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Abstract

Highly charged ions (HCI) are important for precision measurements in fundamental
physics, for example, they increase the precision of Penning-trap mass spectrometry
(PTMS) since the relative uncertainty scales with the charge of the ion. The produc-
tion of HCI without the need of large scale facilities is realized by electron beam ion
traps (EBITs) [1]. This thesis reports on the optimization of a novel, highly-efficient
loading scheme for rare isotopes in EBITs, namely in-trap laser desorption in a Hei-
delberg compact EBIT (HC-EBIT) [2], the Tip-EBIT. The production and subsequent
extraction of HCI of 165Ho, using sample sizes as small as 1012 atoms (about 270 pg),
is demonstrated for charge states up to 47+. The target could be used for several ten
thousand laser shots with an overall production of more than 107 ions of a single charge
state. Additionally, hydrogen-like calcium (40Ca19+) has been produced and extracted,
demonstrating the applicability of the loading technique for lighter elements. In the
course of this thesis, the Tip-EBIT was attached to the Pentatrap PTMS experi-
ment, as a source for HCI of rare isotopes. The first measurement will be the mass-ratio
determination of 163Ho and 163Dy, for which FAC calculations were carried out within
this thesis to avoid charge states with low-lying metastable atomic states. This will
contribute an independent value of the energy available for the electron capture decay
(QEC-value) of this rare holmium isotope to the ECHo collaboration. The aim of the
collaboration is the determination of the electron neutrino mass on the sub-eV level
[3].

Zusammenfassung

Hochgeladene Ionen (HCI) sind wichtig für Präzisionsmessungen in der Grundlagen-
forschung der Physik, z. B. verbessern sie die Präzision von Penning-Fallen Massen-
spektrometrie (PTMS), da die relative Genauigkeit der Messung mit dem Ladungszu-
stand des Ions skaliert. HCI können in Elektronenstrahl-Ionen Fallen (EBITs) [1]
erzeugt werden, ohne dass experimentelle Großanlagen nötig sind. Diese Masterar-
beit berichtet von der Optimierung einer neuen hocheffizienten Technik zum Laden
einer EBIT mit seltenen Isotopen, der Technik der Laserdesorption in der Falle (engl.
‘in-trap laser desorption’) in einer ‘Heidelberg compact’ EBIT (HC-EBIT) [2], der Tip-
EBIT. Die Erzeugung und die darauf folgende Extraktion von HCI des Elements 165Ho
unter Verwendung von Proben mit nur 1012 Atomen (etwa 270 pg) ist hier gezeigt für
Ladungszustände bis 47+. Diese Probe konnte für mehrere zehntausend Laserpulse
benutzt werden, wobei insgesamt über 107 Ionen für einen Ladungszustand erzeugt
wurden. Zusätzlich wurde noch wasserstoffartiges Calcium (40Ca19+) produziert und
extrahiert, wodurch die Anwendung der Ladungstechnik für leichtere Elemente demon-
striert wurde. Im Verlauf dieser Arbeit wurde die Tip-EBIT an das Pentatrap
PTMS Experiment als Quelle für HCI seltener Isotope angeschlossen. Die erste Mes-
sung mit der neuen Quelle wird die Bestimmung des Massenverhältnisses von 163Ho
und 163Dy sein, wofür in dieser Arbeit FAC Berechnungen durchgeführt wurden um
Ladungszustände mit niederenergetischen metastabilen Zuständen zu vermeiden. Hi-
ermit wird ein unabhängiger Wert der freiwerdenden Energie des Zerfalls durch Elek-
troneneinfang (QEC-Wert) dieses seltenen Holmium-Isotops der ECHo-Kollaboration
zur Verfügung gestellt werden. Diese Kollaboration hat sich zum Ziel gesetzt, die
Elektron-neutrino Masse im sub-eV Bereich zu bestimmen [3].

v





Contents

1 Introduction 2

2 Working principle of electron beam ion traps 5
2.1 General principles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Interaction processes of the electron beam and the ions . . . . . . . . . 7
2.3 Evaporative cooling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

3 Calculation of metastable states in holmium and dysprosium 12
3.1 Electronic Structure in HCI . . . . . . . . . . . . . . . . . . . . . . . . 13
3.2 Flexible Atomic Code . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.3 Meta-stable states and suitable charge states for mass measurements . 16

4 Experimental setup of the Tip-EBIT and the Pentatrap experiment 19
4.1 Setup for optimization of laser-induced loading in the EBIT . . . . . . 19
4.2 Laser-injection setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
4.3 The Pentatrap experiment . . . . . . . . . . . . . . . . . . . . . . . . . 27

4.3.1 Penning traps and measurement scheme . . . . . . . . . . . . . 28
4.3.2 Full setup with the new EBIT . . . . . . . . . . . . . . . . . . . 29

5 Results 32
5.1 Laser-induced loading . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
5.2 Results obtained with the test setup . . . . . . . . . . . . . . . . . . . 34

5.2.1 Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
5.2.2 Holmium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
5.2.3 Other elements tested in the Tip-EBIT . . . . . . . . . . . . . . 47

5.3 Commissioning of the newly extended Pentatrap beamline with dys-
prosium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

5.4 Trouble shooting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

6 Conclusion and Outlook 56

1



Chapter 1

Introduction

Most of the matter of the universe is made up of highly charged ions (HCI) [4], which
is why the scientific study of HCI is important for a wide field of physics. This ranges
from applications in astrophysics [5] and plasma physics [6] to tests of QED [7, 8] and
other fundamental physics, such as the variation of fundamental constants [9]. For
example, the interest of high-precision spectroscopy and novel optical clocks using HCI
has strongly increased, due to their high sensitivity to a potential time-dependence of
the fine-structure constant α [10] and effects of dark matter candidates [11]. Addi-
tionally, HCI are less sensitive to external perturbations because of their compact size,
compared to neutral atoms or singly charged ions [9].

Another application of HCI in fundamental physics are Penning-trap experiments,
in which the ion’s frequencies in the superimposed electric and magnetic fields can be
determined with a very high precision. Such experiments include the g-factor measure-
ments at Alphatrap for testing QED [7] and high-precision mass spectrometry e.g. at
Smiletrap [12], Titan [13], and Pentatrap [14]. High-precision Penning-trap mass
spectrometers employ HCI to increase the relative precision with which the free-space
cyclotron frequency can be determined, as it scales linearly with the ion’s charge.

Currently, the first measurement results of the high-precision Penning-trap mass-
spectrometer Pentatrap are being published. Mass ratios of several xenon isotopes
demonstrate a precision of close to 10−11 and an eV/c2 accuracy, novel for ions with
Z > 50 [15]. The mass-ratio measurement of 187Re and 187Os is of interest for neutrino
physics due to the β-decay of rhenium to osmium in which an electron anti-neutrino
is emitted. A combination of a calorimetric measurement of the decay spectrum and
a measurement of the energy difference of the ground states of the mother and daugh-
ter nuclei (Q-value) by high-precision Penning-trap mass spectrometry will lead to an
upper limit of the mass of the electron anti-neutrino [16]. At Pentatrap this mea-
surement led to the detection of atomic metastable excited states in HCI [17]. On the
one hand, this opens up the possibility to detect such states in Penning traps e.g. for
high-precision clocks using HCI, but on the other hand, the metastable states can nega-
tively influence the accuracy of mass-ratio measurements [16]. Based on this discovery,
calculations using Flexible Atomic Code (FAC) were carried out for holmium and dys-
prosium in the work of this thesis. The calculations yield low-lying metastable states
for some charge states at excitation energies as low as 4 eV. For a precise mass-ratio de-
termination it is important to avoid the charge states featuring these low-lying states,
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however, they can also be used to demonstrate the high precision of Pentatrap by
resolving the energy difference of the ground state and such an excited one.

For the xenon, rhenium, and osmium measurements naturally abundant isotopes
were used, for which the production efficiency of a commercial DreEBIT [18] with the
injection of gas or volatile compounds via the MIVOC technique [19] was sufficient.

The next measurement campaign planned at Pentatrap is the mass-ratio de-
termination of 163Ho and 163Dy, as part of the electron capture in holmium (ECHo)
collaboration [3]. The ECHo collaboration aims at the determination of the electron
neutrino mass in the sub-eV range. The current upper limit for the electron neutrino
mass is mνe < 150 eV/c2 (95 % C.L.) [20], while the upper limit of the mass of the
electron anti-neutrino has recently been determined more precisely by the KATRIN
experiment to a value of mν̄e < 1.1 eV/c2 (90 % C.L.) [21].

To achieve such a low upper limit of the electron neutrino mass, the ECHo experi-
ment exploits the electron capture (EC) decay of 163Ho to 163Dy:

163Ho→ 163Dy∗ + νe → 163Dy + νe +QEC , (1.1)

where QEC is the total energy available for the decay. For the experiment, 163Ho is
implanted in the absorber material of a metallic, magnetic calorimeter. As it decays
the de-excitation spectrum of 163Dy∗ is measured via the emitted x-rays and Auger
electrons. The region of the spectrum most sensitive to the neutrino mass is the
endpoint region in which the x-rays and Auger electrons carry most of the energy and
the neutrino only its rest mass and no kinetic energy. The decay spectrum is fitted
with a theoretical model yielding QEC and mνe . Precise knowledge of the QEC-value
is essential to account for systematics, which is why Pentatrap will contribute an
independent QEC-value with a high-precision measurement of the mass difference of
163Ho and 163Dy. To achieve the goal of the electron neutrino mass on the sub-eV
level, the QEC-value must be determined with a precision of better than 1 eV which
corresponds to a relative mass-ratio uncertainty of less than 6 · 10−12. This precision is
only feasible with mass spectrometry of HCI in the Penning-trap setup at Pentatrap.

To make this measurement possible, HCI of the radioactive isotope 163Ho have to
be produced, transported to, and loaded into the Penning traps. Due to the synthetic
nature of this isotope, only a limited amount of 1014 atoms (about 27 ng) is available
for the measurement at Pentatrap, requiring a very efficient production of HCI.

Before 1988, HCI could be produced only at large research facilities such as particle
accelerators (e.g. at the ESR facility at GSI [22]), with the use of multi-joule terawatt
lasers [23] or employing techniques such as the sliding spark method [24] which are
however of limited ability [23]. Electron-cyclotron resonance ion sources (ECRIS) [25],
electron-beam ion sources (EBIS) [26], and electron-beam ion traps (EBIT) [1] present
the next generation of sources for HCI, producing high charge states without the need
of large scale facilities.

There are several options for loading atoms into an EBIT for the production of
HCI of a certain element. These include the injection of a gas or a volatile compound
whenever available and external laser ablation sources with additional transport to
the EBIT. Both techniques require a large quantity of sample material (> 0.1 g) for
the production of HCI, which can be problematic for certain isotopes that are rare,
expensive or hazardous. A loading technique has been developed for these rare isotopes,
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namely the wire probe injection, with which HCI of uranium were produced using a
sample of 100 ng of 233U [27]. The focus of this experiment was on the production
of HCI and not on the subsequent extraction which was therefore not demonstrated.
A Heidelberg compact EBIT (HC-EBIT) [2] employing the wire probe technique was
tested at Pentatrap as a possible source for HCI of rare species. However, in this
case, the technique could not produce HCI in the EBIT [28]. To provide a more
efficient loading scheme allowing subsequent extraction of the HCI, the in-trap laser
desorption technique was developed in the same HC-EBIT, the Tip-EBIT, to which
this thesis is dedicated. With this loading scheme in the Tip-EBIT, HCI of 165Ho have
been produced and ejected, using samples containing only 1012 holmium atoms, which
corresponds to about 270 pg. Among others, these measurements will be presented in
this thesis.

The determination of the QEC-value of the decay of 163Ho is not the only measure-
ment planned at Pentatrap for which HCI of rare isotopes are required. For example,
high-precision Penning-trap mass spectrometry of chlorine isotopes, where one isotope
(36Cl) is only available in minute quantities, can be used to test special relativity by
comparing the mass difference of two isotopes to the energy emitted in neutron capture
of the lighter one [29, 30]. Additionally, mass measurements of calcium isotopes will
contribute to precision isotope shift spectroscopy for a King plot analysis. Without
new physics the shift of the transition frequencies of the isotopes is linear, therefore
detection of a non-linearity can set limits on or even lead to evidence of dark matter
[31]. For this purpose, loading of a natural calcium composition using in-trap laser des-
orption in the Tip-EBIT has been successfully tested, demonstrating the application
of this technique also for elements considerably lighter than holmium and dysprosium.

Structure of this thesis

In this thesis, chapter 2 describes the working principle of EBITs in general. Then,
chapter 3 presents the results of an FAC calculation determining atomic metastable
states of holmium and dysprosium for several charge states, which can be used for
the selection of suitable charge states for the mass-ratio measurements of these two
elements. In the following, chapter 4 describes the experimental setup used for opti-
mization of the in-trap laser desorption in the Tip-EBIT (test setup) and gives a brief
introduction to the Pentatrap experiment to which the Tip-EBIT is now attached.
Finally, chapter 5 presents the results obtained with the test setup and the successful
attachment of the Tip-EBIT to the Pentatrap beamline, where it will soon be used
as the source for HCI of 163Ho and 163Dy.
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Chapter 2

Working principle of electron beam
ion traps

The electron beam ion trap (EBIT) was developed in 1988 by Levine [1, 32] at the
Lawrence Livermore National Laboratory and has since evolved to an irreplaceable
device for the production and study of highly charged ions (HCI). EBITs can produce
and trap HCI of elements in a wide mass range while the charge state distribution is
controllable. There is a large variety of EBITs depending on which species and charge
state range is required. It spans from small room temperature devices to large liquid
helium-cooled EBITs that can produce bare uranium ions (U92+) using an electron
beam energy of 200 keV [33]. EBITs can be used as a source of HCI for other exper-
iments without the need for large facility setups such as high-energy accelerators or
storage rings. This leads to a vast field of applications wherever HCI are needed as in
our case mass measurements at Pentatrap.

First, I will give an overview of the main components and their purpose (section 2.1).
section 2.2 is dedicated to the physical processes occurring in an EBIT that alter the
charge state of the ions and in the end, in section 2.3 a short description of evaporative
cooling is given.

2.1 General principles

The main process leading to the production of HCI in EBITs is electron impact ion-
ization. This requires a highly energetic and dense electron beam to efficiently remove
electrons bound in atoms. The basic components necessary to produce such an elec-
tron beam are the electron gun, the trap electrodes, and the electron collector whereby
the trap electrodes are situated in a strong, inhomogeneous magnetic field. They are
shown schematically in Figure 2.1.

The electron gun contains a heated cathode, which emits electrons that are then
accelerated towards the trap electrodes by applying a negative voltage to the cathode
and a positive one to the anode creating a beam of electrons. The beam is then further
accelerated by an even higher positive voltage applied to the electrodes. The magnetic
field is strongest in the center at the trap electrodes and decreases towards the electron
gun as well as the collector, with both ideally lying in a field-free region. The magnetic
field lines are sketched in Figure 2.1.
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The electrons are subject to the Lorentz force of the magnetic field causing them
to follow a circular orbit transverse to the magnetic field with radius re. Due to the
conservation of the magnetic flux, re decreases as the magnetic field increases [34].
This leads to a strong radial compression of the electron beam in the center of the
trapping region, increasing the electron beam density. Following the magnetic field
lines, the electron beam radius increases again when exiting the trap region towards
the collector. In addition, a negative voltage is applied to an electrode following the
collector, prohibiting any electrons from leaving the EBIT.

Highly charged ions

Electron collector
Magnetic field

Trap electrodes

Electron 
gun

Radial space-charge
potential from the

electron beam

Electron 
beam

Axial potential from the trap electrodes

+ +

Electron 
beam

Figure 2.1: The upper schematic shows the main parts of an EBIT: the electron gun,
the three trap electrodes, and the electron collector. In addition, the electron beam
(blue) and its compression due to the magnetic field are shown. The bottom part
illustrates the confining potentials: the voltages applied to the trap electrodes (axial)
and the space charge potential of the electron beam (radial). The ions in the trapping
region are indicated as red dots. Taken from [28].

The energy of the electrons is roughly defined by the potential difference of the
cathode and the central trap electrode:

Ee ≈ e(Ucenter + |Ucathode|) . (2.1)

The energy of the electron beam is increased by the potential of the trapped positive
ions (Φions) and decreased by the work function of the cathode material (Φw) and the
space charge potential of the electron beam itself (Φe). In total the electron beam
energy can be given by [34]:

Ee = e(Ucenter + |Ucathode|+ Φions + Φw + Φe) , (2.2)

where Φw and Φe are defined negatively.
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Flexibility in the energy of the electron beam is essential since the electron binding
energy varies strongly depending on the charge state of the ion. Meaning that the
electron beam energy is one of the parameters determining the charge states of the
ions. When the electron beam energy is lower than the energy required to remove
the next electron, the higher charge state will not be reached. Figure 2.2 shows the
ionization energies for a selection of elements as a function of the charge state, showing
the wide range of electron beam energies needed depending on the element and charge
state of interest. Not only does the energy necessary to further ionize increase, but
the ionization cross section also decreases as the charge state increases, empirically
described by the Lotz cross section [35]. This implies that also a stronger magnetic
compression of the beam is necessary as this increases the electron beam density.

The compression of the electron beam can be described by the optical theory of
Herrmann [36]. By definition, the Herrmann radius reh is the radius through which
80 % of the beam passes. It is given by [37]:

reh = reb

√√√√1

2
+

1

2

√
1 + 4

(
8mekbTcr2

c

e2r4
bB

2
+
B2
c r

4
c

B2r4
b

)
, (2.3)

where rb is the Brillouin radius [38], given by [37]:

reb =

√
2meIe

πε0veeB2
, (2.4)

me the mass and e the charge of the electron, kb the Boltzmann constant, Tc the
temperature and rc the radius of the cathode, Bc the strength of the magnetic field
at the cathode and B at the position of interest, Ie the electron beam current, and

ve =
√

2eU
me

the velocity of the electrons with the acceleration voltage U and ε0 the

vacuum permittivity.
The electrostatic potential confining the ions in the axial direction is realized by

applying a lower positive voltage to the central trap electrode compared to the outer two
electrodes (Vtrap), resulting in a potential well as indicated in Figure 2.1. In addition,
the space charge of the electron beam creates a confinement in radial direction (Vsc),
resulting in a potential which confines the ions in all three spatial directions. The space
charge of the positive ions (

∑
i Vi) in charge states i, as well as the image charge of the

electron beam on the trap electrodes (Vic) additionally affect the trapping potential
[40]:

V (ρ, z) = Vtrap(ρ, z) + Vsc(ρ) + Vic(ρ, z) +
∑
i

Vi(ρ, z) , (2.5)

with ρ being the radial and z the axial coordinates.

2.2 Interaction processes of the electron beam and

the ions

Several processes occurring in an EBIT can alter the charge state of the trapped ions.
They can be divided into two categories: interaction of the atoms and ions with the
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Figure 2.2: Ionization energy as a function of the charge state for a selection of seven
elements. The elements were chosen to cover a broad mass range thus depicting the
wide range of ionization energies arising for different atomic numbers. The figure is
adapted from [28, 39].

electron beam and interaction of the ions with each other. Figure 2.3 illustrates the
four interaction processes of the ions with the electron beam. The most fundamental
process for EBITs is electron impact ionization (EI). As Figure 2.3a shows an electron
formerly bound is removed from either an atom or an ion:

Ai+ + e− −→ A(i+1)+ + 2e− . (2.6)

This can only occur if the energy of the electron beam is at least as large as the
ionization potential which has to be overcome to remove the electron, limiting the
charge state that can be reached. The process is most efficient when the energy of the
electron beam is about three times the value of the ionization potential [35].

On the other hand an electron from the beam can also be captured back into an
empty shell of an ion under the emission of a photon, which is then the process of
radiative recombination (RR) (Figure 2.3b):

Ai+ + e− −→ A(i−1)+ + ~ω . (2.7)

The emitted photon carries the kinetic energy of the electron and the energy gained
by the recombination, the ionization potential Φip : ~ω = Ee + eΦip.

The other two processes depicted in Figure 2.3 produce photons at energies charac-
teristic to the species ionized in the EBIT. As indicated, the photon energies correspond
to the energy differences of electron shells. These x-ray photons can then be detected
giving a non-destructive method to analyze the species of the trapped ions. The pro-
cesses are electron impact excitation (EE) and dielectronic recombination (DR). In EE
energy from a beam electron is transferred to a bound one in an elastic collision but
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only so much as to excite but not further ionize (Figure 2.3c). The excited ion then
emits a photon and goes back to ground state:

Ai+ + e− −→ (Ai+)∗ + e− −→ Ai+ + ~ω + e− . (2.8)

When a beam electron is captured in an empty shell of an ion the energy, instead
of being released as in RR, can be converted by lifting a bound electron to a higher
atomic shell. The ion is then in an excited state that decays under the emission of a
photon, which is the process of DR shown in Figure 2.3d. This is a resonant process
since the energy of the electron beam has to have a value corresponding to the electron
shell transition: Ee + eΦip = ~ω:

Ai+ + e− −→ (A(i−1)+)∗ −→ A(i−1)+ + ~ω . (2.9)

Other than interacting with the electron beam, ions and atoms in the trapping
region can also interact with each other, for example, interactions of trapped ions and
rest gas atoms. When an ion and an atom or an ion of lower charge collide electrons
can be transferred to the higher charged ion. This is then a charge exchange process
(CE):

Ai+ +Bj+ −→ A(i−x)+ +B(j+x)+ , (2.10)

where in this case A is an ion of higher charge than B (i > j) and x is the number of
electrons transferred from B to A.

For a more thorough description of these processes including their cross sections
and rates see [40]. A balance of the described processes with loading and axial and
radial losses results in the population distribution of the charge states.

2.3 Evaporative cooling

In ion-ion collisions, energy is transferred from one ion to the other. Since the mean
free path for ion-ion collisions in EBITs is small one can assume thermal equilibrium
[1]. When taking the energy necessary for an ion of charge q to evaporate from a trap
of depth Vdepth into consideration [32]:

Eevap = qVdepth , (2.11)

it becomes clear that low-charge ions (LCI) evaporate from the trap at lower energies
than HCI. Thus in thermal equilibrium LCI may have enough energy to exit the trap
while HCI do not. In this case, the LCI leave the trapping volume and thus remove
energy, evaporatively cooling the HCI. It has been shown in experiments that this has
a positive effect on the total number of trapped HCI and their lifetime [41]. The LCI
can be injected purposely [33] or background gas can serve for the cooling effect.

Pentatrap is part of the ECHo collaboration attempting to determine an upper
limit of the electron neutrino mass in the sub-eV range [3]. For this purpose, the
mass ratio of 163Ho and 163Dy will be measured to contribute a Q-value, the energy
released in the decay, for the electron capture process of holmium to dysprosium. When
considering the production of HCI of these two ion species in an EBIT, it is of advantage
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that they have a considerable mass and can thus achieve high charge states compared
to the background gas. Due to their comparatively high charge states, they are subject
to evaporative cooling by the light ions and are more easily trapped. Additionally,
this has the positive effect of less background signal in the measurements because light
background gas ions will have already evaporated from the trap before it is opened
to release the ions of interest. The extracted ion bunch is then free of contamination
concerning lighter/ less charged species.
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(a) Electron impact ionization (EI):
an electron is removed from the atom or
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(c) Electron impact excitation (EE):
energy is transferred from a beam electron
to a bound one exiting it to a higher level
in the ion or atom. The excited state de-
cays via x-ray emission with the energy of
the level separation.

 ~ω

∞
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(d) Dielectronic recombination
(DR): an electron is captured from the
electron beam and the energy available is
used to create an electronic excited state
which then decays via x-ray emission.
This is a resonant process as the energy of
the electron beam has to equal the level
transition minus the ionization energy of
the captured beam electron.

Figure 2.3: Interaction processes of ions and the electron beam in an EBIT. The
electrons in the beam are in the continuum depicted as dashed blocks. The filled shells
of the ions that are not altered in the interaction are omitted for better clarity.
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Chapter 3

Calculation of metastable states in
holmium and dysprosium

An ongoing measurement campaign at Pentatrap is the measurement of the mass
ratio (R) of 187Re and 187Os for the determination of the Q-value of the β-decay of this
rhenium isotope. While this was carried out, consistently two different values for this
mass ratio were obtained [16]. For further investigation on the origin of this effect unity
measurements were carried out on rhenium, where the mass ratio 187Re29+/187Re29+ was
determined. This also resulted in two values, the first ratio obtained was unity while
the second value differed on the level of ∆R/R ≈ 10−9. Two independent theoretical
approaches and a Flexible Atomic Code (FAC) calculation reached the conclusion that
some of the highly charged Re ions are produced in an excited atomic state for which
the lifetime is long enough so that it is measured in the Penning traps. The lifetime of
this state is predicted to be about 200 days [16], a decay has not been observed so far.
Due to the long lifetime it is defined as a metastable state. From the measurement,
an energy difference of 202.2(1.6) eV of the ground state of 187Re29+ to the metastable
state could be deduced [17].

For these measurements, the DreEBIT was used as the source for the HCI of rhe-
nium. The electronic excited states are produced in EBITs alongside the ground state
due to electron impact excitation, e.g. the ion is in [Kr]4d94f1 instead of the ground
state [Kr]4d10 in the case of the metastable state in rhenium. An explanation of the
notation is given below. For an overview of the physical processes in an EBIT see
section 2.2. Most of these excited states have very short lifetimes and decay along a
chain of lower-lying configurations to the ground state.

In atoms and ions, the orbital angular momentum and the electron spin couple to
the total angular momentum J of the system. The transition matrix defines the depen-
dency of the transition probability on the parity and J-values of the states involved.
For example, the electric dipole transition (E1) is forbidden if the transition matrix
vanishes in dipole approximation. The state can then only deexcite via higher-order
multipole transitions such as magnetic dipole (M1) and electric quadrupole (E2). If
the transition matrix also vanishes in the next order approximation, a multipole tran-
sition of even higher order takes place (e.g. E3). This relates the difference between
the J-values of the states involved (∆J) to a certain multipole transition. The higher
the ∆J-value is the higher the order of the lowest possible multipole for the transition
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becomes. For an electric dipole transition (E1) the difference is limited to ∆J ≤ 1,
for an electric quadrupole transition (E2) to ∆J ≤ 2, and so on. Although transitions
with ∆J = 0 are possible, transitions from a state with J = 0 to another with J = 0
are not [42]. The transition probability decreases by many orders of magnitude for
high-order multipole transitions compared to an E1 transition [42]. So excited states
for which a high-order multipole is the only decay mode feature a long lifetime, such
as the metastable state in rhenium which can decay only via an E5 transition [16].

In the decay chain of the produced excited states in the EBIT, it is possible that the
ion decays to an electronic configuration of a metastable state instead of the ground
state. These metastable states can have lifetimes in the order of several hundred days
[17], influencing the mass measurements at Pentatrap. Therefore it is of interest for
the future mass-ratio determination of 163Ho and 163Dy to see if metastable states are
also present. For this purpose, FAC calculations were carried out for both elements
in a charge range of 20+ to 31+ for holmium and 19+ to 30+ for dysprosium. The
thereby determined metastable atomic states can be used as a criterion when choosing
the charge state suitable for the mass measurements.

A short overview of the electronic structure of HCI is given in section 3.1 and is
followed by a brief description of the theoretical models used in the FAC calculations
in section 3.2. Finally, section 3.3 summarizes the meta-stable states of holmium and
dysprosium predicted by FAC calculations.

3.1 Electronic Structure in HCI

In atoms and ions the electrons are ordered in shells. The shells are characterized
by the principle quantum number n, while n = 1 denotes the innermost shell. As
n increases, the electrons are less strongly bound to the nucleus. The shells contain
subshells characterized by the quantum number for the orbital angular momentum l,
which ranges from zero to n − 1 in each shell. Each subshell is 2(2l + 1) degenerate,
meaning that it can be filled with this amount of electrons.

In the ground state, the shells are filled with electrons to maximize the binding
energy of the electrons in the shells, which corresponds to minimizing the total energy
of the system. In atoms and ions with multiple electrons, the electric field an electron
experiences is altered due to the presence of other electrons. Additionally, screening of
the electric field of the nucleus by inner shell electrons effects the ordering of the atomic
shells. In atoms and ions with multiple electrons, the shells are ordered according to
the Madelung n+ l-rule. In the ground state, the shells with the smallest value of n+ l
are filled first, for equal values the one with the lower n is filled first. For ions with a
smaller amount of electrons the influence of the other electrons decreases and the shells
are filled according to Coulomb ordering. In this case, the shells with the lowest n are
occupied first. The subshells are also filled in ascending order. This is equivalent to
the level ordering in hydrogen and hydrogen-like ions. An example of both orderings
is given in Equation (3.1).

Madelung ordering = 1s22s22p63s23p64s23d104p65s24d105p66s24f14...

Coulomb ordering = 1s22s22p63s23p63d104s24p64d104f145s2...
(3.1)
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Figure 3.1: Level crossings when going from Madelung to Coulomb ordering. The
order of the atomic shells in which the electrons are more strongly bound switches at
these crossings. The level crossing 4f−5s, which is especially interesting for holmium
and dysprosium in charge states 20+ to 30+, is shown in red. Based on [43].

Here, the first number denotes the principle quantum number n; s, p, d, f corresponds
to l = 0, 1, 2, 3 and the number in superscript gives the number of electrons in the shell.
Depending on the number of electrons, the outermost shell is filled only partially. If
only one electron occupies a shell the number is usually omitted.

In an isoelectronic sequence, increasing number of protons but constant number of
electrons, a level crossing will occur, from Madelung ordering for the neutral atom to
Coulomb ordering for the hydrogen like ion. This is the point at which, for example,
the 4f and the 5s shells change the ordering in which the electrons more strongly bound.
A comparison of the two orderings and the level crossings is schematically shown in
Figure 3.1. Ho20+ lies in the isoelectronic sequence of neutral Ag and is the lowest
charge state of holmium considered in the FAC calculations. In this sequence the level
crossing of the 4f and 5s shells occurs between Pm14+ and Sm15+ [39]. For Sm15+ the
outer most electron is bound in the 4f shell, whereas for Pm14+ it lies in the 5s shell.
Since Ho20+ lies further along the sequence, the outermost electron is bound in the 4f
shell in the ground state and in Ho21+ for the lowest-lying excited state an electron is
raised from the 4d to the 4f shell.
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3.2 Flexible Atomic Code

The Flexible Atomic Code is a software package by M.F. Gu for the calculation of
various atomic properties and processes [44]. It can be used to calculate atomic en-
ergy levels, radiative transition rates, collisional excitation and ionization by electron
impact, photoionization, autoionization, radiative recombination, and dielectronic cap-
ture. In the work of this thesis, FAC was used for the calculation of atomic energy
levels and radiative transition rates for the search of meta-stable electronic states in
holmium and dysprosium.

The theoretical approach of FAC is relativistic configuration interaction (CI). The
Dirac-Coulomb Hamiltonian is used to calculate the energy levels of an ion with N
electrons. It is given by:

H =
N∑
i=1

HDirac(i) +
N∑
i<j

1

rij
, (3.2)

where HDirac is the single-electron Dirac Hamiltonian for the potential of the nucleus
and which accounts for relativistic effects. The second term, 1

rij
, describes the Coulomb

interaction of the electrons with each other. Higher-order QED effects, such as retar-
dation and recoil, are accounted for by adding the Breit interaction, with zero energy
limit for the exchanged photon, to the Dirac-Coulomb Hamiltonian. The screened
hydrogenic approximation is used for the consideration of self-energy and vacuum po-
larization [45].

The basis states of this Hamiltonian (Φν), configuration state functions (CSF), are
an antisymmetrized product of N one-electron wave functions (Dirac spinors). For
these one-electron wave functions a local central potential is assumed for which the
screening of the nuclear potential by other electrons is taken into account. The total
atomic state function is then given by the sum of these basis states [44]:

Ψ =
∑
ν

bνΦν , (3.3)

where bν are mixing coefficients.
The single multipole approximation was used for the calculation of the radiative

transition rates. In this approximation arbitrary multipoles can be calculated but
interference between different multipoles is neglected.

According to [45], FAC gives energy levels with an accuracy of a few eV and transi-
tion rates with an uncertainty of 10 - 20%, although this can vary if the transitions are
not in the x-ray regime. Not all physical processes are treated by the FAC, for example
two-photon decay and three-body recombination are neglected. This has an influence
especially on the transition rates which is why they cannot be taken as reliable values
in general.
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3.3 Meta-stable states and suitable charge states

for mass measurements

With a precision of the mass-ratio measurements of better than 10−11 at Pentatrap,
meta-stable states in the order of 100 eV do not pose a problem, as they can be easily
distinguished from the ground state during the data analysis process. Much more
problematic are lower lying meta-stable states at several eV excitation energy. A long
measurement time is needed to acquire enough statistics to be certain whether the
mass-ratio measurement is performed on an excited state or the ground state. In the
worst case, the metastable state is not identified which will result in a systematic error
for the measured mass ratio. Of course, this also depends on the production probability
of the metastable state in the EBIT to which many factor contribute along the decay
chain. However, this was not further investigated since there are numerous transitions
from higher excited states to all the metastable states obtained in the FAC calculation.

To prevent this from happening, the charge states with which the mass-ratio mea-
surements are carried out should be chosen such that they do not have low-lying
metastable states. This is only one criterion in the selection of charge states as also
closed atomic shells for easier theoretical calculation of the binding energy of the re-
moved electrons, production rates in the EBITs, a high enough charge state in order to
achieve the desired precision and low enough charge exchange rate in the trap vacuum
play an important role.

Table 3.1 shows the electronic ground state configurations and their J-values for
the holmium and dysprosium charge states for which excited states were calculated.
Since the dysprosium nucleus (Z = 66) has one proton less than the holmium nucleus
(Z = 67), both ions have the same amount of electrons and electron configuration
at charge states that are shifted by one. The abbreviations used for the electronic
configurations are given by:

[Ar] = 1s22s22p63s23p6

[Kr] = 1s22s22p63s23p63d104s24p6 (3.4)

For the future mass ratio determination of 163Ho and 163Dy the excited electronic
states were calculated for both elements with the Flexible Atomic Code in the range
of 19+ to 30+ for dysprosium and 20+ to 31+ for holmium as this corresponds to the
same electron configurations in the ground state. From this data, the metastable states
were obtained. An excited state was defined as metastable if its decay rate was lower
than 2.8 · 10−4 1/s, which corresponds to a lifetime of 1 hour. If the lifetime of a state
is shorter than 1 hour it will not influence the mass-ratio measurements, as it decays
before enough statistics are acquired in the Penning traps or even before it is loaded.
The metastable states of holmium and dysprosium in these charge states are listed in
Table 3.2 along with their electron configuration and J-value. The uncertainty of the
energy of the states is given as a few eV [45].

The states obtained with the FAC calculation are not all truly meta-stable. For
example, it has been shown that magnetic interaction can produce an inversion of
states 23P0 and 23P1 in helium-like ions [46]. If close to a level crossing, where the
energy separation of two states is small, hyperfine interaction can cause mixing of these
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Table 3.1: Ground state electron configurations of holmium and dysprosium for the
charge states for which excited states were calculated using FAC. J is the total an-
gular momentum of the bound electrons, derived by coupling of the orbital angular
momentum and the electron spins.

charge state electron configuration J
Dy Ho

19+ 20+ [Kr]4d104f1 5/2
20+ 21+ [Kr]4d10 0
21+ 22+ [Kr]4d9 5/2
22+ 23+ [Kr]4d8 4
23+ 24+ [Kr]4d7 9/2
24+ 25+ [Kr]4d6 4
25+ 26+ [Kr]4d5 5/2
26+ 27+ [Kr]4d4 0
27+ 28+ [Kr]4d3 3/2
28+ 29+ [Kr]4d2 2
29+ 30+ [Kr]4d1 3/2
30+ 31+ [Kr] 0

two state. In this way, the 23P0 state has a finite lifetime and the ground state 21S0 is
eventually reached although a direct transition is forbidden by the J selection rules.

A similar effect can be attributed to some of the metastable states calculated by
FAC of holmium and dysprosium, for example in Ho21+ the excited state [Kr]4d94f1

with J = 0 (157.0 eV). Since the ground state and this state both have a total angular
momentum of J = 0 and the state is the lowest excited state, FAC does not give a
decay rate of this state, as this transition is forbidden. However, in reality this state
is not metastable due to level mixing [47]. The same holds for the respective state
in Dy20+. This and other effects (e.g. two-photon decay, three-body recombination)
not taken into account in FAC can considerably shorten the lifetime of the presumably
metastable states. For this reason, the lifetimes are not given in Table 3.2. In total
it can be said that the state prediction with FAC, electronic configuration and energy,
are reliable for the identification of possible metastable states, but the lifetimes are not
necessarily reliably calculated by FAC therefore some states are not truly metastable.
The atomic shells considered in the calculations are listed in the appendix (chapter 6)
for each charge states.

Considering the mass-ratio measurements the charge states Ho24+/Dy23+, Ho26+/Dy25+

and Ho27+/Dy26+ would be a poor choice as these possibly feature low-lying metastable
atomic states. Ho23+/Dy22+, Ho25+/Dy24+, Ho28+/Dy27+, Ho29+/Dy28+, Ho30+/Dy29+

on the other hand do not have any such metastable states. For the other charge states
investigated, the possible metastable states are energetically far away from the ground
state such that mass-ratio measurements are not influenced.
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Table 3.2: Metastable atomic states of holmium and dysprosium obtained with FAC.
For most excited states the energy of state for Dy and Ho are identical. Whenever they
differ both are given, the first value corresponds to the state in Dy the second to Ho.
The uncertainty of the energy is a few eV [45]. Excited atomic states were calculated
for all charge states from 19+ to 30+ for Dy and 20+ to 31+ for Ho, here only the
charge states exhibiting metastable states are listed.

charge state energy (eV) electron configuration J
Dy Ho Dy Ho

19+ 20+ 160.9 [Kr]4d94f2 13/2
19+ 20+ 322.0 [Kr]4d84f3 23/2

20+ 21+ 157.1 157.0 [Kr]4d94f1 0
20+ 21+ 162.6 162.4 [Kr]4d94f1 5
20+ 21+ 325.7 325.5 [Kr]4d84f2 10

21+ 22+ 161.5 [Kr]4d84f1 13/2

23+ 24+ 4.4 [Kr]4d7 3/2

25+ 26+ 11.2 [Kr]4d5 11/2

26+ 27+ 11.2 [Kr]4d4 4

30+ 31+ 124.8 [Ar]3d104s24p5 4d1 0
30+ 31+ 131.2 [Ar]3d104s24p5 4d1 3
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Chapter 4

Experimental setup of the
Tip-EBIT and the Pentatrap
experiment

The Tip-EBIT is a Heidelberg compact EBIT (HC-EBIT) [2] in which in-trap laser-
induced loading was implemented. It is named after the small wire tip with which
the atoms are brought into the trapping region. The new loading technique proved
to be very efficient as it allows the production and ejection of HCI of small samples
containing as little as 1012 atoms (about 0.27 ng). This enables precision measurements
on HCI of rare isotopes, such as the mass-measurement of 163Ho at Pentatrap.

This chapter is dedicated to the description of the experimental setup, first of the
one used for testing and optimizing the in-trap laser-induced loading in the Tip-EBIT in
section 4.1, followed by a detailed description of the laser-injection setup in section 4.2.
Finally the Pentatrap experiment presented in section 4.3 to which the Tip-EBIT
is connected. This section also includes a brief description of Penning traps and the
measurement principle of Pentatrap.

4.1 Setup for optimization of laser-induced loading

in the EBIT

In the course of this thesis, the Tip-EBIT with in-trap laser-induced loading was re-
designed to the configuration shown in Figure 4.1 and will in the following be referred
to as the test setup. The main reason for the redesign was the compatibility with the
height of the Pentatrap beamline and easier access to the new laser system. The
new features include a new pulsed Nd:YAG laser with a suitable optical setup, a dif-
ferentially pumped gas injection system and a pulsed drift tube located directly after
the EBIT. The description of the components of the test setup will follow the course of
the electrons and then the ions. The electrons beam originates at the cathode, passes
through the drift tubes in the magnetic structure, and is terminated at the collector.
The target injection, the laser setup, the deferentially pumped gas injection, and the
x-ray detector are connected to the center of the EBIT. The beamline after the EBIT
features a pulsed drift tube, an electrostatic quadrupole lens and a 90° dipole mag-
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net for charge-to-mass ratio selection. In the end, the ions are detected in a vacuum
chamber housing a Faraday cup (FC) and a microchannel plate detector (MCP) with
a phosphor plate. The components will be described in detail in the following.

diagnostic 
chamber (MCP 
and FC)

dipole magnet

target 
injection

laser setup

differentially 
pumped gas 
injection

electron gun

x-ray 
detector

Tip-EBIT

Figure 4.1: Overview of the test setup with the electron gun with its three-axis
manipulator on the right side and the Tip-EBIT displayed in green. The 90° dipole
magnet and the diagnostic unit are placed on the left side. Attached to the EBIT is the
differentially pumped gas injection on top, the target with its three-axis manipulator
and the laser setup across from each other to the sides and the x-ray detector attached
below.

In the case of this EBIT, the cathode in the electron gun is made out of a porous
tungsten matrix uniformly filled with barium oxide [48]. The immediate surround-
ing gun material is molybdenum which can withstand the hot temperatures (around
1300 K) of the cathode [2]. The low work function of barium allows electrons to be
thermally emitted when the cathode is heated. The heating current is typically set to
values between 1.2 and 1.3 A. Besides the cathode, the electron gun features a focus
electrode and an anode (cf. Figure 4.2). The electrodes are spatially separated and
electrically isolated by ceramic rods. The cathode is set to a negative potential of a few
kV while a positive voltage of a few hundred volts is applied to the anode, resulting
in an acceleration of the emitted electrons away from the cathode. By adjusting the
voltage of the anode the current of the electron beam can be regulated. The focus
electrode of the electron gun, located between cathode and anode, is set to a negative
potential which focuses the electron beam. The value of the focus voltage is typically
set slightly lower, a few 100 V, than the cathode voltage.

The electron gun is fixed to a three-axis manipulator allowing the adjustment of
its position for optimal transmission of the electron beam through the EBIT. Due to
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possible contamination of the electrodes of the gun and growing discharge currents due
to metal residue on the ceramic isolators the cathode was placed into a new electron
gun in the course of this thesis.

Anode
Focus

Cathode

Cathode
holderElectrical connection

to cathode

Electron gun
holder

Ceramic rod

Figure 4.2: Schematic of the electron gun cut in half to show the cathode, the focus
electrode, the anode, and the ceramic spacers, adapted from [28].

The stack of drift tubes (DT) in the Tip-EBIT is build up of six trap electrodes
threaded on four ceramic rods. Their ordering can be seen in Figure 4.3, where the
electron gun is closest to DT1 and the collector is placed after DT5. Typically, the
first two drift tubes (DT1 and DT2) are used to focus the electron beam for optimal
transmission, DT5 is set to ground and the remaining three form the actual trap with
DTC in the center. In contrast to the other closed drift tubes, the central one has
four radial slits for mechanical and optical access for, e.g. the laser and the target. To
keep the potential distortion due to the slits as low as possible a mesh wire is wrapped
around DTC allowing mechanical access only on the side of the target. For a detailed
description of the effect of the mesh wire and the one open side for the target on the
homogeneity of the potential, see [28]. The fourth drift tube (DT4) is connected to a
Behlke high-voltage switch allowing to switch the voltage applied to this electrode from
a value higher than the voltage applied to DTC to a lower value in less than 100 ns
[49]. When the voltage is switched to a lower value the trap potential is opened axially
and the HCI can exit the EBIT towards the collector and the beamline. For typical
voltages applied to the drift tubes, see Figure 5.4.

A silicon drift x-ray detector (Ketek GmbH, Vitus H50) is attached to the EBIT
close to DTC and picks up the emitted x-rays of the trapped ions, emitted due to the
processes described in section 2.2, e.g. radiative recombination. Following these inter-
actions, the x-rays are emitted at energies characteristic for the trapped ion species,
for example, they correspond to the specific energy separation of their electronic shells.
The spectra obtained with the x-ray detector give insight into whether ions are suc-
cessfully trapped and which species of ions occur.

After passing the drift tubes, the electron beam continues towards the water-cooled
collector. Following the gradient of the magnetic field, the electron beam widens (cf.
section 2.1) and hits the collector surface. The current caused by the electrons on the
collector is measured by connecting it via an ampere meter to ground. This current can
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Figure 4.3: A cut through the six drift tubes of the EBIT is depicted. The electron
gun would be located to the left of the first drift tube (DT1) and the collector to the
right of the fifth (DT5) with the electron beam passing from left to right. The radial
slits of the central drift tube are visible. Adapted from [28].

be used to optimize the transmission of the electrons through the EBIT by comparing
it to the emission current of the cathode. Following this part of the collector are two
electrodes to which a voltage, more negative than the cathode, is applied to prevent
any electrons from passing into the beamline.

Previously for gas injection, the fine-dosing valve was installed directly at the main
vacuum chamber of the EBIT. Opening the valve introduces a minor leak to the vac-
uum system which results in a dispersion of the injected gas throughout the main
vacuum chamber. As a result, only a small fraction of the injected gas interacts with
the electron beam and is ionized. This leads to residual amounts remaining in the
EBIT after the valve has been closed, enhancing the background signal. The new,
differentially-pumped gas-injection system uses the same fine-dosing valve which is
now placed behind two consecutive apertures with a radius of 2-3 mm. The apertures
were implemented by using copper disks with a hole of 2-3 mm radius in the cen-
ter instead of standard copper gaskets. The areas isolated by the apertures are each
equipped with a separate turbo molecular vacuum pump and present the stages of the
differentially pumped injection system. The setup is displayed in Figure 4.4. With this
setup, the gas is injected in the first stage and then proceeds through the first aperture
to the second stage and then only after passing the second aperture enters the EBIT
as a collimated beam. This way, only a small gas stream reaches the trapping volume
and the electron beam so that the background pressure in the EBIT is not notably
influenced. When closing the valve, the injected species vanishes after about two trap
cycles (≈ 2 s, cf. Figure 5.3) without remaining as additional background gas.

Following the EBIT downstream in the beamline, a pulsed drift tube (PDT) was
installed during the work of this thesis. It consists of a stainless steel pipe attached
to a CF100 flange. It is connected via a Behlke high-voltage switch and some buffer
capacitors to a high-voltage power supply. This allows to change the applied voltage
in a range of 10 kV in less than 100 ns [49]. The ions can be pulsed to any required
energy independent of the energy with which they are accelerated from the EBIT.
The main advantage of the PDT is that now ions can be produced and extracted at
arbitrary EBIT potentials without requiring new settings for the focusing and steering
further down the beamline if the energy to which they are pulsed is kept constant.
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Figure 4.4: Schematic of the new, differentially-pumped gas-injection setup. On the
left the full gas-injection setup is displayed as it is attached to the Tip-EBIT. The fine-
dosing valve is shown in yellow. The image on the right is a cut through the vacuum
chamber making the apertures visible.

This saves a large amount of time when changing EBIT settings, for example changing
the potentials of the drift tubes to alter the electron beam energy for the production
of certain charge states, especially considering the longer beamline with more focusing
elements at the Pentatrap experiment to which the EBIT is now attached.

Located after the PDT is an electrostatic quadrupole lens for steering and focusing
of the ion bunch. The applied voltages are optimized for the best possible transmission
through the dipole magnet following downstream and are in the order of 100 V. The
dipole magnet forms a 90° bend in the beamline and the current in the coils can be set
to adjust the magnetic field the ions are subject to. The degree to which an ion’s path
is bent due to the magnetic field depends on its charge-to-mass ratio. Therefore, only
ions with a specific charge-to-mass ratio will pass the 90° bend at a given magnetic
field. This allows a separation of charge states and isotopes. When the magnet current
is ramped over a certain range, charge state spectra can be acquired. An example of
a charge state spectrum is shown in Figure 4.5. The most abundant peak, at a charge
to mass ratio of 0.244 (209Bi51+), was fitted with a Gaussian curve, shown in the inset.
The full width at half maximum of the Gaussian curve allows a determination of the
resolution of the dipole magnet, q/m

∆q/m
= 360± 27.

The last part of the setup located after the dipole magnet is the detection chamber.
It contains a microchannel plate detector (MCP) in chevron configuration and an
adjacent phosphor screen viewed with a camera and a Faraday cup (FC) connected
to an oscilloscope via a charge amplifier (Femto HQA-15M-10T, amplification factor:
10 V/pC). An MCP contains parallel channels tilted with respect to the surface of the
plate. In chevron configuration, two consecutive plates are placed so that the angles
of their channels are opposite to each other. An incoming charged particle hitting the
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Figure 4.5: This figure shows a very clean charge state spectrum of bismuth.
The most abundant charge state is 209Bi51+ to which a Gaussian curve was fit(
f(x) = Ae−

(x−x0)
2

2σ2

)
, shown in the inset. The fit resulted in the following parame-

ters: A = 1.030± 0.085, x0 = 0.243990± 0.000022, and σ = 0.000288± 0.000022.

wall of a channel will release electrons. A voltage of about 1 kV is applied between
the front and back plate to accelerate the electrons towards the back. The accelerated
electrons will interact with the channel wall, creating a cascade of electrons. In our
setup, the back plate is set to ground and a negative voltage is applied to the front
plate which defines the gain of the MCP. When exiting the back plate, the electrons
are further accelerated by 3.2 kV towards the phosphor screen creating a fluorescence
signal that can be picked up by the camera. The acquisition time of the camera is set
to 3 ms to pick up the entire fluorescence time of the phosphor screen. An MCP with
a phosphor screen has the advantage of position-sensitive detection. This simplifies
the focusing and steering process and also leads to a higher resolution in the charge
state spectra. The Faraday cup is used for measurements of absolute ion numbers by
measuring the charge due to the HCI colliding in its surface. Considering these aspects,
both detection devices are important tools for our measurements.

4.2 Laser-injection setup

In the experimental setup displayed in Figure 4.1 the laser and the target are located
on opposite sides of the EBIT, enabling the laser to hit the target surface orthogonally.
For laser-induced loading, a short laser pulse of 7 ns is shot onto a target containing the
species of interest, to detach atoms from the target surface for ionizing and trapping
in the electron beam. To allow this process, the target is moved as close as possible
to the electron beam inside the central drift tube. The target is steered by a three-
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Target

Trapping region

Figure 4.6: Model of the EBIT with the main components and the laser-induced
loading viewed from above. To the left is the electron gun followed by the drift tubes
in the center with the electron collector to the right. The target is placed inside the
central drift tubes with an incident laser pulse, the central drift tube is cut in half
for visibility. The inset shows the central drift tube with the target, the laser beam
(λ = 532 nm, green) and the trapping region up close. The image is adapted from [50].

axis manipulator with a step motor for each of the three axes. The position of the
target relative to the cut out of the wire mesh and the central drift tube is adjusted
using a camera located in the laser setup viewing approximately along the propagation
direction of the laser beam as indicated in Figure 4.7. The radial distance to the
electron beam is optimized by monitoring the x-ray spectrum. When the target is
about 20 mm away from the trap center it is set to the same voltage as the central
drift tube. As the target is moved in closer a minimum of the counts of the x-ray
detector is reached roughly when the target position matches the gap in the central
drift tube, filling the potential gap. Moving the target in further will, at some point,
result in bremsstrahlung when the target gets too close to the electron beam. This is
detectable as a strong increase in the count rate of the x-ray detector. The target is
placed in its final position by moving it out by about 100µm or less to the position
closest to the electron beam which is far enough away to not produce bremsstrahlung.
When the target is positioned, the applied voltage is adjusted for maximal electron
beam transmission, typically some ten volts lower than the voltage applied to DTC.

The target is made out of titanium wire with a diameter of 1 mm. Some target
models have additional features such as a thread cut into the wire or a titanium plate
attached to it increasing the target surface. The target with the titanium plate is
depicted in the inset of Figure 4.6. The material was chosen since titanium is a rather
light element so that only low background signal is to be expected when producing
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Nd:YAG Laser (532 nm)

plano-concave lens: f=-75 mm

plano-convex lens: f=100 mm

camera
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Figure 4.7: Schematic view of the laser setup from above, starting at the Nd:YAG
laser and following the laser beam to the target. The mirror has two step motors
attached to its holder for shifting the position of the laser spot on the target. The
plano-convex lens for focusing of the laser is mounted on a platform so that the distance
between the lenses can be changed using a step motor for focusing the laser beam on
the target. The image is not to scale with the setup.

heavier ions due to evaporative cooling (cf. section 2.3). Additionally, it had to be
vacuum suitable and an electric conductor. For macroscopic sample sizes with an
almost infinite number of atoms, the sample material is either placed into a small hole
in the titanium plate or, as in the case of 165Ho, which is available as a foil, it is spot
welded onto the surface. The targets with small sample sizes are prepared using the
”Drop-on-Demand” ink-jet printing technique [51] for which a diluted solution of the
sample is printed on the titanium surface. For holmium, a nitrate solution is used.
The volume of a drop is in the order of a few nL, resulting in the target material
covering only a fraction of the target surface. The sample material is not visible
without magnification. The number of atoms can be chosen as needed by dilution with
an uncertainty of about 5%. Targets in the range of 1010 − 1016 atoms were made and
tested in this setup.

When exchanging the target, the manipulator is set so that the target is pulled
out of the EBIT to the left as far as possible. A valve is closed, isolating the chamber
containing the target from the EBIT and the rest of the experiment. The small volume
containing the target is then vented and by removing two flanges, the target can be
taken out and replaced by a new one. Once the vacuum chamber is closed and pumped
to a pressure corresponding to the EBIT the valve is opened and the new target can
be inserted into the central drift tube following the procedure described above. The
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exchange of the target can be accomplished in about 30 min with an additional several
hours waiting time for suitable vacuum pressure.

The laser in our setup is a compact pulsed Nd:YAG laser (Litron Lasers Nano S 30-
50) with a maximal energy output of 30 mJ at a wavelength of 1064 nm. After passing
through an attenuator it is frequency-doubled to 532 nm with a maximal energy of
15 mJ. The attenuator allows to adjust the energy output of the 532 mJ pulses. In
addition, the housing for the frequency doubling contains a laser pointer for alignment.
The setup for focusing the laser beam onto the target is shown in Figure 4.7. The
laser pulse is reflected by 90° by a silver-coated fused silica mirror (Thorlabs PF10-
03-P01) after which it passes through two lenses. The lenses are both UV fused silica
lenses with anti-reflective coating. The first one is plano-concave with a focal length
of -75 mm while the second one is plano-convex with a focal length of 100 mm (both
Thorlabs LC4513-A and LA4380-A). The lens configuration was chosen due to the
desired position of the beam waist at the target and due to the longer Rayleigh length
when defocusing before a convex lens, compared to a single lens with a focal length
of 100 mm. The Rayleigh length describes the distance from the beam waist where
the beam radius has increased by a factor of

√
2. A single lens with a focal length of

400 mm would result in the minimal beam waist at the target but with a beam radius
larger by a factor of more than 2. The required focal lengths and the positioning were
calculated using a Gaussian beam propagation and resulted in an optimal distance of
60 mm for the two lenses. After the lenses, the laser beam passes through a viewport
into the vacuum setup. It then crosses the wire mesh covering the slit of the central
drift tube and hits the target inserted from the opposite side.

In addition, a camera is located in front of the vacuum view port used for the
adjustment of the target and laser spot positions. For this purpose, the mirror is
mounted with two step motors so that its angle can be shifted causing the laser spot
to move on the target surface. This is used to scan the target surface with the laser to
find the printed drop of the target material. Another step motor drives the platform on
which the plano-convex lens is fixed. As a result, the distance between the two lenses
is adjustable which shifts the focal point of the laser beam. This is useful to fine-tune
for the greatest focusing on the target surface.

4.3 The Pentatrap experiment

The Pentatrap experiment is a high-precision Penning-trap mass spectrometer aim-
ing at relative mass uncertainties of 10−12 [14]. To reach this so far unprecedented
precision it features a stack of five cylindrical Penning traps and uses highly charged
ions in the measurements [14]. The full setup is depicted in Figure 4.10. So far a
Dresden EBIT (DREEBIT GmbH) was the only source of HCI available at the beam-
line. With this source only elements that are gaseous or available as volatile organic
compounds could be used for mass measurements, as there is no other loading mech-
anism available for this EBIT. With the addition of the Tip-EBIT with its in trap
laser-induced loading the variety of HCI available for mass measurements has been
expanded. This will allow the production and subsequently loading of the Penning
traps with HCI of rare isotopes such as 163Ho. The measurement of the mass-ratio of
163Ho and 163Dy will contribute to the ECHo collaboration aiming to determine the
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electron neutrino mass on the sub-eV level [52]. Before describing the details of the
experimental setup of Pentatrap in subsection 4.3.2, a short overview of the basic
principles of Penning-trap mass spectrometry and the measurement scheme using a
stack of 5 of Penning traps is given in subsection 4.3.1.

4.3.1 Penning traps and measurement scheme

In a Penning trap, three-dimensional confinement is achieved by a strong homogeneous
magnetic field pointing along the trap axis providing radial confinement and a static
electric quadrupolar field for the axial confinement. This is shown schematically in
Figure 4.8a for a trap with cylindrical electrodes. The magnetic field is generated
using a superconducting solenoid surrounding the trap electrodes, while the electric
potential is produced by applying suitable voltages to the trap electrodes. Charged
particles in a magnetic field are subject to the Lorentz force and thus follow a circular
orbit. The orbital frequency is the free cyclotron frequency ωc that depends on the
mass m, the charge q and the magnetic field B in the following way:

ωc =
q

m
B . (4.1)

(a) (b)

Figure 4.8: A schematic of a cylindrical Penning trap with the magnetic field along
the trap axis and the potential Udc applied to the electrodes for axial trapping is shown
in (a), taken from [53]. (b) depicts the motion of a charged particle in a Penning trap
with the three eigenfrequencies shown separately and superimposed, taken from [54].

Due to the superposition of the magnetic and electric field, the motion of a confined
particle is altered compared to the free cyclotron motion. The resulting eigenmotions
and their superposition are depicted in Figure 4.8b. The three eigenfrequencies are
the modified cyclotron frequency (ω+), the magnetron frequency (ω−) and the axial
frequency (ωz), given by [53]:
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Here, Udc is the voltage applied to the central electrode as shown in Figure 4.8a such
that a quadrupolar electric field is generated. d describes the geometry of the trap:

d = 1
2
(z2

0 +
r20
2

), where z0 is the closest distance between the end electrodes and r0 is the
inner diameter of the central electrode. After all three eigenfrequencies are determined,
the free-space cyclotron frequency (ωc) can be calculated using the Brown-Gabrielse
invariance theorem [55]:

ω2
c = ω2

+ + ω2
− + ω2

z . (4.5)

At Pentatrap, the eigenfrequencies are measured non-destructively by the image-
current detection technique [56]. Figure 4.9 shows a measurement scheme utilizing all
the traps. The ion frequencies are measured in traps 2 and 3 simultaneously after
loading an ion m1 and two identical ions m2 in traps 1-3 as shown in the top part of
Figure 4.9. The ions are then adiabatically shifted to trap 2-4 and the frequencies are
measured in traps 2 and 3 again. They are then shifted back to the initial position
and the measurement is repeated. By following this measurement scheme systematic
uncertainties such as magnetic field drift can be reduced, enabling high precision in the
mass measurements using the multi-trap configuration [14].

4.3.2 Full setup with the new EBIT

The full Pentatrap setup with the two EBITs as ion sources is displayed in Fig-
ure 4.10, along with the beamline and the magnet containing the Penning traps. In
the course of this thesis, the Tip-EBIT was attached to the Pentatrap beamline as
a source for HCI of rare species.

The Tip-EBIT was attached to the Pentatrap beamline via an electrostatic
quadrupole bender which allows switching between ions produced in the DreEBIT
and in the Tip-EBIT. When no voltage is applied it will let the HCI of the DreEBIT
pass freely towards the 90° dipole magnet. When it is set to high voltage in the range of
a few kV it will deflect the HCI bunch of the Tip EBIT changing their course according
to the value of the set voltage. The setting should be such that the ions course is bent
by 90° allowing a straight path towards the dipole magnet. The first diagnostic unit is
placed straight ahead of the Tip EBIT behind the electrostatic quadrupole bender and
is equipped with an MCP and phosphor plate. This way, the EBIT settings and the
PDT can be adjusted to achieve a maximized output while the electrostatic quadrupole
bender is set to ground.

Following the electrostatic quadrupole bender is an einzellens, for which the central
electrode is split in four, used for focusing and steering of the ions. The next diagnostic
unit is located behind the lens and can be inserted into the beamline from above at two
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Figure 4.9: Measurement scheme for high-precision mass determination using the
stack of five cylindrical Penning traps at Pentatrap. The blue line indicates the
potential wells of the traps. The ions are loaded in configuration (a) and the frequencies
are determined in traps 2 and 3, after which the ions are adiabatically shifted to the
configuration (b). Again, the frequencies are measured in traps 2 and 3 after which
the ions are shifted back to the initial configuration. This is repeated several times.

possible vertical positions, one with a FC and the other with an MCP and phosphor
plate. The position of the diagnostic unit allows for optimization of the voltage of
the electrostatic quadrupole bender to achieve best possible transmission through the
dipole magnet which follows afterwards. The dipole magnet forms a 90° bend in the
beamline and is used to separate the ions by their charge-to-mass ratio depending on
the strength of the magnetic field set by the current in the coils of the magnet.

Following the dipole magnet are another split einzellens, an electrostatic quadrupole
bender and an MCP with a phosphor screen in the horizontal part of the beamline.
Since the dipole magnet splits the ions by charge-to-mass ratio, the MCP can be used
to acquire charge state spectra as with the test setup described in section 4.1 as long
as the adjacent electrostatic bender is set to ground. This enables the identification
of elements, isotopes and charge states. When a suitable voltage is applied to the
electrostatic quadrupole bender, the ions are deflected downwards to the Penning traps.
On their way towards the Penning traps, the ions pass another diagnostic unit that
can be placed in the ion beam to optimize the voltage of the bender. Two pulsed drift
tubes located after it are used to decelerate the ions to an energy at which they can
be trapped (around 10 eV). If the pulsed drift tubes are set accordingly, the ions enter
the traps and are confined.

Along with moving the Tip-EBIT to the Pentatrap beamline the pre-vacuum
setup of the Tip-EBIT was revised. Previously, each turbo molecular pump was
attached to its own pre-vacuum pump (scroll pumps) with a pre-vacuum of about
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Figure 4.10: Overview of the Pentatrap experiment with the ion sources, the
beamline and the magnet containing the Penning traps below. The Tip-EBIT and the
DreEBIT are located at an angle of 90° to each other and are the starting points of the
beamline, followed by a 90° dipole magnet, the second part of the horizontal beamline
and the vertical part leading to the traps.

10−2 mbar. Now all turbo molecular pumps are attached to one turbo molecular pump
providing a strongly improved pre-vacuum of 4 · 10−6 mbar, the pre-vacuum for which
is supplied by a single scroll pump providing 4 · 10−3 mbar.
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Chapter 5

Results

In this chapter, the results of in-trap laser-induced loading in the Tip-EBIT are pre-
sented. This technique proved to be highly efficient for the production of HCI from
small sample sizes containing only 1012 atoms. Despite the small sample sizes the tar-
gets could be used for several thousand laser shots, producing millions of HCI of the
injected species. The first tests were carried out with 165Ho but the procedure was also
successfully applied to other elements. Due to the positive results the Tip-EBIT was
attached to the Pentatrap experiment to serve as a source of HCI of rare isotopes
for high-precision mass measurements, for example of 163Ho.

In section 5.1 the optimization of the laser-induced loading is discussed, after which
section 5.2 focuses on the results obtained with the test setup described in section 4.1.
This includes charge state spectra and lifetime and efficiency measurements of samples
containing only 1012 atoms of 165Ho. The attachment of the Tip-EBIT to the Penta-
trap beamline and the subsequent commissioning is outlined in section 5.3. Finally,
section 5.4 describes difficulties concerning the Tip-EBIT and approaches to overcomes
them.

5.1 Laser-induced loading

In this section, different target types that were tested for the in-trap laser-induced
loading technique are presented. Furthermore, the physical process leading to the
laser-induced loading will be discussed. The placement of the targets in the EBIT and
the laser setup are described in section 4.2.

Figure 5.1 shows camera images of the target types tested in the EBIT. The two
types mostly used are a holmium foil (165Ho) spot-welded onto a titanium plate with
a surface of 5 mm2, in the following referred to as the macroscopic holmium target
and a titanium wire with a diameter of 1 mm. A small amount of sample material,
varying from 1010 to 1016 atoms, is placed on the surface of the titanium wire using
the Drop-on-Demand ’inkjet’ printing technique [51]. The other two target types were
also successfully tested, namely a titanium target, of a similar size as the macroscopic
holmium target, with two holes that can be filled with sample material and the same
titanium wire as the microscopic holmium target but with a thread cut in it and an
aluminum collimator shell screwed onto the thread (cf. Figure 5.1). The first of which
is useful when working with large quantities of sample material and for fast consecutive
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loading of two different species into the EBIT. This can be accomplished by switching
the laser position on the target from one sample to the other. The target with the
thread was developed with the purpose of the aluminum shell collimating the atoms
released due to the laser impact towards the electron beam, increasing the loading
efficiency.

5 mm

1 mm

(a) (b) (c)

Figure 5.1: Pictures of the different target types used in the Tip-EBIT with a one
Euro-cent piece as a size reference. (a): Macroscopic holmium target on which the
spot welding marks are visible; (b): A target with 1012 atoms of 165Ho printed on the
surface of a 1 mm titanium wire. These two target types are the ones mainly used.
(c): Pictures of targets which were also successfully tested, first (on the left) a target
which has two holes into which sample material can be placed when working with large
quantities. Second (on the right) a 1 mm titanium wire with a thread cut in it and an
aluminum collimator screwed on top.

As the target types were tested and the loading technique was optimized, the life-
time of the small sample sizes proved to be greater than expected, when assuming laser
ablation to be the process with which atoms are detached from the target surface. The
lifetime of a target is defined as the number of laser shots for which the sample on
the target can be loaded into the Tip-EBIT. To analyze the process happening in the
EBIT due to the laser impinging on the target, the average energy transfer per atom
for one laser shot was estimated. It is important to note that this estimation only very
roughly describes the processes occurring during the injection in the EBIT and the
values obtained are to be considered as an order of magnitude estimation only. First
the fraction of the laser power absorbed by the target is estimated by considering the
reflectivity of the mirror (Rmirror = 0.86), lenses (Rlens=0.004)1, the viewport of the
vacuum (Rwindow = 0.07)2 and the titanium surface of the target (Rtarget = 0.57501
[57]), overall resulting in 34% of the initial laser power entering the target. For exam-
ple, at a typical laser pulse energy of 2 mJ the target absorbs 680µJ. The size of the
laser spot is estimated to have a radius of rlaser = 300µm, judging by the microscope
images of the holmium target with a small sample size after use (Figure 5.2). The
depth to which the laser penetrates (d) can be described by the law of Lambert-Beer:

d =
λ

4π=(n)
, (5.1)

1values stated by Thorlabs
2value stated by vab vakuum
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where λ is the wavelength of the laser and =(n) is the imaginary part of the refraction
index, the extinction coefficient (k = 3.3511 [57]), of titanium. In total this gives a
volume of 3630µm3 in which the laser pulse energy is deposited. Using the density
of titanium at 20 °C, ρTi = 4.5 g/cm3, and the atomic mass MTi = 47.867 u [58], the
number of titanium atoms interacting with the laser pulse is about 2.1 · 1014. This
results in 3.11 · 10−18 J/atom = 19.35 eV/atom. Additionally, not all the deposited
energy is available for the atoms to escape the target, as part of it is transferred away
by the heat conduction of the target material.

The comparatively low energy per atom and the long lifetime of the targets led to
the assumption that it is not laser ablation which occurs when the laser hits the target.
In the process of laser ablation, the atoms sputtered from the surface would form a
plume expanding perpendicular and parallel to the target surface, so that only a small
fraction would interact with the electron beam and be ionized [59]. Thus the efficiency
would be low and the lifetime of a target containing only a small sample size would be
shorter than what was measured (subsection 5.2.2).

To further understand the process happening in the EBIT due to the laser impinging
on the target, the surfaces of a selection of targets were investigated using a scanning
electron microscope (SEM) with an electron energy of 30 kV and an optical microscope
both with a maximal magnification of 2000.

For this purpose, an empty titanium wire, a wire with holmium printed on the sur-
face and other targets used in the EBIT, including the macroscopic one were analyzed.
The images obtained with both microscopes are displayed in Figure 5.2. The difference
between the empty target (Figure 5.2a) and the one with 1016 holmium atoms, which
were printed using a nitrate solution, (Figure 5.2b) is visible by the crystal structure
on the target. It is also visible that the crystal structure is located not only on the
surface but continues in the thread. This is not desirable as the material in the thread
is lost for loading of holmium in the EBIT and decreases the overall efficiency. Fol-
lowing this realization, the threaded target design was discarded. However, this might
not be a problem for smaller sample sizes, because less solution is applied to the target
so it might not spread as far. When comparing the used target (Figure 5.2c) with the
unused one (Figure 5.2b) it can be seen that the crystal structure on the surface is
gone and instead the entire surface seems to be melted. The melted structure and the
fact that there is no crater, as would be expected for laser ablation, indicates a heating
process in the laser-target interaction. This implies that the laser-target interaction is
due to melting and evaporation of the sample material. Following this investigation,
the interaction is referred to as in-trap laser desorption.

In Figure 5.2d the top picture shows that the depth of the holmium foil is much
greater than the depth the laser penetrates, giving an almost infinite sample size. The
thickness of the foil is indicated in red and the laser spots on the target make up the
lighter area in the center.

5.2 Results obtained with the test setup

The measurements presented in this section were carried out using the test setup de-
scribed in section 4.1. The EBIT is operated in cycles to extract individual bunches
of HCI. Figure 5.3 shows a typical trap cycle with the time spans for loading ions via
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(a) (b) (c) (d)

Figure 5.2: Microscope images of the targets before and after several thousand laser
shots. Top: Images acquired using an SEM with an electron energy of 30 kV; bottom:
Images acquired with an optical microscope. The three stages of the targets are shown
from left to right: first (a) an empty target, then (b) one with 1016 holmium atoms
and the third (c) is a target after laser impact. The fourth picture on the far right (d)
shows the surface of the macroscopic holmium target made from holmium foil. The
thickness of the holmium foil is indicated in red, the laser spot is the lighter area in
the center and the spot welding points are visible as the round holes on the sides.

laser pulse (tlaser = 7 ns), keeping the trap closed for charge breeding (tbr = 1 s), and
finally ejecting the ions (tejec = 5µs). The duration of the laser pulse is not variable
and the ejection time was kept constant for all measurements. The charge breeding
time, on the other hand, was varied for some ion species to influence the charge state
distribution.

tejec tbr tejec

tlaser

(7 ns)

t

0 1 s+5µs1 s

Figure 5.3: Schematic time sequence of the trap cycle in a holmium measurement.
The time blocks are not to scale. The duration of each part is given in the image.

Typically measurements were carried out at an electron beam energy of 5.9 keV and
an axial trap depth of 50 V. Figure 5.4 shows an example of typical voltage settings
for the measurements presented in this section. Depending on the measurement some
voltages may vary, especially for the first two drift tubes and the lower value of the
fourth one, as these are set for focusing and steering of the electron beam and the
ejected ions, respectively.

35



-4

-3

-2

-1

0

1

2

3

4

voltage [kV]

Uc Uf Ua UDT1 UDT2 UDT3 UDTC UDT4 UDT5 Ucol Uext1 Uext2

Ee/e
Eions/q

Figure 5.4: Typical voltages applied to the electrodes in the EBIT. The components
of the electron gun are shown in red, the drift tubes in blue and the collector in orange.
The thick dashed line at the fourth drift tube shows the voltage to which the electrode
is switched down for the ejection of the ions. The energy of the electron beam and the
ejected ions is defined by the voltage difference of the cathode to the central drift tube
and the central drift tube to ground, respectively. The trapping region is formed by
the potential well at the central drift tube (DTC).

For ion detection either a Faraday cup (FC) connected to an oscilloscope via a
charge amplifier (Femto HQA-15M-10T, amplification factor: 10 V/pC) is used or an
MCP. The gain of the MCP is adjusted to reach a strong signal without saturation.
The fluorescence signal of the phosphor screen following the MCP is captured with a
camera. It is triggered so that the acquisition time starts when the ion bunch hits the
MCP. When measuring with the MCP, ten camera frames are averaged and then a
circular region of interest (ROI) with a radius of 10 pixels is cut out and summed over
to determine the signal strength. The position of the region of interest is placed more
or less in the center of the MCP, the exact location is adjusted to overlap with the area
in which the ion signal is strongest. Typically the ions are focused so that their image
on the MCP resembles a vertical line, which improves the resolution of the charge state
spectra compared to a circular signal. When measuring with the FC on the other hand
the ions are focused to form a circular signal so that all the ions hit the FC. For these
measurements, ten traces of the oscilloscope are averaged, again triggered so that each
trace corresponds to an ion bunch. In both cases, the averaging of ten data points is
carried out to reduce shot-to-shot fluctuations.

Additionally, the x-ray detector attached to the EBIT, which gives non-destructive
feedback of the processes in the trapping region, can be used to detect photon emission
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at energies characteristic for certain ion species, showing for example whether holmium
is loaded into the trap (cf. Figure 5.5).

Figure 5.5: Example of the x-ray spectrum while the laser impinges on a holmium
target. The holmium peaks are visible in the blue area. The purple area shows a
titanium peak used for calibration of the energy on the x-axis.

5.2.1 Calibration

To distinguish HCI of different elements and their charge states, the ion bunch was
sent through a dipole magnet with an adjustable current (cf. section 4.1). The ions
trajectories are bent according to their charge-to-mass ratio. To determine which
elements and which charge states were deflected onto the MCP at a given magnet
current, a calibration was carried out. Xenon was chosen for the calibration as it
is readily available as a gas and can easily be injected and ionized in the Tip-EBIT.
Another criterion fulfilled by xenon is the abundance of several isotopes. This is crucial
for the calibration as it causes overlaps in the detected peaks when the charge-to-mass
ratios of two isotopes in adjacent charge states equal within the resolution of the dipole
magnet:

q

m1

=
q + 1

m2

. (5.2)

Since the ratios of isotope abundances are known one can associate the measured peak
heights to their respective isotopes. The isotope abundances in natural xenon gas are
shown in Figure 5.6. When an overlap is found in the spectrum, the charge state follows
from Equation (5.2):

q =
m1

m2 −m1

, (5.3)

for which m2 −m1 is always greater than 0 due to the initial assumption that isotope
2 is in charge state q+1, so m2 has to be larger than m1 for the isotopes to have the
same charge-to-mass ratio.
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Figure 5.6: Isotope abundances in natural xenon gas, data taken from [58]. As can be
seen the isotopes 129Xe, 131Xe and 132Xe are the most abundant with about 20− 25 %.

A typical xenon spectrum is shown in Figure 5.7. To achieve the same charge-
to-mass ratio range as for the following holmium measurement and to make isotope
overlaps well visible, the charge breeding time for xenon spectra was typically reduced
to 100 ms. Xenon gas was injected via the differentially pumped gas injection system
displayed in Figure 4.4. The isotope structure is visible in the spectrum by the high
peak of 129Xe followed by a low one with two adjacent large peaks of isotopes 131Xe
and 132Xe, along increasing magnetic field strength. Once an overlap is identified as
in the exemplary spectrum at charge states 26+ and 27+ of the isotopes 129-134 and
131-136, a value for the charge-to-mass ratio can be attributed to all the other peaks by
counting charge states starting at the overlap. The charge-to-mass ratios and the peak
positions in magnetic field units were then plotted and fitted to derive a calibration
equation.
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Figure 5.7: Typical uncalibrated charge-to-mass ratio spectrum of xenon for which the
isotope overlaps are indicated by the orange vertical lines and the arrows. The overlap
is at charge states 26+ and 27+ with the isotopes A= 129 − 134 and A= 131 − 136.
The data was normalized and plotted versus a digitized Hall sensor voltage equivalent
to the magnetic field of the dipole magnet.

The fit function used to obtain the calibration curve is a sixth-order polynomial
function. This proved to be a good set of parameters as no higher-order dependence of
the residuals was visible. It is important to note that the calibration is only valid within
the charge-to-mass ratio region in which xenon peaks were identified. Figure 5.8 shows
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the charge-to-mass ratios plotted versus the arbitrary magnetic field and the sixth order
polynomial fit to the data.
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Figure 5.8: Top: Charge-to-mass ratios of the identified peaks as a function of their
position along with the calibration curve. The curve can be described as a sixth-order
polynomial function. Bottom: The residuals of the fit are visible in the lower plot.
It is visible that the values are small and no higher-order dependence is present. This
indicates that the order of the polynomial for the fit is sufficient.

The fit function can be used to calibrate the arbitrary magnetic field to an x-axis
showing charge-to-mass ratios for spectra acquired with the same ion extraction energy.
The xenon spectrum with the calibrated x-axis is displayed in Figure 5.9. Note that
when calibrating the x-axis of the spectrum is inverted, since a higher magnetic field
implies a lower charge-to-mass ratio.

The resulting calibration function allows to determine which elements and isotopes
are ionized to which charge states, as long as the charge-to-mass ratios remain in the
range in which the calibration is valid. A new calibration was necessary whenever a
change was made either to the setup or to the energy with which the ions proceed
through the dipole magnet. However, after adding the pulsed drift tube the energy
in the beamline can be fixed, allowing to change the EBIT settings without making
further calibration necessary (cf. section 4.1).

Further calibration was necessary when ions in a charge-to-mass ratio range different
than xenon were to be measured or a broader magnet range was scanned. This was
accomplished using the xenon spectrum as a starting point to identify the charge state
of an ion at the fringe of this species’ charge state distribution. For this, at least one
peak of the other element had to overlap with the xenon spectrum. Following this one
peak the other charge states could be identified and their peak positions plotted as a
function of their charge-to-mass ratios. This data could then be fit together with the
xenon positions, extending the calibrated range. Such an additional calibration was
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Figure 5.9: The same xenon spectrum as in Figure 5.7 is shown but with a calibrated
x-axis relating the measured signal to charge-to-mass ratios. Again the isotope overlaps
with which the charge states were identified are shown by orange shading and arrows.

carried out using argon, allowing a calibration of higher charge-to-mass ratios almost
up to the half peak at q/m = 0.5. This peak is formed by fully ionized light rest gas
ions such as 16O8+ and 14N7+.

5.2.2 Holmium

The first element to which the in-trap laser-induced loading technique in the Tip-EBIT
was applied is holmium. It was chosen since the efficient production of HCI of 163Ho for
high-precision mass-ratio measurements at Pentatrap was the initial motivation for
the development of this technique. The mass ratio of 163Ho and 163Dy will contribute
an independent Q-value of the EC decay of 163Ho to the ECHo collaboration [3] which
aims at the determination of the electron neutrino mass on the sub-eV level.

Throughout the work on the test setup 165Ho, which is the only stable and natu-
rally abundant isotope, was used for all holmium measurements. This isotope is read-
ily available in an almost unlimited quantity for the development of the new in-trap
laser-induced loading technique, opposed to the isotope of interest for the mass-ratio
measurement, 163Ho, which has to be produced e.g. in a reactor.

Macroscopic holmium target

The first holmium spectra were measured with a target containing a macroscopic
amount of natural holmium. This was realized by spot-welding a holmium foil onto a
titanium plate fixed to a titanium wire Figure 5.1. After successful loading, ionization,
and extraction of holmium with this target, shown by an acquired charge-to-mass ratio
spectrum, smaller targets were tested with sample sizes as small as 1010 atoms. The
targets containing such limited amounts of material are produced at the institute for
nuclear chemistry in Mainz with the Drop-on-Demand ink-jet printing method [51].

Figure 5.10 displays two curves which were measured with the macroscopic target
inserted into the EBIT. The two curves show a comparison of a measurement repeated
twice, once with and once without the laser in operation, otherwise, all settings were
kept constant. The spectra cover a wide range of the dipole-bender magnet thus
showing charge-to-mass ratios from 0.2 to 0.5. The charge breeding time was set to
1 s and the voltages applied to the electrodes correspond to the ones in Figure 5.4.
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Following the dipole magnet, the ions were detected using the FC connected to an
oscilloscope via a charge amplifier. The trace of the oscilloscope was read out and
averaged for ten measurement cycles, after which the amplitude was deduced as the
difference of the minimum to maximum value. The amplitude corresponds to the
number of ions hitting the FC. Holmium was identified by comparing the peaks to the
positions predicted by the calibration.

The two charge-to-mass ratio spectra differ strongly. As expected, holmium is only
observable when the laser is in operation. Additionally, the peaks attributed to light
ion species such as argon and oxygen are not detected when holmium is loaded with
the laser pulses. This can be attributed to evaporative cooling in the EBIT [41]. The
holmium ions are heavier and higher charged and are therefore more strongly confined,
causing the light ions to evaporate from the trapping region, as described in section 2.3.
This demonstrates that it is possible to load, ionize and extract holmium via in-trap
laser-induced loading.
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Figure 5.10: Two charge-to-mass ratio spectra measured identically except for the
application of in-trap laser-induced loading. The blue curve was acquired with the laser
impinging on the macroscopic holmium target, the orange curve without. The dashed
red and green vertical lines show the expected positions of 165Ho and 40Ar charge states,
respectively.

Charge state spectra of microscopic holmium targets

The smallest sample size with which a charge state spectrum of 165Ho could be acquired
was 1012 atoms. A target containing 1010 atoms was also tested. For this even smaller
sample size, the holmium peak in the x-ray spectrum was visible, indicating that loading
was accomplished. Also, for a limited amount of measurement cycles, additional signal
lines were detected on the MCP. However, the signal did not surpass the background
level and did not last long enough for certain identification. Thus the current lower
limit of the sample size for which holmium can be loaded, ionized, and extracted is
about 1012 atoms.

An example of charge state spectra of various sample sizes, down to the lowest of
1012 atoms, can be seen in Figure 5.11. For all three sample sizes (1016, 1014, 1012
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atoms), the experimental settings were identical, such as the electron beam energy
(5.9 keV), the trap depth (50 V), and the charge breeding time (1 s). Nevertheless it is
obvious that different charge state distributions were measured, this can be attributed
to the influence of electron beam current on the charge exchange rate (cf. section 2.2),
which was at about 50 mA for the two smallest targets and 37 mA for the target con-
taining 1016 atoms.
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Figure 5.11: Holmium charge state spectra of targets with sample sizes of 1012,
1014 and 1016 holmium atoms. The dashed vertical lines indicate the position of the
holmium peaks expected due to the calibration.

Lifetime and efficiency estimate of the microscopic holmium targets

Following the successful injection of very small samples into the EBIT’s trapping vol-
ume by in-trap laser desorption, the number of loading cycles for which a microscopic
target can be used was estimated. In the following, this is referred to as the target life-
time. Additionally, this allows an efficiency estimate of the technique for the smallest
working sample size. A sufficiently long lifetime of the targets is essential for Penta-
trap so that multiple loading cycles of the Penning traps can be performed with one
target. Exchanging a target takes about 30 min but involves breaking the vacuum of
the target chamber after which several hours are needed to reach a vacuum pressure
at which the Tip-EBIT can be operated again.

The lifetime and the efficiency of loading, ionizing, and ejecting the ions were tested
for the smallest sample size that reliably worked, which was 1012 holmium atoms. The
current of the dipole magnet was adjusted and fixed to the value allowing the most
abundant charge state, in this case Ho42+, to reach the center of the detection region.
The EBIT settings were the same as for the acquired charge state spectra. The holmium
charge state was chosen, although Ar10+ has a similar charge-to-mass ratio. However,
this should not influence the measurement as Figure 5.10 shows that this charge state
is not ejected at these EBIT settings. Initially, lifetime measurements were carried out
using only the FC. The advantage of which is that the number of ions impacting on its
surface can be reliably obtained. However, temperature fluctuations in our laboratory
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Figure 5.12: An averaged oscilloscope trace as part of the lifetime and efficiency
estimate of a holmium target containing 1012 atoms, shown in blue. The orange curve
is a fit of the fit function given in Equation (5.4).

lead to a drift of the ion spot in the detection region, possibly out of the area of the FC.
The first lifetime measurements utilizing the FC showed that it is therefore not ideal for
the estimation of the lifetime and efficiency. The MCP proved to be more suitable for
this purpose since the detection area is larger and position sensitive. Thus a drift of the
ion spot can be tracked and taken into account. However, the absolute number of ions
is not deducible using only the MCP. Therefore, the first 500 measurement cycles were
carried out using the FC to determine the number of ions, after which the measurement
was continued with the MCP until there was almost no signal left. At this point, the
FC was inserted once more to count the ions, again for about 500 measurement cycles.
The ion number can thus be interpolated for the MCP measurement. To determine the
background signal half of the 500 FC cycles were carried out with the laser impinging
on the target and the other half without the laser, both before and after the long term
MCP measurement. To account for all ions at the detector, the ion signal is focused
to achieve a circular spot. The repeller electrode of the FC was set to -200 V.

For these measurements, the entire oscilloscope trace describing the discharge of
the FC was acquired. While measuring, the first value of the oscilloscope trace was
subtracted from all the other values of the oscilloscope trace to remove any offset. Ten
such traces were averaged for a better signal to noise ratio and the averaged data was
saved for analysis. The value of interest for the determination of the number of ions
is the amplitude of the discharge curve. To extract this value the oscilloscope curves
were fitted using the following function as an approximation for the discharge curve:

U(t) = AFC · erf
(
t0 − t
w

+ 1

)
· e−

t−t0
τ + c , (5.4)

where AFC is the amplitude of the signal, erf( t0−t
w

+ 1) is an error function with the
width w, the exponential describes the discharge with time constant τ , and c describes
an offset of the entire function. Figure 5.12 shows an example of an oscilloscope trace
fit by this function.

From the fit the signal amplitude AFC in volts is extracted. Using the amplification
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factor of the charge amplifier (Famp = 10 V/pC) and the charge state of the ions (q =
42+), the ion number impacting on the FC, Nions, can be calculated as follows:

Nions =
AFC

Famp

· 1

q · 1.602 · 10−19
. (5.5)

The number of ions, averaged for ten runs, with and without laser is plotted for
comparison in Figure 5.13, showing the FC data before the long term MCP measure-
ment in the upper plot and after in the lower one. The uncertainties arise from the
uncertainty of the amplitude AFC in the fit. The ions measured without laser are due
to background gas in the EBIT. The weighted average of the ion number with and
without laser are computed and then subtracted from each other to eliminate back-
ground counts. For the first FC measurement this gives an average number of ions per
shot of 1039± 36 and for the second 55± 273, both in charge state 42+.

For the MCP measurement 10 camera frames were acquired and averaged. In this
case, it is not possible to simply use a fixed ROI as with the scheme for acquiring
charge state spectra, because the ion signal drifts out of this region on the time scale
of the measurement. Judged by the size of the holmium ion signal an ROI with a
radius of 30 pixels was chosen, which is considerably larger than for the charge state
spectra. The simplest idea to track the ion spot was to find the maximum of the
entire camera image, use it as the center for the region of interest and sum the signal
in it. Initially, this might work out when the signal strength of the ion of interest is
considerably larger than the background. As the lifetime measurement proceeds, this
is not the case anymore and the ROI might follow a background signal, resulting in
a false value of the holmium ion signal. Two different ways to find the maximum of
the holmium signal were applied to the data. One is to give an initial position for
the maximum, starting with the position in the first frame, and allow the maximum
of the next image to differ in position by only a certain amount of pixels. The thus
obtained new maximum position is used as the initial one for the following camera
frame. This method works depending on the restraint of the distance between the
initial maximum and the following one. The other method cuts a large region with
a radius of 60 pixels from all the camera images. The size and position were chosen
so that the holmium signal was included for every image. Then the maximum value
and its position are determined in this region for each camera image, fixing the center
of the ROI. In both methods, the ROI with a radius of 30 pixels is cut out with the
determined maximum in the center and the counts summed up for the ion signal. The
uncertainty of the total ion number of the lifetime measurement was determined by
comparison of both methods which deviated by about 10%. After 50000 laser shots,
the laser pulse energy was increased from 4 to 5 mJ to enhance the number of HCI and
thus the signal strength.

Figure 5.14 shows the normalized counts acquired with the MCP, using the second
method for finding the region of interest. The first ten data points were measured
without the laser impinging on the target and their average value is set to zero when
normalizing. The average value of the next ten images, which are the first ten data
points for which holmium was loaded into the EBIT, is set to one. The plot shows that

3For both measurements the average number of ions was obtained by subtracting the values of the
averages with and without laser and rounding afterwards.
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the ion signal strongly decreases as the laser shots continue. After 50000 laser shots,
the laser pulse energy was increased from 4 to 5 mJ to enhance the number of HCI.
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Figure 5.13: FC measurements to calibrate the MCP measurement for the lifetime
and efficiency estimate of a target with a sample of 1012 holmium atoms. (a): Quan-
tification of the ion number before the long term MCP measurement, (b): ion count
afterwards. For both schemes, half of the data was taken without laser emission to de-
termine the background signal strength. The data with laser is shown in blue, without
in orange. The uncertainties arise from the uncertainty of the fit parameter AFC for the
discharge curve of the oscilloscope signal (cf. Equation (5.4)). For some data points
the errorbars are too small to be visible. The weighted average of the ion numbers are
indicated by the dashed lines for which the uncertainties are indicated by the shaded
area. The weighted averages have the following values. (a) with laser: 1801 ± 27,
without laser: 762± 24; (b) with laser: 796± 19, without laser: 740± 19.
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Figure 5.14: Data of the long term MCP measurement for the lifetime and efficiency
estimate of a target containing 1012 holmium atoms. The plot shows the averaged and
normalized counts per laser shot. The increase in signal after about 50000 laser shots
is due to an increase in laser pulse energy from 4 to 5 mJ.

To derive the number of ions from the MCP signal a linear response of signal
strength to the number of ions is assumed. For this purpose, a linear function is
derived by interpolation between the first and final FC measurement, which was used
to relate the ion signal of the MCP to the number of ions hitting the detector. Using
this calibration function, the ion number of the long term measurement can be derived.
The number of ions of the MCP measurement is plotted for the first 15000 laser shots
in Figure 5.15. For the estimation of the number of ions produced in charge state
42+ only the data up to 15000 laser shots was integrated, because until this point the
signal height was significantly larger than the background. For the rest of the data,
the background was too high to be sure that the signal is only due to holmium ions.
The total number of ions produced in the first 15000 laser shots of this measurement
in charge state 42+ can be obtained as the sum of all the data up to this value. This
results in a total number of ions of (5.40± 0.54)·106 for the MCP measurement.

When considering that at least five thousand laser shots were fired on the target
previous to the lifetime measurement on behalf of positioning of the laser and acquiring
a charge state spectrum, many more HCI of holmium must have been produced. The
measurement of the spectrum before the lifetime is relevant to assure the produced ion
species is indeed holmium and not a contamination with a similar charge-to-mass ratio.
For a conservative estimate, one can use the number of ions produced in one laser shot
at the beginning of the lifetime measurement (1038± 36 ions per laser shot) as the ion
yield per shot while acquiring the spectrum. The laser pulse energy while acquiring the
spectrum was also set to 4 mJ. Since about 5000 laser shots were necessary, this results
in (5.19± 0.18)·106 HCI of holmium produced in charge state 42+, while acquiring the
charge state spectrum for element identification. In total, this results in more than 107

ions of 165Ho42+ and an efficiency of at least 10−5, as the target contained a sample
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of 1012 holmium atoms. This is a rough estimate of the lower limit of the number of
produced ions and the efficiency presumably both are even higher.
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Figure 5.15: Calibrated MCP lifetime measurement of a holmium target containing
1012 atoms. 165Ho42+ ions were detected for the measurement and the FC data before
and afterwards are used for calibration. The data is displayed for the first 15000 laser
shots as this is the range that is used for the estimation of the total number of 165Ho42+

ions produced off the target with 1012 holmium atoms.

5.2.3 Other elements tested in the Tip-EBIT

In the course of this thesis also other elements were tested for the production of HCI
using in-trap laser-induced loading in the Tip-EBIT. These include lead, bismuth, and
calcium.

High efficiency demonstrated by lead contamination

One set of 165Ho targets was contaminated with lead. As the first one was inserted into
the EBIT, the mono-isotopic holmium could not be observed but instead, a heavier
ion species with three abundant isotopes was detected. Using the xenon calibration
performed beforehand the HCI could be identified as the three naturally abundant
lead isotopes. Figure 5.16 shows a charge state spectrum of lead acquired with a
contaminated holmium target. Since lead is considerably heavier than holmium, the
latter cannot be trapped and ionized efficiently, because it evaporates from the trapping
region. As initially the aim was to measure a holmium spectrum, the EBIT settings
are the same as for the holmium measurements presented above. Considering that
the lead was present only due to the contamination of a target which was supposed
to contain only 1012 atoms, the fact that nevertheless a spectrum of lead could be
acquired demonstrates the excellent efficiency of the in-trap laser-induced loading in
the Tip-EBIT for heavy elements.
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Figure 5.16: Charge state spectrum of lead acquired due to a contamination of a
holmium target. The dashed vertical lines indicate the expected position of the isotope
signals according to the xenon calibration. The highest peak could be associated as
208Pb50+. The inset shows the isotope abundance of natural lead, data taken from [58].

Double-target test on Bi and Au

In the future at Pentatrap, holmium and dysprosium should be loaded into adjacent
Penning traps. Since the time duration for a target exchange is in the order of one day,
including pumping, separate targets are not feasible. Instead, it is desirable to have
both species on the same target and switch back and forth between the two elements
by focusing the laser first on one sample and then on the other. To test a target
containing two different species of atoms, the target with the two holes in the titanium
plate was used (Figure 5.1). One hole was filled with gold the other with bismuth.
These elements were chosen because they are both mono-isotopic which gives a clearer
spectrum and both are rather heavy which implies easy trapping. The EBIT settings
were not altered compared to the holmium measurements.

As the target was inserted into the EBIT it was accidentally dipped into the electron
beam. This resulted in a strong heating of the target and sample material, due to which
the bismuth melted and evaporated from the target and was dispersed in the EBIT.
When aiming for HCI of bismuth this gives an excellent signal with no background, as
bismuth with its high mass causes all other ions to evaporate from the trap. Bismuth
has rather low melting and boiling points at atmospheric pressure (Tmelt = 271.402°C
and Tboil = 1564°C [60]) compared to other metals, causing the material dispersed
on the surfaces inside the vacuum setup to constantly evaporate and load the EBIT
with new ions. This causes a significant background signal of bismuth, even when the
laser is switched off. Because of this strong contamination, no gold spectrum could
be measured. Figure 5.17 shows a clear bismuth spectrum acquired when focusing the
laser on the bismuth side of the target.
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Figure 5.17: This figure shows a very clean charge state spectrum of bismuth. The
most abundant charge state is 209Bi51+. The dashed lines indicate where the peaks are
predicted to be due to the calibration

In-trap laser desorption of light species (calcium)

Loading of calcium in the Tip-EBIT was tested mainly for two reasons. First, efficient
production of HCI of calcium is of interest for future high-precision mass-measurements
at Pentatrap, requiring rare calcium isotopes for a King Plot analysis for the search
of dark matter [31]. Secondly, it is rather light compared to the metals that had been
tested so far and allows to test the mass range to which the new loading scheme can
be applied. The same target model was used as with bismuth and gold. This time
both holes were filled with calcium. Since its charge-to-mass ratio values are in a
different range than for xenon, argon was used for calibration. Argon has the same
atomic mass as calcium, so they cannot be differentiated in the spectra. Nevertheless,
it is possible to conclude which signal is caused by HCI of calcium as the loading
mechanisms differ for the two species. The differentially pumped gas injection system
allows to load argon for calibration without causing residual background gas after the
valve is closed. Initially, a calcium spectrum was acquired using the EBIT settings
of the holmium measurements concerning the applied voltages and a charge breeding
time of 100 ms, the result of which is presented in Figure 5.18. Since calcium is lighter
than the previously measured elements the effect of evaporative cooling is smaller.
This results in a small background signal of other ions in the measured charge state
spectrum.

For future applications, such as binding energy and g-factor measurements for test-
ing QED in strong fields [61], it was not only of interest to see if HCI of calcium can be
produced but also if the production of hydrogen-like or even bare calcium is possible.
To achieve such charge states a higher electron beam energy is required. It was set to
9.5 keV by setting the central drift tubes to 7 kV while the cathode remained at 2.5 kV.
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Figure 5.18: Charge state spectrum of calcium acquired using the same voltages for
the electrodes of the EBIT as for holmium, an electron beam energy of 5.9 keV and a
charge breeding time of 100 ms. The dashed lines show the expected positions of the
calcium peaks. Since calcium is rather light compared to e.g. xenon it will not cause
heavier elements to evaporate from the EBIT and thus a small background signal is
visible.

The trap depth remained at 50 V. Calcium and argon spectra were acquired for charge
breeding times of 100 ms and 1 s and are shown in Figure 5.19. The longer charge
breeding time of 1 s was set to shift the charge state distribution to higher values. An
absolute calibration at this energy was not carried out, because the mono-isotopic ele-
ment argon does not have overlapping isotope peaks which would allow definite charge
state identification. Nevertheless, it is possible to identify the charge states with high
confidence by comparison of the calibrated low energy spectrum to the spectra at high
energy of both species.

The argon spectra were acquired with the laser switched off while all other settings
were the same as for the calcium measurements. For the spectrum with short charge
breeding time (upper plot of Figure 5.19), the increase in electron beam energy did
not result in a shift in the charge state distribution compared to the spectrum at lower
electron beam energy. Considering the argon peaks related to the stripping of the s-
shell electrons reveals that the first peak when one s-shell electron is removed (charge
state 17+) is barely visible at the magnetic field value of 19500 arb. u, while the second
one for which both s-shell electrons are removed (charge state 18+) is not reached.
Accordingly, for calcium the highest charge state visible is again 18+. Comparing these
spectra to the ones at a long charge breeding time of 1 s (lower plot of Figure 5.19),
one can see that for both species the distribution has shifted to higher charge states.
The most abundant charge states are now saturated as the gain of the MCP was in-
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Figure 5.19: Calcium and argon charge state spectra at high electron beam energy
(9.5 keV) with charge breeding times of 100 ms (a) and 1 s (b). The measurements
with the laser impinging on the target and the resulting calcium spectra are shown in
blue and without laser the resulting argon spectra in orange, for both graphs. The peak
at a magnetic field of 19150 arb. u. can be assigned to hydrogen-like calcium (Ca19+).
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creased by 60 V. The Ar17+ peak has increased in intensity compared to the Ar13+ peak,
and another small peak arose which can be associated with Ar18+. The same can be
observed for calcium, where even Ca18+ is now saturated while the abundance of Ca14+

is reduced. Another peak arose that can be related to Ca19+, which is hydrogen-like
calcium. If bare calcium were produced it could not be identified since its charge-to-
mass ratio would equal 0.5 and the half-peak is always abundant due to fully ionized
light background gas, such as oxygen and nitrogen.

5.3 Commissioning of the newly extended Penta-

trap beamline with dysprosium

The commissioning of the Pentatrap beamline after the Tip-EBIT was attached was
carried out using 163Dy. This isotope was chosen because the mass ratio of HCI of
163Dy and 163Ho will be measured in the Penning traps. Since it is a stable isotope
it is available in large quantities compared to the rare isotope 163Ho. Additionally,
the charge-to-mass ratios of ions of both species are the same up to the Q-value of
the EC decay. This way the entire quantity of the rare holmium isotope, available to
us, can be used for measurements and not for beamline optimization. Many bending,
steering, and focusing voltages have to be adjusted for optimal transmission of this
charge-to-mass ratio. The components are listed in subsection 4.3.2. A rough align-
ment of the electrostatic components can be carried out using ions from the DreEBIT.
After the reconstruction of the beamline, ions produced in the DreEBIT have again
successfully been trapped in the Penning traps. The dysprosium ions produced in the
Tip-EBIT have reached the last MCP (MCP3) in the horizontal part of the beamline
(cf. Figure 4.10).

5.4 Trouble shooting

High mass contamination

Due to evaporative cooling, contamination of low mass species does not strongly affect
the production of HCI of medium-heavy elements such as holmium and dysprosium. It
might shift the charge state distribution to lower values due to a higher charge exchange
rate with the enhanced rest gas but can also benefit trapping by evaporatively cooling
the heavier ions. Much more troublesome is a high-mass contamination, as in the case
of bismuth dispersed in the EBIT. This arose due to dipping the bismuth target too far
into the electron beam. In the case of bismuth, the high heat transfer to the target and
sample material caused a large amount of the sample to melt and evaporate which was
then dispersed in the EBIT. The first problem was increased pressure in the trapping
region, resulting in lower charge states due to charge exchange which was a minor issue
compared to the strong background signal of bismuth and the evaporation of all lighter
species including the ions of interest.

The first approach to remove the bismuth contamination was to vent the system
with nitrogen gas to about 10−3 mbar for a couple of hours. This was repeated three
times while pumping to about 10−7 mbar in between, excluding the section of the elec-
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tron gun which was closed off with a valve. The idea was to flush out any bismuth in
the residual gas. Unfortunately, there was still a strong bismuth signal, from which was
concluded that bismuth had settled on the surfaces and was out-gassing continuously.
The next step was to bake out the vacuum system outside the iron yoke of the EBIT
for four days at about 200°C. Again, the result was not satisfying as a pronounced
bismuth signal remained, although it had decreased in strength. It was concluded that
the vacuum setup had to be vented to clean possible contaminated parts of the EBIT.
This involved the drift tubes and the collector. The parts were polished to mechanically
remove bismuth and cleaned with isopropyl alcohol in an ultrasonic cleaner, this was
repeated three times. Also, the disassembled drift tubes were baked out in a vacuum
oven at about 600°C so that any residual bismuth would evaporate off the surface.
Unfortunately, this resulted in a new metal coating on the ceramic parts and the metal
parts were colored. The ceramic parts were again polished and cleaned in isopropyl al-
cohol in an ultrasonic cleaner and the metal parts were baked out again at about 900°C,
both visually with a satisfying result. After assembly of all parts (cf. Figure 5.20) the
vacuum setup was closed. The first spectra showed bismuth and barium. This indi-
cated that the bismuth abundance had decreased since the lighter barium could be
ionized and extracted. Barium is part of the cathode material and is emitted there.
Nevertheless, the bismuth abundance was too high to use small holmium samples.

Figure 5.20: The drift tubes and ceramics after cleaning and assembly.

The section which had not been cleaned was the electron gun. To accomplish this,
it was baked out while keeping the cathode heated at higher temperatures than its
surroundings. Unfortunately, the result was again not satisfying.

As a final measure, a glow discharge cleaning procedure in an oxygen atmosphere
was tested. In this process, the oxygen is ionized to a plasma by applying suitable
voltages to the contaminated electrodes and supplying enough current, similar to a
neon glow lamp. The oxygen ions are accelerated towards the negative potential and
desorb contaminants from the surface [62]. The EBIT was vented with oxygen to about
1 mbar, while the electron gun was closed off with a valve. One after the other the
electrodes were set to -300−-350 V. Allowing currents of 150 mA of the power supply,
an oxygen plasma could be ignited at the electrode. A picture taken from a viewport is
displayed in Figure 5.21. For each drift tube and the collector, the plasma was ignited
for about 15 min.

Initially, it seemed that the problem was solved by the plasma cleaning since a
clean xenon spectrum and a clean holmium spectrum using the macroscopic target
were measured. When switching to smaller targets, the laser ablated not only holmium
but again bismuth, concluding that there was a remaining bismuth contamination on
the target holder which is critical if the laser is shifted next to the target and onto
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Figure 5.21: Picture taken through a viewport of the oxygen plasma used to eliminate
the bismuth contamination. The plasma is visible as the white glow in the central drift
tube behind the mesh wire.

the target holder. The target holder was replaced by a new one, which then finally
removed the bismuth contamination.

By applying a high laser-pulse energy of several mJ to a macroscopic dysprosium
target a large amount of material was distributed in the EBIT. This resulted in a con-
tamination similar to the bismuth case. The contamination was successfully removed
by applying the glow discharge cleaning process described above.

Electrical-conducting residue on the isolators

The electrodes of the electron gun as well as of the drift tubes are separated by ceramic
isolators. Both areas are subject to sputtering of electrically conducting material of the
electrodes (titanium, aluminum, and molybdenum) and in the case of the drift tubes
also of the injected ion species and target material, such as holmium and titanium.
On a long time scale, this can result in an electrically conducting layer forming on
the ceramic isolators, which can be observed as increasing discharge currents on the
electrodes. This can limit the applied voltage difference or even inhibit the operation
of the EBIT. Since the drift tubes and ceramics were cleaned in the effort of removing
the bismuth contamination this has not been an issue here, but increasing discharge
currents were observed for the electron gun. In the process of moving the Tip-EBIT
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to the Pentatrap beamline, the electron gun was disassembled and the cathode was
placed in a new set of electrodes and new ceramics. The newly assembled electron
gun is presented in Figure 5.22. To preserve the cathode this was completed in a dry
nitrogen atmosphere.

Figure 5.22: The new electron gun after assembly.

Cooling water leakage

The collector is subject to a considerable heat load due to the impacting electron beam,
which is why it is water-cooled. The water feedthroughs were previously connected to
the collector with bellows attached by brazing. Leakage of the cooling water supply
along these bellows and especially at the brazed connection has been an issue, which
increases the vacuum pressure to values at which the EBIT cannot be operated. For
this reason, a new cooling design was made. The bellows are now kept as short and
as straight as possible and are attached to stainless steel pipes bent at about 90° that
bring the water to the collector. Additionally, in this new design the brazing could be
replaced by welding. So far no leaks have occurred with this new collector design.
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Chapter 6

Conclusion and Outlook

In this thesis, the optimization and commissioning of in-trap laser desorption for the
loading of atoms into an HC-EBIT (Tip-EBIT) is presented. The high efficiency of this
technique is demonstrated by the production and subsequent extraction of HCI using
a sample containing only 1012 atoms of 165Ho (about 270 pg), from which HCI could
be produced for several ten thousand laser shots. Furthermore, the Tip-EBIT was re-
designed for compatibility with the Pentatrap beamline and for better access to the
target also laser sections and a new laser setup was added. Finally, the Tip-EBIT was
attached to the Pentatrap beamline, which is currently being commissioned using
the Tip-EBIT as the source for HCI. When finalized, the Tip-EBIT will serve as the
source of HCI of rare isotope for high-precision mass measurements at Pentatrap,
such as 163Ho for the mass-ratio measurement of 163Ho and 163Dy and 36Cl along with
35Cl for a stringent test of special relativity (E = mc2).

Additionally, FAC calculations of atomic excited states and their transition strengths
were carried out in a charge state range of 20+ to 31+ for holmium and 19+ to 30+
for dysprosium. This revealed atomic metastable excited states for both elements at
several charge states. Based on this result the charge states for the mass measurements
can be chosen to avoid a negative influence on the experimental accuracy on account of
low-lying metastable states as observed in Re and Os and discussed within this thesis.

For 165Ho, charge state spectra were measured using a variety of sample sizes ranging
from a macroscopic holmium foil to a sample containing only 1012 atoms. These spectra
demonstrate the production and extraction of HCI of 165Ho in charge states of up to
47+. The lifetime and efficiency estimation shows that a target containing 1012 atoms
can be used for the production of more than 107 HCI in a single charge state (in this
case 42+). This gives an overall efficiency for loading, production, and ejection of 10−5

for a single charge state.
The new loading technique in the Tip-EBIT was also tested using bismuth, lead,

and calcium. Bismuth demonstrates the loading technique for elements heavier than
holmium, while lead was loaded due to a contamination of a target and thus emphasizes
the sensitivity and the good signal-to-noise ratio of this technique for loading of small
samples. The charge state spectra of calcium were acquired at varying electron beam
energies and charge breeding times and show the influence of these parameters as well
as the application of in-trap laser desorption for loading elements lighter than holmium.
At an electron beam energy of 9.5 keV and a charge breeding time of 1 s, calcium ions
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in charge states of up to 19+ (hydrogen-like calcium) could be identified.
Plasma cleaning in an oxygen environment proved to be a valuable tool for the

in situ removal of unwanted contamination from the components of the EBIT in the
vacuum setup. It was successfully applied to remove bismuth and later also dysprosium.

Outlook

Currently, the Tip-EBIT and the Pentatrap beamline, to which it is now attached,
are being optimized for the production, transport, and loading of HCI of 163Dy into
the Penning traps. This will enable the loading of HCI of this isotope and the rare
163Ho into the traps for a high-precision mass-ratio measurement. The result of this
measurement will lead to an independent QEC-value of the electron capture decay of
163Ho to 163Dy that will contribute to the goal of the ECHo-collaboration of determining
the electron neutrino mass on the sub-eV level [3].

The result of the FAC calculations will help to avoid systematic shifts in the mass-
ratio measurement due to low lying metastable states featured in some charge states.
Additionally, such calculation can be of use for the prediction and subsequent detection
of electronic transitions in Penning traps which are suitable for high-precision clocks
using HCI [17].

Future measurements at Pentatrap for which HCI of rare isotopes are required
are mass measurements of calcium isotopes for dark matter search [31] and of chlorine
for testing special relativity [29, 30]. However, the need for HCI of rare isotopes exceeds
high-precision Penning-trap mass spectrometry and thus the possible applications of
in-trap laser desorption in an EBIT in the future are numerous.
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Appendix

The atomic shells considered for the excited states in the FAC calculation are listed
here. For all charge states the shells 1s2 2s2 2p6 3s2 3p6 3d10 were considered as
closed, n1 gives the ground state, followed by the possible excited state configurations.
5*1 denotes that FAC takes an excitation into any subshell of n = 5 into consideration.

Ho20+/Dy19+:
n1, 4s2 4p6 4d10 4f1
n2, 4s1 4p6 4d10 4f1 5*1
n3, 4s2 4p5 4d10 4f1 5*1
n4, 4s1 4p6 4d10 4f2
n5, 4s2 4p5 4d10 4f2
n6, 4s2 4p6 4d9 4f2
n7, 4s2 4p6 4d8 4f3
n8, 4s2 4p6 4d7 4f4

Ho21+/Dy20+:
n1, 4s2 4p6 4d10
n2, 4s1 4p6 4d10 5*1
n3, 4s2 4p5 4d10 5*1
n4, 4s1 4p6 4d10 4f1
n5, 4s2 4p5 4d10 4f1
n6, 4s2 4p6 4d9 4f1
n7, 4s2 4p6 4d8 4f2
n8, 4s2 4p6 4d7 4f3

Ho22+/Dy21+:
n1, 4s2 4p6 4d9
n2, 4s1 4p6 4d9 5*1
n3, 4s2 4p5 4d9 5*1
n4, 4s1 4p6 4d9 4f1
n5, 4s2 4p5 4d9 4f1
n6, 4s2 4p6 4d8 4f1
n7, 4s2 4p6 4d7 4f2
n8, 4s2 4p6 4d6 4f3

Ho23+/Dy22+:
n1, 4s2 4p6 4d8
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n2, 4s1 4p6 4d8 5*1
n3, 4s2 4p5 4d8 5*1
n4, 4s1 4p6 4d8 4f1
n5, 4s2 4p5 4d8 4f1
n6, 4s2 4p6 4d7 4f1
n7, 4s2 4p6 4d6 4f2
n8, 4s2 4p6 4d5 4f3

Ho24+/Dy23+:
n1, 4s2 4p6 4d7
n2, 4s1 4p6 4d7 5*1
n3, 4s2 4p5 4d7 5*1
n4, 4s1 4p6 4d7 4f1
n5, 4s2 4p5 4d7 4f1
n6, 4s2 4p6 4d6 4f1
n7, 4s2 4p6 4d5 4f2
n8, 4s2 4p6 4d4 4f3

Ho25+/Dy24+:
n1, 4s2 4p6 4d6
n2, 4s1 4p6 4d6 5*1
n3, 4s2 4p5 4d6 5*1
n4, 4s1 4p6 4d6 4f1
n5, 4s2 4p5 4d6 4f1
n6, 4s2 4p6 4d5 4f1
n7, 4s2 4p6 4d4 4f2
n8, 4s2 4p6 4d3 4f3

Ho26+/Dy25+:
n1, 4s2 4p6 4d5
n2, 4s1 4p6 4d5 5*1
n3, 4s2 4p5 4d5 5*1
n4, 4s1 4p6 4d5 4f1
n5, 4s2 4p5 4d5 4f1
n6, 4s2 4p6 4d4 4f1
n7, 4s2 4p6 4d3 4f2
n8, 4s2 4p6 4d2 4f3

Ho27+/Dy26+:
n1, 4s2 4p6 4d4
n2, 4s1 4p6 4d4 5*1
n3, 4s2 4p5 4d4 5*1
n4, 4s1 4p6 4d4 4f1
n5, 4s2 4p5 4d4 4f1
n6, 4s2 4p6 4d3 4f1
n7, 4s2 4p6 4d2 4f2
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n8, 4s2 4p6 4d1 4f3

Ho28+/Dy27+:
n1, 4s2 4p6 4d3
n2, 4s1 4p6 4d3 5*1
n3, 4s2 4p5 4d3 5*1
n4, 4s1 4p6 4d3 4f1
n5, 4s2 4p5 4d3 4f1
n6, 4s2 4p6 4d2 4f1
n7, 4s2 4p6 4d1 4f2
n8, 4s2 4p6 4d0 4f3

Ho29+/Dy28+:
n1, 4s2 4p6 4d2
n2, 4s1 4p6 4d2 5*1
n3, 4s2 4p5 4d2 5*1
n4, 4s1 4p6 4d2 4f1
n5, 4s2 4p5 4d2 4f1
n6, 4s2 4p6 4d1 4f1
n7, 4s2 4p6 4d0 4f2
n8, 4s2 4p4 4d2 4f2

Ho30+/Dy29+:
n1, 4s2 4p6 4d1
n2, 4s1 4p6 4d1 5*1
n3, 4s2 4p5 4d1 5*1
n4, 4s1 4p6 4d1 4f1
n5, 4s2 4p5 4d1 4f1
n6, 4s2 4p6 4d0 4f1
n7, 4s2 4p4 4d1 4f2
n8, 4s2 4p5 4d0 4f2

Ho31+/Dy30+:
n1, 4s2 4p6
n2, 4s1 4p6 5*1
n3, 4s2 4p5 5*1
n4, 4s1 4p6 4d1
n5, 4s2 4p5 4d1
n6, 4s1 4p6 4f1
n7, 4s2 4p5 4f1
n8, 4s2 4p4 4f2
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[51] R. Haas, S. Lohse, C. Düllmann, K. Eberhardt, C. Mokry, and J. Runke, “Develop-
ment and characterization of a Drop-on-Demand inkjet printing system for nuclear
target fabrication,” Nuclear Instruments and Methods in Physics Research Section
A: Accelerators, Spectrometers, Detectors and Associated Equipment, vol. 874,
pp. 43–49, 2017. p. 26, 32, 40

[52] L. Gastaldo, K. Blaum, A. Doerr, C. E. Düllmann, K. Eberhardt, S. Eliseev,
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