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The underlying theme of this thesis focuses on buffer gas purification and
relevant gas-phase ion chemistry which critically affects ion beam purity at gas
cell-based radioactive ion beam facilities. The achievement of attaining a sub-
parts-per-billion level of impurity at the IGISOL facility has enabled subsequent
gas cell developments for production of the actinide elements, plutonium and
thorium, required for a program of high-resolution optical spectroscopy. Firstly,
the construction and characterization of the new IGISOL buffer gas purification
system is presented. Off-line ion beam production of plutonium and thorium
using in-gas-cell laser resonance ionization combined with filament dispensers has
resulted in successful collinear laser spectroscopy of several long-lived plutonium
isotopes and has revealed unique collisional phenomena significantly affecting
resonance laser ionization in gaseous environments.

Thorium is of particular interest due to ?2Th and its low-energy nuclear isomeric
state. By stopping ?2°Th recoils from the alpha decay of 233U in a helium-filled
gas cell, a 222Th ground and isomeric state ion beam can be produced. The
recoil efficiency determination of two 233U sources using direct and implantation
foil gamma- and alpha-ray spectroscopy as well as surface characterization by
Rutherford back scattering (RBS) measurements have shown the importance
of good source quality. The development of a new gas cell to house several
such recoil sources is also presented, emphasizing the interplay between gas
pressure, size of the gas cell, and diffusion losses during extraction. Finally,
this thesis presents the first on-line experiments for the production of ?2°Th via
proton-induced fusion-evaporation reactions using a 232Th target.
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Chapter 1

Introduction

The production of atomic nuclei at radioactive ion beam (RIB) facilities around
the world has traditionally relied on two main approaches, the Isotope Separator
On-Line (ISOL) and the in-flight technique [1]. In the former, a high-energy
primary beam impacts on a thick target and the nuclear reaction products are
stopped in the target. Thermal diffusion and effusion into an ion source is
followed by ionization, from which a low-energy beam is then extracted and
transported to experimental stations. In-flight separators rely on a combination
of electric and magnetic fields to separate projectiles which are formed via the
fragmentation /fission of a high energy (typically 100 to 1000 MeV /u) stable beam
passing through a thin target. A hybrid method relies on the thermalization
and stopping of radioisotopes in noble gas-filled gas stoppers. These so-called
gas cells have seen a rapid evolution in size and complexity since the original
development of the ion guide method [2] at the Ton Guide Isotope Separator
On-Line IGISOL facility [3, 4] at the Accelerator Laboratory of the University
of Jyvaskyld. The benefit of stopping reaction products in a noble buffer gas
(helium or argon), is in the chemical non-selectivity of the gas. This enables
a universal extraction of ions including elements that, due to their refractory
nature, are considered to be challenging for the more traditional ISOL technique.

The gas cell technique has also been adapted to in-flight facilities to convert the
high energy ions from projectile fragmentation reactions into a beam suitable
for low-energy experiments. Due to the high energy of the fragments, these
stopping cells are larger in size, need DC- and RF fields for extraction, and
sometimes use cryogenic temperatures to achieve a higher buffer gas density.
Such gas catchers include, for example, the stopping cell at the low energy
beam and ion trap (LEBIT) facility at the National Superconducting Cyclotron
Laboratory (NSCL) [5], and the Fragment Recoil Separator (FRS) cryogenic
stopping cell at GSI ultimately to be used at the Low-Energy Branch of the
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Super-FRS at the Facility for Antiproton and Ion Research (FAIR) [6]. Using
buffer gas stopping cells to stop high energy RIBs has also led to specialized
devices such as the gas-filled reverse cyclotron at NSCL to create low-energy
beams of light and medium-mass fragments [7].

The technique of resonance laser ionization is widely used in combination with
the production of radioactive beams and is applied around the world at ISOL
facilities [8-11], with the ISOLDE radioactive beam facility hosting the longest
running laser ion source, the Resonance Ionization Laser Ion Source (RILIS) [12].
Resonance laser ionization is based on multi-step resonant excitation and
ionization of an element, using tunable high repetition rate Titanium Sapphire
or dye laser systems. This technique has a high efliciency, is element selective and
can be used to produce isobarically pure ion beams when used in combination
with a mass separator. The extension of the method to gas cells has led to
the development of gas cell-based laser ion sources. On-line resonance laser
ionization in a gas cell was pioneered at the Leuven Isotope Separator On-Line
(LISOL) facility in Louvain-La-Neuve [13, 14]. Since then, several other facilities
have adopted this method including IGISOL [15], the KEK Isotope Separation
System [16] and the PArasitic Laser Ion-Source (PALIS) [17] of the fragment
separator facility at RIKEN.

New gas cell-based laser ion sources are also currently being developed. A gas cell
for REGLIS (Rare Element in Gas Laser Ion source and Spectroscopy) is under
development and is to be coupled on-line to the Super Separator Spectrometer
(S3) at Systéme de Production d’Tons Radioactifs Accélérés en Ligne (SPTRAL1)
and the future (SPIRAL2) facility at Grand Accélérateur National d’Tons Lourds
(GANIL) [18]. Based on a similar design, a new gas cell coupled to a Titanium
Sappire laser facility is planned to be installed for the low-energy branch of
the Mass Analysing Recoil Apparatus (MARA) spectrometer [19, 20| at the
Accelerator Laboratory of the University of Jyvéskyla.

The use of lasers in nuclear physics research is not only limited to the selective
production of radioactive ion beams. Lasers are also used to perform high-
resolution optical spectroscopy of rare isotopes to gain access to nuclear structure
information by probing the small perturbations of the electronic level structure
caused by the interaction with the nucleus [21]. Measurements of the isotopic
shifts in transition frequencies and hyperfine structure in the atomic spectra of
radioactive nuclei provide a model-independent way to quantitatively measure
fundamental nuclear properties including ground and isomeric state spins,
electromagnetic moments and changes in mean-squared charge radii. Although
optical measurements have been extensively performed throughout the nuclear
chart, there is a significant lack of information in the heavy element region
including the actinides and transactinides. Recently a concerted effort has been
initiated at different RIB facilities to focus on the production and study of
actinide isotopes using laser spectroscopy.



Traditionally, high-resolution optical spectroscopy of rare isotopes has been
performed using collinear laser spectroscopy (CLS) and variants thereof, however
laser resonance ionization spectroscopy (RIS) [12] has received particularly
attention in the last decade. The high sensitivity of the laser resonance ionization
technique enables spectroscopy to be performed at low production rates (of the
order of 1 ion/s or less) when performed at the ion source. So-called in-source
spectroscopy has been demonstrated both in gas cells and hot cavities and has
recently been applied to the study of heavy elements. For example, the RIS
technique has been used in single-atom-at-a-time spectroscopy of nobelium,
by implanting 2°*No ions into a catcher filament mounted within an argon
buffer-gas stopping cell [22]. RIS has also been combined with the collinear
laser spectroscopy technique at CERN-ISOLDE, seeking a compromise between
the attractive qualities of both techniques in the collinear resonance ionization
spectroscopy (CRIS) setup [23].

Unfortunately, the lack of stable isotopes in the actinide region and beyond
limits the knowledge on suitable optical transitions most sensitive to the nuclear
structure parameters of interest, and the low production cross sections present
a clear challenge to which highly sensitive techniques are required. Nevertheless,
some of the most exciting and challenging future experiments lie within the
heaviest region of the nuclear landscape and this is reflected in the current efforts.
Progress in both experimental techniques and powerful atomic level calculations
are a very important foundation towards the future laser spectroscopy and ion
chemistry of the superheavy elements [24].

This thesis work concentrates on the production of low-energy actinide beams of
plutonium and thorium for the purpose of performing high-resolution collinear
laser spectroscopy at the IGISOL facility which is illustrated in Fig. 1.1. In-gas-
cell laser ionization has been applied to atoms of these elements evaporated from
filament dispensers and has thus far resulted in optical spectroscopy of several
isotopes of plutonium, which represents the heaviest element yet measured with
the collinear laser spectroscopy technique [25]. Here the focus on the production
of thorium beams is not only concentrating on the laser ion source studies,
but also towards on-line production and 223U alpha recoil source developments,
which aim to provide access to the 22Th ground and isomeric states. This
work is performed within the nuClock project [26], part of the Horizon2020
EU framework program, which aims to develop a novel type of optical clock
based on an extremely low-lying nuclear transition in 22Th [27, 28|. The
nuclear approach to a frequency standard can potentially reach about an order
of magnitude higher precision than the current atomic clocks.

Performing resonance laser ionization of actinides in a gaseous environment
seems to indicate a significantly lower efficiency when compared to resonance
ionization performed in vacuum, for example within a hot cavity. This reduction
of efficiency likely originates from the collisional interaction between the buffer
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Figure 1.1. The IGISOL facility with with MCC30/15 light ion cyclotron.

gas atoms and the complex atomic structure of actinides (and is suggested to
extend to elements with a high atomic level density in general, for example
the lanthanides). The collisional interaction has been noted in the ionization
spectroscopy of nobelium [29] and also recently mentioned in connection to
actinium [30]. Now, in this thesis, also plutonium and thorium are shown to be
similarly influenced by the gas cell environment.

This thesis is divided into six chapters. Before the research is discussed, selected
topics from the theory of atomic physics, fluid dynamics and gas-phase chemistry
are presented. The atomic structure and light-atom interaction are highlighted
in connection with laser resonance ionization and collisional phenomena. The
gas-phase chemistry includes the most important aspects for this work, namely
chemical and charge exchange reactions.

Chapter three proceeds with Article I of this thesis, followed by a general
description of the methods used in the IGISOL buffer gas purification system
and an explanation of the working principle of the purifiers. The origin of
contaminant ion beams resulting from a poor extraction vacuum and related
gas-phase chemistry in the extraction region is discussed. An initial design
concept and plans for a cryogenic gas cell project are summarized.



Extensive studies of the actinides elements of plutonium and thorium in a
gaseous environment are presented in chapters four and five. After Article
IT in chapter four, the laser ionization of plutonium is introduced along with
a detailed discussion concerning the impact of collisional phenomena on the
ionization scheme. Chapter five summarizes the developments towards a 22°Th
ion source with Article III concentrating on the filament-based dispensers for
evaporation of atomic thorium and resonance laser ionization. The anomalous
resonance structures seen at high laser intensities are discussed in a similar
manner to that of plutonium. In order to suppress molecular contaminants, the
topic of collision-induced dissociation is introduced as well as the extraction of
ion beams based on a novel size-exclusion method.

The latter part of chapter five presents an extensive characterization of 233U
alpha recoil sources whereby a series of gamma- and alpha spectroscopy has
been performed using the direct sources as well as via implantation into foils.
The Pelletron accelerator within the Accelerator Laboratory of the University of
Jyviskyld has been used to further characterize the 233U source material using
Rutherford backscattering spectrometry. The implementation of the source into
a gas cell and production of a 2?Th ion beam is discussed. Lastly, the first
investigations involving the on-line production of 22°Th are presented with an
outlook to future work.
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Chapter 2

Theory

This chapter presents the different theoretical aspects of atomic physics and
gas-cell processes relevant to this thesis. The first section provides an overview
of atomic level structure and angular momentum coupling as a basis for the later
discussion in the thesis related to electronic transitions by photons, thermal
excitation and other collisional phenomena affecting the population of atomic
states. The density of atomic levels throughout the periodic table is discussed,
highlighting the particularly high level density found within the actinide elements.
Following this, a treatment of gas flow kinetics associated with buffer gas cells
is presented, namely topics of choked flow through an orifice, diffusion of atoms
and laminarity of flow. The latter part of this chapter then introduces the
relevant gas-phase chemistry of pertinence to this work, including different
charge exchange, bi- and termolecular reactions.

2.1 Atomic structure and light-atom interaction

In the following section the theoretical background of the relevant phenomena
that affect the population of electronic levels in atoms and ions is presented. A
short introduction to atomic structure is given followed by a brief overview of the
selective process of resonant excitation and ionization with lasers. Population
changes induced by collisional processes are discussed, starting with how low-
lying levels are populated in thermal collisions and continuing to more complex
processes of collisional intramultiplet mixing and quenching. For many of these
subjects only a brief introduction is given and more details can be found in the
textbooks and other cited references.
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Angular momentum [A] [ 0 1 2 3 4 5 6 7

[ in orbital configurations: | s p d f g h i k

L in atomic term symbols: | S P D F G H I K

A in molecular term symbols: | ¥ II A & I' H 1 K
Maximum number of electrons: | 2 6 10 14 18 22 26 30

Table 2.1. The letter equivalences for angular momentum in atomic con-
figurations and term symbols. The last row shows the maximum number of
electrons per subshell.

2.1.1 Atomic level structure, angular momentum coupling
and notation

By applying the basic principles and tools of quantum mechanics to an ensemble
of electrons around a positively charged nucleus, a model of atomic orbitals
can be derived [31]. In this model the electrons orbiting the atomic nuclei can
be described with wavefunctions which are the eigenstates of the Hamiltonian
describing the atom. These wavefunctions are the basis of the atomic orbitals
each of which can be characterized by a set of quantum numbers n, [, and m;.
The principal quantum number 7 is a positive number and describes the shell
of the orbital. The angular momentum of an orbital is defined by the angular
momentum quantum number [ which can take the values | = 0,1,...,n — 1
forming a set of subshells. Each subshell contains states according to the
quantum number my, the so-called magnetic quantum number that takes the
values m; = =, =1+ 1,...,1 — 1,1. As electrons are fermions with spin s = 1/2,
each orbital can, according to Pauli’s exclusion principle, include a maximum of
two electrons defined with the electron spin quantum number my = —1/2,+1/2.
Therefore each subshell, as defined by an integer number [, can have a maximum
of 2(21 4 1) electrons.

In multi-electron atoms each of the orbitals is filled up starting from the lowest
energy orbital until the lowest unoccupied state is filled with the last valence
electron. This forms the ground state configuration of an atom. When an atom
is in an excited state, one or more electrons can be seen to occupy higher energy
orbitals above unoccupied lower energy orbitals. The ground state and excited
states of an atom are labeled with the atomic configuration, whereby each shell
containing electrons is written as nlY, so that the subshell [ that contains N
electrons is noted with a letter according to the first row of Table 2.1. The
configuration is usually given only with the outer shells explicitly written or
the closed core part of the configuration abbreviated with noble gas symbol.
For example, the sodium ground state configuration can be written as 2p%3s or
[Ne]3s.

As each electron in an atomic orbital has its own orbital angular momentum
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vector l: and intrinsic spin angular momentum vector §;, the atom forms a total
angular momentum vector J. Although an atom can have electrons in multiple
shells, only unpaired electrons from shells that are not fully occupied contribute
to the total angular momentum. The order in which the individual angular
momenta are added, according to the angular momentum addition theorem,
defines the coupling scheme. The most common coupling schemes are the LS- or
Russell-Saunders coupling, which is mostly applicable when describing atomic
levels in light elements, and jj-coupling scheme [32], which can be found to be
used in heavy elements. Additionally there are several intermediate coupling
schemes.

In the LS-coupling scheme all the orbital angular momenta and spins are added
together separately to form the total orbital angular momentum L= le: and
total spin angular momentum S = >; 8i- Then the total orbital and spin angular
momenta are added together to get the total angular momentum J=L+8 In
the jj-coupling scheme the orbital angular momentum and spin of individual
electrons are first added together in order to form the individual total angular
momentum for the electron j_; = l: + §;. Then the individual total angular
momenta are added together to form the total angular momentum J= D ]_;

In this work, all the atomic states are coupled with LS-coupling and noted using
the atomic term symbol:

QSHL(}/_, (2.1)

in which the total orbital angular momentum quantum number L is replaced
by a capital letter according to Table 2.1. When describing states in a diatomic
molecule, instead of having the total angular momentum quantum numbers L
and S, their projection onto the internuclear axis is performed, noted with A
and (2, respectively. The orbital angular momentum projection quantum number
is marked similarly with capital Greek letters as defined also in Table 2.1.

The parity of an atomic state is also noted. If the term symbol is marked with
a superscript letter o, it denotes an odd-parity state and its absence denotes an
even-parity state. The parity P, of the atomic state s can be calculated from
the configuration:

Py = (—1)2: Nk, (2.2)

where N; represents the number of atoms in the subshell ;. If P, = —1 the
state has an odd parity and conversely if P; = 1 the state has an even parity.

It should be noted that sometimes in the heavy elements the levels are given
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according to the LS-coupling scheme even if L and S are no longer good quantum
numbers, and jj- or some intermediate coupling would be more appropriate. The
LS term symbol simply serves as a convenient way to label the levels in heavy
elements. In this work, even though LS-coupling may not be the appropriate
way to couple the angular momenta in plutonium or thorium, it is used to
identify the levels in order to be in accordance with the labeling in the cited
databases and publications.

For many levels in thorium and plutonium the term or configuration has not
been determined. In this case the levels are referred here with the following
notation:

2 (2.3)

where, instead of giving the L and S quantum numbers, the level wavenumber o
is given with an accuracy of 1 cm™! without unit. The subscript number is the
total angular momentum quantum number J and the superscript represents the
parity as in the term symbol.

2.1.2 Radiative transitions

When an atom emits or absorbs a photon resonantly, in other words when the
energy of the photon matches the energy between occupied and unoccupied
levels of the atom, a radiative transition happens. The most dominant radiative
transitions are electric dipole in nature, sometimes marked as El-transitions.
Due to conservation of angular momentum and symmetry, such transitions can
only happen if certain selection rules are met. In general, the following change
in the quantum numbers of an electron must hold: Al = +1, Am; = 0, £1,
and AJ = 0,+1 with the exception of J; = 0 - J; = 0. These rules also imply
a parity change. If LS-coupling is applicable, then additionally AL = 0,41
and AS = 0.

These selection rules are strictly followed only in the dipole approximation and
are broken in other radiative transitions, such as electric quadrupole (E2) or
magnetic dipole transitions (M1), which can happen when AJ = 0,41, +2 or
no parity change is observed, respectively. However, these so-called forbidden
transitions generally happen with much lower transition probability.

The transition probability can be described with so-called Einstein coeffi-
cients [33]. If a simple two-level atom with ground state |1) and excited state |2)
is considered, the spontaneous decay of the excited state can be described as
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dN,
—= = —AyN. 24
a 214V2, (2.4)

where Ny is the number of atoms (population) in state |2) and As; is the
spontaneous decay rate in [1/s] or the Einstein- A coefficient. If level |2) only
decays by spontaneous decay the lifetime 7 of the state is 7 = 1/A42;.

Similarly, in the interaction of the atom with photons, the Einstein coefficients
for stimulated emission Bs; and absorption Bis can be assigned between the
states. With these coefficients the rate of change in population of the states is
dependent on the spectral energy density p(v) defined in units of [J/(Hz - m?)]
at the frequency v = v15 of the transition energy Fo — Fy = huvio. For instance
the change in population of state |2) due to photon absorption from the ground
state |1) is,

dN.

T 2 = BiaNop (v). (2.5)
t

The following relationships between the Einstein coefficients A and B can be

obtained,

Blg = %Bgl (26&)
g1

3

g2 C
By =

2L~ 2.6b
g1 8mhv3 ! (2.6b)

in which gy and go are the respective degeneracy of the states |1) and |2). These
relationships hold regardless of whether the atoms are in a thermal equilibrium
and therefore only one coefficient is needed in order to determine the others.
Often, instead of stating B-values, other equivalent coefficients such as oscillator
strengths or transition dipole moments are used [34]. These coefficients can be
used when comparing the strength of transitions, which is useful when building
efficient excitation schemes.

The study of the two-level atom can be taken further by optical Bloch equations
that describe the time evolution of the density matrix p of the two-level system
when it is driven coherently. For simplicity, the relevant results that can
be derived from the equations are only given here. The equations and their
derivation can be found in textbooks [35, 36].

In the excitation of an atom by a coherent source such as a laser, the important
density matrix element is the diagonal pso, which describes the population of
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the excited state |2). It can be shown that the steady state solution for the
population of the excited state is related to the saturation S of the transition

So

= T eI (2.7)

pPag = %H—LS’ where S
The factor § is the detuning of the laser frequency w; so that § = w2 — wy,
and + is the decay constant of the excited state, in other words the inverse of
the lifetime of the state. In the isolated two-level atom in which the lifetime of
the excited state is not affected by the environment, v would be the Einstein
coefficient As;. When at resonance (§ = 0), the saturation S is at resonance
saturation Sy, which gives the ratio between the saturation intensity Is,; and
the intensity of the laser light I = Syls.t. The saturation intensity Ig.¢ can be
related to the decay constant of the state and the laser wavelength A:

whey

Lot = .
EVE

(2.8)

Equation (2.7) suggests that with a very strong driving of the transition (S > 1),
in other words a strong saturation with very intense laser light, 50% of the
population of atoms will be in the excited state at any given time.

Also noteworthy is the Lorentzian shape of the population density with regards
to the detuning of the frequency. When saturation of the transition is increased
at higher laser intensity, the width of the Lorentzian resonance profile broadens.
This is because Eq. (2.7) also expresses the power-broadening mechanism. The
width ~g of the power-broadened Lorentzian profile can be expressed as

s =7 1+SQ. (29)

2.1.3 Broadening mechanisms

In addition to power broadening, there are several relevant broadening mecha-
nisms which affect the transition linewidth. The fundamental linewidth of a
resonance is the Lorentzian-shaped natural broadening, which stems from the
uncertainty principle and the finite lifetime of the electronic states. In gas cells,
the natural linewidth is not discernible in simple absorption spectroscopy as it is
masked by the larger Doppler broadening effect. Due to the finite temperature
of the buffer gas, all atoms undergo constant collisions and therefore produce a
velocity distribution according to the Boltzmann-Maxwell distribution. If an
atom is moving with a velocity v with respect to the laser radiation exciting the
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transition, the non-relativistic frequency change Av in the resonance frequency v
is
v
Av = —v, (2.10)
c

where c¢ is the speed of light. By combining the velocity distribution with
the Doppler effect, one obtains a Gaussian resonance profile with a standard
deviation op:

kT

5 (2.11)

op = 1

where vy, m and T are the resonance transition frequency in the atom of mass
m, and the temperature of the gas, respectively.

In addition to the power and Doppler broadening effects, broadening due to
collisions with buffer gas atoms is also observed. This effect arises due to the
reduction of the lifetime of the state involved in the transition and therefore
broadening of the natural linewidth is observed [37].

2.1.4 Laser resonance ionization

The resonant excitation and ionization of atoms using laser radiation proceeds
by tuning the frequencies of optical light from multiple lasers to match the
level separation of sequential atomic states. When the optical frequencies are in
resonance with the levels, as mentioned in the previous sub-sections, the atom
is excited and an electron is promoted to a higher atomic level. Then ionization
can occur, if these transitions take the electron over the ionization potential of
the atom.

Figure 2.1 depicts the three commonly used ionization mechanisms. The scheme
on the left of the figure shows a transition to a level above the ionization
potential, commonly referred to as an autoionizing (AI) state, which can be
understood as a multi-electron excitation which relaxes via ionization. The Al
states can have high cross sections for excitation and if discovered by scanning
the frequency of the final step, can lead to ionization which happens so fast
that the broadening of the natural linewidth (typically several tens of MHz)
may increase up to several GHz due to the reduced lifetime of the state.

The second scheme leading to ionization occurs via a transition to a state just
below the ionization potential. If a high-lying Rydberg state is populated,
ionization can be induced by collisions with other atoms, by an external electric
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Autoionization Rydberg Non-resonant
ionization jonization

Figure 2.1. Different laser resonance ionization schemes. The first step
laser excites an electron from the ground state |1) to an excited state |2)
from which the ionization happens either via an autoionization state |Al), a
Rydberg state |R) with collisional or field ionization, or non-resonantly with
a high power laser. IP is the ionization potential.

field or by a black body photo-ionization. The third type of ionization happens
after excitation by the first (or often second) resonant transition, by non-resonant
laser radiation. If a sufficiently high power laser is used, the low cross section
for ionization can be compensated. For a more detailed description of each of
the aforementioned ionization mechanisms, see for example Ref. [38].

As the atomic levels are specific for each element, resonant laser ionization is a
highly selective method of ionization. If the environment does not lead to a large
broadening of the atomic transitions and if the laser linewidth is sufficiently
narrow, even isotopic selectivity can be achieved. In addition to high selectivity,
high efficiencies can also be realized due to the resonant nature of the method.
Total ionization efficiencies up to 40% have been reported in hot cavity laser ion
sources [11]. Due to the benefits of selectivity and efficiency, laser ion sources
for the production of radioactive ion beams have been a tremendous success
for the majority of the on-line isotope separator facilities, in particular those
utilizing high-temperature cavities [12, 39].
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2.2 Population of atomic states and collisional
phenomena

The laser light absorption and spontaneous decay are not the only mechanisms
that cause population change in an external environment. In a gaseous envi-
ronment, for example the buffer gas cells used in this thesis, atoms of interest
undergo constant collisions with gas atoms, causing de-excitation and popula-
tion mixing. In this section the treatment of thermal collisions and collisional
quenching of atomic states is presented.

2.2.1 Thermal population of states

Thermal collisions can solely be responsible for the excitation of low-lying levels
above the ground state. The important parameters of such collisions are the
temperature of the gas and the level energy. By using Boltzmann distribution
statistics, the probability of finding a number of atoms N; in a state i, p;, when
the atoms have the temperature T, can be calculated as follows:

_ Nl _ g; €Xp (—El/kBT)
Zﬁ:o Ny, Zi:o gn €Xp (*En/kBT)

pi (2.12)

where E; and g; are the energy and the degeneracy of the state i and kg is
the Boltzmann constant. A state with total angular momentum J has possible
projection quantum numbers of m; = —J,—J + 1,....,J — 1, J and therefore
has the degeneracy of 2.J + 1. Normalization is done by summing over all other
relevant levels up to the kth level.

Using the above equation it can be estimated that at room temperature thermal
excitations of the low-lying levels become significant if the levels are up to
800 cm~! above the ground state. About 25% of all elements have the first
excited state below 800 cm~!. In hot environments of 1000 K to 2000 K, such
as hot cavities or filaments, there is a significant population of the levels if they
lie above the ground state up to roughly 3000 cm~! and 5000 cm ™!, which is
the case for about half of all elements.

2.2.2 Collisional quenching and intramultiplet mixing

In addition to the low-lying levels, collisions can also play a role in the higher
excited states of atoms. This becomes important if the atoms that are irradiated
with resonant laser light to excited states are de-excited by the collisions
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(quenching) with buffer gas atoms in a significant rate. If the reaction rate keon
or cross section oo of such collisions are known, simple collision theory can be
used to estimate the rate of quenching [40]:

| 8KT
Rcoll = kcollNG = JC011<U>NG = Ocoll WNGv (213)

in which N is the gas atom number density, and (v) describes the mean velocity
given according to the Maxwell-Boltzmann distribution. The parameter p is
the reduced mass between the gas atom and excited atom.

Previously, collisional de-excitation of atoms by noble gases has been mostly
studied in the alkali-earth metals strontium [41] and barium [42-44] and alkali
metals or alkali-like ions due to their possible use as frequency standards
and the simplicity of their atomic structure [45-47]. Other elements such as
cadmium [48], zinc [49], oxygen [50] and sulfur [51] have also been explored.
There are also several studies of intramultiplet mixing by noble gases in which
population is transferred between the close-lying states belonging to the same
term with different J-values rather than between different terms (for instance [52,
45, 53]). In general, population transfer in intramultiplet mixing is inversely
proportional to the energy difference between the levels [54] and seems to be
stronger the lighter the colliding noble gas atom.

As is evident from the reaction rate tables of the above references, the quenching
seems to have a larger reaction rate with heavier noble gases and to be especially
reactive if it occurs via collision with a molecule. This could be attributed to
the high number of molecular states at similar excitation energies to the energy
levels of the atom of interest thus enhancing the quenching by introducing more
level crossings in the collision system than a noble gas atom. In connection
with radioactive beams, this property of molecules has been used by adding
methane to argon buffer gas in order to quench long-lived metastable states in
a resonance cell for on-line optical spectroscopy [55].

A good example of the quenching process by noble gas atoms is given by
J.-P. Visticot et al. [44] in which the 'P] — %P3 collisional transition in
barium induced by argon gas is studied experimentally. Barium atoms are
excited resonantly by laser light from the ground state 6s2 1Sy to the excited
state 6s6p 'P7. As argon and barium atoms then collide inelastically, the
barium atoms are de-excited to the 6s6p 3P5 level. This process is depicted in
Fig. 2.2, in which the potential energy curves of the Ba-Ar collision system are
shown as a function of inter-nuclear distance. If the Ba atom, which is prepared
to the 'II; state by the laser, and Ar atoms get close enough, the transfer can
occur at the crossing between the 'II; potential curve and *%; potential curve
which adiabatically correlates with the 3Py level in barium. If the crossing
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Figure 2.2. The potential curves in the Ba-Ar collision system that are
involved in the collisional population transfer of 'P7 — 3P3. Most of the
transfer happens through the level crossing (indicated by a circle) between
the levels 'II; and 3%;. The atomic barium levels are noted at the end of the
curves on right. Figure reproduced from reference [44] with permission from
the American Physical Society.

happens, the barium atom relaxes to the lower excited state so that the energy
difference is transformed into translational energy of the system.

Although collisional population transfer is evidently observed in plutonium
and thorium by helium atoms, as shown in the subsequent chapters of this
thesis, the exact nature of the collision phenomena, whether it is similar to
collisional-induced quenching or intramultiplet mixing, is not known. The
picture is complicated in the actinide elements due to their high number of
levels. In such a heavy system, a level could have multiple close-by levels not
only from the same multiplet but also from different terms and configurations.

2.2.3 Comparison of atomic level density of elements

Regardless of whether the population transfer happens via quenching between
the levels of different configuration or via intramultiplet mixing between the
same term, it seems the high number of levels and the small level separation
enhances the probability of collisional population transfer. A good way to
investigate differences between the elements is to plot the level density in the
region of interest between the ground state and ionization potential. Such a



18 2. Theory

Group 1
Group 2
Group 3
Group 4
Group 5
Group 6
Group 7
Group 8
Group 9
Group 10
Group 11
Group 12
Group 13
Group 14
Group 15
Group 16
Group 17
Group 18
Lanthanides
Actinides

—
(=
o
T

,_.
<
T
_—
=
~
I

Mean level density per 1000 em’!
5:
T
Il

beooeooeoossosoenoo

,_.
S
N
C g
I

1 1 1 1 1
10 20 30 40 50 60 70 80 90 100
Atomic number Z

Figure 2.3. The mean level density per 1000 cm ~' at energies from 50% to
75% of the ionization potential of all elements up to plutonium. The markers
are plotted according to which group the element belongs or if the element is
the lanthanides or actinides.

plot can be seen in Fig. 2.3 in which the mean level density per 1000 cm ! is

plotted as a function of atomic number for all elements up to plutonium. The
markers are color coded according to the group of the periodic table or whether
the element belongs to lanthanide or actinides.

The mean level density for each element is calculated using the atomic levels that
lie between 50% to 75% of the ionization potential energy. The levels are taken
from the NIST database [56] up to actinium, while actinium levels and above
are obtained from the database by J. Blaise and J.-F. Wyart [57]. The upper
limit of 75% is set so that the Rydberg states are excluded because for some
elements they are known in much higher number than in others. Additionally
the 75% limit selects the region where the levels of plutonium are thought to
be known and in this way the results are more comparable. The lower 50%
limit narrows the range to the intermediate levels where most of the levels
lie. It should be noted, however, that the density for some elements, such as
promethium compared to other nearby lanthanides, is lower than the actual
level density due to the lack of level data.

A clear pattern is visible in the level density plot. All alkali-, alkali earth,
and p-block elements show a low-level density, whereas the transition metals
especially of group 5 and 6, and in particular the lanthanides show high level
density. The high level density of uranium and plutonium compared to other
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elements is evident from the figure. If an element has a high level density and
a laser excitation is performed on it in a gaseous environment, it may be that
possible collisional effects need to be considered.

2.3 Gas flow kinetics

2.3.1 Choked gas flow

When the ratio between the gas cell pressure P, and the ambient pressure of
the expansion chamber P, is at or above the critical ratio, Pay/Pee S 0.5,
the flow through a nozzle is independent of the downstream pressure and can
be considered to be choked. The mass flow of a gas with density py through a
nozzle in a choked condition can be calculated as follows [58]:

Y41
2 \-D
dm = CdA\/ Y Pecpo <,Y+1> ) (2-14)

in which ~ is the ratio of specific heats, Cy is the coefficient of discharge, and
A is the cross-sectional area of the narrowest part of the nozzle. Because real
gases have viscosity, the flow through a nozzle cannot utilize the cross-sectional
area entirely and thus the effective area is smaller. To account for this, the area
is modified by the coefficient of discharge which describes the ratio between
the effective flow rate and theoretical flow rate. Usually, with high Reynolds
numbers (laminar flow), Cy is around 90% [59].

Equation (2.14) can be easily written in volumetric (unit volume per unit time)
form assuming an ideal gas and using the ideal gas law:

y+1

™ ’}/kBT() 2 2(v—1)
= —C4d? — , 2.15
dv = ghade\ <7+1> (2.15)

where m is the mass of the gas atom, kg the Boltzmann constant and T} is the
stagnation (upstream) temperature of the gas. The area of the nozzle is also
written as the diameter d; at the narrowest part. Notably the above equation
includes the expression for the speed of sound in an ideal gas,

kT
Qideal = |/ % (2.16)

reflecting the fact that the flow at the nozzle reaches the Mach number M =1
when the flow is choked and forms a supersonic jet in the expansion chamber.
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In room temperature helium and argon, when the diameter d; is given in mm,
the volumetric flow (1/s) of Eq. (2.15) can be simplified to gy (He) = 0.45d2
and gy (Ar) = 0.14d? by excluding the coefficient of discharge.

From Egs. (2.14) and (2.15) it can be seen that the conductance is proportional
to the square root of the temperature or its inverse depending on whether
volumetric or mass conductance is concerned,

qv o< /Ty (2.17) (2.18)

Gm X —=
V1.

Experimentally, this relationship has been seen in this thesis work as a change
in buffer gas pressure of a gas cell when an internal filament is heated to high
temperatures. For example, in connection with the filament-based dispensers of
thorium described in chapter 5, a pressure increase of ~4 mbar is seen at an inlet
gas pressure of 80 mbar when the filament is heated from room temperature
300 K to 2500 K.

Using the volumetric flow ¢y, an estimation for the evacuation time ¢, of a gas
cell that has volume V. can be calculated:

te = Vae/av. (2.19)

For more accurate and position specific determination of the evacuation time a
gas flow simulation is needed because the cross-sectional velocities of the flow of
gas do not have the same value. This is the case irrespective of the optimization
of the gas cell for laminar gas flow.

2.3.2 Diffusion

Diffusion of atoms and ions in the buffer gas medium is an important parameter
as it is the cause of one of the significant ion loss mechanisms in a gas cell. In
the following a short overview is given to be able to understand how atoms or
ions diffuse in a gaseous environment starting from Fick’s law and the continuity
equation. By solving the diffusion equation, the time evolution of a cloud of
atoms in a medium is derived. The derivation can be found in many textbooks,
one example being ref. [60].

The diffusion of atoms distributed with a number density N (7, ¢) can be described
by Fick’s law:
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J(7,t) = —=D(F)VN (7, 1), (2.20)
where D(7) is the diffusion coefficient and J(7,) is the flux of atoms at time ¢

and position 7. By inserting the above equation into the continuity equation,
the diffusion equation is obtained:

% =V (DN, (2.21)

which, by assuming a constant diffusion coeflicient Dy, can be simplified to

% = DyV2N(7,t). (2.22)

This equation can be solved by defining the density of a cloud of atoms at
time ¢ = 0 and position 70 = (x0,¥o0,20), No, with the aid of a Dirac J-
function [61]:

N(7,70,0) = Nod(x — 20)5(y — y0)d(z — 20). (2.23)
The solution is a 3-dimensional normal distribution,
No

N(7,r),t) = ———————= exp] —
(7,70, 1) (27m2(t))3/2 p{

(z —20)* + (y — 90)* + (2 — 20)°
0 = (to) 0 } (2.24)

with a standard deviation,

o(t) = v/2Dyt. (2.25)

To estimate the magnitude of the diffusion constant Dag for atoms (or ions)
labelled “A” in a gas composed of atoms labelled “G”, the Chapman-Enskog
equation can be used [62]:

D o § ™ (kBT)3/2
AETR 2uac Pocon

(2.26)
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where T and P are the gas temperature and pressure, puag is the reduced mass
of the system and o is the collision cross section between species A and G,
which can be estimated with respective Van der Waals diameters d4 and dg
as Ocoll = 7T'(’I’A + 7‘(;)2.

2.3.3 Flow laminarity and Reynolds number

Another important phenomenon of gas flow relevant to gas cells is that of
turbulence. If the gas cell has sharp turns or otherwise an unsmooth inner
shape, the gas flow may become turbulent or produce vortices. If an ion is
stopped inside of a vortex, it may not be able to exit the gas cell or, if strong
turbulence is otherwise present, ions may be lost by collision with the gas cell
walls. Such phenomena may become a problem especially in larger gas cells
using high buffer gas pressures.

A simple way to estimate the level of turbulence is to calculate the Reynolds
number Re [63], which can be used to parameterize the expected flow regime of
the gas flow. The Reynolds number can be calculated as [64]

mvL
Re = /mY~ (2.27)
n

where py, is the mass density of the gas, v is the gas velocity, L is a characteristic
length such as the diameter of the gas cell, and 7 is the gas specific dynamic
viscosity. For helium the dynamic viscosity n = 19.9 uPa - s [65].

A laminar creeping flow can be assumed if Re ~ 1 and if Re ~ 12 the flow is
laminar but attached vortices may occur behind objects. At larger Reynolds
numbers, Re ~ 120, vortex shedding occurs and if the Reynolds number increases
to several thousands the flow starts to be fully turbulent [64].

2.4 Buffer gas chemistry

2.4.1 Dimerization and charge exchange reactions

When the buffer gas inside a gas cell is subjected to ionization, for example
by the passage of a primary beam through the cell at an on-line radioactive
ion beam facility, via stopping of energetic nuclei produced in nuclear reactions
or via alpha particles originating from radioactive decay, the buffer gas atoms
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become ionized. After ionization the buffer gas ions quickly dimerize in a
termolecular reaction. For helium this happens as follows:

He' + He + He — He, " + He. (2.28)

This reaction occurs at a rate R = k3p?, in which p is the number density of
neutral gas atoms and the rate constant k3 = 10.8 - 10732 cm®/s [66].

The impurities in the gas such as H,O or N, collect the charges from the helium
dimers and are preferentially ionized [67]. If impurities are present in sufficiently
high densities, they become the dominant charge carriers in the gas [68, 69].
The ionization of impurities happens either in a bimolecular reaction with a
helium dimer ion or with the aid of a third helium atom:

He,™ +X — X +2He (2.29a)
He,™ + X + He — X' + 2 He + He, (2.29b)

in which X is an atom or molecule. These charge exchange reactions may also
be dissociative in nature, for example in the following process involving O, as
measured by D. K. Bohme et al. [70]:

He, ™ + 0y — 0,7 +2He ~ 90% (2.30a)
— 0" +2He+ 0O ~ 10%. (2.30b)

Here the percentages note the measured relative beam intensities and only give
a rough estimate of the branching.

Because the lifetimes of He™ ions and metastable neutral helium He* atoms
are small compared to the lifetime of the He,™ dimer even under on-line
conditions [15], only a small proportion of the ionization of the impurity is
assumed to happen via charge exchange with He™ or by Penning ionization. On
the other hand, due to the non-selective nature of the ionization by a primary
beam, an additional contribution to ionization of impurities in on-line conditions
probably happens via direct primary beam ionization.

Due to the creation of buffer gas ion-electron pairs following the passage of a
primary beam, a source of electrons is created, which leads to one of the most
important reactions on-line, that of three-body recombination:

Xt +e +G — X +G, (2.31)
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where G is a buffer gas atom. It has been observed in several facilities that with
increasing primary beam intensities the efficiency of ion extraction from gas
cells is reduced. Detailed discussion of the reactions involving the weak plasma,
free electrons and other related on-line phenomena can be found in the article
by I. D. Moore [15] and are not discussed in detail here.

2.4.2 JTon-neutral chemistry

In addition to charge exchange reactions, gas-phase chemical ion-molecule
reactions are commonly observed as the result of bimolecular reactions between
an ion and impurity molecule. If the buffer gas purity is not under control,
molecular formation may become a significant loss mechanism reducing the
efficiency of extracting the atomic ions of interest.

The bimolecular reactions between an ion and a molecule AB consisting of
species A and B are dissociative and can be described as follows:

X" +AB — XAT 4+ B. (2.32)

Usually the charge stays with the reaction product containing the original ion
especially if the molecule AB is a simple gas molecule, such as O,, because of
the high ionization potential of B.

The dynamics of the bimolecular reaction, in other words the time evolution of
the molecular formation process, can be described by a reaction rate constant
ko and the differential equation

N
ddT — I N[AB], (2.33)

where N is the number of ions (or atoms) of species X and [AB] defines the
concentration of molecules AB. An impurity concentration of 1 ppm (parts-per-
million) at typical gas cell pressures of 100 mbar at room temperature results in a
value of 2:10'2 at./em®. Typical bimolecular reaction rates are ks < 10712 cm? /s
for a slow reaction and ks > 1072 cm?3/s for a fast reaction. A time constant 7
can be associated with the reaction:

1
k2[AB]

(2.34)

T =

This can be compared with the evacuation time of the ion from the gas cell
in order to understand the balance between ion survival and ion loss due to
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molecular formation. A useful compilation of the experimental data on gas-phase
bimolecular reaction rates of monoatomic ions of most of the stable elements in
reactions with various molecules that are of interest to the study of planetary
atmospheres and interstellar clouds is presented in Ref. [71].

To examine whether the bimolecular reaction of Eq. (2.32) is energetically possi-
ble using Hess’s law [72], a simple inequation requirement for bond dissociation
energies (BDE) can be evaluated:

Do(XT—A) > Do(A-B), (2.35)

where Dy is the homolytic bond dissociation energy.

If Do(X*—A) is not known, however Do(X—A) as well the ionization potentials
for X and XA are, the bond dissociation energy can be calculated from the
relation presented in Eq. (2.36) deduced again using Hess’s law.

Do(XT—A) = Dy(X—A) + IP(X) — IP(XA), (2.36)

where TP(M) is the ionization potential of M. The bond dissociation energies
are also of interest for collision-induced dissociation, which is used in connection
with gas cells to recover ions that are lost to a molecule by breaking them up in
collisions with buffer gas atoms. The collision-induced dissociation mechanism
is discussed more in detail in section 5.4.

The second type of reaction often observed in connection with gas cells is the
termolecular association reaction, which can be described by the following
equation:

Xt +A+G— XAT +G, (2.37)

in which the atom or molecule A is attached to the ion XT by a stabilizing
gas atom G. This reaction is notably seen in the dimerization of helium in
Eq. (2.28). Similar to the bimolecular reaction, the termolecular reaction can be
described by a reaction rate constant ks and the following differential equation
with a characteristic time constant 7,

dN 1

S _kN[AJ[Gl, (2.38) T= e 29

in which [A] and [G] are the concentrations of the molecule A and gas atoms G.
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With helium pressures of 100 mbar, often used in this work, the rate constant
ks < 10730 ¢cmb /s starts to create noticeable molecular formation if an impurity
level of 1 ppm is assumed. This reaction is responsible for the water adduct
formation that is often observed with ions extracted from gas cells especially in
poor purity conditions.

2.4.3 Estimation of impurity level from ratio of mass-
separated atomic-to-molecular fraction

The presence of molecules in the extracted ion beam can be used to directly
estimate the impurity content of the gas if the reaction forming a particular
molecule and its corresponding reaction rate are known, and if ions of the
element forming the molecule are produced in the gas cell through a selective
process. Considering that the atomic ions of an element E are exposed to the
impurity M with the concentration [M] in the buffer gas for the duration of
the ion evacuation time ¢;, an estimation for the intensity ratio between the
relevant molecular ions and the atomic ion can be deduced. A convenient way
to define the ratio is to write it between the atomic (elemental) ion intensity I
and molecular ion intensity in which not only the intensity of the products In,o
from the first reaction (described by the known reaction rate) is taken into
account but also the intensities of all the subsequent molecules Iy ;~o which
are produced from the reaction products and contain the original element E:

Vkg[M]

. v t
M:eT_]_:e v —1, (2.40)

Ig

in which 7 represents the characteristic reaction time. The equation can be
expanded further by replacing the ion evacuation time t; by the gas cell evacua-
tion time ¢, and substituted, according to Eq. (2.19), by the conductance gy
and the gas cell volume V, and by replacing the characteristic reaction time
with the corresponding bimolecular reaction rate Eq. (2.34).

This simple model is complicated by the fact that ions are rarely created in
a single location inside the gas cell and they can be trapped in a vortex if
the gas flow is not laminar. Additionally, this model is not applicable if there
are any significant loss mechanisms that have a strong preference against a
particular ionic species. Therefore, instead of gas cell volume and conductance,
a measured ion evacuation time should be used if available and the model only
be applied to cases where the buffer gas has only a very weak plasma density
as neutralization may also obscure the measurement.



Chapter 3

Techniques of buffer gas
purification

This chapter proceeds with publication No. I by the author, which describes
the new IGISOL buffer gas purification system, designed and constructed by
the author during the period in which the IGISOL moved to a new location
in the expanded Accelerator Laboratory. This article introduces the first test
experiments involving the gas-phase chemistry observed using unpurified and
purified helium buffer gas during on-line gas cell operation. Following this, a
brief description of the different buffer gas purification techniques used at the
new IGISOL facility are presented and estimates of the achieved purification
levels are given.

During the commissioning period of the IGISOL facility, some of the contaminant
ion beams hindered the success of on-line experiments. This led to a study
involving the addition of a controlled leak into the IGISOL target chamber. This
chapter presents these studies and illustrates how impurities may be ionized in
the environment outside the gas cell. The final part of this chapter introduces
an on-going project which aims to couple a cryocooler with a gas cell, in order
to investigate the temperature dependence of the gas-phase chemistry as well
as the gas cell extraction efficiency.

27
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3.1 Article I

The following pages contain the peer-reviewed paper titled Gas purification
studies at IGISOL-4, published in the journal of Hyperfine Interactions, vol 227
(2014), pages 169-180.
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Abstract A new gas purification system has been constructed at the upgraded IGISOL
facility, Jyviskyld, to meet the need for ultra-high purity helium and argon buffer gas used
in the ion guide technique. The purification of helium using liquid nitrogen-cooled cold
traps is investigated and compared with unpurified gas using mass spectra obtained at the
focal plane of the separator. Neon, an impurity intrinsic to the in-house recycled helium,
was seen to have high sensitivity to the impurity level of the gas which is expected to reach
sub-parts-per-billion level.

Keywords Gas cell - Buffer gas - Gas purification - Gas impurities

1 Introduction

Perhaps the most critical factor affecting the efficient use of noble gas-filled ion guides and
gas catchers for the production of low-energy radioactive ion beams is the purity of the gas.
At the Ion Guide Isotope Separator On-Line (IGISOL) facility at the Accelerator Laboratory
of the University of Jyvéskyld (JYFL) the ion guide method has been successfully used for
over three decades [1]. In brief, a primary beam from a cyclotron impinges on a thin target
inside a gas cell filled usually with helium but occasionally argon. The nuclear reaction
products recoil out of the target, stop and thermalize in the buffer gas while their charge
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state decreases. The ions, primarily singly-charged, are swept out through an exit hole in
the ion guide by the gas flow and are guided towards a mass separator via a radiofrequency
sextupole ion guide [2].

Trace impurities in the buffer gas play a crucial role in the ion survival during evacuation
from the gas cell and understanding the impurity-related processes is necessary for ion guide
development. Although the evacuation time of ions is often too fast for molecular formation,
the presence of impurities affects the final charge state of the ions during thermalization.
The importance of gas phase chemistry comes into play with larger gas cells and with slower
evacuation times. In particular, the development of the laser ion source at IGISOL has shown
the importance of the gas purity, especially for chemically active elements [3, 4]. Impurities
at the level of parts-per-million (ppm) have a significant effect on the ion guide operation by
reducing the efficiency of extracting atomic ions of interest due to molecular formation. In
order to prevent such losses, gas impurity levels of sub-parts-per-billion (ppb) are required.

The IGISOL facility was recently upgraded and moved to a new experimental laboratory
[5]. During the upgrade the gas purification and transport system were fully reconstructed
with consideration towards a more rigorous requirement of buffer gas purity. In this work, a
detailed description of the new IGISOL gas handling system is given and the performance
is investigated by measuring mass spectra under different purification conditions both on-
line and off-line. The temporal behaviour of the system as well as the final charge state
distribution of recoil ions produced in on-line fission are also briefly discussed.

2 The new IGISOL-4 gas purification system

The new IGISOL gas handling system, schematically shown in Fig. 1, consists of the gas
supply and purification stage, transport lines and gas feeding control for the ion guide. From
the gas bottles, helium or argon is fed through the purification system to the transport line
and, via a ceramic insulator, to the 30 kV high voltage area of the IGISOL front end. The
neutral gas that flows out of an ion guide is pumped away by a Roots booster pump array
while the ions are guided with electric fields through further differential pumping stages
towards the mass separator. Currently, lines are being constructed to deliver the pumped
helium back to the JYFL helium recycling station.

All piping of the new gas handling system is made using electro-polished stainless steel
tubes to reduce the sticking of impurities to the walls. In order to maintain a helium-tight
system, Swagelok’s all-metal-sealed high purity bellows valves and VCR connectors are
used. The gas transport line is wrapped with heating elements allowing baking of the lines
at a temperature of over 120 °C. Baking is usually done for about 12 hours before the start
of an experiment with a small bleed of purified helium.

Helium and argon are regulated from gas bottles to an absolute pressure of 3-4 bars for
the purification and subsequent transport to the ion guide. The helium gas regulation is
performed with an automatic switch-over valve between bottles to ensure an uninterrupted
flow. Purification of helium is done with liquid nitrogen-cooled cold traps filled with small
pellets of zeolite 13-X which collect the impurities due to the porosity of the material. Dur-
ing experiments, while one cold trap is under use, a second is being regenerated by baking
it at 250 °C while being pumped to purge the evaporated impurities. The gas purification
system also includes a getter (Saes MonoTor PS4-MT15) operated with a heated zirconium
alloy for purification of argon and for additional purification of helium. The gas pressure is
monitored with several pressure meters throughout the system. At the target chamber, the
flow of gas is remotely controlled by on/off valves and motorized needle valves. As shown
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in Fig. 1, it is also possible to add a trace amount of inert gas into the gas line, for example
xenon which is often used for mass calibration purposes.

In-house recycled helium is the most frequently used gas at IGISOL, the majority of
which comes from evaporated liquid helium. The gas is collected in a low pressure stor-
age tank from where it is compressed to 150 bars either for delivery to a storage battery or
directly into the purification unit. The helium is purified by activated charcoal cold traps
operating at liquid nitrogen temperatures before being rebottled into 40 litre bottles or a 450
litre mine. At a pressure and temperature of 150 bars and 77 K, gases other than hydro-
gen, helium and neon are condensed. The recycled helium is estimated to be equivalent to
commercial grade 4.6 helium however during the rebottling process a small volume of air
(~10 cm?) is introduced as the final part of the refilling line is connected to the bottle. This
is estimated to result in an impurity level of approximately 2 ppm.

3 Gas phase chemistry

In on-line conditions the gas atoms are instantly ionized due to the passage of the primary
beam or energetic recoil ions and quickly dimerize in a termolecular association reaction
with neutral buffer gas atoms [6].

The dimers subsequently charge exchange with any trace impurity X either via bimolec-
ular reactions or, at sufficiently high pressures, via termolecular reactions:

Hel +X — XT 4+ 2He (1a)
He;r+X+He—>X++2He+He. (1b)

With a sufficient density of impurities, these reactions quickly make the impurity
molecules the dominant carrier of charge in the buffer gas [6, 7]. The ionized impurity X+
may react further with another trace impurity Y via a bimolecular reaction such as charge
exchange or proton/hydrogen transfer, or by a termolecular reaction such as three-body
association:

XT+Yy— VYT +X (2a)
Xt 4+Y+He — XYt + He. (2b)

Whether or not a reaction involving an ion of interest becomes a significant process during
evacuation from a gas cell is determined by the reaction rate coefficient k and the density
of the involved bodies. If these are known then the survival time of an ion of interest can
be calculated. This simple picture is complicated by the presence of excited ions, molecules
and atoms, and as the densities are difficult to estimate, in this work only reactions between
ground states are considered.

The type of trace impurity in the gas cell depends not only on the original impurities
in the buffer gas and gas purification process but also on the operation and history of the
gas cell and gas lines. For example, it has been regularly seen that the efficiency of an ion
guide improves towards the end of an experiment which can be understood as arising from
the general cleaning during heating by the primary beam [8]. The main impurities in the
recycled helium are known to be H,O, N, and O, with concentrations of a few ppm. When
compared to commercial grade 4.6 helium there is a considerable amount of neon in the
recycled gas. The origin is most probably due to the fact that the helium purifier does not
condense neon and thus it is not removed in the recycling process.
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The cold traps of the IGISOL gas purification system should remove all impurities which
have considerably higher melting points than the temperature of liquid nitrogen (77 K).
Therefore, impurities such as water and hydrocarbons are frozen out. It is also possible that
nitrogen and oxygen are captured in the traps as their boiling points are ~90 K and ~105 K,
respectively, at the pressure of 3—4 bars. However, the exact temperature inside the cold trap
is unknown because the gas flow itself warms the zeolite material. The commercial getter
is stated to purify H>O, N», O, CO, CO;, and CHy to below the ppb level at the typical gas
flow rates used at IGISOL.

A typical low mass range spectrum (mass-to-charge ratio <50) recorded with a
Faraday cup at the focal plane of the IGISOL-4 separator during a light-ion fusion-
evaporation experiment can be seen in Fig. 2. The ion guide was operated at 200 mbar
pressure of purified helium. The mass peaks in the spectrum can be clearly identified with a
typical mass resolving power M /A M ~350. Helium ion and helium dimer peaks are visible
at A/q = 4 and 8, respectively, and helium hydride HeH™ at A/q = 5. The most prominent
peak at A/g = 20 is due to the aforementioned neon impurity that can be easily identified
by the characteristic isotopic abundances at the adjacent A /g values of 21 and 22. Oxygen
is seen at A/q = 16 and 32, and water-based impurities at A/g = 17, 18 and 19 are visible.
Nitrogen shows up at A/g = 14 and 28, and possibly carbon dioxide at A/g = 44 which
might explain the origin of carbon at A/q = 12.

It should be noted that the transmission efficiency through the radiofrequency sextupole
(SPIG) can vary over large mass-to-charge ranges. In general IGISOL operating conditions,
two transformer coils may be used depending on whether lighter masses (A/g <50) or
heavier masses are required for experiments. The low mass range spectrum in Fig. 2. was
obtained using an appropriate coil ensuring good transmission of the SPIG for low masses.
This is reflected in the visibility of the helium mass peak which, with the second coil, would
not be visible in the spectrum.

4 Impurity level investigations with the fission ion guide

The operation of the new IGISOL gas purification system was investigated through a series
of measurements of mass spectra under different helium gas purity conditions using the fis-
sion ion guide. A first study was performed using the residual fission fragment radioactivity
as a source of ionization following an on-line experiment. The mass-separated beam was
recorded with a microchannel plate detector. A second study was made on-line and mass
spectra were recorded using a Faraday cup. During both experiments the cold trap purified
helium had been flowing through the system uninterrupted until the first mass spectra were
taken to ensure a true representation of experimental conditions and to reduce the possibil-
ity of memory effects. The mass spectra for the unpurified helium were taken following a
bypass of the cold trap. Before the start of both experiments the gas lines were baked.

4.1 Temporal behaviour

The temporal behaviour of a number of mass-separated impurity beams was measured dur-
ing the change of gas flow from purified to unpurified helium. An example of the time
profile of H30" at A/g = 19, measured under off-line conditions at an ion guide pres-
sure of 45 mbar, is illustrated in Fig. 3. Once the cold trap has been bypassed, a duration of
~100 s passes before the count rate drops and stays at a relatively low level for over five
minutes until a steady increase to a higher saturated rate 20 minutes into the measurement.
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Fig. 2 Typical on-line mass spectrum taken after the dipole magnet with the light ion guide using helium
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Fig. 3 Time profile of ion count rate at A/gq = 19 corresponding to H30" when changing from purified to
unpurified helium

The change in count rate after 100 s reflects the transport time of the gas to the ion guide.
With a conductance of 0.65 I/s for a 1.2 mm exit hole using room temperature helium, 100 s
corresponds to an evacuated gas line volume of ~1 I at the operating pressure of 4 bars.
The cause of the longer time scale behaviour is unknown however it is suspected that this
reflects the settling of the gas transport line and the ion guide to the new impurity levels.
This is supported by a number of very similar time profile measurements of mass peaks
corresponding to Hy O™ and OH™ impurities. We note therefore that a mass scan (for exam-
ple that of Fig. 2) portrays a single moment during the operation of a gas cell and the mass
spectra themselves may be subject to pronounced changes over long timescales.

4.2 Purified vs. unpurified mass spectra
The absolute number density of impurities in the gas can be reliably measured only by

introducing a calibrated amount of impurity in a controlled manner [9]. This is not possible
with the current IGISOL gas handling system and thus in this work only relative changes
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between the mass spectra are investigated. In addition, the changes seen in the mass peaks
are not only due to variations in gas purity but also to the rich chemistry (for example the
processes discussed in Section 3) and therefore only indirect conclusions on the impurity
level can be made.

The peak currents of the mass spectra obtained for purified and unpurified helium gas
during on-line conditions are presented in Fig. 4. The mass spectrum for unpurified helium
was taken almost 90 minutes after the cold trap had been bypassed in order to ensure that
system had stabilized. The ion guide pressure was maintained at 245 mbar throughout the
measurement. Mass peak assignments have been suggested based on known impurities in
the helium gas and wherever possible isotopic abundance ratios have been confirmed.

One notable difference between the mass spectrum in Fig. 4 with that taken using the
light-ion ion guide (Fig. 2) is the appearance of strong peaks at A/q >20. This can be
understood as the evacuation times associated with the volumes of the two ion guides are
very different. With an exit hole diameter of 1 mm and a conductance of 0.45 1/s (using
helium), the pressure-independent evacuation times are ~1 ms and ~200 ms for the light ion
and fission guide, respectively. Typical bimolecular reactions with a ppb level of impurities
have timescales over 1 ms and are thus too slow to be seen with the small volume ion guide.

Similar to Fig. 2, the most prominent mass peak in the spectrum measured with purified
heliumis at A/q =20, suggested to be neon due to the neighbouring peaks with the expected
isotopic abundance ratio. Evidence for HeNe peaks at A/q =24, 25 and 26 can be seen,
again with the expected isotopic abundance of neon, formed via the termolecular reaction:

Ne™ + He + He —> HeNe™ + He, 3)

which has a reaction rate coefficient k3 = 2.1 - 10732 cm®s~! [10]. This translates to a
reaction time constant T & 1 ps at the operating pressure of 245 mbar, orders of magnitude
smaller than the typical evacuation time of the fission ion guide. The HeNe™ ions react
further with neutral neon atoms in the buffer gas through bimolecular and termolecular
reactions to form the neon dimer Ne;r:

HeNe™ + Ne—> Ne;r + He, kr =3-107 " cm3s™! (4a)
HeNet + Ne + He—> NeJ + He + He, k3 =4-107% ecmbs~!, (4b)

where the bimolecular reaction coefficient has been measured by Veatch et al. [11] and the
termolecular process is discussed by Bohme et al. [12]. Assuming a typical neon impurity
level of 1 ppm, lifetimes of T &~ 6 ms and v ~ 0.7 ms for the bimolecular and termolecular
reaction can be calculated, respectively. These timescales, along with the matching isotopic
distribution at A/q values of 41, 42 and 43, supports the assignment of the neon dimer
to the mass peak at A/q = 40. Other reaction channels leading to the formation of the
Nezr dimer involve excited neutral neon atoms Ne*, discussed further in [13]. In general,
caution should be taken when interpreting the peak current ratios of Ne* ions, HeNe™ and
N e; molecules as the bond dissociation energies of HeNe™ and Ne2+ are somewhat small,
0.69 eV and 1.36 eV, respectively [14]. Molecules may be dissociated upon exit from the
ion guide in the guiding field of the rf sextupole thus adding an additional complexity to the
interpretation of the mass spectra.

Other peaks in the mass spectrum of purified helium can be associated with the known
impurities of nitrogen, oxygen and water-based molecules, summarized further in Table 1.
The mass spectrum of unpurified helium shows clear differences to purified helium, the
most notable being the strong reduction of neon-based molecules. As highlighted in Table 1,
Ne™ is reduced by a factor of 3 - 107#, whereas HeNe™ and most likely the neon dimer
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Fig. 4 Mass peak currents obtained on-line using the fission ion guide for purified and unpurified helium
with suggested molecular assignments. A vertical bar is only given for an A/q value if there is clear peak
above a background level of 10~3nA

Nezr disappear completely. This is an indication that the neon-based ions neutralise via
charge exchange reactions with the increased density of impurities. Interestingly, the peak
intensities of neon and related compounds were seen to increase as a function of time as the
cleanliness of the system improved and show very strong sensitivity to small changes in the
operating conditions which affect the gas purity. It could be suggested therefore that neon
may be a useful indicator of gas purity conditions in future experiments. Further evidence
to support the charge exchange hypothesis as a possible loss mechanism for neon and neon-
based impurities arises from the work of Rakshit et al. [15] and Mayhew et al. [16]. For
example, the reaction

Net + H,0 — H,0" + Ne 5)
has a reaction rate coefficient k; = 8.8 - 107 %cm3s~!. Assuming that the H>O impurity
level increases from ppb to ppm as the cold trap is bypassed, the lifetime of Ne™ decreases
via reaction (5) from 190 ms to 190 ps. Again, compared to the evacuation time of the ion
guide, the lifetimes support the existence of a neon signal with purified helium, and the
absence of mass peaks with unpurified helium. Other reaction rate coefficients pertinent to
this work are summarized in Table 2.

The strongest peak in the unpurified helium mass spectrum is seen at A/q = 32, corre-
sponding to O;' . Oxygen in the gas most likely originates from the introduction of air during
the rebottling process and therefore unpurified gas should also contain significant amounts
of nitrogen. However, only a small increase in the peak current of N;r is seen, most likely due
to the charge exchange chemistry between impurity molecules. The N;r molecules quickly
lose their charge to neutral HyO molecules, however O;“ ions do not have any fast reaction
channel available and as a result the O; impurities maintain their charge.

A significant difference can be seen in the water-based impurities. The H,O™ signal at
A/q = 18 goes down by factor of 0.3 even though the unpurified helium gas is expected to
contain considerably more water than the purified gas. Also, the mass speak signal corre-
sponding to OH™ is 2 % of that in purified helium. Increases in the water-based impurities
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Table 1 Assignments for mass

peaks given separately for the Alq Assignments L/1p
purified and unpurified spectra.
If the isotopic distribution can be Purified Unpurified
identified then these are noted.
The unpurified/purified peak 12 ct < 0.02
current ratio (1, /1)) is given for 14 N+ Nt < 0.1
the base peaks 16 o+ o+ 0.1
17 OH™ OH™ 0.02
18 H,Ot H,OF 0.3
19 H3;0™ H3;0" 4
20 Ne*t 3.107*
21 Net M + 1)
22 Net (M +2)
24 HeNe* <2-1073
25 HeNet (M + 1)
26 HeNe™ (M +2)
28 Nj,co* Nj,cot 4
29 NpH+, HCO™ NpH*, HCO* 2
30 NO* NO*
32 of of 100
33 of M+1)
34 of M+2)
37 Hs0% 400
38 Hs0] M+ 1)
39 Hs03 (M +2)
40 Ney 3-1073
41 Nej M+ 1)
42 Nej (M +2)
43 Nej M +3)

Table 2 Reaction rate coefficients (cm3s~!) for charge exchange between the neon-based ions and the
typical helium gas impurities. Reactions can be dissociative in nature

Ne*t HeNe™ Nej Ref.
N, <33.1071 9.5.10710 8.2-10710 [16]
0, 6.0-10"11 3.5.10710 7.6-10710 [16]
H,O 8.8.10710 - — [15]

H;0™" and HsO,™ by factors of 4 and 400, respectively, are however seen. This can be
understood in the following. First, hydronium ions H;O * form via the reactions:

H,O" + H,O—> H30T + OH,  k» =1.8-10 %cm’s™! (62)
OHT + H,0—> H30T + 0O ky =1.5- 10 %em’s™. (6b)
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Table 3 The 2% /17 yield ratios

for isotopes produced in proton- Isotope 2% /17 ratio AO™/A™ ratio
induced fission of uranium. The 5
molecular formation of yttrium Sr 0.55 -
oxide is also shown %y 0.09 0.25
100y 0.07 0.24
143Ba 0.33 -

Then, water molecules start to attach to the hydronium ions via the termolecular reaction
[17]:

H3;0" +H,0 + He —> Hs01 +He k3 =7-10"2cm® . (7

For a water impurity level of 1 ppm the timescale for the reactions in (6) is ~100 ps and
for reaction (7) ~20 ps. Such reaction rates strongly support the clustering of water-based
molecules inside the ion guide and explain the reduction in H;O" and OH* in unpurified
conditions.

In summary, it appears that the general behavior of the changes in the mass spectra are
consistent with the expectation that the impurity level in helium is at the ppb level when
using the cold traps, and increases to perhaps above the ppm level in many cases when
purification is bypassed. The effect of the getter for additional purification of helium was
also investigated in a similar manner. The measured spectra did not however show any
further reduction in the impurity levels of helium although the getter was able to purify on
its own to at least some extent. Further investigations as to the additional benefit of using
the getter in parallel with the cold traps are ongoing.

4.3 The charge state and molecular formation of fission fragments

It is well known that impurities within the buffer gas play a strong role in the final thermal-
ized charge state distribution of the recoil ions. Recoils stopping in the helium gas quickly
charge exchange with helium atoms until they reach the 27 charge state which is limited by
the ionization potential of helium. A final charge exchange to the 17 state occurs with the
impurities, in particular with molecules due to the high density of states [18]. With good gas
purity conditions a considerable fraction of the recoil ions are seen in the 27 charge state.
Indeed, in earlier work at IGISOL-2 a positive effect was often seen on the yield of 17 ions
by bypassing the cold trap and thus adding impurities into the gas cell [19].

Recently, the yields of singly-charged versus doubly-charged fission fragment recoils
from proton-induced fission were measured with the aid of gamma-ray spectroscopy for a
few isotopes of strontium, yttrium and barium. Because yttrium is a chemically active ele-
ment it quickly forms an oxide in reactions with O, and H,O [3], thus the yield of YO™
was also measured. On the other hand, the formation of oxides by Y>* was not however
studied. The measured ratios are summarized in Table 3. As can be seen, there is a notable
amount of doubly-charged species. The elemental dependency between the ratios for stron-
tium and barium differ considerably from that of yttrium and may well be due to the noble
gas-like closed electronic configuration of doubly-charged barium and strontium isotopes.
Separately, doubly-charged species of thorium and uranium have been previously studied at
IGISOL-3 in connection with the developments of gas cells for the study of the low-lying
isomeric state in 22°Th [20].
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5 Outlook

Currently, a number of improvements to the gas handling system are being implemented.
In order to reduce the desorption of impurities from the walls of the ion guides, mounting
of heating elements will allow baking before experiments. Monitoring of the gas purity will
be a useful tool and thus a residual gas analyzer (RGA) is being installed (see Fig. 1). The
RGA unit has the advantage of being independent to the operation and conditions of the
ion guide thus allowing a more direct study of the impurities within the gas. Additionally,
the RGA can be run independently enabling monitoring of the gas impurities continuously
throughout an experiment.

Although the gas purity has likely reached the ppb level with the new purification and
transport system at IGISOL-4, developments to reduce the impurity level even further using
cryogenic techniques are planned for the near future. At IGISOL-3, the successful devel-
opment and demonstration of a cryogenic ion guide was realized [21]. In that work it was
shown that liquid nitrogen cooling to ~90 K suppressed water-based impurities however
lower temperatures would be required to freeze out oxygen and nitrogen. Funding has
recently been sought for the purchase of a cryocooler in order to achieve even lower tem-
peratures, with a similar solution having been chosen for the cryogenic gas catcher project
for FAIR [22]. Such a system could be used to investigate the molecular formation of chem-
ically active elements as a function of the ion guide temperature, as well as the elemental
dependence of the charge state distribution.

Acknowledgments This work has been supported by the Academy of Finland programme under the
Finnish Centre of Excellence Programme 2012-2017 (Project No. 251353, Nuclear and Accelerator-Based
Physics Research at JYFL).
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3.2 IGISOL buffer gas purification system

At IGISOL and other radioactive ion beam facilities that use gas cells for the
production of low-energy ion beams, helium and argon gases are used to stop
and thermalize high-energy nuclear reaction products or, occasionally, are used
as a carrier of evaporated atoms. In reference to the stopping, the term buffer
gas is used here to refer to helium and argon gases. The purity of buffer gases
plays a crucial role in the extraction of ions from gas cells. The gas affects
the charge state by often acting as an electron donor such that stopped ions,
which are thermalized in helium in the doubly-charged state, may then be
reduced to singly-charged. Impurities in the buffer gas often create a variety of
contaminant ion beams especially in low mass regions, and if chemically-active
species of ions are extracted from large gas cells, molecular formation can be a
significant loss mechanism [73, 74]. The yields of neutron-rich nuclei produced
using charged-particle-induced fission have been shown to be very sensitive to
impurities, with poor purity conditions often resulting in considerably lower
yields. Experiments performed at the IGISOL-4 facility which, as described in
Article I, now operates using a completely new buffer gas purification system
based on the earlier design [75], have shown record yields from fission, which
can be at least partly attributed to better gas purity compared to the earlier
IGISOL era.

Impurity levels below parts-per-billion (ppb) can be taken as a general require-
ment for purification. At that level the timescale for molecular ion formation
approaches the evacuation time of most gas cells and efficiency losses due to
gas impurities are largely minimized [76]. At IGISOL, the required purity
conditions are not as stringent if a small gas cell such as that used in connection
with light-ion induced fusion-evaporation reactions is used, but with the larger
gas cells and especially work in connection to laser ion sources and reactive
refractory elements, a high gas purity is required.

The IGISOL gas handing system consists of supply, purification and transporta-
tion stages until the IGISOL front-end vacuum system is reached which houses
the gas cell (see Fig. 1 of Article I). When the buffer gas is fed from bottles to
the gas purification system, it contains several different trace impurities with
concentrations at a level of a few parts-per-million (ppm). In helium, which
is usually in-house recycled helium, as well in commercially purchased argon,
the most abundant impurities are H,O, O, and N,. In addition, CO, CO, and
a variety of hydrocarbons may be present. Neon is an impurity that is consis-
tently present in the recycled in-house helium, originating most likely from the
purification stage in the recycling process. To remove the impurities at IGISOL
two methods are used: liquid nitrogen (LN2) operated cold traps filled with an
adsorbent molecular sieve are used for helium, whereas a getter-based purifier
(Saes MonoTorr PS4-MT15) is used for argon. The operational pressure of the
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purification system and transportation lines is kept in the absolute pressure of
~4 bar.

Similar purification systems are being used in other radioactive ion beam
facilities for buffer gas, gaseous target and recycled helium purification [77-
80]. The low-energy branch of the MARA (Mass Analysing Recoil Apparatus)
facility [19] at JYFL is currently under design and will house a dedicated gas-cell
setup with a gas purification system [20].

3.2.1 Purification by condensation

Simple purification of light noble gases can be performed by bringing the gas
into contact with a cold surface. If the temperature of the gas can be lowered so
that the partial pressure of a particular impurity drops below the vapor pressure
of the impurity, a condensed phase with the cold surface is formed until the
partial pressure again reaches the vapor pressure. In this manner the lowest
achievable concentration of an impurity at a particular temperature can be
inferred from the vapor pressure curve of the impurity. Whether the impurity
condenses to solid or liquid phase depends on the whether the pressure and
temperature are below the triple point.

Figure 3.1 highlights calculated vapor pressure curves for noble gases and other
relevant molecules along with their triple points. The curves have been plotted
using the Wagner equation [81], which models the vapor pressure using four
parameters. The parameters have been determined for H,O by Nichols [82]
and for other gases by L. A. Forero and J. A. Velasquez [83]. The triple points
have been obtained from the values tabulated by R. E. Bedford et al. [84] and
from the NIST Standard Reference Database Number 69 [85]. It is noteworthy
that the Wagner equation best describes the vapor pressure curves between the
triple and critical points. In this work the equation is used to extrapolate to low
temperature sublimation and therefore curves may deviate from actual values,
however, for the discussion here, the accuracy of the curves suffice. Only the
sublimation pressure curve for CO, is plotted using the sublimation pressure
correlation equation by R. Span [86] due to its high triple point. For more
specific determination of the sublimation curves for some of the species, see for
example references [87, 88].

Due to the high volatility of the helium gas, it can be purified from lower volatility
impurities without any active material by performing simple condensation
with LNs. As can be seen from Fig. 3.1, the vapor pressures of H,O, CO, and
hydrocarbons longer than ethane are already below P, = 1075 mbar at LNy
temperature, which is marked in the figure as a vertical dashed line. By assuming
the helium pressure to be equivalent to the transportation line pressure of the
IGISOL gas purification system, P, = 4 bar, impurity levels below P, /P < ppb
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Figure 3.1. The vapor pressure curves of several noble gases and molecules
of interest. The curves are plotted with equations from references [81, 83,
82, 86]. The asterisks mark the triple points and the vertical dotted line
shows the LN, temperature at atmospheric pressure. The C,H,, curve is for
n-butane.

can be achieved. However, higher volatility impurities such as Ny cannot be
purified to any reasonable concentration as P, (N,, 77K)/P, = 0.25, and either
lower temperatures, higher helium pressures or other purification methods are
required.

3.2.2 Purification by adsorbents

Many molecular sieves such as activated charcoal and zeolites are very good
adsorbents due to their porous structure, which results in very high specific
surface areas in the range A/m = 103 m? /g [89]. Zeolites in particular, which are
microporous alumina-silicates, are used widely in industry as filters, adsorbents
and catalysts, and they are available in a variety of types differing in their
crystalline structure and internal cations. Such adsorbent material can be added
to a container and cooled to low temperatures with the effect of a considerable
adsorption of the surrounding gases through the process called physisorption.
This high absorptivity can be exploited for purification of gases and even the
higher volatility impurities can be effectively removed because the adsorption
of a gas molecule happens already at lower pressures than the vapor pressure.
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In practice, an adsorbent material needs to be conditioned before use by evacuat-
ing adsorbed gases. This is realized by heating the material to high temperatures
while maintaining a good vacuum. Then, by simply cooling the material, a very
high adsorption is attained and from a gas mixture, lower volatility compounds
are preferentially absorbed before higher volatility compounds. After a certain
time period, the adsorbent needs to be regenerated again. The required tem-
perature for conditioning or regeneration depends on the type of adsorbent and
the desorbing gas. Generally, it can be stated that the volatile gases are readily
desorbed already at room temperature, but to attain a good desorption rate
for H,O, higher temperatures of about 400 K with activated charcoal and about
550 K with zeolites are required.

As discussed in Article I, LNo-cooled “cold traps” filled with an adsorbent are
used at IGISOL for helium purification. The purification system includes two
cold traps each with a volume of ~ 0.8 1. Only one cold trap is in use during
an experiment while the other is under regeneration by pumping it with a dry
pump and heating to about 550 K with an electric heating element. The cold
traps are rotated every 3 to 4 days to ensure good gas purification. During
the construction of the IGISOL gas purification system, zeolite of type 13X
(aluminum-sodium-silicate, Linde type X) was chosen to replace the previously
used activated charcoal, which contaminated pipes with carbon dust and was
generally less safe to use. Each cold trap has approximately 500 g of the 13X
zeolite.

The adsorption capability of an adsorbent can be represented by an adsorption
isotherm which measures the amount (weight) of adsorbate that is adsorbed per
gram of adsorbent material as a function of equilibrium pressure at a constant
temperature. The N, adsorption isotherms of zeolite 13X at 77 K and 298 K,
measured by S. Cavenati et al. [90] and S. A. Stern et al. [91], respectively, are
depicted in Fig. 3.2. An isotherm measurement (Cavenati et al.) for zeolite 5A
is also given for comparison. These measurements have been performed with
a zeolite that has been throughly regenerated at temperatures above 600 K.
The solid lines are spline fits to the experimental data to show the trend of the
isotherms.

By estimating the inlet N, impurity content to be e = 1 ppm and knowing the
gas cell throughput ¢y from Eq. (2.15), an estimation for the amount of N, gas
m(N,) in grams in one cycle of cold trap (t. = 4 d) usage can be estimated:

Gchq\/ (Tgc)tc

m(Ny) = RT
gc

M(N,), (3.1)

in which M (N,) is the molar mass of Ny, Py and Ty, are the gas pressure and
temperature in the gas cell. Using the normal operational conditions during
fission, i.e. 300 mbar and 300 K, an estimation for the total amount of N, that



3.2. IGISOL buffer gas purification system 45

,_.
S
R

Adsorption capability [g/g]
=

—
S
@

Il Il 1
10 10" 10° 10°
Pressure [mbar]

Figure 3.2. Nitrogen gas adsorption isotherms for 13X zeolite at room tem-
perature as measured by S. Cavenati et al. [90] and at 77 K along with the
adsorption curve of N, to A5 zeolite as measured by S. A. Stern and F. S. Di-
Paolo [91].

has been introduced to the purifier bed can be calculated, m(N,) = 0.08 g. From
this, the mass ratio p between the N, impurity and adsorbent can be calculated
to be of the order of ~ 2-10~% g/g. Using Fig. 3.2, the adsorption equilibrium
pressure for this amount of N, can be seen to be very low (<1076 mbar) at 77 K.
Therefore, even after several days of continuous operation, the cold trap can
be assumed to be still purifying N, well below the ppb level. In reality, it
is difficult to provide an accurate estimation of the purification because the
isotherms can be affected by other adsorbed impurities, especially with water,
and it is not known how close to the equilibrium pressure an impurity reaches
in the dwell time of the gas inside the cold trap (20 s to 2 min). Also, for
some isotherms there is considerable variation in the reported data between the
different authors.

Similar adsorption isotherms can be found in the literature for other gases
with 13X zeolite operating at different temperatures [92]. Generally, because
physisorption and condensation are the result of the same intermolecular forces,
a direct correspondence between boiling points and adsorption volumes of
different compounds can be found [93]. For example, from the vapor pressure
curves of Fig. 3.1, it is expected that neon would be adsorbed much less than
nitrogen. S. A. Stern et al. [91] reports a Freundlich isotherm constant k' for
neon adsorption to zeolite 13X at 77.3 K, k' = 3.08 - 10~° g/(g - mbar!/") with
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n = 1.015. Assuming the same impurity content in the gas for neon as for
nitrogen, an equilibrium pressure of about 4 mbar can be calculated after four
days. Therefore it can be deduced that neon is not expected to be purified.
This result is supported by the observation that intense neon ion beams are
always present when purified recycled helium gas is used.

3.2.3 Purification by getter-based purifiers

With regards to argon as a buffer gas, at the operational pressure of the gas
purification system, Fig. 3.1 illustrates that the vapor temperature for argon is
above the LNs temperature of 77 K. Therefore argon gas cannot be purified
in the cold traps as it would liquefy, rather it is passed through a commercial
getter purifier (Saes MonoTorr PS4-MT15).

Getter purifiers operate in a fundamentally different way than the aforemen-
tioned adsorption purifier. In a getter, instead of physisorption, the adsorption
or rather absorption of impurities happens via irreversible chemisorption, in
other words the impurities chemically react with a getter material [89]. The
chemical reactions usually occur with a Group 4 metal, often in a zirconium alloy
that is heated to high temperatures. The commercial getter purifier, according
to its specifications, is capable of purifying the typical buffer gas impurities also
below the sub-ppb level.

In addition to argon, the purifier at IGISOL can be used to purify helium
separately, or in series with the cold trap. However, during test experiments
with the buffer gas purification system, no additional benefit to the purity
conditions was found following purification of helium with the getter purifier
after the cold trap purification. This indicates that the purity conditions are
already optimal and any outgassing and other contaminant sources nearer to
the gas cell (or indeed from the gas cell walls) are responsible for the residual
observed contaminant beams.

3.3 Contaminants beams from target chamber
leak

Contaminant beams at lighter masses, which are often observed with intensities
in the order of nA, can be detrimental to experiments, in particular for mass mea-
surements at the JYFLTRAP Penning trap facility. Because the IGISOL mass
separator does not have the resolution to separate molecular and monoatomic
ion beams, the experimental apparatus can sometimes be overwhelmed by the
stable contaminant, as the radioactive beam intensities of interest are well below
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Faraday cup amounts (<pA). For example, the measurement of the superal-
lowed (-decay Qrc value for 14O [94] was not feasible at IGISOL due to a N*
contaminant beam, even with the improved gas purification discussed in this
thesis. In this section the investigation of the contaminant beams formed due
to a poor background pressure of the gas cell pumping system are presented.

3.3.1 Contaminant beams as a function of leak rate

During the '*O experiment attempted in 2014, it was discovered that a poor
target chamber background pressure, i.e. the baseline pressure when no gas is
fed to the gas cell, was linked to the creation of contaminant ion beams. At
IGISOL, the so-called target chamber is the vacuum chamber which houses
the gas cell and which is pumped by a series of roots pumps to evacuate the
continuously flowing buffer gas. During that particular period, when no gas was
fed, a target chamber pressure of 2 - 10~3 mbar was measured indicating a leak
as the nominal pressure was expected to be in the range of a few 10~* mbar.
More recently, following an upgrade of the roots station, a few 10~° mbar is
now the new baseline. To investigate the effect of the leak, a needle valve was
added to the target chamber in order to create an additional, but controllable,
artificial leak. By recording a mass spectrum as a function of different added
partial pressures of air, the mass-separated beam intensities provided a clear
indication of the creation of contaminant beams formed by the ionization of the
residual air in the target chamber.

The measured intensities of several identified monoatomic and molecular ion
beams are plotted in Figs. 3.3a and 3.3b as a function of the partial air pressure
in the target chamber. Figure 3.3a illustrates the species that were observed to
increase in intensity when the leak rate was increased, while Fig. 3.3b presents
species in which the intensity either decreased or did not change significantly.

All of the ions in Fig. 3.3a contain nitrogen and oxygen and therefore are
believed to be related to air which has the volumetric composition of 78.1%
of Ny, 21.0% of Oy, 0.9% of Ar and trace amounts of CO, and other noble
gases [95]. On the other hand, the intensity of the ions that were not observed
to increase as a function of the leak rate can be considered to belong to the
inherent impurities of the buffer gas or outgassing from the walls of the gas
cell. Neon, Ne™, as mentioned earlier, is an inherent impurity in the local
supply of helium which is not purified in the purification system. The molecules
of H,0", OH' and O™ are all thought to be related to water that originates
from the walls of the gas cell which was not baked prior to the experiment. Even
though OT is also related to the addition of air, its increase was not observed
because the intrinsic intensity seen in Fig. 3.3b is much higher than the other
air-related ion beams. Therefore, O is most likely formed due to the primary
beam-induced break up of water molecules.
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Figure 3.3. The mass-separated ion beam intensities that are (a) increasing
or (b) stable or decreasing as function of the partial pressure of air in the
target chamber. The A/q values for the assignments of atomic and molecular
ions are shown in brackets.
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Although the buffer gas impurity-related ions in Fig. 3.3b are reasonably stable,
there is a notable decrease in the intensities of He™ ions and HeJ dimers when
the leak rate is increased. This most likely reflects increasing space charge effects
within the radiofrequency (RF) sextupole ion guide which guides ions to the
high vacuum acceleration region of the mass separator, leading to a reduction
in the transmission efficiency of the lightest species. The lower transmission of
helium ions and dimers through the SPIG is a common feature of such devices,
and explains why the measured focal plane intensities without the additional
leak (Fig. 3.3b) are lower than the heavier impurity molecules even though
helium is the dominant carrier of charge transported out from the gas cell.

3.3.2 Ionization mechanism outside the gas cell

Due to the supersonic flow of the helium gas, the air leaked into the target
chamber cannot diffuse back through the exit nozzle into the gas cell. Therefore
the increased intensity of the air-related species indicates the existence of an
ionization mechanism outside the gas cell. The residual air might be ionized due
to some primary beam-related phenomena, such as the scattering of protons
ionizing the gas inside the SPIG.

Another explanation for the additional ionization involves charge exchange
reactions within the SPIG between the residual air molecules and He™ and Hey .
For example,

He® + N, — N, + He ~ 40% (3.2a)
— Nt +He+N ~ 60% (3.2b)
He, ™ + Ny — Nyt + 2 He. (3.2¢)

These charge exchange reactions involve N, and have measured reaction rate coef-
ficients of ko(He™) = 1.2-107° cm?3 /s [96] and ko (He,™) = 1.15-1079 ecm? /s [97],
respectively. Branching of the dissociative reaction has been measured by
V. G. Anicich et al. [98]. If a N, number density N(Ny) = 0.781P,;,/(kgT) =
3.8-10'3 at./cm? is assumed from the partial pressure of air P,;, = 21072 mbar,
a characteristic time constant of 22 pus can be calculated for both charge ex-
change reactions using Eq. (2.34). The experimentally measured transport time
of ions through the SPIG is ~100 ps [99], therefore it is suggested that the
ionization seen outside the gas cell may at least partly be due to the aforemen-
tioned reactions. This ionization of residual gas might also contribute to the
reduction of He™ and Hej beams seen in Fig. 3.3b.

In previous studies by Kessler et al. [73], similar investigations concerning the
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effect of adding a controlled target chamber leak were done in connection to
in-gas-cell resonance laser ionization of yttrium. In that work, a clear oxidation
and water adduct addition to atomic Y was observed and at a target chamber
pressure of 1-10~! mbar, the atomic ions extracted from the gas cell were
completely redistributed into molecular species.

The work done by Kessler et al. and the measurements in this thesis show
that in addition to control over the buffer gas purity, the extraction region
vacuum after the gas cell where ions have yet to be accelerated to the typical
high voltage potential of IGISOL must also be addressed. To guarantee the
beam purity, the pumping chambers in the extraction region should be UHV
quality even though the pumping system may not be able to achieve UHV
pressures. With the new roots pumping station and more careful operation of
the front-end of the IGISOL facility, the purity conditions outside the gas cell
have been improved.

3.4 Towards a cryogenic gas cell

The currently observed impurities during experiments are expected to result
from residual downstream contamination after the gas purification system and
transport lines. The most significant mass-separated beams are water-based
impurities that are believed to originate from water outgassing from the walls
of the gas cell. Moisture in the gas cell always exists due to an unavoidable
exposure to air before experiments, and for this reason the gas cells are baked
in parallel to the gas lines before every experiment.

To control the purity conditions even further a cryogenic approach is required.
A project with the aim of developing a cryogenic-based gas cell was initiated
at IGISOL several years ago in which a LNs-cooled ion guide for light-ion
fusion-evaporation reactions was tested [100]. Prior to these first experiments,
S. Purushothaman and colleagues investigated the ion survival and transport
efficiency of 2!Rn at JYFL, including the effect of ionization of the gas induced
by the passage of a proton beam [101]. In other radioactive ion beam facilities,
cryogenic gas cells are being used to slow down and stop high-energy beams for
delivery to low-energy experimental areas, for example, the cryogenic stopping
cell for projectile and fission fragments that has been developed for the Super-
Fragment Recoil Separator (Super-FRS) located at GSI, Germany [102, 103],
and the cryogenic stopping cell for the Penning-trap spectrometer SHIPTRAP,
also located at GSI [104].

Most recently, a dedicated high-power single-stage cryocooler has been purchased
for the purpose of coupling it to a gas cell at IGISOL to investigate the possible
improvement in the purity conditions achieved by reduction of outgassing and
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Figure 3.4. The design concept for the new cryogenic gas cell. The cold
head connects separately to the gas cooler/purifier and to the gas cell.

additional purification of the buffer gas. The cryocooler-based gas cell would
also enable the investigation of mass-separated impurities as a function of gas
cell temperature, and by combining the gas cell with a 2°2Cf fission source it
would also allow controlled investigations of the elemental dependence in the
extraction efficiency as a function of temperature.

Future cryogenic operation may also lead to an improvement in the fission
fragment stopping at IGISOL used for the production of neutron-rich RIBs
from charged-particle-induced fission of actinide targets [105]. Currently the
stopping efficiency is ~1% and could be improved with a higher buffer gas
density. The challenge, however, may be the increased three-body recombination
reaction with free electrons (Eq. (2.31)) which tends to increase with decreasing
temperature [100].
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3.4.1 The design of the new cryogenic gas cell

Figure 3.4 shows the design concept for the new cryogenic gas cell. Initially,
this first design has been modeled for connection to a small-volume gas cell
(~10 cm?) very similar to that used for light-ion induced fusion-evaporation
experiments. The helium buffer gas is first fed through a gas cooler and purifier
which may be filled with an adsorbent material. This cooler is separately
connected to the cryogenic cold head of the cryocooler, which also connects to
the gas-cell body. The gas cell has an exit nozzle of diameter 1.2 mm, similar
to current designs at IGISOL, and with windows to allow access to the primary
beam for future on-line experiments. The temperature is measured from several
points throughout the system and heating cartridge elements provide heat input
for controlling the temperature.

The estimation of the required cooling power for the cooling of room temperature
helium gas to approximately 50 K has been done by assuming a helium flow
rate of 9 mmol/s (300 mbar, 0.75 1/s at 300 K), resulting in ~45 W. Reduction
of this cooling power would require pre-cooling with LN5. A challenge for
the design of the system is that the gas cell cannot be located directly inside
the pumping chamber because the evacuated helium will cause an increase in
background pressure to ~ 5- 1072 mbar, resulting in several hundred watts of
heating of the gas cell due to conduction losses. By enclosing the cryocooler
and the gas cell in an isolation chamber which can be pumped separately to a
vacuum below 1073 mbar, the conduction losses can be reduced to below 10 W.
The combined heat losses through the connectors and radiative emission have
been estimated to lead to an additional 10-20 W.

Due to the requirement for helium gas cooling a high-power single-stage cry-
ocooler, Sumitomo CH-110, was purchased. According to specifications, the
cryocooler can provide a cooling power of 200 W at 90 K, 130 W at 50 K
until gradually stalling to 30 W at 25 K. With the estimated heating load and
available cooling power, the aim is to reach operational gas cell temperatures
below 50 K.

The development and testing of the cryocooler and gas cell is going to be
performed in a new off-line ion guide quadrupole mass spectrometer station [106].
The off-line station is an independently-operated mass spectrometer system
consisting of a large pumping chamber that can house a variety of gas cells, a
differential pumping section with extraction ion optics and a quadrupole mass
spectrometer donated by the University of Mainz.

Figure 3.5 presents the CAD design of the gas cell connected to the cryocooler,
mounted within the main vacuum chamber of the off-line station. One of
the critical design challenges has been to account for up to several mm of
thermal contraction during the cooling down phase of the gas cell. The gas
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Figure 3.5. The CAD design of cryocooler coupled to the gas cell so that
the whole system is mounted to the main vacuum chamber of a new off-line
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cell, cryocooler and isolation chamber are all connected to one another. An
alignment system has therefore been designed, foreseen to suspend these main
components above the vacuum chamber via bellows with ISO DN250 flanges.
The body of the gas cell is then connected to the isolation chamber with a
second set of bellows.

When finalized and constructed, a series of cooling power tests will be performed,
followed by pressure tests and ion beam extraction of recoiling daughters from
an alpha-recoil source. The quadrupole mass separator connected with electron
multiplier tube (EMT) and silicon detectors will allow for ion beam identification,
and to probe the intensities of the impurities ionized by the alpha recoils as a
function of temperature from 300 K to cryogenic operation. The alpha-recoil
source will also allow for the overall efficiency of the off-line station to be
measured, which will be of importance when deciding upon the strength of a
future 252Cf spontaneous fission source.



Chapter 4

Development of the actinide
gas cell and laser ionization
of plutonium

In this chapter the developments for a laser ion source for plutonium using
filament-based dispensers mounted in a gas cell are presented. This work
initiated the program for studying heavy elements at the IGISOL facility using
a combination of laser resonance ionization and collinear laser spectroscopy,
resulting in a measurement of the heaviest element to date with the latter
technique [25]. This chapter is based on the work done in publication No. II by
the author, in which the development of a new gas cell for the filament-based
work for actinide elements, laser ionization of plutonium and the gas-phase
chemistry and dynamic behavior of plutonium ions in the gas cell is presented.
Additionally, the publication includes gamma-ray spectroscopy of the plutonium
samples in order to measure their activity and to compare the resulting isotopic
distribution with an assay provided by the University of Mainz, Germany.

This chapter concentrates on the detailed investigation and interpretation of the
resonant laser ionization scheme of plutonium that was primarily done after the
publication of the article. Most of the background information may be found in
the publication and is only shortly repeated here in relevant sections.
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56 plutonium

4.1 Article 11

The following pages contain the peer-reviewed paper titled In-gas-cell laser
tonization studies of plutonium isotopes at IGISOL, published in the journal
of Nuclear Instruments and Methods in Physics Research Section B, vol 376
(2016), pages 233-239.
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1. Introduction

The actinide elements cover the atomic number range from Ac
(Z=89) to Lr (Z=103), beyond which lie the superheavy elements.
It is this region which poses some of the most difficult and yet
exciting challenges to experimentalists, requiring highly sensitive
techniques to make efficient use of the limited quantity of isotopes
which can be produced. Nuclear structure information obtained
from optical spectroscopy is limited, in particular above Ra
(Z = 88) which corresponds to the last isotopic chain for which col-
linear laser spectroscopy has been performed [1]. This reflects a
combination of low production cross sections coupled with a lack
of stable isotopes, thus only limited knowledge of optical transi-
tions. Traditionally, actinide spectroscopy has been motivated by
atomic energy level analysis, with more recent techniques includ-
ing resonance ionization mass spectrometry applied to determine
fundamental atomic properties such as the ionization potential
[2]. Probing the evolution of shell structure and the development

* Corresponding authors.
E-mail addresses: ilkka.pohjalainen@jyu.fi (I. Pohjalainen), iain.d.moore@jyu.fi
(L.D. Moore).
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0168-583X/© 2016 Elsevier B.V. All rights reserved.

of nuclear deformation of the heaviest elements using model-
independent laser spectroscopic techniques is a current goal at a
number of facilities. It is clear that a step-wise approach will be
needed to successfully produce the requisite radioactive beams,
including characterization of optical transitions for selective and
efficient ionization. Further studies will then be required in
order to optimize the optical spectroscopy for high-resolution
measurements.

Recently, a new programme to study heavy elements using a
combination of laser resonance ionization and collinear laser spec-
troscopy has been initiated at the IGISOL facility, in the Accelerator
Laboratory of the University of Jyvdskyld. Several elements above
Ra have long-lived isotopes for which sufficiently large sample
sizes (ng) of material can be produced at nuclear reactors and
safely transported to facilities for nuclear structure studies. In col-
laboration with the Nuclear Chemistry department of the Univer-
sity of Mainz, samples containing Pu isotopes (238-240242py and
244py) were electrolytically deposited onto a tantalum substrate
and delivered to Jyvdskyld. After electrothermally heating the
filament inside a gas cell filled with helium or argon, in-gas-cell
resonance laser ionization was applied to selectively ionize the
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plutonium. The yield of the Pu* ionic fraction was sufficient to per-
form high-resolution collinear laser spectroscopy. The high resolu-
tion data is currently under analysis and will be published
elsewhere.

In this article preliminary investigations of a new gas cell for
off-line heavy element laser ionization will be presented. A careful
analysis of resulting mass spectra using the IGISOL separator has
been performed in combination with studies of the ion time pro-
files following laser ionization with pulsed lasers. Such information
is of importance to understand the timescales associated with
molecular formation during extraction of the Pu* ions from the
gas cell. In light of these studies, new modifications are planned
to further improve the yield of the element of interest in the form
of singly-charged monoatomic ions which directly impacts the
sample sizes required for collinear laser spectroscopy. Finally the
results of a gamma-ray spectroscopy analysis of one of the pluto-
nium samples is presented, performed in a low-background count-
ing station. This has allowed a direct comparison with the original
sample assay provided by Mainz.

2. Development of a new gas cell and ionization of Pu

The application of gas cell laser ionization at IGISOL was origi-
nally motivated by the goal of improving the rather modest effi-
ciency (~1%) of the heavy-ion fusion-evaporation ion guide
(HIGISOL) as well as recognizing the need to move towards a more
element-selective approach in the production of radioactive ion
beams. A number of considerations were taken into account in
the design of the gas cell including efficient evacuation of a large
recoil stopping volume (optimized gas flow transport and exit
nozzle type), water cooling and baking capabilities, and optional
filament feedthroughs as well as dc electrodes. This resulted in a
modular construction consisting of a gas feeding part, the main
body (with optional filament holder) and a removable exit
nozzle/hole [3]. The volume of the main body to the exit hole of
~250 cm? resulted in an evacuation time of 390 ms for a standard
1.2 mm diameter exit hole using helium as buffer gas.

In order for the successful extraction of atomic ions, the
requirement for conditions of high gas purity (sub parts-per-
billion) has been critical to the success of so-called laser ion guides
as well as large gas catchers due to the competition between
atomic ion survival against molecular formation and evacuation
timescales. For several of the refractory elements that can only
be produced with the gas cell method, the reaction rate coefficients
which govern the time evolution of molecular formation indicate
extremely strong affinity with the main buffer gas contaminants,
water and oxygen [4]. In on-line conditions, the critical loss mech-
anism for an ion of interest is that of neutralization within the high
density of (primarily) buffer gas ion-electron pairs created by the
passage of a primary projectile beam. The operational principal
of laser ionization in a gas cell takes advantage of this fast ion-
electron recombination, with re-ionization applied in a volume
where the ion-electron density is sufficiently low for a high chance
of survival of the photo-ions. One can understand that the opera-
tion of the gas cell is strongly dependent on a set of competing
time scales. By studying the time distribution profiles of (mass
separated) ions one is able to determine the effective volume for
laser ionization within the gas cell. At the Leuven laser ion source
(LISOL) it was shown that at time scales of approximately 5 ms,
recombination losses start to gain importance above an ion-elec-
tron density of 107-10% pairs/cm® [5,6]. At IGISOL, similar
experiments verified that the accessible neutral fraction in the
presence of a primary beam is restricted to the nozzle region, an
effective laser ionization volume which is evacuated within
milliseconds [7].

The current programme focuses on heavy element studies not
requiring the presence of a primary beam. Therefore, much of the
gas cell volume necessitated by the stopping distribution of
heavy-ion fusion-evaporation recoils is redundant. Long-lived
isotopes of actinide elements including plutonium and thorium
can be prepared onto substrates for subsequent evaporation into
a volume which may be minimized to reduce possible molecular
formation or other loss mechanisms such as diffusion to the walls
of the gas cell. Ideally, such a volume is limited only by the
efficiency of the laser ionization process. Assuming that an atom
can be ionized by a single laser pulse and requiring that every atom
is irradiated at least once by the lasers, the minimum volume V
is set by the repetition rate of the laser system and the conduc-
tance C of the gas cell,

Vinin = trepC = trep - 0.45 - %, (1)

where t., is the time between the laser pulses and the conductance
C has been given in terms of the exit hole diameter ¢ in mm for the
case of room temperature helium. Considering the 10 kHz repeti-
tion rate of the Ti:sapphire laser system used at IGISOL and with
a typical exit hole size ¢ =1.2 mm, Eq. (1) results in a volume of
0.07 cm®. However, the assumption that an atom would be ionized
by a single laser pulse is unrealistic for a high repetition rate
(10 kHz) laser system where the energy per pulse of the fundamen-
tal radiation can be a factor of ten lower compared to a medium
repetition rate (200 Hz) system. In order for a laser system with a
single pulse laser ionization efficiency €, to result in a total laser
ionization efficiency > 80%, the minimum volume defined by
Eq. (1) must be scaled by the factor —2/In(1 — ;).

Currently we have no available data on the single pulse laser
ionization efficiency at IGISOL, however a recent experiment at
LISOL compared the performance of a similar high repetition rate
Ti:sapphire laser system with the medium repetition rate dye laser
system in studies of copper and cobalt [8]. In that work, by control-
ling the synchronization of the Ti:sapphire laser pulses, it was pos-
sible to match the repetition rates of both laser systems without
affecting the energy per pulse of the Ti:sapphire laser. Whereas
the dye laser system could saturate the atomic transitions and
was seen to saturate the ion signal at ~100 Hz (corresponding to
an irradiated volume representing ~40% of the total volume of
the ionization chamber, evacuated in about 10 ms), the Ti:sapphire
system was unable to saturate all transitions. Furthermore, when
operated at the same repetition rate the ionization efficiency was
around 200 times smaller. Ferrer and colleagues use this factor to
infer an efficiency per pulse of 0.5% for the Ti:sapphire system in
those experiments. This value can be inserted into our scaling fac-
tor and when multiplied by the minimum volume results in a
required ionization volume of ~30 cm®. We note that by strongly
focusing the Ti:sapphire beams in the LISOL experiment the ioniza-
tion efficiency per pulse was increased to such an extent that the
two laser systems performed comparably under on-line conditions.

The gas cell design in the current work was primarily motivated
by the wish to reduce the redundant HIGISOL volume while being
restricted by the practical consideration to reuse the same filament
holder. An additional motivation for a dedicated gas cell took into
account the expected surface contamination with long-lived alpha-
active isotopes when using actinide sources. Fig. 1 presents a cross-
sectional view of the gas cell. Helium or argon buffer gas is fed
through an inlet tube into the cell which has a volume of
~30cm?. This volume of gas, which is kept at a pressure of
~70 mbar, is extracted through a 1.2 mm exit hole into a chamber
maintained at a pressure of ~10~2 mbar. With a such a pressure
difference the gas flow is choked and thus the conductance is
pressure independent. An evacuation time for the whole gas cell
volume of ~50ms and ~150ms can be estimated for room
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Fig. 1. Cross-sectional view of the gas cell used for heavy element studies with the
filament in place.

temperature helium and argon, respectively, for any operational
pressure. Laser radiation is introduced through a sapphire window
mounted on the rear of the gas cell, directed along the extraction
axis of the cell very close (~1 mm) to the filament. This geometry
was designed to maximize the laser overlap with the highest den-
sity of atoms following evaporation from the filament. Additional
elements include a heater cartridge added for in situ baking, water
cooling, and the possibility to insert windows and targets for future
introduction of a primary beam.

In total, six filaments (with dimensions 11 x 3.5 mm, and thick-
ness 50 um) were provided from the Nuclear Chemistry depart-
ment of Mainz. Two of the filaments were blank and were used
for testing purposes in order to understand the behavior of the
voltage across the feedthroughs on the target chamber as a func-
tion of the current applied to the filament, to measure the temper-
ature of the filament with a pyrometer as a function of current
(and, at a fixed current, the temperature as a function of gas pres-
sure) and to search for surface ions which could be used to cali-
brate the magnetic field of the mass separator. The other four
samples contained a mixture of Pu isotopes with up to ~10'¢
atoms for the most abundant isotope 244Pu, to ~10'? atoms for
238py, Two of the four samples also contained 2*°Pu and were used
specifically in connection with the high-resolution laser spec-
troscopy experiment. In the current work however we focus only
on the samples without 2*°Pu. To prevent oxidation of the pluto-
nium, the samples were covered with an additional protective Ti
layer of about 1 um on the surface.

During operation the filaments were heated to a temperature of
typically 1000-1200 °C depending on the desired release rate of
the Pu atoms. Variations in gas pressure affected the temperature
and thus the evaporation rate. For a measured current of 28A
(heating power 99 W), an increase of helium pressure from
50 mbar to 150 mbar resulted in a corresponding temperature
decrease from 1050 °C to 950 °C.

Initially a three-step ionization scheme using laser radiation at
wavelengths of 420.76, 847.26, and 750.24 nm was chosen based

on trace analysis studies by Raeder et al. [9]. In that work a full sat-
uration of all optical excitation steps was demonstrated ensuring a
high efficiency of the ionization process. At IGISOL the laser light
was provided by three broadband Ti:sapphire lasers, the character-
istics of which can be found elsewhere [10]. In the gas cell however
little or no indication of the effect of the second and third IR steps
was seen and it was suspected that the excitation preferentially
proceeded via a Rydberg state populated by a photon from the first
step transition which was subsequently ionized via buffer gas col-
lisions. Indications for such an effect could be clearly observed in
the saturation behavior of the first step. A second laser was there-
fore introduced operating in the blue wavelength regime, both
lasers using intra-cavity second harmonic generation (SHG) [11].
The first step laser, tuned to a wavelength of 420.76 nm, corre-
sponds to a transition from the 5f°7s27F, ground state to an
excited state at 23766.14cm~! with configuration 5f°7s7p 7D;.
The wavelength of the second step laser was optimized to a reso-
nance observed at a wavelength of 422.53 nm. Further studies
showed that the two transitions are able to ionize independently
from one another (though with much reduced count rates), which
may be explained if the second step is driving population from the
lowest-lying metastable state at 2203.61cm™! to a state at
25870.69cm~'. It is of interest for further work to determine
whether this state is naturally populated due to the temperature
of the hot filament. Nevertheless, ionization will proceed via
Rydberg states populated following excitation from the
23766.14 cm~! level, and/or non-resonantly or to auto-ionizing
states if a second path proceeds via the state at 25870.69 cm~!.

Surprisingly, it was seen that the Pu” ion count rate was maxi-
mized when both of the Ti:sapphire lasers were operated without
the etalons in the resonator cavity. This increases the fundamental
linewidth from 4-5 GHz to ~100 GHz, or approximately 0.2 nm at
a wavelength of 840 nm. The resulting laser linewidth is consider-
ably larger than the atomic linewidth contributions from Doppler
and pressure broadening resulting in a lower spectral power den-
sity. Nevertheless, the loss in spectral power density may be offset
if we are strongly saturating the transition, which is indeed the
case for the first step. The modest increase in laser power without
the etalon, coupled with the simultaneous population of a number
of Rydberg states can explain the higher ion count rate. In order to
better understand the ionization process and to scan for Rydberg
levels exhibiting a higher ionization cross section, further investi-
gation is required.

3. Gas phase chemistry

The cleanliness of the buffer gas and gas cell was characterized
by recording mass spectra (Fig. 2) with a microchannel plate (MCP)
detector at the focal plane of the IGISOL mass separator using both
He and Ar buffer gases at a pressure of ~75 mbar. Additionally, a
mass spectrum was taken using Ar with a MCP detector situated
at the end of the collinear laser line located after the radiofre-
quency (rf) cooler-buncher. This provided additional insight on
the effect of the cooler-buncher on the mass spectra and also con-
fidence in transporting Pu” ions to the laser spectroscopy station.
All of the spectra show an isotopic abundance pattern that matches
the isotope assay of the samples provided by Mainz, both in the
region of singly-charged monoatomic ions and also at higher
masses identified with molecular formation of Pu* ions. The trans-
port efficiency through the separator system is believed to be
rather constant in this mass range.

The first molecular isotopic pattern is observed 16 mass units
heavier than the monoatomic pattern and corresponds to PuO*
ions. There are two possible pathways to oxidize plutonium con-
sidering H,0 and O, are two of the main impurities in the gas:
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Fig. 2. Mass spectra in the region of Pu and related molecules recorded at the focal plane of the IGISOL separator using He and Ar buffer gases and after the cooler-buncher

(argon only). See text for details.

Pu" + 0,—PuO* + 0, ky; =1.5-10""" cm?/s
Pu" +H,0—PuO" +Hy, k;=7-10"% cm’/s.

(2a)
(2b)

For both reactions, the bimolecular reaction rate k, has been
calculated from experimental values of reaction efficiencies, or
the ky/kapo values, measured by Santos et al. [12]. The accuracy
of these values is estimated to be +50%. The average dipole orien-
tation collisional rate, k4po, was calculated as follows,

_ 2mq /2
Kapo 7% (\/&-O—C‘MD m)

where q is the charge of the ion and p is the reduced mass [13]. The
factor c is the locking constant, o and f, are the polarizability and
the permanent dipole of the reagent molecule, respectively, all val-
ues of which have been taken from Table 7.1 and Fig. 7.1 in Ref. [14].

After formation, the PuO* ions can react further with water
molecules in a termolecular association reaction:

@)

PuO" + H,0 + M—PuO(H,0)" + M, (4)
where M is a buffer gas atom. This association reaction accounts for
the peaks 34 mass units above the monoatomic Pu” ions. In Ar there
also appears to be oxidation of the PuO* through similar reactions
as in Egs. (2a) and (2b) because the count rate at (M/q) = 276 is
higher than one would expect from the isotopic ratios.

Even though both helium and argon gases are purified with the
IGISOL rare gas purification system [15] and both the gas cell and
gas lines are baked before an experiment, the purity conditions
appear to be unusually poor. This can be inferred from the large
amount of molecular formation as seen in Fig. 2. Assuming molec-
ular formation as discussed, the time constant associated with the
process can be defined using © = 1/k,[M], where M is the impurity
concentration. With an expected impurity level of 1 ppb of purified
gas, the Pu™ ion survival time is in order of a few seconds, a time-
scale much longer than the evacuation time of the gas cell. We
therefore suspect that additional impurities result from an unfor-
tunate “dead” volume in the filament holder, which could have

trapped some air, or to outgassing of the gas cell while the filament
is being heated.

The most notable difference between the mass spectra obtained
using helium and argon is the lower mass resolution in the case of
argon. This is a reflection of collisions between buffer gas atoms
and ions in the extraction region after the gas cell which leads to
an energy spread, more pronounced in the case of argon because
of the heavier mass. With argon, the effect of transporting the
beam through the RF cooler-buncher is seen in an improvement
in the mass resolving power (as well as a reduction in the count
rate due to reduced transmission). This can be understood if the
cooler-buncher acceptance window of ~90 eV is considered. Only
the part of the mass-separated beam that has the right energy
enters the cooler, reducing the peak widths.

4. Study of the dynamic processes within the gas cell

In order to investigate the dynamic processes inside the gas cell
following the creation of a photo-ion, the temporal behavior of
mass-separated ions was studied by chopping the laser beams with
a fast shutter mechanism. The resulting time structure of the ions
was recorded with a multi-channel scaler connected to the MCP
located at the focal plane of the mass separator. Fig. 3 shows an
example of the time profiles of Pu" and PuO" in He and Ar when
the lasers were introduced at time t~0 s and turned off at t
~ 1.13 s. The small peak visible at the start of the time profile of
Pu* in helium is caused by the initial ion creation in the nozzle
region which is evacuated before molecular formation occurs. This
is not seen in argon, probably due to the slower evacuation of the
gas cell. Exponential growth and decay curves

y(t) = {

were fitted to the rising and falling edges of the time profile, respec-
tively, to extract a time parameter 7 for each fit. These parameters
represent the time scales during which the ion signal develops at
the start of a laser pulse and how it decays once the lasers are

AoiA(] 4%) ift >t
A(] iff<t0

(5)
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Fig. 3. Time distribution profiles of Pu* and PuO* in He (top) and Ar (bottom). In
order to quantify the profiles exponential growth and decay curves were fitted to
the rising and falling edges of the distribution in order to determine the different
time constants 7, summarized in Table 1.

blocked. Table 1 summarizes the time scales for the data illustrated
in Fig. 3.

One can immediately note from the fit parameters that in both
helium and argon the atomic Pu® ions achieve saturation sooner
than the corresponding PuO* molecule. This is to be expected as
the oxide can only be produced following laser ionization of the
atomic species. The slower time scale in Ar reflects the reduced
conductance of the exit hole. It is interesting to note that the time
parameters for the falling edges of the profiles are somewhat
longer than the rising edges and both the atomic and molecular
species have the same fit parameter within errors. This likely
reflects the fact that both species are extracted from the same
effective volume.

In all cases 7 is notably lower than the total evacuation time of
the gas cell indicating a fast loss mechanism of the plutonium (and
its corresponding oxide). The alpha particles emanating from the
samples in the radioactive decay of Pu are estimated to create an
ionization density rate in He, Q = 10° ion—electron pairs cm-3s-1,
which is negligible if one were to consider recombination losses
due to free electrons. In addition, charge exchange between the
Pu"* ions and buffer gas atoms or typical gas impurities is not pos-
sible because of the low ionization potential of Pu. The only con-
ceivable loss mechanisms of the ions are molecular formation
and diffusion losses to the walls of the gas cell. The information
gained from the mass spectra in Fig. 2 indicates a source of impu-
rities which is independent of whether He or Ar is used and we
believe this to be caused by the filament holder as previously
mentioned.

Using the known conductance of the exit hole, the time param-
eter 7 translates into an effective volume for laser ionization. This

Table 1
Time parameter 7 for rising and falling edges of the Pu*and PuO" ion signal time
profiles illustrated in Fig. 3 for helium and argon.

T Helium Argon

Rising Pu* 0.80 + 0.05 ms 2.57 +0.16 ms
PuO* 1.17 £ 0.09 ms 3.25+0.07 ms

Falling Pu® 1.13 £ 0.04 ms 6.96 + 0.15 ms
PuO* 1.14 £ 0.05 ms 6.75 + 0.07 ms

effective volume will be different depending on whether one
chooses to use the rising or falling edge of the Pu* ion time distri-
bution. We have chosen to use the falling edge as the starting con-
ditions are different to the situation before laser ionization has
commenced; all competing processes which create and destroy
the ion of interest are in equilibrium. By taking into account the
different conductances of the gas cell in He and Ar buffer gases,
the effective volume for the ionization of Pu is ~ 0.7cm® in He
and ~ 1.4cm? in Ar, which is only a few percent of the total gas cell
volume. This indicates that detected monoatomic laser ions are
originating not far from the nozzle region. Gas phase chemistry
and related ion time profiles using similarly reactive elements have
been previously studied in greater detail at IGISOL and in that work
the increase in the effective volume due to a reduction of impuri-
ties in the gas was clearly observed [19].

5. Gamma ray spectroscopy of the Pu samples

Gamma ray spectroscopy was used to independently analyze
the content of a filament, in support of the assay provided by
Mainz, and also to have means of monitoring the remaining activ-
ity of a partly used filament. The majority of the Pu isotopes in the
samples alpha decay directly to the ground state of a long-lived
daughter or to a low-lying excited state, which subsequently
decays emitting conversion electrons (the branching fraction to
decay via gamma radiation is very low, <0.05%). Further difficulties
arise in such a measurement because the gamma energies between
different isotopes tend to cluster to within ~1KkeV or less.
However, using a long enough measurement time in a low-
background station which is coupled to a low-energy high-purity
germanium detector, a gamma spectrum of one unused Pu fila-
ment was successfully measured in the range from 3 keV to
800 keV.

Fig. 4 shows three regions of interest of the gamma spectrum:
the 10-25 keV region containing L X-ray peaks associated with
the U daughter; the 40-65 keV region that has the strongest
gamma peaks associated with the decay radiation of Pu; a high-
energy region around 580 keV showing the gamma rays of
240mNp which is in the decay chain of 2*4Pu. In addition an #*'Am
contaminant was detected along with X-rays of Ta induced by
the Pu alpha decay in the sample.

The total activity of the Pu isotopes in the filament was deter-
mined separately from the three uranium L X-ray peaks using
known isotopic abundances from the assay and branching ratios
for each peak of each Pu isotope [16-18]. No information could
be found for the branching ratio of these X-rays for 244Pu in the lit-
erature however this does not affect the calculation of the total
activity as its activity is under 10 Bq. The peak energies, branching
ratios and measurement results are summarized in Table 2. The
mean value of ~1120 Bq matches well with the stated assay activ-
ity of 1154 Bq.

The individual activities of the Pu isotopes in the sample were
determined from the peaks in the 43-52 keV region. Although
some peaks overlap, by fitting simple Gaussian functions using
the peak width extracted from the 4'Am line and the peak ener-
gies for each isotope [20], it was possible to obtain the yields for
each gamma line. By accounting for the detector efficiency and
branching ratio for the gamma rays the activities of the isotopes
were calculated (Table 3). The activity of 2**Pu was not directly
determined because of its low activity however its decay chain
contains short-lived ?*°U and #**"Np having sufficiently strong
branching ratios for gamma rays. Thus the activity of 244Pu could
be indirectly determined. As seen in Table 3 the individual activi-
ties agree well with those provided in the assay except in the case
of 229Pu whose measured activity is notably lower. The discrepancy
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Fig. 4. A gamma spectrum from an unused Pu sample. Three energy regions of interest are highlighted. In addition to the gamma radiation associated with the decay of Pu,
the spectrum contains low energy X-rays, an 2! Am contaminant and X-rays of Ta, the material from which the filament is made.

Table 2

The three uranium X-rays peaks that were used to determine the total activity of a
plutonium filament. In addition to peak energies and activities the branching to these
peaks are given for each isotope in the filament if found in literature.

Peak Energy Isotope branching (%) Activity
(kev) 238pu Z39pu ZAUpu 242pu (Bq)
[16] [17] [17] [18]
Ly 13.6 3.81(3) 1.654) 3.73(5) 3.2(2) 1130
Ly 17.22 426(3) 1.72(4) 3.95(6) 3.4(3) 1050
Ly 20.2 0.992(7) 0.428 0.95(2) 0.79(9) 1165

(14)

Table 3

The list of identified gamma rays from the spectrum in Fig. 4 with peak energies and
branching ratios [20]. The determined activities of the plutonium isotopes in the
filament using these peaks are listed. The activities of 2%°U and *°™Np can be
measured for an indirect determination of the activity of 24Pu. The assay of the
filament is listed for comparison.

Peak Energy (keV) Isotope Branching (%) Activity (Bq) Assay (Bq)
b 435 238py 0.0392 200 219

b 44.1 240 1.05 9 7

73 44.9 242py 0.0373 160 182

Va 45.2 240py 0.0447 510 518

7s 51.624 239py 0.02722 51 228

76 554.49 240mNp 209 7 7

V7 597.37 240mNp - 117 7 7

Yam  59.532 21pAm 359 9 -

was also seen in the isotopic abundance pattern of the plutonium
mass spectrum from a filament containing 2*°Pu which was made
during a later experiment.

6. Conclusion

Long-lived isotopes of Pu provided by the Nuclear Chemistry
department of the University of Mainz were successfully extracted
as low-energy ion beams at IGISOL following resonance laser ion-
ization in a He and Ar buffer gas-filled cell. Although further work
is required to fully characterize the ionization scheme, a sufficient
yield of monoatomic Pu® ions was produced in preparation for
high-resolution collinear laser spectroscopy. Studies of the mass
spectra as well as ion time profiles indicate a source of impurities
which is likely due to outgassing of “dead” volumes in the filament

holder and perhaps via heating of the filament. A new filament
holder is currently being designed to partially address this issue.
These successful studies will be continued in the future in order
to expand the programme of laser spectroscopy of actinide
elements at IGISOL, with immediate interest in *°Th as part of
the new EU Horizon 2020 project, NuClock, which is focused on
the study of the low-lying isomeric state.
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4. Development of the actinide gas cell and laser ionization of
64 plutonium

4.2 Introduction and motivation

High-resolution optical spectroscopy is a technique used in many radioactive
beam facilities to study the nuclear properties of radioactive isotopes [21]. By
measuring the hyperfine structure of atoms, fundamental and model-independent
data on nuclear spins, electromagnetic moments, and changes in mean-square
charge radii can be obtained. Isotopes in the heavy element region, particularly
above radium (Z=88) [107], have not been extensively studied with optical
spectroscopy as often there is a lack of information on optical transitions due to
the scarcity of stable isotopes [30]. On-line production of the heaviest elements
is challenging, reflecting a combination of low production cross sections and
few stable isotopes, however, since several elements have long-lived isotopes an
opportunity exists to study samples which may be produced in macroscopic
quantities in nuclear reactors, prepared for deposition onto suitable filaments,
and then safely brought to the experimental facilities.

The new heavy element program at IGISOL has now commenced. The aim is to
apply laser resonance ionization of actinide isotopes evaporated from filament
samples mounted in a gas cell and to produce ion beams for the collinear
laser spectroscopy station. A brief overview of the collinear laser spectroscopy
program at the IGISOL facility is presented in [108]. Plutonium has several
long-lived isotopes and as filament samples were available from the Institut fir
Kernchemie of the University of Mainz, this was the first element chosen to be
studied.

4.2.1 Collinear laser spectroscopy at IGISOL and yield
requirement

The collinear laser spectroscopy station at IGISOL performs optical spectroscopy
with a precision of below 100 MHz by overlapping a frequency-locked laser
beam with a counter-propagating 30 keV ion beam [108, 109]. By accurately
changing the voltage in the laser - ion interaction region, transitions can be
driven between electronic states of the ion and detected from the fluorescence
emitted following the de-excitation of an excited state. For a collinear laser
spectroscopy experiment a yield as low as 100 ions/s has successfully been used
in an experiment [110], although higher yields are typically required as the
available transition strengths might be weak or the presence of contaminant
background from scattered photons limits detectability.

The benefits of using a laser ion source as the ion beam production method
in a collinear laser spectroscopy experiment can be seen primarily in the high
selectivity of the laser resonance ionization method. Even with a small amount
of material (for example nanograms) it is possible to generate an ion beam
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without any contaminant beams. This is of particular importance with the
isotopes of actinides and other long-lived radioisotopes as some are not easily
available and thus expensive to acquire. Furthermore, the quantities of such
isotopes are usually limited because handling of radioactive material is difficult
especially if the samples exceed the radioisotope exemption limits which in the
actinide region are relatively low.

4.2.2 Development of the plutonium laser ion source

The following sections describe the development and study of the plutonium
laser ion source that successfully provided high ion yield for the collinear laser
spectroscopy measurement of the isotopes 239:249:242Py and 244Pu [25]. This
experiment marked the heaviest element measured to date with this high-
resolution technique. Although the development of the laser ion source was
successful, several new findings and unforeseen phenomena were discovered
with possible impact on future experiments using resonance ionization on heavy
elements in gaseous environments.

During the first experiment, presented in article II, the ionization scheme
developed under vacuum conditions [111] was observed to perform very poorly
in the gas cell environment. This led to the discovery that an efficient ionization
of plutonium can be performed in the gas cell with two Ti:sapphire lasers
operating in the frequency-doubled regime close to 420 nm. As the goal of
creating sufficiently high ion yield was accomplished, this newly discovered
scheme was used in the subsequent collinear laser spectroscopy experiment.

Many questions still remained. Which transitions were being driven by the two
lasers, and why was an unusual behavior of having only a minimal requirement
for temporal overlap of the laser pulses observed? This resulted in the ionization
scheme investigations performed throughout November 2016 with a frequency-
doubled, wide-range tunable grating-based Ti:sapphire laser in collaboration
with the University of Nagoya, Japan. These investigations are described in the
latter part of this chapter.

4.3 Plutonium ionization scheme

4.3.1 Three-step blue-IR-IR scheme

The first investigation of in-gas-cell laser ionization of plutonium was done with
an ionization scheme originally developed for trace analysis studies [111]. The
scheme consists of one blue and two infrared steps at wavelengths of 420.77-,
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Figure 4.1. The initial laser ionization scheme for plutonium using a blue
and two IR steps. In the gas cell, the two IR lasers were seen to have little
to no effect on the ionization and it was postulated that a transition to a
Rydberg state was believed to have been causing the ionization. The dotted
lines indicate possible quenching of the excited states - see text for more
details.

847.26-, and 750.24 nm of which the last step drives a transition to an auto-
ionizing (AI) state (Fig. 4.1). The maximum laser power available for each
step at the ionization region was approximately 1 W. It was noticed, however,
that only the first step was needed to create resonant laser ions and the two
infrared steps did not affect the count rate, observed by preventing the IR laser
light from entering the gas cell. Only at a reduced first step laser power was a
small response to the count rate detected with the addition of the two infrared
steps. Furthermore, the wavelength of the third resonant step was increased to
~T67 nm, a few cm~! below the ionization potential at 48601 cm~! [112], to
probe for ionization via high-lying Rydberg states. Again, no resonances were
seen until the first step laser power was reduced significantly.

As indicated from the atomic level energies in Fig. 4.1, direct ionization from
the first excited state is not possible. As the scanning of the first step laser
wavelength nevertheless indicated a clear resonant process of ionization, it was
assumed to occur through a possible Rydberg state located ~1070 cm ™! below
the ionization threshold. Subsequent ionization would then proceed from the
highly-excited plutonium atom via a collision with a helium gas atom (collisional
ionization).
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Figure 4.2. The blue-blue ionization scheme of plutonium. It involves two
lasers operating at 420.77 nm and 422.53 nm, marked as dark and light blue
arrows, respectively. The dashed arrow lines depict possible collisional tran-
sitions and the orange arrows thermal excitation from the atomic ground
state.

4.3.2 Development of a two-step blue-blue ionization
scheme

The gas cell in this work was operated at a helium pressure of 80 mbar. Such
an environment affects the population of the atomic states during the resonant
multi-step ionization process. In order to investigate this further, a second
Ti:sapphire laser operating with intracavity frequency doubling [113] was set up
to provide a wavelength similar to the first step transition of 420.77 nm (Aq).
By scanning the wavelength of the second laser a transition at 422.53 nm was
discovered which enhanced the ionization significantly. This Ag-transition was
tentatively assigned to an excitation from a low-lying level at 2203.61 cm~!
(J = 1) to a known J = 2 level at 25870.69 cm~!. This excited state lies
high enough in energy such that both A\; and A2 photons cross the ionization
threshold. Figure 4.2 illustrates the atomic level structure involved in the
ionization scheme.

By blocking A; and As in turn, mass-separated ion count rates (A/q = 244) of
2000 cps and 1500 cps were detected at the focal plane of the mass separator.
These independent rates may be compared to the sum Ay + A3, a rate of
18000 cps. This indicates a connection between the two transitions and we
postulate that the low-lying levels above the atomic ground state are populated
from higher levels in plutonium. This collisional de-excitation (quenching) would
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also explain the negligible effect of the IR transitions in the gas cell. There is a
possibility that quenching was also occurring from the 35569, level, reducing
the efficiency of the original ionization scheme even further. Definite conclusions
could not, however, be formed and further study of this quenching effect was
difficult to accomplish at the time due to the lack of a suitable laser offering a
wide tuning range in the second harmonic.

An interesting observation noted in Article II was the ability of the second blue
transition, Ao, to ionize plutonium independent of A\;. As there is no atomic
level known to be directly accessible from the ground state by the Ao photons,
the second laser must be driving population from low-lying levels, which are
naturally populated due to thermal excitation from the ground state. The
first state at 2203.61 cm™! above the ground state is too high in energy to be
populated in room temperature conditions, thus natural population must be
transferred in the vicinity of the hot filament where the helium gas acts as a
thermal bath.

The temperature of the flowing helium gas can be estimated by knowing the
initial gas temperature (T; = 295 K), pressure p, gas flow rate ¢y (Eq. (2.15))
and the heating power Py, which can be estimated from the filament current Ig
and the voltage across the filament Vg. A lower limit for the gas temperature
can be obtained by assuming that the heating happens evenly throughout the
gas. The heat input Hj, to the gas in units of joules per mol of gas can be
calculated as:

T;R T:R
Hi, =P, = InVal , (4.1)
pav pav

where the R is the gas constant. Using the heat capacity C, = 20.786 J/(K - mol)
of helium [114], the final temperature T} of the gas can be estimated,

Tf =T+ Hin/C’p. (42)

Both the filament current and the voltage across the filament can be experimen-
tally measured and thus a gas temperature of slightly over 1000 K is obtained.
This approximation does not take into account the heat dissipated through the
filament feedthroughs as its magnitude is difficult to estimate. However, the
filament temperature is observed to have a very sensitive dependence on the
helium gas pressure (noted in Article IT) indicating that the helium gas is taking
a considerable heat load.

Using the Boltzmann distribution according to Eq. (2.12) and the energies of
the first excited levels of plutonium [57], the fraction of atoms in each of the
levels have been calculated. In Fig. 4.3 the population of the six lowest levels
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Figure 4.3. The population of the ground- and first five excited states in
plutonium as a function of temperature. The dashed lines indicate the popu-
lation at the filament temperature (blue) and the corresponding helium gas
temperature (black).

in plutonium are shown as a function of temperature. The black dashed line
indicates the approximate filament temperature, 1300 K, whereby plutonium
is released in measurable quantities, and the blue dashed line presents the
estimation of the evenly heated gas. It is evident from the figure that at room
temperature the population of the first excited state is too low (p;<0.01%) to
explain the independent ionization by the Ao laser, but at the gas temperature
at which laser ionization occurs, in other words the temperature region bounded
by the two dashed lines, the first and second excited state populations p; and
po are between 11% and 20%, and 1% to 3%, respectively. As the population
of the first excited state is relatively large, this is the likely explanation for
observation of count rate detected only with the second step (A2) laser light.

4.3.3 Saturation of the two-step blue-blue scheme

One important observable which is commonly measured when quantifying the
efficiency of a laser ionization scheme is the level of saturation of the various
transitions. The two-step blue-blue ionization scheme was investigated for
saturation effects by recording the laser ion count rate as a function of laser
intensity determined by measurements of laser power and laser beam diameter
just before entering the gas cell.
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Figure 4.4. The saturation of the A; transition as a function of laser inten-
sity. The linear increase following saturation suggests a non-resonant tran-
sition over the ionization potential. The dashed line assumes a saturation
behavior without a non-resonant process.
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Figure 4.5. The saturation measurement of the As step. Only a linear de-
pendence on the laser power was observed.
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The A1 saturation curve is shown in Fig. 4.4, recorded with the maximum avail-
able Ay power. The count rate quickly tends towards saturation at ~17 mW /cm?
and then continues to increase linearly. This type of behavior indicates a sat-
uration of the "Fy — 7D7 transition followed by a non-resonant ionization
mechanism, most likely from the level 258715 to which the Ao transition excites.
The lineshape of the regular saturation behavior can be deduced by realizing
that the population of the excited state, as defined in Eq. (2.7), is directly
reflected in the count rate by the factor (I/Isat)/(I/Isat +1). Adding a constant
background as well as a linear term to account for the non-resonant ionization
process, a curve as a function of laser power density I is obtained:

_ I/Isat
AU = Avs Aoy )

+m-1, (4.3)
where A, and Ag are the background and the saturation amplitudes, Iy.; and m
are the saturation power density and the linear coefficient. The data in Fig 4.4
is fitted with this function and is indicated as a solid red line. The saturation
part, without the linear term of Eq. (4.3) is shown as a dashed line to highlight
the impact of the non-resonant process on the saturation curve.

The A saturation curve (Fig. 4.5) obtained with a maximum first step laser
power does not show a sign of saturation behavior. This indicates that the
ionization efficiency could by improved if higher laser power was available or by
using a different scheme and stronger atomic transitions.

4.4 Ionization scheme investigation with a tun-
able grating-based Ti:Sapphire laser system

As the in-gas-cell plutonium laser ionization scheme was not fully understood
at the time of the first experiment, a second experiment was later performed
with a new plutonium filament. This work was done in collaboration with the
Applied Quantum Beam Engineering group from Nagoya University who had
developed a tunable grating-based Ti:sapphire laser, which is operated in the
second harmonic and thus was ideal to further expand upon the initial results
discussed in the preceding sections.

4.4.1 Experimental setup

A more expansive investigation of the two-step blue-blue ionization scheme
was performed using a standard JYFL Ti:sapphire laser operating at specific
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wavelengths combined with the tunable grating-based Ti:sapphire laser used
to scan for additional resonances in the blue wavelength region. Figure 4.6
shows a simplified schematic layout of the measurement setup. The JYFL laser,
operating with intracavity second harmonic generation, had a maximum output
power of ~660 mW, while the Nagoya tunable laser had a maximum power of
105 mW. The diameter of both laser beams was first increased and collimated
by telescopes, before being combined in a polarizing beamsplitter cube and
transported to the IGISOL front-end into the gas cell. The transport losses were
measured to be 75% in total. Both Ti:sapphire lasers had their own Nd:YAG
pump lasers making it possible to independently control the timing of the laser
pulses to a few ns, monitored by a fast photodiode via the leakage through the
beamsplitter cube.

The plutonium sample was again provided by the nuclear chemistry department
of the University of Mainz on a tantalum filament and with a thin ~1 pm
titanium layer to prevent oxidation of the plutonium. In this experiment the
isotopic abundance was not of specific interest and therefore the mass separator
was tuned to the most abundant isotope, 2*4Pu. Figure 4.7a shows the filament
before installation and Fig. 4.7b while clamped between the high current vacuum
feedthroughs. To get an atomic vapour of plutonium, the filament was heated
inside the gas cell operated at a helium pressure of 80 mbar, closely duplicating
the front-end conditions of the previous measurement. After evacuation from
the gas cell, the ion beam was guided to the high vacuum region of the mass
separator using the sextupole ion guide (SPIG) and accelerated to a potential
of 30 kV. The ions were mass separated and detected in the focal plane of the
separator with a multichannel plate (MCP) detector.

4.4.2 The tunable grating-based Ti:Sapphire laser system
with second harmonic generation

The Nagoya Ti:sapphire laser [115] provides access to a wide range of wave-
lengths without suffering from mode-hopping issues which limit the tunability of
traditional broadband Ti:sapphire laser systems in operation at several radioac-
tive ion beam facilities (where the tunability is provided by a combination of
birefringent filter and etalon). The unique feature of this particular laser is its
intracavity second harmonic generation (SHG) [116] capability, which makes it
possible to do a wide-range wavelength scanning from ~380 nm to ~440 nm. A
schematic of the grating-based resonator and relevant aspects for its operation
are shown in Fig. 4.8.

The titanium-sapphire crystal is pumped by a 10 kHz repetition rate Nd:YAG
laser operating at 532 nm, focused and injected through the rear of one of the
anti-reflection coated curved mirrors (CM) of the Z-shaped laser cavity. At one
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Figure 4.7. (a) One of the tantalum foils cut to form a filament and on
which plutonium has been electrodeposited. A titanium layer of approxi-
mately lum thickness is subsequently applied. (b) A filament mounted be-
tween the two vacuum feedthroughs. This adapter is then inserted into the
gas cell.

end of the resonator a diffraction grating is used in the Littrow configuration
so that the first order diffracted light is sent back into the cavity along the
same direction as the incoming radiation. As the reflection angle is wavelength
dependent and the acceptance of the laser cavity is small, only a narrow range of
wavelengths is reflected back. The Ti:sapphire crystal can amplify a wide range
of wavelengths from 650 nm to 1100 nm [117] and therefore by simply tuning
the angle of the grating, the output wavelength of the laser can be selected.
As frequency selection is accomplished using the grating, additional elements
such as the birefringent filter and etalon are not required. In order to achieve a
desired bandwidth somewhat below ~10 GHz (which may be compared with
the 4-5 GHz bandwidth of the standard Ti:sapphire laser) a four-prism beam
expander magnifies the laser beam diameter in order to illuminate a sufficient
number of grooves on the grating. Coarse adjustability of the expanded beam
diameter is controlled with the addition of an iris as seen in Fig. 4.8. The iris
enables easy control over the linewidth of the output laser light although it was
noted that the reduction of the linewidth happens at the expense of output
power. Further technical details regarding the characterization of the laser and
related resonator calculations used to optimize the cavity design may be found
in [118].

The SHG generation happens with a nonlinear beta-barium borate (BBO)
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Figure 4.8. Schematic diagram of the grating-based Ti:sapphire laser pro-
vided by the Applied Quantum Beam Engineering group of Nagoya Univer-
sity for the investigation of the plutonium ionization scheme. Labeling is as
follows: DM = dichroic mirror; BBO = beta-barium borate; CM = curved

mirror.
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doubling crystal [119] placed next to the output coupler, in the so-called
intracavity mode. The output coupler is a dichroic mirror (DM), which reflects
the near-infrared light back into the laser cavity while transmitting the SHG
laser light in the blue wavelength range. As the angle of the BBO crystal
at which the phase-matching condition is met for the generation of second
harmonic light is wavelength dependent, the BBO is fixed to a motorized mount
so that the phase-matching condition can be maintained while scanning the
wavelength of the laser. The rotation of both the grating and the BBO crystal
mounts is controlled by a computer that reads in the wavelength, which is
measured from the leaked infrared light through one of the curved mirrors of
the cavity. With the laser operational, a wavelength scanning of the SHG laser
can be done with variable speeds and with a reasonable pointing stability so
that in this experiment, even though the laser path is about 15 meters long,
the spatial direction of laser beam only needs to be adjusted every 5 to 10 nm
of wavelength tuning.

4.5 Results of Pu ionization scheme investiga-
tion

4.5.1 Wavelength spectrum while scanning the grating-
based laser \-

The investigation of the ionization scheme commenced by tuning the JYFL
Ti:sapphire laser to the fixed A\; wavelength of 420.77 nm and then scanning with
the grating-based laser near the second transition that was detected earlier. In
Fig. 4.9, the upper blue line shows the resulting spectrum. The lower spectrum
(green line), which has a considerably lower count rate, was recorded when
the \; laser was blocked and only the grating-based laser light enters the gas
cell. Both spectra are the result of several wavelength scans that have been
summed and averaged with a sliding window of ~1 GHz, not only in order
to lower the background noise but also to make sure that all the peaks are
repeatedly present in all scans.

In both spectra, in addition to the previously detected transition at 422.53 nm,
several new resonances are seen. The wavelength of each peak was compared
with the available atomic level data [120, 121] which, although comprehensive, is
somewhat limited for consistency checking. The search for transitions that can
account for the detected peaks was done so that every possible allowed electric
dipole (E1) transition between any level close to the detected wavelength was
considered. The summary of the assignment of the peak wavelengths Apea. to
transitions between an initial level i and final level f that could be found in the
literature is presented in Table 4.1. The level energy E, parity P, as well the
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Figure 4.9. Wavelength scan of plutonium taken with the grating-based
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red dotted lines are drawn from the peak maxima of the upper spectrum to
help in a comparison of the peak positions.



4. Development of the actinide gas cell and laser ionization of
78 plutonium

total angular momentum change AJ is given for the transitions. Wavelengths
are given in vacuum.

All the transitions found appear to be originating from the first four to five
excited states of plutonium confirming the initial suggestion for the origin of the
422.53 nm resonance. The two spectra share three transitions, but the transition
from the "K} level is not visibly present in the grating-only spectrum, and,
interestingly, the A\; transition at 420.77 nm from the ground state seems not
to be very strong in comparison to those from the first excited states. This was
also seen in the previous experiment but now the difference is more pronounced.
This may be due to the lower laser power of the grating-based laser, which
is insufficient to saturate the transitions. The observed resonance counts are
therefore likely to better reflect the actual transition strength of the different
transitions. Also, at the exact wavelength of the "F, — 7DJ transition at
420.77 nm in the lower spectrum, the count rate actually has a minimum while
peaking on either side of the A\; wavelength. Very similar behavior was seen with
the JYFL Ti:sapphire laser when it was used to scan around the \; wavelength
but here the asymmetry of the structure is more pronounced. The reason for
this behavior is unknown, however, such structural effects have been seen on a
number of occasions and is reproducible. A more pronounced behavior has been
seen in the laser ionization of thorium and possible interpretation is provided
in connection with that work in chapter 5.

Finally, it can be noted that the resolution of the resonances in Fig. 4.9 is
slightly worse with the grating-based laser only reflecting differences in the
linewidths of the two lasers.

4.5.2 Second 420.77 nm transition as a possible explana-
tion for \;-only ionization

When both lasers enter the gas cell the first excited states appear to be addi-
tionally populated via quenching from higher-lying levels reached via the Ay
transition from the ground state as the most intense three peaks (seen in both
scans of Fig. 4.9) are detected with much stronger intensity. The orders of
magnitude higher background in the upper spectrum is the result of the first
step laser light constantly ionizing on its own. As discussed earlier, this initially
was attributed to an excitation to a possible Rydberg state and subsequent colli-
sional ionization. However, during a literature search of all possible transitions a
candidate from the 5f67s? "Fg level at 10238.473 cm ™! to the 5f67s7p J=5 level
at 34004.30 cm ™! would result in a resonance at 420.772 nm. This resonance
centroid is only ~8 GHz away from the first step wavelength at 420.767 nm.
Due to the convolution of the few GHz Doppler broadening of atomic lines
inside the gas cell with the linewidth of the Ti:sapphire laser ( > 5 GHz [122]) in
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Figure 4.10. The level scheme constructed from the interpretation of the
results obtained from the plutonium studies with the grating-based laser.
Thick arrows correspond to detected laser transitions each with its own color.
Dashed arrows show collisional transitions and the wavy lines radiative tran-
sitions. The orange arrows from the ground state depict thermal excitation.
The level positions are to scale if energy and configuration is given.

the fundamental, which increases by a factor of v/2 following second harmonic
generation, the atomic resonances are expected to be > 8 GHz wide. Therefore,
both transitions are at least partially addressed by the same laser when tuned
to the centroid of the A; resonance. The final ionization scheme, which has
been built upon the above discussions and results, is presented in Fig. 4.10.

The prerequisite for the "Fg — 340047 transition is that the initial level is
populated and that the level lifetime is sufficiently long. The population cannot
occur directly from the low-lying levels but may happen if the atomic level at
23766.14 cm ™! is quenched as described below. Although the "Fg state might
be collisionally depopulated, it can radiatively de-excite only to the 7Kgz level at
9386.80 cm ™! as there is no other odd-parity level below to which an A.J = 0, £1
transition would be possible. If the "Fg level is being populated from above
and assuming the transition to the level 340045 is sufficiently strong compared
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Figure 4.11. Wavelength scan of plutonium using the grating-based laser
while the JYFL laser is fixed on the second-step transition at 422.53 nm. A
wavelength is given for detected peaks. The two bold numbers note possible
transitions from the ground state.

to a possible decay to "Kz, then non-resonant ionization would happen.

4.5.3 A wider scan range using the grating-based laser

A second, wider scan was made with the grating-based laser while the JYFL
Ti:sapphire laser was fixed at the frequency used to drive the low-lying transition
from the thermally populated state at 2203.61 cm™! (422.53 nm) with the aim
of locating further atomic resonances. The resulting spectrum is shown in
Fig. 4.11.

As expected according to the scheme depicted in Fig. 4.10, the strongest
resonance was found at the ground state excitation of 420.77 nm. Several
smaller peaks are then visible at higher wavelength, all of which correspond to
transitions from the first excited states probably being continuously fed from
higher-lying levels accessed via the transition driven by the fixed wavelength
laser. All identified transitions in the spectrum are listed in Table 4.2. The
422.53 nm transition is not observed this in scan as it is already fully saturated by
the high power of the JYFL Ti:sapphire laser. The scan was extended also above
434.08 nm where a second possible El-transition originating from the ground
state should appear, however no resonance was observed at that wavelength.
This could reflect a weak transition strength to the level at 23037.43 cm™! or
significantly weaker collisional quenching from that level back to the state at
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Amea. [nm| | Aie. [nm| | E; [em™!] | Configuration | J; P AJ | E¢ [em™!] | Configuration | J; | P
420.77 420.767 0.000 56752 TFy 0 |even | 1 |[23766.139 | 5f%7s7p "D | 1 | odd
422.32 422.306 4299.659 | 5f67s> Fy 2 even 0 27979.161 5f57sTp 2 odd
423.36 | 423.351 | 6144.515 | 5f67s27F5y | 3 | even | 0 | 29765.568 ; 3 | odd
423.66 | 423.659 | 4299.659 | 5f67s2 TFy | 2 | even | 0 | 27903.565 | 5f%6d7s> | 2 | odd
423.94 | 423.939 | 4299.659 | 5f07s2 7F, | 2 | even | -1 | 27887.955 - 1 | odd
424.03 | 424.022 | 7774.653 | 5f07s27F4 | 4 |even | 0 | 31358.339 - 4 | odd
424.85 424.843 7774.653 | 56752 Fy 4 | even 0 31312.79 - 4 odd
426.34 | 426.324 | 4299.659 | 5f07s2 "Fy | 2 |even | 1 | 27755.977 | 5f97s7p DS | 3 | odd
49825 | 428.237 | 4299.659 | 5f67s2TF, | 2 |even | 0 | 27651.190 | 5£56d%7s °F5 | 2 | odd
430.36 430.356 4299.659 | 5f57s2 "F, 2 |even | 1 | 27536.236 - 3 | odd
431.20 431.192 4299.659 | 5f67s> Fy 2 even 0 27491.196 - 2 odd
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Table 4.2. List of the detected resonances from the grating-based laser scan with the JYFL laser fixed to the wavelength
corresponding to the 422.5 nm transition. The centroid wavelengths Ay .. are compared to transitions between levels
found in literature [120, 121, 57]. The configuration and term of the lower and upper states are given if known. Wave-
lengths are given in vacuum.
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2203.61 cm~! from which the JYFL laser is driving population eventually to
ionization. Finally, the absence of a peak does not mean that the level does not
exist as there is also the possibility of imperfect spatial overlap of the two laser
beams in the gas cell as this was not possible to monitor rigorously during the
scans due to the inaccessibility of the IGISOL front end.

4.5.4 Observation of collisional de-excitation

As the enhancement in the population of the lowest excited states is clearly the
result of the \; transition to the "D} state, the lifetime of this state in the gas
cell environment appears to be much shorter than the rate for photoabsorption
of the IR second step of the original three-step scheme (which dominated in
a vacuum environment). It is evident therefore that the "D} state is being
de-excited by inelastic collisions. In other words, the collisional quenching
rate Rcon can be said to be much larger than the absorption rate p (v) Bia
of 847.26 nm photons at the achievable laser power densities:

8kT g2
Reon = 0conNuey [ —— =—— A, 4.4
Il = OcolllVH o > p(v) g1 8 2 (4.4)

where the indices 1 and 2 refer to the “DY state and the second excited level
355695 of the original three-step scheme (Fig. 4.1). Rcop is written according to
equation (2.13) as the relationship between the total collision cross section for
quenching ocoy, the helium gas number density Nye, and the mean speed (v)
between the colliding atoms, which is explicitly given according to the Maxwell-
Boltzmann distribution. The right hand side of the equation is the laser-driven
transition rate with the power density of p(v) according to equations (2.5)
and (2.6).

No experimental collision cross section data for quenching of excited levels in
plutonium are known to the author or in its chemical homolog samarium. There
have been reports of quenching by noble gas collisions in actinide elements
in actinium [123, 30, 124] and thorium [125, 126], albeit only of the low-lying
exited states, and most recently in nobelium [29]. In this work the quenching
effect is expected to happen non-resonantly as the available states in helium are
much higher in energy than the excited state driven in plutonium. As discussed
in chapter 2, quenching can have a larger cross section if it occurs via collision
with a molecule, in which the high number of molecular states at the energies of
the excitation enhance the transition. Although there are impurities such as O,
present in the buffer gas, the level of impurity is in the ppm range even under
poor purity conditions as shown in the next subsection. Impurities are therefore
not expected to play a role in the quenching effect observed in this work.
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As postulated in chapter 2, the high number of close-lying levels is expected to
increase the probability of collisional population transfer. Due to the complex
electronic structure of plutonium, there are several states close to the "DY
level. The 5f°6d%7s °I3 level is just 2.7 cm™! below the "D, and 7 other
levels within 4100 cm ™! are present. All of those levels belong, however, to a
different configuration than that of the "D level and thus the possible collisional
de-excitation might be happening to the levels 234165, "F5, and °Dj, which,
although are further away in energy at 23416.67 cm™!, 23315.21 cm ™! and
23274.86 cm™!, as they belong to the same configuration as "DY. Still, if
the collisional quenching has an inverse dependence on the energy difference,
it can be suggested that it is the close-lying levels or those levels with a
similar configuration to which the fast collisional quenching of the "D} state
happens. After the collisional population transfer, subsequent radiative and
further collisional mixing and quenching populates possible intermediate levels
and finally the low-lying states as well the 5f%7s? "Fg state.

4.5.5 Temporal overlap of \; and )\, lasers

Additional indication of population of the low-lying levels via quenching was
observed when the temporal overlap between the two laser pulses, Ay =
420.77 nm and Ay = 422.53 nm, was modified. Although a maximum count rate
of 12.8 - 10? cps reduced when the timing was tuned off “temporal resonance”,
a steady count rate of 9.4 - 103 cps was observed even by detuning the second
step laser pulse timing by 8.1 us after the first step, a time much longer than
the 40 ns pulse width of the individual laser pulses. These count rates are
considerably higher than the rates of 10 cps and 1.2 - 10 cps, which were
obtained individually from the first and second step lasers, respectively (note
that here the grating-based laser was used and thus the count rates differ from
those mentioned in accordance with the first experiment). The background (no
lasers) was measured to be 0 cps. Remarkably, about the same count rate was
observed when the second laser step was detuned about 6 pus before the first
step. This indicates that the lifetime of the first excited level in the gas cell is
longer than the repetition rate of the lasers at 100 ps.

The reason for the absence of strong temporal dependence points to the long
lifetime of the low-lying states. The long lifetime raises the question of the
existence of possible dark states, which may reduce the ionization efficiency as
the first-step laser might pump a considerable population to levels from which
ionization cannot occur without the addition of further lasers.



4.6. Mass spectra and helium purity 85

100 T T T T
I Even states

90 - I Odd states

— — —420.77 nm transition
80 F | — — — Ionization potential

Density per 1000 em™

o 05 1 15 2 25 3 35 4 45 5
Level energy [em™] x10*

Figure 4.12. The atomic level density of plutonium per 1000 cm™! as a

stacked bar plot for even and odd parity states. The position of the A\; transi-
tion and the ionization potential are shown separately as dashed lines.

4.5.6 Atomic level density in plutonium and comparison
to other elements

In order to gain a broader picture on the level structure of plutonium and in
particular the level density which is relevant to the quenching discussion, the
available atomic levels from databases have been further analyzed [57]. The
atomic level density is plotted in Fig. 4.12 as a stacked bar plot for odd and
even parity levels separately. The figure illustrates the high level density of
plutonium especially after 20000 cm~!. It should be noted that the drop in
the level density after 35000 cm~! points to the lack of spectroscopic data of
plutonium, a problem shared with most of the actinide elements. The high level
density of plutonium compared to other elements is also evident in Fig. 2.3
which highlights the level density of elements throughout the periodic table. In
that comparison plutonium has the second highest level density after uranium.

It is evident from the figure that the behavior seen in the ionization of plutonium,
which is attributed to the high density of levels in the vicinity of those addressed
via the ionization schemes, is in all probability not a feature of these particular

states but a feature of all the levels above an energy of about 20000 cm™?.
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Figure 4.13. Comparison of mass spectra taken in different impurity condi-
tions while doing laser ionization of plutonium. All of the spectra are normal-
ized to 1 at the ?**Pu mass peak.

4.6 Mass spectra and helium purity

To characterize the gas cell performance and to measure the isotopic abundance
of plutonium in the filaments, a series of mass spectra were recorded with
the MCP detector at the focal plane of the IGISOL separator. Figure 4.13
shows plutonium mass spectra from three different occasions, all of which are
normalized to 2*4Pu on which count rates of between 5000 cps and 15000 cps were
recorded. All of the spectra show plutonium ions which were entirely created in
the laser ionization process as practically zero background was observed without
the lasers. The difference in the isotopic abundances between samples is a result
of using different batches of filaments, which were created for different purposes.
The difference was also evident in the abundances determined using gamma-ray
spectroscopy.

The spectrum from experiment 1 (Article IT) shows a mass scan taken when the
impurity levels were unusually poor due to a dead volume in the filament holder
that was suspected to be constantly releasing small amounts of air into the
helium gas. The other two spectra are taken during a later experiment with a
modified filament holder. A clear difference can be seen in the purity conditions
of the two experiments, evident in the amount of molecular ions compared to
the atomic species. In experiment 2 there is a further improvement of the purity
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conditions visible on the second day compared to the first day. This is most
likely due to the steadily improving purity conditions as purified helium is fed
through the gas cell and the filament is being baked when it is used.

The impurity content of the oxidizing species in the helium gas can be estimated
from the above mass spectra using equation (2.40). The oxidizing impurity in
the gas is most probably O, and to some extent also HyO, which can form PuO™
in a bimolecular reaction with reaction coefficients of kg = 1.5- 10719 ¢cm?/s
and ko = 7-10712 cm? /s, respectively. These values are determined from the
reactions efficiencies from reference [127] as detailed in Article II. Using the
reaction coefficient and known evacuation time of the gas cell, impurity levels
of 70 ppb, 0.3 ppb and 0.05 ppb are attained assuming the impurity to be O,
and 1.6 ppm, 7 ppb and 1 ppb assuming H,O for experiment 1, experiment 2
(day 1), and experiment 2 (day 2) respectively. These impurity levels are well
in accordance with that expected from an impure and pure operational gas cell
system.

4.7 Summary and outlook

Despite the substantial advantage of gas cells compared to ISOL facilities with
respect to chemical non-selectivity and their ability to be fast and efficient
sources even for refractory elements, the gaseous environment can sometimes
bring about unexpected phenomena. This has been clearly illustrated by the
investigation of the laser resonance ionization of plutonium, which showed a
considerable complexity due to its high atomic level density and to the collisional
quenching of excited levels by the buffer gas atoms. The quenching had a very
strong effect on the ionization scheme successfully developed in a hot cavity
environment, reducing its efficiency considerably. Similar to plutonium, in the
reported work from laser ionization of actinium, a reduced in-gas-cell laser
ionization efficiency was observed when compared to the in-gas-jet ionization
and has been attributed to collisional quenching [123]. Laser resonance ion
sources using hot cavities [9, 128, 10, 129, 130] have reported high efficiencies
of ionization schemes for various elements. In the adaptation of these schemes
for in-gas-cell laser resonance ionization, consideration should be given to the
fact that the schemes may have very fast collisional channels open that are
detrimental to the efficiency, especially for elements with a high atomic level
density.

The population of a high number of levels by the quenching effect and the high
level density results in a considerable chance that not only one transition but
also a second transition, virtually with the same energy, is driven with the same
laser so that a path to ionization opens. This type of one-laser two-resonant-step
ionization is rarely seen but has been recently reported in radium [131] as well
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in silver [132] and samarium [133] although in these instances no quenching
is involved but direct transition to a Rydberg and an Al state respectively.
Here, in the case of plutonium the same accidental second transition from a
collisionally-populated level is most likely the explanation for the very clear,
albeit rather low efficiency, resonant ionization with only the first step A; laser.
Interestingly, this kind of second level has also been found in the case of the
laser ionization of thorium as discussed in section 5.3 of chapter 5.

The ionization scheme investigation with the grating-based Ti:sapphire laser
developed by Nagoya University, was crucial to show and understand the
population of the low-lying levels. Currently, there is a local development
underway to build a similar laser that will utilize second harmonic generation
in order to have the easy tuning capability in the blue wavelength regime. It
is planned to use this laser to continue the investigation of other levels from
the plutonium ground state and to search for additional evidence for collisional
quenching from other states. Also more quantitative measurements of the
lifetimes of levels are planned for the future. As there are many other elements
in the heavy element region that lack in spectroscopic level data, a grating-based
laser will be a vital tool for building efficient ionization schemes for the heavy
elements. Furthermore, in some cases it may well be useful to use an ionization
scheme with the final transition to a very broad auto-ionization (AI) state.



Chapter 5

Developments towards
a 229Th ion source

5.1 Introduction

A considerable effort, both theoretical and experimental, is currently being
devoted to the 229Th isotope due to its exceptionally low-lying isomeric state [134,
135]. The currently published estimate of the energy of this state, calculated
from doublet differences between higher-lying rotational gamma transitions, is
7.8 + 0.5 eV [136, 137]. As such a low-lying energy level is expected to have a
very long lifetime, it has been proposed to be used to create a nuclear frequency
standard that would have orders of magnitude better accuracy than the currently
available atomic frequency standards [27, 138, 28]. The 22" Th isomer has
also been proposed for use in other novel applications such as a nuclear-based
laser [139] and a probe to measure the variation in the fine structure and strong
coupling constants [140, 141]. The current research in Europe focused on the
characterization of the isomer and the development of a nuclear clock is well
underway since the launching of the nuClock project, which is an EU-supported
collaborative effort between several European research groups [26].

At IGISOL, the study of 22°Th and its low-lying isomeric state is of interest
due to the possibility of performing high-resolution collinear laser spectroscopy
to measure the atomic hyperfine structure and to probe the isomeric shift in
the electronic transition frequency. The hyperfine fingerprint provides a model-
independent method to measure the nuclear spins, magnetic dipole moments
and electric quadrupole moments. The shifts in the transition frequency between
isotopes of a given element, or between an isomeric state and a nuclear ground

89
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Level | Configuration A B Ref.

[em™!] [MHz]| [MHz]|
229Th 0 6d%7s% 3F, 39(9) 390(+120,-180) | [143]
229Th 26096 | J=3,0dd | 93(+9,-18) | 1200(+240,-150) | [143]
229Th 26113 | J =2, odd 39(9) -390(+60, -180) | [143]
29T 38279 | J=1,0dd 630(30) 30(60) [143]
Z29Th1+ 0 6d>7s *Dg/p | -444.2(19) 303(6) [144]
29Th2+ | 63.26 6d? 3Fy 151(8) 73(27) [142]
29Th2+ | 20711 5f6d 1P} 88(4) 897(14) [142]
29mTR2+ | 63.26 6d? 3F» -263(29) 53(65) [142]
29mTp2t | 20711 5f6d P} -151(22) 498(15) [142]
29Th3+ 0 5/6p° 2Fs5)s 82.2(6) 2269(6) [145]

Table 5.1. The currently known hyperfine A and B parameters for the elec-
tronic ground state and low-lying excited states of 22°Th in several charge
states. Also the recently reported parameters of a few high lying states are
given.

state, gives access to changes in nuclear size via mean-square charge radii [21].
Recently the existence of the isomeric state was confirmed via detection of
the electrons emitted from the internal-conversion decay channel in neutral
thorium [134]. Following this work, a laser spectroscopic measurement of the
hyperfine structure of the doubly-charged 22°Th?* ion in both the nuclear ground
and isomeric states allowed the determination of the magnetic dipole and electric
quadrupole moments for the isomer, ™ = —0.37(6)ux and QI = 8.7(3) eb.
From the measured isomeric shift, the difference in the mean-square radii
between the two states is 0.012(2) fm? [142]. Table 5.1 lists the currently known
hyperfine parameters (dependent on both nuclear and atomic structure) for
the electronic ground state and low-lying excited states of 22°Th in the neutral
atom as well as ionic species from singly- to triply-charged. Parameters of a
few high lying states that have been recently reported are also given.

Although the lifetime of the isomer to decay via radiative M1 nuclear decay is
expected to be long, minutes to even hours (7 > ~ 10 s) [146, 147], the lifetime
in the neutral 22" Th has been measured to be relatively short, only 7+ 1 us
[148] due to fast emission of a conversion electron. In neutral 22"Th the
internal conversion decay channel is possible because the energy of the isomer
appears to be above the first ionization potential of thorium, which is at 6.31
eV [149]. As the evacuation time of any practical gas cell is at least two orders of
magnitude larger and in many cases even longer, working with neutral thorium
to study the isomeric state in the gas cell is not possible.

As soon as the thorium is in a charged state, the ionization potential is higher
than the energy of the isomer and therefore internal conversion is not allowed.
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Nevertheless, the experimentally estimated upper limit to the lifetime of the
singly-charged 22" Th isomeric state is ~10 ms [148]. The explanation for the
short lifetime may lie in other decay channels such as collisional quenching,
bound internal conversion or an electron bridge mechanism whereby the isomeric
state relaxes via excitation of an electronic state in thorium [150, 151]. Such
a short lifetime for 227 Th'* is a problem for larger gas cells due to the long
evacuation time and therefore small volume cells or electric field guidance of
ions are required. In the case of doubly-charged ions and even higher charge
states the isomer has a lifetime longer than a minute [134] and therefore no
significant loss of the isomer should occur through decay during transport even
with long evacuation times.

Currently, the existence and the lifetime of the isomeric state in the 229Th!*
charge state remains an open question. At IGISOL, the on-line production
of 229" Th to study the isomer in the singly-charged state is attractive because
the isomer may be strongly fed in fusion-evaporation reactions. Nuclear reaction
products in on-line conditions are also predominantly extracted in the 1+ charge
state. In order to get a hyperfine template measurement of the nuclear ground
state in singly-charged ?2°Th, a filament dispenser can be used to evaporate
thorium inside a gas cell while applying resonance laser ionization, similar to
the previous study of plutonium. In this manner a selective and efficient source
for 229Th'* ions may be realized.

In addition to on-line production, 233U alpha-recoil sources can be used for the
production of the isomeric state of 22°Th, albeit the estimated branching ratio
is only 2%. The alpha recoil source approach is especially useful in the creation
of 229Th ion beams in higher charge states, typically 2+ and 3+, which can
subsequently be used to perform a collinear laser spectroscopic measurement

on the, as yet unknown, hyperfine structure of the electronic ground states
of 229mTh2+/3+.

The work presented in this chapter concentrates on the developments of the
three types of thorium ion sources: filament-based dispensers with laser res-
onance ionization, 233U alpha-recoil sources and on-line production of 229Th.
In publication No. III, studies of laser ionization of thorium evaporated from
filament dispensers is presented in detail. Additional information regarding the
ionization scheme as well as related in-gas-cell processes are discussed following
the publication. Also, in connection to the thorium laser ion source, a novel
size-exclusion technique for suppression of molecular ion beams from gas cells
is introduced. This method takes advantage of the size difference of molecules
and monoatomic ions.

The middle part of this chapter focuses on the 233U source characterization by
measurement of direct gamma and alpha radiation from two different sources as
well as from implantation foils. Additionally, the sources have been characterized
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by Rutherford backscattering spectrometry at a Pelletron accelerator. The latter
part of this chapter reports on the the first results from the on-line production
of 229Th, to determine the yield via fusion-evaporation using a 232Th target
bombarded by protons.
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5.2 Article 111

The following pages contain the paper titled Laser ionization studies of thorium
at IGISOL using filament-based dispensers, to be submitted to the peer-reviewed
journal of Nuclear Instruments and Methods in Physics Research Section B.



Laser ionization studies of thorium at IGISOL using filament-based dispensers

I. Pohjalainen®*, I.D. Moore®*, A. Voss?, S. Geldhof?, T. Schumm®

“University of Jyvaskyla, Department of Physics, P.O. Box 35 (YFL), FI-40014 University of Jyvaskyla, Finland
b Institute for Atomic and Subatomic Physics, TU Wien, Stadionallee 2, 1020 Vienna, Austria

1. Introduction

High-resolution laser spectroscopy of atomic levels is a well-
known method to probe fundamental properties of atomic nu-
clei. Measurements of isotope-dependent shifts in electronic
transition frequencies and hyperfine structure of the optical res-
onance provides model-independent access to nuclear spins,
magnetic dipole and electric quadrupole moments, as well as
changes in nuclear size via mean-squared charge radii [1]. Ad-
ditionally, and with pertinence to the current work, laser spec-
troscopy measures states rather than decays and thus the ob-
servation of resonance lines besides those expected from the
nuclear ground state is a proof of the existence of isomeric
states, which may be too-long lived to be studied by decay spec-
troscopy or too close in energy to the ground state in order to
be cleanly separated. At the IGISOL facility in the Accelerator
Laboratory of the University of Jyviskyld [2], collinear laser
spectroscopy [3] of actinide elements is a currently ongoing
program of research. By combining highly efficient laser reso-
nance ionization [4] in the IGISOL gas cell with thermal des-
orption of long-lived actinide elements, an efficient ion source
may be achieved even with trace amounts of isotopes. There are
several isotopes in the actinide region which have sufficiently
long lifetimes to be produced for example in nuclear reactors,
deposited onto filament dispensers and transported to a separate
location with appropriate experimental facilities for detailed
study. The deposited isotopes can then be converted to an ion
beam without the requirement of a primary beam from an accel-
erator. Recently, the first successful laser ion source at IGISOL
for plutonium was realized in this manner [5] and subsequent
high-resolution collinear laser spectroscopy of 23%-240.242.244py
was performed, the heaviest element studied to date with this
technique [6].

In recent years thorium has attracted considerable interest as
22Th is known to possess an excited isomeric state in the en-
ergy range of only a few electronvolts [7, 8], with a variety of
possible applications, most notably the suggestion to use the
low-energy transition as the frequency reference in a highly pre-
cise nuclear-based clock [9, 10]. We do not intend to provide
an extensive summary of the numerous theoretical and exper-
imental efforts currently focused on this isomer, however we
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note the most recent highlights which include the detection of
electrons emitted from the internal-conversion decay channel
of the isomer in neutral thorium [11], the measurement of the
half-life of the isomer in a closely-linked adaptation of this first
experiment [12] and the successful laser spectroscopic inves-
tigation of the hyperfine structure of the doubly-charged ion,
which led to the first direct determination of the magnetic dipole
and electric quadrupole moment, as well as the nuclear charge
radius [13].

At IGISOL, complementary efforts are underway to mea-
sure the hyperfine structure of the isomer and the ground state
of 2°Th using collinear laser spectroscopy. Earlier efforts fo-
cused on a measurement of the ground-state hyperfine structure
of neutral *Th with hyperfine coupling constants measured
for the atomic ground state and three excited states [14]. Fol-
lowing the measurement of the lifetime of the isomeric state
in neutral form (7 + 1 ps) [12], our attention turned towards
the study of singly-charged 2*"Th where open questions still
remain. For example, it was noted that no signal indicating
internal conversion of the isomeric state in 2" Th* was ob-
tained, which may point to other decay channels such as col-
lisional quenching, bound internal conversion or an electron
bridge mechanism [15, 16]. With the availability of on-line
production of 2?°¢Th through the fusion-evaporation reaction
232Th(p, p3n)***¢""Th at IGISOL, a laser ion source for thorium
using filament-based dispensers of 22 Th would afford access to
a measurement of the hyperfine parameters for a ground state-
only beam of ??*Th* ions. This would pave the way to a future
measurement of both ground state and isomer using the on-line
reaction.

Although filaments have been successfully used in gas cells
as sources for monoatomic vapors of a variety of elements for
the purpose of doing laser resonance ionization in connection
with different gas cell-based experiments [17-20], the heavy
actinide region generates a new challenge for filament-based
sources as the volatility of many actinide elements is relatively
poor and the scarcity of some of the isotopes complicates the
filament manufacturing. This is especially the case with 2°Th
as the availability of high-purity >**Th is limited and thorium
is the most non-volatile of the actinide elements, therefore high
filament temperatures are required, which can be detrimental to
the purity conditions of a gas cell environment.

This work concentrates on the developments towards a
filament-based atomic vapor source for thorium and the phe-
nomena and challenges faced while using such a source in com-
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bination with resonance laser ionization for the selective pro-
duction of a singly-charged thorium ion beam. Three different
filament types have been studied in a series of offline experi-
ments, which led to the realization of a high yield 2*?Th* ion
source. The manufacturing of the filaments is described and
the laser ionization of thorium is presented with an estimate of
the total ionization efficiency. Mass spectra obtained using the
IGISOL mass separator are analyzed in order to understand the
gas phase chemistry obtained from the different filament types
following which a novel, collision-probability-based method of
ion beam purification of molecular contaminants is presented as
an alternative explanation to the normally discussed purification
by collision-induced dissociation.

2. In-gas-cell filament source for thorium

The measurements presented in this work have been
done with a dedicated gas cell developed for use with
electrothermally-heated filaments that are fabricated in order
to evaporate the element of interest in a neutral monoatomic
state. In-gas-cell resonant laser ionization is performed on
evaporated atoms to selectively (and efficiently) produce an ion
beam which is extracted from the cell, guided through a dif-
ferential pumping stage towards the high vacuum region of the
mass separator and accelerated to a potential of typically 30 kV
for mass separation, with a nominal mass resolving power of
M/AM = 500. The ions may be detected at the focal plane of
the separator using either a Faraday cup or multichannel plate
(MCP) detector. The gas cell has been characterized and de-
scribed in earlier work [5] and therefore only a brief description
is provided in the following.

Figure 1: Cross-sectional view of the gas cell. The filament is barely visible,
connected to one of the high current feedthroughs.

A cross-sectional view of the gas cell is shown in Fig. 1. The
gas cell consists of a volume of about 30 cm? into which helium
gas is fed by the transverse pipe located next to the sapphire
window used for optical access. The buffer gas, along with fila-
ment atoms, laser ions and contaminants is extracted through a
1.2-mm diameter exit hole into a vacuum chamber at a pressure
of approximately 1072 mbar. The evacuation time of the gas cell
volume is estimated to be ~50 ms and is independent from the
gas pressure, which in this work is maintained at 80 mbar. The
filament is mounted between two high current feedthroughs lo-
cated close to the exit hole of the gas cell and ~1 mm above the
central extraction axis of the cell. This geometry results in an
optimal spatial overlap between the lasers and filament atoms
in order probe the highest density of atomic vapor. In this work
the filament holder has been simplified in order to correct for a
source of impurities due to outgassing which had been observed
during the plutonium studies, thereby improving the gas purity
conditions considerably.

The purity of the carrier gas has been shown to be critical for
the survival efficiency of ions during the extraction from the gas
cell in an atomic form. Therefore the IGISOL gas purification
system [21] is used to purify the helium before it is fed to the
gas cell. Purification of the gas to a sub parts-per-billion level of
impurity is needed to prevent loss of the atoms to molecules be-
fore the laser ionization process or correspondingly, the atomic
ions to a molecular species following ionization. The ions of
actinide elements in particular can be strongly reactive towards
oxidizing reactants of which O, and H,O are the most abun-
dant impurities in the helium gas. Ions of thorium compared to
other actinide elements exhibit large reaction rate coeflicients,
emphasizing the importance of cleanliness of the gas in this
work [22].

3. Description and operation of the filaments

3.1. Structure, manufacturing and preparation of the filaments

The prerequisite for resonant laser ionization of neutral
atoms is to have the element of interest in monoatomic form.
Evaporation of various actinide elements in atomic form has
been successfully demonstrated using so-called actinide sand-
wiches, in which an actinide is electrolytically deposited on
a substrate and then covered by a layer of reducing agent,
as demonstrated by Eichler et al. [23]. In that work they
showed that the most promising method for actinide elements
was using a tantalum substrate with a titanium layer covering
the deposition. This resulted in stable sources of atoms de-
livering a nearly constant flux for long periods of time. In
our approach, tantalum was selected as a substrate material
but, instead of electrodeposition, the thorium was applied on
the tantalum substrate in a hydrate form, namely thorium ni-
trate (Th(NO,), - xH,0), which was added in a repeated drip-
dry method.

In this work two types of filaments were tested. First, as a
proof-of-concept for a thorium laser ion source, stable 232>Th
filaments were prepared with approximately 10'> 232Th atoms
covered either with a titanium or zirconium reducing layer
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Figure 2: Gamma-ray spectrum of two >*’Th filaments measured in a low-background station for week. Several gamma lines can be seen that can be attributed
to 22Th and its daughters. The peaks marked as 22°Th represent decay branching fractions above ~0.15%. In addition, X-rays lines of the relevant elements are
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Figure 3: Photographs of the two filaments prepared using the drip-dry process.
On the left the dot of deposited 232Th is only just visible while on the right the
deposit for 22°Th can be clearly seen. Due to the dilute nature of the thorium
solution a considerable build-up of material occurred in the preparation of the
latter filament.

of 1 um thickness. Secondly, tests were then performed on
the 2°Th filaments, which also contained a similar amount of
22T, and covered in a layer of zirconium. Unfortunately, as
the thorium nitrate solution for 22°Th was so dilute, it had to be
sequentially accumulated and dried on to the tantalum substrate
and therefore the physical size of the spot was much larger than
for the 2*2Th filaments. This rather prominent difference can be
seen in the photographs (Fig. 3) of the two filament types.

The amount of 2**Th was verified using gamma-ray spec-
troscopy by measuring the 2**Th filaments in a low-background
HPGe detector station. An activity of approximately 160 Bq
per spot, or 16% of the amount as stated in the assay, was deter-
mined from the strongest gamma lines. The gamma spectrum,
which was measured for approximately 1 week in the energy
region from 3 keV to 422 keV, is shown in Fig. 2 with the
strongest and most distinct gamma lines identified using tab-
ulated values in literature [24-27]. All of the identified lines
belong to 2**Th or its daughters down to 2Tl with the ex-

ception of 2'7At, 23Po and 2*’Pb, which are part of the decay
chain, however, do not have strong gamma channels open. In-
terestingly, the tantalum substrate is clearly visible via decay
particle-induced X-ray emission. In general, the gamma spec-
trum is clear from any identifiable contaminant demonstrating
the radiochemical purity of the sample.

Element volatility plays an important role in the evaporation
process with less volatile elements requiring higher tempera-
tures for evaporation. Of all the actinide elements, thorium is
the least volatile requiring temperatures of over 2000°C in order
to be efficiently desorbed. Such a temperature requirement was
the main reason for the unsuccessful first attempt at producing
a stable thorium laser ion source as the initial filaments had a
1um layer of titanium acting as the reducing agent. Titanium,
however, undergoes a phase change near 1000°C and consid-
erable evaporation of it was seen far below the temperature re-
quired for thorium desorption. In effect, the reducing layer was
evaporated before the thorium began to diffuse through in suf-
ficient quantities and even though atomic thorium was released
and detected in response to the laser ionization, the ion yield
and the longevity of titanium-covered filaments were poor.

Zirconium, which is a chemical homolog of titanium, has
better temperature stability and it has been reported to have low
adsorption enthalpy for actinide elements, but high adsorption
enthalpy for oxygen [28]. Therefore a 1um layer of zirconium
was chosen to replace titanium as the reducing agent on the
filaments.

The filaments were cut to dimensions of 1 mm or 3 mm wide
x 10 mm long strips depending on whether 232Th or ??*Th was
being used, with the thorium nitrate spot in the middle. Af-
ter mounting across the feedthroughs, the gas cell was placed
under vacuum in the IGISOL target chamber. In order to mini-
mize the outgassing of impurities into the gas during the exper-
iment, the gas lines and body of the gas cell were baked under
a flow of purified helium using resistive heating elements for
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at least 12 hours. During this time, the filaments were heated
to a low temperature (< 900°C) in order to bake out additional
impurities which were seen to be continually released at higher
temperatures.

3.2. Decomposition and reduction of the thorium nitrate

The dried thorium nitrate hydrate, Th(NO,), -xH,O0, is
expected to decompose into ThO, in a series of evapora-
tion processes when the temperature increases from 330°C to
630°C [29, 30]. At the operational temperature near 2000°C,
the reduction of thorium oxide to thorium is expected to hap-
pen with the aid of zirconium through the following steps [23]:

2ThO, + Zr == Th,0, + Zr(O) (1a)
Th,0; + Zr == 2ThO + Zr(O) (1b)
ThO + Zr == Th + Zr(O). (1c)

Thorium starts to evaporate out of the filament at the opera-
tional temperature which can be increased further to get a larger
release rate of atoms. The upper limit to the temperature is re-
stricted by the evaporation of the tantalum substrate. In order to
reach evaporation temperatures for thorium, a heating current
between 15 A to 30 A is applied depending on the width of the
filament, resulting in ~1 V across the filament feedthroughs and
about 15 W to 30 W of heating power. Considerable dissipation
of this heat happens through the constantly flowing helium gas.
This effect is seen as a strong dependence of the filament tem-
perature on the gas pressure.

4. Laser resonance ionization of thorium

Resonance photo-ionization has been a very successful
method to produce isobarically pure ion beams from neutral
atom sources in both hot cavities as well as buffer gas stop-
ping cells [31, 32]. At IGISOL, the FURIOS laser facility pro-
vides tunable pulsed laser beams for the purpose of doing laser
resonance ionization, spectroscopy as well as optical manipula-
tion [33]. Laser resonance ionization can be performed even in
small gas cells with fast extraction times. By carefully selecting
an appropriate ionization scheme, high ionization efficiencies
can be achieved in short laser exposure times and with modest
laser powers. For these reasons, laser ionization was a natural
choice for ionization of the thorium atoms evaporated from the
filaments.

The ionization scheme chosen for the resonance ionization
of thorium was developed by Liu and Stracener [34] based on
earlier ionization studies by Raeder ef al. [35]. A high overall
efficiency of 40% was measured in their hot cavity ion source.
The scheme consists of an ultraviolet (UV) first excitation step
at 372.049 nm corresponding to the transition from the ground
state °F , to the 3G§ excited state, followed by two infrared (IR)
steps at 827.897 nm and 831.67 nm, which results in the pop-
ulation of an autoionizing (AI) state at 50980.96 cm™'. The
laser light for the three steps was produced by three broadband
Titanium:sapphire (Ti:sa) lasers operated at a repetition rate of
10 kHz with ~40 ns pulse duration. In order to generate the
UV light of the first step two approaches were implemented.
Intra-cavity second harmonic generation was used for high out-
put power [36] and single-pass external doubling was preferred
when wavelength scanning was required. The first step Ti:sa
laser was pumped separately with its own Neodymium YAG
(Nd:YAG) laser, which gave independent control over the tim-
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Figure 5: The ion count rate as a function of laser wavelength for mass-
separated ions at A/g = 232 from the actinide gas cell for each of the three
laser resonance excitation steps (triangle symbols). The solid lines with data as
crossed symbols present the same wavelength scans done in a vacuum reference
cell without mass separation.

ing of the first step laser pulses. The second and third step lasers
were pumped by a second Nd: YAG laser and the temporal over-
lap was adjusted by fine tuning the pump laser power to each
resonator. Figure 4 shows a simplified schematic picture of the
laser setup.

4.1. Wavelength spectra

It is essential to study the mass-separated ion beam at the
correct mass-to-charge (A/g) ratio of thorium by scanning the
frequency of the lasers across the expected resonant frequency
for each of the three excitation steps. Detection of the cor-

responding signal can be used to confirm whether the mass-
separated ions are resonantly-produced thorium ions, the selec-
tivity (in other words the fraction of laser-ionized thorium to
non-resonant ions) as well as the contribution of the total tho-
rium signal from each individual laser step. Simply verifying a
laser response in the mass-separated ion signal by (un)-blocking
the laser light is not necessarily sufficient confirmation for laser
ionization of thorium as the beam usually contains ions that
have not originated from thorium atoms but from contaminant
molecules which nevertheless respond to the lasers. This is be-
cause of the tendency of contaminant molecules to be ionized
by UV laser light in a non-resonant manner due to the low ion-
ization potential of molecules.

Resonance frequency scans for thorium were performed in
two environments, the gas cell and a separate vacuum refer-
ence cell. The ion count rate from the gas cell was measured
by recording the mass-separated (A/qg = 232) ion beam with the
MCP detector, whereas ions generated in the vacuum reference
cell were recorded using an electron multiplier tube (EMT) de-
tector without mass selection. The reference cell contains a re-
sistively heated tantalum tube that acts as an oven to evaporate
a small sample of 23>Th wrapped in zirconium foil. Follow-
ing heating, an atomic thorium vapor is formed, a fraction of
which passes through a small aperture above the oven and is in-
tersected in a perpendicular geometry by the cross-propagating
laser beams. The resonantly ionized thorium ions are deflected
to the detector using electric fields. Due to the laser-atom over-
lap geometry, a nearly Doppler-free method of spectroscopy
can be performed and compared to the environment of the gas
cell.

Figure 5 illustrates the measurements of the frequency scans
for each of the three excitation and ionization steps in both the
gas cell and vacuum reference cell. The spectra of the refer-
ence cell are normalized to the maximum count rate of the gas
cell for comparison. In all steps, the resonance peak obtained
in the reference cell is located at the expected wavelength cor-
responding to the atomic states in the laser ionization scheme,
and there is little or no background detected at either side of
the peaks. The resonance peak width is a convolution of the
bandwidth of the laser light (in the fundamental this is typically
~5 GHz) and a power broadening effect.

The spectra measured in the gas cell also show resonant
peaks according to the laser ionization scheme but there is a
significant background in all three laser scans. In the case of
the second and third step scans the background is mainly due
to the first step UV laser light non-resonantly ionizing the tho-
rium by first populating the first excited state and then ionizing
directly across the ionization potential. There is also a constant
background count rate that most likely was due to impurities on
the same nominal mass as >**Th or possibly to thorium that is
already in an ionic form as it leaves the hot filament.

In the case of the first excitation step the background can
only be due to impurities or thorium leaving the hot filament as
an ion. The worse signal-to-background ratio in the first step
wavelength scan is mainly due to the higher temperature being
applied to the filament as the measurement was made towards
the end of the filament life. The linewidth of the resonance of



the first step is significantly larger in the gas cell, and is at-
tributed to strong power broadening as the reference scan was
obtained in a separate experiment (and at a lower laser power).
Finally, it is notable that a small frequency shift of the final step
frequency scan is seen between the gas cell and the reference
cell. This is likely to be due to the well-known pressure shift
of transitions to both AI and Rydberg states in helium (or ar-
gon) gas. We did not probe this effect further as a variation in
the pressure resulted in a strong dependence on the temperature
and thus release rate of thorium atoms.

4.2. Saturation of the laser signal

The level of saturation of each resonant excitation step was
measured in the gas cell and additionally in the vacuum refer-
ence cell for comparison. In Fig. 6 the ion count rates are shown
as a function of the laser intensity, which was determined from
measured laser powers and transportation losses, as well from
the laser beam spot sizes at the ionization regions. The laser
powers were adjusted for each individual step by using a com-
bination of the rotation of a half-waveplate combined with a
beam splitter cube and a series of neutral density filters. The
errors on the measurement data points are statistical only.

All of the excitation steps both in the reference cell and gas
cell exhibit the typical saturation behavior in which the signal
A as a function of the intensity / is described by,

I/ Isar

AW = Apax ———,
( ) max1+1/13a[

@

where the parameters Iy, and Ap,x are the saturation inten-
sity and the signal amplitude when the transition efficiency ap-
proaches unity. In other words, Amax is the maximum attain-
able signal if the laser intensity of a particular transition was
increased towards infinity. Fits of such saturation curves to the
data are shown with solid lines together with the measured sat-
uration intensity and expected maximum signal values. In all
transitions, the measured data is closely reproduced by the sat-
uration equation but there is a much larger scattering in the data
points than the statistical error of the ion count rate. This is due
to fluctuations in the output power of the Nd:YAG laser pump-
ing the Ti:sapphire laser used for the first excitation step. Even
though the Ti:sapphire laser power does not necessarily fluc-
tuate so strongly with small variations of the pump power, the
effect is primarily observed in a temporal jitter in the timing of
the first step laser pulses with respect to the second and third
step and hence is reflected in a variation of the ion count rate.
The saturation of the system is directly proportional to the
efficiency of the laser ionization process. When saturation is
observed, the number of available atoms for ionization is com-
parable to the number of already ionized atoms and hence the
efficiency can be considered to be high. In order to obtain more
quantitative information, the effect of the volume of the gas cell
on the saturation parameters needs to be considered. In our pre-
vious work on plutonium [5], the interplay between the laser
ionization efficiency and the size of the gas cell volume was
highlighted, however saturation curves could not be obtained
due to a lack of information on the ionization scheme. In the

current studies on thorium the saturation curves illustrated in
Fig. 6 can be used therefore to further this discussion.

In gas cell-based studies, which do not require a geometry
optimized for the stopping of fusion-evaporation recoils, the gas
cell volume can be reduced in order minimize ion loss mecha-
nisms which are dependent on the extraction time, for example
molecular formation or diffusion to the walls of the gas cell.
However, a reduction of the gas cell volume also reduces the
number of laser pulses that the atoms are exposed to thus im-
pacting the total laser ionization efficiency. In general, by using
a laser system operating with a high pulse energy but low rep-
etition rate (200 Hz), the requirement that the atoms should be
exposed at least once to the ionizing lasers before evacuation
from the ionizing volume, should be fulfilled for maximum ef-
ficiency [37]. On the other hand, with modern solid state laser
systems operating at high repetition rates (10 kHz) the energy
per pulse is considerably lower and therefore the estimation of
the minimum required volume depends on the probability of
ionization in a single laser pulse. As the lifetimes of the ex-
cited atomic states in an ionization scheme are often consider-
ably smaller than the time interval between laser pulses (in this
work three lasers are used to ionize thorium, with a time inter-
val between the synchronized pulses of 100us), we can assume
that consecutive laser pulses ionize the atoms independently. A
simple relationship can be deduced between the minimum vol-
ume Vpin that the gas cell can have and the total laser ionization
efficiency € at a given laser repetition rate:

_ trepc In (1 - Elot)

min = ]n(] _ Ep) (3)

where C is the conductance of the exit hole of the gas cell
and fp is the shot-to-shot time interval between laser pulses.
The important parameter in this relationship is the single-shot
efficiency €,, which defines the probability of ionizing a neu-
tral atom at a specific laser intensity in a single train of syn-
chronized laser light pulses. A similar relationship has been
presented in a comparison between two different laser systems
at the Leuven Isotope Separator On-Line (LISOL) facility in
a study of the laser ionization of copper and cobalt [38]. The
single-shot efficiency is a useful parameter to describe such a
system as it is independent from the overall exposure time, the
geometry and the environment in which the ionization occurs.
Such a variable would be essential in simulations of laser reso-
nance ionization within complicated gas cell geometries.

The total ionization efficiency € can be determined by real-
izing that the efficiency of each laser ionization step is directly
reflected in the saturation curves. The efficiency can be cal-
culated from the measured count rate and the amplitude Apax
extracted from the fit of Eq. (4.2). By taking into account the
background count rate, the total ionization efficiency can be cal-
culated for a n-step ionization scheme:

-A
ot = n expz bg.i (4)

mdxt - Abgt
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Figure 6: The saturation curves measured in the vacuum reference cell (top row) and in the gas cell (bottom row). All curves show a deviation from a linear behavior

towards saturation.

where Acxp,; is the experimentally achieved maximum count rate
during the saturation measurement of the i excitation step.
When the total ionization efficiency has been determined, the
single-shot efficiency can be calculated via Eq. (4.2) if Vi, can
also be measured. Indeed, it is possible to extract a value for
Vmin by measuring the evacuation time profiles of the photo-
ions from the gas cell. This is discussed in more detail in sec-
tion 5.1.

This simple picture can be complicated by the fact that the
flow trajectories the atoms take inside the gas cell may not in-
tersect with the laser ionization volume (which in this work can
be considered as a cylinder of laser light along the axis of the
cell) until very close to the exit hole. This could lead to an
overestimation of exposure of the atoms to the laser light and
thus an underestimation of the single-shot efficiency. In partic-
ular, when there is a strong photo-ion loss mechanism such as
molecular formation or recombination, the effective volume of
ionization may be considerably smaller than the gas cell vol-
ume [39], or in other words, smaller than the minimum volume
Vimin- This would result in an artificially low single-shot effi-
ciency when determined from the saturation curves. Thus it is
important to try to estimate losses inside the gas cell or measure
them by obtaining time profiles of the ions in order to calculate
the effective volume.

Using the parameters obtained from the saturation curves

measured in the gas cell (Fig. 6), the total laser ionization
efficiency according to Eq. (4.2), €o, is calculated to be
36%. Folding in the gas cell conductance, the laser repetition
rate and the effective volume, determined in section 5.1 to be
35 cm’, a single-shot efficiency €, of about 0.08% can be cal-
culated. This efficiency is obtained at laser pulse energy den-
sities and laser spot diameters of 0.3 mJ/cm? and 3 mm for
the UV step, 1.0 mJ /cm? and 2.5 mm for the second transition,
and 2.3 mJ/cm? and 2 mm for the final transition. It should be
noted that the total and the single-shot ionization efficiencies
presented here only apply to the atoms that are exposed to the
laser radiation. They do not take into account losses of atoms
for example to molecular species prior to ionization.

By slowly increasing the filament temperature, the maximum
intensity of photo-ions using the 232Th dispensers at A/q=232
was ~107 ions/s, a yield which was dominated by 2>Th* ions.
At such high intensities, observed using a Faraday cup, the
longevity of the filament reduced to approximately 30 mins.
However, for collinear laser spectroscopy experiments a yield
of typically 10* ions/s is more than sufficient.

5. In-gas-cell processes and gas phase chemistry

The required high temperature of the filament for efficient
evaporation of thorium atoms has the disadvantage that a con-
siderable amount of contaminants is also evaporated from the



filament. This has been observed to be a more critical problem
if the filament is not heated slowly and initially baked at a low
temperature. The evaporating contaminants result in intense ion
beams due to direct surface ionization (given a sufficiently low
ionization potential) or non-resonant ionization by the UV laser
light. The contaminant ions may undergo further chemical reac-
tions or form adducts with impurities in termolecular reactions
with the helium atoms inside the gas cell or downstream in the
adiabatically expanding supersonic gas jet. As will be presented
in this work, the mass-separated ion beam is formed of a large
variety of molecular species, unfortunately often overlapping
with the mass of interest.

To investigate the ionization of thorium and possible losses of
ions through molecular formation reactions with the evaporated
contaminants during evacuation from the gas cell, the dynamic
behavior of the 2*2Th* ions was investigated by mechanically
chopping the laser light. To further study the chemistry occur-
ing inside the gas cell, a series of mass spectra were recorded
at the focal plane of the IGISOL separator at different stages of
the filament heating.

5.1. Estimation of ion loss mechanisms from dynamic behavior
By measuring the temporal behavior of the ion time profiles
when the laser light is periodically chopped, it is possible to
probe for losses of the ions while they are transported inside the
gas cell towards the exit hole [17]. Any strong loss mechanism
will be imprinted onto the time profile as a shorter rise and fall
time of the laser ion signal compared to the evacuation time of
the gas cell. Figure 7 illustrates the time profiles of the thorium
ions and its corresponding oxide, measured by connecting the
MCP signal to a multi-channel analyzer, triggered by a timing
signal from a labview control program which also controlled a
TTL signal to the mechanical shutter. The overall timing cycle
was 2.5 s of which 1.4 s was used to allow the UV laser radi-
ation into the gas cell. Several hundreds of time profiles were
recorded consecutively to obtain sufficient statistics for subse-
quent fitting and to ensure repeatability of the time profile.

We note that the spectra in Fig. 7 are dominated by the atomic
22Th* ions and therefore indicate the high purity of the gas
cell conditions. This is in clear contrast with time profiles ob-
tained using plutonium-based filament dispensers [5] in which
a source of impurities was suspected from a “dead” volume
in the filament holder. In order to characterize the time pro-
files, rising and falling exponential decay curves were fitted to
the data. The corresponding time parameter, 7, is tabulated
in Table 1. The falling edge of the profile describes the sys-
tem evolving from a steady state of laser ionization and thus
is a more natural parameter to use in the determination of an
effective volume. The characteristic time 7 for Th* ions pre-
sented in Table 1, 54.8 ms, can be converted to a effective vol-
ume of Veg = Ct = 35 cm? using the exit hole conductance
C = O.45d[2 [1/s], in which d, is the exit hole throat diame-
ter in mm. The effective volume matches very well with the
the volume of the gas cell (~ 30 cm?), and therefore it can be
concluded that there are no significant loss mechanisms to the
atomic ions during evacuation from the gas cell. It is interesting
to note that if a turbulent region of flow would exist inside the
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T parameter \ Rising Falling
Th* | 658 +1.0ms 54.8 £ 0.6 ms
ThO* 93 + 8 ms 81 + 8 ms

Table 1: The parameter 7 of the rising and falling edges of Th* and ThO* time
profiles extracted from the exponential fits of the data presented in Fig. 7.

gas cell, trapping the atomic ions for a longer period of time
before extraction, then under the assumption of no molecular
formation the effective volume could be larger than the gas cell
volume.

The reason for the longer 7 parameters for the ThO*
molecule compared with the atomic Th* is due to the forma-
tion process of the oxide. This proceeds initially from laser
ionization of Th atoms followed by oxidation with a charac-
teristic time constant 7o = 1/([M]k;), defined by the O,
and H,O impurity concentrations [M] and the bimolecular re-
action rates k, = 1.12 - 10%cm?/s and k, = 5.70 - 10"%cm?/s,
respectively [40]. The obtained time parameters for ThO™ are
a convolution of the gas cell evacuation time with the molecu-
lar formation time. In this case, if one converted the molecular
time constant 7 into an effective volume, it would result in a
larger volume than the physical volume of the gas cell. This
simply indicates that, firstly, molecular formation is not a dom-
inant loss mechanism in this experiment and, secondly, that the
gas flow in the cell is not fully laminar. This is unsurprising due
to the presence of the filament feedthroughs.

5.2. Mass spectra from a >*Th filament

Figure 8 shows mass spectra recorded in the mass region A/q
from 230 to 290, with (solid red and blue lines) and without
(solid black line) the UV laser radiation entering the gas cell
while a 2>Th filament dispenser was being heating at a tem-
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perature of ~2000°C. A clear enhancement of the ion signal is
seen at A/q = 232 corresponding to a successful laser ioniza-
tion of 232Th atoms. At 16 mass units above atomic thorium a
mass peak is observed which corresponds to ThO". Although
the molecule is not expected to be ionized directly by the lasers,
there is a noticeable response to the laser radiation, which re-
flects formation of ThO* following laser ionization of neutral
thorium atoms. Impurities seen at even higher masses, for ex-
ample above A/¢=270, usually do not respond to the laser ra-
diation although occasionally an increase was seen indicating
non-resonant ionization of molecules by the UV laser radiation.

Even without the UV laser radiation of the first resonant step,
mass peaks corresponding to A/¢g=232 and A/q=248 can be
identified, implying that either some impurity is present at those
mass values or, more likely, that the thorium and its oxide in the
filament are being ionized through a non-resonant process. This
has the effect of reducing the selectivity provided by laser res-
onance ionization. The only conceivable process to account for
this would be surface ionization at the hot filament.

The Saha-Langmuir equation may be used to estimate the
fraction of atoms evaporating as ions [41]. By combining the
work functions of tantalum (¢~ = 4.25 eV [42]) and zirconium
(¢~ = 4.05 eV [43]) as well as the ionization potentials of Th
(6.3067 eV [44]) and ThO (6.1 eV [45]) results, however, in
only small fractions produced (1,1 /ny =< 10™*). As the ratio of
photo-ion to non-resonant ions at A/g = 232 is approximately
10, having such a low ny;/ng fraction would indicate quite a
low total laser ionization efficiency. The exact work function,
however, is difficult to estimate. For ion emission ¢* is usually

higher than the electronic ¢~ especially for polycrystalline sur-
faces, and the work function can be significantly increased due
to adsorption of electronegative elements such as oxygen which
is known to be present as an impurity [46]. There is therefore
a possibility that the work function is over 1 eV higher than
the values stated above leading to significant surface ionization
of Th and ThO (n,1/ny = 1072). A more quantitative estima-
tion is difficult to provide because the sample conditions are not
known accurately.

When the measured yield of mass-separated impurities be-
came significant around the thorium mass region, an accelerat-
ing potential immediately after the gas cell was introduced and
was used to suppress the transmission of these beams. This was
realized by applying a larger negative voltage on the front elec-
trode of the radiofrequency sextupole ion guide (SPIG) [47],
which captures and guides the ion beam from the gas cell to-
wards the 30 keV acceleration stage of the IGISOL separator.
The typical operating voltage of this first electrode is a few volts
below zero (used in the mass scan with laser ionization shown
by the solid blue line of Fig. 8). By providing additional kinetic
energy to the ions in the supersonic jet region, often complete
suppression of the molecular ion signal was observed without a
pronounced decrease in the atomic ion signal. In connection to
Fig. 8, an applied voltage of -85 V was used for the mass scans
represented by the red and black solid lines. The background
count rates seen with this voltage are clearly lower and an ad-
ditional intense mass peak visible at A/g=231, postulated to
arise from TaO;H,", has been suppressed. We note that intense
beams of Ta*, TaO* and TaO,* were seen concurrently along
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Figure 9: A mass spectrum using a >*Th filament dispenser. Considerable amounts of zirconium and its oxide are being produced and ionized at the filament, and
heavier clusters can also be seen. Each identified molecule is shown with its calculated isotopic pattern highlighting a good concordance.

with frequent water adduct formation and that TaO;H," and re-
lated compounds have been observed experimentally [48]. The
impurities seen at A/¢g=271 and 287, which can be attributed to
TaZr* and TaZrO* according to the mass values and isotopic
patterns, do not exhibit any evidence of suppression.

Initially the suppression of molecules was attributed to colli-
sion induced dissociation (CID) as this mechanism has been
reported in connection with gas cells in similar configura-
tions [49-51]. Even though the helium atoms have a light mass,
with a sufficiently strong potential some molecules may be bro-
ken up if the bond dissociation energy (BDE) is low. It is, how-
ever, increasingly difficult to perform CID when the mass of
the molecule increases and when the buffer gas consists of light
atoms. A more qualitative picture of the mechanisms leading to
the observed suppression of larger molecular contaminants is
provided in [52]. Detailed simulations indicate that molecules
are not dissociated as previously assumed, rather a close rela-
tionship between the collision cross section and the acceleration
potential applied within the helium gas jet environment leads to
a mass-selective (geometrical size) suppression.

5.3. Results from ®°Th drip-dry filament dispensers

The set of 2 Th dispensers were also investigated in the gas
cell in same configuration as described for the *>Th filaments.
As indicated in Fig. 3, the drip-dry method for the application
of 2Th onto the tantalum substrate resulted in a considerable
build-up of material over a larger surface area compared with
the 23> Th dispensers. As a result, the contaminant concentration
was notably higher, and a large yield of zirconium and its ox-
ide compounds was seen evaporating and being surface-ionized
at the filament. Figure 9 indicates two mass regions of interest
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recorded at a filament temperature close to 2000°C. In the lower
mass region ion beams of Zr* and its oxide ZrO* are observed,
while in the higher mass region three other zirconium oxide
compounds Zr,0*, Zr,0,* and Zr,0," are highlighted. These
compounds form the majority of the impurity signal detected
from these filaments. For each compound the natural isotopic
pattern for zirconium was calculated and plotted as normalized
curves overlaid with the experimental mass spectra, precisely
matching the mass peaks and thus validating the mass identifi-
cation.

This illustrates the problem that can arise if elements having
a high number of stable isotopes are used in filament-based dis-
pensers in combination with a significant number of impurities
transferred in the preparation of the source. Although the mass
peaks of the zirconium isotopes (used as the required reducing
agent) and corresponding oxides are not at the same nominal
mass as 2*Th* and 2*’Th*, the combination of dimerization
and additional molecular formation leads to wide isotopic pat-
terns, which in this case overlapped with the expected thorium
mass peaks. Even with the additional acceleration voltage used
to suppress the transmission of molecules the background was
simply too high to see any signal of either **Th* or *?Th*.
Additionally, the large concentration of nitrate and water trans-
ferred due to the repeated drip-dry process appears to have oxi-
dized the reducing zirconium layer, evident from the amount of
detected zirconium oxide. This might have reduced or hindered
the oxygen absorption by the zirconium layer resulting in the
thorium being released only in oxide form, which would not be
affected by the laser ionization process.
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5.3 Laser ion source and resonant ionization of
thorium

The details of using laser resonance ionization to create a laser ion source for
thorium evaporated from filament dispensers is described in detail in article IIT
as well as more general aspects in article II. Here, additional information and
studies on the in-gas-cell ionization of thorium and its ionization scheme are
presented.

5.3.1 Thorium ionization scheme

Laser ionization of thorium from filament-based dispensers was performed in the
actinide gas cell in the same manner as with the plutonium filaments, but with
hotter filament temperatures. With thorium, approximately 2300 K is required
to achieve sufficient evaporation. The ionization scheme was developed by Y.
Liu and D. Stracener [152] and consists of three resonant excitation steps as
indicated in Fig. 5.1. A UV excitation at 372.049 nm excites thorium from its
atomic ground state 6d27s? 3Fy to an excited state 6d27s7p >Gs. Two infrared
transitions at wavelengths 827.987 nm and 831.67 nm further excite the thorium
to an Al state at 50980.96 cm ™!, above the thorium IP at 50867 cm™!.

The figure also depicts pathways across the IP which can occur with the first
step UV laser only. As the first step excitation energy is above half of the IP,
non-resonant ionization happens with the UV radiation. We have also identified
a transition from the excited 5f6d7s? 3G3 state to the 374053 level having
almost exactly the same energy as the first step with a difference of only 1 GHz,
well within the laser linewidth.

Experimentally it was observed that approximately 60% of the resulting ion
count rate is due to first-step only ionization. This could be direct non-resonant
ionization from the first excited level or, if collisions between thorium and helium
atoms are quenching its population to the 5f6d7s% 3G3 level, the ionization
can happen through the secondary path. It is worth noting that if there is
a significant ionization through the secondary path, this would be strikingly
analogous to that of plutonium as described in chapter 4. However, in the
case of thorium the two infrared steps do have a notable contribution to the
count rate suggesting either stronger infrared transitions or weaker collisional
quenching compared that of plutonium.

One supporting observation to indicate that the UV-only ionization happens
through the secondary path via collisional quenching comes from vacuum-mode
laser resonance ionization. When the thorium ionization scheme was investigated
in vacuum by heating a sample to a sufficiently high temperature in a tantalum
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Figure 5.1. The UV-IR-IR laser ionization scheme for thorium based on
work performed in reference [152]. Additional pathways to ionization using
only the first step UV radiation are shown. The dashed line depicts the tenta-
tive collisional de-excitation by the buffer gas atoms.

oven (explained in detail in article IIT), only 2% of the total signal was measured
with the UV-only scheme. Similar results were obtained in the study of laser
ionization of thorium at Oak Ridge National Laboratory [152]. In that work
the same UV-IR-IR scheme was applied in vacuum, in a hot cavity ion source.
In comparison to the full ionization scheme, when the UV-only ionization was
recorded, the ion rate was less than 1% of the total [153]. As the vacuum-mode
ionization as well as the in-gas-cell ionization are both operating at or near
saturation in all resonant steps, the considerably higher UV-only ionization in
the gas cell suggests that it occurs via the 5f6d7s? 3G3 — 374043 transition.

5.3.2 First excitation step wavelength spectra

While the resonant nature of the laser resonance ionization of thorium and
plutonium was confirmed by performing frequency scans of the excitation steps,
the first step resonance sometimes showed conspicuously anomalous behavior.
If the first step laser power is reduced significantly, a normal behavior of the
resonance transition is observed as seen in the spectra obtained using UV laser



108 5. Developments towards a ?2Th ion source

powers of 0.4 mW and 1.3 mW, illustrated in Fig. 5.2. However, when the laser
power is increased to the maximum, the resonance becomes extremely wide,
sometimes approaching 100 GHz. Interestingly, such a broad structure was
only observed in the first step frequency scans. The second and third IR step
did not exhibit a similar behavior. An identical behavior was also observed in
plutonium as shown in Fig. 5.3 with approximately the same level of broadening.
The striking feature of these broad resonance structures is the “dip” in the
middle, which happens exactly at the resonant frequency of the transition.
A further notable feature is the slight asymmetry of the structure, which is
visible particularly in Fig. 5.2. The structure also seems to be present in the
grating-based laser scan of Fig. 4.9, explaining why the first step resonance
appears to be absent in the grating spectrum with the pump laser blocked.

Broad resonances are often attributed to either Doppler broadening or power
broadening effects. Doppler broadening is an inhomogeneous effect and results
from a Maxwell-Boltzmann distribution of velocities dependent on the tempera-
ture of the atoms. However, via Eq. (2.11), even if the filament temperature was
raised to 3000 K, the broadening would only be ~2 GHz for heavy elements. If
the laser ionization happens near the nozzle of the gas cell, in the region where
the gas flow is already approaching sonic velocity, there might be a significant
Doppler shift in the resonance frequency. This shift could become considerable
if the filament temperature is hot and the buffer gas is being strongly heated
as the speed of sound has a square root dependence on the temperature. By
combining Egs. (2.16) and (2.10), an estimation for the maximum broadening
due to this effect is ~10 GHz. Power broadening on the other hand is a homo-
geneous effect thus it addresses all atoms uniformly. It is known that for strong
transitions, a high laser intensity can lead to a very broad Lorentzian linewidth
and thus in both plutonium and thorium the large spectroscopic linewidths may
be primarily attributed to this effect [154]. Unfortunately, in this work, we do
not have intermediate scans between the 1.3 mW and 28.3 mW data of Fig. 5.2
and therefore a series of frequency scans at increasing UV laser intensity should
be considered in the future to explore this mechanism further. We note that
pressure (collision) broadening is also homogeneous and for resonant transitions,
at least for lighter elements, occurs at the level of ~10 MHz/mbar [37, 155, 156].
Assuming a similar pressure broadening coefficient for this work, only ~1 GHz
is obtained in a gas pressure environment of 80 mbar contributing only a small
fraction of the UV resonance linewidth.

Due to the homogeneous nature of the power broadening effect it cannot explain
the visible dips seen in Figs. 5.2 and 5.3. We therefore propose that these
peculiar features may be explained by a specific combination of inhomogeneous
Doppler broadening coupled with the propagation of laser light within the gas
cell. In so-called saturation absorption spectroscopy experiments, a narrow
bandwidth laser is used to probe Doppler-broadened atoms in a vapor cell
with “pump” and “probe” beams spatially overlapped in counter-propagating
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Figure 5.2. Wavelength scans of the UV transition in the ionization scheme
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count rate does not increase at the resonance wavelength but shows show an
unusual behavior with a dip at the resonance position and high yield on both
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of behavior as in thorium is observed with the dip also exactly at the reso-

nance position.
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directions. This method of spectroscopy is Doppler-free as the same atomic
velocity class of atoms is addressed when they move perpendicular to the laser
beams. The dominant pump beam excites many atoms while the effect of the
weaker (counter-propagating) probe beam is very small; the population has
already been driven into saturation and therefore the probe is only weakly
absorbed. This results in a so-called Lamb dip in the Doppler-broadened profile
which, with a sufficiently narrowband laser, has a Doppler-free linewidth, in
other words the natural linewidth limit is achieved [31, 157].

To translate such a picture to the gas cell, one must realize that the inner
surface of the exit nozzle is rather reflective and thus a considerable fraction of
the laser light is reflected back in a counter-propagating direction to the general
flow of the atoms. If a sufficiently large combination of inhomogeneous Doppler
broadening effects exceed the laser linewidth, a similar cancellation of Doppler-
shifted velocities can foreseeably occur. The difference to “standard” saturation
absorption spectroscopy in vapor cells is that we observe the cancellation as a
drop in the ion count rate. In the atomic system of both thorium and plutonium,
as well likely in other elements exhibiting high atomic level densities, a single
UV laser at a resonant transition (in thorium the laser is in fact driving two
resonant transitions), combined with collisional de-excitation of an excited level,
ultimately couples to the continuum. We therefore propose that it is via the
final coupling of the laser which both probes a selected class of atomic velocities
while in parallel ionizes the atoms, leads to the observable drop in the ion rate
at the resonance frequency.

We have performed a literature search to investigate other possible phenomena
which could explain these effects. For example, similar drops in absorption
have been observed at resonance frequencies in connection to coherent atomic
phenomena such as electromagnetically induced transparency [158]. Such effects
cannot be ruled out, however no adequate three-level system, which is a require-
ment, has been found in this work. If indeed the dip structure is correlated to
a “pump - probe” effect one method to answer this would be to coat the inner
surface of the gas cell to reduce any possible reflection of laser light. Additional
studies in the vacuum reference cell could also be performed with 232Th in order
to verify the rather low ionization probability in vacuum, measured in this work
to be ~2% of the three-step scheme. In order to mimic the effect of collisional
quenching as depicted in Fig. 5.1, a transition between the initial and final
states involved in the quenching could be resonantly driven with an additional
laser tuned to 611.560 nm, as long as the transition is not too forbidden.
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Figure 5.4. Mass spectra recorded at the focal plane of the IGISOL separa-
tor during the laser ionization of 232Th evaporated from a filament dispenser.
The spectrum plotted in blue shows the signal obtained without the acceler-
ating potential (U = -2 V), whereas the red spectrum is the result of lowering
the potential (U = -85 V). The mass spectrum reproduced as a solid black
line has been obtained with the UV laser blocked and is given as a reference.

5.4 Suppression of molecular contaminants by
size-exclusion

During the laser ionization of thorium evaporated from filament-based dispensers,
intense molecular contaminant beams were observed in the mass region of interest
in particular with the filaments produced by the thorium nitrate drip-dry method.
Occasionally such contaminants completely overwhelmed the resonant laser ion
signal of thorium and therefore an accelerating potential immediately after the
gas cell was introduced by applying an increasingly negative voltage on the front
electrode of the radiofrequency sextupole ion guide (SPIG) [99]. The induced
acceleration of ions through the high density region of the supersonic helium
gas jet often resulted in a complete suppression of the molecular ions without a
pronounced decrease in the atomic ion signal.

5.4.1 Mass spectra and identification of impurities

In Fig. 5.4 the effect of suppression of a molecular ion is illustrated by plotting
the mass spectra recorded with and without the additional potential. The blue
solid line shows the signal obtained without suppression in normal operational
conditions (~-2 V applied to the front electrode) while the red solid line shows
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the mass spectrum with the same conditions except for the potential of the
front electrode which has been lowered to -85 V. The count rate at A/g= 231 is
clearly reduced when the potential is lowered. Both spectra are obtained during
the laser ionization process. The black solid line has been obtained when the
first resonant step laser is blocked.

The peak at A/q=231 is assigned to the complex molecule TaO;H, ", formed
via an association reaction between TaO," and H,O. The mass identity has
been surmised because beams of Tat, TaO™ and TaO," were seen concurrently
along with frequent water adduct formation. In addition, TaO;H," and related
compounds have been observed experimentally [159]. The impurities seen at
A/q=271 and 287, which can be attributed to TaZr™ and TaZrO™ according to
the mass values and isotopic patterns, do not exhibit any evidence of suppression.

5.4.2 Consideration of collision induced dissociation

Initially the suppression of molecules was attributed to collision induced dis-
sociation (CID) as this mechanism has been reported to have been used with
gas cells in similar configurations [123, 78, 14]. Even though the helium atoms
have a light mass, with a sufficiently strong potential some molecules may be
broken up if the bond dissociation energy (BDE) is low enough. It is, however,
increasingly difficult to perform CID when the mass of the molecule increases
and when the buffer gas consists of light atoms as demonstrated in the following.

In order to have a more qualitative picture of the possible breakup process, the
energetics of the collisional dissociation need to be investigated. To dissociate a
group G within a larger molecular ion A, an inelastic collision between the ion
A and a neutral particle X must happen so that a sufficiently large amount of
translational energy of the ion is transferred to its internal energy. The internal
energy can then break the bond between the individual groups. Not all of the
kinetic energy of the accelerated ion in the laboratory frame FEj,;, is available for
the dissociation. Rather, the maximum energy is limited to the center-of-mass
energy between the molecular ion A and the neutral particle X.

To transfer all of the center-of-mass energy in the collision, the ion and the
neutral particle would need to adhere together and form a collision complex,
which can then dissociate a molecular group, by undergoing a chemical reaction.
In this work the neutral particle is a helium atom and therefore adherence
followed by a chemical reaction is unlikely. In helium, the collision induced
dissociations would more likely occur as a result of an “impulsive-type” of
dissociation, in which only a single atom or group of the projectile molecular
ion interacts with the colliding helium atom. The maximum energy Fpax
transferable to a group G with mass mg can be derived from kinematics [160]:
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where mp is the mass of the molecular ion A in a collision with the neutral
particle X with mass myx. Because the supposed dissociation happens with
the aid of helium atoms (mx = 4 u) only a fraction of the projectile energy,
approximately 1.0% for TaO3H2+, can be used in the best case for a light group
or atom, for example H,O. In the other commonly used buffer gas argon, the
energetics are better. About 14% of the projectile energy can be transferred to
a water molecule.

It should be noted that the 85 V of accelerating potential does not translate
into 85 €V in collision energy in the laboratory frame because the ions undergo
a large number of collisions thereby continuously losing their kinetic energy
before reaching the SPIG front electrode. Monte-Carlo simulations with the
ion-optical simulation software Simion (version 8.1) [161] show that the mean
maximum collision energy between the helium and ions in the gas jet region is
20-30 eV, translating into 0.2 to 0.3 eV for the maximum available energy for
collisional dissociation.

As the TaO3H,™ is most likely the product of H,O addition to TaO,", we
assume that the dissociation would happen between TaO, and H,O groups.
The dissociation energy Do(TaO," —H,0) is 2.6 ¢V determined by a CCSD(T)
quantum chemical calculation [162, 159]. This dissociation energy is an order
of magnitude higher than the estimated maximum energy transferable for
dissociation from the collision with helium atoms and hence the suppression of
the molecular species cannot be a result of CID. Moreover, [TaO,(H,0)]™ is
most likely going to rearrange to [TaO(HO),]™ which is even more bound [162].

5.4.3 Technique of size-exclusive extraction

Here a different kind of mechanism for the suppression of molecular species
is proposed. As the suppression is clearly induced by the application of an
accelerating potential between the gas cell and the SPIG, there is a strong
indication that the suppression mechanism happens in the gas jet location.
The Simion software was used to further investigate the dynamics of the ion
and helium atom collisions at different SPIG front electrode voltages using
a hard-sphere collision model applied to pressure and temperature model of
supersonic jet. A clear relationship between the collision cross section and the
transmission through the SPIG can be demonstrated.

Figure 5.5 presents the simulation results of the transmission of ions through the
SPIG as a function of collision cross section, for different SPIG front electrode
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Figure 5.5. Simulation of ion transmission through the SPIG as a function
of collision cross section using mass 231 u at different SPIG front electrode
voltages. The dotted red line illustrates the effect of using a heavier ion and
a potential of -85 V. The vertical dashed line shows the collision cross section
of a uranium ion in helium [163].

voltages. Each data point corresponds to a simulation of 100 ions with a
mass of 231 u. There is a clear drop in the transmission over a few 0.1 nm?
in collision cross section when the potential of the electrode is lowered. The
position of the edge can be controlled by adjusting the potential so that with a
more negative acceleration, ions with a smaller collision cross section can be
suppressed. The position of the edge is also mass dependent as demonstrated
with the additional simulation of ions with mass 280 u using a suppression
voltage of -85 V. This could be an explanation of why the tantalum-zirconium
compounds are not suppressed. These heavier compounds (Fig. 5.4) contain
fewer atoms than TauOng7 most likely resulting also in a smaller geometrical
size and collision cross section.

The vertical dashed line in Fig. 5.5 provides a direct comparison of the simulated
cross sections to an experimentally measured cross section. This line represents
a uranium ion collision cross section deduced from an ion-mobility measurement
in helium gas [163] (to our knowledge, no similar ion-mobility measurements
have been made with thorium ions in helium gas). A good agreement between
the experimental cross section and the choice of suppression voltage used to
filter the thorium ion beam is evident.

The reason for the drop in the transmission with increasing collision cross section
can be seen from the simulated ion trajectories (Fig. 5.6). When ions undergo
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Figure 5.6. The ion trajectories in Simion simulations with the SPIG front
electrode at -85 V and two different collision cross sections. Ions with a
larger collision cross section (0.8 nm?) cannot “climb” the potential of the
SPIG rods because they lose energy in collisions with helium atoms. In these
figures the gas cell is located on the left and the direction of the mass separa-
tor on the right.

a large number of collisions in the acceleration region, they lose so much kinetic
energy to the helium atoms that they cannot “climb up” to the potential of
the SPIG rods (= —40 V) but turn back and collide with the front electrode.
Generally, the size of the molecules is larger than that of the monoatomic ions
and therefore the collision cross section can be expected to be substantially
larger. The suppression of molecular species can therefore be understood as
a creation of a filter where the molecular ions extracted from the gas cell are
separated from the atomic ions by their size. This technique of size-exclusive
extraction is particularly useful in this work because CID was not possible due
to the low energy of the ions and the light carrier gas.

5.5 23U alpha recoil source

A convenient method to create 2?2Th and its isomeric state is to use 233U,
which alpha decays directly to 22°Th. By placing such a source into a gas cell
and stopping the recoils of the alpha decay in a buffer gas, an off-line source
for 229Th ions can be produced with the possibility to extract the ions in several
charge states.

The benefit of using an off-line alpha-recoil emitter is the absence of a primary
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beam-induced plasma, which can be a significant source of free electrons causing
recombination and neutralization of the ions of interest [15]. Although there
is a significant amount of alpha radiation emanating from the 233U sources,
ionization of the buffer gas is insignificant. If a 22°Th ion is stopped in helium
gas, the high ionization potential of helium (24.6 e€V) ensures that a helium
atom can only donate electrons to thorium if the charge state is above 3+. If
the buffer gas is additionally purified from contaminant molecules which have
lower ionization potentials, the 22°Th ions can remain in a 3+ charge state
during extraction from a gas cell.

The branching in the alpha decay of 233U to the isomeric state has been estimated
to be 2% [164]. This somewhat low value has the unfortunate consequence that
the source strength has to be sufficiently large enough to meet the required
ion beam intensity (for a collinear laser spectroscopy experiment). Assuming a
requirement of ~1000 ions of 22" Th per second, without taking into account
the efficiency of the source this already means a 233U source strength of 50 kBq.
Taking into account losses due to recoil efficiency, stopping and extraction from
the gas cell may result in an initial activity requirement of several MBq.

2337 and 2?9 Th have long half-lives of 1.6-10° years [165] and 7.9-103 years [166],
respectively, and thus 233U as a source can be manufactured and used without
any expected depletion of the material. On the other hand, the long half-life
complicates the handling of the sources due to any long-lived contamination.
Unfortunately the sources cannot by covered by any protective layer as this
would hinder the alpha recoil efficiency.

The decay chain of 233U is shown in Fig. 5.7. Due to the long half-life of 22°Th,
it starts to build up in the source material and the source becomes activated
with all isotopes in the decay chain. In particular with an aged source, in
addition to 22°Th, alpha recoils of all isotopes are produced that are daughters
of alpha-active mothers.

Despite the small branching ratio to the isomeric state, using 223U as a pro-
duction mechanism for a 22°Th source should be a viable method to produce a
high flux if the efficiency can be optimized. This approach has already been
studied previously at the IGISOL facility [154]. Several iterations of the gas
cell were implemented and tested in order to improve the extraction efficiency
of the 2?°Th recoils. The best efficiency reported, however, was only 1.6%,
attained with ion extraction using an electron emitter that created a strong
electric field inside the gas cell effectively “pulling” the positively-charged ions
out.

The focus in the current work has shifted to the sources themselves and devel-
opments have continued with the study of a new 233U source in addition to
the existing sources. A more careful study of the recoil efficiency of the source
has been performed as this critical factor is sensitive to many parameters. In
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Figure 5.7. The 223U decay chain. The decay mode with possible branching,
half-life and ground-state spins are given for each isotope.

this section the results of spectroscopic analyses of 233U sources are presented.
Characterization measurements have been done using the alpha- and gamma
radiation emitted directly from the sources and via the radiation emanating
from alpha recoils collected on implantation foils.

5.5.1 Description of the sources

The spectroscopic analysis was performed on two different types of 233U source.
One was provided by the Ludwig Maximilian University of Munich [167] and
hereafter will be referred to as the LMU source. The source was made by
evaporating uranium tetrafluoride on an aluminium backing until an activity of
230 kBq was accumulated within a circular area of 20 mm in diameter. Using
the known density of 233UFy, 6.7 g/cm?® [65], a source thickness of ~420 nm is
inferred.

The existing 233U source, originally manufactured by McGill University through
neutron capture of 232Th, is a set of stainless steel foils on which 233U was
electrodeposited in a thin layer [168]. Henceforth, these sources will be referred
to as the JYFL sources. A total activity of 2.3 MBq of 233U is available,
distributed over six strips with dimensions 25 mm X 70 mm, and sixteen
strips with dimensions 12 mm x 70 mm; in total about 240 cm?. Assuming
the uranium is evenly deposited and is pure, a thickness of 12 nm can be
deduced. Table 5.2 provides a summary of the source specifications along with
photographs.
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Source
Composition
Backing
Deposition
Surface activity
Surface density
Geometry

Total area
Thickness

Total activity

LMU

UF,

Aluminium
Evaporated

73.2 kBq/cm?

530 - 10'5 at./cm?

disc dia. 20 mm

3.1 cm?

0.27 mg/cm? (420 nm)
230 kBq

JYFL

U

Stainless steel
Electroplated

10.2 kBq/cm?
74-10% at./cm?

25 mm x 70 mm

240 cm?

0.03 mg/cm? (12 nm)
2.3 MBq

Table 5.2. Physical properties of the studied 233U sources. Thicknesses
are given assuming UF, and pure U metal for the LMU and JYFL sources,

respectively.
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Figure 5.8. The projected ranges of 22°Th ions and their longitudinal strag-
gling in uranium (red) and uranium tetrafluoride UF, (green).

As the recoil energy of the daughter nucleus Tp = mg/(mas + mp)Q4 is low,
only ~ 84 keV, the source characteristics need to be very well controlled in
order to obtain the maximum number of recoils. If the source is too thick, has
poor homogeneity, contains a large number of impurities, has a contaminant
surface layers, or the substrate roughness is not controlled, significant recoil
losses can already occur in the source material. Therefore it is important to
characterize and measure the efficiency of the sources.

The limit for the source thickness can be taken as the distance in which the
recoils from the lowest 233U atomic layer are stopped inside the source material
and do not yield any significant number of recoils out of the surface. In order
to have a quantitative number for this limit, the software package Stopping and
Range of Tons in Matter (SRIM) [169] was used to calculate the stopping ranges
of 229Th ions in pure uranium metal and in UF,. In Fig. 5.8 the projected
ranges of the thorium ions in the materials are shown between the energies 1 keV
to 100 keV. The densities of uranium and UF, have been included as 19.0 g/cm?
and 6.7 g/cm?, respectively. The longitudinal straggling is highlighted with
shaded areas. Here the straggling is defined as the square root of the position

variance +/{(Az)?).

The TRIM Monte-Carlo processor of the SRIM software package was used
to estimate the recoil energy and the recoil efficiency from a pure 233U layer
with thickness 75-10%° at./cm?, approximately matching the ?*3U layer in a
JYFL source strip. The energy distribution of the 22Th recoils, which exit
the source material, is shown with the blue stair plot in Fig. 5.9, illustrating a
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Figure 5.9. The simulated energy distribution (blue stair line) and reverse
cumulative percentage (orange line) of the 229Th recoils coming out of a
pure 233U source with thickness 75-10'° at./cm?.

somewhat constant distribution between energies of 0 to 60 keV after which the
distribution increases exponentially. This increase is the result of the very top
layer of atoms of the source decaying in which there is very little material for
the recoils to lose energy.

The recoil efficiency is shown also in Fig. 5.9 as a reverse cumulative percentage
of the total number of decays. If the recoils with an energy above 10 keV are
considered, a recoil efficiency of approximately 25% is expected and can be taken
as the best possible recoil efficiency attainable with such a source thickness.

5.5.2 Source characterization by direct gamma-ray and
alpha radiation measurement

In order to verify the strength of the two sources and to measure the amount
of activity of the daughter isotopes, a gamma-ray spectroscopic measurement
was performed in a low-background counting station. Figure 5.10 highlights the
X-ray and gamma-ray peaks identified in the lower energy region of the spectra,
from a few keV to above 400 keV for the two sources. The overall background of
the JYFL source is lower reflecting a lower source strength from a single strip
as well reduced daughter and contaminant activities.

Following peak identification, activities of 233U and ??Th were determined by
integration of selected gamma-ray peaks while taking into account the branching
ratios and detection efficiency. In this manner, the activity for the LMU source
was measured to be 230 kBq of 233U and ~1.2 kBq of ?2Th, while a single
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Isotope: | U-233 | U-233 | U-233 | Th-229 | Th-229
Peak [keV]: 320.55 317.17 245.35 210.85 193.52

JYFL Activity: 190 kBq | 201 kBq | 198 kBq | 386 Bq | 334 Bq
Munich Activity: | 228 kBq | 240 kBq | 234 kBq | 1333 Bq | 1154 Bq

Table 5.3. Measured activities of 233U and 22°Th isotopes in the LMU
source and one large area JYFL 233U strip according to a few gamma-ray
lines.

(large area) JYFL strip resulted in activities of 200 kBq and 350 Bq, respectively.
Table 5.3 lists the gamma lines and individual activities extracted from this
measurement. The main cause for the variation in the values determined from
different gamma lines is thought to be due to the absolute detector efficiency,
which was not possible to be determined with high precision.

By using a silicon charged-particle detector (Ortec U-017-300-500) with an
intrinsic resolution of 17 keV, 500 um depletion depth and 300 mm? detection
area, a direct measurement of the alpha decay from the two sources was
compared. By measuring the alpha-particles coming out of the source, the
activities of 233U, its daughter and impurities can be obtained in a similar
manner to the gamma-ray measurement. Alpha particles also reveal possible
surface characteristics from the straggling as they pass through the material.
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Figure 5.10. Direct gamma spectra of the LMU and JYFL 233U sources
between the energy range 5 keV to 500 keV. All the identified 223U decay
chain isotopes are marked with black labels and other identified isotopes with
green labels.
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Figure 5.11. Direct alpha spectra of the 233U sources. All the identi-

fied 233U decay chain isotopes are marked with black labels and other iden-
tified isotopes with green labels. The larger alpha peak widths of the LMU
spectrum are due to a thicker source layer.

Figure 5.11 shows the resulting alpha spectrum, again highlighting a direct
comparison of the two sources. In addition to the decay chains of 233U and 232U,
lines of 238Pu and 23?Pu are visible, the latter decays particularly noticeable
in the LMU source. A direct measure of the alpha decays from 22°Th is not
possible due to overwhelming background from the alpha line associated with
the decay of 233U. Finally, the typical alpha-decay peak width of the LMU
source was measured to be 100 keV, while that of the JYFL source, 30 keV.
The width reflects a possible combination of the source thickness as well as any
contaminants on top of the source. The increasing width of the alpha peak
when the source is tilted at an angle to the silicon detector is demonstrated in
the Rutherford Backscattering measurement discussed in section 5.5.4.

5.5.3 Source characterization by foil implantation

In order to measure the rate of alpha recoils, including 22°Th, released from the
LMU and JYFL 233U sources, a foil implantation experiment was performed. To
collect the recoils, aluminium foils were mounted at a distance of approximately
2 mm from the 233U source surface in a chamber connected to a scroll vacuum
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Figure 5.12. The alpha spectrum of the Al foil following a 4-day implan-
tation using the LMU 233U source. Several isotopes belonging to the 233U
decay chain (black labels) and others from 232U and possibly 2?7 Ac chains
are identified. Unfortunately, due to the long half-life of 22°Th, its alpha de-
cays were not detected above background.

pump. A vacuum of ~10~! mbar was required during the implantation process
as the recoil stopping in air would otherwise be significant. The implantation
was performed over a duration of approximately 12.6 days for the JYFL source
and 46.3 days for the LMU source.

Figure 5.12 shows the alpha spectrum of the foil implanted using the LMU
source, measured with the Si detector for 4 days. A clear activity of isotopes
from the 233U decay chain can be seen. As the alpha decays from the 22Th
recoil ions are not visible due to the long half-life of 22°Th and background
counts, we can only assign an upper limit of about 30000 recoil ions per second
implanted or about 13% of the total activity of the LMU source. Because
the 229Th activity was not directly visible in the alpha spectrum, the implanted
foils were measured in the low-background gamma radiation detection station
in the hope of detecting the 193.5 keV and 210.9 keV gamma lines as they have
a reasonable branching of 4.3% and 2.8%, respectively [170].

Unfortunately, even with the long implantation time using the LMU source and
a 30-day measurement in the low-background gamma station, the 193.5 keV
gamma line was barely visible above background, as seen in the gamma-ray
spectrum shown in Fig. 5.13. Nevertheless, the integration of the area of the
193.5 keV peak was possible suggesting a recoil ion efficiency of ~3%, a factor of
two lower than the estimate provided by L.v.d. Wense et al. [167] for the same
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Figure 5.13. Gamma spectrum of the Al foil irradiated for a period of 46.3
days by the LMU 233U source. All identified isotopes belonging to the 233U

decay chain are labeled in black and other assignments are labeled in green.

The enlarged region shows the expected position of the 22°Th peaks of which
the 193.5 keV is barely visible above background.

source. This direct measurement of the 22°Th recoil efficiency can be taken only
as a upper limit because the gamma line is not clearly apparent.

Similar measurements of recoil ion implantation and gamma-ray analysis was
performed using the JYFL source with the resulting gamma spectrum shown
in Fig. 5.14. Worryingly, the gamma line was not at all visible above the
background, which can at least partly be associated with a shorter implantation
time.

As the 22°Th activity was not directly discernible in the implantation foils, a
determination of the recoil efficiency of the sources must rely on the implantation
of ??°Ra daughter isotopes. Similar to ?2°Th recoils of 233U, the 22°Ra are
recoiling out of the sources due to the decay of 22°Th which has accumulated
to the amounts that were determined from the direct gamma radiation. As the
number of daughters in the implantation foil depends not only on their recoil
rate but also on the mother isotopes decaying in the foil, a set of differential
equations describing the implantation system must be solved. Starting from
the implantation of 229Th, the equation for describing the number of 22°Th
atoms Nty in the implantation foil is:

dNy(t)

T Rrn — AthNTn (1), (5.2)
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Figure 5.14. Gamma spectrum of the Al foil irradiated for a period of 12.6
days by a smaller area JYFL 223U source strip. All identified isotopes be-
longing to the 233U decay chain are labeled in black and other assignments
are labeled in green. The enlarged region shows the expected position of
the 229Th peaks (green highlight).

where Ry, is the recoil rate of 22°Th, and Ay, its radioactive decay constant.
The equation has the simple solution:

R
NTh (t) _ Th

= 3 ™ (53)

The equation describing the number of 22°Ra atoms, the daughter of 22?Th, is:

dNRa(t

T;() = Rra + A N1h(t) — ARaVRA(1), (5.4)
where Rg, is the recoil rate of 22°Ra from the source and Ag, its radioactive
decay constant. The derivation of the solution is not shown here but Eq. (5.4)
can be solved using methods for first-order linear ordinary differential equations.
The exact solution is:
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Figure 5.15. The decay curves of the 22°Ra in the irradiated foils by a
LMU 233U source (a) and the JYFL source (b). The dashed line marks the
stop time of the implantation.

225Ra has one detectable gamma line at 40 keV with a 30% branch [170]. The
area of the 40 keV peak from the implantation foil gamma spectra has been
plotted as a function of measurement time since the end of the implantation in
Fig. 5.15 for both sources. By fitting an exponential decay curve to the intensity
change and noting that the curve practically reduces to the background, it
can be inferred that the ??°Ra activity in the foil is dominated by the direct
implantation of the ??°Ra recoils rather than emerging as a decay product
of 229Th in the foil. By extrapolating back to the implantation stop time, the
amount of implanted ??°Ra can be deduced as is shown for both foils in Fig. 5.15.
Then, by using Eq. (5.5) with the assumption that the decay of 22Th does not
contribute significantly to the number of 22°Ra, the implantation rate of 22°Ra,
RRa, can be calculated as 23.6 1/s for the LMU source and 5.3 1/s for the JYFL
source.

As the Rg, values were only determined using one gamma line, the recoil rates
were cross-checked against the 22° Ac activity in the foil. Because the 2?°Ra is
beta decaying, the decay does not produce enough recoil for the daughter to
leave the 233U source and hence any 2?°Ac activity directly results from the
decay of 22°Ra in the implantation foil. Therefore the number of 22 Ac atoms
in the foil can be described simply by the following differential equation:

dNAC (t)

TR ARaVRa(t) — AacNac(t), (5.6)
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Figure 5.16. The decay curves of the ??°Ac in the irradiated foil by the
LMU source (a) and by the JYFL 233U source (b). As the gamma line
branches of 22°Ac are small, its activity was not possible to be plotted for
the JYFL foil. The red curve is not a fit but the expected activity according
to equations (5.7) and (5.8).

which, by again assuming that Ng,(t) is dominated by the direct implantation,
has the solution,

RRa

_ Bra Rtpa
)\Ra - /\Ac

Nacimp(t) =
Ac, p() AAC

(efoat _ e*)\Act) + (1 — e*’\Act) (5.7)

during the implantation. After the implantation has stopped at time iy, the
following solution can be obtained for the amount of 22°Ac:

N a tim A a — — —
NAC’deC(t> = ;{R( _p)\)AR (6 el € )\Rat) + NAc,imp(timp)e /\ACt' (5‘8)
a c

As the number of 225 Ac atoms in the foil can be calculated from the deduced Rp.,
values using the above equation, it can be directly compared to the number of
atoms determined from the ??° Ac gamma line at 150 keV, or from the daughter
activity of 221Fr (218 keV) and 2'3Bi (440 keV), which quickly reach equilibrium
due to their short half-life. Figure 5.16 shows this comparison for the LMU
and JYFL irradiated foils. The data points indicate the amount of 22°Ac as a
function of time from the gamma spectrum and the solid red curve from the
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differential equations. It should be emphasized that the red curve is not a fit
but rather an independent determination from the Ry, values demonstrating
the validity of the deduction.

Using the 233U and ?2°Th activities from the direct gamma radiation measure-
ments, the recoil efficiency of 22°Ra of 3% for the JYFL source and 2% for the
LMU source can be calculated. Assuming that the ratio between the recoil
implantation rates of 22Th and 2?°Ra is the same as the detected activity
ratio of 233U and 22°Th in the sources, the deduced recoil efficiency for 2?°Ra
can be taken as an approximate number for the 22°Th recoil efficiency. It
should be noted that the efficiency may be underestimated if the decaying 22°Th
distribution reaches deeper than the 233U distribution or overestimated if 22°Th
atoms are implanted into a contaminant layer on top of the 233U layer.

Still, considering the low daughter recoil efficiency and the low detected amount
of 229Th, which should have been easily directly detectable if efficiencies would
have been optimum, it is obvious that the recoil efficiency needs to be improved,
especially for the JYFL source where the simulated recoil efficiency was about
25% as was shown by the SRIM simulations.

The measured recoil efficiency of 2% for the LMU source is about a factor of
two to three lower than that estimated for the same source (and also using the
daughter activity) by L.v.d. Wense et al. [167]. The value presented here is close
to the recoil efficiency of ~1.6% which was estimated by L.v.d. Wense [135] for
360 nm of 22UF, material using a SRIM calculation and a model for isotropic
emission of alpha recoils. The higher recoil efficiency estimate was attributed
to possible channeling of the recoils in a crystallized surface layer. With thicker
sources it is clear that the recoil efficiency cannot be improved significantly
and therefore the approach of L.v.d. Wense et al. [135, 134] to use a thinner
290 kBq source that was deposited on a Ti-sputtered Si wafer of 100 mm in
diameter, is the correct approach, resulting in a significantly improved recoil
efficiency of ~35%.

5.5.4 Source characterization by Rutherford backscatter-
ing spectrometry

Rutherford backscattering spectrometry (RBS) is a non-destructive ion beam
analysis technique in which the elemental composition of thin film samples can
be quantitatively determined [171]. Usually RBS is performed by irradiating
a sample in vacuum with a 1.0-2.5 MeV helium beam from an accelerator
and then detecting the back scattered primary helium ions with a charged
particle detector at different angles and different sample orientations. By
using known scattering cross sections and stopping powers for helium ions in
materials, the layer thicknesses and their composition can be obtained. The
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RBS technique is most sensitive detecting heavier elements with quantities
above 102 at./cm? on light substrates with a resolution of about 10 nm to
depths of a few um. For lighter elements, especially below oxygen, the technique
has limited sensitivity [172, 173].

Due to the low recoil efficiencies of the 233U sources as shown by the implan-
tation measurements, the RBS analysis technique was used to investigate the
composition of the source layers. A 1505 keV He beam was produced with the 1.7
MYV NEC Pelletron accelerator located within the JYFL Accelerator Laboratory.
The He beam was directed to the sources which were mounted inside a dedi-
cated RBS measurement chamber. Using IBM geometry with 8 — a + 6 = 180°,
depicted in Fig. 5.17, both of the sources were characterized using two detectors
at backscattering angles of #; = 170°and 0y = 118°.

The experimental RBS spectra of the LMU and JYFL sources measured with
detector 1 at a tilt angle a = 0° are shown in Fig. 5.18. The 233U is visible
in both spectra as the backscattering with the highest energy. In the JYFL
source, in which the 233U layer is much thinner (~ 74 - 10 at./cm?) than in
the LMU source, the uranium appears as a sharp peak at~1400 keV with the
stainless steel substrate as the continuous structure starting from about 1100
keV. The interesting feature of the spectrum is the peak between the uranium
and the substrate, which has been identified as a thin layer of zinc. Also, on
the substrate there is clear peak in the signal at around 500 keV indicating an
oxide layer.

Because the 233U layer is much thicker (~ 530-10® at./cm?) in the LMU source,
the corresponding uranium peak is much wider and shows structural variations
in the source layer. As the substrate is aluminium its edge is found at lower
energy than for stainless steel. As a light element, the fluorine in the source
layer is also found in the low energy region. The diffusiveness of the substrate
to the uranium layer reflects the surface roughness of the aluminium on top of

He' beam o
1505 keV

1 .
gector =~ .. ===
P T )

O e

e

Figure 5.17. The measurement geometry for the RBS measurement of
the 233U sources.
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Figure 5.18. The RBS and Simnra simulation spectra of the LMU and
JYFL 233U sources. The individual elements in the simulation are plotted
with dashed lines for the JYFL source simulation and dash-dotted lines for
the LMU source simulation.

which the UF, has been evaporated.

For both spectra the elemental composition was determined by using the RBS
simulation software Simnra [174]. Figure 5.18 shows the simulation results
as solid lines with individual elements as dashed lines for the JYFL source
and dash-dotted lines for the LMU source. In order to get a good fit to the
experimental data, the source structures were defined as several separate layers
and the layer composition was then optimized to obtain the best fit. As the
sources were measured at several tilt angles (o = 0°,5°,10° and 15°) with two
detectors, the layer structure was iteratively optimized until the simulation
consistently matched to all applicable data. This method gave confidence to
the simulation.

The elemental composition of sources as a mass percentage according to the
simulations is shown in Fig. 5.19 as a function of depth. The surface layer is the
rightmost layer. In the LMU source the layer composition has been assumed to
be UF, into which aluminium was added in order to get the uranium peak width
and the high energy tail of the substrate correct. This is believed, at least partly,
to be due to the surface roughness of the aluminium substrate. Also, small
layers of oxygen are assumed to be present on top of the aluminium substrate
and source material. According to the simulations the amount of 233U was
460-10'5 at./cm? matching reasonably well the estimated thickness as derived
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Figure 5.19. The elemental mass composition as a function of layer depth
of the 223U LMU (a) and JYFL (b) sources according to the Simnra simula-
tion.

from the activity.

The elemental composition of the JYFL source (Fig. 5.19b) was similarly attained
by iteratively simulating multiple layers. The best match for the stainless steel
substrate was obtained with a mixture of 81.5% Fe, 18% Cr and 0.5% Mo. The
uranium layer needed a considerable amount of oxygen in order to replicate the
experimental spectrum as well as the peak in the 500 keV region. Additionally,
in order to get the uranium peak width and position correct as well as the
substrate, some carbon needed to be added. “Carbon” does not necessarily
represent the element carbon but can express any light element below oxygen.
Finally the zinc layer is positioned on the surface. The Simnra simulations
estimate the 233U layer thickness to be ~ 54 - 10'% at./cm?, which is about 73%
of the calculated thickness. Variation in the thickness can be expected from the
uneven coloration of sources, which can be clearly seen in the photograph of
the source in Table 5.2. The dark discoloration may also point to considerable
oxidation of the uranium as indicated also by the presence of the oxide peak in
the RBS spectra according to which the inner uranium layer has 2 to 3 times
the number density of oxygen than that of uranium. When exposed to room
temperature air, uranium metal oxidizes rapidly so that within 3-4 days the
surface of uranium has changed from a metallic coloration to a surface with a
black appearance [175]. As this layer is not protective, the 233U layer in the
source has probably oxidized throughout.

The unexpected zinc layer was already seen in a set of earlier RBS measurements
with a different source strip confirming its presence in multiple strips. In this
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Figure 5.20. (a) The experimental RBS spectrum of a JYFL source strip
shown at three different sample tilt angles. The o = 60° and 70° spectra are
normalized to the a = 0° spectrum. (b) The peak position for the 233U, the
Zn layer and the substrate edge as a function of tilt angle.

previous set of measurements a different geometry was used, 8 + a + 6 = 180°,
with the detector # = 165° and with four different tilt angles o = 0°,30°,60° and
70°. This allowed the arrangement of the layers and elements to be determined.
In Fig. 5.20a the experimental RBS spectra are shown for three different angles.
As the tilt angle is increased, the peak positions move toward lower energy
because the backscattered helium ions need to travel through more material
in order to get to the detector which is fixed at the 6 angle. By comparing
the movement of the peaks and the substrate edge at different tilt angles the
ordering of the layers can be inferred. Because the peak originating from the zinc
layer does not move nearly as much as the 233U or the stainless-steel substrate,
as illustrated in Fig. 5.20b, the zinc layer has to be positioned on top of the
uranium.

Finally, the composition of the back side of the JYFL source strip was measured.
As expected only the stainless steel substrate was detected and no other element,
including zinc, was found.

Although the simulations estimated the thickness of the zinc layer to be only
1-10%6-2-10'6 at./cm?, which is capable of stopping approximately a 10 keV
thorium ion, the fact that a contaminant layer was detected on top of the
source is worrying. In particular because there seems to be some other “light”
element on top, it is suspected that the low measured recoil efficiency is due to
the surface contaminants. The zinc suspiciously points to the electron emitter
gas cell because the components of the housing of the hot filament, used to
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Figure 5.21. The LMU and JYFL source alpha peak at different tilt angles
using the § — a + 6 = 180° geometry with § = 118°.

create the high flux of electrons, are made of brass, an alloy metal containing
approximately 50% zinc.

Interestingly, the source thicknesses are also evident from the intrinsic 233U
alpha peaks that were visible as a constant background at higher energies during
the RBS measurement. Figure 5.21 shows the LMU and JYFL source alpha
peak at different tilt angles detected with the 65 detector. In comparison to
the JYFL source, the LMU source shows significant spreading of the alpha line
especially at the largest tilt angle. Although it is difficult to get a quantitative
estimation of the source or contaminant layer thicknesses by measuring the 233U
alpha line at different angles, the spectra illustrate that this method can be
used to compare sources and to detect possible problems without needing a
dedicated accelerator and RBS setup.

It is clear from our work and that of L.v.d Wense and colleagues [167] that
a thinner 233U source layer is advantageous for a higher recoil ion efficiency.
The preparation of thin 233U sources is a critical aspect to this work and is
now being supported by TU Wien within the nuClock collaboration. There
will also be future measurements in which the RBS is performed on one of the
JYFL 233U source strips that were not used in the electron emitter gas cell in
order to confirm the suspected origin of the zinc or other contaminant layers.
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(2)

Figure 5.22. (a) Cross-sectional view of the actinide gas cell CAD model
with the LMU 233U recoil source mounted facing the nozzle. (b) Photograph
of LMU source mounted to the source holder. (¢) Photograph of the LMU
source positioned sideways into the gas cell.

5.6 Source characterization by mass spectra

5.6.1 LMU source in actinide gas cell

To study the ion yield and charge state distribution of ?2°Th ions from the
LMU source, the source was mounted into the actinide gas cell (used in the
filament-based dispenser studies) and ions extracted were detected at the focal
plane of the IGISOL mass separator with a MCP detector. Figure 5.22a shows
a cross-sectional view of the actinide gas cell and the location of the 233U source
facing the exit nozzle, while Fig. 5.22b shows the photograph of the LMU source
in its holder. The second geometry that was studied is shown in Fig. 5.22¢ in
which the source is positioned sideways in order to obtain a smoother gas flow
near the surface of the source. However, we note that the actinide gas cell has
not been designed for optimal gas flow or for the extraction of recoil ions from
a “large area” alpha-recoil source and thus the gas flow near the exit nozzle is
likely to suffer from turbulence. Diffusion losses to the walls of the cell are also
expected to be high.
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Figure 5.23. Initial mass spectrum using the LMU 233U source mounted in
the actinide gas cell facing the exit nozzle.

The mass spectrum recorded with the source directly facing the exit nozzle is
shown in Fig. 5.23, with a clear peak at A/q = 76.4 corresponding to 22Th3".
The count rate at the mass peak was optimized around a rather narrow window
of pressure, nominally 30 mbar. The extracted total ion count rate for 22°Th
was low; only about 30 cps. The low yield was partly a result of the non-optimal
gas flow conditions and also to possible damage of the MCP detector due to
extensive use at IGISOL. Unfortunately there was no way to estimate the
detector efficiency and so only a lower limit of 50 ions per second, about 1%
of the estimated number of recoils exiting the LMU source, were detected.
Since then the detector has been replaced. Interestingly, and supporting the
observations of previous characterizations by L. v. d. Wense [167], which
were made with considerably higher yields, the dominant fraction of 22°Th is
extracted in a triply-charged state. A peak was also detected at A/q = 114.6
corresponding to 229Th?* but with approximately an order of magnitude smaller
intensity. The identification of the triply- and doubly-charged 22°Th ions can be
confirmed by the fact that the mass peaks appear in fractional mass units which
is very rarely seen during IGISOL operation. No other peaks above A/q = 115
were detected, including at the region where singly-charged 22 Th'* would be
expected.
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Figure 5.24. The mass spectra in regions of Th3+, Th?t and Th'*, with
and without the addition of xenon gas. A clear charge state manipulation
from Th3* to Th?T is observed. The absence of a Th '* fraction is notable.

5.6.2 Charge state manipulation

An attempt to manipulate the charge state of 22°Th was performed by bleeding
in a small amount of Xe gas into the gas lines, normally done for mass-calibration
purposes. With an ionization potential (IP) of 12.13 eV [176], Xe atoms may
charge exchange with 222Th37 ions, which release 18.3 eV when recombining
to 229Th2* [177], resulting in Xe™ ions and an electron being transferred to
thorium. In other words 22Th? is being produced via the reaction:

Th*" + Xe — Th*" + Xe™. (5.9)

Figure 5.24 shows the mass spectra with and without xenon in the helium gas
and the clear impact in the count-rate distribution of 22°Th3* and 22°Th?* mass
peaks. We also note the total absence of ion counts other than background in the
229Th'+ region. The most likely reason why the same charge transfer reaction is
not observed between 22Th?* and Xe to form singly-charged thorium ion is due
to the lower IP of 22°Th'* compared to xenon. Interestingly, the latest estimate
places the second ionization potential of thorium, 12.1 eV £ 0.2 €V [178], very
close to the ionization potential of Xe.

The capability of manipulating the charge state of thorium ions may be useful
in the future when deciding on which charge state to perform laser spec-
troscopy. Based on energetics, in addition to xenon, also krypton with an IP of
14.00 €V [179] or argon with an IP of 15.76 eV [180] could be used to reduce the
thorium ion charge state from 3+ to 2+. Such studies are planned as part of a
future measurement campaign in connection to a new gas cell design discussed
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in the following section.

5.6.3 A new dedicated gas cell for 2**U alpha-recoil sources

In order to improve the gas cell extraction efficiency for 22°Th recoils stopped
in the buffer gas, a new gas cell has been designed, optimized for gas flow and
with a geometry such that all of the available 233U sources can be mounted.
Although it has been shown that the current JYFL sources have a poor recoil
efficiency, notably those which have been installed in a previous gas cell which
used an electron-emitter, we present the new gas cell design and in parallel
note that new electroplated 233U sources are currently being developed and
manufactured by TU Wien.

To avoid the complexity of adding dc and rf electrode structures in a larger-
volume gas cell, the first iteration of the design will function with gas flow only.
The challenge in constructing a gas cell for 233U alpha-recoil sources that can
provide a sufficiently high flux of 22°Th ions is the large surface area of the
sources. Because the optimal thickness of the 233U layer cannot be much greater
than the current JYFL sources (~12 nm), the surface area cannot be reduced
without a reduction of the source activity. The necessary large volume of the
gas cell may be detrimental to the extraction efficiency because the combination
of a low buffer gas pressure (to stop the recoils) and long ion extraction times
may lead to significant diffusion losses via the neutralization of ions by collision
with the gas cell walls. An increased extraction time can also result in enhanced
molecular formation if the gas purity is not well controlled.

In practice, the parameters that have defined the shape and size of the gas
cell are the size and surface area of the current JYFL sources, the contoured
shape to produce a smooth flow of buffer gas and the physical size of the
vacuum chamber in which the gas cell is mounted. A cross-sectional view of the
CAD model showing the new design is illustrated in Fig. 5.25, and in Fig. 5.26
the constructed gas cell is shown on the left with the 2*3U source holder that
connects to the nozzle funnel. A smooth gas flow is produced by the funnel-like
structures at both ends of the gas cell. As the resulting gas cell volume was
rather large, slightly over 600 cm3, the evacuation of recoil ions was made faster
by having an exit hole of 2.5 mm in diameter. Compared to normal exit hole
diameters at IGISOL, approximately 1 mm, the exit hole is considerably larger
resulting about 5 times larger volumetric flow. However, the gas load for the
vacuum pumps is not above nominal due to the low operational gas pressure.

The helium pressure required to stop the low-energy 22°Th recoil ions can be
simulated using the TRIM processor of the SRIM software package [169]. This
was used to calculate the stopping of 1- to 80 keV 22Th ions in helium at
four different pressures. The calculations of the projected ranges are shown
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Figure 5.25. A cross-sectional view of the CAD model of the new gas cell
design for the 233U sources.

Figure 5.26. Photograph of the new gas cell. The 233U source holder is
shown on the right and is attached to the nozzle cone. The bracket holding
the gas cell is mounted on the baseplate of the IGISOL vacuum chamber.
Helium gas is fed in through the flexible bellow on the left and is evacuated
through the nozzle located on the right.
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Figure 5.27. The projected ranges of 22Th ions from 1 keV to 80 keV in
helium gas. The range is given for four different pressures.

in Fig. 5.27 from which a pressure of only ~20 mbar is needed to stop the
80 keV recoil in 20 mm. The stopping of the recoils in 20 mbar helium was also
simulated by TRIM using the energy recoil distribution (Fig. 5.9) obtained from
the simulation of a pure 233U source with a thickness of about 75 at./cm?. In
Fig. 5.28, the number of stopped 22°Th ions is given per 0.5 mm as a function
of distance from the source surface. The total number of simulated ions was
30000. The ions can be seen to be stopping rather evenly between 3 mm and 20
mm with some ions extending to 25 mm, which is approximately the distance
(27.5 mm) from the source strip to the center line of the new gas cell.

A series of computational fluid dynamics (cfd) simulations were also performed
to study the gas flow in the cell. The cfd module of the COMSOL Multiphysics
v5.0 [181] simulation software package was used, into which a simplified 3D CAD
model of the gas cell was imported and then simulated using the k-w turbulent
flow model [182, 183]. Even though the Reynolds numbers at the source position
are below 50 in the typical operational conditions for the helium buffer gas
(therefore the flow should be laminar), the turbulent model was used to simulate
the flow in the inlet region, where there is a sharp 90° bend in which the Reynolds
number can be over 500. The initial conditions included the gas cell inlet flow
rate, calculated using Eq. (2.15), and a pressure on the outlet boundary close
to the nozzle. The fluid material was defined as room temperature helium gas.
In order to keep the flow below a Mach number M = 0.3, the very tip of the
gas cell was not simulated.

Figure 5.29 shows the result of the simulation as streamlines plotted from the
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Figure 5.28. The estimated recoil stopping range distribution of 22°Th ions
in 20 mbar helium gas assuming a recoil energy distribution according to
Fig. 5.9.
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Figure 5.29. Streamlines of the gas flow in the simulated 233U alpha-recoil
gas cell. The streamlines are initiated at the nozzle and are calculated back-
wards until the gas inlet.

gas flow velocity field. The streamlines start from the outlet boundary and are
then calculated backwards until they reach the gas inlet that is at a 90° angle
to the center axis of the gas cell. As can be seen, the gas flow smoothly covers
the whole cell without any dead volumes and without noticeable turbulence
until the sharp corner at the gas inlet. The funnels at both ends were critical in
order to get the flow even throughout the cell. The largest deviations observed
in the streamlines are those closest to the walls.

The simulation results were also used to study the evacuation time from different
points within the gas cell, obtained by a line integral in the scalar field of the
total gas velocity along the helium flow streamlines. The evacuation time from
position 7 to the exit hole position 7, = (0,0,0) along the streamline L is
calculated as,
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Figure 5.30. Gas cell evacuation times [ms| shown as contour lines within a
cross-sectional slice at the location of the first 233U sources.

L 1 S,
te(ra)—/L@ds_/a v(F(t))|T (t)|dt. (5.10)

Using the data from the Comsol simulation, a numerical integration according to
this equation was performed along streamlines starting ~23 cm upstream from
the nozzle, where the furthest 233U source strips are positioned. In Fig. 5.30
these calculated evacuation times are indicated as a contour map within a
cross-sectional slice of the gas cell at 23 cm, with the circle representing the
circumference of the gas cell. The fastest evacuation time of 130 ms (not
indicated) is obtained from the central axis. As one starts the simulation at
larger diameters, in other words closer to the gas cell walls, the evacuation time
increases. The asymmetry of the flow pattern is due to the structure that is
holding the 223U sources in place.

The evacuation time as a function of distance from the exit hole is plotted in
Fig. 5.31 for four different radial positions (5 mm, 12 mm, 19 mm and 26 mm)
from the source surface to the central axis. The location of the closest 233U
source to the exit nozzle as well as the furthest source is represented by the
two vertical dashed black lines. A clear linear relationship between the distance
from the exit hole and the evacuation time can be seen until the nozzle funnel.
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Figure 5.31. The evacuation time as a function of distance from the gas cell
nozzle for four radial positions (solid lines). The estimated survival probabil-
ity of ions against diffusion is indicated as the dashed lines for the four radial
positions. The source location is shown between the vertical dashed lines.

As expected, the faster evacuation time is evidently nearer the central axis.

Because diffusion is expected to be a cause of significant loss to the stopped ions
in the gas cell, the magnitude of this loss mechanism has been estimated. When
a 229Th ion is stopped and thermalized in helium, the ion will be transported
by the gas flow until it reaches the exit hole or is lost to neutralization due
to collision with the gas cell walls. This assumption is valid if the gas purity
is sufficiently high such that no losses to molecular formation happens. The
probability of the ion hitting the wall can be estimated from the time-dependent
distribution, Eq. (2.24), that was solved from the diffusion equation. This
distribution can be used to estimate how far the ions drift transversely due to
diffusion as they travel with the gas flow. By asserting that the ion is lost if it
drifts further than a cylinder with the same radius as the inner radius of the gas
cell from an initial position on the central axis, the following equation for the
survival probability Ps(t, 7)) as a function of evacuation time ¢ and stopping
position 7y can be deduced:

Ny

Ps(t,70) 1 / / /Cac y)N (7,70, t)dzdydz, (5.11)
—00 —00 —O0



5.7. On-line production for 2?°Th 143

where N (7,7),t) is the ion distribution according to Eq. (2.24) and C(z,y)
describes the cylinder,

0 if /a2 + 92 ngc’

where 74 is the gas cell inner radius.

1 if /22 -2 .
C(a:,y):{ BVa Yy <7 (5.12)

In order to evaluate the distribution N (7,79, t), the diffusion coeflicient between
the 229Th ion and helium atom has been estimated using Eq. (2.26), at room
temperature and with a pressure of 20 mbar using non-bonded helium and
uranium with van der Waals radii of 140 pm and 186 pm, respectively [184]. To
our knowledge, the equivalent radii for Th appears not to have been measured
and therefore U is taken for this evaluation. With these input parameters,
Eq. (5.11) was then numerically integrated. The calculated survival probabilities
are plotted as a function of distance from the gas exit hole for same four different
radial positions from the source surface, indicated with dashed lines in Fig. 5.31.
As expected, the ion survival is largest at the radial distance d = 26 mm, almost
on the central axis of the gas cell, and is lowest near the source surface at d =5
mm. Also, the survival from the back of the gas cell in all of the calculated radial
distances is smaller than near the front of the cell as the ions have more time
to expand and therefore have a larger probability of hitting the cell wall. By
integrating the survival probability between the vertical dashed lines marking
the start and end of the source strips, at 50 mm and 231 mm, a mean survival
probability for each radial stopping distance can be deduced. The percentages
are marked next to the lines.

If a good recoil efficiency (20%) for the 233U strips is assumed and the maximum
amount of source material (2.4 MBq) available is used, after diffusion losses,
the isomer intensity can be estimated to be around 5000 isomers/sec. If other
loss mechanism such the molecular formation and transportation losses through
the IGISOL mass separator can be minimized, a collinear laser spectroscopy
measurement should be readily possible even if the 22°Th ion beam is distributed
over several charge states. Additionally the charge state can be manipulated as
shown in the previous section.

5.7 On-line production for ?>Th

The on-line production of ?2°Th via light-ion induced fusion-evaporation re-
actions is attractive due to the favourable production of low-spin states in
the final nuclei. This may result in a greater production of the isomeric state
compared with the 2% decay branch in the alpha decay of 233U. The reaction
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mechanism is in regular use at the IGISOL facility for the production and study
of neutron-deficient isotopes, using a so-called light-ion ion guide, which was
traditionally designed for use with H and He primary beams. In this type of gas
cell, a stable (thin) target is mounted directly in the stopping volume since the
recoil energy of the reaction products is small. Due to the small stopping volume
(~3 cm?) the delay time can be as short as one millisecond, highlighted by a
measurement of the 64 ps 2°4TI isomer, to our knowledge the shortest half-life
ever measured in on-line mass separation with this gas cell [3]. The overall
efficiency of the IGISOL technique for some heavier elements in which the recoil
ranges are well within the stopping distance, i.e. the diameter of the target
chamber, was measured over 30 years ago with several cases reaching almost
10% [2]. More recently, proton-induced fusion-evaporation reactions were used
to populate isotopes several neutrons from stability using a combination of high
primary beam energies and intensities [185]. For the production of 22Th* in
the singly-charged state, the small evacuation time of the gas cell is important
as the upper limit of the lifetime of the isomeric state was recently suggested to
be 10 ms [148].

The first on-line experiment at the IGISOL facility to determine the production
rate of 22Th via the fusion-evaporation reaction 2*2Th(p, p3n)?**Th was
performed at the end of 2017 using 50 MeV protons on a 232Th target installed
in the light-ion ion guide. A pressure of approximately 100 mbar helium
buffer gas was used to stop the reaction products, which were subsequently
measured by MCP and silicon detectors at the focal plane of the IGISOL
separator. The detection and verification of 22Th was realized to be difficult
prior to the experiment as the long half-life prevents the direct detection of the
alpha radiation. Measuring the ion count rate of the mass-separated A/q=229
ion beam can only provide an upper limit for the production rate because
it includes all other produced isotopes within the same isobar and possible
molecular contaminants at that mass. Even for the JYFL Penning trap acting
as a high resolving mass purifier [186, 187], isotopes with masses on the A = 229
isobaric chain are too close in frequency in order to cleanly separate them. For
example, the frequency difference between 22°Th and 22Pa is only about 0.6 Hz
(311 keV).

5.7.1 Detection of alpha-active radioisotopes

As the direct detection of 22°Th is not possible without a laser spectroscopy
measurement, the 22Th production had to be indirectly inferred via the decay
radiation of other fusion-evaporation reaction products and scaling by the ratio
of cross sections. In order to optimize the mass separator and settings of the gas
cell and extraction optics, it is preferable to use activity with a short half-life
(in an optimal scenario the lifetime of such activity would be below 1 minute).



5.7. On-line production for 2?°Th 145

T T T T T T T
m/z 227
02} A .
227Pa 211Bi

> 0.15 F 4
[}
4
o™
o)
8,

w 0.1F B
o)
o

0.05 + _

0 |

5000 5500 6000 6500 7000 7500 8000 8500 9000

Energy [keV]

Figure 5.32. The alpha spectrum recorded from a Si detector onto which
the mass-separated ion beam (A/q=227) was implanted. The alpha lines
were identified to belong to isotopes in the decay chain of 227Pa (shown in
Fig. 5.33). The peak width (Full Width at Half Maximum) is ~40 keV.

Within the mass region, isotopes of 220Ac and 23! Ac have half-lives of 122 s and
7.5 m [188], respectively, however no beta activity was detected at the separator
setting for A/q = 230 and 231 despite reasonable cross section estimates (using
the Talys v1.6 simulation software [189]) of 9 mb and 5 mb, respectively. No
experimental cross sections for these isotopes are known to the author. Due to
the lack of short-lived isotopes, the ion beam tuning had to be done with the
sputtered target ions of 232Th.

Several alpha-active isotopes were detected at a number of isobars with the
silicon charge-particle detector onto which the mass-separated ion beam was
directly implanted. At A/q=227, the alpha radiation from isotopes in the decay
chain of 2*"Pa, including **"Pa (t1/> = 38.3 min) [190], was clearly observed.
The peak energies in the obtained alpha spectrum, shown in Fig. 5.32, were used
to confirm the identification conclusively. The short-lived isotopes of the 227Pa
decay chain with the relevant reactions are shown in Fig. 5.33.

At A/q=223, a similar alpha spectrum was recorded, shown in Fig. 5.34. We
note that this spectrum was collected before the A/¢q=227 implantation and
therefore there has been no buildup of 22”Pa on the detector surface which alpha
decays into 223Ac. The main alpha lines of the 222Ac and 2!'Bi are not resolved
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Figure 5.33. The short lived isotopes in the decay chain of 22’Pa along
with alpha lines for selected isotopes. The reactions producing the possible
observed product isotopes are also shown. Data from reference [190] and the
National Nuclear Data Center Chart of Nuclides [188].

from each other due to limited detector resolution and have both accumulated
on the ~ 6640 keV peak. By integrating the counts in the 6278 keV 2'!'Bi alpha
line, we can estimate that about 23% of the area of the ~ 6640 keV peak belongs
to 211 Bi.

The production of 223Ac can be either due to the direct fusion-evaporation
reaction (p,2p8n) and/or as a recoil from the alpha-decay of 227Pa if this isotope
builds up in the 232Th target. According to a Talys simulation of the cross
sections, the production of 223Ac (22 mb) should be comparable to that of 22"Pa
(16 mb). Again, experimental cross section data was not found for ??*Ac. A
future experiment would be required whereby the target would be removed from
the gas cell and analyzed in the low-background counting station. Finally, at
A/q=225 and 224, no ??5Pa, 2?°Th or 2?4Th was observed.

Further alpha spectra recorded at other A/q values are provided in the appendix
A.

5.7.2 Production cross sections

To our knowledge, no experimental cross section is known for the reaction
232Th(p, p3n)?2*Th and therefore the production cross sections for the isotopes
produced in proton-induced fusion-evaporation reactions with 232Th were esti-
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Figure 5.34. The alpha spectrum recorded following implantation of
A/q=223. The alpha lines were identified to belong to isotopes in the decay
chain of ?*3Ac.
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Figure 5.36. Cross sections of selected isotopes calculated with the Talys
simulation software and plotted as a function of proton beam energy.

mated using the Talys software [189]. The cross sections from the simulation at
the experimental proton beam energy of 50 MeV are illustrated in Fig. 5.35,
which reproduces the relevant part of the nuclear chart. Figure 5.36 further
plots the simulated cross sections of few relevant isotopes as a function of energy.

Absolute experimental cross sections for 232Th(p, 6n)??"Pa at 50 MeV has been
measured by H. C. Suk et al. [191], M. Lefort et al. [192] and W.W. Meinke et
al. [193]. There is, however, considerable disagreement in the experimental data:
W. W. Meinke has measured a cross section of 2 mb whereas H. C. Suk et al.
and M. Lefort report the cross section to be 12 mb and 30 mb, respectively. Also
the shape of the cross section curve as a function of energy varied significant
from author to author. Talys estimates the 227Pa cross section to be 15 mb at
50 MeV.

Otherwise, when checking against available cross-section data from the Exfor
experimental nuclear reaction database [194], Talys simulations appear to
give correct cross sections within factor of ~2 for 2307232py 228,230.231T
and 227228 Ac. For some isotopes such as 226:229Pa and 226Th, there appears
to be a gross over-estimation, with Talys suggesting over an order of magnitude
higher cross section than that reported in the experimental data.

5.7.3 Estimation of ***Th yield

As experimental cross sections are available for 22"Pa and because it was clearly
detected during the on-line experiment, the yield estimation of 22Th was
determined via the yield of 22”Pa. To obtain the yield of 22”Pa, an accumulation
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implantation of the A/¢q=227 ion beam onto the Si detector. The dashed line
shows the time when the beam was stopped.

profile was measured by implanting the A/¢=227 ion beam directly onto the
silicon detector. By integrating the alpha peak areas from spectra taken
sequentially during and after the implantation, and then by calculating the
number of isotopes in the silicon detector using the alpha branching ratios and
assuming a 50% detection efficiency, the accumulation curves in Fig. 5.37 were
attained. The implantation was started at time t=0 minutes and stopped at
the vertical black dashed line, after which the spectra are measured for several
half-lifes of 22"Pa, until the majority of the 22”Pa has decayed.

According to the accumulation profile, the number of 22"Pa during an implanta-
tion time of 1260 s was ~ 61 - 10% ions, in other words 49 ions/s at a primary
beam intensity of 1 pA. By scaling the ?2"Pa yield with the cross section ratio
between 22°Th and 227Pa (using Talys, a cross section for 22°Th of 131 mb at 50
MeV is used), a yield of 200 ions/s/ptA to 3000 ions/s/unA is obtained for 229Th
depending on which experimental 22”Pa cross section is used.

An upper limit for the yield of 22Th was also estimated from the MCP count
rate at A/q=229. With the installation of new set of microchannel plates prior
to this experiment, the ion detection efficiency should be close to the 60% value
estimated from the active area. With this detection efficiency a yield of 500
ions/s/pA is obtained for the mass-separated ion beam at A/¢q=229. This
value not only includes the 22°Th ions, but all other fusion-evaporation reaction
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Figure 5.38. Photographs of the 232Th target during the experiment. A

clear progressive degradation of the target can be seen.

products at A/q=229 as well as possible contaminant molecules.

5.7.4 Target damage and optimal target thickness

During the on-line experiment, progressively worsening yields were observed.
In an earlier on-line test in which no radioactive beams via fusion-evaporation
were detected, it was realized that the 232Th targets are sensitive and may not
tolerate the primary beam for extended periods of time. In the earlier test, a
target with a thickness of 1.7 mg/cm? was completely destroyed. Therefore
in this experiment a thicker target of 2.6 mg/cm? was used to obtain better
durability. However, as the target was visually checked for any damage during
the experiment, a clear degradation was observed as shown in Fig. 5.38.

The reason for reducing the thickness of the thorium target is to try to reduce
the effect of the competing strong fission channel which at a proton bombarding
energy of 50 MeV has a cross section exceeding 1 b [195]. The fission fragments
are expected to create significant ionization of the helium gas and therefore
unwanted neutralization of the products may occur due to the presence of
free electrons. Due to the energy of the fragments, they can exit the target
from much deeper than fusion-evaporation recoils and thus an optimal target
thickness would be one from which the fusion-evaporation products may still
efficiently recoil.

In order to obtain a quantitative number for the effective layer thickness for
fusion-evaporation products, the energy differential cross section as a function
of the recoil energy for 22Th and 227Pa was simulated with the Talys software
along with a SRIM calculation of the stopping range of 22°Th and ?27Pa ions
in metallic 222Th. The differential cross sections and the ranges are shown in
Fig. 5.39. The range is plotted for 229Th ions, however, it can also be taken as
the range for 22"Pa as there was little difference between the two.
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By comparing the two plots in Fig. 5.39, a thickness of about 0.6 £+ 0.3 pwm
(0.7 + 0.4 mg/cm?) of pure metallic thorium can be deduced to provide approx-
imately 90% of all 22Th fusion-evaporation recoils. Therefore a pure thorium
target of thickness 1 mg/cm? should be the most optimum both from the
viewpoint of requiring minimal fission fragment yield with almost maximum
fusion-evaporation recoil rate. A noteworthy feature in the differential cross
sections is the higher maximum position for 22”Pa than that of 22°Th. This
might indicate a slightly better recoil efficiency for 227Pa.

The targets that were used in the on-line experiments were manufactured by
rolling metallic thorium foils until the preferred thickness was attained. The
limit for rolling was about 1.5 mg/cm? after which the thorium foil started to
break and became too fragile to handle. The thicker 2.6 mg/cm? target was
considerably stronger but it could not still withstand the primary beam and, as
shown above, a clear target degradation was observed. In typical proton-induced
fusion-evaporation reactions at IGISOL, primary beam intensities of 10 uA are
regularly used in order to maximize the yield of secondary reaction products.
In order to continue the on-line studies of the production of 22°Th, new target
manufacturing concepts are currently being considered. Solutions could included
sputtering thorium on a backing material such as a thin nickel foil or applying
a novel Drop-on-Demand inkjet printing technique [196] to produce a thin
thorium target. We note that if this was successful, other actinide materials
could be prepared in a similar manner, for example utilizing thin 233U foils on
a backing material for on-line purposes.

5.8 Summary and outlook

In this chapter various aspects related to the creation of thorium ion beams via
laser resonance ionization of filament-based dispensers, 233U alpha-recoil sources
and in on-line fusion-evaporation reactions have been discussed. Although
the goal has been the specific challenge of creating a ?2°Th ion beam and its
uniquely low-lying isomer for future study with high-resolution collinear laser
spectroscopy at IGISOL, many of the results presented here are highly relevant
to the current focus of research in heavy elements at various gas-cell facilities.

The complicated atomic structure of actinide elements has created a rich set
of phenomena as seen through the creation of a laser ion source for thorium
from filament dispensers. Even though high flux thorium and plutonium ion
beams have been created by in-gas-cell resonance laser ionization, the excitation
schemes and broad structures seen in the wavelength spectra of both elements
will be further investigated in future studies.

The 233U alpha-recoil source and the testing of the new gas cell will continue with
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the future acquisition of new sources from TU Vienna. Careful manufacturing
in both how the 233U is applied to the substrate and the smoothness of the
substrate itself is required in order to ensure the highest recoil efficiency. With
the new sources and continued gas-cell development, a high yield off-line ion
source for 2299™Th is planned to be realized, with the possibility of manipulating
the charge states for further spectroscopy. The first test source is currently
being manufactured and the recoil efficiency is to be measured in the near
future.

A first on-line experiment to study the creation of singly-charged 22°Th* ion
beams through fusion-evaporation by bombarding a 232Th target with high-
energy protons has been realized. This experiment highlighted, through the
measurement of alpha-decay lines of the fusion-evaporation products, that sev-
eral heavy actinide isotopes can be successfully produced and extracted as ion
beams from the IGISOL gas cell, even in the presence of the plasma created
by the competing fission channel. This has not only given confidence to the
realization of a high on-line yield of 22 Th, but also promises access to elements
and radioisotopes previously not studied using optical techniques, where funda-
mental ground state nuclear structure including spins, electromagnetic moments
and changes in mean-square charge radii may be accessed for the first time.
This would complement efforts underway at other facilities utilizing heavy-ion
fusion-evaporation reactions and in-flight separators. The development of new,
more durable, targets also from long-lived radioisotopes in the actinide region,
could expand the accessible isotopes for spectroscopic studies. Furthermore,
the chemical non-selectively of the IGISOL method can be a great advantage
if the reaction cross sections, especially relative changes in them, are to be
experimentally determined.
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Chapter 6

Summary and outlook

The work in this thesis commenced during the construction phase of the new
IGISOL-4 radioactive ion beam facility. One of the most critical aspects which,
to date, continues to influence all experiments, is the careful preparation placed
on attaining a high purity of the buffer gas. The gas purification system of
the IGISOL facility, constructed by the author, is presented along with several
aspects of gas-phase chemistry which has resulted in fingerprints to indicate
that a high purity has been reached. Charge exchange processes, chemical
reactions within the gas cell and formation of contaminant ion beams are all
discussed. To further reduce the contaminant beams, the construction of a
cryocooler connected to a gas cell will be finalized in the near future. This will
be characterized using a new off-line ion guide quadrupole mass spectrometer
station with the aim of performing studies on the elemental dependence of
extraction and impurity behavior as a function of temperature.

The improvements in gas purity have had an immediate impact on the availability
of atomic beams, in particular those associated with highly reactive elements
such as plutonium and thorium which have been studied in detail during this
work. The creation of pure ion beams of several plutonium isotopes has been
demonstrated by combining atom evaporation from filament dispensers and laser
resonance ionization inside a gas cell. During the development of the plutonium
laser ion source, a collisional quenching phenomenon was discovered to have
a significant effect on the ionization process. The resonance excitation, which
had been efficiently realized in earlier hot-cavity work performed under vacuum,
showed little response in the gaseous environment of the gas cell. This led to a
fruitful collaboration with Nagoya University, Japan, and joint investigations
of the plutonium ionization scheme with a frequency-doubled grating-based
Ti:sapphire laser. This resulted in a dramatically expanded set of atomic levels
and a clearer understanding of the behavior of the ionization scheme, which
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was lacking prior to this work.

An interesting approach to alleviate the reduced efficiency due to the collisional
phenomena would be to perform laser ionization in the supersonic gas jet formed
downstream from the gas cell. A reduction in both density and temperature
would not only result in fewer collisional losses, but directly translates into a
reduction in line broadening of the atomic transitions. In recent years, efforts
have begun to exploit the gas jet for high-resolution resonance ionization spec-
troscopy [197], culminating in the pioneering on-line measurement of actinium
isotopes around the N=126 shell closure [30]. Although the broadening in
the jet is substantially reduced in comparison to the gas cell conditions, the
achievable linewidth is limited by the residual Doppler effect. It is noteworthy
that this could be reduced even further by the cryogenic approach as mentioned
above. By reducing the gas temperature inside the gas cell, a reduction of the
temperature in the supersonic jet can be expected.

Thorium, of great interest due to its low-lying 22°Th nuclear isomeric state, was
also a focus of this thesis. Similar to plutonium, the filament-based dispenser
for thorium was successful in the creation of a thorium ion beam, however, the
required filament temperature resulted in significant molecular contaminant
beams. This prompted the study of several different types of filament dispenser
and an investigation into beam purification by accelerating the ions through
the high density gas-jet region in order to use collisional-induced dissociation.
Although the ion beam was cleaned from molecular contaminants, it has been
shown that the collisions do not have sufficient energy to break molecular bonds
and a so-called size-exclusion ion beam extraction method of purification has
been suggested to explain the results.

In addition to creating a laser ion source from filament dispensers, 233U alpha-
recoil sources have been characterized for the production of 22Th beams. By
mounting such sources into the volume of a new design of gas cell, intense
beams of 22°Th3* are expected to be realized given sufficient source material.
By experimenting with a 233U source in a gas cell, charge state manipulation
from 22°Th3* to 22Th2* has been demonstrated following the addition of
a trace amount of Xe which is added to the helium buffer gas. The existing
in-house 233U sources were, however, shown through implantation measurements
to have a surprisingly low recoil efficiency and a series of Rutherford Backscat-
tering measurements at a Pelletron accelerator validated the assumption of
contaminants in the sources leading to a likely explanation of the poor efficiency.
In the mean time, new 233U alpha-recoil sources have been requested and are
being developed by TU Vienna.

Finally, on-line production of 22°Th was experimentally investigated in fusion-
evaporation reactions using 23?Th targets. The on-line method is planned to
be used in the investigation of the 22 Th'* isomeric state in order to resolve
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outstanding questions regarding the nature of the isomer in this singly-charged
state. In these experiments the detection of several alpha-active isotopes,
namely 223Ac and 227Pa, allowed for an estimation of the 22Th production
rate of up to a few thousand per second. During the experiment significant
target damage was observed as result of the requirement of thin targets to
reduce the competing fission channel. This has prompted an investigation
into new methods of target production, for example, a novel drop-on-demand
inkjet printing technique [196] to produce thin but durable thorium targets.
Expanding the target manufacturing to long-lived actinide isotopes in general
could lead to the production and high-resolution optical spectroscopy of several
new isotopes and measurement of their nuclear properties.
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Appendix A

On-line alpha spectra

This appendix presents the alpha spectra taken at other isobars in addition
to those shown in the on-line production for 22°Th, section 5.7 in chapter 5.
These are the results of implantation of mass-separated ion beams created
in 232Th(p, x)Y fusion-evaporation reactions with protons at a beam energy of
50 MeV.
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Figure A.1. The alpha spectrum recorded from a Si detector following
implantation of A/gq=222 beam. Beams of A=222 isotopes are detected as
labeled in black in the figure, but with much smaller intensity than 223Ac
or 227Pa. The ??)Ac and its daughters are due to beam leakage from the
neighboring isobar.
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Figure A.2. The alpha spectrum recorded from a Si detector following im-
plantation of A/q=225 beam. No A=225 isotopes are observed. Several con-
taminant isotopes from neighboring masses are seen with low intensity.
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