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Abstract
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Radioactive negative ions: Production and laser spectroscopy at ISOLDE

by David LEIMBACH

Negative ions are fragile quantum systems in which electron correlation ef-
fects play a significant role in the binding of the extra electron to the atom
or molecule. Hence, negative ions are of interest to gain insight into funda-
mental atomic properties by probing theory beyond the independent particle
model. However, due to the shallow binding potential, the binding energy
of the extra electron, referred to as electron affinity (EA) is typically the only
atomic parameter which can be determined with high precision.

This thesis concerns production and spectroscopy of radioactive nega-
tive ions at CERN-ISOLDE. A key result in the study of radioactive negative
ions is presented with the determination of the electron affinity of astatine
by means of collinear laser photodetachment spectroscopy. This experiment
was performed utilising the Gothenburg ANion Detector for Affinity mea-
surements by Laser PHotodetachment (GANDALPH), which underwent a
detector upgrade to allow for operation in the UV spectrum using a novel,
tully transparent graphene target. The EA of astatine was determined to
be 2.41578(7) eV, which not only serves as a milestone towards the inves-
tigation of other heavy and eventually super-heavy negative ions, but also
facilitates the use of astatine in targeted radionuclide therapy of cancer by
revealing some of its fundamental chemical behaviour.

Furthermore, work towards the improvement of the sensitivity of laser

photodetachment threshold spectroscopy was performed by utilising a Multi
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viii

Reflection Time of Flight (MR-ToF) device. In respect to the production of ra-
dioactive negative ions, efforts have been made to increase the production
efficiency and broaden the availability of negative ions at ISOLDE. As an al-
ternative low work function surface ioniser material, SrVO; was produced
and characterised and alternatively the use of caesiated metal surfaces was
explored. Furthermore, sputter type negative ion production was investi-
gated utilising a FEBIAD type ion source as well as the modified KENIS ion

source.
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Chapter 1

Introduction

In 1897, Sir Joseph John Thomson discovered that cathode rays consist of
negatively charged particles, orders of magnitude smaller than the size of
an atom [1], later named electrons. Thomson continued his investigations of
charged particles in gases (for which he was awarded with the Nobel prize
in physics 1906 [2]), utilising and improving the technique of mass spectrom-
etry by extending previous work by Goldstein [3] and Wien [4]. This work
lead Thomson to the first measurement on different stable isotopes of one
element using neon ions in 1912 [5] as well as to the observation of nega-
tively charged atoms and molecules in gas-discharges in 1913 [6], the first
experiment ever to describe negative ions in the gas-phase.

Further experimental and theoretical findings by Planck [7], Einstein [8],
Bohr [9] and Heisenberg [10] in the early twentieth century lead to the formu-
lation of quantum mechanics, which describes the properties and behaviour
of all particles with size in the order of molecules, atoms and below. This
representation of the microscopic world resulted not only in a more funda-
mental understanding of those systems as well as related phenomena like
radioactivity or optical emission, but gave rise to modern fields of applica-
tions and operational areas like the domain of photonics and the laser, the
wide range of microelectronics and computers, the entire field using nuclear
energy as well as solar power and finally day-to-day utilisation in mobile
communication and the global positioning system (GPS). The mathematical
formalism to describe quantum systems was first developed by Schrédinger

[11] for non-relativistic and Dirac [12] for relativistic cases.



2 Chapter 1. Introduction

Due to their complexity, most quantum systems except e.g. the hydro-
gen or hydrogen-like atoms, cannot be quantitatively described by analyt-
ical formulae, but require approximations and simplifications. One of the
most common theoretical approaches for the description of electromagnetic
interactions in atomic systems is the mean-field approximation, where e.g.
electromagnetic forces in between electrons are replaced by a mean field,
essentially treating the electrons as independent particles within the strong
Coulomb field of the nucleus [13].

For negative ions however, this approximation gives no meaningful re-
sults: Since the Coulomb potential of the nucleus is almost entirely screened,
the binding of the additional electron in a negative ion is primarily due to
correlations between the electrons, resulting only in a shallow dipole bind-
ing potential. Consequently, negative ions are sensitive probes for electron
correlation theories that go beyond the mean field theory or independent par-
ticle approximation [14]. Due to the shallow binding potential, the binding
energy of the additional electron, referred to as electron affinity (EA), is about
an order of magnitude smaller than the ionisation potential (IP), the binding
energy of the outermost valence electron in a neutral atom. Consequently,
there typically exist no bound excited states with opposite parity in negative
ions with noticeable exceptions being lanthanum [15], cerium[16], osmium
[17] and thorium [18].

Experimental investigations to determine the EA with high precision are
usually performed utilising laser photodetachment threshold spectroscopy
[19, 14]. Here, a laser beam is overlapped with a negative ion beam, which
can absorb a photon with sufficient energy to detach the electron, result-
ing in a free electron and a neutral atom. By measuring the cross section
of photodetachment as a function of the photon energy, the electron affinity
can be determined. First photodetachment experiments were performed by
Branscomb in the 1950s on oxygen and hydrogen [20, 21], long after Massey
had published the first compendium on negative ions in 1938 [22]. Since
then, the EAs of most of the stable elements were determined and are avail-

able in publications such as those from Hotop et al. [23, 24] and Andersen et
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al. [25]. Most recently, the EAs of thorium [18] and the lanthanides terbium,
praseodymium and neodymium [26] were determined experimentally. An
alternative method for high precision measurements of the EA is the use of
the photodetachment microscope developed by Blondel [27, 28], where the
interference of the outgoing electron wave in a static electric field is mea-
sured.

In addition to photodetachment studies determining the EA of an ele-
ment, individual detachment channels can be investigated using a resonance
laser ionisation scheme for detection [29], whereas measurements of angu-
lar distributions of the outgoing electron can give insight into the electronic
states [30]. Recent developments include velocity map imaging and use the
Abel inversion to recreate the three dimensional distribution of photoelec-
trons [31]. Furthermore, in storage rings such as DESIREE in Stockholm,
Sweden [32], lifetime studies of meta-stable and doubly excited states of neg-
ative ions can be performed [33, 34]. Comprehensive overviews of the infor-
mation on negative ions can be found in the reviews of Andersen [14] and
Pegg [19].

Besides probing fundamental theory, negative ions are also of interest in
a broad range of other research fields and applications: Due to the occurence
of excited levels connected by strong allowed transitions to the grund state
of the negative ion, lanthanum is a very promising candidate for laser cool-
ing, which would potentially be of interest for sympathetic cooling of antihy-
drogen [35]. Furthermore, the PUMA experiment proposed at CERN [36] is
aiming towards using exotic positive and negative ions to study antimatter
[37].

In astrophysics, negative hydrogen ions are suggested to play a role in
the creation of the hydrogen molecule in the early universe [38, 39, 40] and
dominate the visible opacity in stars with photospheric temperatures smaller
than 7000K, like the sun [40]. In addition, C;H™ anions and other hydro-
carbons and carbon nitrides have been found in interstellar clouds [41]. In
earth’s atmosphere, photodetachment of anions plays a part as an electron

donor in the lowest layer of the ionosphere [42]. TOKAMAK-type fusion
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reactors such as the International Thermonuclear Expermimental Reactor
(ITER) [43] in France, utilise negative ions to heat the fusion plasma confined
in a toroidal magnetic field: Since the injection of charged particles would
change the plasma conditions, negative ion beams of up to 40 A are acceler-
ated towards the deuterium-tritium plasma and neutralised with a stripper
foil or photodetached before entering the plasma chamber [44, 45].

In accelerator mass spectrometry, negative ions are used to suppress con-
taminants from the ion beam. One of the most utilised examples of this is
the creation of negative *C beams for accurate carbon dating via the 14C-
method [46, 47, 48, 49] while suppressing nitrogen contaminants, which does
not form a negative ion.

Only in recent years, studies of radioactive negative ions were performed,
starting with the measurement of the EA of a radioactive isotope of iodine
[50] and astatine [51], a measurement performed within the framework of
this thesis.

In order to study these rare elements and specifically short-lived isotopes,
they have to be produced at on-line facilities where they can immediately be
guided to an experimental station as radioactive ion beams (RIBs) to investi-
gate their nuclear and atomic properties by laser or decay spectroscopy [52,
53, 54] as well as high precision mass measurements [55]. One of the world-
wide leading facilities is the Isotope Separator OnLine DEvice (ISOLDE) at
CERN, Geneva [56]. Here, a proton beam with an energy of 1.4 GeV is im-
pinged on a thick target to induce nuclear reactions and in this way pro-
duce a broad range of elements and isotopes. These species are subsequently
ionised in a dedicated ion source, extracted and mass separated for delivery
to the subsequent experiments. Most commonly, positive ions are created at
ISOLDE, but negative ions can be produced as well [57].

Although negative ions are more fragile than their positive counterparts,
they can be created in several ways: Cesium sputter sources are commonly
used to produce up to microamperes of ion beam current of most stable ele-
ments, as summarised by Middleton [58]. Other methods include the use of a

plasma ion source or a charge exchange cell [59, 60]. Especially for elements
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with high electron affinity like the halogens, surface ion sources utilising a
low work function ioniser are feasible [59, 61]. For radioactive ion beam pro-
duction, efficiency, emittance and release time of the ion source have to be
considered specifically, since there is typically only a microscopic amount of
the element available, which furthermore decays rapidly. Additionally, the
robustness of the source is crucial, since it has to withstand the high temper-
atures, a variety of chemically reactive elements and the radioactive environ-
ment it is used in. Currently, the negative ion source at ISOLDE, referred
to as MK4, is utilising a LaBg surface ioniser, which can efficiently produce
high affinity elements such as the halogens [62]. However, the LaBg surface is
prone to poisoning by e.g. carbon compounds [63] and starts to decompose
at temperatures higher than 1500 °C [59]. Therefore, to support the pointed
out increasing demand on investigations on negative exotic ions, there is a
need for a robust negative ion source with high efficiency.

This thesis aims to advance experimental studies of radioactive negative
ions. In chapter 5, possibilities to increase the availability and efficiency of
radioactive negative ions at ISOLDE are investigated by exploring improve-
ments of the current surface ion source as well as other ionisation methods
applied. In chapter 6, the laser spectroscopic work of this thesis is presented,
focussing on the determination of the electron affinity of astatine, which rep-
resents a first milestone in the study of heavy radioactive negative ions. Fur-
thermore, efforts of improving the spectral resolution and overall quality of
the signal from rare negative ions by utilising a multi-reflection time of flight
device are discussed in preparation of measurements of the isotope shift of
the EA as well as upcoming examinations of heavy and eventually super-

heavy radioisotopes are presented.






Chapter 2
Fundamentals

2.1 Atomic physics

In the late nineteenth and early twentieth century, the understanding of the
structure and mechanics of microscopic particles such as atoms was revolu-
tionised with the formulation of quantum mechanics. A detailed description
and in depth derivation of the principles of atomic physics can be found in
various textbooks [13, 64, 65]. In this chapter, the concepts and fundamental
principles necessary for the work performed in this thesis are introduced.
Based on the ideas of N. Bohr [9] and L. de Broglie [66] and inspired by P.
Debye, E. Schrodinger postulated a fundamental equation of quantum me-
chanics, which was later on entitled as Schrodinger-equation [11] which he
soon extended into the Klein-Gordon equation in the early twentieth century,
introducing the wave function ¥ of a system. The wave function describes
the state of a quantum system and the absolute square [¥|? the probability
density of its position or momentum. The Schrédinger-equation in its gen-

eral form can be written as
)
H|Y) = —zhﬁ\‘lf), (2.1)

where H is the Hamiltonian of the system, i the imaginary unit, t the time,

h= % the reduced Planck constant and ¥ the wave function.

2.1.1 Single electron systems: The hydrogen atom

One of the simplest atomic cases that can be solved by the Schrodinger-

equation is the hydrogen atom (or hydrogen-like atoms), where the system is
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comprised of only one electron in the outer shell, referred to as valence elec-
tron, moving within the Coulomb potential of the positive nucleus. There,

the two particle Hamiltonian can be written as

s s
H=—A——A+V(r), 22
2P T g e V) (2.2)
where V(r) = —ﬁ is the Coulomb potential, /1 the reduced planck con-

stant, Ape the Laplace operator and e, +e and —e are the masses and

charges of proton and electron, respectively.

Using the reduced mass y = m":imrsp, the center of mass motion and the

relative motion of the electron can be separated, resulting in a Hamiltonian
H=_—A+V(r) (2.3)

for the electron. Additionally, since there is no time-dependence in Eq. (2.3),
the Schrodinger-equation can be simplified into its stationary form:
12

HIY) = [ A+ V]I¥) = EJ¥) 2.4
where E is the energy. Eq. (2.4) can then be solved by transforming into

spherical coordinates and using the ansatz

15[f(r) = Rnl(r) ’ Ylml(er (P) (2.5)

where Y, (6, ¢) and R, (r) are separated functions for the angular and radial
components respectively, characterized by the quantum numbers #, [, and m;.
Here, n = 1, 2,3, ... is the principal quantum number, I = 0,1,2,..n — 1 is the
angular momentum quantum number and m; = —I, -1 +1,...,I — 1,1 is the
magnetic quantum number.

Eq. 2.4 can then be separated into a radial

n* dR 2dR

I(1+1)
nlan tra) T

r2

2
E- % FVEIRa() =0 (26)
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and angular equation

1 d

Vi, (6, ¢) L1 A*Y1, (6, ¢)
sin(0) d

ae ) sin?(6) P2

(sin(0)

= —I(1+1)Y,, (6, 0).
(2.7)

)

In Eq. (2.6), the term h—;l(lr%l) is referred to as centrifugal barrier due to its

repulsive nature as indicated by its sign. Combined with V(r), this gives an

effective potential of

n21(1+1)

Veff(r) =V(r) + ﬂ 2 (2.8)

Solving Eq. (2.7) and Eq. (2.6) (in detail shown in textbooks such as by W.
Demtroder [13]) then leads to energy eigenvalues E,; of the hydrogen atom
given by \

By = ~ e Z: i —% 2.9)

where Ry, is the mass-reduced Rydberg constant.

2.1.2 Fine structure

In addition to its orbital angular momentum mentioned above, the electron
itself also exhibits an angular momentum-like property referred to as its spin
5| = \/s(s + 1) with its component in z-direction ms = £1h. The state of
an individual electron is described by its four quantum numbers n, [, m;, ms,
while the configuration of N equivalent electrons in a subshell is given by
nIN, wherel =0, 1,2, ..is denoted as letters s, p,d, f, g, .. with j being omitted.
The interaction of the spin with the angular momentum, called spin-orbit
coupling, results in a splitting of the energy levels in the atom: The spin of

the electron induces a magnetic moment

e . B
2mes = —gs 7 S, (2.10)

—

Hs = —&s

where pp is the Bohr magneton and g5 ~ 2 the Landé factor of the electron.

This magnetic moment interacts with the magnetic field B, = .- 0Z¢ T caused

8r3m
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by the electrons angular momentum [, inducing a shift in the energy levels

AE given by

2
HoZe o1 2.11)

7 .
HOZe o Ta

AE = —ji,- B, = —
Mt Bl = &sHB g h3me 47tr3m3

Introducing the total angular momentum j = I 4 § with |j] = \/j(j + 1)k and
substituting into Eq. (2.11) yields

AE = g[j(j+1) 11 4+1) —s(s +1)] 2.12)

poZe2h?

with the spin orbit-coupling constant a = pres e

The energy shift due to spin-orbit coupling combined with relativistic
effects such as corrections for relativistic kinetic energies as well as non-
localization effects is referred to as fine structure [13]. Fine structure level

splittings are typically in the order of 1 x 10~%eV to 1 x 10~ !eV.

2.1.3 Hyperfine structure

The hyperfine structure describes the splitting of the atomic levels caused
by the interaction of the valence electron with the electric and magnetic mo-
ments of the nucleus. As an example, Figure 2.1 shows the level splitting in
the hydrogen atom due to the fine structure and hyperfine structure. Similar
to the electron, the nucleus possesses a spin |I| = /I(I 4 1) as an angular
momentum, resulting in a magnetic moment iy = gN%KT, where gy is the
nuclear g-factor, and ux = 2% the nuclear magneton. Analogous to the fine
structure splitting, one can then determine the energy shift AEyrs with the
magnetic field Bj resulting from the total angular momentum of the electron

as
AEHFS: _ﬁB'EIZ —|}IB’~B]COS(¢(],I)), (213)

where ¢(], I) is the angle between J and I. With the total angular momentum

of the atom F = | + I, Eq. (2.13) can be written as

AEpps = A‘;FS [F(F+1)—J(J+1) —I(I+1)], (2.14)
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Principle levels Fine structure Hyperfine structure
levels levels
F=2
P32 /
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F=1
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n=1

_— F=1
S1/2 /

FIGURE 2.1: Fine structure and hyperfine structure splitting of
the hydrogen atom. Not drawn to scale.
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For nuclei with I > %, there can be an additional contribution to the hy-

with the hyperfine constant Apps =

perfine structure due to the interaction of a nuclear electric quadrupole mo-

ment with the electronic shell, given by

Bo 3(C+1)—2I(I+1)J(J+1)
4 I-1)J(2] - 1)

AEprs,o = (2.15)
where C = F(F+1)—J(J+1) = I(I+1) and By, = eQS[%](V = 0) repre-
sents the coupling of the second order derivation of the electronic charge dis-
tribution with the nuclear electric quadrupole moment Qs. The order of mag-
nitude of the hyperfine structure splitting is typically between 1 x 10~ eV
and 1 x 10~ *eV.
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2.1.4 Isotope shift

Atoms with the same number of protons but a different number of neutrons
are called isotopes. Energy differences in the same positions of the atomic
levels of individual isotopes lead to shifts in the optical transitions between
two isotopes that are called isotope shifts. An energy shift that arises due to
the difference in mass is referred to as mass shift, which can be further divided
into the normal mass shift (NMS) and the specific mass shift (SMS).

The normal mass shift describes only single valence electron systems accu-
rately by accounting for the difference in the reduced mass of two isotopes
in positions of their electronic energy level.

The specific mass shift is the additional shift resulting from the electron
correlation in multi-electron atoms. Overall, the contribution of the mass
shift to the isotope shift is dominant for isotopes with low atomic masses.

Additionally, the charge distribution in the nuclei of the individual iso-
topes of an element differs, altering the electric field experienced by the elec-
trons, also causing a shift in the atomic levels. This is called field shift or
volume shift. Combining these effects, the shift svAA" in transition frequency

between two atomic levels of different isotopes A and A’ can be written as

SUAA = (Knuis + Ksws) + Fes6(r*) o ars (2.16)
ma

where Knmssms are the contributions from the normal and specific mass
shift, respectively, Fgs the field effect constant and (r?) A the difference
in the mean square charge radii of the nucleus for the two isotopes A and

A’. The first term is accounting for the mass shift and the second for the field

shift.

2.1.5 Multi-electron systems

For multi-electron systems, electron-electron interactions have to be taken
into account, increasing the complexity of the atomic system. The non-rela-

tivistic Hamiltonian for the electronic wave function without spin-orbit
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coupling is given by

2 e? Ze?
A; — 2.17
21, ; i Z.]%:é]. 4regrij  4rmeor; 2.17)

H = He 4 Hee + V(r;) = —

where H, represents the kinetic energy of the individual electron, V (r;) the
Coulomb potential from the nucleus and He. the inter-electron repulsion.

As a result of the electron-electron interaction, the Hamiltonian can not be
reduced to a simple hydrogen-like problem. Consequently, very few atomic
systems can be solved analytically and approximations and numerical meth-
ods are needed.

One such approximation is the independent particle model as used in
the Hartree-Fock method. Here, the individual particle interactions are sim-
plified by assuming a mean field with which an electron interacts, neglect-
ing the fluctuations arising from electron-electron interactions. The result-
ing Schrodinger equation for one electron is then hydrogen-like and can be

solved with a similar ansatz:

Wi = Ry, (1) - Vi, i(0, 9) - xi(si), (2.18)

where y; is the spin function and R, (7), Yi,,i(0, ¢) are the radial and an-
gular components. Accounting for parity and the Pauli-exclusion principle,

the multi-electron wave function ¥ can be written as a Slater-determinant

P11 ¥2(1)  ¥s(1) ... PN(1)

A P1(2)  2(2) w3(2) ... Yn(2)
=75 .

P1(N) P2(N) ¥3(N) ... ¥n(N)

The energy
E=<Y|H|Y > (2.19)

of the system can be determined iteratively by applying the variational prin-
ciple with regards to ¥; until the the solution converges within a certain pre-

cision, as shown in detail in textbooks such as by W. Demtroder [13] and C.
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J. Foot [64].

LS coupling

In multi-electron systems, there are several possible spin-orbit coupling mech-
anisms. If the coupling energy of the angular momentum E;, ;, = aijfi : l; and
spin Es,s; = bj;S; - 5j between electrons is large in comparison to the individ-
ual spin-orbit coupling, the angular momenta and spins combine to a total
angular momentum L =} ;/; and a total spin S = ) ; 5; [13]. This is referred
to as LS-coupling. The fine structure components of the term are then given
by the total angular momentum number ] = L + S and individual atomic
levels are described by the term symbol n?°*1L;, where 2S5 + 1 is the spin
multiplicity, giving the amount of possible fine structure states. The total an-
gular momentum is given as letters S,P,D,F (ongoing in alphabetical order
with J omitted) instead of numbers. The LS coupling is the dominant cou-

pling mechanism for valence electrons in light elements with Z < 30 [13].

jj coupling

If the energy of the individual spin orbit coupling of an electron is larger
than the one between different electrons, so called jj coupling describes the
system better. Here, each electron’s spin and angular momentum couple to
a total angular momentum j; = [; + s; of the electron. The total angular
momentum of the system is then given by ] =Y,ji. Pure jj coupling occurs
mainly for heavy elements with Z > 60, e.g. lead, while an intermediate
coupling scheme is realised in the middle region of the periodic table. A
more detailed discussion of coupling mechanisms in multi electron systems
including intermediate coupling mechanisms can be found in textbooks such

as by W. Demtroder [13] and C. J. Foot [64].

2.1.6 Selection rules

For absorption of a photon by an atom or ion, certain selection rules have to

be obeyed: The transition dipole moment d;; between two electronic states is
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given by:
dip =< Wiljg|¥; >= e/‘ff 7Y, dor (2.20)

where ¥; and ¥ are the initial and final states and pg the electronic dipole
transition moment operator. Furthermore, the transition probability P per
unit of time for a transition from initial to final state according to Fermi’s
golden rule is given by

27
P = 7gzl?fpf (2.21)

where p¢ is the density of states. Since the dipole moment operator has an
odd parity, only transitions between states with opposite parity lead to a non-
vanishing transition probability. These transitions are called allowed, while
higher order multi-pole transitions are significantly less likely and thus are
called forbidden. However, these transitions, can still occur, e.g. induced by

high power laser irradiation. Additional rigorous selection rules are:

A] =0,£1, 0 <= 0 forbidden
(2.22)

AMj =0,+1,

where M is the magnetic quantum number, given by the projection of the
total angular momentum vector in z direction |, = M - ii. Furthermore, there
are additional selection rules for the various cases of spin-orbit coupling as
well as hyperfine structure transitions, all of which are discussed in detail in

the textbooks by W. Demtroder [13] and C. J. Foot [64].

2.2 Negative ions

Negative ions are the quantum systems focussed on in this thesis. A negative
ion is an atom or molecule with one or more additional electrons, generating
a net negative charge. In neutral atoms and positive ions, the bonding of
the electrons is dominated by the Coulomb potential resulting from the pos-
itively charged nucleus. However, for negative ions this is not the case: For
a free electron approaching a neutral atom, the Coulomb attraction is effec-

tively screened by the electrons surrounding the nucleus.
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However, the electron will induce an electric dipole moment in the atom,
similar to the process of Van-der-Waals bonding between neutral atoms. This
induced dipole potential, which depends on the correlation of the valence
electrons, of the atom and the incident electron, in turn can bind the electron
to the atom, creating a negative ion. The binding potential for this outermost

electron in the negative ion is then given by

l(l+1) _ ap

vir) = 272 2rt

(2.23)

where r is the distance of the electron from the nucleus, ap the dipole po-
1(1+1)

larisability of the atom and =5 >~ the centrifugal barrier as described in Eq.
(2.6). However, Eq. (2.23) is not valid for distances comparable with those of
the electron orbitals, when the Coulomb attraction of the nucleus is not fully
screened and therefore contributing to the binding energy.

Due to the significant contribution of electron correlation effects to the
binding energy, approximations such as the independent particle model used
e.g. in the Hartree-Fock method break down, resulting in the need for more
sophisticated approaches, such as the coupled cluster method used in publi-

cation C. The binding energy gained when attaching an electron to a neutral

atom is called electron affinity (EA), and is given by

EA<A) = Eground(A) - Eground(A_)/ (2.24)

where Egound (A; A7) are the lowest hyperfine structure levels of the ground
states of the neutral atom A and the negative ion A~, respectively [67].

Due to the shallow binding potential in negative ions, the EA of an ele-
ment is typically only in the range of 1 eV, while about fourteen elements do
not form stable negative ions at all, as shown in Figure 2.2. In comparison,
the energy needed to remove an electron from the neutral atom, referred to as
ionisation potential (IP) is about an order of magnitude greater. For example,
the EA of hydrogen is 0.754 195(19) eV [68], while its IP is 13.598 434 49(8) eV
[69]. Consequently, in most cases, negative ions only exhibit a single bound-

state configuration with some known exceptions such as lanthanum [15], os-
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mium [17], cerium [16] and the recently measured thorium [18], where bound
excited states with opposite parity have been observed. In turn, this makes
e.g. lanthanum a candidate for laser cooling, which would potentially be of

interest for sympathetic cooling of antiprotons [35].

FIGURE 2.2: The periodic table of elements, where the height of
the column corresponds to the value of the EA. Blue represents
experimentally determined EAs, green elements which are the-
oretically predicted to form stable negative ions, light grey for
for those that do not. Dark grey is indicating for which ele-
ments neither theoretical predictions nor experimental values
are available. Astatine is highlighted as the measurement of
the EA(At) was performed within the framework of this thesis.
(Figure courtesy of J. Warbinek.)

An overview of the theoretically and experimentally known EAs is shown
in Figure 2.2, where the periodic table of elements is illustrated, with the
height of the column representing the value of the EA. In general, the EA
increases as an atomic shell is filled, while elements with closed shell atomic
structures are observed to have very low EAs or do not even form stable
negative ions at all. Consequently, the group of elements with the largest
EAs are the halogens with EAs ranging from 3.612725(28) eV for chlorine
[70] to 2.41578(7) eV for astatine [51], while the noble gases, which do not
form stable negative ions, possess a negative EA. Furthermore, a decrease of

the EA from top to bottom within a group is generally expected due to the
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change in the atomic radius. However, the EA of the second element of a
group tends to possess the largest EA as is the case for e.g. the halogens and
chalcogens. This can be attributed to the increased electron-electron repul-

sion in the smaller n = 2 shell.

TABLE 2.1: Predicted and experimentally determined EAs for
the lanthanides and actinides.

Lanthanide EA [eV] Reference Actinide EA [eV] Ref.
La 0.557 546(20) [71] Ac 0.221 [72]
Ce 0.57(2) [73] Th 0.607690(60) [18]
Pr 0.109 23(46)  [26] Pa 0.384 [72]
Nd 0.09748(31)  [26] U 0.373 [72]
Pm 0.129 [74] Np 0.313 [72]
Sm 0.162 [74] Pu 0.085 [72]
Eu 0.116(13) [75] Am 0.076 [72]
Gd 0.137 [74] Cm 0.321 [72]
Tb 0.13131(79)  [26] Bk 0.031 [72]
Dy 0.063(2) [72] Cf 0.018 [72]
Ho 0.338 [74] Es 0.002 [76]
Er 0.312 [74] Fm -0.1 [76]
Tm 1.029(22) [77] Md 1.0 [76]
Yb -0.3 [78] No -0.3 [76]
Lu 0.238 8(7) [79] Lr 0.465 [72]

In the case of the noble metals, the EA even increases within the group
e.g. from 1.23578(4) eV [80] for copper to 2.308 610(25) eV for gold [25] due
to an increase of relativistic effects for the heavier elements resulting in an
enhancement of the binding of the s electrons. Regarding the lanthanides
and the iso-electronic actinides, very low EA values are expected as shown

in table 2.1, which for most cases have not been measured yet [78, 76, 72].
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Theoretical predictions are limited by the necessity of describing the very

complex atomic structures.

2.2.1 Doubly excited states

Although only rarely bound excited states are observed in negative ions,
quasi-bound excited states can exist in the continuum above the detachment
threshold. By absorbing a photon, the negative ion can be promoted into
a doubly excited state, which then decays into one of several possible lower
lying states of the neutral atom and a free electron. In photodetachment spec-
tra, doubly excited states are visible as resonances in the cross section spec-
trum. Comparable to auto-ionising states in neutral atoms, these states in-
volve the simultaneous excitation of two electrons possibly including a core
electron and are therefore referred to as doubly excited states. The possible
transitions into and from a doubly excited state are shown schematically in

Figure 2.3. A more detailed discussion and investigations of doubly excited

Doubledetachment 44444 22422222 Z onisation

Excited states
Doubly excited
states

Single detachment Ground state

Negative ion Atom

FIGURE 2.3: Level structure in negative ions. When the nega-

tive ion absorbs a photon (red arrows) an electron can be pho-

todetached via a doubly excited state or directly into a state of

the neutral atom. From an excited level of the neutral atom, the
electron decays back into the ground state.
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states of negative ions can be found e.g. in the thesis of J. Rohlen [81] as well

as in reviews such as those by H.S.W. Massey [82] and D.R. Bates [83].

2.2.2 Molecular negative ions

In case of molecular negative ions, the determination of the the EA is more
difficult due to the additional rotational and vibrational states of the molecule,
resulting in a variety of possible photodetachment channels. In addition, the
most likely transitions are not necessarily into the vibrational ground state of
the neutral molecule, as described by the Franck-Condon principle [84, 85].
In contrast, by applying the Born-Oppenheimer approximation, it is as-
sumed that the electron transition is quasi instantaneous compared to the

nuclear motion as illustrated in Figure 2.4.

A

Energy

>

FIGURE 2.4: Level diagram of the ground states of an molec-

ular anion and the corresponding atom. The respective vibra-

tional states v are indicated with their wave function in red on

horizontal lines. The adiabatic EA and the vertical detachment
energy are shown by arrows.

Hence, in molecular negative ions, the electron affinity defined as the en-
ergy difference between the vibrational ground state of the negative ion and
the neutral respectively, is called adiabatic electron affinity. Furthermore, the

vertical detachment energy (VDE) is defined as the energy needed to detach an



2.3. Photodetachment spectroscopy 21

electron from the electronic and vibrational ground state of the negative ion
without changing the intra-nuclear distance.

Experimentally, the EA of molecular anions can be determined in stor-
age ring experiments such as DESIREE in Stockholm, Sweden [86] with the

capability to cool down the ions into their vibrational ground states.

2.3 Photodetachment spectroscopy

Since the invention of the laser as light source, the most precise way to deter-
mine the electron affinity of an element or molecule is by laser photodetach-
ment, where a laser beam is superimposed with a beam of negative ions.

If the photon energy hv is greater than the electron affinity of the nega-
tive ion A~, the ion can be neutralized and either the neutral particle, the

detached electron (e™) or both can be detected:
A" +hv —-A+e . (2.25)

In case of photodetachment, the electron is far from the core, hence the cen-
trifugal barrier term in Eq. (2.23) is the dominating potential. As a result,
the cross-section ¢ of the detachment process in the threshold region can be

described by the Wigner threshold law, derived in [87],

oo kK (2.26)

where k is the linear momentum and [ is the orbital angular momentum of
the detached electron [87]. Eq. (2.26) written in terms of energy gives
I+3
0(E) o« (Eph — Eg)' "2, (2.27)
where E,, = hv is the energy of the photon, Ey,, the threshold energy nec-
essary to detach the electron, ie. the EA, and [ the orbital angular momentum
quantum number of the emitted electron.
According to the electric dipole transition rules (see section 2.1.6), the an-

gular momentum of the detached electron is given by I = Iy £ 1, where
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is the initial angular momentum of the bound electron. Electrons detached
from an s state with /[y = 0 will be emitted with | = 1, giving rise to a slow

onset, as shown as p-wave in Figure 2.5.

S wave

p wave

Cross section o

1
1
E'chr

Photon energy

FIGURE 2.5: Photodetachment cross section close to the thresh-

old. For photon energies below the threshold, the cross section

is zero. Electrons detached from a p-state will be emitted as
s-wave.

For electrons detached from states with higher !, | = Iy — 1 is dominating
close to the threshold due to the centrifugal barrier potential (see Eq. (2.23)).
For example, electrons detached from a p state are almost exclusively emitted
as s-wave electrons with I = 0 where the cross section follows a sharp, square
root behaviour.

When multiple states are involved in the photodetachment process, the
total cross section is given as the sum of the partial cross sections of each

detachment channel
0(Epn) = Y_ Eph — (EA + E)U*2) ©(Eyy, — (EA+ Ey)), (2.28)
i

where E; is the energy of the respective state, E,j, the photon energy, EA the
electron affinity and © the Heaviside function. O’Malley treated the thresh-
old behavior by including the polarisation of the neutral atom by the out-

going electron (i.e. treating the full potential of Eq. (2.23)), leading to an
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alternative formulation of the threshold law including higher order terms
[88, 89]. For double detachment processes, Wannier predicts a nearly linear
threshold law [90]:

o o EM27 (2.29)

In Figure 2.6, the general cross section behaviour is shown in a broader en-
ergy range. Around the threshold region, the cross section behaves according
to the Wigner law (as shown in Figure 2.5), then increasing up to a maximum,
where the wave functions of the initial state in the negative ion and the free

electron overlap optimally and falls off to zero beyond.

Cross section o

Einr Photon energy

FIGURE 2.6: Wigner threshold law without excited states. Be-

fore the threshold, the cross section is zero, afterwards it in-

creases according to the Wigner law. Eventually, a maximum is

reached after which the cross section drops back down to zero.
Doubly excited states are seen as resonances.

If present, doubly excited states are visible as resonances. As pointed
out in the thesis of P. Andersson [91], assuming the negative ion as a square
potential well, the de Broglie wavelength A of the outgoing electron at the
point of maximum cross section can be related to the average radius < r >

of the negative ion as

2 for s-wave electron
A=n-<r> n= . (2.30)

4 for p-wave electron

This can be used to gain an approximation of the size of negative ions as well
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as trends along a group of elements, especially for closed shell systems such

as the halogens.

2.3.1 Laser photodetachment threshold spectroscopy

In laser photodetachment threshold spectroscopy, an ion beam is overlapped
either collinear or perpendicular with a laser beam as shown in Figure 2.7.
Subsequently, either the ion velocity or the laser frequency v is scanned across
the threshold region of detachment, and either resulting neutral particles or
photo-electrons are detected. In both collinear and perpendicular geome-
tries, one has to account for the Doppler shift arising from the velocity differ-

ence of ions and photons, given by:

1—¢ cos(0)

Iz

where E’ is the Doppler-corrected photon energy, { = % v the ion beam

E'=EF (2.31)

velocity, cg the speed of light in vacuum and 6 the angle between the ion and

laser beams.
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FIGURE 2.7: Schematic view of laser photodetachment thresh-

old spectroscopy. A laser beam is superimposed collinearly

with a negative ion beam. Detached neutral atoms impinge on

a target, creating secondary electrons detected with a Channel

Electron Multiplier (CEM). Residual charged particles are de-
flected into a Faraday cup.
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Another advantage of the collinear geometry is a much greater interac-
tion volume, since the integrated spatial overlap between laser and ion beam
is greater. In addition, in the collinear case, the Doppler spread of the ions is
compressed due to the acceleration of all the ions by the same extraction po-
tential in the ion source [92, 93]. As a result of the cosine dependence, slight
shifts in angle for a perpendicular geometry result in greater deviations than
in the collinear case. Furthermore, when a measurement can be performed in
both parallel and anti-parallel direction, the Doppler shift can be eliminated
to all orders when taking the geometric mean of anti-parallel and parallel
results.

In this case, the accuracy is determined by the uncertainties in the laser
bandwidth or frequency measurement. However, if the measurement can
only be performed in one direction, the precision with which the velocity of

the ions is known is limiting the accuracy of this technique.

2.3.2 Laser photodetachment electron spectroscopy

In laser photodetachment electron spectroscopy, the energy of the detached
electron is measured to determine the electron affinity. As shown in Figure
2.8, a laser with a photon energy above threshold is overlapped with the
negative ion beam and subsequently the energy of the electron is measured.
The electron energy can be determined either using a deflecting electrostatic
or magnetic field or by measuring the time of flight of the electron.

If the energy levels of the neutral atom are known, the EA and the energy

of any excited states can be determined by
EA = Epp — Ee, (2.32)

where Ey, = hv is the photon energy and Ee the energy of the electron.
However, the accuracy of the determination of the EA is limited by the pre-
cision with which electron energies can be measured, which is significantly
lower than that of laser photodetachment threshold spectroscopy, where the

photon frequency is measured.
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FIGURE 2.8: Photoelectron spectroscopy. A laser is intersected

perpendicular with a negative ion beam. The detached elec-

trons are guided into an electron energy analyser, residual neg-
ative ions are detected in a Faraday cup.

The difficulty in determining the electron energy is partly due to its sensi-
tivity towards electric and magnetic fields (e.g. earths magnetic field), in par-
ticular since electrons emitted around threshold possess energies with only a
few eV or less. The advantage of this method is the possibility to gain more
information about the electronic states of the negative ion: If the laser light
is polarised, the angular momentum of the detached electrons can be deter-
mined by measuring their angular distribution. The differential cross section

is given by Jo -

0= 4ﬂ(l + BPy(cos(0))) (2.33)
where ¢ is the total cross section, 6 the angle between the ion momentum
and the polarisation of the laser light, © the solid angle, B the asymmetry

parameter and P, the second order Legendre polynomial [30]. By comparing

the ratio between two perpendicular differential cross sections C = %,
the asymmetry parameter
1-C
= 2.34
P=1 c (2.34)

can be determined. The asymmetry parameter in turn contains information

on the relative amplitudes and phases of the partial waves that represent the
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free electron in the final state as discussed in detailed in [94, 30].

2.3.3 Laser photodetachment microscopy

Another method to precisely investigate negative ions developed by Blon-
del et al. is laser photodetachment microscopy [27]. A beam of negative ions
is intersected perpendicular with a laser in the presence of a weak uniform
electric field as shown in Figure 2.9. Due the lack of long-range attraction
from the residual atom, the detached electron can be considered as free elec-
tron. In a semi-classical picture, the electron is guided by the electric field on
a parabolic trajectory towards a detector plate where each point on the plate
can be reached by two distinct trajectories, giving rise to an interference pat-
tern [27]. In a quantum mechnical point of view, the spherical wave function
of the free electron is folded back onto itself by the electric field, therefore in-
terfering with itself [14]. This interference pattern can be observed with e.g.
a multi channel plate.

In order to avoid uncertainties through a slight misalignment of the nec-
essary 90° angle, oftentimes the laser beam is intentionally misaligned and
retro-reflected, leading to two interference patterns. The average of those
two patterns then gives the actual energy of the electron. The accumulated

phase A®, is then given by

4\/§ \/ m 3/2
=_———Y F 2.
AD,. 3 hqEp (2.35)

where g is the electric charge, Eg the applied electric field, and E. the initial
kinetic energy of the electron [95]. The EA can then be derived from E =
hv — EA.

In 2020, Eklund et al. [31] demonstrated a tomographic imaging method
capable of recreating the full three dimensional photoelectron distribution
without limitations for the laser polarisation by applying a so called inverse
Radon transform [96] on photodetached electrons using an electron velocity

imaging spectrometer similar to the setup depicted in Figure 2.9.
gmg sp p daep g



28 Chapter 2. Fundamentals

A
E FC
a - » » . » Z
» "u.,‘.
. # Negative ion MCP
Ton — Laser
source L] Electron
+ Neutral atom

FIGURE 2.9: Schematic view of photodetachment microscopy.

A detached electron is interfering with itself due to an static

external electric field. The interference pattern can then be de-
tected by a position sensitive detector such as a MCP.

2.4 Negative ion sources

In the following section a brief overview is given over the mechanisms to pro-
duce negative ions relevant for the work presented in this thesis. A broader

overview is given in various textbooks [59, 97].

2.4.1 Surface ion sources

When an atom is desorbed from a hot surface, it can gain or lose an electron
in the process, creating a negative or positive ion respectively. The ionisation
probability for this process is given by the Saha-Langmuir equation, derived

from the Saha-equation in the early twentieth century [98, 99]:

Nion _ Sion B EA —® for negative ionisation

TN e TP P

® —IP for positive ionisation
(2.36)



2.4. Negative ion sources 29

Here, « is the degree of ionisation, Njon and Ny are the number densities of
ions and neutral atoms respectively, kg the Boltzmann constant, T the equi-
librium temperature of the system in Kelvin and ggion = 2)_;5; + 1 the sta-
tistical weights of the ionic and neutral states with spin s; of the individual
electron respectively, ® is the work function of the ioniser surface, EA the
electron affinity of the atom and IP the ionisation potential of the atom.

The ionisation efficiency e€;s for a surface ion source, assuming one inter-

action between neutral atom and surface, is then given by

_ Nion _ x
Nion + No 1+a

€is (2.37)

In order to achieve a high ionisation efficiency, the ioniser material, in
particular its work function and stability at high temperatures, is of crucial
importance. For negative ion production, a material with a low work func-
tion (i.e. ® <3eV) is needed to yield high efficiencies. Most commonly, lan-
thanum hexaboride (LaBg), with a work function of about 2.6 eV [100, 101] is
used as a surface ioniser. LaBg has shown to be thermally stable up to about
1500 °C and has produced negative ion beams of halogens with efficiencies

in the order of 10 % [102]. However, for elements with EAs lower than this
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FIGURE 2.10: Surface ionisation efficiency for different ionisers
and elements at 1500 K. Taken from [103].
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work function, the ionisation efficiency drops drastically, as can easily be cal-
culated from equation (2.36) and is shown in Figure 2.10 for different ioniser
materials.

In addition, it has been shown that LaBg ion sources are prone to poison-
ing when getting into contact with carbon or other highly reactive chemi-
cal elements or molecules including fluorine, thereby increasing its effective
work function [57]. As a result, negative surface ion sources have mainly
been used for beams of halogens, the group of elements with the highest
EAs. For example, the determination of the EA of astatine in publication C
was performed using an LaBg surface ioniser to produce negative beams of

astatine at the ISOLDE facility.

2.4.2 Caesium sputter sources

One of the most common ways to produce a variety of negative ion beams of
stable elements are by means of caesium sputtering. Here, a beam of positive
caesium ions is accelerated with an energy of a few keV onto a cathode con-
taining the desired element. The caesium will sputter fragments off the cath-
ode material as well as create a surface layer of caesium on the cathode,
thereby reducing its work function, as shown in Figure 2.11.

As a consequence, fragments sputtered out of the cathode have to pass
through the caesium layer, increasing the probability of picking up an elec-
tron. The ion current I~ of this process, called secondary emission, is given
by

[7 =T1"Asy™ exp (—ngLooy), (2.38)
where I is the positive ion current of caesium, Ag is the sputtering yield,
1~ the efficiency of the negative ion production, cq the electron detachment
cross section and ng the gas density in the ion beam path of length Ly [59].
The cathode usually consists of a metal cylinder with a hole in which the
desired species is pressed to avoid heating or electrical charge up. For the
same reason, non-conducting target materials are often mixed with conduct-

ing ones such as silver powder. In order to prevent elements with a low
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melting point to evaporate, the cathode is additionally water cooled.
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FIGURE 2.11: The process of secondary negative ion emission.

An atom is sputtered or reflected and picks up an electron

via passing through the caesium monolayer. Illustration taken
from [103].

Krohn [104] first discovered that the presence of caesium in a sputter
source increased the negative ion yield. Ming et al. proposed a tunneling
mechanism to explain the work function dependence in sputtering [105].
Several sources using caesium as sputtering agent were developed and im-
proved by e.g. Alton [106] and Middleton [107] .

Currently, one of the most commonly used sputter sources, the Source of
Negative Ions by Caesium Sputtering (SNICS), shown schematically in Fig-
ure 2.12, was developed independently by Middleton [108] as well as J.H.
Billen and H.T. Richards [109]. Here, the caesium is kept in a reservoir which
can be heated externally. Neutral caesium atoms then diffuse through a feed-
ing tube onto a heated cylindrical or spherical surface ioniser where they are
ionised positively. The ioniser is kept at a positive potential of a few keV
with respect to the cathode, resulting in an acceleration of caesium ions to-
wards the cathode. The electric field applied for caesium acceleration can
then be used to extract the produced negative ions through a central hole in

the caesium ioniser.
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A detailed collection of suitable cathode materials for each element with
their respective expected negative ion mass spectra was published by Mid-
dleton in "A Negative Ion Cookbook" [58]. Detailed reviews of caesium sput-
ter sources and the ionisation mechanisms involved are given e.g. by Alton
[110, 111] and Mori [112]. In this thesis, the sputter ionisation method was in-
vestigated for the production of negative ions at the ISOLDE facility with the
KENIS ion source, which was developed at Oak Ridge National Laboratory

for negatively charged fluorine beams (see chapter 3 and 6).
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Cs Cs*ions
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FIGURE 2.12: Schematic view of a caesium sputter source. Cae-
sium vapor is released from an oven and ionised on a heated
ioniser. The positive Cs ions are then accelerated onto a cathode
where they sputter fragments as negative ions. Subsequently,
the negative ions are extracted using the acceleration field.

2.4.3 Creation of negative ions by charge exchange

As an alternative approach, negative ions can be produced by collision of
an ion or atom with another ion or molecule. Depending on the kinetic en-
ergy, EAs and IPs of the reaction partners, there is a probability of an electron
transfer, creating the negative ion. Most commonly, a beam of positive ions is
guided into a charge exchange cell containing a vapour of elements with low
IP such as alkaline earth metals or alkaline metals. Upon impact, a double

exchange of electrons can take place. A practical rule for maximum nega-
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tive ion production was derived and tested [97, 113]. This calculation was
based on Massey’s derivation of a maximum cross section outside an adia-
batic regime where the electron transition is unlikely [114]. For high impact
energies and assuming that electron transition times are comparable to the
collision time, the incident energy Emax in keV for maximum negative ion

production is given empirically by
Emax[keV] = 8.31 - 10 3m;[amu] (a[A]AE[eV])? (2.39)

where m; is the mass of the incident particle (in atomic mass units), a the
distance of the interaction (in Angstrom) and AE = EA — IP the difference
between electron affinity of the incident particle and the ionisation potential
of the electron donor (in eV). Experimentally, charge exchange efficiencies
of up to 90 % for chlorine were found using sodium and magnesium vapour
and incident energies between 10 keV and 90keV [115, 60].

Charge exchange ionisation can be especially useful for elements which can
not be produced efficiently directly as negative ions, but in contrast as pos-
itive ions which are then guided into a charge exchange cell. One applica-
tion of this is the production of radioisotopes such as astatine and polonium,
where experiments using a charge exchange cell for negative ionisation and
subsequent determination of the EA were proposed at ISOLDE [116]. First
studies of the production of polonium using charge exchange are expected to

take place in 2021 (see letter of intent F as well as minutes of the INTC [117]).
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Chapter 3

Radioactive ion beams

3.1 Production of radioactive ion beams

The phenomenon of radioactivity was first discovered by Henry Becquerel in
1896 when he found that a photoplate was dimmed when a uranium salt was
placed on top [118]. This subsequently also lead to the discovery of isotopes
[119, 120], atoms with the same proton number Z, but different mass number
A due to a different amount of neutrons in the nucleus.

A commonly used graphical depiction of the elements and their isotopes
is the table of nuclides [121], shown in Figure 3.1, where each block corre-
sponds to an isotope with atomic number Z and mass number A, denoted as
2E, with element symbol E as a one or two letter code. The x-axis represents
the number of neutrons, the y-axis the number of protons, i.e. the atomic
number Z, of an isotope. The study of radioactive isotopes has become an
important part of fundamental research fostering numerous fields of nuclear
physics and astrophysics. Further, radioactive isotopes are commonly used
as resources in solid state physics, for diagnostic or cancer therapy in nuclear
medicine [122] and additionally as fuel in nuclear power plants [123] or for
military purposes [124].

Although some of the few radioactive elements like uranium and tho-
rium have longest lived isotopes which are naturally occurring in reasonable
quantities, the vast majority of shorter lived isotopes has to be created artifi-
cially in nuclear reactors or accelerator facilities in order to obtain sufficient

amounts for experimental investigation. Particularly suitable for short-lived
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isotopes, is the extraction of radioisostopes in form of radioactive ion beams
(RIBs), which can be easily directed towards experimental stations immedi-

ately after creation.

y=i Mif;’
.\\ \HH“w\\‘H\‘M\‘\\‘M\MH\\\ I I HwH\\\H‘\ ‘\w‘\\‘ I (LARNRRNRNS H‘\HH Hw\\‘\ ‘w \‘\\‘ I (NAANRRNNRNS I I
0 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170

FIGURE 3.1: The chart of nuclides, where the x-axis indicates

the number of neutrons (Z) and y-axis the number of protons

in a nucleus. Stable nuclei are shown in black, blue indicates

nuclei mainly decaying via = and red via f* decay. Yellow

indicates a decaying nuclei and green spontaneous fission. Im-

age by Z. Séti et al. [121], under Creative Commons Attribution
License CC BY 4.0.

Radioactive isotopes as the constituents of RIBs are produced by the col-
lision of a high energetic beam of primary particles with a target, inducing
nuclear reactions, some of which are shown in Figure 3.2, to produce a large
variety of radioisotopes.

¢ Spallation is the dominant process for primary beams with an energy

of above 50 MeV-100 MeV [125]. The impacting particle creates an intra-
nuclear cascade in the target, resulting in a few protons and neutrons
being ejected, while leaving the residual nucleus in an excited state
[125]. Subsequently, the excited nucleus releases its energy by evaporat-
ing more nucleons from the core, ultimately creating a residual nucleus

typically 10 u to 20 u lighter than the original [126].
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¢ Fragmentation primarily produces lighter elements 6 < A < 40 by ei-
ther impinging a heavy primary beam onto a light target or vice versa
[127]. The cross section for fragmentation is small for low energy pri-
mary beams and increases up to a kinetic energy of 10 GeV, where it

stabilizes [127].
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FIGURE 3.2: Nuclear reactions induced in 22U by collision with
a 1.4 GeV proton beam causing fission, fragmentation and spal-
lation reactions.

¢ Fission can occur when the primary particle is absorbed by the target
nucleus. As a result, a fissile nucleus in an unstable excited state could
be formed, which subsequently releases its excess energy by splitting
into typically two heavy fission fragments with additional emission of
typically some neutrons and possibly other light particles [128]. Most
commonly, fission is known as the underlying process used in nuclear
power plants. Here, the energy released by the fission of typically a fis-
sile uranium or plutonium isotope by thermal neutrons is used to pro-
duce thermal energy which is converted to electric power by heating a

cooling agent which in turn drives turbines [129].

* In Fusion evaporation reactions, the primary particle and the target
nucleus fuse into one compound system, which subsequently releases

energy via evaporating neutrons and gamma rays [126].
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There are two common production methods employing the various re-
actions for RIB production, the in-flight separation and the Isotope Separation

OnLine (ISOL) method, shown in Figure 3.3. The in-flight separation method

ISOL

Thick target

»

Ion source

\

Mass separator

Light primary
beam

In-flight

Thin target

Heavy primary beam "

FIGURE 3.3: Comparison of the in- flight and ISOL produc-

tion method. For ISOL, a light primary beam impinges on a

hot, thick target. Radioisotopes then effuse into an ion source,

where they are ionised and extracted. The in-flight method

utilises a heavy primary beam impinging on a thin target made

of a light element, producing a variety of recoil fragments,
which are subsequently mass separated.

Fragment separator

uses a primary beam of heavy ions colliding with a thin target consisting of
light elements such as graphite or beryllium [130]. The heavy ions collide
with the target, inducing mainly fragmentation and fusion-evaporation reac-
tions. The resulting reaction products then recoil out of the target with charge
and approximately the same energy and direction as the incident beam and
are subsequently mass separated and guided towards experimental stations.
The in-flight technique has the two advantages that shorter-lived elements
down to half-lives of a few ps can be produced and that their release is inde-

pendent from their chemical properties [131]. Additionally, there is no need



3.2. Ion beam manipulation 39

of re-acceleration, since the fragments retain most of their kinetic energy and
direction [131]. However, this also results in a larg emittance and low inten-
sity of the extracted RIB, in particular in comparison to the ISOL method, due
to the recoil moments and angular distribution of fragments from the target.

The ISOL method, first demonstrated in 1951 [132], uses a thick, hot tar-
get, bombarded with a light primary beam, inducing fission, spallation and
fragmentation. Resulting radioisotopes diffuse out of the target material and
effuse into an ion source, where they are ionised and subsequently acceler-
ated into a beam-line.

The diffusion process is facilitated by keeping the system at high temper-
atures, thereby also reducing condensation and sticking times on surfaces.
Nevertheless, due to the comparatively slow extraction from the target, the
ISOL method can only produce elements with half-lives in the order of ms
or longer [131]. However, in return, the particle yield and the beam-quality
regarding emittance and energy distribution is significantly higher than in
the in-flight technique due to the high number of target nuclei contained in a
thick target interaction volume as well as the the dedicated target ion source
configuration which can be optimised for the element of interest.

An overview of the different ISOL and in-flight facilities worldwide can

be found in articles by Blumenfeld et al. [130] and Lindroos [133].

3.2 Ion beam manipulation

In the following, a brief overview of ion beam manipulation and characteri-
sation methods as well as mass separating techniques is given. In depth dis-
cussion of these topics is found in textbooks and reviews such as by Hellborg

[134], Szilagyi [135], Reiser [136] and Dahl [137].

3.2.1 Emittance

Rather than solving the equations of motion for individual particles of an ion

beam, the particle ensemble can be characterised by its emittance ¢, i.e. the
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volume in six-dimensional phase space, which is occupied by the beam par-
ticles [136, 138]. If the coupling between the three spatial directions is weak,
the emittance can be further divided into the transverse and the longitudinal
emittance. The longitudinal emittance describes the distribution of energy
and phase along the direction of travel (conventionally chosen to be the z-
axis) of the beam which is especially relevant when using bunched beams.
The transverse emittance describes the spread in space and momentum in x
and y.

According to Liouville’s theorem, the emittance of a beam is constant un-
der the influence of conservative forces [139, 134]. However, the emittance of
an ion beam is changed by deceleration or acceleration, where deceleration
increases and acceleration decreases the emittance.

Often times, the trace space with the relative velocity, e.g. Uy x = Z—’Zf ~ 0,
or the angle 6 is used instead of the momentum. The transverse emittance
can then be defined as the area A of an ellipsoid enclosing the ions in e.g.

(%, Ure1 x)-phase space as shown in Figure 3.4.

Angle A

L
® .
g o. ..o
oe ee e
[ o o ©
: 00 o |, @ :
o *. e Position
o.' '.
'Y [ )
o ©
°

FIGURE 3.4: Transverse emittance. The ions in black are dis-
tributed over the trace space, while the beam emittance is
shown by the ellipsoid envelope.
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The transverse emittance is then given by
— A 12 : 3.1
€= T - ,)/Cx + “varel,x + IBCUISI,X’ ( . )

where ac, Bc and 7y are the "Twiss" or "Courant-Snyder" parameters deter-

mining shape and orientation of the ellipse, and

Bcyc —1=ag. (3.2)

However, for real particle distributions it is difficult to define the boundary of
the beam, which is why the emittance ellipse is often defined by an envelope
incorporating a certain percentage of particles. For example €95 includes 95 %
of the ions.

Another frequently used definition of the emittance is the root-mean-
square (rms) emittance, based on the statistical distribution of the particles.

The rms emittance is defined as

erms,x — \/< X2 > U%el,x > — < XUreLx >2, (3.3)

where < x? >, < U%el,x > are the variance of the position and angle, re-
spectively and < xv,¢ » > the correlation between angle and position in the
beam. The emittance is usually given in units of 77 mm rad, however some
authors omit the factor 7 or instead include it in the numerical value of the

emittance.

3.2.2 Ion beam optics

In order to extract an ion beam from a source and change its trajectory or
shape, various ion optical elements are commonly used, some of which are
briefly described in the following.

Generally, ion optical elements utilise the Lorentz force Fo=qE+qoxB
by applying an electric or magnetic field on the ion beam during passage in

order to focus or deflect it. For a high energy beam in an accelerator such
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as the LHC, where the beam velocity is close to the speed of light, magnetic
fields from supraconducting dipole, quadrupole or higher order multipole
magnets are used to capitalize on the scaling of the magnetic part of the
Lorentz force with the speed of light, resulting in higher practically achiev-
able magnetic field strengths than with an conventionally generated electro-
static field.

In order to extract an ion beam from a source, an electrostatic potential
between source and an extraction electrode in the order of 10keV to 100 keV
is used. To further accelerate an ion beam up to beam energies of hundreds
of kilovolts and far beyond, pulsed electric fields are usually employed.

In a linear accelerator for example, an ion bunch travels through a series
of electrodes, to which an AC field is applied. The frequency of the field and

in most cases also the length of each electrode is adjusted, so that ions are
attracted towards it when approaching and repelled from it upon exiting.

In order to steer an ion beam into a certain direction, an electric dipole,

such as generated within two opposing metal plates as shown in Figure 3.5

a) can be used.
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FIGURE 3.5: Electrostatic beam deflection using a) an electro-
static steerer and b) a quadrupole deflector.

Here, a static electric field is applied between the plates, deflecting ions
according to the field direction and strength. For beam energies greater than
100keV, magnetic dipoles are used, utilising the aforementioned scaling of

the magnetic part of the Lorentz force with the speed of light [134].
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In addition, also electrostatic quadrupole fields can be used in ion beam
optics. One possible application is an electrostatic quadrupole deflector as
shown in Figure 3.5 b) which can be used to bend ions by 90°, enabling beam
transport in 3 directions by simply switching potentials.

Electric or magnetic quadrupoles can also be used to focus the beam in
one transverse direction, while defocussing in the other. Hence, quadrupole
duplets or triplets are employed for beam focussing in both transverse direc-
tions using the principle of strong focusing, also called alternative gradient
focussing [140]. In order to correct for higher order perturbations, storage
rings and accelerators additionally employ higher order multipoles such as
electrostatic or magnetic octupoles.

For beams with energies up to tens of keV in most cases simple elec-
trostatic Einzel lenses are used [134]. An Einzel lens typically consists of
three cylindrical ring (or aperture) electrodes (for circularly shaped beams)
as shown in Figure 3.6, two of which are typically on the beamline potential

(i.e. ground) while the center electrode is put on a static potential.
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FIGURE 3.6: Schematic view of an Einzel lens. An ion beam

(red) entering the lens is deflected by the potential between the

grounded outer electrodes and the center one, leading to a fo-
cussing effect.

The resulting electric field then affects the outermost ions the most, push-
ing them towards the center of the beamline, while ions which are already
situated closer to the center are less affected, resulting in a focusing of the
beam. An Finzel lens can be used in both accelerating and decelerating con-
figuration, where the potential on the central electrode is attracting or repuls-
ing respectively. However, the refractive power is greater for the decelerating
configuration, requiring a lower voltage than the accelerating one to achieve

the same refractive power.
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3.2.3 Mass separation

In order to investigate a specific element or isotope, in most of the cases it is
desirable to separate them from the other constituents of the initial ion beam.

This can be achieved via mass separation.

Dipole mass separating magnets

One of the most common ways to separate an ion beam by mass is by us-
ing an electromagnetic mass separator. Here, the ions are sent into a dipole
magnet as shown in Fig 3.7. In the magnetic field of the separator, the ions
are forced into a circular motion, where the radius r can be derived from the
equilibrium of the Lorentz and the centrifugal forces:

mo?

h = Fcentrifugal < qu-B= 7 (3.4)

where B is the magnetic dipole field and g, v, m the ions charge, velocity and

mass respectively. From Eq. 3.4 follows

(3.5)

= |3
Uu.lcz

If all the ions originate from the same source, they are accelerated by the same

potential U. Eq. (3.5) can then be written as

v 2mell

r= By

(3.6)

Consequently, ions with different mass to charge ratios % travel on separate
trajectories within the dipole magnet. By placing an aperture at the exit focal
point of the separator magnet, the mass to charge ratio of the passing ions
can then be chosen by varying the magnetic field accordingly. Mass sepa-
rating magnets have the advantage of being reliable and stable in operation
conditions, while covering a large mass range or, respectively, a broad range
of beam energies by adjusting the field strengths. However, the mass res-

olution of magnetic sector fields mass spectrometers, defined as 7., where
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Am is the full width half maximum of the mass peak, is limited due to the
energy distribution of the ion source and possible imperfections in the mag-
netic field distribution (fringing fields, inhomogenities) and usually does not
permit e.g. the separation of isobars. In particular for highly intense beams,
space charge effects come into play in addition to image aberrations of the
ion optical system. In all cases, gaskinetical collisions with residual gas con-

stituents have to be considered too [141].
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FIGURE 3.7: Schematic of the working principle of a mass sep-
arating magnet. Ions with the chosen mass to charge ratio exit
the magnet, while all others are blocked by a slit system.

Quadrupole mass filter

A quadrupole mass filter (QMF), employs a high frequency oscillating elec-
tric quadrupole field superimposed to a DC field to achieve mass separation.
A QMF consists of a geometry of two opposing pairs of rods, generating the
quadrupole field as shown in Figure 3.8. The radio-frequency voltage and a

DC offset is applied on each pair with a 90° phase shift, given by

UQMF(t) = Upc + Uac - sin(wt). (3.7)
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The potential between quadrupole rods with distance 2r is given by

_ . (x? — 22)
Pomr(7, ) = (Upc + Uac - sin(wt)) - ] (3.8)
0
The movement of an ion in this potential can be determined by
2
dtzr + eVdDQMF(r t) 0. (3.9)
By introducing the dimensionless parameters a, = —a, = jfrugg and g, =
—qy = ij’fgg, Eq.(3.9) can be transformed into a Mathieu’s differential equa-
0

tion, which can be solved analytically, leading to two sets of solutions [142].
Stable solutions describe particles which follow a periodic oscillating tra-
jectory in x and y, while unstable solutions describe particles which follow
an oscillating trajectory with exponentially increasing amplitude, resulting in
the particle impinging on the quadrupole rods. Whether or not an ion moves
on a stable trajectory only depends on the parameters g and a, which contain
the mass. The detailed display and discussion of the solutions of the Mathieu
differential equation and the description of the resulting parameter range for
a QMF are given elsewhere [142, 143]. The theoretical mass resolution of a

QMF can be approximated by [144]

m 0.126
Am " 016784 — L
Uac

(3.10)

However, in order to achieve this value or high resolution in general, the
ions have to undergo a sufficiently high number of oscillations N within the

longitudinally limited quadrupole field [143]

m N2
(E)max ~ 1505 (3.11)
In addition, this leads to an upper energy limit Enax for the ions:
0.0426L[cm]?v[MHz]?m[amu
Eax[eV] = (em/"vIMHz mlamu], (6.12)
A
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where L is the length of the QMF in cm and v is the frequency in MHz. Due
to this energy dependence, either the length of the device has to be adjusted
to the expected ion energy, or the ions need to be decelerated before entering
the QMEFE, which can lead to significant losses in beam intensity due to the

increase in beam emittance.

FIGURE 3.8: Three quarter view of a quadrupole mass filter
(one rod removed) with entrance and exit apertures and a sta-
ble sinusoidal ion trajectory in one direction shown in black.

In addition, due to the motion of the ions in the radio-frequency field and
depending on the injection conditions, the ion beam diverges in the fringe
fields at the exit of the QMF, which can lead to additional losses or distorted
mass peak shapes [143]. However, this effect can be mitigated by appropriate
ion guides and by proper clipping of the fringe field at the exit of the mass
filter [145].

Time of flight

Time of flight mass separation utilises that ions with different masses but the
same kinetic energy will have different velocities: If all ions are accelerated

by the same potential, their kinetic energy is classically given by

E=gq-U=_-mv-. (3.13)



48 Chapter 3. Radioactive ion beams

Hence, two ions with the same charge but different masses will have differ-
ent velocities. If those ions drift over a sufficient long path length, they will
separate in distance. By a time-resolved detection or, alternatively, by adjust-
ing e.g. a blocking voltage for some respective arrival times, ions of differ-
ent masses can be separated. However, depending on the mass difference
and kinetic energy, the flight path to separate ions with sufficient precision
can be impractical. Consequently, this method can be optimized by trapping
the ions between a set of mirror electrodes, essentially extending the flight
path with the number of revolutions. Such an arrangement is called Multi-
reflection time of flight (MR-ToF) device, and is discussed in more detail in

chapter 4.

3.24 Beam diagnostics

In order to gain insight into the properties of an ion beam such as its inten-
sity, beam envelope, spatial position or temporal structure, several different
detecting devices can be employed.

Faraday cups (FCs) are simple metallic cups into which the ion beam is di-
rected to measure its intensity. The charged particles impinging on the metal
cup create a charge transfer which can be measured as an electric current
with a sensitive amperemeter. Secondary electrons created by the impact of
a beam of a few keV or more are usually suppressed by a biasing voltage of
typically e.g. —40 Vat the entrance of the FC. FCs can measure beam inten-
sities in the order of pA and higher. In addition, an upper limit in terms of
beam intensity is given by the ability of the FC to absorb the power deposi-
tion of an ion beam without e.g. melting.

More sensitive devices with capability to count single ions usually em-
ploy a form of electron multiplication. Here, the ion beam is directed onto
a dynode, creating secondary electrons by impact, which are subsequently
multiplied by directing them to impact on another dynode held on a higher,
positive voltage. This can be repeated multiple times until the electron pulse

is amplified enough to be measured by conventional electronics. Detectors
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employing this kind of detection scheme and used within the frame of this
thesis are channel electron multipliers (CEMs), MagneToFs and micro chan-
nel plates (MCPs). MCPs have the additional advantage of achieving a spa-
tial resolution by utilising plates with multiple channels in which the electron
multiplication takes places. For radioactive ion beams, decay spectroscopy,
utilising the specific decay channel of an element, can be used with the ad-
vantage of additional identification of the detected species by its characteris-
tic ejectiles.

For the determination of the beam envelope or beam shape, wire scanners
or wiregrids are typically employed. In a wire scanner, a thin wire is moved
through the beam, which results in an electric current loaded onto the wire.
By measuring the current against the position of the wire, the transversal
beam profile can be extracted. An in-depth overview of beam instrumenta-
tion and diagnostics is given in textbooks and reviews such as by Strehl [146]

and Forck [147].

3.3 ISOLDE

The Isotope Separator On Line DEvice (ISOLDE) is a radioactive ion beam
facility at the European Center for Nuclear Research (CERN in Geneva, Switz-
erland), producing a large variety of radioactive ion beams by application of
the ISOL method. Situated within CERN’s accelerator complex (shown in
Figure 3.9), it is one of the major ISOL-type facilities worldwide. Here, over
1000 radioactive isotopes from 72 different chemical elements have been pro-
duced up to today by irradiation of a thick target with a 1.4 GeV proton beam.
Intensities of up to 2 nA were delivered by the Proton Synchrotron Booster
(PSB) [56].

Initially, the first version of ISOLDE came into operation in 1967 and re-
ceived 600 MeV protons from the Proton Synchlocyclotron [130]. After sev-
eral upgrades during the following decades, ISOLDE was moved to connect
to the PSB in the 1990s, now able to accept protons of 1.4 GeV kinetic energy
and with an intensity of up to 2pA [148, 149]. In the early 2000s, a linear
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accelerator (LINAC) was added to the ISOLDE facility to enable post accel-
eration of the low energy beams from the ISOLDE RIB machines.

The CERN accelerator complex
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FIGURE 3.9: The accelerator complex of CERN; negative hydro-

gen ions are produced in LINAC4, subsequently injected into

the PS booster where electrons are stripped off. From the PSB,

the remaining protons are distributed further down the acceler-

ator chain to fixed target experiments as well ultimately to the

LHC. The ISOLDE facility is connected to and receives protons
from the PSB. Illustration from [150].

The first stage, called REX was operational in 2001, generating post ac-
celerated beams of energies of up to 3MeV /u [151, 152]. The second high-
energy upgrade, called HIE-ISOLDE, added superconducting LINAC mod-
ules to REX, enabling operation with beam energies of up to 5.5 MeV /u with
possibilities to increase up to 10 MeV /u [153, 154].

With the ongoing work on the entire CERN-accelerator chain for the high
luminosity upgrade of the LHC, proton beam energies up to 2GeV and in-
tensities up to 4 nA will become feasible at ISOLDE in the future, when the
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infrastructure such as beamdumps and proton delivery line have been up-
graded accordingly.

In addition, the MEDical Isotopes Collected from ISOLDE (MEDICIS) fa-
cility was initiated in 2010 and has been running since 2017 [155]. Here, a rail
system is employed to position a second nuclear reaction target behind the
irradiation station of the high resolution separator (HRS) stage of ISOLDE,
parasitically taking advantage of those protons which have not interacted
with the primary ISOLDE target material. The irradiated target is then re-
moved and connected to a the MEDICIS mass separator, where radioactive
elements relevant for medical research are extracted as an ion beam, purified
by laser ionisation and mass separation and implanted onto a foil.

On top of that, MEDICIS receives external radioactive sources for process-
ing, enabling the facility to stay active even when the CERN accelerator chain
is in a shutdown period. Such samples are shipped to external researchers
and collaborators. In 2019, the MEDICIS laser ion source, called MELISSA,
was comissioned, introducing highest isobaric selectivity through laser reso-
nance ionization into the production of medical radioisotopes [156].

The ISOLDE experimental hall and adjacent laboratories are shown in
Figure 3.10. In the highly radioactive "target area", the proton beam is sent to
either of two different target stations or "Frontends", GPS and HRS, named
after the subsequent electromagnetic separators, the General Purpose Sepa-
rator (GPS) and the High Resolution Separator (HRS). From both target sta-
tions, RIBs can be extracted with up to 60 keV kinetic energy. Adjacent to the
target area are the MEDICIS facility as well as the Class A laboratory, where
radioactive target materials are stored and handled. Following the respec-
tive target stations, the ion beam is guided through an electromagnetic mass
separator.

The GPS magnet has a mass resolving power m/Am of 800 and is con-
nected to an electrostatic switch-yard, making it possible to deliver beams in
the range of +13% of the central mass quasi- simultaneously to three different
beam-lines. The central mass is delivered to the main beamline connected to

all experiments in the experimental hall, while slightly lower or higher mass
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are directed to the General Low Mass (GLM) and the General High Mass
(GHM) beamlines respectively, where travelling setups can be installed [56].

- — B

HIE ISOLDE

i

FIGURE 3.10: The ISOLDE facility. On the upper right the med-
ical facility MEDICIS is located next to the Class A laboratory
where radioactive targets are prepared or inspected. A rail sys-
tem connects the MEDICIS separator Frontend to the highly
shielded target area, with the GPS and HRS target station. From
there, both separators transport radioactive ion beams into the
low energy sector of the experimental hall, which was extended
to include the post acceleration beamlines of HIE-ISOLDE. Lo-
cated above the experimental hall is building 508, which en-
compasses the ISOLDE control room as well as several of-
fices and laboratories for permanent experiments. Image by
R. Catherall et al. [56], under Creative Commons Attribution
License CC BY 3.0.

HRS is equipped with two mass separating magnets, resulting in a higher
mass resolving power of about 6000 [56]. Following the HRS mass separa-

tor, a radio frequency cooler-buncher (RFQcb) called ISCOOL [157, 158] is
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connected, enabling cooling and bunching of the ion beam, which is highly

beneficial for many high-sensitivity spectroscopy experiments.

3.3.1 ISOLDE target Unit

The ISOLDE target and ion source unit, referred to as the target unit and
shown in Figure 3.11, is an aluminium vacuum vessel in which the genera-
tion and ionisation of the radioisotopes takes place. It generally comprises of
a target container, a transfer line, an ion source and necessary feedthroughs

for electrical connections, cooling water and gas injection, if needed.

FIGURE 3.11: ISOLDE target unit. Protons (blue arrow) im-

pinge on the target container (light grey) filled with the target

material. The created radioisotopes diffuse through the transfer

line (dark grey) into the ion source (central cylinder of the red

part), where they are ionised and subsequently extracted with

an extraction electrode (shiny grey) by a potential difference up
to 60 keV.
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The target container is a 20 cm long tantalum tube with 2 cm inner diam-
eter, filled with the target material, which is irradiated by the proton beam
originating from the PSB. Recently, an enlarged target container with 50 mm
inner diameter was designed, to suit the needs of the MEDICIS facility and
for application at a new proton to neutron converter target type [159].

In contrast to direct bombardment of the target material with protons, the
target can be equipped with a proton to neutron converter. Here, the proton
beam is directed onto a solid tungsten rod with a length of 125 mm and a di-
ameter of 12mm instead, creating a shower of neutrons which impinge e.g.
upon an actinide target, producing neutron-rich fission fragments [160, 159].
Originally, the tungsten rod was mounted underneath the target container.
However, a new design was developed recently [159], placing the tungsten
rod within the large target container and surrounding it with the target ma-
terial. In order to extract the isotopes of interest from the target container, a
small tube referred to as transfer line is welded to the target container, con-
necting the target container to the ion source. The transfer line is typically
made out of tantalum, but different materials can be chosen, e.g. in order to
chemically select isotopes passing into the ion source.

The target container, the transfer line and the ion source are resistive
heated individually to typically around 2000 °C and up to 2400 °C, depend-
ing on the characteristics of the target material and ion source type. This
ensures fast diffusion out of the target material and reduces transport times
to the ion source by minimising wall sticking times. As an example visual-
ising the variety of target materials used in ISOLDE, Figure 3.12 shows the
target materials used in 2017.

In general, about half of the targets used are based on carbide compounds
(UC,, SiC and multi wall carbon nanotubes (MWCNT)), but also oxide mate-
rials such as ZrO and CaO are frequently used as well as metal targets made
out of e.g. Ta or Ti foils. In addition, among other, liquid target materials
such as molten Pb are available. An in-depth review of target materials used
for ISOL facilities such as ISOLDE can be found in articles e.g. by T. Stora
[161], U. Koster [162] and the thesis of J.P. Ramos [163].
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FIGURE 3.12: ISOLDE target materials used in 2017.

Due to the high requirements in regards to low chemical reactivity and me-
chanical stability under radiation as well as high temperature distress, the
target container, transfer line and ion source are mostly manufactured exclu-
sively from refractory metals such as tantalum, molybdenum, tungsten or
rhenium.

One of the advantages of the quickly exchangeable and modular ISOLDE
target unit compared to other ISOL facilities is its high variability in target
material, transfer line and ion source combinations, which enables a multi-
tude of options to optimize beam purity and intensity for a specific experi-

ment.

3.3.2 Ion sources for RIB production

In the following, the different types of ion sources employed at most ISOL-
facilities are discussed using the ion sources employed at ISOLDE as exam-
ple. The three most commonly employed ionisation mechanisms are surface
ionisation, laser ionisation or electron impact ionisation, in all cases operated
to create predominantly single-charged positive or negative ions. The respec-
tive ion sources are required to reliably and efficiently ionise the species of
interest while maintaining short ion extraction times to avoid strong decay

losses even of short lived species within the target unit itself. In addition,
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it is often desired to immediately suppress unwanted isobaric contaminants
in the ion source, using chemical properties of the elements or alternatively
employing the difference in their ionisation efficiency for a certain ionisation
mechanism. In Figure 3.13, all elements which can be produced at ISOLDE
with the different ion source types are shown. Elements with low IP (<6eV)
such as the alkali metals can efficiently be ionised positively with a surface
ion source, while for elements with higher IPs electron impact ionisation or
laser ionisation, if a laser scheme is available, is more suitable. Negative ions

of the halogens are usually produced with a negative surface ion source.
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FIGURE 3.13: Overview of the chemical elements available as
ion beams at ISOLDE and the respective ionisation mechanism.
Figure courtesy of J. Ballof.

Positive surface ion source

The underlying principle of surface ionisation was already described in chap-
ter 2. At ISOLDE, surface ionisation is most commonly used for production
of positive ions, most efficiently group I elements due to their low IPs. How-
ever, in cases where negative ion beams of halogens are of interest, a negative
surface ion source with a LaBg ioniser is utilised [102].

The positive surface ion source of ISOLDE, shown in Figure 3.14 is a tube
of 3mm inner diameter, about 34 mm length and 0.5 mm wall thickness. This

tube is made of a high work function refractory metal, typically tantalum,
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tungsten or rhenium, enabling high ionisation efficiencies and mechanical
stability at typical operating temperatures of 2000 °C to 2200 °C.

The ionisation efficiency for this geometry has been shown to be under-
estimated by equation 2.37 due to neglecting multiple wall collisions and
mainly due to the electron emission from the hot ion source walls and the

thermal plasma well formed that way.

Transfer line

20-60kV e

FIGURE 3.14: Positive surface ion source used at ISOLDE. Neu-

tral atoms diffuse out of the target into the hot line, where they

are ionised positively on the hot surface (red) and subsequently
extracted.

According to the Richardson-Dushman equation [164, 165, 166], a hot sur-
face with a work function ® will emit electrons with a current density je,
given by

o= A T2 - exp — (3.14)
]e — 1R P kBT/ .

dtmekZe
3

specific correction factor b, T the absolute temperature and kg the Boltzmann

where AR = b-Ayg = b- is the Richardson constant with material-
constant. A typical tubular ISOLDE surface source made out of tungsten
(® =454eV, A ~ 60A/(Kecm)?) would then emit an electron current of
about 2mA /mm? at 2200 °C. These electrons create a transverse plasma po-

tential within the source, shielding ions in part from further wall collisions.
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This plasma potential is given by

kgT Nions
2b- , 3.15
oL In("ns) 3.15)

where e is the electron charge, njons and 7, the density of ions and electrons
respectively [167]. In addition, the voltage drop of typically about 2V over
the resistive heated source cavity guides the ions towards the extraction re-
gion of the ion source. Accounting for this plasma potential and multiple

wall collisions, Eq. 2.37 was modified [168, 161] to

TKX

= 3.16
1+ e ( )

€is
where «x is the number of wall collisions of the atom before extraction and
the trapping efficiency of the plasma potential in the source.

Surface ion sources generally have the advantage of being mechanically
simple and therefore reliable as well as easy to operate. However, the sur-
face source offers very little elemental selectivity and only elements with low
ionisation potential, e.g. lower than the work function of the ioniser, are effi-

ciently ionised.

Negative surface ion source

The negative ion source used in ISOLDE is a surface ion source, based on the
principle discussed in chapter 2. The basic geometry of the source, depicted
in Figure 3.15 is similar to the positive surface ionisation source discussed
above, where atoms diffuse into a tantalum transfer tube towards the extrac-
tion region of the source, where the ioniser is situated.

The LaBg ioniser exhibits a work function of around 2.6 eV and a temper-
ature stability of up to about 1500 °C [59, 100]. LaBg is pressed into a pellet
which is inserted into the front part of the transfer line by means of a small
mounting piece. According to Eq. 2.36, atoms diffusing out of the target
onto the pellet can then acquire an electron and are subsequently extracted

as negative ions. The low work function of the ioniser also gives rise to a
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significant amount of thermally emitted electrons (see Eq. 3.14) which have
to be deflected out of the beam to avoid collisional detachment as well as to

avoid space charge effects in the extraction of the ions.

J Pre-extraction

Magnet 1KV

0.03T

mount

LaBg

Ioniser ﬂ‘

Transfer line

FIGURE 3.15: The negative surface ion source at ISOLDE. Neu-

tral atoms diffuse out of the target container and effuse through

the transfer line (both grey) and are ionised in an LaBg ioniser

(purple) mounted at the end of the transfer line (orange). Elec-

trons emitted from the low work function surface are bend

away by a permanent magnet (blue) onto the pre-extraction
plate (red-brown), biased with 1kV.

This is achieved by a small magnetic field of 0.03T from a permanent
magnet mounted on the base plate of the target unit. The magnetic field de-
flects the electrons onto the pre-extraction plate (also referred to as electron-
catcher) which is typically on a 1kV potential with respect to the ion source.
Due to the rather high work function of LaBg, in particular in comparison to
typical EA values, this source is most effective for halogens. In combination
with the source geometry this leads to very pure ion beams of good quality.
As an alternative to the pellet source, the negative ion source exists also in

tubular geometry: Here, a tube with an internal diameter of 3mm made of
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LaBg or GdBy is inserted into the transfer line, centered by two rhenium sup-
ports. This increases the geometrical likelihood of neutral atoms interacting
with the ioniser, but in turn increases the energy spread of the ions and has
shown to be less reliable in offline tests [102, 169].

Developments of this source and investigations of different ionisation

mechanisms will be discussed in chapter 5.

RILIS

The Resonance Ionisation Laser Ion Source (RILIS) is ISOLDEs laser ion
source, schematically shown in Figure 3.16. Here, a singly charged positive
ion is created from an atom via step-wise laser excitation of its valence elec-
tron into the continuum, a Rydberg state or an auto-ionising state as shown
in Figure 3.17. The utilisation of the unique energy levels of an atom in a
multi-step laser scheme as shown in Figure 3.17 has the advantage that this

ion source exhibits highest element selectivity.

20-60kV

FIGURE 3.16: Working principle of the RILIS ion source. Laser
beams are directed into the ion source, where they create singly
charged positive ions via multi-step photoionisation.

The RILIS is usually constructed on the basis of the hot cavity surface ion
source described in the previous section, which results in an unwanted sur-
face ionised background. This can result in isobaric contaminants with orders
of magnitude more intensity than the desired ion species, increasing experi-
mental challenges. Hence, efforts are made to reduce the surface ionised ions

e.g. by employing a low work function cavity, ion beam gating or by the de-
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velopment and implementation of the LIST ion source, which will be briefly
discussed later in this chapter.

By using a low work function surface in the hot cavity, the surface ioni-
sation efficiency for the production of positive ions is significantly reduced
according to Eq. 2.37. Beam gating utilises the time structure of the pulsed
lasers to only extract ions produced during the time interval of laser ionisa-
tion [170, 171]. The laser beams are directed from the laser room through
a window in the mass separator magnet and focused into the surface ion
source over a path length of about 15m through the ion source exit hole.
RILIS has become the most used ion source at ISOLDE, applied for about
60 % of the ISOLDE operarion. More detailed information on RILIS, scheme
development and the laser system can be found in the thesis of K. Chrysalidis

[172] as well as in further publications [173, 174, 175, 176].

Auto-ionising state

M Ionisation potential

T Rydberg state

\ Excited states

Ground state

FIGURE 3.17: Ionisation schemes employed by RILIS. An elec-

tron is excited from the ground into a higher excited state in a

multi-step process. From there, the atom is ionised either via a

final optical transition into an auto-ionising state, directly into

the continuum or via population of a Rydberg state from which

the atom can easily be ionised through black body radiation,
collisions or a further laser photon.

FEBIAD type ion sources - VADIS and VADLIS

The Versatile Arc Discharge Ion Source (VADIS) [177] is the ISOLDE ver-
sion of a Forced Electron Beam Induced Arc Discharge (FEBIAD) ion source
[178], shown in Figure 3.18. Electrons are created by resistive heating of a

cathode typically made out of tantalum and then accelerated through a grid
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with about 50 %-70 % transparency into an anode volume by applying a po-
tential of typically 100 V-200V to the anode. The incoming electrons scatter
in-elastically on the neutral gas atoms inside the anode volume, creating pos-
itively charged ions, which then can be extracted.

For low temperatures, the emitted electron current density je is described
by the Richardson law Eq. 3.14. For high temperatures, when reaching the
space-charge limit, it is given by the Child-Langmuir equation [179]

.4 [2e U7
]e - §€0 m_ dz ’ (317)
e

where €y is the dielectric constant in vacuum, e the elementary charge, m.
the electron mass, U the anode potential and d the distance between anode
and cathode. In order to optimize the ionisation efficiency, a tuneable mag-
netic field is supplied by an electromagnet, additionally shaping the electron

trajectories in the anode volume.

| Target
\containep’

Transfer line

20-60kV Cathode Anode & grid
0-300V

FIGURE 3.18: The VADIS ion source. Electrons emitted from

a hot tantalum cathode (blue) are accelerated through a grid

(orange), biased with 100 V-300V, into the anode volume (red)

where they create positively charged ions by collision with neu-
tral gas atoms.

An initial model for the VADIS ion source efficiency supported by exper-

imental investigations as well as simulations was developed in the thesis of
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L. Penescu [180]. There, it is shown that the efficiency of the VADIS source

can be estimated by the expression:
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(3.18)

where Viource is the ion source volume, IP is the ionisation potential in eV, Ag
the Richardson constant as described in Eq. 3.14, ® the cathode work func-
tion in eV, T the temperature in K, kg the Boltzman constant, /y the number
of electrons in the valence shell, U the anode Voltage, m the mass of the ele-
ment to be ionised in u and Syy; the area of the extraction hole in cm?. The
parameter f is an adjustment factor for fitting to experimental data, encom-
passing effects from ion survival and extraction efficiency.

In addition to the normal VADIS operation, there are different variants of
the transfer line of the VADIS: One, referred to as VD7, is used for the ionisa-
tion of volatile components such as noble gases and certain molecules. Here,
the tantalum transfer line is replaced by a water-cooled copper block, creat-
ing a cold spot between target container and ion source, where non-volatile
elements condense. Another operation mode is the so-called VADLIS, the L
standing for Laser [181, 182]. Instead of electron impact ionisation, the anode
voltage is reduced down to a few volts and selective resonance laser ionisa-
tion inside the anode volume is used. In this version, an additional pair of
extraction plates is mounted on the source, shaping the potential inside the
anode volume to benefit laser ion extraction, similar to the MK3 ion source,
a predecessor of the VADIS, where two anodes are employed [183].

Recently, there have also been investigations to use a laser to create photo-
electrons instead of using thermal emission. This results in a narrow energy
distribution of the electrons produced in a low temperature environment,
which might be beneficial for production of volatile molecular ions which
decompose easily at high temperature. In addition, it was proposed to utilise
the electrons created with well defined energy as a possible way towards the
determination of ionisation potentials of superheavy elements [184], similar

to the approach of Sato et al. [185]. In the work presented in this thesis, the
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VADIS was also tested for negative ion extraction, which will be discussed in
chapter 5.

The VADIS with its different operational modes has generally high ion-
isation efficiencies for a broad range of elements and molecules. However,
due to its complexity it is more prone to failure, e.g. by insulator breakdown,

and does offer almost no element selectivity.

LIST

The Laser Ion Source and Trap (LIST) was initially developed at the Johannes
Gutenberg-University Mainz to suppress surface ionised species in prepara-
tion of a clean laser ionised beam [169, 186, 187]. Here, ions produced by the
hot surface ioniser tube are suppressed by an electrostatic repelling potential.
However, neutral atoms can effuse out of the surface ion source and into a ra-
dio frequency quadrupole which is mounted downstream of the surface ion
source. There, the neutral atoms are laser ionised using the RILIS method,

while the quadrupole provides a guiding field for laser ion extraction.

Repeller
electrode

Quadrupole
rods Exit

electrode
ISOLDE RILIS
Sample reservoir / cavity

mass marker

ISOLDE
target

FIGURE 3.19: LIST ion source combined with ISOLDE target

(red). Positive ions from the tubular surface ion source (orange)

are blocked by a repeller electrode (green), neutral atoms enter-

ing the LIST volume are laser ionised and guided out of the

LIST by the potential of the exit electrode (light green) and a RF

guiding field provided by the quadrupole rods (blue). Figure
courtesy of R. Heinke [187].
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In its initial design, described in the thesis of K. Wies[188], it was also
foreseen to use the LIST as a cooler buncher, employing buffer gas for cool-
ing as well as a trapping potential at the exit of the LIST geometry to trap and
bunch the ions. However, for the use as a source for radioactive ion beams
at ISOLDE, the initial concept was adapted. At ISOLDE, the LIST is not used
as a longitudinal trap, but purely employed in its function to suppress un-
wanted surface ionised contaminants and provide a laser ionisation volume
with a guiding field generated by the quadrupole rods. In addition, it can be
used in an "ion-guide" mode, where ions are guided through the LIST vol-
ume without any suppression potentials. A schematic view of the ISOLDE
version of the LIST is shown in Figure 3.19. The latest LIST developments
and further details are discussed in the thesis of R. Heinke [187].

KENIS

The Kinetic Ejection Negative Ion Source (KENIS) was developed at Oak
Ridge National Lab for the production of negative fluorine beams [189, 190].
It uses a similar approach as the caesium sputter sources described in chap-
ter 2, however in this case adapted to atoms in gas phase in contrast to the
solid cathodes using macroscopic amounts of material. As shown in Figure
3.20, neutral gas atoms diffuse through a resistive heated hot tantalum trans-
fer line and collide with a conical cathode at the exit of the ion source. An
additional, heatable tantalum tube is located within the transfer line, supply-
ing caesium vapour from a reservoir. The caesium atoms are then positively
ionised at the end of the transfer line by means of a 50 % porosity tungsten
ioniser which is usually held at about 1200 °C.

Subsequently, the Cs™ ions are accelerated onto the conical aperture by a
molybdenum acceleration grid with 90 % transparency biased to about —200 V
in respect to the transfer line. As in a caesium sputter source, the caesium ion
beam kinetically ejects attached atoms and breaks up molecules into their

constituents.

In addition, a surface layer of neutral caesium acts as an electron donor,

increasing the negative ion yield. In order to re-direct backwards-deflected
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ions towards the extraction potential, the grid is held in a slightly more neg-

ative potential then the ioniser cone.

Cs Cs
injection ioniser
¢ 1]

Transfer line -30kV -300V -250V

Target \[._© '
contalner /
' Grid Ioniser

FIGURE 3.20: The KENIS ion source. Neutral gas atoms diffuse

through a transfer line (grey) onto the ioniser (red), which is

biased to —250V. Cs is fed through a heated injection line at

the end of which it is ionised positively by a tungsten ioniser

(orange). A grid (yellow) biased to about —300V then accel-

erates the positive Cs ions onto the conical ioniser ejecting the
condensed species as negative ions.

In the work presented in this thesis, the KENIS was rebuilt to investigate
its suitability for negative ion beam production of fluorine as well as other
elements outside of the halogen group, which are currently not efficiently
produced with the existing surface ion source.

Aside from the gained beam purity in using negative ions, e.g. negative
oxygen beams are of interest for the PUMA project [36]. In addition, oxygen
is expected to have a similar EA as polonium, making it a suitable analogue
to study production efficiencies offline. The results of these studies are dis-

cussed in chapter 5.

3.3.3 ISOLDE thermal calibration stand

Before a target and ion source system is coupled to one of the ISOLDE Fron-
tends, it undergoes several procedures for quality control. After assembly,

the first tests are carried out at the designated ISOLDE thermal calibration
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stand, shown in Figure 3.21. Here, a target unit can be coupled to a DN100
5-way vacuum cross and evacuated to pressures around 1 x 1077 mbar. Sub-
sequently, target container and transfer line are resistive heated to perform a
step-wise temperature calibration via a pyrometer, measuring electric heat-
ing power against temperature. In addition, this process ensures vacuum
tightness under operating conditions.

Furthermore, outgassing of the targets can be monitored via a residual gas
analyzer (RGA). A second version of this test stand, referred to as "carburiza-
tion stand" is used in ISOLDESs Class A laboratory to produce specifically ac-
tinide target materials such as uranium carbide. In addition to the standard
quality control procedure, this test stand is frequently used for temperature
studies of target and ion source prototypes as well as other experiments that

do not require the extraction of an ion beam from the source.

FIGURE 3.21: Image of the ISOLDE thermal calibration stand.

3.3.4 ISOLDE Offline separators

The technical team responsible for target delivery and ISOLDE infrastructure
operates two offline mass separators, referred to as "Offline 1" and "Offline
2". Offline 1, shown in Figure 3.22 has two main purposes. First it is used
for quality control to ensure the functionality of target units prior to delivery

to ISOLDE for on-line use. Second, it is used as a test bed for target and ion
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source development, where efficiency and reliability of prototype targets are
investigated. Both separators consist of a Frontend similar to the ISOLDE
ones, where an ISOLDE target unit can be coupled and subsequently an ion
beam extracted with energies of up to 60 keV by biasing the Frontend. Fo-
cussing and guiding ion optical elements such as electrostatic steerers and
an Einzel lens or quadrupole triplet inject the ion beam into a mass separat-
ing magnet after which several detection devices such as Faraday cups and
single ion counting detectors can be mounted. Offline 1, described by J. Let-

try [191], was used for the ion source studies in this thesis.

FIGURE 3.22: The ISOLDE Offline 1 facility. The target unit
(brass) is coupled to the frontend and electrically insulated by
ceramic insulators (beige). Ions are extracted by a 30keV po-
tential difference between target unit and extraction electrode
(dark grey). The ions are then focused into a separating magnet
(brown) by x- and y- steerers (red) and an Einzel lens (blue).
The ion beam intensity before and after the mass separator can
be measured with FCs (green).

Following the extraction electrode, the beam is focused into the mass sep-
arating magnet with an Einzel lens which can be operated with up to 20kV.
The magnetic field of the magnet is controlled with a power supply deliver-
ing up to 150 A of current to the magnet. Upon exiting the magnet, the ion
beam is guided into a detector box, where slits and a wire scanner are em-
ployed in front of two interchangeable current detecting devices, typically a

Faraday cup and a multi channel plate (MCP) or MagneTof detector [192].
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Additionally, a window in the separator magnet enables laser ionisation
scheme developments or other spectroscopic in-source studies. These tasks
can now be shared with the newly build Offline 2, which has some additional
features, the main being a radio frequency cooler-buncher (RFQcb) down-
stream of the mass separator, as is the case at ISOLDEs HRS separator [158,
157, 193]. This enables in-depth testing of working modes of this device as
well as studies of e.g. molecular breakup in the RFQ. A detailed descrip-
tion of Offline 2 is given in the paper by S. Warren [194] and the thesis of A.
Ringvall-Moberg [195].
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Chapter 4

Experimental methods

41 GANDALPH

The Gothenburg ANion Detector for Affinity measurements by Laser PHoto-
detachment (GANDALPH), shown in Figure 4.1 is a detector built for the
measurement of electron affinities of radioactive isotopes. The first version
of GANDALPH was built at the University of Gothenburg and CERN. It was
successfully used to perform the first electron affinity measurement of a ra-
dioactive isotope, utilising laser photodetachment threshold spectroscopy of
1281 [50]. In order to minimise the background resulting from collisional de-
tachment, a differential pumping section is placed at the entrance of GAN-
DALPH, which allows pressures as low as 5 x 1079 mbar in the interaction
region, despite e.g. the ISOLDE beamline generally being at pressures be-
tween 1 x 10~7 mbar and 1 x 10~® mbar.

A negative ion beam enters GANDALPH at an angle of 35° and is de-
flected by two electrostatic steerers into an interaction region, defined by two
apertures with 6 mm diameter placed at a distance of 0.5m. Here, the ions
are overlapped collinearly with a laser beam, resulting in photodetachment
as described in chapter 2. Following the interaction region, residual charged
particles are electrostatically deflected into either a Detech XP-2334 channel
electron multiplier (CEM) for low intensity beams, or a Faraday cup for beam
intensities greater than approximately 1 pA. Neutral atoms continue on their
straight trajectory and enter the neutral particle detector, shown in Figure 4.2

where they impinge on a target, creating secondary electrons. Subsequently,
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FIGURE 4.1: Schematic diagram of the GANDALPH detector.
From left to right: A beam of negative ions is guided into GAN-
DALPH, where it is overlapped with a frequency tune-able
laser beam in the interaction region in either co- or counter-
propagating geometry. By absorbing a photon (Inset 1), an elec-
tron can gain enough energy to be ejected from the ion, thereby
creating a neutral atom (Inset 2). After the interaction region,
charged particles are deflected into an ion detector, while neu-
tralised atoms continue moving straight to the graphene-coated
glass plate downstream and create secondary electrons, which
are detected by a channel electron multiplier. Figure taken from
Publication C.

these electrons are deflected into an off-axis CEM (Detech XP-2334) and reg-
istered via a SRS400, Stanford Research Systems photon counter.

In order to avoid any electric charging of the target as well as to per-
mit the transmission of laser light, the target has to be both transparent and
conductive. D. Hanstorp designed a detector using targets made of quartz
coated with a layer of indium tin oxide (ITO), providing a good compromise
of conductivity and transparency [196]. The transparency of ITO is relatively
constant with about 80 % in the visible and infrared range, however for wave-
lengths below 400 nm it decreases rapidly [197]. Additionally, with increas-
ing photon energy, the creation of photoelectrons by the laser pulse passing
through the ITO target creates very large background in the detector. Hence,

the ITO layer was exchanged with a target consisting of a quartz plate coated



4.1. GANDALPH 73

with graphene. This plate was successfully used during the campaign to
measure the EA of astatine, described in publication C. Graphene is reported
to be almost 100 % transparent down to wavelengths of 200nm [197]. The
graphene layer on a quartz plate substrate was produced by the company
Graphenea utilising chemical vapour deposition (CVD) and installed in the

neutral particle detector as shown in Figure 4.2.

FIGURE 4.2: The neutral particle detector in GANDALPH.
Charged particles enter through an aperture (0) and are de-
flected by electrostatic deflectors (1) either into a FC (3) or a
CEM (2). Neutral particles enter the "box" (6) in which the
graphene coated quartz plate is mounted (red). Secondary elec-
trons are guided into a second CEM (4) by an electric deflector

).

Initial tests were performed at the Gothenburg University Negative Ion
Laser LAboratory (GUNILLA) [92] using negative ruthenium ions and laser
wavelengths as short as 230 nm while achieving a reduced background from
photoelectrons in comparison to ITO due to the high transmission and an
electrostatic suppression via a biased grid in front of the CEM. Further de-

tails of these tests are given in publication B. For GANDALPH, the CEM for
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secondary electron detection was placed off-axis to avoid influence by decay
products of radioactive species implanted on the quartz plate.

In addition to the improvements in the neutral particle detector, GAN-
DALPH underwent several upgrades to improve ion beam tuning and data
acquisition, detailed in publication B. A LabView based control system for
the twenty high voltage channels necessary for the ion optical elements was
developed utilising a twenty-four channel voltage control instrument build
by L. Bengtsson [198]. Additionally, segmented aperture plates were added
on the neutral particle detector and at the exit of the differential pumping
section as part of the authors master thesis [103]. In combination with a
four channel picoampere meter, this facilitates the determination of the di-
rection and the readjustment of any possible beam misalignment. Finally, for
the measurement of the EA of alpha emitting elements such as astatine and
polonium, an alpha spectroscopy setup was added to GANDALPH, shown
in Figure 4.3. An Ortec Alpha Aria spectrometer with a BU-024-600-AS detec-
tor was mounted on top of the GANDALPH chamber such that the detector
is placed out of the line of sight of laser and ion beam. Neutral atoms are im-

planted on an aluminium plate which is descended into the beam utilising

FIGURE 4.3: Alpha spectroscopy setup for GANDALPH. An

aluminium plate (black) can be lowered into the beam line via

a pneumatic feedthrough. After the ion beam is implanted on

the plate, it is retracted back to face the alpha detector to detect

the collected activity (red-gold). Image taken from publication
A.
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a pneumatic feedthrough. Subsequently, the plate is retracted and positioned
in front of the alpha detector for measurements. The mechanism is controlled
using a self-developed LabView software, allowing measurement sequences

to be programmed.

4.2 Multi-Reflection Time of Flight devices

Multi-Reflection Time of Flight (MR-ToF) devices [199] consist of a combi-
nation of mirror electrodes with a drift section in between to reflect and
essentially trap ion bunches. As mentioned in chapter 3, this can be used
to mass separate ions by trapping them for thousands of revolutions, effec-
tively increasing the flight path significantly. Using this method, MR-ToFs
can reach mass-resolving powers - of several hundred thousand [200, 201].
The disadvantage is that no continuous beam but rather ion bunches are re-
quired to be injected into the MR-ToF, which demands low longitudinal and
transversal emittance with specifically short pulse widths. As a result, con-
tinous beams (or bunched beams with high emittance or long pulse lengths)
require cooling and bunching prior to injection. Consequently, ions can be
lost during capture and trapping, in addition to losses when the trap’s space
charge limit is reached, giving an upper limit of the number of ions allowed
in the trap. In addition to its use as a mass spectrometer, the MR-ToF can be
used for collinear laser spectroscopy, e.g. by placing a photomultiplier in the
field-free region to detect fluorescence photons [202].

The MR-ToF used in this work is part of the Multi Ion Reflection Apparatus
for Collinear Laser Spectroscopy (MIRACLS) proof-of-principle experiment
[202], shown in Figure 4.4, which serves as a benchmark tool for the develop-
ment of such a specific MR-ToF operated with a beam energy of up to 30 keV
[203]. The setup consists of an electron impact ion source used at the moment
mainly to produce positive magnesium ions, which are accelerated to beam
energies of up to 450 eV and injected into a linear Paul trap used as radio

frequency cooler-buncher filled with helium buffer gas, where the ions are
cooled and bunched.
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FIGURE 4.4: MIRACLS setup adapted for both positive and
negative ion studies. An ion beam produced by either the pos-
itive (0) or negative (1) ion source is guided into a Paul trap (2),
where it is cooled and bunched using helium buffer gas. The
ion bunch is then accelerated into the MR-ToF (3), consisting
of four elecrostatic mirrors. After a set number of reflections,
the ion bunch is released and detected with a MagneToF detec-
tor. Neutral atoms created in a photodetachment process can
be detected with a neutral particle detector (4) at the end of the

beamline. Graphic adapted with permission from F. Maier et al.
[204].

The bunched beams are then re-accelerated by an acceleration electrode
and a pulsed drift tube (drift tube 1) [205], reaching an energy of 2keV. The
ions are then trapped between a set of four mirror electrodes on each side,
using the in-trap technique described by R. Wolf et al. [206]. Here, the ion
beam energy is reduced to 1.3 keV utilising a second pulsed drift tube, drift
tube 2, situated in the center of the MR-ToF, while the mirror electrodes pro-
vide electrostatic potentials for reflecting and focussing the ion bunch. Drift
tube 2 consists of two electrodes connected to a metallic mesh, thereby also
providing a field free region with optical transparency for fluorescence mea-

surements utilising a photomultiplier placed on top. Alternatively, ions can
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be trapped utilising the mirror-switching technique, where the potential of
the mirror electrodes is altered to allow the capture, trapping and release of
the ion bunch [206]. In order to transmit the ion bunch without trapping,
drift tube 2 is kept on a constant potential of about 620 V. To trap ions in the
MR-ToF, it is switched to ground once the ion bunch is in the center of the
drift tube. More detailed information on the MIRACLS proof-of-principle
setup can be found in articles by S. Sels [202] and F. Maier [204], as well as
severel theses [207, 208, 209].

For the negative ion work, the setup was supplemented by an additional
beam-line with a negative ion source and a neutral particle detector down-
stream of the MR-ToF, as shown within the blue frames in Figure 4.4. In
addition, the MagneToF detector in front of the Paul trap was exchanged by
a Faraday cup and the two MagneToF detectors before and after the MR-ToF
were equipped with an AC-coupler, floating the detector and therefore en-
abling both positive and negative ion detection.

The development of the negative ion source beamline as well as the adap-

tation of the neutral particle detector is discussed in detail in chapter 6.

4.3 Lasers

The Laser, an acronym for Light Amplification by Stimulated Emission of
Radiation, is a coherent light source first built by T.H. Maiman in 1960 [210].
Since then, it has become one of the most important tools in research, indus-
try, communication and numerous other applications.

Stimulated emission is the process of inducing the emission of a photon
from a medium due to the presence of another photon [13]. The emitted pho-
ton has the same polarisation, energy and direction as the initial one. Usually,
absorption exceeds stimulated emission due to the atoms of the medium be-
ing in a lower lying or ground state |1) of the laser transition in the gain
medium. Hence, amplification of the initial photon can only be achieved
when an excited state |2) is more populated than |1), which is called pop-

ulation inversion. In a laser, this is achieved by an external power source
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(e.g. electrical or optical) referred to as the pump. A common method to pro-
vide pump power is via the second harmonic of a Nd:YAG laser, which are
commercially readily available.

However, population inversion can not be achieved in a simple two level
system, since the competition of absorption and emission processes allows
equal population at most. Hence, the simplest laser system employs a three-
level scheme such as the ruby crystal (Al,O5:Cr) used by Maiman [210]. In a
three-level system, the electron is excited into a higher lying state |3) by the
pump, then decays into a lower lying excited state |2) and finally back to the
ground state |1) via the laser transition. Here, the lifetime of the intermedi-
ate state |2) has to be longer than that of |3) in order to achieve population
inversion between state |1) and |2). Most modern lasers, such as e.g. the
Nd:YAG, consist of a gain medium with a four level system, where an addi-
tional intermediate level |2) is utilised. In this scheme, electrons are excited
from the ground state |1) into the highest of the four participating states,
14), from which they decay into a lower lying state |3). The laser transition
via stimulated emission occurs then between the intermediate states |3) and
the state |2), situated below. The benefit of the additional intermediate state
2) in comparison with the three-level scheme is the increased feasibility of
creating population inversion: If the decay from |2) into |1) is fast, the pop-
ulation of |2) is low, thereby strongly facilitating the creation of a population
inversion between |2) and |3) for the laser transition. Both three- and four
level lasing schemes are shown in Figure 4.5. In any case, the amplification
is enhanced by an optical resonator surrounding the gain medium, resulting
in the photons travelling either back and forth or in a closed loop in the laser
cavity, depending on the chosen geometry of the cavity.

For many spectroscopic studies, i.e. photodetachment experiments, where
the laser wavelength is tuned across the photodetachment threshold, it is nec-
essary to utilise a gain medium with a broad emission spectrum instead of
only a distinct line. One of the most commonly used gain media for visible
light is the titanium-doped sapphire crystal (Ti**:Al,O;, titanium:sapphire

or short "Ti:Sa"), where the lasing transition takes place between two vibra-
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tional states broadened by the sapphire crystal field, enabling a laser output
wavelength in the range of 650 nm to 1050 nm. This range can be extended by
second, third or fourth harmonic generation [211, 13] using a non-linear opti-
cal medium such as a B-barium borate (BBO) crystal which exhibits a double
refraction to allow for phase matching of the first and the higher order har-

monics.
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FIGURE 4.5: Three (left) and four (right) level laser scheme. The
arrow in red marks the laser transition.

An alternative to solid state lasers such as the Ti:Sa is the dye laser, which
historically was the first laser with a broadly tuneable wavelength range.
Here, the gain medium consists of a liquid solution of fluorescent organic
molecules. The wavelength range of a dye laser is limited by the fluores-
cence of the available dye solution, but it is easily exchangeable. Dye lasers
also utilise a four-level scheme, where the transitions occur between two elec-
tronic levels with a range of vibrational and rotational states, leading to broad
absorption and emission bands. A drawback however is the bleaching of the
dye, leading to losses in power over time and the necessity to frequently
change the dye solution. Dye lasers are operated in the visible to the infrared
range, depending on the chosen dye.

The laser system used for the determination of the EA of astatine in this
thesis is part of the ISOLDE RILIS (see chapter 3), as discussed in detail in
publication C. For the photodetachment measurement, a commercial dye

laser (Credo Dye, Sirah Laser- und Plasmatechnik GmbH) operated with an etha-
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nol solution of Coumarin 503 dye was used to produce laser light in the range
of 490 nm to 520 nm with an output power of 20-30 mW measured at the exit
of GANDALPH.

The dye laser was pumped by the third harmonic output (355nm) of
a pulsed Nd:YAG INNOSLAB laser (CX16III-OE, EdgeWave GmbH) with a
10kHz pulse repetition rate. Typical values of the spectral bandwidth and
pulse duration emitted by the dye laser were 12 GHz and 7 ns, respectively.
The photon energy of the laser radiation was measured using a wavelength
meter (WS7, HighFinesse/Angstrom) which is regularly calibrated by a single-
mode helium-neon laser.

For the isotope shift of the EA of chlorine at the MIRACLS proof-of-
principle setup, the continuous wave laser system of the MIRACLS group
was used, which is discussed in detail by S. Sels [202]. It consists of a Sirah
MATISSE dye laser, pumped by a Spectra Physics Millenia Nd:YAG laser with
up to 20 W output power. Second harmonic generation of the cw output of
the MATISSE can be provided by a Spectra Physics Wavetrain frequency dou-
bler.

4.4 Material characterisation techniques

4.4.1 X-ray and ultraviolet photoelectron spectroscopy

In X-ray photoelectron spectroscopy (XPS), a sample is exposed to electro-
magnetic radiation in the soft X-ray range (~100eV to 2keV). The atoms in
the sample absorb photons, resulting in the emission of an electron from a
low atomic state e.g. the K shell. By measuring the kinetic energy of the re-
leased electron, its binding energy can be determined, which is characteristic
for the atomic structure of the element from which it was released. In that
way, XPS can be used to determine the atomic constituents of the surface of
a sample. In addition, the work function of the sample can be determined by
analysing the energy spectrum of the emitted electrons [212, 213, 214]. The

energy of an emitted electron is given by
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E = Epn — (Er — Ep) — @, (4.1)

where Ep, is the photon energy, E, the Fermi level, Ep the binding energy in
the sample referring to the Fermi level and ® the work function.

The minimum energy Eni, of an emitted electron is zero, while the max-
imum energy of an electron is given by Emax = Epnh — @. Usually, a bias
voltage is applied to the sample in order to deconvolute the surface work
function from that of the spectrometer, thereby shifting the spectrum uni-

formly. Consequently, the work function of the sample is then given by
D = Eph - (Emax - Emin)° (4.2)

In addition, if a conducting sample is in contact with a second conductor
with known work function, the Fermi levels of those materials will equalise.
Consequently, the work function can be determined by the difference in the
secondary emission onsets [214].

Ultraviolet photoelectron spectroscopy (UPS) utilises the same method
but photons in the UV regime (~ 3 eV to 100eV). Therefore, mainly the va-
lence band of the material is probed. Furthermore, the penetration depth in
comparison to X-rays is smaller, making UPS more sensitive to surface con-
tamination. Additionally, the bandwidth of the light source is usually nar-
rower compared to XPS, which increases the precision with which the work
function can be determined. The setup used in this thesis is owned and op-
erated by the TE-VSC-SCC section at CERN and is described in the thesis of
V. Petit [215].

4.4.2 X-ray diffraction

An X-ray diffractometer consists of an X-ray source, a sample holder and
detector, as shown in Figure 4.6. Most X-rays impinging on a crystal are
transmitted without interaction, however a fraction is diffracted according

to Bragg’s law [216, 217]
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nA = 2d;sin(6), (4.3)

where, A is the wavelength of the X-ray photon, d] the lattice parameter, 1 a

positive integer and 6 the incident angle of the beam.

FIGURE 4.6: The X-ray diffractometer used for phase composi-

tion investigations. A sample (dark blue) is placed on a rotat-

able sample holder and irradiated by a X-ray source (left). The

diffacted X-rays are measured by a move-able detector (upper
right).

Therefore, the lattice parameter of a given crystal can be determined by
varying the incident angle of the X-rays and detecting the diffracted beam,
resulting in a diffractogram unique to the phase composition of the sample
which can then be determined by comparing with a database of known sam-
ples. In order to ensure detection of all phases and crystal orientations, sam-
ples are ground to powder and prepared on a quartz plate, oftentimes by
mixing with a drop of liquid to ensure the flatness of the surface. The X-ray
diffractometer used in this thesis was the Siemens Bruker D5000 owned and

operated by the EN-MME-MM section at CERN.
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Chapter 5

Negative ion source development

5.1 Low work function materials

Currently, the most commonly used material for surface ionisation in neg-
ative ion sources is LaBg, as mentioned in chapter 2 and 3. With a work
function of about 2.6 eV [100], LaBg yields good efficiencies for the halogen
elements. However, issues with surface poisoning and temperature stability
have been reported [59, 63, 218]. In addition, ionisation efficiencies are low
for elements with lower EAs, i.e. elements outside of the group of halogens,
as discussed in chapter 2.

Hence, other ioniser materials with lower work function and higher op-
erating temperatures are desirable. Besides the hexaborides, oxide materials
such as ThO, SrO or BaO are often utilised as coating on e.g. a tungsten fila-
ment to reduce the work function and thereby facilitate electron emission in
cathode materials. These materials have also been investigated as low work
function cavity for the suppression of positive surface ions when using res-
onance laser ionisation [102, 219]. However the chemical stability is poor
above temperatures of ~1200 °C [219]. Two other candidates, the hexaboride
GdBg and IrsCe were previously employed at ISOLDE, however not resulting

in a significant improvement of the ion source performance [102].

5.1.1 Strontium vanadate

Strontium vanadate, SrVOj, is a perovskite material predicted to have a work

function as low as 1.8eV [220, 221]. It is a possible candidate for use as an
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anode material in solid oxide fuel cells, but is reported to decompose in at-
mospheres with high oxygen partial pressure [222, 223, 224, 225].
Nevertheless, the prospect of the significant lower work function together
with the potential to stabilise the material by metal doping [221], in order to
achieve a similar operating temperature as LaBg, make it a candidate for a
new ioniser material. As a first step towards the study of SrVO;, a campaign
was started to produce and characterise a sample at ISOLDE, initiated al-

ready in my master thesis [103] and continued in the present work.

Strontium vanadate production

SrVO;, shown in Figure 5.1, was produced by mixing powders of SrCO3 and
V,0s5 so that the ratio of strontium to vanadium is 1 : 1. The mixed powder
was ground with a mortar for several minutes and subsequently pressed into
a pellet using a manual hydraulic press with a pressure of about 196 kPa.
The pellet was baked in air at 600 °C for about 10 h, followed by a period of
10h at 800 °C producing strontium vanadate phases with oxygen excess, i.e.

Sr2V207, SI'3V208 .

FIGURE 5.1: Strontium vanadate sample prepared for measure-
ments with the X-ray diffractometer, with SrVO; being the dark
powder.

Subsequently, the sample was placed inside a graphite tube and reduced
in a flow of 2.5ml/min formier gas (5 % hydrogen, 95 % nitrogen) at 1100 °C

in a Carbolite Gero STF tube furnace type oven. The phase composition was
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determined using the X-ray diffractometer (XRD) described in chapter 4. The
sample pellets were ground down and mixed with ethanol to create a flat
surface of powder on a quartz substrate, as shown in Figure 5.1.

The resulting spectrum is shown in Figure 5.2, where the sample shown
in Figure 5.1 was identified as cubic SrVO3. The slight shift of the peaks likely

results from a slight slope on the surface of the sample.

600 L~ XRD data
SrVO, (cubic)

500

)

S 400}

2

S,

» 300 -

<

35

o

(&)

200

100

20 30 40 50 60 70 80 90 100
260 [deg.]

FIGURE 5.2: XRD spectrum of SrVOj;. The composition matches

well with the cubic phase of SrVO;, indicated by the red lines,

taken from a crystallographic database provided by the Bruker
DIFFRAC.EVA software.

Work function of SrVO;,

Work function determination via ultraviolet photoelectron spectroscopy (UPS,
as described in chapter 4) was attempted. In order to confirm the suitability
of the setup for powder pellets, an initial benchmark was performed using a
purchased LaBg pellet at room temperature. The resulting UPS spectrum is
shown in Figure 5.3.

Here, the work function for LaBg, determined from the onset energy sub-
tracted by the sample bias, resulted to about 4.65 eV, which is significantly
higher than literature values. This is likely due to oxidation and contami-

nation of the surface, resulting from sample handling and storage in air, as
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shown by the determination of the surface composition by XPS, shown in
Figure 5.4. The surface consists of 18.0 % boron, 39.3 % carbon, 6.2 % lan-
thanum, 2.1 % nitrogen and 34.4 % oxygen.

Since it was not possible in this experimental setup to heat the sample
to the operating temperature necessary to activate or clean the surface and
to avoid contaminating the measurement chamber due to outgassing, it was
deemed not possible to accurately determine the work function using this
method. However, the chemical composition could be confirmed and typical

surface contaminants identified, as mentioned above.
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FIGURE 5.3: UPS spectrum of LaBy. Top: Zoom in of the onset

region with extrapolated onset energy. Bottom: Complete spec-

trum. The kinetic energy of the electron at the onset subtracted
by the bias voltage corresponds to the work function.

Therefore, the work function of SrVO; was determined using thermal
emission at the thermal calibration stand (described in chapter 3). A sample
of SrVO; was prepared in form of an ioniser pellet in a MK4 negative surface
ion source as described in chapter 3. Temperature calibration of the surface
was performed using a disappearing-filament type optical pyrometer. Sub-
sequently, the electron emission current was measured in dependence of the
temperature using the pre-extraction plate of the MK4 as a collector for the
emitted electrons with the center hole closed by a copper plug. The pre-
extraction plate was biased with a positive potential of 0.5kV, 1kV or 1.6 kV,
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and the resulting current to ground was recorded using a picoampere meter.
The work function can then in principle be determined by fitting the
Richardson-Dushman equation, discussed in chapter ??, to the data. How-

ever, there are several effects which have to be considered. The applied elec-

tric field reduces the work function of the material by A¢ = Zj% , described
by the Schottky effect, where Eg ~ % is the electric field strength (shown in
Figure 5.5 for a potential of 1kV), U the potential, d the distance between
pellet and pre-extraction plate, e the elementary charge and ¢ the absolute

dielectric permittivity in vacuum.
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FIGURE 5.4: XPS spectrum of LaBs. Besides lanthanum and

boron, surface contaminants containing oxygen and carbon
were identified.

The electron current I, of the emitted electrons from a round surface with

(D — /] EE
( 4’”'0). (5.1)

kT

radius r =1 mm is then given by

Ie:je~7T-r2:A0-7r-r2~T2-exp

However, Eq. (5.1) assumes a uniform surface and does not account for
the temperature dependence of the work function.
In addition, the material-specific correction factor is omitted, resulting in

the determination of an "apparent emission work function". Nevertheless,
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similar measurements performed utilising LaBg samples in my master thesis
yielded results in good agreement with literature values [103]. In order to
determine the surface degradation, measurements with a 500V bias were

performed before and after ionisation efficiency measurements at the Offline

1 facility of ISOLDE.

FIGURE 5.5: Electric field map of MK4 for an extraction poten-
tial of 1kV calculated using CST studio suite. The field strength
at the center of the ioniser is ~ 500 x 10° V/m.

The electron emission for various measurement configurations, determined
using Eq. (5.1) as fit function, is shown in Figure 5.6. The top graph shows
the electron emission before the use as ion source at the Offline 1 facility
with a plugged (red) and an open (black) pre-extraction plate, respectively.
The measurement configuration with the plugged hole gave about four times
higher electron emission at the same temperature, resulting in an apparant
work function of 3.28 eV compared to 3.43 eV.

The increase in work function after the use as an ion source, shown in the
bottom half of Figure 5.6, suggests a degradation of the surface over time.
Consequently, the measurements performed at 500 V before and after ionisa-
tion measurements at the ISOLDE Offline 1 facility show an increase of the
work function by 0.41eV to 3.69eV. Additionally, the apparent work func-
tion decreases with increasing extraction potential to a minimum of 3.49 eV,
possibly caused by overcoming space charge effects or a deeper penetration
of the extraction field to the ioniser. Uncertainties in the temperature cali-

bration caused by the emissivity of the material were estimated to be smaller



5.1. Low work function materials

89

than 10 meV using Gaussian error propagation.
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FIGURE 5.6: Electron emission of SrVOj; acquired during a full

heating and cooling cycle. Top: Electron emission of SrVO;

at 500V extraction potential with open (black) and plugged

(red) pre-extraction plate before the use as ion source. Bottom:

Electron emission with a plugged pre-extraction plate at 0.5kV
(black), 1kV (red) and 1.6 kV (blue).
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For potentials higher than 1.6 keV, sparking between pre-extractor and

ion source was observed, prohibiting measurements with even higher ex-

traction potentials. Electron emission from other parts of the ion source such

as the transfer line made out of tantalum are unlikely to contribute substan-

tially to the overall current density. This is due to the small area of the heated

tantalum transfer line (with a work function above 4 eV [100]) that is exposed

to the extraction field. Overall, the apparent work function of SrVOj; can be

estimated to be between 3.28 eV and 3.5eV.
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Ionisation efficiencies

Efficiency measurements of the MK4 using a SrVOj; ioniser were performed
for the halogens iodine, bromine and chlorine. All samples were prepared by
placing a defined amount of solution onto an approximately 5mm by 5 mm,
6 pm thick tantalum foil. Subsequently, the solvent was evaporated using a
lamp as a heat source. The foil with the residual salt containing the halogen
was thereafter inserted into a tantalum mass marker tube, which is connected
to the transfer line of the ion source and can be resisitively heated indepen-
dently from the ion source. By comparing the total charge of the respective
element deposited in the FC after the separating magnet, the ionisation ef-
ficiency can be determined. The transport efficiency of the separator can be
estimated by comparing the total beam current before the mass separator
with an integrated beam intensity over a full mass spectrum.

In this case, the transport efficiency was estimated to be ~ 100 %, as is
common for negative surface ion sources at ISOLDE. In Figure 5.7, the in-
tegrated current over time is shown for the halogens chlorine, bromine and
iodine, measured at two different occasions. During the first set of efficiency
measurements of iodine and chlorine, the ion source was operated at a higher
temperature, 1690 °C compared to 1340 °C, resulting in mechanical damage
causing the pre-extraction plate to come in electrical contact with the tar-
get base. Therefore, the ion source was mounted on a different target base
afterwards. In the bottom part of Figure 5.7, the integrated iodine current
is shown, measured at 1690 °C of the ion source, where the mentioned ion
source failure occurred after about 1.4 h of measurement.

In this case, an efficiency of 10.6 % was determined. In the top part of
Figure 5.7, the result of the other ionisation efficiencies are shown and range
between 0.1 % and 1.5 %, respectively. While the ioniser seemed intact upon
visible inspection, it is suspected that the operation at 1690 °C caused a degra-
dation of the SrVOj surface ioniser. This is supported by the electron emis-
sion measurements discussed above as well as the decrease in iodine and

chlorine efficiency. The chlorine efficiency reduced by a factor four, however
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it seems likely that chemical processes reduced the overall efficiency addi-
tionally, as even with a work function of 3.5eV an efficiency greater than 1 %

is expected.
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FIGURE 5.7: Integrated current of halogens ionised by a SrVO,
ioniser with measurement dates indicated in brackets. Top: In-
tegrated current for chlorine, bromine and iodine at ion source
temperatures of 1340 °C and corresponding efficiencies. Bot-
tom: Integrated current of iodine, measured at 1690 °C.

For bromine and iodine, this seems the case to a lesser degree. Assum-
ing an effective work function of 3.55eV as determined from the electron
emission measurements at a potential of 1kV (as applied during efficiency
measurements) at a temperature of 1337 °C and accounting for a geometrical
factor of one third, efficiencies of 2 % for bromine and 0.23 % for iodine are
expected, respectively. Those values are in good agreement with the mea-
surement results. In order to reach an efficiency of 10 % for iodine at an ion
source temperature of 1690 °C, an effective work function of about 3eV at
1kV would be expected, which is about 0.28 eV lower than the work func-

tion determined from electron emission at an extraction potential of 500 V.
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Overall, it seems possible to reach ionisation efficiencies for halogens com-
parable to an LaBg ioniser. However, further investigations of improving the
temperature stability e.g. by metal doping as suggested by Jacobs et al. [221]
might facilitate the use of SrVO; as surface ioniser. In addition, the produc-
tion of an ioniser with a defined crystal orientation might further lower the
work function of SrVO;, as would be the case for LaB;. However, in terms
of stability, efficiency and availability, LaBg remains the superior choice as

surface ioniser for negative ions at this point.

5.2 Alternatives to surface ionisation

5.2.1 VADIS- negative ion operation mode

The VADIS source also known as FEBIAD (Forced Electron Beam Induced
Arc Discharge) [178] ion source, described in chapter 3, was originally con-
ceived for the creation of positive ions by electron impact. However, due to
the similarity in geometry as well as the rapid availability of the source at
ISOLDE, a VADIS source was tested as possible candidate for sputter type
generation of negative ions with the production of fluorine beams as a first
goal. Instead of accelerating electrons into the anode volume, a VADIS ion
source (type VD5) was equipped with a caesium dispenser consisting of cae-
sium chromate (Cs,CrQOy).

The transfer line was typically operated at 2000 °C to ensure ionisation
as well as to reduce the adsorption of caesium atoms. In order to accelerate
caesium ions into the anode volume and facilitate the extraction of negative
ions, the anode grid was biased negatively. Atomic species were injected ei-
ther in molecular form as NFj via a calibrated leak or from a mass marker
tube prepared as described previously. In Figure 5.8, two mass spectra are
shown using an iodine mass marker and NF; gas injection, respectively, to
supply precursors for the negative ion species. In case of the iodine mass
marker, mainly iodine as well as chlorine and fluorine ions (both likely resid-

uals from previous tests) are visible in the mass spectrum. In the case of
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NF; injection, there are mainly fluorine, but also chlorine and oxygen ions

produced in small quantities.
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FIGURE 5.8: Mass spectra of the VADIS ion source in negative

ion mode with iodine mass marker (top) and NFj; gas injection

(bottom). In the top spectrum, mainly halogens are visible with

iodine dominating. In the bottom graph, where NF; was in-

jected, there is additionally oxygen visible as well as a broad

peak around 128 u and 147 u, possibly MoOF and MoO,F, re-
spectively.

Additionally, there is a broad peak visible around mass 147 u, likely a

fluoride or oxide molecule. The ionisation efficiency was determined by

€is = Iion , (52)

€transp * Latom

where [, is the measured beam intensity, €transp the transport efficiency and
Litom the total particle current into the ion source determined by pressure
applied to the calibrated leak with a given leak rate, or by the amount of
atoms placed into the mass marker tube, respectively.

The transport efficiency was determined by comparing the total ion beam
current measured in a Faraday cup before the mass separator with the in-
tegrated intensity of a mass spectrum measured in a Faraday cup after the

mass separator. For fluorine, which was injected in the form of NF; through
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a calibrated leak with a leak rate of 1 x 10~° mbar1/s, the efficiency could be
determined to be ~2.8 x 10~* % at most.

Overall, although negative ions were successfully generated, the achie-
ved efficiency was below the values typically reached with the surface ion
source. Generally, the ion source behaviour was relatively unstable with gen-
eral trends which were hard to determine. However, high caesium currents
as well as ion source temperatures seemed to generate the maximum beam
intensity. Furthermore, the ion source settings for maximum efficiency were
achieved when biasing the anode grid positive with 2V, as shown in the top
part of Figure 5.9 which indicates that the majority of negative ions were cre-
ated inside the caesiated transfer line, while the grid potential and ion source
magnet only provided a guiding field to optimise the extraction of negative
ions.

For the caesium injection, in general two trends were observed, examples

of which are shown in the bottom part of Figure 5.9.
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FIGURE 5.9: Top: negative ion beam intensity in dependence of
the anode potential. The maximum beam intensity was reached
with a small positive bias of about 2 V. Bottom: beam intensity
in dependence of caesium dispenser heating. For iodine, the
intensity starts to increase at around 10 A, while for fluorine
increased caesium diminishes the beam intensity slightly.
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In the case of iodine, where the ion source had been mostly free of cae-
sium, the injection of caesium facilitates negative ion production. However,
if the maximum of negative ion production is reached, the addition of fur-
ther caesium to the ion source diminishes the negative ion production, as is
shown in the case of fluorine. This might be caused by a saturation of the ion
source surface with caesium or increased layer thickness, resulting either in
surplus caesium in gas phase changing the gas load and plasma potential in
the ion source or an increase in work function of the surface, respectively.

In conclusion, the KENIS ion source seems more promising for the sputter-
like generation of negative ions, while surface ion generation on a caesiated
tantalum surface does not require a VADIS geometry and can rather be in-

vestigated utilising a surface ion source, as discussed in the next section.

5.2.2 Tantalum surface source with Cs oven

Caesium is often used in negative ion sources to contribute by lowering the
work function of a surface and thereby increase the production of negative
ions. Such is the case for many negative hydrogen ion sources [226, 227] as
well as in the sputter ionisation process, as discussed in chapter 2. Measure-
ments utilising the injection of alkalide metals such as sodium and potassium
were performed in the 1980s and nineties at ISOLDE yielding no satisfactory
results.

Alton et al. reported the development of a dual purpose ion source ca-
pable of creating positive and negative ions on a metal or caesiated surface
respectively, however without reporting on negative ion production efficien-
cies. In addition, the injection of caesium vapour in tubular hexaboride sur-
face sources has been tested in order to improve the plasma sheath generated
by the electrons emitted from the ion source walls [102]. Consequently, the
feasibility of a negative surface ion source using cesium vapour injection as
an alternative to solid low work function ionisers for the production of nega-
tive ions was investigated. An ISOLDE MK1 surface ion source was mounted

on a negative ion source target base including pre-extraction plate and per-
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manent magnet for electron deflection (for a detailed description of both ion

sources see chapter 3). An image of the assembly is shown in Figure 5.10.

FIGURE 5.10: Caesium surface ion source. Mass marker and

electrical return for the heating current are connected in the

back of the transfer line, while the caesium dispenser is con-
nected to the front.

The ion source was equipped with a caesium dispenser made of Cs,CrO,
connected perpendicular to the extraction end of the ion source capillary. In
the top part of Figure 5.11, the negative ion beam intensity is shown in de-
pendence of the heating current of the caesium dispenser. Here, the negative
ion beam intensity clearly correlates with the caesium beam intensity and
levels off around a heating current of 50 A. In the bottom part of Figure 5.11,
the beam intensity in dependence of the ion source heating is shown for two
measurements, where the intensity increases with rising temperature.

Two efficiency measurements were performed using bromine mass mark-
ers with a charge of 1010nAh and 1996 nAh, respectively. The transport ef-
ficiency was estimated to be 100 % based on a comparison of the total beam
current with the integrated current of a full mass spectrum from 1u to 300 u,
with no bromine present before mass marker heating.

The pre-extraction plate was put on a potential of 100 V in order to ensure
beam extraction without sparking due to the high gas load of caesium. The
integrated current over time is shown in Figure 5.12. After accounting for

background transport efficiency, the resulting efficiencies were 8 x 1073 %



5.2. Alternatives to surface ionisation 97

and 0.06 %, respectively. In general, the ion beam was very unstable and
beam intensities of negative ions and caesium could not be maintained for

a longer duration and ion source and caesium heating had to be readjusted

frequently.
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FIGURE 5.11: Top: Intensity of positive caesium ions and neg-

ative chlorine ions in dependence of the heating current of the

caesium dispenser. Bottom: chlorine beam intensity in depen-

dence of ion source temperature for low and high beam inten-
sities.

This likely contributed to the disparity in the two efficiency measure-
ments and results from the complex interplay of caesium release and ad-
sorption at the tantalum surfaces, where about one monolayer of caesium
has been reported to yield optimal performance in terms of lowering the sur-
face work function [228, 229]. In addition, chemical reactions of caesium and
other compounds in the ion source capillary such as oxygen released from
the caesium dispenser can diminish negative ion production, similarly to the

experiments using a VADIS ion source as discussed above.
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FIGURE 5.12: Integrated beam current in dependence of time
for two bromine efficiency measurements.

5.2.3 KENIS

The KENIS, described in chapter 3, is a sputter type ion source developed
at Oak Ridge National Laboratory for the efficient delivery of negative fluo-
rine beams. The source underwent some initial tests at ISOLDE in the 2000s
where an efficiency of about 1.3 % for fluorine was achieved [230]. However,
no detailed documentation of these tests or the exact ion source configuration
were available. Hence, the KENIS was refurbished once more with the aim to
re-install it to efficiently deliver negative fluorine beams as well as to investi-
gate negative ion production of other elements such as sulphur and oxygen.
Initial tests were performed with caesium delivered to the center of the trans-
fer line via a caesium-dispenser consisting of Cs,CrO,. Fluorine gases were
delivered through a calibrated leak with a leak rate of 1.5 x 10~° mbarl/s
onto which usually around 1200 mbar pressure was applied. In order to de-
liver atomic fluorine, SF; and CF, seemed favourable in comparison to NF;
due to higher temperature stability. Additionally, offline tests with the KE-
NIS at Oak Ridge were performed using SF, which has the benefit of also
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delivering sulphur.

As a first result using the caesium dispenser, a maximum fluorine beam
of 240nA was achieved for a short duration using SFg, corresponding to an
efficiency of 0.6 %. This is reasonably close to the 1.3 % achieved previously
at ISOLDE. However, the beam intensity varied strongly and could not be
stabilised at these intensities, likely due to similar reasons as observed in the
VADIS and tantalum surface ion source tests. In addition, the decomposition
of Cs,CrOy in the transfer line resulted not only in the delivery of the caesium
necessary for the negative ion production but also in the production of large

oxygen beams, as shown in the mass spectrum in Figure 5.13.
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FIGURE 5.13: Top: KENIS mass spectrum in the full mass range

using a Cs,CrO, dispenser, where a range of molecular com-

pounds are visible between 180u and 270u. Bottom: Zoom

in for masses 1u to 80u. About 700nA oxygen beam result-

ing from the caesium dispenser mask masses of interest, e.g.

sulphur as molecular oxygen beam, while about 35nA atomic
fluorine are produced here.

There, about 730nA of oxygen are produced and about 94nA on mass
32, likely O, and sulphur, while the fluorine intensity is only around 35nA.

In addition, a large variety of molecular compounds, i.e. tantalum fluorides



100 Chapter 5. Negative ion source development

are observed in the mass range of 180 u to 270 u. Especially due to the large
beam intensities of oxygen resulting from the caesium dispenser, accurate
efficiency measurements of sulphur and oxygen were not feasible in this ion
source configuration.

Hence, an alternative method of caesium delivery was designed in form
of an external reservoir containing pure metallic caesium mounted to the tar-
get as shown in Figure 5.14. The reservoir contains a glas ampoule with 1 g of
pure caesium acquired from Sigma Aldrich GMBH. A three-way valve con-
nects the reservoir either to a pre-vacuum pump or a tantalum tube which
is connected to the transfer line of the ion source via a feedthrough into the
target.

Both the reservoir and the external tantalum tube are heated indepen-
dently, the reservoir indirectly by a heating coil, the tube resistively, reaching

temperatures up to 130 °C.

FIGURE 5.14: KENIS ion source with external caesium reservoir
mounted on the target.

The temperature is limited by the materials used in the reservoir valve
as well as the gasket connecting the injection line to the vacuum side of the

target unit. On the target base, the injection is electrically insulated from the
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target base by a boron nitride insulator to avoid additional current loops.
Once target and reservoir are evacuated, the caesium ampoule is crushed
by turning a screw. The temperature of the reservoir and external tube are
monitored with two K-type thermocouples connected to two multimeters,
respectively.

In the top part of Figure 5.15, the beam intensity in dependence of the cae-
sium injection temperature is shown, while on the bottom part the resulting
positive caesium beam is depicted. As expected, the negative ion beam in-
tensity initially rises with increasing caesium current. However, in this case
the maximum beam intensity as observed in the tantalum surface ion source

(see Figure 5.11) does not seem to have been reached yet.
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FIGURE 5.15: Top: negative fluorine beam intensity in depen-

dence of caesium reservoir and injection temperature. Bottom:

positive caesium beam intensity in dependence of the injection
line temperature.

In addition, it was not possible to reach fluorine intensities of more than a
few nanoamperes, as shown in Figure 5.16. Although, the ion beam intensity
was observed to be more stable as when using the caesium dispenser. Addi-

tionally, the drain current on the acceleration grid, which is mainly caused by
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caesium ions, was observed to be of the order of a few hundred pA, where
usually tens of mA were seen at Oak Ridge [231]. Overall, this indicates that
the temperature limit of the external reservoir and injection line in combina-
tion with the cold spot at the water cooled target base prohibits the trans-
mission of the necessary amount of caesium. However, the beam intensities
seemed more stable in comparison to using the caesium dispenser and the
fluorine to oxygen ratio is significantly improved in comparison to the use of

the caesium dispenser (see Figure 5.13 for comparison).
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FIGURE 5.16: Mass spectra of the KENIS utilising the external

caesium reservoir with SF¢ injection. Fluorine is the dominant

component, while also oxygen is produced as well as several

molecular species at masses above 220u, likely comprised of
fluoride, oxide and sulfide compounds.

Figure 5.17 shows the negative ion beam intensity in dependence of the
caesium beam energy, where the maximum is reached at around 300V, after
which it stagnates or even decreases slightly. The optimum ion current was
then found using a —300V bias on the acceleration grid and —250V on the
ioniser cone, respectively. Overall, these ion source parameters were found

to be similar to those reported [189, 190]. The lifetime of the KENIS seems
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to be mainly limited by the circular insulators used to mount the accelera-
tion grid and the ioniser cone, which are in line of sight of the gas flow and
coated usually after about three weeks of extensive use of the KENIS source,

resulting in a short circuit.
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FIGURE 5.17: Fluorine beam intensity in dependence of the ac-

celerator grid voltage. The beam intensity rises to a maximum

at a potential of 300V, after which the intensity drops slightly
with one outlier at 250 V.

Furthermore, it was discovered that a new batch of calibrated leaks used
for the injection of the reactive fluoride gases clogged over time, reducing the
transmitted gas load by an unknown factor until no gas was transmitted.

This was discovered during the tests of the KENIS source as well as the
VADIS source and applied to all gas leaks, where fluoride compounds where
injected. Hence, tests using CO, injection at that stage were inconclusive
since it is not clear if low ionisation efficiency, breakup or gas transmission
were responsible for the lack of a measurable effect. In addition, efficien-
cies values determined using these leaks must be considered as lower limits,
especially after longer usage of the ion source.

In Figure 5.18, scanning electron microscope images of a used and a new

gas leak cut open vertically, are shown.
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FIGURE 5.18: Left: clogged leak used for NF; injection. Right:

new, unused leak. The smooth surfaces indicated by red mark-

ing might indicate sintering, while the new leak shows a higher
porosity. Courtesy of S. Stegemann and S. Pfeiffer.

The smooth surfaces of the used gas leak could suggest a sintering of

powder used in the gas leak. This is likely caused by either unwanted

heat conductance from the ion source heating or a breakdown of the boron

nitride insulator resulting in a current resistively heating the gas leak or other

reaction products being deposited onto the leak.

For future tests, an increased temperature limit on the caesium reser-

voir and injection should yield higher caesium currents and in consequence

higher fluorine efficiency. This, would then also allow further investigation

of the ionisation efficiencies of other elements such as sulphur, oxygen and

carbon, which currently can not be delivered as negative ions at ISOLDE.

With the KENIS now being re-established, these studies are expected to take

place in the near future.



105

Chapter 6

Photodetachment threshold

spectroscopy

6.1 The electron affinity of astatine

The determination of the electron affinity of astatine at CERN-ISOLDE by
means of laser photodetachment threshold spectroscopy (described in chap-
ter 2) is reported in publication C. In the following, the main results of this
work [51] are summarised.

Astatine, element 85, is the rarest naturally occurring element on earth
[232], for which the half-life of its longest lived isotope , 21°At, is about 8.3 h.
The naturally occurring isotopes 21°At and 217~219 At are produced via the -
decay of radium, which in turn results from the natural alpha decay chains
of uranium (92U) and thorium (99Th) [233]. Together with the super-heavy
element tennessine (1177Ts), astatine is one of two elements in the group of the
halogens for which the EA had not been experimentally determined, with
theoretical predictions pointing to an EA of astatine around 2.4 eV, as shown
in table 6.1. In addition, isotope 2! At is of considerable interest as an agent
for targeted alpha therapy in cancer treatment [234, 235, 236, 237]. Knowl-
edge of the fundamental properties of astatine such as the EA, and the first
ionisation potential (IP), for which a value was reported for the first time in
2013 [238], are important benchmarks for computational chemistry to predict
its chemical behaviour within compounds.

The determination of the EA of astatine was performed at CERN-ISOLDE,
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TABLE 6.1: Overview of the calculations of the EA of At utilis-
ing different methods. In the last row the experimental value
determined in this work is given for comparison.

Method EA [eV] Ref.
CBS-DC-CCSDT(Q)+Breit+QED 2.414(16)  [51]
MCDHF+SE corr.” 2.38(2) [239]
MCDHEF 2416 [240]
DC-CCSD(T)+Breit+QED 2412 [241]
MCDHF+Extrap.+Breit+QED b 2.3729(46) [242]
CBS-DC-CCSD(T)+Gaunt+QECBS-DC-CCSD(T)+Gaunt+QEDD  2.423(13)  [243]
Experiment 2.41578(7) this work

“Multiconfigurational Dirac-Fock (MCDF) results corrected using experimental data.
PMCDEF results extrapolated to complete active space limit

where the GANDALPH photodetachment detector was coupled to the GLM
beamline. Both ISOLDE and the GANDALPH detector are discussed in de-
tail in chapters 3 and 4, respectively. For this work, astatine isotopes were
produced through proton-induced nuclear spallation reactions of 2*2Th nu-
clei, and were subsequently ionised in an ISOLDE type MK4 negative surface
ion source as described in chapter 3. According to the Saha-Langmuir equa-
tion, the expected ionisation efficiency of astatine utilising an ioniser material
witha2.6eV to 2.7 eV work function is in the range of 3.5 % to 7 %. Combined
with a geometrical efficiency of about 30 % in the source, the expected ioni-
sation efficiency is of the order of 2 %.

The measured yield of astatine isotopes is shown in the inset of Figure 6.1
together with a predicted in-target production, produced by J.P. Ramos using
the FLUKA 2017 Version 1.0. It is to be noted that the in-target production
only accounts for the isotope inventory resulting from the cross section of
the reaction of the 1.4 GeV proton projectiles with the target material. Hence,
transport, diffusion and ionisation efficiency have to be taken into account to
compare with the measured beam intensity. The released fraction of astatine
isotopes in dependence of the half-life, shown in Figure 6.1 indicates that for
isotopes with a half-life lower than 100s the release drops sharply, while it
increases to up to 3 % for elements with longer lifetimes. For those long-lived

isotopes, the combined release and ionisation efficiency can be estimated to
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be around 2 %, indicating a 100 % release efficiency for those isotopes when

taking into account the expected ionisation efficiency of around 2 %.
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FIGURE 6.1: Fraction of measured particles per second com-

pared to predicted in-target production as a function of the half-

life of the respective isotope. Inset: Theoretical in target pro-

duction yields predicted via FLUKA and extracted particles per

second measured on a Faraday cup. Simulation values courtesy
of ].I. Ramos.

The beam of 21 At anions was transported into the GANDALPH detector,
where laser photodetachment threshold spectroscopy as described in chap-
ter 2 was performed in co- and counter-propagating geometry. The photon
energy was scanned over the range of 2.384 eV to 2.53 eV (490 nm to 520 nm)
with a bandwitdth of typically 12 GHz.

In At™, as in all halogens, the electron is detached from a p-state, here
6p° 1So, where no term splitting or excited states are present due to the closed
atomic shell. Close to the threshold, the angular momentum of the outgoing
electron will then be I = 0 due to the selection rules (Al = =+1) and the

centrifugal barrier preventing the emission of a d-wave electron (I = 2), as
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discussed in chapter 2. However, the ground state 6p> 2P;,, of the 2! At
atom with a total angular momentum of | = 3/2 and nuclear spin I = 9/2,
is split into four hyperfine levels, which were measured with high precision
by Cubiss et al.[244].

With this information, the energy dependence of the cross section for pho-

todetachment of astatine near the threshold can be described by

0(Epp) = a+ bi(zF +1)\/Eph — (BA + Ens p ©(Eph — (EA + Ens £)

(6.1)
where ©(E — (EA + Eys r)) is the Heaviside function and Ej ¢ is the energy
of the hyperfine levels of the 2! At atomic ground state, differing by less than
23 eV between the contributing levels. Figure 6.2 shows the measured neu-
tralisation cross section ¢(E,y,) as a function of the photon energy, corrected
for the Doppler shift, for the sum of all threshold scans with co-propagating
ion and laser beams. The data analysis was performed using Python Spyder
2.3.8. Data obtained from the scans of co- and counter-propagating laser and
ion beams were binned with a bin width of about 60 neV. This value is in
the order of the laser bandwidth. The binned data points were subsequently
fitted using Eq. 6.1. Variations in the bin width and selected data range were
investigated and resulted in changes in the final EA value smaller than the
statistical error. The experimental data and python script used for the fi-
nal data analysis can be found at https://zenodo.org/record /3924371. The
statistical error of the measurement is dominated by the laser bandwidth of
12 GHz, corresponding to 50 peV. The contribution to the statistical uncer-
tainty from all other effects are smaller than 0.1 peV, and can hence be ne-
glected. Systematic errors arise due to instabilities of the ion beam energy
and the determination of the photon energy.

The combined systematic error of photon energy and beam energy is esti-
mated to be smaller than 20 peV by comparing two reference measurements
of stable 1%’ which were performed before and after the experiment on asta-
tine, under the same experimental conditions. Including both systematic and

statistical errors, the resulting value of EA(At), calculated by the geometric
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FIGURE 6.2: Threshold scan of the photodetachment of asta-
tine. The neutralisation cross section is measured as a function
of the photon energy. The data points are the experimental mea-
surements with one standard error represented with error bars,
and the solid line is a fit of Eq. 6.1. The onset corresponds to
the EA of 2!’ At. The inset shows the threshold region, where
the onsets correspond to the individual hyperfine levels of the
groundstate of the neutral atom, which are not resolved here
due to the bandwidth of the laser.

mean of the photodetachment thresholds measured in the co- and counter-
propagating geometries, was determined to be 2.41578(7) eV.

In addition to the measurements, state-of-the-art calculations of the elec-
tron affinities of astatine and of its lighter homologue, iodine (1>’I) were car-
ried out by the group of A. Borschevsky of the Van Swinderen Institute for
Particle Physics and Gravity at the University of Groningen. The results for
iodine were used as a benchmark and agreed with the experimentally deter-
mined value of 3.059 046 3(38) eV [245] within 0.004 eV. For astatine, an EA of
2.414(16) eV was predicted, which is in excellent agreement with the experi-
ment. The calculations were carried out with the DIRAC15 program package

[246] using the single reference coupled cluster approach in the framework



110 Chapter 6. Photodetachment threshold spectroscopy

of the Dirac-Coulomb Hamiltonian (DC-CCSD(T)), thereby performing a full
relativistic many-body treatment that also includes Breit and QED effects.
From the EA, a better understanding of astatine’s chemistry can be de-
rived through the deduction of the electronegativity, softness, hardness, and
the electrophilicity index, which are shown in table 6.2, together with their

respective definitions.

TABLE 6.2: Values and definitions of chemical properties of as-
tatine derived from the EA and IP.

Property Definition ~ Value

Electron affinity = EA 241578
Ionization energy IP 9.31751

(7) eV

(8)

Electronegativity xy = T2 5.86665(7) eV
n=1T2EA  345087(7)eV

(2)

(

eV[238]

Hardness

Softness Sy = 0.14489(2)eV~!

Nl N
q|§m qlr—‘l\)

Electrophilicity — we = 4.98680(16) eV

As 1At is a promising candidate for targeted alpha therapy, these prop-
erties have direct implications for its use in cancer treatments. Most of 21 At-
radiopharmaceuticals suffer from in vivo release of astatide (At™) and the de-
velopment of radiosynthetic procedures so far is severely hampered by the
limited knowledge of the chemical properties of this element. Hence, the new
information about astatine’s chemical properties will be of great importance

in the development of innovative radio-labelling protocols.

6.2 Novel techniques for the investigation of neg-

ative ions

The measurements of the electron affinities of 2% [50] and At (see publi-
cation C) successfully demonstrated that laser photodetachment threshold
spectroscopy is a viable method for the determination of EAs of radioiso-

topes. However, for future measurement campaigns, e.g. the determination
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of the EAs of the actinides and super-heavy elements, it is desirable to in-

crease the efficiency of the method in anticipation of low production yields.

Isotope shift of the electron affinity of chlorine.

As discussed in chapter 2, the isotope shift in the electron affinity, in particu-
lar the specific mass shift, can serve as a sensitive benchmark for theoretical
models describing electron correlation in atoms. In 1995, Berzinsh et al. ex-
perimentally determined the isotope shift of the electron affinity in the two
stable chlorine isotopes (*°Cl and %’Cl) to be 0.22(14) GHz; a value of simi-
lar size but opposite sign as the theoretical prediction provided in the same
publication [70]. Carette et al. [247] resolved this discrepancy using an multi-
configuration Hartree-Fock (MCHF) approach, resulting in an isotope shift of
0.203(72) GHz, with a precision which significantly exceeds the experimental
accuracy.

Hence, the measurement of the isotope shift in the EA of chlorine was pro-
posed at ISOLDE, utilising the capability to investigate an extended range of
chlorine isotopes, limited only by the negative ion yields of the respective
isotopes, with high precision (see proposal D). As detailed in the proposal E,
in order to achieve the necessary experimental accuracy, a laser with a band-
width in the order of 100 MHz at a wavelength of 345nm is required. This
laser radiation will be produced by a cw-seeded pulsed dye amplifier. The
negative ion production efficiency via the MK4 negative surface ion source
is expected to be around 10 %, while chlorine yields from a niobium foil tar-
get are expected to be in the order of 1 x 107 ions/uC for the radioisotopes
3839C1 [248]. This measurement campaign has been endorsed by the Isolde
and Neutron Time-of-flight Committee (INTC) and is listed as experiment
IS643, but can not be scheduled before 2022 due to infrastructure upgrades
at ISOLDE prohibiting experiments using negative ions [249].

The electron affinity of polonium
The measurement of the EA of polonium was originally proposed in combi-

nation with the determination of the EA of astatine [250], however it has not
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been realised yet. Since the EA of polonium is predicted to be around 1.4eV
[251], the negative surface ionisation efficiency for polonium is not expected
to be sufficient for this measurement with about two to three orders of magni-
tude lower yields than in the case of astatine. However, yields of up to about
2 x 107 ions/pC have been reported from UC, targets for beams of the pos-
itive isotope 2*Po™ [252]. Hence, negative ions of polonium are planned to
be produced by a charge exchange process as described in chapter 2, utilising
the charge exchange cell at the Collinear Resonance Ionisation Spectroscopy
(CRIS) setup [52]. The negative ion yield of the charge exchange process for
polonium will be tested in a series of off-line experiments using oxygen or
tellurium as homologous of polonium. This study has been approved as a
Letter of intent (see proposal F) by the INTC with six shifts recommended
during CERNs Run 3 [117].

Photodetachment spectroscopy in an MR-ToF device.

Generally, one of the disadvantages of laser photodetachment with sparsely
produced radioisotopes is the loss of all ions which are not photodetached,
since those are deflected into a Faraday cup or CEM. Hence, for radioactive
negative ions, the use of an MR-ToF device was proposed, where negative
ions can in principle be trapped with little losses for thousands of revolutions
corresponding to tens of miliseconds trapping time, mainly limited by colli-
sions with residual gas. This not only increases the photodetachment yield
by allowing multiple laser-ion interactions but also enables alternative mea-
surement approaches such as ion depletion measurements, similar to meth-
ods used in storage rings [253].

Consequently, a measurement campaign was initiated during CERN'’s
long shutdown 2 (LS2) to demonstrate the feasibility of performing high pre-
cision photodetachment spectroscopy in an MR-ToF device. As a first proof-
of-principle experiment, the measurement of the isotope shift of the EA of
chlorine is envisioned, additionally demonstrating the capability of perform-
ing this measurement with high precision in anticipation of the on-line exper-

iment at ISOLDE (see proposal E), which are expected earliest in 2022 [249].
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Apart from demonstrating the technique, the experimentally known isotope
shift of the stable isotopes >>Cl and *’Cl shall be determined with higher pre-
cision than the value of 0.22(14) GHz achieved by Berzinsh et al.[70]. Further-
more, a sample of the long-lived isotope 3*Cl has been prepared, the foreseen

use of which will be discussed in section 6.2.3.

6.2.1 GANDIS

In order to enable negative ion experiments in a MR-ToF, a negative ion
source was designed and coupled to the MIRACLS proof-of-principle setup,
as mentioned in chapter 4. Initially planned for the purpose of testing the
GANDALPH detector in my master thesis [103], the GANDALPH Ion Source
(GANDIS) was adapted and enhanced for direct connection to the MIRACLS
setup. GANDIS, shown in Figure 6.3 consists of an ISOLDE target unit cou-
pled to a beamline for ion extraction and transport.

The target unit is placed on a coupling table and then connected to a vac-
uum cross via an adapted DN100 CF vacuum flange. In order to electrically
insulate the target unit, the coupling table is mounted on plastic rods and
insulated against the vacuum chamber via a Lesker CFT60V4006A vacuum
tube with a ceramic spacer. The target unit is a negative surface ion source
(MK4) with a tubular LaBg ioniser, as described in chapter 3. The ion source is
heated up to 1500 °C by a DC 15V /400 A power supply, biased to the extrac-
tion potential of up to —450V. The extraction voltage is limited to 500V by
the insulation of the heating supplies and the biasing capability of the Paul
trap in the MIRACLS setup but can easily be extended with the integration
of a separation transformer.

The element of interest, here chlorine, is prepared in a tantalum capillary
("mass marker") in which a sample of stable isotopes is placed in the form
of KCl salt and evaporated by resistively heating the capillary with two DC
52V /30 A power supplies operated in parallel. The ion beam extraction is
performed via the pre-extraction plate of the MK4 ion source, which is set to

a potential of 700V in order to increase the extraction efficiency. Following
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FIGURE 6.3: GANDIS ion source and beamline without
quadrupole mass filter (QMF). The target unit is insulated
against the laboratory ground using plastic and ceramic insu-
lators (beige). Negative ions are extracted from the target util-
ising its pre-extraction plate (black). Following the extraction,
the ion beam is transported towards the MIRACLS beamline
utilising three Einzel lenses (red), a drift tube (orange) and an
x-y steerer (yellow).

the extraction, the ions pass through several ion optical elements including
two Einzel lenses separated by a drift tube. The drift tube is placed at the
coupling point between target and vacuum chamber in order to shield the
ion beam from a focussing effect resulting from the flange to which the ion
source is coupled. Following the second Einzel lens, a pair of electrostatic
steerers in the x- and y- directions is placed just before the beam enters a sec-
ond vacuum chamber, where a QMF necessary for the separation of %¢Cl is
installed together with injection and extraction optics, as discussed in section
6.2.3. For the initial phase of negative ion tests at MIRACLS, the QMF was
foreseen to be left out for parallel testing. Hence, simulations were carried
out with only one additional Einzel lens mounted after an aperture in the
second vacuum chamber, as shown in Figure 6.3, while excluding the QMFE.

Design and simulations of the beamline was performed using Autodesk In-
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ventor to create the 3D CAD model and SIMION 8.1.1.32-2013-05-20 [254] for
the ion trajectory simulation.

The starting conditions for the ions were determined by benchmarking
the simulation using the ion source emittance at an extraction potential of
30keV. By comparing with simulations presented in R. Heinke’s thesis [187],
where an an emittance around 2 1 mm mrad was determined with the same
source geometry, the initial ion beam conditions in the GANDIS ion source
were adjusted to achieve an emittance of 1.92 7 mm mrad at 30 keV. Subse-
quently, the ion beam energy was reduced to the value of 450 eV, as used in
the experiment.

The GANDIS simulations were then run with these particle properties,
shown in table 6.3 and the potentials detailed in table 6.4 for the injection
into the MIRACLS beamline.

TABLE 6.3: SIMION parameters for the particle creation in

GANDIS.
Property Distribution Value
Mass single value 35u
Charge single value —le

Source position cylinder distribution  r =1.75mm, length=1mm
Azimuth angle Gaussian distribution Mean: 270°, St. dev.: 37.79°
Elevation angle Gaussian distribution Mean: 37.79°, St. dev.: 37.79°
Kinetic energy  uniform distribution  0.001eV to 1eV

In Figure 6.4, the beam trajectory through the GANDIS beamline is shown
where about 60 % of the beam is transmitted. The main contribution to the
ion loss in GANDIS is due to stripping at apertures, resulting from the hum-
ble emittance of the ion beam which in turn is caused by the low beam en-
ergy. In addition, the vacuum chamber that will house the QMF was left
empty and acted as a 400 mm long drift section. Higher transmission could
have been achieved if additional focusing elements were placed in here. The
optimised potentials resulting from the simulations are given in table 6.4.
The resulting beam exiting the GANDIS beamline was then used as a start-

ing point to determine the injection efficiency of the negative ion beam into
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the Paul trap, as shown in Figure 6.5.

E3 Aperture XY-steerer E2 DT El1 IS

FIGURE 6.4: Simulation of GANDIS extraction. Ions are created

at the exit of the ion source capillary (far right) and then trans-

ported towards the end of the beamline (left) via Einzel lenses
and a steerer box.

As in the case of GANDIS, most ion losses occur at apertures or ion optics

with small diameter, as a consequence of the beam size. The total ion beam

| | A

Einzel lens 1 Aperture PT Injection Paul trap

FIGURE 6.5: Simulation of Paul trap injection. Ions com-

ing from the GANDIS beamline (bottom left) are bent by a

quadrupol bender (QPB), where they are focussed into the Paul
trap using an Einzel lens and additional injection optics.

transmission from GANDIS into the Paul trap was assessed to be around
30 %. For the initial trapping and transmission tests, it was ultimately de-
cided to further shorten the ion source beamline to simplify the setup in the
laboratory space and facilitate parallel testing of the QMF in its designated
vacuum chamber. In turn, a lower ion beam transmission and tuning capa-
bility due to reduced ion optical elements was accepted and it was attempted
to compensate this loss by increasing the ion beam intensity. In this simpli-
fied version, shown in Figure 6.6, the steerer box was left out and another
DN100 vacuum T-chamber was connected directly, leaving only the two first

Einzel lenses to ensure beam transport into the MIRACLS beamline. In this
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second chamber, a pneumatically retractable plate was installed and used as

a simple FC to measure the ion beam intensity.

TABLE 6.4: Simulated potential values for GANDIS compared
to values used in testing.

Electrode Simulation actual
Ion source bias (IS) —450V —450V
Extractor (EX) 700Vor0V 700V
Einzel lens 1 (E1) 1020V 1035V
Drift tube (DT) ov ov
Einzel lens 2 (E2) 60V 121V
XY-steerer ov not used
Einzel lens 3 (E3) 230V not used

The ion source was usually operated in a way that a beam intensity of tens
of nanoampere was measured on the FC plate, resulting in a beam intensity

of about 1 nA measured in the FC before the Paul trap. This corresponds to

n.a; T - 7
T —I- min l' ‘_‘ a
5 VL .

FIGURE 6.6: GANDIS ion source and beamline in the MIRACLS
laboratory.
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a transmission of typically 1 % to 10 % between the two FCs, while the same
beam intensity was injected into the Paul trap when using the positive elec-
tron impact ion source of MIRACLS. The injection and trapping efficiency of
the Paul trap was estimated to be in the order of 0.1 %, as discussed in the
thesis of L. Fischer [209].

Initial tests of the GANDIS beamline in this configuration were performed
using a positive potassium ion beam, by coupling a positive potassium sur-
face ion source (described in chapter 3) to the GANDIS beamline. After suc-
cessfully transmitting the potassium beam to the end of the MIRACLS beam-
line, the setup was configured for negative ion beams by switching polarity
of the ion optical elements and installing the negative ion source in its basic
version described above. Subsequently, negative chlorine ions were injected
into the setup and successfully transmitted up to the front of the MR-ToF, as

shown in a time of flight spectrum in Figure 6.7.
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FIGURE 6.7: Time of flight spectrum of negative chlorine iso-
topes, 3°Cl and ¥Cl.

However, this was achieved by simply chopping the beam via switch-
ing of an electrostatic deflector. The cooling and bunching in the Paul trap
proved to be challenging due to repeated failures of power supplies, ion op-

tics and vacuum devices in and around the Paul trap, which are yet to be
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fully resolved.

6.2.2 Neutral particle detection at MIRACLS

In order to perform photodetachment spectroscopy, a neutral particle detec-
tor similar to the one used in GANDALPH has to be placed downstream of
the MR-ToF device. Consequently, further SIMION simulations of the injec-
tion into the MR-ToF and the neutral particle detection were carried out by E.
Maier of the MIRACLS collaboration using a code developed for simulations
of collinear laser spectroscopy [204, 207].

In this case, the neutralisation of the negative ion beam injected from the
Paul trap was assumed to take place on a plane at the center of the MR-ToF
after about fifty revolutions with a trapping efficiency of 98 %. The distri-
bution of neutral particles at the position of the neutral particle detector is

shown in Figure 6.8. Hence, with a target diameter of about 6.5 mm as used

Z in mm

31.6%

—30 -

FIGURE 6.8: Neutral particle spread at the position of the de-
tector. Figure courtesy of F. Maier.

in the neutral detector of GANDALPH, only about one third of the neutral

atoms would be detected 100 cm from the center of the MR-ToF, assuming
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a 100 % detection efficiency. The geometrical detection efficiency versus the
detector distance from the center of the MR-ToF is shown in Figure 6.9 for

three different detector sizes.
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FIGURE 6.9: Neutral particle detection efficiency for different
target diameters. Figure courtesy of F. Maier.

Detector targets with a diameter of 40 mm or larger are expected to detect

almost 100 % of the neutral atoms created, while for detectors with smaller

Einzel lens

FIGURE 6.10: Neutral particle detector for MIRACLS. Neutral

atoms arriving from the right impinge on the conical target

(blue) and create secondary electrons, which are guided into a

CEM by use of an electrostatic potential and an focussing Einzel
lens (orange). Courtesy of J. Warbinek.
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target areas, the detection efficiency decreases somewhat linearly with in-
creasing distance. Therefore, a larger surface area for the neutral particle de-
tector was necessary, ideally to be placed as close as possible to the MR-ToF.
The design, shown in Figure 6.10 and the testing of the new neutral particle
detector was performed by J. Warbinek and M. Nichols, who are both part of
the GANDALPH collaboration.

6.2.3 Preparation of *Cl

In order to obtain 3°Cl, a sample of 29.4 mg MgCl, was filled into two quartz
tubes under helium atmosphere. The ampoules, one of which is shown in
Figure 6.11, were then sealed by melting the glass and sent to the Institute
Laue-Langevin, where it was irradiated for seven days in a high neutron flux
reactor with up to 1.5 x 10'° neutrons/ (s - cm?), overseen by U. Koster. The
expected composition of the sample one year after irradiation is shown in

table 6.5.

FIGURE 6.11: MgCl, sample prepared for irradiation at the In-
stitute Laue-Langevin. The MgCl, sample is filled into a quartz
tube under helium atmosphere.

In order to reduce the activity caused by 3°S and facilitate sample han-
dling, a chemical purification method was proposed in collaboration with
P. Thoerle and colleagues from the nuclear chemistry department of the Jo-
hannes Gutenberg-Universitidt Mainz. There, the MgCl, sample is converted
into AgCl utilising a precipitation process where about ninety percent of the
sulphur is removed from the sample.

In order to ensure the feasibility of using the AgCl compound in terms of
decomposition and ionisation in the ion source, efficiency measurements of

both AgCl and MgCl, were performed at the ISLDE Offline 1 facility using
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TABLE 6.5: Expected content of radioactive species of the
29.4mg MgCl, sample 365 days after irradiation, after all short-
lived isotopes have decayed.

Isotope Activity [Bq] number of atoms

36C1 6.8 x 10° 9.2 x 1017
35g 5x 108 5.59 x 101°
33p 9 x 10! 2.7 x 108

a tubular LaBg ioniser in a negative surface ion source. Both samples were
prepared within a tantalum tube "mass marker" and subsequently vapor-
ised by resistive heating. The integrated ion beam current of the separated
beam was measured over time and corrected for background determined by
a mass scan before the heating of the chlorine mass marker. The transmission
efficiency was estimated to be 100 % by comparing the integrated separated
beam of a full mass scan (1u to 300u) to the total beam of the ion source
before the separator magnet.

The resulting efficiencies of AgCl vs. MgCl, were 0.04 % and 0.17 %, re-
spectively. The low absolute efficiency can be explained by the source be-
ing extensively used in previous experiments, resulting in some mechani-
cal disalignment and reduced surface ioniser quality. However, in this case,
only the relative efficiency between the two samples is of relevance, which is
within a factor of four. With the amount of 3®Cl available, this is an acceptable

loss to perform the planned experiment.

FIGURE 6.12: Tantalum oven to be filled with AgCl and con-
nected to the ion source via a tantalum tube which in turn is
connected to the hole in the lid.

Due to the macroscopic sample size, the 3Cl will be prepared in a new
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tantalum oven instead of the standard tantalum capillary. This "molecular
beam oven" was initially developed within the SY-STI-RBS section for the
creation of molecular compounds via e.g. fluorination of a sample placed
within the tantalum container, shown in Figure 6.12, which is then connected
to the ion source via a tantalum tube. However, the sample mostly contains
the stable chlorine isotopes, with the ratio of the stable chlorine isotopes to
36Cl in the sample being about 1:1000. Due to the space charge limitations in
the Paul trap allowing only about 1 x 10° ions to be trapped in the Paul trap
before space charge effects are noticeable [209], this would result in about
only one 3¢Cl ion present at a given time in the Paul trap. Consequently, it is
necessary to mass separate the ion beam before injection into the Paul trap.

This can be achieved by the installation of a quadrupole mass filter (QMF)
in the GANDIS beamline. A QMF (ABB Extrel 150 QC (Merlin)) was acquired
from the AG LARISSA at the Johannes Gutenberg-Universitdt Mainz, previ-
ously used for resonance ionisation mass spectrometry in work by S. Raeder,
K. Blaum and others [144, 255].

The QMF will be integrated into the GANDIS beamline with a dedicated
vacuum chamber with injection and extraction optics. The control of the
QMF was upgraded from a Windows NT based system to a LabView com-
pactRIO device, controlling all DC and RF voltages on the quadrupole itself
as well as the mass command via a 0V to 10V input. Injection and extrac-
tion optics are supplied by separate high voltage supplies. The mounting
pieces of the QMF in the vacuum chamber were designed using Inventor
and are comprised of a combination of the Thorlabs 60 mm cage system and
3D printed parts made out of polylactic acid (PLA).

The final design, shown in Figure 6.13 and SIMION simulation was per-
formed by M. Reponen (University of Jyvaskyld) based on initial designs and
simulations created by the author of this thesis. In these simulations, nega-
tive *Cl and ¥Cl ions were created inside the GANDIS ion source with a
uniform beam energy distribution of 0.5eV-1.5eV and extracted by a —450 V
potential. In order to achieve ion beam energies at which a mass resolution

can be achieved, as discussed in chapter 3, the QMF was also biased to the
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extraction potential of —450 V. The potentials of the ion optical elements are

given in table 6.6.

FIGURE 6.13: QMF mount and ion optics. The mounting sys-

tem comprises a combination of 3D printed parts (black) to

mount Einzel lenses and a Thorlabs cage system. The ions are
injected and extracted utilising Einzel lenses.

The QMF was scanned across A/q values between —32 and —38 and the
transmission recorded at various locations as indicated in Figure 6.14. The
injection from the ion source into the QMF housing is achieved with about
85 % transmission efficiency, resulting from deflection of ions by the —450V
potential of the QMF as well as losses seen in previous simulations of the
GANDIS beamline. Most ion losses occur during the mass separation process
in the QMF as well as during the extraction and re-acceleration process. The
overall transmission through the QMF to the end of the beamline for the two
chlorine isotopes was about 15 %-20 %, as shown in Figure 6.14 with a mass
peak width of about 0.6, corresponding to a mass resolving power of 60. This
would overall yield a transmission efficiency of about 10 % from GANDIS
into the Paul trap.

However, these results are to be verified experimentally. Currently, the
QMEF hardware is connected to an electron impact ion source in order to in-

vestigate the mass resolving power and confirm proper hardware operation
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before connecting it to the GANDIS beamline.

TABLE 6.6: Potentials used for the simulation of the ion beam
transmission through the QME.

Electrode Value
Ion source bias —450V
Extractor ov
Einzel lens 1 1000V
Drift tube ov
Einzel lens 2 20V
X-steerer left ov
X-steerer right ov
X-steerer up -5V
X-steerer down ov
Einzel lens 3 —-300V
QMF outer cylinder —445V
QMF entrance aperture —446V
QMF support rods —445V
QMF frequency 1.3MHz
QMF effective radius 8.33 x 103 m
QMF exit aperture —444V
Einzel lens 4 —-290V

In case the QMF is not operational with acceptable efficiencies and mass
resolution, the sample of °Cl could be further purified for instance at the
ISOLDE Offline 1 facility where the isotope could be implanted into a sample
foil in the detector chamber after the dipole magnet, before being inserted in

the mass marker of the GANDIS at MIRACLS.
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FIGURE 6.14: QMF transmission simulation. Top: Ion beam

transmission before (red), in (blue) and after the last Einzel lens

(black). Bottom: Trajectories of the ion beam with planes for

transmission measurements indicated in red, blue and black,
respectively.
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Chapter 7

Conclusion and Outlook

Due to the small binding energy (EA) of the additional electron, negative ions
are fragile quantum systems, for which in most cases any optical transition
leads into the continuum, creating a neutral atom and a free electron. How-
ever, negative ions are not only of fundamental interest in probing electron
correlation effects but play a role in many other applications and fields of
physics [47, 49, 228, 40, 36, 37, 15]. The work presented in this thesis aims
towards experimental investigations of specific radioactive elements, e.g. as-
tatine, as well as the advancement of their production at on-line facilities like
ISOLDE.

A major result of this thesis is the determination of the electron affinity of
astatine utilising collinear photodetachment spectroscopy. This represents an
outstanding accomplishment in the sensitive study on rare negative ions and
paves the way for future studies of other radioisotopes such as polonium
or heavy and in the remote future eventually super-heavy elements. The
measurement was performed utilising the GANDALPH detector, which be-
forehand underwent substantial upgrades in anticipation for this and future
measurement campaigns. The upgrades encompass improvements in ion
beam steering, detection and data acquisition. As a specific breakthrough,
the target material for the neutral particle detector was changed from an
ITO to a graphene coated quartz plate, reducing the photoelectron back-
ground substantially and extending the transmissible photon energy into
the UV range. The determined experimental value for the EA of astatine,

2.41578(7) eV, is in excellent agreement with the theoretical prediction of
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2.414(16) eV. Overall, this measurement not only marks a milestone in the
investigation of radioactive elements that need to be artificially produced to
be studied, but also facilitates the development of astatine radiopharmaceuti-
cals in targeted alpha therapy by revealing fundamental chemical properties
such as the electronegativity, electrophilicity and hardness.

Experimentally, the refinement of the collinear laser photodetachment
technique by utilising an MR-ToF device was prepared for future applica-
tions. This step has the potential to greatly facilitate future investigations on
negative ions of radioisotopes concerning e.g. isotope shifts in the EA, specif-
ically bringing radioactive elements and eventually super-heavy elements,
where the latter are produced only at an atom at a time rate, into reach. As a
tirst demonstration of laser photodetachment in an MR-ToF device, the mea-
surement of the isotope shift of the electron affinity of the stable chlorine
isotopes, as well as the long-lived radioactive 3Cl was prepared. Therefore,
a dedicated ion source and beamline has been designed and commissioned
which can deliver negative ions to the MIRACLS proof-of-principle experi-
ment. The transmission of negative ions through the setup has been demon-
strated. However, technical issues with the trapping and cooling in the Paul
Trap of the MIRACLS experimental setup prohibited first photodetachment
experiments, which are expected to take place once these issues have been
resolved.

With the investigation tools of radioisotopes being readily established at
ISOL facilities, the measurement of the isotope shift of the EA of chlorine is
expected to take place in the upcoming online period at ISOLDE (LHC Run
3), for which eight shifts were granted by the INTC (see proposal D, status
report E and minutes of the INTC [256]). Furthermore, the determination of
the EA of polonium was proposed and six shifts were granted (see letter of
intent F and minutes of the INTC [117]), marking not only a further step in
the investigation of negative ions, but additionally probing the conversion
efficiency of positive to negative ions in a charge exchange cell as supple-
mentary production pathway for negative ions with lower EA.

In order to increase ionisation efficiency and broaden the availability of
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negative ion beams at ISOLDE, production methods other than the currently
used LaBg surface ioniser were investigated. As an alternative surface ioniser
material, SrVO; was produced and characterised utilising X-ray diffraction.
The work function of SrVO;, determined by thermal electron emission, was
measured to be around 3.28 eV. Measurements at 1630 °C yielded an effi-
ciency of 10.6 % for iodine. However, the ioniser surface was damaged at
these temperatures, resulting in a non-recoverable decrease in ionisation ef-
ticiency as well as an increase in work function to 3.69eV. In future studies,
the thermal stabilisation and decrease of the work function of SrVO; will be
investigated utilising doping with e.g. molybdenum or barium. In addition,
a different production approach generating a determined crystal orientation
of the material might result in a reduced work function of the surface ionisers
in general. However, at the current stage, LaBg remains the superior choice
as surface ioniser in terms of stability, efficiency and availability.

As an alternative approach to solid surface ionisers, negative ion produc-
tion utilising the injection of caesium either for surface or sputter-type nega-
tive ion production was investigated. Using a FEBIAD type ion source with
caesium injection via a Cs,CrO, dispenser material, negative fluorine ions
were produced with an efficiency of 2.8 x 107* % using NF; as precursor.
However, negative ions were primarily produced in the caesiated transfer
line instead of via sputter generation through accelerated positive caesium
ions, while the acceleration voltage primarily served as an extraction and
guiding potential for the surface ionised negative ions. Therefore, the geom-
etry was analysed to be not optimal neither for sputter type production nor
for surface ionisation.

As a consequence, surface ionisation utilising a caesiated tantalum sur-
face was investigated. Using this approach, it was possible to produce neg-
ative ions, however, efficiencies below 0.1 % were measured for bromine. In
addition, the source behaviour was very unstable, likely caused by the frag-
ile balance between caesium injection, surface adsorption and chemical reac-
tions in the source. Hence, this approach does not seem to be an improve-

ment upon the current LaB, surface ioniser.
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For sputter-type generation of negative ions, the KENIS ion source was
refurbished and characterised utilising two methods of caesium delivery.
The use of a caesium dispenser compound resulted in an efficiency of about
0.6 % for fluorine, however the stability of the ion beam was poor. Addi-
tionally, negative oxygen ion beams as intense as 700 nA, released from the
Cs,CrO, dispenser, prohibited the investigation of ionisation efficiencies for
other species of interest such as sulphur and oxygen on the same mass chan-
nels. Consequently, an external caesium reservoir and injection line was de-
veloped. As a result, the oxygen contamination was reduced significantly
and the ion source stability was improved. However, the amount of caesium
delivered into the source was found to be insufficient, likely due to the tem-
perature limitation of mechanical parts in the caesium injection line or a cold
spot on the water cooled target base, respectively. Furthermore, it was dis-
covered that the calibrated gas leaks used for the injection of fluoride gases
clogged over time likely due to sintering caused by exposure to heat, further
complicating accurate efficiency measurements. With these technical issues
resolved, the KENIS ion source is expected to be capable of delivering neg-
ative fluorine beams efficiently at ISOLDE. In addition, the production of
negative oxygen and sulphur ion beams seems promising.

In conclusion, for the production of radioactive negative ions, the KENIS
ion source is a promising tool to broaden the negative ion beam availability of
ISOLDE by delivering beams of fluorine as well as elements such as oxygen
and sulphur. Supplementary investigations of SrVO; and alternative surface

ioniser materials may facilitate this further.
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Appendix A

Publication 1 - Upgrades of the
GANDALPH photodetachment

detector

Contribution: I planned, designed, implemented and comissioned the up-
grades to the GANDALPH detector and have written the first draft and am
main author of the paper. The picoamperemeter and control for the voltage
supplies were provided in collaboration with Lars Bengtsson of the Univer-

sity of Gothenburg.
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photodetachment detector
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The Gothenburg ANion Detector for Affinity measurements by Laser PHotodetachment (GANDALPH) has re-
cently been built for measurements of electron affinities (EA) of radioisotopes. A first measurement campaign is
aimed towards the determination of the EA of astatine, the rarest naturally occurring element on earth. In this
work we present several upgrades of GANDALPH which have been implemented in order to facilitate EA
measurements of radioisotopes where only low intensity ion beams (< 1 pA) can be produced.

1. Introduction

Negative ions are atoms or molecules with an additional electron, so
that their net charge is negative. The binding potential of the additional
electron in a negative ion is mainly determined by inter-electronic in-
teractions, making negative ions compelling systems for tests of theo-
retical models that go beyond the independent particle model [1]. Due
to the lack of bound states, the binding energy of the additional electron
in a negative ion, called electron affinity (EA), is the only atomic
parameter which can be determined with high precision. The most
common way to determine the electron affinity is by laser photo-
detachment threshold spectroscopy where a wavelength tunable laser
beam is superimposed on a beam of negative ions [2]. The electron
affinity is obtained by determining the threshold for the onset of the
photodetachment process.

2. The GANDALPH beamline

The Gothenburg ANion Detector for Affinity measurements byLaser
PHotodetachment (GANDALPH) is a detector designed for measure-
ments of electron affinities (EA) of radioisotopes by laser photo-
detachment threshold spectroscopy [3]. In GANDALPH, a continuous
ion beam is merged with a pulsed laser beam over a 50cm long path, as

* Corresponding author.
E-mail address: david.leimbach@cern.ch (D. Leimbach).

https://doi.org/10.1016/j.nimb.2019.05.015

shown schematically in Fig. 1. The collinear geometry has the ad-
vantage of a large interaction volume as well as a compressed Doppler
spread [4]. The ion beam enters the beamline with an angle of 10° with
respect to the central axis and is deflected into the main chamber. The
beam then passes a steering box and is aligned to pass through two
6 mm diameter apertures defining the interaction region where it is
overalapped with a laser beam. While residual charged particles are
deflected into a Faraday cup, neutrals proceed in their direction of
flight into a neutral particle detector, as shown in Fig. 4. The neutral
particle detector consists of a target box where neutrals impinge on a
conductive and optically transparent target. Secondary electrons re-
sulting from the impact are detected with a secondary electron multi-
plier (SEM). In order to distinguish between photoelectrons and elec-
trons resulting from neutral particle impact, the data acquisition is
triggered a few microseconds after the laser pulse, corresponding to the
difference in time of flight of ions and photons. Further details of the
GANDALPH detector are described in [3].

A major goal with the GANDALPH detector is to determine the
electron affinity of astatine [5], the rarest naturally occurring element
on earth [6]. Astatine is of medical interest since its isotope 2''At is a
potential agent for targeted alpha therapy [7,8]. The EA of astatine,
together with the previously measured first ionization potential (IP) [9]
gives valuable benchmarks for quantum chemical calculations

Received 21 December 2018; Received in revised form 16 April 2019; Accepted 6 May 2019

Available online 10 May 2019
0168-583X/ © 2019 Elsevier B.V. All rights reserved.



Appendix A. Publication 1 - Upgrades of the GANDALPH

photodetachment detector

133

D. Leimbach, et al.

Collimators

' N
I I

Collinear tunable
Laser beam

'

*J
? $
Negative Deflector Deflector LY

ion beam 4
« Photoelectrons @ Negative ions Channeltron

- Secondary electrons @ Neutral atoms

Fig. 1. Schematic depiction of the GANDALPH beamline. The incoming nega-
tive ions (blue) are merged with the laser beam (red arrow) by two electrostatic
deflector plates. Neutral atoms produced in the photodetachment process
(green) proceed straight into the neutral particle detector where they impinge
on a target and create secondary electrons which are detected with a SEM.
Residual negative ions are bent into a Faraday cup. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

predicting the chemical properties of this element and its compounds
[10-12].

As a proof-of-principle towards the astatine experiment, the EA of
128] was determined at CERN-ISOLDE, marking the first ever photo-
detachment experiment of a radioactive isotope [3]. During this initial
campaign it became evident that the astatine experiment required sig-
nificantly improved experimental conditions, taking into account the
low production rates of about 6000 ions/s of At™ at ISOLDE. Hence,
several upgrades of the beamline were necessary, which are described
in the following.

3. Upgrades of the GANDALPH detector

Improving beam tuning capabilities. In order to facilitate ion beam
tuning with low beam intensities through GANDALPH, several upgrades
were conceived and implemented. As a first step towards improved
beam tuning, the apertures of the setup were upgraded. A traditional
aperture for ion beam alignment has only a single circular hole. An
indication of a possible ion beam misalignment is achieved by mea-
suring the ion current on the aperture plate. However, this does not give
information about the direction of a possible misalignment. The aper-
tures were therefore segmented into four separate pieces that can be
read out individually. By measuring the current individually on all four
aperture plates, it is then possible to determine the beam position re-
lative to the center of the aperture. For this purpose, a 4-channel am-
meter with picoampere resolution was designed which is shown in
Fig. 3. This ammeter was implemented on a printed circuit board (pcb)
using four ultra-low input bias current operational amplifiers (op am,
AD549, see [13]) in a feedback ammeter design [14]. Since the currents
are of the order of a few picoampere, great care must be taken to isolate
the op amps inputs on the pcb. This is achieved by routing proper guard
copper patterns around the signal inputs [15].

All ion beam optic plates in GANDALPH are controlled by high
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Fig. 3. The current-to-voltage amplifier is implemented by an ultra-low bias
current op amp, succeeded by a conventional op amp for voltage amplification
and range selection.

Fig. 4. 3D model of the neutral particle detector flange. 1) ion beam deflectors
2) secondary electron multiplier 3) Faraday cup 4) secondary electron multi-
plier 5) electron bend 6) neutral particle detector box with graphene coated
glass plate. The detector was assembled using self-produced as well as Kimball-
physics eV parts [18].

voltage (HV) supplies from Wenzel Elektronik (N1130 NIM modules).
Since about 20 electrodes are required, a 24-channel voltage control
instrument was designed to facilitate remote control of the HV supplies
[16]. Also, a LabVIEW GUI was developed for user-friendly operation of
the instrument. Each channel has a resolution of 12 bits and a

Fig. 2. CAD-model of the upgraded GANDALPH
beamline. 1) Deflector plates to bend the incoming
ions into the chamber. 2) Steering box with aperture.
3) Silicon detector: Neutral atoms are implanted onto
a moveable plate which is then retracted in front of
the detector. 4) Faraday cup and SEM for beam
tuning and background measurements. 5) Neutral
particle detector.
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Fig. 5. Left: 3D model of the alpha detector mount. The alpha particles are
implanted on the aluminium plate (black) which is then retracted from the
beam path to the alpha particle detector (gold) held sandwiched between two
mounting plates (red). The signal and voltage bias is delivered via an SMA
feedthrough. Right: Calibration spectrum performed with a source containing
Am, Gd, Pu and Cm. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

confirmed noise level corresponding to less than 1mV.

Previously, initial beam tuning of low intensity radioactive beams
was performed by steering the ion beam directly into the neutral par-
ticle detector, resulting in an increased background signal during the
actual measurement. In order to circumvent this problem, an additional
SEM dedicated for beam tuning and background measurements was
installed in the neutral particle detector section. The electrostatic ele-
ments for bending the ion beam after the interaction was redesigned so
it can either bend the beam into the Faraday cup (high intensity beam)
or the SEM (low intensity beam). The redesign was performed using
Autodesk Inventor Professional 2017 for the mechanical design and CST
Studio for the simulation of the ion beam trajectories. A 3D re-
presentation of the new neutral particle detector flange is shown in
Fig. 4. Additionally, the previously used target, an ITO coated glass
plate, was replaced with a graphene-coated glass plate, thereby im-
proving laser transmission and background noise in the detector, as
described in [17].

Alpha spectroscopy setup. Specifically for the purpose of the mea-
surement of alpha emitting particles such as astatine and polonium, an
Ortec Alpha Aria spectrometer with a BU-024-600-AS detector was
added to the GANDALPH detector. In order to avoid stray light and to
be able to detect only the alpha decay coming from neutralized atoms,
the silicon detector was mounted upstream the neutral particle de-
tector, as shown in Fig. 2. The detector itself, shown in more detail in
Fig. 5 is held by two metal plates, while signal and voltage bias are
supplied via an SMA feedthrough.

A pneumatic feedthrough is used to descend an attached aluminium
plate into the beam path of the neutral particles in front of the target
box, such that only the detached atoms are implanted. After a set im-
plantation time the plate is retracted in front of the alpha detector
where a spectrum of the decay products is obtained. Such a spectrum of
the alpha detector, obtained during calibration, is shown in Fig. 5 with
a resolution of about 19 keV (FWHM). Data acquisition and timing is
performed using a self developed LabView software.
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4. Conclusion

We conclude that the GANDALPH detector has successfully under-
gone several upgrades improving the ion beam tuning and detection for
photodetachment experiments of radioisotopes. Segmented apertures as
well as a 4 channel ammeter with picoamp resolution and an additional
SEM for tuning and background measurements were introduced.
Additionally, a new control system for the beam optics was put in place
using a 24 Channel voltage control instrument and a LabView GUL An
alpha detection setup was integrated into the GANDALPH detector and
tested with a radioactive source.

It should finally be mentioned that the GANDALPH detector with
the described upgrades was successfully used to determine the EA of
astatine at CERN-ISOLDE in October 2018 [19].
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A neutral particle detector is presented, in which the traditionally used target material, indium tin oxide
(ITO), is replaced by graphene. The graphene-based detector enables collinear photodetachment measure-
ments at a significantly shorter wavelength of light down to 230 nm compared to ITO-based detectors, which
are limited at 335 nm. Moreover, the background signal from the photoelectric effect is drastically reduced
when using graphene. The graphene based detector, reaching 1.7 eV further into the UV energy range, allows
increased possibilities for photodetachment studies of negatively charged atoms, molecules and clusters.

Detectors for neutral or charged particles are used in
a variety of experiments with a broad range of possible
projectile energies. In the fields of atomic and molecular
physics, particle energies are in the range of a few eV up
to a maximum of some tens of keV. Particle energies in
the range above some hundred eV can be detected by an
electron multiplier device, which is either composed of
discrete electrodes denoted as Secondary Electron Multi-
plier (SEM)2, constructed as continuous-dynode Chan-
nel Electron Multiplier (channeltron, CEM)3 or Micro
Channel Plates (MCP)?. In all devices, the impact on
the first detector surface generates a few secondary elec-
trons by momentum transfer. To prevent pollution or
even destruction of the first electrode a self-contained
conversion dynode, called the target, is acting as sec-
ondary electron emitter for electrons which eventually
are detected using the electron multiplying device. In
laser particle beam experiments when the cross section
of the investigated process is small, a collinear geometry
is desirable to increase the interaction volume and hence
the signal. Optical transparency of the target electrode is
then required if neutral fragments are to be detected®®°.
The collinear arrangement also significantly reduces the
Doppler broadening of any optical excitation process by

making use of the velocity bunching phenomenon”.

One particular type of experiment where merged
beams are used is laser photodetachment spectroscopy,
in which a negative ion absorbs a photon and breaks up
into a neutral particle and a free electron. The rate of
neutral particles is then investigated as a function of the
laser frequency. Hence, the detector in this experiment
has to transmit the laser light without generating inter-
fering background signal while it must efficiently create
secondary electrons by the impinging neutral particles.
This is an experimental challenge since a typical laser
pulse used in experiments contains 10'® photons whereas
the typical yield of neutrals could be as low as 0.1 per
laser pulse, especially for addressing rare and/or radioac-
tive isotopes®.

The key component in the design of such a detector
is the choice of a suitable target material which must

be both transparent over a large wavelength range and
electrically conducting to enable electron emission with-
out charging of the surface. However, most materials are
either transparent (dielectrics) or conducting (metals).
One of the very few materials that possesses both char-
acteristics is tin doped indium oxide (ITO or Iny05:5n).

By attaching a thin ITO layer onto a glass plate, a
functional detector was designed by Hanstorp®, which
has been used within a variety of experiments®1!. The
transmission curve for ITO is relatively flat and about
80 % for wavelengths down to 400nm, after which the
transmission drops rapidly'?. A further complication for
experiments with light in the UV range is an intense
generation of photoelectrons by the laser pulse passing
through the ITO target. Thus, photodetachment stud-
ies in collinear geometry with detection of the residual
neutral atoms have so far been limited to the visible and
infrared spectral regions.

Extending the photon energy range into the UV is of
high relevance, for instance in studies of doubly excited
states'® ! or for spectroscopy of molecular negative ions
used in accelerator mass spectrometry'®16. Hence, alter-
native target materials have been tested but with limited
success. A quartz plate covered with a film of gold has
been used!”, but the strong emission of electrons by the
laser induced photoelectric effect produced an intensive
background that could not be prevented.

An interesting candidate as a target material is
graphene. This is a two-dimensional monolayer of sp?
hybridized carbon atoms with unique mechanical, elec-
tronic, and optical properties. It is both electrically con-
ductive and optically transparent with a transmission of
98 % in the visible range and larger than 95 % in the UV
region'?. The high transparency of graphene in the visi-
ble range is determined by the fine structure constant and
is frequency independent'®. The slightly smaller trans-
parency in the UV range is due to an excitonic resonance
that forms near the van Hove singularity of the band
structure of graphene®®.

In this work we present the first investigation when
a graphene-coated quartz plate is used as the target in
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FIG. 1: a) A schematic drawing of the interaction region and the neutral particle detector. A negative ion beam,
entering from the left in the figure, is merged with a counterpropagating laser beam in the interaction region.
Afterwards, all ions are deflected by a quadrupole deflector into a Faraday cup. Neutralized particles from the

photodetachment process impinge on the target where secondary electrons are generated and consequently detected

by a CEM. The potential on the metal grid facing the CEM can be switched in order to repel or attract electrons.

b) CAD-Drawing of the neutral particle detector with a clear view of the detector box housing the graphene target
as well as the CEM entrance cone.

a neutral particle detector, and we demonstrate that it
can be used for photodetachment studies covering wave-
lengths, at least down to 230 nm. The functionality of
the detector is demonstrated by successfully detecting
the residual atoms produced when photodetaching nega-
tive ruthenium ions.

The neutral particle detector is shown schematically
in Figure la and a corresponding CAD-drawing is shown
in Figure 1b. A negative ion beam is merged with a
laser beam in a parallel or anti-parallel geometry within
a 0.5 m long interaction region. The vacuum in the exper-
imental chamber is kept at a pressure of 10~®mbar. This
ensures that the number of background events created
by collisions with residual gas is very small in compari-
son with the photodetachment signal. The geometry of
merged beams provides an extended interaction region
and reduces the Doppler broadening due to the velocity
compression. The large Doppler shift caused by the high
velocity of the ions can easily be compensated by taking
the geometric mean of the spectra recorded using parallel
and anti-parallel symmetry, respectively”.

A subsequent quadrupole deflector is used to direct the
remaining negative ions into a Faraday cup detector for
normalization purposes. However, in the current experi-
ment this normalization was not needed since the acquisi-
tion time was sufficiently short to have an essentially sta-
ble ion beam current during the entire experiment. The
neutral atoms, which are generated in the laser photode-
tachment process, constitute the signal. They are not
affected by the electric fields in the quadrupole deflector.
Instead, they enter the detector target box, which is in-
stalled downstream, through a 5.0 mm hole and impinge
on the target where they generate secondary electrons.

These electrons are attracted by a 410V input potential
on the cone of the CEM and subsequently multiplied up
to a measurable pulse by the CEM output potential of
+2200V. The CEM is mounted right behind a 10 mm
hole facing the target plate. A fast atom impinging on
the target will cause a few electrons to be emitted. Each
of these electrons can be collected with close to 100 %
efficiency by the CEM. The detection efficiency of the
CEM is of the order of 80 %. Hence, it is very likely that
at least one of the electrons emitted from the surface is
detected, resulting in a detector with close to unity de-
tection efficiency®.

A metal grid is placed between the target plate and
the CEM. A potential of 0V on the grid allows electrons
emitted from the target to reach the front of the CEM
and hence be detected, whereas a grid potential of -70V
prevents any electrons produced at the target plate to
reach the CEM. The potential of the grid is switched from
0V to -70V a few nanoseconds before the laser pulse ar-
rives at the target and switched back to 0V 0.4 us after
the laser pulse. In this way, electrons produced by the
direct photoelectric effect on the target are repelled and
do not reach the CEM. On the contrary, the neutral par-
ticles produced by the photodetachment process in the
interaction region arrive at the target a few microseconds
after the laser pulse, and can hence be detected.

The target is a quartz plate coated with graphene.
The CVD-grown monolayer graphene transferred on
a 10x10x0.5 mm quartz substrate was purchased from
Graphenea (eu.graphenea.com). To ease contacting the
graphene, 100/5-nm Au/Cr thin films were deposited at
the corners of the substrate by using a shadow mask in
an e-beam metal-deposition system.



138 Appendix B. Publication 2- A graphene-based neutral particle detector

Experiments to test the performance of the graphene-
coated target were performed at the Gothenburg Univer-
sity Negative Ion Laser LAboratory?® (GUNILLA) using
negative ruthenium ions. The ions were photodetached
by tunable light from an optical parametric oscillator
(OPO) which was pumped by the third harmonic of a
Nd:YAG laser, thereby enabling the generation of laser
light in a wavelength range of 450 nm to 1800nm. By
using frequency doubling the wavelength range was ex-
tended down to 230 nm. This laser system has a repeti-
tion rate of 10Hz, a pulse width of 6ns, a pulse energy
of ~1mJ and a bandwidth of 0.2cm™!.

Figure 2 shows the results of the experiment when a
beam of negative ruthenium ions was merged with a laser
beam at a wavelength of 230 nm. The potential on the
grid in front of the CEM is shown in Figure 2a. As de-
scribed before, electrons created on the target plate can
be detected when the potential on the grid is 0V but
will be suppressed when its potential is at -70 V. In this
way the detection of electrons created at the target was
blocked for a short time around the arrival of the laser
pulse. Figure 2b shows the background due to collisional
detachment. This trace was recorded by allowing the
continuous ion beam to pass through the interaction re-
gion, whereas the laser beam was blocked before entering
the vacuum chamber. Pulses with a peak height of more
than -15mV were discriminated for detection. During
a period of 12 s, only a single particle was detected at
t = —4ups.

Figure 2c shows the reversed situation, i.e. when the
laser light enters the interaction region, whereas the ion
beam is blocked by closing a valve in the beam-line.
Even though the CEM is in principle blocked by the
repelling potential, the broad peak structure observed
around t = 0 ps is caused by the laser light, e.g., by scat-
tering on the grid, where electrons might be produced by
the photoelectric effect. These electrons will be attracted
by the detector since they are produced at a potential of
-70V, whereas the entrance of the CEM is kept at a po-
tential of +10V. The signal observed at t = +4ps is
ascribed to background caused e.g. by a dark count in
the CEM.

Figure 2d shows the signal when both the ion and laser
beams are directed into the vacuum chamber and merged
in the interaction region. In this case neutral atoms are
created in the interaction region due to the photodetach-
ment process. The arrival time for particles neutralized
in the interaction region depends on the acceleration volt-
age and their mass. In the case of ruthenium ions accel-
erated to 6keV, these arrive about 2ps after the laser
pulse. In the data shown in Figure 2, we observe parti-
cles caused by the photodetachment process in the time
range of 2ps to 7us. In addition, the remaining back-
ground signal caused by the laser light at t = Ops ob-
served in Figure 2c¢ and 2d, can also be seen. The dashed
line at t = 1ps in Figures 2b-d marks the start of the
data taking of the photodetachment signal.

The accumulation of the signal from 200 laserpulses

Time (ps)

FIG. 2: The time structure of the output from the
detector. The laser pulse was triggered at ¢ = 0. a) The
potential of the metal grid placed in front of the CEM.

The output of the CEM when b) the laser beam is
blocked but the ion beam is present, c) the ion beam is

blocked but the laser beam is directed into the
experimental chamber and d) both the ion and laser
beams are directed into the vacuum chamber. All traces
were recorded with a 250 MHz sampling oscilloscope.

is shown in Figure 3 in form of a histogram in the time
range of 1 ps to 30 us with a bin size of 0.5 ps. Figures 3a
and 3b show the signal due to collisional detachment and
due to the laser pulse, respectively, while Figure 3c shows
the photodetachment signal. The temporal distribution
reflects the spatial overlap of the two beams. The time-
of-flight from the interaction region, which is defined by
circular apertures, is 2us to 7ps. In the case of a per-
fect collinear overlap of the ion- and laser-beams, one
would expect a top-hat distribution in this region. The
signal observed at times larger than 7 ps origins from pho-
todetachment in the beam-line where the ions are guided
into the interaction region. The signal count rate due
to laser induced events is very small in comparison to
the photodetachment signals. Note that the scale in 3a
and 3b is reduced two orders of magnitude in comparison
with 3c. This shows that we can observe the photode-
tachment process with almost negligible background from
collisional detachment and events caused by the photo-
electric effect.

The data shown in Figures 2 and 3 were recorded us-
ing negative ruthenium ions and a laser wavelength of
230nm. This wavelength was chosen since this is the
shortest wavelength that could be produced in our labo-
ratory and hence also the wavelength where the largest
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FIG. 3: Histogram of the number of events occurring in
the photodetachment experiment. The laser wavelength
used was 230 nm. a) Accumulated collisional
detachment events recorded with the ion beam present
but laser light blocked. b) Accumulated counts with
laser light present but ion beam blocked. c)
Accumulated photodetachment events recorded with
both, ion beam and laser light present.

background would be expected. Furthermore, the detec-
tor has been used in other photodetachment experiments
using negative ions of iodine, phosphorus and astatine,
operating with wavelengths in the ranges 225-350 nm,
404-406 nm, 510-518 nm as well as 1100-1400 nm. In no
case, any larger background signal than the ones shown
in Figure 3 was observed.

A neutral particle detector based on a graphene-coated
quartz plate has been developed for photodetachment
studies extending into the UV range. For the lowest
accessible wavelength of 230nm, signals from the pho-
todetachment process were more than two orders of mag-
nitude higher than background from the laser induced
photoelectric effect. The recovery time of the CEM af-
ter saturation, due to the immediate photoelectric effect,
could be reduced to a minimum by rapidly switching the
potential on a metal grid placed between the target and
the CEM. Due to the high transmission of graphene for
UV light, both parallel and anti-parallel alignment of the
laser and ion beam are possible.

We have also shown that the graphene-coated target
can be used not only using UV laser light, but also in
measurements employing visible and infrared laser radi-
ation. It can further be used for detection of any kind of
atomic neutral particles with a kinetic energy in the keV
range. By replacing the previously used ITO-coated glass
target with the graphene-coated quartz, the accessible
photon wavelength in the UV range has been extended
from 335 nm to 230 nm, which corresponds to an increase
of the accessible photon energy of more than 1.7eV. It
should be pointed out that it might be possible to utilize
this graphene based detector at even higher photon en-

ergies since the upper limit of the photon energy in this
work was set by the available OPO laser. Hence, this
graphene-based detector design will open up a substan-
tially enlarged energy range for photodetachment studies
of negative ions of atoms, molecules and clusters. Based
upon the positive characteristics, it was recently installed
at the GANDALPH-experiment at CERN-ISOLDE and
used to measure the electron affinity of astatine?!.
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hemistry is all about molecule formation through the

creation or destruction of chemical bonds between atoms

and relies on an in-depth understanding of the stability
and properties of these molecules. Most of these properties can be
traced back to the molecule’s constituents, the atoms. Thus, the
intrinsic characteristics of chemical elements are of crucial
importance in the formation of chemical bonds. The electron
affinity (EA), one of the most fundamental atomic properties, is
defined as the amount of energy released when an electron is
added to a neutral atom in the gas phase. Large EA values
characterize electronegative atoms, i.e., atoms that tend to attract
shared electrons in chemical bonds. Hence, the EA informs about
the subtle mechanisms in bond making between atoms, and it
also reveals information about molecular properties such as the
dipole moment or the molecular stability. Contrary to neutral
atoms or positive ions, the excess electron in a negative ion
asymptotically sees a neutral system. As a consequence, the
electron—electron correlation plays a very important role in var-
ious properties of the negative ions, and in particular in their
electron affinities!. Hence, negative ions are excellent systems to
benchmark theoretical predictions that go beyond the indepen-
dent particle model.

The EA also enters into the definition of several concepts,
notably the chemical potential within the purview of conceptual
density functional theory (DFT), promoted by Robert G. Parr?,
and the chemical hardness which is the core of the hard and soft
acids and bases (HSAB) theory, introduced by Ralph G. Pearson
in the early 1960s3. Robert S. Mulliken used the EA in combi-
nation with the ionization energy (IE), the minimum amount of
energy required to remove an electron from an isolated neutral
gaseous atom, to develop a scale for quantifying the electro-
negativity of the elements. The usefulness of these concepts for
chemists, especially in the field of reactivity, has been amply
demonstrated in recent decades>®.

The atomic IEs show a highly regular variation along the
periodic table of elements. Starting from the lowest values at the
lower left corner of the heaviest alkalines, a mostly steady trend
toward higher values is observed both toward lighter elements
with similar chemical behavior in one column and along rows to
the right side of the chart with halogens and noble gases, with
only few exceptions. Conversely, the EAs display comparably
strong variations across the periodic table, as shown in Fig. 1. In
this figure, some general features can be noted. For instance, the
EA tends to increase as a shell is filled, then drops dramatically
for elements with closed shell atomic structures, such as the noble
gases which do not form stable negative ions at all, and thus have
negative EAs.

The group of elements with the largest EAs are the halogens. As
in most other groups of elements, no monotonic trend is observed
here when progressing along the rows of the periodic table, with
chlorine exhibiting the largest known EA (3.612 725(28) eV) of all
elements”-8. The EA of the heaviest naturally occurring element in
the halogen group, astatine, has not been measured to date. For
this rare element, little is known of its chemistry: not only is it one
of the rarest of all naturally occurring elements®, but the minute
amounts that can be produced artificially prevent the use of
conventional spectroscopic tools. For instance, while astatine was
discovered in the 1940s1%11, it is only recently that the IE of
astatine was measured through an on-line laser-ionization spec-
troscopy experiment at CERN-ISOLDE!2.

However, the EA(At) has been predicted with various quantum
mechanical methods!3-1°. Hence, an experimental determination of
EA(At) is of fundamental interest, both to test sophisticated atomic
theories and to gain bases for inferring some chemical properties of
this element. The measurement of the EA(At) is also of practical
interest regarding the envisaged medical applications of astatine,

Fig. 1 Electron affinities across the periodic table. The height corresponds
to the measured value of the electron affinity of the corresponding
element’8:67 Astatine is highlighted in red. Blue indicates elements that
are experimentally determined to have a positive EA, i.e., to form stable
negative ions. Elements that are predicted to form stable negative ions but
have not yet been experimentally investigated are indicated in green, while
those in light gray are predicted to not form a stable negative ion, i.e., have
a negative EA. Finally, elements that neither have been experimentally
observed nor investigated theoretically, are indicated with dark gray.

since certain chemical compounds containing the isotope 211At are
currently being studied for use in cancer treatment. 211At, only
available in nanogram quantities through synthetic production
methods, is a most promising candidate for radiopharmaceutical
applications via targeted alpha therapy (TAT)?0-22, due to its
favorable half-life of about 7.2h and its cumulative a-particle
emission yield of 100%. However, in order to successfully develop
efficient radiopharmaceuticals, a better understanding of the basic
chemical properties of astatine is required?>.

The interest in the experimental determination of the EA
notably lies in current labeling protocols that aim at binding
astatine to tumor-targeting biomolecules: in many cases, the
chemical reactions involve an aqueous astatine solution in which
the astatide anion (At™) readily forms. In addition, a current
problem for the investigated 2!!At-radiopharmaceuticals is the
significant in vivo de-labeling, releasing At~ that could damage
healthy tissues and organs of the patient??2425. The determina-
tion of the electron binding energy of the astatine anion, i.e., the
EA, should help to better understand these reaction kinetics as
well as the stability of involved astatine compounds.

In this paper, we present the experimental determination of the
electron affinity of astatine by means of laser photodetachment
threshold spectroscopy. The measured value is then compared to
independent results from state-of-the-art relativistic quantum
mechanical calculations carried out alongside the measurement.

Results

Laser photodetachment of astatine. Due to its scarcity and short
half-life, artificial production of astatine is required to perform
any experiment on this element. Thus, a laser photodetachment
threshold spectrometer was coupled to an on-line isotope
separator at the CERN-ISOLDE radioactive ion beam facility2°.
Here, At atoms were produced through nuclear spallation reac-
tions of thorium nuclei, induced by a bombardment of highly
energetic proton projectiles and subsequently ionized in a

2 NATURE COMMUNICATIONS | (2020)11:3824 | https://doi.org/10.1038/s41467-020-17599-2 | www.nature.com/naturecommunications
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Fig. 2 Schematic diagram of the experimental setup. From left to right: a beam of negative astatine ions (blue circles) is guided into GANDALPH49:50,
where the ion beam is overlapped with a frequency tuneable laser beam (red line) in the interaction region in either co- or counter-propagating geometry.
By absorbing a photon (Inset 1), an electron can gain enough energy to be ejected from the ion, thereby creating a neutral atom (green circles, Inset 2).
After the interaction region, the charged particles are deflected into an ion detector, while neutralized atoms continue moving straight to the graphene-
coated glass plate downstream and create secondary electrons (white circles), which are detected by a channel electron multiplier®'.

negative surface ion source coupled to a mass separator (further
details can be found in the “Methods” section). A negative ion
beam of 211 At was extracted and superimposed with a laser beam
in the Gothenburg anion detector for affinity measurements by
laser photodetachment (GANDALPH) spectrometer (Fig. 2). The
yield of neutral atoms produced in the photodetachment process,
At~ + hv — At + e, was recorded as a function of the photon
energy hv, where v is the laser frequency and h is Planck’s
constant.

The general behavior of the photodetachment cross
section ¢ just above the threshold is described by Wigner’s
law?”: 0=a+b-E12, where a is the background level, b
the strength of the photodetachment process, I the orbital
angular momentum quantum number of the outgoing electron,
E=E,hoton —EA is the energy of the ejected electron and
Ephoton = hv the photon energy.

The ground state of At~ has a 6p° 1S, configuration. Therefore,
this state shows no term, fine or hyperfine structure splitting.
Further, as for all other halogen negative ions, it is the only bound
state. Hence, all At~ ions in the ion beam are in the same
quantum state, and the relatively high temperature in the ion
source does not give rise to internally excited ions. In the
photodetachment process, the electron is detached from a p-state.
Close to the threshold, the angular momentum of the outgoing
electron will then be [ = 0 due to the selection rules (Al = +1) and
the centrifugal barrier preventing the emission of a d-wave
electron (I=2)!. The ground state 6p° 2P5, of the 211 At atom, on
the other hand, with a total angular momentum of J=3/2 and
nuclear spin I=9/2, is split into four hyperfine levels. This
splitting was recently measured with high precision by Cubiss
et al.28. The relative strengths of these four photodetachment
channels are given by the multiplicity of the final hyperfine
structure levels, i.e, 2F+ 1, where F=1+] is the total angular
momentum of the atom, spanning from |[I—]J| to |[I+]], ie,
3,4, 5, 6%.

The energy dependence of the cross section for photodetach-
ment of astatine near the threshold can be described by the
function

6
U(Ephoton) =a+ bZ(ZF + 1)\/Eph0t0n - (EA + Ehfs,F)
F=3

-0 (Ephoton - (EA + Ehfs,F))

where ®(E — (EA + Ey ) is the Heaviside function and Epgr is
the energy of the hyperfine levels of the 2!1At atomic ground
state, differing by less than 23 peV between the contributing
levels.

The photon energy (ie., laser frequency) was scanned from
below the threshold to well above all four hyperfine levels in the
ground state of 21At. In total, six threshold scans were performed
with laser and ion beam co- and counter-propagating, respec-
tively. Figure 3 shows the measured neutralization cross section
0(Ephoton) as a function of the photon energy, corrected for the
Doppler shift, for the sum of all threshold scans with co-
propagating ion and laser beams.

The statistical error of the measurement is dominated by the
laser bandwidth of 12 GHz, corresponding to 50 peV. The
contribution to the statistical uncertainty from all other effects
is smaller than 0.1 peV, as discussed further in the “Methods”
section, and hence can be neglected. Systematic errors can arise
due to instabilities of the ion beam energy and the determination
of the photon energy. We measured the threshold for the
naturally abundant 127 before and after the experiment on
astatine, under the same experimental conditions. Those
measurements differed by less than 20peV. This gives an
estimate of a systematic error in the photon energy determination
and ion beam energy stability.

Including both systematic and statistical errors, the resulting
value of EA(At), determined by the geometric mean of the

NATURE COMMUNICATIONS | (2020)11:3824 | https://doi.org/10.1038/s41467-020-17599-2 | www.nature.com/naturecommunications 3
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Fig. 3 Threshold scan of the photodetachment of astatine. The
neutralization cross section is measured as a function of the photon energy.
The data points are the experimental measurements with one standard
deviation represented by error bars, and the solid line is a fit of Eq. (1). The
onset corresponds to the EA of 211At. The inset shows the region around
threshold, where the different onsets in the fit function represent the
detachment to the hyperfine levels of the groundstate of the neutral atom.

photodetachment thresholds measured in the co- and counter-
propagating geometries, was determined to be 2.41578(7) eV.

Theoretical calculation. Alongside the measurements, state-of-
the-art calculations of the electron affinities of astatine and its
lighter homolog, iodine, were carried out. The results for EA(I)
served to assess the performance and the expected accuracy of the
computational method. The calculations were carried out with
the DIRACI15 program package3? using the single reference
coupled-cluster approach in the framework of the Dirac-
Coulomb Hamiltonian (DC-CCSD(T)), which is considered to
be extremely powerful for the treatment of heavy many-electron
systems. Large, saturated basis sets®>! were used in these calcula-
tions, and extrapolation to the complete basis set limit was per-
formed. The correction from perturbative to the full triple
excitations, +AT, and the contribution of the perturbative
quadruple excitations, +(Q), were evaluated2. To further
improve the precision we have also accounted for the Breit
interaction and the quantum electrodynamics (QED) contribu-
tions; the latter were calculated using the model Lamb shift
operator (MLSO) of Shabaev et al.33. Further computational
details can be found in the “Methods” section. The contributions
of higher order excitations and Breit and QED corrections are
added to the DC-CCSD(T) EAs to obtain the final values. The
computational scheme outlined above was previously applied to
the determination of the EA of gold, yielding an accuracy of
1.4 meV32, Using our knowledge of the magnitude of the various
effects, we are able to set a conservative uncertainty of +0.016 eV
on the computed values (see “Methods” section for further
details). Hence, the expected value of the EA(At) from the the-
oretical calculations is 2.414(16) eV. The results for iodine and
astatine, including the break-down of the various higher order
contributions are presented in Table 1 and compared to the
experimental value. The final result of the electron affinity cal-
culation for iodine lies within 0.004 eV of the measured value of
3.059 0463(38) eV,

Table 1 Comparison of computational and experimentally
determined EAs of | and At.

Method EA(l)/eV EA(At)/eV
CBS-DC-CCSD(T) 3.040 2.401
+AT(Q) 0.008 0.007
+Breit 0.003 0.003
+QED 0.003 0.003

Final theor. 3.055(16) 2.414(16)
Exp. 3.059 0463(38)34 2.41578(7)

Table 2 Comparison of the present calculations of the EA of
At to other theoretical approaches.

Method EA(At)/eV Ref.
CBS-DC-CCSDT(Q) + Breit + QED 2.414016) This work
MCDHF + SE corr.2 2.38(2) 9
MCDHF 2.416 16
DC-CCSD(T) + Breit + QED 2.412 v
MCDHF + Extrap. + Breit + QEDP 2.3729(46) 3
CBS-DC-CCSD(T)+Gaunt+QED 2.423(13) 14
Experiment 2.41578(7) This work

3Multiconfigurational Dirac-Fock (MCDF) results corrected using experimental data.
bMCDF results extrapolated to complete active space limit.

Discussion

Over the years, many attempts were made to calculate the EA of
astatine. However, the high atomic number and thus the need of
refined treatments of relativity as well as the dominance of the
electron correlation effects made this a challenging task. With the
given uncertainties, our computed value is in excellent agreement
with the experiment. This shows that careful, systematic, and as
complete as possible inclusion of higher-order correlation and
relativistic contributions makes it possible to achieve benchmark
accuracy in atomic calculations. Hence, our measured EA(At)
represents a sharp test for assessing theoretical methods used
to study the chemistry of heavy and super-heavy elements. Some
recent calculations, including our final theoretical value of
the EA of At (labeled CBS — DC — CCSDT(Q) + Breit + QED)
are compared to the experimental value in Table 2. Of particular
interest is the recent multi-configurational Dirac-Hartree-Fock
(MCDHF) study of Si and Fischer!3. Including the Breit and the
QED corrections and extrapolating systematically in terms of
included configurations, they obtained an EA for iodine
(3.0634(24) eV) in excellent agreement with the experiment.
However, the analogous result for At (2.3729(46) eV) lies outside
the uncertainty of our experiment. More recently, another very
accurate calculation of the EA of At (and other heavy p-block
elements) was carried out by Finney and Peterson!4, using an
approach similar to that employed in this work. They obtained an
EA of 2.423(13) eV, which is in very good agreement with both
the measurement and the prediction of this work. The difference
between the two theoretical results is mainly due to the number of
correlated electrons (all 85 in the present calculation vs. 25 in
ref. 14), the use of the Gaunt correction (instead of Breit) in ref. 14
and the lack of the higher excitations in earlier work.

Our result of the EA of astatine, 2.41578(7) eV, indicates that
among the naturally occurring halogen elements, astatine has the
lowest EA. On the other hand, its EA remains larger than the
measured values of all elements in the other groups of the peri-
odic table. Therefore, this value is consistent with the tendency of

4 | (2020)11:3824 | https://doi.org/10.1038/541467-020-17599-2 | www.nature.com/naturecommunications



146

Appendix C. Publication 3- The electron affinity of astatine

ARTICLE

Table 3 Values and definitions of properties of astatine
derived from the EA and IE.

Property Definition Value

Electron affinity EA 2.41578(7) eV
lonization energy IE 9.31751(8) eV12
Electronegativity A = ELEA 5.86665(7) eV
Hardness n =1 3.45087(7) eV
Softness = 2%1 0.14489(2) eV!
Electrophilicity W= ’g_% 4.98680(16) eV

halogens to complete their valence shell on gaining one extra
electron. For the halogen elements, the significance of large EAs is
the strong tendency to form anions in aqueous solution. A sig-
nificant part of the value of the reduction potential associated
with the formation of At~ comes from the EA. Indeed, the
reduction potential in solution can be evaluated from a thermo-
dynamic cycle3> involving (i) the reduction reaction in the gas
phase, and (ii) the difference of Gibbs free energy of solvation
between the anion and the neutral atom. The Gibbs free energy
corresponding to (i) essentially comes down to the electron affi-
nity, since the electronic partition function of At (2Ps,) yields an
insignificant contribution and the free energy of the gas-phase
free electron is almost null3>. The contribution of (ii) is similar to
(i), =2.5eV, since the solvation free energies of neutral solutes do
not exceed few kcal per mol® and, according to a recent esti-
mate3®, AG,,(At™) ~ —68 kcal/mol. In addition to the EA, the IE
also contributes to the determination of the nature of elemental
forms of astatine in aqueous solutions: the Pourbaix (potential/
pH) diagram of astatine shows coexistence of the At™ and At~
ions. Their dominance domains are governed by the redox
potential E°(At=/At*)37, which can be evaluated as well from a
thermodynamic cycle. The latter involves the difference of sol-
vation free energy between the anion and the cation, and the
formation in gas phase of astatide from the AtT cation38. The
Gibbs free energy of this reaction essentially comes down to the
sum of EA(At) and IE(At).

The usefulness of the EA for a better understanding of the
chemistry of astatine is also shown through the deduction of the
electronegativity, softness, hardness, and the electrophilicity
index, which are shown in Table 3, together with the respective
definitions. The list of chemical descriptors in Table 3 represents
an advance over the computed data reported by Paul Geerlings
and co-workers?® by deriving them from high precision mea-
surements. These descriptors may be regarded as basic properties
which will serve as the foundation for the design and the
assessment of innovative astatine radiopharmaceuticals by theo-
retical and experimental chemists. The electronegativity of asta-
tine is determined to be yy = 5.87 ¢V according to the Mulliken
scale, which is significantly lower than that of hydrogen (y» =
7.18 eV), supporting the calculated bond polarization toward the
hydrogen atom in the HAt molecule?®4l. Hence, it must be
named hydride instead of hydrogen halide as opposed to all other
halogen-hydrogen molecules, where the halogen is usually the
negatively charged atom. Additionally, the intermediate value of
xm(At) between the electronegativities reported for boron (4.29
eV) and carbon (6.27 eV) atoms, allows us to anticipate different
polarizations for At-B and At-C bonds. This simple analysis is of
high relevance to the use of astatine in nuclear medicine. The
applications in TAT are currently hindered by the rapid de-
astatination of carrier-targeting agents that occurs in vivo. In
radiosynthetic protocols?#2°, most reported biomolecules of
interest have been labeled with 2!1At by formation of At-C or

At-B bonds. The greater stability observed in vivo for the At-B
bonds could be related to the polarization of those bonds toward
the astatine atom*2. The electrophilicity index is particularly
relevant in view of the currently prevalent approach for the 211At-
radiolabelling, which is supposed to bind astatine to carrier
molecules through an electrophilic substitution?42>, In addition,
recent studies have illustrated how the electrophilicity of the
astatine atom modulates the ability of astatinated compounds to
form stabilizing molecular interactions known as halogen
bonds*>44, The moderate value of hardness, 7(At) = 3.45 eV, is
consistent with the observed high affinity of astatine in direct
attachment experiments with proteins bearing soft sulfur donor
groups®, according to the hard and soft (Lewis) acids and bases
(HSAB) theory (#(S) =4.14 eV for the S atom*°).

In conclusion, we have carried out a measurement
of the electron affinity of astatine and determined it to be
EA(At) =2.41578(7) eV. In addition, relativistic calculations car-
ried out alongside the experiment are in excellent agreement with
the experimental results, supporting the reliability and accuracy of
the theoretical description. The EA of astatine is thus an excellent
case for benchmarking theoretical models in atomic physics since
it requires a full relativistic many-body treatment that also
includes Breit and QED effects. These theoretical models can then
be applied to the chemistry of elements heavier than astatine.

By combining the present result with the recent measurement
of the ionization energy of astatine!?, we were able to determine
several fundamental chemical properties of this element: namely
the electronegativity, softness, hardness, and electrophilicity. For
instance, it can be concluded from our results, that in the
astatine-hydrogen molecule, contrary to all other hydrogen
halides, the hydrogen atom is more electronegative than the
halogen element. Hence, according to chemical nomenclature this
molecule should be called astatine hydride rather than hydrogen
astatide.

As 211At is a promising candidate for TAT, these properties
have direct implications for its use in cancer treatments. Most of
211 At-radiopharmaceuticals suffer from in vivo release of astatide
(At™) and the development of radiosynthetic procedures so far is
severely hampered by the limited knowledge of the chemical
properties of this element. Hence, accurate values of electron
affinity, electronegativity, softness and electrophilicity, all issued
from experiments, open up several perspectives that chemists and
radiopharmacists can take advantage to understand the stability
of astatine-labeled compounds. Considering that oxidative
mechanisms may be responsible for in vivo dehalogenation??, the
expected polarization toward the carbon atom, at the expense of
astatine, has notably been highlighted for At-C chemical bonds.
Potential impacts on the development of more efficient radio-
labeling protocols cannot be ruled out.

Finally, the on-line technique presented in this work enables
further EA measurements of artificially produced, short-lived
radioactive elements with high precision. At ISOLDE, isotopes
with half-lifes down to the millisecond range can be studied,
which is limited by the time needed to extract and transport the
ions from the target unit to the GANDALPH detector. However,
studies of the short-lived elements which are normally produced
with lower yields will require an improved detection system.
Currently, a new detector based on the multi reflection time-of-
flight (MR-TOF) technique is being developed, where each pro-
duced ion will be allowed to interact with the laser light for a
much longer time. Furthermore, the excellent performance of the
relativistic coupled-cluster method for astatine, and the robust
scheme for estimation of theoretical uncertainties demonstrates
the strong predictive power of this method. This will become
extremely important for the superheavy elements where the low
production rates and short lifetimes will necessitate reliable
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theoretical support for the success of the measurements and
interpretation of results.

Methods

Negative astatine ions. Astatine isotopes were produced at the CERN-ISOLDE

radioactive ion beam facility®. A proton beam with an energy of 1.4 GeV provided
by the CERN accelerator complex impinged onto a thick Th/Ta mixed foil target,
which was resistively heated to 1450 °C. A schematic view of this process is given in
Fig. 4. The reaction products diffused from the target matrix and effused into an
ISOLDE-MK4 negative surface ion source?’, comprised of a hot tantalum transfer
tube and a LaBg surface ionizer pellet heated to 1300 °C.

Thermionic electrons emitted from the hot LaBg surface were deflected with a
0.04 T permanent magnetic field and absorbed in a dedicated electron collector.
Negative ions produced on the hot surface were accelerated across a 20 kV
extraction potential and thereafter directed through the ISOLDE general purpose
mass separator magnet (GPS). The resolution of the mass separator was sufficient
to select a single isobar, which in our case was 211At.

In order to ensure stable astatine beam intensity throughout the experiments,
the pulsed proton impact on the target was distributed equidistant in time with an
average current of about 1.8 gA. An average ion current of about 600 fA (3.75 x 106
particles per s) of 2/1At~ was measured using a Faraday cup (FC) inserted in the
beam path just before the experimental chamber.

Laser setup. The phototodetachment experiment was performed using a part of
the ISOLDE RILIS (Resonance Ionization Laser Ion Source) laser system which
normally serves for production of positively charged ion beams8. In particular,
laser radiation tuneable in the range of 2.384 eV to 2.53 eV (490 nm to 520 nm)
was generated by a commercial dye laser (Credo Dye, Sirah Laser-und Plasma-
technik GmbH) operated with an ethanol solution of Coumarin 503 dye. This
laser was pumped by the third harmonic output (3.4925 eV) of a pulsed Nd:YAG
INNOSLAB laser (CX16III-OE, EdgeWave GmbH) with a 10 kHz pulse repeti-
tion rate. Beam delivering optics comprising a set of lenses and mirrors were
installed to transport the dye laser beam from the RILIS laboratory to the
GANDALPH photodetachment apparatus over a distance of about 15 m. In the
laser-ion beam interaction region, the laser power was in the range of 20-30 mW.
Typical values of the spectral bandwidth and pulse duration emitted by the dye
laser were 12 GHz and 7 ns, respectively. The laser radiation frequency was
scanned in the range of 2.4110 eV-2.4301 eV (510 nm-514 nm), determined
according to earlier theoretical predictions of the EA(At)!7. The photon energy of
the laser radiation was measured continuously using a wavelength meter (WS7,
HighFinesse/Angstrom).

Collinear laser photodetachment threshold spectroscopy with GANDALPH.
The GANDALPH detector, illustrated in Fig. 2, is a detector designed for mea-
surements of the EA of radioactive elements by collinear laser

photodetachment#*°0. Electrostatic beam steering and ion optical elements are

used to superimpose a continuous negative ion beam with a pulsed laser beam
within the interaction region of the GANDALPH spectrometer, which is defined by
two apertures of 6.0 mm diameter placed 500 mm apart. The experimental layout
allows both co- and counter-propagating geometries for laser and ion

beams respectively.

When a negative ion absorbs a photon of sufficient energy, its extra electron can
be detached, creating a fast moving neutral atom. The Doppler shift resulting from
the velocity of the ion beam in reference to the detector and laser rest frame, can be
eliminated to all orders by taking the geometric mean of the measurements which
are recorded in co- and counter-propagating geometry of the laser and the ion
beam, respectively.

Subsequent to the interaction region, all charged particles are deflected into
either a FC or a channel electron multiplier (CEM,(Channeltron XP-2334,
DeTech)), allowing for continuous monitoring of the ion beam intensity. Neutral
atoms proceed forward and impinge on a target made of a graphene-coated quartz
plate:51,52,

Secondary electrons created by the impact of the neutral atoms on the target are
extracted and deflected into a second CEM, placed off-axis and biased with a
potential of 2.2 kV. The signal originating from the CEM is amplified with a pulse
amplifier (TA2000B-2, FAST ComTec GmbH) by a factor of 40 and fed into a
gated photon counter (SRS400, Stanford Research Systems) connected to a
computer. A data acquisition cycle is triggered by the signal of the photoelectrons
resulting from the laser pulse impinging on the glass plate target. Due to the time of
flight from the interaction region to the glass plate, the neutral atoms created in the
photodetachment process arrive in the time window 2.2 us-4.9 ps after the photon
impact. Hence, the data acquisition is set to record the signal within this time
window after the trigger. Background measurements are performed simultaneously
by setting a second measurement gate of the same width but delayed by 12 us after
the laser pulse.

We estimate the transmission from the FC positioned in the chamber in front of
GANDALPH to the detectors placed after the interaction region to be =1%,
calculated from the initial intensity of 600 fA before the setup and the ion velocity
(135,000 m/s), derived from Ey;, = 2mv?. This means that there were only 0.1 ions
on average in the interaction region. Nevertheless, we observed a photodetachment
signal as high as 50 counts/s of neutralized 2!1At in the GANDALPH beam-line
when the photon energy was tuned well above the photodetachment threshold.
Under these conditions, the combined neutralization and detection efficiency for
an ion in the interaction region, which was illuminated by the 10 kHz repetition
rate pulsed laser light, was 5%.

Accuracy of EA measurements. The uncertainty in our experiment is dominated
by the laser bandwidth of 12 GHz, corresponding to 50 peV“8. In addition, there
are several minor effects contributing to the uncertainty: for a LaB surface ionizer,
as used in this experiment, the energy spread has been determined to be of the
order of 0.55 eV>3, This implies a velocity spread of the ions which is compressed
due to the acceleration over a high potential in the subsequent ion beam extraction
process®.
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The compressed velocity spread of the ions is given by the expression
Av = AW/v/2mW, where m is the ion mass, AW the energy spread of the ions and
W the kinetic energy of the ion beam®°. The velocity spread of the ion beam can be
converted to a spread of the frequency of the laser light of Av = Av/A seen by the
ions. This results in a frequency Doppler broadening of only a few MHz in the fast
ion beam. The divergence of the ion and laser beams and the interaction time will
also contribute to the broadening. However, this accumulates to uncertainties of
less than 10 MHz. Consequently, the uncertainties arising from these minor effects
could be ignored and only the laser bandwidth of 12 GHz needs to be considered.

In addition to these statistical errors, some systematic uncertainties arise: the
Doppler shift due to the velocity difference of ions and photons is very large, but it
can, as described above, be eliminated to all orders by performing the experiment
with both co- and counter-propagating laser and ion beams and calculating the
geometric mean to determine the Doppler-free threshold. Hence, the Doppler shift
does not contribute to the uncertainty of the result, barring slight potential angle
misalignment of maximum 24 mrad as defined by the apertures. However,
uncertainties of the ion beam energy and the wavelength calibration could
potentially affect the results. Such drifts were estimated to be smaller than 20 peV
by comparing two reference scans on stable 12T which were performed with the
same setup before and after the measurements on astatine.

Computational details. To achieve an optimal accuracy in the DC-CCSD(T)
calculations, all electrons of iodine and astatine were correlated, and all virtual
orbitals with energies below 2000 a.u. were included in the virtual space. Fully
uncontracted correlation-consistent all-electron relativistic basis sets of Dyall
(dyall.aeXz) were used?!. In order to obtain accurate results for the EA, high quality
description of the region removed from the nucleus (that will contain the added
electron) is important. We have thus augmented the basis sets with two diffuse
functions for each symmetry block. Finally, we performed an extrapolation to the
complete basis set (CBS) limit, using the scheme of Halkier et al.>® for the DHF
values and the CBS(34)>7 scheme for the correlation contribution. In the DC-
CCSD(T) calculations, the finite size of the nucleus was taken into account and
modeled by a Gaussian charge distribution®® within the DIRAC15 program
package.

Full triple and perturbative quadruple (Q) contributions were calculated in a
limited correlation space with the valence 6s and 6p electrons and a virtual orbital
energy cutoff of 30 atomic units. It has been previously demonstrated that higher-
order correlation is dominated by the valence contributions®?, and thus this
correlation space was deemed sufficient. The valence vXz basis sets of Dyall’! were
used, and extrapolated to the CBS limit as above. These calculations were
performed using the program package MRCC>-63 linked to DIRAC15. Full Q
contributions evaluated at the v2z level were below 1 meV for both systems and
were thus omitted.

Due to the non-instantaneous interaction between particles being limited by the
speed of light in the relativistic framework, a correction to the two-electron part of
Hpc is added, in the form of the zero-frequency Breit interaction calculated within
the Fock-space coupled-cluster approach (DCB-FSCC), using the Tel Aviv atomic
computational package®. To account for the QED corrections, we applied the
model Lamb shift operator (MLSO) of Shabaev and co-workers33 to the atomic no-
virtual-pair many-body DCB Hamiltonian. This model Hamiltonian uses the
Uehling potential and an approximate Wichmann-Kroll term for the vacuum
polarization (VP) potential®® as well as local and non-local operators for the self-
energy (SE), the cross terms (SEVP) and the higher-order QED terms®. The
implementation of the MLSO formalism in the Tel Aviv atomic computational
package allows us to obtain the VP and SE contributions beyond the usual mean-
field level, namely at the DCB-FSCC level.

The three remaining known sources of error in these calculations are the basis
set incompleteness, the neglect of even higher excitations beyond (Q), and the
higher-order QED contributions. The first of these is the largest. We have
extrapolated our results to the complete basis set limit, and as the associated error,
we take half the difference between the CBS result and the doubly augmented ae4z
(d-aug-ae4z) basis set value which is 0.015 eV. We assume that the effect of the
higher excitations should not exceed the (Q) contribution of 0.004 eV, and that the
error due to the incomplete treatment of the QED effects is not larger than the
vacuum polarization and the self energy contributions of 0.003 eV. Combining the
above sources of error and assuming them to be independent (and assuming no
uncertainties beyond those discussed above), the total conservative uncertainty
estimate on the calculated EA of At is 0.016 eV, dominated by the basis set effects.
It should be noted that the hyperfine structure of the neutral atom was not
considered in the calculations. However, the correction due to the hyperfine
structure would be of the order of 10 peV, in comparison with the estimated
uncertainty in the calculation of 0.016 eV. Hence, correcting for the hyperfine
structure would not change the given theoretical value and can therefore be
neglected.

Data availability
The datasets generated and/or analyzed during the current study are available at https://
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Code availability
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Measurement of shifts in the
electron affinities of chlorine

isotopes

Contribution: As a part of the GANDALPH collaboration, I was part of the
planning of this experiment and preparation of the proposal. The proposal

was endorsed by the INTC and was awarded eight shifts [257, 256].
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Proposal to the ISOLDE and Neutron Time-of-Flight Committee

Measurement of shifts in the electron affinities of chlorine isotopes

Dag Hanstorp?, Jakob Welander*, David Leimbach®, Annie Ringvall-Moberg"?, Michel Godefroid®,
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ABSTRACT
We propose to conduct measurements of the isotope shift in the electron affinity (EA) for chlorine isotopes.
The specific mass shift is sensitive to electron correlation that is particularly pronounced in negative ions
and neutral atoms. Hence, a study of isotope shifts in electron affinities is an excellent method to obtain
benchmark data for theoretical models that go beyond the independent-particle model. The treatment and
interpretation of the experimental data will be supported by multiconfiguration Dirac-Hartree-Fock
(MCDHF) calculations performed by leading specialists in the field of theoretical atomic physics. The
collinear laser photodetachement spectroscopy will be conducted using the GANDALPH experimental
beam line at GLM using the RILIS laser system in narrow linewidth configuration.

This proposal is based on the letter of intent I-177

Requested shifts: 8 shifts

1
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1. INTRODUCTION AND MOTIVATION
Negative ions are unique quantum systems. The lack of a long-range Coulomb force acting on the

valence electron gives them binding energies that are about an order of magnitude smaller than the
ionization potentials for neutral atoms. Furthermore, the short-range binding force can only support
few, if any, bound excited states and essentially all transitions within negative ions are optically
forbidden. Hence, traditional spectroscopic methods, which are used to identify and to determine
the structure of atoms and positive ions, can normally not be applied to negative ions.

From the fundamental point of view, the lack of a long-range Coulomb force causes the inter-
electronic interaction to become relatively more important. As a consequence, the independent
particle model, which adequately describes the atomic structure under normal conditions, breaks
down. Experimental investigations of negative ions can therefore serve as a useful probe of electron
correlation and hence be used to test theoretical models that go beyond the independent particle
approximation [1].

The only atomic parameter that can be determined with high accuracy for a negative ion is the
electron affinity (EA) [2,3]. The most precise measurements today are made using the Laser
Photodetachment Threshold (LPT) method [4] or the photodetachment microscope [5]. The first
EA measurement of a radioactive isotope was conducted in 2016 at ISOLDE using the LPT method
to determine the EA of radiogenic 281 [6]. This measurement together with obtaining the first
photodetachment signal of astatine was a mile-stone towards measuring the EA of astatine, one of
the few elements that form negative ions where the EA is unknown.

We now propose to extend the electron affinity program at ISOLDE to study the isotope shift in
the electron affinity of isotopic chains of other elements. The isotope shift between the stable
isotopes *CI and 3'CI- was the first isotope shift in a negative ion to be investigated both
experimentally and theoretically by Berzinsh et al. [4]. In their work a discrepancy between the
experimental and theoretical result was observed. In 2013, this discrepancy was solved through
state of-the-art ab initio calculations by Carette and Godefroid [7] using non-relativistic many-body
theory. It will be difficult to transpose these correlation models from the non-relativistic to the full
relativistic multi-configuration schemes, but there is some hope to take advantage of the partitioned
correlation function interaction approach [8]. In this context, a study of chlorine isotopes with a
large mass difference hence a larger isotope shift would be very valuable.

Within the scope of this proposal, we envisage to measure the isotope shift in the EA between two
even isotopes where the lack of hyperfine structures will give sharper thresholds.

2. ISOTOPE SHIFT THEORY
The isotope shift is composed of a volume shift and a mass shift component. The volume shift is

caused by the difference in the nuclear charge distributions defining the field in which the electrons
move [9]. The mass shift, on the other hand, is caused by the finite mass of the nucleus. In a one-
electron system the electron will not circulate around the nucleus, but instead the nucleus and the
electron will move around their center-of-mass. This is called the normal mass shift. In many-
electron systems the situation becomes much more complicated. If the electron motion is

2
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correlated, the mass shift can either be enhanced or reduced. The deviation from what would be
expected from the normal mass shift is called the specific mass shift. The latter is a pure atomic
effect caused by a correlated motion of the electrons. Therefore, negative ions, where the electron
correlation is particularly pronounced, are exceptionally suitable systems to perform investigations
of the specific mass shift.

The mass shift dominates for lighter masses, whereas the volume shift is the largest for heavier
masses. In order to determine the volume shift the size of the mass shift need to be known, so it
can be subtracted from the total isotope shift. Hence, a detailed understanding of the specific mass
shift is of importance both directly in atomic physics and indirectly in nuclear physics when the
charge radii is determined from the volume shift.

The isotope shift in the electron affinity is defined as the difference in the energy gain when adding
an electron to the two different isotopes under investigation. Hence, this property will be
determined by the structure of the ground states of both the negative ion and the neutral atom. An
examination of the literature shows that the electron affinities of atoms, with the exception of the
hydrogen atom, have been experimentally determined with higher precision than the calculated
values. However, the calculated value of the isotope shift of chlorine by Carette and Godefroid [7]
is more precise than the observed value by Berzinsh et al. [4]. Consequently, a precise
determination of the isotope shift in the EA of chlorine would be very valuable to test the validity
of the many body particle calculations performed by Carette and Godefroid [7].

To date, the isotope shifts in the electron affinity have been experimentally investigated in H [10],
C[11], O [12, 13], S[14], CI [4] and Pb[15]. Here only two, or in the case of oxygen three, stable
isotopes were investigated. On the theoretical side, this property has been estimated for several
lighter elements by Godefroid and collaborators using multiconfiguration Dirac-Hartree-Fock
(MCDHF) methods and elaborate correlation models [7, 13, 16-18].

The theory of isotope shift can be found in Bauche and Champeau’s seminal review [19] and in
King’s textbook [20]. Reformulations of the mass and field shifts have been proposed in 1987
[21,22]. Inthe relativistic framework, Shabaev [23] derived the relativistic corrections to the recoil
operator. These corrections can be estimated using the codes RIS3 [24] and RIS4 [25] and
relativistic atomic wave functions calculated with Grasp2Kdev [26]. With RIS4, nuclear charge
deformation can be included with a reformulation of the field shift. Most of the works on IS in
EAs mentioned above [7, 13, 16-18] were performed in the non-relativistic framework using
ATSP2k [27]. Computational atomic structure definitely moves to the fully relativistic approach
in which non-relativistic methodologies are integrated [28]. Robust relativistic isotope shift
calculations can be done [29, 30] using large multi-reference multiconfiguration expansions, with
unavoidable limitations in the inclusion of electron correlation for neutral atoms and negative ions.

3. EXPERIMENT
Within the frame of our astatine campaign we have constructed a transportable beam line named

GANDALPH (Gothenburg ANion Detector for Affinity measurements by Laser Photo-
detachment). A beam of negative ions is merged with a laser beam over 50 cm (Fig. 1). Neutral

3
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atoms generated by the absorption of a photon are detected while the laser frequency is scanned
across the threshold region. If the photon energy exceeds the electron affinity, the photodetachment
cross-section increases dramatically, as described by the Wigner-law [31].

The neutral atoms are detected by allowing them to impinge on a glass plate where secondary
electrons are generated which are detected with a channel electron detector. The photo-electrons
generated when the laser pulse strikes the detector plate are suppressed by a fast-switching detector
plate. The differential pumping system gives a background lower than 10° mbar in the laser/ion
interaction region while the apparatus is connected to the GLM beamline at 10 mbar. We have
successfully demonstrated the feasibility of the system by determining the photodetachment
threshold energy for the radioactive 281 isotope [6].

negative ion detector (FC)

negative ion beam neutral
~ atom
@\ detector
@ I I laser beam

ol »

I *
{.:E; coated
/ )',’\\glass plate
electron channel electron

ion deflector collimators ion deflector deflector multiplier (CEM)
@ negative ions ® photo-electrons
@ neutral atoms ® secondary electrons

Figure 1: Schematic layout of GANDALPH. Negative ions, extracted from an ISOLDE target and
ion source, and merged with a laser beam. Residual atoms from the photodetachment process
impinge on a coated glass substrate and create secondary electrons which are detected.

The threshold for photodetachment of chlorine is equivalent to a photon energy at a wavelength of
343 nm. Laser light with this wavelength is available at RILIS using Nd:YAG pumped Pyridine 1
dye with frequency-doubling. The experiments require that the laser is operated with minimum
bandwidth using the thick intra-cavity etalon, giving a bandwidth of about 1.6 GHz. The optical
beam path from RILIS to GLM has already been established and allows safe transport of the class 4
laser beams to GANDALPH.

The data acquisition system is built upon the modular and well established RILIS DAQ commonly
used for in-source laser spectroscopy. The signal from the residual atoms of the photodetachment
process will be obtained by integrating the events from the electron multiplier within a time
window corresponding to the time of flight of the atoms. The ion beam intensity on the detector
Faraday cup will be recorded for normalization.
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4. SHIFT REQUIREMENTS

Yield information on chlorine isotopes produced from an MK4 negative ion source and a Th/Ta
target were distributed in the ISOLDE Users meeting 2016 (Presentation by M.Delonca). It is to
be noted that the target thickness was reduced by a factor of 2 in the 2016 experiments for 1-148.

Yield / Production rate
Isotope  Half-life [ ions/s/pA *H']

2005 2016
38CI 37.2m 1.6 10° 110°
“0C| 81s 4.3 10 9 10*
“acl 38.4s 1.4 10* 3.510°
“2C| 6.9 1.110° 1.4 10*

The database yield for 38Cl using a Nb foil target lists 1.5 x 107 ions/pC. Because of the spread of
yields and depending which target material and ion source configuration is available for the
experiment, we would request 2 shifts for yield tests and optimization using simple direct ion
detection in our beam line. Our approach will be to select two isotopes (neutron rich and neutron
deficient) that are available with intensities in the order of 2 x 10* ions/s in our beam line. Based
on experience from 28] during the 1-148 campaign, this ion rate is sufficient to perform a single
scan within 3h (this includes optimizing the separator tune, our detector and the RILIS lasers and
actual scanning).

We will attempt the following number of scans: 2 isotopes, 2 laser scan directions, 2 geometries
(collinear and anti-collinear), with all scans performed 2 times (i.e. 1 repetition) to determine
effects on the detector. This sums up to 16 laser scans requiring 48h or minimum 6 shifts.

Ideally, the compatibility of the laser wavelength, laser line width and RILIS scanning capabilities
to our requirements would be confirmed in a separate run earlier to the on-line experiment. For
this we would request 3 shifts of off-line beam time with stable chlorine isotopes.

We therefore request a total number of 8 shifts with radioactive beam, 8 shifts for the compatibility
test, off-line setup and reference scans split into two runs.

Description Element Number of shifts (offline) Protons
Run 1

Compatibility tests stable chlorine 3 no
Run 2

Stable beam tuning stable chlorine 4 no
Yield measurements chlorine isotopes 2 yes
Threshold determinations chlorine isotopes 6 yes
Reference stable isotope scans stable chlorine 1) no
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4. CONCLUSION

We propose an experimental investigation of the isotope shifts between two chlorine isotopes. We
foresee that these first investigations will be followed by an addendum for a sequence of chlorine
isotopes as well as further proposals to study isotope shifts in electron affinities of other elements.
For this, GANDALPH can be eventually connected to the CRIS beam line which enables to extend
the list of available elements through the use of double charge exchange.

A systematic study along the halogen group will allow us to investigate the transition from light
systems where the mass shift dominates to the heavy elements where the volume shift is the largest
contributor to the isotope shift. The isoelectronic fluorine isotope would be very interesting since
the smaller number of electrons make a more accurate theoretical treatment feasible. Other
interesting candidates for further studies using this method are carbon, silicon, and oxygen. The
relatively few electrons make them tractable for a theoretical treatment, at the same time as their
electronic structure will, according to the Wigner law, give a relatively sharp threshold which in
turn improves the precision of the measurements.
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6. APPENDIX
6.1. DESCRIPTION OF THE PROPOSED EXPERIMENT
The experimental setup comprises:

Part of the Choose an item. Availability Design and manufacturing
RILIS Existing To be used in non standard operation. Requires narrow
bandwidth operation of dye lasers
GANDALPH Existing O To be used without any modification
To be modified

6.2. HAZARDS GENERATED BY THE EXPERIMENT

(if using fixed installation) Hazards named in the document relevant for the fixed [COLLAPS,
CRIS, ISOLTRAP, MINIBALL + only CD, MINIBALL + T-REX, NICOLE, SSP-GLM chamber,
SSP-GHM chamber, or WITCH] installation.

Additional hazards:

Hazards RILIS GANDALPH [Part 3 of the
experiment/equipment]
Thermodynamic and fluidic
Vacuum 10 mbar ‘
Electrical and electromagnetic
Static electricity 5000 V ‘

lonizing radiation

Beam particle type

negative chlorine ions

Beam energy

10-20 keV

Cooling liquids

water, closed loop

Non-ionizing radiation

e Laser

Class 4, 330-1000 nm

Class 4, 330-1000 nm

Average electrical power requirements (excluding fixed ISOLDE-installation mentioned above): 5 kW
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Contribution: As a part of the GANDALPH collaboration, I was part of the

planning of this experiment and preparation and writing of this status report.
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Status report for 1S643

Measurement of shifts in the electron affinities of chlorine
isotopes

May 28, 2019

Dag Hanstorp!, Jakob Welander!, Annie Ringvall-Moberg!?, Michel Godefroid?, Per
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Spokesperson: Dag Hanstorp (dag.hanstorp@physics.gu.se),
Contact person: David Leimbach (david.leimbach@cern.ch)

Abstract: We are asking for beam time to measure the isotope shift in the electron
affinity of chlorine. The scientific motivation and our beam time request are identical to
motivation and request in the submitted proposal INTC-P-515/1S643. Since the original

submission we have performed an experiment where we have determined the electron

affinity of astatine to be of 2.41579(5) eV. This experiment demonstrated that

GANDALPH can be used to perform high precision affinity measurements on minute

and radioactive ion beams. Additional preparatory experiments and developments will
be conducted in order to improve the laser photo-detachment setup envisaging the end
of LLS2 and the availability of negative ions at ISOLDE.
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1 Introduction

The scientific motivation and proposed experiments presented in INTC-P-515/1S-643 re-
mains unchanged. Two new members have joined the GANDALPH collaboration: First,
David Leimbach, who has obtained a Ph.D. position at ISOLDE, has joined the team and
is now the local contact person. Second, Julia Sundberg, who built the first version of
GANDALPH, has re-joined the team.

During the time of LS2 we will work on three aspects of the experiment in order to further
improve the experimental conditions, as described in the sections below.

2 The GANDALPH experimental beamline

Since the submission of proposal INTC-P-515 / IS-643 Measurement of shifts in the elec-
tron affinities of chlorine isotopes we have successfully conducted the experimental cam-
paign for IS-615 determination of the electron affinity of astatine. In this experiment,
performed in October 2018, we determined the electron affinity of astatine for the first
time and obtained a value of 2.41579(5)eV. With this experiment we demonstrated
that the GANDALPH beamline and detector setup works efficiently for photodetachment
spectroscopy on weak ion beams down to intensities below 1 pA.

For the 2018 GANDALPH campaign we introduced several upgrades [1] which were suc-
cessfully demonstrated. An improved neutral atom detector based on a graphene-coated
quartz plate was introduced in the set-up [2]. The new detector plate gives a substantially
smaller laser-induced background signal as compared to the previously used ITO-coated
(BK7) glass plate. The ion beam tuning to and through GANDALPH was improved
by installing segmented apertures and by connecting the electrostatic ion optics to the
ISOLDE Autotune software provided by the BE/OP team. Further, a particle detector
was installed which was used to measure the ion beam at a point after the interaction re-
gion. This was necessary since the astatine ion beam intensity at the end of GANDALPH
was too small to be measured even with the most sensitive current meters.

3 Narrow linewidth scanning laser

The isotope shift measurement requires a laser with a narrow bandwidth in the order of
few 100 MHz at a wavelength of 345 nm. This laser light will be produced by a pulsed-dye
amplifier seeded by a cw laser. During 2018 such a laser system has been conceived and
put in operation. However the poor stability and performance of this system did not
allow us to pursue on-line operation. During 2019/20 this laser system will be rebuilt and
tested.

4 Chlorine yields and ion source

The negative astatine ion beam was produced with a target comprised of a sandwich of
60 g thorium and 240 g tantalum foils, combined with a LaBg surface ionizer, reaching
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beam intensities up to a few hundred femto-amperes of astatine.

However, this target material does not seem to be ideal for the production of a chlorine
beam as seen during the 2018 run, where chlorine yields were lower than 10° particles/s
for most radioactive isotopes. Hence, we plan to measure the yields of the isotope chain
of chlorine using a niobium foil target and confirm the previously reported yields of
1.5-107/uC for 3¥Cl and 8.5-10° /uC for 3°Cl. These values are in good agreement with the
predicted in target production for these isotopes (4.3-10%/uC for **Cl and 2.5-10%/uC for
39C1 considering an ionization efficiency of about 10 percent during offline tests. Based on
these assumptions and the calculated in-target production, the isotopic chain from 23Cl to
42(C1 should be produced in sufficient amounts from a niobium foil target for the purpose
of the experiment proposed here.

5 Off-line isotope shift measurements

As a preparatory work, we will measure the isotope shift of the stable 3°Cl and 37Cl
isotopes in an off-line setup. There are currently two independent pathways followed:

a) Coupling of a negative ion source via a quadrupole mass filter to the GANDALPH
beamline in the LARIS laboratory. Development and testing of an improved pulsed dye
amplifier together with RILIS.

b) Coupling of a negative ion source to the MIRACLS proof-of-principle setup located in
the detector laboratory in Building 508. The neutral particle detector of GANDALPH
needs to be fitted to the MR-ToF chamber and ion optics for the injection into the cooler-
buncher need to be designed. A main advantage here is that through the longer storage
time the available cw lasers can be used.

This test will also demonstrate the applicability of the MIRACLS approach to laser pho-
todetachment spectroscopy of negative ions. Once this approach becomes evident we will
revise the proposal.

This activity is currently discussed with the MIRACLS collaboration and first experi-
ments for photodetachment are planned to start beginning of 2020. A mid-term goal is
a measurement of the additional radioisotope 3¢Cl which can be obtained e.g. through
neutron irradiation of natural MgCl, at ILL Grenoble.

6 Summary

We will use the LS2 period to improve the existing experimental setups and explore new
methods and shall be fully prepared to measure the isotope shift in the electron affinity
of chlorine in a wide range of radio-isotopes.
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Contribution: I was part of the planning of this experiment and the initial
proposal. In addition, I took part in the writing of this letter of intent. The
letter of intent was endorsed by the INTC and awarded with six shifts [117].
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Polonium, element 84, is a radioactive element of which many fundamental properties still remain
unknown. One example is the electron affinity, the energy gained when attaching an electron to a
neutral atom. The electron affinity determines the chemical reactivity and, indirectly, the
compounds the element can form as well as the stability of its chemical bonds. From a theoretical
standpoint, electron affinity investigations are of interest because they can serve as a precise probe
for electron correlation. Polonium, a relatively heavy element, is of particular interest due to the
prevalence of relativistic effects in its atomic structure as well as its two-hole electron configuration,
rendering it more complex to study than the one electron hole system of astatine.

In a previous letter of intent (INTC-I-148) and proposal (INTC-P-462), an experiment was outlined
to measure the electron affinities of both polonium and astatine. The electron affinity of astatine
was successfully determined in a beam time in 2018, and now steps are proposed to determine the
electron affinity of polonium. A technical obstacle here is that polonium cannot be produced
efficiently in the negative surface ion source used in the astatine experiment. However, positively
charged polonium beams are readily available and have been delivered reliably from actinide
targets. Therefore, we propose to investigate negative ion beam production of polonium by means
of charge exchange at the CRIS experiment. The feasibility of the method to determine electron
affinities by attaching the GANDALPH detector to CRIS will be demonstrated off-line by
measuring the electron affinity of stable and isoelectronic elements to polonium.

Requested shifts: 6 shifts, (split into 2 runs over 1-2 days)
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INTRODUCTION

Polonium (Po) is the first even-Z element in the periodic table for which all of the isotopes
are radioactive, and most are short-lived. Polonium-210 (t;,=138.4 d) naturally occurs in
uranium ores as a product of the uranium-238 decay chain, making it the most common isotope
of Po. As an alpha emitter (E,=5.29 MeV) with a high specific activity (166 TBq/g), ?'°Po is
highly toxic and potentially fatal when ingested'. Although Marie and Pierre Curie discovered
Po more than a century ago, many of its characteristics remain elusive. Further investigations
of Po radiotoxicity can help develop efficient decorporation treatments in medicine and long-
term management plans for abandoned uranium mines?.

We can learn more about the behavior of Po through studying its negative ion. Negative
ions have both practical and fundamental applications in medicine**, chemical reactivity*,
astrophysics®, and they can serve as benchmarks for atomic structure calculations®. At
ISOLDE, the development of negative ion beams would also benefit future experiments like
PUMA’, which aims to investigate the density distribution of neutrons and protons on the
surface of the nucleus of exotic ions using antiprotons.

The ionization potential (IP) of Po was recently measured with high precision at TRIUMF-
ISAC® and ISOLDE?’. The electron affinity (EA), on the other hand, remains experimentally
unknown. Following the EA measurement of astatine (At) at ISOLDE* the next natural
progression is Po. Polonium is the lighter neighbor of At, the heavier homolog of tellurium
(Te), and is expected to have a smaller EA than both. Theory predicts that the EA will be
positive and that it could form stable negative ions'’.

The laser photodetachment threshold (LPT) method" is the standard technique for
precision determination of EAs. The LPT method is routinely applied for stable isotopes of
elements such as Te'?, and has been successfully demonstrated at ISOLDE for radioactive At*

and 128113

. This 1s the method that will also be used to eventually measure the EA of Po.

High production yields of Po isotopes have been demonstrated at ISOLDE by using
actinide targets”'*. Beam contamination was previously addressed by pre-irradiating the target
and then stopping protons to allow the main contaminants to decay’. However, this should not
be a problem for us as we plan to use **Po which has shorter lived contaminants. Additionally,
this measurement campaign could run in conjunction with any other approved campaign to
study Po, such as the experiment to investigate its ground state properties by in-source

spectroscopy®’.



Appendix F. Letter of Intent - electron affinity of polonium 169

A variety of laser systems and laser/ion beam interaction lines are available at the ISOLDE
facility, making it a most suitable place for these studies. Our goal is to measure the EA of Po
by use of an approach similar to the one used for the corresponding study of the At
measurement at ISOLDE®. In the At study, the Gothenburg ANion Detector for Affinity
measurements by Laser PHotodetachment (GANDALPH) was attached to the GLM branch
at ISOLDE. We now intend to place GANDALPH at the end of the CRIS beamline, where
negative ions can be produced through a double charge exchange reaction of Po*. Beforehand,
we will demonstrate the feasibility of the laser photodetachment method off-line at CRIS with
a stable, isoelectronic element such as Te.

The accompanying theoretical calculations of the EA of Po will be carried out using the
state-of-the-art relativistic coupled cluster approach, which is considered the most accurate
method for studies of heavy many-electron atoms. Higher order electronic excitations and
quantum electrodynamic (QED) corrections will be included in these calculations, allowing for
meV accuracy'®. The newly developed approach will then be used to estimate uncertainties on
the theoretical predictions, to guide the experimental wavelength scan range, and facilitate
comparison?. Furthermore, parallel calculations of the EA of Te will be made and compared
with the experimental value. This should provide an excellent model system to test the
precision in the many-body calculation where both QED and relativistic effects need to be taken
into account.

Within this letter of intent, we request beam time for determining the yield of Po" by means

of charge exchange as a milestone towards the determination of the EA of Po.

TECHNIQUE AND EXPERIMENTAL SETUP AT ISOLDE

Laser photodetachment in collinear geometry

The EA of an element can be determined from the threshold photon energy required to
induce a photodetachment process on the negative ion. This represents a transition from the
ground state of the negative ion to the ground state of the neutral atom releasing an electron'’.
For a LPT measurement, a beam of negative ions is overlapped with a laser beam 1n a collinear
geometry. The neutral atoms generated in the detachment process are detected while the laser
frequency is scanned across the threshold region. If the photon energy exceeds the EA, the
photodetachment cross-section increases dramatically, following the Wigner law'’. Hence, a

precise value for the EA can be extracted from the energy of the onset in the photodetachment
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cross-section. The relative detachment cross-section is measured as the neutralization rate by
detecting secondary electrons released after created neutral atoms impinge on a graphene
coated glass plate’®. A sketch of the experimental layout of the spectrometer,
GANDALPH*"" is shown in Figure 1. Figure 2 shows a schematic diagram of the CRIS
beamline in its current functionality and future placement of GANDALPH. Minor changes to
the CRIS setup will need to be made in order to study the Po negative ions including the
wavelength of the lasers and the polarity of the electric fields after the charge exchange cell. A
typical photodetachment spectrum, as obtained for Te'?, is shown in Figure 3. A similar result

1s expected for the Po spectrum.
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Figure 1 — Collinear laser photodetachment spectroscopy within GANDALPH. The frequency tunable laser
beam is overlapped with the negative ion beam. The photodetachment takes place in the overlap region.
Non-detached ions are deflected, and the photo-neutrals are detected via secondary electron generation in a

graphene coated glass plate.
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Figure 2 — Schematic diagram of the current CRIS beamline and plans for GANDALPH placement and
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Figure 3 — Measurement of the total photodetachment cross section for Te. The solid line is a fit of the
Wigner law to the experimental data'?.
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2.2 Future beam and laser requirements

From the experiments for the determination of the EA of At* and '*I", we can estimate
the average ion beam current required for a future experiment on Po. An average ion beam
current of ! At was measured before the experimental chamber to be about 600 fA with an
estimated transmission of about 1%*. For the radioactive '*I measurement, the beam of stable
2T was used for tuning where the average current was measured to be around 200 pA with a
maximum transmission efficiency of 25%". These two experiments both used the GPS
separator and were therefore limited by the duty cycle losses of the pulsed laser, with a loss
factor as great as 10 000.

The pulsed laser loss factor will not be a concern at CRIS because the ISCOOL RFQ cooler
buncher ensures temporal overlap between the laser and ion beams®. Even with losses due to
the efficiency of the double charge exchange process, a large improvement in sensitivity can be
expected using ISCOOL compared to GLM. Oxygen is the only homologue of Po for which
the double charge exchange cross sections have been investigated. The expected efficiencies of
negative oxygen ion formation in sodium (Na) vapour, using beam energies of 20-30 keV, were
reported to be 32-25%?'. This process will be further tested off-line with Te prior to studying
Po.

The laser wavelength scanning region of interest is defined as 830-890 nm from
extrapolation of theoretical calculations'®***, These values as well as experimental values of
Te'?, Bi**, and At* are shown in Table 1. We plan to complete the high precision calculations
prior to the experiment, which will allow us to narrow the wavelength range to 10 nm for the
investigation of the threshold energy.

This preparatory work sets the scan region for laser photodetachment within well-defined
and narrow limits, for which the required laser wavelengths can be obtained easily using

Ti:Sapphire lasers that are available at ISOLDE.

Table 1

Element (Method) EA (eV) Reference
Bi (experimental) 0.942362(13)

Te (experimental) 1.970876(7) 12

Po (MCDHF) 1.405 23

Po (DC-CCSD(T)+ Breit +QED) 1.469 2

Po (CBS-DC-CCSD(T)+Gaunt+QED) | 1.484(26) 10

At (experimental) 2.41578(7) 4
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INVESTIGATION OF THE PRODUCTION OF NEGATIVE ION BEAMS

The crucial part of the experiment is the efficient production and transport of negative ions
to the laser interaction region. While the EA measurement of At was successful with negative
ion production using low work function surface ionizers*, this will not be feasible for Po. The
EA of Po 1s expected to be smaller than the work function of the LaB surface ionizer, resulting
in a drastic decrease of the ionization efficiency. Furthermore, there is no data on the
production of Po negative ion beams at ISOLDE yet. For these reasons, we propose to

investigate the use of a charge exchange cell to convert positive Po ions to negative ions.

Conversion of positive ions to negative ions by charge exchange in a metal vapour cell

The CRIS experimental setup is equipped with a charge exchange cell, allowing for the
neutralization of positively charged ion beams by means of interaction with a vapour of alkaline
elements (Na or K in the case of CRIS)*?, It is also possible to produce negative ions in two
separate electron capture processes.

The main variables when investigating the production rate of negative ions are the density
of the alkali vapour, determined by the temperature, and the incoming beam energy. Figure 4
shows the dependence of negative equilibrium charge state fractions on energy of projectile
elements in Na vapour®'. Oxygen has a similar EA as the predicted value for Po and could be
used to compare negative equilibrium charge state fractions.

The charge exchange cell installed at CRIS is already producing negative ions. As no
experiments at CRIS currently use negative ions, these are being deflected away and dumped.
The beam of negative 1ons can be studied by reversing the polarity of the electric field that
separates the charge states in the beamline after the charge exchange cell.

A measurement of the charge exchange efficiency, X* to X', and the equilibrium ratios can
be performed for a homologous element of Po. Finally, the charge exchange efficiency for Po
has to be determined. The experimental configuration foreseen for this is shown in Figure 5. A
beam of positive ions is sent through a charge exchange cell. An electrostatic deflector separates
the different charge states (+1, 0, -1) and different particle detectors measure the ratios of ions
to atoms and thus the conversion efficiencies.

All the necessary tests can be performed off-line with Te to then determine the yield of Po
in the shifts requested in this proposal. Afterwards, beam time will be requested in a separate

proposal.



Appendix F. Letter of Intent - electron affinity of polonium 173

100 T T T T T T T S

Au (2.3) Na TARGET
c “‘31\\\L

]

T 117171

50

I .

20 -

10 =

L Al(05) ]

S5 Fe(0.25} -

s Be(0.24) ]
8

ut ool i

Li(0.62) '

llLJI‘I

-
b
60 70 80 [0

i 1 1 1

0 10 20 30 40 50

E [keV)

Figure 4 — The graph shows the negative equilibrium charge state fraction (%) vs. projectile energy (keV) in

a sodium vapour. The element of interest here is O, where the optimal projectile energy is <20 keV, yielding
a >32% negative fraction?'.
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Summary of requested shifts

First, we plan to test the production of negative ions off-line at CRIS by reversing the polarity of
the electric field using any element. Then we can begin off-line tests using Te to investigate the
charge exchange efficiency. After, we will move to beam tuning where we will require an ISOLDE
beam tune setup for 20, 30, and 40 keV. This can be achieved using **U (no protons/RILIS
required).

For the investigation of charge exchange efficiency of Po* to Po’, we request 6 shifts spilt into 2 runs
of 3 shifts, separated by at least 1-2 days. For each run, the following series of tests will be done
with a different alkali vapour (Na and K):

e Optimize the vapour thickness through measuring charge state production at different charge
exchange cell temperatures. Each temperature increment will require 30 minutes to 1 hour to
stabilize before each measurement.

e Investigate beam energy dependence of the charge exchange and transport efficiencies with the
preset beam tunes at 20, 30, and 40 keV.

e Measure the positive and negative ion beams by changing polarity of electric fields.

The time separation between runs will allow the charge exchange cell to be safely cooled
(temperature & short-lived radioactivity), vented, and cleaned before the other alkali metal is
installed. The chamber will then be pumped down and heated for the next series of measurements.

We plan to use *™Po as the main contaminants (**Ra/?*Fr) are relatively short lived
(t12=2ms/300ms) and are produced at slower rates compared to other Po isotopes (<1% ***Po).
Therefore, we would not have to stop the protons in order for the contaminants to decay to perform
our measurements. Moreover, the decay chain of **?Po is free from long-lived contaminants and
present therefore a reduced radiological risk for accessing the beam line. From table 2, we can
expect an ion yield of ~10’/uC which should allow for sufficient beam intensity measurements
before and after the experimental chamber with Faraday cups or with the CRIS MagneTOF ion
detector. In the case that beam intensity is not sufficient to use the methods mentioned above, we
could measure by single ion counting.

Table 2 - Summary of beam requirements
Beam Intensity Target Ion Source Shifts

202po 1.7 x 107 [ref. 14] | UCx RILIS 6
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Appendix

DESCRIPTION OF THE PROPOSED EXPERIMENT
The experimental setup comprises: CRIS (fixed), GANDALPH (semi-fixed)

Part Availability Design and manufacturing
CRIS X1 Existing L] To be used without any modification
Charge exchange cell X Existing [] To be used without any modification
[X] To be modified
] New (] Standard equipment supplied by a manufacturer

] CERN/collaboration responsible for the design and/or
manufacturing

Collinear laser beam line X Existing [] To be used without any modification
[X] To be modified
] New (] Standard equipment supplied by a manufacturer

] CERN/collaboration responsible for the design and/or
manufacturing

GANDALPH X Existing XI To be used without any modification
[ To be modified
[ New (] Standard equipment supplied by a manufacturer

[] CERN/collaboration responsible for the design and/or
manufacturing

HAZARDS GENERATED BY THE EXPERIMENT
(if using fixed installation) Hazards named in the document relevant for the fixed CRIS installation.
Additional hazards: None

12
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