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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.




1ii



iv




Contents

Abstract i
Acronyms ix
Symbols xiii
List of Figures xvii
1 Introduction - Radioactive Ion Beams 1
1.1 Radioactive ion beam facilities . . . . . . . . . . . ... .. .. ... e 2
1.1.1 Inflightseparation . . . . . ... ... ... .. ... .. .. ... .. .. ... 3

1.1.2 Thick-target ISOLmethod . . . . . . ... ... ... ... .. .. ..... 4

1.1.3 Gas-cell facilities . . . . . . . . . . . e 6

1.2 The ISOLDE facility and its target assembly . . ... ... ... ........... 8
121 TheISOLDE targetunit . . . .. .. ... ... ... .............. 9

122 Targetmaterials . . . . . ... ... . 10

1.2.3 Tonsources . . . . . . . o i i i e e e e e 12

1.2.4 Transferlines . . . . . . . . . . . e 17

2 Models and tools used in this thesis 21
2.1 Radioactive nuclide production . . . . . .. ... ... L L oL 22
2.1.1 Fundamentals . . . . . . . . . . . . 22

212 Computational tools . . . . . ... ... .. .. ... L o 23

22 Transport phenomena . .. ... ... ... ... .. .. ... 26
22.1 Transportofionsinmatter . ... ... ... ... ...... .. .. ..... 27

222 Diffusion . . . . . . . 28



Contents

223 Effusionand adsorption . . . . .. ... . ... ... Lo oo 30
224 Release fromanISOL target . ... ... ... .. ... ... .. ....... 30
23 Jonization . . . . . ... 33
23.1 Plasmaphenomena. . . ... ... ... ... ... ... .. ... ... 33
2.3.2 lonization efficiency of FEBIAD ion sources . ... ... ........... 38
2.4 Experimental setups . ... .. ... ... ... 39
241 TheOfflineseparator. . . . . ... ... ... ... ....... .. ...... 39
24.2 ThelISOLDE tapestation . ... ......................... 41
The ISOLDE Yield database 43
3.1 Available beams at ISOLDE . . . . ... ... .. ... . . ... .. 44
3.2 Contributions . . . . .. ... 45
3.3 Thepublication . . . . ... ... .. ... 45
Molecular beams as means of in-situ volatilization 51
4.1 Production of molecularbeams . . . . . .. ... ... L Lo 52
41.1 Requirements for molecular beam formation . . . . ... ... ... ... .. 54
412 Available molecularbeams . . . . ... ... ... .. oL 54
413 Boronbeams . . . ... ... ... 55
42 Contributions . . . . . . . ... 55
43 Thepublication . ... ... ... .. .. .. ... 55
Molecular beams as means of beam purifaction 67
5.1 Purification of ISOL beams . . . . . . .. .. .. ... . 68
52 Carbonylselenidebeams. . . . . ... ... ... .. .. L o o 68
53 Contributions . . .. .. ... 69
54 The publication . . ... ... ... ... ... ... ... 69
The carbonyl concept for the most refractory beams 79
6.1 Extraction of refractory transition metals . . . ... ... ... ... .. .. .. ... 80
6.2 The carbonylmethod . . . . . .. ... .. .. .. ... 81
6.3 Contributions . . . . . . . ... e 82
6.4 The publication . . ... ... ... .. .. ... .. 82

Conclusion and outlook 103




Contents vii
A Towards efficient ionization of fragile carrier molecules 105
Al Forced electron beamionsources . . . . . ... ... .. ... .. ... ... 106
A2 Radio frequency heated sources. . . . .. ......... ... ... .. .. 108
A21 COMICsource . ... ... ... 108

A22 Heliconsource . .. ... .. ... ... .. .. ... 110

A.3 Experiments involving laserbeams . . . . .. ... ... ... .. o0 113
A31 Laserbreakup . ... ... ... ... ... ... ... . 113

A.3.2 Non-resonant laser ionization and further measurements . ... ... ... 114

A4 Contributions . . ... ... ... ... 114

B Towards experimental study of transition metal carbonyl formation at ISOLDE 117
B.1 Contributions . . .. ... ... ... ... 117
B.2 Experimentproposal . . ... ... ... ... 118
B.3 Operational procedure . . . . ... ... ... .. 126
Bibliography 169




viii Contents




Acronyms

ALTO
ANL
ARIEL

BME

CARIBU
CARIF
CARR
CCP
COLLAPS
COMIC
CRIS

DPM
DPMJET

EBIS
ECR
ECRIS
EDX

FAIR
FEBIAD
FLUKA
FRS

GANIL
GDHM
GINC
GPS
GSI

HFIR
HIE-ISOLDE

Linear Accelerator and Tandem
Argonne National Laboratory
Advanced Rare IsotopE Laboratory

Boltzmann Master Equations

Californium Rare Isotope Breeder Upgrade
China Advanced Rare Ion beam Facility
China Advanced Research Reactor
Capacitively Coupled Plasma

COLlinear LAser SPectroscopy

COmpact Mlcrowave and Coaxial

Collinear Resonance Ionization Spectroscopy

Dual Parton Model
Dual Parton Model and JETs

Electron Beam Ion Source

Electron Cyclotron Resonance

ECR Ion Source

Energy-Dispersive X-ray spectroscopy

Facility for Antiprotons and Ion Research
Forced-Electron Beam Induced Arc-Discharge
FLUktuierende KAskade

FRagment Separator

Grand Accélérateur National d’Ions Lourds
Geometry Dependent Hybrid Model
Generalized Intra-Nuclear Cascade
General Purpose Separator

Gesellschaft fiir Schwerionenforschung

High Flux Isotope Reactor
High Intensity and Energy ISOLDE

ix

N O

7,38

6,84, 114

O = O W O O N

26
25

9,70

5,16, 37, 38, 57, 83, 84
15

114, 115

4

13, 14, 36, 38
25

24

4,15

26

26

8,40, 42
4,24, 82

7
9



X Acronyms
HPGe High Purity Germanium detector 43
HRS High Resolution Separator 8, 40, 42
IAEA International Atomic Energy Agency 24
Icp Inductively Coupled Plasma 37,38
IDS ISOLDE Decay Station 9
IGISOL Ion Guide Isotope Separator On Line 7
IMF Intermediate Mass Fragments 24
INC Intra-Nuclear Cascade 22-24, 26
INFN Istituto Nazionale di Fisica Nucleare 25
IPNO Institute of Nuclear Physics at Orsay 5
IRENA Ionization by Radial Electrons Neat Adaptation 6
ISAC Isotope Separator and ACcelerator 6,12
ISIS ISolde Irradiation Station 9
ISOL Isotope Separation OnLine 3,4,26,27, 30, 31, 81, 105
ISOLDE Isotope Separator OnLine DEvice 2
JGU Johannes Gutenberg - Universitdt Mainz 14, 82
LCP Light Charged Particles 24
LINAC LINear ACcelerator 4
LISE Ligne d’Ions Super Epluchés 4
LIST Laser Ion Source and Trap 13
LNL Laboratori Nazionali di Legnaro 6
LPSC Laboratoire de Physique Subatomique et de Cos- 16
mologie de Grenoble
MCP MicroChannel Plate detector 41
MECRIS Mono ECR ISOLDE 16
MEDICIS MEDical Isotopes Collected from ISOLDE 9
MIVOC Metal Ions from VOlatile Compounds 84, 109
MWCNT MultiWalled Carbon NanoTubes 12,57
MYRRHA Multi-purpose hYbrid Research Reactor for High- 6
tech Applications
PE Polyethylene 71
PEANUT PreEquilibrium Approach to NUclear Thermaliza- 25
tion
PSB Proton Synchrotron Booster 8,33
PTFE PolyTetraFluoroEthylene 111-113
Q-COMIC Quartz COmpact MIcrowave and Coaxial 16
QMA Quadrupole Mass Analyzer 41
REX Radioactive Beam EXperiment 9
RF Radio Frequency 15,111-114
RGA Residual Gas Analyzer 41,111, 114, 115




Acronyms

xi

RIB
RILIS
RIPS
RISP
rQMD

SC
SCK-:CEN

SEM
SPES
SPIRAL

SRIM
STF
Super-FRS

Ti:Sa
TISOL
TISS
TRIGA
TRIUMF

VADIS

Radioactive Ion Beam

Resonant Ionization Laser Ion Source
RIKEN Projectile-fragment Separator
Rare Isotope Science Project

relativistic Quantum Molecular Dynamics

Synchrocyclotron

Studiecentrum voor Kernenergie ¢ Centre d'Ftude
de lI'énergie Nucléaire

Secondary Electron Multiplier

Selective Production of Exotic Species

Systéme de Production d’Ions Radioactifs Accélérés
en Ligne

Stopping and Range of Ions in Matter

STopping Force

Superconducting FRagment Separator

Titanium Sapphire laser

TRIUMEF Isotope Separator On-Line

Target and Ion Source System

Training, Research, Isotopes, General Atomic
TRI University Meson Facility

Versatile Arc Discharge Ion Source

28
27,28
4

14

12
9,10, 26
14

6, 83

13-15, 84, 108, 110, 116, 117




xii

Acronyms




Symbols

Csurf
€rel
Edif

Tel

Eef

Tel

f rem

Mass number

Screening parameter in internuclear potentials

Power function exponent of release efficiency [s]

Weighting parameter of fast and slow decay of the release
delay function

Characteristic dimension parameter [m]

Ionization enhancement factor for surface ionization
Concentration of a species [m 3]

Conductance (gas flow) [ms 3] (unless noted otherwise)
Diffusion constant [m?s !]

Gap length, e.g. distance between the plates of a vacuum
diode [m]

Pre-exponential factor of the Arrhenius expression for diffu-
sion [m?s 1]

Foil thickness [m]

Enthalpy of adsorption [kJ mol ']

Elementary chargee 1.602 10 °C

Activation energy [J mol 1]

Vacuum permittivity g 8.854 10 12Fm !

Ionization efficiency of a FEBIAD source

Efficiency of molecule formation (chemical yield)

Ionization efficiency

Efficiency accounting for irreversible losses in radioactive ion
beam yield

Surface ionization efficiency

Release efficiency of an radioactive beam in a target and ion
source assembly

Release efficiency of an radioactive beam in a target and ion
source assembly in the diffusion controlled regime

Release efficiency of an radioactive beam in a target and ion
source assembly in the effusion controlled regime

Fraction of extracted ions in the FEBIAD model proposed by
Penescu

Fraction of isotopes remaining in a solid after a heat treat-
ment

xiii

23
28
33
33

29

12

29

109

29, 30, 32
35, 36

30

32

30, 32

28, 34-36, 39

30

34, 35

39

47

47,109, 111, 114
47

12
27,32, 33, 47

32
32
39, 40

29, 32



xiv Symbols

80 Statistical weight of atomic states 12

G Decay width of channel i 24

i Statistical weight of ion states 12

I Logarithmic mean excitation energy per electron [J] 28

IP First effective ionization potential [eV] 12

IP First ionization potential [eV] 12

Lorim Primary beam current [nA] 47

Jod Child-Langmuir limited current for a two-dimensional emit- 36
ter [Am 2]

JB Bohm current density [ms 1 36

Jerit Maximum current density that can be transported in a short 35
pulse over a gap without virtual cathode formation [Am 2]

Je Electron current density [Am 2] 36

Jecl Child-Langmuir-limited current density for electrons [Am 2] 35, 36

Ji Ion current density [Am 2] 35, 36, 39

I Flux of particles in x-direction [m 2s] 29

kg Boltzmann constant kg 8.617 10 °eVK ! 12, 34, 36, 39

I Decay constant of an radioisotope [s N 32,47

I p Debye length [m] 34, 35, 39

I Fast decay time constant of the release function [s 1 33

| jon Ionization length [m] 110

|, Rise time constant of the release delay function [s 1 33

| Slow decay time constant of the release function [s ] 33

™, Electron mass [kg] 28, 36

m; Mass of an ion [kg] 35, 36, 39, 110

m Delay parameter of diffusion [s !] 32

Ne Number density of electrons [m 3] 28, 39

Nhn Number density of neutrals [m 3] 39

Ne Electron density in a plasma [m 3] 17, 34-36

e Unperturbed electron density in the plasma bulk [m 3] 34, 36

Ned Electron density on the discharge axis [m 3] 39

n; Ion density in a plasma [m 3] 34, 35

1o Unperturbed ion density in the plasma bulk [m 3] 34

Min Neutrals admitted to the ion source per unit time [s 1 39

Ny Delay parameter of effusion [s ] 32

Ng Ion velocity at the sheath edge (Bohm velocity) [ms !] 36

n; Ion velocity [ms 1 110

WRE RF driver frequency [Hz] 38

p(t) Normalized release time distribution function of a stable iso- 32, 33, 42, 47
tope (delay function)

p Gas pressure [Pa] 38

Pextr Pressure at the extraction side of the offline 1 separator 41, 109-112
[mbar]

F Electric potential [V] 34-36

f Work function [eV] 12,13

Fs Screening function in nuclear stopping 28

b; Probability of de-excitation via channel i 24




Symbols XV
pn(t)  Effusion delay function of a stable isotope 32
Pvap Saturation vapour pressure [mbar] 109, 112
Qpv pV-flow rate of a gas [Pams 3] (unless noted otherwise) 109
R Universal gas constant, R~ 8.314] mol 'K 30
r Distance, e.g. between two point charges [m] 28
lie Space charge [Cm 3] 34
Rioniz  lonization rate per unit volume [m 3] 39
S Total (linear) stopping force [N] 27
Sl (Linear) electronic stopping force [N] 28
v; Ion velocity [ms 1 28
Sion Ionization cross section [m?] 39
Sm Maximum size of the oscillating RF sheath [m] 37, 38
T Temperature [K] 12, 30, 110
t Time [s] 29, 47
t12 Half-life time of an radioisotope [s] 12,32, 33
£ P Half-life of transition from plateau to power-law in release 33
efficiency plot [s]
Fads Time spent in adsorbed state during effusion [s] 47
to Period of oscillation perpendicular to the surface [s] 30
ta Mean adsorption sojourn time (single encounter) [s] 30-32
ty Characteristic diffusion time [s] 29
ts Mean time of flight between two collisions [s] 32
ty Pulse duration [s] 35
te Tapestation collection time [second] 42
Teath Cathode temperature of an ion source [°C] 109
ty Tapestation delay time [second] 42
t it Time required for diffusion [s] 47
T, Electron temperature in a plasma [K] 17, 34, 36, 39
Foff Time spent in flight during effusion [s] 47
T; Ion temperature in a plasma [K] 34
tm Tapestation measurement time [second] 42
Tres Evaporation chamber temperature [°C] 109
te Tapestation transport time [second] 42
ty Vacuum transit time [s] 35
u Potential difference [V] 35
U Unperturbed ion velocity [m s 1 36
\Y Atom-atom internuclear potential 28
Vo Amplitude of the voltage across an RF sheath [V] 37,38
Ve Electron velocity [ms !] 39
UF Fermi velicity 28
Vsource  Volume of the ionization region [m3] 39, 40
c Mean number of wall collision 32
X Path of a particle in a stopping medium [m] 29
Xa Normalized pulse length 35
Y Radioactive ion beam yield [s ] 46, 47
Yo Normalized in-target production rate of an isotope [pC '] 47
Z Atomic number 23, 26, 28




xvi Symbols




List of Figures

1.1
1.2
1.3

1.4
1.5
1.6
1.7
1.8
1.9
1.10
1.11
1.12
1.13

2.1
2.2
23
24
25
2.6
2.7
2.8
29

Three-dimensional nuclide chart, mass excess and the valley of -stability 2

In-flight and ISOL methods for radioactive ion beam production . . . . . 3
Beam intensities of selected isotopes available at the BigRIPS in-flight

separator which is part of the RIKEN radioactive ion beam factory . ... 4
The first ISOL experiment in Copenhagen . . . . . .. ... ... ...... 5
Early version of the IGISOL ion guide . . . . . . ... ... ... ...... 7
The ISOLDE facility . . . . ... ... ... ... ... .. ... .. ...... 8
The ISOLDE target unit . . . . .. .. ... ... ... ... ... ...... 10
Target materials used at ISOLDE . . . .. ... .. ... ........... 11
Resonant laser ionization scheme and elements . . . ... ... ... ... 13
Electron impact ionization . . . . . .. ... ... ... . . 0 L. 14
The COMICionsource . . . . . . .. ... ... . ... 16
The Heliconionsource . . . . . ... ... ... ... .. ... ........ 17
The MK7 assembly - Water-cooled transfer line . ... ........... 19
The intra-nuclear cascade (INC) model . . .. ... ... ... ... .... 22
High-energy nuclear reactions . . . ... ... ................ 23
Models included in FLUKA . . ... ................... ... 25
Transport phenomena in the ISOL process . . . ... ... ......... 27
Enthalpy of formation of the the gasous elements . . . . ... ... .. .. 31
The plasma sheath . . .. ... ...... .. ... ... .. .. ..... ... 34
Potential distribution and Child-Langmuir space-charge limit . . . . . . . 35
Space charge and potential in a double layer . . . . . ... ... .. ... .. 36
Capacitive and inductive plasma coupling . . . ... ... ... .. ... .. 37

xvii



xviii List of Figures

2.10 Potential distribution inside the VADIS source . . . . . .. ... ... ... 39
2.11 The Offline separator - Beam extraction . . . .. ... ... ... ... .... 40
2.12 The Offline separator - Evaporationsetup . .. ... ... ... ... .... 41
2.13 The ISOLDE tape station . . . . . ... ... .................. 42

3.1 The ISOLDE nuclide chart and melting and boiling points of the elements 44

41 Radioactive molecular beams produced at ISOL facilities . . . . . ... .. 52
6.1 Vapour pressure of theelements . . .. .. ... ............... 80
A.1 Modified VADIS with cold injection . . . ... ... ............. 106
A.2 Mass spectrum of molybdenum hexacarbonyl obtained with a modified
VADIS . . ... e 107
A.3 COMIC plasma and selected mass spectra of Mo(CO)s fragments . . . . 109
A4 Decomposition of Mo(CO)s in the COMIC ion source . . . . .. ... ... 110
A.5 Helicon source and cold mass marker . . . ... .. ... ....... ... 111
A.6 Mo(CO)e ionization in the Heliconsource . . . . . ... ... ... ..... 111
A.7 Helicon chamber after the experiments . . . ... ... ........... 112
A.8 Thelaser breakupsetup . ... ... ... ... ... ... .. ... 113
A9 Laser-induced breakup of Mo(CO) . . . . .. ... ... ... . ...... 114

A.10 Mo(CO)e fragmentation pattern in electron impact and direct laser ion-
ization . . . ... 115

A.11 Normalized beam current of the Mo(CO)x fragments versus anode voltage 115




Introduction - Radioactive Ion
Beams

Contents
1.1 Radioactive ion beam facilities. . . . . ... ... ... ... ....... 2
111 In-flightseparation . . . . .. ......... ... ... ...... 3
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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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Mass Excess [MeV]
-92 -19 54 1.3e2 2e2
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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 -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- ight separation
Target unit Thick Driver beam
Driver beam a and hot —}
lightions | ¥ target heavy fons
Fragment
Dedicated / separator
ion source Thin
target
1t n* ’ /
Isotope —8 . ) RIB Energy
separator v degraders RIB
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 345MeVu !
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 14.5MeVu ! 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
uranium oxide target mixed with baking soda (bottom right) and fed into a separator (top left). Radiative
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 20MeVu .
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
1.8MeVu ! and a second stage at least 6MeV 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 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
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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 10MeVu !
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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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/Dm = 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/Dm = 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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Figure 1.8: Target materials used at ISOLDE since 2000. Adapted from [57] by permission from Elsevier
and J.P. Ramos.

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
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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 f . 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 €y, has
been derived: !

b f IP
exp keT |
= L 1.1
Esurf b f P ( )
exp kT

where T is the temperature and kg the Boltzmann constant. The effective ionization
potential IP = IP kgTIn(g;/go) takes into account the statistical weights of ion g;
and atom states gg. The ionization enhancement factor b 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 (f = 4.25eV [81]), tungsten (f = 4.55eV [81]) and rhe-
nium (f = 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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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 (f ) 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 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 CO;r 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 n, 1 10Ym 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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Figure 1.13: The MK7 assembly. Target container and ion source are connected via a water-cooled transfer
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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.

21



22 2.1. Radioactive nuclide production

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
ofonly 1 10 ??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
proton

& 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 10 !8s 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 Gieutron, Gicr, GME, Gission and Ggamma- The
probability of deexcitation P; via channel i is given by the ratio of its decay width G
over the total decay width G,

G
P; = —, where Gyt = Gieutron T Ger + Goamma + Gission + GMmE- (2.1)
Got 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 ( Z;Z,/r) is
multiplied by a screening function F,

VAVS)
¥

V(r) Fa,r), (2.2)
where 7Z; and 7, 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 4. 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

_4p NeZ2%e* anmeviz

S
el meviz I 4

(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.

_ C
Jx = D—x (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

= X (2.5)

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.

C 2C

=D (2.6)

x2°

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

frem(t = — Cy € Cmt, (2.7)

with ¢, = (m  1/2)? for foils, (jo,n/p)? for fibers and m? for particles, where jg , is the
mth positive root of the Bessel function of order zero and t = t/t,;. The characteristic
diffusion time t; = as%/(p2D) 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.

E
D= l)oeX frget .
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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 10 3 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],

DHads
t,=tge RT (2.9)

where tg is the period of oscillation perpendicular to the surface and DH,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) t, 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 10°to1 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 e, as fraction of radioisotopes with decay constant | that have
reached the ion source before their decay.
Zy
€l = p(t) e 'dt. (2.10)

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

p’D
dgoin®’

dif
el

076" mh /2, with my = 2.11)

which holds for myt;,, . 0.3.
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If the radioisotope undergoes strong interactions with the target material or structural
materials ( DH,gs & 350kJmol 1), effusion needs to be considered as major contribu-
tion to the release efficiency. The delay time of effusion through an orifice pn(f) is given
by

pn(t) = ng ™, withng 1= ¢ (ta+ tg), (2.12)
where c is the number of collisions, t, the mean sojourn time on each wall collision
and t; 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 — Mo

ol = nOTl 144rbt1/2 for rbtl/Q . 0.2 (213)

In the combined case of effusion and diffusion, the overall release efficiency is obtained
as product of diffusion and effusion contribution €. = ‘Elf eefl. Since the effusion
follows the diffusion, the delay function for the combined case can be obtain by convo-
lution as 7

t
p(=  palt) pat £) A0 (2.14)

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 f1,2%. The value of aindicates the type of interaction. For pure diffusion from
foils a = 1/2 is expected (Eq. 2.11). In the effusion limited case a = 1 (Eq. 2.13), and in
the combination of both a = 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 .
el = : (2.15)

1+ tl/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].

h i
p)=N 1 et aelr+(1 a)e ' (2.16)

The function contains three time constants which account for one rise component (| ;)
and two decay components (| ; and | f)F\which are weighed by parameter a;. The nor-
malization factor N is chosen such that i op(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 | p. It can be derived with the help of the
Poisson equation which relates the electric potential F to the distribution of charge
density (space charge) r;, via its 2nd derivative as

DF = li¢, 2.17)
&

The combined Debye length of electrons and ions is given by

2 2
1 en e n;

| p2 e kpT. eykpT;’

(2.18)

4 For the sake of simplicity, “ion” in this section, refers to a singly charged positive ion.
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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 | p 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 s
4 2eU¥?
——, 2.19

m; d? ( )
where the potential difference U = F( d) F(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, F(0)= 0) and accelerated towards an anode at x= d biased at F( 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 t, 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,

P
1 1 3/4X4%. 2ty

XCIS ]e,cl/ Wlth XCI = 37tv (2.20)

jcrit =2

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
Joa = Jea 1% & - (2.21)

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 ng, i.e.

s
uy nNp= k:f. (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

/U

x/-d 1 | x/-d 1
(a) (b)

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 = 4 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].
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jB = en.( d)ng = eny exp (2.23)

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 (Fmax  ksT./e)
double layer is given by the Langmuir criterion for a strong double layer as

oo I (2.24)

Ji ",

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 10 !mbarto1 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

Sm = (2.25)
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 Wgrg. 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.

T L® ® ®/® ® 0 0
Vier Spiralcoil Irs
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)

S

2K T,
i Odengg =, (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 | p ~ 2mm at a typical cathode
temperature of 2000 °C. It was estimated that a distance of 3.5 p 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 €, 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.

Rioniz V.
— 22 f, where Rioniz = Ni Ne Sion () 0e 227)

m

€teb —

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 Sj,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

10 °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 10 *mbarLs .

Target-Powersupplies Extraction electrode
Pressure gauge (HV Platform) Gas analyzer position control

~— Pressure gauge - »
Control desk \ \ Tou/get unit

Separation magnet \
/ / / Beam steerers

Diagnostic box: Faraday cup Einzel lens
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- Faraday cup Laser Window
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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 4p 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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(b) ISOLDE Tape Station Beta detector

(a) ISOLDE Tape Station with tape repre-

” (c) Representation of the pulse shape of a ra-
sented in blue

dioactive ion beam after proton impact

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
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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 €,, and
further losses €y, e.g. due to irreversible chemisorption. In the case of molecular
beams, the chemical yield €y, also needs to be considered.

Y = YO Iprim erel(l ) €ion €form Cirr (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 = taige + tags t feff (3.2)

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

Zy
€= pt)e dt (3.3)

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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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€C N O F |Ne
Br (o] N,NH,0 0 C|Mg, Sr
F F,Cl, Br Al Xe
Na | Mg Al Si P S | Cl | Ar
H H H
F F F a F Al, Ba, Ca
K|Cd|Sc Ti V |Cr|Mn|Fe|Co| Ni |Cu|Zn| Ga Ge | As Se Br | Kr
B H  co
FFaka Far |F ALK,Na
Rb| Sr | Y Zr |Nb|Mo| Tc |[Ru |Rh | Pd [Ag| Cd| In Sn |[Sb Te | I | Xe
o c c clmgoclo ¢
F.Cl “Jra F a
Cs Ba |[Sc{ Hf [ Ta W Re | Os| Ir | Pt |Au|Hg | Tl | Pb | Bi | Po | At | Rn
Clo, C
F
Fr | Ra [“&&| Rf | Db | Sg | Bh | Hs | Mt [ Ds | Rg| Cn | Nh | FIl [ Mc | Lv | Ts | Og
oo F F F F FC  [rd  [RC [Fa A |Ral  RCl  d Fal F
" La  Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
o o 0 o o
F a a F.al a
" Ac Th Pa U ‘ Np | Pu | Am H Cm H Bk ‘ Cf | Es |Fm Md | No | Lr

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 K
LiBr [211]
Mgl this work K
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,

K 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 (Zngr ) 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 ®BF, 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.
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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, )-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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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 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 10 3*mbar to 1 10 ?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 !i vai or > 0.01 mbar 'i < 1000 €
T (p vapor > 0.01 mbar ) > 2000 T
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Figure 6.1: Periodic table of elements showing the temeratures required to reach a vapour pressure of
more than 1 10 2mbar. 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 10 2 mbar.
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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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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 -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 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

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 10*s 'and 1 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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/ Graphite support bus\

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 10 7 to
1 10 3mbarLs ') 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 py,p(0°C) 1 10 2 mbar [258] is reached. The flow
rate into the ion source is given by Qpv = 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 6 x 6
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 T,es = 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,y 2100°C (Tres =  1°). The pressure on the extraction side remained

between pexr = 1.1 10 ®mbar and 1.4 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 €, 3 10 6 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.




108 A.2. Radio frequency heated sources

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 | o, is proportional to the ion velocity n;, which in turn depends on
the temperature and mass of the ion

S

T
ion I E . (Al)

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
| jon,Mo(co), 1 m. 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 10 Smbar. The krypton gas load was reduced after ignition by a leak
valve till a pressure of pexyr = 5.5 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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Plasma seen through window

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 pexr = 1.4 10 ® 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 €y, > 1 10 8. Assuming similar evaporation
conditions as discussed in sect. A.l, an efficiency of €n 1 10 7 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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(a) Previously cleaned COMIC ion- (b) Destruction of Mo(CO)s with microwave power
ization chamber after the experi-
ment

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)s could be detected in the residual
gas composition. The vapour pressure is expected to be pyap( 20°C) = 7 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 pexyr = 3.5 10 > 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).

(a) Evolution of beams with RF power (b) Decomposition of Mo(CO)s with RF power

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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(a) Helicon chamber after use (b) Element composition (EDX) of the surface

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 &,, 4 10 7 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

(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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