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Abstract

Efficient gas-filled recoil thermalization chambers are the most common interfaces for
a variety of sophisticated chemical experiments with superheavy elements. They can
be installed directly behind a target or alternatively behind a recoil separator. Despite
limitations of this gas-flow-based transfer of the thermalized reaction products from
the Buffer-Gas-Cell (BGC) to the chemical experiment, they are widely used due to
their high extraction efficiency. The flow rate-dependent extraction speed has so far
limited access to nuclides with a half-life of less than about one second. The novel
approach in this thesis presents a fast extraction with an extraction time of a few tens
of ms and the first successful transportation of non-volatile elements such as francium
(Fr) to the detection unit. For this purpose, a BGC with superimposed electrical fields
(direct current and radio frequency) was coupled with the gas-phase chromatography
setup COMPACT for the first time. A further development of the well-known
COMPACT detector, the so-called miniCOMPACT detector, was introduced and
the efficient coupling for the rapid extraction of non-volatile elements was achieved.
The achieved extraction time of less than 55 ms is almost ten times faster than with
previous gas-flow-based transfer techniques with comparable extraction efficiencies.
In addition, the BGC was characterized extensively with established methods with
regard to its extraction efficiency and extraction time. 2?3Ra and 2?°Ac recoil ion
sources providing 2'Rn and 2?'Fr were used for this experiments.

In addition, the novel coupling of the newly developed miniCOMPACT and the
BGC with superimposed electrical fields was successfully characterized in on-line
experiments with Hg, Fr and At isotopes. These experiments allowed the chemical
study of short-lived a-decaying radioisotopes in *°Ar- and “®Ca-induced fusion
reactions. In the context of this study, extraction efficiencies of more than 23% could
be achieved, which is in the same order of magnitude as for the recoil ion sources.
This work confirms the applicability of this novel coupling in the area of the heaviest
elements under the difficult conditions of low production rates and short half-life. It
paves the way for chemical experiments beyond flerovium (F1), which is currently

the heaviest element accessible for chemical experiments.
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CHAPTER 2. ZUSAMMENFASSUNG

Zusammenfassung

Die Anwendung von effizienten, gasgefiillten Thermalisationskammern sind die am
haufigsten verwendeten Schnittstellen fiir eine Vielzahl von anspruchsvollen chemis-
chen Experimenten mit superschweren Elementen. Sie kénnen direkt hinter dem
Target oder alternativ hinter einem Riickstoflseparator installiert werden. Trotz
Limitierungen dieser auf Gasfluss basierten Uberfithrung der thermalisierten Reak-
tionsprodukte von der Gas-Stopp-Zelle hin zum chemischen Experiment, finden sie
aufgrund ihrer hohen Extraktionseffizienz eine breite Anwendung. Die flussratenab-
héngige Extraktionsgeschwindigkeit limitiert bisher ein Zugang zu Nukliden mit einer
Halbwertszeit von kleiner als etwa einer Sekunde. Der neuartige Ansatz in dieser
Arbeit prasentiert eine schnelle Extrakion mit einer Extraktionszeit von einigen
zehn ms und den ersten erfolgreichen Transport von nicht fliichtigen Elemente wie
beispielsweise Francium (Fr) hin zur Detektoreinheit. Hierfiir wurde zum ersten
Mal eine Gas-Stopp-Zelle mit iiberlagerten elektrischen Feldern (Gleichstrom und
Hochfrequenz) mit dem Gasphasenchromatographieaufbau COMPACT gekoppelt.
Hierfiir wurde eine Weiterentwicklung des bekannten COMPACT-Detektors, dem
sogenannten miniCOMPACT-Detektor, eingefiihrt, womit die effiziente Kopplung zur
schnellen Extraktion von nicht-fliichtigen Elementen gelang. Die erzielte Extraktion-
szeit von unter 55 ms ist fast um einen Faktor zehn schneller als mit bisherigen auf
Gasfluss basierten Uberfithrungstechniken bei vergleichbaren Extraktionseffizienzen.
Zusétzlich wurde die Gas-Stopp-Zelle beziiglich ihrer Extraktionseffizienz und Extrak-
tionsgeschwindigkeit ausfithrlich mit etablierten Methoden charakterisiert. Hierfiir
kamen 2?2Ra- und 2?®Ac-RiickstoBionenquellen, welche 2'Rn und ??'Fr lieferten,
zum KEinsatz.

Dariiber hinaus wurde die neuartige Kopplung dieses Systems bestehend aus dem
weiterentwickelten miniCOMPACT und der Gas-Stopp-Zell mit tiberlagerten elek-
trischen Feldern erfolgreich in On-line Experimenten mit Hg-, Fr- und At-Isotopen
charakterisiert. Diese Experimente erlaubten die chemische Studie von kurzlebigen
a-zerfallenden Radioisotopen in °Ar- und *®Ca-induzierten Fusionsreaktionen. Im
Rahmen dieser Studien konnten Extraktionseffizienzen von mehr als 23% erreicht wer-
den, welche in der gleichen Gréenordnung liegen wie fiir die Riickstoflionenquellen.
Diese Arbeit bestitigt die Anwendbarkeit dieser neuartigen Kopplung im Bereich
der schwersten Elemente unter den erschwerten Bedingungen der geringen Produk-
tionsraten und der kurzen Halbwertszeit. Sie ebnet somit den Weg fiir chemische
Experimente jenseits von Flerovium, welches das derzeit schwerste fiir chemische

Experimente zugéngliche Element ist.
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Introduction

In the following section a brief summary of the introduction in the field of SHEs,
which are based on the concepts described in the next chapter, is given.

The year 2019 marked a special anniversary year for physics, chemistry, and biology
as the UNESCO and United Nations General Assembly proclaimed 'The International
Year of the Periodic Table (IYPT2019) [1, 2]. The Periodic Table of the Elements
(PTE) was published by the Russian chemist Dmitri Ivanovich Mendeleev and
presented for the first time a illustration of the periodic trends of all known 63
elements until that point in time [3]. Since that time, many scientists have expanded
the PTE by discovering and synthesizing of 'new’ elements up to the present day.
The modern layout was established by American chemist Horace Groves Deming [4]
in 1923 and completed in its final shape by the American chemist Glenn Seaborg,
who suggested in the 1950’s that the actinides, like the lanthanides, belonged in
their own separate row below the main group elements [5]. The PTE is structured
such as to reflect the periodic trends of the elements, with the groups containing
chemically similar elements. The 7*" period of the PTE was closed by the recognition
of the four missing elements with the atomic numbers Z=113, Z=115, Z=117, and
Z=118 in 2015. These were named nihonium (Nh, Z=113), moscovium (Mc, Z=115),
tennessine (Ts, Z=117), and oganesson (Og, Z= 118), respectively [6-8]. The 7*t
period (excluding Fr, Ra and Ac) belongs to the TransActiNide (TAN, Z>103)
elements, also known as Super-Heavy Elements (SHE). The modern periodic table as
of 2015 is shown in Fig. 3.1. The first 92 elements all occur naturally, and technetium
(Te, Z=43) and promethium (Pm, Z=61) were discovered in 1945 after having first
been synthesized, because they are the lightest elements with no stable isotopes.
Neptunium (Np, Z =93) and plutonium (Pu, Z=94) are found only in trace amounts
[9] since their half-lives are short compared to the age of the Earth. Uranium (U,
Z=92) is the heaviest element which has been found in large quantities in nature,
since it is extremely long-lived (233U, T, /2 = 4.468 - 10 years) with a half-life that
is almost as long as the age of the Earth. The elements from americium (Am, Z=95)
up to oganesson have only been synthesized in nuclear reactions.

The experimental investigation of the SHEs helps to understand the limits of nuclear
stability and the properties of the SHESs, such as the half-life, decay properties, shape
and structure properties and much more. Such scientific knowledge leads to a better
understanding of chemical or physical concepts at this region of the nuclear chart
that is difficult to access. The experiments with SHEs are challenging, since the

number of available atoms drops drastically to few atoms per day or week.
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CHAPTER 3. INTRODUCTION
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Fig. 3.1.: Periodic table of the chemical elements as of 2015. The color scheme
divides naturally-occurring and synthetic elements, with the latter mainly
populating the lower regions of the table.

The liquid drop model proposed by the theoretical physicist George Gamow (1930)
[10] and described by the Bethe-Weizsiacker mass formula in 1935 by the German
physicist Carl Friedrich von Weizsécker [11] predicts short spontaneous fission half-
lives for elements with Z > 103. However, the appearance of closed nuclear shells
resulting in a stabilization of SHEs [12]. These quantum mechanical nuclear shells
counter the Coulomb force of the protons and prevent the disintegration of the
nucleus. When taking this shell-stabilization into account, SHEs with enhanced
stability against spontaneous fission around the deformed doubly magic isotope 2"°Hs
(Z =108, N = 162) can be found [13] .

The artificial syntheses of elements beyond Pu is straightforward by the bombardment
of Pu with neutrons. Neutron-rich isotopes undergo an S~ -decay into a nucleus
with an higher Z. This way of production of heavier elements than Pu is limited to
fermium (Fm, Z = 100), due to very fast spontaneous fission of the heavy Fm isotopes
which do not undergo 5~ -decay. To circumvent this problem, elements beyond Fm
are produced at accelerators, where charged particles are accelerated to energies large
enough to overcome the Coulom repulsion thus enabling fusion with a heavy element
as target material. The production of SHEs is often classified in their significantly
different excitation energy E* of the Compound Nucleus (CN) when formed at
the beam-energy corresponding to the fission barrier. E* is a critical parameter
for the survival probability of the CN. The first type of typical target—projectile
combinations, the so-called cold fusion reactions, allowed the discovery of elements
with Z = 107-113. The cold fusion reaction use Pb and Bi targets and medium
heavy beams and produce CNs at E* around 10-20 MeV [14]. The syntheses of Nh
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via °Zn and 2%9Bi currently marks the end of this reaction path.

The production cross sections for these SHEs ranges from 15nb for the production of
rutherfordium (Rf, Z = 104) [15, 16] to 0.022 pb for the production of Nh [17]. The
cold fusion reactions result in neutron-deficient compound nuclei, and the probability
that the system survives against fission is relatively low. The second target—projectile
combination type, the hot fusion reaction, irradiates targets from 2**U to 24°Cf with
C to S beams. These fusion reactions lead to a lager fusion cross section along with
a lower survival probability due to a higher E* of the CN. The resulting CN of the
hot fusion reaction has an E* around 30-50 MeV (evaporating 3-5 neutrons). The
slope of the cross sections for the cold fusion decrease to the same extent as for the
hot fusion. Subsequent elements (Z = 113-118) synthesized in "hot” fusion reactions
between doubly-magic ®Ca' and actinide targets show cross sections at a stable
level of a few pb. These target-projectile combinations are more mass and charge
asymmetric and show a reduced Coulomb barrier with a greater initial excitation

energy than the cold fusion reactions.
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Fig. 3.2.: Comparison of maximum cross sections for heavy and superheavy
elements produced in cold fusion and hot fusion reactions. The figure was
adopted from [18].

In Fig. 3.2 the cross section for both types of reactions as function of Z is shown.
Here, the use of doubly magic *®Ca projectiles with actinide targets leads to a
lower E* of the CN and thus improved the CN survival probability. The cross
sections measured in *®Ca-induced production of transactinides is significantly higher

compared to other projectile-target combinations. The Joint Institute for Nuclear

"Nuclei with "magic” neutron number and ”magic” proton number are called "doubly magic” and
are especially stable against decay.
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CHAPTER 3. INTRODUCTION

Research (JINR) in Dubna, Russia used **Ca induced reactions to discover the
elements F1-Og [19].

From the experimentalist’s point of view, experiments in the upper end of the nuclear
chart are always a challenge, since the number of available atoms drops drastically
to few atoms per day and below. The cross sections drop from about 10 000 pb to
less than 1 pb from Rf to Og, which leads to a production rate decrease ranging
from 4min~! down to 1month™! [20]. Only single atoms are available requiring
one-atom-at-a-time experiments [21, 22]. The main interest in chemical experiments
with SHESs is on the study of their chemical behavior relative to that of their lighter
homologs [18, 23]. Deviations from trends established by lighter group members are
expected due to the influence of relativistic effects, which increase oc Z2 [24]. The
relativistic effects influence the energetic position of the respective atomic orbitals
and lead to significant change in the chemical properties of the transactinide elements.
This has an immediate implication on the Bohr radius (ag). The relativistic mass of

an electron mye can be calculated by

mo

where my is the electron rest mass, v is the velocity of the electron and ¢ the speed

(3.1)

of light. After substituting the relativistic mass into the equation for the effective

Bohr radius a], this can be written as
arel = ap - /1 — (v/e)? . (3.2)

The effective Bohr radius decreases with increasing electron velocity. For Og = 118,
v = 0.86-¢, the 1s electron will have 86% of the speed of light. Taking this electron
speed into account in Eq. 3.2 leads to shrinking in the effective Bohr radius by 51%.
This leads to an orbital contraction and stabilization of the spherical s and py /o
electron orbitals. This orbital contraction is called direct relativistic effect. The
indirect relativistic effect based on the expansion of outer d and f orbitals, due to the
more efficient screening of spherical s and p; /, shells against the the nuclear charge,
so that the outer orbitals are energetically destabilized [24, 25]. Therefore, for SHEs
some deviations from trends of lighter homologues within one group of the PTE can

be expected, due to strong influence of relativistic effects on the chemical properties 2.

?based onf the influence of the relativistic effect on the valence electrons
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Theory

The PTE currently contains 118 elements, where the lightest element is hydrogen
and the heaviest element is named oganesson. The chemistry of SHEs provides a
deeper insights into our understanding of the nucleus and the electronic structure
at its limits. With the discovery of the first artificial elements, there are intricate
questions, which drive the research of SHEs. The quest to answer the questions what
is the heaviest element, which can exist and what are its chemical properties, is a
strong driving force to develop new techniques for the production and investigation
of such elements. The following chapter deals with a brief introduction to the field
of SHEs with its key aspects such as stability, production, detection and chemical

properties.

4.1 Introduction in SHE research
4.1.1 Stability of superheavy elements

With the introduction of the PTE in 1869 by the Russian chemist D. Mendeleev only
one constituent of the nuclear matter, the still unknown proton, was considered. After
the discovery of the proton by the New Zealand-British physicist Ernest Rutherford
in 1913 and the neutron by the British physicist James Chadwick' in 1932, the
field nuclear physics was born. A model for the nucleus could be developed, where
the protons and neutrons were held together in the small and dense nucleus by
strong short-range nuclear cohesive forces. The Coulomb force between positively
charged protons leads to an instability of the nucleus with increasing Z, but can be
compensated by the addition of neutrons up to a certain limit.

The driving force to expand the chart of nuclides. A number of theoretical calculations
were made and expanded the PTE all the way up to elements 172 and 173 [26-28].
This high atomic number leads to a binding energy of the electrons in the 1s orbital

2. This in turn results in that the electron reaches the negative-energy

at 2mec
continuum. This circumstance cannot be treated by theory and and therefore it
symbolizes the current end of the PTE. However, the study of nuclear properties,
such as nuclear decay and nuclear reactions is s closely linked to the stability of a

nucleus.

'He studied under Ernest Rutherford and won the 1935 Nobel Prize in Physics for this discovery of
the neutron.
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CHAPTER 4. THEORY

Liquid Drop Model

A measure for the magnitude of the stability of a nucleus is the binding energy. In
the 1940s, the most successful model for describing the properties of a given nucleus
was the liquid drop model, which was proposed by G. Gamow [10]. In 1935, the
German physicist C. F. von Weizsacker further developed this simple model after the
discovery of the neutrons. By treating the nucleus as an incompressible, uniformly
charged fluid, Weizsacker made first attempts to formulate the liquid drop model.
The binding energy is described by the ’semi-empirical mass formula’ (Eq. 4.1) that
successfully predicts the binding energies in nuclei.

72 (N — Z)?

2
B(N’ Z) = QyolA — Qgurt A3 — Qcoul — 1 — Qasym

e 1 + Opair (4.1)

In Eq. 4.1 N, Z, and A are the neutron, proton and mass numbers, respectively.
The constants ayo ~ 16 MeV, agyr ~ 18 MeV, acou = 0.7MeV, aasym ~ 93 MeV
and apair & 11 MeV are empirically determined. The first represents the attractive
nuclear force between nucleons, this nuclear energy is proportional to the volume.
The second term describes the surface energy and corrects the assumption made in
the first term, where every nucleon interacts with the same number of other nucleons,
and is proportional to the surface area. The acoy term is the Coulomb term which
accounts for the potential energy of protons. The asymmetry energy is described
by the aasym and considers the Pauli principle. The last term includes the pairing
energy due to the pairing of protons with protons and neutrons with neutrons [29].
The model’s triumph came from explaining the phenomenon of nuclear fission (Bohr
and Wheeler, 1939) [30, 31].

The mass M of the respective nucleus can be calculated by means of the binding
energy B(N, 7).

B(N, Z)

M = N(my) + Z(mp) — 2

(4.2)

In Eq. 4.2, N and Z are the number of protons and neutrons, respectively, while
my and my, are the neutron and proton mass, respectively. The liquid-drop model
neglects any shell effects on the binding energies and therefore heavy elements beyond
Z = 104 would undergo fission with very short half-lives due their coulomb repulsion.
Without the considering of stabilizing effects of closed nuclear shells, elements beyond

atomic number 104 could not exist.

The nuclear Shell Model

The heaviest elements have only a low stability against spontaneous fission and «
decay, due to their large number of protons. The stability of a nucleus is connected to

its respective binding energy (see Sec. 4.1.1). The Eq. 4.1 describes the binding energy
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Fig. 4.1.: Deviation of the liquid drop model from experimental data as a function
of the neutron number and proton number for all known isotopes based on
the AME2003 [32].

of nuclides in macroscopic calculations. The stability and therefore the existence of
SHESs is owed to nuclear structure effects, which prevents the fission of the nucleus.
This phenomenon is shown in Fig. 4.1, where the shell structure is shown by the pits
at closed nuclear shells. The existence of shell structure was already noticed in the
early 1930s. First approaches to correct the deviation between the experimental data
and the calculated data from the semi-empirical mass formula did not succeed. It took
nearly two decades before the German-born American theoretical physicist Maria
Gopert Mayer coupled the nucleon spin to its motion within a modified square well
potential in 1950 [33, 34]. This quantum mechanical interpretation forms the basis for
the ’shell model’, since the nucleus will have fine energy levels and exists in stationary
states (orbitals). Mayer together with the physicists Eugene Paul Wigner (atomic
nucleus and the elementary particles) and Johannes H. D. Jensen (nuclear shell
model) were honored in 1963 with the Nobel Prize in Physics for their contribution
in unrelated work to the nuclear shell model [35]. The energy levels, associated
multiplicities and magic numbers calculated from a harmonic-oscillator potential
well including a spin-orbit coupling are shown in Fig. 4.2. The Swedish physicist
Sven Gosta Nilsson calculated shell correction energies to extend the shell model
to deformed nuclei. Therefore, a deformed nuclear potential with the consideration
of the density of single-particle energy levels within the nucleus [36] was added,
since the nuclear shell model fails in describing the non-spherical nuclei. The basic
formulation of the shell model does not account for the stabilizing effects for nuclides

near the closed shells, since in a quantum mechanical description spherical systems
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Fig. 4.2.: Energies of single-particle in a hamonic-oscillator and square-well
potentials. The latter split the second set of levels by the spin-orbital term
to produce the experimental observed shell gaps. In addition, the
multiplicities and their sums are given.

cannot rotate collectively. In the Nilsson model, the harmonic oscillator potential is
modified with an anisotropy to change oscillator frequency along all three Cartesian
axes. The rotational bands follow the same J(J+ 1) pattern of energies as in rotating
molecules. The energy splitting as a function of deformation is shown in Fig. 4.3. A
large gap between energy levels at € = 0 indicates a particle number at which there
is a shell closure and an increase of the deformation results in a shift in energy for
the associated energy level. The nuclear shells occur in the regions where there are
the fewest single particle levels, this means that the shell-correction energy tends
to lower the ground-state masses of nuclei with magic or near-magic numbers. At a
deformation of about € = 0.6, there is a cross-over of the Nilsson states, the existing

shell gaps vanish and new gaps occur.
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4.1.2 Production of SHESs in nuclear fusion reactions

As mentioned in Chap. 3, all elements heavier than U do not occur in nature” because
their half-lives are short compared with the age of the Earth. All elements beyond U
have to be produced artificially and the most straight forward way is to bombard an
element such as U with neutrons and allow the neutron-rich isotopes to S~ -decay
into a element with Z +1 (4X — +1X’) ?. The heaviest element which can be
produced by such a process is Fm (Z = 100), since all heavier Fm isotopes do not
decay by S~ -emission but by fission. To circumvent this problem, heavier elements
than Fm can only be produced in nuclear fusion reactions and are investigated in
one-atom-at-a-time experiments [22]. There are two types of fusion reactions, cold
fusion and hot fusion (Chap. 3), according to their excitation energy E* of the
compound nucleus.

In general the production probability for a nuclide in a nuclear reaction is described

2except for trace amounts of Np and Pu

3Es (Z = 99) and Fm were first detected in the debris of the 1952 Ivy Mike hydrogen bomb test
[38].
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as Evaporation Residue (ER) cross section ogr (see Eq. 4.3) and is written as the
product of the capture cross section ocap, the probability for the formation of a

compound nucleus Pcy, and the survival probability Wxyyy.
OER — Ocap * PCN . Wsurv (43)

There were several aproches to describe the fusion reaction as a multi stage process.
In a first model, the Danish physicist Niels Bohr suggest an entrance channel and
an exit channel (1936) [39], where the entrance channel describes the approach
of the accelerated projectile to the stationary target, to form a highly excited
compound nucleus. The exit channel on the contrary describes the de-excitation
to the Evaporation Residue (ER) nucleus [40] *. In later models a third stage was
introduced, dividing the entrance channel into two separate stages.

The detection of an ER is an incontrovertible evidence that the accelerated projectile
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Beam Target O CN
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Fusion-fission

Fig. 4.4.: Schematic illustration of the fusion evaporation reaction towards creation
of an ER.

fused with the target to a compound nucleus, which survived against fission. As
shown in Fig. 4.4, the formation of an ER takes place, if the bombarding energy
is sufficient to overcome the Coulomb repulsion [42]. In a first step, the accelerted
projectile collides with the stationary target to form a dinuclear transition state,
which is called "system in capture” and described by the acap5. The excited transition
state undergoes shape and energy equilibration, unless the system reseparates via
quasifission into a projectile-like fragment and a target-like fragment after a brief
interaction. The quasifission hinders the formation of the intended compound
nucleus. The quasifission occurs with a higher probability in symmetric combination
of projectile and target nucleus and also at higher energies, where the transition

state evolves after nucleon transfer takes place. In the case of a strongly asymmetric

4R. Bass studied the nuclear potential (Bass Fusion Barrier) on the basis of the liquid drop model,
which later was named after him [41].
Sdepends on the center of mass energy, the Coulomb barrier and the angular momentum
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4.1. INTRODUCTION IN SHE RESEARCH

nuclear combination, the system may merge into a compound nucleus (PoNai)-
The compound nucleus then deexcites via particle and v ray emission to reach the
final ER. In the case that the fission barrier is higher than the excitation energy®,
the excited compound nucleus most often undergoes fission within 107'*s. The
deexciting survival probability is described by Wyv. The survival probability during
the deexcitation or the compound nucleus can be calculated within a statistical
framework. In this model, the survival probability (see Eq. 4.4) depends only on
the ratio of the probability of the neutron evaporation and the the probability of
fission and neutron evaporation. The probability for neutron evaporation and fission
is determined by the partial width I';, where the index marks neutron (n) and fission
(f) and hence realization probability (P,y), where the compound nucleus evaporates

exactly x neutrons.

Weurv = Prn H ( = Pf) (4.4)

The statistical analysis of the decay of the compound nucleus in the statistical

framework has the largest inaccuracy in Eq. 4.3, around a factor 3 [43].

4.1.3 Experimental techniques

Fast chemical separations to study chemical and physical properties of short-lived
radioactive nuclides have a long history in the SHE field. The difficulties in the
production and rapid chemical separation of only a few single atoms of SHEs from
unwanted side products lead to the development and introduction of unique separation
methods. The first transuranium elements up to Md (Z = 101) were identified by
chemical means and from there on physical methods prevailed. Nevertheless, rapid
gas-phase chemistry was important for the claim of the discovery Rf (Z = 104) and
Db (Z = 105) [42, 44, 45]. Today the fastest chemical gas-phase separations allow
the investigation of nuclides of SHEs with half-lives of less than 1s. Due to the
low production rates and short half-lives, chemistry experiments must be performed
on the one-atom-at-a-time scale. Experiments with transactinide elements can be
broken down into the following basic steps: (i) synthesis of the transactinide element,
(ii) fast transport of the synthesized to the chemical apparatus and (iii) preparation

of a sample and detection via nuclear spectroscopy.

One-atom-at-the-time experiments

The low production yields of SHEs demand efficient methods to perform chemical

experiments with only one atom at a time. A further problem of the availability of

5The expected excitation energy E* is the sum of center of mass energy Ecy and the Q-value of
the reaction E* = Ecm+q
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only a single atom is that the law of mass action’ is not valid anymore, since a single
atom can not exist in two different states at the same time. Another consequence is
that the reaction time ¢; 5 becomes too slow in laboratory experiments. The reaction

time for a elementary reaction of the second order (Ey + E2 = E3 + Ey) is given by

1
t1 0 = 4.5
12 =1 e (4.5)
where k; is the forward reaction rate constant and Cy = [E}]| = [E?2] is the starting

concentration of 1 and F»s. With a decreasing of the starting concentration beyond
the tracer scale (Cy < 10'9), the reaction time is increased by a factor of 10%.
Therefore, reactions between two single atoms cannot be observed on the time scale
of laboratory experiments. The reaction between a single atom® and a reactant in
macroscopic scale (Esingle + Fnacro &= EsingleEmacm) can be understood as reaction

of first order”. The change in the concentration with time can be written as

_ d[Esingle}

dt = k[Esingle] [Emacro] =k [Esingle] (46)

with [Emacro] & 1 the reaction rate constant, which can be coupled with the concen-
tration [Emacro] to a conditional rate constant. The reaction time for a reaction of

pseudo first order can be written as

In2

The reaction time is independent from the initial concentration. The reaction in
Eq. 4.6 is important for chemical experiments'® in the liquid-phase. Nevertheless,
chemical experiments can be only performed, if the half-live of the investigated
nuclide is in the same order as the reaction time (Eq. 4.7). On this basis, chemical
experiments with SHEs can only be performed with isotopes with half-lives of at
least a second or larger. If the half-life is around seconds, there are fast chemical
techniques, which will be briefly presented in Sec. 4.1.4.

The chemical investigation of single short-lived atoms of transactinide elements is
one of the most challenging tasks, since only single atoms are available for such
experiments. All the techniques like synthesis, rapid transport, chemical isolation,
and detection of the radioactive decay have to be optimized in order to push those
experiment forward to heavier transactinide elements. The coupling of chemical
systems to recoil separators allowed to conduct on-line chemical experiments. The

chemical investigation of SHEs can be divided into four steps: (i) synthesis of the

"The law of mass is only valid in macroscopic framework, where elements were in the the order of
trace scale (107'° mole; 1 mol = 6.02210476-10%* atoms) available.

8With a short half-life, since with a stable or long-lived nuclide any radiochemical techniques can
be used for single-atom chemistry.

“here is no significant consumption of the reactant in macroscopic scale ([Emacro = 1])

OHydrolysis and complexation
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4.1. INTRODUCTION IN SHE RESEARCH

ER in fusion reactions (Sec. 4.1.2), (ii) fast extraction of the synthesized ER to
the subsequent chemical apparatus (see Sec. 6.3), (iii) fast chemical separation of
the desired ER and (iv) detection of the ER via characteristic decay properties. In
the context of this work, the second step with the introduction of a new coupling
of a BGC with electric fields to the chemical system COMPACT is of particular

Land

importance. The production rate of ERs is proportional to the target thickness'
the beam intensity. The useable thickness of the target is also limited by the recoil
range of the formed compound nucleus (< 1mg cm~2) [42]. In addition, the target
backing and the target restrict the beam intensity, since the target has to withstand
the high beam intensity. Due to the repulsive Coulomb force between the accelerated
projectile and the stationary target, the projectile needs a high enough energy to
overcome the fusion barrier with a small impact parameter (central collision). At
higher impact parameters elastic and inelastic scattering takes place. During inelastic
scattering, the probability of capture of the projectile by the target nucleus and
a further CN formation is suppressed and transfer reactions dominate. Transfer
reactions lead to a huge amount of different nuclei and together with the elastically
scattered target material, which have to be separated from the desired ER. Therefore,
highly efficient and selective separation techniques are needed. Since the half-lives of
SHE decrease with increasing atomic number, fast separation methods must be used

for SHE experiments.

Chemical separation

From the lighter elements like Rf (T4 2(*'Rf = 78s)) to the heavier elements like F1
T /2(289]5‘1 = 1.95s), speed becomes increasingly important. The separation system
must be selective enough to study chemical properties as well as to separate undesired
by-products of the nuclear reaction, which could interfere with the detection of
transactinide nuclei. Therefore, the speed and selectivity is important for the required
sensitivity for the chemical separation. The consequence of chemical experiments
at the one-atom-at-a-time scale is that the studied nulcide must be subjected to a
repetitive partition experiment to ensure statistical significance, since the the law
of mass action is no longer valid. The desired nuclide cannot exist simultaneously
in different forms and participate in the chemical equilibrium. For this reason, the
concentration or partial pressure has to be replaced by the probability to find an
atom in one state or another. The individual probabilities can be deduced from

chromatography experiments.

Detection

After the separation and preparation of a sample, the unambiguous identification

of the separated nuclei is the most important part of the whole experiment. The

"This assumption is only valid as long as the entire excitation function is in the target.
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identification of the separated nuclei via their characteristic nuclear decay signature
is the only possibility to unambiguously detect the presence of these nuclei. For this
reason, the prepared samples must be suitable for the subsequent high resolution
a-particle and SF-spectroscopy. The detection of characteristic decay chains of
the transcatinide nuclei prove the presence of the desired nuclei in the sample.
Therefore, every event is registered together with its time information. This allows
the determination of energy and time correlations between the mother-daughter a-a-

or a-sf decay sequences.

4.1.4 Chemical properties of SHEs

The PTE (Chap. 3), introduced by Dmitri Mendeleev and independently by the
German chemist Lothar Meyer in 1869'?, is for modern chemists an essential tool
to summarize and compare the chemical properties of all currently known elements.
The elements were placed by their electronic configuration in the valance shell and
hence by their proton number even through this was not yet known at that time.
Since the introduction of the PTE it is a fundamental part to verify the validity of
the PTE. During the last decades, the chemical studies of transactinides expand our
knowledge of chemical properties of the heaviest elements and they were used for the
validating the PTE. The chemistry of the SHEs share similar chemical properties in
dependence on the reactivity of the valence electron configuration with the lighter
homologues in the same column in the PTE up to the present day [47]. This is not
self-evident, since the chemical properties of the heaviest elements can differ form the
light homologues due to relativistic effects. The electronic structure in the valence
shell of SHEs is influenced by relativistic effects. The relativistic velocity '* (see
Eq. 3.1) of the inner and outer electrons due to the high nuclear charge is responsible
for contraction of the s and p;/ orbitals and a better shielding of the nuclear charge,
so that the outer orbitals (d and f) are more expanded and destabilized [25, 42, 48].
In Fig. 4.5, the relativistic contraction of the 7s atomic orbital of Db (Z = 105)
is shown. Here, the large s-wave probability is shifted closer to the nucleus due
to the relativistic effect. Therefore, first chemical differences in the properties of
SHESs can be observed in chemical adsorption experiments in the gas-phase. Detail
studies at the Joint Institute for Nuclear Research in Dubna (Russia) and the GSI
Helmbholtzzentrum fiir Schwerionenforschung GmbH in Darmstadt (Germany) with
FI were able to show that F1 forms a metal-metal bond on a gold surface, however
with a significantly lower bond strength than the lighter homologue Pb (Z = 82)
[49]. Similarly, Cn (Z = 112) reacts with the gold surface much weaker than its
homologue Hg (Z = 80) due to relativistic effects on the valence electron shell [50].

The prediction of chemical properties by theoretical quantum-chemical methods are

2Tn his book 'Die modernen Theorien der Chemie’ (1864), he introduced the concept of atoms and
molecules together with a first version of a PTE [46].
3The relativistic velocities cause an increase in the electron mass.
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Fig. 4.5.: Relativistic (solid line) and nonrelativistic (dashed line) radial
distribution of the 7s valence electrons in Db. Figure taken from []2].

essential for a better understanding of the chemical behavior of SHEs. Nevertheless,
the theoretical methods needs input from the experimental side to improve and
validate their models. In the last decades a symbiotic relationship between both
fields has developed.

As mentioned in Sec. 4.1.1, the stability of SHEs decreases with increasing the nuclear
charge due to the Coulomb force of the protons. Therefore, the production cross
section and production rate drops significantly at a maximum of one atom per week
[20]. The first transuranium elements were identified by chemical means. In the last
decades this shifted completely to the nuclear physics field due to the very short
half-lives. In the last years, the hunt for new elements were brought to a halt, since

the limits of performance of the state-of-the-art is reached.

Chemistry experiments with SHEs

The chemical experiments presented in this section provide important information
about the chemical properties of the transactinide elements. Under the restrictions
of chemistry with single atoms, only a limited number of chemical properties can
be investigated experimentally. The formation of chemical compounds and their
volatility was studied in gas-phase chromatography experiments, where the adsorption
behavior and retention times were investigated. One the other hand, the formation
of complexes with transacinide elements in aqueous solutions and the behavior
of these complexes were investigated by using liquid-phase chromatography and
liquid-liquid extraction experiments. The obtained results of these experiments can
only be compared directly with the behavior of lighter homologous if they were
determined in the same experiment. The interpretation of the experimental results is

based on the determination of analogies to the lighter homologues. Many important
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properties, such as the ionic radius and the stability of the oxidation states, can only
be determined indirectly. A further difficulty arises from the fact that the structure
of the transactinide molecule is not accessible with classic spectroscopy methods and
this information remains hidden. For the physicochemical quantities, like adsorption
enthalpy or sublimation enthalpy, empirical models are used and the interpretation

of these data is a difficult venture.

Liquid-phase experiments

In the liquid-phase chemistry the hydrolysis, complex formation and the stability of
oxidation states of SHEs were studied. The manual liquid-liquid separation methods
were used to study the chemical properties of Rf [51-53] and Db [54]. Here the
complex formation, determined from the distribution coefficient (K4) with halide
anions on a cation exchange column was compared with lighter homologues. The
separation procedure was time intensive, since every single sampling step needs
around 30s and manual separation techniques become impractical. A breakthrough
was made with the introduction of automated column separations and faster sampling
times and higher reproducibility could be achieved. The ARCA (Automated Rapid
Chemistry Apparatus) was used to study the F~ complex formation of cationic
species of Zr, Hf and Rf [55]. The transactinides Rf (Z = 104), Db (Z = 105) and Sg
(Z = 106) have been chemical separated with the ARCA setup. The last element,
which has been investigated in liquid-phase chemistry experiments is Sg, produced at
the GSI Helmholtzzentrum fiir Schwerionenforschung with the reaction 2?Ne + 248Cm.
The formation of oxides, oxide halides and hydroxide halides in the liquid-phase were
investigated with the synthesized 29°Sg'? [57, 58] and compared with the lighter
group-6 elements. Until today, no chemical experiments in the liquid-phase were
performed with elements beyond Sg. Experiments in the liquid-phase are limited to
productions rates around one atom per hour and half-lives of order of several seconds
[42]. Some isotopes for elements Mt(Z = 109), Ds(Z = 110) and Rg(Z = 111) are
relatively long-lived, but cannot be produced directly, but are formed in a-decay

chains of heavier precursors.

Gas-phase experiments

Chemistry experiments are difficult to conduct since the production rate and the
short half-lives limit these experiments to isotopes with half-lives no shorter than 1s
[45]. The liquid-phase chemistry experiments feasibility depends on the difficulty to
produce them with a rate that would allow these experiments. Until today, exper-
iments in the gas-phase are an efficient method to investigate chemical properties
or to perform chemical separations. The gas-phase experiments assumes that the

high kinetic energy of ERs is decreased to thermal energies in a so called Recoil

1426536 has two states with half-lives of about 9 and 16's [56].
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Transfer Chambers (RTC) [59]. The RTC can be connected straightforward with a
capillary directly to a gas chromatographic system [42, 45]. Another advantage of
this approach is that gas-phase separation procedures are fast and efficient and can
be performed continuously in contrast to liquid-phase experiments.

The separation of transactinide elements in the gas-phase were established by 1. Zvara
et al. in Dubna (Russia) [60, 61] and involved first chemical studies of volatile Rf,
Db, and Sg (oxy)halides. The chemical behavior of transactinide compounds from Rf
up to Bh were studied in detail in on-line gas chromatography experiments with the
On-Line Gas chromatography Apparatus (OLGA), which allowed the a-spectrometric
measurement of ERs and was a breakthrough in the field of the in situ detection
of volatile reaction products on the single atom scale [62]. This technique was
developed by Géggeler et al. [62]. In 1992, the Berkley group adapted the improved
version of OLGA II and constructed the Heavy Element Volatility Instrument (HEVI)
[63], which used a continuous on-line gas chromatography system to separate halide
complexes according to their volatility'®. In 2002, U. Kirbach et al. developed the
first thermochromatographic detector for the on-line measurements of SHE, the
Cryo-Thermochromatographic Separator (CTS). An improved version, the Cryo
On-Line Detector (COLD), was successfully applied by Ch. E. Diillmann et al. for
the first chemical investigation of HsOy4 [64]. The Cryo On-Line Multidetector for
Physics And Chemistry of Transactinides (COMPACT) detection system [13] was
constructed by A. Yakushev et al. particular for chemistry experiments with HsOy4
and was also used to conduct chemical experiments with Sg(CO)g [65] and F1 [49].
The chemical behavior of such complexes were studied with the thermochromatog-
raphy technique. In contrast to the classic chromatography, the chromatogram is
not measured at the end of the separation column, but during the separations steps.
Due to the short half-lives, a fraction of the transactinide elements will deacay inside
the column. The results were compared with calculations form microscopic models
for gas chromatography. Monte Carlo simulations are of particular importance in
gas chromatography experiments with transactinides.

The in situ formation of a volatile compound, like halides, oxyhalides, oxide hy-
droxides, and oxides were studied with transactinide elements up to group 7. The
very volatile tetroxide molecule is the species of choice for elements of group 8 [13,
64]. The successful syntheses of the volatile Sg hexacarbonyl complexes [65] arises
perspectives for further studies with carbonyls of group 6-9 [66]. The heaviest
element which was studied with gas-phase chromatography is Fl. Recent gas-phase
thermochromatography experiments with the elements Cn [67] and F1 confirm that
both elements are volatile atoms due to their closed and quasi-closed electron ground-
shell configurations, 6d'°7s? and 7s? 7pf /2 respectively [68]. But with the current
state-of-the-art technique the elements Mt, Ds, and Rg (Z = 109 — 111) cannot

be investigated. The low production rates due to the low cross sections and short

5The retention time is meant by the terminus volatility.
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half-lives make it not feasible to conduct gas-phase experiments. The production
probability of #Ca induced fusion reactions is peaked around F1 (Z = 114) and Mc
(Z = 115) with a cross section in the range of almost ten pb and drops significantly
with increasing Z. For these elements a fast and efficient technique is required to
get access to elements beyond Fl. First attempts with Nh were performed at the
Dubna Gas-Filled Recoil Separator, but no information on the chemical form of Nh
(atomic vs. NhOH) and decay chains have been published yet. The longest lived
isotope of Mc and beyond are too short for chemical investigation with the current
state-of-the-art.

Another important factor for a potential gas-phase investigation is the volatility of
these elements, since the gas chromatography needs volatile species for the transport
from the RTC to the gas chromatography column [42, 45, 49]. In Tab. 4.1, the current
scientific knowledge about the chemical investigation of transactinide elements with

gas-phase experiments were summarized.

Tab. 4.1.: Summary of transactinide isotopes investigated in gas-phase chemical
experiments. The respective half-lives were taken from [69]. The
production rate is based on a target thickness of 0.8 mgcem™2 and a beam
intensity of 3 - 1012 particles per second. As an introduction, the review
articles [23, 45] will give a general overview over gas-phase chemistry

experiments.

Isotope Half-life Reaction o Production Investlg.;ated Ref.

rate species
(s)
261Rf 65719 28Cm+1%0  5T3nb 1.5min™* RfCls, RfBry [70, 71]
RfOCl,

262D 3472 249 18 675 nb 2min~?! DbBrs, DbCls,

263pp  g7rlo BEHT0 - jote 3min~? DbOCl; (72, 73]

265g¢ 10+20 245y 122N 380799 pb 8h! Sg0,Cla,

2665 21129 60159 pb 1h™* Sg02(0OH)2,  [57, 65, 74-76)

Sg(CO)s

267Bh 178 29Bk+22Ne 58732 pb 1.2h7! BhO;Cl [77]

269 1678 248 26 73 pb 347! )

27041, o+t Cm+25Mg 55 0 Lad-t HsO4 [13, 64]

23 Cn 41t B8U+*Ca 3Tipb 1.5d71 Cn [78, 79]

284N, 0.93701% 243 Am-45Ca 8.575 2 pb 2.8d°! Nb, (NKOH) 50, 81)

25Nh 33500 15755 pb 0.8d7*

287 0,4810-00 3.631pb 1.8d7"

28p) 0.691017  *YPut+*Ca  1.772%pb 0.9d°* Fl [49, 82, 83]

29p 1.9797 53139 pb 2.7d7?
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4.2 Experimental Methods

The artificial elements heavier than Fm (Z = 100) were produced in nuclear fusion
reactions using particle accelerators. A first approach to perform chemical experiments
to probe the structure of the PTE (see Fig. 4.9) was to thermalize the nuclear
reaction products in a gas-filled recoil chamber'® direct behind the target. In the
recoil chamber also the majority of the unwanted side products from transfer reaction
and interaction of the beam with impurities or target assembly were thermalized.
In addition, a plasma is created inside the recoil chamber. An important factor to
perform chemistry experiments with SHEs is a fast transfer of the reaction products
from the targets to the chemistry setup. Therefore, the aerosol transport technique is
a well-established method to transfer short-lived isotopes with half-lives of few seconds
[62, 84]. The thermalized reaction products were picked up by carrier gas seeded
with aerosol particles since the non-volatile fusion products attach on the surface
of such aerosol particles. An alternative approach is the in-situ formation of highly
volatile species and the transfer of these species to the downstream experimental
setup. This method was successful used in the chemical investigation of Hs in the
form HsOy4. A draw-back of both techniques are that there is no selectivity between
the desired and unwanted reaction products. An unambiguous identification of the
nuclides of interest is not possible without a chemical setup with a high separation
factor. The presence of a plasma due to the intense projectile beam behind the target
destroys the needed aerosol particles or volatile species for the transportation. This
results in a drastic drop in the transport efficiency at high beam intensities. This
can be overcome by the combination of a gas-jet with a physical recoil separator
[85, 86]. The physical preseparation was established with the Berkeley Gas-filled
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Fig. 4.6.: A shematic diagram of the Berkley Gas-filled Separator. The Beam
enters the apparatus from the left. Adapted from [87].

Separator (BGS, see Fig. 4.6) at LBNL, Berkeley, CA, where also the first Recoil

6For experiments without a preseparator, the terminus recoil chamber is used for a gas-filled cell.
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Transfer Chamber!” (RTC) was developed [88]. The results form these experiments
have provided the impetus for a range of further combination of a physical recoil
separator and a gas-jet at the GAs-filled Recoil Ion Separator (GARIS, see Fig. 4.7),
at RIKEN in Wako, Japan, at the Dubna Gas-Filled Recoil Separator (DGFRS, see
Fig. 4.8) at the Flerov Laboratory of Nuclear Reactions in Dubna, Russia, and at the
TransActinide Separator and Chemistry Apparatus (TASCA) [59]. The technique is
based on the production of fusion reaction products and in-flight separation from
unwanted nuclear reaction products. At the end, the desired reaction products
were thermalized in the RTC and transferred with the carrier gas into the chemical
experimental setup. With this technique it was possible to perform liquid-liquid
extraction studies yielding clean spectra for unambiguous identification of the nuclei.
In earlier 2000s, it was realized that the current SHE chemistry techniques were
likely close to be exhausted and prevent experiments with elements heavier than Bh
(Z =107) [77] or Hs (Z = 108) [64]. There was a requirement for the use of hot fusion

Rotating target wheel
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Product
trajectory
Background
En.trance trajectory

Fig. 4.7.: Schematic outline of the Gas-filled Recoil Ion Separator. Figure was
adopted from [65].

reactions with actinide targets, which allows access to the most neutron-rich and
most long-lived isotopes of these elements. Therefore, the physical recoil separators
should have maximized transmission efficiencies for these reactions and should handle
high beam intensities with simultaneous background suppression. The chemical
investigation of SHEs at the one-atom-at-the-time scale results also in new challenges
to conventional RTCs [59]. The entrance window, which separates the low pressure
side of the recoil separator from the high pressure side of the RTC has to withstand
high pressure differences and has to be thin enough for the transmission of the ERs
into the RT'C. The RTC volume should be as small as possible to guarantee short
flush-out times, which is necessary in light of the short half-lives of the isotopes of
interest. On the other hand, a high stopping efficiency for the desired isotopes is

required, therefore, the RTC volume has to be large enough to thermalize a majority

"The terminus RTC is used for gas cells behind a preseparator.
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of the ERs. The advantage that the fusion evaporation products were produced and
separated in-flight allows the straightforward connection to a gas-phase chemistry
setup like COMPACT, where the chemistry separation and detection were performed
simultaneously. This approach provides access to gas-phase chemistry experiments
with F1 (Z = 114), which is the heaviest element that had its chemical properties
studied. The current state-of-the-art technique is limited to isotopes with half-lives

around 1s [45, 49]. In the recent years, a number of efforts have been made to
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Fig. 4.8.: Schematic outline of the Dubna Gas-Filled Recoil Separator. Adapted
from [80].

push the limit further towards short-lived isotopes, which are accessible through
hot fusion reactions. One of these methods is vacuum chromatography. Vacuum
chromatography exploits the molecular flow regime with fast particle velocities. Since
the absence of gas, the particles have to be stopped by implantation. Afterwards,
the particles are subsequently released from a hot surface. These techniques need an
a-particle detector that operates in a high-temperature regime [89, 90]. In the work
presented here, a extended BGC with a superimposed DC and RF electric guiding
field will be used [91-93].

4.2.1 The buffer-gas-cell

The production of SHEs in fusion-evaporation reactions requires primary beam
energies in the range of 5-6 MeV /u to overcome the Coulomb repulsion, which results
in recoil energies around tens of MeV. The recoil energy of the ER exceeds the
energy acceptance of the chemical setup. BGC, also referred as ion gas-catchers are
a suitable tool to stop and thermalize fast recoil-ions. The basic idea of the BGC
is to slow down and thermalize initially energetic recoil-ions from nuclear reactions
in He gas. Ions are transported by the carrier gas out of the BGC and injected
through a differentially pumped electrode system to the high vacuum section of the
isotope separator for further experiments. During the stopping process, the charge
state is constantly changed in charge exchange collisions [91, 95]. In pure He buffer
gas the ions can reach a 27 charge state, since the second ionization potential for

most elements is below the first ionization potential of He. However impurities like
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Fig. 4.9.: Part of the nuclear map with the shell correction energy from

microscopic-macroscopic model calculations (in blue) showing the regions
of stronger binding around Z = 108 and 114 and N = 162 and 184.
figure based on date from [9]].

Hs, N3, Oz or HyO in sub-ppm level reduce the charge state to 11 or even lead to
neutralization. Modern BGCs uses de Laval nozzles to extract ions from the BGC.
It is used to accelerate a gas passing through it in the axial direction to form a
supersonic gas-jet [92, 96, 97].

This method of transforming high-energy nuclear reaction products into low-energy
ion beams was pioneered in the early 1980s in so-called IGISOL (Ion Guide Isotope
Separator On-Line) systems, for use with light-ion fusion-evaporation reactions where
recoil energies are small (<100keV /u; for heavy ions often less than a few keV /u)
[95]. Since no chemical process is involved, the extraction time of such a BGC
is in the range of several ms. These opens access to short-lived nuclei. A first
demonstration of this technique was the extraction and investigation of 8™W (T, /2
= 5.5ms) in 1985 [98]. With the success of the transportation and thermalization of
low-energy products, this technique was quickly adapted to fission and heavy-ion
fusion-evaporation reactions. With the introduction for use at in-flight separators,
the higher recoil energies require higher stopping powers of the BGC, which results in
larger stopping volumes. The rapid extraction times could no longer be guaranteed
and require electric-field guidance of the ions for a fast and efficient extraction. The
initial kinetic energies of the incoming product beam are reduced with degraders or
the entrance window down to around 1 MeV /u, since the size of the gas volume has
a direct influence on the extraction time. The size of the BGC and the gas pressure
depend on the energy distribution of the entering ions. The main disadvantage of the
BGC is that the extraction efficiency depends on the incoming ion beam intensity.
The reason for this observation is the creation of high density ion-electron pairs
during the thermalization process. The resulting charge density screens the electric
field and leads to an increase of the lateral distribution of the slowed ions [92, 93, 99].

The impurity of the buffer gas is another parameter, which negatively influences the
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extraction efficiency since the neutralization or molecule formation leads to isotope
losses. At thermal energies the ions cannot be neutralized in collisions with the
buffer gas. The neutralization happens due to impurities in the buffer gas. The
technical development has focused on removing impurities down to sub-ppb levels
[93, 100-102]. The introduction of the cryogenic BGC improved the purity due to
freezing out the impurities [97].

The BGCs employ one of two basic designs. The first design consists of a simple
gas-filled chamber, which used gas-flow to extract the ions. This design is used for the
aforementioned RTCs. Here, the extraction efficiency is high but the extraction time
is limited by the gas-flow. The second design contains a buffer gas-filled chamber,
exit nozzle and an electrode structure to generate DC and RF fields for a fast ion
extraction. The advantage is that this reduces significant the extraction time and
increases the efficiency, but RF systems are extremely complex. Numerous ion-
transport methods utilizing electric fields and respective electrode structures have
been explored in order to improve the transport times inside large volume BGCs.

The ion-motion in gas will be discussed in the next sections.

Slowing down of ions in gas

The stopping power of the BGC and the range of the ions is determined the dimension
of the chamber and the operation pressure at a given kinetic energy of the preseparated
ions from the physical recoil separator. The ions lose energy in elastic and inelastic
collisions if they pass through matter. The ions experience atomic and nuclear
interactions with the penetrated matter. The atomic collisions are dominating and
are of statistical nature. The mean energy loss (AE) of an ion in a layer of gas Az

at a defined energy F is given by the formula

(AE)
Azx

= NS(E) . (4.8)

The kinetic energy is lost in collisions of N atoms with the linear stopping power
S(E) = —dE/dz. The term % is the rate at which energy is lost as the ion moves
through the gas. With a decrease of the ion velocity the stopping power increases.
In the 1930s much research has been carried out to determine the stopping power
and H. A. Bethe established the first equations for the stopping power. The Bethe
formula describes the energy loss for a given charge state:

dE  4rnetZ?
o= ﬁPNB (4.9)

with the ion’s atomic number Z and velocity v, myg is the rest mass of an electron,

pn is the density of the gas and B is a parameter dependent on the medium and ion
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velocity:

2 2 2 2
B= Z{ln mIO” - ln(l - 22) - 7;2} (4.10)

Here, Z is the atomic number of the gas, I is the average energy for ionization of
the gas, and c is the speed of light. The Eq. 4.9 has an elastic and an inelastic
contribution [103]. The elastic collisions have a minor contribution to the total
energy loss at kinetic energies over 1 MeV /u. The inelastic stopping power function
have a maximum at a few MeV/u due to the mean ionisation. As the particle comes
to rest, the charge is reduced due to electron pickup and energy loss goes to zero.
The characteristic stopping power of an ion through the gas as function of the path
length is described by the Bragg curve. The range R of a particle through the gas is

dependent on the stopping power and is given by the differential equation:

0 dE

= _— 4.11
E, AE/dx ( )

where Ej is the initial kinetic energy of the ion and —dFE/dx is the energy loss
function of the ion [104].

Neutralization

BGCs filled with noble gasses like helium are good devices to preserve charged species.
The high ionization potential of He prevents charge-exchange processes between the
ions of interest and the buffer gas He, which leads to a relatively long ion survival
time. Together with the use of high-density in the range of atmospheric pressure,
as it is used with the RTC at TASCA (see Chap. 3), make BGCs to an attractive
approach to thermalize radioactive ions after their production and transfer into a
chemistry experimental setup. Depending on the volume of such a BGC, extraction
times will range from ms (with electric field) to several seconds (only gas-flow). The
dimensions of the BGC are rather limited, as is the obtained efficiency due to the
neutralization of the primary ions [105].

The transferred ions from the target station into the BGC, the ions collide with
the buffer gas and eventual impurity molecules during their residence time inside
the BGC. All these collisions and interactions eventually lead to a neutralization or
formation of molecular ions. The reaction mechanism for the neutralization of the

ions Xt can be described as three-body ion recombination [101, 105]
Xt +e” +He — X* + He (4.12)

and the reaction rate depends on the He gas pressure and the density of electrons
in the BGC. The three-body recombination coeffcient o together with the number
of created ions (electron pairs, EP) Ngp the charge density n in dependency of the
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time ¢ can be written with the time constant 7 = 1/y/Ngp - @ as

o)

The equilibrium density n = njon = Nelectron 1S given by

n=i4 — . (4.14)

The neutralization of molecular ions (XM) by means of dissociative recombination
needs only a two-body interaction with the electrons and is a fast interaction process
[101, 105]

X*TM+e” — X+ M (4.15)

where the characteristic recombination time 7 is described with the electron density

Telectron aAS

1
T=— . (4.16)
& Nelectron
Typical values for a are in the range of 1077 — 1075 em®s~! [101] and combined with
an electron concentration of around 107 cm™3 within the BGC, the characteristic
recombination time is in the same order of magnitude of the extraction or residence

time of the ions inside the BGC (10 — 1000 ms) [101, 105].

Molecule formation

In addition to neutralization reactions, gas-phase chemical ion-molecule reactions are
commonly observed as reactions between an ion X and impurity molecule M. In the
case that the buffer gas purity is not guaranteed, molecular formation may become a
significant loss mechanism, which drastically reduces the extraction efficiency of the
desired ions [101, 106]. The main reaction leading to the formation of molecules is

an association reaction
Xt +M— XTM* (4.17)

where the transitional state X M* is not stable; however, it can be stabilized [107]

in the presence of buffer gas atoms (He)

X*M* + He — XM + He* . (4.18)
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The dynamics of the bimolecular reaction can be described by a reaction rate constant

ko and the differential equation

A koM (4.19)

where [X] and [AB] define the concentration of the ions X+ and molecules M. An
impurity concentration of 1ppm (parts per million) at typical BGC pressures of
50 mbar results in [M] of 10'2 atomscm™3. The time constant 7 can be calculated
with the Eq. 4.20.

1
T ] (4.20)

The reaction time for the formation of molecules is 7 = 7.5ms with an assumed
impurity level around 1 ppm. This is a factor 2 faster than the extraction time. From
this follows that for a high extraction efficiency, it is essential to reduce impurities

and every effort to achieve this goal is justified.

Ion mobility in static electric fields

High-energy beams after in-flight separation require larger stopping volumes, which
in turn leads to a delay in the extraction of the ions. Due to the longer residence
time, the losses of ions will be increased not only due to the limited lifetime but also
due to charge exchange of the ions with the impurities and diffusion to the walls.
Since there are ions present, electric fields can be used to accelerate the extraction.
The drift velocity vq of an ion in gas is directly related to its ion mobility K and the
strength of the electrical field E:

p-To
po-T

vg =K E (4.21)
where K is the ion mobility (cm? V=!'s™1), E is the electric field (Vem™1), p is the
operating pressure (mbar), Tp is the standard temperature (273 K), po is the standard
pressure (1013 mbar), and T is the operating temperature (K). For heavy ions in
He buffer gas, the reduced mobility is kg = 20 cm? V~!s~! and if a DC gradient of
10 Vem™! is applied, the calculated drift velocity of the heavy ion in 100 mbar He
buffer gas is around 20ms~! [108]. Once the ion motion is damped by the gas, the
ion follows the line produced by the applied DC voltage directly. Since the electric
field terminates at the end wall of the BGC, it is necessary to employ high enough gas
flow to ensure to overcome the electric force at the nozzle. The electric field applied
to the BGC is important for the ion velocity in the gas and influences the extraction
time out of the BGC. The extraction time can be influenced by the dragging force of
the applied electric field, since the ion mobility is constant at fixed gas pressure and

temperature. Nevertheless, the applied field gradient is limited by the Paschen’s law
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[109).

Inhomogeneous RF electric fields

The problem by using only static electric fields to extract ions out from the BGC
is to locate the point charge in the vicinity of the gas cell exit, where the gas-flow
can surpass the drift motion. If this is not the case, the ion motion will terminate
at the electrodes. The National Superconducting Cyclotron Laboratory (NSCL)
group of the Michigan State University (MSU) used a flower-shaped electrode, which
emulates a @ o< —1/r potential [110]. Here r is the distance to the nozzle exit. In
another approach, the cathode, which is used in a static electric field, is replaced by
a series of ring electrodes. A RF voltage is applied to these electrodes in addition to
a DC gradient. The idea is based on the fundamental principle of the RF quadropole
ion trap from W. Paul'® (1953) [111]. This technique was adapted by the Tokyo
group in their RF-hopper approach in the early 1970s [112]. In 1997 on the IGISOL
workshop in Dubna, M. Wada proposed the first RF funnel for the transportation of
thermal ions in a large BGC [91]. The confining force of an inhomogeneous RF-field

in vacuum can be described by the pseudo-potential Veg:

€ 2

Vet Eg (4.22)

Amw?

where e is the elementary charge, m is the mass of the ion, w is the frequency of the
RF, and Fj is the electric field strength, respectively. Since the ions have to stop
before they can be extracted, the presence of the buffer gas damps the motion of the

ions by collisions and results in a lower effective potential Vig damp from Eq. 4.22:

w2

m%ﬁ (4-23)

‘/eff,damp =

where the damping factor ¢ is defined by the ion’s mobility K as:

e
0=—— 4.24
- (4.24)
Wada expressed the repelling force Frr in a quadropole field created by a pair of

adjacent electrodes as

V2 r
Fry = —mK2$ (d> . (4.25)

Here, d is half of the electrode spacing, Viunnel is the applied RF amplitude [108].

This repelling force decreases as the distance from the electrode structure increases

18W. Paul was honored with the Nobel Prize in Physics in 1989 for this work
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and also decreases in the presence of buffer gas [108, 113]:

e’ dE
(Fyac) = T omi? (de) (4.26)

where (Fy,c) is the average force action on charge particles in an inhomogeneous RF

field; in the presence of gas, it is reduced to

ot
1+ (g55)

Kmw

<Fdamp> = <Fvac> (427)

From Eq. 4.27 follows that the repelling force is proportional to the square of the
mass and inversely proportional to the square of the gas pressure.

The ions are dragged towards the Funnel exit by the electrostatic force Fpc created
by a DC gradient. For the given electric field strength Ey, the electric field force on

an ion with the velocity v can be deduced by:

v
Fpc = qEp — % (4.28)

The repulsive force of the RF field is a local phenomenon and is shown in Fig. 4.10.

BGCs with RF-funnel structure are found nowadays in several other BGCs as all

Fig. 4.10.: Left: RF gradient field produced by a series of ring electrodes with RF
equipotential lines indicated [100]. Right: Simulation for the ion motion
in a gas-filled RE funnel by W. PlafS. The figure is taken from [11}].

parts of the funnel can be produced with ultra-high-vacuum components [108]. This

makes the RF-funnel a suitable tool for chemistry experiments.

4.2.2 The gas chromatographic method

During the last decades chemical methods have been used to separate the desired
transactinide nuclei, which were synthesized in fusion evaporation reactions, from
unwanted byproducts. The gas-phase separation technique has the advantage that

the procedure is fast, efficient and can be performed continuously and is also par-
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ticularly suitable for one atom-at-the-time experiments with transactinide nuclei.
Gas chromatography separation experiments were particularly important for the
chemical investigation of most of the transactinide elements (see Sec. 4.1.4). In these
experiments special chromatography systems were used, where the chromatography
column is simultaneously used to detect the ERs via their characteristic nuclear
decay properties. Examples for this are the chromatography and detection systems
COLD and COMPACT detector. The gas-phase chemistry experiments are based on
the fundamental principle of adsorption and desorption, or in other words, of the
distribution coefficient between the mobile phase and the stationary phase'?. The

chromatographic principle is shown in Fig. 4.11. The chromatographic separation of

Peak

-1 ]
IR R ) — — 1 L. — =
Mobile phase | — 9 o _ | — =+ o _|Gas flow
,__. 9 ‘)\ o '\ ] _ ’\ .
Stationary phase I
COMPACT detector

<
<

\J

Fig. 4.11.: Schematic figure of the chromatographic principle.

the transactinide elements in the column takes place due to the repeated adsorption
and desorption in the stationary phase. The phenomena that occur during gas
adsorption on the surface of the solid are very varied due to the variety of surface
structures [115]. A distinction is made between physisorption and chemisorption.
The physisorption is based on the relatively weak Van der Waals interactions between
adsorbate?’ and adsorbent?!. The interaction is an electrostatic attraction of a
permanent or induced dipole moment of two species. The adsorption depends on
the gas pressure and is reversible. In comparison with chemisorption, where the
electronic structure of the adsorbed atoms/molecules is changed, physisorption does
not result in changes to the electronic structure. The categorisation of an adsorption
as physisorption or chemisorption depends principally on the adsorption enthalpy.
The adsorption enthalpy AH,qs ~ —20kJ mol~! for the physisorption is in the same
order of magnitude as the enthalpy of condensation [116, 117].

The chemisorption is based on chemically binding forces, and the adsorbate is bound
to certain sites of the adsorbent. The chemisorption is mostly irreversible and can

lead to the dissociation of molecules. The adsorption enthalpy AH,qs > 50kJ mol~!

9The stationary phase is the detector surface, which can be covered with gold (Au) or quartz
(SiO2).

20The atoms on the surface.

21The detector surface.
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is much larger and comparable to the reaction enthalpy. The adsorption kinetics is
dependent on the temperature. The reaction rate decreases with a decrease of the
temperature of the adsorbent. In extreme cases of physisorption or chemisorption
there is possibility that both phenomena can occur simultaneously.

Gas-phase chemistry experiments are based on the principle of gas-solid chromatog-
raphy and can be divided into two techniques to obtain thermochemical data of
transactinide elements: (i) thermochromatography (TC) and (ii) isothermal chro-
matography (IC). In the present work only IC was used and on this account, the

following discussion refers only a brief description of this method.

Basics of gas chromatographic transport

When transporting tracer amounts of transactinide elements through a chromato-
graphic column, the relationship between the migration speed of the particle and
experimental parameters is essentially determined by the adsorption enthalphy AH g
on the column material. The adsorption enthalpies are determined in this work
exclusively by the IC. In the following paragraphs the basics for determining thermo-
dynamic state functions are briefly discussed. In order to describe the extraction
processes in chromatographic columns correctly, the basic steps that determine the
transport process must be known. In the simplest case, it is an adsorption-desorption
process without changing the chemical state?” of the extracted species [118, 119].
This section concludes with the determination of the aforementioned adsorption
enthalphy by Monte Carlo simulations (see Sec. 4.2.2), which give access to this
quantity.

Isothermal gas chromatography

In the IC, the temperature along the column is kept constant and the volatile species
are transported through the chromatography column with a carrier gas. A closer
examination of the Height Equivalent to a Theoretical Plate (HETP) [118, 119] in
Fig. 4.11 shows that the distribution of transactinide atoms in the stationary (cstat)

and mobile phase (¢pop) is described by the distribution coefficient k,:

k= St (4.29)
Cmob

The migration distance zp by the individual transactinide element within the column

is a function of the processing time tg>*, the column surface area (a,)?* and flow

2ZFor example oxidation state in the mobile phase and stationary phase.
23Equivalent to the retention time.
24 Column area per unit length [cm?/cm]
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rate (@) of the carrier gas:

Qir
= 4.30
n= (4.30)
Eq. 4.30 shows that k, can be written as:
t
by = 9RO (4.31)
ZAdy,

The separation of two different elements is described by the their retention time.
Therefore, they travel at different apparent velocities in the mobile phase, causing
them to separate. The retention time is an important coefficient of performance
and can be understood in the framework of molecular kinetics, where the atom
spends a sum of the random elementary adsorption residence times which accompany
each adsorption event. The retention time (Eq. 4.32) in a isothermal column with

the temperature T, depends on the mean desorption time for a first order reaction

Ta = T0 €XP (%) and the number Z, = Y22 of adsorption—desorption events on

4Q
the way [120-125]:

zaThay, R AH&ds)
tp = 4.32
R o \ 2xm1, eXp( RT., (4.32)
SRT

In Eq. 4.32, the mean speed 7 = from the Maxwell-Boltzmann distribution,

M
the z coordinate along the column, and the period of the adsorbate oscillation 79>’
is used [120-125].

IC is a techniques where the adsorbate comes in contact with the adsorbent under
constant temperature. Depending on the temperature of the column and the adsorp-
tion interaction of the species with the column surface, they travel slower through the
length of the column than the carrier gas. The varying of the isothermal temperature
gives an integral chromatogram [18, 42, 45] and the characteristic quantity determined
by IC (see Fig. 4.12) is the temperature at which half of the introduced nuclides are
detected at the exit of the column (Tjqy) and at this point the retention time is
equal to the half-life of the radionuclide contained in the species. The extraction of
50% indicates the inversion point of the breakthrough curve. The yield of the species
at the exit of the column changes within a small interval of isothermal temperatures
from zero to maximum yield. The measuring of extraction yield as a function of
the temperature is shown in Fig. 4.12. The IC is a well suited technique for the
continuous separation of short-lived transactinide elements in on-line experiments
[18, 42, 49]. However, there are some disadvantages concerning the determination

of AH,g4s. In order to determine the temperature Txqe;, a measurement sufficiently

25The reciprocal of vibrations of the adsorbent lattice with a characteristic Debye “s phonon frequency
[126].
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Fig. 4.12.: Schematic representation of the IC method and the form of its typical
obtained chromatogram. Figure adapted from [18]

above and below this temperature is required, but this temperature is unknown a
priori. Therefore, several experiments at different isothermal temperatures have to
be conducted, which requires long measurement series below T5¢9 to demonstrate
that transactinide elements or compounds are retained in the column at a certain

temperature.

The adsorption enthalpy and the diffusion coefficient

In gas adsorption chromatography, the adsorption enthalpy is usually studied. The
desorption of a atom or molecule from the column surface requires overcoming an
attraction due to adsorption forces, since the adsorbed particle in the potential
minimum must be raised. A physisorbed particle oscillates in its relatively flat
potential well and can leave the surface again after some time simply because of
these oscillations. The Frenkel equation (Eq. 4.33), an Arrhenius-like expression, can
be used to deduce the temperature dependent mean time (7,) an atom spends on a

surface.

AHadS> (4.33)

Ta = T0 exp(— =T
C

Here, the activation energy is similar to the adsorption enthalphy AH,4s. The Frenkel
equation (Eq. 4.33) clarifies that with a decrease of the temperature the mean time

an atom spends adsorbed on the surface increases. From the Frenkel equitation, the
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temperature dependent Arrhenius-like adsorption rate (k,) can be derived in the
form [116, 117]

B AHugs\  agle Asgds> < AHads>
k, = Aexp( RT. ) =00 exp( 7 exp R, (4.34)

in a column with the length I.. Here, AS7 . and ¢ correspond to the standard entropy
change and mean radioactive lifetime of the transactinide nuclide. The use of models
in the microscopic framwork allows the simulation of the transit of an atom or molecule
through a column, and —AH,4s on the column surface can be deduced by using
Eq. 4.33 connecting the average adsorption time to the phonon vibration frequency
(1/79) via a Boltzmann factor containing —A H,4s. This thermochemical quantity
is characteristic for atom-surface interaction and is independent from experimental
conditions, such as gas-flow rate or temperature gradient [121-124].

In the following discussion, the diffusion is related to non-volatile atoms or molecule
compounds on the column surface. The diffusion leads to a broadening of the peaks
in the isothermal chromatogram. For Standard Temperature and Pressure (STP)
conditions an adsorbed particle can diffuse on the order of 0.1 um across the column
surface due to the concentration gradient (dc/dt) along the gas channel. The diffusion
is described by the 27¢ Fick’s law>® in absence of any chemical reactions as differential
equitation. The mean squared diffusional displacement < zp >2 of molecules, the

time of diffusion ¢ and the mutual diffusion coefficient Dy o are related by
< zp >?= 2Dy ot (4.35)

The diffusion coefficient D; s is described in dependence of the pressure p and

temperature ¢ by the semi-empirical Gilliland “s equation [127]

.00447%/3 1 1\%?
Dis 0.00 ( ) em?s™! (4.36)

27 Pl o) + (Mo pa) PR\ 0,

where p; and po are the density of the diffusing gas or carrier gas and My, Mo are
the molecular weights of the diffusing gas and carrier gas, respectively. The diffusion
of a transactinide element under STP conditions with common carrier gases from
Eq. 4.36 is around 0.01 — 0.1cm?s~ 1 [128].

Monte Carlo Simulation

Monte Carlo simulations are often used when problems cannot be solved analytically
or can only be solved with great effort. Here, a very large number of similar random

simulations are performed to solve the central issue by using the numerical probability

26Fick’s second law predicts how diffusion causes the concentration ¢ to change with respect to time
t: de

2 . . . . . . . . oy
= D1 %, where D1 2 is the diffusion coefficient in one dimension and z is the position

35



CHAPTER 4. THEORY

theory. The methods for calculating thermodynamic state functions presented in
Sec. 4.2.2 are based on the experimental determination of a deposition temperature.
The adsorption within the chromatographic column is not selectively but occurs in an
adsorption area on the column surface. The attempt to derive the information of the
adsorption enthalphy by the solution of differential equations is difficult. Therefore,
the movement of a particle is described as a result of numerous collisions with the
column surface, where the just-desorbed particle diffuses through the column by
random free jumps until it hits the surface again and adsorbs on it. Based on this
principle, the adsorption distribution is predicted by Monte Carlo simulations and
compared with the experimental results. A microscopic model of gas chromatography
was proposed by Zvara [121], on the basis of which gas chromatographic experiments
can be simulated with the Monte Carlo method. The code from Zvara et al. allows
to determine the expected yield of a volatile species for given adsorption enthalpy
and isothermal temperature. A detailed description of the proposed model by Zvara
is given in [121, 128]. In this section, only the basic aspects and equations will be
discussed.

The mean adsorption residence time of a particle in the adsorbed state is a random
variable and is given by the Frenkel equation (see Eq. 4.33). The Frenkel equation
shows a strong temperature dependence. With a weak interaction between the
adsorbate and the surface of AH,qs ~ 25kJmol™" at STP conditions, the mean
adsorption residence time is 7, = 107'®s. The mean adsorption residence time
increases to 7, = 1s already at temperature of 100 K.

According to the molecular gas theory, the mean flow velocity v1 in a given section
of the column is determined by the time 7, and the number of collisions with the
column surface. In an open cylindrical column with the column area (a,), the number
of collisions between a molecule and the wall at a given carrier gas-flow rate () results
in

_ |27RT. a.

Z, = 0 (4.37)

The distance that a molecule travels by random free jumps after successive collisions
with the surface can vary within wide limits (see Fig. 4.13). Short shifts in the
order of 1/Z, (after a collision with the surface) have a high probability, for large
jumps there is a small but non-zero probability. An approximation is used for the
probability in the Zvara model. In the simplified physical model, the molecule that
hits the wall generally experiences a series of adsorption-desorption processes without
changing the coordinates. This series is interrupted by large jumps 1 which have an
exponential probability distribution (p(n)) [121-124].

p(n) = 717 exp (—Z) (4.38)
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Fig. 4.13.: Microscopic model of the adsorption process of a molecule in a column
to describe exponential probability distribution p(n). Taken from [128]

The effective mean length of the jumps 77 at high laminar carrier gas velocities is
obtained from the mass flow velocity and the diffusion coefficient D1 2, which can be

calculated using Gilliland’s equation Eq. 4.36:

11Q

D1 (4.39)

ﬁ:

The adsorption residence probability p(7,) for a random number of collisions in a

series is given by

1 Ta

P(7) = 7o &P (_TanZ) ' (4.40)
The path of a real particle through the column will be described by a series of jumps
in the Monte Carlo simulation. After each jump, the total extraction time (total
retention time in the mobile and stationary phase) is compared with the actual
duration of the chromatographic experiment for the given particle. This depends on
the time when the particle enters the chromatography column, the half-life of the
used nuclide and, if applicable, the time it takes to pass through the chromatography
column. This series of jumps is repeated until either the molecule decays inside the
column due to its finite lifetime or it reaches the end of the column and the last
coordinate of the particle is saved in the chormatogram. Afterwards, the process

begins with the simulation of a new particle.

4.2.3 Gas-flow kinetics

Gas-flow kinetics play an important role in the description of effects in chromatography
or in the BGC. They help to understand complex processes such as the diffusion
coeflicient or the viscosity. Both phenomena are part of the discussion of the Monte
Carlo simulation. In the following section, the most important quantities of gas
flow kinetics are briefly presented, which are then also used to characterize the
buffer gas cell. Turbulence should be avoided in chromatography as well as in the
extraction of ions from an BGC. In the gas chromatography, turbulent flow profiles
have a significant negative impact on the separation performance. Turbulence are

an important phenomenon, which is relevant for gas cells. The gas-flow can become
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turbulent, if the gas cell has inner shapes, which caused excessive kinetic energy in
parts of a gas-flow. This leads to a loss of desired ions since an ion is stopped inside a
vortex, where it cannot reach the gas cell exit anymore, or the ion can collide with the
gas cell surface and is lost. Both effects lead to a drop in the extraction efficiency and
should be avoided if possible. Such phenomena may become problematic especially
in larger gas cells with high buffer gas-flow rates. The same phenomena also occur in
the following detector unit. The dimensionless Reynolds number (Re) [129] provides
a simple way to calculate the level of turbulence. The equation describes if flow
conditions lead to laminar or turbulent flow. The Reynolds number is given by [130,
131]

_ pmuL
Ui

Re

(4.41)

where pp, is the mass density of the gas, v is the gas velocity, L is the length of the
gas cell, and 75 is the gas specific dynamic viscosity. The specific dynamic viscosity
for the typically used buffer gas He is nyis = 20 uPas [132].

A laminar flow occurs when the Reynolds number is below a critical value of ap-
proximately Re < 120. At larger Reynolds numbers a vortex behind objects occurs
and if the Reynolds number increases to several thousands the flow starts to be fully
turbulent [130, 131].

Diffusion

The diffusion of atoms and ions in the buffer gas volume or gas duct is an important
parameter as it is responsible for one of the significant ion loss mechanisms in a gas
cell or peak broadening in the chromtographic detector unit. In the following a brief
overview about the diffusion phenomenon is given. The diffusion of a particle due to

a cencentration gradient dc/dz is described by the 15¢ Fick’s law.

J(z) = —D% (4.42)

where D is the diffusion coefficient and J(x) is the flux of atoms. The diffusion of a
particle takes place until the difference in concentration as the cause of the diffusion
is reduced. The change in concentration in a volume element V = AAs over time is
given by

de A

e V[JJ;(S) — Jo(s + As)] (4.43)
with the area A, where the ions diffuse through, and s the coordinate of the area.

By assuming a constant diffusion coefficient D, Eq. 4.43 can be simplified to the 27
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Fick’s law

dc d?c
—=D— . .
dt dz (4.44)

The solution of this differential equitation is a normal distribution [116, 117],

2

N T
p(z,t) = SAVaDi exp < - 4’%) (4.45)

with the standard deviation,

o(t) = v2Dot . (4.46)
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Scope of the current work

In the last years, the focus on the research of SHE is shifting since the synthesis
of new heavier elements is technically complex. The low production rate and low
half-lives pushes the experimental setups to their limits. In chemical experiments
with SHE, the coupling of an RTC with a chemical gas-phase chromatography system
has developed over the years into a very powerful and universally applicable method.
A well established technique to study chemical properties of transactinides is to
measure their interaction strength with heterosurfaces. Current experimental setups
involve the synthesis of the element under study in nuclear fusion reactions, followed
by thermalization in a gas-filled volume. This is either mounted directly behind the
target [18, 74] or behind a physical preseparator [49, 59, 85]. Extraction from this
chamber is the most time-consuming step in many contemporary setups of this type,
and requires about 1s or more. Furthermore, chemistry setups are typically coupled
to these gas-filled chambers via plastic tubing. In case of strong interactions of the
elements with the surface of these tubes, they adsorb on the surface and decay there
before reaching the subsequent detection system. This approach allowed the study
of volatile species of the transactinide elements including Sg(CO)g [65], HsO4 [64]
or elemental Cn [133] to F1 [82], which are the heaviest elements, whose chemical
properties have been studied. The radioisotope 28*Nh is available as the daughter of
28 Mc (moscovium, Z = 115) and would in principle allow similar experiments with
Nh [80, 81]. Looking beyond, to heavier elements, such extraction times from the
RTC are significantly longer than the half-lives of readily accessible radioisotopes
of all elements with Z > 114 (t/2 < 200ms) via **Ca-induced nuclear reactions.
Exceptions are 2*Mc and ?°°Mc, but the production of these radioisotopes is only
possible with 24Bk-targets, which are rarely available. Consequently, no chemical
studies with moscovium or even heavier elements have been performed to date. Less
volatile species were extracted from the gas-filled volume and carried over reactive
surfaces by the aerosol-jet technique, including (oxy)halides of Rf, Db, Sg, and Bh
[45]. For chemical studies of elements beyond F1 or Nh, which are short-lived and
are expected to be reactive [134—136], these limitations need to be overcome. In the
case, if we take into account production rates and the half-lives of SHEs, which are
accessible via fusion-evaporation reactions, there is an experimentally inaccessible
area with state-of-the art techniques (see Fig. 5.1). Similar challenges are present
in neighboring fields, including nuclear and atomic physics studies of short-lived
exotic nuclei. A successful technique to forward these to a variety of experimental

setups is by coupling using Buffer-Gas-Cells (BGC) with superimposed electrical
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Fig. 5.1.: Production rate of SHFEs folded with an 1 s-extraction-delay. The delay is
due to the needed extraction time of the current used setups. The lines
are added to guide the eye.

fields providing very short extraction times down to milliseconds [108]. To explore
the applicability of the BGC technique in the field of chemical studies of the heaviest
elements, we present here exploratory studies on the combination of a BGC with
state-of-the-art chemistry setups suitable for studies of transactinide elements.

For the gas-chromatographic studies of non-volatile elements like Fr, a newly devel-
oped miniCOMPACT was introduced. Such a system should be comprehensively
characterized in accordance with the current methods and strategies. This includes
the characterization of the extraction efficiency together with the extraction time
and the influence of all operating conditions on the extraction characteristics. The
development of a suitable interface for connecting the chemistry setups to the BGC
is a prerequisite for its practical use.

This work presents the first successful coupling of the COMPACT detector to a
BGC with superimposed electrical fields and the first extraction of elements in the
ionic stage. So far, this method has been limited to volatile elements in the neutral
state. The extracted ions neutralize with their first wall collisions in the novel
miniCOMPACT and are then accessible for gas-chromatographic studies. Based on
this, this work additionally presents the first extraction of the non-volatile Fr. The
here presented system of the BGC with the COMPACT detector proves the efficiency
to get access to elements beyond F1 with short half-lives within the extraction time

of several ms.
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Experimental setup

The experiments introduced in the present thesis are divided into two parts:
I. off-line measurements with a-recoil-ion sources and

IT. on-line measurements conducted at the GSI Helmholtzzentrum fiir Schwerio-
nenforschung in Darmstadt (Germany) and at the Cyclotron Institute at Texas
A&M University, Collage Station, TX (USA)

This chapter first discusses the setup for the off-line measurements with the 2?°Ac
(Sec. 6.1.1) and 2?*Ra (Sec. 6.1.2) recoil-ion sources followed by the setup for the
on-line measurements (Sec. 6.2). The chapter concludes with a detailed overview of
the BGC (Sec. 6.3) and the detector array (Sec. 6.4). In on-line experiments the BGC
was directly connected behind the recoil preseparator (see Fig. 6.1A). The produced
ER ions entered the BGC through a thin Ti entrance window (a few microns thick)
and were stopped by collision with the He buffer gas. During off-line experiments,
the respective recoil-ion source mounted on a linear motion feedthrough replaced the
recoil separator and the entrance window (see Fig. 6.1B). The thermalized ions were
accelerated by the applied electric field gradient of the BGC electrode system. In
the funnel section, a repelling force generated by the RF field prevents the ions from
hitting the electrode surface and they were guided to the BGC exit. After the funnel
exit, the ERs were injected either directly into the detector array or into a transport

line, which was connected between the funnel exit and the detector array.

6.1 Off-line measurements with recoil-ion sources

The investigation of the characteristics of the BGC such as extraction efficiency and
extraction time of ions was performed off-line with the recoil-ion sources installed
inside the BGC (Fig. 6.1B). The sources replaced the the accelerator, recoil separator
and entrance window compared to the setup used during on-line measurements (see
Fig. 6.1A). This thin source without a protective layer enabled a-decay products to
recoil out of the source. The recoil-ions were used to simulate ERs and no external
ion beam was required. Using a recoil-ion source offers several additional advantages.
On the one hand the number of released recoils in the stopping volume is known
accurately for the first daughter in the decay chain and on the other hand due to
their small size, they can be considered as a point-like sources [93, 137, 138]. They
are suitable for the investigation of the extraction efficiency and the extraction time

of ions from the BGC due to creation of ions in a well-defined region of the stopping
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6.1. OFF-LINE MEASUREMENTS WITH RECOIL-ION SOURCES

Fig. 6.1.: Schematic overwiev of the setup. In A) (black square) the setup for the
on-line mesurments is shown. The ER ions (1) passing through the
entrance window (2) enter the BGC. For the off-line measurements B)
(blue square), the respective recoil-ion source (3) is installed inside the
BGC. Ions will be guided to the exit by a DC cage (4). In the
funnel-structure (5), an RF field prevents the ions from hitting the wall.
The ER ions were transferred via the transition electrode into the
transport line. The a-decay was registered in the COMPACT detector
array (8). The laminar gas-flow was generated by a diaphragm pump (9).

volume. In addition, they are useful tools for optimizing the BGC parameters before
on-line experiments. In the following section, the 22°Ac and ?23Ra recoil-ion sources,
which were used in the off-line experiments are introduced. Tab. 6.1 summarizes
the information of the two off-line recoil-ion sources, which were used in the present
experiments. In addition, the branching ratio for the a-decay (b,), activity (A) and

energies (E,) of the most intense a-lines are included.

6.1.1 225 A¢ recoil-ion source

The daughter 2?'Fr (Ty/2 = 4.9min) of the a-decay of 225 Ac¢ (T1/2 =10d, 1.6kBq
activity) is highly chemically reactive. This can be explained by the availability of one
unpaired electron in its ground state configuration 7s' [140-142]. The 22°Ac source
was produced via molecular plating [143, 144] at the Department of Chemistry -
TRIGA site (Johannes Gutenberg University Mainz, Germany) [145, 146]. For
the molecular plating, the nitrate compound of ??Ac was diluted in nitric acid
and isopropanol. Fig. 6.3 shows a schematic view of the PolyEtherEtherKetone
(PEEK) cell, which was used for the molecular plating. A Ti-block serves as the

anode and a metallic cylinder with a hemispherical tip was used as cathode. Only
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Fig. 6.2.: Photograph of the used source cone at the end of the linear-motion
feedthrough. This type of source cone was used for both recoil-ion sources.

Tab. 6.1.: Parameters of the used ?*>Ra and ?% Ac recoil-ion sources, which were
used for the efficiency measurements. E, is the a-particle energy and I
the intensity of the corresponding line; b, the branching ratio for alpha
decay and P rejeqse S the recoil release probability from the source surface.
The o activity (A) and the effective release rate (N'°*), which is needed
for efficiency determination of both sources is given. Data were taken
from [139].
A ba decay 12 E. Proloase ot
(kBq) (%) products (%) (%) (-1000s™ 1)

Source

2Ra 86+05 100 *“Rn 3.96s  79.4(1) 6819.1(3) 100 8.6(5)
12.9(6)  6552.6(10)
7.5(6)  6425.0(10)

5Py 1.78ms 100 7386.1(6) 8.6(5)

25A¢ 1.6 £0.2 100 21 gy 4.9min  83.4(8) 6341.0(13)  23(2) 0.37(5)
15.1(2)  6126.3(15)

Recoil source (cathode)

PEEK funnel

Oranic solution

Fig. 6.3.: Experimental setup for the molecular plating of the ?*® Ac recoil-ion
source.
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6.1. OFF-LINE MEASUREMENTS WITH RECOIL-ION SOURCES

the tip was immersed in the organic solution reservoir, so that the activity was
deposited only in this small area. A voltage of 1200V was applied for 40 min to the
metallic cylinder. The deposition yield was determined by a-particle measurements
of the supernatant solution after the molecular plating. Fig. 6.4 presents the decay
chain of the ?? Ac recoil-ion source used during the off-line measurements and the

corresponding a-spectrum is shown in Fig. 6.7A.

225Ac
10.0d

221Fr
4.77 min

209B; 213p, 217 At
- 42 ps 32.3 min

Fig. 6.4.: The 225 Ac decay chain for the 2?® Ac recoil-ion source. The half-life and
the decay mode (yellow: a-decay; blue: B~ -decay) is given. Data were
taken from [139].

6.1.2 223Ra recoil-ion source

Short-lived 2!Rn ions (T, /2 = 3.96s) were obtained as a-decay daughter products
emerging from a source of the a-decay precursor 2**Ra (T4 /2 = 11.43d) with 8.6 kBq
activity. Fig. 6.5 presents the decay chain of the ??*Ra recoil-ion source used during
the off-line measurements. Rn is a suitable model element for the behavior of non-
reactive volatile species due to its closed electron shell configuration 4f145d'06s26p%
[140-142]. The production of the ??*Ra recoil-ion source was conducted at the
Department of Chemistry- TRIGA site (Johannes Gutenberg University Mainz,
Germany) [137, 147]. A nitrate solution of the isotope ?2"Ac (200kBq activity)
was electrochemically deposited on a 100 ym-thick Ti-foil (see Fig. 6.6). 2?3Ra ions
recoil from the 227 Ac source after the -decay into 22"Th. The ??3Ra ions were
thermalized in 40 mbar He gas and ~ 85% of the recoiling Rn remained as ions after
the thermalization process [138]. The ??*Ra ions were accelerated by an electric field
(25-35V/cm) an guided to a metallic cylinder with a hemispherical tip, which was
placed 2 cm above the 227 Ac source. The ?23Ra recoil collection efficiency was about
20% [137]. The loss of 223Ra recoils is explained by the influence of the thickness of
the 227 Ac source. Not all 22Ra recoil-ions emitted into the anterior hemisphere can
leave the source. The source thickness is not only due to the 227 Ac, but in particular
to metallic impurities (Pb, Th). The a-sepectrum of the ??*Ra recoil-ion source is
shown in Fig. 6.7B.
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227Th
18.7d

ol .
_07pb 211131 215P0
2.17 min 1.8 ms

Fig. 6.5.: The 2?" Ac decay chain for the *23 Ra recoil-ion source. The origin source
was 22" Ac. The half-life and the decay mode (yellow: a-decay; blue:
B~ -decay) is given. Data were taken from [139].

150 V

Insulator

[

:H 4|1
\/

Plastic plate — -v 223Rn recoil
|

I:[><] to pump

"~~~ source (cathode)

227Ac source

Fig. 6.6.: Experimental setup for the production of the **3Ra recoil-ion source.

6.2 On-line measurements behind a recoil separator

The herein presented on-line experimental data for the extraction efficiency were
collected in five individual fusion reaction experiments with accelerated **Ar- and
48Ca-beams and five different solid-state lanthanide targets. The experiments with
the “°Ar beam were performed at Texas A&M University (USA) Cyclotron Institute
at the Momentum Achromat Recoil Spectrometer (MARS) with the K500 cyclotron
[148]. The *®Ca induced reaction was performed at GSI Helmholtzzentrum fiir
Schwerionenforschung in Darmstadt (Germany) at the TransActinide Separator
and Chemistry Apparatus (TASCA) [149] with the UNIversal LinearAccelerator
(UNILAC) [21, 150, 151]. An overview of the principal on-line experimental setup is
given in Fig. 6.1a.
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Fig. 6.7.: a-decay spectra of the extracted **> Ac (A) and **3*Ra (B) ions and their
decay products. The energy resolution in the a-spectrum was about 70 keV

(FWHM) for 223 Ra and about 90keV (FWHM) in the case of 225 Ac.

6.2.1 Beam production

The chemical studies of SHEs require neutron-rich isotopes with half-lives of a few
seconds. The required neutron-rich isotopes can be produced in hot fusion reactions
of actinide targets with light ion beams. For the experiments described in this
dissertation lighter homologous were studied as model elements for the chemical
behavior of the SHEs. These were produced in fusion-evaporation reactions with
projectile energies above the Coulomb barrier [49, 82, 115, 152]. In the following

paragraph the K500 cyclotron and the UNILAC are comprehensively described.

Experiments at MARS - The K500 cyclotron

To perform the fusion reactions for the studied extraction efficiency behind the MARS
spectrometer, an accelerated beam of “°Ar projectiles was required. Therefore 4°Ar
was fed into an 6.4 GHz Electron Cyclotron Resonance (ECR) ion-source and here
the Ar atoms were ionized in the ECR source plasma. These ions were transferred
into the K500 cyclotron and accelerated to the requested energy. To eliminate
unwanted contaminants, the cyclotron additionally performs an intermediate charge-
to-mass /M selection. The charge state of “°Ar projectiles used in these efficiency
experiments was 5. The requested 190 — —212 MeV primary beam energy at just
about the Coulomb barrier was achieved by operating the K500 in 2"¢ harmonic
mode. The beam energy for the experiment was determined experimentally by
passing the accelerated ions through a  0.05 mgcm? " C foil and measuring the
magnetic rigidities of the resultant charge states. The average beam intensity on
the target was 2.5(2) - 10'° particle s™1. The MARS spectrometer is installed in the
Heavy Ion (HI)-branch of the Cyclotron Institute facility, as shown in Fig. 6.8.
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Fig. 6.8.: Schematic overview of the Cyclotron Institute facility. The beamline that
was used for the experiments at the Cyclotron Institute behind the MARS
spectrometer is clearly shown, while all other branches have been blurred.
Figure is modified from [153].

Experiments at TASCA - The UNILAC

The required **Ca primary beam for chemical experiments at TASCA was provided
from the heavy ion linac UNILAC with a duty cycle of 25% (5ms pulse length,
50 Hz repetition rate, main beam) or 2.5% (5ms pulse length, 5 Hz repetition rate,
parasitic beam). The gas-filled separator TASCA is established in the cave X8 of the
UNILAC experimental hall. A high-temperature oven was used to volatilize **Ca,
which was afterwards ionized in a inductively coupled plasma of the ECR ion-source.
TASCA is coupled to the UNILAC via a differential pumping station, which serve
to separate the high vacuum area of the accelerator (around 10" mbar) from the
low vacuum area inside the gas-filled separator (typically 0.8 mbar). The differential
pumping system consists of one Roots pump and two turbo molecular pumps. The
advantage of this windowless separation of the accelerator and separator is that the
beam intensity can be increased without the limitation of stability of the window.
The beam intensity is only limited by the stability of the used target backing and the
target. Both have to withstand the highly-ionizing environment created by the beam.
The extracted beam intensities were measured by passing through two transformers,
one positioned near the entrance to the X-branch, and another one just upstream
of the target position. The average beam intensity on the target was 1.8(2) - 101!

particle s7'. The present GSI accelerator complex is shown in Fig. 6.9.
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Fig. 6.9.: Schematic overview of the GSI UNILAC and ECR source [15/].

6.2.2 Targets

The thin round targets foils used in the efficiency measurements behind the MARS
spectrometer were made of lanthanide elements. Two different targets were irradiated:
a 300-pg/cm?-thick 1%°Ho target (monoisotopic composition) and a 300-ug/cm?-thick
samarium target (isotopic composition: 50% 1449m; 50% 147Sm). The targets were
prepared by thermal evaporation onto 2um-thick Ti-target backings [155]. In the
extraction experiments behind TASCA were the rotating target wheel installed,
which consists of four banana-shaped 395 g cm™2-thick 1% Ho-segments (arc-shaped,
monoisotopic composition on 2 ym Ti). The target wheel were rotated synchronously
with the beam-macrostructure [156]. For the preparation of lanthanide target foils,
Physical Vapor Deposition (PVD) and Electrochemical Deposition (ED) were used.
Both methods will be described in the following paragraphs. A summary of the used
targets is given in Tab. 10.1.

Physical vapor deposition

The 144147Sm (for the 4 Ar-experiment at TAMU) and %> Ho (for the “®*Ca-experiment
at GSI) targets were prepared by vapor deposition and were made in the GSI target
laboratory. For the target production natural samarium or holmium was evaporated
from a Pt crucible. The Sm/Ho vapor is transported in a low vacuum region
from the source to the substrate. On the substrate, the Sm/Ho vapor undergoes
condensation to form a thin Sm/Ho layer on the 2 um-thick Ti backing [145, 155,
157]. The *4147Sm or 1% Ho targets were covered with carbon layer of 5 ym, which
was evaporated by resistance heating [155]. The targets for the TAMU experiment

were stored and transported under inert gas atmosphere.

Molecular plating

The “°Ar experiments used a 2Gd (460 ug cm 2 1%2Gd203 on 2 ym Ti) and a '°Ho
(300 g cm™2 16°Hoy03 on 1 um Al) targets. The targets were mounted on a "target
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ladder” and inserted into the target chamber for the ion-beam irradiations. The
ladder was made of Al and had the capability of holding up to 8 targets [152]. All
these targets were in oxide form and were prepared by the MP technique, which is
called molecular plating. The targets on the Ti-backing were produced by the staff
of the the Department of Chemistry-TRIGA site (Johannes Gutenberg University
Mainz, Germany) [145, 158] and the '%°Ho target on Al were produced at Texas
A&M University [143, 159-161].

Molecular deposition was chosen because of its high deposition yields and the
possibility to recover the target material. For the molecular plating, a small quantity
of the Gd or Ho isotope was dissolved in 0.1 M nitric acid. 12-14 mL isopropanol
was added and the solution was transferred to the PEEK electrodeposition cell. The
Al and Ti foils were purchased in high purity (minimum 99.999%) and prepared by
a step-by-step cold-rolling process in a laboratory roller until the desired thickness
of the foil was reached. Afterwards, the rolled foils were cleaned with acetone and
isopropanol before mounting on the Ti-cathode. A voltage of 150V was applied to
carry out the molecular plating with current density of 1.5 mA cm~2. The ED process
typically had an overall efficiency of 90%. The targets were stored and transported to
the Cyclotron Institute at Texas A&M (USA) under inert gas atmosphere. Tab. 6.2
summarizes the experimental conditions for the MP of the targets used in this

dissertation.

Tab. 6.2.: Conditions for the MP of 44147 Sm and 195 Ho targets.

Isotope Backing Voltage Time Target density

(V) ) (ngcm™=2)
15234 Ti 150 4 460
165 Al 400 1 300

6.2.3 Physical separators

The production of SHEs in fusion-evaporation reaction is a challenge and requires
constant advances in efficiency. The low cross section for SHEs result in low production
rates of a few atoms per day [82, 115]. This is the primary restriction for many
chemical studies on a one-atom-at-a-time scale. Their identification relies on ’clean’
background, where byproducts do not interfere with the decay chain of the SHE.
The required sensitivity for the identification can be achieved with the combination
of physical pre-separator and the chemical technique. The gas-filled separators
TASCA and MARS separated the contamination of lighter elements and unwanted
side reactions from the ERs based on the magnetic rigidity B,. In the following
paragraphs, a description of the used pre-separators TASCA and MARS spectrometer

is given.
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MARS

The experiments at the Texas A&M University Cyclotron Institute were performed
with the MARS spectrometer and a schematic of MARS is given in Fig. 6.10. The
MARS spectrometer consists of the Wien Filter, three dipole magnets, five quadrupole

magnets, and two sextupole magnets [148, 152].

Beam
D1 dump

Qy
i
|-

3

Beam

Fig. 6.10.: Schematic view of the MARS spectrometer. The subscripts on each of
the quadrupole or dipole magnets indicate the focusing plane of the
magnet. The incoming beam from the K500 cyclotron enters the target
chamber (TC) from the left side. The flight trajectory of the ERs to the
detector chamber (DC) are also shown [148, 162].

The MARS spectrometer used the magnetic rigidity dispersion in the dipoles D1
and D2 (both bend with an angle of 35°) and the velocity filter (Wien filter) to
separate the primary beam from the ERs. In the first separation stage, the ions were
separated in a magnetic field B in dependence of their magnetic rigidity Bp (where p

is the radius of curvature) to their momentum (mv) to charge (q) (shown in Eq. 6.1).
Bp=— (6.1)

In the second stage, the Wien filter selected particles based on their velocities. The
employed electric field, the trajectory of the charged particle and the magnetic field
were perpendicular to each other. The ERs can leave the Wien filter, if the Lorentz
force (quB) is equal to the electrical force (¢F). For the velocity v of the transmitted
ER in dependence to the electric £ and the magnetic field B strength, Eq. 6.2 is
valid [96, 163]. The dipole D3 steers the product beam up and was held at an angle
of 5°.

E
V=g (6.2)

The quadrupol magnets Q4 and Q5 provide horizontal and vertical focusing after
the Wien filter into the Focal Plane (FP), where the BGC was located.
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TASCA

The TASCA separator was built in the cave X8 in the UNILAC experimental hall in
2005 and successfully put into operation after a two year commission phase in 2008.
TASCA was designed as a compact gas-filled separator with maximum transmission
for SHESs, which are produced in hot fusion evaporation reactions. A schematic view

of the TASCA setup is given in Fig. 6.11. The separator consist of a dipole with an

Fig. 6.11.: A schematic layout of a TASCA. The primary beam (1) from the
UNILAC passes through a rotating target wheel (2). The separator
TASCA consists of one dipole (D) magnet, where unwanted nuclear
reaction products and unreacted primary beam (3) are separated from
EVRs and subsequently focused by means of two quadrupole (Q))
magnets. At the exit of TASCA, a entrance window (4) separates the
low-pressure region in TASCA from the high-pressure region in the

BGC (5). The figure was adopted from [68].

angle of 30° and a quadrupole doublet [149, 164]. The “®Ca-beam passes a differential
pumping system before entering the target station with the rotating target wheel
[156]. The wheel was synchronized with the beam macrostructure to irradiate the
target segments in an alternating sequence to minimize thermal stress for the target
segments. Additional, the target wheel was installed in a target cassette to prevent
contamination of the UNILAC or the TASCA setup in a case of an accident. The
compound nucleus ERs are formed with the momentum of the beam and recoiling
through the target before they enter TASCA. The TASCA setup was operated in
the DQQ (here, D = dipole magnet and Q = quadrupole magnet) configuration
and were filled with 0.8 mbar He gas. The primary beam and unwanted byproducts
from the fusion reaction were separated from the ERs in the dipole magnet by their
magnetic rigdities B, (see Eq. 6.1). After the dipole, the ER beam was focused by
the qudropole doublet, which was operated in the High Transmission Mode (HTM)
with the DQpQ, (here, the indices indicate horizontal (h) or vertical (v) focusing of
the respectively quadropole magnet) into the FP [164].
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6.2.4 Focal Plane Detector

The evaporation residues produced in the *°Ar and “8Ca-induced reactions were
separated using physical pre-separators and focused into a detection chamber. The
quadrupole magnets focused the nuclear fusion products at a given position in
the detection chamber, and the plane along the focusing axis is called focal plane.
Inside the detection chamber, FP detector was positioned into the FP, and the
EvRs implanted into this detector. The FP events were detected by a 16-strip
Position-Sensitive Silicon Detector (PSSD) in case of experiments at MARS and by a
Double-Sided Silicon Strip Detector (DSSD) in case of experiments at TASCA. The
PSSD had an active area of 50 mm x 50 mm and was 300 pm thick. The Bias Voltage
was -60 V. The a-particle detection efficiency epet was calculated to be (554+3)% [148,
152]. The active area of the DSSD for the TASCA experiments was 60 mm x 60 mm
and was 310 ym thick. The geometrical detector efficiency epe; was about (60+3)%
for detecting an emitted a-particle. The PSSD and the DSSD was energy calibrated
before the experimental series with a four line a-particle source, which contained
~ 370 Bq each of “8Gd, #?Pu, ?*!Am and ?**Cm. The internal calibration was
conducted by using the energy of ERs from a-decay products of the respective 40 Ar-
or ¥8Ca induced fusion evaporation reactions. The measured « energy values can be

extracted from the calibration spectrum with the following equations:

Ea,ext = Mlext * channel + bext (63)
Ea,int = Mint - channel + byt (64)
Eo = Mext - Ming - channel + Myt - bext + bin, (65)

where m and b describe the slope and intercept and the subscripts the internal and
external calibrations, respectively. Tab. 6.3 summarizes the expected a-energies E,,
with the corresponding intensity I of the respective a-line and the branching ratio
bo of the a-decay.

The Focal Plane Detector (FPD) was used to determine the extraction efficiency of
the produced ERs. The extraction efficiency is defined as the ratio of the number of
ions which reached the subsequently detector unit to the number of the ions entering
the BGC trough the entrance window. It is essential to determine the exact number
of ions, which reached the stopping volume of the BGC.

For the chemistry experiments with the gas-phase chromatographic detector unit,
the FPD was replaced in the FP with the BGC and the subsequent detector unit.

6.3 Buffer-gas-cell

The BGC is a device suitable for transforming fast recoil-ions into low-energy
radioactive beams. For the proof-of-principle studies reported here, the former room

temperature BGC, which was originally built at Ludwigs-Maximilian-Universitéit
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CHAPTER 6. EXPERIMENTAL SETUP

Tab. 6.3.: Decay properties of the nuclides used for the calibration of the DSSD and
PSSD
Nuclide Ty ba 1 E.

(2 (%) (%) (MeV)

gy 4z 109 S0(10) 549

13.0(6)  5.44
73.3(8)  5.16
Z9pu 24110 100 15.1(8)  5.14
11.5(8)  5.11
R

148G 75 100 100.0 3.27

Munich, Germany, and has more recently been used at the Separator for Heavy-Ion
reaction Products (SHIP) for high-precision mass measurements of No and Lr isotopes
[93, 100] was used. The BGC has two tasks: (i) stopping of the produced ions and
(ii) transport of the ions towards to BGC exit.

The reaction products of the nuclear fusion are thermalised and extracted as charged
ions in a gas-cell with superimposed electric fields. The BGC is the interface, which
connects the pre-separator with the gas-phase chemical experimental setup. On the
basis of low production rates for the fusion reactions of SHEs, there were special
requirements of the BGC. A fast and effective extraction of the produced ions towards
to the detector unit is the key requirement for the BGC. For the effective extraction
and guiding of the ions inside the BGC, a optimum purity of the whole setup is decisive.
Already amounts of impurities can form molecules or make recombination reactions.
Both together will limit the applicable electrical field strength. Therefore, the
experiments with the BGC were performed in Ultra-Vigh Vacuum (UHV) conditions
(<1072 mbar). A DC-field gradient and Radio Frequency(RF)-field generated by the
BGC electrode system guide the thermalized ER ions to the exit. Gas catcher with
an RF-Funnel were introduced in of the INS-RIKEN gas cell [165], the Argonne typ
gas cells [166] and the SHIPTRAP gas cell [100]. The detector array behind the
BGC exit was connected either directly or connected with via a transport line. The
combined efficiency for stopping and extraction is of about 12% [93]. A schematic
view of the two techniques, which were used in off-line and on-line experiments, is

given in Fig. 6.1.
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6.3. BUFFER-GAS-CELL

Tab. 6.4.: Optimum parameters for the operation of the gas stop cell.

source position related to funnel exit (dpes) 260 mm
stopping gas Helium
pressure in inside gas stop cell (pcen) 30-100 mbar
pressure in inside COMPACT (pcom) 30-40 mbar
Surface of COMPACT Au or SiOq
Operation mode COMPACT Isothermal chromatography (IC)
Electrode (symbol) Voltage (V)
Source Voltage (Usource) 245

DC cage max (Upc,,...) 300

DC cage min (Upc,,,,) 80
Funnel max (Upunnel,,., ) 75
Funnel min (Urunnel,,, ) 15
Funnel amplitude (Ugr) 160
Funnel frequency (frr) 796 kHz

6.3.1 DC Cage

The DC cage (see Fig. 6.12) is one of the key parts of the BGC. The DC cage contains
the stopping volume for the ions and consists of five cylindrical electrodes with an
outer (inner) diameter of 180 mm (160 mm). The different DC electrode segments
were assembled at the distance of 1 mm via five ceramic screws.

The incoming nuclear fusion products or recoil-ions were thermalized in 30-100 mbar
helium gas and extracted as charged ions. The main driving force for guiding the
thermalized ions towards the exit originates from the voltage gradient applied on the
DC cage, which drives them towards the end of the cell. The cylindrical design of
the DC cage electrodes ensures a homogeneous electric field within the enclosed stop
volume. If a recoil-ion source were inserted into this field leads only to a low electric
field distortion [97]. The specific voltages for the electrodes of the DC cage as well
as all other important operating parameters of the gas stop cell are summarized in
the Tab. 6.4. Unless otherwise stated.

6.3.2 RF funnel

The RF-Funnel (see Fig. 6.13) is a conical electrode system consisting of 40 stainless
steel ring electrodes with a constant distance between two adjacent electrodes of
1mm. The thickness of each electrode is 1 mm. There are two sets of electrodes, the
first set of electrodes has an RF waveform applied to it, while the second set has a
180° phase-shifted of the same frequency compared to the first electrode set. The
basic principle to focusing the ions via the RF funnel can be described by an ion
in a quadrupole field (see Sec. 4.2.1). In such a field, the opposite RF waveforms
cancel each other out at any significant distance away from the electrode surface,

when the electrodes are relatively close together. Only near the electrode surface a
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CHAPTER 6. EXPERIMENTAL SETUP

Fig. 6.12.: The DC cage structure in a schematic view. The DC cage consists of 5
ring segments, which were connted to an RF-/DC-mixing board. The
system is fized to the entrance flange via four ceramic spacers.

repulsive force prevents the ions from collisions with the electrodes [97, 165]. The
DC gradient in the RF funnel was used as a continuation of the DC cage gradient in
these experiments and therefore operated with the exact same values. Due to the
resulting effective force Fog (see Fig. 4.10), the ions guided through the electrode
structure of the BGC. The specific voltages for the RF funnel as well as all other
important operating parameters of the BGC are summarized in the Tab. 6.4. Unless
otherwise stated, the voltages given there were used for all experiments described in

the following sections.

Fig. 6.13.: The RF funnel structure in a schematic view with the 40 ring electrode
plates and the ceramic spacers between adjacent plates. The left side
shows the complete funnels with the ceramic spacers (green). On the
right side, a half-cut of the funnel structure is shown. The contour of
the last funnel ring electrode is complete shown (blue).
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6.4. COMPACT DETECTOR ARRAY

6.4 COMPACT detector array

Two COMPACT arrays (see Fig. 6.14), each consisting of 2x 32 Positive-Intrinsic-
Negative (PIN) silicon photodiodes with an active area of (9.7x9.8) mm? were
attached together with indium-wire sealing. In COMPACT, the chromatography
column is made up from two rows of PIN diodes, which were mounted with the
active areas of both rows facing each other at a distance of 600 ym, thus forming a
32-cm long column with a cross section of 0.6x 10 mm?. The surface of the diodes is
covered with a 30-50 nm thick Au layer produced by vapor deposition at temperatures
of around 100 to 130°C, or with SiOy created through oxidation of Si [167]. The
respective surface of the diodes were depending on the chemical properties of the
element to be investigated. The calculated geometrical efficiency for detecting, epet,
an a-particle emerging from an atom residing inside the COMPACT detector array

is 76% [49, 65]. In the presented experiments, the COMPACT detector array was

A) 1t detector 16" detector

| |

—
flow direction

Fig. 6.14.: Schematic of the COMPACT array. The flow direction is marked. The
bottom and top half-array is shown in full, including the detectors, with
the 15t and 16" labeled. B) Enlarged view of the last section of the
COMPACT array. Only the last part of the top half-array - containing
the top detectors facing the bottom detectors and leaving a gap of
0.05mm to form the rectangular chromatography channel - is shown
towards the end of the array.

operated as Isothermal Chromatograph (IC, room temperature) unit.

6.5 COMPACT data acquisition systems

For measuring the extraction efficiency and transport time of the BGC, analog
electronics for signal processing from the COMPACT’s PIN diodes, read-out triggering
and Data Acquisition System (DAQ) were needed. A schematic overview of the

signal handling can be found in Fig. 6.15.
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Fig. 6.15.: Schematic overview of the electronics for the efficiency and transport
time measurments with the BGC is shown. On the top, the analogue
stgnal processing is shown. For a detailed description see text. The
dashed box shows the process for the extraction time measurments.

The COMPACT PIN diodes were connected with coaxial cables to four 16-channel
charge sensitive preamplifier, which were developed at the IKP (Institut fiir Kern-
physik), University of Cologne [168]. Each preamplifier has one bias for 16 channels.
Here the otherwise weak negative polarized signal of the collected « is amplified
and send to the main-amplifier. The main-amplifier amplifies the signal with two
amplification ranges (x1 or x10) further, to shape (2 us) it to a Gaussian pulse and
change the polarity. This improves the signal to noise ratio. At the same time
a strobe signal with a adjusted duration between 1 to 10 us was created in the
discriminator. The strobe signal and the logical signal were then transferred to the
12-bit ADCs (Analog-Digital-Converter).

The main amplifiers are 16-channel-NIM (Nuclear Instrumentation Standards) Mesytec
STM-16+ modules[169]. In addition to the main amplifier, this module has Timing-
Filter-Amplifier (TFA) und Constant-Fraction-Discriminator (CFD) for a time- and
logic-output.The signal- and logic-output from the MADC-32 modules by Mesytec is
used in two ways. Le, it is passed on to two ADCs and it is also used for the trigger
system. In the first step of generation of the Master trigger a logical ’‘OR’ of all 32
channels for the PIN diodes of the COMPACT detector array is generated separately
with the strobe signal. In the final step the trigger signal is validated in the VME
trigger logic (TRIVA5) [170] and the Master trigger is created. This validated signal
is used to starts a gate generator which determines the timeframe during which the
ADCs reads out the maximum of the analog pulse and converts it to digital code, if

the peak maximum was detected within the trigger time (strobe time). Finally this
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Tab. 6.5.: Main parameters for the extraction time measurement

parameter

Usource (release mode) 4245V

Usource (retention mode) +0
puls length 20 ms
source 223Ra

measurment cycle lenght 320 ms

information is sent to the processor RIO3 for on-line visualization and storage. The
PIN diodes of the COMPACT detector array were biased with high voltage via the
IKP preamplifier.

For the transport time measurements a waveform generator creates a trigger signal,
which is used to pulse the source and as a start signal to increment the clock cycle in
the TDC (Time-to-Digital-Converter). The typical reference frequency was 100 MHz
(10 ns resolution). The source voltage (Usource = +245V, only for experiments with
the recoil-ion source) is chosen such that only during the trigger pulse of 20 ms (see
Tab. 6.5), recoil-ions can emanate. With an attractive voltage of 0 V, compared to
the voltages (+300V) of the surrounding first DC cage electrodes, the recoil-ions
were hold back on the source. Only the recoil-ions emitted within 20 ms pulse can be

extracted.

6.6 Gas handling system

He gas with a purity of 99.9999% was used and was passed through a Oxisorb®
cartridge (Spectromol) [171] to reduce the concentration of water and oxygen to
ppb levels (manufacturer specifications: HoO < 5ppb, Oz < 30ppb). All vacuum
seals are made of Cu. The entire BGC and the gas inlet was baked at 100°C
for 3d before the experiments. The gas-supply system is controlled by a custom
LABVIEW®-based interface, where the flow conditions were controlled continuously
via mass flow controllers (MKS 1179 Mass-Flo® controller). The gas pressure was
monitored over a long-term with a capacitron (Pfeiffer Vacuum CMR 261) and the
gas-flow rate was also manually adjusted in the LABVIEW® based Graphic User
Interface (GUI)-controls. The continuous flowing of the He carrier gas was realized
with a diaphragm pump (see (9) in Fig. 6.1) at the exit of the COMPACT detector
array. The pressure close to the COMPACT detector array entrance was controlled
by a pressure gauge and the pump capacity was adjusted with a needle valve to
achieve the required flow rate of the He carrier gas. The described gas-supply system

was used for all experiments reported in this thesis.
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CHAPTER 7. INSTRUMENTAL DEVELOPMENT

Instrumental development

During the thesis project at hand, the room-temperature BGC previously used
to thermalize ERs of heavy elements behind the velocity filter SHIP [22, 172] for
Penning trap mass spectrometry investigations [173, 174] was modified such that
it can be reliably and conveniently used in chemistry experiments behind the gas-
filled separator TASCA. The SHIPTRAP Penning trap mass spectrometer (mass
measurements behind SHIP) BGC consists of i) the entrance window or ii) linear
motion feedthrough with the recoil-ion source, the electrode system, the extraction
nozzle and the gas-supply system. At the de Laval nozzle the He buffer gas expands
into into the extraction RFQ (10-1 — 10-3 mbar) to perform a supersonic gas jet
and dragging the extracted ions. The extraction RFQ following the nozzle is used
for separating the ions from the neutral gas and for cooling the ions transversely,
which is needed for highly precise Penning trap mass measurements [175-177]. For
the gas-phase chemistry experiments, no transversal cooling and removing of the
neutral buffer gas is needed; therefore, the de Laval nozzle [92, 97] and the RFQ
was replaced by a newly designed interface. This way, the instrumental development
accompanies as well as drives progress in gas-phase chemistry. The new interface,
called Transition Electrode (TE), will be described in detail in Sec. 7.1. So far
only volatile elements have been used in gaschromatography experiments, but in
this thesis, access to non-volatile elements should be actively promoted. For this
reason, the 22’ Ac recoil source was introduced, providing of non-volatile 2! Fr for
further development of the COMPACT detector. The production of the source is
described in Sec. 6.1.1. Due to the preparation from a organic solution, there was
an unwanted dead layer on top of the activity and has to be taken into account (a
detailed description for the analytical method to determine the released number of
ions from the recoil-ion source is given in [178]). The consequent further development
of the COMPACT detector (see Sec. 6.4) led to the design of the miniCOMPACT,
which is described in detail in Sec. 7.2.

7.1 Transition electrode

The SHIPTRAP BGC used a de Laval nozzle to connect the high-pressure area of the
BGC with the low-pressure area of the extraction RFQ. The convergent-divergent
shape of the de Laval nozzle generates a supersonic gas-jet in the axial exit area due
to the isentropic gas-flow. The gaschromatographic detector column COMPACT

needs laminar gas-flows, therefore no supersonic gas-flows are required. The de Laval
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7.2. MINICOMPACT

nozzle was replace by the TE in experiments, which used the COMPACT detector. In
the case of chemical experiments with the miniCOMPACT (see Sec. 7.2) a different
interface was used. The TE is made from stainless steel and was electrically separated
from the transport line by 1-mm thick ceramic spacer ring. The transport line is a
250 mm long Teflon capillary with an inner diameter of 4 mm, which connected the
TE with the entrance of the COMPACT detector array. The TE has a conical shape
with the inner diameter reducing from 10 mm to 1.0mm. A DC voltage (typical
Urg = -3V) can be applied to the TE, which results in a gentle acceleration of
the ions into the transport line. The relevant aspects concerning the Teflon tube
include: (i) it connects the funnel exit with the entrance of the gas chromatography
setup entrance, (ii) surface encounters of ions extracted from the BGC lead to their
conversion to neutral atoms, and (iii) its inert surface ensures that loss of neutral,
volatile atoms like Rn (or Cn and F1 in future studies with SHE) through adsorption

processes on the wall surface are minimized.

Fig. 7.1.: Enlarged schematic view of the TE. Only the last funnel electrodes and
the conical shape of the TE are shown. The TFE represents the entrance
into the Teflon transport line. The Teflon tube inside the metal tube is
not shown.

7.2 MiniCOMPACT

For the investigation of the value of the adsorption enthalpy, SiOs-, Al-; Au- or com-
bination of SiO2/Au-covered COMPACT detectors were used [13, 179]. Depending
on the interaction strength of the atoms with the surface, the decay of the atoms
can be observed on either the Au or SiOy surface. The deposition of the short-lived
isotopes of for example At and Fr on the Au and SiOs surfaces was dependent on
their volatility and their interaction with the surface. On the inert surface SiO5 no
adsorption of relatively non-reactive elements like At were expected and Fr, which
has an unpaired electron available in its ground-state configuration, was expected

to stick on the SiOs surface. On the more reactive Au surface, At was expected
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to have a strong interaction strength. In preliminary investigation on the ’classic’
COMPACT detector array with the 225 Ac recoil-ion source it could be shown that
Fr could not be extracted but the daughter 2'7At reached the detector unit. In
these preliminary experiments, a 250 cm-long Teflon capillary was used to connect
the classic COMPACT detector with the BGC exit. The ?2!Fr ions were lost in
the transport line due to the strong interaction with the capillary walls. The main
focus for the modification of the classic COMPACT array was on the elimination
of a non-active area between the BGC exit nozzle and the COMPACT detector.
The first wall contact shall occur on the active area of a positive intrinsic negative
(PIN) diode. In the present COMPACT detector design, the transport gas is injected
perpendicularly to the column axis. This configuration of the gas entrance into the
classic COMPACT array is important for a vacuum tight detector, which is essential
for operations as thermochromatography column. Here, a negative temperature
gradient can be applied along a chromatography column down to temperatures
around 113K (-160°C). This leads to a change in the adsorption behavior of the
investigated species on the detector surface and a separation of different species from
each other based on their adsorption enthalphies is possible. A vacuum tight detector
array is necessary to prevent the freeze out of impurities inside the column, which
leads to change in the surface nature' and on the long-term to a blocking of the
gas channel. This configuration has the disadvantage that no PIN diodes can be
placed in the entrance area of the COMPACT detector. In addition, in the entrance
of the classic COMPACT array there is a 2 cm-long PTFE (Polytetrafluoroethylene)
coated area, which is used to create a laminar flow regime inside the detector column.
This means that the first wall contact for some atoms is not the detector surface.
This does not matter for volatile elements, which will not adsorb at the first wall
contact, but for non-volatile elements, the atoms which have wall collisions in this
area will be lost for a potential detection. For this reason, the gas entrance into the
newly built miniCOMPACT changes from perpendicular to parallel to the beam
axis. With this change, the aim of the first wall contact occurring on the active area
of PIN diode can be achieved. Furthermore, preliminary experiments indicate that
a short version of the COMPACT array is sufficient. In Fig. 7.2 the distribution
pattern of 27At along an Au-covered COMPACT detector array is shown. 2'7At
shows a strong interaction strength with the Au surface and deposits only in the first
five detector units. From these results, it is evident that a miniCOMPACT with 8
detector units per array is sufficient to measure the adsorption distribution pattern
of non-volatile elements, while volatile species can well be transported further to a
regular COMPACT detector using the well established transport by Teflon tubes

and Teflon coated surfaces.

'Results in a disturbance in the chromatogram and incorrect assessment of the adsorption enthalpy.
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Fig. 7.2.: Measured distribution of adsorbed >'" At along an Au-covered COMPACT
detector.

Fig. 7.3.: Photo of the miniCOMPACT in the open vacuum chamber directly
behind the BGC exit. At the end of the miniCOMPACT, the Swagelok®
connector is shown.

7.2.1 Design of the miniCOMPACT

The new detection system miniCOMPACT was developed particulary for chemical
experiments with non-volatile elements like Fr as a isothermalchromatography column
and is the advancement of the COMPACT detector, which is described in Sec. 6.4.
Two Printed Circuit Boards (PCBs) (see Fig. 7.4a) with lateral metal spacers form
a vacuum tight gas channel of 10 mm in width, 80 mm in length and 1 mm in depth.

Each PCB array consists of 8 pairs of 10 mm x 10 mm PIN photodiodes. They have
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an active area of 9.7mmx 9.8 mm and an effective thickness of 150 pm. The surface
of the PIN diodes was covered with a 30-50 nm thick layer of gold or SiOy. The
bottom and top PCB array were shielded with a grounded metallic plate. The
calculated geometrical efficiency epet for detecting an « particle is about 76%. The
elimination of a non-active area between the BGC exit nozzle and the COMPACT
detector was reached with a customized flange with a milling, which presses the two
miniCOMPACT panels together. The flange holds additionally the nozzle with an
entrance diameter of 3mm and a throat of 0.6 mm. With this setup, the detector
surface started directly behind the nozzle. In this configuration no transport line
was needed.

The miniCOMPACT detector was sealed with epoxy resin on the outside surface,
and to reduce any potential leak rate, the miniCOMPACT was installed in a vacuum
chamber. This vacuum chamber can be installed at the BGC exit. The vacuum
chamber is relevant to ensure the UHV conditions during the baking process, because
the custom-made attached holder of the miniCOMPACT was not gas tight at
higher gas pressure differences between the BGC and the miniCOMPACT. The
here presented miniCOMPACT can only be operated in the combination with the
BGC and the new interface. With a modified version of the interface, a combination
with the classic RTC is possible and was successfully used in off-line and on-line
experiments. For a detailed description of this combination between the RTC and
miniCOMPACT see [180]).

7.2.2 Basic characterization of the miniCOMPACT as detector

unit for non-volatile elements

The miniCOMPACT detector array was compared with the ’classic’ COMPACT
detector array, which was described in detail in the work of Dvorak et al.[13], for the
basic characterization. The COMPACT detector array was designed for the detection
of volatile elements as a chromatography column. Both detector arrays were used

under similar experimental conditions to study the functioning and performance.

Study of the signal noise

The transport line in the setup with the COMPACT detector array also has a positive
side effect, because the extension increases the distance between the RF funnel and
the detector. The RF funnel generates a high frequency noise, which increases with
increasing of the applied amplitude (Urr) on the funnel. The COMPACT detector
array was a relatively good antenna for this noise. The signal-to-noise ratio (SNR)
is of great importance in several respects. Short-term fluctuations have a negative
impact on the detection level of a-signals, whereas, long-term fluctuation reduces the
linearity of the energy calibration of the detector units as well as the reproducibility

of the measured results. In the presented work, was given to special attention to the
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Fig. 7.4.: A) Half-section view of the miniCOMPACT in its mounting flange (1).
Only the bottom of the miniCOMPACT array with the 8 PIN diodes (2)
is shown. B) Schematic of the coupling section of the miniCOMPACT
array to the RF-funnel. The bottom half of the mounting flange (1) with
the first three PIN diodes (2), the entrance nozzle (3) and the last funnel
electrode (4, red contour) are shown. The distance between the last funnel
electrode and the miniCOMPACT entrance is enlarged by a factor of 10
for a better overview. The opening diameter of the nozzle is 3mm and
converging to a diameter of 0.6 mm to match the pitch between the

detectors in the miniCOMPAC'T.

noise level. The influence of the RF noise from the RF funnel depends not only on
Urr but also on the distance between the RF funnel and the COMPACT detector.
One aim of introducing the miniCOMPACT was to eliminate the transport line,
because in the case of non-volatile elements, this is the bottle-neck. One consequence
of this development was the new location of the miniCOMPACT directly at the
funnel exit. For this new setup, the miniCOMPACT was electrically insulated from
the funnel with ceramics (blue highlighted in Fig. 7.5) suitable for UHV conditions.
Preliminary investigation showed that the noise level on the miniCOMPACT was
in the same range as with the ’classic’ COMPACT setup. The outer flange ((1) in
Fig. 7.5) can be used as an electrode at appropriate voltages.

Fig. 7.6 shows the influence of the RF funnel on the mean signal noise on the
miniCOMPACT. In the case that the RF funnel was switched off, the absolute
maximum noise level was 28.1 mV with a root mean square of 8mV. The main
component of the mean signal noise was from the thermal noise and is unavoidable.
In the case that the RF funnel was operated at maximum amplitude around 160 Vpp,
the noise level was doubled. The miniCOMPACT as antenna picked up only a
small amount of the RF noise. The typical noise level on the ’classic’ COMPACT
detector was around 50-60 mV and is in the same range as the mean noise on the
miniCOMPACT with switched on RF field.
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Fig. 7.5.: Schematic view of the custom made flanges with the miniCOMPACT.
The outer flange (1) with the extraction nozzle connects the funnel exit
with miniCOMPACT entrance. The outer flange holds the ceramic plate
(2) in which the miniCOMPACT sits. The inner flange (3) is used to
press the ceramic plate on the outer flange.
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Fig. 7.6.: Achievable mean signal noise on the miniCOMPACT with the parameters

from Tab. 6.4 (A) without RF from the funnel and (B) with RF on the
funnel.
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Optimization of the the experimental
parameters of the BGC

The BGC is an essential link between the pre-separator and the chemical experimental
setup. To ensure the best possible BGC performance, different optimizations of the
experimental parameters were executed to maximize the efficiency. The individual
optimization steps had been completed before on-line and off-line experiments. The
verification of the experimental parameters of the BGC guaranteed the flawless
condition. Sec. 8.1 describes fist of all the kinematic and the stopping distribution of
the fusion products or recoil-ions from the ion source, respectively. The chapter is

concluded by a summary of the individual parameters of the electric fields in Sec. 8.3.

8.1 Simulations

A numeric simulation is a powerful tool for scientists responsible for the operation
of complex processes and systems. If simulated experimental designs are available,
it can help to find the combination of different factors at which the response value
is optimized. Based on Stopping and Range of Tons in Matter (SRIM) simulations,
the stopping efficiency of the produced ERs was calculated in the present thesis, for
the example of different entrance window foils and buffer gas pressures inside the
BGC. SRIM simulations [181] characterize reliably the stopping behavior of ions
passing the metallic foil and their subsequent thermalization in the buffer gas volume.
This method allows the determination of suitable entrance window thicknesses in

conjunction with the gas pressure before an on-line experiment.

8.1.1 Estimation of the stopping distribution of fusion products
inside the BGC

The simulation program SRIM calculated the penetration depth of the produced
ERs in dependence of the respective nuclide ion and kinetic energy on the one side
and material of the 'target’ layer on the other side. For a detailed description see
Sec. A.1

For the experiment, it was important that the ERs were stopped in the center of
the stopping volume of the DC cage and the loss of ER ions in the entrance window
foil should remain as low as possible. Therefore, the best combination of entrance
foil thickness and buffer gas pressure was studied by SRIM simulations. For this
purpose, the respective kinetic energy of fusion evaporation reaction products was
calculated and checked with the computer program LISE++ [182, 183]. Afterwards,
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the kinetic energy lost in the backing foil, target material, separator and entrance

window foil was determined using SRIM.

Simulation results

In the on-line experiments behind the MARS spectrometer, short-lived a-decaying
radioisotopes were produced in the nuclear fusion reactions *>Gd(“°Ar,4n)'8"Pb,
165Ho (10 Ar,5-6n)199200At and 144147Sm (10 Ar,2-4n)182183Hg using beams of “°Ar
with lab frame energies (FEpap) of 212 Mev (¥7Pb), 200 MeV (199:200At) and 193 MeV
(182:183)Hg delivered by the K500 cyclotron at the Cyclotron Institute (Texas A&M
University, College Station, TX, USA).

In the gas-phase chemical studies behind the gas-filled separator TASCA, radioiso-
topes of Fr were produced in the nuclear fusion reaction with 'Ho as target at Ep
of 289 MeV, using a “8Ca beam delivered by the UNILAC at GSI Darmstadt (Ger-
many). The lab frame energies and target information for both on-line experiments

are summarized in Tab. 8.1. Therefore, the energy loss was simulated with SRIM and

Tab. 8.1.: Target information for the experiments at MARS and TASCA.

Reaction Erab backing  target thickness
(MeV) (pgem—2)

40Ay 4 152Gd 214 2.0 pm Ti 460

40Ar 4 165Ho 217 1.0 um Al 300

4O0Ay  M44147Gy 219 2.0 um Ti 600

48Ca + 19Ho 289 2.3 um Ti 395

the resulting energies were the start values for the calculation of the kinetic energy
of the compound nucleus. The kinetic energy of the compound nucleus Ecyn can be
calculated in consideration of the reduced Ep,p, an the masses of the projectile (P),
target (T) and compound nucleus (CN). In the center-of-mass coordinate system,
the kinetic energy of the CN in consideration of the laws of conservation of energy

and momentum is given by Eq. 8.1.

mp

= Epap - (8.1)

2
mp ) ~mp - Epap
mp mp + mr

E =
N (mP + mT

For the kinetic energy of the ER (Egr) the mass of the ER must also be considered,

where the energy loss due to neutron evaporation has been neglected.

Epp = (mER> - Eon (8.2)
MCcN

The energy loss in the gas-filled pre-separator TASCA was estimated to be around
5MeV. Egw described the kinetic energy of the respective ER in front of entrance
window for the following Transport of Ions in Matter (TRIM) simulations. The
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kinetic energies for the TRIM simulations in 50 mbar He buffer gas of the used fusion
reaction evaporation residues are summarized in Tab. 8.2. The TRIM simulation
was performed with 2000 ions of the respective nuclide and the accuracy of the
energy loss calculation is proportional to the total number of projectiles (=~ \/]ﬁ );
it can be improved by increasing Niot. The type of TRIM damage calculation

Tab. 8.2.: Kinetic energies of the fusion evaporation residues in front of the
entrance window to the BGC.

Reaction G\ Ecn Exit ER Egr Egw
(MeV) channel (MeV) (MeV)

4n 188pp 428 36,2

OAr + 192Gd 192py 437 5n B7pL 426 36,0

61 186py 423 35,8

4n 201At 37,9 32,7
40Ar 4 165Ho 205At  38.7 5n 200At 378 32,5
6n 19At 37,6 32,3

4n 183Hg 397 31,9
A0Ay 4 M4MTGy  18THg  40.6 5n 182Hg 39,5 31,7
6n 18lHg 39,3 31,6

6n 207k 60,0 50,0
n 206Fy 59,7 49,8
8n 205k 594 49,6
9n 204y 59,1 49,3

48Ca + 1%Ho 2WFr  61.7

was 'lon Distribution and Quick Calculation of Damage’ This ignores the atom
cascades and there is no sputtering process, with this context the computational
time was reduced. For the simulation of the ion trajectory in the buffer gas, it should
be noted that the density is proportional to the pressure of the buffer gas. TRIM
uses Standard Temperature and Pressure (STP) conditions and for this reason the
gas density had to be converted to the He pressure of 50 mbar in the BGC. TRIM
simulated with a Monte Carlo simulation the straggling and the projected range of
each ion with the related coordinates (Xion, Yion, Zion). For the calculation of the
stopping efficiency, the number of ions which were stopped inside the BGC has to
be known. The ions were released perpendicularly to the target surface and ions
with an end position inside the window foil Xio, < dwindow Were lost for the later
extraction. Only ions with an end position inside the BGC were also available for
any extraction. The stopping volume had the dimension of the electrode system.
Under the assumption that the electrode system was a cylinder whose dimension was
determined by the radius of the DC cage (rcage) and the length dcage + Funnel given
by the DC cage dcage and funnel length dpunnel, the ion coordinate has to fulfill the
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Fig. 8.1.: Schematic picture of the BGC with the used geometrical parameters for
the determination of the number of ions which were stopped inside BGC.

following condition:

dwindow < Xion < dCage + Funnel and \/ }/i?)n + ZIZOH < TCage - (8-3>

On the basis of this number of ions, the number of ions which were stopped behind
the dimension of the funnel has to be subtracted. The dimension of the funnel was
described by the opening radius ryax and the exit hole ryi,. The number of ions
with the coordinates, which fulfilled the following conditions were lost by collisions

with the funnel electrodes:

dCage < Xion < dCage + Funnel and (84)
( Y2+ 72 ) > (TMax _ TMM_TMm)XIOH ) (8.5)
on on dFunnel

Fig. 8.1 shows a schematic picture of the BGC which describes the used geometrical
parameters. An example simulation for the end position of 2000 25 At ions inside
the BGC in consideration of 4.1 ym Ti entrance window and 50 mbar He buffer is

visualized in Fig. 8.2.

Only ions which fulfill the Eq. 8.3 to Eq. 8.5 were available for a potential extraction
from the BGC into the subsequent transport line or detector unit. The simulated
stopping efficiency is then given by the ratio of the number of ions stopped within
the electrode system to the number of ions entering the BGC through the entrance

window. Fig. 8.3 shows the dependence of the simulated stopping efficiency from
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Fig. 8.2.: Stopping positions for 29° At ions simulated by the computer program
TRIM in consideration of a 4.1 um-thick Ti entrance window and
50mbar He buffer gas.

the entrance window thickness for At, Pb and Hg ions. The simulated stopping
efficiency for At and Hg increases almost linearly in the range between 3.0 yum and
3.4 um Ti foil thickness and reach the maximum of about 76% at 3.5 um Ti foil
thickness. A further increase in the foil thickness leads then to a decreasing efficiency
due to losses of ions within the window foil. In the case of Pb isotopes, the maximum
stopping efficiency can not be reached in the shown range. The raising edge of the
stopping efficiency is shifted to higher Ti foil thicknesses due to the larger recoil
energies in this reaction. In Fig. 8.3b the stopping efficiency for Fr ions from the
48Ca + '9Ho reaction in dependence of the Ti window foil thickness is shown. The
stopping efficiency increase in the range from 4.4 um to 5.0 um Ti foil thickness. The
maximum stopping efficiency of about 80% is reached at 5.1 um Ti entrance window
thickness and decreases afterwards. For these simulations, the energy spread of the

incoming beam was neglected.

Discussion

The stopping efficiency inside the BGC was calculated by using the computer program
TRIM. In the cases of At and Hg with a kinetic energy of 32(2) MeV, a maximum
stopping efficiency of about 76% can be obtained (see Fig. 8.3a). In the case of Pb
with a kinetic energy of 36(2) MeV, the maximum in stopping efficiency was probably
not reached in the investigated range. In both cases, the stopping efficiency increases
at lower Ti foil thicknesses before reaching the respective maximum. On the left-hand
side from the maximum the stopping power of the ions is dominated by the gas

pressure inside the BGC. This means, with an increasing of the gas pressure the
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Fig. 8.3.: Dependence of the simulated stopping efficiency from the Ti entrance
window thickness for (A) At, Pb and Hg and (B) for Fr ions.

maximum of the stopping efficiency can be increased and shifted to lower entrance
window thicknesses [93]. With an increase of the buffer gas density in the BGC,
the repulsive force that prevents ions from hitting the funnel electrode is dampened.
On the right-handed side of the maximum, the continuous decrease of the stopping
efficiency is due to the ion loss in the entrance window and a lower number of ions
that enter the BGC. As can be seen from Fig. 8.3a, a T1i foil thickness of 3.5 yum
is ideal for At and Hg. For the “°Ar induced fusion reactions for At and Hg the
maximum stopping efficiency can be used and only for Pb a low stopping efficiency
will be expected.

In the **Ca induced fusion reaction behind TASCA for Fr with a kinetic energy of
50(3) MeV a maximum extraction efficiency of 78% was obtained (see Fig. 8.3b).
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Here, only one fusion reaction has to be considered that makes the choice of the
optimal foil thickness easier. The entrance window thickness of 5.1 ym should result

in the highest stopping efficiency in the TASCA experiments.

8.2 Measurement methods

To measure and optimize the performance of the BGC a point-like recoil-ion source
(see Sec. 6.1.2 and Sec. 6.1.1) is installed inside its stopping volume. In order to
quantify the performance of the BGC the extraction efficiency (Sec. 8.2.1) and
extraction time (Sec. 8.2.2) has to be determined, which is explained in the following

sections.

8.2.1 Measurement of the extraction efficiency

The overall extraction efficiency in off-line experiments considers the probability to
detect the a-decay of an recoiled ion from the respective recoil-ion source. This
probability takes the in flight decay probability, the transport- and detection efficiency
into account. The extraction efficiency €ext, is given by the ratio of the number of
ions reaching the COMPACT detector array Nﬁ’fl%r to the number of ions N{Sﬁf%r

emitted into the stopping volume of the BGC from the recoil-ion source:

\7extr
Rn/Fr

\7recoil
NRn /Fr

(8.6)

€extr =

For the emitted recoil-ions of the respective ion source, the time period ¢ after the
last activity measurement has to be considered. Eq. 8.7 takes all recoil losses due to

« decay into consideration.

;gf%lr — Nt exp (—T1/2 t> (8.7)

The extracted ion rate ( ﬁ’r‘ffﬁ) can be deduced from the activity measurement

(&com) on the COMPACT detector array by

Textr dCOM
Rn/Fr — b - €Det (88)

where epet = 76(2) % is the geometrical efficiency of the COMPACT detector array
[49, 65] and by, is the alpha branching ratio. The probability to detect an a-particle
from a decaying nucleus inside the COMPACT array can calculated from depositing
probabilities and geometric probabilities. The deposition inside the COMPACT
detector array can be separated into: (i) deposition on the active surface of the
PIN diode, (ii) the atom was deposited on the nonactive detector surface or side
of the gas channel. The probability of depositing on the respective surface (active

or nonactive) is proportional to the surface area. The Eq. 8.8 is only valid, if all
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extracted recoils were deposited inside the COMPACT detector array and none can
leave the COMPACT detector array. This is only the case, if the studied element is
non-volatile. In this case, the extracted species will adsorb on the detector surface
and will then undergo the o decay. Rn, for example, is a noble gas and has only
weak interaction strength with the respective detector surface. In this case, the
extracted Rn can leave the COMPACT detector and is lost for a detection. The
detection probability P(t) to record an a-decay of such a nucleus is proportional to
its residence time inside the COMPACT detector. The observation of an a-decay of
the interested nuclei inside the active area of the detector array during its migration
time is accounted by the decay probability. If the detection probability is linked to
the number of ions released from the recoil-ion source, then the observable events on
the COMPACT detector result. P(t) of the ions as well as their decay products can
be deduced from the residence time At = ts — t1 spent in the COMPACT detector
volume, where t; is the arrival time on detector 1 and ts is the arrival time on

detector 16 (see Sec. 9.2) and the respective nuclear half-life T /:

P(t) = /:2 exp ( _ h,f ' t) it . (8.9)

1 1/2

The expected number of decays of the atoms of interest can be determined by using
Eq. 8.10.

Ncalc = Nr%goﬂ ’ P(t) (810)

Eq. 8.10 is only valid for the extraction efficiency measurement with the ?23Ra recoil
ion source, which has an ~ 100% release probability (Prelease) for the 2*Rn daughter.
For the measurements with the 22°Ac recoil-ion source the finite Pojease has to be
taken into account instead of P(t) (for details see [178]).

8.2.2 Measurement of the extraction time

The extraction time (source — detector) is closely related to the survival probability
of the studied isotope and hence its half-life of the investigated isotope. For this
reason, the transport time is of particular importance for the successful extraction of
short-lived isotopes. To measure the extraction time of 2'Rn recoil-ions, the ??3Ra
source was operated in a pulsed mode. For this, the recoil-ion source could be set to
different potentials Vgource. The recoil-ion source is then repulsive for the emitted
ions when Vgouree is positive (here, 4250V were applied) and the emitted recoil-ions
are pushed away from the source. The recoil-ions can be extracted out of the BGC
only during this ’open’ phase of the source. The positive potential on the recoil
source was chosen as 10 V higher than the the potential from the surrounding electric
field from the DC cage electrodes. To ’close’ the source to prohibit the release of
recoil-ions, Vgource Was set to -10 V. In this case, the emitted ions will be attracted

back to the source surface, which is attractive for the positive ions in the electric
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field of the surrounding DC electrodes. A cyclic timing pattern of 20 ms open source
is followed by 300 ms closed source, resulting in the release of ion beam pulses. The
timing diagram of the measurement is shown in Fig. 8.4. This cycle was applied over
a period of 10 hours. The released ions are thermalized and guided to the COMPACT
array. The number of recoil-ions that reached the COMPACT detector array was
recorded as a function of the extraction time tq.y, of the recoil ions, which was
defined as the time at which 50% of the released recoil-ions reached the COMPACT
detector array. The different lifetimes of the emitted particles significantly increase
the complexity of such extraction time measurements. This can be mitigated by only
registering the decay-in-flight of non-adsorbed species that happen to decay during
an flight over a certain detector. in this case, the radioisotopes act as indicator of
gas volumes on their path through the BGC and miniCOMPACT.

Vv Source Source
source
open closed
A) +250 V s s 0 0 04
300 ms
-10V | | t [ms]

: 1 1

1 1

B) ! o ! - |

1 1

1 1

@ e 1
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C) Signal on
COMPACT
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Fig. 8.4.: Timing diagram for the measurement of the extraction time tey,. A)
shows the applied voltage on the source in dependence of the time and B)
give an overview of the trajectory of the recoil-ions. In C) the
chromatogram in the COMPACT detectors is shown.

8.3 Experimental analysis of the BGC parameters

Fast and effective extractions methods are essential for gas-phase experiments with

SHEs and are crucial for the chemical studies in one-atom-at-a-time experiments. The
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optimization of the operating parameters, in particular the voltage difference between
the last funnel electrode (Upunnel,,;,) and the transition electrode (Utg) as well as the
DC gradient in the electrode system within the BGC (DC cage and funnel) together
with the RF amplitude (URF) is an important step towards a high extraction efficiency.
The extraction efficiency of short-lived nuclides is closely linked to the extraction time,
in particular for nuclides with half-lives in the range of the extraction time. For this
reason, the extraction efficiency is of particular importance for the characterization of
the BGC and is a central aspect in the preparation of experiments. An optimization
of the operating parameters in view of the efficiency was performed for each of
the following measurement series. In the following sections the optimization of the
transition electrode (see Sec. 8.3.3), the operating RF amplitude in the funnel (see
Sec. 8.3.2) and the DC gradient applied to the DC cage and funnel (see Sec. 8.3.1)
will be briefly described.

8.3.1 Optimization of the DC gradient on the electrode system

In the work presented here, the gradient of the electric field Vp¢ along the DC cage
was the same as that along the RF funnel. The electric field is thus homogeneous
along the entire BGC. The recoil-ion source was inserted into the BGC at a fixed
axial position 260 mm in front of the funnel exit. The pressure in the BGC was kept
constant at 30 mbar at a helium gas-flow rate of 0.04 mbar Ls~!. The pressure inside
the COMPACT detector was measured directly in front of the entrance into the array
and was approximately 15 mbar. The funnel amplitude Urp was 130 V,p peak to
peak (PP). The extraction efficiency was determined with these operating parameters
at different electrical field gradients (in the range of 5 — 9V ecm™!) along the BGC.
This optimization process was performed before each new series of experiments. This
was used to check the reproducibility of the operating parameters and to ensure that
the gas cell was operated under optimum conditions. The 2?3Ra recoil-ion source

was used and the decay products were measured with the SiOs-covered COMPACT.

Result

In Fig. 8.5 the extraction efficiency is shown as a function of the applied DC gradient
Vpbc on the electrode system (DC cage and RF funnel). It can be seen that for an
electric field gradient between 2.1 Vem ™! and 5.5 Vem™! the extraction efficiency
does not change significantly and is maximal at about 3.0 Vem™!. The extraction
efficiency decreases almost linearly as the DC gradient on the electrode system

increases.
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Fig. 8.5.: Extraction efficiency of > Rn from the BGC as function of the DC
gradient (Vpc) applied on the electrode system.

Discussion

In the range of 0 Vem ™! to 2Vem™!, the axial component of the repulsive force
(Frr), which was generated in the vicinity of the funnel electrodes, was greater than
the accelerating force. However, that fact prevented the ions to be caught by the gas
flow in the vicinity of the BGC exit so that they could be transported by the gas
flow to the connected detector array. Only ions, which neutralized by collisions in
the vicinity of the BGC could be extracted. For gradients larger than 2 Vem™?, the
superimposed effective repulsive force Frr guides the ions towards funnel exit. The
drop in the extraction efficiency after 5Vem™ is due to the fact that the speed of
the ions through the electric field is so high that the repulsing force in the vicinity
of the funnel electrode surface is no longer sufficient to avoid a collision of the ions
with the electrode. This results in the drop in the extraction efficiency observed in
Fig. 8.5. In principle, a larger gradient in the electric field would be possible if at
the same time the repulsing force Frr in the funnel is increased. The RF amplitude
is limited by the increased probability of discarges (Paschen’s law) between two
adjacent ring electrodes [96, 109, 163], corresponding to the distance between two
electrodes and the pressure inside the gas stop cell. Larger amplitudes can be reached
with a change from a RF funnel system to a RF-carpet system [165, 184, 185], where
spacing between two electrodes can be further decreased. Thereby, the repulsive

force on the ions can be increased in presence of a higher DC gradient.
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8.3.2 Optimization of the RF amplitude

The RF amplitude applied on the RF funnel was responsible for the repulsive force
(Frr), which was a local phenomenon in the near of the funnel electrodes. The
provided repulsive force prevented ions from hitting the funnel electrodes. The
effective Frp led to a stable trajectory for the ions in the vicinity of the funnel
electrodes. On this trajectory the ions were guided through the whole funnel to the
BGC exit. The optimization of the RF amplitude was performed at three different
gas pressures of 22, 39 and 60 mbar within the BGC.

Result

In Fig. 8.6 the extraction efficiency as a function of the RF amplitude is shown. A
maximum extraction efficiency of 30(2)% was measured for the three different BGC
pressures and a DC-field strength of 4V cm™! at the DC electrode and at the funnel
electrode system, while a maximum RF amplitude of 120 Vpp at 787 kHz was applied

to the funnel electrodes.
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Fig. 8.6.: Extraction efficiency of ' Rn from the BGC as a function RF amplitude
of the RF funnel for 22, 39 and 60 mabr helium pressure inside the BGC.

The highest extraction efficiency about 30(2)% was reached for the He gas pressure
of 22mbar. In the case of 39 and 60 mbar the maximum about 25(2)% was almost
identical. For lower RF amplitudes of 40 Vpp the higher pressure inside the BGC has
the highest extraction efficiency around 10(1)%. The extraction efficiency decreased
with lower pressures inside the BGC, which correspond to lower gas-flow rates. The
inflection point was shifted with higher pressures to higher RF amplitudes on the
funnel. Furthermore, the efficiency increased highly for lower BGC pressures and
than flattened off for higher 60 mbar.
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Discussion

In the range of funnel amplitudes below 40 Vpp the extraction efficiency is highest for
higher pressures within the BGC. For higher gas densities in the funnel the repulsing
force Fry of the funnel is not sufficient to prevent collisions of the ions with the
electrode surface. Accordingly, a drop in extraction efficiency would be expected for
decreasing values of Vj,,, but this is not observed. The reason for a higher extraction
efficiency in the area of funnel amplitudes of less than 40 Vpp at higher gas pressures
in the BGC is the fact that a larger number of neutral atoms can be extracted.
The inflection point of the sigmoidal curve is shifted to higher funnel amplitudes
for higher pressures because a larger repulsing force is required by a higher funnel
amplitude. However, for a higher pseudo-potential close to the electrodes of the

funnel, Frr is sufficient to overcome the damping due to the increased gas density.

8.3.3 Influence of the voltage difference between last funnel elec-

trode and transition electrode

The TE (see Sec. 7.1) had a unique position in the whole system, because it was
responsible for the transition of the extracted ions from the ion transport inside
the BGC into the gas-flow transport in the transport line. The extraction efficiency
reacted sensitively on the applied voltages on the TE. Additionally, the TE has as
a greater impact on the long-time stability for the transition of the ions into the
transport line. The TE was only used in the combination of the BGC with the
‘classic’” COMPACT-array. With the introduction of the miniCOMPACT (Sec. 7.2),
the TE was obsolete.

Results

The extraction efficiency of 2'?Rn recoil-ions was measured as a function of the
voltage difference AViyansition between the last funnel electrode (Upynpel,,;, ) and the
TE (Urg) or, in the case of the setup without TE, to the grounded Teflon transport
line. The voltage on Urunnel,,;, = DV was keep constant for the experiments with
the TE.

The position of the recoil-ion source was fixed at 260 mm in front of the funnel
exit. Moving the source along the central axis of the BGC has a negligible effect
on the extraction efficiency [97]. This is, because the time scale of diffusion process
is slower than the tq, [93]. From Fig. 8.7A it can be seen that at AViansition =
Ure — Urunnel,,;, of 15V to 35V, a plateau is reached with a maximum extraction
efficiency of 32(3)%. The extraction efficiency of about 30% is relatively constant
over a wide voltage range. The efficiency response on the voltage difference becomes
almost linear above 35V. In Fig. 8.7B the influence of AViiansition with the TE

on the extraction efficiency is investigated. Obviously, the optimum operating
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Fig. 8.7.: Investigation of the influence of AViransition 0N the extraction efficiency
of 2Y Rn without TE (A) and with TE (B) for a Ugr of 120Vpp at
796 kHz, peey = 30 mbar and a gradient of 8 Vem ™.

range is significantly more narrow than for the transport line without the TE. The
extraction efficiency shows a sharp increase around 2V before reaching almost the
same extraction efficiency of around 30%, similar to the situation shown in Fig. 8.7A.
The maximum extraction efficiency is reached only between 4V and 6 V. above
6V the efficiency function shows a significant exponential decrease, asymptotically
approaching a value of 5%. As already stated, the TE has a significant impact
on the long-term stability of the used setup and is of great importance for the
temporal stability of the count rate. Long-term fluctuations in the count rate reduce
the reproducibility of the measured values, which has a negative impact on the
determination of the BGC efficiency and on its overall performance in general. The
achievable signal stability was investigated by time-resolved acquisition of the 2'*Rn

signal (see Fig. 8.8).
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Fig. 8.8.: Long-term achievable >'9 Rn signal stability on the COMPACT detector
with TE (blue circles) or witout TE (red circles).

In the setup without the TE, the extraction efficiency jumped from 22% to a

maximum value of 32% during the first hour. This value was maintained for 5h,
before the efficiency rapidly decreased to a stable value of 5%. The same significant
increase of the extraction efficiency in the first hour was obtained in the setup with
the TE (Fig. 8.8). In contrast to the setup without the TE, a relative standard
deviation (RSD) of 3.7% at 35% over a period of 23 hours was achieved.
Another important parameter for the characterization of the transition electrode is
the influence of the buffer gas pressure. The extraction efficiency was measured as a
function of the gas pressure at a constant funnel amplitude (Urr = 130 V), DC
gradient (Vpc =4 Vem™!) and transition electrode potential (Utg = 5 V).

The relationship between the extraction efficiency and the gas pressure inside the
BGC is shown in the Fig. 8.9. The influence of different buffer gas pressures on
the funnel amplitude was reduced by optimizing the funnel amplitude to achieve
comparable extracting efficiencies for all gas pressures tested. For gas pressures
higher than 35 mbar, we see a decrease in extraction efficiency, whereas we observe a

saturation in extraction efficiency of 32(7)% for gas pressures below 35 mbar.

Discussion

The voltage difference between the last funnel electrode and the transport line
entrance or the TE, respectively, is responsible for a smooth transition from the BGC
exit to the transport line and therefore one of the critical parameters of the setup. In

the vicinity of the funnel exit the ions were handed over from the guided transport
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Fig. 8.9.: Investigation of the influence of the pressure on the extraction efficiency
of 219 Rn ions on the BGC setup with TE.

via electric fields to transport via gas-flow. The ion velocity directly at the funnel exit
determines the efficiency of the transition of the ion transport. In the combination of
the BGC and COMPACT without the TE (see Fig. 8.7A) at voltage differences lower
than 0V, the extraction efficiency is around 15%. The passage of the ions through
the funnel exit into the transport line entrance can be treated as an ion optic al
process. [96, 186]. The focusing mechanism relies on a delicate balance between the
potential difference of the electrode together with the transport line entrance and
the kinetic energy of the ions. At voltage differences lower than 0V the potential
difference exceeded the kinetic energy of the recoil-ions. In this case the ions were lost.
Here, a small fraction of around 15% of the ions were transferred into the transport
line. The reason for this result was that some ions could neutralize via collisions
with the electrodes, and these neutral atoms were not affected by the electric field in
the funnel. The used ?'°Rn is volatile and can leave the electrode surface after the
neutralization and be transferred with the gas-flow into the detector array. With an
increase of the voltage difference to +10V, the maximum extraction efficiency was
reached. At the point when the ions reached the potential maximum, the electric field
began to push the ions inward radially. The net effect is that the recoil-ions will slow
down and spread inward radially. The degree of the inner radial force depends on the
kinetic energy of the ions and the potential difference [96, 186]. If the radial force
was sufficiently high, the resulting ion beam could be converged. Between +10V
and +35V the electric field is sufficiently strong for the ions to be extracted into the
entrance area of the transport line. Fig. 8.7A shows a falling extraction efficiency
to higher positive voltage differences. In this voltage area, the recoil-ions are too

fast to be thermalized in the gas atmosphere. Therefore, the ions will continue to

82



8.3. EXPERIMENTAL ANALYSIS OF THE BGC PARAMETERS

follow the electric field lines and encounter the wall at the entrance of the transport
line and this leads to a loss of ions. As seen in Fig. 8.7A, the voltage difference
AViransition between 15V to 35V was ideal for extraction efficiency measurements
without the TE. The Fig. 8.7B shows the influence of the new transition electrode on
the extraction efficiency. Here, the optimum operating range is significantly narrower
than for the transport line without this TE. The transition of the ions into the gas
flow and transfer into the transport line is susceptible to AViransition for this setup.
This combination of funnel exit and TE result in a higher value of defocusing with
an increasing voltage difference form the optimum value around 5V. After +7V,
the extraction efficiency breaks down rapidly, because the ions are accelerated to
the more negative transition electrode with respect to the last funnel electrode and
adsorb there. The optimal operating range of AV, ansition for the combination was
between 3 and 7V as shown in Fig. 8.7B. Since the focusing was a delicate balance
between the potential difference and the kinetic energy, it should mentioned that a
kinetic energy spread of the ion beam has a negative impact. In the case of the use
of recoil-ion sources, the kinetic energy spread is relatively low. The picture changes
when the setup described here was used in on-line experiments. In this case the
energy spread has to be considered and the optimum setting for the voltage difference
has to be found for each experiment separately. The observation in Fig. 8.9 shows
that for high gas velocities, the potential at the transition electrode is insufficient
to guide the ions through the funnel exit into the transport line. This leads to a
loss in the extraction efficiency by a factor of 6 for a gas pressure of 90 mbar. The
reason for this result was that ion collisions with the buffer gas will cause changes in
direction and velocity of the ions.

The introduction of the TE showed no appreciable differences in the extraction
efficiency compered to the setup without the TE, expect that the TE was more
sensitive to the voltage difference. Seen in this light, the results shows no positive
impact on the extraction efficiency. But Fig. 8.8 shows that the TE has a positive
influence on the long-term stability of the setup. Long-term fluctuations in the count
rate reduce the reproducibility of the measured values, which has a negative impact
on the determination of the BGC efficiency and on its overall performance in general.
The stability and reproducibility of the BGC, in particular, is relevant in on-line
experiments. Here, the beam time is often limited. The relative standard deviation
(RSD) of 3.7% over a period of 23 hours is achieved after a short stabilization phase
to reach standard conditions. The efficiency drop for the setup without the TE in
Fig. 8.8 could be explained by a slow charging up of the Teflon tube. During the
operation time, neutralization processes occurred on the Teflon tube in the entrance
area of the transport line. The remaining positive charge led to a positive charging
up in the entrance area of the transport line over the operating time (= 6h) and to
a blocking potential in front of the entrance. A similar effect was observed when a

potential difference was applied on the TE and last funnel electrode, which exceeded
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the kinetic energy of the ions. This effect prevented the ions from entering the
transport line. Only neutral atoms, which were not affected by the blocking potential

could reach the detector array through the Teflon tube.
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Off-line experiments at GSI

The off-line experiments with the ?**Ra and 22> Ac recoil-ion source were performed
in separate experiments starting in February 2016 and finishing in July 2019. The
used recoil-ion sources are described in Sec. 6.1, and in Tab. 6.1 the parameters of the
223Ra and 2% Ac recoil-ion sources are summarized. The use of the recoil-ion source
has the advantage that the experiments could be performed independent from the
availability of beamtime. Additionally, the recoil-ion source is a useful tool to prepare
the BGC for upcoming on-line experiments. The current section presents all off-line
experiments and their results. The experiments in the present thesis are subdivided
into the GSI off-line experiments with the use of ??Ra or ?25Ac recoil-ion source
(this chapter), and the on-line experiments at the MARS spectrometer or the TASCA
preseparator (see Chap. 10). Here, the off-line experiments at GSI Helmholtzzen-
trum fiir Schwerionenforschung GmbH (Darmstadt, Germany) are presented and

show the measured extraction efficiencies in Sec. 9.1 and the transport time in Sec. 9.2.

9.1 Extraction efficiency measurement

The extraction efficiency measurements were performed with the ?**Ra and the
225 Ac recoil-ion sources. Before each measurement series the BGC performance was
checked and the optimal settings for the maximum extraction efficiency were used.
The preliminary investigation for the optimization of the BGC were described in

Chap. 8. The optimal settings for the BGC were summarized in Tab. 6.4.

9.1.1 Result

The a-spectrum recorded in the COMPACT detector array when 2!Rn ions were
extracted is shown in Fig. 9.1B. This looks similar to that of Fig. 6.7B obtained in
the calibration measurement except for the missing a-lines of the mother, 2?3Ra, in
Fig. 9.1 B. The 2'Po peak is well separated from that of 2'Rn, whereas, the 2'*Rn
one is not fully resolved and has an overlap with that of 2'!Bi. Therefore, the use
of 2Rn for the extraction efficiency has a significantly higher inaccuracy that its
daughter 2'5Po. The half-life of only 1.8 ms is short compared to the retention time
(in the order of several hundred ms) so 2!?Po will not escape the COMPACT detector.
For this reason, 2'Po can be used for the extraction efficiency determination for the

223Ra recoil-ion source.
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Fig. 9.1.: a-decay spectra of the extracted daughters of ' Fr (A) and ***Rn (B)
ions and their decay products measured with COMPACT.

A typical a-spectrum obtained from extracted ?2!Fr ions is shown in Fig. 9.1A. The
spectrum is similar to that shown in Fig. 6.7A, except that the a-lines of ?*'Fr
and its mother 22°Ac are absent. In the spectrum of the 225Ac recoil source on the
COMPACT detector, only 2'7At and 2'3Po are present. In order to investigate this
matter further, a Monte Carlo simulation (MCS) of the migration process of the
species through a Teflon transport line based on the model developed by Zvara [121,
128] was performed. This procedure was repeated for different values of -AH,qs,
and the simulated fraction of released Fr and Rn atoms was recorded. Fig. 9.3 and

Fig. 9.2 show the simulated distribution of 2! Rn and ?2!'Fr, respectively.

In Fig. 9.2 is the distribution patterns from the MCS of ??'Fr shown. The distribution
pattern shows over the shown range an exponential decrease. In contrast to this
result, the distribution pattern 2'Rn in the Teflon transport line and the COMPACT
detector shows an even distribution. AH,4s for Rn was determined by using a
two-column approach with MC simulations, with the first column representing the
transport line (Fig. 9.3 A) and the second the COMPACT detector (Fig. 9.3B).
The starting value for the simulated atoms in the transport line is chosen based
on the release rate of the recoil-ion source (see Tab. 6.1). With these boundary
conditions, an MC simulation can be performed, which yields the fraction of atoms
that reach the COMPACT detector as a function of AH,4s. This rate is known from
the experimental measurements. The experimental data in Fig. 9.3 shows a statistical
distribution. 2'Rn has a high survival probability inside the Teflon transport line
and the COMPACT detector, since only a small fraction of the 2'Rn decays during
the short time spent inside the COMPACT detector.

The overall extraction efficiency €gverann can be determined for a volatile as well as for
a non-volatile element, respectively. Therefore, the respective characterized recoil-ion

source was used. €gverall 1S the product of the extraction efficiency of the BGC ecop
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Fig. 9.2.: Distribution patterns from the MCS of ?*' Fr in pure He gas in the Teflon
transport line. The pressure inside the Teflon capillary was about
40mbar. The value of —AHaTifon represents a lower limit, see text for a
detailed discussion.

(source — BGC exit), the transport efficiency €gans (transport line entrance —
COMPACT) through the transport line, and the detection efficiency eqe;. Here, we
assume that the extraction efficiency is independent from the axial source position
inside the BGC. The overall extraction efficiency can be deduced from the ratio of
detected Ndet and emitted recoil-ions Nrecoil

Naet

€overall — N : ba = €cell€trans€det (91>
recoil

The results of the measurements of €gyera are summarized in Tab. 9.1. Because
221Fr was not extracted, the a-decay daughter 2'7At was investigated. Therefore,
the 225 Ac source was pulsed (1 min on / 15min off). This ensured that the increase
in count rate for 2'”At came directly from the recoil-ion source and not from the
decay of daughters of 22!Fr adsorbed within the transport line. After the end of the
15 minute off phase (threefold half-life of 22! Fr) the background rate was ~ 0.5s7 1.
The detection limit for 2!7At is assured due to the low background (1o confidence
interval). The overall extraction of 2/YRn from the BGC as determined with the use
of the 223Ra recoil-ion source is 35(3)%. The ??'Fr ions cannot be extracted when
the transport line is present; only the daughter, 2'7At, can be extracted directly with
an overall efficiency of 8(3)%.
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Fig. 9.3.: Distribution patterns of >'° Rn in pure He gas (A) in the Teflon transport
line and (B) on the Au-covered COMPACT detector array. The pressure
inside the Teflon transport line and inside the COMPACT detector array
was about 40 mbar. The solid line in Fig. 9.3B represents experimental
data. The gray bar histograms are the results of Monte Carlo simulations
using the values for AHyqs (219 Rn) indicated in the panels. For
adsorption on Teflon, panel A, the value of -24 kJ/mol gives the best
agreement; no substantial change is observed for values up to —30 kJ/mol.
The value for adsorption on gold in panel B is taken from [187].
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Tab. 9.1.: BGC efficiency studied with the recoil-ion sources *>Ra and ?*° Ac,
together with the efficiencies for the extraction, transport, and detection.
€det has been taken from [49] and €y can be deduced from Eq. 9.1. Ndet
is calculated with Fq. 8.10 and the transport times are t| = 75ms
(detector 1) and to = 160ms (detector 16). The He flow rate was
0.04 mbar L s™' and the pressure inside the BGC was 30 mbar. The
funnel amplitude was 120 V).

Woeael Nl €overall €cell €trans €det
29Rn 953571 334s7! 35(3)% 47(6)% 99(1)% 76(2)%
2lFy 74571 057! 0% - 0%  76(2)%

2TAt 7457 657! 8(3)% 36(5)% 27(6)% 76(2)%

9.1.2 Discussion

The different behavior in adsorption enthalphy is due to the chemical behavior. 2'Rn
is a noble gas and has only weak interaction strength with the Teflon or COMPACT
surface, in contrast to 2?'Fr. This fact is shown in the adsorption enthalpy of
219Rn compared to 22'Fr. The adsorption enthalpy —AH,q4s of 2"?Rn on Teflon is
—AH,4s = 24kJmol™! and for 22'Fr is —AH,qs. = 72kJ mol~!. Apparently, Rn ions
convert to volatile Rn atoms, which pass the transport line and reach the COMPACT
array, whereas both, Fr ions and atoms interact strongly with any surface that is
encountered prior to reaching the COMPACT detector array and are thus retained.
A likely scenario is that Fr ions encounter the Teflon surface in the transport line.
This prevents their extraction. The uniform distribution of 2!Rn along the transport
line in Fig. 9.3A is caused by decay in-flight during the migration along the Teflon
capillary. The simulated distribution pattern of 2!?Rn on the Au-covered COMPACT
is shown in Fig. 9.3 B. Fig. 9.2 shows the simulation with the lowest value at which
all the Fr atoms adsorb during the migration along the Teflon capillary, leading
to a complete loss of 22! Fr inside the capillary. This leads to the lower limit of
—AH,4s = 72kJ mol~!. The absence of 22!Fr in Fig. 9.1, i.e., the ion emitted from
the 225 Ac source shows that non-volatile atoms cannot be extracted with the setup
described here. The MC simulations support the assumption that 22'Fr is lost due
to the strong interaction in the Teflon capillary. The extraction of francium from the
250 mm transport line was not possible, therefore the extraction time measurement
and the characterization of the BGC were performed with the 2!Rn recoil-ion source.
The overall extraction efficiency of 2'?Rn from the BGC as given in Tab. 9.1 is 4
times higher than for 2'7At. The reason for this result is the low transport efficiency
of only 27(6)% compared to 99(1)% for 2!Rn. Furthermore, €. is significantly
lower for At than for Rn. That result indicates that a significant number of At
ions cannot reach the COMPACT detector, due to the adsorption of the mother Fr
inside the BGC. From there, the half-life of the At ions (T}, (*'"At) = 32ms) is

too short to reach the detector array. Therfore, only 217 At ions from the decay close
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to the detector array entrance are able to enter the active area of the COMPACT
detector. The transport losses in the Teflon transport line depend on the in flight
decay probability and in the case of Fr additionally on the adsorption strength. The
survival probability can be calculated from the known transport time in the gas-flow.
The transport time was measured with 2'Rn, see Sec. 9.2. For 217At the half-life
is significantly shorter than the transport time. The low transport efficiency shows
that the transport line prevented an effective transfer of non-volatile elements. For
these reason, in further experiments (see Sec. 10.2.4) with non-volatile elements,
the transport line was completely removed and a new version of the COMPACT
detector (miniCOMPACT) was introduced (see Sec. 7.2). Our extraction efficiency
ecenl Of volatile 219Rn is in agreement with the values in [92]. The modification of
the interface between the BGC and the subsequent COMPACT detector array has a
negligible influence on €. The combination of the BGC with the chromatographic
unit COMPACT in the current configuration is suitable for on-line experiments with
volatile reaction products from fusion evaporation reactions. The situation is quite
different for the extraction of non-volatile elements like 2! Fr, though. These are
completely lost in the Teflon capillary. The less reactive daughter of Fr, the At, can

be extracted in similar amounts like Rn (see Tab. 9.1).

9.2 Extraction time measurement

The extraction time was measured by the time-stamped detection of the 2'*Rn a-
decay via the non-volatile and short-lived daughter nucleus 2'*Po on the COMPACT
detector (see Fig. 9.4). The measurement methodology is described in detail in
Sec. 8.2.2. As already mentioned, the extraction time measurement was performed
only with the ??*Ra recoil-ion source due to the fact that in experiments with the
225 A¢ recoil-ion source the first daughter 22'Fr could not extracted. For the extraction
time measurements, the setup with the COMPACT detector an the 250 mm transport

line was used.

9.2.1 Result

In Fig. 9.4 is the number of 215Po « decays as function of the delay between the recoil
ion source and the arrival time at the PIN diodes of the first and last COMPACT
detector in one array is shown. The time difference between the first and the last
detector in one of the arrays will describe the retention time of the released ion
package of the recoil source through the COMPACT detector array. The released
ion package from the recoil-ion source reached the first PIN diode of the COMPACT
detector after a delay of about 55 ms. The here shown delay time is when 50% of the
respective atoms are flushed to the respective PIN diode of the COMPACT detector.
The last PIN diode in one COMPACT array is reached after 125 ms after the release

from the ??>Ra recoil-ion source. Of particular note in Fig. 9.4 is that the back
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tailing is increasing from the first PIN diode to the last PIN diode on the COMPACT
detector array. In contrast, the rising flank of the number of decays does not show a

pronounced tailing in either case. Additional, the extraction time from the BGC

1 stDetector FI 16 Detector

20 55 ms

15

Events
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Fig. 9.4.: Number of ' Po o decays as function of the delay between ion source
release and the arrival at the PIN diodes of the COMPACT array.

was investigated in relation to the gas-flow rate in the BGC. The gas-flow rate has an
influence on the transport time through the transport line after the ions were picked
up by the gas-flow in the vicinity of the funnel exit. Fig. 9.5 shows the extraction
time fextr of 2°Po-recoil ions from the source to the first COMPACT detector as a
function of the gas-flow rate.

The total extraction time from the recoil source to the first COMPACT PIN diode
shows an exponential decrease with an increase of the gas-flow rate, and approaches a
threshold value of around 55ms (fextr = tcell + ttrans)- The total extraction time teyty
comprises the extraction time of the BGC t.en and the transport time tians via gas
flow though the transport line, both of which are shown in Fig. 9.5. The threshold
value of the exponential decay of tiyans is around 40ms (flow rate > 0.10 mbar L s71).

The extraction time out of the BGC t¢q is increasing with raising gas-flow rate.

9.2.2 Discussion

For volatile elements such as Rn, an exact measurement of the residence times i) in
the BGC (fextr), ii) in the transport line (tians) and iii) in the COMPACT detector
array (tcom) is necessary for the efficiency determination. The sum of retention
times in the BGC and transport line is the arrival time at the first COMPACT PIN
diode. The transport time of the ion packet through the COMPACT detector can be

determined from the difference in arrival times of the 2'Rn package at the positions

91



CHAPTER 9. OFF-LINE EXPERIMENTS AT GSI

140 T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T T T T T T
® teell

} B itrans

120

100

S
o O

Time / ms
O[TTT T T T T T[T T T T [ T T T T [ T T T T T T T T ]TTTT

W
(an)

DO
o

@ ——
N O T A

. * i
L1 T Y S
0 0.02 004 0.06 0.08 0.10 0.12

Flow rate / mbar Ls~!

0.

Fig. 9.5.: Extraction time teg, from the BGC (source — COMPACT detector) and
transport times tyqans of the ton packet through the transport line. t.e
was calculated with Fq. 9.2.

of detectors 1 and 16 (see Fig. 9.4). The flight time tgigne of the 29Rn at a flow
rate of 0.1 mbar Ls™! is 55(4) ms. The velocity @ of the ions in the BGC volume

is proportional to the field strength of the electric field E under these conditions:

¥ = K - E, with k being the ion mobility, K = KOZ%Z [97]. Then, the following

equation results for the extraction time

dposT(Jp

—pos 0 2
KoTpoE (9:2)

text,cell =
Here dpos = 250 mm is the distance the ions travel through the DC-cage and DC
funnel. Ty = 273.15 K and py = 1013.25 mbar are standard temperature and pressure.
The reduced ion mobility of Rn ions in helium in an electrical field is taken as Ky =
17.37cm? V157! from [188]. The transport time of the ion package can then be
determined from the measured time difference of the mean Time-of-Flight (ToF) from
the source to the first PIN diode of the COMPACT detector. This transport time is
dependent on the gas-flow rate and the retention time within the transport line. The
extraction time teyt, decreases with increasing He gas-flow rate, see Fig. 9.5, while
teen of the ions from the BGC to the entrance of the transport line increases due to
an increased pressure inside the BGC (Eq. 9.2). Nevertheless even at the highest
gas-flow rate investigated, for which the pressure is already at the limit for a proper
operation of the RF funnel, the t. contributes less than 20% to teytr. The shortest
measured e with peen = 30 mbar was 9.8(7) ms [92]. This is slightly longer than
the calculated value of 7.3 ms. The deviation could be due to uncertainties in the Kj
or the real field strength in the RF-funnel and DC cage. The main extraction time

limitation arises from the gas-flow transport and thus from the length of the capillary.
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At the lowest gas-flow rate of 0.02 mbar Ls™!, a tex, of about 112(8) ms is reached,
which is reduced to 55(4) ms with an increase in gas-flow rate to 0.10mbarLs~1. A
gas-flow rate of 0.10mbar L's~! leads to a pressure of approximately pee = 90 mbar
in BGC. The square diffusion coefficient < 72 > describes the migration of the ions
in a gas-filled medium and allows calculating the radial distance that the ions travel

within a given time ¢ [189], which is given by
<r?>=3Dt (9.3)

where D is the diffusion coefficient. This is dependent on the ion mobility K, the
Boltzman constant ki, the absolute temperature 7', and the elementary charge e,

according to
_ Kk,T

e

D (9.4)

For the diffusion of 2/?Rn ions in He gas at a pressure of 30.5 mbar at 298 K, D is
1.5-1072 m?s~!. Within the slowest ¢ of 12.7 ms and the fastest .oy = 4.9ms (He
flow rate of 0.10 mbar L's~! and 0.02mbar Ls™!, respectively), the ions hence diffuse
over a radial distance of about 8mm (5mm) at a gas-flow rate of 0.10mbar L's~!
(0.02mbar Ls~1). Wall collisions due to radial diffusion are therefore not expected
to occur in the area of the DC cage, but may occur within the last funnel electrodes
depending on the Urp. The neutralization of the ions by wall collisions is beneficial
for the subsequent gas-phase chromatography process, and will ideally take place in
the area of the last funnel electrodes, where the gas velocities are 900m st [190], so
that the neutralized 2'°Rn atoms can still be effectively extracted. The ions that
have not been neutralized by this point are neutralized by the wall collisions in the
Teflon capillary of the transport line, via an electron pickup on the Teflon capillary.
The lowest measured transport time tey, of 2'Rn ions is 55(4) ms. This is about
one order of magnitude shorter than the shortest transport times achievable with
RTC-based setups, and opens a perspective for chemistry studies of nuclides with
half-lives of only few tens of milliseconds. A further reduction of the transport
time is possible by removing the complete transport line. This will be possible, but
requires a redesign of the interface between the funnel exit and the COMPACT
entrance. With this improvement, the extraction time tey, should only depend on
teell (textr = teenl = 10 — 15ms). In addition, losses of reactive species are expected to

be reduced.

9.3 Summary

The BGC-COMPACT combination was characterized by extraction measurements of
ions emitted by point-like recoil-ion sources installed inside the BGC. An maximum
extraction efficiency of 35(3)% was obtained. The extraction efficiency is 3 times
higher in comparison to the off-line experiments with this BGC at SHIPTRAP [92,
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93]. For volatile species, the overall efficiency is limited mainly by the poor stopping
efficiency of the produced ions in the stopping volume of the BGC at lower He gas
pressures. For the chemistry experiments a new interface between the funnel exit
and the COMPACT detector array was implemented. With this interface a smooth
transition from the ion-guided section into the laminar-flow section was possible. The
voltage applied at this TE was found to be a critical parameter. The coupling of the
BGC with the COMPACT detector allows an extraction time as short as 55(4) ms,
which is short enough to open principal perspectives for chemical studies of SHE
beyond element 7Z = 114.

In the 250 mm-long transport line, wall collisions occur. This leads to substantial
losses in the case of chemically reactive species. In the current setup, this limits the

chemistry experiments to studies of volatile elements.
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On-line chemistry experiments 1 O

The current section presents the experimental data obtained in the chemistry experi-
ments with the “°Ar- (see Sec. 10.1) and the *¥Ca-beam (see Sec. 10.2). The MARS
chemistry experiments at the Cyclotron Institute at Texas A&M (College Station,
USA) used the “0Ar-induced reactions on %2Gd, °Ho and 44147Sm, whereas the
TASCA experiments at GSI used the reaction *Ca + '65Ho. In the experiments
described in this section, a high extraction efficiency and sensitivity is the key to get
access to experiments with the heaviest elements of the PTE.

The production and separation of the element of interest is perfomed by using MARS
or TASCA as a pre-separator. The recoiling ERs from the separator are thermalized
in 30— 70 mbar gas volume, the BGC, and guided to the exit by a DC-field gradient
(see Fig. 6.1). An RF funnel, which produces a repelling force to prevent the ions
from hitting the surface, is installed at the end of the BGC to focus the ions towards
the exit hole. The BGC is described in Sec. 6.3. After the funnel exit, the ERs are
injected into COMPACT-type detector arrays (see Sec. 7.2). The BGC-COMPACT

setup is flushed with He gas, kept at a pressure of 30 —70 mbar to ensure viscous flow.

Tab. 10.1.: List of the used 2> Gd, 1% Ho, and “**'47Sm, targets. The target
composition and thickness as well as the backing thickness are given.
The targets were prepared by Thermal Evaporation (TE) [155] or
Molecular Plating (MP) [191].
Backing Target

Isotope thickness density Prep. Exp.
composition (pm) » / cm®)  method

(35% 152Gd, 16% °8Gd,
152Gq 13% '%6Qd, 14% *°°Gd 2 460 MP MARS
10% '°7Gd, 10% *°Gd)

16500 (100% '%°*Ho) 1 300 TE MARS
METSm (50% **Sm, 50% '*7Sm) 2 600 TE MARS
165Ho (100% *®5Ho) 2.3 or 7.3 395 TE TASCA

12.3pm-thick Ti-backing and 5um-thick Ti-degrader
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10.1 On-line chemistry experiments behind the
MARS spectrometer

A first exploratory experiment was performed at the Cyclotron Institute at Texas
A&M University (College Station, TX, USA) behind the MARS spectrometer [148,
162]. The reactions using the *°Ar projectile were performed during a six-day irradia-
tion in May of 2017. The first two days were typically used for beam adjustments and
calibrations. The remainder of the beamtime was reserved for extraction efficiency
experiments with the COMPACT detector in combination with the transport line.
On this occasion, the 2Gd, 1%°Ho and *147Sm targets were irradiated to measure
the extraction efficiency of the BGC presented in this work. A summary of the used
targets is given in Tab. 10.1.

10.1.1 Experiments behind MARS

The BGC was mounted in the focal plane (FP) of MARS [148, 162] with the COM-
PACT array connected to the outlet of the BGC. Short-lived a-decaying radionu-
clides were produced in the nuclear reactions '%Ho(*0Ar, 4-6n)199=201 At, 144Sm (40Ar,
4n)18Hg and 7Sm(*0Ar, 4-5n)182183Hg. A continuous “°Ar®* ion-beam was accel-
erated with the K-500 cyclotron at the Cyclotron Institute at Texas A&M University
to beam energies (Epap) of 217 MeV and 219 MeV. Beams at 219 MeV passed a 4.5 um
Al degrader, leaving this at an energy of 203 MeV, and were used to induce the
40Ay 4+ 141479 nuclear fusion reactions for the production of Hg isotopes. Beams
of Erap = 217MeV were used to induce the *°Ar + %Ho nuclear fusion reaction
leading to the production of At isotopes. The %°Ho target (average target thickness:
300 pg/cm? of "'Ho) was prepared by molecular plating [192] onto 1.1(1) um Al foil.
The samarium target (average target thickness: 600 ug/cm? of 44147Sm: isotopic
composition: 50% 44Sm; 50% 47Sm) was prepared by thermal evaporation [155]
onto 2.2(1) um Ti foil. The beams first penetrated the backings before entering the
target material. All energy losses in this work were calculated with SRIM2013 [193].
The target thinning upon a heavy-ion irradiation was not taken into account [194].
A summary of the beam parameters and ER properties can be found in Tab. 10.2.

For each projectile-target combination only the highest cross sections oyrvap accord-
ing to HIVAP calculations [41, 195] at the given Ecor are listed in Tab. 10.2. In
addition, the energy of the CN (Ecn), the relative a-decay probability (b,) and most
intense a-lines (Fq1) are included. The information presented in Tab. 10.2 are of im-
portance for the data analysis. The ion-beam intensity on the targets was 2.5(2) - 1019
particle-s~! (4.0(4) nApart). The Rutherford scattering was used to monitor the
number of ion-beam particles bombarding the target with two Si-detectors mounted
at £30° relative to the beam axis. The reaction products were separated from
the primary ion beam based on their magnetic rigidity and velocity. A retractable

16-strip position-sensitive Si-detector with an active area of 50 x 50 mm? was mounted
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Tab. 10.2.: List of experiments with “C Ar ion beams as described in this thesis. The
cross sections ogryap were calculated with HIVAP [41, 195], at the
lab-frame ion beam energy in the center of the target Ecor. The Eon
18 the kinetic energy of the CN if formed at ion beam energy Ecor.
The three right-most columns indicate nuclear properties of the
produced EVRs: energy of the most intense a-line (Eq1) [196],
branching for a-decay (ba) [196], and half-life Ty 5 [196]. The energy
loss was calculated with SRIM-2013 [193]

Reaction Product Ecor Ecn OHIVAP Eao

(MeV) (MeV) (mb)

OAr + %°Ho  5n 200 7t 212 41.4 0.037 6464 57(6)
6n 19 At 212 41.4 0.500 6643 90(5) 7.2(5)

OAr + 7Sm  4n 183 g 190 40.7 6.811 5904 11.7(20) 9.4(7) s
5n 182y 190 40.7 4.242 5867  15.2(8) 10.8(1) s

OAr 4+ 4Sm  4n 180Hg 190 40.7 2411 6120 48(4) 2.8(2) s

25 cm upstream of the BGC in the MARS focal plane to measure absolute ER rates.
The signals from this detector were amplified with a gain of 7-8 mV /MeV and shaped
by CAEN amplifiers. The shaped signals from each amplifier were passed into its
own 32-channel Analog-to-Digital Converter (ADC). The ADCs transmitted the
digital output signal through the PCI bus to the data acquisition computer, where
the energy and position values were stored. The typical energy resolution of the
obtained a-spectra was around 90keV.

The detector was retracted for the efficiency measurements with the BGC. The ER
focal-plane image size (FWHM, Full Width at Half Maximum) was 32 mm in the
horizontal direction and 24 mm in the vertical direction. The transmission efficiency
of MARS depends on the mass asymmetry of the fusion reaction. For the used
reactions, this efficiency was between 2 and 4% [192]. An external energy calibration
was performed by using a four-line a-source, consisting of 8Gd, 239Pu, 2*'Am,
and ?**Cm. The geometric efficiency of the FP detector to register a-particles of
implanted ERs was estimated to be 55(3)%.

A 3.5(1) pm Ti foil with a diameter of 60 mm was mounted inside a CF-flange to
separate the buffer-gas volume from the beamline vacuum. It was sealed with a gold
wire, and supported by a grid with a geometrical transparency of 95% [197]. The
entrance window and the back of the DC cage were kept at a potential of typically
4250V in order to optimize the electric field inside the BGC. The BGC was filled
with high-purity (99.9999%) helium gas. The ERs, extracted from the BGC, entered
a 25 cm-long Teflon transport line (inner diameter 4 mm), establishing the connection
to COMPACT.
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10.1.2 Focal plane measurements behind MARS

For chemistry experiments with SHEs, the extraction efficiency and the extraction
time is the key, since the SHEs have low production rates and short half-lives. In order
to determine the extraction efficiency in on-line experiments, the rates of incoming
ERs into the FP must first be determined from a-spectra from the FP-measurements.
This information is needed for the calculation of the overall extraction efficiency of
the BGC. The rates of incoming ERs were identified based on their known a-decay
energies. The implanting ERs were detected with a 16-strip position-sensitive silicon
detector (PSSD). The a-decaying ERs from the “°Ar + 1%Ho reaction were used to

correct for the recoiling daughter energy to obtain an internal calibration.

Result

The “°Ar + 152Gd, '%Ho, and 4*147Sm reactions were studied in the experiments
behind the MARS spectrometer. The beam energies result in CN excitation energies,
which populated the evaporation channels 4n, 5n, and 6n. Not all xn exit channel were
observed for all of the presented reactions. In addition to the zn deexcitation channels,
the channels that involved the emission of a proton or a-particle plus few neutrons
from the CN could not be observed in the respective a-spectra. Fig. 10.1 shows
typical a-spectra of implanted fusion products of the three 9Ar-induced reactions.
The beam dose for the measurement series was between (4.1-5.6)-10 particles. For
the reaction *2Gd + “YAr to synthesize the CN ¥2Pb* the production rate was
relatively low, since the HIVAP predicted cross section ogpyvap for this reaction is

two orders of magnitude lower than ogryvap for the other two “°Ar-induced reactions.

Discussion

The products of the 4-6n evaporation channels have high production cross sections
and are, thus, the most prominent. The observed a-particle energies are in agreement
with the literature values given in Tab. 10.2. In all spectra, rn-evaporation products
dominate; no products of charged-particle evaporation are visible. The low production
rates for Pb nuclei (see Fig. 10.1 A) and the not ideal Ti-window thickness for
these nuclear fusion reaction (see Sec. 8.1) led to insufficient statistics below the
determination limit of the used setup (30 [198]). In the 4°Ar + 144147Sm reaction, the
peaks of 182Hg and '®3Hg could not be resolved (Fig. 10.1 C). Therefore, for 82183 Hg
only a sum of the 5n and 6n channel is reported and used for the determination of
the overall extraction efficiency of the BGC (in Sec. 10.1.3). In the nuclear fusion
reaction “0Ar + 5Ho, the 199:290At are well separated and can be used for the

efficiency evaluation of the BGC.
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Fig. 10.1.: Typical a-spectra measured with the FP-detector for fusion products in
40 Ar-induced reactions on (A) '52Gd, (B) Y% Ho and (C) **"Sm. The

respective particle doses is shown in each of the figures.

10.1.3 Extraction efficiency measurements behind the MARS sep-
arator

The extraction efficiency ecyp is given by the ratio of the number of ions reaching
the COMPACT array to the number of ions entering the BGC, both normalized to
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the ion-beam intensity. The latter number is obtained from the FP measurements,
taking into account the efficiency of 55(3)% to register a-particles emitted by ERs
implanted into the FP-detector and the entrance-window-grid transmission of 95%.
The extraction efficiency was determined for 99 At, 200:200m At and 18%183Hg,

Result

Fig. 10.2 shows two typical a-spectra collected with COMPACT. Both a-spectra are
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Fig. 10.2.: Typical o spectra with COMPACT-detector for fusion products in
40 Ar-induced reactions on (A) 1% Ho and (B) **7Sm.

similar to the corresponding FP-spectra given in Fig. 10.1. The peak of YAt is well
resolved in Fig. 10.2 A, in contrast to the situation in Fig. 10.2 B, where the a-lines of
182Hg and '®3Hg overlap almost completely. In the latter case, increased noise due to
an increased RF-amplitude on the RF-funnel led to a reduced resolution. Therefore,

the unresolved sum spectrum has had to be used to calculate the extraction efficiency.
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The measured extraction efficiencies eqyp for the 40 Ar-induced reactions on %Ho
and 47Sm are shown in Tab. 10.3, where the detected decays of ERs in the FP and
in COMPACT are normalized to the ion-beam dose.

Discussion

The evaluated efficiencies in Tab. 10.3 are slightly lower than the value of 35(3)%
measured off-line with a ?23Ra a-decay recoil-ion source. This may be due to a
larger spatial distribution and a wider range of recoil energies under which the ERs
enter the BGC compared to the off-line experiments. Thus, a larger fraction collides
with the funnel electrodes before thermalization in the case of the herein presented
on-line experiments. In addition, some of the ions counted in the FP-detector are
too slow to penetrate the entrance window (Eyx;, < 30 MeV) or they are too fast for
thermalization in the BGC (Ey, > 48MeV), thus implanting into the back wall.
The stopping efficiency inside the BGC depends on the gas pressure inside the BGC
and the thickness of the entrance window and was determined by using the SRIM
code [193]. For the latter, the ion trajectories of 10,000 YAt or '82Hg ions with
kinetic energies of Fyjy, = 40 MeV were simulated. Ions with simulated endpoint
coordinates inside the 3.5 ym-thick entrance window foil were lost for a subsequent
extraction out of the BGC. The fraction of ions passing the entrance window foil
(Nwin), is given in Tab. 10.3. The fraction of ions with simulated end point positions
inside the electrode system structure was taken as that stopped inside the BGC
(estop) Was available for a later extraction out of the BGC. Tab. 10.3 shows that the

Tab. 10.3.: Measured experimental efficiency €.qp for the given astatine and
mercury radionuclides in comparison to the calculated extraction
efficiency, €calc- Nuwin 15 the fraction of ions that passes through the
entrance window, and €g,p s the stopping efficiency for these ions
inside the BGC as calculated with SRIM for 199 At and '®2 Hg ions with
kinetic energies of 40 MeV impinging on a 3.5 um-thick titanium foil.
epge 1s the extraction efficiency of the BGC' as measured in the off-line
studies. €cqle s the product of epac, Nuwin and €siop, which is in good
agreement with €qgp.

Nuclide Nwin €stop  EBGC Gile €exp norm. events norm. events
(%) : %) (%) (%) FP COMPACT
199 A, 86(9) 83(8) 35(3) 25(4) | 24(4) 4.88(50) 1.18(11)
200.200m AL 86(9)  83(8) 35(3) 25(4) | 24(4) 1.22(20) 0.30(10)
182183 g 82(8)  94(8) 35(3) 27(3) | 26(3) 7.99(80) 2.06(20)

calculated stopping efficiency €caic, which takes into account Nyin, eBgc and €stop, is

in agreement with the experimental values €cxp.

101



CHAPTER 10. ON-LINE CHEMISTRY EXPERIMENTS

10.2 On-line chemistry experiments behind the gas-filled separator
TASCA

Based on the first results from Sec. 10.1, the setup was further improved with the in-
troduction of the new miniCOMPACT (see Sec. 7.2), and the main experimental run
was then performed at TASCA at GSI Helmholtzzentrum fiir Schwerionenforschung
GmbH, Darmstadt. The COMPACT array, which was used in the off-line experiments
at GSI (see Sec. 8.2.1) and on-line experiments behind the MARS spectrometer (see
Sec. 10.1), in combination with a Teflon transfer line hampered the investigation of
non-volatile species. In order to gain access to non-volatile elements and also to speed
up the transport to the detector, an improved version of the COMPACT detector
array was developed for the experimental campaign at TASCA (see Sec. 7.2). The
main focus was on the elimination of any non-detector surfaces between the BGC
exit nozzle and the detector. The experiment with *Ca was performed during a
five-day irradiation in March 2019. The '%Ho target was irradiated at two different
beam energies, Ecor = 273 MeV and 244 MeV in the middle of the target. The

formal process was similar to the “CAr irradiations.

10.2.1 Experiments behind TASCA

A pulsed ion-beam (5Hz, 5ms on, 195ms off) of ¥*Cal®*  provided by an Electron
Cyclotron Resonance ion source, was accelerated by the UNIversal Linear ACcelerator
(UNILAC) at the GSI Helmholtzzentrum fiir Schwerionenforschung GmbH to an
energy of Ep,p, = 289 MeV. Typical ion-beam intensities were 1.8(2)-10!! particles-s~!
(29(3) nApare). The ion-beam energy was degraded for portions of the run by passing
the ion beam through a 5.0(1) um Ti degrader foil mounted on a rotating wheel
upstream of the targets [193, 199]. Four 395 ug/cm?-thick '®>Ho target segments
(arc-shaped, monoisotopic composition) were mounted on a second wheel and rotated
together with the degrader wheel, synchronously with the macro structure of the
ion beam [156]. With Era;, of 289 MeV, the energies (Ecor) were 273MeV and
244 MeV for 2.3 ym and 7.3 um (2.3 pum + 5.0 um) Ti-foil thicknesses, respectively.
The target backing with the target material was mounted on the downstream side
(in beam direction) of the target frame. This allowed a small fraction of projectiles
to scatter off the surface of the target frame into the backing and subsequently
the target material layer. These scattering processes led to a small fraction of
projectiles having substantially (tens of MeV) smaller energies than the nominal
ion-beam energy (Er,p), which led to the population of exit channels that are only
expected at much lower beam energies, but feature large cross sections at such low
energies (cf. Fig. 10.6). The '%°Ho targets were prepared by thermal evaporation
onto 2.3(1)-pum-thick Ti-target backings [155].

The compound nuclei, with the momentum of the ion beam, recoiled through the
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remaining target material before entering the gas-filled separator TASCA. In the
experiments with Ecor = 273 MeV, the ER energy was degraded by adding a 100-
pg/ecm? carbon-foil wheel behind the target. The ERs were separated from the
primary ion-beam and unwanted nuclear reaction by-products by their different
magnetic rigidities in 0.8 mbar helium in the TASCA separator. The ERs with a
magnetic rigidity of 1.7T - m, were directed to the focal plane of TASCA, which
was operated in its High Transmission Mode (HTM) [200]. For the reference of
the transmission measurement, the ERs entered the TASISpec set-up [201] in the
configuration used for a subsequent flerovium decay spectroscopy experiment [202].
The TASISpec implantation detector was a double-sided silicon-strip detector (DSSD)
with 32 strips in horizontal and vertical direction, respectively, and an active area of
58 x 58 mm?. The geometric efficiency for detecting the a-decay of implanted ERs
with the DSSD was ~ 50% [203]. The energy calibration of the DSSD was obtained
using a-decay spectra from implanted 252No, produced in the nuclear reaction of the
same ion-beam with 296-297Ph-targets [204]. The energy resolution (FWHM) of the
DSSD for a-decay lines in the range F, = 6—12MeV increased from 31 to 42keV.
After preamplification, the DSSD signals were directly digitized by 50-MHz, 14-bit
sampling Analog to Digital Converters (ADC). The focal-plane image size was 48 mm
in the horizontal direction and 20 mm in the vertical direction (FWHM). For the main
part of the TASCA experiment, TASISpec was replaced by the BGC. The latter was
separated from TASCA by a 5.1(1)-pm-thick titanium foil with a diameter of 60 mm.
This entrance window was supported by a grid with a geometrical transparency of
95%. The BGC (see Sec. 6.3) was filled with high-purity (99.9999%) helium gas.
The ERs, extracted from the BGC, entered the miniCOMPACT detector array (see
Sec. 7.2), which was connected directly to the BGC.

10.2.2 Analyses of the obtained experimental data

Because of the relatively high excitation energies of the CN, a large number of
zn and pzn deexcitation channels was observed. The a-particle energies of these
short-lived reaction products were located close together in the obtained a-spectrum,
so that the individual a-peaks cannot be fully resolved. In this case, only the sum
of overlapping peaks can be obtained from the a-spectra in the miniCOMPACT
detector. Fig. 10.3 shows the a-spectrum measured with the miniCOMPACT when
the products at Ecor 273MeV of the '%Ho(**Ca,rn) reaction were collected on
the first three miniCOMPACT detector pairs. On the remaining detectors, only
signals from At and Rn isotopes decaying-in-flight were observed. All Fr isotopes
adsorbed quantitatively on the first three detector pairs PIN diodes. Due to the
reduced resolution of 175keV (FWHM), individual a-lines are unresolved. The
peak broadening is attributed to (i) the electronic noise caused by the RF and

beam operation, and (ii) the anisotropic path of a-particles through the gas and
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Tab. 10.4.: List of experiments with 4® Ca beams as described in this paper. The
cross sections ogryap were calculated with HIVAP [41, 195], at the
giwen Ecor. The data for Ey, ba and T /5 are taken from the
FEvaluated Nuclear Structure File (ENSDF) database [196]. The energy
loss was calculated with SRIM-2013 [193].

Reaction Product Ecor Econ OHIVAP Eq ba

(MeV) (MeV)  (mb)  (keV)

8Ca + Ho  4n 209py 273 62 < 0.001 6646 89

(3)  50.0(3) s
5n 208y 273 62 <0.001 6641 90(4)  59.1(3) s
6n 207 py 273 62 0.006 6768 95(2)  14.8(1)s
n 206y 273 62 0.272 6790 84(2)  15.9(2) s
8n 205y 273 62 2.612 6915 99(1) 3.9(1) s
9n 204y 273 62 2.424 7013 80(1) 1.7(3) s
p4n  2%Rn 273 62 < 0.001 6143 62(7) 24.3(1) min
psn  2°"Rn 273 62 0.004 6131 21(3)  9.3(2) min
p6n  2%Rn 273 62 0.204 6260 63(3) 5.7(2) min
p/n  2%Rn 273 62 1.997 6262 23(4) 2.8(1) min
p8n  2%*Rn 273 62 2.826 6419 73(1)  1.2(1) min
am  202At 273 62 2.153 6228 18(3)  3.1(1) min
“8Ca + '*Ho  4n 209y 244 55 < 0.001 6646 89(3)  50.0(3)s
5n 208y 244 55 <0.113 6641 90(4)  59.1(3) s
6n 207 py 244 55 4.282 6768 95(2)  14.8(1) s
n 206y 244 55 13.408 6790 84(2)  15.9(2)s
8n 205y 244 55 2.345 6915 99(1) 3.9(1) s
psn  2°"Rn 244 55 1.146 6131  21(3)  9.3(2) min
p6n  2°Rn 244 55 4.052 6260 63(3) 5.7(2) min
asn  20TAt 244 55 2491 6344 71(7) 1.48(3) min

detector dead-layer. To obtain information on the contribution of individual a-lines

a multiple-peak fit approach was used.

Theoretical multiple-peak fit functions are a suitable tool in the case of largely
overlapping a-lines. A variety of functions is available for a multiple-peak analysis,
and by choosing suitable boundary conditions, it is possible to decompose the sum
spectrum into its single components. As the a-decay lines in our a-spectra have
non-Gaussian shapes, they were fitted with an asymmetric function. The asymmetric

double sigmoidal-function is given by:

1 1
Y=Y + A _z—zctwy/2 ’ <1 - _z—Te—wy/2 > (101)
1+e w2 1+e w3
This function has six parameters: the vertical offset given by yg = 0 (baseline

correction), the amplitude A, the centroid z., and three width values wi, wo, and

ws which determine the asymmetry of the peak. The three width parameters were
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Fig. 10.3.: Sum «-spectrum on the first three miniCOMPACT detector pairs of the
BCa + 155 Ho reaction at Ecor = 273 MeV. The measurement time was
60 min.

determined from the calibration spectrum of ??'Fr, 217At, and ?'3Po, amounting
to wi = 25keV, wy = 125keV, and w3 = 25keV (cf. Fig. 10.5). The influence of
the wy value in the description of the low energy tailing of a a-signal is shown in
Fig. 10.4 (For ws it is analogous to we with the difference it describes the high energy
tailing). w; represent the FWHM of the base peak. Meanwhile, the values for z,
can be retrieved from literature, i.e., in the form of listed energies for the individual
a-lines of the radionuclides in question. The values of the width parameters, as
determined from a dependent fit of the well-separated a-lines in the calibration
spectrum (see Fig. 10.5), in combination with the values for the centroids allow for
the multiple-peak fit analysis of complex spectra with largely overlapping a-lines.
This approach leaves the amplitudes of individual fit functions of single a-lines as
the only free parameter. The multiple-fit analysis was performed in Origin® from
OriginLab®

10.2.3 Focal plane measurements behind TASCA

For the gas-chromatographic studies at TASCA, the novel detector miniCOMPACT
was connected directly to the BGC. To perform chemistry experiments with the
heaviest elements, efficiency and sensitivity is a key factor. For the determination
of the miniCOMPACT efficiency, the incoming particle rate on the FP-detector
was measured. In addition, the FP-detector allows the mapping of the ion-beam
profile. The number of incoming ERs and their subsequent decays into the FP

were determined in measurements with 32 strips in horizontal and vertical direction,
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Fig. 10.5.: Calibration spectrum of the miniCOMPACT with an ?*® Ac recoil-ion
source. The peaks were fitted with an asymmetric double sigmoidal
(Asym?2Sig) function from Eq. 10.1.

respectively, and an active area of 58 x 58 mm?. The geometric efficiency for detecting
the a-decay of implanted ERs with the DSSD was =~ 50% [203]. The *®*Ca-induced
experiments used two excitation energy settings: (i) Ecor = 273MeV and (ii)
Ecor = 244 MeV. For the latter Ecor the beam energy was reduced by a 5.0(1) pm
Ti degrader foil, which was mounted on a separate rotating target wheel upstream of

the targets. The kinematic setting for both experiments which include the use of
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165Ho targets are shown in Tab. 10.4.

Results

The typical a-decay spectra measured in the FP for the decay of implanted ERs in
each **Ca-induced reaction are shown in Fig. 10.6A and Fig. 10.6B. The observed
fusion-evaporation products were identified according to their known a-decay energies.
To ensure all ER decay events were collected after the end of irradiation of the
165Ho target, the data acquisition was continued for several half-lives of the longest-
lived fusion-evaporation product. The peak fitting of each decay product was
performed with the multi-peak-fit approach in OriginLab. In the low energy part
of both a-spectra, the characteristic a-decays of the pzn (Rn) and the azn (At)
exit channel products were observed. The nearly identical T}/, and /or a-energies
of these deexcitation channels in the reaction '*Ho + ®Ca make their individual
a-lines unresolved. In the high energy part of the a-spectra, the zn residues (Fr)
synthesized in the 48Ca-induced reaction with '%Ho were obtained. From Fig. 10.6, it
is directly clear that a decrease of the excitation energy leads to a reduced number of
evaporated neutrons. The determined rate entering the BGC for each nuclide is used
for the chemical yield determination of short-lived isotopes in the miniCOMPACT
measurements. In Tab. 10.5 the number of counts for each nuclide seen in Fig. 10.6

is shown.

Tab. 10.5.: Summary of the measured number of counts in the *®Ca + 65 Ho
reaction in the TASCA FP at Ecor 273 MeV and 244 MeV. The
projectile dose was 1.3(1) - 10* for Ecor = 273 MeV and 1.2(2) - 1014
for Ecor = 244 MeV.

Ecor = 273MeV  Ecor = 244 MeV

Nuclide

204y 5(2) -
205y 16(5) 65(6)
2064207 gy 39(4) 560(45)
2084209y 188(15) 209(17)
204Rn 156(13) -
W01A¢, 160(13) 31(5)
205Rn 72(8) .
202 At 26(5) -

Discussion

Production cross sections ogpyvap, as calculated by a statistical evaporation model of
the nuclear reaction 165H0(48Ca,avn), are given in Tab. 10.4. The largest ogrvap at

Ecor = 273 MeV result in the 8n-, 9n-, p7n-, p8n- and a7n-channels, where oyryvap
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Fig. 10.6.: Alpha spectra recorded in the FP measurement at TASCA (A) at
Ecor= 273 MeV and (B) at Ecor = 244 MeV. Dominant lines are
labeled.

is in the range of several mb. The other nuclear reaction products have cross sections
below 1 mb. With the shift to Ecor = 244 MeV the maximum oypyap is predicted
for the 7n channel. Indeed, the a-spectra shown in Fig. 10.6 reveal that all expected
ERs can be found. The a-spectra also exhibit a-lines of products from channels with
fewer evaporated neutrons than expected from the HIVAP calculations. These were
formed by the small fraction of ion-beam scattered to lower energies, where these
channels dominate and exhibit larger cross sections than those nominally expected
at the Ep.p, cf. the results of HIVAP calculations provided in Sec. A.2.
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10.2.4 Extraction efficiency measurement behind the gas-filled
separator TASCA

The overall extraction efficiency of the BGC was determined with the transmission
efficiency from the previous FP measurements (see Sec. 10.2.3), which corresponds to
the number of ions which enters the BGC trough the entrance window. The bar graph
in Fig. 10.3 shows the summed spectrum of the first three miniCOMPACT-detector
pairs obtained at Ecot = 273 MeV of the ®Ho(*¥Ca,zn) reaction. All francium
radioisotopes are adsorbed on the first three detector pairs. On the remaining
detectors, mainly signals from 20429 Rn, decaying in-flight, were observed. Due to
the reduced energy resolution of 175keV (FWHM), individual a-lines could not be
resolved. To obtain information on the contribution of individual a-lines a multiple-
peak-fit approach was used (see Sec. 10.2.2). In Eq. 10.1 three width values occur
and were set to w1 = 25, wy = 125 and ws = 25 as determined from a calibration
spectrum, cf. Fig. 10.5. There, each a-peak is well separated and can be used
to determine the w values for the multiple-peak-fit approach. In the calibration
spectrum the three width values lead to a proper description of ?2'Fr, 217At and
213Po (see Fig. 10.5). The multi-peak fit approach allowed the analysis of complex
spectra with largely overlapping a-lines. In this approach, the amplitudes of the

individual fit functions of the respective a-peak were the only free parameter.

Result

Production cross sections oprvap, as calculated by a statistical evaporation model of
the nuclear reaction '%°Ho(*¥Ca,zn), are given in Tab. 10.4. The largest opryvap at
Ecor = 273 MeV result in the 8n-, 9n-, p7n-, p8n- and a7n-channels, where oyryvap
is in the range of several mb. The other nuclear reaction products have cross sections
below 1 mb. With the shift to Ecor = 244 MeV the maximum oypyap is predicted
for the 7n channel.

To obtain information on the contribution of individual a-lines a multiple-peak fit
approach was used (see Sec. 10.2.2) with shared/fixed widths parameters, fixed energy
positions and free areas for the individual peaks. The fitting result of experimental
data from the multi-peak fit approach is shown in Fig. 10.7. This procedure is able to
describe the experimental data and Tab. 10.6 summarizes the multiple-peak analysis

for the experimental data.
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Fig. 10.7.: Ezperimental data (sum a spectrum, see Fig. 10.3) simulated with
mutiple asymmetric double sigmoidal fits. The enveloping curve around
the experimental data is the sum of the individual simulated peaks from
the multiple fit analysis for the repective nuclides.

Discussion

Indeed, the a-spectra shown in Fig. 10.6 reveal that all expected ERs can be found.
The a-spectra also exhibit lines of products from channels with fewer evaporated
neutrons than expected from the HIVAP calculations. These were formed by the
small fraction of ion-beam scattered to lower energies, where these channels dominate
and exhibit larger cross sections than those nominally expected at the Fr,p, cf. the
results of HIVAP calculations provided in Sec. A.2. In Fig. 10.8 the relative peak
areas from the FP spectra (see Tab. 10.6) compared to the relative peak areas as
determined by the multiple-fit analysis (see Tab. 10.6) is shown. The ratios of the
individual peak areas of different pairs of radionuclides (see Tab. 10.6), as derived
from the FP- and miniCOMPACT-spectra are in good agreement. Thus, the applied
multi-peak-fit analysis indeed allows for the determination of the correct relative peak
areas of the investigated radioisotopes of francium in comparably complex spectra

with inferior resolution. Furthermore, it shows that the peak area of all At isotopes

were reduced by the same factor. We ascribe this to the fact that elemental At is

volatile (similar to Hg) and does not absorb on the SiOg-surface of the detector array,
due to its low adsorption enthalphy on SiOg [205]. This is further substantiated

by the fact that on the remaining miniCOMPACT detectors only decay-in-flight is

observable.

The weighted average value of €qxp for all five francium radioisotopes, as determined
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Tab. 10.6.: Calculated extraction efficiencies using the multiple-peak fit analysis
from Sec. 10.2.2 for the data obtained with the miniCOMPACT for A)
Ecor= 244 MeV and B) Ecor = 273 MeV. The overall efficiencies
€eap Of the BGC-miniCOMPACT system for the respective Fr
radioisotopes are compared to the theoretically expected efficiencies €qqc
(for further details see Sec. 10.1.53).

Nuclide

205y 86(4) 94(4) 35(2) 28(3) | 21(3)
2061207TRyr - 86(4)  94(4)  35(2)  28(3) | 22(2)
208+209%y  R6(4)  94(4) 35(2) 28(3) | 21(2)

204y 94(4) 84(4) 35(2) 27(3) | 23(7)
205y 94(4) 84(4) 35(2) 27(3) | 21(5)
2064207k 94(4)  84(4)  35(2)  27(3) | 20(2)
05F09Fy  94(4)  84(4) 35(2) 27(3) | 21(2)
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Fig. 10.8.: The relative peak areas from the FP spectra (see Tab. 10.6) compared to
the relative peak area as determined by the multiple fit analysis.

by the multi-peak-fit analysis, was 21(3)% for both energies. If eop, eBac and Nyin
are taken into account (see Sec. 10.1.3), the resulting € .1 agrees quite well with the
value of €cxp. The remaining difference can be explained by the difference in angular
spread of products emitted from an a-recoil-ion source and ERs entering the BGC
in a much wider distribution.

In the off-line measurements with a 22°Ac recoil-ion source, it was not possible to
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detect Fr in the COMPACT. This was attributed to Fr adsorption in the Teflon tube
used in that work to connect COMPACT to the BGC. The new interface between the
funnel exit and the new miniCOMPACT has almost eliminated this distance, where
the ions are no longer guided by electric fields. In the present setup, first contact of
extracted ions no longer occurs on a Teflon tube, but on the active detector surface of
the miniCOMPACT. This therefore allows registration also of a substantial fraction

of 23(4)% of non-volatile, reactive elements like Fr.

10.2.5 Summary

The fusion-evaporation reactions of “°Ar- or *®Ca-beams with '%°Ho- and 44147Sm-
targets were used to characterize a new setup for fast transactinide chemistry experi-
ments. a-decaying radioisotopes of mercury, francium, and astatine were produced
and isolated in the MARS or TASCA recoil separators and guided into the BGC. The
BGC-COMPACT setup has been successfully tested in on-line experiments behind
the MARS spectrometer at Texas A&M University. The measured extraction efficien-
cies for 199At, 200.200m At and 182:183Hg as determined with the COMPACT detector
after a 25 cm-long Teflon transport line, were 24(4) % and 26(3) %, respectively. The
good agreement between the experimental and calculated efficiency (see Tab. 10.3)
shows that the characterization of the BGC is well understood. These efficiencies are
slightly lower than the obtained value of 35(3) % during the off-line experiments with
219Rn ions from a ??3Ra recoil-ion source mounted within the BGC. The difference
in efficiency between the off-line and on-line experiments is based on losses in the
entrance window of the BGC as well as its limited stopping efficiency and the larger
angular spread of the ERs [93]. The long transport line in this setup suppressed the
extraction of non-volatile elements. These elements adsorbed on their way through
the transport line and did not reach the COMPACT detector array.

For the present study at TASCA, the novel miniCOMPACT was developed. The new
detector array was tailored to experiments with short-lived radioisotopes of relatively
less volatile elements and was successfully coupled to the BGC. The elimination of
any transport line by means of a new interface to the miniCOMPACT allowed for
the detection of non-volatile chemical elements. In the experiments behind TASCA,
an extraction efficiency of 21(3) % for the investigated radioisotopes of francium
was reached. This extraction efficiency is similar to the values obtained for the
more volatile elements astatine and mercury adsorbing on the Au-covered detectors
in COMPACT. These experimental results show that the setup presented here is
suitable for the extraction of both volatile and non-volatile elements. Furthermore,
the miniCOMPACT is not limited to the application in experiments with the BGC,
but it can also be used behind a classic RTC [59]. First promising preliminary studies
with this coupling type were performed at GSI [180].

The BGC and miniCOMPACT setup enables experiments with, in comparision,
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short-lived radioisotopes (T3 > 50ms), also of non-volatile elements. Our ob-
tained results also show weaknesses of the used setup, mainly connected with the
finite thermalization capabilities of the BGC. Based on our results, the design of
a next-generation BGC was developed [206], which is expected to provide higher
thermalization efficiency and yet shorter extraction times, as desirable for studies of

the superheavy elements.
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Future Perspectives

11.1 Chemical experiments of superheavy nuclei

Beside the GSI Helmholtzzentrum fiir Schwerionenforschung there are several facilities
at which chemical investigations of the properties of SHEs are performed. For
example, F1 was also characterized via gas-phase chromatography in the reaction
48Ca + 242244Py at the Flerov Laboratory for Nuclear Reactions (FLNR), Dubna,
Russia. In theses experiments, the adsorption behavior of F1 on gold was investigated
[83]. The gas-phase chromatography is used for studies of Nh, which was produced in
the heavy-ion-induced nuclear fusion reaction of ¥¥Ca + 243Am [180]. The isotopes
284,285Nh from the a-decay of the precursor 28%289Mc were in the focus of interest
in these experiments. So far it has not yet been possible to extract Nh after the
separation at the Dubna Gas-Filled Recoil Separator due to larger retention of
elemental Nh in the Teflon capillary [80]. Another approach to understand the
atomic structure of SHEs is by mass spectrometry of superheavy elements. The
first direct measurement of the mass numbers for Nh and Mc was performed at
FIONA (For the Identification of Nuclide A) at the Lawrence Berkeley National
Laboratory (USA) behind the Berkeley gas-filled separator [207]. The new facility
SHEF (superheavy element factory) at the FLNR institute Dubna, Russia, aims to
discover new superheavy nuclides and to study those already synthesized in more
detail. The SHEF enables a tenfold increase in beam intensity by using the DC-280
cyclotron up to 10 puA for ions with masses of 50-60 u; such an increase in beam
intensity enables the study of reactions with lower cross sections that would otherwise
be inaccessible [208].

11.2 Chemistry beyond F1

To get access to shorter-lived isotopes and thus eventually to Mc and beyond, a
faster extraction technique for chemical experiments, which can be connected to the
well established gas-phase chromatography is needed. The successful fast extraction
of 2'9Rn with 55(4) ms and with an extraction efficiency of 35(3)% has shown the
capability of the TASCA-BGC system to investigate short-lived isotopes. The
extraction time of 55 ms from the BGC demonstrated in this thesis is by a factor
of 7 to 9 shorter than for the RTC. In response to these extraction time and on
the basis of the current production rates of SHEs, the element Nh and Mc are

directly in reach for chemical studies with gas-phase chromatography. To proceed
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to even heavier elements or exotic nuclei, either the overall efficiency of the setup
has to be further increased or the amount of produced nuclei has to be increased.
The overall efficiency of 35% is one of the limiting factors. A highly efficient (up
to 100%) extraction method will improve the sensitivity for gas-phase chemistry
experiments. With a highly efficient and fast extraction method, the isotopes with
half-lives of several milliseconds should be accessible at the one-atom-at-the-time
scale. The overall efficiency is not the only key to gas-phase experiments with SHEs
since it strongly depends on the half-life of the heaviest elements [45]. Furthermore,
the chemical study in the gas-phase needs a volatility of atoms or molecules in
the present of a Teflon transport line to transport the in-situ produced ERs. This
is the reason why the chemical studies are limited to elements, which are volatile
or form volatile compounds. The heavier elements Mc till Og are predicted to be
chemically reactive and their isotopes are in the 100 ms-range. The experiments at
Dubna with Nh show [80] that Nh for example is very reactive and has a strong
interaction with Teflon and cannot be successfully extracted to the chemical setup.
The same behavior is observable for the non-volatile 22!Fr. With the introduction
of the novel RTC-miniCOMPACT system, the extraction of non-volatile elements
could be achieved. The overall extraction efficiency for the non-volatile 2> Fr was
in the same range like the volatile elements. A further improvement for a fast and
efficient transfer of the fusion products can be achieved by the implementation of
a high-density BGC and an RF-only ejector interface directly behind the funnel
exit, which is tightly connected to the entrance of the COMPACT detector. In
this configuration, the gas-jet out of the funnel can be efficiently transferred into
the COMPACT detector and an extraction efficiency up to 100% can be reached
[206]. A first generation of a high-density BGC is currently under development. The
simulated extraction time of this high-density BGC is as short as 2ms. In the case
that this extraction time and efficiency can be confirmed, studies of the elements
up to Ts are no longer limited by the half-life but only by the production rate (see
Fig. 11.1).

The successful extraction of non-volatile elements in this work goes hand in hand
with the further development of the detector since the non-volatile and highly reactive
elements will adsorb on the first detector PIN diodes. To improve the resolution in
the chromatography column, a logarithmically scaled PIN diode surface is developed.
Here the number of detectors in the entrance area is increased. The higher resolution
in the adsorption behavior allows a more detailed insight of the adsorption enthalpy
for non-volatile elements.

As a next step, chemical studies of Nh, which is expected to be more reactive than
Cn and Fl, are in the focus of chemical investigations at TASCA. Due to similar
production cross-sections as for 288289F] and a half-life of 0.94 s, studies of ?®*Nh will
be carried out in the next years. First attempts on Nh chemistry were performed at
the JINR ( Joint Institute for Nuclear Research), Dubna, Russia to determine the
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Fig. 11.1.: Estimated half-lives of isotopes in the region of the heaviest elements.
Based on data from [209, 210]. Figure taken from [211].

volatility of Nh in 2014. The isotope 284Nh was synthesized as the daughter of 2%¥Mc
produced in the ?*3Am + *8Ca reaction with a cross section about 8 pb. The 2%¥Mc
decays to 284Nh with a half-life of 164 ms. The ?®*Nh is long-lived enough to perform
gas-phase chromatography with this isotope, but none of these atoms were registered
in the COLD detectors [81]. In theoretical calculations it was shown that Nh has a
higher predicted reactivity in comparison to FI or Cn and the use of a long transfer
capillary from the separator to the COLD detector prevents the Nh extraction [212].
For this reason, prior to the Nh studies, further optimization experiments with the
short-lived T1 isotopes were performed at GSI to increase the overall chemical yield.
In future, chemical studies on the even heavier transactinide Nh and Lv (Z = 116)
are planned, which are predicted to be relatively reactive. With the combination of
the high-density BGC with the miniCOMPACT, it can be investigated due to the
fact that the predicted transportation time of around 2 ms is lower than the half-live
(T2 < 60ms) [206].

11.3 Summary

The gas-phase chromatography behind a preseparator is in many ways the most pow-
erful technique for chemical studies of SHEs. RTCs, which were conventionally used
as an interface between the preseparator and the chemical setup, have a limitation in
terms of their extraction time around 0.5s. In view of the short half-lives as well as
the low production rates of the heaviest elements, this leads to a drastic loss of the
required statistics in the investigation of the chemical properties of these short-lived
isotopes.

The present work deals with the development and characterization of a novel system

based on the combination of a BGC with a DC field superimposed on a RF signal in
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order to drag ions towards the exit of the cell and a novel interface with a modified
COMPACT detector. These gas cells work no longer only with gas-flow to flush out
the ions and should thus overcome the limitation in the extraction time.

Within the scope of this work, a BGC with superimposed electric fields was coupled
as an interface between the existing preseparator TASCA and the chemistry setup
COMPACT. Its performance with respect to efficiency and extraction time has been
investigated with recoil-ion sources in off-line experiments and in two separate on-line
experiments behind the MARS spectrometer and TASCA. The modification of the
classic COMPACT detector to the so called miniCOMPACT allows in addition the
extraction of non-volatile elements like Fr. These improvements increased the the
extraction time from more than 400 ms down to 55 ms with an overall efficiency
of about 35%. This paves the way for chemical investigations of Nh and elements
beyond F1 without being dependent on volatile elements or the formation of volatile
compounds, as they are otherwise needed for gas-phase chromatography [45, 49, 115].
Prior to this work, it could be shown that ions can reach the subsequent miniCOM-
PACT detector and neutralize on the first wall collision on the detector surface.
These ions are still available for chromatographic studies in the COMPACT detector
and are therefore not lost. The extraction of elements in the ionic charge state
does not represent a disadvantage of this method. On the other hand, this method
opens up the window for carrying out chemical studies with reactive and non-volatile
elements that were previously inaccessible by using this method. In previous studies
[80], the non-volatile compounds were lost in the transfer capillary from the separator
to the chemical setup.

The performance of this new coupling of a BGC with superimposed electric field with
the chemistry setup could be transferred from the test conditions with recoil-ions
sources (off-line measurements) to real on-line experiments within the framework of
the presented work. The extraction efficiency of about 35% of the offline experiments
could be confirmed in both on-line experiments at the Cyclotron Institute and the
GSI. Both on-line experiments have contributed to a continuous further development
of the presented interface. In addition, the robustness and reproducibility of these

coupling for the investigation of SHEs could be confirmed.
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Appendices

Al Stopping Distribution Simulations

The interaction of traveling ions through matter is complex as it depends upon the
atomic number, the charge state (distribution), the electron configuration, polariz-
abilities and the relative velocity of the involved atoms and ions. THE SRIM software
package is dedicated to simulate these complex interactions of moving ions through
matter. SRIM is able to reproduce the stopping power of 25.000 experimental data
within a 95% confidence interval [181]. In binary collision approximations Monte
Carlo simulation with random impact parameters for the next collision, the distribu-
tion of the ER ions inside the BGC is simulated [213, 214]. While traveling through
solids or gas, particles transfers kinetic energy to orbital electrons and nuclei. Due
to this energy transfer, the ions lose energy along their path. The amount of energy
transfer is not linear and depends on collisions and the kinetiy energy of the particle.
The stopping power was introduced to characterize the energy loss of the ions during

the interaction with material. The stopping power S(E) is defined as:

dE
S(E)=——. Al
(B)=-= (A1)
The stopping power is separated into two terms: the electronic stopping power
Sele.(E) and the nuclear stopping power Spuc. (F). The energy lost via electronic
interaction is described by the further development of the Bethe-Bloch equation [215,

216], the so called LSS (Lindhard-Scharff-Schiott)-Theory [217]. The additional work

results in Eq. A.2.
7/6
YAV 2F)
Sete. () = 8me2ag 2/31 22/3 \f ]\;‘“ (A.2)
(2 + 13)

where M, ag, v, E, Z are respectively the mass of the ion, the Bohr radius, the

velocity, the energy and the charge of the particle; ¢ is the speed of light. The nuclear
stopping power can be described by the energy transfer after a nuclear collision on
the basis of calculations from J.F Ziegler, J.P. Biersack and U. Littmark [218] in
units of eV/(atom/cm?):

8.462-10715 .7y - Zy - My

Sie(B) = (M + My) - (2923 4 79-23) (A.3)
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where M 2 is the mass of the incident ion and its collision partner. The program
SRIM version 2011 has an average accuracy of about 4.6% in comparison with
experimental data for stopping power and approximately 69% (86%) of all measured
data is in variation of 5% (10%) in comparison to SRIM calculations as it is reported
in [104].

A.2 HIVAP: MARS experimente

The theoretical coss sections opryap were calculated with the HIVAP code [41, 195].
This code is based on the conventional two step process of complete fusion and the
subsequent statistical de-excitation of the compound nucleus. HIVAP calculations
for the complete fusion evaporation reactions *2Gd(°Ar, 4-6n)'8Pb, 65Ho(*Ar,
5-6n)19%290A¢ and 47Sm (%0 Ar, 2-4n)'82:183Hg have been performed. The result for
the exit channels for the %2Gd(4°Ar, xn)¥2~*Pb reaction is shown in Fig. A.1. In

40Ca + 152Gd — 192Pb>k

101 L | 7186Pb

E E 7187Pb

o i | 188Pb

g i 1| 190py,

01l J|— 1Py,
g 10 E/ 3
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ECOT / MeV

Fig. A.1.: HIVAP predictions for the excitation functions for the *2Gd(*° Ar,
zn )92~ Ph reaction. Data was taken from [219)].

hot fusion reactions, the 3n and 4n evaporation channels typically have the largest
cross section. The excitation of these channels are of predominate interest for the
later efficiency measurements of the BGC, due to larger production rates of these
fusion evaporation residues. In most instances 3n—5n channel products were detected.
For the 2Gd(*°Ar, zn)'?2=*Pb reaction, HIVAP predicts the 3n channel to be the
dominant deexcitation channel with a maximum cross section of about 8 mb at an
Ecor of about 170 MeV. The 4n and 5n channel are predicted to have maximum
cross sections of about 5mb or 0.7mb at 180 MeV and 195 MeV, respectively.

The HIVAP predictions for the excitation functions for the 47Sm(*°Ar, 2n)'8"~*Hg
reaction are displayed in Fig. A.2. In these HIVAP predictions, the 3n deexcitation
channel at Ecor of about 170 MeV has the largest cross section of about 24 mb.
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Fig. A.2.: HIVAP predictions for the excitation functions for the Y47Sm*° Ar,
zn)'®7=% Hg reaction. Data was taken from [219].

In this case, the 3n channel is around three times lager than for the 2Gd(°Ar,
on)1¥2=%Pb reaction. For the 4n channel the predicted cross section is around 17 mb
at a laboratory energy of around 180 MeV. At 195MeV, HIVAP also predicts a
maximum cross section of about 5mb for the 5n deecxitation channel. This is in
the same order than the most dominant 3n channel for the %2Gd(*’Ar, xn)192=*Pb
reaction.

The HIVAP calculation result for the exit channels for the 19 Ho(*°Ar, 2n)2%—% At
reaction is shown in Fig. A.3. Here, HIVAP predicts the 4n channel to be the
dominant deexcitation channel with a maximum cross section of about 14mb at an
Ecor of about 180 MeV. The maximum cross section for the 6n is about 7mb at
Ecor of about 190 MeV, The 6n and 3n channel are predicted to have maximum
cross sections of about 3mb at 170 MeV and 200 MeV, respectively.
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Fig. A.3.: HIVAP predictions for the excitation functions for the 195 Ho(*0 Ar,
zn )?05=% At reaction. Data was taken from [219)].

A.3 HIVAP: TASCA experimente
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Fig. A.4.: HIVAP predictions for 5n- to 9n-evaporation channels of the fusion
reaction '°Ho + 48 Ca. Data was taken from [219)].

The HIVAP predictions for the excitation functions for the 6°Ho(*¥Ca, zn)?13=*Fr
reaction at both center of target energies are displayed in Fig. A.4. In these HIVAP
predictions, the 8n deexcitation channel at Ecor of 276 MeV has the largest predicted
cross section of about 2.6 mb, which decrease slightly for Ecor = 246 with a cross
section around 2.3 mb. The 9n deexcitation channel at Ecor = 276 MeV is in the
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same order of magnitude as the 8n channel. The number of evaporated neutrons
is shifted to lower numbers with the decrease of the excitation energy. The 7n
deexcitation channel has the largest cross section at Ecor = 246 MeV with 14.2 mb,
which drops two orders of magnitude at Ecor of 276 MeV. The predicted cross section
of the 6n channel is comparable with that of the 8n channel, both about 2—4 mb.
The HIVAP prediction for the prn deexcitation channels are shown in Fig. A.5.
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Fig. A.5.: HIVAP predictions for prn-evaporation channels of the fusion reaction
1650 + 4 Ca. Data was taken from [219].

In general, the predicted cross sections are one order of magnitude lower than the
corresponding xn channels. The maximum cross section at Ecor = 276 MeV is
peaked at the p9n and p8n channels with around 2mb. With a shift to the lower
excitation energy, the maximum cross section is shifted to the p7n deexcitation
channel, which is the dominating deexcitation mode. The p6n and pb5n channels
have a small contribution with around 1 mb to the production rate for Rn. The
HIVAP predictions for the azn channel for the '%°Ho + *8Ca reaction is displayed
in Fig. A.6. The axn deexitation channel have only a small contribution to the
total deexcitation modes. The maximum cross section at Ecor = 276 MeV is lo-
cated at the a7n channel with a maximum cross section of 2mb. With a shift
to the lower excitation energy at Ecor, the a7n cross section drops two orders of

magnitude and the a7n deexcitation channel is the most dominant deexcitation mode.

A4 Study of the recoil release probability

In off-line measurements with recoil-ion sources, the overall efficiency of the BGC

is studied by determining the a particles measured on the detector array from the
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Fig. A.6.: HIVAP predictions for axn-evaporation channels of the fusion reaction
165 Ho + 4 Ca. Data was taken from [219)].

a-decay of the respective recoil-ions in comparison to the number of particles released
from the recoil-ion source. In the case of the ??2Ra the release probability was
extensively studied. The source was produced under vacuum condition by using
electrical fields to deposit the ???Ra on a metallic cylinder. This process produces
relatively thin sources (< 0.15 ug/cm?) [220]. With a recoil energy of 109keV for
219Rn and an energy loss of 4.5keV in 223Ra [181], the release probability of 2/Rn
from the 223Ra recoil-ion source is nearly 100% [137, 138, 221]. In the case of the
225 Ac recoil-ion source there was a deadlayer due to the molecular plating from a
organic solution (see Fig. A.7). This deadlayer of unwanted layers on top of the
source sample, which were deposited during the molecular plating time, is usually
present [146, 158, 191]. The presence of this deadlayer can already be seen in
Fig. 6.7a, where the a peaks are broadened due to the energy loss of the a particles
passing through the deadlayer. Due to the higher stopping power of the unwanted
layer on top of the source sample, a fraction of 2'Rn recoils was stopped inside the
deadlayer. This stopped fraction of recoil-ions is lost for the extraction measurements
and thus distorts or threatens to distort the efficiency of the BGC. For reliable
efficiency determinations by using of recoil-ion sources the number of released recoil
ions is crucial and therefore also the release probability Pelease has to be measured
precisely. The measurement principle for the determination of Prejease Of 22'Fr is
shwon in Fig. A.8. Pialease Was investigated with the same setup like in the source
calibration measurements. At the beginning of the analysis period the a-activity of
the mother 22 Ac was measured, while the recoils were implanted into the detector

surface. After reaching the radioactive equilibrium between 2?°Ac and its decay
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Fig. A.7.: Schematic view of the organic deadlayer on the 2% Ac recoil-ion source.
In a) the kinetic energy of 29 Rn is high enough to penetrate the
deadlayer and >'9Rn can leave the recoil-ion source. In the case that the
kinetic energy is not high enough (b)) only the a-particle can leave the
recoil-ion source.
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Fig. A.8.: Setup (schematic) for the determination of Prejeqse of 22* Fr.

* 225Ac source
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products (tmove), the detector was shielded from the 225 Ac source. This shielding is
necessary, thus allowing the measurement of just the a-decays of the 22'Fr recoils,
which were implanted into the detector and not a-particles which came directly from
the 225 Ac recoil-ion source. To deduce Pelease the 221 Fr a-decay rate was measured
as a function of time (see Fig. A.9). The actual implanted activity at the point in
time when the source was shielded was extrapolated from the data of the measured
221Fyr o-decay. This implanted activity was than compared to the total activity of
225 Ac. This provided access to the value of Prgease. Typical release probabilities of
221Fy were found to be between 10% and 25%.

With the knowledge of Pyelease, the effective release rate of both recoil-ion sources,
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Fig. A.9.: Detected alpha rates for 2*' Fr with ’open’ and shielded detector. The
rates were determined by successive measurements with measurement
times of 30s. The detector was shielded at the time t,ope. The 221
a-rate from the impanted recoils on the detector has to be extrapolated
from the exponential fit.

taking into account the detector efficiency eper =~ 100 %, is given by

.E?/AC = Prelease * €em * ARa/Ac * €Det b [in 571, (A.4)
where €, is the fraction of recoils emitted by the source to be available inside the
gas volume of the BGC. The ions, which were emitted backwards into the source,
were implanted into the source material. This fraction of recoil-ions is lost for
further measurements, which reduces the available number of recoils for efficiency
measurements. Therefore, one hemisphere is available for the further efficiency
measurements leading to eq, = 0.50 in Eq. A.4. With the recoil energy of 22'Fr of
107.4keV and the release probability for these recoil-ions the oragnic deadlayer can
be simulated with the program SRIM-2010 [181]. The experimental values for Piclease
can be descried with a simulation based on a organic layer (isopropanol) on top of

the source with an thickness between 0.09 and 0.11 pm.
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