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Motivation

Since every isotope contains its own characteristic
nucleus, the separation of isotopes is very
important for nuclear physics. The most complete
separation is achieved in the mass spectrograph;

Bethe and Bacher, 1936

Experimental and theoretical studies of exotic nuclei, i. e., very short-lived
nuclei far away from the valley of stability in the chart of nuclides, present a
unique and important way to gain general understanding of the atomic nucleus
and the governing interactions of its constituents. There is an intriguing in-
terplay of strong, weak, and Coulomb interaction, yet the contributions from
all fundamental forces (except gravitation) are integrated in the mass of a nu-
cleus. This makes the mass one of its key properties, allowing to study nuclear
structure and basic interactions. While the Coulomb force is textbook knowl-
edge and nowadays unified with the weak force in the electroweak interaction,
there is no analytical description yet for the strong force, only models covering
different aspects in which it manifests. Thus, the path to describe nature from
basic interactions is obscured, and data of more exotic nuclei can be used for
unraveling different features of the strong force.

Studying exotic nuclei is challenging since they need to be produced first,
they are short-lived (many of them have half-lives of only few seconds or even far
below), they can only be produced in small quantities, and often the interesting
ones are accompanied by a full zoo of other, less exotic and more abundantly
produced nuclei. Therefore, powerful separation methods are needed to deal
with huge amounts of non-interesting “by-products” and simultaneously obtain
reliable results even for the few nuclei of interest. Moreover, the goal to extract
information on basic interactions and nuclear structure requires high accuracies
despite low statistics.

In this work, the stage is set for pushing the border of the known nuclear
landscape. Existing accelerator facilities are used, and existing devices are
improved, to reach and study exotic nuclei with high accuracy.
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Chapter 1

Basics of Nuclear Physics and
Mass Measurements

1.1 Nuclear Masses and Nuclear Structure

The importance of measuring nuclear masses for investigating nuclear structure
and related fields as well as for benchmarking and improving nuclear and mass
models will be shortly described. For more details, see e. g. the reviews by
Lunney et al.| [2003] and [Scheidenberger| [2005], a historic overview is given in
Audi [2006].

Aston| |[1920] found that masses of nuclei are multiples of the mass of hydro-
gen. Later, through more precise measurements, a deviation was found which
is nowadays called the mass defect. After |(Chadwick [1932a.b| discovered the
neutron, it became clear that the mass defect reflects the binding energy BE of
the nucleus via Einstein’s mass—energy equivalence principle:

m(Z,N)=2-m,+ N -m, —BE(Z,N)/cj. (1.1)

Here and further on, Z and N are the number of protons and neutrons, re-
spectively, m, and m, are the masses of the proton and neutron, and ¢ is the
speed of light in vacuum. The mass of nuclei hence give access to their bind-
ing energies, which can in turn be used to investigate the forces acting in the
nucleus. This is a challenging field firstly since the Coulomb, the weak and the
strong force are acting inside the nucleus, secondly since the strong force is not
entirely understood, and finally since the nucleus is a mesoscopic many-body
quantum system. As such it is beyond the reach of a complete analytical or nu-
merical treatment based on individual constituents and can not be fully treated
with statistical physics. In response to these challenges, different experimental
and theoretical techniques have been developed. On the experimental side for
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1.1. NUCLEAR MASSES AND NUCLEAR STRUCTURE

instance, there is laser spectroscopy to determine charge radii, nuclear defor-
mation via the electric quadrupole moment, and nuclear spins via hyperfine
splitting; y-spectroscopy to investigate nuclear energy levels and isomer exci-
tation energies; scattering experiments to e. g. measure single nucleonic wave
functions; and mass spectrometry to access all that can be expressed by the
binding energy, see below. The impact of mass measurements on understand-
ing nuclear structure dates back about 100 years. For example the pattern in
the differences between measured masses of light nuclei and a smooth inter-
polation of the masses lead to the discovery of shells in nuclei [Elsasser; |1933]
1934; sec. . Theoretical contributions include different models to investi-
gate all of the above measured quantities and trace them down to microscopic
and bulk properties like single particle energies and the deformation energy.
These models are usually fitted to known data and needed to get estimates
in regions of currently inaccessible nuclei, like for nuclear astrophysics calcu-
lations for the rapid neutron capture process |[Burbidge et al [1957]. To get
meaningful results from derived quantities, 7. e. with realistic error estimates,
once fitted models need to be tested with new data, especially data far from the
nuclei where the model parameters have been fitted |Dedes and Dudek) 2019].
Much focus is put on measuring masses of exotic nuclei, which are short-lived,
far from the valley of stability in the chart of nuclides —interpolated by the
line of f-stability (Fig. towards which they will eventually decay—, 1. e.
they have an unusual proton to neutron ratio, and they usually do not exist
on Earth. In consequence, they need to be produced artificially (sec. . As
a rule of thumb, nuclei farther away from the line of -stability are harder to
produce, with yields dropping exponentially with exoticityE]. The interest in
exotic nuclei is both about improving of nuclear models, and to investigate new
effects which may arise there. Moreover, while exotic nuclei do not exist on
Earth, they are produced in stellar environments, and thus their masses are a
key to understand element abundances in the Solar System.

1.1.1 Nuclear and Mass Models

One of the earliest successful attempts to describe the binding energies and thus
the masses of nuclei is the liquid drop model of Gamow |Gamow/, (1930], put into
an analytical form by the Bethe-Weizsicker mass formula [Bethe and Bacher]
1936; von Weizéacker} 1935]. The liquid drop model was good at predicting the
average trend of binding energies and for fission studies. It could not explain
increased binding energies at some nucleon numbers and increased amount of
stable isotopes or isotones at certain proton or neutron numbers, which were

'We use the term “exoticity” as a measure of the distance from the line of 3-stability.
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1.1. NUCLEAR MASSES AND NUCLEAR STRUCTURE
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Figure 1.1: The chart of nuclides with stable nuclei colored in blue, nuclei with
unknown masses in red and all other nuclei according to their mass excess [Wang
let al),[2021]. The light blue line is a parametrization of the line of S-stability

KodamaL 1971].

observed [Elsasser, [1933], |1934; Mayer, 1948]. These experimental findings con-
centrated the interest there and led to the nuclear shell model, studying the nu-
cleons using a single particle Hamiltonian Honell model. It explained the stronger
binding by closed shells, similar to the electronic configurations in atoms where
noble gases are much less likely to chemically react and harder to ionize. The
nucleon numbers where this effect was observed were termed ‘magic’ — at that
time the liquid drop model was favored and it was surprising that shell effects
could arise without a central potential like it is given by the atom’s core for
electrons. Magic numbers for a kind of nucleons occur where the respective
orbitals are filled and there is a comparatively large energy gap to the next or-
bital. Nuclei with magic neutron- and proton-number are called doubly-magic.
Predictions from the shell model could be matched to experimental observa-
tions first in light and later also in medium heavy nuclei once it was recognized
that there is strong spin-orbit coupling [Haxel et al.| [1949; Mayer}, 1949]. For a
nucleus composed of nucleons index by ¢, the shell model Hamiltonian can be
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1.1. NUCLEAR MASSES AND NUCLEAR STRUCTURE

written

A

Hshell model = Z(ﬁ + f}z + 1/)LS;iI_;i : 5_:7,) s (12)

1

with the single particle kinetic energies 7:, central potential V;, and the spin-
orbit potential IAJLS;Z-. Compared to the full Hamiltonian of the nuclear many-
body system, a residual interaction is missing. The shell model yields more
realistic predictions when the residual interactions is small, which for instance
holds for nuclei neighboring doubly-magic nuclei.

Besides ab initio approaches aiming to describe properties of nuclei from
interactions reconstructed from nuclei with two or three nucleons, nuclear mass
models can be coarsely classified in purely microscopic and macroscopic-micro-
scopic models. The former calculate the binding energy from single particle ef-
fective interactions [e. g. Goriely et al., 2010], while the latter employ a macro-
scopic model for the smooth trend F,.o, and a means to calculate the mi-
croscopic, i. e., shell- and pairing-corrections AEg,en and AEpaiving|e. g. [MoOller:
et all 2016]. The total nuclear energy in macroscopic-microscopic models is

E = Emacro + AEﬂshell + A-E'pamring . (13)

All contributions to the total nuclear energy —macroscopic and microscopic—
depend on the nucleon numbers N and Z, the macroscopic energy and the
shell-correction depend on the shape of the nucleus as well. The microscopic
contributions are calculated independently for protons and neutrons.

For the shell-correction, the Strutinsky method [Strutinsky), |1967] is widely
used. Here an average potential acting on the single particles, given by the
nuclear mean field, is assumed and single particle energies are calculated ac-
cording to this model. The terms nuclear mean field and average potential are
somewhat equivalent in that they define each other. Describing the dynamics
as single particles in the mean field is neglecting two-body interactions, which is
a sound approach if the mean free path is much longer than the diameter of the
nucleus, which in turn is estimated to be valid up to about 10 MeV per nucleon
[Negele|, 1982]. Then the shell-correction AFgp is calculated subtracting from
the sum of single particle energies ;" in that mean potential the smoothed out
single particle energies obtained using a smoothing function f and a smoothing
width + on the order of distance between shells, v ~ hiw [see e. g. review article
Brack et al.l |1972].

A s.p.
AEgen = Znﬁ? P — /_Oo Z niEf(E_ff

The n; are occupation numbers of the level with energy ", for non-degenerate
levels n; € {1,2}. For the smoothing function as a standard choice a Gaussian,

)dE. (1.4)
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1.1. NUCLEAR MASSES AND NUCLEAR STRUCTURE

f(z) = exp(—22/2)//27 may be used. \ is the Fermi energy, determined from
particle number conservation,

/ an EE ‘)dE an. (1.5)

The shell correction has to be calculated for both protons and neutrons. The
latter part in (1.4), varying slow in nucleon numbers, is assumed to be already
part of the macroscopic model. The mean field corresponds to the central
potential and spin-orbit parts of a Hamiltonian of the form given in eq. (1.2).

For the pairing correction, a similar approach as for the shell correction can
be used: Pairing correlation energies, i. e. energy differences between paired
and unpaired configurations, are calculated once for a nucleus with (sharp) sin-
gle particle levels in a mean field potential and once for a smoothed out level
density. The difference of the respective values E,. and E,. is then used as
pairing correction. In contrast to the shell-corrections, now the Hamiltonian
given in eq. is not sufficient, since the pairing correlations arise from two-
body interactions, 7. e., from residual interactions. In the framework of pairing-
correlations, the operator representing the residual interactions is usually de-
noted G. For calculating the pairing correlations, the Bardeen—Cooper—Schrieffer
(BCS) approximation can be used. The following outline follows [Ogle et al.|
1971} Bolsterli et al., |1972]. The BCS wavefunction is

[P) = T (ur + svpalal ,)]0). (1.6)

Here the parameter s € {1} indicates time-reversal of orbits with otherwise
same quantum numbers, k is the label of the single-particle level and alsk are
creation operators for the nucleon in that level, possibly on a time-reversed
orbit. u; and vy are amplitudes, v? is thus the probability to find the two
orbitals +sk occupied. The pairing correlation is then

Npairs ) AQ Npairs/2
S. S.p.
Epe = > (265707 — Guj) — T (25> - G) . (1.7)
k=1 k=1
BCS energy “paired” “unpaired” A=0
Npairs is the number of pairs considered, usually half of the pairs are located

below and above the Fermi energy, respectively. The pairing strength G is the
matrix element of the residual interaction operator G responsible for pairing,

G =Y (sk,—5 K|G|sk, —sk) (1.8)

s,s’



1.1. NUCLEAR MASSES AND NUCLEAR STRUCTURE

and A is the correlation parameter or pairing gap,

k

The single particle pairing correlation energy FEi,. and its smoothed-out coun-
terpart E,. are calculated by solving a set of nonlinear equations involving
sums over the single particle energies or integrals over the smooth level distri-
bution, respectively. For the smoothed-out pairing correlation energy F.., the
respective pairing gap A is obtained from experimental data, see below.

The so-defined microscopic corrections approximate the difference between
the macroscopic model and the real binding energy including quantum effects.
Macroscopic models are usually improvements of the liquid drop model. The
mean field can have different forms with parameters fitted to experimental data,
like the folded Yukawa potential used by Moller et al.| [2016] or the Woods-Saxon
(WS) potential used e. g. by Dudek and Werner| [1978a]; |Dudek et al.| [1979a,
1980a].

1.1.2 Nuclear Structure Effects and Nuclear Masses

The nuclear binding energy is one of the key properties of the nucleus. With
the binding energies, isomer excitation energies, particle separation energies,
proton-neutron interaction strengths and more quantities can be calculated,
which contribute to understanding the nucleus.
[somer excitation FE,,. energies are the differences of the isomeric and the
ground state (i.s., g.s.) binding energies,
Eowe =BE(N,Z,J".) —BE(N, Z,J.). (1.10)

) “Yis. ) Yg.s.

Here the different states were indicated by different spin-parity J™. For longer
lived isomers and isomers where the internal transition (IT) ratio is small, a
mass measurement may be the only feasible way to derive the excitation energy.

Particle separation energies involve binding energies of ground states of a
nucleus and its neighbors. Quantities involving ground state binding energies
of several distinct nuclei are also called mass filters, a few which will be used
in this work shall be introduced here. The one- and two-neutron separation
energies, S, and S, are defined as

Su(N,Z) = BE(N, Z) — BE(N — 1, 2) (1.11)
Sou(N, Z) = BE(N, Z) — BE(N — 2, Z). (1.12)

From pure bulk-property models like the liquid-drop model, these are expected
to steadily decrease with increasing neutron number, modulated by an odd-
even staggering due to pairing contributions in case of S,,. Any deviation from
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1.1. NUCLEAR MASSES AND NUCLEAR STRUCTURE

this behavior has to be due to microscopic, 7. e. quantum effects. Figure
shows these mass filters for tin isotopes. The most striking feature in Sy, is the
steep decrease at N = 50 and N = 82, two nuclear shell closures. To quantify
this decrease, often the empirical two-neutron-shell gap,

Aoy (Z,N) = Son(N, Z) — Son(N + 2, 7) 113
=2BE(Z,N) —BE(Z,N —2) —BE(Z,N + 2). (1.13)
is used. While the two-neutron separation energy shows steep decreases at
closed shells, the two-neutron-shell gap shows pronounced maxima vs the neu-
tron number N, when crossing closed shells. Nuclei are unbound with respect to
particle emission if the respective separation energy is negative, the boundary
between bound and unbound nuclei is called (one-)neutron or (one-)proton drip
line in the case of neutron- and proton-unbound nuclei, respectively. Similarly,
the two-neutron and two-proton drip lines are defined as the boundary between
nuclei with positive and nuclei with negative two-neutron or two-proton sepa-
ration energy. The data in Fig. shows how systematic mass measurements
can be used to find unbound nuclei and investigate pairing energies via the
odd-even staggering of Sy, encoded in |Ay,| with

Aln(Za N) — Sln(N7 Z) - Sln(N + 1, Z) (1 14)
= 2BE(Z,N)—BE(Z,N — 1) —BE(Z,N + 1) '

and shell gaps as differences of S5, values. For proton separation energies,
analog quantities S, Sgp, and so on, are defined by subtracting binding energies
with different proton numbers.

Sy(N, Z) = BE(N, Z) — BE(N, Z — 1), 1.15)
Sap(N, Z) = BE(N, Z) — BE(N, Z — 2), 1.16)
Agp(Z,N) = Sy (N, Z) — Sap(N, Z + 2)

= 2BE(Z,N) — BE(Z —2,N) — BE(Z + 2, N). (1.17)
A1, (Z,N) = S1,(N, Z) — Sip(N, Z + 1) 118

= 2BE(Z,N) — BE(Z — 1,N) = BE(Z + 1, N) .

Absolute values of Ay, and A;, can be used to determine the pairing gap in
the smoothed-out pairing correlation energy.

Mass filters do not need to involve only binding energies with the same
number of protons or neutrons. A notable mass filter using binding energies of
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1.1. NUCLEAR MASSES AND NUCLEAR STRUCTURE
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Figure 1.2: Neutron and scaled two-neutron separation energies of tin isotopes,
experimental data [Wang et al) 2021] and FRDM (2012) predictions [Moller
et all 2016]. The predictions are only plotted where no experimental data are
available. The region of proton-unbound Sn isotopes can not be read from the
shown data but were obtained from proton and two-proton separation ener-
gies with FRDM(2012) values. For details on the revealed nuclear structure

properties see text.
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1.1. NUCLEAR MASSES AND NUCLEAR STRUCTURE

four nuclei with different proton and neutron numbers is 6V, defined by
Von(Z,N) = Su(N,Z) — Su(N,Z — 1)
=S,(N,Z) — Sp(N —1,2)
= [BE(N, Z) = BE(N - 1, 2)| -
[BE(N,Z —1) = BE(N —1,Z — 1)].

(1.19)

This quantity is a measure for the interaction strength of the last valence nu-
cleon in a nucleus.

1.1.3 Nuclear Deformation

Nuclear deformations alter the binding energies through the different contribut-
ing terms, both macroscopic and microscopic. A macroscopic contribution is
the change in Coulomb energy with deformation, microscopic contributions
are rooted in the re-ordering of nuclear levels, which is changing the shell
correction. The deformation can be expressed quantitatively by describing
the nucleus’ surface ¥, defined as the manifold R = R(V, ) where the nu-
clear density is 50% of its maximum. For a spherical nucleus, R does not
depend on the angles, i. e. R = Ry. The angular dependence can be expanded
in terms of spherical harmonics Y} (9, ¢) (Fig. for some visualizations),
since they form a complete set of orthonormal functions on the unit sphere
{0, p): 0<V<m0< <2}

R(ﬂ, QO) = RD (1 + Z CX)\7MY)\7M(19, gO)) . (1.20)

A,u>0

Terms with A\ = 2 are associated with general quadrupole deformations. aqg
is the conventional quadrupole deformation parameter for axially symmetric
deformation, often denoted as  [Neugart and Neyens| [2006].

Nuclear deformations can be quantified experimentally by measuring the
electric quadrupole moment via hyperfine structure splitting using laser spec-
troscopic methods or from moments of inertia determined by ~v-spectroscopy.
In the neutron rich region around A = 100, there are isotopes for which the
two-neutron separation energy is increasing with the neutron number [Wang
et al., [2021]. This can neither be explained by macroscopic trends for spherical
shapes nor by shell effects, since both imply a reduction of Ss, with increas-
ing neutron number. Here, the behavior is explained by nuclear deformation,
experimentally observed, e. g., by Thibault et al.|[1981] using high resolution
laser spectroscopic methods. The added neutrons change the ground state
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1.2. MASSES OF EXOTIC NUCLEI

shape such that they become stronger bound and increase the separation en-
ergy. Mass measurements thus also open a way to search for deformed nuclei,
through similar patterns of separation energies as observed for Sy, in regions
of known non-spherical ground states.

1.2 Masses of Exotic Nuclei

As previously mentioned, much interest is concentrated in exotic nuclei, far
from the line of [-stability. Exotic nuclei reveal novel properties, unknown in
more stable nuclei, such as nuclear halos and skins [Riisager} 1994], and exotic
decay modes [Pfitzner et al) 2012] like two-proton decay. Since even nuclei
are stronger bound than odd nuclei, the one-proton drip line is reached earlier
than the two-proton drip line. However, in some even-Z nuclei the one-proton
decay is energetically forbidden, while the two-proton decay is allowed. The
location of the one- and two-proton drip lines is known up to Z = 91 with an
uncertainty of about two neutrons above xenon (Z = 54) [Erler et al) 2012;
Neufcourt et al., 2020]. Since the emission of a charged particle is hindered by
the Coulomb barrier, direct observation can be challenging and mass measure-
ments are needed to find energetically possible candidates for studying these
decays. This can also be extended by indirect determination of masses: In the
A z 150 region, several a-decay chains are located above the N = 82 shell

Y21 Y22

Figure 1.3: Values of some spherical harmonics projected from the sphere to a
flat surface in color code for visualization. Values with negative p, e.g. Yo 4
and Y5 _o, are obtained by rotating by a quarter period (like exchanging a sine
and cosine with fixed argument) in the ‘east-west’ direction. Higher order u
plots for A = 4 will have more oscillations in the ‘east-west” direction.
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1.3. PRODUCTION OF EXOTIC NUCLEI

closure, close to the proton drip line. The last nucleus in these chains is on
the N = 82 shell or one neutron above. High accuracy mass measurements of
these anchors can decrease the mass uncertainty of all nuclei in the decay chain,
or even determine their masses, when no mass in the chain was known before.
This allows more accurate prediction of two-proton decaying nuclei.

Another striking effect, which may occur in exotic nuclei, is a change in
the nuclear shell structure towards the proton or neutron drip lines; shells can
weaken or disappear, and new shell closures can appear [Sorlin and Porquet],
2008; Kanungo, 2013]. On the neutron-rich side of the nuclear chart, shell
closures have been shown to vanish far from stability for the neutron numbers
N = 20 and N = 28 [Thibault et all [1975; Sarazin et al., [2000], and new
shell closures have been found for N = 32 and N = 34 [Gallant et al. 2012;
Wienholtz et al., 2013} |Rosenbusch et al., 2015} |Xu et al.,|2015; Leistenschneider
et al., 2018; Steppenbeck et al., [2013; Michimasa et al., [2018; Leistenschneider
et al.,2021]. The N = 82 shell closure has been studied from neutron deficient
esEr to neutron-rich ,,Cd [Manea et al., [2020].

Series of nuclear isomers are known to occur near shell closures |Jain et al.,
2021]. A unique sequence of isomers exists in the odd N = 81 isotones, ranging
from '2;Sn to 'geEr [Kondev et al. 2021; ENSDF]. These isomers have spin
and parity J™ = /27 and the respective ground states change from J™ = 3/2"
to J™ = 1/2* between 'gSm and '§3Gd. In '39Er, the ground and isomeric
states are inverted, 7. e. the ground state has J™ = 11/2~ and the isomeric state
J™ = 3/27 |Manea et al,, [2020]. The series is unique in the sense that the
isomeric excitation energies stay approximately constant between lggCe and
légEr, over a range of eleven isotones. Measuring masses of nuclear ground and
isomeric states far from stability gives access to the evolution of the isomeric
excitation energies.

1.3 Production of Exotic Nuclei

Exotic nuclei decay towards the line of f-stability (Fig. and thus they
are naturally existing on Earth only in the long-lived case or when produced
from decay of long-lived radionuclides, like 2S§U. Yet there is strong interest
in these nuclides from basic research to application, 7. e. radionuclides used
for medical purposes. Exotic nuclei are produced through nuclear reactions.
Spontaneous fission of long-lived radionuclides, like the before-mentioned 23§U,
yields certain neutron-rich exotic nuclei. In accelerator laboratories, production
of exotic nuclei is achieved mainly by the two types termed Isotope-Separation
On-Line (ISOL) and In-Flight separation, which will be described briefly in the

following. Techniques not described here include the IGISOL technique, fusion,
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1.3. PRODUCTION OF EXOTIC NUCLEI

neutron capture in nuclear reactors, or similar.

In-flight separation usually uses a heavy beam at relativistic energy imping-
ing on a light element target. The production mechanisms are mainly fragmen-
tation and Coulomb- and abrasion-fission of the projectile. Primary beam and
reaction products loose energy but still leave the target with relativistic energy
and are separated afterwards. There is no element-dependency and highly clean
beams are possible, down to a single isotope. Due to the relativistic velocities,
shortest half-lives are accessible with the In-Flight method.

ISOL usually uses a proton beam impinging on a heavy element target.
The production mechanisms are spallation and fission of the target nuclei. The
reaction products are stopped in the target and have to diffuse through and
effuse out of it. They may need to be ionized, introducing a strong element
dependency in the method. Accessible ions are limited in their half-life by the
diffusion and effusion time which depends on the actual target geometry and
temperature, and the chemistry of target and product. The ions are then re-
accelerated to energies typically several 10keV or up to a few MeV /u in case
so-called post-accelerators are used. The re-accelerated beam is separated ac-
cording to the mass-to-charge ratio. The term “on-line” signifies the simultane-
ous operation of production and separation. ISOL usually gives high rates, but
also high isobaric contamination depending on chemical properties of elements
in the region, especially species with lower ionization potentials are coming out
of the target being surface ionized while for instance refractory elements are
hard or impossible to even leave the target in any state.

To face the challenge of isobaric contaminants at ISOL facilities, isobar
separators have so far been realized as large double-stage magnetic separators
[Wollnik and Becker, [1985] or Penning traps [Savard et al. [1991]. The mass
resolving power of magnetic separators is typically not sufficient to cleanly
resolve nuclear isobars, and Penning traps are limited because of their cycle
time and ion capacity, which are on the order of one second and 1000 ions
per cycle, respectively. Recently, MR-TOF mass spectrometers [Wollnik and
Przewloka, [1990; [Pla8 et al., 2013b| have been established as isobar separators
[PlaB et al.,2008; \Wolf et al., 2013a; Hirsh et al., 2016], also offering additional
benefits (sec. below and chapter {). An MR-TOF-MS has been used
in the present work for improved tuning of the upstream ISOL beamline and
ion source, separation of the isobaric beam in the cases where the magnetic
separator was not sufficient, and subsequent mass measurements.

1.3.1 In-flight Separation at GSI: The FRS

At the GSI Helmholtzzentrum fiir Schwerionenforschung GmbH (GSI), the Uni-
versal Linear Accelerator (UNLIAC), the Schwerionensynchrotron SIS18 (SIS)
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and the Fragment Separator (FRS) [GSI Helmholtzzentrum fiir Schwerionenfor-
schung, 2021} (Geissel et al., [1992] combine to an In-flight facility. The UNILAC
can deliver all ions up to uranium with energies up to 11.4 MeV /u as bunched
beam. The bunches are injected into the SIS, and accelerated up relativistic
speeds, ~90% speed of light, e. g. 1 GeV /u for uranium. Intensities for uranium
are up to > 2 x 109/spill. The ions at relativistic speeds are extracted from the
SIS towards the FRS, where they impinge on a target for the creation of a rel-
ativistic secondary beam. This beam can be separated using the Bp-AFE-Bp
method and slits at the focal planes such that several nuclei or even only a
single isotope is delivered to the final focal plane for experiments |Geissel et al.|,
1992].

Currently the new underground ring accelerator SIS100 and the new super
fragment separator (Super-FRS) and more experimental and storage rings are
constructed at the Facility for Antiproton and Ion Research (FAIR), extending
the existing GSI facilities (Fig. . SIS100 will be using ion bunches from
SIS18 and accelerate them up to ~99% speed of light. The Super-FRS has two
separator stages and higher acceptances than the existing FRS. It delivers the
separated beam to different experiments. In the present work, developments
have been done at the FRS ion catcher (FRS-IC), which slows down and stops
the relativistic beam delivered by the FRS. (see Chapter. These developments
also serve for the experiments planned at the Super-FRS.

1.3.2 ISOL at TRIUMF: ISAC

At the Tri University Meson Factory (TRIUMF), a cyclotron and the Isotope
Separator and Accelerator (ISAC) [Dombsky et al., 2000; Dilling et al., 2014]
beamline form an ISOL facility. In the TRIUMF cyclotron [Bylinskii and Crad-
dockl, [2014], H™ ions are accelerated to 480 MeV, and the electrons are removed
with stripper foils for extracting a proton beam. TRIUMF is using the proton
beam with the highest intensity among ISOL facilities world-wide. The ISAC
targets can handle proton currents up to about 100 pA [Bricault et al., 2002].
(Re-)Ionization for the subsequent acceleration and separation is achieved by
different sources [Bricault et al) |2012], depending on the elements which are
studied. To enhance ionization in an element-specific way and even suppress
surface ionized species, for instance the TRIUMF resonant ionization laser ion
source TRILIS [Raeder et al.,[2014] can be used. The ISAC mass separator has
a maximum mass resolving power of about 2000. The beam can be attenuated
without changing the proton current (which may be needed to get the ions un-
der study out of the target) by adjusting slits or by inserting attenuator grids
in the ISAC beamline.
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Figure 1.4: Drawing of existing and planned facilities at GSI/FAIR,
with FRS and FRS-IC (see chapter [2) indicated. In the present
work, developments have been done at the FRS-IC, serving also for
future experiments at the Super-FRS. Figure adapted from https:
//www.gsi.de/fileadmin/oeffentlichkeitsarbeit/bilddatenbank/
fair/FAIR-beschriftet_MSV_EN_Aug_2021.jpg.
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1.4. MASS SPECTROMETRY

1.4 Mass Spectrometry

The mass of exotic nuclei is a key property for progress in nuclear physics. Dif-
ferent techniques for measuring masses in various instances have thus emerged,
each suitable best for certain nuclei. Challenges are half-lifes, production rates,
sensitivity, dynamic range or accuracy. Masses of nuclei can be measured di-
rectly as described below or by indirect methods, 7. e. via decay energies or
through reactions using energy conservation and the masses of all reactants.
Indirect methods will not be treated here but it is important to note that the
knowledge of a single mass allows the determination of all masses in a decay
chain, as this single mass provides an anchor point for the complete chain.

Besides obtaining the actual mass values, mass spectrometry can be used
for identifying and quantifying constituents of the beam. Applications include
mass analysis in life sciences [Ambiprobe; Dickel et al., 2013], nuclear reaction
studies and cross section measurements, and beam diagnostics and development
at accelerator facilities [Purushothaman et al., 2013; [Wolf et al.l 2013b; Reiter
et all 2020].

Direct mass measurement techniques are based on the interaction of charged
particles with electromagnetic fields governed by Maxwell’s laws. Measured
quantities include detection positions after or whole trajectories of particles be-
ing exposed to magnetic fields; Oscillation frequencies of particles in combined
electric and magnetic fields (e. g. in storage rings and Penning traps); and flight-
times of particles in electrostatic or combined magnetic and electric fields. For
state-of the art examples and the basic principle of the techniques exceeding
mass resolving powers of 100000 are given in the following, Multiple-Reflection
Time-of-Flight Mass Spectrometry (MR-TOF-MS) is described in more detail
from the next subsection on since it is the method which was employed in this
work.

There are two main storage ring mass measurement techniques, isochronous
mass spectrometry (IMS) and schottky mass spectrometry (SMS). They rely
on measuring the revolution time or frequency of ions in the storage ring. The

relative accuracies of the frequency f, %, the mass-to-charge ratio m/q, %
and the ions velocity v, % are connected by the relation
A 1 A(m 2\ Av
—f:——QMJr (1-5)=". (1.21)
f Vi (m/q) R

The parameter ~, is called the transition-y and v is the relativistic Lorentz
factor, v = (1 — 3?)7"/2 with 8 = v/c and c the speed of light. Both tech-
niques were for instance used at the experimental storage ring (ESR) located
behind the FRS (Fig. . A recent review on storage rings including the two
techniques is [Steck and Litvinov, [2020)].
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In IMS, a high accuracy in the mass-to-charge ratio obtained from the measured
frequency is achieved by tuning the storage ring isochronous, i. e. for nuclei of
interest 74 = 7. This is only valid for one species, but it results in short
measurement (& 10 ps to 100 1s) times with high resolving power up to 2 x 103
and accuracy down to 2 x 1075, A measurement was also reported with only 2
ions, in this case with an relative uncertainty of ~ 7 x 107% (900 keV at mass
number A = 130) [Knobel et al., 2016].

In SMS, high accuracy in the mass-to-charge ratio obtained from the measured
frequency is achieved by cooling the ions, resulting in % — 0. This applies to
all species in the ring, yields higher resolving power (up to 2 x 10° for heavy
elements due to the almost mass-independent error [Litvinov et al., [2005]) and
better accuracy (down to 1.5 x 1077) than IMS, but is considerably slower,
the measurement time is in the range of several to several ten seconds. The
accuracy around 2 x 1077 could also be reached with single ions |Litvinov et al.,
2005)].

There are two main Penning trap mass measurement techniques for exotic
nuclei based on measuring the ion’s cyclotron frequency w,. = % in a homoge-
neous magnetic field of strength B, the Time-of-Flight Ion Cyclotron Resonance
(TOF-ICR) and Phase-Imaging Ion Cyclotron Resonance (PI-ICR) methods.
They are extracting the mass-to-charge ratio from the ion cyclotron resonance
(ICR) frequency. The actual motion in Penning traps has three independent
modes due to a homogeneous magnetic and an additional axially confining elec-
tric field. The modes have the three eigenfrequencies

2 2
Wy mJgim we = e [P Y2 (1.22)

The radial ion motion modes can be excited by applying dipolar RF pulses
with the respective eigenfrequencies wy. They can be converted by applying
quadrupolar RF pulses with the sum of the eigenfrequencies, 7. e. the cyclotron
frequency w..

In TOF-ICR, ions start at a low-energy magnetron-orbit, which is converted to
a high energy cyclotron orbit. The frequency used for the conversion pulse is
scanned (with a fixed conversion pulse duration) to find the ICR, at which the
conversion is optimal. The cyclotron mode is associated with a higher magnetic
moment. To measure the conversion, the ions are ejected from the trap in axial
direction, drift through a magnetic field gradient, and their TOF is detected.
The magnetic moment leads to acceleration, reducing the TOF to the detector
accordingly and hence according to the mode conversion efficiency which is
determined by closeness to the ICR frequency which in turn is given by the
mass. The width of the recorded resonance curve is related to the length of the
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conversion pulse and thus Fourier-limited. Resolving powers of about 1 x 10°
and accuracy in the high 1 x 1078 range is achievable with about 100 ions and
measurements times of about 1s [Blaum et al., 2013].

In PI-ICR, the phase of the ion’s motion is detected with a position sensitive
detector. This approach is not Fourier-limited and no parameter is scanned,
which increases resolving power and sensitivity, about ten ions are enough for
a mass measurement. Highest accuracy mass measurements nowadays are ob-
tained with PI-ICR. The method is more wide-band than TOF-ICR but very
narrow-band compared to Multiple-Reflection Time-of-Flight Mass Spectrom-
eter (MR-TOF-MS).

Besides measuring masses, Penning traps can be and are used for low en-
ergy beam preparation like (mass-selective) buffer gas cooling. An overview
of Penning trap techniques (without PI-ICR), IMS, SMS and related topics is
given by |Blaum) 2006]. A recent review on mass measurements with Penning
traps including PI-ICR is |Dilling et al. 2018].

1.4.1 (Multiple-Reflection) Time-of-Flight
Mass Spectrometry

In low-energy time of flight (TOF) mass spectrometry, an ion sample is pre-
pared, flies through a drift region of length [, the TOF analyzer, and the TOF
t is detected for instance by measuring the current of a secondary electron mul-
tiplier (linear TOF mass spectrometer (MS), compare Fig. [1.5h). The mass
resolving power R can be expressed by the TOF and the respective peak width
At (FWHM)

m t
= Am  2At°
Here only the case where the ion sample is prepared by bunching and cooling in
a buffer-gas filled radio-frequency (RF) ion trap (injection trap) and extracted
with a homogeneous field of strength Fey, is considered. In a linear TOF-MS
with the time-focus tuned onto the detector, the peak width is dominated by
the turnaround time in the injection trap,

V8In2mkgT

quxtr

Here m and ¢ are the ions mass and charge, kg is the Boltzmann constant, and
T the temperature. The extraction field strength also determines the energy
spread of the sample and thus the time-focus length. This coupling limits the
resolving power of a linear TOF-MS, as an increase in drift length requires a re-
duction of the extraction field strength, which can not be done arbitrarily. Em-
ploying an electrostatic reflector [Alikhanov, |1957] decouples the time-focussing

(1.23)

Aty = (1.24)
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from the extraction field strength, which can now be increased to reduce the
turnaround time. The reflector can technically also be implemented by using a
coaxial design with two switchable electrostatic mirrors as shown in Fig. |1.5b
and described below, here a gridless design is strongly favourable. However
this increase is limited in practice by the energy focussing properties of the
reflector, which is limited in range, leaving the turnaround time a limitation of
the resolving power of this reflectron TOF-MS.
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Figure 1.5: A sketch of (a) a linear TOF mass spectrometer, a linear TOF mass
spectrometer with one time-focus shift turn (TFST) and (c) a Multiple reflec-
tion TOF mass spectrometer and respective mock-up mass-to-charge spectra.
Components from left to right are the injection trap, the TOF analyzer with
deflection electrodes in its center for in-analyzer cleaning of the beam (grayed
out in case of the linear TOF-MS), a Bradbury-Nielsen gate, and the detector.
In (a), the time-focus is set onto the detector by tuning the injection trap,
whereas in (b,c) the injection trap is tuned to reduce the turnaround time and
the primary time focus is shifted onto the detector by the TFST. The ions’
trajectory is sketched in blue, in (b) it is folded once for the TFST, and in
(c) it is folded multiple times inside the analyzer, corresponding to one TFST
and multiple isochronous turn (IT). The spectra show a sample with two close
lying species (blue and brown) after converting TOF to mass-to-charge, the
observable sum spectrum is added in black. The ions, indicated by ellipses
at or close to time-foci and dots elsewhere, are not (completely) separated in
TOF-MS (with TFST), whereas in MR-TOF-MS they are, thus increasing the
mass resolving power and separating the peaks in the spectrum.
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To overcome these limitations, MR-TOF-MS have been proposed, build,
and recently started to produced scientific results. Here, the flight path is ex-
tended by storing the ions inside the analyzer between two electrostatic mirrors.
Injection and storage can be achieved by (i) switching the entrance mirror to
a low potential during injection and subsequently switching it high, both with
respect to the kinetic energy of the ions or by (ii) having the ions fly with a ki-
netic energy high enough to pass the entrance mirror and pulsing the drift tube
from high to low potential while the ions are in that region. Ejection from the
analyzer for detection or further processing of the mass-separated beam can be
similarly done by switching the exit mirror or the drift tube. In the first case,
care has to be take that ions trajectories are not affected by switching fields
to, e. g., avoid deterioration of mass accuracy in measurements. In the second
case, the same applies and in addition only ions which are traveling towards
the exit detector are ejected.

During storage in the analyzer, the ions repeatedly pass the drift region,
multiplying the length of the flight path, and consequently disperse in TOF
according to their mass-to-charge ratios, see Fig. [I.5k. Here two passes of
the drift region are called one turn. With increasing number of turns, often
several hundred, the accumulated peak-broadening due to aberrations per turn
will dominate the overall peak width and the turnaround time becomes less
limiting. The analyzer therefore needs to be carefully designed to achieve high
order time focusing with respect to energy and spatial spread, for instance
accelerating lenses are needed to ensure 2" order energy focusing.

The potentials of the mirrors and the lenses inside the analyzer are usually
tuned to have a time focus length equal to one full turn. These turns are
called ITs and their number will be abbreviated Nj;. To obtain a narrow TOF
distribution for a single species or equivalently a high mass resolving power, the
time-energy focus is usually shifted to the detector. There are several ways to do
this, summarized and extended in [Dickel et al., 2017a]. These methods are (i)
shifting the time focus by tuning the ion source, usually with different ejection
field strengths, (ii) shifting it by tuning the potentials of the TOF analyzer
which will then only be valid for one fixed number of turns since this deviates
from the isochronicity condition, (iii) shifting it by using an additional reflector
between ion source and TOF analyzer or between TOF analyzer and detector,
called time-focus shift (TFS) reflector, and finally (iv) shifting it by changing
the potentials of the TOF analyzer only in a few —typical one— turns. The latter
method is the one which was introduced in the above cited paper and is called
dynamical time focus shift (in contrast to the static time focus shift by changing
the TOF analyzer voltage for a fixed turn number) the additional turn is called
TFEFST. The flight-time of a reference ion from the trap to the detector without
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doing any isochronous turns will be denoted tig, which includes typically one
TFST in case (iv) above. Similarly, the flight path will be denoted Iy, and for
the isochronous turns the index “it” will be used. In an MR-TOF-MS the total
flight path and time for a given ion are thus

liotat = ligs + Nitlie (1.25)
Liotal = by + Niglig . (126>

In MR-TOF-MS, the width At (FWHM) of the TOF-peak and the total
flight time determine the mass resolving power,

ttotal
= . 1.2
K 2At (1.27)

The peak width is given by the initial width (7. e. the turnaround time width
At,), the width due to aberrations without isochronous turns Atg, and the
width due to aberrations during the isochronous turns At;;. The widths due
to the aberrations depend on the phase space and all non-vanishing aberration
coefficients. Assuming independent Gaussian distributions, the widths can be
quadratically addedﬂ7

At? = AL + At + NIAL . (1.28)

The width At, can be calculated from physical properties [Dickel, 2010] and
the combined width in zero turns (“pass-through”) At = At*(Ny = 0) =
At2+ At can be measured. The resolving power evolves with the turn number

according to
tees + Nietis

R= . (1.29)
2/ A2 + At + NZAL
With the substitution R, = 22;“, this becomes
Ny + L
ST (1.30)

R = - -
2 Atu At fs
\/ Ni+ 3 + 2

The TOF-dispersed beam can then be ejected as described above for mass
measurements or further processing. Spatial mass separation can be achieved by

2This is generally true for independent contributions when adding standard deviations o,
but for the FWHM only if ¢ and FWHM are linearly dependent. This holds for Gaussian
distributed random variables. Furthermore these contributions are all functions of the same
initial phase space, and as such not strictly independent, but the approximation has shown
to be sufficiently accurate.
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removal of the unwanted ions using a fast-switching deflector after ejection, such
as a Bradbury-Nielsen gate (BNG) [Pla8 et al.,[2008]. Other convenient but less
powerful methods are a dedicated timing of the pulsed drift tube [Wienholtz
et al., 2017] or one of the exit mirrors |[Johnson et al., 2019]. These methods
are well suited if a different kind of experiment or detection is to be performed
afterwards, 7. e., when disturbances of the phase space of the extracted ion
sample due to the influence of the switched fields is not important. This can
be a-spectroscopy, where nuclear isomers could be separated with a BNG after
the TOF dispersion |[Dickel et al., [2015a] or, e. g., any experiment where the
ions are recaptured in-between for a new sample preparation. Furthermore
the TOF-dispersed ions can also be separated prior to ejection with dedicated
switched electrodes (Fig. , which can be used for mass range selection as
well [Toker et al., [2009]. The novel method of mass selectively re-trapping the
ions in the injection trap after TOF dispersion was for the first time applied
with exotic nuclei in this work and will be treated in chapter

In addition to direct mass measurements of exotic nuclei [Wienholtz et al.)
2013; Tto et al., 2018; Ayet San Andrés et all [2019a] and mass separation, MR-
TOF-MS can be used for diagnostics purposes |[Purushothaman et al., 2013;
Wolf et al. 2013b] and for development of Rare isotope beams (RIB) [Reiter
et all 2020].

MR-TOF-MS feature very high mass resolving powers of several 10° and
short cycle times. This enables the access to very short-lived (=~ ms) ions, and
for a given ion capacity per cycle it translates to a high overall ion capacity.
At the same time, MR-TOF-MS is a sensitive method allowing measurements
with ten ions only [Hornung et al., [2020] and it is possible to measure several
mass units at once.

1.4.2 Multiple-Reflection Time-of-Flight
Mass Spectrometry Data Analysis

The experimentally measured quantities are flight times of ions. The TOF data
can be converted to mass data by calibration with known species and then
analyzed further. In this work, the analysis procedure for MR-TOF-MS data
developed at the Justus-Liebig-Universitat Gieen is used. It was published by
Ayet San Andrés et al.|[2019a] and is shortly summarized in the following for
the purpose of this work.

The underlying basics is the relation between total TOF ¢, and flight

path liota (eqs. [1.25] [1.26)), effective voltage along this path Ues and the ions
mass-to-charge ratio m/q,

2
m _ 2Ueff ttotal
=— .
q ltotal

(1.31)
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Experimentally, a time offset needs to be accounted for due to electronic delays,
such that the total TOF is not the measured one,

texp = tiotal T o - (132)

This offset can be measured in a preliminary calibration step at the experimen-
tally setups used in this work. Introducing the calibration parameters b = li; /s
and ¢ = 2U.g/l%,, the calibration formula is

2
m _ ctep —to)” (1.33)
q  (1+ Nyb)?

As the parameter b includes the path length for isochronous turns, it is more

sensitive to temporal drifts of the analyzer length than c¢. The parameter ¢

is for the pass-through mode and thus almost time-independent. In practice

this is exploited by putting all time-dependence into b when a calibration of a

long-term mesurement is made, see below.

For the evaluation of the mass data, MAc [Pikhtelev, 2010-2015; Bergmann|
and R |[R Core Team, [2021] are used. MAc is also used for the data acquisition.
The data acquisition and evaluation procedure is the following:

1. Calibrate the spectra for on-line and preliminary identification in MAc:

o Measure ty by recording a spectrum with several known ion species
in a pass-through mode, 7. e. without doing turns. This corresponds
to Ny = 0, so the parameter ¢ can while b can not be determined in
this step.

o C(alculate b by recording a spectrum with at least one known ion in a
multi-turn mode, 7. e. Ny > 0, typically a few hundred. If there are
several known ions performing a different number of turns, a more
accurate determination of ¢ can be obtained as well.

2. Fine calibration for more precise preliminary and further analysis in MAc:
Temporal drifts are accounted for by calculating b in a time resolved way,
i. e. by splitting the spectrum in several blocks and calculating b for each
of these blocks.

3. Precision mass value determination: Export the time-resolved calibrated
data in list mode from MAc and fit the calibrant and the ions of interest
with a weighted maximum likelihood estimation (wMLE) in R. For these
fits, the peak shape will first be determined with a high statistics peak and
then the masses of exotic ions will be fitted with a wMLE fit to this peak
shape. The peak shape which is used is the hyper-exponentially modified
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Gaussian (hyper-EMG) [Purushothaman et al.,[2017], which incorporates
exponential tails from ion-optical aberrations in a phenomenological way.

4. Uncertainty determination: For the estimation of the uncertainty of the
mass value, several components are added quadratically. These are the
statistical uncertainties of the calibrant and ion of interest, the mass un-
certainty of the calibrant, uncertainties due to the fitting procedure (peak
shape parameter uncertainties), due to the calibration (uncertainties of ¢,
b and t and of the TRC interpolation of b), due to known systematic er-
rors (time of flight shifts caused by switched fields), and due to estimated
but unknown systematic contributions.

To get atomic mass values, the determined mass-to-charge values of ions have
to be corrected according to their charge state and the respective number of
electron masses (or proton masses in case the atom/molecule of interest has
been protonated or deprotonated to get a charged ion) has to be added or
subtracted. Atomic mass values of isotopes 5X are often tabulated in units of
keV/cZ as mass excess (ME) values,

ME(5X) = m(5X) — Au. (1.34)

1u = m('3C)/12 is the atomic mass unit, defined as % of the atomic mass of

12 12
2C.
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Chapter 2

Developments at the FRS Ion
Catcher

2.1 The FRS Ion Catcher Setup

The FRS ion catcher (FRS-IC) [Pla8 et al., 2013a] is a setup located at the
final focus of the main branch of the FRS |Geissel et al., 1992] at GSI/FAIR.
The FRS-IC is designed for universal stopping and preparation of relativistic
secondary beams, to be used for its own measurements or for delivering a low
energy secondary beam to other experiments. It consists of a Cryogenic Stop-
ping Cell (CSC) |[Ranjan et al., 2011; |[Purushothaman et al., 2013|, a recently
extended RF quadrupole (RFQ) beamline [Reiter, 2015; [Hornung, 2018| in-
cluding diagnostics, calibration sources and detectors, and an MR-TOF-MS for
ultra-high-precision mass measurements [Plaf et al., 2008; Dickel et all [2015b].
The present work includes developments for the whole setup, but focuses on
the MR-TOF-MS, which is in detail described in Dickel [2010]; Yavor et al.
[2015]; [PlaB et al|]2015]. Recent development before this work are described
in |Ayet San Andrés| [2018]. In short, the FRS-IC MR-TOF-MS consists of an
RFQ beamline filled with helium, including an RFQ switchyard (RFQ SY),
an RF trap system, a coaxial TOF analyzer using two switched electrostatic
reflectors and an accelerating lens, a drift tube on ground potential, a Mass
Range Selector (MRS), a TFS reflector and a movable detector sled. The RFQ
beamline and the RFQ SY transport the slowed-down exotic ions from the CSC
either to diagnostics detectors or to the trap system and can mix it with ions
from the internal ion source of the MR-TOF-MS for calibration. In the trap
system, the ions are bunched, cooled and injected into the analyzer. The MRS
selects a certain mass range to facilitate identification of peaks in the folded
TOF spectrum [Dickel, [2010; Plafl et al., [2013b]. After ejection from the ana-
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lyzer, the TFS reflector guides the ions such that the time-focus is obtained on
the detector, which can be chosen from one of the three slots on the detector
sled. An overview drawing is shown in Fig. [2.1

‘I: RN | &

1 x 105 mass resol-
ving power:

o 2" TOF detector
e Upgraded power

New slow control system:
e CSC density regulation

e Extraction region pressure

regulation .
. supplies
e Remote operation of the .
i e Improved tuning

extended beamline =
procedure

Figure 2.1: Schematic view of the FRS-IC with indicators which improvements
were made in this work, for details see text. The FRS beam enters the CSC
from the left. For mass or abundance measurements, the ions are transported
through the RFQ beamline into the MR-TOF-MS RFQs where they are routed
downwards by the RFQ SY and into the trap system. They are then injected
into the TOF analyzer for mass analysis and after ejection and TFS reflection

impinge on one of the detectors at the detector sled.

A main part of the science program at the FRS-IC [Pla8 et al. 2019] is mass
measurements of very exotic nuclei. The detector setup characteristics allow
determining masses of nuclei with half-lifes down to a few ms with about ten
events only. Measuring unknown masses of exotic nuclei gets more challenging
with every nucleon further away from the line of S-stability: On average, half-
lives get shorter and production yields drop exponentially with exoticity. In
consequence, experiments need to be able to provide accurate results with few
events and/or more time needs to be spent for accumulating data. At the
FRS-IC, both approaches are combined: The increase in mass resolving power
described later enables more accurate measurements with few events, and a
stable system makes long measurements —usually of several nuclei in parallel—
possible. Stability is achieved through different means on different time scales.
Typical time scales at the FRS-IC MR-TOF-MS are few ten ms for the time
that the ions spend in the analyzer per turn t;, hence a few up to about 40 ms
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total TOF in the analyzer for 100 to 1000 IT. Data of several measurement
cycles, on the order of one to a few seconds in total, are usually accumulated
into TOF spectra. Variations on time scales larger than that can be corrected
for by a time-resolved calibration, while variations on smaller time scales should
be minimized by stabilizing e. g. the power supplies.

In this work, a new slow-control software for the overall setup was developed
focusing on stability, and reliable and easy operation. Detectors were upgraded
for improved tuning and diagnostics capabilities. Analyzer power supplies and
electronics for beam alignment were upgraded and a systematic special tuning
procedure was developed to finally achieve mass resolving powers beyond 1 x 10°
(chapter [3)), which were so far not achieved with any MR-TOF-MS world-wide.

2.2 FRS Ion Catcher Slow Control System

To ensure a proper time-resolved calibration, ions with well-known mass (cal-
ibrant ions) need to be supplied in a well controlled way, i.e. there should
neither be any space charge nor should the calibrant ion rate be lower than
that of the exotic nuclei (down to about 2 per hour); it should rather be higher
and as stable as possible to provide enough total statistics for a good peak
shape determination if overlapping peaks need to be treated and to have small
enough calibration block size to minimize the respective uncertainty contribu-
tions [Ayet San Andrés et all |2019a].

Overlapping with the beginning of this work, an extension of the RFQ
beamline of the FRS-IC was finished |[Hornung| [2018]. The main motivation
for this extension was a new, universal calibration source. Besides, the ex-
tension provides another stage of differential pumping between the CSC and
the MR-TOF-MS and the CSC can thus be operated at higher densities while
keeping the MR-TOF-MS analyzer pressure low. Furthermore, the extended
beamline includes an RFQ mass filter for improved removal of molecular ions
through the three-step process Isolation—Dissociation—Isolation [Greiner et al.,
2020]. In addition, there were hardware changes at the established FRS-IC
setup, like the addition of multichannel analog-to-digital converters (ADCs)
for reading various analog outputs and a change of vacuum transducers to a
different model which for instance includes hardware relays which are planned
to be used for safety functionality, and the power supply upgrade for the MR-
TOF-MS analyzer electrodes (described below). For use in RIB experiments,
the extended beamline and the new devices need to be controlled remotely.

A new slow control system for the complete FRS-IC was developed based on
LabVIEWs actor-oriented framework, using the GSI in-house developed add-on
classes collected in the Control System +4- (CSPP) [Brand and Neidherr|, 2021].
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Figure 2.2: Scheme of the slow control structure with GUI layer at the top,
control layer at the middle and device layer at the bottom. The launcher actor
acts as a server, it starts and restarts device actors. The GUI actors serve to
display read values (e.g. pressures) and let the user directly set device pa-
rameters (e. g. function generator frequencies) or define goal values for control
actors. The control actors then set device parameters based on read values,
e. g. set a pressure based on a read temperature and desired density.

The paradigm behind actor models is, similar to object-oriented programming,
everything is an actor. Hence the term actor describes what may elsewhere be
called a module, subroutine, function, or —in the case of LabVIEW— subVI.
In practice subVls still exist for code readability. Actors are inherently running
in parallel, their interaction is governed by messages, a key concept of the
actor model. Actors can receive messages and upon receipt react in different
ways, including the creation of other actors and sending messages of their own.
The structure of the new slow control is that of a layered software system
using a graphical user interface (GUI) layer, a control layer and a device layer
[Fig. [2.2]. The main actor is the Launcher actor, which runs on a dedicated
slow control server. As client, the main GUI actor [Fig. can be started
on several computers in the network, giving users of the subsystems access to
the respective device or control actors. Apart from the CSPP libraries and
general help, the Launcher actor was written by Holger Brandt (GSI, EE)
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[Brandt| (Private communication)]. Much continuous development was done by
Alexandru State and first results are published in |State et al. 2022]. Part of
this work was the overall design, driver and user interface development and
testing and debugging in connection with the hardware.

A major technical improvement due to this framework was modularization,
i. e. failing device actors can be independently restarted while the main actor
keeps running. This reduces downtime and possible issues in case of a complete
system restart or crash. Moreover, device actors are automatically restarted
for a definable amount of times, such that the user only needs to interact when
there is a probable hardware problem. The control layer was equipped with
actors for improved experiment stability, namely by regulating the density in
the CSC and the pressure in the extraction part of the beamline (DU1).

Since the new slow control combined devices from the two separate old
control applications and new devices in one GUI, about three times as much
controls and indicators needed to be placed per screen area. A small focus
was hence put on making it easy to distinguish different device types, quickly
spot problems and find readout values [Fig. . Furthermore, the slow control
can be adapted to small changes in the hardware (like using a different serial
port) with a simple text editor. Adding devices without control via the main
GUI can also be done in a textfile, this is for instance sufficient for adding
another gauge or ADC and log the data to a database. For adding device to
the operators main GUI, care was taken to program the actors subVlIs in a way
that an extension can be done by a person with some LabVIEW background,
without the need to learn about the specialties of the actor framework or CSPP
(see Appendix [Al).

The software is ready to read values of the ADCs present in the setup,
e. g. to read the actual values at the MR-TOF-MS analyzer electrode behind
low-pass filtered power supplies (see below) or currents from readout boards
attached to apertures in the system. The voltage at the analyzer electrodes
can differ from the supplied voltage when the low-pass filtered input is switched
during the MR-TOF-MS cycle due to loading and unloading of the capacitors.
The magnitude of the effect depends on the repetition rate and consequently
a continuous reading facilitates changes of the repetition rate on the short
timescale and serves for reliably establishing the same analyzer tune in the long
term. Current readouts from internal source on apertures give an independent
way to quantify efficiencies when tuning parts of the beamline, trap system or
analyzer.

With the new slow control system, the FRS-IC setup works more reliable,
such that several months up-time are possible. This is important for exper-
iments where extremely rare events are investigated. Furthermore, the new
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regulation makes the system more stable, for instance ion transport is less sen-
sitive to environmental parameters, as demonstrated in [State et all 2022] by
the stable rate of calibrant ions from the CSC.
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Figure 2.3: Screenshot of the main graphical user interface (GUI) of the new
slow control system. The controls are arranged according to which part of
the FRS-IC they belong to (red frames) and colored by device type (gas inlet,
pressure measurement, pump, function generators, DC voltage). Some CSC
devices can be controlled indirectly by setting the desired CSC density and the
desired pressure for the extraction region of the beamline (DU1). In that case,
control layer actors for the CSC density and the DU1 pressure set parameters
for the device actors based on the read temperature and pressure and the user-
supplied desired density and pressure. The control actors can be configured
in additional GUIs, the values which are set by them are shown on the main
GUI Also values changed by other users running the main GUI on different
computers are automatically updated.
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2.3 Installation of a Second TOF Detector
with Large Aperture

The MR-TOF-MS detector sled was overworked to support two isochronous
secondary electron multiplier ETP MagneTOF detectors (Fig. with the
goal to increase reliability and avoid downtime during beamtime periods in
case of failure of one of the detectors, and to improve tuning capabilities of the
system. Apertures with different diameters were machined for a high trans-
mission mode for an initially misaligned beam and a high resolution mode for
accurate mass measurements after beam alignment. The new large aperture is
used for the systematic beam alignment presented below; the small aperture for
precision mass measurements. This is necessary, e. g., for separating close lying
peaks with strongly differing abundances since it reduces the background from
scattered ions by a factor of about 3 [Will, [2019]. The different aperture areas
also provide a means of coarsely measuring beam diameter and /or position and
can thus serve for identification of severe problemd]

At the FRS-IC, tuning is typically done with a-emitting isotopes. The
decay of the implanted ions leads to random background in the spectra. Now,
systematic tuning of beamline and MR-TOF-MS is possible on larger scale
using the second detector, without contaminating the detector to be used for
the precision mass measurements of nuclei with low yields.

2.4 Analyzer Power Supply Upgrades

In the high-resolution measurement mode of MR-TOF mass spectrometers,
ions turn around in the mirror fields and pass lens fields several hundred times.
The ions’ time of flight is most sensitive to the voltages at the two outermost
electrodes, and about a factor 3 less to the voltages at the next (“lens”) elec-
trodes [Dickel, 2010]. The most sensitive mirror voltages were already supplied
by highly stable analog low-noise power supplies mounted in a temperature
stabilized cabinet and additionally low-pass-filtered [Ayet San Andrés, 2018|.
The remaining analyzer voltages were already low-pass-filtered, though the lens
voltages have a lower order low pass filter due to the higher voltage and limita-
tions of the available passive electronic components. To improve the stability

'For example, after the initial commissioning of the detectors, the count rate behind the
large aperture was a factor 3 larger compared to behind the small aperture after about 100
IT, indicating that the beam diameter was much larger than expected. At that time, no mass
resolving powers higher than 1 x 10° could be achieved. The observed count rate discrepancy
led to finding an electrode disconnected inside the vacuum chamber, and the following repair
enabled higher mass resolving powers again.
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newly mounted newly mounted
MagneTOF behind MagneTOF behind
8.2mm aperture new 14.4mm aperture

Figure 2.4: Photograph of the two MagneTOF detectors and the Si detector
mounted on the overworked detector sled. The MagneTOF detector with the
8.2mm aperture and the Si detector have been mounted before. For this work
the aperture in the center was increased to a diameter of 14.4 mm, appropri-
ate mounting threads were added, and an additional MagneTOF detector was
mounted there. The inset shows a part of the electron-multiplying dynode
structure of the MagneTOF detector in green, ion trajectories incoming from
below in red, electrons guided from the impact plate to the first dynode by
crossed electric and magnetic fields in blue, and dashed equipotential lines.
The figure is taken from [Stresau and Hunter} [1999].
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of the lens fields on short time scales, two more of the highly stable analog
low-noise power supplies were mounted in the temperature stabilized cabinet,
and the interior of the cabinet was rearranged and upgraded accordingly.

2.5 MR-TOF-MS Beam Alignment

High resolving power in MR-TOF-MS is achieved by first minimizing the turn-
around time while keeping the time focus on the detector and subsequently
extending the flight path. Since the latter is done by folding the path with
electrostatic mirrors, the stability of the voltages at these mirrors and the ion-
optical aberrations introduced by the mirrors and the lenses are limiting factors
for the resolving power. The stability of the voltages was already improved in
[Ayet San Andrés, 2018] and further improved in this work (section [2.4). The
aberration coefficients can be tuned by changing the analyzer voltages, but the
magnitude of the aberration also depends on the phase space. A procedure
for tuning the TOF-energy aberrations was already established. Spatial aber-
rations then started to limit the performance due to mechanical misalignment
of the trap system and the analyzer in the MR-TOF-MS. The beam has to
be aligned to provide a phase space suitable for reaching ultra-high resolving
powers. The alignment of the beam in the MR-TOF-MS analyzer is essentially
a four dimensional problem. The beam must hit the center (two dimensions)
under zero angle (another two dimensions). In practice with the given exper-
imental setup this can be achieved by hitting the center by tuning the two
dipole steerers between the trap system and the analyzer and removing the tilt
by steering with the MRS electrodes. The concept was developed by [Dickel
(Private communication)] and the process is illustrated in Fig. 2.5 This splits
the four-dimensional problem into two two-dimensional problems, if hitting the
analyzer center and removing the tilt can be quantified independently. To
achieve this, we use the MRS electrodes as a quadrupolar electrostatic lens
and observe the induced shifts in the time-of-flight, proposed and simulated
by [Yavor| (Private communication)], and the induced change in transmission,
both compared to the values in pass-through mode. When the center is hit,
no change in field or potential is experienced by the ions and the time-of-flight
does not change. Similarly, in an ideal central hit the quadrupole lens does not
act as a lens and the transmission is not affected, although the converse is not
necessarily true (7. e. the transmission may stay the same although the center
is not hit).

In this work, firstly electronics were adapted to make these measurements
possible, also with limited access to experiment areas, 7. e., by remote operation.
HV switches were combined such that (i) steering is possible with a pair of dipole
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(a) Tune trap system steerers

Figure 2.5: Sketch of the two step beam alignment procedure showing the MR-
TOF analyzer end cap electrodes, two MRS electrodes in the center, and in blue
the beam after (a) the first and (b) the second optimization step. The color-
fading cones show areas covered by the beam when the steerers are scanned. (a)
Trap system steerers are scanned once while the MRS is operated as quadrupole
lens (field lines indicated by dashed dark blue arrows), and once while it is on
ground potential. (b) With the optimal trap system steerer values from (a),
the MRS steering voltages are scanned (steering field lines indicated by dark
blue arrows). The focusing of the quadrupole lens and the analyzer lenses is
omitted in the sketch, with their focusing the beam is transmitted for a larger
range of steering voltages than indicated. In the second step, after steering
during the first passage of the MRS electrodes, the ions undergo multiple turns
to accumulate sufficient aberration broadening for analyzing the peak width
dependence on the misalignment. The color-fading in case of multiple reflections
was chosen for illustration, in the real system the beam would illuminate both
sides of the optical axis in both halves of the analyzer for any non-vanishing
misalignment. The ions are then ejected, and TOF spectra are recorded for
each steering voltage. For details on the actual optimization see text.
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steerers (previously, a single dipole steerer was available) and (ii) the mode
can be changed easily to use the MRS electrodes as quadrupole lens in pass-
through mode. The change between these configurations can be done remotely
by adapting the timing settings (7. e. by changing the logic signals controling the
HV switches, shown in the upper part of Fig. of the MR-TOF-MS and the
supplied voltages. All electronic components including overcurrent protection
and passive voltage stabilization for the steering and deflection voltages were
mounted in a 19” rack-mountable box [lower part of Fig. to install it in a
secure and compact way at the existing setup.

In first attempts of probing the position at the analyzer center, it was found
that the count rates are the more direct to use probe than the time-of-flight and
thus these were used for probing the beam position in the analyzer center. The
time-of-flight approach was later analyzed again and an expected quadrupolar
pattern was found underneath a dominant linear time-of-flight shift, but open
questions remained as the origin of the linear shift could not yet be explained.
The steps towards these preliminary results are shown in appendix [B| and the
results are compared to ion-optical simulations. For the quantification of the
proximity to the analyzer center used to obtain the results in this work, count
rates with and without quadrupolar field were compared to minimize their
difference. The ion optics with which the new procedure was first established is
not rotationally symmetric, as the TFS reflector has a planar geometry, and is
focusing spatially only in one direction while not acting in the other direction.
To be able to work with the transmission, the TFS lens voltages were changed
such that the beam is defocussed in both directions on the detector similarly,
making the change in transmission sensitive to misalignment in both directions.
The voltages were found by SIMION simulations, they are 200V less negative
than the regular voltages for the ions starting at 1.3keV energy.

Minimal transmission difference can be the case for a steering which is un-
favorable for the transmission of the downstream part of the setup, 7. e. the
second half of the analyzer and the TFS reflector with surrounding dipole de-
flectors. For this, the detector with the new larger accessible detection area
is needed. Once the trap steerers are optimized, the remaining tilt has to be
removed by operating the MRS electrodes in their standard configuration, . e.
for steering in the first pass and cutting the mass range afterwards. This op-
timization is more direct, as one can simply maximize count rate or resolving
power.
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Figure 2.6: Inner parts of the new MRS box including passive voltage stabiliza-
tion and high voltage pulsers. The hardware is mounted in a 19” rack unit for
compact integration into the existing setup. The schematic above shows the
connections of the pulsers to the inputs (ground GND, deflection Defl* and two
steering voltages sz), to each other, and to the MRS electrodes. The operation
of the MRS is governed via two logic signals TTL; and TTL, (shown in ground
operation), which are internally inverted for the three lower pulsers.
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Several improvements have been implemented for the FRS-1C in this work: The
new slow control system for reliable and stable long-term operation, a second
TOF detector for reliability and improved tuning capabilities of the MR-TOF-
MS, upgraded power supplies for improved stability of the electrostatic fields in
the MR-TOF-MS and thus higher mass resolving power, electronics for steering
the beam inside the MR-TOF-MS in two dimensions and for probing the beam
position in the analyzer center, and a repeatable and systematic procedure for
aligning the beam inside the MR-TOF-MS. This procedure and the latter two
described modifications will be applied in the next chapter, where the so far
highest mass resolving power is reached with an MR-TOF-MS.
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Chapter 3

Developments for Highest Mass
Resolving Power at the FRS Ion
Catcher

The developments in the previous chapter enabled repeated systematic tun-
ing to reach a mass resolving poweIEI of R = m/Am = 1 x 10° and beyond.
Higher resolving powers directly increase the reach of mass measurements for
nuclear physics: The mass resolving power determines the uncertainty for mea-
surements with few events, and ultra-high resolving power is needed for the
separation of close-by peaks in the spectra, e. g., for the separation of ground
and isomeric states and the determination of their excitation energy. The un-
certainty due to statistics can be estimated by the standard error of the mean.
For Gaussian peaks this is

Opeak

Ostat., Gauss — \/Ni
events

with the number of events Neyents and the standard deviation of the Gaussian
distribution opeax. The statistical uncertainty is dominating for the most exotic
nuclei, where the number of events is very low (i.e. below ten events). To
minimize the uncertainty one consequently aims for narrow peaks, 7. e. a small
Opeaks Or equivalently for ultra-high resolving powers R ~ 1/0pek. Finally,
narrow peaks mean narrow windows in TOF or mass, in which the events
are located. While this sounds like a tautology first, the direct experimental
benefits are that (i) in narrower TOF windows there is less total background,
which for a low number of total events can be decisive, and (ii) in narrower

(3.1)

!The mass resolving power will be given as the full width at half maximum (FWHM)
mass resolving power throughout the chapter, 7. e. Am denotes the FWHM of the peak in
the mass spectrum.
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windows there are fewer —if any— possible contaminant peaks, thus facilitating
identification by mass in busy spectra and reducing possible probabilistic error
contributions due to contamination by unknown and unresolved peaks.

The peak width of MR-TOF-MS TOF or mass spectra is determined by
ion-optical properties of the MR-TOF-MS and the phase space of the analyzed
ions. Procedures for tuning the ion optics of the FRS-IC MR-TOF-MS were
already established prior to this work. These ensure that the time-energy focus
is obtained on the detector regardless of the number of turns, i.e., the TFS
reflector and the MR-TOF-MS analyzer are tuned isochronous. In the following,
the results of the two steps of the beam alignment outlined in the previous
chapter will be presented. An aligned beam inside the MR-TOF-MS analyzer
optimized the phase space and thus minimizes the peak width and consequently
the statistical uncertainty.

3.1 Probing the Analyzer Center Position

To find the analyzer center position, times-of-flight TOF,, TOF,, and count
rates Ny, Ngp in pass through mode without and with quadrupolar field at
the MRS, respectively, are measured in dependence of the two trap system
(TS) steering voltages TS _Steerl and TS_Steer2. The data was taken fully
automatic using MAc with its improved voltage optimizer |Bergmann| thesis
in preparation|, using three loops for iterating the two steerer voltages and
switching the quadrupole voltage. There were in total 270 spectra acquired
for 135 different combinations of steering voltages, a screenshot of the program
with the acquired data is given in Fig. in appendix[C] The spectra contained
about 200 ions on average, summing to 54 000 ions in total. The measurement
time was about 5 hours, limited by the ramping speed of a power supply used
for the quadrupolar voltage; this can be shortened in the future by supplying
that voltage differently. The initial approach to probe the beam position was to
observe shifts of the ions’ time-of-flight due to the quadrupolar field, ATOF =
TOF, — TOF,,. A quadrupolar-potential-like pattern was expected, but the
data analysis had some difficulties and remaining open questions (appendix ,
thus the count rates were used. In an ideal central hit, the count rates should
not be affected by the quadrupole lens. To compare the count rates, a merit
function with a single global maximum at Ny = N, is needed. Let ¢ = N, /Ny.
Since € + 7! > 2 for € > 0 with equality only for € = 1, the function

Q=2/(c+c") =2/(5 + 2o) (3.2)

fulfills the above requirements. For equal counts, () = 1 and if one count
value is zero, () is undefined, making it easier to use for a semi-automated
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evaluation than the counts difference, for instance. In a real system the beam
will be affected by the quadrupolar field even if it hits the analyzer center and
there will be statistical fluctuations in addition. Still ) < 1 holds and @) as
defined above has proven to be a robust measure for probing the beam position.
The data is shown in Fig.|3.2] @ is constant and close to unity inside a rotated
ellipse and then drops towards zero. The deviation from a rotational symmetric
pattern and the angle are expected since the TFS reflector renders the system
rotationally asymmetric and the TFS reflectors symmetry planes are rotated
vs those of the quadrupole potential applied at the MRS, see Fig. [3.1l For the
determination of the optimal steerer values (s1, s2), the plateau can be described
by a woods-saxon likd?] function

1

r)=1-— . 3.3
Fs(r) L+ exp(—(r(z,y) = r0)/w) o
The size of the plateau and the width of the slope of the drop to zero is
parametrized by ro and w. For circular symmetry, the argument r would be
the distance from the center (s1, s3), 7. e. 7 =r(x,y) = |[(x — s1,y — s2)|2. Due
to the broken symmetry, the distance needs to be modified by a rotation by
an angle ¢ and deformation parametrized by «. The simplest area-preserving
deformation in two dimensions is an elongation along one dimension by the fac-
tor a and a contraction by the same factor along the other dimensionﬂ Hence
the argument r(z,y) to use in eq. is given by shifting the center of the
ellipse to the optimal steerer values and applying rotation and deformation, in

compact notation the latter reads

lfa O cos(p) —sin(y) x

Tag(T:y) = H(O 1/(1) ' <Sin(gp) cos(p) ) ' (y) )
The parameters of the function fws (eq. with r(z,y) = ra.(x —s1,y — s2)
(eq. 3.4) are rg, w, «, p, s; and s. They were fitted to the data with the
least-squares method using the Levenberg-Marquard algorithm [Moré, 1978] in
the software package R [R Core Team| 2021} Elzhov et all 2016]. Fig. also
shows the results of this fit. An earlier version of this method was used for the
first step of the previously described beam alignment procedure.

The thus found steering voltages lead to an optimal injection of the ions
into the analyzer, i. e., such that they traverse the analyzer center plane (where
the position was probed) going through the optical axis. In the next step, these
voltages are used to completely align the beam inside the analyzer by removing
the tilt, 7. e., the angles under which they cross the optical axis in the analyzer
center plane.

(3.4)

2here a purely phenomenological choice
3This turns circles 72 = 22 4+ y? into ellipses r? = 22 /a? + y%a?
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Figure 3.1: Sketch of the beam alignment using the TS steering and the MRS
electrodes. The TFS reflection is also sketched. The electrode sizes are not to
scale. Ions are injected from the top along the z direction, as indicated. The
orientation of the x and y directions is given by the symmetry plane x = 0 of the
MR-TOF-MS including the TFS reflection. The (z',4/, z) coordinate system is
rotated by 45° around the z axis, 2’ = 0 and 3’ = 0 are the symmetry planes
of the quadrupolar field at the MRS, indicated by dotted lines. Equipotential
lines of an ideal quadrupolar potential V ~ 2/ — /2 = 27y in the MRS plane
are sketched in blue and red for the different signs of the potential.
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3.1. PROBING THE ANALYZER CENTER POSITION

(V)
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| | |
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TS Steerl (V)

Figure 3.2: Merit function @) vs TS steerer voltages. Colored tiles show ex-
perimental data, the black ellipses are constant-() lines from a fit of the two-

dimensional rotated and deformed plateau function (eqns. (3.3) and (3.4])) to
the data. The straight black lines cross at the fitted optimum.
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3.2. REMOVING THE TILT

3.2 Removing the Tilt

After the beam is steered to hit the analyzer center, the remaining tilt has to
be removed. This is achieved by minimizing the TOF peak width in a high
number of turns, 7. e., such that spatial aberrations significantly broaden the
TOF peak. Thus the peak widths were recorded after 250 turns in dependence
of the two MRS steering voltages MRS_Steerlp and MRS_Steer2p. Again,
data was taken fully automatic using MAc with its improved voltage optimizer
[Bergmann| thesis in preparation], using two loops for iterating the two steerer
voltages. There were in 441 spectra acquired for different combinations of
steering voltages, a screenshot of the program with the acquired data is given
in Fig. in appendix [C] The acquisition was run overnight in about 14.5
hours.
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Figure 3.3: Experimental peak width data vs steering voltages at the MRS. The
top left inset shows the peak width in color code with black elliptic contour lines
from fitting a parabola to the data, the bottom right inset shows the respective
fit residuals with the same contour lines. The straight black lines in the insets
cross at the fitted optimum steerer values. The main plot shows the peak width
vs the Euclidean distance of the steering voltages from the fitted optimum. The
441 data points represent 330 ions on average, summing to about 150000 ions
total.
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3.3. RESULTING MASS RESOLVING POWER

For finding optimal steering voltages (s, s2), a two-dimensional parabola
can be fitted to the peakwidth data. Using the above rotated and deformed
distance argument r, ,(z,y) (eq. (3.4)), the general two-dimensional parabola
can be defined as

flz,y) =ao+ %(ra#,(x — 81,y — 82))2 , (3.5)

with parameters ag, as, o, @, s; and ss. They were fitted to the data with the
least-squares method using the Levenberg-Marquard algorithm |[Moré, 1978 in
the software package R [R Core Team, 2021; [Elzhov et al. 2016]. The data
and contours of the fit are shown in the top left inset of Fig. This model
allows a rotationally asymmetric pattern although less asymmetry is expected
after the high number of turns and the thereby mixed phase space. This is
seen in the fit results in that the fitted deformation parameter is almost unity,
agy = 1.08 £ 0.02. The near symmetry motivates observing the data as in the
main plot in Fig. 3.3 . e., with the peakwidth shown vs the distance from the
optimal steerer voltages neglecting the orientation. The quantitative behavior
can be well seen in this representation, and it can be observed that the peak
broadening has two different regimes, from 20V offset steering voltage onward
the peak is broadening with a steeper slope. This change of slope shows that the
parabola used for the fit is just a model and is reflected in the colormap plots
by the ring structure in the residuals, see bottom right inset of Fig. [3.3] From
SIMION simulations investigating the change of the beam inclination a = v, /v,
(with z denoting the optical axis and x one perpendicular axis) in dependence
of the steering voltage at the MRS, it was found that at this steering voltage
the change in mean a is about half the FWHM of its distribution for typical
values of the system. For practical purposes, this demonstrates that the MRS
steerers need to be varied over a range of about 40V to be able to fit optimum
steering values.

3.3 Resulting Mass Resolving Power

Indeed, with the systematic tuning, a mass resolving power of R = 1 x 10 could
be reached repeatedly. A typical spectrum with ions from an internal source is
shown in Fig. the dependence of the mass resolving power vs the number
of isochronous turns in this tune is plotted in Fig. It was first reached
when establishing the procedure [Will, 2019], second during preparations for
the 2019 GSI FRS Engineering run and third in the preparations of the 2020
FRS experiments focusing on the proton-neutron interaction strength around
the N = Z line below °Sn [Mardor et al., 2021] and on nuclear structure in
this region [Kripko-Konczl thesis in preparation]. The latter measurements had
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Figure 3.4: Mass spectrum demonstrating the mass resolving power R =
1040000 with 5400 '**Cs ions from an internal source acquired in 20 min. The
solid red line is a hyper-EMG fit to the data.
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3.3. RESULTING MASS RESOLVING POWER

to be performed with a workaround in the trap system of the MR-TOF-MS due
to an electrical short between a steering electrode and an adjacent aperture,
reducing the safe range of steering voltages for the beam alignment and possibly
affecting the stability of the steering voltages.

The strength of the beam alignment method previously presented is its
systematic repeatability. Consequently in 2020 a mass resolving power of

R = 970000 during experiment S474

was achieved with 256 events for the neutron deficient exotic nucleus "Se in a
895 IT setting. The total uncertainty in this measurement amounted to 2.6 keV
for a total number of 485 events recorded with different turn number settings
[Mardor et al.,2021]. The respective spectra are shown in Fig. . In the same
experiment, the mass of %As was measured with an uncertainty of 22 keV with
only ten events, which was possible only due to the ultra high resolving power of
870000. Furthermore, the A = 69 molecule N> N4’ Ar was extracted from the
CSC in these measurements and its mass was determined with a relative mass
uncertainty of 1.7 x 10~%, which is an unprecedented accuracy for MR-TOF-MS
to date [Mardor et all 2021].

The results both with stable isotopes from internal sources and unstable iso-
topes produced in the FRS outperform the previous world record of R Z 600 000
[Dickel,, 2010; |Ayet San Andrés|, 2018] obtained with stable isotopes. Many parts
of the FRS-IC have been improved throughout the years, however this is the
first significant improvement in resolving power after about ten years. The re-
peatability of the tuning procedure and the use of automatic parameter scans
in MAc furthermore allowed the direct application to exotic isotopes. Con-
sequently in the "°Se measurement, the previous best value for measurements
with exotic nuclei at the FRS-IC, R ~ 450000 [Hornung et al., 2020], is more
than doubled. This and the reduced background due to the narrower TOF win-
dow extends the reach of the present FRS facility with the FRS-IC. A factor 2
in resolving power is in the statistical uncertainty equivalent to a factor 4 in the
number of events [eq. , the reduced background makes mass measurements
with fewer ions possible and reduces probabilistic uncertainty components due
to unknown and unresolved peaks. On can thus expect to measure masses of
nuclei with one order of magnitude lower yield without sacrificing uncertainty.
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Figure 3.5: Mass resolving power vs number of isochronous turns. The system-
atic data was measured while establishing the tuning procedure [Will, 2019].
Hyper-EMG peaks were fitted to the TOF data, the plotted errors are obtained
from the fit. The thin black dashed line indicates R = 1 x 10%. The solid blue
line is a fit of the theoretical curve (eq. , the asymptotic limit of the re-
solving power determined by this fit is R, = 1450000, indicated by the dashed
blue line.
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Figure 3.6: Mass spectra of %As (left) and ™Se (right) measured at the FRS-IC
with mass resolving powers of 870000 and 970 000, respectively. Figures from
[Mardor et al.,2021]. The uncertainty of the mass value of "’Se includes another
measurement with a different turn number and corresponds to 485 events in
total.
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Chapter 4

Mass Selective Re-trapping

In this work, mass-selective re-trapping was established for isobar separation
in the MR-TOF-MS at TRIUMF’s Ion Trap for Atomic and Nuclear sciences
(TITAN). It was used to enable and perform mass measurements for exotic nu-
clei which were so far hampered by isobaric contamination (chapter . In this
chapter, the TITAN setup is introduced and mass-selective re-trapping is de-
scribed and the performance of the technique as used in the mass measurements
is quantified.

4.1 The TITAN Setup

TITAN is a multiple ion trap setup for ion preparation, manipulation and
ultra high-precision mass measurements and decay spectroscopy of singly and
highly charged ions [Dilling et al., [2006]. An MR-TOF Mass Spectrometer and
Separator developed by the IONAS group has been added in year 2014 [Jesch
et al), 2015, Dickel et al., 2019a] for mass measurements, beam diagnostics
[Reiter et al.,2020] and purification. TITAN uses the secondary beam delivered
by ISAC (sec. [1.3.2)), the TITAN MR-TOF-MS was first used with secondary
beam in the year 2017. This beam is cooled and bunched in an RFQ filled with
helium gas |[Brunner et al., 2012], energy-matched with a pulsed drift tube, and
further delivered either to the MR-TOF-MS for direct mass measurements or
purification or to the Penning trap setup for mass measurements, possibly after
charge state breeding.

The TITAN MR-TOF-MS uses the same TOF analyzer design as the FRS-
IC MR-TOF-MS but is scaled in size and has a different beamline and trap sys-
tem, as well as no TFS reflector. It consists of a capturing unit for the incoming
beam, an RFQ beamline filled with helium gas including an RFQ switchyard
for extracting the purified beam towards the Penning traps, an RF injection
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4.1. THE TITAN SETUP

trap, a coaxial TOF analyzer using two electrostatic reflectors, an MRS and an
ETP MagneTOF detector mounted at the exit of the TOF analyzer. The ISAC
beam is usually attenuated in the ISAC beamline to an intensity that there is a
maximum of about one ion detected with the MagneTOF per species per cycle
to avoid deterioration of the mass measurement accuracy due to ion-ion inter-
actions. For direct mass measurements, the procedure is similar to the one at
the FRS-IC. Tons are cooled in the injection trap and stored in the analyzer by
switching the reflectors to a high potential. After many reflections leading to

Detector

Exit mirror

-/

N - I ]
e — J—

e W B mi—

Entrance mirror

ot

I l

Figure 4.1: Schematic view of the TITAN MR-TOF-MS. Exotic isotopes enter
the MR-TOF-MS coming from the TITAN RFQ cooler buncher from below,
are captured and transported through an RFQ beamline into the injection trap.
There they are cooled and injected into the TOF analyzer for mass analysis,

for details see sec. [1.4.1, The injection trap is also used for mass selectively
re-trapping ions after TOF dispersion, for details see text.

Injection trap
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4.2. MASS SELECTIVE RE-TRAPPING

sufficient TOF dispersion, the exit reflector is pulsed to a low potential and the
ions impinge on the detector. The MRS of the TITAN MR-TOF-MS is usually
operated such that there is only one atomic mass unit transmitted. Since there
is no dedicated TFS reflector installed behind the analyzer of the TITAN MR-
TOF-MS, to achieve resolving powers as high as possible the time focus has to
be shifted to the detector by different means. At the TITAN MR-TOF-MS,
this is achieved by using dynamical time-focus shift with the analyzer with one
time-focus shift turn (TFST) before the ions undergo a number of isochronous
turns (ITs) [Dickel et all, [2017al Sec. [1.4.1]. The TFST increases the system-
atic error of mass measurements compared to the FRS-IC setup, as all analyzer
voltages are pulsed during the time the ions spend in the TOF analyzer.

The TITAN MR-TOF-MS was build and initially commissioned at Gielen
by C. Jesch |Jesch et al., 2015} |Jesch| [2016]. It was then transported to Van-
couver and re-commisioned for the TITAN experiment by S. Ayet San Andrés,
A. Finlay, C. Hornung, M. P. Reiter, D. Short and C.Will [Will, 2017; |Ayet
San Andrés, [2018; Reiter et al.l 2020]. The first measurements with exotic
ions were reported by Leistenschneider et al.|[2018]. Re-trapping was commis-
sioned with the TRIUMF Off-Line Ion Source prepared prior to the experiment
described in chapter |5 by A. Jacobs and M. P. Reiter |[Jacobs, 2019]. Here,
mass-selective re-trapping is characterized in an analytical model and applied
for measurements of exotic nuclei for the first time.

4.2 Mass Selective Re-Trapping
with the TITAN MR-TOF-MS

A major challenge for experiments with exotic nuclei at ISOL facilities is iso-
baric contamination (sec. . Nuclei closer to stability are produced with rates
many orders of magnitude higher than those of the nuclei of interest. Further-
more, molecules can form and increase the amount of isobaric contamination.
Due to the limited resolving power of existing magnetic separators at [SOL fa-
cilities, typically m/Am ~ 1000, these contaminations hamper measurements
of the exotic nuclei. Quantitatively, this was illustrated by |Jesch et al.| [2015]
by defining a nuclide as accessible if it contributes to at least half of the beam
current after separation and by calculating the number of these accessible nu-
clides in dependence of mass resolving power of the separator. The results of
this investigation are shown in Fig.

The novel method for mass separation in an MR-TOF-MS established here is
the dynamical re-trapping of ions after the TOF dispersion procedure in the RF
trap, from which they have been injected into the TOF analyzer. The system
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Figure 4.2: The number of accessible nuclides for different ion sources in
dependence of the mass resolving power of the separator at ISOL facilities. A
mass resolving power of more than 10000 is necessary to significantly increase
the number of accessible nuclides. Figure taken from |Jesch et al. 2015, caption
adapted from there. Details on the investigation can be found in the original
publication. In this work, a mass resolving power of Rgp cdge ~ 36 000 was
reached with the edge (10-90%) of the re-trapping window.
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4.3. MASS SEPARATION POWER

can operate as its own isobar separator, as separator for the other traps (EBIT
and Penning traps), or as separator for other experiments by injecting the
cleaned beam back into the RFQ buncher and delivering it for example towards
laser spectroscopy. The method was presented already earlier [Dickel et al.
2017b], in this work the quantitative treatment is refined and the method is first
applied for the separation of exotic isotopes in online experiments. Figure 4.3
shows a sketch of the different stages of the technique. When re-trapping is
used, the usual measurement cycle is split in two parts, first re-trapping and
then mass measurement. In the re-trapping part, after TOF dispersion of the
ions in the analyzer, the entrance reflector is opened instead of the exit reflector,
and the ions are dynamically and mass-selectively re-trapped in the injection
trap. The time for TOF dispersion as set by the user is called re-trapping time
t.i. After re-trapping, the mass-selected ions are again cooled in the injection
trap and injected once more into the TOF analyzer for the conventional mass
measurement procedure. Quantitative characteristics of the mass separation by
re-trapping and related measurements will be discussed in the following.

4.3 Re-trapping Efficiency and
Mass Separation Power

For re-trapping, the ions are first slowed down in the RF trap and then the
potentials of the trap are switched from retarding to trapping after the re-
trapping time t,;. To analyze the re-trapping window, consider the ion’s actual
re-arrival time, 7. e., the TOF after ejection when the ion comes to rest in the
RF trap with retarding fields applied, tsop, and the difference d,4 of the set
re-trapping time and the re-arrival time,

5rt =1y — tstop . (41)

For ideal re-trapping of a single ion species, d,; = 0. If several ion species
need to be re-trapped and an isobaric contaminant needs to be suppressed, the
window position and width needs to be known. Let us define the re-trapping
efficiency e,y = €,4(dy4) as the fraction of re-trapped ions of a fixed mass-over-
charge ratio m/q. Since &4 depends on m/q through tsop = tstop(m/q), &xt also
depends on m/q. &, describes the impact of the set re-trapping time. It can
be easily measured and is compared with model results.

Ions are separated according to their kinetic energies after the trap has been
closed for re-trapping. e, can be derived extending the quantitative treatment
in [Dickel et al., [2017b] by using the natural choices for the ions velocity dis-
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Figure 4.3: A Sketch of the re-trapping procedure from |Dickel et al.| [2017b],
showing the different stages in an MR-TOF-MS mass measurement with re-
trapping. Red dots and arrows indicate ion samples and ion movements, blue
lines in the U vs z plots give an idea of the on-axis potential. The ions are first
injected by switching the DC potentials of the injection trap from trapping to
extraction. In the second stage, the ions separate in TOF inside the analyzer
after the entrance mirror has been closed. Finally, either the entrance mirror is
opened and the trap later closed again, both at times tuned for the ions which
should be re-trapped, or the exit mirror is opened for detection. If in the third
stage re-trapping is done, Stages one to three can be repeated, for a direct mass
measurement or an additional separation cycle.
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tribution and the traps velocity acceptancdﬂ. The initial velocity spread of the
ions with charge and mass g and m, respectively, is due to thermal distribution
with width Avihermar. It is converted into an initial TOF spread at the first time
focus given by the turn-around time Aty, after extraction with extraction field
E,, via Aty, = qE%Avthcrmal. For their velocity spread at arrival after slowing
down with retarding field E,, the formula Av = (¢F,/m)At approximately
holds, with the ions’ time spread At at the last time-focus under the assump-
tion that the respective plane coincides with that of the first time-focus. This
approximation is assuming a simple time-reversal. It is thus neglecting ion-
optical aberrations, which for instance lead to velocity-dependent additional
time-spreads not covered by the simple algebraic formula inversion. Conse-
quently, deviations between model and measurements of quantities related to
the velocity spread at re-arrival are expected. To arrive at an analytical ex-
pression for e, we first assume a Gaussian distributionﬂ for v with density
function f,.s,. Width and mean are derived from the TOF distribution at the
final time-focus,

o, = qgr o, (4.2)
(0)(6) = qﬁ‘(srt. (4.3)

Widths denoted with A, like Av and At, are FWHM while o denotes standard
dewiationsﬂ7 e.g., o, and o;. lons are re-trapped if |v| < vpax, i. €., the velocity
acceptance is assumed uniform inside [—Vmayx, Umax]. The maximal velocity vmax
is determined from energy conservation using the depth of the on-axis potential

well AU,,

24U,
S (4.4)
m

The fraction of re-trapped ions is

10 = [ Fusa(v) a0/

—Umax

- vmaxexp<_(vf_;v>(5m)>2> ﬁ o (4.5)
o 21072

!'Natural choice means that there is no more information used than available, i. e., the
distribution with maximum entropy under the given constraints is used. If we take mean and
standard deviation of the velocity distribution as given, a Gaussian is the natural choice. If
we take the range of the velocity acceptance as given, a uniform acceptance is the natural
choice.

2A generalization is only needed for edge separation or narrow re-trapping windows.

3Standard deviations are more convenient when dealing with integrals and quantiles of
Gaussians, results are usually given in FWHM.

—Umax
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The integral can be solved and written as a difference of error functions (eq.
in time representation below). It can be visualized, see Fig. for the case
0y < Umax. The expected properties of ¢ can be directly seen from the sketch

re-trapping window |v| < Umax

— increasing J,

—Umax 0 VUmax

Figure 4.4: Visualization of the integral for £,,(d,;). The blue shaded areas
describe the amount of re-trapped ions. With increasing ¢,¢, ions are re-trapped
while they are decelerated, stopped, and re-accelerated.

or the integral; it is increasing with ¢ for é,; < 0, has its maximum at é,;, = 0
and then decreases. The maximum of ¢, is

VUmax . AUT
Ertamax = erf<m> = erf( ln(2)m> , (4.6)

with the velocity acceptance width Av, = 2v,., and the width of the velocity
distribution Av = 2v/2In20,. It is clear from the sketch and can easily be
shown from the integral that the width of the re-trapping window in velocity
representation Av, tends to Av for Av > Aw, and to Av, for Av < Awv,,

lim Avy = Av (4.7)
Avy
T’U*}O

lim Awvy = Av,. (4.8)
AL 00

In the first case, the maximum of the re-trapping efficiency tends to zero while
in the latter it is 100 %. The asymptotic behavior can be described to some
extent by quadratically adding the widths as suggested by Dickel et al.| [2017b]
including the corrections below, but this is overestimating the width strongly
in the transition region Av, ~ Awv and already for Av, > 2Av the simple ap-
proximation Avy &~ Awv, is more accurate [Fig. . In time representation, the
solution of the re-trapping window integral is obtained from the transformation

[E3) and by employing eq. (E4),

o 1 5rt mAUT 5rt mAUr
€rt<5rt) - 5 [Eﬂ"f( TJ? + A/ QE,%O'tQ> erf( %20752 1/ quUg>1 (49)
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Figure 4.5: (a) Width of the re-trapping window normalized to the velocity
width computed numerically from the presented model (black), with quadratic
addition (red) and the Av < Aw, asymptotic behavior (blue). (b) Maximum
relative re-trapping efficiency. The inset in (a) shows the re-trapping window
for different Av/Awv, ratios. For Av/Av, <1 the maximum continuously de-
creases while the width approaches its finite minimum given by the ions velocity
distribution.

For the case Av < Awv,, the window width is

SmAU,
qE?

Aty = (FWHM). (4.10)
Only the uniform velocity acceptance and the relation Av < Aw, are needed
to derive eq. , it is thus applicable for other velocity distributions, e. g.,
including tails due to collisions with buffer gas or ion-optical aberrations.

For Av < Awv, ions of different species can well be separated by the edge of
the re-trapping window. We define the edge separation power via the rise time,
i. e., the time difference over which e, changes from 10% to 90%. Close to the
edges of the re-trapping window, the ions velocity is close to +v,.«. Because
Av < Auw,, the integrand in is negligible around the other limit Fvyax
and this limit can be extended to Foo. The relative re-trapping efficiency can
hence for the rising edge be described by

er(0rt) ~ /oO exp<—<vl _ <U><5rt))2) ! dv’. (4.11)

20, \/2mo?

VUmax
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4.4. COMPARISON WITH EXPERIMENTAL DATA

The rise time can then be determined from the 10-th and 90-th percentile p1gg
and pggy, of a Gaussian distribution. These can be scaled from the standard
normal distribution percentiles, which are readily available in contemporary
numerical software. In time representation, the result is

Atrt; edge — (pgo% — plO%)O-t ~ 2.56 oy = 1.09A¢ (10*90%) (412)

In the limit Av > Awv,, no transmission plateau is formed and separation is
always affected by the edge. An interesting limiting case is the lowest achiev-
able width, i. e., the highest achievable separation power, without sacrificing
efficiency. As seen in Fig. [4.5(b), this corresponds to Av, = 2Av, or equiva-
lently vnax = Awv, with a re-trapping efficiency in the center of the re-trapping
window of €,4:max = 98%. This is on the onset of a plateau being formed and the
approximation of the window FWHM with Awv, is already valid, so the width
in time is

Aty ~ 2At (FWHM), (4.13)
which can be understood simply as two sided version of the edge separation.

The model developed here can be generalized in a straightforward manner
when the velocity distribution is known with more details, for the edge sep-
aration power for instance this only requires using the respective percentiles.
Furthermore it can be used for other separation methods, like separation with
a Bradbury-Nielsen gate [Plafl et al., 2008] after TOF dispersion in an MR-
TOF-MS.

4.4 Comparison with Experimental Data

Dickel et al|[2017b] investigated the re-trapping separation power systemat-
ically with a model where the width of the re-trapping window in velocity
representation was obtained from quadratically adding the widths of the veloc-
ity distribution and the velocity acceptance window. The data was taken with
an MR-TOF-MS of the same analyzer geometry as the TITAN MR-TOF-MS
[Lang, 2016]. To estimate the quality of a model fitted to observed values,
the chi-square like value ¥? = 3,(0; — f(x;))?/f(x:)? can be used, where the
model function f predicts values from parameters (or independent variables) x;
associated with the i-th observed value (or dependent variable) O;. Here, mea-
sured and modeled separation powers I?; sep and R; sep: model ar€ compared, thus
X° = Yi(Risep — Risep: model)?/ Risep; model- L0 Obtain a good fit of experimental
values to the model in [Dickel et al., 2017b], by minimizing ¥?, two adjustments
need to be made. Firstly, the depth of the re-trapping potential well has to be
reduced by a constant offset of 1.15V compared to the values calculated from
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the applied potentials. This adjustment can be understood since deviations of
the real on axis trap depth can be expected, e. g., due to the RF field, which
may have a residual component on axis. Secondly, the retarding field strength
needs to be scaled by 0.56, which was at the time of writing that paper not
understood. With these adjustments, the chi-square like value was ¥? = 0.2
with 24 observations and two parameters. However, in that investigation, the
factor two was missing in the width of the velocity acceptance window,

Av, = 20 (4.14)

which is obvious in the model presented above. By just taking this factor
into account and only allowing the trap depths to be adjusted globally, the
experimental data could be fitted obtaining ¥ = 0.3 with the same offset of
1.15V for the re-trapping potential well depth.

With the simple model employing velocity distributions, which was ana-
lytically discussed here in some detail, mass selective re-trapping can be un-
derstood more detailed. Since separation is often done with the edge of the
re-trapping window, the model matches practical operation very well. It is in
the following compared to experimental data from the measurements during
and in preparation of the experiment described in chapter [5] For this experi-
ment, the apertures surrounding the injection trap were set 12V above the RF
DC average for re-trapping, resulting in a trap depth of AU, = 6.3V, deter-
mined using SIMION |[Manura, D. and Dahl D., [2008|. This corresponds to
Vmax = ommps~! for 1¥3CsT. The retarding field strength was also determined
using SIMION and the respective set voltages to E, = 86.1 Vmm™!. For 133Cs™,
the peak width on the detector after 50 IT was measured as 8.7ns (FWHM).
This corresponds to an approximate velocity spread of Av = 0.54 mmpus™ (us-
ing the transformation in eq. which is neglecting additional broadening due
to ion-optical aberrations), hence the condition Av < Aw, is fulfilled. Since
the calculation of the velocity width neglects broadening due to ion-optical
aberrations, it is expected that the experimentally measured rise time is larger
than predicted from the TOF peak width at the detector. Furthermore, as
argued above, deviations of the real on-axis trap depth can be expected. A
measurement with re-trapping after 30 I'T with six different trap depths was
fitted to the model to quantify these adjustments. From this data, a dimension-
less correction factor for the rise time of 1.52 and an offset for the re-trapping
potential well depth of 1.7V could be determined. The model estimates for the
re-trapping window FWHM and edge width without and with correction are

Atrt;model =97ns and Atrt,edge;model =9ns (415)
Atrt;adj. model = 82118 and Atrt,edge;adj. model = 1418 . (416>
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4.4. COMPARISON WITH EXPERIMENTAL DATA

Fig. |4.6| shows a comparison between model and experimental data. The
function given in (4.9)) was fitted to the measured data once unconstrained and
once adjusted as described above, i. e., the width and rise time (corresponding
to Av, and Aw) were once (in the unconstrained case) fitted and once kept
constant at their adjusted model value. Window position ¢,; and height were
fitted in both cases. In the unconstrained fit to the data, experimental values
for the re-trapping window FWHM and edge width

Atiexp. = 85ns  and Aty edgeexp. = 1618 (4.17)

were obtained, in excellent agreement with the results of the adjusted model

(eq. 4.16). The center of the re-trapping window is at ¢;(13*Cs*, 50IT) =
1185.803(1) ps (uncertainty from the fit), whereas the estimated one was 1185.732(7) ps
(uncertainty from the visual determination of the window edges) from prepa-
rations with ions from internal sources. From this, an offset of +72(7) ns of the

real re-trapping time minus the predicted re-trapping time could be deduced.

This is an impressive agreement, and the analysis presented here can be used

to even improve the preparation for future experimental campaigns using the
TITAN MR-TOF-MS as separator.

Experimental width and rise time correspond to mass separation powers

Reep = 7000 (FWHM) and Riep edge = 36000 (10-90%) . (4.18)
‘2 Atrt,edge (10_90%_) 1 l . l l T
£ 30+ adjusted model 14ns r = |-‘ '--|-|-|- ==
2 | unconstr. model 16ns ! T 1 T
= H
(? Lo | TFWHM AL, \
¥ /! adjusted model 82ns \*\
) et unconstr. model 85ns &

I I I I
1185.70 1185.75 1185.80 1185.85
Re-trapping time (Us)

Figure 4.6: Counts of *3Cs™ vs re-trapping time. The ions performed 50 IT in
the analyzer before being re-trapped. The solid blue line is an adjusted model
fit (eq. ) with width and rise time fixed but adjusted. The dashed blue
curve is an unconstrained fit, for details see text.
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4.4. COMPARISON WITH EXPERIMENTAL DATA

Both are much larger than the separation power of the ISAC magnet, typically
m/Am ~ 2000, thus mass selective re-trapping provides a significant improve-
ment in separating ions under study from isobaric contamination. The ions of
interest are transmitted for measurement with high efficiency (~ 60%) while
the unwanted species, which occur much more abundantly and which are close
in mass-to-charge ratio, are suppressed by several orders of magnitude. The
mass separation power can be increased further, exceeding R, = 100000 by
increasing the number of turns before re-trapping and/or by decreasing the
depth of the re-trapping potential well. The number of turns is limited by
the duration of the measurement cycle and thus by the half-life of the ion of
interest, the depth of the re-trapping potential well is limited by acceptable
efficiency losses, and more reduction will render the ions velocity spread the
limiting factor (compare Fig. |4.5]).

Re-trapping was tested with an isobaric beam with mass number A = 154,
produced as described later in chapter[5 In this case, 1**Ho, **Er and %Dy are
expected as contaminants with orders of magnitude higher yields from surface
ionization than ®*Yb, the ion of interest. The mass separation power needed
to separate 4YDb from ®*Dy is R > 7000, clearly exceeding the mass separa-
tion power of the ISAC high resolution separator of about 2000. Even higher
separation powers are needed for the more exotic contaminants. For separation
with the MR-TOF-MS, the ions performed 50 IT in the analyzer before being
re-trapped. In about 30 min, a scan of the re-trapping time was done, cover-
ing all components of the isobaric beam. For each re-trapping time, full TOF
mass spectra were obtained. The spectra were fitted using hyper-EMG shaped
peaks [Purushothaman et al., 2017] to obtain species abundance vs re-trapping
time data, also for the overlapping "*Eu™, "*Dy* double peak. Spectra for
some re-trapping times are shown in Fig. 4.7, These spectra demonstrate how
different species can be selected by choosing the appropriate re-trapping time.

Abundance data and re-trapping model predictions are shown in Fig. [4.8|
The unconstrained fit of the '33Cs re-trapping window (Fig. 4.6) was used to
predict the location and shape of the re-trapping windows for the different
species. The agreement is very satisfying, showing that the re-trapping tech-
nique can be tuned reliably after short preparation in future. This confidence
in setting the re-trapping time allows to study very rare cases, e. g., ©°Ga, the
isotope with the lowest yield measured at TITAN so far [Paul et al) 2021]. In
such cases the re-trapping window has to be set to a region of interest with only
few detected events per hour, i. e., it has to be set blindly in unknown territory.
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Figure 4.7: Mass spectra at A = 154 obtained for different re-trapping times.
The re-trapping times increase from top to bottom, shifting the re-trapping
window to heavier masses. For the mass measurement, the ions performed 328
IT in the analyzer, corresponding to a TOF of 8.05ms. The mass resolving
power in this measurement amounts to 240 000. Each spectrum was recorded
in 40s. Black curves represent fits to the data.
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Figure 4.8: Normalized counts of several A = 154 TOF peaks vs re-trapping
time. The smoothly plotted functions are model predictions of the re-trapping
efficiency. They are obtained from offline calibrations, their positions are not
fitted to the data shown.

67



4.4. COMPARISON WITH EXPERIMENTAL DATA

As has been demonstrated, the re-trapping procedure is highly mass-selective.
It provides a higher resolving power than conventional magnetic dipole sepa-
rators. Shorter cycle time and higher ion capacity than with Penning traps
can be reached. In contrast with other methods using MR-TOF-MS (selection
of ions of interest using a fast-switching deflector, such as a Bradbury-Nielsen
gate Plal et al.|[2008], a pulsed drift tube Wienholtz et al.| [2017], or one of
the reflectors [Johnson et al.| [2019]), it allows to use the same device to first act
as an isobar separator and consecutively as mass spectrometer of the cleaned
sample. This makes the complete system very compact and resources are used
efficiently. The key here is that the phase space of the ion sample is “reset”
after the separation, by buffer gas cooling. The relative re-trapping efficiency
was described in a model and tested in offline measurements with an excellent
agreement. The method has been developed for the MR-TOF-MS |[Jesch et al.,
2015; Dickel et al., 2019b] at TITAN but it can in principle be implemented
in other MR-TOF-MS as well. By thus adding one or several stages of isobar
separation, it can be used to turn MR-TOF-MS into tandem mass spectrom-
eters (MS-MS) or sequential mass spectrometers (MS™). It has already been
applied in several measurements [Beck et al, 2021} Izzo et al., |2021; Mukul
et all 2021; |Paul et al. 2021]. The impact on RIB measurements will be part
of the following chapter.
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Chapter 5

Nuclear Structure of very
Neutron-Deficient Yb Isotopes

near the N = 82 Shell Closure
Revealed by Direct Mass
Measurements

At TRIUMF, masses of very neutron-deficient isotopes of thulium (Z = 69)
and ytterbium (Z = 70) were measured with high accuracy using TITANSs
MR-TOF-MS, which was built by the IONAS group in Gieflen and introduced
in the preceding chapters. The N = 82 neutron-shell closure up to the proton
drip line and beyond and isomer excitation energy systematics in odd N = 81
nuclei are investigated. Furthermore, masses of the endpoints of two a-decay
chains were measured. In one case it is the first direct mass measurements,
reducing the uncertainties of all mass values in the connected chain. In the
second case it is the first mass measurement at all, closing a missing link on the
mass surface. Possible two-proton emitters with Z > 72 can now be identified
by determining their mass through the connection to the measured nuclei via
a-decay chains [Lykiardopoulou et al., 2023]. An enlarged part of the nuclear
chart is shown in Fig. with highlighted key nuclei.

In this chapter, the ytterbium mass measurements and respective results
are presented. Mass-selective re-trapping was necessary to perform these mea-
surements and has been employed for the first time with exotic isotopes. Most
results shown in this chapter have been already published in [Beck et all [2021].
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Figure 5.1: A part of the nuclear chart with the region of interest for the
Yb mass measurements on the upper right. The nuclei are shaded according
to the uncertainty of their mass excess value, nuclei with unknown mass are
colored red, stable nuclei in blue. The data are from [Kondev et al 2021].
The N = 50,82 and Z = 50 shell closures are indicated. Nuclei of interest are
highlighted according to the chart legend. There are two pairs of a-decay chains,
linked with known proton decays. In each pair one chain is anchored in an
isotope of ytterbium, thus with the measurements in this work the mass values
of the full chains are determined or their accuracy is increased. Additionally,
151’153’1?111Lu have proton decay channels into respective Yb isotopes with known
decay energies. Their mass values can thus be deduced or their mass accuracies
can be improved from the Yb mass measurements. The boundary between
proton bound and unbound nuclei is drawn with the black line according to

[Kondev et all [2021] for odd-Z nuclei and using predictions from [Neufcourt|

et all [2020| for even-Z nuclei.
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5.1. DESCRIPTION OF THE EXPERIMENT

5.1 Description of the Experiment

Neutron-deficient Yb isotopes were produced in spallation reactions at the ISAC
facility (sec. [1.3.2). The 480 MeV proton beam from the TRIUMF cyclotron
impinged onto a high-power tantalum target with 25 1A to 45 pA current. The
TRIUMF resonant ionization laser ion source |Raeder et al., 2014] was used to
ionize the ytterbium atoms that effused out of the target. Ions were extracted
and separated according to their mass-to-charge ratio at a mass separation
power of 2000 using ISAC’s high-resolution mass separator. The isobaric beam
was transported to the TITAN MR-TOF-MS and mass measurements were
performed (sec. . The ions performed one TFST and about 330 IT in the
analyzer, corresponding to a total TOF of about 8 ms. The MRS was used
during the first 35 IT to restrict the transmitted mass range to one atomic
mass unit. A mass-resolving power of about 250000 (FWHM) was achieved.
For measurements, in which the isobaric contamination was too high to observe
ytterbium ions without any further purification, the MR-TOF-MS was first used
as an isobar separator employing the re-trapping technique. The cycle time of
the measurement was 20 ms. If applicable, the first half of the cycle was used
for re-trapping, otherwise the ions were stored for this additional time in the
injection trap. The second half was used for the mass measurement. The mass
measurements also served for identification of atomic and molecular ions [Reiter
et al., |2020], the beam consisted mostly of singly-charged Eu, Dy, Ho, Er, Tm,
Yb, BaF and CeO ions. After the mass measurement of each ytterbium isotope,
a spectrum without laser ionization was taken to verify the identification of the
ytterbium ions by comparison of spectra with and without laser ionization.
Sample spectra showing molecular and atomic species as well as the impact of
the laser ion source are shown in Fig. [5.2] This demonstrates clearly that the
identification is correct.

The first case where a measurement without re-trapping was impossible was
151¥h. Due to the fast, non-scanning and sensitive measurement characteristics
of MR-TOF-MS this is already three neutrons farther away from stability than
one would expect achievable for TOF-ICR mass measurements in a Penning
trap, compare e.g. |Leistenschneider et al., [2018|. Figure shows a com-
parison of mass spectra measured (a) without and (b,c) with mass-selective re-
trapping. Without re-trapping, there is a considerable amount of background
originating from high abundance isobaric contamination in the region where the
thulium and ytterbium peaks are expected. ™ Eu was separated from *'Yb
using the edge of the re-trapping window. The edge was set approximately to
151Ho, such that its count rate could be used to monitor drifts of the re-trapping
window. The molecular isobaric contamination as well as '*Eu and '*'Dy were
strongly suppressed, while >'Er, ' Tm and *'Yb were re-trapped for isobaric
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Figure 5.2: Measured mass spectra of molecular and atomic ions with mass
number A = 156. The top and bottom spectra are without and with enhancing
the Yb* yield with the laser ion source, respectively. The laser ion source
enhanced the 9Yb* yield 25-fold. The ions performed 335 IT in the analyzer,
corresponding to a TOF of 8 ms with a 20 ms measurement cycle. The mass
resolving power in this measurement amounts to 260000. The spectra were
accumulated in about 15min each. The blue curves represent fits to the data.
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5.2. DATA ANALYSIS, MASS VALUES, EXCITATION ENERGIES,
ISOMER-TO-GROUND-STATE YIELD RATIOS

calibration and mass measurement. As the beam was dominated by largely
abundant contaminants, re-trapping reduced the total rate on the MagneTOF
detector significantly and the overall beam intensity entering the MR-TOF-
MS could be increased by first reducing the attenuation in the ISAC beamline
and then increasing the proton current on the target. This is making more
efficient use of the available beam intensity and the allotted beam time. The
reduction of the total number of ions that reach the detector by mass-selective
re-trapping also minimizes the background resulting from persistent radioactiv-
ity implanted in the detector. Comparing the number of 'Tm ions with the
expected incoming *'Eu ions, scaled using the *'Er ions with re-trapping and
increased proton current and without re-trapping (Fig. [5.3|(a) and (c)), one ar-
rives at an incoming dynamic range of five orders of magnitude. Measuring the
masses of ' Tm and '*'Yb would not have been possible without re-trapping,
whereas with re-trapping the measurement is nearly background-free, as shown
in Fig.[5.3 Similarly, the measurement of *°Yb required re-trapping (Fig. [5.4).
This measurement is four neutrons farther from stability than one would ex-
pect to be able to measure using TOF-ICR in a Penning trap and features the
discovery of a new isotope |Thoennessen, 2023]. It is the first discovery of a
new isotope with an MR-TOF-MS, and the first discovery of a new isotope at
TRIUMF [Thoennessen) 2023], highlighting the increased reach towards more
exotic nuclei achieved with re-trapping.

5.2 Data Analysis, Mass Values, Excitation En-
ergies, Isomer-to-Ground-State Yield Ra-
tios

For the analysis of the data, the procedure developed for the MR-TOF-MS at
the FRS-IC |Ayet San Andrés et al., 2019b, sec. was used. The recorded
time-of-flight data were converted to mass data in a time-resolved fashion, using
an isobaric ion species present in the mass spectrum as calibrant. The obtained
mass spectra were analyzed by fitting a Hyper-EMG function to the data,
which takes into account the proper peak shape (resulting from the instrument
response) including treatment of the tails caused by ion-optical aberrations
[Purushothaman et al., [2017]. A good description of the peak shape is needed
for describing overlapping peaks (see e.g. Fig. for a zoom into the ®'Yb
ground and isomeric state double peak region of Fig. .

The actual fits to determine the peak positions of the calibrant and of the
ytterbium isotopes were performed using a weighted maximum likelihood esti-
mation (WMLE) to unbinned mass data using the software package R [R Core
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Figure 5.3: Measured mass spectra of ions with mass number A = 151 accu-
mulated for equal times, (a) without re-trapping, (b) with re-trapping tuned
for 11Yb and reduced attenuation in the ISAC beam line, (c) as (b) but with
increased proton-current on the target. The ions performed 335 IT in the an-
alyzer, corresponding to a TOF of 8.14ms with a 20 ms measurement cycle
equally split for re-trapping and mass measurement. The mass resolving power
in this measurement amounts to 270000. The spectra were accumulated in
760 s each. The blue curves represent fits to the data.
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Figure 5.4: Measured mass spectrum of ions with mass number A = 150. This
spectrum features the most exotic ytterbium isotope measured here; More than
500 events of *Yb (shaded area) were detected, the measurement required the
re-trapping technique. *°Yb was discovered newly in this work. The inset
shows the spectrum acquired without Laser ionization for Yb, verifying the
identification. With Laser ionization, there are more than twice as much Yb
events compared to Tm, whereas without the Laser there is an order of mag-
nitude less Yb than Tm. The mass of °Yb allows calculation of the mass of
15174 using the known proton separation energy. The ions performed 338 IT
in the analyzer, corresponding to a TOF of 8.19 ms with a 20 ms measurement
cycle equally split for re-trapping and mass measurement. The mass resolving
power in this measurement amounts to 270 000. The blue curves represent fits
to the data.
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Team, 2021]. The isotopes of interest and their respective calibrants are listed
in Table The mass values of the calibrants were taken from the Atomic
Mass Evaluation AME2020 [Wang et al., |2021]. The uncertainties of the mass
values were obtained by adding in quadrature the statistical uncertainties of the
ion of interest and the calibrant, the uncertainties of the fitting of the ion of in-
terest and the calibrant, the uncertainty of the literature mass of the calibrant,
and the systematic uncertainty. The individual contributions are described in
detail in [Ayet San Andrés et al) 2019b]. Here the dominating contribution to
the systematic uncertainty is shifts in the TOF due to voltage ringing caused
by the switching of the reflector voltages for ejecting them from the analyzer
to the detector [Will, |2017; Reiter et al, 2018|. Its relative value amounts to
3x 1077, which corresponds to & 40 keV /cZ in the mass range under study. For
excitation energies from double peak fits, uncertainty contributions due to the
calibrant (statistical, fitting and literature mass uncertainty) were neglected,
as in the case of 'Yb™, where the calibrant for the mass spectrum, “*Er",
does not influence the uncertainty of the double-peak distance. Furthermore
for excitation energies from double-peak fits, the systematic uncertainty due to
switched reflector voltages was neglected, since these ions are not spatially sepa-
rated enough at the times of the voltage switching. The systematic uncertainty
dominates in all cases but in that of the ground state mass of *'Yb. There,
the overall uncertainty is dominated by the statistical uncertainty and the fit
uncertainty due to the overlapping abundant peak of the isomeric state. The
directly measured mass values and excitation energies are given in Tables
and [5.3l For the analysis of the N = 82 shell, binding energies of lutetium
(Z = 71) isotopes were calculated using eq (1.17)),

BE(71, N) = BE(70, N) — S,(71, N), (5.1)

with the newly or more accurately measured ytterbium (Z = 70) binding en-
ergies and known lutetium proton decay energies [Wang et al), 2021]. The
uncertainty was obtained by adding the uncertainties of the new mass values
and of the known proton decay energies in quadrature. In the case of the proton
decay of **Lu into '%2Yb, both masses were already known with an uncertainty
of 150keV. The old mass value for *Lu and the one obtained from the new
2Yh mass measurement were averaged with inverse variances oy 2 as weights,

—2 —2\ /2
m:(mlal + Mmoo, )/0 :

with 0, 2 denoting the uncertainties of the two input values and o denoting the
uncertainty of the weighted average. o is calculated according to the method
described in the statistics review of the particle data group [Workman et al.
2022, chapter 40],

-2 _ -2 —2
o =0, "+to0,".
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Since here only the proton-decay link to *?Yb is used, this method is equivalent
to averaging the old and the new '2Yb mass value with respective weights
and then deriving the '*Lu mass with the new proton decay. Full network
calculations for nuclei with more than one link to known masses have been
performed in |Lykiardopoulou et al., [2023|, which uses the masses measured in
this work. The mass values derived here are given in Table[5.2] the results are
in agreement with [Lykiardopoulou et al., [2023].

Eight ytterbium ground state masses were determined. For the isotopes
14157y}, the ground state masses were already directly measured before, and
the present results are in good agreement with the AME2020 [Wang et al.
2021]; for three out of four cases there is agreement within the one-standard
deviation uncertainty. For the ground state masses of 'Yb and YD the
uncertainties could be reduced, the masses of '*"Yb (Fig. and »*Yb were
measured for the first time. Furthermore ®°YD is the first discovery of a new
isotope with an MR-TOF-MS. A J™ = 11/2 isomer has been observed in *'Yb
previously [Kleinheinz et all [1985; [Toth et al. |1986; Akovali et al., [1990], but
in this work its excitation energy was measured for the first time (Fig. .
An isomer-to-ground state yield ratio of 11.1(3.1) with a total number of 460
events was determined in a double peak fit, corresponding to 38 and 422 events
of the ground and isomeric states, respectively. The measured excitation energy
is 679(105) keV. The mass of %3YDb (Fig. provides an anchor point for the
a-decay chains from "Hg to ®*Yb and via known proton decays from "°Au
to 1%Lu and thus determines the absolute masses of 10 more nuclides and fixes
the mass surface in this region of the chart of nuclides, as mentioned in a sub-
chapter in the AME2017 [Wang et al., 2017]. Similarly, the improved mass
value of 1?Yb (Fig. influences the region via two linked a-decay chains
from ™Hg to »?Yb and via known proton decays from '%'Re to ®*Lu. The
respective mass values and details of the influence on the mass surface in that
region and related physics are discussed in [Lykiardopoulou et al., 2023].
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Nuclide Calibrant METITAN MEht AME

(keV /c?) (keV /c?) (keV /c?)
1B7Yh BTTmt  —53395(54)  —53420(11)  25(55) .
156y B6Tmt  —53331(55)  —53266(9)  —65(56)
195YT BSEut  —50514(45)  —50503(17) —11(48) =@
LAy 138Ce!0T  —49934(45)  —49932(17)  —2(48) =
153Yh 13Dyt —47102(46) — —
B2yh 136Ce!0T  —46061(46) —46270(150) 209(157)  H——
151yh BIErY  —41297(114) —41540(300) 243(321) [=———
151y p™ BIErT  —40617(49) — —
150yh 0Dyt —38635(44) — —

Table 5.1: Summary of measured mass excess values of Yb isotopes, MEriran
and respective calibrants. Mass excess values from the AME2020 [Wang et al.
2021], MEj;, and the deviation AME = MEriran —MEy;, are given for compari-
son, where available. The visualization in that column shows how the measured
values compare to the known ones. The +1¢ intervals from this work are plot-
ted as gray bars, the literature values, where available, and errors are plotted
as black dot and line in the distance given by the mass excess deviation. The
masses of the nuclides printed in bold were measured for the first time in this
work.

Nuclide Anchor S, (keV) ME (keV/c?)

BiLy  150Yh  1241.0(1.8)  —30105(45)
1531 1y 152Yh  606(10)  —38185(45)
BaLy  198YhL  204(14)  —39609(48)

Table 5.2: Derived mass excess values of Lu isotopes, and respective anchors.
Proton separation energies S, from the AME2020 [Wang et al.l 2021] and di-
rectly measured masses from this work were used for the calculation. For the
nuclides printed in bold, no experimental mass value could be determined prior
to the mass measurements in this work.
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Figure 5.5: Measured mass spectrum of ions with mass number A = 153. 1»3Yb
provides an anchor for two a-decay chains, from '™Hg to *3Yb and from "°Au
to 1% Lu, linked with proton decays. The nuclide '**Lu is also directly connected
to 1%3Yb via a known proton decay. Its mass was here measured for the first
time and thus determines the masses of 10 more nuclides and fixes the mass
surface in this region of the chart of nuclides. The ions performed 330 IT in the
analyzer, corresponding to a TOF of 8.07 ms with a 20 ms measurement cycle.
The mass resolving power in this measurement amounts to 220 000. The blue
curves represent fits to the data.
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Figure 5.6: Measured mass spectrum of ions with mass number A = 152.

192¥h provides an anchor for two a-decay chains, from 'Hg to %2Yb and from
161Re to '53Lu, linked with proton decays. Its mass was here measured for the
first time directly, shifting the mass value and reducing its uncertainty. This
influences the masses of seven more nuclides and accordingly the mass surface in
this region of the chart of nuclides. The ions performed 332 IT in the analyzer,
corresponding to a TOF of 8.09 ms with a 20 ms measurement cycle. The mass
resolving power in this measurement amounts to 250 000. Blue curves represent
fits to the data.
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5.3 The N = 82 Shell Closure

With the newly measured and derived masses, the N = 82 shell closure can
be examined in the extreme proton-rich region, using two-neutron separation
energies Sy, (sec. . The two-neutron separation energies So, for Yb were
previously known only down to N = 84. The new results are shown in Fig.[5.7]
Using the evaluated literature data [Wang et al., [2021] for the masses resulted
in irregular behavior of the two-neutron separation energies S, for 4547Th,
which are both influenced by #*Tb. Since the value in the evaluated data dif-
fered by ~ 500 keV from the original publication, the original measurement data
was used for *5Tb [Litvinov et al., 2005, which removed the inconsistency. The
characteristic steep decrease at N = 82 can be seen with the newly measured
masses for ytterbium and lutetium, that means the direct mass measurements
and the derived mass values clearly establish the persistence of the shell at the
hitherto farthest measured point from the line of f—stability on the chart of the
nuclides. The experimental N = 82 data are compared with different theoretical
models, the macroscopic-microscopic finite-range droplet model FRDM(2012)
[Moller et al.,2016], and two microscopic models, the Hartree-Fock-Bogoliubov
model with BSk21 Skyrme interaction (HFB-21) |Goriely et al., 2010}, and the
energy density functional UNEDFO [Kortelainen et al) 2010]. These models
predict the two-neutron separation energies with a similar trend as observed,
but they scatter on the order of 1 MeV.
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Figure 5.7: Experimental two-neutron separation energies around N = 82 for
neutron-deficient isotopes and model predictions for Yb from HFB21 |Goriely
et al.,2010], UNEDFO |Kortelainen et al., 2010], and FRDM2012 [Moéller et al.,
2016]. Literature data from the AME2020 [Wang et al. [2021] and from the
original source [Litvinov et al) [2005] for the mass of *Th. The data for Lu
in this work was calculated from new or more accurate Yb data from this work
and literature proton separation energies [Wang et al., [2021]. Most error bars
are hidden in the symbols, lines are drawn to guide the eye.
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The strength of the shell closure can be analyzed further with the empirical
two-neutron-shell gap energy As,, shown in Fig. for N = 80, ..., 84 isotones
against the number of protons, for N = 82 in comparison with the theoretical
models. For N = 82, the two-neutron-shell gap energies A, are larger than
for the adjacent and next isotones due to the closed neutron shell. Using the
evaluated literature data [Wang et al) 2021] for the masses resulted in irregular
behavior of the two-neutron-shell gap energy As, most prominently seen for
5ThH as the signature of a weak shell closure for N = 80, Z = 65, which has
no physical explanation. Since the mass value in the evaluated data differed
by ~ 500keV from the original publication, the original measurement data
was used for *Tb [Litvinov et all [2005], which removed the inconsistency.
The two-neutron-shell gap energy A,,(N = 82) has a maximum at the Z =
50 proton shell closure, a phenomenon known as mutually enhanced magicity
[Zeldes et al., |1983 Lunney et al., 2003]. From Z = 50 with increasing proton
number, the two-neutron-shell gap Ay, (N = 82) decreases, from Z = 58 onward
the reduction is only weak. This is also seen for Ay, (N = 83). So far, the
most proton-rich nuclide, for which Ay, (N = 82) was known, was '3gEr. The
newly determined value for '22Yb, despite being the lowest value found so far,
establishes that the shell persists with almost unmodified shell gap energy up to
the proton drip line. The value determined for '23Lu establishes the persistence
of the shell even beyond the proton drip line. The drip line is expected to lie
between '20Yb and '23Lu for N = 82 [Wang et al., 2021; Neufcourt et al., 2020].

The comparison with established models shows that mass measurements of
exotic nuclei are key for a better understanding of the nucleus. Although HFB-
21 comes closest to the measured and derived two-neutron-shell gap energy
values Ay, (N = 82) both around Z = 50 and for the most proton-rich isotones,
none of the models fully reproduces the experimental trend. Clearly models
can not cover all details of the real physical system, however the demonstrated
deviations highlight the importance of measurements for model improvements
—like implementing more details— and model error estimates.
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Figure 5.8: Experimental two-neutron-shell gap A,, at N = 80,...,84 vs pro-
ton number Z and N = 82 model predictions from HFB21 |Goriely et al., [2010],
UNEDFO [Kortelainen et al.) 2010], and FRDM2012 |[Moller et al., 2016]. The
data with the largest A,, values is from the N = 82 isotones, experimental
data for the surrounding isotones is drawn for comparison. Literature data are
from the AME2020 [Wang et al., [2021] and from the original source [Litvinov
et al.,[2005] for the mass of *5Th. The value for indium (Z = 49) required the
masses of ¥*13[n from [[zzo et al., 2021] which have also been measured using
the TITAN MR-TOF-MS and required mass-selective re-trapping. The A,,
values for 1%31%Lu required the masses of 133Lu, which were determined us-
ing the %%152Yh masses and literature proton separation energies [Wang et al.l
2021]. Regions of proton-unbound nuclides for N = 82 are indicated [Wang
et all |2021; Neufcourt et al.,2020]. Most error bars are hidden in the symbols,

lines are drawn to guide the eye. "
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5.4 The odd-A N = 81 Isomer Chain

The sequence of J™ = 11/27 isomers in the odd-A N = 81 isotones is re-
markable, because the excitation energies of these J™ = 11/2~ isomers stay
approximately constant at 750keV between *?Ce and “?Er, over a range of
eleven isotones. Such an effect is unique throughout the chart of the nuclides.
Its origin has been considered enigmatic since its discovery more than 60 years
ago |Kotajima and Morinaga), 1960; Heyde and Brussaard, (1973; [Toth et al.
1985]. The next isomer in this series was deduced from [-delayed proton de-
cay data, but not directly observed via 7-spectroscopy [Toth et all [1986]. The
IT branching ratio of the *'Yb isomer is estimated to be about one order of
magnitude lower than that of MEr [Toth et al., 1986 and due to its exoticity
the expected yield is about two orders of magnitude lower. In consequence
the J™ = 11/2~ excitation energy in '*'YD is not accessible via y-spectroscopy.
Mass spectrometry does not need the excited state to decay and thus has an
intrinsic advantage when determining the excitation energy of longer-lived iso-
meric states, making it the method of choice here. The newly measured ex-
citation energy of 679(105)keV for the isomer in *'Yb falls in line with the
excitation energy of about 750keV of this sequence. In addition, *?Er ground
and isomeric state were measured and the respective excitation energy could
be determined as 807(132) keV which is in agreement with the literature within
the error. For "9Er, the error is dominated by the low statistics, as the erbium
yield was not enhanced by laser ionization. While the error is larger than for
the literature data, an isomer-to-ground-state yield ratio could be extracted to
provide a reference for what to expect for '>'Yb. Thus the data demonstrates
the feasibility of the analysis method and strengthens the identification of the
isomer in ®Yb. Table summarizes the excitation energy measurements
presented here.

Nuclide  Efiman Ef, AE* Events in  is. to g.s.
(keV/c?)  (keV/c?)  (keV/c®) gs. and is. yield ratio

MO 814(139) 741.8(0.2)  72(139) 14 3.4(1.0)

YR 679(105) . 422 11.1(3.1)

Table 5.3: Measured even-Z N = 81 J™ = 11/2~ isomer excitation energies
Etipan. Excitation energies from the NUBASE2020, Ej,, and the deviation
AE* = Efran — By [Kondev et all [2021], are given for comparison, where
available.
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5.4. THE ODD-A N =81 ISOMER CHAIN

The fits to the data are shown in Fig.[5.9) In both cases the isomeric state
with the higher spin is populated dominantly, this is more pronounced in the
case of Yb. For the double-peak fit of the "*'Yb ground and isomeric state, a

good description of the peak shape over two orders of magnitude is needed due
to their close distance.
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Figure 5.9: Mass spectra of the singly charged “’Er and ''Yb nuclear
ground and J™ = 11/2~ isomeric states with measured excitation energies of
807(132) keV and 679(105) keV, respectively. The ions performed 324 and 335
IT in the analyzer, corresponding to a TOF of 7.82 ms and 8.14 ms, respectively.
The mass resolving power in these measurements amounts to 270 000. The red
and blue curves depict the two components of the hyper-EMG double peak fits.

Figure |5.10| exemplary shows detailed partial level schemes of the two mea-
sured nuclei. For *Er and '*'Yb, the low energy levels have the same order
with a 81,2 ground and hy;/; isomeric state and an intermediate dz/; level. The
energy of this level is known for *°Er, but not for ®'Yb, it is in the latter case
thus placed at an arbitrary energy. For 9Er, also the isomeric state’s exci-
tation energy was measured before and is indicated by a black line, the here
measured value and error is indicated by the gray area spanning (807+132) keV
in height. As mentioned, the isomeric state’s excitation energy in *'Yb is not
measurable with y-spectroscopy due to the lower branching ratio of the internal
transition and the lower yield at RIB facilities and as argued above, this makes
mass-spectrometry the tool of choice to access the isomeric state in **'Yb. For
151Yh, the gray area similarly spans (679 4+ 105) keV in height, here the black
line indicates the newly measured excitation energy.
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Figure 5.10: Low energy level schemes of “Er and 'Yb. ~ transitions are
indicated including the known multipolarity and branching ratios for the known
or estimated internal transition (IT). The intermediate dsz/, level is indicated by
a dotted line. The uncertainty of the isomeric state excitation energy from this
work is visualized by the light gray area. For “YEr, the levels are well known
from v-spectroscopy. The M4 transition in ®'Yb has a very low estimated
branching ratio [Toth et al.,[1985], the main decay channel is 5*-decay into the
daughter nucleus *'Tm.
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The excitation energies of these J™ = 11/27, odd-A N = 81 isomers is
constant over about half of the N = 82 shell, the experimental data are shown
in Fig. [5.11p. This behavior is highly surprising. According to nuclear mean-
field theory, the dependence of energy wvs total angular momentum is usually
strongly irregular for neutron-hole states [de Voigt et al. [1983]. Still, after
the extension of the experimental data of the series, state-of-the-art mean-
field calculation were performed by I. Dedes, J. Dudek and co-workers |[Dedes
(Private communication)]. These succeeded in finally explaining the origin
of the constant excitation energies, summarized in Fig. [5.11p. Key to the
explanation are nuclear deformations.
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Figure 5.11: (a) Measured excitation energies of isomers in the odd N = 81
isotones from Sn to Yb [Toth et al. 1985; [Kondev et al., [2021]. The value for
151Yb results from the present work. Most error bars are invisible within the
scale of the figure. They have been obtained with vy-spectroscopy, as the life-
times are sufficiently short. Note the constancy of the hy;/, excitation energy
from Ce to Yb. (b) Corresponding results obtained using mean-field calcula-
tions with universal parametrization of the Woods-Saxon Hamiltonian. From

1INd to 1%3Hf, the filled proton levels are near-degenerate, c. f. Fig. .
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The phenomenological, deformed Woods-Saxon (WS) Hamiltonian in its so-
called universal parametrization was employed [Dudek and Werner, (1978b;
Dudek et al., 1979b|, |1980b, [1981; Cwiok et al., 1987]. The parameters are fixed
throughout the chart of nuclides and not fitted to the specific region. This WS
Hamiltonian has been successfully applied in numerous nuclear structure calcu-
lations. Microscopic-macroscopic potential-energy calculations were performed
for all even-Z isotones from Sn to Hf, the Strutinsky method |[Strutinsky), [1967]
was applied using single-particle energies obtained from the WS Hamiltonian
to account for the microscopic effects. Nuclear deformations of the ground and
isomeric states were obtained by calculating the total nuclear energy of these
states for different quadrupole deformations, by varying the deformation pa-
rameter agy. The impact of the shell closures at Z = 50 and N = 82 is seen
in that the ground-state equilibrium shapes remain spherical for the lighter
isotones from Sn to Ba. Local minima in the energy in dependence of amg
could be associated with the ground and isomeric states at different deforma-
tions for the heavier isotones. More precisely, for 13Ce and heavier isotones,
oblate (agy < 0) equilibrium shapes are predicted for the ground state. Below
spherical closed neutron shells (here N = 82), K-isomers usually correspond to
nucleonic configurations with maximum alignment of the angular-momentum
J, 1. e. with projection m; = j, at slightly prolate quadrupole shapes [de Voigt
et al.,|1983]. For the J™ = 11/2~ isomers, small but increasingly prolate shapes
with agg =~ 0.1 are predicted. The underlying stabilizing structural element is
the very high proton-state density at asy =~ 0.12 (Fig. , where six levels
are almost degenerate.
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Figure 5.12: Single proton energies as functions of the quadrupole deformation
9o, calculated using the Woods-Saxon Hamiltonian. The numbers in the circles

are the numbers of protons that can fill the levels below the circles. 6 levels are
near-degenerate at small prolate deformations, indicated with oval curve.
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5.4. THE ODD-A N =81 ISOMER CHAIN

The shell-correction is sensitive to the density of single particle levels near
the Fermi energy [Strutinskyl, (1967; Brack et al. [1972], which is constant for
degenerate levels. For the degenerate levels being filled with two protons each
for © > ig up to max, the shell-correction becomes

E s P
AFEgenn = AEgheni<io + 2(Imax — %0 + 1 ( — / Ef ZOH) ) - (5.2)

contribution close to Fermi energy

It is nearly constant and strongly negative, leading to the mentioned minima in
the nuclear binding energy at agg &~ 0.12 for these nuclei. The new calculations
show that the isomer energies are also stabilized at about 800 keV. This evolu-
tion coincides with the evolution of the measured energies of the isomers, which
increase from about 40keV in '*'Sn to about 750 keV in ¥?Ce, i.e., within the
zone of spherical ground-states. The stabilization at about 750keV, starting
with 1¥Ce (Z = 58), coincides with the mean-field predictions of the slightly
prolate quadrupole shapes with quadrupole deformations of asy =~ 0.10 at the
J™ = 11/2~ isomeric energy minima. The calculations also show that the trend
of constant J™ = 11/2~ isomer excitation energies continues for '*3Hf (Z = 72).

The calculations were done at the N = 80 isotones and WS single particle
energies eWVS for the neutron s /2, d3/2, hy1/2 orbitals were added to investigate
the N = 81 isotones. These come from more general calculations, where the
WS Hamiltonian was diagonalized for different deformations and the change
of its energy levels was investigated by the theory collaborators. As the levels
change with deformation, when the nuclei become prolate, the highest level
becomes dominantly an hy;/, state with spin projection m; = 11 /2. This is
consistent with the experimentally observed level crossing. Its energy then
stays constant in the series under study since the deformation is constant.
Relative WS single particle energies of these orbitals, eW5(sy/2), eV5(d3/2) and
eV3(hy12), are shown in Fig. in comparison with the experimental data.
In this series, the J™=1/2%, 3/2%, and 11/2~ states are neutron-hole states
below the closed shell and can be associated with these sy /2, d3/2, 11/ orbitals,
respectively. The J™=3/2" ground-states with even-Z from Sn to Gd can be
associated with d3/,, and JT=1/2" with 51/ orbitals from Dy to Hf. The latter
orbital does not couple with the spin-orbit field at all, whereas the former does
so only very weakly, so that their crossing at Gd and Dy reflects mainly the
evolution of the central potential with Z.
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Conclusion and Outlook

Novel MR-TOF-MS techniques have been applied to advance the frontier in
mass measurements of exotic nuclei and the understanding of nuclear structure
at the extremes. At the FRS-IC, several hardware and software elements have
been upgraded. The new slow control system at the FRS-IC is running stable
and ready to control, monitor and log existing and also various planned ex-
tensions of the detector setup. A procedure for systematically tuning the ion
optics to unprecedented mass resolving powers R = m/Am = 1000000 and
beyond has been established. This enabled the measurement of IiBr, 071Se
and $5As, all close to the N = Z line and the latter for the first time directly,
with only 10 events and with reduced uncertainty compared to the average of
the previous indirect measurements. For the molecule *N'N4°Ar an accuracy
of dm/m = 1.7 x 107® was reached, which is the highest accuracy for MR-
TOF-MS world-wide. The techniques applied at the FRS-IC have since been
used at the TITAN MR-TOF-MS as well, also there leading to improved mass

resolving powers.

The high mass resolving power enables mass measurements with fewer ions
with high mass accuracy. This allows to study nuclei with very low production
yields, and also opens up the possibility to investigate physics previously not

addressable with MR-TOF-MS, like testing the unitarity of the CKM matrix
via mass measurements.

For TITAN, mass-selective re-trapping was characterized and for the first
time used with exotic nuclei, enabling the direct measurement of 2 new and
2 improved ground state masses for neutron deficient ,,Yb isotopes, the first
measurement of the excitation energy of the J™ = 11/2~ isomeric state in '25Yb
and the indirect determination of 11 more ground state masses connected via
a- and p-decays to two of the newly measured masses. The measurement of the
mass of "°YD is at the same time the first discovery of a new isotope with an
MR-TOF-MS. The direct ground state mass measurements of the ,,Yb isotopes
and the subsequent determination of masses of -,Lu isotopes have established
the N = 82 neutron shell closure farthest from the valley of $-stability with
unmodified shell gap; the shell structure far from the valley of stability is a
key question of modern nuclear physics.The measurement of the J™ = 11/2~
isomeric state excitation energy extends a series of constant excitation energies
in these odd N = 81 states, which could now be explained by deformation
of the ground and isomeric states in collaboration with theorists employing
state-of-the-art nuclear mean field [Beck et al., 2021].

Mass-selective re-trapping has meanwhile become a standard technique at
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TITAN [e. g. Izzo et all,2021; Mukul et al,2021; Paul et al.,[2021]. It is provid-
ing separation and mass measurement in a single device. This allows to measure
masses of nuclei which are two neutrons farther from stability compared to con-
ventional MR-TOF-MS measurements, which already reach out two neutrons
farther from stability compared to TOF-ICR. Using the MR-TOF-MS as mass
separator and subsequently delivering the mass-separated beam towards the
other parts of the TITAN setup, re-trapping also facilitates measuring masses
of more exotic nuclei with TOF-ICR using highly charged ions. Furthermore, it
can be employed to deliver an isobarically cleaned beam to laser spectroscopy
and other measurements.

Both improvements, separating exotic ions from isobaric contaminants by
mass-selective re-trapping and high accuracy measurements with low statistics
due to superior mass resolving power, extend the reach of current and future
rare ion beam facilities.
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Zusammenfassung

Das Studium exotischer Kerne, das heifit sehr kurzlebiger Kerne weitab vom
Stabilitatstal in der Nuklidkarte, ist wesentlich fiir das Verstdndnis der Struktur
des Atomkernes und der zugrundeliegenden Wechselwirkungen. Starke, schwa-
che und elektromagnetische Wechselwirkung zwischen den Kernbausteinen tra-
gen in einem komplexen Zusammenspiel zur Bindungsenergie und damit zur
Masse des Kerns bei. Daher ist die Masse eines Atomkerns eine seiner wich-
tigsten grundlegenden Eigenschaften und Prazisions-Massenmessungen sind es-
senziell zur Untersuchung von Kernstruktur und elementaren Wechselwirkun-
gen. Messungen an exotischen Kernen stellen eine besondere Herausforderung
dar, da die Kerne kurzlebig sind und zunéchst erzeugt werden miissen. Das
ist iiblicherweise nur in kleinen Raten moglich, insbesondere fiir exotischere
Kerne, die weiter vom Stabilitatstal entfernt sind. Bei den Kernreaktionen zur
Erzeugung eines Zielkerns werden typischerweise sehr viele weitere, weniger exo-
tische Kerne in hoherer Rate erzeugt. Zur Abtrennung des Zielkerns von den
Nebenprodukten werden also Separationsmethoden bendétigt. Dariiber hinaus
miissen Messungen selbst bei geringer Statistik eine hohe Genauigkeit aufwei-
sen, um auch fiir die exotischsten Kerne Riickschliisse auf deren Struktur zu
ermoglichen.

In dieser Arbeit wurden Verbesserungen und Messungen an zwei Expe-
rimenten an unterschiedlichen Beschleunigeranlagen durchgefiihrt. In beiden
Experimenten wird ein an der Universitdt Gieflen gebautes Multireflexions-
Flugzeit-Massenspektrometer (Multiple-Reflection Time-of-Flight Mass Spec-
trometer; MR-TOF-MS) zur Massenmessung von exotischen Kernen eingesetzt.
Am FRS Ion Catcher (FRS-IC) an der GSI in Darmstadt fithrten die Verbesse-
rungen zu bisher unerreichten Messgenauigkeiten; an TRIUMF’s lon Trap for
Atomic and Nuclear sciences (TITAN) am TRIUMF in Vancouver, Kanada,
wurde eine neuartige Separationsmethode genutzt, um Messungen an bisher
unbekannten Kernen zu ermoglichen. Im Rahmen dieser Messungen gelang es
sogar, ein neues Isotop zu entdecken. Dies ist die erste Entdeckung eines neuen
[sotops mit einem Flugzeitmassenspektrometer. Es konnen so also an bereits
existierenden Teilchenbeschleunigern und Experimenten exotischere Kerne er-
reicht und studiert werden.

Am FRS-IC wurde eine neue modulare Software basierend auf dem Lab-
VIEW Actor Framework zur Experimentsteuerung implementiert. Das neue
Steuersystem ist besser skalierbar um zukiinftige Erweiterungen schnell imple-
mentieren zu kénnen, es bietet zudem eine groflere Ausfallsicherheit und Stabi-
litdt. Am MR-TOF-MS des FRS-IC wurden das Detektorsystem erweitert und
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stabilere Spannungsquellen verbaut. Durch das erweiterte Detektorsystem sind
systematische Einstellungen der Systemparameter vorab ohne Verringerung der
Messgenauigkeit im Experiment moglich; die stabileren Spannungsquellen ver-
ringern Schwankungen der Flugzeit und verbessern damit die Messgenauigkeit
zusétzlich. Weitere technische Verbesserungen wurden in einer neu entwickelten
Prozedur zur Ausrichtung des Ionenstrahls im MR-TOF-MS genutzt, die zu zu-
vor unerreicht hohen Massenauflosungsvermégen m/Am > 1000000 (FWHM)
fithrt. Bei geringer Statistik ist das Massenauflosungsvermogen ein entschei-
dender, limitierender Faktor fir die Messgenauigkeit, daher kann so die Anfor-
derung an die Ausbeute exotischer Kerne bei unverminderter Genauigkeitsfor-
derung verringert werden. Das heif3t, es konnen die Massen exotischerer Kerne
ohne Einbuflen bei der Genauigkeit gemessen werden. In Experimenten mit exo-
tischen Kernen wurden durch die hier implementierten Verbesserungen bereits
Cenauigkeiten von ém = 2.6keV /c? fiir "Se mit 485 Ereignissen und 22 keV/c?
fiir ®?As bei nur zehn detektierten Ionen erzielt. Im gleichen Experiment wur-
de die Masse des Molekiils ""N'"N*°Ar mit einer Genauigkeit von 1.1keV/c?
gemessen, das entspricht einer mit MR-TOF-MS zuvor unerreichten relativen
Massengenauigkeit dm/m = 1.7 x 1078,

Am MR-TOF-MS des TITAN Experiments wurde der massenselektive Wie-
dereinfang von im Gerét selbst separierten lonen erstmalig mit exotischen Ker-
nen fiir direkte Massenmessungen genutzt, das heifit es wurde erstmals das
selbe Gerat mit doppelter Funktionalitidt genutzt, ndmlich sowohl als hoch-
auflosender Massenseparator als auch als Prazisions-Massenspektrometer. Das
Verfahren zum massenselektiven Wiedereinfang wurde vorab und unter online-
Experimentbedingungen charakterisiert und in einem analytischen Modell be-
schrieben. Die neue Technik ermoglicht Messungen an Kernen die zuvor durch
Isobare dominant iiberlagert und so verborgen waren. So wurden im Rahmen
dieser Arbeit das neue Isotop "Yb entdeckt und die Anregungsenergie des
Kernisomers in YD erstmals gemessen. Diese waren zuvor nicht nachweisbar,
da beide Nuklide durch Nebenprodukte, zum Teil um fiinf Grélenordnungen
haufiger erzeugt, iiberlagert waren. Mit den neuen Werten wurde die Kern-
struktur neutronenarmer Lanthanoide nahe der Protonenabbruchkante und der
abgeschlossenen NV = 82 Neutronenschale weitab vom Stabilitatstal untersucht;
die Schalenstruktur fernab des Stabilitatstals gehort zu den Schliisselfragen der
modernen Kernphysik. Die Kette der N = 81 Isomere mit gerader Protonenzahl
wurde um einen Anregungsenergie-Messwert erweitert und in Zusammenarbeit
mit einer Theoriegruppe analysiert. Die hier zuvor unverstandene weitgehende
Konstanz der Anregungsenergien wurde durch unterschiedliche Deformationen
in Grund- und angeregtem Zustand erklart.
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Acronyms

ADC analog-to-digital converter.

CSC Cryogenic Stopping Cell.
CSPP Control System ++.

EMG exponentially modified Gaus-
sian.

FRS Fragment Separator.
FRS-IC FRS ion catcher.
FRSICC FRS ion catcher control.

hyper-EMG hyper-exponentially
modified Gaussian.

ISAC Isotope Separator and Acceler-
ator.

ISOL Isotope-Separation On-Line.

IT isochronous turn.

MR-TOF-MS  Multiple-Reflection
Time-of-Flight Mass Separa-
tor.

MR-TOF-MS  Multiple-Reflection
Time-of-Flight Mass Spec-
trometry.

MR-TOF-MS  Multiple-Reflection
Time-of-Flight Mass Spec-
trometer.

MRS Mass Range Selector.

RF radio-frequency.

RFQ RF quadrupole.
RFQ SY RFQ switchyard.
RIB rare isotope beams.

TFS time-focus shift.

TFST time-focus shift turn.

TITAN TRIUMEF’s Ion Trap for
Atomic and Nuclear sciences.

TOF time of flight.

TRIUMEF Tri University Meson Fac-
tory.

wMLE weighted maximum likelihood
estimation.

WS Woods-Saxon.
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Appendix A

Technical Details of the FRS-1IC
Slow Control System

The FRS ion catcher control (FRSICC) software is developed such that ba-
sic maintenance and extension can be done by a non-expert, though some
LabVIEW experience is needed. The main properties to achieve this are the
modularization and the configuration via a simple text file and inside easily
accessible and extendable parts of LabVIEW VIs. The following should guide
maintenance and extension in a not completely general way (which would be
out of scope here), with the help of the examples of exchanging an MKS974B
gauge and of adding another high precision power supply (HiPPS actor). Where
VI names are given, they are given with library and class name in the struc-
ture as in the LabVIEW project, but not with the full path due to its exces-
sive length. The FRSICC Launcher.1lvlib should be in FRSICC/Control and
FRSICC MainGUI.1lv1lib should be in FRSICC/GUI.

Generally if a device is replaced by the same type and the hardware ad-
dress changes, this has to be complemented by a change in the text file only,
see Fig. What can be configured in the text file depends on the ac-
tor implementation and its inheritance. Often the actor inherits from the
CSPP base actor, then among other properties the polling time (the inter-
val at which the device is periodically read out) can be configured in the text
file, see Fig.[A.2] If a new instance of an existing device is added, the corre-
sponding section of the configuration file needs to be duplicated and at min-
imum name and hardware be adapted for the new device. In the sections
[StartActor.ActorList] and [Client.ActorList], lines with the new actor
name have to be added. Then for automatically launching the actor for the
new device, the [FRSICCLauncher] section of the configuration file has to be
extended by duplicating and adapting the appropriate line, e. g.
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FRSICC_Launcher:FRSICC_Launcher .HiPPS6="HiPPS6,1"

FRSICC_Launcher:FRSICC_Launcher.HiPPS6="HiPPS6,1"
FRSICC_Launcher:FRSICC_Launcher .HiPPS7="HiPPS7,1"

and the new name (here HiPPST7) has to be added in an text array in the file

FRSICC_Launcher.1lvlib/FRSICC_Launcher.lvclass/Private/Initialize Attibute

- Nested Actors.vi, see Fig. Furthermore, if the actor should be re-
launched upon stopping, its name needs to be added to the “relaunch actors”
case in FRSICC Launcher.1v1lib/FRSICC Launcher.lvclass/Override/Handle
Last Ack Core.vi. The number of automatic relaunches is the one given after
the actor name separated with a comma, in the above example "HiPPS6,1" it
is one. Equivalent steps have to be taken for adding entirely new devices, only

a FRSICC_Launcher.vlib:FRSICC_Launcher.lvclass:Initialize Attibute - Nested Actors.vi Block Diagram on FRSICC.lvproj/My Comp... - O X
File Edit View Project Operate Tools Window Help

SE N P 99 ba@ oF | 15ptApplication Font w | $ov v A9 ag ¥ Search a, ;

A

136 [[[rigoiDG1022-1 A

[NHiPPS3

[NHiPPs4

[NHiPPSS

[[HiPPs6 Attribute Prefix o FRSICC_Launcher in[Z5i#

INRigelDG1022-MRTOF
[N MKS974B-5YGUI
|NDensity-Regulation Attribute Data | el = E. Pl EMandatoryParameters

| e R R —— _
t - FRSICC_Launcher out
|IAgi|ent33SeriesFGen ez zmw“ _Launcher ou

[N TemperatureMean errorin@ """"""""""" 2 e 7 :l’E error out
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| v

|Add new actor for automatic launching here|

v

FRSICC.vproj/My Computer < >

Figure A.1: Block diagram of Initialize Attribute - Nested Actors.vi.
The text array which needs to be extended when another actor is added for
automatic starting is on the left.

then a formerly not used actor has to be copied (if existing) or implemented
and its configuration put into the text file.

For adding controls and readouts to the main GUI, more lines need to be
added in the configuration file and more VIs need to be edited. As for the
launcher, e. g.
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FRSICC_MainGUI:FRSICC_MainGUI.HiPPS6="HiPPS6,1"

FRSICC_MainGUI:FRSICC_MainGUI.HiPPS6="HiPPS6,1"
FRSICC_MainGUI:FRSICC_MainGUI.HiPPS7="HiPPS7,1".

In case of the main GUI, actor name, enqueuer and actor proxy (that means
a string constant, an enqueuer constant and another string constant, all with
names matching the corresponding names in the configuration file) have to be
added to the class private data

FRSICC MainGUI.1lv1ib/FRSICC MainGUI.ctl.

Then actor and proxy can be added as new bundle elements and bundled into
the array in

FRSICC MainGUI.1lvlib/FRSICC MainGUI.lvclass/Private/
FRSICC_BundleElements.vi.

Similarly, array alements have to be added, bundled and wired in

FRSICC MainGUI.1lv1ib/FRSICC MainGUI.lvclass/Override/
FRSICC_Initialize Attributes Core.vi.

For the Actor Core.vi of the main GUI, no universal recipe exists, but one
can use the already existing devices as examples. In general, first the process
variables (PVs) have to be registered and then possible interaction can be pro-
grammed in an event structure, see fig. [A.3] This structure covers updates of
the actors PVs and user input. If an existing devices is to be duplicated, also
the LabVIEW code can be duplicated. For some devices this is made easier by
using dedicated VIs for initialization [e. g. Fig. and furthermore controls
belonging to one device are gathered in tabs on the main GUI front panel for
simple duplication.
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[MKS974B-MRTOF-top]

LVClassPath="CSPP_MKS974B.1lv1lib:CSPP_MKS974B.1lvclass"

# Settings: '"Ignore", "Auto", "User"

CSPP_BaseActor:CSPP_BaseActor.Settings="Ignore"

CSPP _BaseActor :CSPP BaseActor.DefaultGUI=
"CSPP_MKS974B_GUI.1lvlib:CSPP_MKS974B_GUI.
lvclass"

CSPP_BaseActor :CSPP_BaseActor .LaunchDefaultGUI=False

CSPP_BaseActor :CSPP_BaseActor .ErrorDialog=False

CSPP_BaseActor:CSPP_BaseActor.PollingInterval_s=1.

CSPP_BaseActor:CSPP_BaseActor.PVProxy=
"MKS974B -MRTOF -topProxy"

CSPP_BaseActor :CSPP_BaseActor.LaunchPVProxy=True

CSPP_DeviceActor:CSPP DeviceActor.ResourceName=
"FRSIC-MRTOF-974B-top"

CSPP_DeviceActor :CSPP_DeviceActor.Reset=False

CSPP_DeviceActor:CSPP _DeviceActor.Selftest=False

CSPP_DeviceActor :CSPP_DeviceActor.(OptionString=
"Simulate=0,RangeCheck=1,
QueryInstrStatus=0,Cache=1"

CSPP_DeviceActor :CSPP_DeviceActor.
ResetWithDefaults=False

CSPP_MKS974B:CSPP_MKS974B.Address=253

# Serial Parameter explanation:

CSPP_MKS974B:CSPP_MKS974B.Serial=
"9600,None ,8,1.0,None"

CSPP_MKS974B:CSPP_MKS974B.MeasurementMode=3

Figure A.2: A part of the FRSICC initialization text file for configuring a MKS
974b widerange gauge. Comments start with a hashtag (# Comment), sections
for actors are enclosed in brackets ([Actor]). Actors and their properties in the
project are referred to in the format Library:Class.Property. For example,
in the first blue line the class of the actor configured in this section is given
as CSPP_MKS974B.1v1ib:CSPP_MKS974B.1lvclass and in the second blue line
the PollingInterval_s property of the CSPP base actor —from which the
MKS974B actor inherits— is set to 1, 4. e. the actor is set to read the device
every second. The additionally blue highlighted lines shows parts which would

need to be updated if the hardware address changes.
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Appendix B

Quadrupolar Lens at the MRS:
TOF Shift Model, Simulations
and Experimental Data

Here the approach to probe the beam position inside the analyzer by observing
the time-of-flight (TOF) shift due to the quadrupolar lens is presented includ-
ing simulations and initial analysis of the available experimental data. This
approach is an alternative to observing changes in the count rates. Since the
count rate changes depend on deflecting the beam to electrode surfaces or aper-
tures, they can be unaffected by the quadrupole potential in a broad range and
observing the TOF shift should be more accurate. Moreover, edges on different
sides of the transmission plateau can be due to different electrode surfaces or
apertures, thus also the determination of these edges can introduce systematic
deviations from the actual optimum of the steering voltages.

Model and Simulations

For a quantitative treatment of the TOF shift introduced by a quadrupolar field
at the MRS, assume that the potential along the optical axis z has sharp steps
up and down at the planes corresponding to the beginning and end of the MRS
electrodes, respectively. The potential change will change the velocity vy — vy
according to the coordinates (zg,yo) where the beam enters the quadrupolar
potential, but not the direction. Index numbers 0, 1 and 2 refer to immediately
before entering the quadrupole, inside the quadrupole and immediately after
leaving it. Thus the velocity components are all changed by the same factor
\/K1/Ky. The velocity component parallel to the optical axis v;., remains
constant while traversing the quadrupolar field.
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The potential of an ideal quadrupole field generated by hyperbolic electrodes
is

V(z,z) = Vq%(xZ -7, (B.1)

where the foci of the hyperbolic electrodes are located on the y =0 and x =0
lines. The constant Vq% defines the strength of the potential. Other electrode
shapes lead to deviation from the ideal quadrupole field, which can still be
used as low order approximation for the central part around (z,y) = (0,0). To
estimate the magnitude of the TOF shift, SIMION simulations where performed
to get the position change vs trap system steerer voltage in one dimension and
the value of Vq% vs the applied quadrupolar voltage. This resulted in

2o = 0.035mm V' - Vyieor (B.2)
V) = 0.016 - Vapplied -

For an estimate of the TOF shift caused by the different potential only, consider
a steering voltage difference of 50 V. Then a position difference of 1.75mm
is expected. With an applied voltage at the MRS electrodes of +60V, this
corresponds to a potential difference of about 3V between a central hit and
an offset in the direction of the steepest gradient (y = 0 or # = 0). With the
approximations vy., ~ vg and vy, =~ vy, the TOF shift is

l l
ATOFyps ~ 85 _ MRS (B.4)
Vo U1

with the length of the MRS lyrs = 8 mm and

—E (B.3)

Employing Ky = 1300eV, K; = 1303 eV and the mass m = 133 u, this yields the
TOF shift ATOFygrs &~ 0.2ns, which is about a factor 20 lower than expected
from the fit to the experimental data obtained with 33Cs (see below).

SIMION simulations for different steering voltages have been carried out to
compare with the experimental data and the above considerations. They con-
firm that the TOF shift due to the potential difference at the MRS plane is not
dominant and they also show a rotated quadrupole pattern, see Fig. [B.1} Fur-
thermore, the mean MRS-only TOF shift around steering voltages (£35V, F35 V)
(this corresponds to 50V steering in the direction of the steepest gradient of
the quadrupolar potential, as used for the earlier calculation) is 0.3 ns in good
agreement with the above estimate.
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Figure B.1: Evaluated TS steerer scans from SIMION simulations. Top panel:
Total TOF shift (ATOF). Bottom panel: TOF shift accumulated when travers-
ing the MRS (ATOFygs). It can be observed that ATOFyRrs shows the ex-
pected symmetry due to the rotation of the MRS electrodes compared to the
TS steerer electrodes, that it is not the dominant contribution to the total TOF
shift, and that the rotation of the quadrupole pattern seen in the total TOF
shift is different than that of ATOFyRgs.
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First Analysis of Experimental Data

With the experimental data, the TOF shift method was first not applied since
its dependence vs the TS steerer voltages does not directly reveal the expected
quadrupole pattern, but a dominantly linear dependence [top panel in Fig. .
However, a more detailed look at the residuals of a linear fit showed the expected
characteristics and motivated the fit of a combined function. The positions 2,
y’ depend linearly on the two steering voltages, thus the TOF shift was fitted
with a function employing a phenomenological linear and a rotated quadrupole
term,

linear part

flin.+qp($a y) =ap+ G1($ - 81) + CLQ(y — 82) +...
b[sin(0)((z — 51)% = (y — 52)?) — cos(g) - 2(x — s1)(y — 52)| . (B.6)

rotated quadrupole part

The fit of its parameters ag, ai, as, b, p, s; and s, was performed using a
Nelder-Mead optimization algorithm in R [Nelder and Mead, 1965; |R Core
Team, 2021] to minimize the sum of the squared residuals. The results are
shown in Fig. [B.2l When comparing the fit of fiin1qp to ATOF with the fit
of fws to @ (chapter , the center differs by 3 and 10V for the two steering
voltages, respectively.

The outcome of the analysis could not yet be tested as the system is un-
dergoing repair. The origin of the dominating linear dependence is not yet
understood.

As argued above, the observed quadrupolar potential pattern is not purely
due to the TOF shift caused by the potential difference. This can be seen by
observing that the MRS electrodes are rotated by 45° compared to the trap
system steerer electrodes [Fig. , but the pattern is not. Furthermore, the
magnitude of the observed shift is too large — about ATOF = 5ns at 50V
one-dimensional off-optimum steering with the other steerer centered, to be
compared with the estimated ATOF potential = 0.21ns [Appendix . On the
other hand, the magnitude fits reasonably well to the simulation.
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Figure B.2: TOF shift vs TS steerer voltages. The top panel shows the mea-
sured TOF shift and contour lines of the linear part of fin +qp, €q. (B.6]), after
fitting the full function to the data. The middle panel shows the TOF shift
with the fitted linear part subtracted and contour lines of the quadrupolar part
of fiin.4+qp- The black dot indicates the optimum steerer voltages found with the
merit function @, 7. e. using count rates. The bottom panel shows the residuals
of the complete fit. Note that the color scales are adjusted per panel, as the
effects have different magnitudes.
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Appendix C

MAc Data Recording and
Subsequent Analysis

For the beam alignment, the new and improved voltage optimizer of the software
MAc [Bergmann), thesis in preparation| was used. Up to three parameters were
iterated in nested loops and parameters and observables (Counts, Peak position
and width) were written to ASCII files. The files were read and brought into a
format for easier handling in the software package R |R Core Team) 2021] using
packages from the tidyverse [Wickham et al, 2019]. Fits to model functions
were performed using least squares minimization with the Levenberg-Marquard
algorithm [Moré, 1978] in from the minpack.lm package |Elzhov et al., 2016],
or in the case of the “linear + rotated quadrupole” model fiy +qp (eq. (B.6),
Fig. least squares were minimized with the Nelder-Mead algorithm from
base R after fitting the data first with a linear model and the residuals with a
non-rotated quadrupole to obtain starting values. This was necessary since a
direct fit using a Levenberg-Marquard algorithm resulted in errors.

The results of the analysis after sorting and combining the different mea-
surement point were presented earlier, here the data is shown as seen by the
user in MAc. Fig. shows the trap system steerer scan with turning the
quadrupole potential on and off, this is the underlying data for figures and
B.2l Fig. shows the MRS steerer scan, this is the underlying data for

Fig. 3.3
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Figure C.1: Total ion count as recorded by MAc when iterating over both
trap system steerers and the applied quadrupole voltage, the latter changing
in the innermost loop between on and off. The difference between adjacent
measurements is due to the effect of the quadrupole potential and one can see
that there are regions where this is more and where this is less pronounced.
The different blocks starting each 30 measurements are due to the change of
the steering voltage in the middle loop, which was iterated over 30 equidistant
values leading to the slowly varying counts. There are 9 such blocks due to
the change of the second steering voltage in the outermost loop, iterated over 9
equidistant values and leading to the slow change of the pattern from block to
block. There were in total 270 spectra acquired for 135 different combinations
of steering voltages.
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Figure C.2: Total ion count as recorded by MAc when iterating over both
MRS steerers. The different blocks starting each 21 measurements are due
to the change of the steering voltage in the inner loop, which was iterated
over 21 equidistant values leading to the slowly varying counts. There are
21 such blocks due to the change of the second steering voltage in the outer
loop, iterated over 21 equidistant values and leading to the slow change of
the pattern from block to block. There were in total 441 spectra for different
steering voltage combinations acquired.
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