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____Abstract

The next generation of high power ISOL-facilities will deliver intense and pure
radioactive ion beams. Two key issues of developments mandatory for the forthcoming
generation of ISOL target-ion source units are assessed and demonstrated in this thesis. The
design and production of target and ion-source prototypes is described and dedicated
measurements at ISOLDE-CERN of their radioisotope yields are analyzed.

The purity of short lived or rare radioisotopes suffer from isobaric contaminants,
notably alkalis which are highly volatile and easily ionized elements. Therefore, relying on
their chemical nature, temperature controlled transfer lines were equipped with a tube of
quartz that aimed at trapping these unwanted elements before they reached the ion source.
The successful application yields high alkali-suppression factors for several elements (ie: %
82mRp, 126 142cs 8L, *°K, *Na, ™In, "Ga, * *°Sr) for quartz temperatures between 300°C
and 1100°C. The enthalpies of adsorption on quartz were measured for Rubidium and
Caesium. The enthalpies AHyq (Rb) = -242 + 20 kJ/mol and AH,q (Cs) = -145 + 20 kJ/mol are
in good agreement with those obtained by isothermal chromatography.

For proton beam power of the order of 100 kW such as foreseen in the EURISOL-DS
project for direct ISOL targets, multi-body target units connected to a single ion-source are
proposed. The so-called “Bi-Valve” target prototype aims to benchmark the engineering tools
required to simulate effusion related decay losses and to validate the multi body target
concept. Four isotopes were investigated online: ***°Ar and *'°Ne. The efficiency of the
double line merging was found to be in the range of 75 to 95%. The diffusion (analytical) and
effusion (Monte Carlo) code RIBO provided the profile of the effusion distribution of the
isotopes within the Bi-Valve unit for the different operation modes. A mathematical
expression for the probability, p(t) that an isotope diffuses and effuses through the system is
proposed. The simulated release efficiencies were in agreement with the experimental ones
for 3 Ar at 95% thus opening the way to the engineering of multi body target units for
future facilities.
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Résume

La prochaine génération d’installation ISOL ‘haute puissance’ délivrera des faisceaux
d’ions radioactifs intenses et purs. Deux points clés de développements nécessaires pour la
prochaine géneration d’unités de cibles et sources d’ions ISOL sont testés et démontres dans
cette thése. La conception et la production de prototypes sont décrites et les mesures de leurs
radioisotopes effectuées a ISOLDE-CERN sont analysées.

La pureté des radioisotopes rares ou ayant une courte durée de vie souffre de
contaminations isobariques, parmi lesquelles, les alcalins qui appartiennent aux éléments
hautement volatiles et facilement ionisables. En tenant compte de leur nature chimique, des
lignes de transferts ont été équipées avec un tube de quartz pour retenir ces éléments avant
que ceux-ci n’atteignent la source d’ions. L’application a montré avec succes la suppression
des alcalins avec un facteur important pour différents éléments (ex: 2 #™Rb, 2% 1*4Cs, 8L,
K, ®Na, ™In, "Ga, * *Sr) & des températures de quartz allant de 300°C & 1100°C. Les
enthalpies d’adsorption du quartz ont été mesurées pour le Rubidium et le Césium. Les
enthalpies AHyg (Rb) = -242 + 20 kJ/mol et AHy (Cs) = -145 + 20 kJ/mol sont en accords
avec celles obtenues par chromatographie isotherme.

Pour un faisceau de protons avec une puissance de 100 kW, comme celui envisagé
dans le projet EURISOL-DS, des unités de cibles constituées de plusieurs parties connectées
a une seule source d’ions sont proposées. Le prototype de cible appelé Bi-Valve a pour
objectif de valider les outils d’ingénierie requis pour simuler I’effusion des pertes par
désintégrations et le concept d’une cible a plusieurs compartiments. Le Bi-Valve est une
double cible et ligne de transfert se jetant dans une seule source d’ions FEBIAD. Quatre
isotopes ont été étudiés en ligne : 3**°Ar et *1%Ne. L’efficacité de la double ligne a été
mesurée allant de 75 a 95%. La diffusion (analytique) et I’effusion (Monte Carlo) étudiées
avec le Code RIBO a permis I’élaboration du profil de la distribution de I’effusion des
isotopes a travers le Bi-Valve pour différents modes opératoires. Une expression
mathématique de la probabilité, p(t), qu’un isotope diffuse et effuse a travers le systéeme est
proposée. Les efficacités de relachement simulées ont été en accord avec I’expérience pour le
* SAr & 95% et ouvre donc le chemin & I’élaboration d’unités & cibles multiples pour de
futures installations.
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____Introduction

The scientific community has a growing interest in the study of radioactive nuclei far from
the stability region. Nuclei far from stability play decisive roles in astrophysical
nucleosynthesis that build up heavier elements than Lithium (stars and supernovae). The
study of exotic nuclei contributes to the understanding of the isotopes present on Earth.
Radioactive lon Beams (RIBs) concern numerous domains such as nuclear physics, nuclear
astrophysics, weak interaction physics, solid state physics and life sciences. After being
produced, the nuclides of interest are electromagnetically mass-separated from the other
reaction products and distributed to the experimental physics community and/or post-
accelerated.

The physics of radioisotopes is the natural continuity of the studies started by Henri
Becquerel, when observing the radioactivity of Uranium in 1896 [Bec-96] and afterwards by
Pierre and Marie Curie when isolating Polonium and Radium in 1898 [Cur-98]. In 1934,
Irene Curie and Frederic Joliot were the first physicists to create unstable nuclei in their
laboratory [Jol-34]. The idea of coupling a target to an ion source from an electromagnetic
mass separator was first developed in the Niels Bohr institute in 1951 [Kof-51]. In the late
60’s, Isotope Separators On Line facilities were built and linked to accelerators mainly in
Europe. At ISOLDE-CERN (Geneva) this concept was demonstrated to be working
efficiently [Rav-75] leading to controlled, high intensity beams of RIBs available to scientists
for precision measurements.

RIBs can be produced with a wide variety of techniques. Typically the isotopes of interest are
produced in a nuclear reaction (between an accelerated primary projectile beam and a
stationary target). The two main production mechanisms are the Isotope Separation On Line
(ISOL) method and the In Flight method. In the ISOL method, radioactive ions are produced
essentially at rest in a thick target which is bombarded with energetic primary particles from
an accelerator. After diffusing out of the target, effusing through the transfer line and being
ionised, the radioactive ions are accelerated in a post-accelerator.

For the In-Flight method an energetic heavy-ion beam is fragmented while passing through a
thin target. After mass, charge and momentum selection in a fragment separator the selected
ions are analysed.
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INTRODUCTION

Radioactive lon Beams are present and developed all around the world.

Low energy RIB facilities:

IGISOL (lon Guide Isotope Separator On-Line) at JYFL (University of Jyvéskyld)
[Moo0-05] is a facility that delivers RIBs of short-lived exotic nuclei, in particular the neutron-
rich isotopes from the fission reaction. The beam is cooled, bunched and isobarically purified.
The isobaric purification is achieved in by a Penning trap placed after the RF-cooler element.

SLOWRI (Slow RI-beam facility) is being built at the RIKEN RI-Beam Factory
(RIBF). It will provide slow, high-purity and small emittance ion beams of all elements [Rik-00]

IRIS (Investigation of Radioactive Isotopes at Synchrocyclotron) on-line isotope
separator facility at the PNPI (Petersburg Nuclear Physics Institute)-Gatchina produces nuclei
far from stability by interaction of 1 GeV protons with uranium targets with a typical proton
current of 100 pA [Pan-02].

Facilities with post-accelerated RIBs:

SPIRAL (Systeme de Production d’lons Radioactifs Accélérés en Ligne) at GANIL
(Grand Accélérateur National d’lons Lourds) is an ISOL and post-accelerator facility. It
combines a target-ion source assembly and a particle accelerator, CIME (Cyclotron pour lons
de Moyenne Energie). The facility delivers radioactive beams with energies in the range
between 1.7 and 25 A MeV [Vil-01].

ISOLDE facility at CERN uses proton beams up to 4 pA from the PS Booster [Iso-
00]. The RIBs are produced from 25 available target materials and 4 types of ion sources (See
Chapter 1), and are distributed to the experimental physics area or/and post accelerated by a
linear accelerator, REX-ISOLDE, up to 3.1 MeV/u [Rex-00].

ISAC at TRIUMF (Canada's National Laboratory for Particle and Nuclear Physics)
[Sch-1996] uses ISOL and post-acceleration schemes. It produces short-lived exotic nuclei
through a reaction between the primary proton beam and a thick target. Additional
experiments measure precise lifetimes of exotic nuclei. The first beam was achieved in 1997
with 0.5 pA of proton current on the production target, nowadays the current on target
reaches up to 100 pA [Sho-02].

The cyclotron facility at Louvain-la-Neuve [Lo0i-96] was based on a cyclotron
accelerating 30 MeV protons to produce the desired exotic element in suitable targets with an
intensity up to 300 pA and a post-accelerator. The activities in this facility ended in 2009.

HRIBF (Holifield Radioactive lon Beam Facility) at ORNL (Oak Ridge National
Laboratory) [Car-08] produces neutron-rich radioactive nuclei via proton-induced fission of
uranium in a low-density matrix of UC. Recently developed RIBs include Al from a silicon
carbide target and isobarically pure beams of neutron-rich Ge, Sn, Br and | isotopes from a
uranium carbide target. Post-acceleration is made by 26 MeV tandem.

These facilities produce hundreds RIBs, and almost all the stable elements of the periodical
table have been studied. Since then, experimental nuclear physics has developed from the
technological progress of the accelerators of light particles and nuclei of heavy ions.

Other new facilities are planned worldwide. They will be designed to handle higher activities
for the radioactive nuclei produced in the primary target than is available at the actual, so
called first-generation, facilities [Nup-00]. In Europe this is structured by the Nuclear Physics
European Collaboration Committee (NUPECC) and in the United States by the Department of
Energy. Both have independently recommended the construction of a ‘second-generation’
facility, the EURISOL Design Study is based on the ISOL principle. It is a collaboration of
21 institutes and laboratories within Europe (full participants), with additional 21 institutions
either in Europe, North America and Asia (as contributors) [Eur-01]. The aim of such a study
is to increase the intensity with respect to existing facilities (from 100 pA to few mA of 1
GeV primary proton beam) [Gue-02]. A CW Linac up to 150 A MeV is planed to perform
post-acceleration process. The Rare-Isotope Accelerator (RIA) study is proposed in the USA
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INTRODUCTION

to produce intense RIBs accelerating beams of protons to 900 MeV to bombard thick targets.
(post-acceleration by a Linac up to 8-15 A MeV) [Nol-02].

Ongoing projects are:

SPIRAL2 which will accelerate 5 mA deuterons up to 40 MeV and 1 mA heavy ions
up to 14.5 MeV/u. Thick and thin targets will produce RIB (neutron induced fission of UC,
direct interaction of deuterons in a UC target and interaction of heavy ion beam with a target)
[Lec-08].

The FRIB (Facility for Rare Isotope Beams) at MSU (Michigan State University) will
use 400 kW of incoming power beam [Yor-09].

ISAC2 at TRIUMF will be an extension of the existing ISAC facility and will accelerate
RIBs up to 6.5 MeV/u for masses up to 150 [Lax-03].

HIE ISOLDE is an upgrade of the current ISOLDE facility at CERN; incoming beam
power will reach 10 kW (from Linac 4) to 40 kW (from LP-SPL) and post-acceleration up to
10 MeV/u for the 850 different available isotopes [Hie-00].

FAIR (Facility for Antiproton and lon Research) at GSI will use existing SIS ring as
the injector to 2 further rings. RIB production will be achieved using the in-flight technique.
Uranium ions will be accelerated to 2 GeV/u for >®U®®* and 34 GeV/u for *®U®*" [Fai-00].

SPES (Selective Production of Exotic Species) at LNL (Legnaro National
Laboratories) is a project planning to accelerate proton beams to 40 MeV towards the ISOL
target. RIBs will be post-accelerated to 15 MeV/u in the linac ALPI [Spe-00].

The experiments described in this thesis were performed at the ISOLDE facility,

where more than 800 isotopes (73 elements) are produced making the facility one of the
world leaders in the low-energy radioactive ion beam research. It hosts a programme that
ranges from basic nuclear structure to weak interaction studies [Iso-00].
The target station is the heart of ISOLDE in which a 1 or 1.4 GeV proton beam from CERN's
PS booster accelerator strikes a target to produce a range of isotopes. The radioactive isotopes
produced by nuclear reactions in the stationary target diffuse out of it due to thermal energy.
Once on the surface of the target material, the isotopes effuse out of the target volume
through the transfer line and reach the ion source. Typically, targets are heated up to very
high temperatures (<2300°C) to enhance the diffusion-effusion process. Atoms of interest are
then extracted, ionised and separated before they are steered to experiments. ISOLDE
produces radioactive beams of a variety of species by combining a range of target materials
with efficient and selective ion sources such as RILIS [Fed-06] to obtain the best possible
purity. However in certain cases, isobaric impurities prevent a proper utilisation for physics.
Thus new techniques of purification are mandatory.

The production of radioactive beams is a specialised field. It is important to design
targets which can withstand the high primary beam power and produce the desired ion
species by suitable material selection. lon-extraction is particularly difficult if the ions have a
short lifetime. With the aim of producing good RIBs, the quest for ion sources with high
chemical selectivity, efficiency and long lifetime with emphasis on the beam optical
properties are the highest priorities. The beam intensity of short-lived isotopes is strongly
affected by decay losses due to time delay between in-target production and ion beam
extraction. The development of models for calculating the release efficiencies expressing the
decay losses due to diffusion from the target and effusion to the ion source is of key
importance for the design and performance prediction of future targets. The demand from
physics for higher particle or isotope production is driving facilities to higher accelerator
powers and more intense primary beams on targets. Indeed, the future generation of targets
will need to handle an incoming proton beam having a higher power than what is operated in
the current facilities. This will imply important changes in the development and design of the
target-ion sources used to deliver such ion beams.
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INTRODUCTION

This thesis deals with two target-ion source units which have been developed with the
aim of anticipating and investigating RIB production at the future generations of ISOL
facilities in the framework of The European Marie Curie Program, HIGHINT (High
Intensity) project. Chapter 1 discusses the principles of the ISOL technique and the nuclear
reactions involved when sending a proton beam onto target materials. The facility of
ISOLDE-CERN and its physics are highlighted. Chapter 2 presents the fundamental
processes which affect the purity and the release properties of a RIB. The two main
parameters, diffusion and effusion, are presented as being the dominating phenomena
influencing RIB quality. EURISOL will operate at high power (100 kW on direct targets and
4 MW on converter). The direct targets will be used to produce primarily the proton-rich
radioactive ion beams. Delivering purer RIBs is therefore mandatory. To achieve this
purification task a target-transfer line unit having a quartz insert to trap alkali contamination
has been built and tested at ISOLDE, Chapter 3 presents the development and results of this
experiment. Hundreds of kW of incoming power will imply the use of multiple containers
merging in a single ion source to dissipate the heat generated by the impact of the proton
beam. It is then mandatory to know how the effusion process and the isotope decay losses are
affected by such a design. Chapter 4 presents a dual target-transfer line prototype which was
developed and tested at CERN-ISOLDE as a precursor of this concept.
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ISOL Method and Radioactive lon Beam (RIB) Production at ISOLDE-
CERN



Chapter 1. ISOL METHOD AND RADIOACTIVE ION BEAM (RIB) PRODUCTION AT ISOLDE-CERN

1.1 The PS Booster

At the ISOLDE-CERN facility (www.cern.ch/ISOLDE) protons impinging on targets come
from the Proton Synchrotron Booster (PSB) as shown in figure 1.1-1. It consists of a stack of
four synchrotrons and receives protons (or heavier particles) injected from a LINAC (LINear
particle ACcelerator) which accelerates to 1 or 1.4 GeV. The PSB delivers short high
intensity pulses at low repetition rate. Each pulse is 1.25 us long and consists of a
microstructure of 4 bunches of 230 ns spaced by 110 ns (figure 1.1-2). About six pulses in a
typical PS supercycle of 14.4 s are available for isotope production at ISOLDE [All-90]. This
is equivalent to a dc proton current of about 2.1 A.

== protons
antiprotons

— ions
neufrinos to Gran Sasso (1)

LHC: Large Hadron Collider
SPS: Super Proton Synchrotron
AD: Antiproton Decelerator
ISOLDE: Isolde Separator Online Device
PSB: Proton Synchrotron Booster

PS: Proton Synchrotron

LINAC: LINear Accelerator

LEIR: Low Energy lon Ring

CNGS: Cemn Neutrinos to Gran Sasso

Figure 1.1-1: Layout of the PSB at CERN
The time structure of the pulses enhances the release of the produced radioisotopes from the
target and increases the production of short-lived species. On the other hand, the extremely

high instantaneous power deposition in the target increases the stress on the target container
and the target itself.

1.25 ps

éBOns

—>

1% bunch
2% bunch
3 bunch
4" bunch

—

110ns time

Figure 1.1-2: PS Booster time structure for a solid target (different for molten metal targets)
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Chapter 1. ISOL METHOD AND RADIOACTIVE ION BEAM (RIB) PRODUCTION AT ISOLDE-CERN

1.2  Mechanisms of nuclear reactions

1.2.1 Impact parameter, cross section and isotope production

The production of isotopes is mainly done by bombarding a target (see Section 1.2.2) with an
incident beam of stable ions. Nuclear reactions between a projectile and a target depend on
the nature and energy of both the projectile and target and on the impact parameter between
these [Hey-99]. This impact parameter, called b, is schematically shown on figure 1.2-1. It is
the perpendicular distance from the centre of the target to the extrapolation of the trajectory
of the particle before it experiences any deflection.

Figure 1.2-1: Classical trajectory of a charged particle, effective radius R, and charge Z;e, incident with
impact parameter b at energy and momentum p and deflected through an angle 0 by a target nucleus,
effective radius R; and charge Z,e. D is the distance of closest approach for this trajectory (D= R, + Ry). yp is
the angle at the closest approach.

Nuclear reactions can be initiated by any type of projectile. Protons, deuterons, alpha
particles and other nuclei are positively charged and so require enough energy to overcome
the Coulomb barrier. The Coulomb barrier (equation 1.2.1) increases with the atomic number
(i.e: number of protons) of the colliding nuclei:

Z,-7,-¢€°

V(D)=
(B) 47e D

(1.2.1)

where g IS the permittivity of free space and D is the distance of closest approach for this
trajectory.

There is a value D of the impact parameter, b, which considers a minimal distance between
the target nucleus and the projectile nucleus defined as R, + R:. If b < D, there is a nuclear
collision between both nuclei (D <Ry + Ry).

When a proton collides with another material, the interaction event between these two is
defined by the cross section, c. It represents the area around the centre of the target nucleus
into which the path of the centre of the proton must fall if it is to collide with the target. The
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cross section can be divided into three parts o, Gi, 65 Which are the partial cross section and
represent the probability the collision occurs:

oc=0,+0,+0, (1.2.2)

where o, is the elastic Rutherford scattering by the target; i, is the inelastic scattering and o,
is the absorption by the target.

By using a beam of high energy protons, a larger penetration depth is obtained. However,
when the proton energy is increased towards the Coulomb barrier, deviations from
Rutherford scattering arise. Depending on the mass of the target element, either an
enhancement or a decline of the scattering cross section relative to the Rutherford cross
section significantly affects the backscattering analysis at high energies.

The basic assumptions of such a model as described in figure 1.2-1 are:

- The atom contains a nucleus with positive charge Ze.

- The electrically neutral atom contains Z electrons moving around the nucleus.

- The target nucleus is more massive than the incident particle and therefore does
not recoil significantly in the collisions.

- The target nucleus and the incident particle have point-like charge distributions so
that the Coulomb potential (equation 1.2.1) acts between them.

- No other force is acting other than that due to Coulomb potential.

- No excitation of incident or target particle.

The scattering of a particle in a potential is determined by this impact parameter, b, and the
energy of the incident particle, E [Hal-57].

b 212 @7

2E
Any incident particles entering with impact parameter b and b+db will scatter to the angle 0
and 0+d0. This corresponds to scattering into a solid angle dQ given by [Lil-01]:
dQ =27 -sin(0)-do (1.2.4)

Assuming spherical symmetry in g, the scattering centre presents an effective transverse
cross-sectional area of:

Aa(&):—g—g(e)-Zﬁ-sin(e)-dH:27r-b-db (1.2.5)

. cot(g) (1.2.3)

Equation (1.2.5) can be used to represent graphically the cross section according to the
impact parameter (figure 1.2-2).

Ao
db
2D |-
&
&
W,
&
",
oo,
0 Nuclear collision p Elastic diffusion b

Figure 1.2-2: Geometrical representation of the differential total cross section versus the impact parameter b.
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Combining equations (1.2.4) and (1.2.5):

d_a(g)__ b db_(2,-2,-¢
dQ sin(@) do 167¢,E

] cosec“(g) (1.2.6)

which is known as the Rutherford formula for the differential cross section in Coulomb
scattering. The cross sections are measured in the unit of barns where 1 barn corresponds to
10%* cm®. The integration of the differential cross section over the entire solid angle, dQ
represents the total cross section:

47Zdo_
O1otal = '[d_Q

(6,9)-dQ = 27 - [ d6 sin(6) 999 @2.7)
0 5 dQ
The total cross section, o1otal IS the effective size of the scattering centre for all possible
impact parameters.

The inelastic cross section is composed of scattering and reactions terms. Generalised
equation for the reaction cross-sections of proton-nucleus interactions was investigated in
1973 by Silberberg and Tsao [Sil-73].

The semi-empirical equation is given by:

o =0, f(A)f(E)e ™ exp(-R|Z —SA+T AZ\”)Qng (1.2.7h)

where f(A) and f(E)are correction factors applicable to products from heavy targets (Z>30),
when AA is very large. The factor (-PAA) describes the reduction of cross-section as the
difference of target and product mass, AA, increases (related to the distribution of excitation

energies). The factor exp(—R|Z—SA+T Az‘v)is the distribution of cross sections for the

production of various isotopes of an element of atomic number Z. R is the width of the
distribution of cross sections and S the location of the peaks of these distribution. T is the
shift of the distribution curves towards greater neutron excess as the atomic number of the
product increases.

To deduce the production rate in the thin target, the following equation applies:

R=N.-o-® (1.2.8)

where N is the number of atoms per cm?, o the cross section (cm?) and @ the flux of the
projectile (atom/s). The resulting nuclear reactions lead to the production of radioactive
residual nuclei. If the cross section of these reactions is known, the number of these residual
nuclei can be determined as a function of time during the bombardment.
For N radioactive nuclei, the rate of decay is [Hal-57]:

dN

—=-1-N 129
m (1.2.9)

according to the decay constant, . The solution to equation (1.2.9) is:
N(t)=N(0)-e™* (1.2.10)

In2

where N(0) is the number of nuclei at t=0 and A is equal to (t12 being the half-life of the

1/2
decaying nucleus).
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The net rate of increase of the radioactive nuclei is the difference between the rate of
production, P, and the rate of decay.

N _p N (1.2.11)
dt
The solution to equation (1.2.11) is:
P

N (t) = = @-e™) (1212

Equation (1.2.12) can be used to represent graphically the number of radioactive nuclei,
figure 1.2-3:

time
| | | | ,
ti 21, 3ty 41y,

Figure 1.2-3:Geometrical representation of the number of the radioactive nuclei produced at a constant rate P.

1.2.2 Spallation, fission, fragmentation and fusion-evaporation

For a given projectile, different mechanisms of reaction will produce different elements
located in the isotopic chart. These reactions depend on the projectile itself, on its energy and
the nature of the target. The cross section of the production and the angular distribution of the
products of the reaction are the parameters characteristics of this reaction.

Spallation

When a proton is accelerated and strikes a target at energies between hundreds of MeV and a
few GeV, it produces multiple collisions with nucleons in a nucleus causing an intranuclear
cascade called spallation. High energy particles such as neutrons and protons are emitted in
the course of this process and then collide with other nuclei, causing similar reactions
(extranuclear cascade). The residual nuclei of the cascade are in an excited state, and light
particles are emitted by evaporation of neutrons mainly.

The intensity of the process depends on the number of collisions and then on the impact
parameter, b, between the light nucleus and the matter of the heavy nucleus. In these
processes about ten fast neutrons are emitted for each proton. From the view point of energy
output, the quantity of neutrons thus produced is about one hundred times that of
photonuclear reaction and about ten times that produced by fission in a nuclear reactor.

The semi-empirical model of Silberberg and Tsao [Sil73] allows calculating the production
cross sections of isotopes produced by spallation. However, this model is reliable mainly for
isotopes close to the stability. Models have been created such as the abrasion-ablation model,
ABRABLA [Ben-98] (see Section 1.2.3), which describes the formation dynamics of exotic
nuclei far from stability and predicts nuclide production cross-sections with a model validated
from inverse-kinematics measurements at GSI [Luk-06].
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Fission

Fission can be induced by an incident particle that is absorbed by the nucleus of the
projectile. The excitation energy generated by this collision leads to longitudinal oscillations.
If this energy is sufficiently high, two drops are formed and repulse each other breaking the
nucleus in two parts (figure 1.2-4). The nucleus is like a charged droplet and when the
deformation reaches a certain critical point, the repulsive Coulomb force driving the
deformation overcomes the attractive nuclear force, and the nucleus breaks apart into two
large fragments and several neutrons.

,Y
O/B

A\
n
° -»v
235U zssu
O

" A%

— B

Figure 1.2-4: Fission mechanism. v

After separation the two fragments acquire approximatively 170 MeV of kinetic energy from
the Coulomb potential energy as the electric force continues to drive them apart. This forms
the bulk of the prompt release of energy in fission. Energy is also carried by neutrons and
gamma rays. Many fission fragments are radioactive, because they are formed from a nucleus
which has a neutron-to-proton ratio of over 1.5. The incident particles can be a proton,
neutron (generated by the impact of a proton on a converter in Ta or W) or a flux of photons
(induced by the impact of an electron of 50 MeV onto a converter. Nuclear fission is possible
for nuclei with large A. It may happen spontaneously, but generally it occurs because some
activation energy was sent into the nucleus. To get a nuclear reaction to start, even one that
produces useful energy, it is often necessary to give some energy to the system. The energy
provided to start a reaction is called the nuclear activation energy.

Fragmentation

Fragmentation is a fast process in which a heavy nucleus fragments. It involves high-energy
beams of nuclei being broken up, on a target, into lighter products. Such reactions produce a
wide range of nuclei. Due to the high speed of the fragments (typically 60% of the speed of
light) it is difficult to collect useful prompt gamma-ray events. The principal advantage of
these reactions is their ability to produce both neutron and proton-rich nuclei and this
technique is suited to studies of isomeric decays.

If the impact parameter is large enough, there is a dissipative collision and a fast
fragmentation leading to two fragments close from each other of the projectile and of the

target (figure 1.2-5).
- %V
p O\

OO0 J 4
target O @O—»
20

Figure 1.2-5: Fragmentation (high impact parameter).
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If the impact parameter is small, the main process induced is the multifragmentation. The
projectile and the target dislocate into several lighter fragments.

Fusion- evaporation

The fusion-evaporation reaction is a method of producing highly excited nuclei. In this
technique, two stable nuclei are brought together at energy above the Coulomb barrier; the
resulting compound system evaporates nucleons before decaying by gamma-ray emission.
Such a process produces nuclei on the neutron-deficient side of the stability region. This is
because stable light nuclei such as the target and projectile have a lower N/Z ratio compared
to the heavy stable nuclei. Moreover the compound system preferentially emits neutrons,
leaving a more neutron-deficient nucleus. The alpha and proton emission channels are less
probable for heavy compound nuclei near stability. In order to produce nuclei that are more
neutron-rich with this technique, radioactive beams (or targets) can be used (such as **C
beam.).

Other reactions

At low energies, the reactions appear as soon as the energies reach the Coulomb barrier or are
slightly above (inelastic scattering). For a high impact parameter, collisions will occur
between transfer reactions of one or several nuclei. The projectile releases protons to the
nucleus of the target (stripping reactions), absorbs neutrons from this target (pick-up
reactions) or exchange several nuclei with it (charge exchange reactions). In this process, the
nuclei produced at the end will be different from the initial state [Lil-01].

1.2.3 Reactions used at ISOLDE

Spallation, fragmentation and fission (also fission induced by neutron converter) are the three
processes used at ISOLDE with protons of 1 to 1.4 GeV onto thick targets (figure 1.2-6). Due
to such energies, the energy distribution is great enough to produce many reactions and hence

a large variety of radioactive isotopes.
L
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Figure 1.2-6: The three processes involved at ISOLDE when sending a 1 GeV proton onto *®U.

The Monte Carlo Code FLUKA [Fas-03; Fas-05] allows simulating the isotope productions
according to the target materials used. FLUKA is one of the existing codes to simulate
transport and interaction of particles in matter which is capable of being a complete
multipurpose tool. The code is able to treat hadron—hadron, hadron—-nucleus, nucleus—
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nucleus, neutrino, electromagnetic and also manages interaction and transport of neutrons
down to thermal energies.

Fragmentation
Fission

1E-1 4
1.4 GeV, 2.59 barn

Total cross section [mbarn)|

1 GeV; 2.48 barn
1E-2 600 MeV; 2.25 barn
1E-3 + T
0 10 20 30 40 50 60 70 20 90

Element (7)
Figure 1.2-7: High energy protons on “**U production cross sections.

Figure 1.2-7 represents the total cross section for different elements obtained from uranium
and shows the different nuclear reactions involved.

ABRABLA [Ben-98] (Abrasion-Ablation) has been developed at GSI in the last 10 years and
is @ Monte-Carlo code that simulates both the nucleus-nucleus and the nucleon-nucleon
collisions at relativistic energies assuming that the reaction can be divided in two stages: an
interaction stage where the target nucleus loses part of its nucleons and is left in an excited
state and a deexcitation stage where evaporation and fission are in competition (thus
estimates the cross section with no transport of secondary particles).

1.3 ISOLDE facility

1.3.1 Targets and materials

As seen previously, spallation, fragmentation and fission are the main nuclear reactions
involved the production of radioactive isotopes at ISOLDE. Figure 1.3-1 shows a typical
ISOLDE target container, which consists of a 20 mm diameter, 200 mm long tube of tantalum
that can be filled with the target materials.

Electrical
Connectors

Proton
Beam

Electrical
Connectors
‘\

Transfer
Line

to lon Source

Electrical
Connectors '

Figure 1.3-1: Schematic layout of a standard ISOLDE target and transfer line.

Page 23



Chapter 1. ISOL METHOD AND RADIOACTIVE ION BEAM (RIB) PRODUCTION AT ISOLDE-CERN

By ohmic heating up to 1000 A the target container can be brought up to 2200°C in order to
increase the diffusion process for radiogenic isotopes from the target bulk to its surface from
which they desorb. Figure 1.3-2 represents an entire target unit consisting mainly of
confinement box, target container and ion source.
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Figure 1.3-2: Schematic layout of a standard ISOLDE target-ion source unit.

The target material must fulfil a number of conditions to be useful for ISOLDE applications.
It must be able to provide a rapid and continuous release of the desired product element. The
material must lead to the formation of a high cross section for the nuclides of interest; a high
release rate (short delay time) in continuous on-line operation; high temperature stability with
low vapour pressure at the operating temperature and to a resistance to radiation damage
[Car-78; Hof-84]. A limited number of elements is well suited as material for an ISOL target
due to the required thermal stability.

e Carbides

Typical carbide targets are: Al,Cs, SiC, LaC,, ThC,, UC,. This latter is the most used at
ISOLDE in combination with positive surface ioniser.

e Oxides

Oxides are mainly used to produce noble gas nuclides. At ISOLDE, ThO, (Thoria) is used
and shows fast release properties but its limitations (sintering) are strongly dependant on the
time that the target is working at operational temperature. Other typical oxide targets used at
ISOLDE are: MgO, Al,03, Ca0, TiO,, SrO, ZrO,, BaO, La,03 and CeO..

e Metal foils

Powders and foils of refractory metals are also used as target materials. Typical materials
used are: Ti, Nb, Ta and W. Table 1.3-1 shows the different isotopes produced by several
kinds of solid target materials at ISOLDE.
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Element Tua(°C) p (g/cm™)  (g/em™) Isotopes
Nb 1600 45 25 %%Ca, “®sc
Ta 2200 16.7 110 many
W 2200 19.3 7 BOI
C 1800 25 73 710lge
SiC 1650 3.2 21 123F 18-2INg, 0% INg, #**Mg
ThC, 2200 9.0 50 Many (+ excess of C)
ucC, 2200 11.3 50 Many (+ excess of C)
MgO 1500 3.6 2.9 12 Ne
AI203 1550 4.0 9 “>Na
Zr02 1400 5.9 6 %2Mn, **"Cu, *74Ga
Ce02 1300 7.1 16 2125 e
ThO2 2100 9.9 <30 many
CaO 1400 3.3 5 He, C, N, Ne, Ar

Table 1.3-1: Overview of solid targets used at ISOLDE [Kos-01]: Tax is the maximal temperature of
operation, p is the density of the material and ( is the target length.

e Liquid metal targets

Liquid metal targets are the most efficient production systems for a number of elements. Tin,
lanthanum and lead are the typical liquid metals used. In order to produce an optimal release
of the isotopes from the container, the temperature is kept high enough to avoid any
solidification of the target material. Due to the high target density liquid metal targets can
provide the highest intensities for isotopes of certain elements: Cd from a Sn target, Hg from
a Pb target and Xe and Cs from a La target. Limitations of these targets come from the large
diffusion time constant although shock waves induced by the pulsed proton beam from the
PSB lead to shaking of the liquid metal and therefore accelerate diffusion. Special
mechanisms are adopted to prevent large quantities of vapour reaching the ion source and to
prevent blocking of the transfer line by splashing of the liquid metal target. Table 1.3-2
represents some liquid materials used as targets at ISOLDE and the typical isotopes they
produce.

Element Tna(°C) p (g/cm™)  (g/em™) Isotopes
Ge 1100 55 110 80770, % Ga
Sn 1200 6.4 128 srizcy
La 1400 6.2 124 N3 Cg, 1 133x e
Pb 800 10.1 200 1r20THg
Bi 600 9.6 190 Hg
U 1700 17.6 350 Kr, Cd, |

Table 1.3-2: Overview of liquid metal targets used at ISOLDE [Kos-01]: T is the maximum
temperature of operation, p is the density of the material and ¢ is the target length.

Normally only volatile elements with a low desorption enthalpy are released from liquid
targets. The average release times from liquid targets are typically of the order of minutes
[Let-97].
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1.3.2 Transfer lines

The only orifice of the target container is connected to the ion source via a transfer line
(figure 1.3-3). By control of the temperature of this transfer line chemical selectivity may be
achieved by means of condensation for a specific element or selective adsorption (isothermal
chromatography) for a specific material. Therefore the temperature of the transfer line is
chosen according to the target material and the species studied. Three different transfer lines
are classically used at ISOLDE and are usually made of Ta: when linked to an MK5 (or
MK1) ‘Hot Plasma’ ion source (see Section 1.3.3) the transfer line operates at high
temperature (1900°C) to allow the ionisation of less volatile elements; when linked to a MK7,
‘Cold Plasma’ ion source, the transfer line is kept at room temperature by a water-cooling
system to condense all elements and release volatile species such as noble gases and N,.

Transfer Line

Figure 1.3-3: Pictures of three different transfer lines used at ISOLDE.

Transfer lines are also used at intermediate temperatures (between 200°C and 400°C) to
allow the suppression of less volatile species that may affect the purity of the ion beam
released from the unit. In this case, when linked to a MK3 or MK1-2 surface ion sources, the
retention of specific elements such as isobaric contaminants can be improved by the addition
of a material in the line. This latter aspect is the subject of Chapter 3 of the present work.

1.3.3 lon sources

Once the radioactive elements are produced by the nuclear reactions, they are ionised. At
ISOLDE, three types of ion sources can be used to ionise the isotopes.
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e Surface ionisation sources

The concept of surface ionisation has proven to be particularly successful for production of
singly charged positive and negative radioactive ion-beams due to its simplicity, high
efficiency and selectivity.

An atom interacting with a metal surface will be positively ionised if the work function of
this surface is greater than the ionisation potential of the atom. On the contrary, if the work
function is less than the electronic affinity of the atom, then there is a change in the polarity
of the ionisation (Negative ion source). Surface ionisation is described by the degree of
ionisation, o, which is defined by the ratio of ions, n;, leaving the surface to the neutral atoms,
no, leaving the surface of the material [Zha-99].

o=t (1.3.1)

At a thermodynamic equilibrium, the degree of surface ionization as a function of surface
temperature is given by the Saha-Langmuir equation [Lan-25].
o =0 qW-pyiT (1.3.2)
O
where g; and g are the statistical weights of the ion and atom states (for the alkali metals,
gi/go= 2), ;i is the ionisation potential of the atom, W is the work function of the metal, and
T is the surface temperature.

Table 1.3-3 represents calculated values of degree of ionisation, a, on a tungsten surface.

Temperature (K)

Adsorbate Di (ev) W- Di (ev) 1000 1500 2000 2500
Cs 3.88 0.64 790 72 19.9 9.8
K 4.32 0.20 6.3 2.16 1.60 1.27
Na 512  -0.60 5x10%  5x10° 1.58x10° 3.16x10°
Li 540 -0.88  1.8x10° 5.5x10% 3.0x10°  8.4x10°

Table 1.3-3: Calculated values of degree of ionisation on a tungsten surface (MK1) [Zha-99].
The ionisation efficiency is the ratio of n; to the number of the arrival flux of atoms, n. [Lan-
25]

p-n (13.3)

For a steady equilibrium state the total evaporation rate is:
n=n,+n (1.3.4)

Thus

o_ n _ a _ (1+&‘ee(<ﬂrw)/ﬂ)—1 (1.3.5)

Y ng+n lta

Table 1.3-4 presents some ionisation efficiencies according to the temperature of the hot
metal plate [Wol-95].
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Adsorbate Hot Metal Plate  Temperature (K) P

K Pt 1500 1.0
Cs W 1500 0.99
Ba Re 2200 0.12

Table 1.3-4: Calculated values of ionisation efficiencies of alkalis over metal surface.

Efficiencies of 50-100% may be obtained for elements with ionisation potential below 5eV
(positive ions) and above 2eV (negative ions) depending on the surface material. With a
constriction made of tantalum kept at a temperature of 1000°C the alkali K, Rb, Cs, and Fr
are selectively ionised with an efficiency of about 90%. If the constriction is lined with a Re
foil and heated to 1700°C, it also ionises alkaline earths Ba and Ra with 10 to 50% efficiency
[Bio-86]. Figure 1.3-4 shows the schematic layout of a surface ion source.

Extraction
electrode

\ Ta Transfer line

I::_"’f"_'—'—'—— y et
W Surface
f ionizer

Figure 1.3-4: Schematic layout of a surface ion source (MK1).

At ISOLDE, typical surface ion sources use a LaBg surface for a selective production of
halogens. Due to its low work function (W= 2.6 eV), elements having a high electron affinity
such as halogens are ionized with high selectivity [1s0-00].
Another interest of this kind of ion sources is the possibility of adaptation to complex target
geometry and getting an efficiency of 1.0 if the work function, W is greater than ¢; by at least
leV.

e Plasma ion sources

The plasma ion sources such as Electron Cyclotron Resonance (ECR) are used to ionise
elements not surface-ionisable. lons are produced in a magnetically confined plasma, which
is heated by microwaves. The plasma can be practically defined as: “a quasi-neutral gas that
exhibits collective behaviour when exposed to external electromagnetic fields” [Wol-95]. It
also exhibits collective behaviour via long range Coulomb interaction. There is no well-
defined phase transition point from the gaseous state to plasma that consists of electrons, ions
and neutral atoms or molecules. The most significant difference between a plasma and a
neutral gas is the number of freely moving charges that make the plasma a good conductor. A
plasma also has properties that are characteristic of liquids. An ionised gas can be considered
as a plasma if the following so-called plasma conditions are fulfilled:
- The typical length scale (dimension) L of the plasma has to exceed its shielding length
A (Debye length). The Debye length determines how far the charge imbalance due to
thermal motion in the equilibrium state or the impact of an external electric potential
can extend in the plasma or in the ionised medium. The condition can be written for
electrons as [Wol-95]:
& - KT,

e’-n

L>> A4, = (1.3.6)

e

where &, is the permittivity constant (~ 8.854-10™ F/m), k the Boltzmann constant
(=1.38:10% J/K), T, the electron temperature (in Kelvin), e the elementary charge
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(=1.602-:10™*° C) and n,, the electron density. If this condition is not met, the plasma is
not necessarily macroscopically neutral.

- In order to have collective behaviour, the number of particles inside the Debye sphere
must be sufficient such as:

n, -3 >>1 (1.3.7)

- The frequency fpe of collective plasma (electron) oscillations must be higher than the
collision frequency ven of electrons and neutrals

2
fooe L ojen (13.8)
® 27 27 \g-m,

where m, is the electron mass (= 9.11-10"* kg). Equation (1.3.8) defines the plasma
oscillation frequency wpe. If this plasma condition is not valid, there are no collective
phenomena and the dynamics of the system is dominated by the motion of neutrals.
This condition is fulfilled as the degree of ionisation of the plasma increases. Usually
the ionised gas can be considered to be a plasma when its degree of ionisation exceeds
a few percent [Sti-92].

FEBIAD lon Sources:

Forced Electron Beam Induced Arc Discharge (FEBIAD) sources are slightly different from
plasma ion sources but are the most used at the ISOLDE-CERN. FEBIAD sources exhibit a
large range of weak charge density which is at the lower limit of a plasma parameters’ as
defined previously. They were developed in order to ionise several kinds of nuclei produced
from an ISOL technique and they allow efficient ionisation at low pressure [Kir-76, Kir81a].
Electrons are produced by heating the cathode. This is known as the thermionic emission
principle. The density of emission depends on the work function of the material and of its
temperature (for condensable elements). Typically, cathodes are made either of tungsten or
tantalum as they have relevant thermoelectronic properties.

The electron flux produced by the cathode is directed to the ionisation chamber which is
under low pressure [Kir-76]. The discharge region has a volume of a few cm®. The ionisation
is produced by the collisions of electrons with elements coming from the target via the
transfer line. In general, pressure is under 10™ mbar.

Several kinds of plasma ion sources are used at ISOLDE defined as ‘hot” and ‘cold’ plasma
ion sources. This actually refers to the temperature of the transfer line inside which the
isotopes are effusing. Figure 1.3-5 represents a ‘hot plasma ion source’ operating with a
transfer line at 1900°C. This ion source is efficient for refractory elements [Iso-00].

Magnet Anode

Transfer Line

Plasma Chamber Cathode

Figure 1.3-5: Schematic layout of a Plasma ion source with hot transfer line (MK5).
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The “cold plasma ion source’ is used for the production of noble gas isotopes. The transfer
line bringing the operating temperature to 50°C is cooled continuously by a water flux (figure
1.3-6). Cooling the line suppresses the less volatile elements and reduces the unwanted
isobaric contamination in the ISOLDE radioactive ion beams and therefore allows selectivity

[Is0-00]. The temperature of the line depends on the element to be studied.
Anode

Plasma Chamber
Figure 1.3-6: Schematic layout of a Plasma ion source with cold transfer line (MK7).

Another kind of plasma ion source (MK®6) operates a transfer line at a temperature going up
to 400°C to produce elements with intermediate to low vapour pressure. Table 1.3-5 shows
different efficiencies for the FEBIAD ion sources [Sun-92].

Element lon Source Type Efficiency (%)

He MK7 05
C MK 0.1
N MK7 0.1
0 MK7 0.1
F MK7 1

Ne MK7 1

Ar MK7 10
Kr MK7 20
Xe MK7 40
Hg MK5 42
Pb MK 60

Table 1.3-5: Value of ionisation efficiencies for the different plasma ion sources.

The advantages of the plasma ion source are the following:
* High efficiencies (20 - 60 %) for Z > 20.
« Stable operation with little support gas (2x10™ mbar).
« Low ion current density (0.1 mA.cm™).
* Good emittance (< 20 # mm mrad at 15 kV).
* Low energy spread (< 2 eV).

Recently an efficient ion source that can accommodate the 50-fold increase in proton beam
intensity that will become available at CERN through the upcoming Linac4 and
Superconducting Proton Linac upgrades has been developed: the Versatile Arc Discharge lon
Source (VADIS). The VADIS sources are improved FEBIAD ion sources, based on the
optimization of the electronic and ionic loss currents inside the ion source. They are the result
of the development of an improved model for the ionization efficiency, based on extensive
experimental data and confirmed by analytical analysis and simulations [Liv-09].

VADIS was employed at ISOLDE in 2008 with spectacular results. The experiment in
question involved another pioneering facility, ISOLTRAP.
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ISOLTRAP first weighed isotopes of Xenon ionized by VADIS, determining masses for four
more of them. The team then focused its efforts on the neutron-rich isotopes of radon, with
impressive results. The experiment determined seven new masses, one for an isotope, °Rn,
that had never been observed in the laboratory before.

e Laser ion sources

The Resonance lonisation Laser lon Source (RILIS) at ISOLDE is based on the selective
excitation of atomic transitions by tunable laser radiation. lon beams of isotopes of 20
elements have been produced using the RILIS setup. It consists of copper vapour lasers and
dye lasers that ionise the atoms which are confined in the hot cavity of the source. After being
released from the target, the produced isotopes diffuse through a tube heated between 1800°C
and 2200°C: then two or three laser beams are sent collinear to the cavity axis for the
ionisation of the elements (figure 1.3-7). Two and three-step excitation schemes are used,
providing an ionisation of about 10%. Operation of the laser ion source at ISOLDE is
described in [Fed-00, Fed-06, Mis-92].

Extraction
electrode

Laser beams \

Ta Transfer line

| |W Surface 7
| |ionizer

Figure 1.3-7: Schematic layout of ionisation by RILIS.

Table 1.3-6 represents the excitation wavelengths (A1, A2 and/or A3) used for each element
ionised, their efficiency and the atomic ionisation energies (E;). Table 1.3-7 summarises
which elements can be ionised according to the type of the ion source used.

Page 32




Chapter 1. ISOL METHOD AND RADIOACTIVE ION BEAM (RIB) PRODUCTION AT ISOLDE-CERN

Element E;(eV) X (mm) A, (mm) Xz (mm) Efficiency (%) Produced ion beams
(mass number)

Be 9.32 234.9 297.3 - >7 7,9-12,14
Mg 7.65 285.2 552.8 578.2 9.8 off-line
Mn 7.44 279.8 628.3 510.6 19.2 49-69
Ni 7.64 305.1 611.1 748.2 >6 56-70
Cu 7.73 327.4 287.9 - >7 56-78
Zn 9.39 213.9 636.2 510.6 4.9 58-73
Ag 7.58 328.1 546.6 510.6 14 101-129
Cd 8.99 228.8 643.8 510.6 10.4 98-132
Sn 7.34 300.9 811.4 823.5 ~9 109-137
m 6.18 589.6 571.2 575.5 >2 off-line
Yb 6.25 555.6 581.1 581.1 15 157-167

Table 1.3-6: Values of ionisation efficiencies when using the RILIS [Fed-00].

Group 1 2 3 B 5 6 7 8 9 10 | 11 | 12 | 13 | 14 | 15 | 16 || 17 | 18

1A | 2A 3B 4B 5B 6B 7B 8B 1B | 2B 3A 4A 5A ©6A 7A BA
Period Ton source:
1 ;I + | Surface || - ;
hot|| Plasma |cool =
) 3 4 5 6 7 8 9 10
Li | Be Laser B|c|N|]ol| F|ne
3 11 12 13 14 15 16 17 18
Na Mg Al Si P 5 Cl Ar
4 19 | 20 21 | 22 |[ 2= |24 25 || 26 || 27 28 | 20 |[ 20 || ;0 |[ 22 || 33 | =a 25 | 26
K Ca Sc Ti V [ C | Mn | Fe | Co Ni Cu In | Ga || Ge As Se Br Kr
5 37 38 39 40 1 12 43 44 45 46 47 48 49 50 51 52 53 54
Rb | Sr Y Zr | Nb | Mo | Tc | Ru | Rh | Pd | Ag | Cd | In Sn | Sb | Te I Xe
6 55 56 | [ 7 72 73 74 75 76 77 78 79 80 81 82 a3 84 85 86
Cs | Ba Lu Hf | Ta W Re | Os Ir Pt | Au || Hg Tl Pb Bi Po At | Rn
- 87 88 || 103 | 104 | 105 | 106 | 207 | 108 | 109 | 110 | 111
Fr | Ra | | Lr Rf | Db | Sg | Bh | Hs | Mt | Ds | Rg

® L th d " 57 58 50 60 61 62 63 64 65 66 67 68 69 70
AL s la |[Ce | Pr Nd Pm Sm | Fu |Gl | Tb | Dy | Ho | Er | Tm | Yb

. . ag %0 01 92 03 04 95 96 97 o8 00 | 100 || 101 || 102
*% ok
Actinides Ac | Th | Pa u Np || Pu || Am | Cm | Bk | Cf | Es | Fm | Md || No

Table 1.3-7: lonised elements according to the type of the ion source at ISOLDE [Iso0-00].
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1.4 Mass separation

At ISOLDE, the target-ion source unit is connected to a target station referred to as the ‘Front
End’. The radioactive ion beam is extracted from the ion source by the extraction electrode,
the beam is accelerated at a potential of few kV and sent to the experimental hall (figure 1.4-
1). The diagnostics of the beam is made using Faraday cups and scanners in order to
maximise the transmission.

Proton Beam

Figure 1.4-1: Layout of the ISOLDE facility [1s0-00].

ISOLDE operates two mass separator systems, HRS (High Resolution Separator) and GPS
(General Purpose Separator) [Iso-00]. Beam distribution is done by other elements such as
kickers, deflectors, electrostatic deflectors, and switchyard.

e HRS

The HRS (figure 1.4-2) consists of two magnets (magnets with bending angles of 90°
and 60° respectively), electrostatic quadrupole lenses and a number of magnetic and
electrostatic elements for correction of higher order image aberrations [I1so-00]. The
separator delivers one mass at a time to the experimental hall. At the exit of the
dispersive and focussing system, the separation 4x between two beams of different
mass m and m + Am is expressed by:

Ax=D.2M (1.4.1)
m

where D is the dispersive coefficient. For the HRS, D = 2.7 m.
The resolving power is expressed by [Iso-00]:
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where ox is the length of the image in the focal plan. Therefore, a 1 mm large image
will be obtained with a resolution of 2700.

HRS

| o

99 190 11

]

. n %0
Figure 1.4-2: HRS Layout [1s0-00].

e GPS

The GPS (figure 1.4-3) allows the selection of three different beams within a certain
range of mass that it can deliver simultaneously into the experimental hall through
three different beam lines (central mass, low mass and high mass beam line). The
magnet is a double focusing H-magnet with a bending angle of 70° and a mean
bending radius of 1.5 m. The mass resolving power is m/4m=2400 (for 20 mm mrad
beam). The selection of mass is achieved by moving the deflector plates parallel to the
focal plane. To make best use of the space in the experimental hall both side beams
are taken out to the left of the central mass. These two side beam lines serve mainly
for ion collections and small size experimental set-ups.
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G PS ACCELERATION

Figure 1.4-3: GPS Layout [I1s0-00].

The magnetic field is set to select the ions of a chosen mass and steer them in the beam line
through the beam gate. Release measurements are made using a tape station [Tur-08]. It
consists of a metallic mylar tape and two detectors (plastic scintillator and c-detector). The
radioactive beam is deposited on the metallic band and when the atoms hit the band they
penetrate into the material. Then they are transported in front of the detectors. The beam gate
is opened after a defined time after proton impact (tgelay) and it is held open for a given time
(tcolection). The beam gate is then closed and the tape moved to the detectors. The detectors
measure for a defined time (tmeasurement). The values of teonection and tmeasurement are Set
(depending on the half-life and production rate of the isotope) to obtain enough statistics and
not to saturate the detectors. The delay time tgelay IS changed to obtain the release curve point
by point. This procedure is repeated typically 20 times.

1.5 Physics at ISOLDE

A large variety of ions species allows the systematic study of atomic and nuclear properties
and exotic decays over long isotope chains. The experiments carried out at ISOLDE employ
the state-of-the-art instrumentation (figure 1.4-1). Instruments such as for laser spectroscopy
are used by COLLAPS and COMPLIS. The NICOLE experiment carries out nuclear
orientation studies of exotic nuclei. ISOLTRAP is a triple-trap spectrometer able to give
accuracy approaching 10® in mass measurements of unstable nuclei. GLM and GHM beam
lines are used for collecting radioactive samples for research in solid-state physics and
biophysics. Electro-weak interaction is studied by a retardation spectrometer called WITCH:
it also searches for physics beyond the Standard Model through nuclear beta-decay [1s0-00].
A most important feature of ISOLDE is the post-accelerated beams with the REX-ISOLDE
charge breeder and linear accelerator. REX makes use of the large variety of radionuclides
that have been extracted from the on-line mass separator ISOLDE. The radioactive singly-
charged ions from the separators are first accumulated, bunched and cooled in a Penning trap,
REXTRAP. REX-ISOLDE currently provides beams of energy 3.1 MeV/u (up to masses 230)
into the super-efficient, highly segmented gamma-ray MINIBALL array at the secondary
target position.
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Chapter 2. FUNDAMENTAL PROCESSES AFFECTING THE RELEASE PROPERTIES OF ISOTOPES...

The main objective of the ISOL technique is the production of beams of exotic nuclei that are
abundant, pure and variable in energy. From the moment the proton beam hits the target to
the measurement of the radioactive ion beam after the separators each part of the production
chain plays an important role in delivering a satisfactory isotopic yield [Rav-98].

The target system has to be able to dissipate the power deposition of the primary beam and
allow the production of the secondary particles in the material. An optimised beam-target
combination is mandatory to obtain a high production rate (high production cross section and
“thick” target). Before being extracted the isotopes effuse out of the target through the
transfer line and are ionised by the ion source. Nevertheless, several processes along this
chain affect the release properties of isotopes to produce a RIB: these are due to release losses
in the target, condensation phenomenon in the transfer line and in the ion source, molecular
sidebands and decay losses.

2.1 Beam purity

Most of the RIBs extracted from an ISOL-type target are contaminated with isobars and
isotope selection by mass separation alone is often limited by the ion source emittance
combined with the mass resolution of the separator magnet, an additional chemical selectivity
is mandatory. When the nuclear reactions occur, some nuclei are produced among those of
interest and certain have the same mass-over-charge ratio. The ratio of the desired yield from
these RIBs to all others, including molecular side bands and multiple charge states is defined
as “’beam purity’’. This concept was first introduced in 1988 [Rav-88].

Nowadays development of efficient beam purification techniques has become a focus for
different RIB facilities:

- The Holifield Radioactive lon Beam Facility (HRIBF) produces isobarically pure
beams of neutron-rich Sn and Ge from a UC target: the isotope of interest is extracted as a
sulphide molecular ion and the molecule is dissociated. Then the negatively-charged ion is
formed in a Cs-vapor charge-exchange cell before being injected into post accelerator [Str-
03].

- LIST (Laser and lon Source and Trap) at Johannes-Gutenberg-Universitat of Mainz
consists of a laser ion source and a linear Paul trap to produce RIBs: the atoms exiting the
source are selectively ionised by the lasers [Sch-08].

- ISOLDE and TRIUMF use the ionisation schemes such as provided by Resonant
lonization Laser lon Source (RILIS) (known to be one of the most selective type of ion
sources) [Fed-06]. Hovewer, isobaric contamination occurs by surface ionisation of low
ionisation potential elements in the RILIS high temperature cavity. As an example, Uranium
Carbide targets release isobaric contaminants such as alkalis (Cs, In) when studying an
isotope of interest (i.e. Cd) (see Chapter 3). Pure beams at ISOLDE can also be obtained by
chemically selective steps such as isothermal chromatography lines [Bjo-86] investigating the
chemical nature of the elements (adsorption/desorption enthalpies; surface purities); or
separation of molecular sidebands [Kir-75]. To enhance the ratio of the desired isotope over
the ‘unwanted’ elements, neutron converter, Positive [Kir-90] and negative [Vos-81] surface
ionisation sources also provide pure beams of elements with low ionisation potential or high
electron affinity, respectively. The cross sections, the nature of the projectile and its flux have
a strong influence onto the beam purity as well as the efficiencies of the ion sources and the
mass separation processes (as discussed earlier).

The ISOLTRAP [Bol-96] experiment is a tandem Penning trap system for accurate on-line
mass determination of isotopes and suffers from isobaric contaminations. Conventional
techniques of purification does not prevent ISOLTRAP to obtain Fr-to-Tl yield ratios from
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100 (mass 207) to 10* (mass 212) [Kow-07]. An additional purification method, subject of

chapter 3 of the present manuscript, is required.
The release fractions of the elements constitute an important parameter to define the purity of
a beam as it includes the diffusion-effusion process (see Sections 2.3 and 2.4).

2.2 Release properties and decay losses through a target-ion source unit

The RIB intensity Irig produced by the ISOL method can be expressed, in the thin target
approximation, as [Rav-79]:

IRIB - (O-prod ) Ntarget a3 prim—beam) & (2.2.1)
o 1S the isotope cross section production (cm?) by interaction with the primary
beam, 1 . .n its intensity (particle/s) and N, the target thickness (atom/cm?).

Since the cross section is energy dependent and the primary beam looses energy while
passing through the target, the intensity has to be calculated by integrating over the
target thickness taking into account the energy loss of the beam.

0O o

0 ¢ Is the efficiency regrouping a series of specific efficiencies through the ISOL
chain. It is defined as the ratio of the final secondary beam intensity (lina) that arrived
at the experimental set-up versus the intensity of the reaction products (Iyrod):

final
- | = Erelease " €ion " Etransp * € post-acc (2.2.2)
prod
Ereleaser €ion ANd & represent the released fraction from the target unit, the ion

post—acc

source efficiency, and the post-accelerator efficiency, respectively. ¢, Iis the
efficiency of the mass analysis and transport to the experimental set-up.

Extraction

Target oven Transfer line lon source
Neutrals

Release loss Condensation Condensation Sidebands
Decay loss Decay loss Decay loss Multiply charged

Figure 2.2-1: Layout of the ISOLDE concept of an ion source connected via a short transfer line to a thick
target [Rav-79].

The parameter ¢,,.,.. €xpresses the relative amount of ions that survive from the moment of
their production in the target to the moment of their extraction from the ion source (figure
2.2-1). This so-called release time is the result of the diffusion from the target material, the
desorption from the material surface and the effusion through the transfer line to the ion
source.
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To quantify the loss factors a delay-time distribution, P(t), is defined as:

grelease (t1 ﬂi )

T P(t,4) -dt= T P(t)-exp(-4t)-dt  (2.2.3)

In2

with A is equal to . Here P(t)-dt represents the probability for an atom of a given

1/2
element created at t=0 to be released from the ion source between time t and t + dt. Eq.
(2.2.3) exclusively depends on the chemical and physical properties of the element, the
temperature, geometry and the material of the unit.
The fraction of the atoms produced at t=0 which have escaped from the target-ion source unit
after a time t is expressed as the fractional release function F(t):

F(t) :_t[P(t') -exp(=At") - dt' (2.2.4)

For an infinite value of tiz, &geae (ty/2) = 1. This means that all produced atoms have escaped
from the target unit at the end. Therefore the average of the delay time is given by:

o0

Tdelay = _[t : P(t) -dt (2.2.5)

0

Typically, the release measurements which are expressed in B-counts per unit of time are
converted into yield (1/uC): ratio of the average ion beam intensity (1/s) by the average
proton beam current (1/pA) [Let-97]:
Y =%-6.2x1012 [PtA)-dt (2.26)
0

p

where No; is the number of ionised isotopes created by one proton pulse of N, protons. The
parameters from the experimental data are computed and fitted (cross section) to provide an
estimation of the yield for a given isotope.

2.3 Diffusion process

The main parameters which influence the diffusion process to take place are the temperature
of the target, the concentration of the radioactive element involved, the microstructure,
impurities and the crystalline structure.

According to the first Fick’s law [Gli-00]:

J(p,t) =—D(p,t)-Grad(C(p,t1)) (2.3.1)

where J represents the flux density vector, in m?s™, of the radioactive element per surface
and time unit. In a specific point, p, and at a time t. D(p,t) is the diffusion coefficient, in m%’
! ‘at a point p of the target and at a time t. D depends on the nature of the diffusing atoms, of
the target and on the temperature [Gli-00]:

—Ea(p.t)

D(p,t) = Dy(p,t)-e* " (23.2)

Do (m?s™) and E, (en eV) are the Arrhenius coefficients.

Supposing that the temperature is homogeneous and constant in the target, therefore T(p,t) is
independent from p and from t. E,(p,t) represents the energy for a radioactive atom to diffuse.
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The ratio E, by k,T shows the importance of the thermal energy in the system. The higher the
temperature is, the smaller the ratio between both terms is and the higher the diffusion
coefficient is. Do(p,t) is the frequency factor and depends of the crystalline structure and of
lattice vibrating period of the diffusing atom. The frequency factor also depends of the
radioactive element which is under study, and more particularly of the concentration of the
impurity present with this element. Indeed, impurity affects the diffusion process: an element
with high impurity will tend to saturate sites and therefore make difficult the atom to diffuse.
Supposing that this impurity level is very low from the element of interest, there Do(p,t) is
independent from p and t. Thus the first Fick’s law becomes:

3 = = C(p.,1) (2.3.3)
op

J(p,t)=-D,-e*T -Grad(C(p,t)) =-D,-e*"

The negative symbol indicates that atoms move in the opposite direction of the gradient.
Whenever there is a concentration gradient of impurity atoms or vacancies in a solid material,
the atoms or vacancies will move through the solid until equilibrium is reached. Therefore
this negative sign involves an evolution to equilibrium in the concentrations.

Fick's First Law does not consider the fact that the gradient and local concentration of the
impurities in a material decreases with an increase in time, an aspect that's important to
diffusion processes. The flux of impurities entering a section of a cylinder with a
concentration gradient is different from the flux of impurities leaving the same section. From
the law of conservation of matter, the difference between these two fluxes must result in a
change in the concentration of impurities within the section (assuming that no impurities are
formed or consumed in the section). This conservation of matter is treated by the second
Fick’s law, stating that the change in impurity concentration over time is equal to the change
in local diffusion flux.

oC(p,t) I

234
ot op ( )

If the diffusion coefficient is constant, such as when the impurity concentration is low, then
combined with the first Fick’s law, it becomes [Gli-00]:

oC(p.t) _  9°C(p.1)
ot op?

(2.3.5)

To characterise the radioactive elements leaving the target, the diffusion parameters are not
sufficient. Other phenomena have to be taken into account such as the radioactive decay of
the nuclide, AC(p,t), created in the target material during this diffusion process and the
production rate, q(p,t). Combining equation (2.3.5) with these terms, the Fick’s law can be
expressed as [Kir-87]:

oC(p.t) . o°C(p.t)

ot o0’ +4-C(p.t)=q(p,t) (2.3.6)

This equation represents the diffusion equation in a particular case: Dy, E; and T are constant.
Solving this equation gives the concentration, C(p,t), of the radioactive element studied. The
flux leaving the target is deduced from the efficiency of diffusion of the element produced.
The equation is fundamentally similar to the previous one but with dependant of the position,
p, and of the time, t.

For an initially homogeneous distribution of nuclei with the diffusion coefficient D in an
infinite foil of thickness d and under the condition that desorption from the surface is fast
compared to the mean diffusion time, the delay function is [Kir-92]:
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8 o
p, ()= 7':120 " EXPi— a1t (2.3.7)
where g, is the delay parameter:
7°D
My = e (2.3.8)
and u, = 1, -(2n+1)? (2.3.9)

Therefore, for a homogeneous distribution of a radio tracer inside of a target matrix a special
solution of Fick’s law describes the relationship between the fractional release (F), the
diffusion coefficient (D) [Cra-75] and the grain size (of a foil):
- 8 D-(2n+1)*-7z° -t
F (t)=1- ————exXps—
#( ) Zn:O (2n+1)272'2 p{ d2

} (2.3.10)
Thus the release efficiency is described as:

8 =) 1
St A = ?ano 2n+1)

2.3.11
2+ Al ( )

where 4 = |n2.

by,

2.4  Effusion process

As soon as they are released from the target material where they are produced, the radioactive
atoms move until they meet a wall where they stand for some time before leaving again up to
the next obstacle and then finally are extracted from the ion source (provided that the isotopes
have not decayed before). This phenomenon is called effusion.

2.4.1 Conductance of a transfer line

For a simple geometrical approach, the effusion of an atom though a transfer line can be
described applying the following assumptions [Rot-82]:

a) the radioactive decay is ignored.

b) the re-diffusion is ignored.

c) the particles do not stick to the wall.

d) all particles diffuse out of the target material instantly following the proton pulse.

Target containers operate under high vacuum ranges (<10 mbar); for such conditions the
mean free path for a particle is much higher than the diameter of the tube they are moving in:
A>>d. The system is then considered to be under molecular flow: the molecules move freely,
without any mutual interference. Therefore the flow of particles leaving the target to reach
the ion source can be characterised by the conductance formulas [Gut-49].

The time constant for the release of the particles from a volume, V, through the conductance
U is then defined as:

T, =— (2.4.1)

Page 42



Chapter 2. FUNDAMENTAL PROCESSES AFFECTING THE RELEASE PROPERTIES OF ISOTOPES...

The volume of a pipe is given by:
2
V=7r~d7-l (2.4.2)

where d and | are the diameter and the length of the tube respectively (figure 2.4-1).

oL d

Figure 2.4-1: Cylindrical tube. ) I

The conductance of a cylindrical tube is expressed as [Sak-88]:

A 3
u=1. /ﬂd_ in Ls? (2. 4.3)
6 M |

where Rg is the universal gas constant and is equal to 0.0821 L.atom.mol™.K™ T the
temperature of the gas molecule and M the mass of the effusing gas in g.mol™. Therefore one
can deduce that the time constant is:

2
- 3l ' M (2. 4.4)
2d 2R, T

2

Thus 7, ocIE- (2.4.4b)

Bigger is the diameter, smaller is the effusion time constant along the pipe and longer is the
tube, higher is the time constant.

2.4.2 Adsorption phenomena

When a gas or an atom is brought into contact with a solid surface, some of it will be retained
by the surface by sorption. Sorption includes two mechanisms: absorption and adsorption
[Rot-82]. Sorption reactions generally occur over a short period of time, however if the
adsorbed contaminant begins to be incorporated into the structure of the sorbent, a slow
occurring reaction, known as absorption, begins to take place. The difference between
adsorption and absorption is that adsorption is the attraction between the outer surface of a
solid atom and a contaminant, whereas absorption is the uptake of the contaminant into the
physical structure of the solid.

The solid is generally referred to as the adsorbent, adsorbed gas as the adsorbate and non-
adsorbed gas as the adsorptive. All solid, as well as liquid surfaces present attraction forces
normal to the surface, so molecules landing on the surface can be adsorbed. Adsorbed gases
under certain conditions of temperature and pressure can be desorbed, and are the main
source of gas in vacuum systems. The adsorption-desorption process is controlled by the
interaction energy between the adsorbed atoms with the surface atoms. According to this
binding energy, the adsorption can be either weak or strong [Rot-82].

Adsorption may occur with gaseous or liquid phase atoms interacting with the solid surface,
however the gas phase is typically the most commonly studied phenomenon in surface
science as oxides etc. are investigated. When adsorption takes place, the gas atoms are
restricted to two-dimensional motion.
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Adsorption processes are accompanied by a decrease in entropy and a decrease in free
energy: AG = AH —TAS (2.4.5)

Heats of adsorption can be measured by direct calorimetric methods and isosteric heats of
adsorption can be calculated from reversible adsorption isotherms using the Clausius-

Clapeyron equation:
(a'”p] _ZAMa (o 49
aT ), RT

When an atom interacts with a solid surface, it sticks on the surface for a time 15 given by the
Frenkel equation [Loe-34]:

H
T, =1, exp( " _I_ads) (2.4.7)

B

where AH_, is the heat of adsorption. When an atom is adsorbed to a surface heat is given

off. By thermodynamic convention, exothermic processes are usually designated by a
negative sign. When an atom initially contacts a surface, a significant amount of movement
occurs along the surface before adsorption takes place. Because the activation energy for
surface diffusion is much lower than that for diffusion into the bulk or desorption, atoms may
easily diffuse along the surface before bonding to a surface atom. The coverage of a surface
is a function of the flux of gas molecules F striking the surface as well as the resident time,
where the surface coverage (atoms/cm?) is given by:

N,P —AH
S=rF=——A 7 exp(—=% 2.4.8
° 27MRT p( RT ) ( )

which shows the coverage proportional to pressure P and inversely proportional to the square
root of molecular mass M. As adsorption occurs however, less sites are available for
adsorption, or the adsorption of additional layers involves different activation energies. A
simple model for adsorption of one monolayer could represent So as a completely covered

surface. The available sites are then S; — S, where a fraction of the total flux Si F would be
0
reflected from occupied sites. The fraction of the surface then left available for adsorption

would be (1—Si)F . Modifying Eq. 2. 4.8, leads to:

0

S=rF= (1——) (2. 4.9)

\/7 7o eXP(—— -2 ads)

Making the substitution g = Siand b= Fr, , the degree 0 of coverage is given by [Lan-18]:
0 0
= bP (2. 4.10)
1+bP

where the degree of coverage 0 is for one monolayer.
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When an atom adsorbs onto a surface, it may bond in one of two ways: physical adsorption
(physisorption) or chemical adsorption (chemisorption). The former is the weakest for of
adsorption and is not a true chemical bond to the surface [Rot-82].

e Physisorption

Physisorption is the adhesion of a thin layer of atoms to a surface without the formation of a
chemical bond, either atom-atom or atom-substrate. The binding is mainly due to the
interplay of weak attractive forces (predominantly Van der Waals and electrostatic which
exist over long ranges) and hard core repulsions. Physisorption is an exothermic process, and
its enthalpy can be measured by monitoring the rise in temperature of a sample with known
heat capacity during the process of adsorption or desorption of the adsorbate. The enthalpy of
physisorption is low (approximately 20 kJ/mol), and this small enthalpy change is insufficient
to cause bond breaking. So a physisorbed atom retains its identity, albeit perhaps distorted by
the surface. Physisorption is a reversible process, and the adsorption involved can also take
place in multilayers.

e Chemisorption

Chemisorption is the adsorption of atoms to a surface through the formation of a chemical
bond, as opposed to Van der Waals forces [Rot-82]. The type of interaction is strong;
covalent bonds form between adsorbate and surface. The enthalpy of chemisorption (from 50
kJ/mol to 800 kJ/mol) is higher than that of physisorption. The process of chemisorption does
not always occur directly from the gaseous state; atoms may be initially adsorbed physically
and then, with the provision of a certain minimum energy (activation energy Ea) they may

become chemisorbed (activated chemisorption): Eo=H:.+E, (2.4.11)

where Ep is the energy of desorption, Hc the heat of chemisorption and Ea the energy of
activation.

Figure 2.4-2: Potential energy, E, for activated chemisorption, with adsorption versus the distance from the
surface, h [Rot-82].

The adsorbate gas atom is first physically adsorbed, which involves approaching the solid
surface along a low-energy path. Transition from physical adsorption to chemisorption takes
place at the point where curves p and c intersect (figure 2.4-2). The energy at his intersection
is equal to the activation energy for chemisorption. The magnitude of the activation energy
for chemisorption depends on the shapes of the Physisorption and chemisorption curves.

The extent of gas adsorption onto a solid surface varies according to the temperature at a
given pressure (figure 2.4.3).
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Quantity of atoms adsorbed

Temperature

Figure 2.4-3: Schematic adsorption isobar showing the transition between physisorption and chemisorption.
a) and b) curves represent physisorption and chemisorption equilibrium respectively. c) represents the non-
equilibrium curve of the extent of adsorption at temperatures at which the rate of chemisorption is slow.

2.4.3 Effusion of a radioactive element

As discussed in Section 2.3.1, the system is considered to be under molecular flow: the
molecules move freely, without any mutual interference.
For an ideal gas in a tube, at low pressure, P, and temperature, T, the flow rate of the atoms is
given by [Pre-58]:

dN 2z’ dn 2z’  dP

e Ve G e (2442

where a and | are the radius and the length of the tube respectively; v is the average velocity
of the atoms within the tube and (;_n is the density gradient. n is the particle density and kg is
z

the Boltzmann’s constant. Once the effusion process started, the radioactive elements, N,
produced by the target effuse through the transfer line according to the time, t:

N(t) = N, exp(—it)-exp(—L) (2. 4.13)
eff
where N is the number of atoms in the transfer line at time t=0. The half life of the nuclei ty,
is equal to In(2)/ A .
The average travel distance travelled per particles, L., in a tube of length | and radius a can be

6121+ 8—a)
determined as [Bil-03]: L, = —ngl (2.4.13a)
T
For long tubes, the wall at one end influences on this travel distance and then it can be
corrected by: L=L 1+ % (2.4.13b)

where Ac = z.r° is the area of the end wall of radius r, and A, =2z.r. is the surface area of

the tube. The time constant of an effusing radioactive atom can be written [Bil-03]:

- AH L
T =0 - (N7, exp(ﬁa“s) +;) (2.4.14)

B
where nc is the number of collisions of the atoms on the walls of the transfer line. 7, (s) is the
Debye frequency of the material (2.4x10™ s for Ta [Kir-92]; 2.3x10™%s for quartz [Sim-07]).
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V= Bke T is the average Maxwell velocity for a particle of mass m at a temperature T (K).
zm
and AH_, (eV) is the enthalpy of adsorption of the element. g is a factor according to the

particle emission in a cosine distribution about the normal to the surface during desorption
[Bil-03; Kir-92].

The enthalpy of adsorption is much smaller than kgT for noble gases (74 = ¢ ~£) and is high
1%

for condensable elements. Optimisation of the time constant of the transport of the
radioactive elements can be done minimising L.

The effusion process is defined by 3 main parameters:
e The mean number of collisions, n., from the release of the target to the entrance of the
ion source. This parameter depends on the geometry of the target-ion source unit.
e The sticking time, 1 (S), corresponding to the time an atom stays on the solid surface
before leaving. ts is related to the enthalpy of adsorption by the equation 2. 4.7.
e And also the average flight time, 7, of the particle between two sticking points on the
wall. It’s defined by the mean distance, dy, and by the thermal velocity in m.s™ of the

effusing element.
/ m
Ty =dﬂ . m (2 415)
B

where m (kg) represents the mass of the effusing element, T (K) is the temperature of the
system and kg is the Boltzmann constant (J/K).

Therefore, rearranging equation 2.3.14, the average time of effusion due to collisions can be
expressed [Kir-92]:

ro =N (tgtT) =2 (2.416)
1%

where v represents the average time constant of the effusion in s*. Combining (2. 4.15) and
(2. 4.16) equations, leads to:

m
T =N (g +7) =N -7y =N -dy me =7 (2.4.17)
B

2

Thus d_oc% (2. 4.18)

fly

According to Kirchner [Kir-92] the probability an atom has effused within a thin target
system between t and t+dt can be expressed as:

p,(t)-dt=v-e™ dt (2. 4.19)

The fractional release is given by [Kir-92]:

F(t)= Tp(t')dt':l—e“ (2. 4.20)

The effusion efficiency is therefore calculated for a nuclide of half life ty/:

[P, ot oty VY
S () = [ et e dt=—— (2.4.21)
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The efficiency of effusion depends on the half life of the isotopes and on the geometry of the
system.

A
Tl

Number of atoms
=

v (m.s1)
Figure 2.4-4: Maxwell-Boltzmann distribution of the velocity of the atoms according to different
temperatures T, and T, where T,>T;.
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2.5 Models of the release function

Physical model based on effusion-diffusion process

As seen in Section 2.3, the delay time is affected by physical characteristics of the target such
as effusion and diffusion. Combining these two different functions (equation (2.3.7) and
(2.4.19)) as a convolution in time by assuming that particles effuse after being released from
the target material and never diffuse back after, one can express the following equation [Kir-

92]:
p(t) = p, ® P, (1) = [P, () P, (t-7)-dr (25.)

The diffusion takes place in the time interval [0, t] and effusion in [z, t]; this leads to:

n

8#0V © e—vt . e*,unt 8/10V © o e—vt . e*/lnt
t) = = t-e" +——-— 2.5.2
) @52

in the case of that z, =V,

Simplified analytical model

Most of release processes start with a sharp rise, followed by a steep fall and end with a tail
(figure 2.5-1). This function can be mathematically defined using 3 time-constant parameters

(AR, A, As) and one weighing parameter o [Let-97].
P(t, Ay A, Ag ) = (-7 e e+ 1-a)-e ] (253

Norm
3.E+5
m
FIT-\
B 2E+5
Q
®
-
c
3 -
9 1.E+5
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=]
B g
0.E+0 4 ‘ ‘ ‘ B R = H=
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Figure 2.5-1: Typical measurement of the release of ®’Na from a uranium carbide target (collection time of
50ms).

The rise time is assimilated to the speed of effusion from the target to the ion source via the
transfer line whereas effusion and diffusion within the target material influences the fall of
the function. The fast fraction a (0< o <1) determines the relative weight of the last and slow

fall components.
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Element Target lonisation Release
3 (g/lem”) T (°C) efficiency (%) a t.(ms) tr(ms) t;(ms)
He 52 2100 0.14 0.38 10 20 81
Ne 52 2100 0.36 0.99 18 150 2100
Ar 52 2100 2.0 0.96 38 300 2030
Kr 52 2100 4.3 0.91 73 530 3190
Xe 52 2200 11 0.96 107 950 5290

Table 2.5-1: Typical online values [Ber-03]
Table 2:5-1 represents typical on-line parameters for the release of He, Ne, Ar, Kr and Xe

elements from an ISOLDE uranium carbide/ graphite target. The diffusion and effusion
processes slow down as the mass and size of the atom increases [Ber-03]

A Monte-Carlo approach of the diffusion-effusion processes

In order to simulate the diffusion and effusion processes, Monte-Carlo codes such as Geant4
and RIBO [San-05] are used. The Monte Carlo simulation code, RIBO (Radioactive lon
Beam Optimization), simulates and tracks nuclei as function of the geometry and materials
being used. It uses database containing the diffusion parameter and adsorption enthalpy to be
used for the choice of material and temperature in the target-ion source unit for the
production of a radioactive ion beam. Due to the nature of Monte Carlo simulations, in which
particles are thrown one by one, particle interactions (this affects recombination probability,
and consequently, ionisation probability) are accounted for via the extraction efficiency
constant; considering that all the atoms that have been ionised reach the end surface without
recombining.
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Chapter 3.PURIFICATION OF A RIB BY ALKALI SUPPRESSION IN A QUARTZ LINE TARGET

At ISOLDE, the principle of isothermal chromatography is applied to design a selective
transfer line in an ISOL target and ion source. For the production of pure noble gases
Radioactive lon Beams (RIBs) the less volatile elements are condensed in the transfer line
that links the target and the ion source [Sun-92]. The selective ionisation schemes such as that
provided by Resonant lonization Laser lon Source [Fed-06] (RILIS) suffers from isobaric
contamination which occurs by surface ionisation of low ionisation potential elements in the
RILIS high temperature cavity. The development of prototypes with a quartz insert in the
transfer line and precise temperature control is presented in this chapter.

For Zn ionisation with the RILIS, the most serious background will be Rb (figure 3.0-1) and
to less degree also Ga and Sr (easily surface ionised due to their low ionisation potential).
Same as for Cd ionisation, the most serious background will be Cs and In.

Cs126

Rb8O -
Alkali €120

1126

Br80

e80 Sb126

As80 Sn126

Geso In126

Cd126

N Gaso

Zn8so Isotope
«— ofinterest

Figure 3.0-1: Example of two isotopes of interest 2°Zn, ?°Cd, and their isobaric contaminations.

3.1 Development of a quartz (SiO,) transfer line

3.1.1 Choice of the trapping material and geometry of the line

As shown by Kratz et al. [Kra-86], quartz has the properties of delaying alkalis (**Cs) and
thus reducing by decay the alkali contamination coming out the transfer line. Also, recent
series of gas thermochromatography experiments showed that quartz glass is a promising
surface that has many open cavities into which alkali atoms can easily diffuse and get trapped
such as Rb and Cs. [Kos-07]. Therefore it has been decided to take Si,O element for the
purification of RIBs of Zn and Cd RIBs.

RIBO [San-05] code allowed the estimation of the quartz dimensions to be used according to
the number of collisions. Two cases have been investigated and are shown in figure 3.1-1.
Calculations of the number of collisions were done in surface ‘q’ (I and ry) for the geometry
(a) for different radii and lengths. Simulations have been realized using ***Cd isotope. UC,-C
has been taken as target material inside a matrix of graphite. The second case (b) represents
the geometry of a standard ISOLDE target with a horizontal chimney of 120mm long.
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Figure 3.1-1: Geometry of the quartz line (a) and of a standard transfer line (b), investigated with RIBO

An element produced in the target hits 660 times the wall of a standard transfer line (total
length: 120mm) before it reaches the ion source (RIBO simulations) while for the quartz line
configuration (figure 3.1-1, case a) collisions are increased up to 1260 (total length: 240mm,
lq =50mm, rq =3mm). The number of collisions of the elements inside the tube of quartz of
length I, increases when the radius of this tube is decreased; for a fixed length (I;= 60mm),
the number of collisions is decreased by factor 3 when the radius of the tube is doubled from
1.5mm to 3mm (figure 3.1-2).

——rg (1.5mm)
—&-rq (3.0mm)
1750 {--{_—=_rd(6.0mm)

2000 1

1500

1250
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|

20 30 40 50 60 70 80 90 100 110
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0

Figure 3.1-2: Plot of the number of collisions for an isotope *'Cd travelling into a tube of length I; and of
radius r, of the case (a).

The number of collisions of the isotopes with the wall of the quartz must be optimised both to
efficiently delay the alkalis within the transfer line and to allow the isotopes of interests
having a short half life to be released and measured.

Figure 3.1-3 shows the comparison of the **'Cd releases from the two different geometries.
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Figure 3.1-3: Comparison of release of *! Cd through the transfer line of case a) with a total length
lot=240mm (l;=50mm) and case b) with a total length of 120mm (Temperature taken for the simulations:
1800K)

The isotopes effuse faster within the standard transfer line (case b) than within the quartz line
(case a) (figure 3.1-3). The path the isotopes have to travel between the target and the ion
source is doubled for the quartz configuration; nevertheless this later case is preferred due to
heat transfer issues (see Section 3.1.2).

Following the analyses of the RIBO simulations, it was decided to use a piece of quartz
having a cylindrical shape of 50 mm length and 6 mm diameter. The average number of
collisions of an atom travelling through a tube for such dimensions is n, = 220 + 20.

3.1.2 Thermal characteristics of a tube of SiO, into a Ta transfer line

An ISOLDE UC,-C target operated above 2000 °C is used to produce a wide range of reaction
products. To avoid the melting of the quartz by a direct view with UC,-C, the transfer line
has been designed with an estimation of the heat flow (figure 3.1-4). To efficiently trap
alkalis, the transfer line must operate within a certain range of temperatures; therefore 2
prototypes were designed with a controlled transfer line temperature: from 700°C to 1100°C
(<warm line>); from 300°C to 800°C (<cold line>).

<Warm line>, operating from 700°C to 1100°C

To control the temperature at the quartz location, an external oven was positioned around the
transfer line (figure 3.1-4) and a radiator, for heat dissipation, was installed at the exit of the
container.
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Figure 3.1-4: Schematic layouts of a standard transfer line and the <warm line> displaying heat sources and
sinks used for the simulation of the quartz operating temperature (T,). L is the coordinate along the line.
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Calculations of the heat transfer have been carried out using thermal conductivity and
radiation equations (3.1.0) and (3.1.1).

Equation (3.1.0) was used to calculate the heat transfer by conductivity over the
target/transfer line system [Inc-02]:

0,0 = kAL (3.1.0)

where gy is the heat flow rate (W), A; represents the section through which the heat is
conducted (m?), dT/dL is the temperature gradient along the line (K/m) and k, the thermal
conductivity (W/m.K).

Thermal radiation is taken into account through the following equation [Inc-02]:

Oras (L) = Ay (L).£0 (T (L) - T) (3:1.1)

Qrag is the radiated heat flow (W). A; is the area (m?). ¢ is the emissivity. o is the Stefan-
Boltzmann constant (o = 5.67 X 10® W/m?. K*). T is the temperature of the surface. Ty is the
temperature of the surrounding surface. The target and ion source temperature are at
T;=2000°C and T,=2100°C respectively. The geometry of the transfer line was drafted
varying the oven and radiator parameters.

3D Simulations have also been done using ANSYS [Ans-00] to determine the quartz insert
temperature. Thermal radiation and conductivity were taken into account in these
simulations.
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Figure 3.1-5: Comparison of ANSYS Workbench simulations and experimental temperatures of the quartz
transfer line <warm line> with oven switched off (Qex= 0 W) and oven at Qg,= 42 W.

The minimum temperature reached in this configuration at the quartz location where a
thermocouple readout has been positioned was predicted to be 600 °C (figure 3.1-5).
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Figure 3.1-6: Temperature of the <warm line> at different heating powers.

The produced unit was then calibrated as a function of the oven power (figure 3.1-6). The
thermocouple measured a temperature of 680 °C when no current was applied on the oven in
good agreement with the simulations. The external oven allows the setting of the temperature
T, of the transfer line from 680 °C to 1150 °C corresponding to 42 W dissipated in the oven.
Figure 3.1-7 shows a picture of the <warm line> when being assembled.

Figure 3.1-7: Quartz transfer line, <warm line> linking to the Ta oven, the ISOLDE target and the ion
source.

<Cold line>, operating from 300°C to 800°C

This second version of the transfer line named <cold line>, was designed with the aim of
being colder than the <warm line>, with a temperature range from 300 °C to 800 °C. As for the
<warm line>, an external oven was positioned around the transfer line (figure 3.1-8) and a
radiator, for heat dissipation, was installed at the exit of the container. A water cooling block
allowed the transfer line to reach a minimal temperature of T,= 308°C (figure 3.1-9).
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Figure 3.1-8: Schematic layouts of a standard transfer line and the <cold line> displaying heat sources and
sinks used for the simulation of the quartz operating temperature. L is the coordinate along the line.
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A water cooling block allowed the transfer line to reach a minimal temperature of T;= 308°C
(figure 3.1-9). Calculations of the heat transfer have been carried out solving the local heat
transfer equations; thermal conductivity and radiation equations along the distance L
(equation 3.1.0 and 3.1.1).

The target and ion source temperature are at 2000 °C and 2100 °C respectively. The transfer
line was designed varying the oven and radiator geometry. Temperature profiles of the <cold
line> of the quartz line was shown to be different from the <warm line>: due to the contact
of cooling system on the line, the difference of temperature between the middle of the quartz
tube and the extremities increases with an increasing power of the oven giving a triangular
temperature profile (not seen for the <warm line>). The minimum temperatures predicted at
the end and at the middle of the quartz where thermocouples have been positioned are T;=
380°C + 5°Cand T,=420°C + 5°C (figure 3.1-9, 3.1-10).
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Figure 3.1-9: Comparison of ANSYS simulations and experimental temperatures of the <cold line> with oven
switched off (Q=0 W) and oven at Q=372 W.

Figure 3.1-10: Temperature profile through the <cold line> simulated with ANSYS. T, and T, are the
thermocouple locations at the end (<source>) and at the middle of the quartz respectively.

Ty and T, were recorded at 308°C + 5°C and 394°C + 5 °C respectively when no current was
applied on the oven. For 372W dissipated in the oven, the highest temperatures reached T,=
524°C + 5°C and T,=792°C + 5°C (figure 3.1-11). The differences between the temperatures
measured online and the ones measured offline came from the fact that the water cooling was
not flowing at the same velocity into the system. A version similar to the <cold line> was
designed with the aim of being able to regulate further the cooling effect at the quartz
location and therefore operate within a broader range of temperatures. This version is named
<cold line 2> and is shown in figures 3.1-12 and 3.1-13.
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Figure 3.1-11: Temperature of the cold line at different heating powers, Qey:.
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Figure 3.1-12: Quartz transfer line, <cold line> linking to the temperature controlled system, the ISOLDE
target and the ion source.
Figure 3.1-13: Schematic layout of the <cold line 2> linked to a motor to regulate the water flow.
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Figure 3.1-14: Temperature of the <cold line 2> for different heating powers, Qe (Off-line).

The motor was able to regulate the temperature by 50 °C at the middle of the quartz line (T,)
when a maximum power of 82 W was applied to the oven (figure 3.1-14). No similar effect
was noticed on the source part of the quartz (T); this is due to the part of the cooling system
which is in contact with the cooled face of the main part of the confinement box.
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3.2 Suppression of the alkali contamination by a temperature controlled
quartz line

3.2.1 Trapping of the " ® %™Rb and '**'**Cs contaminants

Rubidium contamination

Rubidium has been the first yield of alkali contaminant studied. The measured ®Rb (ty,=
33.4s) element for a temperature of 680°C (<warm line>) is 2.2x10* ions/uC whereas for a
standard UC,-C ISOLDE target the vyield is 1.79x10% ions/uC thus the ®Rb has been
suppressed by 4 orders of magnitude. ®Rb yields as a function of the quartz temperature is
shown in figure 3.2-1.
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Figure 3.2-1: Yields of ®Rb (ty,= 33.4 s) according to the temperatures at the quartz location, t;, for the
<warm line>, <cold line> and a standard line.

According to the temperatures applied by the oven of the transfer line, the yields measured
with the <warm line>, follow a specific trend. A decrease of the temperature of the quartz
clearly induces a decrease in the yield (figure 3.2-1).
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Figure 3.2-2: Depletion and repopulation of "Rb (t,,=22.9 min) onto the quartz.
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Figure 3.2-2 shows intensity of the "°Rb (t;,= 22.9 min). The proton beam has been stopped
at time 0 second up to 1250 seconds to measure the depletion of the piece of quartz by the
isotope. At the time 1250 seconds, the proton beam has been sent again onto the target
(repopulation) which induces an increase of the beta counts.

Cesium contamination

The quartz lines suppressed ***Cs (t,= 1.70 s) alkali contaminants by 3 orders of magnitude
when compared to a standard transfer line (figure 3.2-3).
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Figure 3.2-3: 2Cs (t,,= 1.70 s) release from ISOLDE UCx target compared with the different quartz lines.
Release measured when no heat was applied from the external oven of the transfer lines (Q= 0 W).

The suppression factor for ***Cs (t;,= 1.70 s) was insensitive to the temperatures of the
<warm line> and the <cold line>. The <cold line 2> seemed to show a different release
curves when compared to the two previous prototypes (figure 3.2-4).
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Figure 3.2-4: *2Cs (t,= 1.70 s) release from the 3 different quartz lines.
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A much stronger effect was observed on the suppression of ***Cs (t;,= 98.4 s) as illustrated
at different temperatures on figure 3.2-5. The measured *?°Cs contaminant for a temperature
of T;= 308°C is 2.3x10° ions/uC whereas for the highest temperature the yield is 4.6x10°
ions/UC. Thus between these two temperatures *?°Cs has been suppressed by 200.
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Figure 3.2-5: Yields of ?°Cs (ty,= 98.4 s) according to the temperatures Ty, at the quartz location for the
<cold line> and <cold line 2>.

3.2.2 Trapping of other alkalis: °Li, “°K and **Na

8Li (tyo= 0.84 s), *°K (to= 1.92 min) and ®Na (ty»= 59.1 s) was suppressed from 2 to 3
orders of magnitude when compared to a standard line (figure 3.2-6). All three prototypes did
not show any difference in the release of the elements according to the operating
temperatures of the quartz.
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Figure 3.2-6: Release curves of ®Li (t;,= 0.84 s), *°K (t,= 1.92 min) and *Na (t,= 59.1 s) from ISOLDE
UCx target compared with the different quartz lines. Releases measured when no heat was applied from the
external oven of the transfer lines (Qey= 0 W)
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Ext. _ Yield of a _

Isotope i _Transfe;r heating Temperature of the _YleId standarq Suppression
(s) line version W, quartz at T, (°C) (ion/uC) transfer line factor

Qext ( ) (iOﬂ/HC)**

8L 0.84  Warm line 0 680 3.3x10* 3.9x10’ 1x10?
®Na  59.1 Coldline 2 44 348 5.4x10* 2.7x10° 5x10°
®K 1152  Cold line 144 360 5.1x10° 5.4x10" 1x10?
%Rb 34 Cold line 0 308 3.0x10° 1.8x10° 6x10*
®MRb  76.2  Cold line 0 308 3.2x10* 7.2x10° 2x10°
Cs 984  Coldline 0 308 2.3x10° 3.4x10’ 1x10*
Cs 984  Coldline 144 360 4.6x10° 3.4x10’ 7x10
™Cs 170  Coldline 0 308 2.6x10° 1.6x10° 6x10°

Table 3.2-1: Yields of ®Li, ®Na, *°K, ®#"™Rb and '#*'*’Cs isotopes measured with the quartz line and their
suppression factors. **the yield of a same isotope fluctuates from a standard unit to another one. Some
‘uncontrolled’ parameters influence the yields of an isotope at a different level: low (statistic, proton beam
parameters), medium (target material preparation, ion source efficiency) or high (half life of the isotope: a
short half life will tend to dramatically increase the error bar of the fitting parameters — rise time and fast
and slow fall time). To be able to deduce physical parameters from the suppression factors, additional beam
time is required; it was more specially done for ®Rb and **°Cs, to deduce the enthalpy of absorption from
fin(4,T) (Section 3.5).

Within both of the prototypes, the highest suppression factor reached was for the *°Rb (ty,=
33.4 s) which was suppressed by a factor 60 000 (table 3.2-1).

3.3 Production of ***'%* Cd and ™ Zn

Elements of interest were ionised by RILIS method (Resonance lonisation Laser lon Source)
which is based on the selective excitation of atomic transitions by tunable laser radiation (see
Section 1.3.3). Cadmium and Zinc were the two main elements of interest studied with the
quartz line. Cadmium is an element which is ionised by laser, however, it suffers from
isobaric contamination such as Cesium (alkali) and Indium which are also produced in high
quantities and released from the target.

The release of the **2Cd (ty,= 5.2 s) has been measured with the <warm line> (figure 3.3-1)
when no heating was applied to the external oven (Qex= 0 W).
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Figure 3.3-1: Release curves of 2Cd (t,,= 5.2 s) (lasers on) and of *?In (ty,= 1.5 s) (lasers off), measured
with the <warm line> (no heat was applied from the external oven of the transfer line, Q¢e= 0 W)

When no laser was applied to ionise the ?Cd (ty,= 5.2 s), **In (ty,= 1.5 s) was the only
isotope measured on the tapestation (factor 50 times less). This means that no *#Cs (ty,=
21.25) is release from the ion source. Yield of the **’Cd was calculated to be 6.34x10*
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ions/uC which is close to typical ISOLDE yields. On the other hand, **°Cd (t;,= 0.52 )
showed a yield of 1.38x10° ions/uC (typical yields being around 9x10° ions/uC) and was only
contaminated by **°Cs (ty,= 1.64 min) with a yield of 2.59x10* ions/uC which gave a ratio
1%Cd/**°Ccs=15.
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Figure 3.3-2: "°Zn (ty,= 10.2 s) yield measurements for the <warm line> according to the temperatures, Ty, of
the quartz.

Similar investigations were done on the Zinc element which is also ionised by laser (RILIS)
and suffers from contaminations such as Rubidium. As seen previously (Section 3.2.1),
Rubidium is trapped in the transfer line and the trapping effect depends on the temperature of
the quartz. Figure 3.3-2 shows the yields of the ">Zn according to the temperature of the
quartz.

3.4 Retention of **Sr, " Ga and ' In by the quartz

The yields of ®sr, ”’Ga and ***In showed to be lower than the typical yields measured with
a standard transfer line (table 3.4-1). The <cold line> suppressed the *Sr and *Sr by a factor
922 and 248 respectively.

Ext. _ Yield of a _
Isotope ty _ heating Temperature of the _Yleld standarq Suppression
(s)  Transfer line ' quartz at T, (°C) (ion/uC) transfer line factor
version Qe (W) (ion/uC)

Ga 132  Cold line 0 308 4.8x10* 7.7x10° 2x10°
®Sr 243  Cold line 0 308 3.6x10° 3.3x10° 1x10°
%Sr 107  Cold line 0 308 1.5x10° 3.6x10° 2x10°
in 72 Warmline 0 680 2.7x10° 1.8x107 7x10
n 72 Warm line 34 1100 1.2x10° 1.8x10’ 2x10

Table 3.4-1: Yields of "Ga, *®Sr and ™In isotopes measured with the quartz line and their suppression
factors.

A temperature dependant increase was noticed for the production of ***In (ty,= 72 s). At a
temperature of 700°C (Qexe= 0 W) and 1100 °C (Qex= 34 W) the yield was measured to be
2.7x10° ions/uC and 1.2x10° jons/uC respectively, thus an increase of the yield by a factor 5
at these two temperatures.
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3.5 Enthalpies of adsorption for the Rb and Cs onto SiO,

The suppression factor is not a fixed value for all alkali elements, but it depends on the
element with a given adsorption enthalpy and depends on the half life of the isotope (a very
long-lived isotope comes through the transfer line while a short-lived one decays before).

As discussed earlier in Chapter 2, effusion is driven by three important parameters which are
nc, the mean number of collisions with the surface of the materials; ts, the mean sticking time
per collision, which depends on the temperature T and the adsorption enthalpy 4Ha.q4; and tsy,
the mean flight time between collision which depends on the geometry of the target and ion
source unit, the mass and the temperature.

ty =ty +N,-t, (3.5.1)

fly

With t, =t, - e /keT) (3.5.2) known as the Frenkel equation; to is the Debye

frequency of the material (equal to 2.3x10™**s for quartz [Sim-07]); kg is the Boltzmann
constant and is equal to 1.38x10% J/K. The well known general exponential decay expression
IS

N(t) = N, -e ' (3.5.3)

Where Ny is the number of radioactive nuclei at time t = 0. A represents the decay constant.
The half life of the nuclei ty/; is equal to In(2)/ A .

If one considers that the quartz induces an additional delay on isotope release, by interactions
of the atoms with its interface, the fraction of remaining isotopes after a characteristic
temperature dependent effusion time is:

—nptge(-BHad /KT)y

N(A,T)=N, e (3.5.4)

Therefore the theoretical suppression factor fy, of the nuclei decaying can be generalized for a
non uniform quartz temperature T(L) :

£y (A T) = o

N(4,T)

(3.5.5)

ANgit (~AHag /KT (L
f(T)=g T (356

For convenience, equation (3.5.6) has been rearranged for a tube of quartz separated into n=5
isothermal regions:

£ (AT) =@ bl b T g g gy

with i being the number of sections of the quartz tube. Equation (3.5.7) is used in the
following parts to estimate the enthalpy of adsorption from experimentally measured
suppression factors.
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Modelling of the dependence of the Rubidium vields with the temperature of the
transfer line

According to the data obtained by the ANSYS simulations (figure 3.1-5) and the
experimental values from the readouts of the thermocouples (figure 3.1-7), the temperature
profile along the line was estimated (figure 3.5-1). The length of the quartz tube was split into
5 equal sections of 1cm each. Therefore, a temperature in each section was set up and
calculations allowed finding an enthalpy of adsorption of the Rb onto the SiO, material.

For the <warm line>, a thermocouple gave the temperature, T;, measured at the end of the
quartz (side of ion source) at different external powers (oven).
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Figure 3.5-1: Estimation of the average temperatures at each section of the transfer line <warm line> for the
quartz location according to the power applied to the external heating. T, values are experimental.
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Figure 3.5-2: Experimental and fitted yield of **Rb (t,,= 33.4 s) versus the temperature T, at the quartz
location. Experimental data obtained on the ®°Rb with the <warm line> have been fitted. Yield of *Rb for the
<cold line> does not correspond to the fit because of the different temperature profile, see text for the details.

The observed temperature variation of the suppression factor was fitted with equation (3.5.7)
with AHgq the only free parameter, n.= 220 + 20 collisions deduced from RIBO and the
temperature profile from the thermal simulations (ANSYYS).
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The fit gave AH,y = -242 + 20 kJ/mol and good agreement of the model with the
experimental data is shown on figure 3.5-2. This shows that the suppression factor originates
directly from the specific interaction of Rb with the quartz. Different contributions may affect
this estimation and the obtained values, such as impurities from target outgassing. The value
of the enthalpy of adsorption is about 85% of value deduced from isothermal chromatography
[Kos-07]

Fitting of the Cesium vields according to the temperature of the transfer line

Similar investigations were performed to analyse the yields obtained with the Cs element in
the quartz line, <cold line>. Figure 3.1-9 and 3.1-11 shows the ANSYS simulations and the
online temperatures obtained. Unlike the <warm line>, the <cold line> had two
thermocouples when online, therefore the temperature profile along the quartz line can be
estimated more precisely.

As for the case of the Rb, the length of the quartz tube was also split into 5 equal sections of
1cm each. This allows the set up of a mean temperature in each section finding an enthalpy of
adsorption of the Cs onto the SiO, material.

For the <cold line>, thermocouples gave the temperatures, T, and T,, measured at the end

and at the middle of the quartz (figure 3.5-3).
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Figure 3.5-3: Average temperatures at each section of the transfer line <cold line> of the quartz location
according to the power applied to the external heating. T, and T, are experimental points.
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Figure 3.5-4: Experimental and fitted yield of **Cs (t,,= 98.4 s) versus the temperature T, at the quartz
location.

As the external heating system was different from the <warm line> to the <cold line>, it was
shown that the profile of the temperature inside the tube of quartz was also different from one
to another. For the <warm line>, the profile of the temperatures tends to take a Gaussian
shape when the power of the oven is increased while for the <cold line> unit, this profile
takes a triangular shape. This is due to the cooling block which is in direct contact at the two
extremities of the transfer line and therefore, when increasing the power of the external
heating, the middle of the quartz sees its temperature increasing much faster than at the
extremities: when no heating is applied (Qexx=0W), T; and T, equal to 308°C and 351°C
respectively; on the other hand, when a power of 372W is applied to the external heating, T,
and T, equal to 524°C and 792°C respectively. This means that an increase of 372 W induced
a gap of about 270°C between the centre and one of the extremities of the quartz tube.

The temperature variation of the suppression factor (figure 3.5-4) was fitted with equation
(3.5.7) with AHyq the only free parameter, n.= 220 + 20 collisions deduced from RIBO and
the temperature profile from the thermal simulations (ANSYS). The fit gave AH,y = -145 +
20 kJ/mol for the Cesium. It was shown that the experimental yields measured with the <cold
line 2> coincide with the fit established using the yields obtained with the <cold line>: this is
due to a similar design. The value of the enthalpy of adsorption for the Cesium is about 80%
of value deduced from isothermal chromatography [Kos-07]

The alkali retention onto the quartz depends on the temperature, the profile of the temperature
along the quartz and the enthalpies of adsorption. For temperatures below 300°C of the
quartz, Cd and Zn are trapped and do not reach the ion source. The purification effect is
obtained when the temperature is tuned such that the contaminant is retained and the element
of interest goes through the transfer line. The temperature is not distributed homogeneously
along the quartz tube (fig. 3.1-9, 3.1-11 and 3.1.14) and each quartz transfer line has its own
profile of temperature. A better temperature profile leads to a better trapping efficiency of the
alkalis.
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Chapter 4. EFFUSION AND DECAY LOSSES OF A MULTI BODY TARGET COUPLED TO ONE L.S...

In ISOL (Isotope Separator On-Line) facilities, radioactive nuclides are produced by
spallation, fission or fragmentation reactions in a thick target with a high energy proton or
light ion beam of either 1 GeV/nucleus (EURISOL), 1.4 GeV/nucleus (ISOLDE) or 500 MeV
(TRIUMF). They diffuse within the target material and effuse out of the target vessel through
a transfer line to the ion source where they are ionised and extracted.

The EURISOL Design Study describes 100 kW direct target stations to produce the proton
rich radioactive ion beams. The power deposited by the beam exceeds the heat that can be
dissipated by one target unit. A system composed of 1 to 4 target containers coupled to one
single ion source dissipates 100 kW. At 100 kW incoming beam power, efficient heat
dissipation schemes and efficient effusion process are mandatory. The effusion of
radioisotopes induces decay losses that have to be calculated and the geometry optimized
[Eur-08]. This chapter presents the effusion process studies in a double container
configuration. The design and the online tests of a double transfer line prototype linked to a
FEBIAD plasma ion source are presented. The experimental results obtained at ISOLDE are
used to benchmark the software tools mandatory to develop future multiple target units.

Bivalves, Bi-Valve, Bivalvia...

As the main characteristic of this prototype consisted of two transfer lines having a valve each, the
name of Bi-Valve was given to ease the reading of the following sections of this thesis. The reader
has to pay attention that the Bi-Valve has nothing to do with Bivalves which correspond to a molluscs
belonging to the class Bivalvia.
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Figure 4-1.0: General anatomy of the Bivalve [Mol-00]

“’Bivalves are characterized by two oval or elongate valves, which enclose the organism's body. If the
valves are a mirror image of each other then they are said to be equivalved. If not, they are
inequivalved. The valves are joined dorsally by a toothed hinge, which prevents the shell from being
misplaced when opening and closing. An internal elastic ligament automatically opens the valves, but
by contracting one of two of its adductor muscles it is able to hold the shell shut. The first part of a
bivalve shell to develop is the umbo which is seen as a large bump towards the anterior end of the
dorsal side of the shell.

Bivalves are entirely aquatic and rather stationary organisms. To feed they use siphons. One siphon
will carry water to the internal cavity and is known as the inhalant siphon, the other takes water away
from the internal cavity and is known as the exhalant siphon. In certain cases these siphons can
become fused, but the water in the two tubes still remains separate. Once inside the bivalve the water
runs past ciliated gills, which sift out any food particles.

Bivalves also possess a muscular foot which they use to attach themselves to the substrate and/or
burrow down into sediments.”” [Bri-00]

- No animals were harmed nor submitted to radiation during the making of this prototype -
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4.1 Design of a dual target-transfer line unit (Bi-Valve)

To perform tests of such prototype at ISOLDE, full compatibility with the facility must be
ensured. The configuration of the ISOLDE front-end did not allow distributing the proton
beam onto different targets. The target sub-units to be irradiated were thus aligned with
respect to the axis of the incoming beam. Each of two transfer lines merged into the FEBIAD
ion source and the system was equipped with remotely driven valves to have a full control on
the opening/closing state on each of the transfer lines. A dual independent valve system was
developed and integrated. Simulations of the Energy Deposition and the Heat Transfer were
performed with FLUKA [Fas-03; Fas-05] and ANSYS [Ans-08] respectively to design the
prototype (figure 4.1-1).

Valve system

lon source

Target 2
Target 1

Double container

Figure 4.1-1: Drawings of the Bi-Valve prototype concept showing the double container, the target 1 and 2,
the ion source, the double-transfer line and the direction of the incoming proton beam.

4.1.1 Isotope production and energy deposition in a double CaO target

Oxides are one of the most target materials used at ISOLDE; they have the properties of
being less risky with respect to the radio-protection point of view (light materials used).
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Figure 4.1-2: Isotope productions of Ar, Ne and He in each side of the container (in target 1 and target 2),

simulated with FLUKA and SigmasWIN2000 for CaO as target material. (Statistics on 2,000,000 primary
particles)
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Among these materials, CaO has been chosen to be the target material for the prototype: the
releases of isotopes coming from such a target are very well known and therefore it
constitutes the best candidate for this present study. Produced Ar permits to use this element
as a reference for the ISOLDE FEBIAD ion source. Studying He, Ne and Ar isotopes is
particularly useful to make a comparison with ISOLDE vyields of standard target unit.

Isotope productions simulated with FLUKA and SigmasWIN2000 [Sil-73] are shown on
figure 4.1-2. Despite the differences of the two codes (SigmasWIN2000 will tend to
overestimate productions), in-target isotope productions from a CaO target, especially for
*Ar and ®Ne elements have been estimated. The production of He, Ne and Ar isotopes is
very similar in each part of the double container; the local energy deposition, simulated with
FLUKA [Fas-05; Fas-03] is slightly asymmetric (figure 4.1-3). Integrating over the length of
target 1 provides a deposition of 2.1% (+£0.1%) of the incoming power while 1.8% (£0.1%) is
deposited in target 2: these represent a dE/dx loss of 29 MeV (2 MeV) and 26 MeV (£2
MeV) respectively of the incoming beam power.

This slight inequality between both containers leads to a temperature difference of a few
degrees centigrade and therefore of small impact on the process of the isotope release. For a
primary beam of 2 kW, the total power represents 78 W which is much lower than the external
joule heating of 1.1 kW used to reach the temperature of operation (1400°C). This difference
would be rather important when using a higher power for the incoming beam; indeed the
power deposited would become then so significant that no ohmic heating would be necessary
to heat the target up.
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Figure 4.1-3: Energy deposition within the Bi-Valve double-container simulated by FLUKA. The peaks of
energy at the two extremities correspond to the Ta caps (6 = 16.6 g.cm™ d = 0.4 cm thick) closing the
container, while the peak in the middle represents the Ta wall (d = 0.1 cm thick) separating target 1 from
target 2.
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4.1.2 Engineering of the Bi-Valve

Several iterations were required to develop the adequate engineering solution of the concept
shown on Figure 4.1-1. The main constraints for the unit were:
e Material chosen to resist to radiations and high temperatures.
e Remote controlled valves and reliability of the system: be sure that the valves
close/open as needed.
e Coupling the prototype valve system onto the ISOLDE Front End configuration and
associated services (ie: cables, robot handling).

Therefore the main choices for the unit were:
e Two 200 mm long cylinder containers and 10 mm in radius.
e Two Tantalum vertical transfer lines of 4 mm radius connected to the two containers.
e Water-cooled Cu block surrounding the Ta transfer line connected to a plasma ion
source (FEBIAD).
e Modified Al vacuum vessel to host the pneumatic actuation of the valves system.

The principle consists in having two symmetrical targets linked to two parallel transfer lines
as shown on figure 4.1-4. Each transfer line has a pneumatic valve which is remotely
controlled by a computer’s program. To preserve similar effusion characteristics as those
present in an ISOLDE standard unit, similar length was kept for the transfer lines of the
prototype. The chimneys (vertical transfer lines) were each symmetrically connected at 1.5
cm from the middle of the double container (figure 4.1-5) (in a standard ISOLDE target the
chimney is in the middle of the 200 mm long container).
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Figure 4.1-4: Schematic layout of the double-container prototype displaying the double transfer line, the
valve system, the double-container, the target 1 and 2, the ion source, the gas feed and the pneumatic air
connections.
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Figure 4.1-5: General layout of the whole Bi-Valve prototype with the valve control system, the ion source,
the target container and the vacuum vessel.
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Figure 4.1-6: Drawing of the transfer lines of the Bi-Valve merging into the ion source. The conic inserts
(0.8 mm diameter) to restrict the entrance into the ion source are shown (extraction hole diameter: 1.5 mm)

To minimize the probability that an isotope produced effuses from one transfer line to the
second one instead of being directly extracted, the lines merging into the ion source chamber
consisted of a conic insert to restrict the diameter of the entrance at 0.8 mm (4 mm diameter
for a standard target-ion source unit operating at ISOLDE) and were designed as showed in
figure 4.1-6. Surface ratio calculations estimated that reducing the entrance of the transfer
lines into the ion source from 4 to 0.8 mm (which is almost half size of the extraction hole)
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set up to 63% the probability that an isotope will go to the extracted hole instead of either
going to the other transfer line or coming back to the line it is coming from). Using two
standard diameters for the exit of the transfer lines set up this probability to 7%.

Several configurations were investigated before achieving an appropriate tightness of the
valve system. One consisted in establishing a contact of the piston against an O-ring in
EPDM (ethylene propylene diene monomer) when closing. After off-line investigations, it
appeared that the O-rings started to melt for temperatures above 150°C and lost leak tightness
very rapidly. Figure 4.1-7 shows the degradation of the O-rings after a couple of hours.
Another approach consisted in making a metal to metal valve contact with a stainless steel
piston and a ring in copper (figure 4.1-7). The contact force was limited (<150 N) from the
maximum pressure applied by the bellows (5 bar); the surface of contact was thus increased
and the metal surface polished to get a better tightness. After off-line tests, it appeared that it
was not yet sufficient and there was a progressive transfer of matter between the stainless
steel and the copper materials. Therefore this solution was dropped.

a) b)

Figure 4.1-7: Configuration involving a) O-rings for the valve system — Picture of the O-rings after off-line
tests; b) metal to metal valve contact.

A third approach was to replace the copper ring by a flat ring made of different material such
as Papyex on the front and the back of the piston (figure 4.1-8). A stainless steel tube was also
inserted around the piston to avoid unwanted chemical reactions.

Off-line test results showed a leak rate of 1x10™ mbar L/s, too high to perform online tests
with an acceptable quality which is expected to be lower than 1x10® mbar L/s (to avoid
important additional leaks to the systematic ones already existing for usual targets). Moreover
this graphite grade had an intrinsic porosity thus preventing to reach the appropriate leak rate.

Piston  Steelsta ‘inl esstube

T

o4

Target

Figure 4.1-8: Valve system involving graphite and steel stainless tube

Therefore the choice was made to use O-rings with specific characteristics with respect to
radiation levels and to decrease the temperature at this location to below their melting point.

O-rings made of PUR, Copolymer of vinylidene fluoride and hexafluoropropylene were
tested. Off-line results showed a leak rate of 1x10® mbar L/s acceptable for the tests to be
performed. However the maximum operating temperatures for PUR and EPDM are 80°C and
100°C respectively. Therefore Viton (FKM) material was chosen instead due to its higher
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resistance to heat: 200°C over a long time and 250°C over a short time. A tightness value of
1x10™° mbar L/s was obtained with this last material when the target container was kept at
room temperature.

To determine the temperature at the valve position with a container at 1400°C, ANSYS
simulations [Ans-08] were done and predicted a temperature of 577°C (figure 4.1-9). It is
300°C above the standard operating value for the selected the O-ring made of Viton.

Transfer
line barrier

Transfer
line

W (777771

a) b)

Figure 4.1-9: Drawing of the heat transfer simulation done with ANSYS without (a) and with (b) internal
thermal screens (barriers).

The piston was heated by thermal radiation from the target container. To block the direct view
between the target and the valve system, a thermal barrier consisting of three Tantalum heat
screens was placed on the vertical transfer line. The surface of the piston was also polished in
order to reflect as much as possible the heat (reducing its emissivity to a minimum value).
With these modifications the temperature at the valve location was estimated to be at 145°C
by new numerical simulations. To test this result, the container of the prototype was left under
a stabilized temperature of 1400°C during 1h. No damage was observed on the structure of
the O-ring.
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Figure 4.1-10: Valve and its actuator showing the stainless tube, the piston, the barriers and the rear hole.
The valve is in position O (Open): the isotopes produced can lead to the transfer line.
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The final valve system tested (figure 4.1-10) consisted of barriers, a stainless tube and six
horizontal exit holes of 1 mm radius each placed in the back of the block in order to allow the
isotopes to be released in the vacuum vessel when the piston is closed.

Control of the valve system

The valve system was controlled from the Ethernet network. A LabVIEW programme [Lab-
08] allowed the remote control of the piston with two distinct positions. Figure 4.1-11 shows
the schematic layout of the whole network and the two valves used. Four combinations with
the valves 1 and 2 were possible as explained in the figure next page. The state ‘O’ stands for
‘Open’: the valve allows the isotopes produced in the target to pass through the transfer line
and to lead to the FEBIAD ion source. The state ‘C’ stands for ‘Closed’: the piston blocks the
transfer line and opens the rear exit holes to the vacuum, the valve does not allow the isotopes
produced to pass through the transfer line therefore they are released into the vacuum vessel.
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Figure 4.1-11: Functional drawing of the controlling system. The valves 1, 2 and their states are showed. The
state ‘O’ stands for ‘Open’ (the valve allows the isotopes produced in the target to pass through the transfer
line). The state ‘C’ stands for ‘Closed’ (the valve does not allow the isotopes produced to pass through the
transfer line and are then released in the vacuum vessel through the rear exit holes).
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4.1.3 Settings of the FEBIAD lon Source with Ar/Xe and Kr gases

The prototype properties have been investigated on the ISOLDE off-line separator; the goals
were to monitor:

e lonisation efficiency for Ar (Argon) and Kr (Krypton) using Ar/Xe and Kr injection
with a calibrated leak. Ar/Xe was injected after the valve system close to the ion source
while the Kr was injected from one side of the double-container (before the valves).

e Gas-tightness of the valves changing the valve states.

e Possible impact of the Bi-Valve system on the ion source behaviour.

To investigate the dependence of the ion source operation on the valve system state,
ionisation efficiencies of Ar and Kr were measured. Figure 4.1-12 represents an off-line mass
scan. Ar/Xe gas was injected in the ion source through a calibrated leak to check its efficiency
and its good operation. An increase of the Ar ion efficiency was observed upon variation of
the temperature of the cathode.
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Figure 4.1-12: Offline mass scan results. Valve 1 and 2 were open (state OO). Temperature of the container
was 1380°C.
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Figure 4.1-13: Plot of the Ar ionisation efficiency versus the temperature of the ion source and to the valve
position: CC and OC. The temperature of the container was 1380°C.
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The Ar efficiency as a function of the cathode temperature is shown in figure 4.1-13. A
variation of the Ar current was noticed according to the position of the valves. A fall of 7% in
the extraction current (target and line current at 400 A each) was observed immediately after
one of the two valves was open (state OC or CO), as compared to when both were closed
(state CC). A fraction of the injected gas went through the transfer line from where the valve
was open instead of being extracted directly by the ion source. Confirmation of this
behaviour was shown when sending Kr from one of the two containers (target 1) (figure 4.1-
14).
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Figure 4.1-14: Plot of the Ar ionization according to the temperature of the ion source and to the valve status
(CC and OC) with Kr injection. The temperature of the container was 1380°C.
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4.2 Release o Ar an Ne noble gases from the Bi-Valve

4.2.1 Tightness and symmetry of the double target-line measured with 3
35
Ar.

Some 30% unusual fluctuations were observed at the tape station during online tests due to
unexpected instability which were not linked to instabilities related to the operation of the
double target-line itself. These fluctuations implied the measurement of five values for a
same delay time when doing the release curves (figure 4.2-1).
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Figure 4.2-1: Example of fluctuations in the measurement of the release of **Ar (ty,= 844 ms). For each
point, five values were measured and averaged. Collection times are represented by the horizontal bars.
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To ease the calculation of the yields for each of the isotopes measured for each state of the
valves, an average of the values at each point of the curves has been calculated.

The release curves of **Ar for all possible valves’ positions are shown on figure 4.2-2 and
4.2-3 respectively. The states OC and CO of the valves lead to slight differences in the shape
of the release curves. As discussed previously in figure 4.1-3, the energy deposited by the
incoming proton beam within the double container was slightly greater in the target 1 than in
the target 2 but did not explain any sufficient change in the temperature coming from this
difference to influence the release process. A possible reason of such differences in the
release curves might be due to a non perfect alignment of the double-container to the proton
beam which leaded to a better diffusion in the target 1. Also both parts of the double-
container might not be filled in a 100% similar way with CaO materials.

At an ion source temperature of 2100°C, when both valves were closed (CC), the measured
*Ar yield was 7.6x10° ions/uC, compared to 2.6x10° ions/uC when both valves were open
(O0). For the same temperature, the measured **Ar vyield was 4.8x10° ions/uC (CC)
compared to 1.9x10° ions/uC (OO) (figure 4.2-1). This indicated a total relative leak rate of
0.29% (x 0.02%) which was of good quality to perform the tests.
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Figure 4.2-2: Release of *Ar (t,,= 844 ms) according to the position of the valves
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Figure 4.2-3: Release of **Ar (ty,= 1780 ms) according to the position of the valves (O stands for Open; C
stands for Closed).
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4.2.2 Impact of the operating modes on ion source efficiencies and yields of
18, 19Ne and 34, 35Ar

The online tests, two temperatures of operation of the FEBIAD ion source were chosen
(1920°C and 2100°C). This resulted in an increase of the yields of up to a factor 7 for 180°C
difference (table 4.2-1). The efficiency of the FEBIAD ion source increased from 2.3 to 4.9%
when all valves were open and from 2.5 to 5.1% for the other configurations.

Ratio of the ion source efficiencies for the different operating temperatures gave
eff(00)/eff(CO) = 0.92 when the ion source was at 1920°C and eff(OO)/eff (CO) = 0.96
when the ion source was at 2100 °C. This may due to a re-visit phenomenon of the isotopes
through the lines instead of being ionised. At 2100°C, the probability that an isotope is
ionised by the source is higher, therefore the nuclide does not re-visit or visit the other
transfer line when all valves are open. This hypothesis will be investigated further in the
following section using the RIBO code in order to estimate the impact of the geometry of this
double target-line on the effusion process. Such increase in the yields when changing the
temperature of the ion source might also be directly linked to possible thermal radiations
coming from the source and therefore eating up the double-container.

lon Source Yields** (ions/uC) for different valve positions
Isotope ty2 (5) Temperature 00 Eff; oC Eff; CO Effi CcC
v (°C) (%) (%) (%)

Ar 0.844 4.9x10% 23 2.7x10% ot 2.3x10% ot -
SAr 1.780 1920 3.9x10° ' 2.5x10° ' 2.6x10° ' -
PNe 17.22 5.7x10* - 2.2x10% - 3.4x10% - -
Ar 0.844 1.8x10° 49 1.0x10° £ 1 9.8x10* £ 1 4.9x10°
SAr 1.780 2100 2.6x10° ' 1.6x10° ' 1.5x10° ' 7.6x10°
BNe 1.670 5.3x10% - 3.8x10% - 4.6x10% - -

Table 4.2-1: Yields and ion source efficiencies of *3°Ar and '®**Ne for different position of the valves (O:
Open Valve, C: Closed Valve) and for different ion source temperatures.

**Due to the fluctuations in the measurements, errors in the yields were estimated to be between 7 and 18%
according to the number of values measured for each point when doing the release curves.

The measured yields were in the range of those produced by a standard ISOLDE CaO target
0.4 g.cm™ thick as presented in table 4.2-2. The double target-line unit as designed produced
nominal * *Ar yields.

Isotope T2 (S) Typical Yield Typical lon Source Source
(ions/uC) Efficiency, Eff; (%))  Temperature (°C)
BNe 1.670 1.2x10° 0.9 2100
PNe 17.22 5.9x10° 0.9 2100
SAr 1.780 4.2x10° 5 2100

Table 4.2-2: Typical yields of *Ar and ***°Ne of a standard CaO ISOLDE target (0.4 g.cm™ thick), PS
Booster [Is0-00].

Although errors in the yields were estimated to be between 7 and 18%, the comparison of the
yields for one of the possible states of the valves (OC, CO) to the case where all valves were
open (0O0), showed that the yields of **Ar (ion source temperature 1920°C and 2100°C) and
the yields of **Ar (t;,= 1.780 s) (ion source temperature 2100°C) would tend to be greater
when the valves were in OC state (figure 4.2-4).
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Figure 4.2-4: Yield of ***Ar for all possible states of the valves for the two modes of operation of the
FEBIAD ion source. Errors in the yields were estimated to be between 7 and 18% according to the number of
values measured for each point when doing the release curves.

The yield of **Ar (ti,= 0.844 s) (ion source temperature 1920°C) did not seem to follow this
trend of having the highest value for a valve’s state OC; this might be due to statistical
reasons. Indeed the yields of **Ar (ion source temperature 1920°C) for states CO and OC
were shown to be very close giving a ratio of 1.06. This made difficult any clear deduction on
the effect of the valves state in the **Ar at this precise temperature.

4.2.3 Time structures, impact of the dual transfer line on the effusion
process and decay losses

The sum of the yields from each independent transfer line did not equal to the measured
yields when the valves were simultaneously open (table 4.2-1). This non additive
phenomenon originated from two possible causes. The first might be due to the fraction of the
isotopes which revisited the second transfer line and container before getting ionised in the
source. The second would be due to the decrease of the ion source efficiency when the two
valves were open (00).

Table 4.2-3 shows the rising times 3***Ar and *®'°Ne for each position of the valves
accounting to a part of the delay time needed for the isotopes to effuse from the target
container to the extraction hole of the ion source (Chapter 2.5). No clear significant
differences in the rising times were noticed according to the states OO-OC-CO of the valves
for most of the isotopes studied due to large error bars. *>Ar was the only element to show a
better effusion time for valve states” OC and CO at the two different ion source temperatures.

lon Source Rising times (ms) for different valves positions
Isotope tyo (S)  Temperature (°C) 00 oC CO CcC
*Ar 0.844 135+7 133+7 158 + 85 -
SAr 1.780 1920 102 +7 97 +12 89 +18 -
®Ne 17.22 109 +5 102 +10 123+9 -
*Ar 0.844 131+3 131+6 120+20 284 +33
SAr 1.780 2100 86+ 3 80+2 70+2 296 + 55
BNe 1.670 181+ 11 180 +7 175+ 4 -

Table 4.2-3: Rising times of **Ar and *®*°Ne for different positions of the valves (O: Open Valve, C: Closed
Valve) and ion source modes.

The rising times have been determined from experimental data points using a FORTRAN program developed
at CERN which uses fitting routines from the CERNLIB [Cer-00] and integrates the release function [Ber-
03]. The parameter minimization and error analysis were performed with MINUIT [Jam-00] based on the
Poison maximum likelihood y°.
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THEORETICAL APPROACH

RIBO Code was used to simulate the paths and investigate the effusion times of particles
generated from the double container to the ion source according to different status of the
valves (figure 4.2-5).

Figure 4.2-5: Geometrical view of the Bi-Valve for RIBO simulations.

As discussed in Chapter 2, the probability that an isotope effuses through a thin target is
given by the equation (2.4.19) which uses one single exponential function [Kir-92]. In the
case of a thick target having a transfer line system, one should take into account that the
profile of the effusion times might be slightly different and then involves the use of two
exponential functions to fit the data (figure 4.2-6). The probability an isotope effuses
becomes then:

p, (1) = (1 exp(;—t)) : exp(;—t) (4.2.1)

where t; and t, are the parameter of the effusion times.
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Figure 4.2-6: differences between using either one or two exponential functions for p(t). The use of two
exponential functions suits the shapes of the release curves measured.

Figure 4.2.7 presents the results of the simulations for an isotope of mass 35, according to the
possible states of the valves: OO and OC (or CO). Differences in the effusion times are
shown for each position of the valves.
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When fitting the events from the simulations with equation (4.2.1), t; is found to be equal to
0.010 s whereas the differences mainly come from the second time variable, t, = 0.095 s
when the position of the valves are OO and t, = 0.060 s when the valves are in the OC (or
CO) statue. The isotope seemed to effuse slightly quicker through the system when one of the
valves was closed. The rising time of **Ar (t,,= 1.780 s) accounting for effusion process (table
4.2-3) confirmed this phenomenon.

Figure 4.2.8 represents the RIBO simulation of the fraction of isotopes of mass 35 visiting the
other transfer line instead of leading directly to the ion source. Simulations showed that 2.5%
of the isotopes produced by the proton beam onto the CaO target material were actually
revisiting the other line.
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Figure 4.2-7: Normalised p,(t) simulated with RIBO for isotopes of mass 35 according to the two different
positions of the valves.

0012 ==~~~ T T T

0.010 + % ——
\

0.008 +-

0.006 -

0.004 é -

0.002 +———————1———

—1

pv(t) normalisec

0.000

Figure 4.2-8: Normalised p,(t), representing the fraction of isotopes (mass 35) visiting the other transfer line
before being ionised, simulated with RIBO when both the valves are open (position OO).
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Fitting the events from the simulations (figure 4.2.7) with equation (4.2.1), gave value for t;
and t; of 0.010 s and 0.150 s respectively. As seen earlier, t; got the same value; therefore a
comparison was made possible according to the different t, used to fit. This latter concerning
the isotopes revisiting the transfer line confirms the higher delay for those to reach the ion
source. Convoluting equation (4.2.1) with equation (2.3.7) from the diffusion process gives
an expression of the probability, p(t) that an isotope diffuses and effuses through the actual
system according to the delay time:

p(®) = p, ®p, (1) = p,(7) p,(t-7)-dr
_ 8 i{exm—ﬂnt) _op(v)_ eplal) | explvt —Vlt)} 422)

7T n=o| Va2 Hp Vom by VitVo— My VitV U
2
where g, = u,(2n+1)?, w, :@, Vv, ~ 1 and v, =1.Thus,
d t, t,
Bty o[ XP(=11,1) —eXp(-v,1)  exp(—p1,1) — exp(-v,t — ;1)
p(t)=— Z{ 2 - z 1 (4.2.3)
n=0 V, — M, Vi TV, = H,y

COMPARISON WITH THE ONLINE MEASUREMENTS

The experimental data obtained for **Ar were fitted using the values of t; and t, from the
previous RIBO simulations (effusion process) making the assumption that the delay
parameter for diffusion, uo is chosen arbitrarily and is kept as a fixed parameter all along the
experiment. This means the influences of the temperature onto it was neglected (and is
~Ea(p.t)

constant) so that D(p,t) = D,(p,t)-e* """ (see Section 2.3) was set as constant. Figure
4.2-9 shows the fitting of both experimental release curves when the valves were on position
OO and OC respectively.
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Figure 4.2-9: Experimental data and theoretical fit (equation 4.2.3) of normalised p(t) versus the delay time
for isotopes of mass 35. When only one valve is open (OC state): t; = 0.010 s, t, = 0.060 s and po = 1.79 ™.
When all valves are open (OO state): t; = 0.010 s, t, = 0.095 s and py = 1.79 s,

In both cases above, a same value for the diffusion time constant made possible the fitting of
the experimental data: o = 1.79 s™%. Taking into account that the diffusion coefficient, D, is of
order of magnitude of 5x10™ m at a temperature of 2000 K [Kir-92] for the CaO, from
equation (2.3.8) one can estimate the distance, d, between two nuclei from which isotopes
diffused out. In that specific case, d was found to be equal to:
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-13
d=_|7* L =, |7 % =1.65-10°+0.50-10°m (4.2.4)
Hy .

Under vacuum conditions and at 923 K, the decomposition of CaCOj3 particles of 10 um
diameter leads to the formation of CaO having a specific surface area of 100 m?/g and particle
size smaller than 70 um. Under ambient atmosphere, high surface area powders are not
produced [Rah-03]. Therefore, the number used for the delay parameter for diffusion, uo, is
actually very close to a parameter defining the real structure of the CaO medium used for the
experiment. To compare the values of effusion simulated with RIBO to a standard target unit,
equation (4.2.3) was used to fit *°Ar isotopes released from a CaO target having a single
transfer line (CaO#236) [Iso-08]. The diffusion parameter was kept the same as previously, o
=1.79 s, and values of t; and t, were found to be equal to 0.010 s and 0.09 s respectively to
manage the fitting of the released isotopes (figure 4.2-10).
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Figure 4.2-10: Experimental data and theoretical fit (equation 4.2.3) of normalised p(t) versus the delay time
for mass 35 for an ISOLDE standard target unit (CaO#236). t; = 0.01s, t, = 0.09 s and py = 1.79 s,

Table 4.2-4 summarizes the different effusion times obtained with the RIBO code for a
double target-transfer line having a similar geometry of the Bi-Valve and for a standard
target-line unit.

CaoO target type Valves positions t; (s) t; (S) wo ()
Bi-Valve 00 0.010 0.095 1.79
Bi-Valve CO (or OC) 0.010 0.060 1.79

Standard (CaO#236) - 0.010 0.090 1.79

Table 4.2-4: Effusion times t; and t, simulated with RIBO for *Ar (t,, = 1.775 s) through the Bi-Valve and
comparison to a standard CaO target unit. The diffusion delay time, uo has been taken as an arbitrary
number to fit the simulations.

Such differences in the time structures for the effusion are explained by the fact that the
geometry of the Bi-Valve is different from the standard target unit (chimney positions,
chicanes, transfer line slightly longer and holes leading to the ion source factor 5 smaller).
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EFFICIENCY INVESTIGATIONS

To really understand the impact of the Bi-Valve in the release of the isotopes produced from
the CaO material, one has to investigate the release efficiencies of the system studied. As
discussed in Chapter 2, the release efficiency of a target-transfer line system is given by the
expression:

Eff (1) = Tp(t)-e‘“ dt (4.2.5)

Therefore, using equation 4.2.3:

exp(—put—At)  exp(—v,t —At) exp(—u,t—At) exp(—v,t—vt—at) ]
Eff (l)z%i _ﬂn_ﬂ’ _ _Vz_ﬂ* _ _:un_ﬂ' + _VZ_VI_)“ (426)
' 7 o Vo~ Hy Vo~ Hy VitV, =, VitV, =ty

t=0

V.

Eff, (1) = 8uy (v, —A) (v, —v,—4) Zw‘[ 1 } (4.2.7)

7[2 a n=0 /1+ﬂn

where , — 41 Is the normalisation parameter. Thus,
Vz'(V2+V1)
Eff_(A) :8L20. (v, =A)- (v, —v, - 4) 1 (4.2.8)
T v, (v, +v,) | A+ u,
In2 In2
vo+——) (vy+vy+——)
Eff (t _ 8y Lty Lty 1 (4.2.9)
r(1/2) 2 z | 2
r v, (v, +v,) =) L

n
t1/2

with Eff (t,,, » »)=1.
It is clear from figure 4.2-11 that having one of the valves closed increases the efficiency of

the release of the isotopes produced in the target. On the other hand, when both of the valves
are open, the efficiency is similar to the one from the standard unit.
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Figure 4.2-11: Theoretical normalised efficiencies, Eff,(t1,), for the release of Ar from the Bi-Valve (two
different positions) and from an ISOLDE standard unit.

Release Efficienc

® BExeriemental data

Tl
| [
7 |
0001 +——/————p——— Theoretical fit [
7/ | | |
/ | | — — Theoretical fit (corrected |
e | I with efficiencies) I
00001 | E 3
0.01 10

O alf-lfe, t,, (5)

Figure 4.2-12: Experimental and theoretical release efficiencies for Ar isotopes from the Bi-Valve.

Comparisons of all the different efficiencies involved into the system were made between the
experimental data and the theoretical point of view discussed earlier (figure 4.2-12). The
release efficiency, &, for * 3°Ar was measured to be 1.67% and 1.83% respectively (table

4.2-5).
Experiment Theory
. In target Production .
Isotope Half-life frgm FLUKA _Yleld Eion Etransport Erelease Erelease (OA))
ti2 () (ion/C) (ionfuC) (%) (%) (%) (eq. 4.2.9)
$Ar 0.844 6x10’ 2.36x10* 2.5 94 1.67 1.60
SAr 1.775 6x10® 2.58x10° 2.5 94 1.83 1.92

Table 4.2-5: Experimental yields and efficiencies obtained online for ** *Ar with the Bi-Valve (T = 1920°C;
Valves position: CO) compared to the theory. FLUKA was preferred to SigmasWIN2000 (Silberberg and
Tsao), this latter known to over-estimate values.
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The release efficiencies calculated with the equation (4.2.9) showed to be very close, within
95%, to the experimental measurements ***Ar.

In the EURISOL Design Study the total incoming beam power on direct targets is 100 kW.
The layout of the targets depends on the nature of the materials to be irradiated [Eur-09]: one
target unit at 100 pA will be used for metal foils (i.e Ta) and liquid metal (i.e Pb), 2 sub-units
at 50 pA for SiC and then 4 sub-units at 25 pA for oxides (i.e Al,O3). The Bi-valve
experiment benchmarked the tools (RIBO) to design proper target units with 4 sub-units
(EURISOL). Although RIBO is a tool to describe the effusion process of isotopes within a
specific configuration, it does not describe the probability for an isotope to be ionized while
being in the ionization chamber [Liv-09].
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CONCLUSIONS AND OUTLOOK

Two key issues of developments mandatory for the forthcoming generation of ISOL target-
ion source units were treated in this thesis by the conception and the online measurements of
two prototypes at ISOLDE-CERN. The first domain dealt with the purity of the ion beams
that are delivered by the target-ion source. lon beams at ISOLDE suffer from isobaric
contaminants such as alkalis; therefore, a transfer line was designed with the aim of trapping
such elements before they reach the ion source. The second field of study investigated in this
thesis lead to the demonstration of how a target-ion source unit can handle an incoming beam
of hundreds of kW such as the EURISOL facility plans to use. To operate with such beam
parameters it is necessary to design a multibody target and dedicated transfer line able to
dissipate all the incoming power and at the same time be reliable in the release of isotopes to
the different users.

In the context of beam purification, the combination of the RILIS with a quartz transfer line
showed the trapping effect on the contaminants. It did not only allow an excellent Zn versus
Rb (and Ga) separation, but works also well for the heavier isobars Cd versus Cs (and In).
The RIBO code allowed dimensioning the piece of quartz to be used with respect to the
number of collisions of a radioactive element. A tube of quartz of 50 mm long and 6 mm
diameter was chosen as being the optimum dimension. Two quartz units were designed
operating from700°C to 1100°C; and from 300°C to 800°C. Energy flow of the heat transfer
along the system was investigated and thus allowed the design of the prototypes.

Suppression factors were calculated for 8 #™Rb, 1% 142Cs °Lj, *°K, ®Na, **In, ""Ga, *> s,
and yields were compared to those obtained with an ISOLDE standard transfer line.

®Rb and **2Cs were suppressed by 4 and 3 orders of magnitude respectively. A clear
suppression behaviour of the ®Rb and '?°Cs as a function of the quartz temperature was
showed.

The enthalpy of adsorption was estimated for Rb and Cs from a fit to the experimental data:
AHaq (Rb) = -242 £ 20 kJ/mol and AHgq (Cs) = -145 £ 20 kJ/mol. These enthalpies showed to
be about 80% and 85% respectively of values obtained by isothermal chromatography.
Recently, ISOLTRAP physics have successfully used a target-ion source unit equipped with a
quartz transfer line and achieved the measurement of 2Tl by retaining the francium
(francium was not visible); the Fr-to-Tl yield ratio was around 100 without quartz. Sapphire
has been investigated as trapping material at ORNL and integrated to this concept to obtain
new chemical purification factors [Jos-09].

The Bi-Valve, a double-transfer line merging into a single FEBIAD ion source with remotely
controlled valves was designed and tested at ISOLDE. They also showed equal isotope
production and heat deposition in both target containers. This was verified online with
symmetric release profiles and isotope yields obtained for ***°Ar and **Ne, at two ion source
operation temperatures, to better than 10-20%. Engineering design of the prototype has been
performed and ANSYS simulations allowed to estimate the heat flow along the prototype and
helped in finding the right materials to develop an efficient, gas-tight and reliable valve
system. The valve position was controlled by a program through the Ethernet network. The
leak rate of the closed valves measured on ** **Ar was equal to 0.3%. The FEBIAD ion
source was operated at two temperatures: 1920°C and 2100°C, which increased the yields of
up to a factor 4. Four isotopes were more particularly investigated online: ****Ar and ****Ne.
The efficiency of the double line merging was found to be in the range of 75 to 95%,
depending on the investigated isotope and ion source operation mode. This originates from
the revisit of the isotopes in the second open transfer line, as observed in the increased
effusion times and in the decrease of the ion source efficiency when both transfer lines were
open. The best efficiencies for the two merging lines configuration were found for the highest
temperature ion source operation mode. The overall measured yields agreed well with figures
obtained with standard CaO ISOLDE target units.
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The RIBO code helped in fitting the experimental data by providing the profile of the
effusion distribution of the isotopes within the Bi-Valve unit for the different situations. A
clear dependence of the valve position on the effusion process was confirmed. A
mathematical expression for the probability, p(t) that an isotope diffuses and effuses through
the system is proposed. The simulated release efficiencies were in agreement to the
experimental ones for 3 *Ar at 95% thus opening the way to the engineering of multi body
target units for future facilities.

The Bi-Valve experiment benchmarked the tools calculating the effusion of isotopes through
a complex configuration of target where 2 sub-units (2 transfer lines) merge into one single
ion source. The design of 4 sub-units (oxides) or 2 sub-units (SiC) such as in the EURISOL
concept will require these tools (i.e. RIBO) to engineer the unit and describe the effusion
process. The ionization process must be implemented in the code [Liv-09]. Recently high
power Al,O5 target prototypes have been tested at TRIUMF by EURISOL DS Task #3 at 25
tA [Sto-09] under the s1149 approved experiment, the composition of materials to be used
under high power beams have been engineered.
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