOF from 1400°C
to 2100 °C. Furthermore, calculations predict the forma-
tion of aluminum borides. The equilibrium with yttria
indicates a dominant formation of BOF starting from
1500 °C. Below this temperature no volatile boron species
is formed. For calcium fluoride as well as magnesium flu-
oride formation of boron fluoride is thermodynamically
favoured. Unfortunately the temperature at which forma-
tion of BF3 starts is, in both cases, higher than the boil-
ing point of the material. For MgFs gaseous BF3 appears
above approximately 1400 °C, for the case of CaFy above
1600°C.

The calculations indicate that BF3 is not chemically
retained in a carbon-based target material. This, along
with the availability of carbon nanomaterials which al-
low fast diffusion made this selection our preferred choice.
Also the very high specific surface favors volatilization by
molecule formation with an injected gas.

6 lonization behavior and extraction efficiency

The formation and ionization of boron fluoride ions, so-
called sidebands, was tested at the ISOLDE offline separa-
tor by placing elemental boron powder in the target con-
tainer of a typical ISOLDE target. The tantalum container
was connected to a VADIS ion source [33] via a water
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Fig. 5. Mass distribution of boron fluorides ions extracted
from a solid boron sample which was placed in heated tantalum
container. SFg was injected through a calibrated leak of 5 x
107 mbar L/s (air).

cooled copper transfer line and equipped with a calibrated
leak of 5 x 10~®mbar L/s (air) allowing the injection of
SFg. A typical mass spectrum of the extracted beam is
shown in fig. 5. The predominant species is BFy™*, which
is expected to arise from dissociative ionization of BFj.
The container was gradually heated from about 100°C to
1600 °C. The ion yield rises from lower temperatures to
a maximum at about 1500°C and drops again towards
higher temperatures. In sect. 4 it was shown that fast dif-
fusion of boron in graphite and CNT is expected in this
temperature range, thus the extraction of boron fluoride
from a CNT target is also expected.

Besides the dependency of the extracted boron flu-
orides current on temperature, the dependency on the
amount of injected SFg was studied in the range from
1x107° to 5 x 10~° mbar L/s (air). From equilibrium cal-
culations a linear dependency of the BF3 formation on
available fluorine is expected. This correlation was con-
firmed in the measurements. The extracted ion current of
BF,™ increases linearly with an increase of injected flu-
orine. Consequently, a high flow rate of injected sulfur
fluoride leads to the most efficient extraction. However,
the flow rate is limited by the target station gas pump-
ing capabilities, which have to maintain a pressure below
5 x 10~° mbar on the extraction side to ensure proper op-
eration of the ion source and beam transport.

The calibrated leak allows to determine the combined
efficiency for ionization, formation of the compound and
transport from target container to ion source, which are
€iony Eform and €jprey in €q. (1), respectively. The combined
efficiency was evaluated to be 1.5%. While the release
studies (sect. 4) were done on a time-scale much longer
than the half-life of 8B, making the assessment of the re-
lease efficiency difficult, these results lead us to expect that
some fraction of the in-target yield would be produced as
BF51 molecular ions.
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Fig. 6. Cutout of the nuclide chart showing the target ma-
terial and selected nuclei produced in fragmentation reactions
by impact of the 1.4 GeV proton beam and their decay modes.
(Adapted from ref. [34]).

7 Online measurements

Two target units have been tested in three online runs at
ISOLDE. Following the outcome of our preparatory ex-
periments, we have chosen CNT as target material. The
ABRABLA code predicts the formation of 8B mainly by
fragmentation of 2C which is induced by impact of the
1.4GeV proton beam. A water-cooled transfer line en-
sured that only volatile compounds like BF3 could reach
the VADIS ion source. A constant flow of SFg was applied
through a calibrated leak.

The first target unit tested in 2014 was equipped with
a calibrated leak of 3.7 x 1075 mbar L/s (air). Measure-
ments started at a target temperature of 1350 °C which
was successively increased to a maximum of 2000 °C. The
extracted radionuclides have been characterized with the
ISOLDE tape station [35] located at the central beam
line. The tape station allows measurements with a plastic
scintillator in 47 geometry and a high purity germanium
gamma detector.

As shown in fig. 6, ®B is known to undergo 512« decay,
the isobaric 8Li, which is also produced in fragmentation
reactions of '213C, decays by S~ 2a [36]. Therefore, the
annihilation radiation allows to distinguish between both
isobars. In the investigated temperature range the scin-
tillation counter indicated activity on mass 8, reaching a
maximum of 1 x 10*/uC at 2000 °C. The half-life was de-
termined to be 8004 100 ms. The annihilation peak in the
gamma spectrum revealed, that 3% of the activity found
by scintillation counts was originating from ST emitters,
leading to a 8B yield of 3 x 102 /uC. Potential isobaric con-
taminants on mass 8 are ®Li and ®He. While lithium is ex-
pected to be retained in the water-cooled transfer line, the
volatile helium nuclides are extracted as beam and reach
the tape of the tape station. During tape transport from
collection to measurement position (900 ms) ®He mostly
decays to 3Li, the latter causing scintillator events while
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Fig. 7. In beam detection setup consisting of a silicon and
high purity germanium detector.

the gamma radiation originating from the decay of 8He
is not seen. In contrast to offline studies, activity on the
masses of 8BF, 8BF,, 8BF3 as well as 8BO, 8BOC and
8BOF could not be found. The detection limit for ®B was
calculated to be 75 ions per uC. The concurrent absence
of stable SFy and TaFy ions, along with the absence of
BF radioisotopes indicated that the formation of boron
fluorides was limited by the availability of fluorine.

Therefore, we increased the size of the calibrated leak
in the second umit to 1.8 x 10"*mbarL/s. It contained
14.96 g of carbon nanotubes pressed to pellets of 15 mm
diameter, yielding an areal density of 8.4g/cm?. In order
to strengthen the argument that the measured activity is
caused by B we made use of an in-beam detection system
(fig. 7) equipped with a silicon and a high purity germa-
nium detector allowing the detection of alpha and gamma
annihilation events in coincidence (15 us window). In this
experiment, the target was operated at 1500 °C as well as
at 1750°C. In contrast to the first measurement, beams
of BFy (0 < x < 3) radioisotopes could now be extracted
and beams of stable sulfur fluorides were seen, indicat-
ing the availability of fluoride in the target. In agreement
with the offline ionization tests, the yields were increasing
in the series ®*BF3 < 8BF < 8B < ®BF,. The yield found
for 8BF5 was calculated to be 6.4 x 10*/uC at the target
temperature of 1500 °C. As expected, ®He was only found
on mass 8 (4.5 x 10%/uC) and nearly all activity registered
by the scintillator on the 8BF, masses could be assigned
to a positron emitter.

Figure 8 shows a measured alpha spectrum in compar-
ison with data obtained in a more sophisticated setup by
Roger et al. [9] by implanting 8B at a rate of 7 ions/s in a
finely segmented double sided silicon micro strip detector
(DSSD). Roger et al. applied a correction for contributions
of B-particles and a-efficiency, which is not of importance
for the unambiguous identification of 8B, and therefore
not considered in this work.

The high energy tails of both spectra are well in agree-
ment. Minor deviations in the raising part of the spec-
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Fig. 8. Single alpha spectrum (black) recorded on the mass of
8BF, in comparison with two alpha spectrum taken by Roger
et al. [9]. The respective energies of the single alpha spectrum
have been multiplied by two to allow the comparison to the
two alpha spectrum. The two alpha spectrum by Roger et al.
is corrected for 8 summing and « detection efficiency. These
minor corrections are not necessary for the identification of *B
and therefore not included in this work.

tra can be explained by the low energy threshold for a-
particles in the setup, as well as electronic noise and con-
tributions due to energetic S-particles. The consistence of
both spectra along with registered annihilation radiation
in coincidence with alpha events allows us to assign the
activity to the decay of B.

7.1 Release properties

The time-dependent release of 8BFy was studied with the
scintillation counter of the ISOLDE tape station. In con-
trast to the offline mobility studies discussed in sect. 4, it
was crucial to also consider effusion effects due to the sig-
nificantly shorter time scale. A release curve is obtained
by collecting a small fraction of the released ions at a well-
defined time ¢ after proton impact, determining the col-
lected activity and repeating the procedure while varying
t. Correcting this release curve by the decay losses during
the extraction time ¢ yields a release curve for a stable
isotope of the same species p(t), since the diffusion and
effusion properties only depend on the chemical species
and not on the isotope.

The release curve for a stable isotope p(t) is given by
a folding integral of effusion contribution p,, oc e=*/tt [4]
and diffusion contribution p, = —df(t)/dt. For an ag-
glomeration of fibers p(t) is given by

1 t
plt) = - / Pu(t) pu(t — )t
K Jo
1 S C—Cmt/TD _ C—t/teff
B E Z: ™D — Cmteff ’ (5)

m=1
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Fig. 9. Released activity versus time t after proton impact,
measured with the scintillation detector of the ISOLDE tape
station on the mass of 8BFs and corrected for the decay dur-
ing release. Inset: release efficiency y(7%,2), derived from the
measured release curve and offline mobility studies (see text).

where the normalization parameter A is chosen such that
S|

p(t) integrates to unity and computes to Ax =5~ c..".
Folding the release function of the stable isotope p(t) with
the decay losses of a radioactive isotope (77 /o) gives the
fraction of released isotopes, the so called release efficiency

y, which computes to

[ee]
y(T1/2) = / p(t)e” In(2)¢/T12 §p —
0
J T12/2

Ax 7nZ:1 (emTrj2 + 7pIn(2)) (T2 + terr In(2)) -

(6)

The experimentally obtained release curve p(t) is
shown in fig. 9. The function following eq. (5) does not
exhibit a strong constraint in the parameter 7p. There-
fore, the result obtained in the offline mobility studies
was used, which is in agreement with the experimental
data and allows us to determine the effusion time con-
stant to be tog = 339+ 16 ms. The expression used for the
effusion contribution to the release function p,(¢) holds
for the effusion of uniformly distributed particles in a cer-
tain volume through a small orifice. However, the ISOLDE
target container is connected via a transfer line to the ion
source, which causes a delayed release. To account for the
slower release, a second effusion time parameter leading to
pu(t) oc (1 —e t/teim) e=t/teii2 was introduced in [37] based
on the result of Monte Carlo simulations and was applied
in [38]. In the case analyzed here, the second parameter
did not improve the fit significantly and was therefore dis-
carded.

To justify that effusion processes were neglected at
high temperatures within the deduction of 7p from offline
mobility experiments, fig. 9 shows the integrated release
according to eq. (4), where effusion is not considered, as
well as the integration of the experimental release curve
fitted by eq. (5) and therefore taking into account effu-

sion. It can be seen from fig. 9 that at the heat treat-
ment time of 30 minutes (1.8 x 10%ms) effusion contri-
butions are negligible. Also shown as insert in fig. 9 is
a plot of the release efficiency (eq. (6)). The release ef-
ficiency of the investigated isotope ®B computes to 1.7%
(Th)2 = 770ms), the release efficiencies of the isotopes
2B (Ty)2 = 20.2ms) and B (Ty/ = 17.3ms) are ex-
pected to be 0.029% and 0.023%, respectively. Comparing
the measured yield weighted by the release fraction with
the in-target production predicted by ABRABLA, indi-
cates an overall efficiency for BF, molecular formation,
ionization and transport of €irey €form €ion = 1.1%, which
is close to the efficiency value of 1.5% obtained in offline
studies. Assuming in-target production yields predicted
by FLUKA [39], the same efficiency product computes to
0.15%. The availability of this information allows to pre-
dict yields of the more exotic boron isotopes '213B, which
are given in table 3.

For practical purposes, ISOLDE release curves are typ-
ically fitted with the three exponential function given in
eq. (7) and discussed in ref. [40].

j— 1 _t/trise
plt) = o (1)
. (a e*t/tfam + (1 _ Oz) e*t/tfauz) ) (7)

The release properties obtained from the curve fit have
been evaluated to be as follows for the release of a stable
isotope.

Ton
SBF2+

teanz
3015 ms

teann
253 ms

trise «@
52 ms 0.20

7.2 Further developments and outlook

Another test of the target unit took place in 2016 aiming
at post-acceleration of the low energy ®B beam at HIE-
ISOLDE [41]. In 2017, the first ®B ISOL beams were de-
livered to a physics experiment (IS633) [42], investigating
the electron capture of ®B into highly excited states in
8Be using the ISOLDE decay station [43]. In 2018, the
first accelerated ®B beams (4.9 MeV /u) were delivered via
HIE-ISOLDE to study reaction dynamics of proton-halo
induced collisions [44]. Instead of sulfur hexafluoride, the
fluorinating agent tetrafluoromethane (CF,) was used to
avoid a possible sulfur contamination of the target station.
After injection of CFy, a stable isobaric contamination on
the mass of 8BF5 of ca. 2nA was found in the low en-
ergy beam, which exceeds the typical acceptance limit of
the high energy setup for efficient operation. The recorded
mass spectra show molybdenum fluoride beams, and indi-
cate that the contamination is arising from doubly charged
92Mo. Parts of the VADIS ion sources are build of molyb-
denum, thus serving as molybdenum source. The develop-
ment of a molybdenum-free ion source could increase the
efficiency and beam yields for HIE-ISOLDE.
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Table 3. Measured (®BF3) and predicted (**'3BF32) yields of radioactive boron beams based on the release efficiency function
y(T1/2) deduced from the measured release curve of 8BF,, the ionization and extraction efficiency as well as in-target production

cross sections computed by Monte Carlo codes.

Boron isotope 8 12 13
Half-Life 770 ms 20.20 ms 17.33 ms
Release Efficiency 1.7% 0.029% 0.023%
Code ABRABLA FLUKA ABRABLA FLUKA FLUKA
In-target production/uC 3.3 x 108 2.4 % 10° 2.2 x 108 7.3 x 108 5.2 x 108
Beam yield/uC 6.4 x 10* 7.1 x10%? 3.2 x 10%® 1.9 x 1092

? Predicted yield, which was not yet experimentally confirmed.

8 Conclusions

Following the experimental and calculation strategy
shown here, we successfully developed and tested a target
unit for the production of exotic boron ISOL beams. By
using multiwalled carbon nanotubes we could achieve high
mobility of boron inside the grains of the target material,
which leads to a fast extraction of boron and therefore rel-
atively small losses due to decay during the diffusion pro-
cess. The low volatility and high reactivity of boron, which
hampers the release in its atomic form could be overcome
by the extraction as volatile molecule. We have chosen flu-
orides as volatile carriers for boron, which are produced
in-situ by injection of sulfur hexafluoride into the target
container. The compound was ionized in an arc discharge
electron impact VADIS ion source which was equipped
with a water cooled copper transfer line to retain con-
densible elements and compounds. In online experiments
yields of 6.4 x 10* 8BF 5 ions per uC of protons could be de-
termined while an average proton intensity of up to 2 pA is
available at ISOLDE [1]. The attainable yields drastically
exceed yields reported to date from thin-target facilities
and therefore pave the way for new physics experiments.
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A common issue of mass-separated beams is that the isotope of interest is accompanied
by isobars, i.e., isotopes of different elements of same mass number. This chapter pro-
vides a brief overview of means to purify ISOL beams and includes a publication about
extraction of carbonyl selenide beams.
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5.1 Purification of ISOL beams

Selectivity plays a role at each step of the ISOL process. To avoid overloading down-
stream processes, measures to control purity should be implemented as early as possi-
ble in the process chain from target material to the user experiment [59].

Selectivity can be achieved by choice of i) projectile and target material, ii) carrier
species, iii) transfer line, iv) ion source and iv) (high-resolution) mass-separation. De-
pending on the application, further purity can be reached with a second separation
step [190]. For online operation, this could be break-up of molecules in the EBIS and
subsequent mass separation [236]. For offline-processing, wet-chemical separation is
available [234].

Aspects regarding target material, projectile (e.g. proton-to-neutron converter), transfer
line and ion source have already be discussed in Chapter 1 and are briefly summarized
below. If the species of interested is more volatile than the contaminant, the latter can
be retained on the transfer line by temperature controlled adsorption. Resonant laser
ionization is element specific, however surface ionized contaminants remain largely
unsuppressed. Laser ion sources with suppression of surface ions have been developed
but come at the cost of significantly reduced ionization efficiency [88].

To apply separation by chemoselective sideband formation, all prerequisits for molecu-
lar beam extraction, as discussed in Chapter 4, have to be met for the species of interest.
An additional requirement emerges for the contaminant. At least one of the prequisits
must not be fulfilled for the latter [189]. The isobaric contaminant typically belongs to
a different group in the periodic table of elements, so that chemical properties differ.
For example, alkali elements do not form fluoride sidebands in contrast to the alkaline
earth elements. Or, as shown in the article below, arsenic does not efficiently form sul-
tfide sidebands, while germanium sulfide is efficiently extracted. Often, the presence
or absence of sidebands can be explained by thermodynamic stability of the molecuar
species, see, e.g., ref. [190] for stability of sulfides in comparison to extracted sidebands.
The thermodynamic stability (equilibrium composition of a system) can be predicted
with codes like HSC [237], if thermodynamic data (enthalphy, entropy of formation,
heat capacity) are available.

5.2 Carbonyl selenide beams

The compound COSe was first synthesized sufficiently pure for characterization by
Pearson and Robinson in the early 1930s [238]. At room temperature, it was described
as colourless evil-smelling gas that easily decomposes when exposed to humidity, light
or comes into contact with porous materials like charcoal [239]. The first synthesis
was achieved by passing dried carbon monoxide over heated selenium. The yield was
found to depend on the materials of the apparatus, the flow rate of carbon monoxide
and the temperature. Glemser and Risler report yields of ca. 10 vol.-% COSe in carbon
monoxide with selenium kept at 780 °C [239]. Other synthesis routes with higher yields
were described, e.g., via aluminium selenide and phosgene (carbonyl chloride) [239] or
from selenium and carbon monoxide in the presence of amines at ambient temperature
and pressure [240]. Purcell and Zahoorbux studied the decomposition of the compound
[241]. The equilibrium COSe —= CO + Se was found to shift towards CO and Se at
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lower temperatures and at 140 °C no formation but only decomposition was found on
a glass surface covered by the deposited selenium film. Fluctuations in the measured
rate constant were attributed to catalytic effects of the surface, which vary due to the
allotropic complexity of selenium.

Carbonyl selenide as volatile carrier for selenium fission recoils was reported and iden-
tified by Baldwin et al. [242]. The compound forms in-situ upon thermalization of recoils
in carbon monoxide. While selenium fission recoils were reported to form COSe in low
yields (ca. 0.02%), selenium produced in (n, y)-reactions (lower kinetic energy) did not
form COSe. Wachsmuth et al. report an efficiency of 10% for the transport of selenium
tission products thermalized in helium gas containing 600 ppm carbon monoxide [243].
It was also reported that the volatile selenium compound could be decomposed at tem-
peratures above 800 °C in a quartz tube. In a similar experiment, yields of 6.3% were
found, even after transport through a 80 m-long Polyethylene (PE) capillary [244].

Thermochemical data that would allow the calculation of chemical equilibrium compo-
sitions (e.g., enthalpy and entropy of formation) is not available for COSe. However,
spectroscopic studies indicate that the stability of homologue compounds decrease in
the order CO, > COS > COSe > COTe [245,246]. This is in agreement with the efficiency
for compound formation of recoils. Carbonyl sulfide is formed in high yields [247],
lower yields are obtained for COSe [242] and COTe could not be produced by thermal-
ization of fission recoils [242].

While carbonyl selenide beams could be extracted at ISOLDE from zirconia targets
[192], the mechanism of molecule formation remains unclear. In particular, the source
of carbon could not yet be identified. Its depletion is suspected to cause decreasing in-
tensities of COSe beams which vanish after few days of operation. The article presents
online and offline studies towards molecule formation. Earlier work suggested that
injection of oxygen or carbon dioxide could promote molecule formation. The results
presented in the article below indicate that neither carbon dioxide nor carbon monoxide
or oxygen promote formation of carbonyl selenide in the investigated setup. Introduc-
tion of excess graphite into the ion source could also not prevent the depletion of the
carbonyl selenide sidebands. In contrast, injection of carbon tetrafluoride gas could
partially recover the vanished sideband.

5.3 Contributions

Within this thesis, experiments towards COSe formation with trace quantities of stable
isotopes have been conducted at the Offline 1 separator and online experiments yielding
radioactive isotopes were conducted at ISOLDE. The offline and online measurements
towards molecule formation were conducted and analyzed by myself. The publication
was prepared in collaboration with K. Chrysalidis, who reported about resonant laser
ionization of selenium. The article was jointly written by K. Chrysalidis and myself
according to the individual contributions.
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Abstract. The production of selenium ion beams has been investigated at the CERN-ISOLDE facility via
two different ionization methods. Whilst molecular selenium (SeCO) beams were produced at ISOLDE
since the early 1990s, recent attempts at reliably reproducing these results have so far been unsuccessful.
Here we report on tests of a step-wise resonance laser ionization scheme for atomic selenium using the
ISOLDE Resonance Ionization Laser Ion Source (RILIS). For stable selenium an ionization efficiency of
1% was achieved. During the first on-line radioisotope production tests, a yield of ~ 2.4 x 10*ions/uC
was measured for "'Se™, using a ZrOs target with an electron impact ion source. In parallel, an approach
for extraction of molecular carbonyl selenide (SeCO) beams was tested. The same ion source and target
material were used and a maximum yield of ~ 3.6 x 10 ions/uC of "'SeCO™ was measured.

1 Introduction

CERN-ISOLDE is an isotope separation on-line facility [1,
2], where isotopes can be produced, then ionized and ex-
tracted within one apparatus, often in a selective (isotope
purity) and efficient (up to several percent overall effi-
ciency) process. This method provides the means to sup-
ply ion beams of exotic isotopes, far from stability, with
half-lives as low as several ms [3]. For this purpose, pro-
tons, provided by the CERN Proton Synchrotron Booster
(PSB) with an energy of 1.4 GeV, impinge on a thick tar-
get. Reaction products created by spallation, fragmenta-
tion or fission are then evaporated from the target ma-
terial and ionized. The target and ion source assembly is
situated on a 20-60kV high voltage platform and is re-
sistively heated causing the reaction products to diffuse
through the target material and effuse into the ion source.
Once the atoms or molecules have been ionized, they are
extracted by the grounded extraction electrode situated
downstream of the ion source. The temperature of ion

a
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author)
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source and target container are controlled by two sepa-
rate electrical circuits, allowing to independently adjust
the temperatures within a wide range.

Three main methods are used at ISOLDE to produce
ion beams: thermal ionization on a hot metal surface, elec-
tron impact ionization in a FEBIAD-type (Forced Elec-
tron Beam Induced Arc Discharge) ion source or VADIS
(Versatile Arc Discharge Ion Source) [4], and laser res-
onance ionization. The laser-atom interaction can take
place in different environments: a hot cavity surface ion
source [5], a radio-frequency ion guide LIST (Laser Ion
Source and Trap) [6] or a VADIS operated at reduced an-
ode voltage [7,8].

Several attempts have been made to produce selenium
beams at ISOLDE in the past, namely for Coulomb ex-
citation studies using post-accelerated "°Se [9]. Such an
experiment requires a beam purity in the order of 90%.
Due to the abundance of isobaric contaminants expected
at the desired atomic masses, un-selective FEBIAD ion-
ization of elemental selenium is not expected to yield the
required purity for the proposed Coulomb-excitation ex-
periment using HIE-ISOLDE [10,11]. Even the element se-
lective RILIS process might not yield the required purity,
since selenium (Z = 34) is located half-way between the
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surface ionizable elements gallium (Z = 31) and rubidium
(Z = 37). Isobars of one of these elements tend to be pro-
duced at comparable or higher yields for most Se isotopes.
Thus all neutron-rich Se isotopes (A > 80) produced from
GeV proton-induced fission of any type of U or Th tar-
get will likely suffer from isobaric Rb, while spallation-
produced neutron-deficient Se isotopes up to about 73Se
will suffer from isobaric Ga. In some cases the isobars are
stable (67:5°Ga and ®5-87Rb), allowing decay spectroscopy
studies. However, these isobars will still affect any type
of experiment that is disturbed by stable contaminants,
due to ion load limitations (such as ion beam bunching
and charge breeding before post-acceleration). However,
for the molecular beam *SeCO™, fewer contaminant iso-
bars are expected, which are mainly 2"Al**1Br* [12] and
$_4Ge328+.

In a past experiment, contamination from isobaric
2Gat was avoided by extracting selenium in the form
of a SeCO™ beam, through the use of a FEBIAD-type ion
source. The SeCO™ was subsequently broken up inside the
Electron Beam Ion Source (EBIS) of the REX-ISOLDE
and the resulting Se™t'-ions were post-accelerated. The
disadvantage of this approach is that a significant amount
of the ions of interest are lost, due to the distribution
among different molecular fractions [13]. Furthermore,
many low-energy experiments at ISOLDE, which are sit-
uated upstream of the EBIS, are not readily able to
make use of molecular beams (solid state physics im-
plantations, collinear laser spectroscopy, etc.). These ex-
periments would profit from the production of elemental
Se™ beams. The Resonance Ionization Laser Ion Source
(RILIS) [14], which is the most commonly used ion source
at ISOLDE, can provide this alternative and generate an
element-selective way of ionizing selenium.

2 Laser ionization of selenium atoms
2.1 Atomic structre of selenium

Selenium belongs to the chalcogens (oxygen group) along
with oxygen (O), sulfur (S), tellurium (Te) and polonium
(Po). Chalcogens have six valence electrons and relatively
high ionization energies, which decrease with increasing
atomic number. They are therefore not efficiently surface
ionized in the typical Ta, W or Re surface ion source
at maximum temperatures of around 1800-2500°C. At
ISOLDE, laser ionization schemes for Te and Po have been
developed and applied in past experiments [15,16].

The information on the atomic level structure of Se
atom available in [17] is mostly based on the spectral data
obtained in [18,19]. The electronic configuration of the Se
atomic ground state is [Ar]4s24p* 3P with J = 2. The state
[Ar]4s24p* 3P forms a triplet as shown in fig. 1. An estima-
tion of thermal population of these states can be derived
from Boltzmann distribution calculations. At T' = 2000 °C
(used for the measurements, see sect. 4), 83% of the 3P,
state is populated, whilst the P; and 3Py states are pop-
ulated with 14% and 3% respectively. The lowest-lying en-
ergy level accessible via a single-photon transition is the
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Fig. 1. Ionization scheme for atomic selenium alongside the
RILIS lasers which provided the excitation steps with their re-
spective powers. The first step is provided by intra-cavity (IC)
frequency doubling a Ti:Sapphire laser and subsequent fre-
quency doubling of this blue output in a single pass through a
BBO crystal to generate UV light at 216.5 nm. The Ti:Sapphire
lasers are pumped by frequency doubled Nd:YAG lasers at
532nm. Typical pulse lengths are ~ 50ns. The Nd:YVOyq4
is a BLAZE laser from Coherent. The population for the
metastable level used for the chosen first step excitation is
given. Level configurations and energies are from [17], vacuum
wavelengths are given.

4524p355 559 state at an energy of 48182.19 cm~!. Excita-
tion to this state can be achieved either from the ground
state ®Py (207.55nm,,.) or from the first metastable state
3Py (216.48 nm,,.). The transition from the ground state
is the preferred option for optimal ionization efficiency due
to the thermal population distribution.

2.2 RILIS laser set up and ionization scheme
development

The current status of the ISOLDE RILIS is described
in detail in reference [14]. Typically 2-3 tunable, pulsed
(10kHz repetition rate) laser beams are temporally and
spatially overlapped inside the ion source cavity and
tuned to an element-specific multi-step resonance ioniza-
tion scheme. The optimal ionization scheme is typically
determined for each element by a dedicated resonance ion-
ization spectroscopy study. An ideal ionization scheme is
one that combines maximum efficiency with a convenient
(reliable, easy to set up and maintain) laser configuration.

For generating the first excitation step, an attempt
was made to produce 207.55 nmy,. light by 4th harmonic
generation using a Ti:sapphire laser with an intra-cavity
second harmonic generation (SHG) and focusing its ~ 1 W
blue output with a 150mm focal length lens, into a
6 x 5 x 4mm BBO crystal (type 1 SHG - angle 79.7°,
supplied by CRYSTECH INC). Although up to 50 mW
at 207.55 nm,,. was achieved, destructive absorption of
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Table 1. Second step transitions investigated during the ion-
ization scheme development for selenium, with the first step
set to 216.48 nmyac. The relative ion beam intensities achieved
using these second steps, compared to the most efficient ioniza-
tion scheme using the 4p®5p °Ps state are given. The expected
laser power transmission to the ion source is ~ 70% for the
non-resonant step at 532 nm. The 5 new transitions that were
found are marked in bold.

2nd step AE [cmfl] Fiotal [cmfl] 3rd step | rel. int.

12495.20 60677.39 532 nm 1
24901.15 73082.34 |scan for AT
24912.21 73094.40 5x 1073
24870.10 73052.29 532nm |7 x 1073
24860.73 73042.92 3 x 1072
24435.99 72618.18 1x107°

17376.5(2) 65558.7(2)

17380.4(2) 65562.6(2)

17422.0(2) 65604.2(2) | 532nm |1 x107°

17744.5(2) 65926.7(2)

17795.5(2) 65977.7(2)

this wavelength in the BBO crystal occurred within min-
utes. The severe loss of 4th harmonic generation efficiency
therefore renders this approach impractical.

Therefore, the metastable state with the estimated
population of 14% was used for the measurements de-
scribed in this work (see fig. 1). The clear disadvantage
is an expected loss in efficiency of a factor ~ 6, due to
the lower thermal population at 2000 °C compared to the
ground state. The required wavelength of 216.48 nmy,.
was generated by 4th harmonic generation of a Ti:sapphire
laser operating at 865.92nmy,.. The same method de-
scribed above, this time with a BBO crystal at 69.7°, was
used.

For the initial verification of the laser beam position
and overlap, transitions known from the literature [18]
were tested as second steps. An additional laser, operat-
ing at 532 nm with a power of 40 W (10 kHz repetition rate
and 17ns pulse length), was used for non-resonant ioniza-
tion into the continuum. The power of this laser was stable
for all measurements listed in table 1 and the position in-
side the ion source remained fixed through the use of an ac-
tive beam stabilization system. The first of the second-step
transition tested leads to the 4524p35p 3P, level at a to-
tal energy of 60677.388 cm ™!, corresponding to a required
transition wavelength of ~ 800.31 nmy,.. The alternative
transition to the 4s24p35p3P; state was not tested due
to the lower J quantum number of this state. The lower
occupancy of this level (2J + 1) is expected to result in a
reduced maximum ionization efficiency [20]. Several other
transitions that can be found in literature were tested and
are listed in table 1. The relative intensities compared to
the ionization pathway via the 4524p35p 3Py level were of
the order of 1 x 107°-3 x 10~2. No further investigations
into these states were performed since, based on previous
experience, it is not reasonable to expect that a transition

to an autoionizing state from these levels would yield more
than a factor 3-5 enhancement in ionization efficiency [21].

Therefore, a search for new second-step transitions
was performed by scanning the second step laser wave-
length in the range of 720-920 nm and 558-592 nm. These
scans were carried out using respectively a grating-based
Ti:sapphire laser and a Rhodamine 6G dye laser avail-
able at the RILIS laser laboratory. In the range cov-
ered by the Ti:sapphire laser, no second-step transitions
were found. The wavelength scan of the dye revealed
five resonances, which could not be attributed as tran-
sitions from the 4s%4p®5s °Sg state to any of the higher
levels tabulated in [17]. Since each of those resonances
was observable only under presence of the laser beam at
216.48 nmy,., it is reasonable to conclude that new ex-
cited levels, linked by the optical transitions with the
45%4p®5s °S9 state, were found. The transitions and re-
spective levels are listed in table 1. It is worth to men-
tion that the table of lines observed in the arc spectrum
of selenium (see [18]) contains four lines with frequencies
very close to the newly found transitions (17376.46 cm™—!,
17380.37cm ™!, 17421.99 cm ™! and 17795.41 cm~!). How-
ever, the authors of [18] did not designate these transitions
to the level used in our work. Neither of the transitions
resulted in a sufficiently intense ion rate to be considered
as a part of a favorable ionization scheme.

2.3 Laser ionization efficiency measurement

The RILIS efficiency is measured as the percentage of a
calibrated-mass sample that is extracted and detected as
an ion beam during optimal RILIS conditions. A sample
with a calibrated amount of selenium (natural abundance)
atoms (in standard solution of 5% HNO3 on Ta foil) was
inserted into one of the resistively heated capillary ovens,
referred to as “mass markers” [22]. This was attached
to the transfer line of the empty target container, as is
schematically depicted in fig. 2. The sample was gradually
evaporated over > 5 hours and the ion current was mea-
sured using a Faraday cup during this time. Integrating
this measurement over the evaporation time reveals the
total number of ions that reach the detection point (after
extraction and mass separation).

The efficiency was determined to be = 0.6%. Due to
instabilities in the UV generation for the first step ex-
citation, the power of this step was deliberately limited
to 40mW by moving the 4th harmonic generation crys-
tal away from the focus of the intra-cavity generated blue
light. Absorption-induced damage to the crystal is then
reduced, resulting in a more stable operation. When re-
ducing the power of the first step from ~ 80mW (on the
laser table) to 40mW, a drop in ion current of factor 2
was observed. If the UV light is kept at 80 mW, a correc-
tion with a factor of 2 can be applied to the calculated
result from the data. Previously the RILIS at ISOLDE
(or TRIUMEF respectively) has been operated over exten-
sive periods with UV light of comparable wavelengths, e.g.
for ionization of Zn (65mW on the table at 213.9nm) or
Sb (40mW on the table at 217.6nm) respectively (see
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Fig. 2. Schematic view of the experimental set up (not to
scale) of the target and ion source. Laser beams were directed
into the ion source through a window in the mass separator
vacuum chamber. The gas inlet for the production of molecular
Se beams was attached to the side of the target container and
the mass marker to the back of the transfer line. More details
are given in the text.

also [23], table 4). Thus, stable operation with at least
65 mW of UV light can be guaranteed, leading to the effi-
ciency value of 1%.

No uncertainty is quoted for the efficiency measure-
ment since only a single measurement was performed.
Nevertheless, this type of ISOL efficiency measurement
is known to be susceptible to fluctuations due to several
contributing factors such as an accumulation of the sam-
ple in cold spots of the target/ion source assembly, losses
of a portion of the sample in preparation and initial tar-
get heating. The value should therefore be considered as a
lower limit. Should reliable production of 207.5 nmy,. for a
first step transition from the ground state become feasible,
a laser ionization efficiency of about 10% can be expected,
due to the higher thermal population of this state.

3 Production of molecular selenium

Molecular selenium beams were first reported in 1992
by Hagebg et al. [24] who operated a ZrOs fiber target
equipped with a FEBIAD source under an additional oxy-
gen partial pressure of 7 x 10~% mbar. The selenium was
extracted as carbonyl selenide (SeCO) and allowed spec-
troscopic studies on the isotopes 67%3Se. However, the ex-
act mechanism of molecular formation remained unclear.
Parts of the ion source assembly were proposed as source
of carbon which was likely emitted by the graphite grid of
a FEBIAD MKS5 ion source [25]. Also the source of oxy-
gen remained unclear since the absence of SeCO beams
was not confirmed prior to oxygen injection, and after
discontinuing the oxygen injection, the SeCO beams did
not deplete. A partial pressure of free oxygen is expected
from the hot oxide target material itself. Despite this in-
trinsic presence of oxygen, the influence of additional oxy-
gen supply was tested in 2016 at ISOLDE. Air, containing
ca. 21% oxygen, was injected through a calibrated leak of
3.7x 107 % mbar Ls~! into a zirconia fiber target, as shown
schematically in fig. 2. After injection, the radioactive ion

yields of 67Ge32St and "'SeCO™ decreased by factors of
ten and two, respectively. A more recent suggestion is that
SeCO formation is fostered by injection of carbon dioxide
gas, which decomposes to carbon monoxide and oxygen
at typical operation temperatures of the target and ion
source. This in turn, would open up the classic synthetic
route for carbonyl selenide (SeCO) [26].

The production mechanism of the compound inside
the target unit was investigated, since issues regarding
the stability of ion beam extraction had been observed. A
steep decrease in the yields of carbonyl selenide was found,
the most likely cause being a depletion of the carbon or
oxygen source. To investigate the formation mechanism,
tests at the ISOLDE off-line mass separator [27] were
performed using target unit #605 which was equipped
with a VADIS ion source [4], ZrOs fibers inside the tan-
talum target container and an oven supplying selenium.
The setup allowed to study the influence of operation pa-
rameters on SeCO formation, which could be determined
as the ratio between the extracted beams of **Se* and
natSeCO™. Target container and ion source cathode tem-
peratures have been deduced from a calibration curve ob-
tained by variation of the applied heating current, while
monitoring the temperature with a pyrometer. The tem-
perature of the ion source was measured at the cathode
of the ion source assembly. Whilst varying the ion source
cathode temperature in the range from 1960 to 2100°C
did not significantly affect the SeCO formation, a sub-
stantial influence of the target container temperature on
the SeCO formation was observed. At low temperatures,
the extraction is shifted towards the atomic selenium. The
target unit was additionally equipped with a calibrated
leak to introduce 99% isotopically enriched *CO into
the ion source. The rate of the leak was initially chosen
to be 2.5 x 10°mbarLs~! and was later increased to
1.0 x 10~*mbarLs~! and 1.2 x 1073 mbar Ls~*. The cor-
responding '*CO partial pressures of 4.0x107°, 1.6 x 10~*
and 1.9 x 103 mbar, respectively, are expected to form in
the ion source, based on the conductance estimation in the
molecular flow regime and assuming, that CO5 quantita-
tively breaks up to CO, in agreement with the Boudouard
equilibrium.

The presence of '3C inside the ion source could be
verified in the extracted beams. For the largest leak rate,
177nA of 12CO* and 2330nA of ¥CO™T were measured,
while the current on the mass of *CO* was below 3nA
before injection of '3CQOy. Despite the expectations, the
extracted "SeCO beams are dominated by the 2C iso-
tope, and "*Se'3CO could not be unambiguously identi-
fied in the mass spectrum. Thus, the results indicate that
the injected carbon dioxide does not serve as primary car-
bon source for carbonyl selenide formation. Furthermore,
the formation of SeCO is significantly affected by the tar-
get temperature, as discussed in more detail in sect. 4.

An elementary analysis by electron-dispersive X-ray
spectroscopy (EDS) did not show carbon above the detec-
tion limit of typically 0.1% in the zirconia target mate-
rial itself. While the result shows, that no important car-
bon fraction is present in the material, a contribution of
carbon e.g. originating from the decomposition of minor
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amounts of zirconium carbide at elevated temperatures
cannot be excluded. Another source of carbon are the
structural parts of the target assembly, which is obvious
from intense CO™ beam typically extracted from freshly
assembled target units without charge in the target con-
tainer.

So far, injection of tetrafluoromethane (CF,) was
found to regenerate radioactive SeCO beams after deple-
tion of the sideband, albeit at a lower yield. Further in-
vestigations are ongoing.

4 On-line yield measurements with ZrQO, as
target material

Two different target units (#605 and #612) with Yttria-
stabilized zirconia fibers as target material were used for
carbonyl selenide ion beam production. The target ma-
terial was supplied by Zircar Zirconia Inc., PO BOX 287
87 Meadow Road, NY 10921 Florida, type ZYBF-5, lot
#30D-96. Both target units were equipped with FEBIAD-
type ion sources. Due to the decreasing production of
SeCO during operation of the first target unit #6005,
it was investigated if the carbon inventory of the orig-
inal FEBIAD MKS5 source [25] can be exploited to fos-
ter SeCO formation. The earlier FEBIAD sources con-
tained graphite parts (accelerating grid, outer ring of out-
let plate), which were found responsible for a substantial
carbon monoxide beam at elevated temperatures. These
parts have been replaced by molybdenum within the de-
velopment of the VADIS ion source [27]. Therefore for tar-
get unit #612 the molybdenum grid of the VADIS source
was replaced by a graphite grid. Other than this part,
the ion sources were identical. To minimize the reduc-
tion of the carbon inventory during offline conditioning,
the heating time of the target before online operation was
minimized for unit #612. This resulted in an initial CO*
current of 540nA for target unit #612, which was ca. five
times the value of target unit #605, measured under com-
parable conditions.

Due to this additional supply of carbon, an enhance-
ment of molecular formation of SeCO was therefore ex-
pected for the second target, unfortunately, this was not
the case. Additionally, a comparison between a VADIS-
ionized molecular beam of SeCO™ and a resonantly laser
ionized atomic beam in VADLIS mode (running with an
anode voltage < 10V) [7] was made with target #605. For
the VADLIS measurements laser powers were optimized
for efficiency, meaning that the first step was operated at
80mW.

Yields of radioactive species for both target units
were measured using gamma-ray spectroscopy with the
ISOLDE tapestation [28], located at the central beamline,
which is equipped with a plastic scintillator and a high
purity germanium detector. The obtained yields strongly
depend on the history of target heating and temperatures
during the measurement. The yields for the different ion-
ization mechanisms are given in fig. 3, alongside the tem-
perature dependence and time evolution in fig. 4. Due to
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Fig. 3. Radioactive ion beam yields obtained from target #605
[ZrO] at the beginning of the run in dependence of the target
container temperature. Open symbols represent measurements
at an ion source cathode temperature of 2100 °C, otherwise
the ion source cathode temperature was 2050 °C. The yield of
laser-ionized "'Se™ was only measured at a target temperature
of 1850°C, laser-ionized yields at higher temperatures were
estimated by eq. (1). See text for details.

limited availability of beam time, the yield of laser ionized
selenium could only be measured at the target tempera-
ture of 1850 °C. Contrarily, significant yields of molecular
species were only present at higher target temperatures. It
is well established that the fraction of radioactive species
released from the target material before their decay typ-
ically increases with target temperature (see e.g. [29]).
For prospective users of laser-ionized selenium beams, it
is of interest to estimate the yield at higher tempera-
tures. Thus, an estimation of expected laser-ionized se-
lenium yields is required, which also allows a comparison
of electron-impact and laser ionization yields. Within the
given order of intensity (< 1pA), the radioactive beam
intensity scales linearly with the amount of neutrals in-
troduced into the ion source. The latter equally holds
for laser and electron impact ionization. Measurements
with the FEBIAD source allow an estimation of the in-
crease in atomic selenium injected into the ion source.
In the FEBIAD source two major ionization channels
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Fig. 4. Evolution of yields: After two days, the yield of
"1SeCO™ decreased below the detection limit of ~ 200 ions/uC.
Injection of CF4 (after 3 days) could partially recover the
beam. The connecting lines between the data points were in-
serted to guide the eye.

are expected to contribute to the extracted atomic Se™
beams. Besides ionization of atomic selenium, an addi-
tional contribution is given due to dissociative ionization
of selenium containing molecules. A search for selenium
containing molecules other than SeCO including "'SeO,
"1SeC, " SeF, "'SeF,, 'SeFs3, 'SeBr, "'SeCl and "'SeAl
remained unsuccessful. The dimer Se; as well as SSe have
not been measured, however, the compounds are not pre-
dicted to be stable by the software package HSC above
1500°C [30]. Thus, we assume that besides ionization
of atomic selenium, only dissociative ionization of car-
bonyl selenide significantly contributes to the extracted
Se™ beams. The dissociative ionization can be expressed
as SeCO 4 e~ — Set 4 CO + 2e~. To the best of our
knowledge, partial ionization cross sections of SeCO have
not yet been reported. Within the offline studies prior to
online operation of target units #605 and #612, the ratio
of stable "2'SeCO™ to "**'Se™ beams was measured. The
highest ratio found was, **SeCO™ having twice the in-
tensity of "**Se™ at an Anode voltage of 170 V. The ratio
of injected neutral Se and SeCO is not known. However,
from this measurement, it can be concluded, that no more
than one third of the SeCO is extracted as atomic selenium
ion beam. The value is in agreement with a fragmentation
pattern published by Marquart et al. [31], which was mea-
sured at an electron energy of 70eV. The neutral flow of
atomic selenium ng.(7") at temperature 7', can be conser-
vatively estimated from the beam currents I of Se™ and
SeCO™ as

neu(Th) = Ise(Ty) — 1/3Iso(T5)

" Tso(Th) — 1/31so(Th) nse(T1),

(1)

Yields of laser-ionized selenium scaled using eq. (1) are
included in fig. 3.

Additionally the observed contaminants for different
masses of the atomic and molecular beams are given in the
same fashion. A significantly higher yield (factor 35) was
achieved when using electron impact (SeCO™) compared
to laser (Set) ionization. The drawback of this method,
as can be concluded from the overview given in fig. 3, is
the high amount of contamination after installation of the
target, which was at least one order of magnitude higher
than that of the species of interest. A potential contam-
ination of sulfur is also indicated by a peak pattern in
the stable beam mass spectrum in the range from 60 to
62 amu. This is the dominant beam of a freshly prepared
unit, and matches the pattern of carbonyl sulfide (SCO).
However, after two days the intensity of the AlBr™ and
GeS™ contaminants reduced by factors of 300 and 40, re-
spectively, whilst atomic Set is only reduced by a fac-
tor of 3.5 (cf. fig. 4). The reduction of yields with oper-
ation time of the target is a common behavior of thick
target units, and often attributed to a degradation of
the target material during operation at elevated temper-
atures [32]. The precise origin of the decreasing yields in
the given target and ion source setup along within the
discrepancy in the values has not been studied. A deple-
tion of a molecular sideband can be caused by a lack of
one species necessary to form the sideband. For exam-
ple, outgassing of aluminum prevents formation of AlBr+.
Assuming continuous release of atomic selenium from the
target material, the depletion of the SeCO sideband might
be caused by depletion of the precursor compounds. Addi-
tionally, competitive reactions, like formation of carbonyl
sulfide instead of carbonyl selenide, might contribute to
a depletion of the sideband. Nevertheless, if control over
molecular formation of SeCO can be achieved, the extrac-
tion of molecular selenium might provide a relatively pure
beam. The yield evolution of target unit #605 is shown
in fig. 4. Two days after installation of the target unit
#605, "' Se yields above the detection limit of 200 ions/;C
could not be measured anymore on the mass of "1SeCO.
However, two hours after injection of CF, at a flow rate
of 2.3 x 10" mbarLs™! the yield of "'SeCO* was found
to have recovered to 1.0 x 103/uC. Eight hours after the
beginning of CF, injection, a yield of 1.6 x 103/uC was
found. Thus, the vanishing of the "*SeCO™" sideband is
not related to sintering of the target material, which is
in many other cases a common mechanism for material
degradation.

5 On-line yield measurements with Ta foils as
target material

Attempts were also made to extract selenium from a
previously irradiated tantalum foil target (#565), which
had no mass markers attached to it. It was equipped
with a Ta surface ion source operated at 2150°C with
the target temperature set to 2100 °C. Calculations with
ABRABLA [33] suggest that the production rate for "°Se
is a factor of &~ 80 less than for ZrOs. Although, as no SeO
formation is expected, the increased proportion of atomic
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Fig. 5. A = 74 ion beam measured with the ISOLTRAP MR-
ToF MS without and with laser ionization using a Ta foil target
(#565). The measurements were 30 and 3 ms long respectively.
The enhanced laser-ionized fraction of the beam (above the
surface-ionized Se™ and isobars) is clearly visible. The graphs
were provided by F. Wienholtz.

selenium available for laser ionization combined with the
standard surface ion source could lead to similar yields.
With the lasers set to the according transitions (powers
before launch: 1st step 80 mW, 2nd step 2W, 3rd step
40 W), no signal above the Faraday cup detection limit
was observed for any of the stable selenium isotopes. The
only signal seen was with use of the multi-reflection time-
of-flight mass spectrometer (MR-ToF MS) [34], which is
capable of single ion counting. With this, stable “Se* (ra-
diogenic, produced in the target material) was observed,
but attempts at detecting radioactive species failed. Due
to the very limited amount of time for this measurement,
which prohibited further optimization attempts, no con-
clusion about the reason for the low yield can be drawn.
The high sensitivity of the MR-ToF MS allowed the mea-
surement of both laser- and surface-ionized selenium. The
enhancement factor for laser over surface ionization was
650, and is clearly visible in fig. 5. Also visible is the iso-
baric contamination composed of “4Gat, which was less
intense than the laser-ionized selenium.

6 Conclusion

A RILIS ionization scheme for selenium has been tested
off-line and on-line at ISOLDE, yielding an efficiency of
> 1% in a hot-cavity ion source. This value is expected
to reach up to 10% if a reliable means of accessing the
ground state atomic population is achieved. Laser-ionized
radiogenic selenium production was investigated for ZrOs
and Ta foil targets during on-line tests at ISOLDE. In the
case of the ZrOs targets the RILIS-mode of the VADLIS
was compared with standard electron impact ionization
of either elemental or molecular (SeCO) selenium. The
"1Set ion beam produced by electron impact ionization
was dominated by a 10x more intense background of
electron-impact ionized “*Ast. Whilst in RILIS mode the
production of "'Set was free of radioactive isobaric con-
tamination (no detection of "As™), a loss of factor ~ 35
in the ion rate was observed compared to electron impact
ionization. Taking into account non-optimal conditions of
laser ionization (low population of starting level) and as-
suming overcoming the technical difficulty of producing
stable emission of laser light at 207.5nm, the expected
yield of laser-ionized selenium could reach the same order
of magnitude as was obtained using the electron impact
ionization.

For the Ta-foil target, RILIS ions were observed but
the extracted ion rates were negligible, remaining below
the Faraday cup detection limit. The molecular SeCO
beams, extracted from the ZrQO, targets, could neither
provide the required yields and purity. Additionally the
observed drop of molecular formation during the period
of the measurements showed that further investigations
into the production of these beams need to be made.

7 Outlook

For a better understanding of the molecular formation,
the underlying chemical processes will be investigated
by thermodynamic simulations and in a dedicated ex-
perimental setup. Moreover, target materials which fa-
vor atomic Se production should be tested in combina-
tion with the standard hot-cavity RILIS configuration.
Should additional time for laser ionization scheme devel-
opment become available, further investigations for iden-
tifying transitions to autoionizing states can be made to
improve the laser ionization scheme efficiency. Scanning
the range of either the frequency-doubled dye or Ti:sap-
phire lasers would provide access to an unexplored energy
range of the continuum.
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The most refractory elements (i.e., elements with high melting and boiling points) are
located in the center of the d-block. These elements, like molybdenum or tungsten, are
often used as structural materials of the target and ion source system. Their extraction
as ISOL beam from a thick target requires formation of a volatile carrier molecule. For
the majority of refractory elements, it was so far unsuccessful. In this chapter, a concept
tailored to the refractory 4d and 5d metals is proposed. Recently, it was discovered
that these elements efficiently form carbonyl compounds at ambient temperature and
pressure. The concept presented in the publication draft is based on calculations, sim-
ulations and proof-of-concept experiments towards a cold electron-impact ion source.
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6.1 Extraction of refractory transition metals

While this section focuses on refractory transition metals! , a general introduction and
review of molecular ion beam formation is provided in section 4.1. In fig. 6.1, the
volatility of the elements is illustrated. It is typically assumed that a vapour pressure
of at least 1 x 10~2mbar is required to enable suffienctly fast transport of radioiso-
topes [191].As shown in the figure, the central transition metals make up the biggest
agglomeration of refractory elements in the periodic table.

Attempts to extract refractory elements are among the first experiments with radioactive
molecular beams. It was shown that molybdenum and technetium can be extracted by a
nitrogen stream at atmospheric pressure from an irradiated uranium tetrafluoride target
at temperatures below 800 °C [235]. However, attempts to efficiently ionize the volatile
compounds (probably fluorides or oxyfluorides) remained unsuccessful [173]. Besides
fluorides, oxides have been proposed as carriers [187]. The volatilization of Mo, Tc, Ru,
Re and Os as oxides was demonstrated from molten silver and gold samples under a
partial pressure of 1 x 1073 mbar to 1 x 1072 mbar of oxygen and water vapours [248].
Their efficient ionization in an ISOL setup is not reported. It has been argued that in
both cases, the molecules are not sufficiently stable in the target and ion source system.
In particular, hot tantalum surfaces often promote breakup of the compounds [98,191].

Four of the thirteen refractory transition metals were successfully extracted as ISOL
beam. Hafnium beams could be produced at ISOLDE from a tantalum / tungsten metal
foil target and injection of CF4 [210]. Zirconium extraction is reported in pioneering ex-
periments from a GSI-JGU collaboration [173,218] in the 1970s and from ISOCELE [209].
The extraction of ZrFy was reported from uranium deposited on a graphite cloth [202]
but could not be confirmed in later experiments from a uranium carbide target [97,98].
At TRIUMF, the extraction of long-lived *™Tc from a tantalum carbide target is re-
ported [211]. At the ISOCELE facility, short-lived tantalum isotopes with half-lives in
the order of seconds could be extracted as fluorides [217] in the mid 1980s. Since the

T (p vapor > 0.01 mbar) < 100 €
T (p vapor > 0.01 mbar) < 400 T
T (p vapor > 0.01 mbar) < 1000 C

T (p vapor > 0.01 mbar) > 2000 T

W |Re
105 106 107| 108] 109] 110| 112] 113] 114
Hs |Mt |Ds |

98| 99] 100 102

Fm |Md |No

103|

|Bk Cf |Es Lr

Figure 6.1: Periodic table of elements showing the temeratures required to reach a vapour pressure of
more than 1 x 1072 mbar. The pressure is an indication for sufficiently fast transport of radioisotopes in
the target and ion source system. Reproduced from [191].

1 For the sake of simplicity, refractory transition metals in this chapter refers to transition elements that
require more than 2000 °C to reach a vapour pressure of 1 x 1072 mbar.



The carbonyl concept for the most refractory beams 81

characteristics and operating procedures of modern ISOL facilities differ significantly
from the ISOCELE concept, it is not certain if the exploited methods can be applied
nowadays. The target material at ISOCELE was integrated in the ion source and the
separator allowed relatively high ion currents of up to 2mA which allowed the evapo-
ration of a significant amount of target material during operation [249]. The exchange
of the extraction electrode was forseen after each run [209], which would not be feasi-
ble at ISOLDE due to the radiation levels in the area and its impact on the availability
of ISOLDE as demanded user facility. More recently, the transport time of tantalum
has been estimated in an ISOLDE target and ion source unit, indicating that an extrac-
tion of long-loved tantalum radioisotopes might be feasible [191]. However, in online
experiments with tantalum / tungsten foil targets supplied with CFy, radioactive tanta-
lum beams could not be extracted. A possible reason might be the loss of radiogenic
tantalum in exchange reactions with stable tantalum [210].

Recent proposals for the extraction of refractory transition metals have been provided
by Koster et al. [191] and Kronenberg et al. [98]. Koster et al. argue that most refractory
elements could be extracted as oxides or fluorides. To avoid their decomposition on the
hot tantalum surfaces of FEBIAD ion sources, the development of an ECR ion source
equipped with a hot plasma chamber is proposed by the authors. Few elements (e.g.,
Os, Ru) form highly volatile oxides wich would even be compatible with cold plasma
sources. Besides slow diffusion, some difficulties associated with this approach are the
previously encountered instability of ECR sources with a pulsed driver beam (cf. sect.
1.2.3) and the proximity of the proposed hot plasma chamber and the heat-sensitive
permanent magnet array. Kronenberg et al. propose to investigate zirconium sulfide
sidebands from a uranium sulfide target or zirconium fluoride from a UF; target and
addition of stable carrier [98]. The extraction of molybdenum and technetium is pro-
posed in the oxide sideband from a thoria target. Ionization is not discussed in depth,
however, for a vanadium oxychloride sideband, its collection on a cold spot and sub-
sequent ionization by sputtering is proposed. While ion sources involving sputtering
techniques have been developed for negative beams [250], their efficiency for positive
beams remains unclear.

6.2 The carbonyl method

Within this thesis, the feasibility of a novel approach for molecular sideband formation
is investigated. Recently, it was discovered that highly volatile carbonyl compounds
of transition metals form at ambient temperature and pressure upon thermalization
of fission recoils in a carbon monoxide-containing atmosphere [251]. The refractory
transition elements Mo, Tc, Ru, Rh, W, Re, Os and Ir are known to form carbonyl com-
pounds [252] and could possibly be extracted with the same method. These compounds
are thermally unstable complexes similar to most organometallic compounds? . Com-
ments on the use of organometallic compounds in ion sources were made by Freeman
and Sidenius who advised against their usage in high temperature ion sources [187].

They point out that chemical equilibrium systems should be chosen instead, in which
the metal ions can reform the molecule after breakup. In cold ECR ion sources for the
production of intense stable beams, carbonyl compounds were successfully used within
the Metal Ions from VOlatile Compounds (MIVOC) method [254].

2 It can be argued that the carbon monoxide ligand is inorganic and as such carbonyl complexes are
not metal-organic compounds. However, due to similar chemical behavior, transition metal carbonyls are
typically discussed along with classical organometallic compounds e.g., [252]. It was pointed out that
"Together with being a subfield of organic chemistry, organometallic chemistry can thus also be seen as a subfield of
coordination chemistry in which the complex contains an M—C bond (e.g., Mo(CO)g)’ [253].
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Within this thesis, modified and standard VADIS ion sources and the cold plasma ion
sources Helicon and COMIC were tested for compatibility with carbonyl compounds.
The measured ionization efficiencies from these sources were not sufficient (cf. Ap-
pendix A). Promising results were obtained in preliminary experiments with a cold
electron-impact ion source in which electrons were liberated by a laser. Results from
the latter, simulations for radioisotope production, stopping of recoils in a gas atmo-
sphere and cryogenic gas separation of carbonyl compounds from the more volatile
carbon monoxide gas are provided in the article below. The simulation results and ex-
trapolation of experimental data allow the definition of parameters for an experimental
setup and the estimation of radioactive beam yields which are provided for the model
cases 'Mo(CO)g and 74W(CO)s.

6.3 Contributions

The project was proposed and supervised by Ch.E. Diillmann, T. Stora and A. Yaku-
shev. The simulations were set up, conducted and analyzed by myself, with support as
outlined in the acknowledgments. The experiments towards cold electron-impact ion-
ization were conducted in collaboration with K. Chrysalidis, D. Leimbach, B.A. Marsh,
A. Ringvall-Moberg and S.G.Wilkins, who also provided and operated the laser system.
The experimental data was analyzed by myself. E. Granados contributed in discussions
regarding photo-cathode development. The article draft was written by myself and
submitted for publication.
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A concept for the extraction of the most refractory elements at
CERN-ISOLDE as carbonyl complex ions
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Abstract. We introduce a novel thick-target concept tailored to the extraction of refractory 4d and 5d
transition metal radionuclides of molybdenum, technetium, ruthenium and tungsten for radioactive ion
beam production. Despite the more than 60-year old history of thick-target ISOL mass-separation facilities
like ISOLDE, the extraction of the most refractory elements as radioactive ion beam has so far not been
successful. In ordinary thick ISOL targets, their radioisotopes produced in the target are stopped within the
condensed target material and have to diffuse through a solid material. Here, we present a concept which
overcomes limitations associated with this method. We exploit the recoil momentum of nuclear reaction
products for their release from the solild target material. They are thermalized in a carbon monoxide-
containing atmosphere, in which volatile carbonyl complexes form readily at ambient temperature and
pressure. This compound serves as volatile carrier for transport to the ion source. Excess carbon monoxide
is removed by cryogenic gas separation to enable low pressures in the source region, in which the species
are ionized and hence made available for radioactive ion beam formation. The setup is operated in batch
mode, with the aim to extract isotopes having half-lives of at least several seconds. We report parameter
studies of the key processes of the method, which validate this concept and which define the parameters
for the setup. This would allow for the first time the extraction of radioactive molybdenum, tungsten and
several other transition metals at thick-target ISOL facilities.

PACS. 29.38.-c Radioactive Beams

1 Introduction

The Isotope mass Separation OnLine (ISOL) technique
was used already in 1951 to extract radioactive krypton
isotopes from a 10 kg uranium oxide target, which was
placed between the coils of a cyclotron magnet and ir-
radiated by neutrons. The direct connection of the tar-
get to an ion source allowed simultaneous production and
extraction of volatile species, and is today considered as
the birth of the ISOL technique [1,2]. Modern ISOL tar-
gets use less material (see ref. [3] for a recent review),
but their areal densities are typically above several g/cm?.

# e-mail: jochen.ballof@cern.ch

> Present address: SCK CEN, Boeretang 200, 2400 Mol, Bel-
gium
¢ e-mail: thierry.stora@cern.ch

The thick target is both a blessing and a curse: the num-
ber of radioactive atoms produced inside the target scales
with its thickness, translating into high yields for volatile
elements like mercury. At CERN-ISOLDE, which is sup-
plied by 1.4 GeV protons from the Proton Synchrotron
Booster (PSB), extractable yields for **"Hg from a molten
lead-bismuth target have been measured to be as high as
5 x 10% ions per uC of protons, while the mean proton
current for molten targets can reach up to 1.5 pA [4,5,6].

Issues arise, if i) the desired element is either chemi-
cally reactive and froms strong bonds to the target or to
structural materials of the target and ion source system,
ii) the diffusion of the element in the target material is
slow, or iii) if the effusion through open space from the
target to the ion source is hindered due to long sticking
times at each wall encounter. The mean sojourn time 7
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Fig. 1. Periodic table of elements showing available and not
yet available thick-target ISOLDE-beams of short-lived iso-
topes (T1/2 < 1h), in comparison with the elements forming
carbonyl compounds [7,8,9]. S, Se and Te form compounds of
type XCO (X= S, Se, Te), analogous to CO2. Only the first
six rows of the periodic table rows are shown.

for a single wall collision can be estimated by the Frenkel
equation [10,11],

~AHaas/(RT) (1)
where R is the universal gas constant, 7y the period of vi-
bration perpendicular to the surface in the adsorbed state
and AH,qs the enthalpy of adsorption, which is a mea-
sure of the interaction strength between a single atom,
molecule or ion and a surface. Hence, 7y is a property of
the adsorbent only, while AH,4s depends on adsorbent
and adsorbate. The latter can often be correlated to the
macroscopic sublimation enthalpy of the adsorbent, char-
acterizing the interaction between atoms or molecules of
the same kind, which in turn is related to the vapour
pressure of the compound. Hence, the vapour pressure is
a measure for the mobility of a species during effusion
processes for a given surface [12]. As can be seen from
Eq. 1, the mean sojourn time depends exponentially on
the temperature. Elements suffering from low vapour pres-
sure and high boiling point are called refractory, and their
extraction as ISOL beam provides a substential challenge.
Volatile carrier molecules need to be formed, to enable
transport of these elements to the ion source. From there
they are either extracted as a molecular beam even as el-
emental ion beam, due to dissociation in the ion source.
The process is called in-situ volatilization, chemical evap-
oration or extraction as molecular sideband. Reviews by
Koster et al. give an excellent overview of the method and
its limitations [13,14]. A recent development, not yet listed
therein, is the successful extraction of the refractory and
chemically reactive element boron as fluoride [15]. The el-
ements for which short-lived isotope beams (77, < 1h)
are available from thick-target ISOL facilities are shown
in fig. 1. The most volatile elements, like noble gases, can
already be extracted at low target temperatures. As both
the sticking times and the diffusion processes inside the
target material depend exponentially on the temperature,
it is possible to extract most of the elements with the ISOL

T =1Tp¢€

technique, if the target is operated at elevated tempera-
tures. Therefore, the ISOLDE target container is made
of tantalum and is designed to be heated restively to a
maximum temperature of ca. 2250 °C.

As illustrated in fig. 1, many transition metals are not
yet available as ISOL radioactive ion beam. This region of
the periodic table contains the most refractory elements
like molybdenum, tantalum, tungsten and rhenium. These
are at the same time the construction materials of the typ-
ical target and ion source unit. So far, it was only possible
to extract tantalum as TaFj [9,16], which is compatible
with the structural materials of a FEBIAD ion source.
Long-lived %™Tc¢ (T2 = 6h) could be extracted in el-
emental form from a tantalum carbide target equipped
with a hot rhenium cavity by resonant laser ionisation.
The online extraction of short-lived Tc isotopes is not re-
ported [17]. Suitable sidebands for the remaining 4d and
5d refractory metals have not yet been found.

The requirements for volatile carriers are multifold.
The compound should form easily upon reaction of a pro-
duced radioactive atom and a reaction partner, which is
either present in the target and ion source system or in-
troduced via injection of reactive gases. The latter can be
either directly injected into the target or produced in-situ
by heating a small solid sample which is connected to the
target via a tube.

After formation of the isotope carrier compound, it
has to travel from the target container via a transfer line
to the ion source. On its way numerous wall encounters
occur. Hence, the compound must be chemically inert to-
wards the materials present in the target and ion source
system. High temperatures are often beneficial for fast dif-
fusion and volatile compound formation. However, it can
be adverse to the desired chemical stability of the carrier
molecule. This is especially the case, if decomposition is
favored by thermodynamics, but could be inhibited kinet-
ically, i.e. by slower reaction rates at lower temperatures.
Moreover, if decomposition is required for beam purifica-
tion purposes, catalytic processes at low temperatures can
be considered.

After eventually reaching the ion source, the compound
needs to be ionized efficiently. For the extraction of the
4d and 5d transition metals of groups 6 to 9, which the
present article is addressing, the extraction as fluoride
or oxide has been discussed [13,9,16]. Both compound
classes suffer from limited compatibility with the mate-
rials present in target and ion sources. This especially
holds for tantalum, which forms strong bonds to oxygen
and fluorine, thus decomposing the volatilized oxygen or
fluor-containing molecules upon impact.

Another issue arises from the target material. Typi-
cally uranium carbide targets are used at ISOLDE to pro-
duce heavy elements, fission products and light neutron-
rich fragments. The reductive environment and the pres-
ence of carbon in the material are adverse to oxidation
reactions. The material structure of uranium oxide has
only limited thermal stability and is prone to fast sinter-
ing, which increases the diffusion time. To follow a clas-
sical approach for the extraction of the refractory metal
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beams, the development of a new target material, ideally
a target and transfer line free from metallic surfaces, and
the integration of an efficient ECR (Electron Cyclotron
Resonance) ion source would be required, due to catalytic
decomposition of the volatile carrier on metallic surfaces
and the given source temperatures. However, even after
the implementation of all of these developments, the issue
of slow diffusion in the target material remains. Hence, we
propose a new target concept to bypass the limitations of
a more classical high-temperature approach.
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2 The target concept

To overcome operation at high temperatures, a novel tar-
get concept is proposed, allowing target operation at am-
bient temperature and pressure. The new concept aims at
producing and extracting radioisotopes with half-lives of
at least one to ten seconds in a batch-mode.

The recoil momentum allows ejectils of nuclear reac-
tions to propagate through and emerge from thin metal-
lic foils. In the proposed concept, the recoils are ther-
malized in a reactive gas and form volatile compounds
in-situ (cf. fig. 2). A compound class that appears well
suited for in-situ volatilization is that of metal carbonyl
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Fig. 2. Target concept for the extraction of refractory transition metals from a metallic foil target, shown exemplarily for the
extraction of 1°Mo from uranium foils. Highly energetic protons impinge on a tungsten neutron converter and produce spallation
neutrons. (a) The neutrons induce fission in the uranium foils and fission recoils emerge from the foil and are thermalized in
carbon monoxide. Upon thermalization molybdenum hexacarbonyl complexes form readily. (b) The excess carbon monoxide is
removed by cryogenic gas separation and the carbonyl complexes are fed into the ion source. (¢) Electron impact ionization
is proposed to ionize molybdenum hexacarbonyl. Electrons emerging from a cathode are accelerated through a grid into a
cylindrical anode where ionization takes place in collisions between neutral molecules and electrons. The ion source is kept at
a potential of 30kV and ions are extracted through the grounded extraction electrode. Further details are given in the text.
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foil geometry described in the text. The proton beam arrives from the left on the neutron converter. A sketch of the target is

shown in fig. 2.

complexes. As can be seen in fig. 1, nine out of fifteen
transition metals, of which beams are not yet available,
form volatile carbonyl compounds. Already in 1961, the
extraction of molybdenum from uranium oxide by forma-
tion of a volatile carbonyl compound was demonstrated
[18]. Baumgértner and Reichhold irradiated a mixture of
U30g and Cr(CO)g with neutrons and were able to extract
molybdenum hexacarbonyl by sublimation. Later, nuclear
reaction products where thermalized in a chromium hex-
acarbonyl catcher, from which they could be evaporated
as carbonyl compound [19]. However, a catcher made of
Cr(CO)g is incompatible with an ion source as used in
ISOL target units, due to its high volatility [20]. Recently,
it was shown by Even et al. that volatile carbonyl com-
plexes readily form at ambient temperature and pressure
by thermalizing fission fragments of suitable elements in a
carbon monoxide-containing atmosphere [21,22]. Within
our concept, the formation of the volatile compound is
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Fig. 4. In-target production for selected elements obtained by
FLUKA. The error bars correspond to statistical errors of the
simulation. The target geometry parameters are listed in Tab.
1.

followed by removal of the reactive gas by cryogenic gas
separation [23], as illustrated in fig. 2b. The system is
evacuated while the carbonyl compounds are retained in
a cooling trap.

After excess gas removal, the cooling trap is allowed
to warm up to release the volatile compounds, which are
then fed into the ion source and ionized in collisions with
electrons. In the following sections, the feasibility of the
concept is investigated by means of proof-of-principle ex-
periments of individual steps of the full procedure and nu-
merical simulations. Molybdenum and tungsten were used
as model case for the studies.

Despite their potential as volatile carriers, transition
metal carbonyl complexes are delicate compounds, and
decomposition in beam-induced plasmas and at elevated
temperatures is expected [24,25,26,27]. In addition, impu-
rities (e.g. oxygen or humidity) in the reactive gas reduce
the chemical yield [28].

The topics addressed in the following sections aim at
an order-of-magnitude estimation of radioactive ion beam
yields that could be achieved. The average expected ra-
dioactive ion beam yield N computes to

N = Né’a“h X € X Upatch, Where

N(l)aatch _ IZ’;VO

(2)

[1 —e ti”] ,and
€ = €extr X €stop X €form X 6sep()\) X €jon, with

the in-target production yield by nuclear reactions Ny,
the fraction of isotopes propagating through foils €qxyr,
and of those stopped in the gas esop, the formation of
the volatile carrier molecule €¢y,y,, the conditions required
for removal of excess carbon monoxide gas and the asso-
ciated efficiency escp as well as the ionization efficiency of
carbonyl complexes €;,,. The number of isotopes N('fa“h
with radioactive decay constant A is produced per batch
within the irradiation time ¢;;, at steady proton current I,.
The repetition frequency of the batch operation is vpatch-
Decay during separation is included in the efficiency fac-
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tor €sep(A). In the following sections, each parameter is
explained and its numerical value is studied in detail. The
considerations are based on the target concept shown in
fig. 2 and target geometries listed in table 1.

2.1 In-target production

To avoid direct exposure to the intense proton beam, a
spallation neutron source made of tungsten is proposed.
The latter is commonly found in ISOLDE target units
and called proton-to-neutron converter [29,30,31]. This
converter is concentrically surrounded by uranium or plat-

inum target foils, which are placed inside a carbon monoxide-

containing vessel. High production rates for molybendum
and other 4d transition metals are expected from ura-
nium fission. Platinum was chosen because high produc-
tion rates of tungsten are expected in spallation reactions.

Relative to the 20cm-long foils, the converter is in-
dented by 2.5 cm in the beam axis and direction. This
layout is initially proposed to reduce the proton fluence,
which emerges by scattering in the target container [32,
33,34]. The geometry parameters are listed in table 1,
and chosen under consideration of typical ISOLDE tar-
get size limitations and recoil ranges, but without further
optimization, which is out of the scope of this concep-
tual work. The geometry could be further optimized (e.g.
towards higher production rates and lower energy depo-
sition on the tungsten rod) depending on the outcome of
experiments studying carbonyl decomposition in such a
setup. The power deposted by the primary proton beam
might require modification of the geometry or the devel-
opment of a dedicated cooling concept to avoid heating of
the gas-volume to temperatures above the decomposition
threshold for transition metal carbonyl compleses. The foil
thickness was chosen based on expected recoil range and
commercial availability.

As will be discussed in sect. 2.2, the recoil energy of
tungsten isotopes obtained in spallation reactions is lower
than that of uranium fission products. Thus, a dense ar-
rangement of thin (2 pm) platinum foils is desired. While
the design is mechanically challenging, dense foil arrange-
ments have already been realized by either using dim-
pled foils or dedicated spacers between the layers [35].
The proposed quantity of platinum foils (26 m?) might be
cost-prohibitive or require a custom manufacturing pro-
cess. Further investigations towards a different type of
platinum-containing material, e.g. films deposited on back-
ing foils [36], could be subject of further studies. The re-
placement of platinum foils by gold foils could equally be
considered.

The number of desired isotopes produced inside the
target material per nC of primary beam Ny was investi-
gated with the FLUKA particle tracking code [37,38]. The
1.4 GeV proton beam was assumed to have a Gaussian
profile with 0 = 0.35 ¢cm, which is the common irradiation
mode for an ISOLDE proton beam focused on the target
container. The resulting proton and neutron fluences are
shown in fig. 3. Due to scattering of the high energy pro-
ton beam on the converter, the beam broadens to form
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Fig. 5. Range of a ®*Mo fission fragment in a carbon monox-
ide atmosphere at 1bar (abs.) and a metallic uranium, ob-
tained by SRIM [39,40]. The lines show a polynomial fit

a plume. Using the proton-to-neutron converter reduces
the proton fluence in the region of the gas-filled container
by two orders of magnitude, in comparison to direct pro-
ton irradiation. The neutrons emerge isotropically from
the tungsten rod. Overall, the uranium foils are exposed
to a neutron fluence exceeding 2 x 10 cm 257!, if the
neutron converter is bombarded with 2.0 pA of protons.
fig. 4 shows the in-target production yield of molybdenum
and rhodium as 4d elements, and tungsten as 5d element.
The plot contains simulation results for two different tar-
get materials and geometries, which are summarized in
table 1.

The in-target yields for molybdenum in the U(n,f) re-
action reach a maximum for '%Mo (T} /2 = 365) and de-
crease towards heavier and lighter isotopes. The yields on
the outermost of the three foils are somewhat reduced due
to the lower solid angle coverage and particle fluences. The
yields of 1%Mo compute to 1.4 x 103 pC~! for the inner-
most foil, 1.3 x 108 uC~! (middle foil) and 1.1 x 108 pC~*
(outermost foil), reaching a total yield of 3.8 x 108 nC~1.
For comparison, the in-target production of °*Mo in a
typical uranium carbide target at ISOLDE (ca. 50 g cm ™2
of 238U), irradiated directly with the proton beam, is com-
puted to 5.4 x 10° nC~* by FLUKA [8].

The yields of the heavier element rhodium are in the
same order of magnitude as molybdenum yields. The max-
imum yield of the tungsten isotopic chain in the Pt(n,spall)
reaction, is found near "*W. The total yield of this iso-
tope produced in the platinum foil assembly is predicted
to be 4.5 x 108 pC~1.

2.2 Recoil range, thermalization and molecule
formation

After production, the radionuclide propagates through the
target material foil. Subsequently, it is crucial to thermal-
ize the hot reaction products in the surrounding gas at-
mosphere to avoid implantation into the next foil or the
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container. The projected ranges in the respective materi-
als depend on the kinetic energy of the recoil ion, which
in turn depends on the underlying nuclear reaction, and
the associated kinetic energy of the projectile. In addition,
the projected range decreases with carbon monoxide pres-
sure in the target container. In the following a pressure of
1bar (abs.) inside the target container, and a pure carbon
monoxide atmosphere are assumed.

Protons and neutrons have been considered as projec-
tiles inducing nuclear reactions, and their fluences in the
target foils were obtained with FLUKA. Other secondary
reaction channels are typically negligible and are not con-
sidered in in-target production simulations [41]. Folding
the computed energy-differential projectile fluences with
cross sections for isotope production computed by dif-
ferent codes, allows to identify the predominant reaction
channel and finally, its associated recoil energy. For the
low energy part (below 200MeV) of the incident parti-
cle spectra, TALYS [42,43] and GEF [44,45] were used.
Higher energies were addressed with the ABRABLA code
[46]. The energy distribution of spallation neutrons origi-
nating from a neutron converter in similar geometry has
already been experimentally investigated and is in agree-
ment with FLUKA simulations [30]. The cross sections
given by ABRABLA have also been benchmarked with
experimental results obtained at ISOLDE [41,47].

The neutron energy spectra obtained within this work
follow a broad distribution with a maximum at ca. 3 MeV
(evaporation neutron peak) and extend to ca. 1.4 GeV,
which is the energy of the incident proton [48]. The spec-
tra of protons have a maximum at ca. 100 MeV, and also
extend to 1.4 GeV.

From simulations with the GEF code in the energy
range from 100keV to 20 MeV for incident neutrons im-
pinging on a 238U target, the mean kinetic energy of °°Mo
fission recoils is expected to be between 90 and 100 MeV.
ABRABLA equally predicts a recoil energy of ca. 90 MeV
for 100 MeV neutrons. Excitation functions for the pro-
duction of '™W from '"°Pt have been calculated and
folded with the proton and neutron fluence spectra. In-
cident particles from ca. 100 MeV on, significantly con-
tribute to tungsten production. In total, the contribution
of protons and neutrons to the production of "W, com-
putes to 59% and 41%, respectively. The distribution max-
imum for the recoil energy of "W is near 1 MeV. It
exhibits an exponentially decreasing tail towards higher
energies.

The recoil ranges in the target foils and carbon monox-
ide gas have been calculated with SRIM [39,40] and fitted
with a polynomial function. The results for molybdenum
in uranium foils are shown in fig. 5 and indicate that a
1050\[o fission fragment has a range of ca. 6 um in a metal-
lic uranium foil. The range of a fission fragment emerging
from the uranium foil in carbon monoxide depends on its
energy after it emerges from the foil. To account for en-
ergy losses in the uranium foil and the target geometry,
Monte-Carlo simulations were performed. Energy losses in
the foil have been estimated by inversion of the obtained
range function.

Within each foil, the fission events were generated uni-
formly. The relative number of production events per each
foil was chosen based on the data obtained by FLUKA.
The distribution of polar angle ¢ and azimuthal angle 6
of the fission fragment trajectories were chosen such that
the distribution in the solid angle dw = sinf df d¢ was
uniform.! In vector representation, the trajectory of the
fission fragment is given by

x o sinf cosg
y| =1y | +B|singcoso|, (3)
z 20 cosf

where g, yo and 2o are the coordinates of the fission
event, and x, y and z the coordinates of intersection with
a foil, after propagating a distance of §. Each uranium
foil is described by two cylinders, defining the the inner
and outer surface of the foil, respectively. The cylinders
are defined by radius r and length iy ax-

T T 0
Vu€{0 maxt: [y | = EVr2—22 | +p |0 (4)
z 0 1

Thus, equalizing the equations 3 and 4 yields an ex-
pression for 8, which represents the maximum free flight
path.

! Deviations from the uniform distribution could be seen in
angle distributions obtained by ABRABLA, especially in the
case of tungsten produced from platinum foils. Nonetheless,
the effect of non-uniformly distributed nuclear reaction recoils
only decreases the extraction and stopping efficiency by no
more than 10% and is neglected.

Table 1. Assumed target foil geometries for in-target production and extraction efficiencies. A sketch is shown as part of fig. 2.

Unit | Uranium foils [ Platinum foils

converter radius cm 1.4

converter length cm 20.0

target container radius cm 7.0

number of foils 3 483
thickness pm 25 2.5
length cm 20 20

radii cm 1.9, 3.0, 4.0 1.90 to 6.73
total surface area m? 0.11 26.1
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Fig. 6. Fraction of 1°°Mo fission recoils which emerge from a 25 pm uranium foil, and which are stopped in a carbon monoxide
gas before a confining wall is reached in dependency of the position of the fission event in the foil. A kinetic energy of 90 MeV
is assumed, along with the target geometry outlined in sect. 2. The ratio of counts in the respective foils represents the ratio of

the in-target production rates obtained by FLUKA.

The value was calculated to be

B = — xg cos ¢ csc b — yp sin ¢ csc b
+ [(:sc2 0 (r2 — 2 cos® ¢

+2 20 1y cos psin ¢ + (7"2 — :Cg) sin? ¢)] 1z )

(5)

under the condition that |y cos ¢ — zgsin¢| < r [49]. The
fraction of %Mo fission recoils emerging from the ura-
nium foil in dependence of the depth of the fission event
location from inside the foil is shown in fig. 6. Due to
shallow angles, only a small fraction can emerge from the
foil, if the point of fission exceeds a distance perpendicu-
lar to the surface of 5 um. Assuming a typical thickness
of commercially available uranium foils of 25 pm, in total
eMo = 10% of all'®®Mo fission recoils emerge from the
foil. For comparison, a released fraction of 22% from an
uranium oxide target at 1140 °C within 60 minutes was re-
ported for Mo [50]. Release data at higher temperatures,
as they are standard for uranium carbide targets, are not
available and also difficult to predict due to the suscepti-
bility of uranium oxide targets to undergo sintering.

The remaining recoil energy after propagating through
the foil and the free flight path till the next surface de-
termine if the recoil is thermalized in the gas or lost, due
to implantation in a solid. The simulation predicts that
egfgp = 49% of the emerging fragments are thermalized
in carbon monoxide gas at 1bar (abs.), leading to about
5% of all produced Mo fragments being thermalized in
gas. The bulk target material could be reduced by integra-
tion of thinner foils of e.g. 10 um thickness, which would
not decrease the total yield. Within the geometry assumed
for platinum foils, €%, = 1.6% emerge from the foil and
thereof €}, = 21% are thermalized in the gas.

After thermalization of the recoils in carbon monox-
ide gas, the carbonyl compounds form readily. Measure-
ments have shown that in gas mixtures with inert gases,
the chemical yield increases with the partial pressure of
carbon monoxide. Using pure carbon monoxide gas, the

chemical efficiency €y, was found to be ca. 80% for the
formation of Mo(CO)g and 30% for W(CO)g [21].2

2.3 Gas separation

A carbon monoxide partial pressure of 1 bar (abs.) inside
the target container is desirable to achieve a high chemical
yield, and is also crucial for efficient stopping of the fission
recoils. However, ion sources typically operate under high
vacuum conditions, and often a pressure of 1 x 1073 mbar
may already prevent efficient ionization. Thus, the sepa-
ration of radioactive carbonyl compounds from the excess
gas atmosphere is required. Since carbon monoxide, ex-
hibiting a boiling point of —191°C [51], is by far more
volatile than carbonyl compounds, the two components
are separable by chromatography. The implementation of
a suitable cryogenic trap coupled to an ion source was al-
ready evaluated for the transport of carbon monoxide in
a carrier gas by Powell et al. [52], and Katagiri et al. have
also shown the feasibility of the integration into the pro-
cess of radioactive ion beam production [23]. The option of
neutral CO injection via a cryogenic trap into an electron
beam ion source for charge breeding is also considered for
medical applications [53,54,55].

Adsorption enthalpies of carbonyl compounds have been
measured on SiOs, gold, Fluorinated Ethylene Propylene
(FEP) and PolyTetraFluoroEthylene (PTFE) surfaces by
isothermal chromatography and by thermochromatogra-
phy [56,27,57,58]. In isothermal studies with radiotracers
from a 249Cf source, an adsorption enthalpy for Mo(CO)g
on SiO, surfaces of —AH,qs = 42.5(25) kJmol ™! was de-
termined [21]. In thermochromatography experiments, the
same quantity was found to be —AH,q5 = 36(8) kJmol L.
Later experiments by Wang et al. reported values in agree-
ment with earlier findings. Adsorption enthalpies of other

2 The given efficiency for molybdenum was obtained as ratio
between transport by carbonyl formation and aerosol transport
of atomic species attached to clusters. An absolute efficiency
is given for tungsten.
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transition metal carbonyl complexes (technetium, tung-
sten, rhenium, osmium, iridium) could also be deduced,
all ranging in the same order of magnitude and indicating
a physisorption interaction. For the following considera-
tions, Mo(CO)g was chosen as a model case, and an ad-
sorption enthalpy of —40kJ mol~! was assumed as average
value of the measurements.

The system for cryogenic gas separation must be de-
signed such that the total gas flow rate into the ion source
does not exceed its maximum acceptable gas load and the
pumping capacity of the vacuum system. A typical upper
limit of 1 x 10~ mbar Ls~! was estimated for gas injec-
tion into an ion sources operated at ISOLDE. In addition,
the time needed to reach this condition should be as low
as possible to minimize decay losses. The proposed setup
is shown in fig. 2b, which is operated in a batch-mode.
During irradiation, the target container is filled with car-
bon monoxide at atmospheric pressure. After a defined
irradiation time, which depends on the half-life of the de-
sired isotope, the gas inventory is pumped by a roughing
pump through a cooled quartz tube which retains the less
volatile carbonyl compounds. After a certain fraction is
evacuated from the target container, the latter is isolated
from the chromatographic system by closing the reservoir
valve. The residual pressure in the chromatographic tube
is further reduced, till the maximum flow rate into the ion
source is reached. Finally, the quartz tube is heated by a
resistive heating element to ambient temperature allowing
carbonyl compounds to be fed into the ion source, where
they are ionized and electrostatically extracted. The time
required for allowing the temperature to raise, is assumed
to be short in comparison to the half-life of the model
isotopes discussed within this concept (< 35s) and ne-
glected in the calculation of the expected yield. In parallel
to the heating of the quartz tube, the irradiation of the
next batch can take place, so that the heating period is
not included in the cycle time z/b_altch of the batch process.

A Monte-Carlo model proposed by Zvara [59] was used
to investigate the feasibility of the concept, which was also
similar to the model used by Even et al. for the adsorption
enthalpy measurements [56]. The model takes into account
the temperature dependent sojourn times (cf. eq. 1) and
gas flow conditions. Assuming that the chromatographic
tube is connected to an evacuated vessel (choked flow), the
evaluation of Reynolds numbers for tube diameters from
0.5 mm to 3.5 mm suggests turbulent flow conditions. The
time dependent pressure in the reservoir pearget(t) can be
estimated following the evaluation of the pV-flowrate g,y
given by

dp
qpv = VE = A a perit (6)

where V' is the volume of the target container, A the
cross sectional area of the tube, a the speed of sound in
the medium and pc.it the critical pressure, which is given

by
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Fig. 7. Dependence of the cryogenic gas separation efficiency
€sep 0N the dimensions of the chromatographic tube for 1°°Mo,
which is determined by decay losses during extraction of the
reservoir inventory and consideration of irreversible processes
obtained by simulation (see text). The figure shows interpo-
lated data.

where d and [ are inner diameter and length of the
tube, respectively, ¢ the mean thermal particle speed and n
the temperature-dependent dynamic viscosity, which was
calculated with the Jones equation [60]. It was assumed
that the tube was kept at a constant temperature. The
equations hold under the approximation that pfarget ~
Diarges —Perit [61]. Solution of the equations yields the time-
dependent pressure in the reservoir, which was initially
(t = 0) kept at the pressure piarget,o-

823543 DPtarget,0 V7
7
(k ptle{det,O t+ 7V)

(8)

Dtarget (t) =

The simulation generates particles with a random life-
time, which is sampled from a distribution according to
the given half-life. Subsequently, the propagation of the
particle through the chromatographic system is simulated.
The length of a displacement is typically approximated
by the variance of the zone profile of the chromatographic
peak, and expressions have been obtained for laminar flow
e.g. ref. [62]. Within this work, the mean length of a dis-
placement § was approximated by the diffusional depo-
sition length in developed turbulent flow, which depends
on Reynolds number Re = Q d p/(A n), Schmidt number
Sc = n/(p D), the mutual diffusion constant D and the
volume flowrate Q). The density p is derived from the pres-
sure, and the diffusion constant is obtained by the approx-
imation proposed by Gilliland [63]. Assuming a uniform
distribution of particles at the inlet, the expression for the
mean displacement length holds for the first contact with
a wall and was sampled from an exponential distribution
[64].
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According to Zvara, the mean number of real wall colli-
sions within a long displacement step Z can be calculated
by the flowrate, the mean thermal particle speed and the
surface per unit length S of the column as

_cs
o

After each displacement, the time spent by the particle
in the system and its position are evaluated. At the end
of the time required to extract a defined fraction from the
reservoir, it is computed, if the particle has either decayed,
was retained on the column surface, or has been eluted.

The separation efficiency is given by a linear combi-
nation of i) the fraction of carbonyl compounds evacu-
ated from the reservoir ii) the ratio of molecules which
are inside the quartz column (i.e. not decayed and not
eluted) after the desired fraction was extracted from the
reservoir, to the number of molecules fed into the col-
umn and iii) an additional factor to account for decay
losses during the time required to reach a flow rate below
10~3 mbar Ls™!, which was estimated to be ca. 5 seconds.
The input variables of the simulation were the fraction of
carbonyl compounds extracted from the reservoir and fed
into the quartz tube as well as its dimensions and temper-
ature.

For each geometry of the separation channel the re-
spective highest efficiencies e, have been determined. At
elevated flowrates, longer channels are required due to the
increase in the diffusional deposition length (eq. 9). The
results for '%°Mo are shown in fig. 7. The simulation pre-
dicts that efficiencies above 60% are in reach. Using the
same geometry boundary conditions, the maximum effi-
ciency for 1%Mo (1.11 s) is calculated to be above 0.6%.
Typical temperatures are in the range of —130 £ 40 °C.
Further details of the Monte-Carlo simulation are dis-
cussed in ref. [64].

In addition to radioactive decay, further losses have to
be considered, such as irreversible sticking after decompo-
sition of the volatile compound or reactions with impuri-
ties. The extent of such additional losses can be estimated
based on typical capillary transport losses, which could
be in the order of 50% [22]. Decay losses for the long-lived
isotope '™W (T}, = 31 min) are negligible, and an effi-

ciency of e:gp = 50% is assumed. The separation efficiency

of %Mo computes to e}i0 = 30%.

Z 5. (10)

2.4 lonization

A review about ion sources for radioactive ion beam pro-
duction can be found in ref. [65]. In contrast to ion sources
designed to deliver stable isotope beams, additional re-
quirements arise for the ionization of radionuclides. Due
to their limited availability compared to stable isotopes,
the ionization efficiency is one of the most important fig-
ures of merit. For exotic isotopes with very short half-lives
(£ 100 ms), the residence time also needs to be considered.
A compact design is required to meet constraints imposed
by robot-handling of the target and ion source unit and

resistance to the strong radiation field of the driver beam
is mandatory.

The three main processes for ion generation are i) sur-
face ionization ii) photo-induced ionization and iii) electron-
impact ionization. Surface ionization in hot cavities is ap-
plied for elements with low ionization potential (IP) of up
to ca. 6eV like the alkaline or alkaline earth metals. For
elements with elevated IP, resonant laser ionization can be
used if laser systems are available to excite suitable tran-
sitions [66]. Electron impact ionization is the underlying
process in electron beam (arc-discharge) ion sources and
radio-frequency driven plasma ion sources. Via electron
impact ionization, almost all elements and molecules can
be ionized efficiently. Plasma sources are typically used for
volatile species only.

The ionization of carbonyl compounds is a crucial step
towards ion beam production. The method of ionization
must be chosen carefully with respect to the properties of
the compound. The ionization potential of Mo(CO)g was
measured to be in the range from 8.2 eV to 8.5 eV [67,
68,69,70]. The first bond dissociation energy (FBDE) is
significantly lower and was determined to be 1.7 eV by
pyrolysis with a pulsed COq-laser in a gas cell [71], in
agreement with data obtained by thermal decomposition
on a silver surface [24,25] and theoretical studies [72]. In
comparison to typical candidates for molecular beams at
ISOLDE, the compound is delicate, and decomposition on
hot surfaces is expected. For species with high ionization
potential, Forced Electron Beam Induced Arc-Discharge
(FEBIAD) ion sources [73], like the VADIS (Versatile Arc-
Discharge Ion Source) [74] are commonly used. However,
the high operating temperature is expected to decompose
the carbonyl compounds even before they reach the ion
source volume. Thus, ion sources operated below decom-
position temperature, favoring high electron energies for
ionization and efficient ion extraction over breakup, are
the preferred choice.

2.4.1 ECR sources

The Metal Ions from VOlatile Compounds (MIVOC) meth-
od, where volatile metallic compounds are fed into an
Electron Cyclotron Resonance (ECR)-heated plasma ion
source, is a well established method for the extraction of
non-radioactive metal beams [75,76]. The residence time
of an element in the ion source is an important parame-
ter for radioactive ion beam sources. This data is not yet
available for MIVOC ion sources.

The production of molybdenum beams by injection of
molybdenum hexacarbonyl is reported by Nakagawa et
al. [77] at the RIKEN 18 GHz ECRIS. The reported ion
currents I, on each charge state v along with the ma-
terial consumption allow a rough estimation of the ion-
ization efficiency. For ferrocene, the material consumption
¢ = 2mgh~! is explicitly reported. Based on the respec-
tive vapour pressures of molybdenum hexacarbonyl pyo
and ferrocene pre, the material consumption of Mo(CO)g
can be estimated here, under the assumption that the
control valve between MIVOC chamber and ion source
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was adjusted to the same conductance. The ionization ef-
ficiency is given by

Il/ M e II/ e
€ion = 2y lv/v =k %V /v pre ) (11)
€ n G F o Pyo

where e is the elementary charge, ¢, the neutral par-
ticle flow into the ion source, Mg, = 55.8 gmol~! the mo-
lar mass of iron and F the Faraday constant. Assuming
vapour pressures at 300K of 1Pa for ferrocene [78], and
25Pa for molybdenum hexacarbonyl [79], ion currents,
and ferrocene material consumption as given in ref. [77],
the ionization efficiency of Mo(CO)g computes to 0.03%.
The ionization efficiency for iron from ferrocene computes
t0 4.3%. Tonization efficiencies could possibly be improved
by using a gas mixture as buffer gas [80]. Given that cur-
rents were not reported for all charge states, the calculated
efficiency is a lower limit.

2.4.2 Arc-discharge ion sources

In arc-discharge ion sources, electrons are emitted from
a cathode and accelerated to an energy of ca. 100eV to
200eV that matches the maximum ionization cross sec-
tion. The electrons are typically emitted thermionically.
Arc-discharge ion sources, in contrast to compact radio-
frequency plasma ion sources, offer the advantage of a
narrow electron energy distribution and relatively high
electron energies. The latter avoid favouring breakup over
ionization due to insufficient electron energy. Thus, the
application of electron impact ionization in a cold environ-
ment presents an interesting asset. Penescu et al. proposed
eq. 12 to model the ionization efficiency of FEBIAD-type
ion sources [81]. The ionization efficiency €, depends on
the rate of ionization per unit volume Rjqni,, the volume
of the ionization region V', the number of neutral particles
injected per unit time n;, and an additional factor f to
account for the probability of ion extraction, electron con-
finement and higher order effects. The rate of ionization
can be expressed as a linear combination of the number
densities of neutral particles N,,, electrons N., the ioniza-
tion cross section o and the relative velocity of electrons
and neutral particles vg.

€ion = le;n%‘/f, where Rioniz = Nn Ne 0 Vel (12)
mn

Unfortunately, absolute partial ionization cross sec-
tions for molybdenum hexacarbonyl or its fragments have
not yet been published. It is interesting to note that also
the ionization cross section of molybdenum has not yet
been measured due to the refractory nature of the ele-
ment and only theoretical calculations are available [82].

Due to the lack of available data, we conducted a com-
parative study of the ionization efficiency of the noble gas
krypton and molybdenum hexacarbonyl in a cold envi-
ronment. We chose to use a laser to liberate electrons
out of the tantalum cathode of a standard VADIS source

Tantalum cathode
not resistively heated

Anode Extraction electrode

Electrons

Gas

injecion
© Rare gas atoms

@ lon -« Electrons

Anode voltage
0..300V

Fig. 8. Principle of the exploratory experiment exploiting
electron generation by a laser beam in a cold environment.
The electrons are liberated from the cathode and accelerated
through a grid into the positively biased anode body, where
volatile species are ionized in collisions.

equipped with a water cooled transfer line (VDT). In con-
trast to common operation of the VADIS ion source, the
source was not resistively heated. The laser pulses imping-
ing on the cathode induce a local raise of temperature dur-
ing the laser pulse. However, the heat is dissipated quickly
to the water-cooled assembly [83]. The laser power used
in our experiment is not expected to raise the average
temperature of the cathode significantly. Thus, thermal
decomposition of carbonyl compounds on the cathode is
negligible.

The candidate mechanisms for electron generation in
the interaction of the laser beam and the tantalum cath-
ode are either extraction from a plasma plume, thermionic
electron emission or the photo-electric effect. As discussed
in the next paragraph, the used fluences were most likely
insufficient for ablation and plasma formation. Time-de-
pendent heat transfer and thermionic electron emission
models for tantalum are available [84], but require more
precise knowledge of pulse fluence as available from our ex-
periment to be applied. Since the single photon energies
were below the material work function, the absorption of
multiple photons is required to release electrons by the
photo-electric effect. Efficient multiphoton photoemission
has been observed with ultrashort (7, = 801s) laser pulses
[85] but data on quantum efficiency is not available for
the conditions present in our experiments. Nonetheless, in
both scenarios electrons are extracted in an environment
that is (on average) at ambient temperature.

Experimental A sketch of the ion source is shown in fig. 8.
UV light (343nm) supplied by a Pharos laser at 50kHz
repetition rate and pulse length of 265 fs was guided through
the ion beam outlet aperture on the tantalum cathode.
The laser power before entering the vacuum system was
measured to be 4.5 W. The dimensions of the laser spot
were estimated with the bare eye and measured to be ca.
5mm in diameter. Due to the limited ion beam outlet
aperture of only 1.5mm in diameter, only a fraction of
the beam power reached the cathode. An upper limit for
the fluence per pulse computes to ¢; < 5 x 1073 Jecm™2.
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Table 2. Ionization efficiency estimation of the exploratory
cold electron impact ion source shown in fig. 8. The efficiency
is given for the most abundent fragment of Mo(CO)g, and cor-
rected for isotope abundance. The aim of the experiment was
to deduce the relative ionization efficiency of the two species.

Nuclide Isotope Current Injected Ionization
abundance neutrals etficiency
98 Mo 24.3% 33pA | 2238pnA | 0.0015%
84Kr 57.0% 200pA | 8999pnA | 0.0022%

The minimum laser fluence needed for ablation (thresh-
old fluence) was estimated in ref. [86] to be 0.17 Jecm~2 at
A; = 750nm and a pulse length of 7, = 8.5fs. Thus, the
source in our experiment was most likely not operated in
an ablation regime.3

Krypton (Carbagas, 99.998%) and molybdenum hex-
acarbonyl (Schuchardt Miinchen, TA Mo 36.33%, C 27.18%,
Fe 0.005%, Cu 0.0008%) were supplied through a common
transfer line into the ion source. The krypton flow rate was
controlled with a calibrated leak, which was measured to
be 1.15 x 10~® mbar Ls~! for 1bar (abs.) of helium. The
setup for the controlled injection of molybdenum hexacar-
bonyl consisted of an evaporation chamber, connected to
the common transfer line via a regulation valve (Pfeiffer
EVRI116). The evaporation chamber was equipped with a
capacitance diaphragm gauge (Pfeiffer CMR 373) to mon-
itor the pressure. The residual gas composition was mon-
itored by a residual gas analyzer (Pfeiffer PrismaPlus) at
the extraction site of the ion source.

3 Attempts to further focus the laser beam with a telescope
caused high voltage breakdowns and damage on the cathode
surface. However, in the experiments described in this work,
the focusing telescope was not used.
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Fig. 9. Typical mass spectrum of Kr and Mo(CO)s measured
simultaneously with the cold electron impact source. A mass
spectrum of Mo(CO)g obtained also by electron impact ion-
ization by D. Henning in [87] is shown for comparison. Minor
deviations in the fragment distribution might arise from differ-
ent electron energies or source characteristics.

After introduction of a solid Mo(CO)g sample into
the evaporation chamber, the latter was evacuated with a
turbo-molecular pump, backed by a dry scroll pump, to a
pressure below 1 x 1072 mbar. Subsequently, the valve to
the pumping group was closed. The sample quickly evap-
orates untill the saturation vapour pressure is reached in-
side the reservoir. Successive opening of the regulation
valve allowed controlled injection into the transfer line.
The material consumption was estimated by allowing the
complete evaporation of a known amount, which was mon-
itored via the pressure of the evaporation chamber and by
the residual gas composition. The material consumption
was measured to be 88551 ngh!. The relatively large er-
ror is due to consideration of material losses during the
initial evacuation.

The results of the relative efficiency measurement of
Kr and Mo(CO)¢ are listed in table 3 and an obtained
mass spectrum is shown in fig. 9. The ionization efficien-
cies of krypton and molybdenum compute to 0.0022% and
0.0015%, respectively. The result of the experiment shows
that the ionization efficiencies of Kr and Mo(CO)g are in
the same order of magnitude. While these ionization ef-
ficiencies in combination with high in-target production
rates, or vaporization of a radioactive Mo(CO)g sample
obtained by other means, would already allow a range of

nuclear physics experiments, a higher efficiency is desir-
able.

Proposed design of a cold photo-cathode driven ion
source In the following, we explore the feasibility of an
electron-impact ion source exploiting the photo-electric
effect for electron release. Basic design parameters for a
novel photo-cathode driven ion source will be derived that
aims at an ionization efficiency of ~ 1% for Mo(CO)s.
First, the general assumptions are presented, then the
space-charge limitations of an electron current passing
through the gap between cathode and anode are discussed
and finally the basic requirements of a suitable laser sys-
tem are given.

The efficiency estimate of the new design is based on
the assumption that the measured ionization efficiency ob-
tained in our exploratory experiment linearly scales with
the electron current. This is expected in a first approxi-
mation, since the rate of ionization linearly depends on
the electron density. The probability of ion extraction,
which is included besides other effects in the factor f of
equation 12, is affected by source geometry. However, in
contrast to the required increase of several orders of mag-
nitude on the electron current, the extraction factor is
typically only affected to some minor extend [81], which
could be subject of further studies.

The electron currents in our experiment have been ob-
tained as drain current of the anode power supply. How-
ever, the instantaneous currents might have exceeded ac-
ceptable values for the used pico-amperemeter. To avoid
underestimating the electron current, which would lead to
overestimation of the photo-cathode source efficiency, we
assume a space-charge limited current in following consid-
erations. The measured electron currents were about fac-




94 The carbonyl concept for the most refractory beams

Table 3. Parameters of a proposed cold electron-impact ion source that exploits a photo-cathode as source of electrons and
is expected to reach an ionization efficiency of 1% for Mo(CO)g. The ionization efficiency of the proposed source is estimated
by scaling the measured ionization efficiency of Mo(CQO)g obtained in an exploratory experiment by the respective calculated
electron currents. In the experiment, electrons were liberated by a laser, however the exact mechanism of electron production
could not be identified. The increase in electron current (c¢f. eq. 13) can be achieved by adaptation of the geometry which allows
higher bunch charges without virtual cathode formation and an increase in the repetition rate of the laser. An anode potential

of Vy, =120V is assumed. See text for details.

Parameter [ Symbol [ Unit

[ Exploratory Experiment [ Proposed Photo-cathode source

1. Geometry and calculated critical bunch charge

laser spot diameter T 2 Tem mm 1.5 12
anode-cathode distance dg mm 1.5 3
critical bunch charge ® qc pC 2 45
2. Cathode and laser wavelength

cathode material Ta Cu
center wavelength Al nm 343 257
quantum efficiency at A\ €q % -1 0.014 [88]
3. Required laser system

pulse repetition rate 13 MHz 0.05 2
average power P W <451 3.7
pulse energy E nJ <90 1.9%
fluence per pulse o) nJem™2 <5093 1.6
4. Calculated mean electron current and ionization efficiency

mean electron current I pA 0.09 90
ionization efficiency €ion % 0.001 1

T circular area on the cathode that is illuminated and emits electrons

§ calculated maximum charge that can be transported in a short pulse between cathode and anode without

virtual cathode formation

 data on multiphoton quantum efficiency not available and mechanism of electron production unclear
I' An upper limit is given based on the measured laser power before entering the vacuum system.

# Chosen to match critical charge ¢c

tor two below the calculated space-charge limited current
at a typical anode potential of 120 V. The observation of
saturation effects of electron current with laser pulse en-
ergy might also indicate operation in proximity of a space-
charge limited regime.

The maximum current density J;, that can pass a gap
of length d, with a potential difference of V is classically
given by the Child-Langmuir law [89,90]. If the transi-
tion time of electrons between cathode and anode grid is
long compared to the laser pulse of duration 7, a sin-
gle sheet approximation can be applied [91]. Corrections
for the two-dimensional geometry have been proposed in
ref. [92]. The maximum mean current I, (without virtual
cathode formation occurring) is given by

d eomri, Vs
Im = Jp 7T’r?:m 5 Tp = (1 + 4Tegm> Tg 57

(13)

where £ is the pulse repetition rate and ey the radius
of the electron-emitting surface. To allow higher electron
currents, the repetition rate of the laser or the diameter of
the electron-emitting surface can be increased. Increasing
the anode potential V; would push the ionization cross

section into an unfavorable regime, and the further reduc-
tion of anode-cathode distance (typically 1.5 mm) reduces
the reliability of the ion source since a minor displacement
is sufficient to cause an electrical contact between anode
and cathode.*

The laser driver is most effective if the resulting elec-
tron pulse charge does not the exceed the critical limit
ge = In&7 1. The characteristic parameters, such as mean
power P, pulse energy Ej = P¢~! and pulse energy flu-
ence ¢ = Eym'r_2 can be estimated by the quantum
efficiency €4, i.e. the ratio of emitted electrons to photons
hitting the surface, as

hec qc
B =_c4

= — , 14
/\1 €q € ( )
where h is the Planck constant, and A; the photon wave-
length. Many high-quantum-efficiency materials are semi-
conductors, like cesium telluride. They require sophisti-
cated vacuum systems (pressures below 10~? mbar) to reach

4 Such issues were observed for resistively heated cathodes
of VADIS at ISOLDE.
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their nominal performance [93]. On the other hand, metal
cathodes have a lower quantum efficiency but can operate
at higher pressures. Thus, a copper cathode was chosen
for the estimations which has a quantum efficiency of ca.
0.014% at 266nm and a residual pressure of 10~7 mbar
[88,93].

A set of design parameters for a cold photo-cathode
driven ion source and laser system is proposed in table 3.
Following the previous discussion, the parameters are cho-
sen such that an ionization efficiency of 1% for Mo(CO)g
could be reached under the assumption that the measured
ionization efficiency scales linearly with the space-charge-
limited electron current. The proposed design assumes a
laser spot diameter of 27, = 12 mm which is equal to the
size of the VADIS cathode. In our preparatory experiment
(c.f. fig. 8), the laser beam was guided through the ion
beam outlet hole on the cathode. An increase of the outlet
hole diameter from currently 1.5 mm to 12 mm might sig-
nificantly decrease the source efficiency because it reduces
the residence time of neutral species in the anode body.
Thus, we propose to introduce the laser beam perpendic-
ular to the electron beam, a trajectory that was recently
developed for the perpendicularly-illuminated LIST ion
source [94]. The aforementioned laser path is estimated to
require an increased anode-cathode distance of ca. 3 mm.
The required pulse energy fluence computes to 1.9 j1J cm ™2
which is well below the ablation threshold of 0.77 J cm ™2
even for short (101fs) pulses [95]. Other factors contribut-
ing to damage of photo-cathodes have been identified. In
ref. [96], the damage threshold for copper photo cathodes
was estimated by simulation and a fluence of less than
40 mJ cm ™2 is recommended. The reliability and efficiency
of such a photo-cathode source might be impacted by con-
densation of molecule fragments on the cathode or the
residual pressure of carbon monoxide. Its behavior needs
to be experimentally verified.

A deep ultra violet (DUV) laser is required for effi-
cient release of electrons from metal photo-cathodes. Due
to the limited bunch charge, high repetition rates are ben-
eficial. As listed in table 3, the desired efficiency of ca. 1%
for Mo(CO)g could be reached with 3.7 W average power
at a wavelength of 257 nm and repetition rate of 2 MHz.
A recent review about DUV laser generation is given in
ref. [97]. The required laser system could be based on
fourth harmonic generation of a 1 pm Yb fiber laser. Be-
sides pulsed lasers, also continuous wave (cw) lasers could
be considered [98,99,100]. For the latter, additional con-
siderations apply for ionization efficiency estimates, as will
be discussed in the following paragraphs.

Continous thermionic source efficiency The spatial sep-
aration of a resistively heated cathode and ionization vol-
ume provides an alternative path towards a cold electron
impact ion source. A thermionic electron source could
be placed remotely in an actively cooled environment,
with no line of sight to the ionization volume to avoid
radiative heating. The achievable ionization efficiencies of
Mo(CO)g in such a configuration can be estimated from

krypton efficiencies, which are in the range of 30% for
known FEBIAD-type sources [73,101].

For this, our experimental results are compared to the
aforementioned model (eq. 12). While the ionization cross-
section of a given compound is independent of the ion
source, the extraction factors f of a continuously oper-
ated thermionic emission ion source and a pulsed laser-
induced emission source are expected to differ, even if the
geometry of the cavity is similar. In the first case, the
continous release of electrons generates an electric field
in the ionization volume which influences the extraction
of ions. It was proposed that this is due to the forma-
tion of a potential well [101,102,103,104]. In comparison
to the immediate extraction of a nascent ion guided by a
favourable field, a potential well might also increase the
number of wall collisions of an ion before extraction. The
latter would decrease the extraction factor f, particularly
for condensible species which are lost to surfaces upon col-
lision. The pulsed electron generation in our experiments
is expected to significantly reduce the aforementioned hin-
drance due to the limited life-time of electrons [81]. On
the other hand, the electric field present in sources with
continuous electron emission might guide produced ions
towards the outlet. In an electron-free environment, the
operation at room temperature contributes to a more effi-
cient ion extraction. The field produced by the grounded
extraction electrode penetrates into the anode volume and
decreases the potential near the outlet aperture. Ions cre-
ated in this region are guided along the decreasing field
towards the outlet hole. To overcome the gradient to the
outlet hole, a certain ion energy is required. Thus, as ar-
gued in ref. [81], the region of direct extraction (active
volume) decreases with increasing ion energy.

By evaluation of the parameters given in eq. 12 similar
to the derivation discussed in [81], it can be written as

I 27 M
RT

where I is the electron current, e the elementary charge,
Sout the cross-sectional area of the outlet hole, T" the tem-
perature of the ion source, M the molar mass of the neu-
tral species, R the universal gas constant, [ the length of
the ionization volume in the axial direction and ¢ the ion-
ization cross-section. As in eq. 12, the probability of ion
extraction (and other effects) is solely included in the fac-
tor f. As already discussed, the electron current I was ap-
proximated with the theoretical space charge-limited cur-
rent, estimated for short pulses [91] and corrected for the
limited emitter surface [92].

The dependence of the extraction factor f on the anode
potential is shown in fig. 10 for krypton beams from the ex-
ploratory cold ion source (cf. fig. 8) using evaluated cross
sections [105], along with data obtained for argon from
FEBIAD-type sources [81]. For this measurement, light
at a wavelength of 515 nm was used. The extraction fac-
tor is given as linear combination f = fio—mag fmag- The
factor fno—mag is directly obtained from a measurement
with disabled source magnet. The factor fi.g is calcu-
lated by dividing the extraction factor with enabled mag-

olf, (15)

€ion =
e Sout
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Fig. 10. Contributions to the extraction factor f = fno—mag fmag, according to eq. 15, for the exploratory cold ion source shown
in fig. 8 used in this work, in comparison to data from FEBIAD sources, which were taken from [81]. The magnet currents in
(b) were 4.5 A and 6 A for the continuous thermionic source and the pulsed laser-induced emission source, respectively. See text

for details.

net by the previously obtained factor fno—mag- As can be
seen from fig. 10, the similarity in the curves for pulsed
laser-induced and continous thermionic electron emission
indicates that in both cases electron impact ionization is
observed. As discussed in more detail in ref. [81], the fac-
tor fno—mag increases with anode potential, which can be
attributed to a reduced space-charge repulsion at higher
electron velocities leading to a better electron confine-
ment. For FEBIAD-type sources, the ion extraction might
also be favored at higher voltages due to a reduced Debye-
length and increased active volume. The magnetic field in-
creases the electron density, an effect which is significantly
more pronounced for the laser-induced electron emission
ion source. Deviations between the cold exploratory ion
source and FEBIAD-type sources arise not only due to
the laser induced, pulsed release of electrons, but also due
to a different geometry of electron extraction. While the
whole cathode surface (ca. 12mm diameter) emits elec-
trons in thermionic mode, the laser spot is defined by the
diameter of the outlet aperture of the source, which is
1.5mm only. Seeing the similar shape of the curves, an
order-of-magnitude estimation of the extraction factor for
the VADIS source in the ionization process of molybde-
num hexacarbonyl is proposed in the following, provided
the cathode heating and the ionization volume with the
anode can be decoupled as already discussed.

Due to unknown ionization cross sections of Mo(CO)sg,
the extraction factor f cannot be experimentally obtained
from an efficiency measurement. However, the short life-
time of electrons after a laser pulse, in comparison to
longer extraction times of ions, suggests that the hin-
drance of extraction by electrostatic fields inside the cold
exploratory ion source is low. Thus, as first approxima-
tion it is assumed that the krypton extraction factor fZ,
is equal to the extraction factor of molybdenum hexacar-

bonyl fﬁo(co)(j in the cold exploratory ion source.?> The
situation in the VADIS source is different, and the extrac-
tion factor of Mo(CO)g is approximated with the extrac-
tion factor of carbon monoxide, which suffers from similar
electron-beam induced decomposition issues as Mo(CO)g
inside the source. Under these assumptions, the ionization
efficiency of Mo(CO)¢ in a cavity with only cold surfaces
(i.e. no thermal decomposition), computes to®

5VD VD

gVD ~ EL Kr JCO

Mo(CO)s Mo(CO)s "¢L (VD
Kr /Kr

~2%.  (16)

The ion source proposed here is exposed to a signifi-
cant partial pressure of residual carbon monoxide. While
in some cases results have been obtained, indicating that
residual carbon monoxide might increase the ionization ef-
ficiency for elements with lower ionization potential [102],
experimental results for molybdenum hexacarbonyl are
not available.

A drawback of ion sources exploiting electron impact
ionization is the lack of selectivity. Separation of isobaric
contaminants in the radioactive ion beam has been achieved
by element-dependent adsorption on quartz columns [107,
108]. Unfortunately, this technique might not be suitable
to separate different carbonyl compounds, as their adsorp-
tion enthalpies are in the same range [109]. An alternative

® A mass dependence of the extraction factor has been ob-

served, however even the ratio of xenon and argon extraction
VD
Xe

VD
Ar

5 The calculation assumes a typical ionization efficiency of
1% for carbon monoxide, an ionization cross section of ca.
1.9 x 1072°m? at 120V anode potential [106], space-charge
limited electron current, and a distance between anode and
cathode of 1.5 mm.

factors was found to only be

~ 1.8 [81].
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approach could be based on differences in compound sta-
bilities. Carbonyl complexes of Tc, Ru and Rh readily de-
compose on gold surfaces already at ambient temperature
(30°C to 50°C), whereas Mo complexes have a survival
probability of 60% in the same setup [24]. Differences in
the ionization fragmentation patterns could be exploited
for additional selectivity.

2.4.3 Laser ionization
Resonant laser ionization is a powerful tool for element-

selective ionization. However, the technique is typically
only applied to single atoms. Recently, a resonant laser

combine a class of target material, some chromatography
setup and an ion source [107]. Following this approach, a
compact setup is mandatory that is also suitable to oper-
ate in strong radiation fields. The dimensions and weight
of the setup are limited by the maximum permitted load
for the robot operating the target unit and the design of
the target stations. Due to the low temperatures required
for gas separation, needs arise to either implement a cryo-
stat system at the target stations, or follow an alternative
strategy for gas separation.

The second approach splits the setup in two assem-
blies. The gas-filled target remains installed at the target
station, while the chromatographic setup is installed re-
motely, e.g. in the ISOLDE experimental hall. The car-

ionization scheme for molybdenum was developed and tested bonyl compounds are extracted as neutrals in a carbon

online at ISOLDE [111]. Exploiting this scheme for car-
bonyl compounds requires first to strip the molybdenum
atom of its carbonyl ligands. Laser induced breakup of
the compound [112,113] is widely discussed in literature
and resonant breakup is also reported in ref. [114]. The
concept of laser-induced neutral dissociation followed by
resonant laser ionization is further discussed in ref. [115].
While the efficiency of laser induced breakup and ioniza-
tion has not yet been quantified, the method would allow
element-selective ionization.

3 Conclusions and Implementation at
ISOLDE

Within the previous sections, we have provided a concept
for a gas-filled recoil target, which can be used at ISOL
facilities. Thin metallic foils acting as target material are
placed around a tungsten rod, which serves as a spallation
neutron source. Instead of diffusion, the recoil energy of
the reaction product is exploited to extract the radioiso-
topes from the foil. They are subsequently thermalized in
carbon monoxide gas. Volatile carbonyl complexes form
at ambient temperature and pressure. The carbonyl com-
plexes are chromatographically separated from the car-
bon monoxide gas and fed into an ion source. Following
the discussion in the previous section, the estimated effi-
ciency for each step is listed in table 4. Experimentally ob-
tained ionization efficiencies in a proof-of-principle setup
along with expected values after successful ion source de-
velopment are given. In the former case, intensities in the
order of 51s7! for %Mo from uranium foils and 6s~*
for 1™*W from platinum foils can be expected. After suc-
cessful development of the proposed ion source, a total
intensity of 3.4 x 10*s™! for 1°Mo and 3.9 x 103s~! for
174W is expected. Typically, intensities in this order of
magnitude are compatible with post-acceleration within
the HIE-ISOLDE linac [116].”

The implementation at ISOLDE can be achieved with
two different approaches. Standard target units already

" The actual intensity of the post-accelerated beam depends
on additional factors such as presence of isobaric contami-
nants, molecular break-up and charge state distribution in the
electron-beam ion source (charge breeder).

monoxide stream to the remote location, which is an effi-
cient and established technique, commonly used in trans-
actinide synthesis to transport the compound over a dis-
tance of several meters in short times [109]. The split in-
stallation circumvents size and weight limitations of the
chromatographic setup and the operation of the latter in
radiation environments.

4 Qutlook

Following this study, we have started to experimentally
investigate the feasibility of the concept. A target unit
was built, which allows the characterization of the neutron
converter setup and the in-target production rates along
with beam-induced breakup of carbonyl compounds.

The recently started development of a two chamber ap-
proach for the synthesis of carbonyl compounds is not yet
included in the considerations of this work [117]. Within
this approach, the target foils can be directly irradiated
by the proton beam. The nuclear reaction products are
flushed with an inert gas stream into a second chamber, in
which the radioactive atoms are allowed to react with car-
bon monoxide to form carbonyl compounds. In this setup
a transport efficiency between the two chambers of more
than 50% was measured. The spatial separation of isotope
production and molecule formation would allow benefit-
ing from higher in-target production rates and avoids ex-
posure of delicate compounds to strong radiation fields at
the same time.
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Table 4. Estimation of expected ion beam yields of *°*Mo from uranium foils, and "W from platinum foils.

Symbol | Unit Description 1050\ o 174y ref.
T2 S half life 36 1860 [110]
Predominant production reaction U(n,f) Pt(n,spall) sect. 2.1
Ny nC~! | in-target production 3.8 x 108 4.5 x 108 sect. 2.1
tirr S irradiation time 50 400 sect. 2
I, pA proton current 2.0 2.0 [5]
Npateh isotopes per batch 2.4 x 1010 3.3 x 10° eq. 2
Vion s cycle time 83 454 sect. 2
€extr % extraction eff. 10 1.6 sect. 2.2
€stop % stopping eff. 49 21 sect. 2.2
€form % chemical eff. 80 30 [21]
€sep % gas-separation eff. 30 50 sect. 2.3
€ion % ionization eff.! 1 0.0015 1 0.0015 | sect. 2.4
N st average ion rate 3.4 x 10* 51 3.9 x 10® 6 eq. 2

T Two ionization efficiencies are given. The lower efficiency was measured in an exploratory ex-
periment with a cold VADIS, in which electrons were released by a laser. The higher efficiency is
an estimated value that is believed to be in reach after development of a cold FEBIAD-type ion

source (cf. sect. 2.4).
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Conclusion and outlook

This thesis addressed multiple aspects of molecular sideband formation at ISOL facili-
ties with the aim to facilitate radioactive ion beam production. It could be shown that
radioactive boron beams can be produced by in-situ synthesis of boron fluorides in reac-
tion of radiogenic boron with injected sulfur hexafluoride or carbon tetrafluoride. The
release properties were analyzed and could be fitted to a model covering diffusion in
the solid matrix and effusion from the target container to the ion source. The extracted
8B beams were already used in successful experiments, e.g., investigation of the electron
capture and B-decay of ®B into the highly excited states of ®Be using the ISOLDE decay
station setup [255] or to probe proton halo effects in collision with ®4Zn around the
Coulomb barrier [256].

The formation of carbonyl selenide beams was studied in online experiments and with
stable tracers at the ISOLDE offline 1 separator. Selenium beams are demanded by
facility users, e.g., for investigations in astrophysics [257]. Due to the present contam-
inations (like gallium), selenium is often extracted as carbonyl selenide (COSe). Moti-
vated by a depletion of the carbonyl sideband that renders impossible experiments with
post-accelerated beams, the formation of the molecule was studied. Previously, it was
proposed that injection of oxygen or carbon monoxide into the target unit fosters the
molecule formation. Following the results presented within this thesis, both proposals
seem unlikely. First indication was found that injection of carbon tetrafluoride could
recover the depleted sidebands. Further experiments are required to develop a more ro-
bust way for the extraction of COSe. These experiments could include synthesis of the
compound under controlled conditions, matrices and possible catalytic surface effects.

The extraction of refractory elements by the ISOL method presents a challenge. Despite
a more than 60 years long history of ISOL, most of the refractory elements are still
not available as ISOL beam. Following recent developments in the field of superheavy
elements [251], it was investigated by detailed calculations, simulations and exploratory
experiments if the carbonyl-method could be applied to ISOL facilities. The efficient
synthesis of volatile transition metal carbonyl compounds has been demonstrated by
thermalization of fission recoils or fusion-evaporation residues in a carbon monoxide
containing atmosphere (~ 1 x 10> mbar) at ambient temperature and pressure. For
radioactive ion beam production, an additional separation step is required to remove
the gas atmosphere since ion sources operate typically in a low pressure regime (~ 1 x
10~° mbar or lower). Ion beam yields for the isotopes Mo and W were estimated
by consideration of production rates in the target material, the probability of extraction
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by the recoil effect, molecule formation, separation from the residual gas atmosphere
and ionization.

The ionization of Mo(CO)g was studied in available ion sources at ISOLDE, i.e., VADIS
(electron impact ionization in a hot environment with a forced electron beam), COMIC
(microwave plasma) and Helicon (RF plasma) ion source. The available ion sources
did not yield satisfactory efficiency for radioactive ion beam production, due to irre-
versible decomposition of the compound. Following the results, exploratory exper-
iments exploiting electron impact ionization in a cold environment were conducted.
These yielded, for the first time, similar ionization efficiency of the noble gas krypton
and Mo(CO)s. Instead of thermionic electron emission, the required electrons were
liberated by a laser. Based on the experiment, design parameters for a photocathode-
driven ion source were derived in calculations. It was estimated that an ionization
efficiency of ca. 1% for Mo(CO)e could be reached. The ion beam yield of 1%5Mo(CO)s
produced from a uranium foils target and '7*W(CO); obtained from a platinum foils tar-
get were estimated to be in the order of 1 x 10*s™! and 1 x 10%s™!, respectively. Thus,
the yields would be sufficient for conducting experiments requiring post accelerated
beams at HIE-ISOLDE.

To verify the production rates of transition metal carbonyl compounds at ISOLDE, a
setup has been designed, built and tested. The setup was designed to be compatible
with handling by the available Kuka robot system and the ISOLDE hot-cells. The system
allows for the first time the irradiation of a sample with spallation neutrons obtained
from a proton-to-neutron converter without manual handling, which typically involves
radiological risks and doses. The experiment has passed the safety audits and risk
analysis, and is ready to be conducted after successful commissioning of the hot-cells.
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Since the early days of ISOL developments, a variety of carrier molecules has been
proposed for most of the known elements. Unfortunately, only the thermally most
stable molecules could be extracted. This is mostly due to the high temperatures present
in the target and ion source unit. Cold target methods have been proposed, but no
means of ionization is available for efficient ionization of fragile carrier molecules. This
chapter discusses attempts to ionize the fragile molecule Mo(CO), with radiofrequency-
heated plasma and arc-discharge ion sources with thermionic electron generation. The
sources discussed within this chapter did not offer sufficiently high ionization efficiency.
A promising approach via cold electron-impact ionization is discussed in Chapter 6.
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Figure A.1: Modified VADIS source with cold injection. Schematics (left) and photo from the neutral
injection side (right). The classic injection path of a hot (VD5) ion source is indicated for reference.

A.1 Forced electron beam ion sources

In this section, experiments towards ionization of the delicate compound Mo(CO)g in a
VADIS are summarized. First, the existing transfer lines, connecting target container
and ion source, are briefly discussed with respect to survival of fragile molecules.
Thereafter, the methods of carbonyl injection are described and finally, the obtained
results are presented. All experiments have been conducted at the ISOLDE offline 1
separator that was previously described in sect. 2.4.1.

The available transfer lines were discussed in sect. 1.2.3. The hot transfer line (VD5)
is designed to operate at the maximum achievable temperature. It is heated along
with the ion source. Neutrals reach the ionization volume through the hollow cathode
and an orifice in its electron-emitting surface. The cold version (VD7, cf. fig. 1.13 )
connects a water-cooled transfer line to a region in proximity to the ionization volume
but not directly inside the ionization volume. Volatile species that have passed the
cooled transfer line diffuse via the anode grid into the ionization volume. Due to the
proximity of hot cathode and anode grid, collisions of neutral species with the hot
cathode are inevitable. Thus, both transfer line configurations are not well suited for
fragile compounds. To minimize exposure of fragile compounds to heat, the transfer
line shown in fig. A.1 was built. A ceramic tube (boron nitride) guided the carbonyl
compounds directly into the anode volume. The tube was connected to a copper piece
that was in contact with the water-cooled aluminum target base. Nonetheless, parts of
the ceramic tube might have been exposed to temperatures above the decomposition
temperature of the compound.

Two methods for injection of molybdenum hexacarbonyl (a colorless crystalline solid
at ambient temperature) into the ion source were tested. Solid samples are typically
introduced via a tantalum tube that is ohmically heated (mass markers) [63]. The
method is not suited for species with high vapour pressure since already in the ab-
sence of a heating current, the indirect heating from the cathode is sufficient to cause
uncontrolled evaporation. Gases are usually supplied via a calibrated leak (1 x 107 to
1 x 10~3mbar Ls™!) that is backed by gas at atmospheric pressure. To reach the pres-
sure required for injection via a calibrated leak, a glass-reservoir containing Mo(CO)s,
along with its connection to the calibrated leak, were heated to ca. 140°C. A total
pressure of ca. 200mbar could be reached, however, metallic mirrors revealed that
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Figure A.2: Mass spectrum of molybdenum hexacarbonyl obtained with a modified VADIS operated at a
cathode temperature of 1700°.

the compound decomposed on hot spots and a partial pressure of carbon monoxide
was present in the system. A more reliable injection could be achieved without cali-
brated leak, following an approach similar to the evaporation system used for MIVOC
sources [254]. The solid sample was placed in a reservoir at ambient or reduced temper-
ature (—11°C to 20 °C). After the initial evacuation of the reservoir, the sample sublimes
till its saturation vapour pressure pyap(0°C) ~ 1 x 10~? mbar [258] is reached. The flow
rate into the ion source is given by Q,v = Cg (pvap — Pextr) ~ Cgpvap [259], where the
conductance Cg is a constant of the experimental setup.

A mass spectrum obtained with the ion source at Ty, ~ 1700° is shown in fig. A.2.
The isotopic pattern of molybdenum allows identification of Mo(CO) with 1 < x <
6. The beam composition is dominated by a species of mass 28 u (very likely carbon
monoxide), which arises from trace impurities in the target and ion source system or
by decomposition of Mo(CO)s. Decomposition products of the boron nitride tube could
also contribute to the peak.

The temperature was successively increased from T.,g, = 1700 °C to 2100 °C while the
current of Mo(CO)s" was monitored. At the same time, the sample temperature in-

creased from Tyes = —11°C to — 1°C. Upon heating the cathode, the ion current
showed an immediate response. Its highest value was found at the highest tested tem-
perature of T, ~ 2100 °C (Tres = —1°). The pressure on the extraction side remained

between pexyr = 1.1 X 10 ®mbar and 1.4 x 10 ®mbar. After reaching the maximum
cathode temperature, the ion current decreased below background level. The vanishing
current could be attributed to a leak that developed during the experiment in the gas
injection system. It caused rupture of a gas connection tube inside the target unit. The
maximum observed current allows to estimate the ionization efficiency. The sample in
the reservoir (120mg) was allowed to fully evaporate at ambient temperature, which
required ca. 37hours. The flow rate Q,y of Mo(CO)s is proportional to its vapour
pressure since the conductance between sample reservoir and ion source remained un-
changed. At room temperature (20°C), Q,v is ca. 10 times higher compared to the
conditions used in the ionization experiment. An efficiency of €jon ~ 3 X 107° was esti-
mated which is typically considered insufficient for radioactive ion beam applications.

The low ionization efficiency can be explained by thermal decomposition which takes
place i) in the ion source and ii) in the gas injection line connected to the ion source.
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While the latter is more difficult to asses by calculation, the former can be estimated
by consideration of the mean ionization length, i.e., the average free path of a neutral
before its ionization. The walls of the anode body (ionization volume) are in proximity
to the hot cathode. Their temperature well exceeds the decomposition temperature
of carbonyl compounds. Thus, the maximum travel distance of injected Mo(CO)s is
limited by its first wall encounter. The length is in the order of the diameter of the
anode body, i.e., ca. 1cm. Expressions for the ionization length and typical values for
a VADIS are given in [176]. Its precise calculation for Mo(CO)s is not possible because
the ionization cross sections are not known. Typical values for xenon are in the order
of 3m at 1900°C. For the same species, electron density and electron velocity, the
ionization length Ai, is proportional to the ion velocity v;, which in turn depends on
the temperature and mass of the ion

T
Ajon & Vj & 4| —. (A1)

m;

Assuming that the ionization cross section of Mo(CO)s is in the same order of magni-
tude as Xe and an ion temperature of 100 °C, the ionization length is in the order of
Aion Mo(co), ~ 1m. Within this estimation, the vast majority of the neutrals arriving in
the ionization volume suffer a wall encounter and decomposition instead of their ion-
ization. Additional losses arise from the probability of thermal decomposition prior to
arrival in the ionization volume. Metallic mirrors could be seen on the joint between the
copper cylinder shown in fig. A.2 and the tantalum tube connected to the copper part,
indicating that the present temperatures did exceed decomposition temperatures prior
to injection. To increase the ionization efficiency, a significant reduction of the surface
temperatures in the ionization volume would be required along with an active cooling
of the injection path. These major modifications are challenging due to the proximity
to the hot cathode.

A.2 Radio frequency heated sources

The radio frequency heated plasma ion sources have been briefly described in sect.
1.2.3. In contrast to forced electron beam ion sources, they do not require a hot cathode
and operate close to room temperature. These ion sources have been developed with
the goal of efficient ionization of volatile molecules, like CO and COs.

A.21 COMIC source

The injection of Mo(CO)s was achieved in the same way as described for the VADIS in
the previous section A.1. The molybdenum hexacarbonyl fragments could be identified
in the mass spectrum. A photo of the plasma, as seen through the laser window,
and mass spectra of selected fragments are shown in fig. A.3. The ion source was
operated with krypton as buffer gas. It ignited at 70 W forward power and a pressure
of Pextr = 1.0 x 107> mbar. The krypton gas load was reduced after ignition by a leak
valve till a pressure of pexr = 5.5 X 10~° mbar was reached. The sample was allowed
to warm up from —43 °C to 47 °C. First indication of Mo(CO);* (5pA) was found at ca.
—4°C. The highest measured current of 37 pA was obtained at 24 °C, where also the
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Figure A.3: COMIC krypton plasma as seen through the laser window of the offline 1 separator and
selected mass spectra of Mo(CO)s fragments.

highest pressure of pextr = 1.4 X 107> mbar was measured. At higher temperatures, the
current first decreased and finally, the plasma extinguished and could not be reignited.

A lower limit for the efficiency obtained by integration of the Mo(CO)3;* current and
sample weight (120mg) computes to €jon > 1 x 1078, Assuming similar evaporation
conditions as discussed in sect. A.l, an efficiency of €jon ~ 1 X 107 is obtained at
the temperature of —4°C. Within the same experiment, the ionization efficiency of
krypton was determined to be 0.6%, which is well below the previously reported value
of 34% [109]. The issue could later be attributed to a failure to bias the intermediate
extraction electrode which remained floating. The absence of voltage led to insufficient
beam focusing. Nevertheless, the obtained ionization efficiencies are well below values
acceptable for radioactive beam applications.

A photo of the previously cleaned ionization chamber of the COMIC source is shown in
tig. A.4a. Black and metallic deposits (most likely carbon and molybdenum) could be
found in the quartz chamber and inside a PolyTetraFluoroEthylene (PTFE) tube through
which vapours of molybdenum hexacarbonyl were supplied. The deposits were most
abundant around the injection region and the central antenna rod. Despite the quartz
chamber being tightly embedded in a water-cooled copper piece, the temperature of the
quartz injection tube reached temperatures of ca. 100 °C at 25 W of absorbed microwave
power. The temperature inside the the quartz chamber, particularly at the RF-antenna,
is difficult to assess but expected to be significantly higher. To investigate, if Mo(CO)s is
mostly decomposed thermally or by electron collisions in the plasma, the concentration
of Mo(CO)s in the residual gas of the offline 1 separator was measured by a RGA (c.f.
fig. 2.11 and sect. 2.4.1) while a constant flux of Mo(CO)s was supplied to the ion source
and the microwave power varied. During the experiment, the plasma in the ion source
was not ignited. The results are shown in fig. A.4b. The partial pressure of Mo(CO)s in
the residual gas decreases steeply with microwave power. At a power of 7W the original
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Figure A.4: Decomposition of Mo(CO)e in the COMIC ion source. The ionization chamber contains black
and metallic deposits. The spatial distribution of the deposits indicates that decomposition mostly takes
place in the vicinity of the neutral injection tube. The destruction of Mo(CO)g with microwave power was
investigated by monitoring their partial pressure in the residual gas after passing through the COMIC
source, which was not ignited.

signal reduced by ca. 80%, at 11 W no signal above background could be detected. The
typical microwave power required for operation is ca. 20W to 50 W. Thus, it can be
assumed that the majority of Mo(CO)s is decomposed already by microwave power in
the absence of a plasma. An additional issue arises from the geometry of the ionization
chamber. The volume from which the ion of a refractory compound can be extracted
must be in line-of-sight to the outlet aperture. This volume is limited by the hot central
antenna rod and only a few mm in depth. Overall, the COMIC ion source in present
design does not seem suitable for ionization of fragile compounds.

A.2.2 Helicon source

Similar to the COMIC ion source, the Helicon ion source exploits ionization in an RF-
heated plasma. The source is operated in the frequency range of 100 MHz to 200 MHz.
The quartz ionization volume is surrounded by an antenna that is connected via an
impedance matching box to the RF source (¢f. sect. 1.2.3, 2.3 and [114]). As shown
in fig. A.5, the Mo(CO)s sample was placed inside the target unit (vacuum vessel). To
avoid contact with metallic surfaces, the sample holder and the capillary connecting the
latter to the ion source, were made of PTFE. A peltier element allowed cooling to ca.
—20°C. At this temperature, no fragments of Mo(CO)e could be detected in the residual
gas composition. The vapour pressure is expected to be pyap(—20°C) =7 x 10~* mbar.
Prevention of evaporation due to ice formation with residual humidity can also not be
excluded.

The source was operated with helium buffer gas, for which the highest molecule ion-
ization efficiencies are expected [114]. It ignited at a pressure of pextr = 3.5 X 10~5 mbar
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Figure A.5: The Helicon ion source and cold mass marker setup. The Mo(CO)s sample was placed in
a hollow PTFE cylinder that was embedded in a copper block. A peltier element allowed cooling the
copper block to ca. —20°C. The sample vapours reach the ion source via a PTFE tube. The magnet array
surrounding the quartz tube is not shown (cf. fig. 1.12).
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Figure A.6: Mo(CO)¢ ionization in the Helicon source. The dependence of beam currents on RF power
indicates that the ionization efficiency of Mo(CO)s is higher in a capacitively coupled plasma. The de-
composition of Mo(CO)g was studied by monitoring their partial pressure in the residual gas after passing
through the ion source. The RF amplitude of the signal generator is given before amplification. The result-
ing forward power measured by an SWR meter was in the range from 30 W (50mV) to 140 W (150 mV).
Ca. 50% to 80% power reflected.
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Figure A.7: The Helicon quartz tube (plasma chamber) after usage. The neutrals were injected from the
left side. Grey deposits formed on the surface near the injection region. The deposits were analyzed by
EDX. See text for details.

and 14 W forward power at 164 MHz. Prior to injection of Mo(CO)g, the efficiencies of
krypton and xenon were determined to be ca. 2% and 4%, respectively. After allow-
ing the sample to warm up to 20 °C, the fragments of Mo(CO)s, as observed in earlier
experiments with other ion sources, could be identified. The dependence of ion beam
with RF power was studied (see fig. A.6a). In contrast to noble gas efficiencies, the high-
est efficiency for Mo", which was the best resolved framgment in the mass spectrum,
was found at low RF power in capacitive mode. A possible reason might be a higher
voltage gradient that promotes sputtering of deposits on the chamber walls. From the
highest measured current (12 pA), the initial weight of the sample (7.5mg) and an esti-
mated evaporation time of one day, an efficiency in the order of €jon ~ 4 x 1077 could
be estimated.

The decomposition of Mo(CO)s was investigated in the same way as reported for the
COMIC source in sect. A.2.1. During operation of the source, no fragments were
observed in the residual gas. The temperature measured at the back plate of the source
(thermocouple 1 in fig. A.5b) was ca. 67°C during operation at ca. 70W to 100W
forward power. The RF power was successively reduced while the temperature and the
Mo(CO);" RGA ion current were monitored (cf. fig. A.6b). At a forward power of ca.
30 W, the plasma extinguished and Mo(CO), fragments appeared in the mass spectrum
of the RGA. To estimate the fraction of sample molecules decomposed by RF heating,
the power was increased without ignited plasma to the previous operational level of
100 W. The current on the RGA reduced by ca. 74% which indicates that this fraction is
decomposed by heating effects. The remaining fraction is likely decomposed in electron
collisions in the plasma.

The quartz tube was inspected after the experiment and the elemental composition
on its surface was studied with Energy-Dispersive X-ray spectroscopy (EDX). Grey de-
posits are visible near the entrance region of the neutrals (fig. A.7a), indicating that the
majority of the neutral Mo(CO)s could not reach the ion extraction region. The EDX
spectrum (5keV electron energy) revealed the maximum of molybdenum deposition
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Figure A.8: The setup to study breakup of Mo(CO)s. Vapours of Mo(CO)e were injected via a leak valve
into a chamber equipped with two windows through which a laser beam was guided. The gas composition
was monitored with a residual gas analyzer. Schematic drawing courtesy of Ch. Seiffert.

at ca. 1cm from the entrance. Aluminum could be found closer to the entrance, likely
originating from the aluminum back plate confining the plasma chamber. Carbon could
not be unambiguously identified in the EDX spectrum. The results suggested that in-
jection of the sample closer to the extraction region would increase the efficiency, which
was, however, not the case.

A.3 Experiments involving laser beams

Two different experiments involving lasers were conducted. In one experiment it was
investigated, if Mo(CO)s can be efficiently decomposed by available laser systems in a
geometry similar to an ion source. The breakup of the molecule is typically considered
a required step for resonant laser ionization of the naked atom. The second experiment
was conducted within the framework of experiments towards electron impact ionization
in a cold environment with laser-induced electron emission (cf. Chapter 6).

A.3.1 Laser breakup

The breakup of Mo(CO)s was studied in a setup with geometry similar to an ion source.
The setup is shown in fig. A.8. The solid sample was placed in a stainless steel chamber.
A steady flow of Mo(CO)s vapours was injected via a leak valve into a CF16 6-way cross
equipped with two laser windows. The length of the interaction region was ca. 8cm.
Laser beams with pulse length in the order of tens of nanoseconds and wavelength
355nm, 523nm and 266 nm were guided subsequently through the chamber. Their
power was measured after passing through the chamber. The gas composition was
monitored with an RGA. A depletion of the Mo(CO)x signals was found at the wave-
length of 266 nm, as shown in fig. A.9. At the other wavelengths no response could
be detected. The results are in agreement with the UV-vis absorption spectrum of
Mo(CO)e [260]. At a laser power of ca. 0.7 W ca. 15% of continuously injected Mo(CO)e
was decomposed. Following the obtained results, the investigation of a combination of
resonant ionization and breakup was proposed [261].
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Figure A.9: Plot of selected ion currents measured with a residual gas analyzer versus power of the laser
beam at 266 nm passing through a chamber with vapours of Mo(CO)s.

A.3.2 Non-resonant laser ionization and further measurements

Along with the experiments towards ionization in a cold VADIS (Chapter 6), a direct
ionization with a laser beam was observed which yields a fragmentation pattern dif-
ferent from that of electron impact ionization (see fig. A.10). The obtained ion beam
currents were below these measured in electron impact ionization. The modes could
be switched by setting the anode voltage and target magnet current to 0V and 0 A, re-
spectively. As can be seen in fig. A.10, the direct laser ionization mode is not capable of
ionizing the noble gas krypton but only loosely bound compounds like Mo(CO)s. The
used setup is described in Chapter 6. It consists of a VADIS kept at ambient temperature
which is illuminated by a femtosecond laser (265 fs pulse length), 343 nm wavelength,
power of 4.5W and 50 kHz repetition rate.

In addition to the data included in the publication in Chapter 6, the ion currents of
Mo(CO)e fragments were measured in dependence of the anode voltage. These mea-
surements allow to deduce the relative appearance potential of the fragment. The re-
sults are shown in fig. A.11. As can be seen from the graph, the appearance potentials
increase with number of ligands for Mo(CO), with 0 < x < 5. The curve for Mo(CO)¢"
deviates from the other fragments which is likely due to a different mechanism of ion-
ization which is non-dissociative. The absolute values of the respective appearance
potentials could not be obtained due to the unknown energy distribution at 0V anode
potential. For comparison, the ionization potential of krypton is shown in fig. A.11
which cannot be trivially obtained from the measured curve.

A.4 Contributions

The experiments involving the VADIS (sect. A.1), COMIC (sect. A.2.1) and Helicon
(sect. A.2.2) ion sources were prepared, conducted and analyzed by myself. The EDX
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Figure A.10: Mo(CO)s fragmentation pattern in electron impact and direct laser ionization

10+ Mo(CO)g
—— Mo(CO), 0.14 Mo(CO),
£ ol —— Mo(CO); T ol Mo(CO),
g - Mo(CO), s ——Mo(CO),
3 —— Mo(CO), O o0 Mo(CO),
5 %7 Mo(CO), 2 s
3 —— Mo(COQ) B
N Mo N 006
£ - = Krypton £
5 5 0044
Z g2 z
0.02 -
00 _I i T T T T 1 000 i
0 100 200 300 400 500 3'5
Anode Voltage / V Anode Voltage / V
(a) full measurement range (b) onset region

Figure A.11: Normalized beam current of the Mo(CO)x fragments versus anode voltage as measured in a
VADIS at ambient temperature.
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spectrum of the Helicon ion source was measured by J.P. Ramos. The laser breakup
experiment (sect. A.3.1) was jointly prepared and conducted in collaboration with
Ch. Seiffert. The data was mostly analyzed by Ch. Seiffert. The non-resonant laser
ionization experiment (sect. A.3.2) was conducted within the collaboration as stated in
Chapter 6. The resulting data was analyzed by myself.
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The formation of radioactive carbonyl compounds has been demonstrated from recoils
obtained in neutron-induced or spontaneous fission and from fusion-evaporation reac-
tions after separation from the intense primary beam. At ISOLDE the situation is differ-
ent. The scattered primary beam causes a certain fluence of charged particles (mostly
protons) in the region of molecule formation. The experiment proposed in this chapter
was designed to study, if carbonyl formation at ISOLDE is efficient. The components
for the experiment have been designed, built and tested, however the experiment could
not yet be conducted within this theses. The attached documents describe scientific
aspects, the designed and built equipment and the forseen operational procedures.

B.1 Contributions

The first attached document (Experiment proposal) was written by myself. The second
document was drafted by J. Riegert and myself based on a setup developed by my-
self in collaboration of specialists for hot-cell handling and safety, as indicated in the
document. The risk assessment was led by J. Riegert.
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Abstract

This document gives an overview of a proposed experiment at the ISOLDE
and MEDICIS facilities aiming at formation and survival of volatile multi-carbonyl
carriers for refractory elements. The experiment is a crucial step towards extraction
of refractory element beams like molybdenum, technetium, ruthenium and rhodium
at ISOLDE. For this experiment, a versatile irradiation unit was designed, which
is also available for future neutron and proton irradiation experiments. It allows
sample handling by the ISOLDE and MEDICIS KUKA robots, in the hot cells and
the rail conveyor system to ensure the lowest possible dose for the operating staff
conducting irradiation experiments.

1 Introduction, Motivation and Justification

Despite the manifold new developments introduced to ISOL target units within the
last 60 years, the beam extraction of elements with very high boiling points (refractory
elements) remains a very challenging topic. Due to their vanishingly low volatility,
radionuclides of these elements generated by the driver beam are captured within the
target and suffer from hampered release [1].

However, following new developments, which came up in the field of superheavy
element chemistry within the last years [2], a new compound class might open up new
perspectives for the extraction of the most refractory elements. Highly volatile carbonyl
complexes M(CO)x, x=5-6 of suitable elements were found to form already at ambient
temperature and pressure upon thermalizing fission fragments emerging from a thin
uranium foil in a carbon monoxide-containing atmosphere. The ISOLDE Periodic Ta-
ble of Elements shown in Figure 1 demonstrates the potential of the “carbonyl method”.
Nine out of fifteen transition metals, which are not yet available as beam, form volatile
carbonyl compounds. Despite their potential as volatile carriers, transition metal car-
bonyls are delicate compounds, and decomposition in beam-induced plasmas and at
elevated temperatures is expected. [3-5]. The synthesis of carbonyl compounds has
been demonstrated at a TRIGA reactor and in fusion reactions, where the evaporation
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Figure 1: Periodic Table of elements showing available beams at ISOLDE (green / dark
grey), Non-available Elements, which form transition metal carbonyls (red background
/light grey) and carbonyl chalcogenides (red frame).

residues haven been physically separated from the beam prior to carbonyl formation [6].
The intense proton beam at ISOLDE is expected to induce a plasma, similar to the
induction of a plasma by the primary beam used in fusion-evaporation reactions. We
have therefore designed a target unit, equipped with an improved neutron converter,
which allows to conduct neutron irradiation of a sample in a regime of very low resid-
ual proton current. In addition, the target unit is equipped with a second irridiation
postion in a region of higher proton fluence. The latter allows us to quantitatively inves-
tigate the carbonyl decomposition by impacting protons. To deduce the total chemical
efficiency of the process, which is an important factor for the beam extraction in an
ISOLDE production unit, a catcher foil will be used to determine the total number of
recoiling isotopes, which recoil out of the uranium foil. The fraction of fission recoils
forming carbonyl compounds can be distinguished from their elemental counterparts by
their volatility. While carbonyl compounds are known to be easily transported by a gas
stream, the refrectory metals in elemental form stay deposited on surfaces. By retain-
ing the volatile species on a charcoal trap, and subjecting it to gamma spectroscopy,
the inventory of volatile species is obtained.

2 Experimental Setup

2.1 The ISOLDE hot cells

The layout of the ISOLDE hot cells is shown in Fig. 2. The facility consists of two
separate cells, which are connected through a transfer channel. The right cell, as seen
from the operator (cell 1), is equipped with an access lock, which allows the introduction
and evacuation of an ISOLDE target unit. The target unit can be transported by a
crane to the target table, which serves as support and fixation device. The exterior
walls are shielded with the equivalent of 15 cm lead. The ventillation system is designed
for a maximum flow volume of 85 m?/h [7]. Both cells are equipped with vacuum and
pressurized gas lines leading to a panel at the rear outside wall.




120 Towards experimental study of transition metal carbonyl formation at ISOLDE

Gas Feedthrough =

ASRRARRANS / Access Lock

Outer shielding Transfer channel
15 cm lead equivalent ﬁ ﬁ ﬁ Target table
Operator Operator

Figure 2: The ISOLDE hot cells

2.2 The versatile irradiation unit

The irradiation unit (cf. Fig. 3) serves as support for the sample assembly and is
equipped with a tungsten rod as spallation neutron source. The proton beam of the
PSB can be focused either on the tungsten rod to irradiate the sample with secondary
neutrons, or directly on the sample. The neutron converter is kept in an enclosure
under vacuum to resemble the design of the standard ISOLDE target unit. The volume
between neutron converter and its cover can be evacuated through the target valve. The
arrangement of the sample assembly was optimized to reduce the proton fluence to a
minimum, if the beam is focused on the converter.

2.3 The sample assembly

The sample assembly consists of two gas containers equipped with a handle for the
KUKA-robot. A schematic view of a sample container is shown in Fig. 4. The sample
container is made of PEEK polymer, which is a radiation hard, low outgassing, and
mechanically robust material. The container consists of two parts, which are held
together by a KF-type clamp. The upper part of the container does not contain bigger
metallic parts, and is therefore ideally suited to be taken out of the hot cell. It will
contain a catcher foil, which is made of a plastic material, or a very thin metallic foil.

The lower part will not be handled manually, and is equipped with two quick con-
nectors and valves for gas-related operations, fixtures for attaching the assembly to a
target base, and a 25 pum thick uranium foil in the center of each container.

2.4 The transfer unit

The irradiation unit is directly exposed to the proton beam and especially the neutron
converter rod, made of tungsten, is getting highly activated. Hence, the introduction of
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KUKA — Robot handle
to take out the sample
assembly

counterweight
(stainless steel) Tungsten rod 3 cm diam.

neutron converter

cover which holds the

beam window converter under vacuum

(reduced thickness)

Figure 3: Sketch of the irradiation unit including sample assembly

Clamping system Top part of the container,

from the hot cell

- without metallic parts, to be evacuated
similar to KF vacuum flanges /

Sealing O-Ring

N

metallic uranium foil (25 pm)

Quick connectors including
shut-off valves

<+ Assembly fixture

d

Figure 4: Sketch of a gas container. Two containers, supporting parts and a KUKA

robot handle are combined to form the sample assembly.
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the irradiation unit into the hot cells should be avoided. However, after separation of
the sample assembly from the irradiation unit, the former still needs to be transported
via KUKA robot and rail conveyor system to the hot cell. As mean of transport, a
dedicated transfer unit was designed. It resembles the dimension of a standard target
base, and is equipped with a fixture to attach the sample assembly.

2.5 The gas system

A simple, telemanipulator operable gas-system is installed inside hot cell 2, which allows
to

evacuate the gas container,

purify the gas prior to irradiation using scrubber cartridges,

circulate gas through the container and to

fill the container with gas.

Flexible hose §

Quick-Connectors

/@\ with shut-off valve

-1to 3 bar

Needle-Valve
Pump-Bypass

Flow-Controller []

Irradiation 1to3b
Container -1to 3 bar Oxygen
Purification

o
S

Scrubber

Bypass Scroll Pump

Venting Valve

Water
rification

co Ar

(VA)—(YA)

Charcoal trap assembly Gas Bottles

Figure 5: Scheme of the gas system for hot cell 2

Two pumps are used within or nearby hot cell 2. In any case is the exhaust gas fed
into the hot cell volume. A scroll pump serves as vacuum source to evacuate container
as well as tubing and a membrane pump allows to force gas in a loop. T'wo purification
cartridges are part of the loop, which allow the reduction of residual oxygen and water
prior to filling the gas containers and irradiation. After irradiation, two options for the
extraction of volatile compounds out of the gas container volume and into the charcoal
trap are available. The gas is either evacuated over the charcoal trap assembly till a
rough vacuum pressure level is reached, or a gas is circulated through charcoal trap and
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container at ambient pressure. Small gas bottles (1 L, 200 bar) and tubing are placed
either in or nearby the hot cells.

The schema of the gas system is shown in Fig. 5. Swagelok quarter turn plug valves
are used, which have been tested to be compatible with telemanipulation. The charcoal
trap assembly consists of two charcoal traps in series. While the first trap is intended
to collect the sample, the second trap is used to monitor if species are able to pass the
first trap. Each trap is made up of a PTFE tube, filled with granular charcoal which is
held in place by quartz wool plugs on either side of the tube. The assembly is equipped
with quick connectors for fast connection, which also have been tested for compatibility
with remote handling. The partially assembled system is shown in Fig. 6.

Figure 6: Photo of the partially assembled system during tests

3 Experimental Procedure

3.1 Pre-irradiation operations in the hot cells

Prior to irradiation, the gas container is prepared in hot cell 2. The clamps of the gas
containers are opened, and a lid with a new catcher foil is mounted. Subsequently,
the gas system is connected to the container using the quick couplings. The container
is first evacuated, tested for leak-tightness and filled with a gas, which is typically
carbon monoxide, an inert gas or a mixture of oxygen and an inert gas. The sequence
is repeated for the second gas container. After isolating the containers from the gas
system, the sample assembly is transferred through the transfer channel to hot cell 1.
The assembly is attached to the transport unit which in turn is evacuated from the hot
cell through the access lock by crane and the MEDICIS KUKA-Robot.

3.2 Transfer and irradiation

An overview of the target area is shown in Fig. 7. The transfer unit including gas
containers is transported from the hot cell access lock to the MEDICIS rail conveyor
system by the MEDICIS robot and placed on a trailer. The trailer is moved to the GPS
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Figure 7: The ISOLDE Target area (adapted from EDMS Document 1541088)

or HRS exchange point, where the container assembly is transferred by a KUKA robot
to the irradiation unit, which will then be placed on an ISOLDE frontend for irradiation.
The target is clamped to the frontend and water cooling is started, however, the target
vacuum valve remains closed to avoid the need for venting the frontend sector before
decoupling, which would significantly delay the procedure. After irradiation, the steps
are followed in reverse order to bring the transfer unit including the irradiated sample
assembly inside the hot cell, while leaving the irradiation unit at the exchange point.

3.3 Post-irradiation operations in the hot cells

Within the post-irradiation procedure, the catcher foils need to be recovered and the
produced radioactive species inside the gas volume have to be transferred to a charcoal
trap. Since the gas system is installed in hot cell 2, the sample assembly is transferred
to the neighboring cell through the transfer channel and connected via quick couplings
to the charcoal traps and the gas system (cf. Fig. 5). The gas is evacuated over
the charcoal trap. Optionally, the sample assembly is heated to ca. 100 °C and the
gas loop is filled with a gas which is circulated through container and charcoal trap.
Subsequently, the pressure inside the gas container is regulated to atmospheric pressure.
After removal of the container clamp which holds both parts of the gas container
together, it is visually verified, that the uranium foil in the lower part of the gas
container remained intact. The upper part of the gas container (lid), containing the
catcher foil, is taken out of the hot cell where the catcher foil is removed and subjected
to gamma spectroscopy. The charcoal trap assembly is also evacuated from the hot cell
and the decay radiation is recorded.
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4 Radioprotection aspects

FLUKA simulations were performed to estimate the expected dose rates at each step of
the experiment. The FLUKA model takes into account the geometry of the irradiation
unit to correctly reproduce the proton beam interactions, in particular with the neutron
converter and it’s aluminum cover. However, only the sample assembly is transported to
the hot cell. Thus, the dose rates discussed in the following sections are only considering
the dose due to activation of the sample assembly. The dose for items confined in the
hot cell is calculated as photon dose using EWT74 tables. For items evacuated from
the hot cells, also particles (excluding heavy ions) were taken into account.

Protons /s

End of irradiation

1 2 3 4 5
10min.| 1h 10min.| 1h [ 10min. 1h 10 min.| 1h 10 min.
1083 /s | cooling | 1083 /s | cooling | 108/ s | cooling | 1013 /s | cooling | 10®/s
. N\ /
time Dose after

5 and 30 minutes

Figure 8: Irradiation profile assuming five consecutive irradiation experiments for dose

rate simulations.

The irradiation pattern for the simulations is shown in Fig. 8. It assumes 5 consec-
utive irradiation experiments, where the irradiation unit is exposed to 10 protons per
second for 10 minutes followed by one hour of cooling time between each experiment.
The dose rate is evaluated 5 and 30 minutes after the last irradiation.

10 =

-25-20 -15-10 -5 0

20
15
10

1x10%

1x10°

1x101

1x102

5 10 15 20

Dose rate photons /Sv/h

1x10?!

1x100

1x101

Dose rate photons /Sv /h

Figure 9: Effective photon dose rate of the sample assembly based on EWT74 conversion
coefficients (worst possible geometry) for the target unit scored 5 minuted after the end
of the irradiation sequence. The length is given in units of cm.
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1.

2.

INTRODUCTION

This experiment at the ISOLDE and MEDICIS facilities aims at formation and survival of volatile multi-carbonyl carriers
for refractory elements. The experiment is a crucial step towards extraction of refractory element beams like

molybdenum, technetium, ruthenium and rhodium at ISOLDE. For this experiment, a versatile irradiation unit is

designed, which is also available for future neutron and proton irradiation experiments.

EQUIPMENT

Equipment

Description

The versatile irradiation unit and the sample assembly
(removable part)

i Handle of the target valve

KUKA - Robot handle
to take out the sample

Gas Containers assembly

counterweight
(PolyEthylene) Tungsten rod 3 cm diam.

neutron converter

cover which holds the
beam window converter under vacuum

(reduced thickness)

The irradiation unit servers as support for
the sample assembly and is equipped with a

tungsten rod as spallation neutron source.
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Equipment

Description

Detail of the sample assembly

The sample assembly consists of two gas
containers equipped with a handle for the
KUKA-robot.

Clamping system
similar to KF vacuum flanges

Y

Quick connectors including
shut-off valves

Detail of the gas containers

Top part of the container,

without metallic parts, to be evacuated
/ from the hot cell

Sealing O-Ring

metallic uranium foil (25 um)

<+——  Assembly fixture

The lower part is equipped with two quick

connectors and valves for gas-related

operations, fixtures for attaching the

assembly to a target base.
Each gas container has 2 foils :

- Auranium foil that emit the recoils. This
foil is not changed during experiments

and stays inside the gas container.

- A 25-um thick catcher foil (Carbon) that
capture recoils emitted by the Uranium
foil. This foils is removed and changed
during the experiment for

spectrometric analysis.

~
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Equipment Description

The transfer unit and the sample assembly

Base to transfer the sample assembly from
the ISOLDE target area to the MEDICIS hot

cell.

Element with the dimension of a standard
target base, and equipped with a fixture to

attach the sample assembly.

Gas system

The gas system is installed in the hot cell. It
is operable with telemanipulators and

allows to :

e Evacuate the gas container,

e Purify the gas prior to irradiation using
scrubber cartridges,

e  (Circulate gas through the container and

to fill the container with gas.
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Charcoal trap

l,..
h

Adsorb volatile species in case of irradiation
with gas inside the gas containers when
evacuating the gas inside the gas setup

Tray

Prevent hot cell contamination during

removal of the catcher foils

Gas bottles

Fills the gas containers with :
- COo
- Ar

The gas bottles are installed outside the hot
cell (MEDICIS sector 1) and are connected to
the hot cell Gas Feedthrough.

Pumps x3

3 pumps are used within or nearby hot cell 2

(connection to the hot cell feedthrough :

e A scroll pump outside the hot cell
(179/R-401) serves as vacuum source to

evacuate container as well as tubing.

e A pressure pump inside the hot cell is
used to pressurize the exhaust gas

inside the gas tank.

e A membrane pump inside the hot cell
allows to force gas in a loop.

Table 1: List of the equipment needed
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Equipment Description
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3. PROCEDURE OF INTERVENTION

3.1 PREPARATION OF INTERVENTION

1. Preparation of equipment inside the hot cell :
a. Installation of the gas setup.
b. Installation and connection of pumps and gas bottles to hot cell feedthroughs.

3.2 FIRST PART: IRRADIATION WITHOUT GAS INSIDE THE GAS CONTAINERS

NOTA: Operations inside the hot cell are performed with telemanipulators.
For the first part of this experiment, 2 catcher foils will be used (one for each gas container).

3.2.1 Transfer of the irradiation unit to the MEDICIS area, and introduce the transfer unit with the sample
assembly into the hot cell

2. Transfer on a trolley the irradiation unit without the sample assembly to the MEDICIS sector 2.
3. Install manually the irradiation unit without the sample assembly on the MEDICIS High (or Low) trailer.

PN YV /4
~. 1. Irradiation

GPS-Robot | 1soLbE
Target Area

MEDICIS-Robot
HRS Robot

_ Measure dose rate,
2 Decay point gnd wait till below 1 Sv/h

i

Figure 1: Global view of the transfer steps of the sample assembly after irradiation

3. Sample assembly
to hot cell

Hot Cells

4. Place the transfer unit including sample assembly manually on the sliding table of the hot-cell access
lock.
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5.

LN

Outer shielding

Transfer channel

15 cm lead equivalent E % g Target table

¥

Operator

Operator

Figure 2: View of the hot cell

Opening of the material lock and installation of the transfer unit and the sample assembly on the
movable sliding table (only one door opened at a given time).

Sliding table
P

Figure 3: Opening of the material lock

Allow the movable access lock table to slide inside hot cell 1.
Retrieval of the transfer unit and the sample assembly with the crane.

Closure of the material lock.

Installation of the transfer unit and the sample assembly on the target table.

Target table

4 T F ‘1

Figure 4: View of the target table
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3.2.2 Pumping of the gas container

10. Connect the gas setup to the gas containers of the sample assembly.

Flexible hose

Q Jl; Quick-Connectors Scroll pump

with shut-off valve

X = —

@, l Carbon monoxide

a\E and Argon bottles

N T

] Expansion '—I,_I

K Venting vaive Ea)) Gas handling | =——

: o) = |

Needle-Valve
Pump-Bypass

Irradiation

Container o3 bar

system
Pressure Exhaust gas ys
torage G
pump S as
L_ container
,,,,,,,,,,,, Charcoal trap
Cell 2

Chareoal trap assembly Gas Bottles

Figure 5: Gas setup drawing

11. Pump the gas containers.
12. Disconnection of the sample assembly from the gas setup.

3.2.3 Transfer of the irradiation unit and the sample assembly to the HRS or GPS Front-End for irradiation

13. Retrieval of the transfer unit and the sample assembly with the crane.

14. Opening of the material lock (only one door opened at a given time).

15. Installation of the transfer unit and the sample assembly on the sliding table.

16. Retrieval of the sample assembly only with the MEDICIS KUKA robot.

17. Closure of the material lock.

18. Transfer of the sample assembly to the irradiation unit, waiting on the high (or low) shuttle at MEDICIS
sector 2.

19. Transfer of the irradiation unit including sample assembly to HRS or GPS exchange point
(ISOLDE exchange point 2 or 1) with the MONTRAC system.

20. With the ISOLDE KUKA robot, retrieval of the irradiation unit with its sample assembly.

21. Transfer of the irradiation unit with its assembly to the HRS or GPS front-end.

22. Irradiation of the irradiation base with the sample assembly.

3.2.4 Transfer of the sample assembly to the hot cell

23. Transfer of the irradiation unit with its sample assembly to the HRS or GPS exchange point.

24. Transfer of the irradiation unit including sample assembly to the decay point with the MONTRAC.

25. Wait until the dose rate reaches the maximum level of 1 Sv/h, measured with the radiation monitor
at the decay point.

26. Transfer of the sample assembly on its irradiation unit to MEDICIS sector 2 with the MONTRAC

27. With the MEDICIS KUKA robot, retrieval of the sample assembly and transfer to the transfer unit,
waiting on hot cell the material lock.

3.2.5 Retrieval of the catcher foils for spectrometry gamma

28. Put to atmosphere the gas containers by opening their valves :
a. Fill the gas containers and the lines with Argon
b. Circulate Argon in the loop over a charcoal trap to filter volatile radionuclides
c.  Pump and collect the gas in the gas tank
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Figure 6: View of the principle of the valve on the gas containers

29. Opening of the gas containers clamps by unscrewing their wing nuts.

Figure 7: removal of the wing nuts

30. Removal of the container lid.

Figure 8: removal of the lid
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31. Retrieval of the catcher foils on their support. The operation is done above a tray in order to prevent
contamination of the hot cell.

Catcher

Support

Figure 9: retrieval of the catcher foils on their support

32. Put it in bag through the rear access port and transfer using a grasper and a trolley with lead bricks
for shielding, from the hot «cell to the measurement room at MEDICIS
179/R-023 for spectrometry gamma.

Figure 10: View of the rear access port

3.2.6 Conditioning old catcher foils in wastes

33. Conditioning of old catcher foils in wastes under the fume hood (179/R-002).

3.2.7 Installation of new catcher foils in the gas container

34. Put new catcher foils on the support.
35. Put the lid of the gas container.
36. Put the gas containers clamps by screwing wing nuts.




138 Towards experimental study of transition metal carbonyl formation at ISOLDE

REFERENCE w EDMS NO. REV.
@\ (2043742 ‘ 2

VALIDITY
Draft for discussion

% @ Engineering Department

Page 13 of 43

-

\
3.3 SECOND PART: IRRADIATION WITH GAS INSIDE THE GAS CONTAINERS

These following points will be followed:
- The sample assembly is supposed to be with its transfer unit on the target table inside the hot cell
- Theirradiation unit is on the exchange point in the ISOLDE target area
- Operations inside the hot cell are performed with the telemanipulators
- All gas operations are detailed in a specific procedure [6].
- No catcher foils are used during this second part of this experiment.
- 2irradiations with gas are performed. One is with CO and the other with Ar.
- For each irradiation with gas, 2 charcoal traps will be used.
- Operation inside the hot cell can start only when the hot cell is totally inerted with Ar.

3.3.1 Pumping of the gas container and injection of Carbon monoxide gas inside

37. Repeat steps 10 to 11.

38. Open valves to the gas bottles.

39. Inject the gas mixture into the gas containers after pumping.
40. Close valves to gas bottles.

3.3.2 Transfer of the irradiation unit with the sample assembly to the ISOLDE exchange point

41. Repeat steps 12 to 19 for the irradiation unit with its sample assembly.

3.3.3 Transfer of the irradiation unit and the sample assembly to the HRS or GPS Front-End for irradiation)

42. With the ISOLDE KUKA robot, transfer the irradiation unit with the sample assembly to the HRS or GPS
front-end and irradiation.

3.3.4 Transfer of the sample assembly to the hot cell

43. Repeat steps 23 to 27.

3.3.5 Evacuation of the gas over the charcoal trap

44. Connect the charcoal trap assembly between the gas containers and the gas setup.
45. Evacuate the gas over the charcoal trap. The exhaust of the setup is connected to the gas tank.
The gas is stored for decay inside the hot cell.

3.3.6 Retrieval of the charcoal trap gamma for Spectrometry gamma

46. Disconnect the charcoal trap from the gas containers and the gas setup.

47. Put it in bag through rear access material and transfer, using a grasper and a trolley with lead bricks
for shielding, from the hot «cell to the measurement room at MEDICIS
179/R-023 for spectrometry gamma. Conditioning in wastes under the fume hood.

3.4 END OF INTERVENTION

3.4.1 Transfer of the sample assembly to the irradiation unit

48. Repeat steps 13 to 19 for the sample assembly.
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3.4.2 Storage of the irradiation base with the sample assembly into the storage shelves
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49. With the ISOLDE KUKA robot, transfer the irradiation base with its sample assembly to the storage
shelves.

3.4.3 Storage of the transfer unit into the storage shelves

50. Manually retrieve the transfer unit from the hot cell access lock and store it into the 179/R-006
cupboard.

3.4.4 Evacuation of the gas tank inside the fume hood

51. After decay, remove from the hot cell the gas tank and transfer it into the fume hood of the lab
179/R-002.

52. Transfer the gas tank into the fume hood

53. Connect the exhaust to the ventilation pipe to release gas from the gas tank mixed with a
neutral gas [6]
NOTA: The mixture CO + neutral gas will be proportionate so as to ensure that the mixture becomes
non-flammable.

Figure 11 : ventilation pipe to exhaust gas

4. OPERATORS DURING EXPERIMENT

The number of participants will be limited to the strict minimum during operations.

OPERATOR ROLE CONTACT
G. LILLI / EN-SMM - KUKA robot and MONTRAC handling 166621
P. HARWOOD / EN- | - Hot cell expert 166604
SMM or B. CREPIEUX - Retrieval of the charcoal traps and catcher foils from the hot cell
- Manual transfer of charcoal traps and catcher foils for spectrometry and
conditioning
J. BALLOF / EN-STI - Spectrometry measurements of the catchers foils and the charcoal traps 167601
- Conditioning of the catchers foils and the charcoal traps
1 operator EN-STI
:::i:in:TEX Level (ti - Opening and closure of the CO gas bottles /
determinate)
R. Catherall or A-P.
BERNARDES / EN- STl | -  Technical and safety supervision 163022 or
. 164255
(alternatively)
J. RIEGERT / EN- STI - Safety supervision 162276
E. AUBERT, A. 169097,
DORSIVAL, M. | - RP supervision 164834,
DESCHAMPS 161472
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ANNEX 1: EFFECTIVE DOSE USING “EWT74” TABLES
After 5 irradiations at 1e13 pps for 10 minutes each
60 minutes cooling between irradiations
30 minutes cooling after last irradiation
1. Irradiation unit at decay point
10
N 1
<
S~
7] >
)
0.1
| | | | | | 0.01
-60 -40 -20 0 20 40 60
cm
Dose rate less than 1 Sv/h at decay point expected
2. Sample assembly in hot cell
1x10°
100
50 1x10-1
i <
0 1x102 ~
>
)
-50
1x103
-100 +
1x10+4
-150 ! :
-200 -150 -100 -50 0 5(
cm
Less than 10 uSv/h outside the hot cell
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ANNEX 2: LIST OF ELEMENT FORESEEN, ACTIVITY AND DOSE RATE SIMULATION

1. Produced radioisotopes

Evaluated after 10 minutes of irradiation at 1013 pps and 30 minutes of cooling. Radionuclides above

1 Bq are given.

a. Expected Inventory in carbon catcher foils

Inventory of catcher foil is arising from activation of the foil and implantation of caught uranium fission recoils. Assuming,
that 10% of all elements produced by fission are released. All elements having 20 <= Z <= 70 are considered to be fission
products. This value of 10% is estimated by the recoil energy, range and thickness of the foil. Most of the recoils don’t
leave the foil, because their kinetic energy is too low to propagate through the foil. The range was estimated with SRIM.

The recoil energy by experimental data and ABRABLA simulations. 105Mo was used as model system.

\

Mass Element Type Bqg
11 C Activation 1.77E+05
101 Tc Implantation 1.35E+05
94 Y Implantation 8.23E+04
138 Cs Implantation 8.20E+04
101 Mo Implantation 8.17E+04
104 Tc Implantation 7.64E+04
141 Ba Implantation 7.09E+04
134 Te Implantation 6.93E+04
102 Tc Implantation 6.30E+04
102 Mo Implantation 6.25E+04
138 Xe Implantation 6.07E+04
89 Rb Implantation 5.61E+04
143 La Implantation 5.55E+04
146 Pr Implantation 5.44E+04
107 Rh Implantation 5.40E+04
95 Y Implantation 5.30E+04
134 | Implantation 5.00E+04
139 Ba Implantation 4.85E+04
131 Te Implantation 4.61E+04
131 Sb Implantation 4.60E+04
139 Cs Implantation 4.27E+04
142 Ba Implantation 4.07E+04
133 Te Implantation 3.82E+04
142 La Implantation 3.64E+04
146 Ce Implantation 3.58E+04
111 Pd Implantation 3.13E+04
147 Pr Implantation 3.03E+04
93 Sr Implantation 2.75E+04
92 Sr Implantation 2.53E+04




154 Towards experimental study of transition metal carbonyl formation at ISOLDE

2043742 2

REFERENCE ] EDMS NO. ‘ REV.

VALIDITY
Draft for discussion

> @ Engineering Department

Page 29 of 43

4 )
Mass Element Type Bq
115 Ag Implantation 2.45E+04
105 Tc Implantation 2.44E+04
118 In Implantation 2.43E+04
118 Ccd Implantation 2.43E+04
87 Kr Implantation 2.00E+04
130 Sb Implantation 1.86E+04
84 Br Implantation 1.77E+04
141 La Implantation 1.46E+04
105 Ru Implantation 1.45E+04
135 | Implantation 1.36E+04
88 Kr Implantation 1.31E+04
88 Rb Implantation 1.19E+04
149 Nd Implantation 1.14E+04
128 Sn Implantation 9.09E+03
145 Pr Implantation 8.92E+03
151 Nd Implantation 8.68E+03
152 Pm Implantation 8.44E+03
93 Y Implantation 8.18E+03
91 Sr Implantation 7.49E+03
117 cd Implantation 6.34E+03
113 Ag Implantation 6.30E+03
129 Te Implantation 5.91E+03
97 Zr Implantation 5.60E+03
152 Nd Implantation 5.54E+03
81 Se Implantation 5.11E+03
129 Sb Implantation 4.71E+03
83 Br Implantation 4.02E+03
83 Se Implantation 3.62E+03
127 Sn Implantation 3.57E+03
117 In Implantation 3.55E+03
92 Y Implantation 3.37E+03
97 Nb Implantation 3.32E+03
133 | Implantation 2.95E+03
109 Pd Implantation 2.83E+03
137 Xe Implantation 2.80E+03
108 Rh Implantation 2.70E+03
108 Ru Implantation 2.53E+03
155 Sm Implantation 2.02E+03
132 | Implantation 1.83E+03
112 Pd Implantation 1.79E+03
143 Ce Implantation 1.77E+03
99 Mo Implantation 1.58E+03
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Mass Element Type Bq
135 Xe Implantation 1.55E+03
107 Ru Implantation 1.42E+03
128 | Implantation 1.33E+03
79 As Implantation 1.30E+03
119 In Implantation 1.25E+03
112 Ag Implantation 1.04E+03
121 Sn Implantation 1.00E+03
132 Te Implantation 9.83E+02
153 Pm Implantation 8.50E+02
78 Ge Implantation 8.27E+02
89 Kr Implantation 5.41E+02
115 cd Implantation 5.22E+02
145 Ce Implantation 5.09E+02
128 Sb Implantation 4.42E+02
158 Eu Implantation 4.31E+02
144 Pr Implantation 3.82E+02
151 Pm Implantation 3.71E+02
78 As Implantation 3.50E+02
75 Ge Implantation 3.50E+02
140 Ba Implantation 2.86E+02
157 Sm Implantation 2.80E+02
130 | Implantation 2.44E+02
90 Rb Implantation 2.32E+02
127 Sb Implantation 2.17E+02
120 Sb Implantation 2.05E+02
127 Te Implantation 1.91E+02
130 Sn Implantation 1.81E+02
159 Eu Implantation 1.80E+02
130 Cs Implantation 1.68E+02
84 Se Implantation 1.67E+02
156 Sm Implantation 1.56E+02
105 Rh Implantation 1.54E+02
74 Ga Implantation 1.35E+02
111 Ag Implantation 1.29E+02
153 Sm Implantation 1.25E+02
85 Br Implantation 1.20E+02
147 Nd Implantation 1.20E+02
131 | Implantation 1.10E+02
103 Ru Implantation 1.03E+02
136 La Implantation 9.11E+01
116 Ag Implantation 8.98E+01
149 Pm Implantation 8.90E+01
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133 Sb Implantation 8.54E+01
112 In Implantation 7.06E+01
158 Sm Implantation 6.51E+01
69 Zn Implantation 6.45E+01
73 Ga Implantation 6.07E+01
96 Nb Implantation 5.67E+01
95 Zr Implantation 5.53E+01
119 cd Implantation 5.22E+01
162 Tb Implantation 5.22E+01
7 Be Activation 5.17E+01
157 Eu Implantation 4.83E+01
114 Ag Implantation 4.77E+01
114 Pd Implantation 4.61E+01
132 Sb Implantation 4.42E+01
148 Pr Implantation 4.31E+01
125 Sn Implantation 4.19E+01
140 La Implantation 4.17E+01
80 Br Implantation 3.95E+01
150 Pm Implantation 3.94E+01
89 Sr Implantation 3.55E+01
77 Ge Implantation 2.95E+01
77 As Implantation 2.41E+01
122 Sb Implantation 2.35E+01
117 Sb Implantation 2.30E+01
133 Xe Implantation 2.25E+01
149 Pr Implantation 2.06E+01
162 Gd Implantation 1.86E+01
70 Ga Implantation 1.80E+01
163 Tb Implantation 1.60E+01
104 Rh Implantation 1.53E+01
106 Ag Implantation 1.35E+01
65 Ni Implantation 1.34E+01
61 Co Implantation 1.28E+01
134 La Implantation 1.21E+01
133 La Implantation 1.18E+01
129 Sn Implantation 1.18E+01
136 Cs Implantation 1.18E+01
144 Ce Implantation 9.88E+00
82 Br Implantation 9.52E+00
141 Nd Implantation 9.01E+00
159 Gd Implantation 8.74E+00
126 Sb Implantation 8.67E+00
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123 | Implantation 8.53E+00
119 Sb Implantation 8.30E+00
131 La Implantation 7.74E+00
115 Sb Implantation 7.41E+00
139 Pr Implantation 7.35E+00
116 Sb Implantation 7.29E+00
137 Pr Implantation 6.73E+00
136 Pr Implantation 6.59E+00
106 Ru Implantation 6.51E+00
106 Rh Implantation 6.51E+00
139 Nd Implantation 6.50E+00
121 | Implantation 6.45E+00
141 Pm Implantation 6.11E+00
135 La Implantation 6.07E+00
121 In Implantation 5.99E+00
165 Dy Implantation 5.42E+00
142 Pr Implantation 5.40E+00
141 Ce Implantation 5.37E+00
127 Cs Implantation 4.74E+00
72 Zn Implantation 4.17E+00
129 Cs Implantation 4.09E+00
56 Mn Implantation 4.03E+00
137 Ce Implantation 3.79E+00
159 Ho Implantation 3.63E+00
90 Y Implantation 3.49E+00
161 Tm Implantation 3.44E+00
49 Sc Implantation 3.31E+00
132 Cs Implantation 3.24E+00
72 Ga Implantation 3.19E+00
129 Ba Implantation 3.14E+00
98 Nb Implantation 3.12E+00
160 Ho Implantation 3.06E+00
99 Nb Implantation 2.99E+00
125 Xe Implantation 2.91E+00
135 Pr Implantation 2.89E+00
130 La Implantation 2.88E+00
125 Cs Implantation 2.81E+00
117 Te Implantation 2.76E+00
78 Br Implantation 2.74E+00
66 Cu Implantation 2.71E+00
61 Fe Implantation 2.65E+00
123 Xe Implantation 2.63E+00




158 Towards experimental study of transition metal carbonyl formation at ISOLDE

2043742 2

REFERENCE ] EDMS NO. ‘ REV.

VALIDITY
Draft for discussion

> @ Engineering Department

Page 33 of 43

4 )
Mass Element Type Bq
76 As Implantation 2.61E+00
132 La Implantation 2.41E+00
68 Ga Implantation 2.24E+00
163 Er Implantation 2.23E+00
136 Nd Implantation 2.21E+00
157 Ho Implantation 2.12E+00
143 Pr Implantation 2.09E+00
124 Sb Implantation 1.97E+00
3 H Activation 1.92E+00
64 Ho Implantation 1.85E+00
161 Gd Implantation 1.73E+00
91 Y Implantation 1.73E+00
124 | Implantation 1.73E+00
127 Ba Implantation 1.70E+00
126 | Implantation 1.70E+00
162 Tm Implantation 1.64E+00
159 Er Implantation 1.61E+00
163 Tm Implantation 1.60E+00
131 Cs Implantation 1.55E+00
111 Sn Implantation 1.55E+00
137 Nd Implantation 1.50E+00
142 Pm Implantation 1.44E+00
142 Sm Implantation 1.43E+00
162 Ho Implantation 1.39E+00
118 Sb Implantation 1.38E+00
167 Ho Implantation 1.37E+00
167 Yb Implantation 1.30E+00
134 Pr Implantation 1.29E+00
123 Sn Implantation 1.28E+00
140 Pr Implantation 1.24E+00
135 Ce Implantation 1.20E+00
56 Cr Implantation 1.19E+00
128 Cs Implantation 1.19E+00
133 Ce Implantation 1.16E+00
87 Zr Implantation 1.13E+00
161 Ho Implantation 1.12E+00
158 Ho Implantation 1.12E+00
104 Ag Implantation 1.10E+00
67 Cu Implantation 1.10E+00
122 | Implantation 1.09E+00
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b. Expected Inventory in charcoal traps

Inventory of charcoal traps arising from volatile fission products. Noble gases, Se, the halogens Br and |, (earth) alkaline
metals Rb, Sr, Cs as well as candidates for carbonyl formation Zr to Ru (4d metals) and Hf to Ir (5d metals) have been

considered as volatile.

~

Mass Element Bq
101 Tc 1.35E+05
138 Cs 8.20E+04
101 Mo 8.17E+04
104 Tc 7.64E+04
102 Tc 6.30E+04
102 Mo 6.25E+04
138 Xe 6.07E+04

89 Rb 5.61E+04
107 Rh 5.40E+04
134 | 5.00E+04
139 Cs 4.27E+04

93 Sr 2.75E+04

92 Sr 2.53E+04
105 Tc 2.44E+04

87 Kr 2.00E+04

84 Br 1.77E+04
105 Ru 1.45E+04
135 | 1.36E+04

88 Kr 1.31E+04

88 Rb 1.19E+04

91 Sr 7.49E+03

97 Zr 5.60E+03

81 Se 5.11E+03

83 Br 4.02E+03

83 Se 3.62E+03

97 Nb 3.32E+03
133 | 2.95E+03
137 Xe 2.80E+03
108 Rh 2.70E+03
108 Ru 2.53E+03
132 | 1.83E+03

99 Mo 1.58E+03
135 Xe 1.55E+03
107 Ru 1.42E+03
128 | 1.33E+03
218 Rn 8.05E+02

89 Kr 5.41E+02
217 Rn 2.53E+02
130 | 2.44E+02

90 Rb 2.32E+02
212 Rn 2.11E+02
130 Cs 1.68E+02

84 Se 1.67E+02
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4 N
Mass Element Bq
105 Rh 1.54E+02
209 Rn 1.21E+02
85 Br 1.20E+02
131 | 1.10E+02
208 Rn 1.09E+02
103 Ru 1.03E+02
210 Rn 6.76E+01
96 Nb 5.67E+01
95 Zr 5.53E+01
207 Rn 4.20E+01
80 Br 3.95E+01
89 Sr 3.55E+01
133 Xe 2.25E+01
104 Rh 1.53E+01
136 Cs 1.18E+01
206 Rn 1.10E+01
82 Br 9.52E+00
211 Rn 9.35E+00
123 | 8.53E+00
180 Re 6.62E+00
106 Ru 6.51E+00
106 Rh 6.51E+00
121 | 6.45E+00
182 Ir 6.38E+00
183 Ir 5.99E+00
180 Os 5.87E+00
179 Re 5.43E+00
127 Cs 4.74E+00
129 Cs 4.09E+00
178 Re 4.03E+00
132 Cs 3.24E+00
98 Nb 3.12E+00
171 Ta 3.00E+00
99 Nb 2.99E+00
168 Hf 2.95E+00
125 Xe 2.91E+00
179 w 2.90E+00
175 W 2.85E+00
125 Cs 2.81E+00
78 Br 2.74E+00
216 Rn 2.67E+00
123 Xe 2.63E+00
174 w 2.24E+00
177 Re 2.20E+00
184 Ir 2.02E+00
170 Ta 1.80E+00
124 | 1.73E+00
126 | 1.70E+00




2. Activity and dose rate simulation

Dose rates and simulation details are discussed in “Experiment proposal to study transition metal carbonyl formation at

ISOLDE” EDMS 2036665.
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Mass Element Bq
179 Os 1.57E+00
181 Os 1.56E+00
131 Cs 1.55E+00
128 Cs 1.19E+00
87 Zr 1.13E+00
172 Ta 1.10E+00
122 | 1.09E+00
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ANNEX 3: TEMPERATURE DEPENDENCE OF PRESSURE IN GAS CONTAINER

below (ideal gas law).

9.0 5
8.5
8.0 ] —8.2 bar - calculated burst pressure
7.5
7.0

A

25
—22bar

2.0 1

1.5 4

Pressure (above atm) / bar

1.0 maximum allowed
temperature
|

0.5

T T T T T T T T T T ! I
0 50 100 150 200 250 300
Temperature / °C

Initially, the gas containers are filled with a maximum pressure of 1.0 bar above atmospheric pressure. Upon proton
irradiation, moderate heating of the target unit is expected. The Expected pressure increase with temperature is shown

\
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ANNEX 4: SAFETY DATA SHEET OF THE CARBON MONOXIDE
EI Page:1/6
Fhﬂ@]ﬁ]ﬁ FICHE DE DONNEES DE SECURITE s
Date - 13/12/ 2010
n AR UausDE :0/0/0
Monoxyde de carbone CG019
23 Gou megus 21 gax slammatie
Danger @ ‘ @
| 1 Identification de la substance/du mélange et de la société/l'entreprise |
Identificateur de produit
Nom commercial : Monaxyde de carbone
N’ FDS - CGOo19
Description chimique : Monaxyde de carbone
No CAS :000630-08-0
No CE :211-128-3
No Index :006-001-00-2
Formule chimique : CO
N’ d'enregistrement : Limi#te d'enregistrement non alteinte
Usage : Industriel et professonnel Faire une analyse des risques avant utilsation
Identification de la société : Carbagas AG
HOFGUT
CH-3073 GUEMLIGEN Switzerland
Numéro d"appel d'urgence : Tel.: 031 950 50 SO
| 2 Identification des dangers |
Classification de la substance ou du mélange
Classe de Risque et catégorie de
code réglementaire CE 1272/2008 (
CLP)
* Dangers physiques : Gaz mflammables - Catégone 1 - Danger (H220)
Gaz sous pression - Gaz comprimés - Attention (H280)
* Dangers pour la santé : Toxicité aigué, par inhalation - Catégorie 3 - Danger (H331)
Taoxicilé pour le systéme reproductif - Foetus - C:wegone 1A - Dangev (N&Gl’!)l
Toxicié spécifique pour certains org ciles - P 1.
Danger (H372)
Classification CE 67/548 ou CE 1999/ : F+: R12
45 Repr. Cal. 1; R61
T. R23-R48/23
Eléments d’étiquetage
Carbagas AG En cas d'urgence : Tel.: 031 950 50 50
HOFGUT CH-3073 GUEMILIGEN Switzerand

~
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S Page:21/6
hl‘hﬂg@ﬁ FICHE DE DONNEES DE SECURI‘I’El Edcn revede <0
Date - 13712/ 2010
n AR Uaums :0/0/0
Monoxyde de carbone CG019
[2 Identification des dangers (suite) ]
Réglement d'Etiquetage CE 1272/2008
(CLP)
* Pictogr de dang % C @ e
* Pictogr de dang
* Mention d'avertissement : Danger
* Mention de danger : H331 : Taxique par inhalation.
H220 : Gaz extrémement inflammable.
H3E0 : Peut nuire 3 | fertilté ou au fostus.
H372 : Risque avéré deffets graves pour les organes 3 la suite d'expositions
répéiées ou dune exposition prolongée.
H280 : Contient un gaz sous pression; peut exploser sous Peffet de |a chaleur.
* Mentions de mise en garde
» Prévention : P20 : Ne pas respirer les gaz, vapeurs.
P210 : Tenir & I'écart de la chaleur/des élinceles/des flammes nues/des surfaces
chaudes. ~ Ne pas fumer
P202 : Ne pas manipuler avant davoir lu el compns loules les précautions de
sécurité,
« Intervention : P3044P340+P315 : EN CAS D'INHALATION: transporier |a victime 3 lexiérieur et
& maintenr au repos dans une position ol elle peut confortablement respirer,
Consulter i adiaternent un médecn.
P308+P313 : EN CAS d'exposition prouvée ou suspectée: consuller un médecn.
P377 : Fuite de gaz enflammé: Ne pas éteindre si la fuite ne paut pas étre ardtée
sans risque.
P381 : Eliminer toutes les sources dignition si cela est faisable sans danger.
» Stockage . P405 : Garder sous def.
P403 : Stocker dans un endroft bien ventié.
Etiquetage CE 67/548 ou CE 199945
Symbole(s) : F+ : Extrémement inflammable
: T: Toxque
Phrase(s) R : RB1 : Risque pendant fa gre d'efiets néf; pour lenfant.
R12 : Extrémement inflammable.
R23 : Toxique par mhalation.
R48/23 : Towoque : risgue d'effels graves pour la santé en cas dexposion
prolongée par inhalation.
Phrase(s) S : S45 : En cas d'accident ou de malaise, consulter immédiatement un médecin (si
possbie lui montrer Fétiquetie)
S53 : Eviler 'exposition - se procurer des instructions spéciales avant ['utilisation.
Autres dangers
Autres dangers : Aucunie).
Carbagas AG En cas d'urgence : Tel.: 031 950 50 50
HOFGUT CH-3073 GUEMUGEN Switzerand
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~

hllhﬂg@g FICHE DE DONNEES DE SECURITE| T

Date : 13712/ 2010

A os Hone 0070

Monoxyde de carbone ceo19
I 3 Compositionfinformations sur les composants I
Substance | Préparation : Substance.
Fcem S8 18 LulalEsCE CANiE raiel Ao CAS o CE LT3 L lm_blnmnlculllbnlm
Monoxyde de carbore : s §3-000 FRR R - £E1-22-2 MOTE 2 -

Ne contient pas d autres composants ni impurslés gui pourraient modifier [ cdessification du produit.
Mabe 1: Listé dans FAnnexe VY de Reich, exemplé f enregistrement

Nate Z: Limile d'enregisirement non atieinte

Vor le lexie complet des Phrases-R au chapitre 16

|4 Premiers sacours

Premiers secours

= Inhalation : Taxigue par inhalation.
Les symplomes pauvent &ire des dourdissements, des maux de 1éte, des nausées
&t une perle de coondination.
Déplacer la vicime dans une zone non contaminde, en S'équipant d'un appareil
respiraboire aulonome. Laisser la victime au chawd el au repos. Appeler un
meédecn. Praliquer la respiration artificells si la vicime ne respire plus.

- Ingesticn : Limgestion nest pas considénde commee un mode d'expasition possible.

| 5 Mesures de lutte contre l'incendie

Risques spécifigues : L'exposition profongée au feu peul entrainer & rupture ef Feaplosion des récpients.
Produits de combustion dangereux  © Aucun{e).
Moyens d'extinction
- Agents d'extinction appropriés : Tows les agents d'extinction connus peuvent éire ulilises.
Méthodes spécifiques : 5i passible, arréter le débit gazeux.
S'éloigner du récipient & ke refroidir avec da l'esay depuis un endroit protégs.
Me pas élmindre une fuile de gar erflammiée, sauf =i absolument nécessaine. Une
résinflammation spontands e explosive paut e produine. Eteindre les autres e

Equipements de protection spéciaux : Utliser un appared respiraioire autonome.
pOUr pompiers

I & Mesures a prendre en cas de dispersion accidentelle

Précautions pour les personnes : Evacuer |a zone.
Eliminer les sources dmflammation.
Assurer une ventilation d'air appropriée.
Porter un appaneil respiratoire autonome pour entrer dans la zone, & moins d'avor
contriké que celle-ci est sOne.

Précautions pour la protection de : Essayer d'arréter b fuite.
I'environnement
Méthodes de nettoyage : Wentiler la zone.
Carbagas AG En cas d'urgence : Tel.: 031 850 50 50

HOFSUT CH-3073 GUEMLIGEN Switzadand
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FICHE

Carbarss

E!nnlmumc

Page :4/8

DE DONNEES DE SECURITE| ——

Date : 13712/ 2010

00D

Monoxyde de carbone

cG019

| 7 Manipulation et stockage

Manipulation

Stockage

: Prendre des mesures de précaution cantre les décharges éeclrostatigues.

Empécher l'aspiration d'esau dans le récipient.

Purger Fair de Finstaliation avant dlintroduire e gaz.

Interdire les remoniées de produits dans e récipient

Lisdiser s=ulement Féquipement spécifié approprié 4 oe prodult et 3 =a pression et
femprature dutiisation. Contacier votre fournisseur de gaz en cas de doule.
Maintenir & Fécan de toute source dinflammation (y compris de charges
élechostatiques).

Se reporter aux instructions du fournisseur pour la manipulation du récipient.

: Stocker le récpient dans un endroit bien ventilée, 4 lempéralure infénsure 2 5000,

Enfreposer & Mécart des gaz axydanis ef des aulres axydants.

I B Contréles de I'exposition/protection individuelle

Protection individwelle

Limites d'exposition professionnelle

: Assurer une venlilaion appropride.

Me pas fumer pendant la manipulation du produit.
Dizposer d'un apparei respiraloire avionome, préd 3 dtre utilisé en cas durgence.

: Monoxyde de carbone - TLVD -TWA [mg/m®] : 25

Monoxyde de carbone = TLVE -TWA [ppem] - 25

| 8 Propriétés physiques et chimigues

Etat physique a 20 °C : Gaz.
Couleur : Incolare.
Odeur : Kon détectable & Fodeur.
Mas=ze moléculaire : 28
Point de fusion [*C) : =205
Paint d'ébullition [*C) : =182
Température critique [*C] : =140
Pression de vapeur [20°C] : Non applicable.
Densité relative, gaz (air=1) 1
Densité relative, liquide jeau=1) : 0,79
Solubilité dans Peau [mgll] o i
Domaine dinflammabilité [%vol dans © 108474
I"air
Tﬂgplfralum dautcinflammation [*C] : 620
| 10 Stabilité et réactivits
Produits de décomposition : Aucunie)

dangereux
Matiéres incompatibles

: Peut former un mélange explosif avec Fair.

Peut réagir violemmen! avec les coydants.

Air, Oxydant.
Conditions 3 éviter : Tenir & Mécart de la chaleur'des éincelles/des flammes nuesides surfaces
chaudes. - Ne pas fumer
Carbagas AG En cas d'urgence : Tel.: 031 850 50 50

HOFSUT CH-3073 GUEMLIGEN Switzadand

~
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‘ EI Page : 518
hl‘hﬂ@@% FICHE DE DONNEES DE SECURITE e
Date : 13712/ 2010
A os Hone 0070
Monoxyde de carbone ceo19
[ 11 Informations toxicologiques |
Informations toxicologiques : Desiruction des globules rouges {poison hémalyligue).
Inhalation {rat) CL50 [ppmidh) : 1BA0
| 12 Informations écologiques |
Information relative aux effets : Pas d'effet écologigue connu causé par oe produit.
dcologigues
Patentiel de réchauffement global [ : 1
Co2=1]
| 13 Considérations relatives a I'élimination |
Généralités : Eviler de rejater 3 Fatmesphére.

Me pas rejeler dans iout @ndroit ol son accumulation powrait &tre dangeress,

Ma pas évacuer dane les endroits od il y 3 un risgque de former un melange explosif
ave: Mar. Le gar rejeté dait &tre brilé dans un brileur approprié dguipé d'un armét
anfi-retour de flamme.

Contacter ke fournisseur si des instructions sont souhaitées.

I 14 Informations relatives au transport

Numéra ONU
= Etiquetage ADR, IMDG, LATA

Transport terrestre

ADR/RID
LD.n®
Hom d'expédition des Nations unies
Classe(s) de danger pour ke transport
= Code de classification ADRRID

= Packing Instruction(s) - General
= Tunnea| Restriction

Transport par mer

» Code IMO-IMDG

= Désignation officielle pour le
transpori

= ADR

- Groupe d'emballage IMO

: 2.1 : gar mflammable.
2.3 : Gar toxigue.

1 263

: MONOXYDE DE CARBONE COMPRIME

12

1TF

: P20

: BID : Transport en cilerne: Passage interdil dans les tunnels des catégories B, C,
D et E; Aubre transport : Passage interdit dans kes tunnels de calégerie D et E.

: MONOXYDE DE CARBONE COMPRIME

: 23
: P3O0

Carbagas AG
HOFGUT ©H.3073 GUEMLIGEN Swizadand

En cas d'urgence : Tel.: 831 950 50 50
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hﬂmgg}@ FICHE DE DONNEES DE SECURITE| G

Page:6/8

Date - 13/12/ 2010

émlwl :0/0/0

Monoxyde de carbone CG019

[ 14 Informations relatives au transport (suite) ]

- Emergency Schedule (EmS) -Fire : F.D

- Emergency Schedule (EmS) - L Su

Spitlage

- Instructions - Packing : P200

Transport aérien

= ICAQNIATA

- Désignation officielle de transport  : CARBON MONOXIDE, COMPRESSED

« ADR 123

* IATA-Passenger and Cargo Aircraft -

* Cargo Aircraft only :

Eviter le transport dans des véhicules dont le compartiment du chargement nest pas séparé de a cabine de conduite.
S'assurer que le conducteur du véhicule connait les dangers potentiels du chargement ainsi que les masures & prendre en
cas d'accident ou autres éventualités.

Avant de transporter les récpients ©

- S'assurer que les récipients sont fermement arimés.

- S'assurer que le robinet de boutedle est fermé et ne fuit pas.

~ S'assurer que le bouchon de protection de sortie du robinet (quand il exisie) est correctement mis en place.

~ S'assurer que le dispositif de protection du robinet (quand il existe) est correctement mis en place.

= Assurer une ventilation convenable.

~ Se conformer 3 la réglementation en vigueur

Informations réglementaires |

Restrictions : Réservé & l'usager professionnel.

Régl jons/légisiati : S'assurer que loutes les réglementations nationales cu locales sont respeciées,
particuliéres a la sub ou au

mélange en matiére de sécurité, de

santé et d’environnement

Seveso regulation 96/82/EC : Listé

| 16

Autres informations |

S'assurer que les opérateurs comprennent bien les risques dinflammabilité.
Les wutiisateurs d'appareis respiratores dovent étre formés.

S'assurer que les cpérateurs comprennent bien le risque de foxicilé.

Liste du texte complet des Phrases-R : R12 : Extrémement inflammable.

en section 3 R23 : Toxique par mhalation.
R48/23 : Towque : risque d'effels graves pour la santé en cas dexposition
prolongée par inhalation.
R81 : Risque pendant la gr d'efiets néf pour lenfant.

La présante Fiche de Données de Sécurité a été établie conformément sux Directives Ewropéennes en viguewr et est
applicable & tous les pays qui ont traduit les Directives dans leur drot national.

DENEGATION DE RESPONSABILITE : Malgré le scin apporté 3 sa rédaction, sucune responsabilté ne saurat étre
accepltée en cas de dommage ou d'accident résultant de son utlisation
Les informations données dans ce document sont considérées comme exacles au
mament de son impression. Avant dutiiser ce produit pour une expérience ou un
procédé nouveaux, examiner attentivement fa compatibiité et la sécurité du
malériel mis en oeuvre.

Fin du document

Carbagas AG En cas d'urgence : Tel.: 031 950 50 50
HOFGUT CH-3073 GUEMILIGEN Switzerand
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