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Abstract

Atomic masses and hence binding energies of nuclides are of great importance for
studies of nuclear structure since they reflect all effective interactions in a nucleus.
Within this thesis the masses of seven nuclides, namely "4Au, 194Hg, 190,193,198
and 202298P}L | were determined at the Penning-trap mass spectrometer ISOLTRAP
at ISOLDE/CERN.

The thallium region in the chart of isotopes is of special interest due to the occurrence
of nuclear structure effects like low-lying isomers, level inversion, shape coexistence
and deformations. These effects are investigated by applying finite-difference mass
formulas, such as the two-neutron separation energies or the so-called empirical
pairing gaps. The second topic addressed within the present thesis is an ultra-stable
voltage source, called StaReP (Stable Reference for Penning Trap Experiments),
which was developed at the Max-Planck-Institut fiir Kernphysik. It is one of the
key components of the high-precision mass spectrometer PENTATRAP, containing
a tower of five Penning traps. A 25-channel voltage source with a relative stability
of few 1078 over a period of 10 minutes in the range of 0 to —100V is mandatory
for PENTATRAP aiming for mass measurements with relative mass uncertainties
of < 107!, Mass values with such a high precision allow for stringent tests of quan-
tum electrodynamics in strong electric fields, testing Einstein’s mass-energy relation
2 as well as measurements of decay energies (Q-values) with applications in
neutrino physics.

E =mc

Zusammenfassung

Atomare Massen und somit die Bindungsenergien von Nukliden sind fiir Kern-
strukturuntersuchungen von grofier Bedeutung, da darin alle Kernwechselwirkun-
gen widergespiegelt werden. Im Rahmen der vorliegenden Arbeit wurden die Mas-
sen von sieben Nukliden, und zwar %Au, 4Hg, P0193198T] ypd 202.208phL, am
Penningfallen-Massenspektrometer ISOLTRAP an ISOLDE/CERN bestimmt.

Die Region der Thalliumisotope auf der Nuklidkarte ist von besonderem Interes-
se, da sie zahlreiche Kernstruktureffekte, wie Isomere mit kleiner Anregungsenergie,
Zustandsinversion, Formkoexistenz und Kerndeformationen aufweist. Diese Effekte
koénnen mit Hilfe von Massendifferenzen, wie z.B. der Zweineutronenseparations-
energie oder den sogenannten empirischen Paarungsliicken, untersucht werden.
Dariiber hinaus befasst sich die vorliegende Arbeit mit einer ultra-stabilen Span-
nungsquelle mit dem Namen StaReP (Stable Reference for Penning Trap Expe-
riments), die am Max-Planck-Institut fiir Kernphysik entwickelt wurde. StaReP
ist eine der Schlisselkomponenten des Hochprézisionsmassenspektrometers PEN-
TATRAP, das einen Turm bestehend aus fiinf Penningfallen enthélt. Eine 25-Kanal-
Spannungsquelle mit einer relativen Stabilitit von wenigen 1072 in einem Zeit-
raum von 10 Minuten in einem Bereich von 0 bis —100V ist fiir PENTATRAP-
Experimente zwingend erforderlich, da Massenmessungen mit relativen Unsicher-
heiten von < 107! angestrebt werden. Massenmessungen mit einer solch hohen
Prézision ermoglichen u. a. Tests der Quantenelektrodynamik in starken elektrischen
Feldern, die Uberpriifung der Einsteinschen Masse-Energie-Relation E = mc?
Messungen von Zerfallsenergien (Q-Werte), die Anwendung in der Neutrinophysik
finden.

sowie
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Chapter 1

Introduction’

Atomic masses are important input parameters of many physics applications [2-4]. Accord-
ing to Einstein’s famous mass-energy relation F = mc? [5] the atomic mass is inherently
connected with the energy of the complete system, and from there to the binding energy.
The binding energy, here the nuclear binding energy reflects all interactions acting in the
nucleus. Atomic mass spectrometry allows to study different fields of physics, with varying
levels of precision requirements depending on the field of interest. In order to identify ionic
or molecular species a relative uncertainty of dm/m ~ 1075 — 1076 is sufficient, whereas
nuclear structure studies require a relative uncertainty of dm/m ~ 1076 — 10~® depending
on the application. This uncertainty was achieved within the present thesis, allowing one
to study shell effects, empirical pairing gaps and deformation of nuclides. Relative un-
certainties of < 10~ enable weak interaction studies, e. g. tests of the conserved-vector-
current (CVC) hypothesis or the unitarity of the Cabbibo-Kobayashi-Maskawa (CKM)
quark-mixing-matrix [6,7]. Mass measurements relevant for neutrino physics [8,9], tests
of quantum electrodynamics (QED) [10,11] or aspects of special relativity [12] are possi-
ble by means of mass-ratio measurements with an accuracy of a few parts in 10! or better.

Introduction and History of Mass Spectrometry

At the beginning of the last century, J. J. Thomson discovered the existence of isotopes
by passing ion beams through crossed electric and magnetic fields [13]. His student, F. W.
Aston, studied the occurrence and abundances of isotopes and received in 1922 the Nobel
Prize in Chemistry for “his discovery by means of his mass spectrograph, of isotopes, in
a large number of non-radioactive elements, and for his enunciation of the whole-number
rule”. This mass spectrograph was employed for systematic studies of more than 200
nuclides [14]. The relative uncertainty of 10~* was sufficient to state the constancy of the
binding energy of about 8 MeV per nucleon with a slight maximum at °Fe. This led to the
development of the liquid drop model, which was proposed by G. Gamow [15], C. F. von
Weizsdcker [16], H. A. Bethe and R. F. Bacher [17]. In the years following the invention
of mass spectrometry, relative uncertainty could be decreased due to major technical

'Parts of the introduction are taken from the author’s paper [1].
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14 CHAPTER 1. INTRODUCTION

advances by about an order of magnitude every decade [2]. In the nineteen-fifties further
improvements in mass spectrometry led to measurements with relative uncertainties of
1077, The results of these measurements gave hints to the shell structure of nuclides,
which was proposed independently by J. H. D. Jensen and M. Goeppert-Mayer using the
so-called independent-particle model [18-25]. Besides the improvements of classical mass
spectrographs, further methods were developed to determine masses. Multipole electric
and magnetic fields were employed for mass separation of ions. These developments led
finally to the Penning trap. Pierce trapped charged particles in three dimensions by
superimposing a homogeneous magnetic field with an electrical quadrupole field [26]. In
the following years many ion detection and manipulation techniques were established and
in 1989 H. G. Dehmelt and W. Paul shared the Nobel Prize in Physics for the “development
of the ion trap technique” [27,28]. Today, Penning-trap mass spectrometry is a very
successful method [3], which finds applications in a broad range of physics. Penning-trap
mass determination relies on the measurement of a frequency, which can be measured with
very high accuracy. In the field of nuclear physics, there are worldwide about 20 Penning-
trap mass spectrometry installations under construction or in operation. So far, a relative
mass uncertainty for radioactive and stable nuclides of < 1078 [29-31] and < 107! [32],
respectively, could be demonstrated. In the following physics applications of the two mass
spectrometers involved in the present work, namely ISOLTRAP and PENTATRAP, will
be briefly introduced.

Nuclear Structure Studies

Nuclear structure describes the behavior of protons an neutrons in a nucleus and their ar-
rangement in the nuclear shells. Today more than 3000 isotopes are known, whereas only
about 300 of them are stable. In order to investigate the nuclear structure masses are deter-
mined employing Penning-trap experiments. The pioneering Penning-trap mass spectrom-
eter at an online facility is the ISOLTRAP experiment [33,34] installed at ISOLDE/CERN
[35]. The access to exotic nuclides allows one to contribute to a large variety of physics
applications. Within the present thesis precise mass values in the neutron-deficient thal-
lium region were obtained via the time-of-flight mass spectrometry technique [36] with a
relative uncertainty reaching dm/m ~ 2 -1078. Nuclear binding energies of lead, thal-
lium, mercury and gold were determined. Finite-difference mass formulas of the binding
energy can be used to explore nuclear-structure effects. Illustrative is the commonly used
two-neutron separation energy, which allows one to identify the shell structure of nuclides
by sharp drops after the filling of neutron shells. Combining the results of mass measure-
ments with mean-square nuclear charge-radii information from laser-spectroscopy studies
can provide additional insights. In the case of neutron-deficient lead isotopes the mean-
square nuclear charge radii exhibit a regular odd-even staggering. With just a few protons
less, however, the isotopic chains of mercury and gold exhibit strong deformations towards
the mid-shell around N = 104 [37]. Located between the spherical lead isotopes, and the
mercury isotopes exhibiting shape staggering in the ground state, the thallium isotopes
are particularly interesting.
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A Novel Penning-Trap Mass Spectrometer: PENTATRAP

The PENTATRAP mass spectrometer [38] is currently under commissioning at the Max-
Planck-Institut fiir Kernphysik (MPIK), Heidelberg. PENTATRAP aims at mass mea-
surements with relative uncertainties of a few 10~'2, which will allow one to study physics
questions at the highest level of precision, three of those will be described in the following.
One motivation for the PENTATRAP experiment is carry out measurements which con-
tribute to the determination of the mass of the electron antineutrino, being relevant for
physics beyond the standard model of particle physics. The S~ -decay of rhenium

18Re — B70s + e + 1 (1.1)

will be investigated by measuring the mass difference of ®"Re and its daughter nucleus
1870s. Combining the mass difference with the results of microcalorimetric measurements
of the endpoint spectrum [8] allows one to set an upper limit on the mass of the electron
antineutrino. The decay of rhenium to osmium is a suitable case for these studies, as its
total decay energy, the so-called Q-value, is very low (Q~2.5keV) [39]. Hence, the 5~ -
decay results in radiation of a low-energy neutrino. Therefore, the relative contribution of
the neutrino mass to the total neutrino energy is high, which results in a high sensitivity to
the neutrino mass. This gives just one example of neutrino-oriented mass measurements
based on studies of S-transitions.

Moreover, stringent tests of quantum electrodynamics in extreme electromagnetic fields
can be carried out by determining the mass difference of an atom in different charge states.
Thus, one can determine the electron binding energies. An interesting region, where such
studies are carried out is Pb!4* to Pb3%*. No data are currently available and theoretical
models show significant discrepancies [40].

Furthermore, a test of the relation £ = mc* can be conducted by comparing the speed of
light ¢, with the velocity of a massive particle ¢,,. A possible environment where this can
be studied is the transition [12] of the neutron capture

2

AX +n — X 44 (1.2)

Combining mass measurements of m(4+1 X) and m(4X) with the detection of the released
~v-energy employing crystal-diffraction spectrometry enables to test

Amc?, = h% (1.3)
with h and A being the Planck constant and the photon wavelength, respectively. S.
Rainville [12] investigated sulfur and silicon, which lead to 1 — ¢, /¢y, = 1.4(4.4) - 1077,
whereas PENTATRAP is aiming at measurements of chlorine isotopes 3°Cl and 26Cl. On
the one hand it was demonstrated in [41], that the determination of E is possible with a
relative uncertainty of 5- 1078 if sufficient statistics is accumulated. On the other hand,
the neutron capture in the chlorine isotope 3°Cl is a promising reaction for these studies
as the neutron cross section is higher compared to the transitions in sulfur or silicon.
These physics studies require a high accuracy, which can be achieved with an advanced
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experimental setup in combination with highly-sensitive detection techniques. PENTA-
TRAP is the first experimental setup consisting of a stack of five cylindrical Penning traps
at cryogenic temperatures coupled to a source of highly charged medium-heavy and heavy
ions such as hydrogen-like 2*Pb®*. As the achievable precision of the mass measurement
scales with the charge-to-mass ratio access to highly charged ions from for example differ-
ent electron beam ion traps (EBITS) is advantageous. The multiple Penning-trap setup in
combination with a non-destructive detection system allows simultaneous measurements
of frequencies of highly charged ions in adjacent traps. Thus, this provides a better control
of systematic uncertainties and the one stemming from the ion-ion-interaction is negligi-
ble.

However, magnetic field fluctuations have to be minimized and therefore a tremendous
effort has been invested in different configurations and conditions. One of the conditions
is the stability of the trap environment, which is controlled with the stabilization system
for the helium pressure and liquid helium level in the superconducting magnet. This sys-
tem has been designed and partly setup within this thesis. For the ion storage a stable
magnetic field but also an ultra-stable electric potential is indispensable. Ultra-stable in
this context means, that the stability of the voltage source exceeds the stability of com-
mercial sources in the required voltage range. Such an ultra-stable voltage source has
been developed in this work in collaboration with the electronics workshop at MPIK and
the Physikalisch Technische Bundesanstalt (PTB), Braunschweig. Besides the trapping
potentials with a relative voltage stability of < 4 -10~® over a period of 10 minutes, the
voltage source provides an option of dynamically changing voltages to facilitate adiabatic
ion transport to adjacent traps being part of the measurement principle.

This thesis is structured as follows: In the first part the basics of Penning traps including
ion storage, manipulation and detection will be discussed (Chap.2). Then, mass formu-
las and applications thereof being relevant for nuclear structure studies will be presented
(Chap. 3). The second part describes mass measurements performed at ISOLTRAP and
new developments at PENTATRAP. The setup of ISOLTRAP will be described in Chap-
ter4. Chapter5 contains the results of mass measurements for nuclear structure studies
within the thallium isotopic chain. Finite-difference mass formulas will be introduced
and their application in the mass region of interest is discussed. The setup of the novel
Penning-trap mass spectrometer PENTATRAP will be subject of Chapter 6. Subsequently,
an ultra-stable voltage source, which is one of the key components of the PENTATRAP
experiment, will be introduced in Chapter 7. The thesis is concluded with a summary and
an outlook in Chapter 8.



Part 1

Theory
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Chapter 2

Basics of Penning-Trap Mass
Spectrometry

In the nineteen-thirties, F. M. Penning used a homogeneous magnetic field in order to
increase the sensitivity of ionization vacuum gauges [42]. As the magnetic field was per-
pendicular to the momentum of the charged particle a two-dimensional confinement was
achieved. In the late nineteen-fourties, J. R. Pierce described the first Penning trap by
the combination of the homogeneous magnetic field with an electrostatic trapping poten-
tial [26]. Further developments of the ion trapping technique were achieved by H. G.
Dehmelt and W. Paul [27,28].

Penning-trap mass spectrometry relates frequency measurements with mass determina-
tions, which is advantageous as a frequency is currently the quantity which can be mea-
sured most precisely [43]. The introduction of Penning traps led to tremendous improve-
ments of precision in mass spectrometry as the ions can be manipulated in a well-controlled
environment. The present chapter introduces ideal and real Penning traps as well as
ion manipulation, ion cooling and different detection techniques being relevant for the
Penning-trap experiments involved in this thesis.

2.1 The Ideal Penning Trap

Penning traps are ideal tools to store charged particles by means of static electromagnetic
fields. The ions are confined in two dimensions by a strong homogeneous magnetic field
B = Beé.. Without loss of generality the magnetic field is aligned along the Z-axis.
For storage in the third dimension an electric quadrupole field is created by employing
an electrode configuration as shown in Fig. 2.1 and applying a voltage between the ring
electrode and the endcaps. In the ideal case, these electrodes would be infinitly expanded
electrodes of hyperboloidal shape. Thus, a harmonic trapping potential is provided in
axial direction. Ions with charge ¢ in an ideal Penning trap experience the total force

— — —
Ftotal = FLorentz + Fel

- . (2.1)
= q(7"x B) + qE(7),

19



20 CHAPTER 2. BASICS OF PENNING-TRAP MASS SPECTROMETRY

(@) (b)

HUge] oo —

Figure 2.1: Schematic of (a) a hyperbolical and (b) a cylindrical Penning trap. The trapping
potential is created by applying a voltage Uy, between the ring electrode and the
endcaps. Radial confinement of the ion is achieved due to the superimposed homo-
geneous magnetic field in z-direction. The minimum distances from the trap center
are indicated by zq in axial direction and ry in radial direction. Taken from [2].

with
Ey = —qVU (7). (2.2)

The potential U(7) is given by

7,.2
U&):U@J%:Lb<£——2>, (2.3)

with the trap geometry parameter

1 1
f:2<3+2£>. (2.4)

The minimum distance from the center of the trap to the ring and the endcap electrodes
is given by rg and zg, respectively. Within the magnetic field B charged particles with
mass m perform a circular motion according to

q

which is called the free cyclotron frequency. Due to B = Bé, we can replace B in Eq. (2.1)
by Eq.(2.5) and plug in Eq. (2.2), which results in the equations of motion in radial and
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Axial motion

Modified cyclotron motion

Figure 2.2: The ion trajectory in a Penning trap consists of a superposition of three eigenmotions:
the magnetron motion (green), the axial motion (blue) and the modified cyclotron
motion (red). The black line illustrates the superposition of all three eigenmotions.
The lower part shows a 2D projection of the eigenmotion on the radial plane. Adapted
from [2].

axial direction:

. . 1/ qUy

p— —_ 2'
Z ywc—l—Z( dQ)x’ (2.6)
. ) 1 /qU

e — c — R 5 2
i dwe + 5 ( d2) Y (2.7)

Z = _<rqn[(]1(;) z. (2.8)

In the case of ideal Penning traps, the ion motion in axial direction is decoupled from the
radial components of the ion motion (see Fig.2.2) and can be described as a harmonic
oscillator. The coefficient in Eq. (2.8) is identified with the squared oscillation frequency:

qUy

. (2.9)

W, =
For the radial components the ansatz u = x + iy with u = e ™" yields:

1
w? —we - w+ §w2 =0, (2.10)

C
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Table 2.1: Typical frequencies at PENTATRAP (B = 7T) for a highly charged osmium ion
1870s%* and at ISOLTRAP (B = 5.9T) for a singly charged cesium ion 33Cs* are
listed.

1870845+ 133CS+

we/2m  25.87 MHz 683 kHz
wy/2m  25.86 MHz 682 kHz
wy,/2m 600 kHz 38 kHz
w_/2r  6.96 kHz  1.08 kHz

which is solved by the radial eigenfrequencies:

1
we =g <wc + /w2 — 2wz2> . (2.11)

The free cyclotron frequency and the eigenfrequencies for ions stored in the precision
trap of ISOLTRAP or in the PENTATRAP experiment using a magnetic field strength of
5.9T and 7T, respectively, are listed in Tab.2.1. In order to store the ions the trapping
conditions w? > 2w? and qU > 0 must be fulfilled. In first order, the Taylor expansions
for Eq. (2.11) lead to:

Uo
Uo
N — 2.13
SRE (2.13)

which shows that the magnetron frequency w_ is in first order mass independent. The
magnitudes of the eigenfrequencies are ordered such that w_ < w, < w,. For Penning-trap
mass spectrometry the following relations are of importance:

We = wy +w_, (2.14)
w? =wi + w2 +w?, (2.15)
w2 =2wiw_. (2.16)

Note, that Eq. (2.14) is only true for ideal Penning traps, while Eq. (2.15) is more robust
and also holds for Penning traps with imperfections. This relation is called the invariance
theorem, which is discussed in detail in [44].

In a quantum mechanical picture, the three eigenmotions of an ion can be treated as
three harmonic oscillators. The total energy of an ion stored in a Penning trap can be

expressed by
Fiota = E+ + E,+ E_, (2.17)

with E, E,, F_ being the energies in the corresponding eigenmodes. Describing the total
energy of a spin-less particle [45] yields:

Eiotal = hwy <n+ + %) + Iy, (nz + %) — hw_ (n, + %) (2.18)
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with principle quantum numbers n,, n,, n_. Note the negative sign of the magnetron
energy, which means that an increase in the quantum number n_ decreases the total en-
ergy. This is of importance for the buffer-gas cooling technique, which will be explained
in Chap.2.2.2.

2.2 The Real Penning Trap

So far, only the behavior of a single stored particle in the ideal Penning trap has been
described. In a real experiment the trap electrodes themself as well as the environmental
conditions affects the electric and the magnetic field. Thus the eigenmotions are coupled
and frequencies are shifted. Details are discussed in [44,46]. In the following electric and
magnetic field imperfections as well as the influence of particle-particle interactions will
be described.

Electric Field Imperfections

Several aspects result in an imperfect electrical field in the Penning trap, i. e. deviations
from the harmonic potential. Apart from the fact that the ring electrodes are segmented
in order to allow for the manipulation of the ion motion (see Chap.2.2.1), the endcaps of
hyperbolical Penning traps exhibit openings for particle in- and ejection. An alternative
electrode configuration is the cylindrical Penning trap (see Fig.2.1 (b)), which enables fast
ion transfer between adjacent traps. On the one hand, cylindrical trap electrodes are more
practical to produce. On the other hand, the ideal potential in a cylindrical trap can only
be approximated in a limited trap volume, which is small compared to the region of the
harmonic potential in a hyperbolical Penning trap.

In addition field imperfections due to finite, not perfectly fabricated electrodes as well as
impurities of the trap material disturb the ideal trapping potential. Furthermore, slight
misalignments of the electrodes yield an anharmonic potential. To achieve a potential,
which is as harmonic as possible, real Penning traps are equipped with so-called correction
electrodes inserted between the endcaps and the ring electrode. Moreover, ions are stored
close to the trap center, where the potential [47] is approximately given by

1 C p2 Cy 3
D(p, 2) :§Uo [di <22 + 2) + 7 <z4 - 3220+ 8p4>
(2.19)

Due to the mirror symmetry in z-direction odd terms can be neglected. In the case of an
ideal trap Co = 1 and C; = 0,7 # 2. However, for a real trap higher order coefficients, in
particular Cy and Cg, have to be considered. They lead to a shift in the sum frequency
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(Eq. (2.14)) [47] of

st = [ ) B )4 ()] e

This shift is in first order mass independent. By choosing a suitable geometry and tuning
the voltage applied to the correction electrodes, the Cy and the Cg term and thus the
corresponding shift can be minimized.

In addition, a shift of eigenfrequencies occurs for reasons such as trap misalignment, such
that the magnetic field axis is not parallel to the electrical field axis. In case, the cyclotron
frequency is determined via w. &~ w, +w_, it leads to a frequency shift, whereas this effect
cancels out when w, is determined via the invariance theorem (Eq.(2.15)). For small
tilting angles 6 < 1, where 6 represents the angle between the magnetic field axis and
the electrical field, and small ellipticities ¢ < 1, which appear as imperfections of the
rotational symmetry, the frequency shift is described by

. 9., 1
Awiilt ~r (192 - 562). (2.21)

A detailed discussion can be found in [48].

Magnetic Field Imperfections

Magnetic field imperfections are one of the main issues, which limit the precision in
Penning-trap mass measurements. Employing a superconducting magnet, there are four
different contributions, which affect the stability and homogeneity of the magnetic field.
Firstly, one has to take into account that the size of the coils of the magnet is finite
and thus the homogeneity is limited. A second reason occurs due to impurities in the
material of the coils. These are responsible for the so-called flux creep effect [49, 50],
which causes a decrease of the magnetic field over time. Moreover, the susceptibility of
the Penning-trap electrodes is non-zero and ferromagnetic or paramagnetic materials or
impurities in the materials in the vicinity of the trap result in magnetic field distortions.
Additionally, one has to consider pressure and thus temperature fluctuations in the liquid
helium and liquid nitrogen reservoir of the magnet because these fluctuations influence
the temperature-dependent susceptibilities of the materials close to the Penning trap and
thus the magnetic field is disturbed.

The magnetic field in a Penning trap is usually very stable in a small region at the trap
center. At the ISOLTRAP experiment the temporal stability is 6B/t -1/B < 2-107/h,
while at PENTATRAP a stabilization system aiming for 6B/6t - 1/B of few ten 107'2/h
will be implemented.

Ion-Ion Interaction

In an ideal case only one ion is stored in a Penning trap. The presence of additional ions
leads to shifts in the eigenfrequencies due to space charge effects. The harmonic trapping
potential is superimposed with the potential due to Coulomb interactions of the stored
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Figure 2.3: The segmentation of the ring electrode allows one to apply dipolar or quadrupolar
excitations. A dipolar field (a) is obtained by applying the rf field to two diametrical
ring segments, whereas a quadrupolar excitation (b) is the result of an rf field applied
to two pairs of 90° rotated ring segments. Adapted from [2].

particles. The storage of ions with different charge-to-mass ratios leads to effects, which
depend on the mass difference between the ion species. For small differences, which are
too close to be resolved the time-of-flight spectrum (see Chap.2.2.3) shows a single reso-
nance with a width, which is smaller than the expected width of the superposition of two
resonances. In the case of a high mass difference, two resonances are resolved, but both
centers are shifted to lower frequencies in comparison to the unperturbed frequencies. This
shift depends on the number of stored ions. Details of these effects are described in [51].

2.2.1 Ion Excitation

Ions stored in a Penning trap can be manipulated by applying radiofrequency (rf) excita-
tions to the trap electrodes. Different excitation schemes are used for the detection of the
ions or the elimination of unwanted ion species. Furthermore it is possible to couple two
eigenmodes and thus transfer energy from one to another mode similar to the behavior in
a coupled harmonic oscillator.

Dipolar Excitation

As the magnetron frequency is mass independent to first order, an excitation with w.f = w_
will affect ions of various masses. To increase the radius of only a certain ion species,
dipolar excitations with w,s = w4 or wys = w, are applied. This can be achieved by applying
voltages with a 180° phase-shift to two diametrical electrodes as shown in Fig.2.3(a). A
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dipolar excitation at wy,s = w4 results in a field

—

U,
B, = Fd - cos(wpft — )T, (2.22)

which affects the radial eigenmodes, whereas an rf excitation at the endcaps with wyf = w,
yields

E, = % - cos(wrft — ) 2, (2.23)

which increases the amplitude of the ion motion in axial direction. Uq denotes the am-
plitude of the dipolar rf voltage and d indicates the characteristic trap dimension (see
Eq. (2.4)).

Quadrupolar Excitation

The coupling of two eigenmodes allows one to transfer energy from one mode to another,
which is required for many detection and cooling techniques. A quadrupolar excitation
at the sum or difference of the corresponding frequencies leads to the coupling of the
eigenmotions. As illustrated in Fig. 2.3 (b) the rf field with 180° phase shift is applied to
two pairs of e. g. ring electrode segments being rotated by 90° to each other. To couple
the radial modes an rf field of

. 20U,

By = d—zq - cos(wyft — Ppf) - Y - I, (2.24)
and o

E, = qu - cos(wrst — dug) - - (2.25)

results in the case of wy = wy + w_ in a full conversion between the magnetron and the
cyclotron radii (see Fig.2.4) [52]. If the excitation frequency is not fulfilling the condition
wrf = w4 + w_ the conversion is incomplete.

2.2.2 Cooling Techniques

In general cooling techniques are used to reduce the motional amplitudes or, in a quantum-
mechanical picture, lowering the quantum numbers of the particles stored in a Penning
trap. Low motional amplitudes are desired to keep the ions close to the harmonic region
in the trap center. Moreover, the ion beam transport of a cooled ion sample is easier and
more efficient due to its low energy spread. An overview of different cooling techniques
is given in [2,53]. Two of the common cooling techniques applied in Penning-trap mass
spectrometry will be described in the following.

Buffer-Gas Cooling Technique

For high-precision mass measurements it is important to prepare the ions. A cooling
method for ions, which is applied at the ISOLTRAP experiment, is the mass-selective
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Figure 2.4: The application of a quadrupolar excitation with w,s = w4 + w_ yields a conversion
from a pure magnetron motion in a pure cyclotron motion. (a) shows the first part
of the conversion, starting at a high magnetron amplitude. The second part (b) illus-

trates the further decreasing magnetron and increasing cyclotron amplitude. Taken
from [2].

buffer-gas cooling technique [54]. Ions stored in a buffer-gas filled Penning trap reduce
their kinetic energy by collisions with the buffer-gas atoms. Usually, helium serves as buffer
gas due to its high ionization potential to prevent charge exchange. The pressure in the
buffer-gas filled ISOLTRAP preparation trap is about 10~% mbar. Ions cool until a thermal
equilibrium with the buffer gas is achieved. The damping force F can be approximated in
a viscous drag approach with

F = —omi (2.26)

with mv being the ion momentum and ¢ the damping parameter. This parameter depends
on the ion’s charge-to-mass ratio ¢/m and can be expressed as

_ a4  p/pN
m - Kion T/Tx

(2.27)

with Kjo, being the ion mobility at room temperature, whereas p/px and T /Ty denote
the pressure and temperature in units of normal pressure and normal temperature, re-
spectively.

Figure 2.5 shows the resulting ion trajectories in a plane perpendicular to the magnetic
field axis. The evolution of the magnetron and cyclotron motion can be described by

p(t) = po-e ™. (2.28)

Here, pg denotes the initial amplitude of the corresponding motion whereas the damping
constant « for the magnetron and cyclotron is given as

a=+5—2F (2.29)

Wy — W—
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Figure 2.5: Theoretical trajectories of ions in the x-y-plane in a Penning trap filled with buffer
gas. The center of the trap is indicated by the cross. In (a) a fast damping of the
cyclotron motion combined with a slow increase of the magnetron motion is visible.
In (b) the mass-selective centering, which is achieved by applying an azimuthal exci-
tation at wys = wy +w_, is plotted. The radius of both radial motions (magnetron
and cyclotron) is reduced. Taken from [2].

The negative sign leads to an increase of the magnetron radius. A frequency-dependent
and hence mass-selective conversion of the magnetron into cyclotron motion, by applying
an azimuthal excitation with wy = w; 4+ w_, is applied to recenter the ions of interest.
The extraction of the ions out of the trap through a small hole in the endcap results in a
loss of the ions on larger magnetron radii than the extraction opening as they hit the trap
electrode.

Resistive Cooling Technique

A cooling method, which is suitable for single-ion experiments at cryogenic temperatures
like PENTATRAP, is the resistive cooling technique. The motional energy of an ion in a
Penning trap can be reduced by energy dissipation over the resistance of an external tank
circuit, which is connected to the trap electrodes and with a resonance frequency tuned to
the ion’s eigenfrequency. Thus, the energy of the ion is damped until it reaches thermal
equilibrium with the tank circuit. If the circuit is hold at 4 K by cooling it with liquid
helium, corresponding energies can be achieved.

Assuming that the ion is oscillating between two infinite plates, the image charge current

i= (2.30)

induced by the ion with charge ¢ depends on the distance d of the two plates and the
velocity v of the ion. The current flows through the tank circuit with resistance R and
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the energy dissipation of i>R per unit time can be written as:

dE 2 @ 5 ¢ FE 1

- ?rR=-RL2= RLE - _"p 2.31
at 2" Em - 7 (2:31)
Accordingly, the energy evolution of the ion can be described as E(t) = Ey - exp(—1/7 - t)

with the cooling time constant

md?
T=——.

Rq?

Resistive cooling is a very efficient technique for ions with a high charge-to-mass ratio
leading to low time constants. However, in case of short-lived ions this technique is not
feasible due to the limited half-life. For those ions the buffer-gas cooling technique is
applied.

The resistive cooling technique allows one to address the axial and the modified cyclotron
motion. Cooling the magnetron motion would lead to higher amplitudes and thus to a
loss of the ions. Instead, the magnetron motion can be cooled by coupling it with an rf
field as described in Chap.2.2.1 either to the axial or the cyclotron motion.

(2.32)

2.2.3 Detection Techniques

Different ion detection techniques are available in the field of Penning-trap mass spec-
trometry. Two commonly used methods, which are suitable for both the ISOLTRAP or
the PENTATRAP experiment, will be introduced in the following.

Time-of-Flight Detection Technique

The time-of-flight ion-cyclotron resonance (TOF-ICR) detection technique [36] is a de-
structive detection method based on the interaction of the magnetic moment /i of the ions
of interest with the magnetic field gradient %—f. Since the ions are lost after each exper-
imental cycle, a new loading process of the Penning trap is required for every excitation
frequency of the frequency scan. The trapped ions are first excited by applying an rf
field with w,s = w_ in order to prepare them on a well defined magnetron radius. Then, a
quadrupolar excitation at or close to the resonance frequency is applied with wyf = wy +w_
to obtain a conversion from the magnetron to the modified cyclotron motion. In resonance,
the radial radius remains constant, but the radial kinetic energy connected with the mag-
netic moment F = ﬁé is increased, since w4 > w_. Then the ions are ejected out of the
trap by lowering the potential of the endcap electrode. The ions are drifting along the
magnetic field lines, and their initially lower axial energy increases due to the interaction
with the magnetic field gradient (see Fig.2.6). This leads to an increase in axial velocity
of the ions passing the magnetic field gradient towards the detector. For each experimen-
tal cycle the quadrupolar excitation frequency is changed and for resonantly excited ions
the time of flight reduces maximal due to the full conversion from the magnetron to the
modified cyclotron motion. The time the ions need to fly from the trap to the detector
is recorded and the minimal time of flight corresponds to the excitation at the cyclotron
frequency w. of the ion of interest. The expected line shape is described by the sinc(x)
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Figure 2.6: Schematic of the principle of the time-of-flight measurement technique. Ions are
ejected out of the trap and drift through a magnetic field gradient, which is shown
qualitatively on the left [36].

function and the fit of the experimental data as plotted in Fig.4.3 shows that the data
and the theoretical line shape are in agreement. The width of the line shape is Fourier
limited by the quadrupolar excitation time and is an indicator for the resolving power.

Fourier-Transform Ion-Cyclotron Resonance Detection Technique

The Fourier-transform ion-cyclotron resonance (FT-ICR) technique [55] is based on the
interaction of the ion with the trap electrodes and the detection of the induced signals. It
is a non-destructive ion detection method, which allows to repeat a measurement several
times without the need of loading the trap with a new ion in between. This is advantageous,

$ < % % FFT Analyzer —{ Data Aquisition
| dP/df
T AL

time frequency

Figure 2.7: Schematic of the FT-ICR detection method. The ion oscillates between the trap
electrodes and induces a tiny image charge current. This signal is amplified and then
converted to a frequency signal by an FFT analyzer.
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since it saves time and thus it is less sensitive to environmental fluctuations. Moreover,
the FT-ICR technique enables the measurement of all three eigenfrequencies. Hence, the
free cyclotron frequency can be deduced by employing the invariance theorem [44]. In a
cryogenic environment, the FT-ICR technique provides single-ion sensitivity. The storage
of a single ion is advantageous as frequency shifts caused by space charge effects are
eliminated. A charged particle that oscillates between two infinitely extended plates of a
capacitor induces image charges on the plates. When placing a high impedance between
these plates, a current flows and causes a voltage drop across the impedance. This model
can be applied to an ion oscillating at a certain eigenfrequency in the Penning trap, which
induces image charges in the trap electrodes. This image charge within the concept of
a closed circuit, leads to a current in the fA range (see Eq.(2.30)), which flows between
the electrodes. The current is flowing trough the effective resistance of the tank circuit
and the ion’s energy is dissipated until thermal equilibrium is reached. The cooling time
constant is given in Eq.(2.32). In order to detect the image current, it is amplified by
means of a high impedance. Then, the voltage drop along this impedance is amplified
by a low-noise amplifier to a value which can be detected with a fast fourier transform
(FFT) analyzer. From the FFT of this time signal, which is picked up from a segment of
a splitted Penning-trap electrode, the eigenfrequency of the ion is deduced. A schematic
of the detection technique is shown in Fig.2.7. The signal-to-noise ratio is given as

S o \/77—Tion v Q
N2 pWav\wre (2.33)

where 7o, is the radius of the ion motion, D the effective electrode distance, ¢ the charge
of the ion, k£ the Boltzmann constant, v the frequency and Av the spectral width. The
temperature and capacity of the detection system is given by C and T, respectively. The
signal-to-noise ratio increases with the quality factor of the tuned circuit Q.

The disadvantage of this detection method is the limitation to ions with relatively long
half-lives. A frequency measurement lasts several seconds or even minutes and thus it is
not possible to measure exotic nuclides with half-lives of only tens of ms.
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Chapter 3

Nuclear Mass Models

High-precision mass measurements with relative uncertainties of dm/m < 10~7 provide
input for, e.g., nuclear structure or nuclear astrophysics studies. Mass data can be used
to test the predictive power of mass models or to deduce input parameters for empirical
mass formulas and to predict masses of unmeasured nuclides [56]. The mass measurements
of exotic nuclides, i. e. nuclides far away from the stable and long-lived isotopes on the
nuclear chart, are challenging as the half-lives and the production rates, which can be as
low as one particle per second or below, are limiting the performance.

In recent years tremendous progress has happened in the field of modern mass formulas
in order to extrapolate from the known mass region even up to the neutron drip line [57].
A brief summary of those models, focusing on those which are of importance for the mass
region investigated within this thesis, will be given.

3.1 Nuclear Models

The mass of a nucleus with A nucleons is lower than the sum of the masses of its N
neutrons and Z protons. This mass defect is directly linked to the binding energy by
Einstein’s mass-energy relation and can be expressed as

B(Z,N) = (Z-my+ N -my —m(Z,N)) e, (3.1)

with mp, my, m(Z, N) and ¢ denoting the proton mass, the neutron mass, the mass of the
nucleus and the speed of light, respectively. In 2012 more than 2400 nuclear masses were
published in the Atomic Mass Evaluation AME2012 [58]. The binding energy per nucleon
was extracted and is shown in Fig. 3.1 in red and black for stable and unstable nuclides,
respectively.

The binding energy reflects the sum of all nucleonic interactions causing, amongst other
effects, correlations in many-body systems. The detailed nuclear structure and thus the
binding energy depends on the arrangement of protons and neutrons in the nucleus.

The discovery of the existence of isotopes by J. J. Thomson [13] triggered extensive studies
on the abundances of isotopes performed by his student F. W. Aston. He employed a mass

33
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Figure 3.1: Binding energy per nucleon as a function of mass number A. The 56:58Fe isotopes
and the proton-magic %2Ni isotope are the most strongly bound nuclides with B/A ~
8.8 MeV (orange). Other stable nuclides are indicated in red. Data were taken from
AME2012 [58].

spectrograph to determine the masses of about 200 nuclides [14]. These studies revealed
the trend of binding energies leading to the liquid drop model, which was initially proposed
by G. Gamow in 1930 [15]. The nucleus was described by a drop of an incompressible
nuclear liquid with a constant mass density. The liquid consists of protons and neutrons
hold together by the strong nuclear charge-independent force. Further developments of
this model gave rise to the first semi-empirical mass formula, the so-called Weizsécker
mass formula [16,17]:

72 (N — 7)?

B(Z,N)=ayvA — agA%/® — aCA1/3 —ap T

— §(A, 2). (3.2)

The constants avy, ag, ac and aa are empirically determined by a fit of Eq. (3.2) to exper-
imental data. Weizsdcker’s mass formula considers the following aspects:

e The volume term ay A represents the energy, which is released when nucleons form
the nucleus. It represents the major part of the binding energy and is proportional
to the number of nucleons.

o The surface term agA?/3 is proportional to the surface of the nucleus. It reduces
the binding energy due to the fact that nucleons at the surface on a nucleus interact
with less neighboring nucleons and thus they are less bound.

e Another term, which lowers the binding energy, is the Coulomb term aCAZI—ia. It
takes into account the repulsing interactions between protons and thus it scales with
the proton number 7.
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Figure 3.2: Mass differences Am between predicted masses by H. A. Bethe and C. F. von
Weizsicker and experimental data. Adapted from [59].

_ 2
e The asymmetry term aa W AZ) reduces the binding energy with increasing difference
between proton and neutron number. This contribution vanishes for N = Z nuclides.

e Even-even and odd-odd nuclides are more bound compared to odd-even and even-
odd nuclides, the later two of which result in a negative sign of the pairing term
d(A, Z). For even-A nuclides the pairing term contributes positively to the binding
energy.

This macroscopic model suggests a binding energy of about 8 MeV per nucleon. It works
remarkably well for a large range of nuclides from A > 30 onwards. However, comparing
theoretical predictions to mass data reveal a discrepancy at certain neutron and proton
numbers as shown in Fig. 3.2. Later on these numbers were named magic numbers.

In order to account for the discrepancies between the model and the data microscopic de-
scriptions are required. The deviations at magic numbers could be explained by the shell
structure concept of the nucleus within the independent-particle model independently de-
veloped by J. H. D. Jensen and M. Goeppert-Mayer [18-25]. Apart from the shell structure
also the pairing effect was described by the independent-particle model. J. H. D. Jensen
and M. Goeppert-Mayer assumed the nucleons to move inside a potential well indepen-
dently from other nucleons. As they neglected the nucleon-nucleon interaction, residual
interactions had to be added to account for discrepancies. The potential was described
by a mixture of a square well and a harmonic oscillator, which is also called the Woods-
Saxon potential [60]. As it was not possible to reproduce the experimentally observed
shell structure at certain neutron and proton numbers a spin-orbit term was added, which
in turn led to the splitting of the energy levels. These are labeled as nl;, which indicate
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the principle quantum number n, the orbital quantum number [ and the sum of the spin
and the orbital quantum number j = [ + s (see Fig.3.3). The energy levels resulting
from this modified potential at the magic numbers reproduce the experimental data. The
potential forms a set of single-particle levels, called subshells, which are filled according
to the Pauli principle. The subshells cluster in groups, called shells, are separated by
large energy gaps. If a shell is filled completely the nucleus is unexpected stable, i. e. the
binding energy increases for these nuclides. The total number of protons or neutrons in
the case of filled shells correspond to the magic numbers. If all shells or subshells are filled
and there is one more nucleon, e. g. the valence nucleon, this single nucleon defines the
spin and parity of the nucleus. M. Goeppert-Mayer and J. H. D. Jensen were awarded the
Nobel Prize in physics in 1963 for the discovery of the nuclear shell structure [61].

The independent-particle model was later enhanced mainly by two microscopic models:
The nuclear shell model [62] and the Hartree-Fock-Bogoliubov (HFB) approach [63]. Both
models are based on the concept that the interaction between a certain nucleon and all
other constituents of the nucleus can be approximated by a mean-field, i. e. a single-particle
potential. The selection of models is not considered to be complete, it rather focuses on
the models relevant for this thesis. For a detailed discussion on mass models the reader is
referred to [56].

The nuclear shell model takes nucleon-nucleon interactions into account by considering
the interaction between valence nucleons and an inert core formed by all other nucleons.
A disadvantage of this model is, that it is applicable only at or close to closed shells.
Another possibility to extend the independent-particle model is the Hartree-Fock (HF)
approach, which is an ab initio method. The HF method aims to find an exact solution
for the Schrodinger equation HV = E'W by variationally optimizing the nuclear mean-field,
which leads to the single-particle states. The Hamiltonian contains apart from the kinetic
energy term a contribution due to the nucleon-nucleon interaction. The variational prin-
ciple is the starting point of the HF method. In order to take pairing effects into account
the HF model was extended to the HFB model. In the pure HF picture a nucleus with
one nucleon outside a doubly-closed shell would be deformed. The results of the HFB
method underestimate binding energies of N = Z-nuclides by about 2MeV. In order to
compensate for this effect, the so-called Wigner term was introduced, which scales with
the difference between both nucleon numbers [56]. The HFB method is commonly used
to predict masses over the whole nuclear chart, whereas the shell model can be used to
determine the different single particle states and predicts spins. Collective effects can be
either described by the shell model or the HF method.

Besides complete nuclear models, there are approaches that focus on specific properties,
for example the atomic mass. Global mass formulas such as Myers-Swiatecki [64] or Duflo-
Zuker [65] are very successful but will not be described here. For further information the
reader is referred to [56]. In some cases masses of nuclides are required, which are un-
measured but lie close to a considerable number of nuclides with known masses. In these
cases local mass formulas can be employed which extrapolate masses from nearby known
masses [56]. One local mass formula was introduced by G. T. Garvey and I. Kelson [66]. It
predicts the mass on a nucleus by taking the masses of neighboring nuclides into account.
The Garvey-Kelson relations are based on the independent-particle model and receive a
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Figure 3.3: Energy levels of the nuclear shell model. Single particle potential levels (left) and
the splitting due to the spin-orbit coupling (right). Magic numbers are indicated in

circles. Adapted from [61].
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high accuracy by using them iteratively. Another approach to predict masses by a local
mass formula is the isobaric-multiplet mass equation (IMME) [67]. This equation relates
masses of different members of an isospin multiplet by a quadratic relation. It is employed
in mass regions up to A ~ 100.

Mass models can be used to study the different contributions to the interaction in a nu-
cleus. In order to visualize these contributions, finite-difference mass formulas can be
employed (see, e. g., Fig.5.4), which will be subject of the following section.

3.2 Finite-Difference Mass Formulas for Nuclear Structure
Studies

The binding energy of a nucleus can be used to study its structure. Since the total binding
energy itself is a large quantity compared to the relative change, which occurs upon adding
protons or neutrons to the nucleus, is not possible to reveal fine details of nuclear-structure
information from it. Thus, it is difficult to study the evolution of the underlying nuclear
structure. In order to gain a more detailed insight finite-difference mass formulas involving
two or more nuclides are calculated, i. e. quantities, which are sensitive to specific effects
are obtained. A few examples of finite-difference mass formulas, e. g. the two-neutron
separation energy or the empirical pairing gap, are described in the following. As in the
framework of this thesis mass measurements in the lead region have been performed, all
examples shown in this section are based on the isotopic chain of lead.

Separation Energies

Differences of binding energies of two adjacent isotopes yield the separation energy of one
neutron. The neutron separation energy decreases with increasing neutron number, which
is a characteristic of the liquid drop model. In addition, this quantity exhibits the odd-
even staggering, which is due to the enhanced binding energy of two paired neutrons. This
is described by the pairing term 6(A, Z) in the Weizsdcker mass formula. The neutron
separation energy

Su(Z,N) = B(Z,N) — B(Z,N — 1) (3.3)

exhibits a sharp drop at magic neutron numbers as shown in Fig. 3.4.

The neutron drip line is defined at S, (Z, Ngyrip) = 0 meaning that nuclides with N = Ngqyip
are not bound. Even though the shell concept is very successfully over a large range of the
nuclear chart, shell quenching might occur far away from the valley of stability, i. e. when
the neutron drip line is approached [56].

Considering the separation energy of two neutrons cancels out the odd-even effects. Thus,
the two-neutron separation energy

S9u(Z,N) = B(Z,N) — B(Z,N — 2) (3.4)

shows a smooth decreasing trend for increasing neutron numbers. A sharp drop of several
MeV indicates a shell closure, thus occurs at magic numbers, as shown in Fig.3.5. De-
viations from the general decreasing trend of So, give hints to local microscopic nuclear
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Figure 3.4: Experimental neutron separation energies for the Pb isotopic chain. A decrease in
Sy is visible for increasing neutron numbers. In addition, an odd-even-staggering
and a sudden drop at the magic neutron number 126 is characteristic for the neutron
separation energy. Data and uncertainties were taken from AME2012 [58].

structure effects. A second typical deviation is a downward bump in Ss,, which indicates
a local deformation. This will be discussed in Chap. 5. For some isotopes, e. g. the thal-
lium isotopic chain, a slight unexpected staggering is visible in S2,. The strength of this
staggering will be discussed by means of the ~-parameter, which is introduced in Chap. 5.

Although the one- or two-neutron separation energies show structural effects it is required
to consider even higher order finite-difference mass formulas, such as the empirical pairing
gaps, to reveal effects in the range of hundreds of keV rather than effects on the MeV scale.

Empirical Pairing Gap

In 1932, W. Heisenberg described the stronger binding of even-number-particle nuclides
compared to their odd-number-particle neighbors, which is visible in the odd-even stag-
gering of binding energies [68,69]. The attractive, short-range interaction in combination
with the Pauli principle lead to pairs of nucleons of the same kind with spin J = 0. Adding
a nucleon to, e. g. an even-even nucleus, the so-called empirical pairing gap to the next
energy level has to be overcome. As a general trend, the empirical pairing gap decreases
going from mid-shell towards the closed shell at N = 126, which is visible in Fig. 3.6. Due
to the Coulomb force, the effective pairing force between two neutrons is larger than the
pairing force between two protons. The pairing force drives nuclides to become spherical,
which is in competition with the interaction between protons and neutrons leading to
deformations.
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Figure 3.5: Experimental two-neutron separation energies for the Pb isotopic chain. A decreasing
trend in Sy, for increasing neutron numbers is visible. At the magic number N = 126
a sudden drop occurs. Data and uncertainties were taken from AME2012 [58].

From a theoretical point of view the pairing gap contains more effects than pure pairing
correlations [70]. It reflects all contributions leading to the odd-even staggering on the
mass surface. Although there are further contributions, the name pairing gap remained,
because the effect of breaking a pair of nucleons is the main contribution.

Apart from the downward trend for increasing neutron numbers, the empirical pairing
gap of near-spherical nuclides show a parabolic shape between magic numbers (see for
example Fig.3 of Ref. [71]). Depending on the order, i. e. on the number of nuclides,
which are taken into account, the empirical pairing gap is more or less sensitive to specific
single contributions, such as deformation. The first order pairing gap mixes mean-field
and pairing effects strongly [70], whereas the third and higher orders mainly represent
the pairing effect and additionally e. g. deformation. Therefore, one employs higher order
finite-difference mass formulas such as the so-called three-point indicator A2(Z, N) given
as:

(=n¥

A3(Z,N) = (B(Z,N=1)+ B(Z N +1) - 2B(Z,N)). (3.5)

This is the empirical pairing gap, which is, in contrast to the pairing gap, experimentally
accessible by calculating differences of binding energies. A3(Z, N) exhibits an odd-even
staggering representing the stronger binding of even-N nuclides. Furthermore, a peak
appears around magic numbers, see Fig.3.6. According to [71] A2(Z, N) is the best
parameter to describe pairing. Considering higher order finite-difference mass formulas
the staggering smears out. The four-point indicator is not symmetric and will not be
discussed here. A higher-order filter, which is commonly used, is the five-point indicator
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Figure 3.6: The empirical pairing gap A3(Z, N) for the Pb isotopic chain shows a decreasing
trend with an odd-even staggering on top of it. The effect of a closed shell at the
magic number N = 126 is represented by a peak. Data and uncertainties were taken
from AME2012 [58].

and can be expressed as:

(-~
8
+6B(Z,N) = 4B(Z,N = 1) + B(Z,N - 2)).

A3(Z,N) = (B(Z, N +2) - 4B(Z,N + 1)

In the A3(Z, N) no staggering is visible anymore (see Fig.3.7). The peak at N = 126 is
still present but for higher order filters this peak gets broader as more than one adjacent
binding energy is taken into account. According to [70] A2 (Z, N) yields the best decou-
pling from mean-field. M. Bender states that A2(Z, N) gives a robust description of the
odd-even staggering on the mass surface. However, as we will see in Chap. 5 the empirical
pairing gaps are not a pure measure of pairing correlations. Polarization effects of valence
nucleons interacting with the nucleons in closed shells lead to deformation, which is also
affecting the trend of empirical pairing gaps.

Finite-difference mass formulas are ideal tools to study specific contributions of interac-
tions, which influence the nuclear structure. However, the comparison of mass differences
with complementary charge-radii information helps to understand the contribution of dif-
ferent effects to e. g. the empirical pairing gaps. Therefore, a brief introduction in nuclear
charge radii is presented in the following. The combination of mass differences and mean-
square nuclear charge radii information will be discussed in Chap. 5.
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Figure 3.7: The empirical pairing gap A3(Z, N) for Pb isotopes shows a smooth trend going
down with a peak around the magic number N = 126. Data and uncertainties were
taken from AME2012 [58].

3.3 The Nuclear Charge Radius

Differences in the mean-square nuclear charge radii can be determined by studies of the
differences in an electronic transitions between two isotopes, i. e. the isotopic shift. In laser
spectroscopy mean-square nuclear charge radii are determined along isotopic chains, which
allows to see how the model-dependent size of a nucleus evolves upon adding neutrons [72].
The isotopic shift between two isotopes of mass A and A’ is given by [73]

6VI‘%A/ =4 A (3.7)
and contains two contributions
51/1‘%‘4/ = (51/113[?/ + 5V1§4§4/, (3.8)

whereas dvyg and dvpg represent the mass shift and the field shift, respectively. The
field shift dvpg scales with the differential charge radius 6(r2)44" between the two nuclides
under investigation. It can be expressed as

o2 7 e?
3

Svps = AJT(0)2 - §(r2) A4, (3.9)
whereas e is the charge of the electron, Z the proton number and A|¥(0)|? describes the
electron density at the nucleus. As the mass shift (5Vﬁ‘§/ can be calculated, the differential
charge radius can be extracted from the measurement of the isotopic shift. In order to
obtain the absolute radius, the radius of at least one isotope has to be known. This
radius can be extracted, e. g., from elastic electron scattering. For the comparison to
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mass differences (see Chap.5), the differential mean-square nuclear charge radius can be
used as the trend shows the same behavior as the absolute radius.
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Chapter 4

ISOLDE and the Penning-Trap
Experiment ISOLTRAP

High-precision mass measurements carried out in the context of the present thesis were per-
formed at the double Penning-trap experiment ISOLTRAP (Isotope Separator On-Line
TRAP) [33,34]. This mass spectrometer is dedicated to mass measurements of exotic,
short-lived nuclides and located at the ISOLDE (Isotope Separator On-Line DEvice) facil-
ity at the European Organization for Nuclear Research CERN (Geneva, Switzerland). In
total, more than 400 masses with half-lives as short as 48 ms [74] have been investigated
at ISOLTRAP with a relative mass uncertainty reaching ém/m = 8 -107? [29]. In the
following, details of the ISOLTRAP experiment and the ISOLDE facility are presented.

4.1 The ISOLDE Facility

The ISOLDE facility [35] is an isotope on-line mass separator at CERN, which is devoted
to the production of short-lived nuclides to investigate different fields of physics such as
nuclear and atomic physics, astrophysics, solid state physics, or applications in life science.
A schematic of the experimental hall is shown in Fig.4.1. The radionuclides are created
in processes like spallation, fragmentation or fission. The nuclear reactions are induced
by 1 or 1.4-GeV protons impinging on a thick target, e. g. UC, or ThC,. The Proton
Synchrotron Booster accelerates the protons in bunches of up to 2.1 pA intensity, i. e. up
to 3.2-10'3 protons per pulse every 1.2s. One half of the pulses is directed to the ISOLDE
targets. The reaction products defuse out of the target and are ionized either by surface
ionization, resonant laser ionization (RILIS) or plasma ionization [75]. Using different
techniques allows one to deliver a large variety of nuclides from Z = 2 to 88 with half-
lives down to ms range. Figure4.2 shows the chemical elements, which are available as
radioactive beams at ISOLDE. The isotopes are accelerated to 30-60 keV and are separated
by one of the two magnetic mass filters, the General Purpose Separator (GPS, resolution
m/Am ~1000) or the High Resolution Separator (HRS, resolution m/Am ~5000). The
radioactive ion beam is then transported via a beamline using electrostatic ion optical
elements to different experiments situated at ISOLDE. The central beamline guides the
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Figure 4.1: Experimental hall of the ISOLDE facility [35]. On the right the protons coming from the PSB enter the hall and impinge
on a thick target, typically UC, or ThC,, to create radioactive nuclides in one of the target stations, HRS or GPS. After
extraction and ionization the radionuclides are mass separated by one of the mass filters and pass ion optics before they
enter the ISOLTRAP setup being placed at the end of the central beamline.
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Figure 4.2: Periodic table of elements which are available as radioactive beams at ISOLDE. The
colors indicate the corresponding ion source. (Courtesy of Luis Fraile)

ions to the ISOLTRAP experiment.

4.2 The Experimental Setup of ISOLTRAP

The main components of the ISOLTRAP mass spectrometer are shown in Fig.4.3. The
30-60-keV ion beam coming from ISOLDE is first stopped, cooled and bunched in a
gas-filled linear radiofrequency quadrupole ion trap (RFQ cooler and buncher) (2) [54]
operated at high voltage. Afterwards ions are delivered to the MR-ToF (Multi-Reflection
Time-of-Flight) (3) [76] mass separator and then transferred to the tandem Penning-
trap system consisting of the preparation (5) and the precision Penning trap (6). In the
preparation trap a mass selective buffer-gas cooling and centering technique is applied [77]
so that an isobarically pure ion bunch can be injected into the precision trap, which
is dedicated to high-precision mass measurements using the time-of-flight ion-cyclotron
resonance detection technique. Apart from high-precision mass measurements, decay-
spectroscopy studies can be performed employing the tape station setup (7).

4.2.1 TIon Production and Beam Preparation

ISOLTRAP is equipped with two ion sources for systematic studies and reference measure-
ments, which are carried out for magnetic field calibration measurements during online
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Sketch of the experimental setup: The ions coming from ISOLDE or the offline
alkali ion source (1) are accumulated in the RFQ cooler and buncher (2). Then the
ion bunches pass the first pulsed drift tube and the MR-ToF mass separator (3).
Alternatively ions are produced by the offline laser ablation ion source (4) and enter
the beamline behind the MR-ToF. Then the ions are guided to the vertical part
of the beamline and injected into the preparation Penning trap (5). After isobaric
purification they are injected into the precision Penning trap (6). Finally the ions are
transferred either to a channeltron, an MCP detector or a spectroscopy system (7).
The inset shows a ®T1™ ion-cyclotron resonance with an excitation time of 1.2s.
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experiments: A surface-ionization ion source for a production of singly charged ions of al-
kali and alkaline-earth elements and a laser ablation ion source capable of the production
of singly charged ions of any solid element, e.g., carbon.

The surface-ionization ion source is placed in front of the RFQ cooler and buncher section
as shown in Fig. 4.3 (1); the laser ablation ion source is mounted behind the MR-ToF sec-
tion, see Fig.4.3 (4). The RFQ cooler and buncher and MR-ToF section (see Fig. 4.3 (2)
and (3), respectively), are used for accumulating, cooling, bunching ,and cleaning the ion
beam. The RFQ cooler and buncher is filled with helium gas. Here, the ions are thermal-
ized, focused onto the axis and accumulated in an electrostatic potential well at the end
of the RFQ cooler and buncher. After a certain time the potentials of the end electrodes
of the buncher are lowered to release the ions as an ion bunch. Behind the buncher a
pulsed drift tube adjusts the ion bunch energy to about 3keV. The ion bunch is injected
in the MR-ToF [76], which was installed in 2010. It can be used either for purification of
contaminated ion beams from ISOLDE or operated as a mass spectrometer. Behind the
MR-ToF the ions are guided towards the vertical beamline where the energy of the ions
is lowered to few hundreds of eV by means of a pulsed drift tube before they enter the
Penning-trap system.

4.2.2 The Tandem Penning-Trap System

The ISOLTRAP Penning-trap mass spectrometer consists of two traps: the preparation
trap and the precision trap. This is a standard trap configuration used in most online
Penning-trap facilities. The preparation trap serves as a high-resolution mass separator
via employment the of buffer-gas cooling technique. High-precision mass measurements
are carried out in the precision trap employing the ToF-ICR method.

The Preparation Penning Trap

The preparation trap is a cylindrical Penning trap [78], which consists of an eight-fold
segmented ring electrode, four-fold segmented endcaps and four-fold segmented correction
electrodes, see Fig.4.4. The large inner radius of r;=17.5 mm facilitates to accept wide
incoming ion bunches and the storage of more than 10* ions. The preparation Penning trap
is situated in the homogenous magnetic field of a superconducting magnet with B = 4.7 T.
In order to cool the axial and radial ion motions by buffer-gas collisions the trap is filled
with helium gas at a pressure of about 10~* mbar. The mass resolving power achievable
with mass-selective buffer-gas cooling amounts to 10, thus providing isobaric purification.
In addition the emittance of the ions can be improved dramatically to ensure optimal and
reproducible starting conditions for the injection in the precision trap. For optimization
purposes cooling resonances (see Fig. 4.5) are recorded employing an MCP detector located
behind the preparation trap. Cooling resonances are obtained by measuring the ion count
rate for different quadrupolar excitation frequencies, which are varied around the cyclotron
frequency of the ion of interest.
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Figure 4.4: Sketch of the cylindrical preparation Penning trap [79] for isobaric separation con-
sisting of main electrodes (gray) and correction electrodes (light gray). Applying
appropriate voltages to the trap electrodes yields the shape of the trapping potential
shown on the left. Taken from [2].
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Figure 4.5: Cooling resonance of 33Cs™ recorded using the MCP between the preparation trap
and the precision trap. A resolving power of 2 - 10° has been achieved.
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Figure 4.6: Sketch of the hyperboloidal precision Penning trap for isomeric separation containing
main electrodes (gray) and correction electrodes (light gray). Taken from [2].

The Precision Penning Trap

The hyperbolic precision trap consists of a four-fold segmented ring electrode, endcaps and
additional correction electrodes (Fig. 4.6) and is installed in the center of a superconducting
magnet with B = 5.9T. It is placed in high vacuum of about 10~? mbar to allow for long
excitation times up to several seconds. The ion bunches, which are ejected from the
preparation trap with a low energy spread, are captured in flight in the precision trap,
where their mass is determined employing the ToF-ICR technique. A time-of-flight ion-
cyclotron resonance of '33Cs is shown in Fig. 4.7. Alternatively the ion bunches are guided
to the decay-spectroscopy setup.

4.2.3 Ion Detection for Mass Measurements

The ion detection at ISOLTRAP is realized by the time-of-flight detection technique, which
has been described in Chap. 2.2.3. It is a suitable technique for ISOLTRAP as the half-life
of exotic nuclides produced by ISOLDE often limits the measurement time. After the
ions are captured and trapped in the precision trap, a dipolar excitation at the magnetron
frequency of several hundred ms leads to a defined magnetron radius of about 0.7 mm.
The recentering of the ions of interest is achieved by applying a quadrupolar frequency
at wyf = wy + w—. The choice of the quadrupolar excitation time depends on the one
hand on the vacuum conditions, and on the other hand on the half-life of the trapped
ion. Long excitation times of several seconds yield a high precision in determining the
frequency, but in cases where damping effects play a role, the sidebands of the resonance
vanish and a compromise has to be found. Depending on the excitation time and the
excitation amplitude, a full conversion from the magnetron into the cyclotron motion is
achieved. The recentered ions are then ejected out of the precision trap and about 1.2m
downstream an microchannel plate (MCP) detector is located for the ion detection. The
value of the magnetic field strength at the detector position is reduced by three orders
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Figure 4.7: Time-of-flight ion-cyclotron resonance of *3Cs with an excitation time of 1200 ms.
The theoretical line shape (blue solid line) was fitted to the data [52].

of magnitudes compared to the trap center, i. e. ions are passing a region with a high
longitudinal magnetic-field gradient yielding an enhanced time-of-flight effect.

4.2.4 The Decay-Spectroscopy Setup

Radioactive ion beams produced at ISOLDE very often suffer from strong isobaric or
isomeric contamination. The high-resolving power offered by Penning traps for removing
isobaric and isomeric contaminations from the ions of interest can be exploited for decay-
spectroscopy studies [80]. A purified sample can be provided for decay studies using
the compact spectroscopy setup coupled to the ISOLTRAP experiment (see Fig.4.3(7)).
In order to reach the decay-spectroscopy setup with sufficient energy, ions are ejected
from the precision Penning trap and reaccelerated to several keV before implantation in
a movable tape. Thus, the decay daughters can be moved using a tape-transport system.
The decay-spectroscopy setup holds a compact beta- and gamma detection system. The
use of several detectors allows one to generate coincidence spectra, which means that
the background is significantly decreased. At present, the system can be used in two
different configurations. It can be used to perform decay-spectroscopy studies to assist
mass measurements enabling for example spin-state assignments or it is also possible to
perform trap-assisted decay spectroscopy.

For the measurements discussed within this thesis, the decay-spectroscopy setup was used
for spin-state assignment reducing the mass uncertainty tremendously. This feature is
especially important for nuclides, which exhibit low-lying long-lived isomers, where the
determined mass cannot be assigned with confidence to the ground state or the isomeric
state.



Chapter 5

ISOLTRAP Mass Data

This chapter describes the results of high-precision mass measurements performed in the
context of the present thesis at the ISOLTRAP experiment. A total of seven nuclides in
the thallium region have been addressed: °*Au, 94Hg, 190193198 and 292:208p}L,. This
chapter starts with a brief introduction of principles of mass determination followed by
the description of the analysis of the aquired data. Each nuclide is considered individually.
The chapter is culminated by the discussion of the impact of the obtained results on the
nuclear structure of the thallium isotopic chain.

5.1 Principle of the Mass Determination

The determination of mass values is based on cyclotron frequency measurements. Due to
the fact that the cyclotron frequency introduced in Eq. (2.5) depends not only on the mass
of the ion mj,, and the charge state ¢, but also on the magnetic field B, frequency ratios
r = “=l are measured in order to cancel the magnetic field. Thus, the primary result of the
measurements are frequency ratios, from which the ionic mass can be derived according
to

Mion = 7 * Mion,ref * — - (51)

Since only singly charged ions were measured, the charge states ¢ and ¢.ef cancel out. Thus,
atomic masses can be expressed via ionic masses and the electron mass m, according to

m =71 (Myef — Me) + Me. (5.2)

The binding energy of the electron is neglected since it is small compared to the uncertainty
of the mass determination. The frequencies of the reference ions and the ions of interest
were measured alternately. In order to determine the ratio of two frequencies at a given
time, the frequencies of the reference ion measured before and after the frequency of the
ion of interest were interpolated to the measurement time of the ion of interest. For the
presented measurements, 33Cst was used as reference ion. Since the frequency ratio
is equal to the mass ratio, the ion mass can be recalculated, whenever the mass of the
reference ion is measured with higher precision.
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5.1.1 Contributions to the Uncertainty

In the following, different contributions to the uncertainty of the frequency ratio will be
discussed. Apart from the statistical uncertainty, the influence of magnetic field fluc-
tuations and effects due to isobaric or isomeric contaminations, one has to account for
systematic effects at ISOLTRAP.

The total uncertainty of the frequency ratio is given as

— 2 2 2
Otot = \/Gstat 1 Omass T Ores (5'3)

with opass and opes being the mass-dependent and residual systematic uncertainty, respec-
tively, whereas ogat represents the total statistical uncertainty of the frequency ratio. A
detailed description can be found in [29].

Statistical Uncertainty

As a first step of the analysis of the ToF-ICR spectra the theoretical line shape [52] is fitted
to the data using the analysis program EVA [81]. The fit yields a frequency value with its
statistical uncertainty. The presence of more than one ion in the precision trap during the
measurement may result in an ion number dependent frequency shift, e.g., in Ref. [51,52].
These shifts are taken into account by applying a so-called count-rate analysis [29]. Each
ToF-ICR spectrum contains events with different numbers of detected ions in the Penning
trap. These events are grouped in count-rate classes with respect to the number of ions
in the group. Then frequencies can be obtained for each count-rate class ordered by the
number of ions. Fitting a straight line through these frequencies allows an extrapolation
to events where only one ion is in the trap. Taking this effect into account leads to an
increased uncertainty of the cyclotron frequency ratio.

Considering not only the statistical uncertainty of a frequency, but the statistical un-
certainty of a frequency ratio one more effect has to be considered: the magnetic flux
creep and magnetic field fluctuations [49,50]. The ratios of the frequency of the ion of
interest and the reference ion frequency, which is the result of the interpolation of the
reference measurement to the time when the actual measurement of the ion of interest
was performed, are affected by the magnetic field fluctuations. Interpolating the reference
frequency the magnetic field fluctuations are taken into account by adding

up = 6.35- 107 /min - AT (5.4)

quadratically to the statistical uncertainty [29], where AT denotes the time that has
elapsed between two reference measurements. Thus we obtain oy, containing the sta-
tistical uncertainty of the frequency as well as the statistical uncertainty of the frequency
ratios. To keep oyt small one has to find a compromise between short measurement
times and thus a small influence of magnetic field fluctuations and long measurement
times yielding better statistics. For each mass determination several frequency ratios are
measured. A weighted mean value of all frequency ratios is determined and the final sta-
tistical uncertainty of the mean frequency ratio contains also the scattering of these single
ratios.
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Mass-dependent Uncertainty

In addition, one takes into account the fact that the reference mass might be several mass
units away from the mass of the ion of interest. This leads to an additional uncertainty
proportional to the mass difference:

Uy, = 1.6 - 10719 /- (m — M), (5.5)

which is the result of a systematic study using carbon cluster ions of different sizes. This
mass-dependent uncertainty occurs due to electric and magnetic field imperfections in the
Penning trap. Details are discussed in [29)].

Residual Uncertainty
Furthermore one has to consider a residual systematic effect of
Ures = 8- 1077, (5.6)

This value was determined in a study described in Ref. [29], where this was determined
as the limit in the systematic accuracy. Measureing a local network of many frequency
ratios [33] may yield a reduction of this limit.

5.1.2 The Atomic Mass Evaluation

Many atomic masses have been measured at various experiments employing different mea-
surement methods. In order to find one mass value for each isotope, the Atomic Mass
Evaluation (AME) was developed, which generates the atomic mass as the combination
of all these experimental results, [58,82]. The so generated mass table serves as a general
mass reference. Since the uncertainty of different methods sometimes differ by orders of
magnitudes, an averaged uncertainty weighted value is published there. Due to the fact
that ISOLTRAP data are published as frequency ratios of the ion of interest and a refer-
ence ion, it is easy to renew a mass value in the case that the reference ion is measured later
on with a higher precision. Typically, the AME masses are listed in terms of mass-excess
values

ME =m—A-u, (5.7)

with A being the atomic mass number, m the atomic mass and u the atomic mass unit.
For cases where a mixture of ground state and isomeric states is measured, a correction
procedure according to App.B in Ref. [58] has to be applied. Subtracting half of the
excitation energy from the measured value yields the ground-state mass excess M E, s :

1
MEg.s. = MEexp - iEexcit. (58)

with M E.,, being experimental mass excess and Ec,.;;. the excitation energy of the isomer.
The uncertainty of the ground-state mass excess can be obtained by

1 S
Ogs. — \laexp + (206xcit.> + ﬁngcit,7 (59)
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Table 5.1: Overview of settings for different experimental campaigns at ISOLTRAP. For each run
the ion energy of the ISOLDE beam, ion source and separator are indicated. For all
runs, an UCy target was used.

Isotope Z Run Date Ton energy Ton source Separator
PiAuw 79 A July2008 30 keV RILIS GPS
YMHe 80 B Aug. 2008 30 keV Hot plasma GPS

9019311 81 C Apr.2009 30 keV Hot plasma HRS
9871 81 D Oct.2012 50 keV Surface (Ta cavity) HRS
202pp 82 E May 2008 50 keV Hot plasma GPS

202,208py, 82 F Oct. 2008 30 keV Plasma with quartz HRS

whereas oexcit. represents the uncertainty of the excitation energy. The term %ngcit. is

added to account for the fact that the ratio between the ions being in the ground and
isomeric state is not known. If a pure sample of the isomeric state was measured, the
total excitation energy is subtracted and thus the ground state can be deduced from such
a measurement.

5.2 Results

In total, the masses of seven nuclides, namely 19 Au, 194Hg, 190:193,198 7] and 202:208p},  were
determined in six experimental campaigns. Details like mass separators, ion energies and
ion sources used in the individual experimental campaigns are listed in Tab. 5.1. Table 5.2
shows the results including frequency ratios and mass-excess values. Most of the results
are implemented in the recent AME2012 [58] and therefore the data are compared to
the previously known literature value taken from AME2003 [82]. A comparison between
literature and the new results is depicted in Fig. 5.1.

Apart from the measurement of *Au, where 1°7Au served as a reference mass, 33Cs™
ions from the surface-ionization ion source at ISOLTRAP were used for the reference
measurements. For most of the resonances, a count-rate analysis was applied. For cases
in which the number of recorded ions was too low to perform the count-rate analysis, the
error bar was increased by an equivalent factor. In the following each nuclide is discussed
separately and details about the measurements are described.

Gold Z =179

In the experimental campaign A (see Tab.5.1) the mass of *Au was determined by taking
six ToF-ICR spectra. The stable isotope 97Au, also produced by ISOLDE, served as a
reference ion. This is advantageous since the mass-dependent uncertainty (see Eq. (5.5))
is thus very small. The mass-excess value of —32213(2) keV [84] has been obtained and
was implemented in AME2012 with a significance of 100 %. The reduction of the error
bar by a factor of 5 was possible by applying long excitation times of 10s leading to
high precision. The statistics were high enough to allow for count-rate analysis. The
new value does not confirm the previous one, which was the result of beta decay studies,
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Table 5.2: Measured isotopes, half-lives, frequency ratios, ISOLTRAP mass-excess data, litera-
ture values [82] and the influence of new results on AME2012 are listed. Ground states
marked with * were obtained by subtracting the excitation energy from the excited
state value, measured within the present work. Note that the data of 199193 T present
the combination of values obtained within this thesis and values analyzed within the
framework of [83]. Data from AME2003 marked with # indicate estimated values.

Isotope Half-life r= VCV%”’ [SOLTRAP AME2003 Weight
Ty /o ME (keV) ME (keV) %
%Auy5  38.02(0.10)h  0.9847631028(110)  —32213(2) —32262(10) 100
99Hg114  440(80)y 1.495426184(230) —32184(3) —32193(13) 100
OIS+ 2.6(3)m —24379.3(50)  —24330# (504 )
oy 3.7(3)m  1.4293932800(520) —24289.3(6.4) —242004(70#) 100
193T1112* 21.6(0.8) m —27477(7) —27320(110) 100
93TIm,  2.11(15)m  1.4519430724(423) —27104.3(5.2)  —26950(110) 100
198T19‘3‘ —27528.7(7.5)  —27490(80) -
198T1§f;7 1.87(0.03)h  1.4895649197(606) —26985.1(7.5)  —26950(80) -
202Ph1og  52.5(2.8)ky  1.5196700577(328) —25941.4(4.1) —25934(8) 84
208Ph196 stable 1.5648489806(415) —21749.4(5.1)  —21748.5(1.2) 0
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Figure 5.1: Differences of mass-excess values obtained at ISOLTRAP (black) and literature data
taken from AME2003 [39] (red). Ground states marked with * are obtained by
subtracting the excitation energy from the measured isomeric state. Apart from
208pPh the uncertainties could be reduced for all nuclides.
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which are not as reliable as direct Penning-trap mass measurements. Furthermore, the
mass of 7 Au, which served as reference for the "*Au measurement, was determined at
TRIGA-TRAP [85] and no deviation to the literature value in AME2003 was found.

Mercury Z = 80

In the experimental campaign B the mass of 19*Hg was determined. In total 4 resonances
were recorded. Due to long excitation times of up to 10s the mass uncertainty could be
reduced by a factor of 4. The mass-excess value of —32184(3)keV has been obtained,
being implemented in AME2012 with a significance of 100 %. The count-rate analysis was
performed.

Thallium Z = 81

Thallium mass measurements were performed for three isotopes: ¥0T1™, 93T and
198T1™  For all of them the first isomeric state was measured. This is not suprisingly since
it was seen before, that the production rate of the high-spin state of Tl is favored [86].
In case of 19T1™ and Y3T1™ the spin state could be identified thanks to an experimental
campaign in 2011 [86]. Accordingly, the masses could be assigned to the first isomeric
state. In the experimental campaign C for °T1I™ and '"3TI1™ in total 9 and 4 resonances
were recorded, respectively. An example of a spectrum of ?3T1™ is shown in Fig. 5.2. For
190T]™ the excitation time varied between 300ms and 4s. The mass excess for P0TI™
was determined to be —24289.3(6.4) keV. In case of 193TI™ the excitation time was chosen
between 100 ms and 2.5 s and a mass-excess value of —27104.3(5.2) keV was obtained. Note
that both values, i. e. the results of '"0T1™ and '"3TI1™, were combined with later mea-
surements at ISOLTRAP [83]. These values are included in AME2012 with a significance
of 100 %.

The first isomeric state of 1Tl was measured within the experimental campaign D. In total
3 ToF-ICR spectra were recorded with an excitation time of 1200ms. A count-rate anal-
ysis was possible due to high count rates. The obtained mass excess of —26985.1(7.5) keV
agrees within 1o with the value included in the AME2003. The previous value was deter-
mined by beta-decay studies with a tenfold larger uncertainty.

Lead Z = 82

Within two experimental campaigns, labeled E and F, the mass-excess values of 20?Pb
and 28Pb were determined to be —25941.4(4.1) keV and —21749.4(5.1) keV, respectively.
Both results agree well within the error bars with the AME2003 values. For 2°2Pb 10
resonances were taken with excitation times of up to 10s and for 2°Pb 4 resonances
were recorded with 1200 ms excitation time. In the case of 202Pb the error bar could be
reduced by a factor of 2 and the influence on the value published in AME2012 is 84 %.
The high influence on the result published in AME2012 is due to the fact that one of the
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Figure 5.2: Time-of-flight ion-cyclotron resonance curve of 3TI™ with an excitation time of 1s.
About 1250 ions were recorded to obtain this spectrum. The data (black circles) are
fitted by the theoretical lineshape (blue line) [52].

masses contributing to the previous literature value, published in AME2003, is not taken
into account anymore. The measurement of 2°Pb serves as a consistency check of the
ISOLTRAP mass spectrometer.

5.3 Discussion!

The thallium region is of high interest due to low-lying isomeric states and deformed
nuclides where effects like shape coexistence or shape staggering can be observed. In the
present chapter nuclear structure of nuclides in the thallium region will be discussed. The
evolution of the nuclear structure of T1 isotopes is studied by employing finite-difference
mass formulas to the ground state masses of thallium and its neighbors lead, mercury and
gold. On the one hand T1 (Z = 81) is only one proton missing to the magic and spherical
Pb (Z = 82) isotopes. On the other hand it is close to the Hg (Z = 80) and Au (Z = 79)
isotopes, which exhibit shape staggering and deformation, respectively. Therefore it is
interesting to study how this change in structure evolves along an isotopic chain when
protons are added from Z = 79 to Z = 82. Moreover, the excitation energy of low-lying
isomers in the thallium region will be discussed.

'Parts of this chapter are taken from the author’s paper [1].
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Nuclear Structure Studies of Neutron-Deficient Thallium Isotopes

There are two different approaches for the discussion of deformation, which will be de-
scribed in this chapter. One of them is based on the comparison of the empirical pairing
gap with mean-square nuclear charge radii (a) and the another possibility is to link the
slope of the empirical pairing gap to the strength of staggering in the two-neutron sepa-
ration energy (b). Thus, for the second approach only mass data are used.

Approach (a)

As discussed already in Chap. 2 the binding energy itself is not suitable to reveal nuclear
struture information. To get a detailed insight in the structure of a nucleus, finite-difference
mass formulas, such as the empirical pairing gap A23(Z, N) (see Eq.3.5), are employed.
The three-point indicator of near-spherical nuclides has an overall downsloping trend with
increasing neutron number N. In addition, for spherical systems it exhibits a parabolic
shape between magic numbers (see for example Fig.3 of [71]) with a downsloping trend
towards closed shells. Furthermore an odd-even staggering is present along the isotopic
chains as shown in Fig.5.3. Here, experimental data of Pb (blue upward triangles), Tl
(red circles) and Hg (green downward triangles) isotopes are plotted between N = 126
and mid-shell, which qualitatively agree with the theoretically expected trend. Comparing
the data to Fig.19 in Ref. [87], the pronounced dip around mid-shell (N = 104) in the
T1 chain has disappeared and a smooth trend becomes visible using the new mass values.
The empirical pairing gap of Au isotopes (black squares) clearly differs from the general
trend of near-spherical nuclides around mid-shell, where Au is known to be deformed.
Thus, one can conclude that T1 behaves rather spherical. This is also confirmed by theory
as shown in Fig. 5.4, where microscopic calculations using the Hartree-Fock-Bogoliubov
(HFB) model in the spherical approximation [88,89] (gray and black solid lines) are com-
pared to experimental T1 data (red circles). Calculations using the HFB model [89] and
including static deformation (dashed black line) clearly show discrepancies to the data
around mid-shell.

Next, the conclusions from masses will be compared to another observable being sensitive
to deformation: the mean-square nuclear charge radii. Figure5.6 shows mean-square nu-
clear charge radii (r2) in the thallium region. Lead (blue upward triangles) and thallium
(red circles) behave quite smooth. The linear downward trend for decreasing neutron
number N with an odd-even staggering added on top of it, exhibits just a slight slope
change around N = 110 and N = 113 for Pb and T1, respectively. In the case of Hg (green
downward triangles) a strongly enhanced odd-even staggering for N < 106 indicates shape
staggering, whereas Au (black squares) exhibits clear deformation for N < 107. For lower
N in the gold region more recent values are under investigation [90].

Further details about mean-square nuclear charge radii of T1 can be found in Fig.4 in
Ref. [91]. Here, lines of different strength of the quadrupole deformation parameter
(B%)1/2 are depicted. These lines are calculated based on the liquid-droplet model [92].
Beyond mid-shell and for NV < 113, the mean-square nuclear charge radii deviate from the
<52>1/ 2 = 0 line indicating sphericity, however they are still below the 32 = 0.2 line, which
alludes only slight deformation.
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Figure 5.3: Empirical pairing gap A2(Z, N) (see Eq.(3.5)) versus neutron number N in the
thallium region. The Au chain clearly differs from Hg, T1 and Pb around mid-shell

(N = 104). Data are taken from [58]. Data influenced by ISOLTRAP results are
indicated by filled symbols.
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Figure 5.4: Three-point empirical pairing gap A3(Z, N) for thallium isotopes as a function of
neutron number N. The experimental values (red circles) are taken from [58] and
compared to different theoretical results: a spherical HFB model by J. Dobaczewski
(gray solid line) [88] as well as spherical (black solid line) and deformed (black dashed
line) HFB-D1S calculations of the Bruyeres-le-Chétel group [89]. The binding ener-
gies around N = 114 are not considered in the HFB-D1S calculations since the value
likely contains a numerical artefact.
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Figure 5.5: Theoretical values of §(r?) [93] are compared to experimental data [91,94]. Mean-
square nuclear charge radii of (a) Tl (red circles) are compared to the spherical Pb
(blue upward triangles) and in (b) T1 (red circles) is shown together with to Hg (green
downward triangles). The theoretical results are plotted for the spherical case (black
line) and for the statically deformed case (gray dashed line). For nuclides marked
with open symbols the state ordering is not clear.
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In the following, theoretical results for even-even nuclides are considered for Pb and Hg
isotopes. Figure5.5 shows a comparison between experimental and theoretical predic-
tions of mean-square nuclear charge radii. Here, M. Bender employed a non-relativistic
self-consistent mean-field (SCMF) model with the Skyrme interaction SLy4 [95] and a
density-dependent pairing force to study quadrupole correlation effects for even-even nu-
clides. The spherical solution (black line) and the statically deformed solution (gray
dashed line) for the isotopic chain of lead (blue upward triangles in Fig.5.5(a)) and mer-
cury (green downward triangles in Fig. 5.5(b)) are shown. As expected, experimental lead
data agree better with the spherical solution than with the deformed solution although a
slight deviation is visible for NV < 112. The mean-square nuclear charge radii of thallium
(red circles) show a similar behavior to this spherical solution and accordingly the lead
isotopes. For mercury the spherical solution describes data down to NV = 110 and from
then on the deformed solution is closer to the data, especially in the region where shape
staggering occurs. Thus one can conclude also from mean-square nuclear charge radii that
the thallium isotopic chain behaves rather spherical.

Next, the empirical pairing gap A2(Z, N) (see Eq. (3.6)) will be considered together with
mean-square nuclear charge radii information. Comparing these two observables, see
Fig.5.6 and Fig.5.7, a coincidence can be seen in the Au isotopes for N < 109. A
parabola appears in the empirical pairing gap and for the same region deformation is
setting in as can be seen by the sudden rise in mean-square nuclear charge radii. This is
similar to mercury, where the parabola is less pronounced, but present in the region of
shape staggering. The isotopic chains of Tl and Pb show a smooth trend compared to
Hg and Au. The fact, that the empirical pairing gap is sensititve to deformation is also
discussed in Fig. 5 in Ref. [1] using a model, which confirms the impact of deformation on
the five-point indicator A2(Z, N).

Approach (b)

The two-neutron separation energy Ss, is commonly used for the investigation of nuclear
structure effects (see Eq.(3.4)). Figure5.8 shows So, from the deformed Au (Z = 79)
to the proton magic Pb (Z = 82) isotopes. The isotopic chains of Au (black squares),
Hg (green downward triangles), Tl (red circles) and Pb (blue upward triangles) show all
the general linear trend going down with a more or less pronounced odd-even staggering
superimposed. Note, that this staggering is not the same, as the staggering in Fig. 3.4.
Since Soy is taking into account only every second isotope, the odd-even staggering, which
has its origin in the pairing energy, is not visible. The T1 chain of Sy, became smoother
by adding new ISOLTRAP data. In the case of Au a clear irregularity is visible around
N =109 giving a hint to a change in nuclear structure.

Next, the unexpected staggering of So, will be discussed. Initially the so-called y-parameter
was introduced by B. S. Reehal [96] to describe the strength of staggering of mean-square
nuclear charge radii. The y-parameter is given as

X(N)— X(N —1)

XN =2 N - x (v = 1)

(5.10)
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Figure 5.6: Differences in mean-square nuclear charge radii for ground states in the thallium

region. It is obvious that for gold (black squares) one can see deformation setting in
at N = 107 and in the case of mercury (green downward triangles) shape staggering
is visible for N < 106. Lead (blue upward triangles) and thallium (red circles) shows
a rather smooth trend going down for decreasing neutron numbers. Note that an
offset, as indicated for each nuclide, has been added for better visibility. Data were
taken from [91,94]. Error bars are smaller than the symbol size. Open symbols
denote nuclides where the state ordering is not certain.
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Figure 5.7: Empirical pairing gap A%(Z, N) (see Eq.(3.6)) versus neutron number N in the

thallium (red circles) region. For better visibility an offset was added to the values of
Au (black squares), Hg (green downward triangles) and Pb (blue upward triangles)
as indicated in parentheses. A dip is visible in Hg for 100 < N < 106 and for
Au in 100 < N < 108. This coincides with irregularities in mean-square nuclear
charge radii. Data were taken from [58]. Filled symbols denote data including new
ISOLTRAP results.
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Figure 5.8: Two-neutron separation energies Ss, versus neutron number N in for thallium iso-
topes (red circles) and its neighbors lead (blue upward triangles), mercury (green
downward triangles) and gold (black squares). Filled symbols indicate a contribution
from the ISOLTRAP data discussed within the present thesis. In the gold chain a
clear dip around N = 109 is visible while the lead, thallium and mercury chain follow
a rather smooth trend. Data were taken from [58].

with X (V) being an observable that exhibits odd-even staggering, e. g. mean-square nu-
clear charge radii. Here, it will be tested to what extent such an investigation can be
mapped onto masses, i. e. the two-neutron separation energy.

The ~-parameter can be modified by taking the absolute value and applied to the two-
neutron separation energy. Looking at v/ = |y(S2n(IN)) —1| instead of |y(S2,(IN))| leads to
a positive number being close to zero, whereas 7/ = 0 reflecting that there is no staggering
present at all. The comparison of

(5.11)

(SZH(N) - SQn(N - 1)) _ 1‘

[7(S2a(N)) = 1] = 252n(N +1) — Son(N —1)

to the slope of the empirical pairing gap A3(Z,N) — A3(N — 1) is shown in Fig.5.9
for (a) Au, (b) Hg, (c) Tl and (d) Pb. A symmetric behavior of both curves is clearly
visible. In case of gold, in the region around N = 107 (blue shaded) a deviation from the
symmetric pattern is observed. Similar effects are present in mercury. Here, the region,
which is known for shape staggering (compare Fig5.6), is not symmetric (see Fig.5.9b,
blue shaded). Considering T1 and Pb, a symmetric pattern is visible along the whole
isotopic chain. Here, error bars are quite large compared to Au and Hg, so that arguments
could be questioned. In order to see whether this link is reproducible in other regions of
the nuclear chart, lower Z nuclides have been studied as well. The same behavior as in
the thallium region could be demonstrated.

Taking the absolute in Eq. (5.11) of course some information is neglected. Considering
~ in its initial form it reveals tiny irregularities, such as slope changes in the trend of
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Figure 5.9: Slope of the empirical pairing gap A3(Z, N)—A5(Z, N—1) for (a) Au (black squares),

(b) Hg (green downward triangles), (c¢) T1 (red circles) and (d) Pb (blue upward
triangles) compared to v/ (gray stars) of the corresponding versus neutron number
N. The shaded area in (a) indicates a region where Au exhibits deformation. The
shaded area in (b) shows the region at which shape staggering is present in Hg. Data
are taken from AME2012. For details see text.
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Son. Another feature, which is revealed by looking at 7 is the fact that the strength of
staggering is fluctuating in a periodic manner along the isotopic chains.

This study of the strength of staggering in Sy, through the 7/ parameter exemplifies
that deformation can affect mass values, such that higher-order mass formulas can make
it quantitatively accessible. Although tested only on a few cases, this shows that mass
differences offer information on the deformation of a nucleus complementary to that from
mean-square nuclear charge radii.

Low-Lying Isomeric States

The investigation of low-lying isomeric states reveals further information on the develop-
ment of collectivity along the Tl isotopic chain. Odd-N TI isotopes for neutron numbers
103 < N < 121 exhibit an I = 2 ground state and I = 7 isomeric state whereas even-N
Tl isotopes hold an I = 1/2 ground state and an I = 9/2 isomeric state which exhibits
deformation [91]. The energy of the first isomeric state in odd-N TI isotopes decreases
from N = 126 towards mid-shell (N = 104) and thus a level inversion seems within reach.
The spherical shell model yields an oversimplified description of T1 isotopes which becomes
clear by comparing the data with spin state predictions. A reason for the state ordering
might be the effect of shape coexistence or a slight oblate deviation [97]. According to
the spherical shell model the valence proton occupies the s; /5 orbital but many I = 9/2
isomers have been found in the Tl isotopic chain, meaning that the valence proton occu-
pies the hg/, orbital beeing above the shell closure at Z = 82. The excitation energy of
the I = 9/2 isomer is decreasing for lower neutron numbers (as shown in Fig. 5.10, red
circles) and reaches a minimum of less than 300keV at N = 108. This reflects the evolu-
tion of the hg o intruder. In the gold chain the I = 9/2 state is decreasing almost to zero
around mid-shell (see Fig. 5.10, black squares), which results in deformation of the ground
states setting in at N = 107. The slight deviation of T1 ground states from the spherical
predictions (see Fig.4 in Ref. [91] and Fig.5.5) could thus be the result of ground state
correlations. This is also supported by the presence of the low-lying intruder state.
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Figure 5.10: Excitation energy of the I = 9/2 states of thallium (red filled circles) and gold
(black open squares) isotopes as a function of neutron number N. The first excited
state of even-N T isotopes shows a parabolic shape with a minimum at N = 108.
It reflects the evolution of an intruder, wheras the I = 9/2 state in Au is responsible
for the deformation. The energy of the isomer in Au decreases from N < 113 and
reaches nearly zero at mid-shell. Data were taken from [58,98]. Error bars are
smaller than the symbol size.



Chapter 6

The PENTATRAP Mass
Spectrometer

The PENTATRAP experiment [38] has been developed and set up at the Max-Planck-
Institut fiir Kernphysik, Heidelberg. The first part of the present chapter will briefly
introduce the key components of the setup such as ion sources, the Penning-trap mass
spectrometer, and the beamline, which interfaces the ion sources with the mass spec-
trometer. The second part will address the PENTATRAP magnet and the stabilization
systems, which were installed to reduce magnetic field fluctuations.

6.1 The Experimental Setup of PENTATRAP

As shown in Fig.6.1 the experimental setup extends over two floors. The ion source is
located on the first floor in the accelerator hall, whereas the mass spectrometer is located
in the PENTATRAP laboratory below. The different parts of the setup as well as the
control system and measurement principle are introduced in the following.

6.1.1 Ions Sources

The cyclotron frequency scales with the charge-to-mass ratio of the ion. Thus, the use of
ions in very high charged states, i. e. high absolute cyclotron frequencies, is advantageous in
frequency measurements with relative uncertainties < 10~!!. For the production of highly
charged ions different ion sources are available in form of a commercial electron beam ion
trap (EBIT), or will be accessible in the future. In an EBIT, ions are axially confined due
to a voltage applied to drift tubes. In addition, a magnetic field is used to compress a
monoenergetic electron beam, which provides in combination with the magnetic field itself
radial confinement of the ions. The electron beam ionizes the atoms subsequently until
high charge states are produced.

71
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Figure 6.1: Schematic of the PENTATRAP setup. The ions are produced in the accelerator
hall on the first floor. A two meter long beamline equipped with two diagnostic
stations transfers the ions to the temperature-stabilized PENTATRAP laboratory
where a superconducting magnet is installed. The ions are decelerated by drift tubes
before they enter the trap tower. The trap chamber and the electronics chamber are
installed in the center of the magnet in a 4 K environment.
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Figure 6.2: Osmium spectrum produced with the Dresden-EBIT3 in the commissioning phase of
PENTATRAP. The ions were detected with an MCP detector for different charge-

to-mass ratios.

Dresden-EBIT3

PENTATRAP is currently connected to a commercial ion source called Dresden-EBIT3
[99]. It is a small room temperature EBIT combined with a Wien filter, which allows one
to choose a certain mass-to-charge ratio of the extracted ions. The Dresden-EBIT3 with
a maximum electron beam energy of 15keV and an electron beam current of about 50 mA
is capable of producing bare ions up to Z = 30. Nuclides with higher Z can be ionized to
helium- or neon-like charge states. The Dresden-EBIT3 was employed for commissioning
of PENTATRAP. Amongst others, the production of '¥"Re and '87Os ions with charge
states up to 52+ (see Fig. 6.2) was demonstrated with production rates of few hundreds of
ions per second [38]. The decay of ®"Re to '87Os is relevant for applications in neutrino
physics. Details are discussed in [100].

Heidelberg-EBIT

The Heidelberg-EBIT [101] is located close to the PENTATRAP laboratory and serves
as an ion source for various experiments. It is planned to connect the PENTATRAP
experiment to the Heidelberg-EBIT in the future in order to provide access to heavy ions
in high charge states up to 2°Pb®*. Currently a maximum electron beam energy of
100 keV allows for the production of Hg"™* or Ba®* ions.

HITRAP

For the far future it is planned to adapt the PENTATRAP experiment to the HITRAP
facility [102], which is located at the GSI Helmholtzzentrum fiir Schwerionenforschung
(GSI), Darmstadt. HITRAP is connected to the accelerator complex of GSI and serves as
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Figure 6.3: Photograph of the diagnostic system (KVI for HITRAP design) containing an MCP
detector with a phosphor screen and a Faraday cup. Taken from [103].

a decelerator of the ions. At HITRAP heavy highly-charged bare nuclides will be available
with masses up to uranium. GSI is currently the only facility where U??T can be produced.
In contrast to the Heidelberg-EBIT, at HITRAP there will be in addition highly-charged
ions available with low half-lives of several tens of seconds. Very low kinetic energies of
ion beams of only a few meV-q will be reached.

6.1.2 Beamline and Beam Diagnostics

The PENTATRAP beamline has a length of about 2m and serves as a connection between
the ion source placed in the accelerator hall and the Penning-trap mass spectrometer in-
stalled in the PENTATRAP laboratory (see Fig. 6.1). In the beamline, ion beam diagnostic
systems are employed for optimization purposes. As shown in Fig. 6.3, these systems hold
MCP detectors with phosphor-screens and Faraday cups. Hence, the beam intensity and
the shape of the beam can be monitored, which facilitates the optimization of the ion
transport. Below the first diagnostic station einzel lenses and deflectors are mounted to
transport the ions and tune the shape of the ion beam. Moreover, a pulsed drift tube
is installed to lower the ion energy from about 7keV/q down to few hundred eV/q for
an efficient ion injection into the cryogenic region in the strong magnetic field with the
subsequent capture of ions in the traps. Just above the magnet a second diagnostic station
is installed to monitor the ion beam before entering the cold bore. In the bore a second
drift tube is placed just above of the Penning-trap tower. Here, the ion beam energy is
reduced down to a few eV /q to enable the ion capture in one of the traps.



6.1. THE EXPERIMENTAL SETUP OF PENTATRAP 75

I 2
translation-ar
tilt Stage

electronic
chamber

Figure 6.4: (a) Cryogenic assembly including the translation and tilt stage, the trap tower and
the electronics chamber. (b) Penning-trap tower containing 5 Penning traps with 5
electrodes each. Sapphire rings are used as insulators.

6.1.3 The Cryogenic Assembly and the Trap Tower

The trap chamber with corresponding detection electronics is immersed in the liquid he-
lium cryostat of the superconducting magnet, which also cools the coils of the magnet.
Such a configuration allows in combination with charcoal absorbers to reach very good
vacuum conditions of p < 10713 mbar, which allows ion storage times of several days.
As shown in Fig.6.4 (a), the beamline for the ion transport from the ion source to the
trap is connected via a flexible titanium bellow to the top of the trap chamber, which is
mounted in the center of a translation and tilt stage. This stage enables the alignment
of the symmetry axis of the trap tower (see Fig.6.4 (b)) to the magnetic field lines. It
provides the possibility to translate or to tilt the tower by 2mm or 1°, respectively. The
trap tower consists of five identical, cylindrical, compensated and orthogonalized Penning
traps [104]. Each trap consists of five electrodes, which are split in parts to enable dipolar
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or quadrupolar excitations. Below the trap chamber a flexible titanium bellow is mounted
and the electronics chamber containing the resonators for the ion detection system is at-
tached.

In order to setup a Penning trap for high-precision mass measurements the mechanical
part, i. e. trap electrodes and insulators, has to be manufactured very precisely, i. e. the
tolerances of the trap electrodes are +5pm [38]. Apart from the mechanical unit, an es-
sential component of a Penning trap is the electromagnetic field, which has to be stable as
much as possible. In order to stabilize the magnetic field a lot of effort has been invested,
which will be described in detail in Chap. 6.2. The trapping potential in a Penning trap
is created by applying ultra-stable voltages to the five electrodes. As the PENTATRAP
trap tower contains a stack of five traps, a voltage source with 25 channels is required to
supply the stable trapping potential. Furthermore, in order to enable ion transport from
one trap to another, these 25 channels have to be equipped with capabilities to dynami-
cally change voltages. As there is no commercial voltage source available, which fulfills all
requirements, an ultra-stable voltage source has been developed within this thesis in col-
laboration with the electronics workshop at MPI and the PTB Braunschweig. A detailed
description of this voltage source is given in Chap. 7.

6.1.4 The PENTATRAP Control and Data Aquisition System

T™M

The LabVIEW ™ based control system of PENTATRAP was initially developed at GSI for
experiments employing the time-of-flight detection technique [105]. It was adapted within
the Ph.D. thesis of M. Goncharov [106] to the PENTATRAP setup in order to facilitate
the control of an FT-ICR measurement. The control system is used to apply the settings
for all hardware components such as ion sources, ion optics, diagnostics and the StaReP
voltage source. A detailed description on the control of the StaReP voltage source is given
in Chap.7.2. Moreover, the control system is also used for data acquisition. Later on it
is planned to implement also an online data analysis program and a logbook. Due to the
high flexibility of the control system it will be possible to add elaborated measurement
schemes. So far commissioning of the control system has been performed during first
tests employing the Dresden-EBIT3. Moreover, the detection of the first trapped ions at
PENTATRAP was performed with the control system. The high flexibility of the system
allows one to change settings or even to switch damaged components without stopping
the experiment. More details are given in [106].

6.1.5 Ion Detection

The ion detection at PENTATRAP will be realized via the FT-ICR technique, which is
described in Chap.2.2.3. The measurement of the eigenfrequencies will yield the free cy-
clotron frequency employing the invariance theorem. The so-called monitor trap (trap 1,
see Fig. 6.5) is equipped with a cyclotron tank circuit to monitor magnetic field fluctuations
by measuring the cyclotron frequency of an ion with a well-known mass. Furthermore, an
axial tank circuit is connected to trap 1 to enable the monitoring of voltage fluctuations.
The detection circuits for the mass determination are axial tank circuits, which are at-
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tached to the measurement traps (trap 2-5). These allow one to measure vy for a large
variety of ¢ and m, as the voltage can be tuned accordingly for a given axial frequency. The
radial frequency v4 can be measured via vz employing sideband coupling [107]. In addi-
tion, cyclotron tank circuits are attached to trap 2-5. These are necessary for the cleaning
and cooling procedure, which is carried out to prepare the ion for the measurement. De-
tails of the detection system and the development of the tank circuits are described in the
Ph.D. theses of C. Roux [108] and A. Dorr [109].

6.1.6 The Measurement Principle

In many Penning-trap experiments, two ion species are measured subsequently in order to
determine the mass ratio. The time interval between the measurements has to be as small
as possible since temporal magnetic field fluctuations are the limiting factor of the accuracy
on mass-ratio measurements. To overcome this issue, PENTATRAP is equipped with five
traps. This enables a large variety of measurement schemes, including the possibility for
fast ion exchange between the traps. One example is illustrated in Fig.6.5 and will be
discussed in the following. There are 3 ion species loaded in the traps. An ion (monitor
ion, gray) with a well- known mass is stored for a continuous measurement of v, or v,
in trap 1. That allows, according to Eq.(2.5) and Eq.(2.9), to deduce magnetic field
fluctuations or voltage fluctuations, respectively. Traps 2-5 serve for preparation and
mass-ratio measurements of the ions of interest. Measuring the cyclotron frequency of the
ion with charge state g1, mass my (see Fig. 6.5, green) in the magnetic field Bs(t1) of trap
3 and the cyclotron frequency of the ion with charge state g2, mass ma (see Fig. 6.5, black)
in the magnetic field By(t1) of trap 4 simultaneously at time t; allows to determine the
frequency ratio:

R(t;) = 2ot = my Bs(t1) (6.1)
Veo o DBa(tr)
This measurement is repeated at time to after swapping the ions by shifting them from
traps 3, 4 and 5 to the adjacent traps 2, 3 and 4 resulting in:

8 By(t)

Vel my 4\2
ty) = —— =1~ 2
R( 2) Ve 7;1122 Bg(tz) (6 )

For ¢ = ¢» the mass ratio is obtained by:

~m Bs(t1)
R R = 2. ¢ )

The ratio B3/ By is assumed to be constant over the time because it depends mainly on the
geometry of the magnet. Thus, it cancels out in Eq. (6.3). The mass ratio measurement is
repeated several times to average out the small temporal fluctuations of the ratio Bs/By.
In addition several magnetic field stabilization systems have been installed (see Chap. 6.2).
The unique five-trap design allows for many more measurement schemes which have to be
tested in order to find the best.

B4(t2) - @
B = (6.3)
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Figure 6.5: Example of a measurement scheme at PENTATRAP. The first trap contains an ion of
a well-known mass (gray) and enables the monitoring of magnetic field fluctuations or
voltage fluctuations by measuring v, or v,, respectively. The remaining four traps are
used for simultaneous mass-ratio measurements. One ion species (green) is initially
stored in trap 3 and trap 5, while a second ion species (black) is captured in trap
4. The existence of trap 2 facilitates to move the ions to adjacent traps, meaning
effectively swapping ion species in trap 3 and trap 4. For details see text.
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6.2 Stabilization Systems at PENTATRAP

The PENTATRAP experiment is placed in a laboratory with different stabilization sys-
tems to reduce environmental influences on the magnetic field, which would lead to an
increased uncertainty in the mass measurements. In order to reduce e. g. the influence of
fluctuations of the earth’s magnetic field and other environmental distortions a regulation
system was implemented within the Ph.D. thesis of J. Repp [100] and the Bachelor’s thesis
of A. Rischka [110]. The vertical components of low frequency stray magnetic fields, are
actively shielded by means of a feedback control system based on a flux-gate magnetome-
ter, which is connected to a pair of Helmholtz coils mounted around the magnet [38].
Combined with the self-shielding of the magnet (shielding factor >100), the estimated
total shielding factor exceeds 1000. In order to shield high-frequency magnetic fields and
stray electrical fields, the PENTATRAP magnet can be enclosed in an aluminum hous-
ing. The aluminum housing is equipped with a temperature stabilization system which
reduces temperature fluctuations to about 20 mK per day [38]. Moreover, the magnet is
mounted on antivibration pneumatic pads as shown in Fig.6.6. These are installed on
vibrational damped concrete blocks to achieve a decoupling from the building. Thus, the
vibration amplitude of the concrete blocks remains below 1 pm. Apart from these external
arrangements, a stabilization of the helium pressure and helium level in the magnet is im-
plemented. With all stabilization systems included we are aiming for a temporal stability
AB/B - 1/AT of at least a few ten ppt per hour.

In the following, the setup and commissioning of the helium pressure and level stabi-
lization will be discussed. The superconducting 7 Tesla magnet of PENTATRAP holds a
cold bore in which the trap chamber and the electronics chamber are cooled down by liquid
helium, as shown in Fig. 6.1. The helium reservoir contains the coils of the magnet. Both,
the bore and the reservoir are connected by a small hole () <1cm) at the bottom of the
bore (see Fig.6.7). The temperature of boiling liquid helium is a function if its pressure.
Consequently the materials with a temperature-dependent susceptibility installed in the
vicinity of the trap tower influence the magnetic field if the temperature changes. Thus a
pressure stabilization of the helium gas in the bore of the magnet is of great importance.
As the pressure will be kept constant in the bore, a pressure change in the reservoir will
cause a change of the level in the bore. A level fluctuation in the bore would result in
temperature fluctuations and thus, the magnetic field is affected by a level change.

The basic principle of the stabilization system relies on the stabilization implemented at the
THe-Trap experiment [111,112], which was adapted from [113]. At THe-Trap a pressure
and level stabilization of about +0.6 pbar and +40 pm has been demonstrated. At PEN-
TATRAP we are aiming for similar stabilities. The amount of materials with a strongly
temperature-dependent susceptibility such as G10-CR! is much smaller at PENTATRAP
compared to the setup of THe-Trap. Therefore, the requirements on the stabilization
system at THe-Trap are more demanding.

'G10-CR is a fiber glass with a temperature-dependent susceptibility [114,115].
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Figure 6.6: Photograph of the PENTATRAP magnet. On the top, a part of the beamline towards
the ion source is shown with the beam diagnostic station attached. The magnet is
placed on antivibration pneumatic pads in the center of the Helmholtz coils, which
are used to reduce environmental magnetic fluctuations.



6.2. STABILIZATION SYSTEMS AT PENTATRAP 81

6.2.1 The Setup of the Helium Pressure and Level Stabilization System

The PENTATRAP magnet contains two connected chambers filled with liquid helium:
the reservoir and the bore (see Fig.6.7). The aim is, to stabilize the helium pressure
and helium level in the bore as perfect as possible. Thus, the pressure regulation has to
compensate the helium boil-off. As there are no commercial stabilization systems available,
the design was adapted from THe-Trap [111]. Several modifications were made to adjust
the stabilization system to the PENTATRAP magnet.

Requirements

Differential pressure transducers with a high resolution of < 1 pbar are available from MKS
Instruments. These can be combined with an absolute pressure reference (APR) in order
to stabilize the pressure in the bore of the magnet relative to the APR. The PENTATRAP
APR was adapted from [112] and constructed and setup at MPIK.

The level measurement is more challenging as the detection of the level has to be carried
out in the cryogenic region of the bore, in contrast to the pressure, which is measured
at room temperature. Thus, the level sensor must be suitable for cryogenic environments
and at the same time the heat transfer to the system has to be minimized. Level de-
tection techniques based on the measurement of the resistance of a superconducting wire
immersed in liquid helium would lead to an increased helium boil-off and would disturb
the stabilization mass measurement tremendously. The readout of the commercial level
sensor, which was delivered with the magnet and is placed in the reservoir, results in a
rise of pressure of a few hundred pbar when a current flows through the wire to determine
the level. Therefore, a capacitive level sensor was chosen for the helium level stabilization
as it provides a high resolution and yields in a low heat input. It contains a resonator
placed in the bore and an oscillator at room temperature, as shown in Fig.6.8. Details
are described in [103].

Principle of the Stabilization System

In order to describe the basic principle of the stabilization system one can assume two
circuits (green and purple circuit in Fig.6.7), which are coupled due to the small hole at
the ground of the bore. Two dosing valves D1 and D2 are employed in the regulation
system of the level and pressure, respectively.

o In cases where the level is too high/low the dosing valve D1 will open/close leading
to a pressure release/build up in the reservoir. Due to the connection of the bore to
the reservoir, the level in the bore is affected by switching D1.

e In cases when the pressure in the bore is too high, D2 will open. For a pressure
below the reference pressure D2 will be closed, such that the helium boil-off will lead
to a rise of the pressure.

Note, that the pressure release is carried out actively by opening the valves D1 and D2,
while a pressure build-up is only possible by closing the valve and waiting until the helium
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Figure 6.7: Principle of the He pressure and level stabilization system. The level and pressure
stabilization circuit is shown in purple and green, respectively. The commercial
level sensor (brown) serves for testing and characterization purposes only. It will be
switched off while precision measurements are performed. For details see text.

boil-off is sufficient to reach a certain pressure.

On the one hand, the dosing valves (D1, D2) have to be chosen large enough to compensate
the boil-off, which is about 11 helium in gas form per minute at each valve. On the other
hand the fine tuning of the valve is required with a high resolution to tune the pressure
in the pbar range.

The level stabilization system is based on the stabilization of the frequency of a resonator
(Fig. A.1), which is partly immersed in liquid helium. As soon as the He level changes
the resonance frequency of the resonator is affected. The frequency signal triggers the
controller to tune the valve D1, which is regulated to compensate for the frequency shift.

Absolute Pressure Reference (APR)

The differential pressure transducer AD120 (MKS Instruments) is connected to an abso-
lute pressure reference (APR). The APR design is adapted from the APR at THe-Trap.
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Figure 6.8: Schematic of the helium pressure and level stabilization system. Red lines indicate
electrical signals and blue lines represent the helium-gas filled tubes of the system.
Dosing valves (D) for the stabilization system and safety valves (SV) are shown.
The pressure sensors 226A and AD120 are used for test and stabilization purposes,
respectively. All parts shown in gray serve as safety system to prevent damage of the
pressure sensor AD120 in case of a quench or other events causing a rise of pressure.
All safety valves shown here are drawn in operation mode. Figure adapted from [103].

It is a non-magnetic stainless steel chamber with a volume of 201 enclosed in a styrofoam
housing (see Fig. A.2). The styrofoam provides damping of environmental temperature
fluctuations in the laboratory. In order to actively temperature stabilize the APR a heat-
ing wire is wrapped around the chamber between the styrofoam and the stainless steel
chamber. The PENTATRAP APR was installed at the stabilization system of THe-Trap,
where the active temperature regulation has been successfully tested. However, the APR
test at THe-Trap has also shown, that there is a drift of the APR pressure of about
80 pbar/day, which has to be further investigated. For test purposes the APR has been
filled with nitrogen to a pressure of 1010 mbar. Later, it will be filled with helium as
there will be a connection during the setup of the stabilization system of the APR to the
magnet system. The whole stabilization system is held above the environmental pressure
to prevent air entering the system in case of a leak.

The environmental air pressure has been observed for several month. Depending on the
weather the pressure fluctuates from 960 to 990 mbar. As the AD120 sensor should not
be exposed to more than 100 mbar differential pressure, the pressure in the bore and thus
in the APR has to be chosen such that pApr — Proom < 100 mbar with 960 mbar < proom <
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Figure 6.9: Photograph of the valve system of the current setup. Taken from [103].

990 mbar. As the pressure in the bore of the magnet is stabilized relative to the pressure
of the APR, the stability of the complete system is limited by the stability of the pressure
in the APR.

Safety Valve System

The stabilization system contains three safety valves (Fig.6.9, SV1, SV2 and SV3) and
an additional differential pressure transducer 2264 (MKS Instruments), which is installed
between the tubes connected to the reservoir and the bore (see Fig.6.8). In the case of an
unexpected rise of pressure in the magnet, e. g. a quench or other events like filling helium,
the differential pressure transducer AD120 (MKS Instruments) should be decoupled from
the system to prevent it from damage. The safety valves are switched already at a low
pressure increase of a few hundred pbar, whereas the safety valve system from the magnet
itself (see Fig.A.3) reacts only at an overpressure above 200 mbar?. As the ADI120 is
designed for max. 100 mbar overpressure we need to guarantee that the safety valves are
switched at an early stage of a quench. For every helium filling one has to open SV1, which
leads to a pressure equalization between the bore and the reservoir. However, the safety
mode (switch SV1-3) allows one to fill without waiting for the complete equalization of
the pressure in the bore and in the reservoir. After each helium refill it takes several hours
until the system is back in the stabilized mode.

2The pressure in the magnet is about a few ten mbar above the environmental pressure, if the stabi-
lization system is in operation.
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Control of the Stabilization System

Initially the control of the pressure stabilization was realized by employing a commercial
controller (Type 250, MKS Instruments). At that stage the pressure regulation system
was installed in a slightly modified version and the level stabilization was not implemented
yet. Meanwhile, the complete stabilization system is controlled by one combined digitized
system developed within the Master’s thesis of A. Rischka [103]. This system is more
flexible compared to the commercial controller and allows one to consider the coupling of
the bore and the reservoir. For first tests two independent proportional-integral-derivative
(PID) controllers are employed to address the dosing valves D1 and D2. The setting of PID
regulation parameters as well as the data acquisition is realized by a microcontroller being
implemented on a field-programmable gate array (FPGA) board. The pressure sensors
(AD120 and 226A) are read out and supplied by the commercial device PR4000B (MKS
Instruments), which can be connected via a serial interface to the FPGA board. The
FPGA board is connected to the PENTATRAP control PC where a LabVIEW"™ based
program allows one to control the stabilization system. For more details see [103].
Assuming two independent PID controllers one has to ensure that the time constant of the
pressure regulation system differs from the time constant of the level stabilization system,
to minimize the influence of the systems to each other. For the future an elaborated
regulation system will be implemented, which will take into account the coupling of the
reservoir to the bore.

6.2.2 Commissioning of the Helium Pressure and Level Stabilization
System

For the initial tests only the pressure stabilization was set up. The valve D1 was replaced
by a blank plug and SV1 was open. In that configuration the pressure was stabilized to
+3 pbar over 4 days. The same performance was achieved later on in a combined mea-
surement, i. e., when the pressure and level stabilization system were both in operation.
In order to see how the regulation system reacts under stress, the commercial level sen-
sor (see Fig.6.7) was read out, which leads to an increase of the bore pressure by about
300 pbar. Depending on the settings of the regulation system, it lasts 2-3 minutes to sta-
bilize the pressure after this kind of distortion.

Within the commissioning of the level stabilization [103] the frequency change was deter-
mined as a function of the helium level. According to that measurement the sensitivity
is given as 1.0(0.2) pm/Hz. The level stabilization system has been tested only for a very
short time as shown in Fig.6.10. The time constants of the level regulation and pressure
regulation are not tuned yet. Thus, both systems influence each other, which leads to
continuous level oscillations. Furthermore the sampling rate of the frequency, i. e. level
measurement has to be increased. The sampling rate of the present setup is at 1 Hz. Level
fluctuations with the present setup are below £40pm. In summary, these test measure-
ments represent a proof of principle. There are many issues which have to be addressed,
when the PENTATRAP experiment is in operation and ions of a well-known mass can be
used to determine the magnetic field stability by measuring the cyclotron frequency.
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Figure 6.10: Stabilized helium level determined via the frequency measurement of the level res-
onator. Fluctuations of 1 Hz correspond to 1 pm level fluctuations. The gray marked
region indicates a disturbance due to a level readout employing the commercial level
sensor. With the current settings, both the pressure and level regulation system
influence each other, which yields continuous level oscillations.

6.2.3 Outlook

A characterization of the helium pressure and level stabilization system will be possible, if
the cyclotron frequency of ions of a well-known mass can be measured at PENTATRAP to
determine the magnetic field stability on longer time scales. This measurement will allow
one to determine the dependence of the cyclotron frequency on the pressure and level of
the helium. So far, a proof of principle of the stabilization has been achieved, whereas the
safety valve system still has to be tested and characterized.

If the complete system is installed and tested and an enhanced sensitivity of the pressure
system stabilization is required, one can add a pressure transducer with a resolution of
100 nbar. As such a pressure transducer has a full scale range of only 10 mbar, the switching
on of the stabilization system has to be done in a well-controlled manner. This can be
realized by a pre-regulation employing the current setup and a modification of the APR,
i. e. an additional connection tube has to be attached to the top flange of the APR.



Chapter 7

StaReP — an Ultra-Stable Voltage
Source

PENTATRAP is aiming for high-precision mass measurements, i. e., relative uncertainties
in the cyclotron frequency on a level of 107''. The cyclotron frequency will be obtained
employing the invariance theorem (Eq.(2.15)) and thus the relative uncertainty is given

as:
A A A A
wc:<W+> | W++<¢vz> | wZ+<W—) Aw )
We We W4 We Wy, We w_

As the uncertainty contribution of the axial frequency is suppressed with (%z) , the axial

frequency has to be measured on a level of at least 2-107% for typical frequencies at
PENTATRAP (see Tab. 2.1). Due to the dependence of the axial frequency on the trapping
voltage (Eq. (2.9)), the relative voltage stability should be below

& =9 Aw,
U " w (7.2)
=4-1078

within about 10 minutes, which is a typical duration of a measurement cycle. Hence, an
ultra-stable voltage source is needed to supply the Penning-trap electrodes with stable po-
tentials. The requirements are very demanding and no commercial source is available with
these specifications. Therefore, an elaborated source called StaReP (Stable Reference for
Penning Trap Experiments) was developed in collaboration with the electronics workshop
at MPIK and the Physikalisch-Technische Bundesanstalt (PTB), Braunschweig. In the
present chapter the requirements on the voltage source, the main components of the setup
as well as commissioning measurements of StaReP will be presented.

7.1 Requirements

PENTATRAP contains in total five Penning traps which consist of five electrodes each.
Therefore a voltage source with 25 channels is required, which provides voltages in the

87
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Table 7.1: Trapping voltages for several elements in different charge states.

Z Ion Voltage (V)
2 AHel* —19.69
2 4He?t —9.85
18 40Ay2t —98.45
18 40ArI&+ —10.94
54 132XeTt —92.83
54 132Xe20+ —32.49
54 132X b4t —12.03
82 208pplit —93.08
82 208ppao+ —51.19
82 208pp82+ —12.49

Table 7.2: Parameters of StaReP.

Parameter Value

Number of channels 25

Voltage range 0to —100V

Stability < 4-107% . Uyye within 10 min
Resolution <1.5pV

Stability (temperature) < 4-1077 - Uyy/K

Ramping (0-100 %) Ugut

Control LabVIEW"™, USB

range of 0 to —100V. The large voltage range allows one to trap ions with a wide ¢
and m range at a fixed axial frequency as can be seen in Tab.7.1. Moreover, low noise,
i. e. <1nV/vHz (cp. [116]), and a relative stability of < 4-10~% within about 10 minutes
is important to enable ion storage for high-precision mass measurements.

A high resolution of few 1V is indispensable to tune the trapping potential properly. For
the realization of the measurement scheme depicted in Fig. 6.5, a ramping option, which
allows the transportation of ions from at least 3 traps to their adjacent traps, is compul-
sory. The StaReP control is implemented in the PENTATRAP control system. It is based
on LabVIEW", which allows one to run a whole measurement cycle automatically [106].
The PENTATRAP laboratory is temperature stabilized to better than 100 mK within 24
hours. Nevertheless, there are still temperature fluctuations within this range. The aim
is to reach a temperature stability of StaReP of better than 4- 1077 - Ugy /K. A summary
of the required specifications for the StaReP voltage source is given in Tab. 7.2.

There is no commercial solution available, which fulfills the mentioned requirements. So
far the UM 1-14 power supply from Stahl-Electronics [117] was employed. But its small
voltage range of 0 to —14 Volt limits the range of the charge-to-mass ratio for measure-
ments at the axial frequency, which is about 600 kHz in the PENTATRAP experiment.
Furthermore, the UM 1-14 contains only 3 independent precision channels.
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Table 7.3: Different parts of StaReP with its functionality are summarized. For details see text.

Part Functionality

StaReP transformer LV supply mainboard and reference module

StaReP transformer HV supply HV amplifier

Reference module provide reference Ve for precision and ramping DACs

DAC module: precision path enable high resolution for precision mode

DAC module: ramping path  enable ion transport on few hundred ms time scale
HV amplifier amplification by a factor of 10

StaReP controller set voltage, monitor temperature and supply voltages

7.2 System Architecture

The unique architecture of StaReP includes different parts: the StaReP transformer in the
power supply rack and the electronic rack comprising a reference module, a master module
and 25 channels that are grouped in so-called 5-channel-modules, see Fig. 7.1. The modular
architecture allows one to exchange either single channels or 5-channel-modules easily in
the case of failure. The communication is implemented via SPI to the PENTATRAP
control system. In the following the single components (see Tab. 7.3) and the overall setup
of StaReP, which is depicted in Fig. 7.2, will be introduced in detail.

Transformer and Shielding Concept

In order to reach the required high stability of the voltage source it is important to be
shielded from external distortions. Therefore, for the high-precision experiments PENTA-
TRAP [38] and ALPHATRAP [118], being located next to each other, an own transformer
station (so-called MPIK-transformer-station 2) is employed. The power from the MPIK-
transformer-station 2 is guided to a power distribution cabinet, where a filter can be
implemented. The filtered voltage provides the PENTATRAP laboratory, the ALPHA-
TRAP laboratory and the StaReP transformer!, which holds a LV transformer and a HV
transformer (see Fig.7.2, (2)). The LV transformer supplies the reference module and
the mainboard including the digital-to-analog converter (DAC) module, whereas the HV
transformer is required to power the HV amplifier. The transformers have been designed
at MPIK according to a PTB application [119]. Both, the LV and HV transformer, are
surrounded by a Mu-metal layer to prevent the stray field influence on the rectifier boards
and secondly to minimize environmental disturbances. The inner core and the windings
have been provided by ELNA Transformatoren GmbH. Different stages of the manufac-
turing process are shown in Fig. A.4. The voltages are rectified, filtered and preregulated
before they are linked to the electronic rack. The StaReP shielding concept is displayed in
Fig. 7.3. In order to reduce capacitive coupling between primary and secondary windings,
copper shieldings (blue) are implemented separately for each channel. These shieldings are
guided potential-free to the PENTATRAP experiment. The triax cable for the connection
of StaReP with PENTATRAP was manufactured especially for the presented setup (see

!The StaReP transformer will be called transformer in the following.



90 CHAPTER 7. STAREP — AN ULTRA-STABLE VOLTAGE SOURCE

Ea Y
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Figure 7.1: The StaReP voltage source consists of a power supply rack (left) and an electronic
rack (right) comprising 25 channels, the master module and the reference module.
The power supply rack will be placed in the hall in front of the laboratory, while the
electronic rack will be located in the temperature stabilized PENTATRAP laboratory.
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Figure 7.2: Schematic of StaReP. The MPIK-transformer-station 2 (1) supplies the StaReP trans-
former (2), which comprises a LV and HV transformer as well as rectifiers and volt-
age regulators. DC voltages are then guided to the reference module (3) and the 25
StaReP channels (4). The reference module provides the reference voltage for the pre-
cision and ramping DACs. The StaReP control is implemented in the PENTATRAP
control system (5). For details see text.

photograph in Fig.7.3). On the one hand, a small meshed shielding is provided and, on
the other hand, the insulation part is made of teflon to facilitate the handling. The cable
core has a diameter of only 0.5 mm, such that the cable can be connected to Lemo triax
connectors.

The Reference Module

The reference module is supplied by the LV transformer and is placed in the electronic rack
in the upper module (see Fig. 7.1) in the temperature stabilized PENTATRAP laboratory.
It is embedded in a copper housing and surrounded by a 10 mm layer of styrofoam to reduce
the influence of environmental temperature fluctuations. The reference module provides
the reference voltage of +10V for the coarse DAC, fine DAC and ramping DAC of the
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Figure 7.3: Schematic of the shielding concept. In order to minimize noise from the network as
much as possible a special transformer has been designed. The capacitive coupling
between the primary and secondary windings is reduced by means of copper shield-
ings (blue). For each of the 25 channels there is a three-core cable connecting the
transformer with the StaReP source and a triax cable, which serves as connection
between the StaReP source and the PENTATRAP setup. The three-core cable (1)
contains the DC supply voltage (red), a ground potential (green) and a shielding
potential (blue). The triax cable (2) contains the trapping voltage (red), i. e. a low
noise, ultra-stable DC voltage, the ground (green) with respect to the Penning-trap
voltages, and the shielding (blue). The trap and ground potential are guided to the
Penning traps in the cryogenic region of the PENTATRAP setup, whereas the shield-
ing will be connected at room temperature to a certain potential for each channel
separately.

25 channels, which define the resolution of the voltage source. It comprises one or more?

references (VRE102A). The employment of several references in parallel is advantageous
since the statistical noise reduces with a factor of 1/v/N with N being the number of
references in use. In several tests the relative stability of Vi¢r has been demonstrated to
be ~ 2 - 1078 within a few minutes. This voltage was measured employing the Fluke
8508A [120] multimeter. The stability of Vies limits the overall performance of StaReP.
Another reference module employing 8 A D587 references in parallel instead of 4 VRE102A
references was set up and a similar performance was demonstrated.

25 Voltage Source Channels

Each channel contains low noise voltage regulators, a slave controller, a DAC module
and an HV amplifier as shown in Fig.7.4. The DAC module contains a precision and
ramping path. For mass measurements, i. e. when a stable potential and a high resolution
is required, the precision path is used. For the ion transfer from one trap to an adjacent
trap, the voltage has to be dynamically varied. This so-called ramping mode is realized in
the ramping path. The output voltage of the DAC module is in the range of 0 to +10V.
This voltage is then converted to 0 to —100V by the HV amplifier.

2The final design and number of references is not decided yet.
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Figure 7.4: Photograph of one voltage channel comprising the slave controller (1), the DAC
module (2) including precision and ramping paths as well as the HV amplifier (3).
Optocouplers (4) ensure the separation of digital and analogue ground. The DAC
module and the HV amplifier are embedded in a copper box (orange dashed line)
surrounded by a styrofoam layer.
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Table 7.4: Key components of StaReP are listed.

Component Manufacturer
Voltage reference VRE102A Apex Microtechnology
Both precision DACs (16 bit) LT1597 Linear Technology
Ramping DAC (16 bit) LT1597 Linear Technology
OP (precision and ramping path) OPA277A Texas Instruments
OPs (HV module) LT1250, LT6010 Linear Technology
Resistors (in signal path) SMR3DZ Vishay

The resolution of the precision mode is defined by the DACs in the precision path. Two
16 bit DACs, the fine DAC and the coarse DAC, are in use. As shown in Fig. 7.5, the
output signal of the fine DAC is weighted by a factor of 1/10000 compared to the output
signal of the coarse DAC. The weighted sum of both DACs is theoretically tuneable in steps
of 15nV. Due to the amplifier behind the DACs the overall resolution would be 150nV. In
order to be able to correct for the differential nonlinearity of the coarse DAC, the weightage
factor has been chosen such that the output range of the fine DAC is much larger then
the step size of the coarse DAC. Although the output voltage range of the fine DAC has
been chosen to be about 1 mV the step size is still well below the required resolution of
< 1.5V without using the least significant bits of the fine DAC. Thus, the output voltage
of the DAC module is not affected by the differential nonlinearity of the coarse or fine
DAC. The design of the DAC module has been chosen in a way that commercial resistors
were available and a high resolution can be achieved. Further combinations of resistors
can be considered in future studies in case that an optimization is required. The ramping
path is equipped with only one DAC as a lower resolution is sufficient to transport the
ions to the adjacent traps.

The HV amplifier has been developed by S. Sturm (MPIK). It is based on a temperature
compensated design using a combination of a zero-drift amplifier and a low noise amplifier.
This setup eliminates temperature caused drifts in the output voltage due to drifting input
bias voltages of the amplifiers.

The 25 channels are equipped with resistors (see Tab.7.4) and other components being
sensitive to the environmental temperature. These sensitive parts of the channels are
spatially separated from other components producing a significant amount of heat. In
addition they are embedded in a housing of copper surrounded by styrofoam.

The StaReP Control

The StaReP control is implemented in the PENTATRAP control system. The signals,
i. e. voltages and trigger signals, from the PENTATRAP control system are sent via an
USB-SPI-module to the master controller of the voltage source being placed in the upper
housing of the electronics rack, see Fig.7.1. The master controller communicates with
the slave controllers, which are placed on each of the 25 channels. A schematic of the
control system is depicted in Fig.7.6. StaReP can be operated in two modes: ramping
mode for adiabatic ion transport and sleeping (precision) mode for high-precision mass
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Figure 7.5: The precision (blue) and ramping (red) path are depicted. The precision path holds
two 16 bit DACs. Overall the effective resolution of the combination of both DACs
and the weightage resistors (Vishay) is about 26 bit which corresponds to <1.5pV.
In order to switch between the precision and the ramping mode two relais are im-
plemented between the DAC module and the HV amplifier. For the ion transport a
reduced resolution is required, thus one 16 bit DAC is sufficient in the ramping path.

measurements. Note the slight difference between precision mode and sleeping mode: The
precision mode means that the precision path (allowing high resolution) is used. In the
sleeping mode the precision path is employed as well, but in addition the clock of the slave
controller is switched off. In the ramping mode the number of steps as well as the voltage
step size is variable. Each ramping step takes at minimum 8 s and a complete adiabatic
ion transport from one trap to the adjacent trap is possible within a few 100ms. It is
important to keep this time as short as possible to reduce the influence of magnetic field
fluctuations. A test version of the user interface is shown in Fig. 7.7.

For monitoring reasons the control system allows to read out temperatures on the main-
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Figure 7.6: The PENTATRAP control system includes the StaReP control. Signals are first sent
to the master controller, which distributes the settings to the 25 slave controllers.
The signals are then set to the DACs in the ramping or precision path, depending on
the operation mode. For precision measurements a sleeping mode was implemented.
This allows one to stop any activity of the slave controllers.
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Figure 7.7: Test control system of StaReP. The LabVIEW™ based user interface allows to set
the sleeping mode (1), the precision or ramping mode (2) and the voltage, either in
Volts (3) or as a bit combination of the DACs (4). Moreover, the ramping speed can
be controlled.

boards as well as a readout of the supply voltages for the mainboard in order to check
whether they are set properly. This facilitates troubleshooting in the case of failure. Ad-
ditional to the StaReP control via the control system of PENTATRAP, the readout of
temperature and supply voltages on the mainboard can also be requested and shown by a
keypad and display placed in the upper module of the electronic rack.

7.3 Characterization of StaReP

Several measurements have been performed to characterize the voltage source. Note, that
some tests have been performed with the first version of StaReP called Rev.0 and others
with the second version called Rev.1. The main difference between Rev.0 and Rev.1 are
different layout versions of the mainboard. Rev.1 is designed such that components with a
high power dissipation are spatially separated from temperature sensitive components. All
sensitive components are placed in a copper box, which is located in a styrofoam housing.
Furthermore, connectors and voltage regulators on the mainboard have been exchanged.
A test power supply is used to power Rev.0 channels, while the StaReP transformer pro-
vides the supply voltages for Rev.1 channels.

In the following 4 examples will be discussed. As we are interested in the temporal stability
of the voltage source, the overlapping Allan deviation® is shown for all test measurements.
These so-called o —7 plots indicate the relative voltage stability for different time intervals.
The error bars indicated in the o — 7 plots represent the statistical uncertainty. For more

3We employed the program AlaVAR 5.2 [121] to calculate the overlapping Allan deviation.



7.3. CHARACTERIZATION OF STAREP 97

details the reader is referred to [121,122].

Due to the high stability and low noise of the output voltage of StaReP, it is challenging to
measure the voltage with a multimeter, because there are no commercial devices available
with low enough background noise. The test setup was equipped with a Fluke 85084
multimeter [120], which is limited in the resolution by 8.5 digits with a sampling interval
of 26 seconds. Thus, it is not possible to determine the stability of the voltage on shorter
time scales. Moreover, the internal drift of the multimeter is > 100 nV per day at 100 V.
A better, i. e. more sensitive test can be performed using Penning-trap experiments as the
axial frequency of an ion, which is linked to the voltage via Eq.(2.9), can be measured
more precisely. Therefore, tests at the g-factor experiment at the University of Mainz [123]
and at the THe-Trap experiment at MPIK [111] have been performed.

7.3.1 Test Measurements in the PENTATRAP Laboratory

In general the measurements have shown that several hours warmup time after switching
on the voltage source is needed. Then StaReP reaches its operating temperature and a
strong drift which is visible in the warming up period disappears.

Rev.0 channels have been tested in the PENTATRAP laboratory without employing the
transformer. Two examples are shown in Fig. 7.8 and Fig. 7.9 for —48 V and —30V output
voltages, respectively. A relative stability of few 10™® could be demonstrated for both
voltages in the precision mode within about 10 minutes time interval. A drift of few tens
1V per day is observed.

7.3.2 Test Measurements with Ions at —7.5V and -89V

One of the 5-channel modules of Rev.0 has been tested in the precision mode at the g-
factor experiment [123] at the University of Mainz. A single highly charged *°Ca!™* ion
was trapped and the axial frequency was measured over several hours. Measurements at
the g-factor experiment are advantageous, since it allows to determine the voltage stability
on short time scales. Moreover, the determination of the voltage stability via frequency
measurements in a Penning trap provides a higher resolution compared to a commercial
multimeter. The axial frequency stability is shown in a ¢ — 7 plot in Fig.7.10. The ring
voltage was set to —7.5 V. Note, that the stability of the axial frequency is shown. To
obtain the stability of the voltage, this value has to be multiplied by a factor of 2.

Two Rev.0 channels were tested in the precision mode at the THe-Trap [111] experi-
ment. A 2C** ion was trapped and the axial frequency was measured over several hours.
This frequency was then converted to the ring voltage. The voltage stability is shown in
Fig. 7.11. The relative voltage stability of < 2- 10~ was achieved at —89 V.

Although both tests with ions were performed with Rev.0 channels, a direct comparison
is not possible as different reference modules were in operation.

7.3.3 Thermal Characteristic

Two of the Rev.0 channels were tested with regard to the thermal characteristic. For
this purpose a climate chamber was employed. The temperature was varied between
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Figure 7.8: A Rev.0 channel was tested at —48 V in the precision mode in the PENTATRAP
laboratory. The voltage data (top) are shown and the relative Allan deviation, i. e. the
relative voltage stability (bottom) was determined to be < 3-1078 for time intervals

of 10 minutes.
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Figure 7.9: A Rev.0 channel in the precision mode at —30V was tested in the PENTATRAP
laboratory at MPIK. The voltage data (top) are shown and the relative Allan devi-
ation, i. e. the relative voltage stability (bottom) of < 4-10~® has been obtained for
time intervals of about 10 minutes.
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Figure 7.10: Relative Allan deviation of the axial frequency. The measurement was performed at
the g-factor experiment in Mainz [123] at —7.5 V ring voltage of the StaReP voltage
source (blue). The measurement has been repeated employing the UM 1-14 voltage
source (red). On time scales above 800s the performance of StaReP is more stable,
but at time intervals of 100s a factor of 3 less stable.
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Figure 7.11: Relative voltage stability of a measurement with a Rev.0 channel of StaReP at the
THe-Trap experiment. The ring voltage was determined by a measurement of the
axial frequency. The relative stability of the ring voltage of < 2 - 1078 within 10
minutes could be demonstrated at —89 V.
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Figure 7.12: Thermal characteristic of single modules of the Rev.0 channels. Data are shown
for (a) two reference modules (red: AD587 and black: VRE102A), (b) two DAC
modules (red and black identical in construction) and (c) two HV amplifiers (red
and black identical in construction). Although both DAC modules and both am-
plifiers were identical in construction, the maxima of the parabolas are at different
temperatures separated by about 10°C. The measurement time was not constant

at all temperature steps. Error bars represent the statistical uncertainty.
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Figure 7.13: Noise spectrum of the output voltage of channel 1 (Rev.1). The noise in the low
frequency range originates in the supply voltages for the HV amplifier. The in-
creased noise around 800 kHz depends on the shielding system and can be reduced
by modifying the shielding potentials.

20°C and 55°C. The thermal characteristic of both channels (black and red) exhibits a
parabolic shape as shown in Fig.7.12. Channel 1 (red) was equipped with a reference
module employing 8 AD587 references and channel 2 (black) was using one VRE102A
reference. This measurement has shown that the ideal operating temperature of Rev.0
channels is above 40°C. As the lowest temperature coefficient of the reference module is
expected at about 42°C (see Fig.7.12 (a)), an active temperature stabilization could be
employed to define the operating temperature of the reference module. In order to protect
the components on the mainboard from damage, the Rev.1 channels are embedded in a
copper housing and a styrofoam layer was added so that the sensitive components are
now in a 30°C environment. The measurements which have been performed for Rev.0
channels will be repeated for the Rev.1 version such that the ideal temperatures of the
single modules can be determined.

7.3.4 Noise Characteristic

An example of a noise spectrum recorded with the R&S-FSV7 spectrum analyzer (Ro-
hde € Schwarz) with an input resistance of 502 is shown in Fig.7.13. It shows a noise
spectrum of channel 1 (Rev.1) at —30V. The noise at low frequencies can be reduced
by improving the supply voltages of the HV amplifier, whereas the noise around 800 kHz
can be influenced by modifications of the shielding potential. Taking into account the
baseline, a noise voltage density of < 2nV/ VvHz at 600kHz has been determined. Note,
that there are no additional filters implemented at the output stage of the voltage source.
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However, the PENTATRAP setup will be equipped with room temperature and cryogenic
filter stages. Noise measurements of the output voltage including the room temperature
filters of PENTATRAP are currently in progress.

7.3.5 Summary

So far, two 5-channel versions (Rev.0 and Rev.1) of StaReP have been set up and charac-
terized. A proof of principle was shown, i. e. the complete system including the StaReP
transformer was setup and commissioned. Most of the requirements (see Tab.7.2) are
fulfilled as outlined in the following.

e The required voltage range of 0 to —100V is accessible and controllable by a test
version of the control system. The control system will be extended to the final ver-
sion, when StaReP is connected to the PENTATRAP setup.

e The temperature characteristic has been studied for Rev.0 channels. For certain
operating temperatures the required temperature stability has been achieved. For
the final design of the channels, i. e. for Rev.1 channels, such a temperature char-
acterization still has to be performed. In case it will be necessary the operating
temperature of certain modules can be adjusted by an active temperature stabiliza-
tion. In general, the temperature coefficient is expected to be lower in the Rev.1
version compared to the Rev.0 channels as the layout has been optimized considering
the heat dissipation of several components.

e A resolution of a few 1V has been achieved. Although the precision path of the DAC
module provides theoretically a resolution well below 1.5 1V, the limiting component
is currently the reference module. An optimization of the reference module regarding
the noise is required to achieve a resolution of < 1.51V. One possibility to reduce
the statistical noise is to employ several voltage references in parallel. Apart from
that different voltage references are currently in a test phase.

e The ramping option is available and controllable for all channels. So far, this oper-
ation mode has not been tested at a Penning-trap experiment.

« A relative voltage stability of 2-107® within 10 minutes has been achieved for volt-
ages in the range of —30V to —90V. For voltages > —10V tests are in progress. A
relative stability of 4 -1077 within 10 minutes has been achieved at —7.5V. Rev.0
channels and Rev.1 channels provide similar stabilities.

For all tests, which were performed without Penning-trap experiments, one has to be
aware that the Fluke 8508A multimeter is limiting the sensitivity of the test facility. In
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order to improve the tests, Penning-trap experiments are needed to determine the voltage
stability via the axial frequency. As soon as PENTATRARP is ready to trap ions again the
StaReP voltage source will be connected to the PENTATRAP trap tower enabling tests
in different voltage ranges in the precision mode and in the ramping mode.



Chapter 8

Summary and Outlook

In the projects of this thesis two different Penning-trap experiments have been involved.
On the one hand high-precision mass measurements of several nuclides in the thallium
region were performed with the mass spectrometer ISOLTRAP at ISOLDE/CERN being
the pioneering Penning-trap experiment at an online facility. The new mass values were
used to study nuclear structure by comparing differences of binding energies to mean-
square charge radii along the isotopic chains. On the other hand, important contributions
to the new and unique setup of the five-trap mass spectrometer PENTATRAP at MPIK
have been made. An ultra-stable voltage source was developed in collaboration with the
electronics workshop at MPIK and the PTB Braunschweig. Moreover, the helium and
pressure stabilization system for the PENTATRAP magnet was designed and is already
partly implemented. According to the structure of this thesis, the concluding remarks
on the mass results will be first discussed and the contribution to the PENTATRAP
experiment will then be summarized.

Nuclear Structure Studies on Thallium Isotopes

In different experimental campaigns seven masses in the thallium region, namely "4Au,
A 190,193,198 7] and 202.208ph have been measured with a relative uncertainty reaching
dm/m =~ 2-1078. The measured masses have been published [1,84] and most of them
contribute significantly to the mass values published in the AME2012 [58].

The nuclear structure of the thallium isotopic chain, lying between the proton-magic lead
isotopes and the deformed mercury and gold chains, has been investigated. Comparing
ground-state properties of TI, i. e. the two-neutron separation energy to differences in
mean-square nuclear charge radii, a smooth behavior being characteristic for spherical
nuclides was found. Moreover, microscopic calculations of the three-point-pairing gap
assuming a spherical ground state agree well with the experimental results. Another in-
dicator being sensitive for deformation is the five-point-empirical pairing gap, which was
compared to differences in mean-square nuclear charge radii. In the thallium isotopes no
sign of deformation was visible. In addition, the slope of the five-point-indicator was com-
pared to the strength of staggering in the two-neutron separation energy, which reveals a
symmetric pattern for lead and thallium isotopes. In the gold chain, where deformation
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is existing, an asymmetric pattern became visible. In order to confirm the observation
of the symmetric/antisymmetric pattern for spherical /deformed nuclides, further studies
are required. The comparison of the strength of staggering in the two-neutron separation
energy to the slope of the five-point empirical pairing gap has to be performed for further
regions of the nuclear chart. Furthermore, one has to consider mean-square nuclear charge
radii, which reveal to what extent a nucleus is deformed. If the antisymmetric patterns are
in coincidence, i. e. at the same neutron numbers at which one can see clear deformation
in the mean-square charge radii, this would strengthen our assumption. If the connection
of symmetric or antisymmetric patterns for spherical or deformed isotopic chains can be
confirmed, this comparison allows to get information on deformation effects from precise
mass measurements.

Considering the first isomeric excitation energies in the even-N thallium isotopes one can
find a parabola with a minimum around mid-shell, which indicates the presence of collec-
tive effects in the thallium ground states. Since the excitation energy never goes down
to zero it supports the picture of a spherical nucleus. However, the spherical shell model
is oversimplified for this case [86] and cannot describe this behavior properly. Further
studies are needed to clarify the role of TI, i. e. to what extent collectivity is present in
thallium isotopes.

More studies in this region of the nuclear chart are in progress. The nuclear structure of the
isotopic chains of neutron-deficient gold and astatine of ground and isomeric states were
investigated by Penning trap mass spectrometry at the ISOLTRAP experiment. These
isotopes were also studied by in-source laser spectroscopy determining differences of mean-
square nuclear charge radii via the measurement of the isotopic shift [124]. Furthermore,
after its installation in 2010, the multi-reflection time-of-flight mass separator was suc-
cessfully used for fast beam purification especially helpful in the case of very short-lived
species [125]. The device can also be used as a mass spectrometer, which allowed the mass
determination of the neutron-rich °3°*Ca isotopes. The masses confirmed a prominent
shell closure at neutron number N=32 and corroborated the importance of three-nucleon
forces in modern nuclear theory to properly describe structural evolution [126].

After the long shutdown of ISOLDE in 2012/2013, which was used to refurbish the
ISOLTRAP setup, the first online experiment was dedicated to mass measurements of
neutron-rich Cd isotopes. The masses of 1297131Cd contribute to the field of nuclear astro-
physics addressing the question of how the heavy elements were created [127].

Contributions to the PENTATRAP Experiment

The aim of the PENTATRAP experiment [38] is to perform mass-ratio measurements of
long-lived and stable highly-charged ions with a relative uncertainty of < 10~''. This will
allow one to contribute to the field of neutrino physics, to carry out stringent tests of QED
and to test Einstein’s relation E = mc?.

The multi-Penning-trap experiment has been developed and setup within the last few
years at MPIK. Meanwhile, in the first phase of commissioning ions were trapped success-
fully [106] and a lot of information for improvements on the setup were obtained. However,

due to vacuum problems, an enhanced setup was designed and constructed. The modi-



107

fied setup is dedicated to reach a better vacuum in the Penning traps by implementing
amongst others a pre-vacuum chamber. Moreover, the new design is setup in a modular
way and the implementation is planned within the next few months. The first mass mea-
surements are intended on ®"Re and its daughter nucleus '¥70s, which will be provided
by the Dresden-EBIT3, to determine the Q-value being relevant for neutrino physics [128].
In order to achieve the high precision in the mass measurements a huge effort has been
invested to stabilize the electric potential and the magnetic field of the Penning traps.
Considering the stabilization of the magnetic field, a helium pressure and level stabiliza-
tion system was adapted from the THe-Trap [111] experiment within the framework of
this thesis. We are aiming for a pressure and level stability of about 1 —2 pbar and 0.1 mm,
respectively, over a period of about 10 minutes, which is a typical duration of a cyclotron
frequency measurement [113]. This is required to obtain a constant temperature and thus
a stable magnetic field as there are materials installed with temperature-dependent sus-
ceptibilities. The stabilization system was partly setup and tested. Further developments
were conducted within the Master’s thesis of A. Rischka [103]. In 2014, a proof of principle
of the stabilization system has demonstrated a level stability of £40 pm and a pressure
stabilization of £3 pbar relative to the pressure in the absolute pressure reference. How-
ever, this was a test on very short time scales. In order to better characterize the system
a long-term measurement of the magnetic-field stability has to be carried out by measur-
ing the cyclotron frequency of an ion with a well-known mass. So far, this test was not
performed as the stabilization system was not implemented when ions were trapped. If it
turns out that the characterization of the stabilization system with ions is limited by the
sensitivity, a second pressure sensor with a higher resolution will be added. This upgrade
is possible without extensive modifications of the present setup.

The central part of the PENTATRAP experiment is a stack of five cylindrical cryogenic
Penning traps containing five electrodes each. In order to provide a stable potential in the
Penning traps, an ultra-stable voltage source is required to supply the voltages for each
of the 25 Penning-trap electrodes. As there is no commercial device available, which ful-
fills all requirements, an elaborated source, called StaReP (Stable Reference for Penning
Trap Experiments) was developed in the course of this dissertation in collaboration with
the electronics workshop at MPIK and the PTB Braunschweig. The voltage source is
one of the key components for the PENTATRAP experiment. It allows the storage of
ions of a wide ¢/m range due to its large voltage range of 0 to —100V with a relative
voltage stability of < 4 -10~% over a period of 10 minutes. Currently, two 5—channel
versions, namely Rev.0 and Rev.1l, of StaReP have been set up with slightly different
layouts and components. Parts of the voltage source have been commissioned at existing
Penning-trap experiments, namely the g-factor experiment at Mainz University [123] and
THe-Trap [111] at MPIK, where the axial frequency of a trapped ion was measured to
deduce the stability of the ring voltage. The precision channels of Rev.0 were tested at
THe-Trap and a relative stability of 2:107® at —89V has been demonstrated. Currently
channels of Rev.1 are studied with regard to the temporal stability and the noise perfor-
mance. Furthermore, the reference module, being one of the most important parts of the
voltage source, might be improved by adding more references. Furthermore, the imple-
mentation of an actively temperature stabilized housing for the reference module would
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be a possibility to set the operation temperature of the reference module in a range of a
low temperature coefficient. As a next step the 25 channels will be manufactured. In the
future further Penning-trap experiments, e. g. THe-Trap [111] and ALPHATRAP [118],
will be equipped with some slightly modified channels of this unique voltage source.



Appendix A

Technical Drawings and
Photographs

Photographs and drawings of parts of the helium pressure and level stabilization as well
as the LV StaReP transformer are shown.
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Figure A.1: Photograph (a) of the level resonator for the helium level stabilization. It is mounted
at the beamline with a holder, which is designed such that the hight can be adjusted.
The drawing (b) shows the dimension of the resonator in mm. Taken from [103].
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TTT



112 APPENDIX A. TECHNICAL DRAWINGS AND PHOTOGRAPHS

WL

Figure A.3: PENTATRAP magnet with safety valves indicated in blue. These valves open at an
overpressure of about 200 mbar.
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Figure A.4: StaReP LV transformer (a) without shielding, (b) partly shielded, (c) partly winded
and partly shielded and (d) after shielding and winding.
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