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A B S T R A C T

The ECHo and Holmes experiments investigate the effective elec-
tron neutrino mass following the least model-dependent approach by
studying the kinematic of the electron capture in 163Ho using cryo-
genic microcalorimeters. Possible systematic shifts in the calorimetric
measurements can originate from the decay of 163Ho within the solid
gold absorber material of the calorimeter. In order to assess if such
a systematic shift is present on the current sensitivity level of those
experiments, the Q-value of this decay from microcalorimetry is com-
pared to an independently measured one. This cumulative thesis is
based on the experimental developments towards and the indepen-
dent measurement of the Q-value of 163Ho electron capture using
Penning-trap mass spectrometry. In the first part of this thesis, an
injection system for an electron beam ion trap capable of operating
with rare isotopes, specifically the artificially produced 163Ho, was
developed for the creation of highly charged ions. For the Penning-
trap measurement, a single highly charged ion in the correct charge
state is required and has to be selected from the different charge states
produced within in the electron beam ion trap. A Bradbury-Nielsen
gate and a very fast high-voltage push-pull switch based on silicon
carbide MOSFETs was developed within this thesis to separate the
different charge states according to their time-of-flight in the beamline
following the electron beam ion trap. These technical developments
allowed a measurement of the Q-value of 163Ho with the Penning-trap
mass spectrometer Pentatrap as the main result of this thesis.

Z U S A M M E N FA S S U N G

Die Experimente ECHo und Holmes untersuchen die effektive Elektron-
Neutrino-Masse indem sie die Kinematik des Elektroneneinfangs
in 163Ho mit kryogenen Mikrokalorimetern untersuchen, was den
am wenigsten modellabhängigen Ansatz darstellt. Mögliche syste-
matische Abweichungen in den kalorimetrischen Messungen kön-
nen durch den Zerfall von 163Ho innerhalb des Goldabsorbermate-
rials des Kalorimeters entstehen. Um zu beurteilen, ob eine solche
systematische Abweichung auf dem derzeitigen Empfindlichkeits-
niveau dieser Experimente vorhanden ist, wird der Q-Wert dieses
Zerfalls aus der Mikrokalorimetrie mit einem unabhängig gemes-
senen Q-Wert verglichen. Diese kumulative Arbeit basiert auf den
experimentellen Entwicklungen und der unabhängigen Messung des
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Q-Wertes des 163Ho-Elektroneneinfangs mit Hilfe der Penning-Fallen-
Massenspektrometrie. Im ersten Teil dieser Arbeit wurde ein Injekti-
onssystem für eine Elektronenstrahlionenfalle zur Erzeugung hoch-
geladener Ionen entwickelt, um mit seltenen Isotopen, insbesonde-
re dem künstlich hergestellten 163Ho, arbeiten zu können. Für die
Messung mit der Penningfalle wird nur ein einzelnes hochgeladenes
Ion im richtigen Ladungszustand benötigt, das aus den verschie-
denen in der Elektronenstrahlionenfalle erzeugten Ladungszustän-
den separiert werden muss. Ein Bradbury-Nielsen-Gate und ein sehr
schneller Hochspannungs-Schalter auf der Basis von Siliziumkarbid-
MOSFETs wurden im Rahmen dieser Arbeit entwickelt, um die ver-
schiedenen Ladungszustände entsprechend ihrer Flugzeit in der der
Elektronenstrahl-Ionenfalle folgenden Beamline zu trennen. Diese
technischen Entwicklungen ermöglichten eine Messung des Q-Wertes
von 163Ho mit dem Penningfallen-Massenspektrometer Pentatrap als
Hauptergebnis dieser Arbeit.
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1
I N T R O D U C T I O N

In 1913, when J.J. Thomson discovered two different isotopes of neon,
separating them using electric and magnetic fields, “mass spectrom-
etry”, a new field in physics, established a first important result in
nuclear physics: Elements have different isotopes [119]. Nowadays, a
standard technique in various fields including medicine, chemistry
and biology, Thomson also suggested the use of mass spectrometry
as a method for chemical analysis already at this early stage. F.W.
Aston, a student of Thomson, continued this work and studied the
isotopic composition of several elements, finding that all masses fall on
whole numbers [12, 38]. For these studies, mass resolving powers of a
few parts in 103 were reported by Aston. Years later with continuous
improvements to his mass spectrometer, he as well as J.-L. Costa dis-
covered that the masses deviate from the “whole number rule”, giving
rise to the “mass defect” [13, 36]. The mass defect (“mass excess”) is a
direct result from the strong, weak and electromagnetic interactions
within the atomic nucleus giving rise to the slightly smaller atomic
mass compared to the atomic mass number. This is the value that is
typically published, e.g. in the Atomic Mass Evaluation (AME).

Even these early results showed that the mass of an atom at rest
is one of the most fundamental and unique properties that gives
insight into various fields of fundamental physics. Albert Einsteins’
famous formula E = mc2 [44] connects this mass to an energy by
including the speed of light c as a proportionality constant. Thereby, it
connects the atomic mass to electronic and nuclear binding energies
and excitations, in this way being a sensitive probe for the interactions
between constituents of the atom.

With today’s achievable precision on the atomic mass, scientists
are able to gain insight into the fundamental interactions within an
atom and its nucleus which can be measured with an extremely high
precision and compared to theory. In addition, many experiments in
the broad field of fundamental physics require high-precision mass
data for the determination of other quantities. Even matter and anti-
matter are compared in high-precision mass spectrometers testing the
charge–parity–time symmetry [20]. Among others (see Section 1.1),
high-precision mass spectrometry can contribute in the field of neu-
trino physics by measuring the Q-values of specific nuclear decays.

In this introductory part, I would like to first start with an overview
of the fundamental physics applications of Penning-Trap Mass Spec-
trometry (PTMS) before the next section 1.2 will be dedicated to the
Standard Model (SM) of particle physics and the implications of a
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2 introduction

finite neutrino mass. Section 1.3 introduces the most important ex-
periments currently investigating the electron (anti-)neutrino mass
by a kinematic study of nuclear decays with a focus on the Electron
Capture in Holmium (ECHo) experiment.

Following the introductory Chapter, in Chapter 2, I will introduce
the experimental methods used in the scope of this thesis resulting in
the three publications presented in Chapter 3. This thesis closes with
a discussion and outlook in Chapter 4 and a summary of the results
in Chapter 5.

1.1 high-precision mass spectrometry with penning traps

Mass measurements with highest precision using singly and highly
charged ions are performed with Penning traps. Mass measurements
in Penning traps rely on the precise determination of the free-space
cyclotron frequency νc = 1

2π
qB
m of the ion of interest of mass m in

the charge state q in a strong magnetic field B. Since the analyzing
fields define the measured quantities, for Penning traps, the motional
frequencies, it is of crucial importance that the analyzing fields are
sufficiently stable during the time the frequency measurement take
place. With the most advanced Penning Trap (PT) setups today, it is
possible to achieve fractional uncertainties up to the order of a few
parts in 1012 for stable and long-lived species [54, 66, 90, 103–105, 115].
These experimental setups are usually designed for the purpose of
a specific measurement or measurements in a specific mass region
where trap designs are tailored to reduce systematic uncertainties in
order to achieve ultimate precisions. A comprehensive overview of
mass spectroscopic techniques and PTMS is given in [17, 41] while
a review of the cases that require very high precision can be found
in [90].

The performance of a mass spectrometer in terms of precision is
characterized by the fractional uncertainty δfrac that is achieved in
a measurement. The fractional uncertainty is defined as the total
uncertainty divided by the quantity itself, e.g. for cyclotron frequency
ratio R measurements:

δfrac =
δR
R

. (1.1)

For mass measurements the span of interest ranges from δfrac ∼ 10−5

for applications in chemistry to δfrac ∼ 10−6 − 10−10 for nuclear struc-
ture physics [93], nuclear astrophysics and weak interaction studies [14,
71, 125] using PTs at online facilities [50, 85, 89]. Even smaller fractional
uncertainties are reached with cryogenic Penning traps for tests of
fundamental symmetries [20] and mass measurements for fundamen-
tal physics [80]. While the precision characterizes the resolution and
reproducibility, the accuracy of the result is a second important mea-
sure characterizing how close the measurement is to the true value.
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Through a careful systematic analysis Penning traps are considered to
be very accurate since systematic shifts can be avoided by design and
construction (e.g. minimizing the imperfections of the electromagnetic
trapping fields) or the systematic effects can be measured, calculated
or simulated very precisely (relativistic and image charge shifts), see
also Section 2.2.2).

A selection of applications in fundamental physics where fractional
uncertainties of ≤ 10−11 are required is given in the following.

direct test of E = mc2 The theory of special relativity can be di-
rectly tested e.g. in the neutron capture reaction: 35Cl + 1n → 36Cl + γ

[69]. The photons emitted in the de-excitation process following the
neutron capture are measured using a crystal Bragg-diffraction spec-
trometer while the mass difference is obtained from PTMS:

[︁
m
(︁35Cl

)︁
− m

(︁36Cl
)︁
+ m(n)

]︁
· c2 = ∑

i
E (γi) . (1.2)

determination of the fine structure constant α The fine
structure constant can be determined by a measurement of the recoil
frequency in a matter-wave interferometer. In recent experiments,
the recoil frequency of 87Rb [88] and 133Cs [95] is measured. For
next-generation experiments the uncertainties of many effects will be
significantly reduced which would leave the masses of 87Rb and 133Cs
as the dominant uncertainty. A refined measurement using PTMS is
required.

tests of quantum electrodynamics in the strong field

regime Measurements of the bound-state electron g-factors and
their comparison to the predictions of Quantum Electrodynamics (QED)
have become the most stringent tests of QED in strong electric fields [67,
117, 118]. For the determination of the g-factor, the atomic mass of
the investigated Highly Charged Ion (HCI) is required. In addition,
high-precision PTMS can perform this type of QED test with a pure
mass measurement by measuring the binding energy of an electron in
a HCI.

Q-values of nuclear decays for neutrino physics Precise
and independently measured Q-values are required for the experimen-
tal determination of the neutrino mass in order to exclude possible
systematic uncertainties (see Section 1.3) but also in the search for
keV-scale sterile neutrinos, neutrino oscillation experiments or the
onging search for neutrinoless double-β-decay [47].
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1.2 the standard model of particle physics and the ab-
solute scale of the neutrino mass

The SM of particle physics is in many aspects considered to be one
of the most precisely experimentally verified theories in fundamen-
tal physics. This success manifested itself already in the early stages
with the prediction of fundamental particles such as the W- and Z-
bosons [62, 109, 123] or the Higgs-boson [49, 68], which, years after
their prediction, were experimentally validated in high-energy par-
ticle collision experiments at CERN, leading to several Nobel Prizes
in the years 1979, 1984 and 2013. While describing the interactions
between fundamental particles to a great precision there are experi-
mentally observed aspects that the SM does not address or that are
even contradicting the SM, such as e.g.

• the existence of dark matter and dark energy [99],

• the Baryon asymmetry [29, 42] or

• neutrino flavor oscillations [5, 58].

Theories that try to address these aspects are generally termed Beyond
Standard Model (BSM) theories.

Not only large scale high-energy particle physics experiments are
searching for BSM physics but also smaller scale “table-top” experi-
ments are exploring the limits of the current understanding of the
SM [52] and place limits on BSM theories in a complementary way.
These experiments focus on low-energy precision measurements such
as measurements of the Electric Dipole Moment (EDM) of fundamental
(electron) [10, 28, 107] and composite particles (neutron) [1] or the
magnetic moment of the electron [51, 95] and muon [4] and aim to
compare those to the SM predictions. Some BSM theories predict larger
values, e.g. for the EDM of the electron, than the SM. If an EDM larger
than the SM prediction is found it would be a signature for BSM physics
while on the other hand BSM theories can be excluded when the found
limit is smaller.

Since the existence of an absolute neutrino mass was established
with the discovery of neutrino flavor oscillations [5, 58], the neutrino
mass scale is one of the most sought-after quantities for fundamental
physics to constrain BSM theories addressing neutrino mass generation
mechanisms [63, 74, 96] but also in astrophysics and cosmology [82].
As the SM describes neutrinos as massless, neutral, fermionic particles,
the discovery of neutrino flavor oscillations is a key signature of
BSM physics. Since neutrinos do not carry an electric charge they
interact exclusively by the weak interaction with other SM particles.
This significantly complicates the direct experimental investigation
since large detector volumina [33] or measurements where the neutrino
is not directly detected are required.
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Initially the neutrino was postulated by Wolfgang Pauli in 1930 in
order to explain the continuous β-decay spectrum. The existence of
neutrinos was validated only in 1956 using the inverse β-decay to
detect neutrinos originating from a nuclear reactor [37]. Since then,
different neutrino sources (the sun, the atmosphere, nuclear reactors
and accelerators) in a multitude of experiments were used to study
these fundamental particles.

There are three known neutrino flavors f ∈ {e, µ, τ} originating
from weak charged-current reactions (W±-decay) where a neutrino is
emitted together with the respective lepton, either an electron (e), a
muon (µ) or a tau (τ). A flavor eigenstate |ν f ⟩ is a superposition of the
three mass eigenstates |νi⟩, with i ∈ {1, 2, 3}:

|ν f ⟩ =
3

∑
i=1

U f i |νi⟩ , (1.3)

where U f i represents the Pontecorvo–Maki–Nakagawa–Sakata (PMNS)
matrix which is commonly parametrized with three mixing angles
and a phase related to CP-violation [127]. Experiments investigating
the neutrino mass typically extract the parameter

m2
ν f
=

3

∑
i=1

|U f i|2m2
i (1.4)

which is the effective neutrino rest mass, i.e. the mass of a neutrino in a
specific flavor eigenstate is an admixture of the three mass eigenstates
with the weights for each mass eigenstate given by the PMNS ma-
trix. More specifically, the experiments search for the effective electron
neutrino mass:

mνe = mβ =

⌜⃓
⎷⃓ 3

∑
i=1

|Uei|2m2
i . (1.5)

The currently best upper limit on the effective electron neutrino rest
mass from a laboratory experiment is mνe < 0.8 eV/c2 [6], c.f. Sec-
tion 1.3.

The oscillation experiments that proved the existence of an absolute
mass of neutrinos are not sensitive to the absolute mass scale but allow
to extract the differences of the squared masses:

∆m2
νij

= m2
νi
− m2

νj
, (1.6)

which are given in the normal ordering by [127]:

∆m2
ν21

= (7.53 ± 0.18) · 10−5 eV2/c4

|∆m2
ν31
| = (2.453 ± 0.033) · 10−3 eV2/c4.

From these results it is known that at least two neutrinos have a mass
while the lightest neutrino in principle could have a vanishing rest
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mass. From the interaction of solar neutrinos with matter it is also
known that m2 > m1 [94] resulting in two possible mass orderings:
The normal (∆m2

ν31
> 0) and inverted (∆m2

ν31
< 0) hierarchy depicted

in Figure 1.1.

Figure 1.1: Normal and inverted hierarchy of the neutrino mass eigenstates.
From oscillation experiments with solar and atmospheric neu-
trinos the mass splittings are known and from matter effects
m2 > m1 [94]. With this information the normal hierarchy and the
inverted hierarchy are possible mass orderings of the neutrino
mass eigenstates. In both hierarchies the mass of the lightest mass
eigenstate can in principle be zero. Figure taken from [94].

The most stringent limit on the sum of the neutrino masses is
extracted from cosmological observations and results in a range
of < 120 − 540 meV/c2 depending on the underlying cosmological
model [100]. Cosmological observations are based on data of the cos-
mic microwave background and on galaxy survey data where massive
neutrinos leave an imprint on some observables (large-scale struc-
ture of the universe, red-shift) [82, 83]. Experiments with improved
sensitivity are planned for the future.

From experiments investigating if the neutrino is a Dirac fermion or
a Majorana fermion (Majorana neutrinos are their own antiparticles)
constraints of the effective neutrino rest mass can be extracted as well.
These experiments investigate nuclei that decay via double-β-decay
(often written as 2νββ-decay) where two electrons (positrons) and
two anti-neutrinos (neutrinos) are emitted assuming neutrinos are
Dirac fermions. In the case that neutrinos are Majorana fermions, the
neutrinos can annihilate and two electrons of the same energy would
be detected instead of the continuous decay spectrum - hence these
experiments search for neutrinoless double-β-decay (0νββ-decay). Al-
though up to now no events have been recorded that would support
the Majorana nature of neutrinos, e.g. in the Germanium Detector
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Array (GERDA) experiment [3] it was still possible to set a constraint
on the effective neutrino rest mass of < 79− 180 eV/c2 (assuming neu-
trinos are Majorana fermions) [2]. Future experiments with a larger
detector mass and hence improved sensitivity are planned [30].

1.3 kinematic studies of the effective electron neu-
trino mass

In this section, I would like to present an overview of the leading ex-
periments and methods studying the effective electron-neutrino mass
(in the following referred to as “neutrino mass”) by kinematic investi-
gations of suitable nuclear decays. Kinematic studies are considered
the least model-dependent method (sometimes also termed “direct
methods”) for the determination of the neutrino mass in contrast to
the neutrino mass limits extracted from astrophysical observations
which depend on cosmological models. Suitable nuclear decays have
the smallest possible Q-value which helps to improve the statistics
in the endpoint region. Even with a relatively low Q-value of about
18.6 keV in the tritium β-decay, there are only about 2 · 10−13 events
in the last 1 eV below the endpoint [31]. In addition, there are further
practical limits like the lifetime of the nuclide or its availability and
handling. This reduces the number of possible nuclides to only a few
and searches for other suitable candidates are still ongoing at radioac-
tive ion beam facilities [55, 72]. Currently, the 3H (tritium) β-decay
and the 163Ho electron capture decay are investigated.

katrin The Karlsruhe Tritium Neutrino Experiment (KATRIN) has
determined the currently most sensitive upper limit of any of the
laboratory experiments studying the kinematics of the tritium β-decay:

3H → 3He+ + ν̄e + e− (1.7)

with an upper limit on the neutrino mass of mνe < 0.8 eV/c2 for mνē [6].
Experimentally, KATRIN uses a Magnetic Adiabatic Collimation with
an Electrostatic filter (MAC-E) [84, 97] for the measurement of the ki-
netic energy of the decay electron which combines a high luminosity
and excellent energy resolution with a low background level. Two su-
perconducting solenoids create a magnetic guiding field for the decay
electrons with a geometry such that the magnetic field in the center of
the spectrometer is by several orders of magnitude smaller than at the
position of the solenoids. As the electrons travel along the magnetic
field lines, the energy in their cyclotron motion (transversal motion) is
mostly transformed into their longitudinal motion. Electrodes in the
analyzing plane of the energy filter can be used to block and reflect
electrons with lower energy as only the most energetic electrons can
pass the potential barrier. The electrons that can pass this electrostatic
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barrier are guided onto a detector and the integral of the spectrum
above the potential barrier is measured. The differential spectrum in
the endpoint region is constructed by scanning the retarding potential.
The endpoint region is the most crucial part of the spectrum since
close to the endpoint, where the electrons have the highest possible en-
ergy, the anti electron neutrino will be emitted (almost) at rest having
only its rest mass. A range of −40 eV to +130 eV around the endpoint
is used in the analysis where a theoretical prediction of the spectral
shape is fitted from which the neutrino mass is extracted. Ultimately,
projected for 2025, KATRIN aims at a sensitivity of 0.2 eV/c2 on the
neutrino mass [7].

project 8 Like KATRIN, the Project 8 experiment also investigates
the tritium beta decay (cf. Equation 1.7) but using the Cyclotron Radi-
ation Emission Spectroscopy (CRES) technique [11, 26, 87]. The CRES

technique relies on the measurement of the cyclotron radiation fre-
quency in a magnetic field which allows the determination of the
decay electron energy. For this a gaseous tritium source is located in
a magnetic field of about 1 T. Following a decay, the released elec-
tron moves on a cyclotron orbit radiating cyclotron radiation which is
picked up by cryogenic antennas. Compared to MAC-E filters this has
the advantage that the entire differential spectrum at the endpoint is
measured simultaneously without scanning. The signals from lower
energy decay electrons can be efficiently filtered using a low-pass. As
for KATRIN, the source with molecular tritium leads to a line broad-
ening limiting the resolution. In the future an atomic tritium source
will be used and a larger volume for tritium in order to have a high
number of decays. In 2023, Project 8 published the first neutrino mass
limit using the CRES technique at mνe < 155 eV/c2 [32]. Ultimately,
Project 8 aims at a sensitivity of 40 meV/c2 [31].

calorimetry based measurements on
163Ho: echo and holmes

Both ECHo [61, 121] and Holmes [21] are complementary experiments
to KATRIN and Project 8 and investigate the electron capture in 163Ho
which has an even smaller Q-value than 3H and is therefore ideal
for neutrino mass measurements. In an electron capture decay an
electron neutrino instead of an anti-electron neutrino for β-decay is
emitted. Furthermore, the decay spectrum features several resonances
originating from the capture from different atomic shells. One of the
resonances is close to the endpoint region which enhances the count
rate in this crucial part of the spectrum.

The two experiments employ cryogenic microcalorimeters where
ECHo uses a Metallic Magnetic Calorimeter (MMC) while HOLMES
uses Transition Edge Sensor (TES) calorimeters. A schematic of an MMC

calorimeter is given in Figure 1.2.
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Figure 1.2: Schematic of an MMC calorimeter to illustrate the principle. The
163Ho atoms are implanted directly into the absorber material of
the detector ensuring that the emitted radiation is fully absorbed.
Following the absorption of decay radiation the temperature of
the absorber increases. This temperature increase is measured
using a paramagnetic temperature sensor that is located in a weak
magnetic field. The change in magnetization is finally read-out
using a Superconducting Quantum Interference Device (SQUID)
magnetometer [56]. Figure taken from [57].

By implanting the 163Ho directly in the gold absorber material both
experiments ensure that all emitted radiation in a decay is absorbed
in the calorimeter resulting in an integral measurement of the decay
spectrum. Following the absorption, the temperature change of the
absorber is measured with a paramagnetic temperature sensor that
changes the magnetization which is read-out using a SQUID magne-
tometer [56]. Using MMCs, it was demonstrated that a very good energy
resolution of about 1.6 eV (Full Width at Half Maximum (FWHM)) at a
particle energy of 5.9 keV can be achieved [61].

The first neutrino mass determination from the ECHo collabora-
tion using these detectors yielded a limit of mνe < 150 eV/c2 (95%
C.L.) [121]. The decay spectrum from this measurement is shown in
Figure 1.3 alongside with the fits of a theoretically calculated spectral
shape to the data. From the fit, the neutrino mass as well as the Q-value
of the decay can be extracted. The Q-value from the calorimetric mea-
surement is Q = 2838(14) eV/c2 and in very good agreement with the
Q-value measured in the independent measurement at the Penning-
trap mass spectrometer SHIPTRAP of Q = 2833(34) eV/c2 [46]. From
this agreement, systematic uncertainties due to the decay happening
within the solid of the gold absorber material can be excluded on the
current sensitivity level.

For the next phase of the ECHo experiment where a higher activity
is used, the higher statistics and therefore higher sensitivity to the
neutrino mass requires a refined independent measurement of this
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Figure 1.3: Measured decay spectrum of 163Ho from the ECHo experiment
showing the data along with fits of theoretically calculated spec-
tral shapes. Figure taken from [121].

Q-value with an uncertainty of less than 10 eV [61] which is the main
motivation for this dissertation.



2
E X P E R I M E N TA L M E T H O D S

For the measurement of the Q-value of the electron capture in 163Ho,
several experimental developments have been made in the scope of
this thesis. This Chapter will provide an overview of the Pentatrap

experiment, summarize the contributions to the Pentatrap experimen-
tal setup within this thesis and introduce the experimental methods
used. Additionally, the three publications on which this cumulative
thesis is based (see Chapter 3) are put in context with the complete
experiment.

The first Section 2.1, covers the production of highly charged ions
(HCIs) of 163Ho for this particular measurement and introduces one
method for the separation of individual charge states. In the following
Section 2.2 the principles of PTMS are summarized. Finally, Section 2.2.1
provides a description of the ion detection technique used at Penta-
trap and the frequency measurement techniques that are used within
this work. Section 2.2.2 concludes this with a short summary of the
data analysis and the final QEC-value calculation.

Pentatrap is a high-precision multi-Penning-trap (PT) mass spec-
trometer designed for mass measurements on HCIs. An overview of
the Pentatrap experimental setup is given in Figure 2.1. HCIs are
produced in and extracted from the TIP-EBIT at a beam energy of
about 4 keV. Subsequently, the HCIs are guided through the connecting
beamline and directed, using an electrostatic bender [77], towards the
five PTs inside the 7 T superconducting magnet. In the scope of this
thesis the complete horizontal section was developed and constructed.
This includes the development and commissioning of an injection
technique for rare species for the TIP-EBIT and the development and
construction of the connecting beamline, including the development
of a Bradbury-Nielsen beamgate (Bradbury-Nielsen-Gate (BNG)) and
a sufficiently fast electronic switching circuit for the BNG.

2.1 creation of highly charged ions in electron beam

ion traps

HCIs can be efficiently created by electron impact ionization of atoms
using highly energetic electrons. This principle is used in an Electron
Beam Ion Trap (EBIT) where a high-current (in this case tens of mA),
high-energy electron beam (few keV) is impinged on a gaseous atomic
sample, typically injected into the residual gas of the vacuum system.
The electron beam is additionally compressed using a strong inho-
mogeneous magnetic field to further increase the current density in

11
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Figure 2.1: Rendered overview of the Pentatrap experimental setup. The
HCIs are extracted from the “TIP-EBIT” and guided through the
connecting beamline. An individual charge state is selected using
a BNG before the HCIs are directed towards the superconducting
magnet. The five PTs of the Pentatrap experiment are located in
the cold bore of the 7 T superconducting magnet in a dedicated
room in the basement of the building. Two of the five Penning
traps (Trap 2 and 3) are fitted with a detection system and are
used for the measurements (red box). For details see main text.
The magnified Penning traps on the right side are reproduced
from [79].
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the target region to yield a higher ionization rate. Ions created by
electron impact ionization are trapped radially by the space charge of
the electron beam (assisted by the magnetic field) and axially using
a set of electrodes with suitable applied voltages. The electrode on
the collector side of the EBIT (see Figure 2.2) can be switched in order
to extract and accelerate the HCIs from the trapping region of the
EBIT for use in other experiments. Since the created ions are trapped
within the high density and high energy electron beam, subsequent
ionizing collisions sequentially ionize the ions into high charge states.
In principle, ionization is possible until the ionization energy for the
next higher charge state is greater than the electron beam energy. Real-
istically, several processes limit the highest achievable charge state and
the overall evolution of the charge states can be described with a rate
equation model. Mainly limiting the highest achievable charge state
are charge exchange, radiative recombination and dielectronic recombi-
nation [110]. The time during which the series of subsequent ionizing
collisions takes place is called the “charge breeding time”. This time is
defined as the duration between two ion extraction events and starts
with a just emptied trap and ends with the ejection. Experimentally,
a steady-state charge state distribution can be extracted reproducibly
by choosing a charge breeding time longer than the necessary time to
reach an equilibrium between ionization and recombination processes.
When choosing a shorter charge breeding time it is possible to also
vary the extracted charge states by extracting earlier or later. Following
the extraction, the HCIs are guided through the electrostatic beamline
towards the Penning traps (c.f. 2.1).

2.1.1 Injection techniques

In EBITs, the species of interest is usually injected into the residual
gas close to the trapping volume where the electron beam drives the
ionization process. This method is extensively used for species that
are either available in gaseous form or in form of volatile organic
compounds [75]. When using this method relatively large quantities of
the sample material are required. For the physics case of interest, 163Ho,
this is a challenging task since it is a synthetic radioisotope with a half
life of 4570 ± 25 years [70]. It therefore has to be artificially produced
and only limited quantities, about 1016 atoms (corresponding to 2.7 µg),
are available for the mass measurement. First experiments with the
Heidelberg Compact Electron Beam Ion Trap (HC-EBIT) [86] constructed
and commissioned in [110] have been attempted using the so called
“wire-probe”-method [48] which were not successful. A very efficient
injection method was therefore developed in the scope of this thesis
which allows the injection of tiny samples into the trapping volume of
an EBIT by means of laser desorption [111].
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Figure 2.2: Concept of laser-induced desorption close to the trapping volume
in a HC-EBIT. (a) General overview showing a rendering of the
HC-EBIT with the electron gun on the left, the stack of drift tubes
in the center and the electron collector on the right hand side.
From the top, a target holder with the species of interest on the
tip is moved into trapping region of the HC-EBIT. Part (b) shows
a cut through the central drift tube where the HCIs can be seen
as an orange cloud in the trapping volume. The target is shown
in a position close to the trapping region with the 532 nm laser
beam impinging on the target surface. (c) presents two of the
used target geometries. The left one is about 5 times 2 mm in size
for larger samples, e.g. metal foils which can be spot-welded onto
the surface, while the 1 mm diameter target on the right consists
just of a turned flat titanium wire with the species of interest on
the front surface. The first target geometry can also be used when
several species are required which can be prepared on the surface.
Figure taken from [111].



2.1 creation of highly charged ions in electron beam ion traps 15

This method uses laser-induced desorption very close to the trap-
ping volume within an EBIT. The general idea of this method is shown
in Figure 2.2. Using a sample holder that is connected to a three-
dimensional manipulator the sample can be precisely and accurately
positioned very close to the trapping volume in the EBIT. With a sin-
gle triggered pulse from a 532 nm pulsed Nd:YAG laser (about 1 mJ),
some atoms and ions are desorbed from the target surface directly into
the trapping volume of the EBIT, where they are rapidly ionized by
the electron beam. Owing to the type of injection - having the sample
material on a “tip” that is moved close to the trapping region, this
HC-EBIT is named the “TIP-EBIT”. Several different target geometries
have been tested, two of which are shown in Figure 2.2 (c). Larger
targets such as metal foils, can be attached or spot welded to the front
of the left target holder which has a surface area of 5 times 2 mm. In
particular, this target geometry can also hold multiple species at the
same time as was done for the QEC-value measurement. Switching
between the species is then accomplished by moving the laser spot
with a piezo controlled mirror and observing the laser spot on the
target using a camera. The right target holder is mainly used for very
exotic targets where only the smallest quantities are available (down
to about 1012 atoms).

Different target preparation techniques were developed and used
based on the amount of available material and its physical and chem-
ical properties. Some of the species tested and the preparation tech-
niques used are summarized in Table 2.1.

For very rare species where about 1016 down to 1012 atoms are
available, the “drop-on-demand” printing technique is used [65]. Here,
small, nanoliter sized droplets of a solution of the species of interest
are dried on the target surface. This technique was used for 163Ho,
cf. 2.1 and was first tested with the stable 165Ho isotope on targets as
shown in Figure 2.2 (c), right side.

Species that are available in microgram to milligram amounts can
be prepared in conically shaped deepenings on the surface of the
target holder. For these cases, the so called “PLA targets” have been
developed, where the species of interest (here enriched 163Dy in oxide
form was used) is bound within the polymer Polylactic Acid (PLA). For
the preparation lactic acid is warmed up in a test tube until just below
the boiling point where it starts polymerizing into PLA. Every few
minutes the lactic acid is cooled down by putting the test tube in cold
water and the viscosity is checked. Ideally the partially polymerized
lactic acid should be a little bit more viscous than honey for the target
preparation. A very small drop of the partially polymerized PLA is
then mixed with the sample material, e.g. the 163Dy and applied into
the deepenings on the target holder. The partial polymerization is
crucial, otherwise it can happen that when the prepared sample is
applied on the target holder, the species of interest sinks to the bottom
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Species Amount Chemical form Preparation
technique

163Ho 1015 atoms Ho (NO3)3 Solution is
dried on the
surface [65]

163Dy µg, enriched Dy2O3 Enriched dys-
prosium oxide
powder bound
in PLA.

208Pb/209Bi bulk material atomic mechanically
fixed into
drilled hole

238U mg UO2 oxide powder
bound in PLA

168−176Yb mg Yb2O3 oxide powder
bound in PLA

Table 2.1: Summary of the tested sample preparation techniques and target
geometries. For details see text.

of the liquid PLA and is not equally distributed following the final
curing. Following the application of the sample, the target is cured in
a small oven at about 120 degree celsius for six to eight hours to fully
polymerize the PLA and fix the species within the polymer and on
the target. This preparation technique did not show issues regarding
possible outgassing of the polymer within the EBIT vacuum.

For species, that are available in large quantities (e.g. solid “bulk
material”), the preparation simplifies to fixing it onto the target holder.
This technique can be used for metal foils which can be often spot-
welded onto the target holder or attached with something electrically
conducting (e.g. by mixing small aluminum particles into the epox-
ide) and vacuum compatible epoxide glue. Materials that are easy to
deform can be pressed into small holes in the target, as used e.g. for
208Pb and 209Bi, cf. 2.1.

Additionally, the EBIT was constructed with a two-stage, differen-
tially pumped gas injection system that was constructed in order to
inject gaseous species in form of an atomic beam directed towards the
trapping volume of the EBIT without influencing the main vacuum.

With this technique, Pentatrap has the possibility to use species
in almost any available sample size and can choose from a variety of
preparation techniques matched to each sample size.

The targets used for the measurement of the QEC-value with Penta-
trap were prepared using the first two methods shown in Table 2.1.
The PLA preparation technique was specifically developed for enriched
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(a) (b)

1 mm 1 mm

Figure 2.3: The first target with both species 163Ho and 163Dy prepared on
the surface which was used in the measurement campaign. (a)
shows the prepared target where 163Ho is deposited in the small
deepening on the left side while the 163Dy is prepared in oxide
form within polymerized PLA. In this first target there is also some
of the PLA distributed around the deepening. Below the full target
a closer view on the area where 163Ho is deposited is shown. The
163Ho was deposited in nanoliter sized droplets of a holmium
nitrate solution on the surface [65]. When the water evaporated
from the solution holmium nitrate crystals form on the surface
which are visible with a microscope. Here, about 1014 atoms of
163Ho are prepared on the surface. (b) illustrates the same target
after use. There is still plenty of the 163Dy in the deepening while
the crystals of holmium nitrate are no longer visible following
the laser desorption.

163Dy in oxide form within this thesis. One of these targets is shown in
Figure 2.3 where the left side (a) shows the freshly prepared target and
the right side (b) the target surface following depletion of the target.
Comparing the new target (a) with the used target in (b) illustrates
the vast amount of 163Dy that is available (µg) compared to the 1014

atoms of 163Ho. The developed injection technique was published in
Review of Scientific Instruments and is attached in Section 3.1.

2.1.2 Charge state separation

For Pentatrap only a single HCI with the correct charge state is stored
in the PT, i.e. a HCI with the correct mass-to-charge ratio. For this
measurement, isotopically enriched 163Ho and 163Dy samples were
used. The selection of the correct charge state thus requires only
moderate resolving powers on the order of ∆R/R ≃ 40 for which
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PEEK insulators
rst set of wires

PEEK insulator
second set of wires

Copper connector

Silvered multistrand
connecting wire

Figure 2.4: Picture of the developed BNG for charge state separation. The
flight direction of the HCIs is into or out of the paper plane. The
two sets of wires are visible, one is wound through the inner set
of PEEK insulators, the other through the outer set. Visible are as
well the two copper blocks that connect all wires of each set at
the same time which helps in fast switching of the potential on
the wires. For this picture a screening plate was removed which
blocks HCIs that would collide with the PEEK insulators. Figure
taken from [112].

the Time of Flight (ToF) separation aquired while passing through the
horizontal part of the beamline is sufficient. With a length of about
2.25 m, individual charge states are separated by about 70 ns which is
sufficient to select charge states using a Bradbury-Nielsen gate (BNG).
With a BNG the unwanted species can be deflected while it allows the
correct charge state to pass [22, 25, 126].

A picture of the BNG is shown in Figure 2.4. It consists of two sets of
parallel wires aranged alternately and placed perpendicular to the ion
beam direction. As long as both sets of wires are at ground potential
the ion beam can pass the BNG with a high transmission. However,
as soon as potentials with opposite polarity are applied to the two
sets of wires, the ion beam is deflected. The plane with the wires
having alternating polarity in a BNG has several advantages compared
to switching an electrode:

• The electric field is only present very close to the wires and
influences the flight path of the ions of interest only weakly.

• A set of wires has a small capacity allowing for a very fast
change of the potential applied to the wires.

A specific charge state is separated by always applying a potential to
the wires except for the short period of time when the charge state
of interest comes close and passes through the set of wires. For this
period of time the wires are switched to ground potential with a fast
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switching electronic circuit. The BNG as well as the fast switching
electronic circuit were developed within the scope of this thesis. The
fast switching electronic circuit was published in Reviews of Scintific
Instruments, see Section 3.2.

2.2 penning trap mass spectrometry

The highest precisions in mass spectrometry are reached using Pen-
ning trap (PT) mass spectrometers which are often engineered for
specific mass ranges [66], long-lived and stable [15, 90, 98, 101, 104] or
short-lived [40, 50, 89] isotopes, and use sophisticated ion detection
and frequency measurement techniques [45, 53, 64, 91, 101, 124]. Stable
and long-lived species of interest can be stored for days and weeks in a
PT which allows for long observation times and exceptional control of
the ion motion. A comprehensive overview of PTMS and the techniques
used is given in [17].

The Penning trap mass spectrometer Pentatrap is designed to
achieve fractional uncertainties on the order of a few δR

R ≃ 10−12 and
is designed to use HCIs of the species of interest [104, 108, 114]. This
can be advantageous compared to the use of singly charged ions:

• The free cyclotron frequency ωc = qB/m scales with the charge
state q of the ion. Therefore, the ion’s frequency increases when
a higher charge state is used, reducing the fractional uncertainty
δν = ∆ν/ν of the frequency measurement when the uncertainty
∆ν of the frequency measurement stays constant. [15]

• The HCI is confined to a smaller volume, thereby the systematic
uncertainties due to field imperfections are reduced.

• A higher charge state results in a larger image current being
induced in the PT electrodes and therefore improves the Signal
to Noise Ratio (SNR) ratio [17] and allows smaller excitations
during the measurement.

• The cooling of the ion’s motions is faster reducing the measure-
ment cycle time.

the ideal penning trap Mass measurements in a PT rely on
the precise determination of the free-space cyclotron frequency νc of
an ion of mass m and charge q in a static homogenous magnetic field
B⃗ = B · e⃗z:

νc =
1

2π

q
m

B. (2.1)



20 experimental methods

Figure 2.5: Schematic of two possible electrode configurations for a PT. The
left electrode configuration is a “hyperbolic trap” where the elec-
trode shape resembles the equipotential lines of the electrostatic
potential. The right electrode configuration shows a “cylindrical
trap” which can also produce a quadrupolar field geometry close
to the center of the trap with a carefully chosen trap geometry
and the use of additional correction electrodes [59]. For both con-
figurations, the upper and lower electrodes are called “endcap”
electrodes while the central one is named the “ring electrode”.
The cylindrical trap geometry is more commonly used today and
is also employed in the Pentatrap experiment where it simplifies
the transport from one trap to another. The inner radius of a trap
at Pentatrap is ρ = 5 mm [108]. Figure taken from [17].

The magnetic field is typically not known with sufficient precision
and the free-space cyclotron frequency of the ion of interest (νc,IOI) is
compared to a reference ion (νc,RI) in (ideally) the same magnetic field

mIOI

mRI
=

νc,RI

νc,IOI

qIOI

qRI
= R, (2.2)

yielding the mass ratio of the two ions. If both ions are in the same
charge state, the cyclotron frequency ratio R is the inverse of the mass
ratio.

The magnetic field forces the ion on a circular orbit and provides
the radial confinement but still allows the ion to escape along the
magnetic field lines. Long observation times require a confinement
also along the magnetic field lines which is possible by a superposition
of an additional quadrupolar electrostatic field. The field is generated
by either of the two electrode configurations shown in Figure 2.5 and
voltage Udc applied between the electrodes.

The superposition of both confining fields results in three inde-
pendent harmonic eigenmotions of the ion: the modified cyclotron
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motion (with respective frequency ν+), the axial motion (νz) and the
magnetron motion (ν−) [17]:

ν± =
νc

2
±

√︃
ν2

c
4
− ν2

z
2

(2.3)

νz =
1

2π

√︃
qUdc

m
2c2. (2.4)

Here, Udc is the potential applied between the ring and endcap elec-
trodes, defining the depth of the axial trapping potential and thereby
the axial frequency. c2 is a parameter that reflects the strength of the
hyperbolic potential in the center of a cylindrical PT with respect to
the applied voltage.

There is a distinct order of the three eigenfrequencies with the
modified cyclotron frequency being the fastest motion (26.4 MHz at
Pentatrap for 163Ho) followed by the axial motion (740.3 kHz) and
the slowest being the magnetron motion (10.4 kHz).

Using the invariance theorem [23]

ν2
c = ν2

+ + ν2
z + ν2

−, (2.5)

the free-space cyclotron frequency of the HCI in the trap can be re-
constructed from a measurement of the three eigenfrequencies. The
invariance theorem is furthermore insensitive to a tilt between the
magnetic field and quadrupolar electrostatic field and to an elliptic
deformation of the electrostatic field to first order.

the real penning trap In the ideal PT described above, all
three eigenmotions are harmonic, i.e. the motional frequencies do
not change with the amplitude of the ion motion. In a real PT, field
imperfections of both, the electrostatic quadrupolar field and of the
homogenous magnetic field distort the ideal potential shape resulting
in amplitude dependent shifts of the eigenfrequencies which can be
a limiting systematic effect of a mass measurement. These frequency
shifts can be quantified by an expansion of the electrostatic potential
in Legendre polynomials (and similarly for the magnetic field) [73].
For small motional amplitudes and similar mass-to-charge ratios of
the HCIs this effect cancels in the ratio of the free-space cyclotron
frequencies [54, 90].

Moreover, the trapping voltage Udc or the magnetic field B⃗ can
change over time e.g. due to the influence of environmental parameters
such as the temperature. Since the quantity that is measured, the
motional frequencies of the ion in a superposition of confining fields,
it is of vital importance for high precision mass spectrometry to keep
these fields as constant as possible during the measurement time. At
Pentatrap several measures are taken in order to ensure that the
trapping fields are as stable as possible:
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• An ultra-stable voltage source “STAREP” is used for the genera-
tion of the voltages applied to the PT electrodes [19, 27].

• The laboratory housing the superconducting magnet with the
PTs and the STAREP is temperature stabilized [78].

• Within the laboratory the superconducting magnet is resting on
an as much as possible vibration-free floor.

• A stabilization system for the liquid helium level around the
Penning trap vacuum chamber and for the gaseous helium pres-
sure above it was implemented [15, 19, 78, 106]. This system
suppresses the magnetic field changes related to the temperature
dependent susceptibility of the materials directly surrounding
the PTs. This effect was first reported in [43] and led to the devel-
opment of a stabilization system for the PT mass spectrometer
SMILETRAP [15] which used HCIs as well.

• Measurements are typically run during night time or over a
weekend which reduces external magnetic field fluctuations
resulting e.g. from the elevator in the building and other external
sources.

When these environmental influences are stabilized the variation of the
magnetic field is reduced to a linear decay which is taken into account
in the data analysis (see Section 2.2.2). This decay of the magnetic field
originates from the flux creep effect [8, 9] and can be approximated
linearly for reasonable measurement times [17].

2.2.1 Ion detection and frequency measurement techniques

At Pentatrap, the trapped ion’s axial motion is detected via the image
currents that it induces in the PT electrodes while oscillating in the
trap. The induced image current of the axial motion is picked up
with a tuned resonance circuit with a high quality factor [24, 53, 91,
124] and subsequently amplified using a cryogenic amplifier [104].
When the ion’s axial motion is in resonance with the circuit, the
ion dissipates motional energy into the circuit until it is in thermal
equilibrium [24, 124]. Also the amplitudes of the radial modes can
be reduced by resonant coupling of a radial to the axial mode [35]. A
low temperature is favorable since the trapped ion is less exposed to
electric and magnetic field imperfections. Following the amplification,
the signal is Fourier transformed and the ion can be observed as a
“dip” in the noise spectrum of the resonant circuit (“dip technique”).
The position of this “dip” in the frequency spectrum corresponds
directly to the axial frequency of the ion. When the sideband coupling
is applied also the radial frequencies can be measured using this
method (“double dip”).
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Due to the distinct frequency hierarchy, when the invariance theo-
rem is used, the uncertainty of the modified cyclotron frequency has
the highest contribution to the final uncertainty and needs to be mea-
sured with the highest precision. The modified cyclotron frequency is
therefore measured using the phase sensitive Pulse and Phase (PNP)
technique [34] while the axial frequency is measured during the phase
evolution time using the dip technique. Being the smallest of the three
frequencies, the magnetron frequency has the least contribution to the
total uncertainty on the free-space cyclotron frequency and is therefore
measured only once per day using the double dip technique.

For the Q-value measurement, HCIs of 163Ho and 163Dy are loaded
into the PTs in the sequence shown in Figure 2.1. Four of the five
PTs are used in this measurement where Trap 1 and Trap 4 serve as
storage traps while Traps 2 and 3 are fitted with a detection system.
Starting in Position 1 the motional frequencies are measured in both
traps simultaneously, then the ions are shuttled into Position 2 and
the measurement is repeated. The shuttling effectively swaps the
ions in Traps 2 and 3 and when repeating this sequence alternating
measurements of the two species are performed in each of the two
traps. The measurement in two traps effectively doubles the statistics
while it also allows comparing the cyclotron frequency ratios obtained
in both traps in order to assess systematic shifts.

2.2.2 From frequency measurement to the QEC-value

The Q-value of the electron capture in 163Ho is finally determined by
the following relation:

Q = mq+
Dy (R − 1) + ∆EB. (2.6)

Here, mq+
Dy is the (reference) mass of the HCI of dysprosium, R =

νc(163Dy)/νc(163Ho) the cyclotron frequency ratio and ∆EB the dif-
ference in the sum of binding energies of the n missing electrons in
the HCIs of both species. mq+

Dy is calculated starting from the mass
of the neutral dysprosium atom [122] and subtracting the mass of
the n missing electrons [116, 120] as well as their respective binding
energies [76].

The cyclotron frequency ratio R is determined from the alternat-
ing datapoints in the frequency measurement by linear interpolation
as shown in Figure 2.6. From the linearly interpolated datapoint be-
tween the first two 163Dy datapoints and the first 163Ho datapoint
the cyclotron frequency ratio is determined. This technique is used
throughout the dataset yielding a set of ratios from which the weighted
mean is determined. The uncertainty is determined by calculating the
inner and outer errors [16, 92] and using the larger one as final un-
certainty for the datset. This technique was compared to the also well
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Figure 2.6: Detailed plot of the first few datapoints of a measurement. From
the frequency values an offset of 25081589 Hz is subtracted. Be-
tween the first two 163Dy datapoints the frequency is linearly
interpolated to the time at which 163Ho was measured. From the
interpolated datapoint the ratio is then determined. Figure taken
from [113].

established analysis technique using polynomial fits [39] and agrees
very well [54].

systematic uncertainties
163Ho and 163Dy form a perfect

“mass doublet”, i.e. the difference in charge-to-mass ratio is very small,
in this case on the order of only a few 10−8. This small difference
allows the same trapping potentials to be used for both species on
the PT electrodes and also the excitation frequencies are sufficiently
similar and thus it can be assumed that also the excitation radii are
the same. Therefore, when the cyclotron frequency ratio is calculated,
the systematic effects cancel out which is a great advantage when a
mass doublet is measured. A table with the considered systematic
uncertainties is given in the publication in Section 3.3.

In addition to the systematic uncertainties in the determination
of the cyclotron frequency ratio R, the independent simultaneous
measurement in two PTs allows the comparison of the determined
cyclotron frequency ratios R from two measurements. For instance,
systematic shifts of the motional frequencies due to a contaminant HCI

in one trap can be detected when the determined cyclotron frequency
ratios R of both traps do not agree. This allows to exclude systematic
effects due to ion-ion interactions to a large extent. Similarly, a sys-
tematic disagreement of the cyclotron frequency ratio in the two traps
in different measurement runs can also point to a HCI being in an
electronically excited metastable state. Finally, in the measurement of
the 163Ho and 163Dy Q-value the charge states q = {38, 39, 40} · e were
measured. For the three charge states the final Q-values agree within
the errorbar. Therefore systematic shifts of R and the theoretically
calculated binding energy difference ∆Eq+

B can be ruled out since it is
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very unlikely that the theoretical calculation compensates a possible
systematic shift in R for all three charge states.
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P U B L I C AT I O N S

In this section the three publications are listed on which is cumulative
dissertation is based. The first two publications in Sections 3.1 and 3.2
summarize the developments on the production of HCIs of rare iso-
topes and the selection of individual charge states. The main result of
this thesis is presented in the publication in Section 3.3 which reports
on the measurement of the 163Ho Q-value with the Penning trap mass
spectrometer Pentatrap.

3.1 publication 1 : production of highly charged ions of

rare species by laser-induced desorption inside an

electron beam ion trap

In this article an injection technique for electron beam ion traps for
using rare species is described. The article was published in Review of
Scientific Instruments.

authors Ch. Schweiger, C.M. König, J.R. Crespo López-Urrutia,
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author’s contributions CS and CMK conducted the experi-
ment and took the data. CS analyzed the data and wrote the manuscript.
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abstract This paper reports on the development and testing of a
novel, highly efficient technique for the injection of very rare species
into electron beam ion traps (EBITs) for the production of highly
charged ions (HCI). It relies on in-trap laser-induced desorption of
atoms from a sample brought very close to the electron beam resulting
in a very high capture efficiency in the EBIT. We have demonstrated a
steady production of HCI of the stable isotope 165Ho from samples of
only 1012 atoms (∼ 300 pg) in charge states up to 45+. HCI of these
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species can be subsequently extracted for use in other experiments
or stored in the trapping volume of the EBIT for spectroscopic mea-
surements. The high efficiency of this technique expands the range
of rare isotope HCIs available for high-precision nuclear mass and
spectroscopic measurements. A first application of this technique is
the production of HCI of the synthetic radioisotope 163Ho for a high-
precision measurement of the QEC-value of the electron capture in
163Ho within the “Electron Capture in Holmium” experiment [60, 61]
(ECHo collaboration) ultimately leading to a measurement of the
electron neutrino mass with an uncertainty on the sub-eV level.
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ABSTRACT

This paper reports on the development and testing of a novel, highly efficient technique for the injection of very rare species into electron
beam ion traps (EBITs) for the production of highly charged ions (HCI). It relies on in-trap laser-induced desorption of atoms from a sample
brought very close to the electron beam resulting in a very high capture efficiency in the EBIT. We have demonstrated a steady production of
HCI of the stable isotope 165Ho from samples of only 1012 atoms (∼300 pg) in charge states up to 45+. HCI of these species can be subsequently
extracted for use in other experiments or stored in the trapping volume of the EBIT for spectroscopic measurements. The high efficiency of
this technique extends the range of rare isotope HCIs available for high-precision atomic mass and spectroscopic measurements. A first
application of this technique is the production of HCI of the synthetic radioisotope 163Ho for a high-precision measurement of the QEC-value
of the electron capture in 163Ho within the “Electron Capture in Holmium” experiment [L. Gastaldo et al., J. Low Temp. Phys. 176, 876–884
(2014); L. Gastaldo et al., Eur. Phys. J.: Spec. Top. 226, 1623–1694 (2017)] (ECHo collaboration) ultimately leading to a measurement of the
electron neutrino mass with an uncertainty on the sub electronvolt level.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5128331., s

I. INTRODUCTION

Many experiments require access to highly charged ions (HCI)
of species that cannot be found in nature and hence have to be
synthesized in nuclear reactions at rare-ion-beam facilities3,4 and
research reactors.5 These species can be produced only in very small
quantities (rare species), often only in the subnanogram region.
Applications requiring the production of HCI of these species
include a direct test of the theory of special relativity,6,7 involving a
precise measurement of the neutron binding energy in 36Cl by mea-
suring the mass ratio of 35Cl and 36Cl, as well as high-precision mass

measurements of transuranium elements to establish new anchor
points in α decay chains, thereby reducing the uncertainty in the
masses of superheavy nuclides allowing the identification of nuclear
shell closures.8 High-precision mass measurements of HCI can fur-
thermore support g-factor measurements9 and searches for dark
matter in high-resolution isotope shift measurements10–12 using,
e.g., enriched samples of rare Ca isotopes.

One of these experiments is the “ElectronCapture inHolmium”
experiment1,2 (ECHo collaboration) aiming at a measurement of the
neutrino mass with an uncertainty on the sub electronvolt level.
Since the discovery of neutrino oscillations,13,14 establishing that
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neutrinos have a finite mass, the measurement of the absolute scale
of the neutrino mass remains a challenging task due to the exclu-
sively weak interaction with other standard model particles and the
small absolute mass scale. For an improvement towards the sub-
electronvolt level, the ECHo collaboration calorimetrically measures
a high statistics spectrum of the electron capture in 163Ho. In the
analysis of this spectrum, the precise knowledge of the energy avail-
able for the decay, QEC, from an independent source is required to
investigate systematic effects in the calorimetric measurement. As
the QEC value corresponds to the mass difference between mother
and daughter nuclides, it can be directly accessed using a mass spec-
trometer. The required uncertainty of 1 eV, corresponding to a rela-
tive uncertainty of δQEC

m ∼ 6× 10−12, can currently only be reached
using high-precision Penning-trap mass spectrometry.15,16 The
high-precision Penning-trap mass spectrometer PENTATRAP17

has recently shown its capability to reach the required uncertainty
using HCI of xenon, rhenium, and osmium.18,19 163Ho is a synthetic
radioisotope with a half-life of 4570(25) years of which only small
amounts can be produced by the neutron irradiation of an enriched
162Er target in a research reactor and subsequent chemical isola-
tion.5,20,21 In order to measure a high-statistics decay spectrum, as
many of the produced 163Ho atoms as possible are required for the
calorimetric measurement and only a minor fraction of that amount
(max. 1016 atoms corresponding to ∼2.7 μg) is available for the direct
QEC-value measurement.

HCI can be produced and studied in electron beam ion traps
(EBITs),22,23 which allow the production of a large variety of differ-
ent species and charge states up to even the highest charge states of
heavy elements.24 EBITs are built for and operated at a broad range
of electron beam energies starting from a few hundred electronvolts
to a few hundred kiloelectronvolts. The EBITs operated at higher
electron beam energies typically employ a superconducting magnet
which generates a magnetic field with a maximum strength of several
Tesla for the compression of the electron beam. In the last decades,
EBITs operated at room-temperature have also been developed.25–27

The magnetic field in these EBITs is created by means of permanent
magnets, and therefore, less maintenance is required. The disadvan-
tage is that the achievable vacuum pressures are higher than in cryo-
genic, superconducting EBITs resulting in a larger charge exchange
rate and lower charge states. For stable isotopes that are available in
gaseous form or as volatile, organic compounds, the injection into
an EBIT is typically achieved using a differentially pumped injec-
tion system or by the introduction of a tiny leak into the vacuum
system through which the species of interest are injected into the
background gas. However, since the background gas in the vacuum
system is flooded with the injected gas, a large quantity of the species
introduced in the background gas is again pumped out of the sys-
tem without being ionized and trapped by the electron beam. When
HCI of very rare and radioactive species are required, a more effi-
cient injection method has to be used in order to reduce the loss of
the sample material. The PENTATRAP experiment requires, among
others, HCI of the long-lived, synthetic radioisotope 163Ho. There-
fore, a dedicated Heidelberg compact EBIT27 was constructed and
an in-trap laser desorption source developed. This paper reports on
the development of an in-trap laser desorption technique that allows
the production of HCI from very rare isotopes available in sample
sizes down to 1012 atoms.

II. METHODS

For the work presented in this paper, a Heidelberg compact
electron beam ion trap27 (HC-EBIT) was built for HCI production.
The inhomogeneous magnetic field needed for electron-beam com-
pression is generated by 24 stacks of 3 permanent magnets each and
is guided and focused by soft-iron elements resulting in a magnetic
field of around 850 mT in the 2 cm long trapping region. With a
maximum of 10 keV electron beam energy and 80 mA electron beam
current, a broad range of HCI in the medium to heavy mass region
as well as bare nuclei of lighter elements are accessible. The back-
ground vacuum pressure in this room-temperature EBIT is typically
in the lower 10−9 mbar region.

Using laser ablation, it is possible to ablate small amounts of
atoms and singly charged ions from a surface with about 1016 atoms
of 163Ho.8,28 To utilize the possibility of using very small samples,
the laser ablation technique is implemented in the HC-EBIT to pro-
duce HCI of 163Ho. In order to maximize the efficiency, the desorp-
tion process takes place at submillimeter distances from the electron
beam in the trapping region using laser pulse energies below the
ablation threshold. This results in a much higher yield than the use of
an external, dedicated laser ablation ion source and the subsequent
transfer and the capture of singly charged ions in the EBIT,29 since
laser ablation in those sources removes mostly neutral atoms from
the surface and the small fraction of ions that is produced experi-
ences losses in the aforementioned transfer and capture process in
the EBIT. Our method brings a substantial fraction of the ablated
atoms to the electron beam while needing less laser pulse energy than
the laser ion sources, thereby reducing the amount of the material
ablated per laser shot. Due to the lower power density on the tar-
get surface, it is likely that the process in which atoms are removed
from the surface is no longer an ablation process and will be named
desorption process in the following.

A rendered model of the basic setup is shown in Fig. 1. The
outer, transparent parts are the vacuum chamber, and surrounding
it are the permanent magnets and soft-iron elements guiding the
magnetic field and shaping it around the trapping region. Inside the
vacuum chamber, the electron gun is shown on the left, the electron
collector on the right side, and the stack of drift tubes between them.
HCIs stored in the EBIT are ejected by pulsing down the trapping
potential applied to the drift tube on the collector side. Optical access
to the trapping region is provided by four slotted apertures in the
central drift tube (cut open in Fig. 1). From above, the target holder
with the sample on the surface is lowered into the central drift tube
very near to the trapping region (orange). Its position is adjusted
using a three-axis, step-motor controlled manipulator. For desorp-
tion, we use a pulsed, frequency-doubled Nd:YAG laser with a few
mJ pulse energy and 7 ns pulse duration at 532 nm pointed through
a vacuum viewport at the target using a piezoelectric-driven mirror
outside the vacuum. The spot diameter on the target is approxi-
mately 300–400 μm and was estimated by inspecting the target sur-
face with a scanning electron microscope after it was used. Attached
to the two remaining access ports to the trapping region (not visible
in Fig. 1) are an x-ray detector (Ketek AXAS-D Vitus H50) and a gas
injection setup.

For the identification of the produced ions and charge states
a diagnostic setup consisting of a quadrupole lens, a dipole magnet
and two detectors [microchannel plate (MCP) detector in Chevron
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FIG. 1. (a) Model of the HC-EBIT with the in-trap laser desorption setup. The most relevant parts of the EBIT are the electron gun on the left, the stack of drift tubes in the
center, and the electron collector on the right side. In order to show the arrangement for in-trap laser desorption, the central drift tube is cut open. Through a slit in the central
drift tube, the electrically insulated target holder is moved from above into the central drift tube near to the trapping region (the position of the ion cloud is shown in orange)
using a three-axis, step-motor controlled manipulator. The 532 nm pulsed laser beam (green) propagates along the vertical axis through the trapping region onto the target.
This particular arrangement of the trapping region, laser target, and laser beam is shown in (b). (c) Pictures of the laser targets used for the commissioning of the in-trap laser
desorption technique. The left one shows the “massive” target with a thin foil of stable holmium spot-welded onto the target holder surface (2 × 5 mm). The right side shows
a laser target with 1012 atoms of 165Ho prepared on the surface of a 1 mm thick titanium wire using the “Drop-on-Demand” ink-jet printing technique30 as it was used for the
presented measurements. The dried drop of the diluted solution is not visible by eye. A 1 cent coin is shown for size comparison.

configuration with a phosphor screen and a camera as well as a
Faraday cup (FC)] is attached to the HC-EBIT as shown in Fig. 2.
By detecting the ion signal on the MCP as a function of the field
of the dipole magnet while scanning this parameter, an isotopically
resolved charge-state spectrum of the produced species is obtained.
The gain setting of the MCP was reduced in order to only detect
HCI and suppress the background from ions in lower charge states.
Initially, a reference species has to be measured in order to calibrate
the dipole magnet, where in our case, xenon gas (natural isotopic
composition) is injected into the background gas of the HC-EBIT
using a gas dosing valve. In the obtained spectrum of natural xenon,
the overlap of xenon isotopes from adjacent charge states allows the
identification of the charge states and the calibration of the magnetic
field to a charge-to-mass ratio.

Different targets [cf. Fig. 1(c)] containing the stable isotope
165Ho were used for commissioning (natural holmium is monoiso-
topic). The target holder is manufactured from titanium and con-
sists of a wire (1 mm diameter) and a 2 × 5 mm2 titanium plate
welded to its end. Initial tests were performed with a thin holmium
foil which was spot-welded to the target holder giving a sample size
that is almost infinite for our purposes. These tests showed that the
operation of the HC-EBIT remains stable while a laser pulse is fired
onto the target very close to the trapping region in the EBIT and

that desorbed atoms or ions are subsequently trapped and ionized to
high charge states and remain trapped. The produced HCI of stable
holmium were extracted and the charge states identified using the
test setup (cf. Fig. 2) as described above.

FIG. 2. Overview of the test setup for the commissioning of the in-trap laser des-
orption technique. The right side of the figure schematically shows the main parts
of the HC-EBIT as described in Fig. 1 including the laser beam (green arrow) and
the target (black). Ions ejected from the HC-EBIT pass through the electron col-
lector and a quadrupole lens which is used for beam steering and focusing. The
dipole magnet separates the ion bunches according to their charge-to-mass ratio,
and the selected ion species is subsequently detected in the detector chamber
fitted with a microchannel plate (MCP) detector and a Faraday cup (FC).
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In the following, we used targets with a specific total number of
holmium atoms deposited on the surface. For sample preparation,
the “Drop-on-Demand” ink-jet printing technique30 is used where a
diluted standard solution of stable holmium is printed into one spot
of the target. Note that the printed drop has a volume of just 8 nl
and is visually not recognizable on the target surface [cf. Fig. 1(c)]. A
total uncertainty of 3% of the number of atoms in the sample results
from uncertainties of 2% in the drop volume, 2% in the solution con-
centration, and 1% due to aging of the solution, respectively. Since
a smaller target surface significantly facilitates the adjustment of the
laser spot onto the invisible sample, only the 1 mm diameter tita-
nium wire (flattened on one side using a lathe) was used for the
smallest samples. Titanium was chosen as the target holder mate-
rial since it is a comparably light element and titanium HCI reach
only lower charge states than the much heavier holmium HCI. This
leads to selective evaporative cooling of titanium HCI and favors the
accumulation of holmium HCI.31

For an efficient injection of atoms from the sample into the
EBIT’s trapping volume, the position of the target and the applied
bias voltage are crucial. Fine positioning of the target into its final
position is performed with the HC-EBIT in operation in order to
monitor any changes in its performance caused by the target as it
approaches the trapping region and the electron beam. At about
20 mm from the trapping region, the potential of the target is set
to the same potential as the central drift tube to avoid a deflection of
the electron beam and discharges when moving through the slot in
the central drift tube. From here on, the target position in relation
to the drift tubes is observed with a camera into the propagation
direction of the laser. With the target inside the central drift tube,
steps of about 100 μm are used to move it toward the electron beam.
Following each step, the count rate on the x-ray detector and its
spectrum are monitored to avoid moving the target into the elec-
tron beam which causes a considerable amount of bremsstrahlung.
As soon as the count rate increases, the target is moved back by
100 μm and the bias voltage applied to the target is adjusted for the
maximum extracted ion signal on the MCP. This ensures that the
HCI-trapping potential is not perturbed by the presence of the target
holder while reaching a minimum distance between the laser target
and the electron beam.

For the extraction of ion bunches, the HC-EBIT is operated
in cycles where the inventory of trapped HCI is extracted at reg-
ular intervals. In each cycle, the loading with a single laser pulse
and HCI breeding are followed by a pulsed lowering of the poten-
tial of the trap electrode closest to the collector. The time interval
when the trap is closed is referred to as the charge breeding time tbr
and the short time during which the drift tube is pulsed to a lower
potential as the ejection time tejec. For the measurements presented
in Sec. III, the HC-EBIT was operated with a cycle time of 1.001 s of
which the last tejec = 5 μs were reserved for the ion extraction. The
laser pulse was triggered 1 ms after the cycle starts, leaving about
tbr = 1 s for charge breeding of the injected atomic species.

For a new target, the lowest possible laser pulse energy set-
ting should be used for positioning the laser spot onto the region
where the species of interest is presumed to be on the target. This
pulse energy setting can be found by monitoring the x-ray spec-
trum while the laser pulse energy is increased until a characteristic
x-ray line of the injected species (shifted to higher energy since the
species is quickly ionized to high charge states) is observed. The laser

positioning procedure is monitored again using the camera and
thereby ensuring that the laser spot stays on the target surface
while adjusting its position. Once the laser spot is positioned, the
dipole magnet is tuned to a current setting which should guide HCI
of the injected species to the MCP. Typically, the first atoms are
removed from the target surface and injected into the trap when the
laser pulse energy reaches 1 mJ. Within a few trap cycles after the
laser is switched off, the injected species completely vanishes from
both, the x-ray spectrum and the MCP, resulting in an accurately
controllable injection leaving no contamination in the background
gas.

III. RESULTS

The setup presented in Fig. 2 was used to test the reliabil-
ity of the HC-EBIT with in-trap laser desorption and to identify
the HCI species in the extracted ion bunches by recording isotopi-
cally resolved charge-state spectra when scanning the magnetic field
of the dipole magnet. For each current setting, only HCI with a
specific charge-to-mass ratio can pass through the dipole magnet
and are detected by one of the detectors in the diagnostic chamber
located after the magnet. For each scan, a few thousand extracted
ion bunches were needed to obtain a full spectrum of the produced
charge states.

For the first test, a massive target made of solid natural
holmium foil (mainly 165Ho) was used. A measured spectrum of
165Ho charge states obtained with this target is shown in Fig. 3. The
blue curve was measured with laser desorption, while the orange
curve shows a background measurement without laser desorption
but with the target still positioned in the trapping region. As long
as holmium was injected into the EBIT, the spectrum was essen-
tially free of any background since the relatively heavy holmium
ions experience a deeper trapping potential than the lighter, lower

FIG. 3. Measured distribution of holmium charge states (blue) using a foil of
165Ho as laser target and background measurement (orange) without laser desorp-
tion. Dashed lines indicate the expected positions of holmium (red) and dashed-
dotted lines argon charge states (green). The blue spectrum exclusively shows
peaks which coincide with the expected positions of holmium charge states cen-
tered around 165Ho42+/43+. Otherwise, no background was observed and holmium
seems to be the sole species in the trap. In the measurement without laser des-
orption, we observed mainly argon in high charge states as well as light, fully
ionized rest gas atoms such as oxygen and nitrogen at a charge-to-mass ratio
around 0.5.
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charged ions from the residual gas. These evaporate more easily
from the trap and thereby cool the holmium HCI. This measurement
demonstrates the successful implementation of the in-trap laser des-
orption technique and also that the desorption process does not
perturb the HCI production or their trapping.

In order to find the practical limit in the sample size of this
injection technique, samples with a decreasing amount of stable
holmium (165Ho) were tested. For each new sample, a spectrum of
charge states was measured to verify the presence of holmium and
exclude possible contaminants that are easily possible for these sam-
ple sizes. The smallest sample size that could be reliably used so far
contained 1012 stable holmium atoms, corresponding to a quantity
of 300 pg. For each spectrum, we needed about 3500–5000 laser
shots, mainly depending on the time needed to optimize ion ejec-
tion (about 500–1500 laser shots) and the current range over which
the dipole magnet was scanned. A typical result for this sample size
is shown in Fig. 4. The spectrum was measured at a charge breeding
time of tbr = 1 s, an electron beam energy of 5.9 keV, and 45 mA elec-
tron beam current with laser pulses of up to 4 mJ. In comparison to
a continuously injected species, only a narrow distribution of charge
states was observed since the pulsed injection once per trap cycle lets
all ions experience the same charge breeding time, and therefore, no
ions in lower charge states were present. Moreover, with tbr = 1 s, the
presented charge state distribution had already reached its equilib-
rium, and a longer tbr would not have changed the distribution. With
an improved pumping system, recombination by charge-exchange
would be better suppressed narrowing the charge state distribution
even further.

With one sample, it was possible to measure the charge-state
distribution several times without observing a reduction in the
intensity of the ion spot on the MCP. In order to characterize the
“durability” of the targets, a measurement of the target lifetime was
performed using again the smallest reliably tested sample size of 1012

stable holmium atoms, although conceivably lower limits could be
achieved if needed for QEC-measurements.

FIG. 4. Charge state distribution of holmium HCI extracted from the HC-EBIT fol-
lowing injection by in-trap laser desorption from a target with 1012 atoms. About
8 charge states centered around 165Ho42+ were observed. The dashed lines mark
the charge-to-mass ratios where the holmium HCI were expected to appear after
the calibration of the dipole magnet.

Experimentally, we measured the target lifetime by tuning the
dipole magnet to the current setting for the most abundant charge
state 165Ho42+ (cf. Fig. 4). Before the lifetime measurement was
started, the number of ions per laser shot was measured using the
FC and a charge amplifier (Femto HQA-15M10T, Gain: 10 V/pC).
Then, we continued with firing laser pulses onto the target until the
holmium HCI in this charge state were not visible anymore, indicat-
ing the depletion of the target at the laser spot location. Finally, the
number of ions was again measured using the FC, and the lifetime
measurement with the MCP was cross calibrated against the two FC
measurements at the beginning and at the end of the lifetime mea-
surement. An exemplary dataset of such a measurement is shown in
Fig. 5 that was acquired following two measurements of the charge-
state distribution. It was obtained using 4 mJ laser pulses focused on
a single spot on the target surface. Increasing the pulse energy as well
as moving the laser spot can increase the ion yield again if the laser
spot is smaller than the sample area. Including the two measure-
ments of charge state spectra such as the one shown in Fig. 4 (8000
laser pulses) and the lifetime measurement (15 000 laser pulses) for
a total of 23 000 laser shots HCI of holmium in the charge state 42+
could be extracted from a target with 1012 atoms of 165Ho. By inte-
gration of the curve in Fig. 5, the total number of extracted HCI in
this charge state was estimated to be around 5 × 106 with about 10%
uncertainty resulting from the analysis of the MCP data. This num-
ber takes only the ion number during the lifetime measurement into
account and not the extracted ions during the measurements of the
charge state spectra.

The given numbers depend strongly on the EBIT settings, elec-
tron beam current, target position, laser spot position on the target,
and the beamline settings and are therefore not exactly reproducible,
i.e., the laser spot position might have to be reoptimized during ion
extraction. In addition, the exact location of the sample on the target
is not visible; therefore, it was not possible to verify that the laser spot
exactly coincided with the sample material on the target. Hence, the
given numbers are estimates for only one laser spot position and can
vary for different settings and positions. When the laser spot posi-
tion is changed, the number of ions that are detected can increase

FIG. 5. Measurement of the lifetime of a sample with 1012 atoms of 165Ho using
an MCP detecting only HCI in the charge state 42+ following a charge-to-mass
separation with the dipole magnet. The total number of extracted HCI was about
5 × 106 with 10% uncertainty.
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again. However, extracted ions are always observed once the laser
spot is on the sample and the spot position can be subsequently
optimized.

IV. DISCUSSION AND CONCLUSION

The presented experiments demonstrate injection, charge
breeding, and extraction of rare species HCI with a HC-EBIT by
means of in-trap laser desorption using extremely small samples
containing on the order of 1012 atoms. Compared to the previ-
ously used dedicated laser ion source producing singly charged ions
which are then injected into the EBIT for charge breeding,29 our
method improves the efficiency by several orders of magnitude since
desorbed neutral atoms are also captured in the EBIT and ion-
transport losses between laser-ion source and EBIT are eliminated
altogether. The results were reliably obtained with holmium sam-
ples of 1012 atoms which lasted for a reasonable number of laser
shots as required for high-precision mass-ratio measurements at the
PENTATRAP experiment. Our technique can be further used to
produce HCI of any other species, especially also of sufficiently long-
lived, medium heavy synthetic radionuclides and transuranium ele-
ments8 produced in nuclear reactors and only available in small
quantities. The thereby produced HCI can be extracted as in our
case, but it is also possible to perform spectroscopic measurements
on the HCI in the EBIT using either electron impact excitation
or external radiation sources, e.g., synchrotrons or x-ray lasers for
electronic excitation.27

In comparison with the wire probe method,32 the use of a laser
pulse triggering the trap loading allows a much better experimental
control and is better adapted to experiments requiring regular ion
extraction. To compare the performance of the two methods, one
has to consider that the spectroscopic measurements on uranium
isotopes with the wire probe method did not require the ejection of
HCI but ions accumulated for several minutes and have been stored
for several hours which reduces the consumption of sample mate-
rial. The smallest used sample of uranium consisted of about 1014

atoms of 233U. For spectroscopic measurements of this type, just one
single laser pulse is required to load the trap and the ions can then
be stored in the EBIT for a similarly long measurement time using
samples with two orders of magnitude fewer atoms. In principle, if
the intended experiments can be tuned and optimized using a more
abundant HCI of the same charge-to-mass ratio, then even smaller
sample sizes toward the 1010 atoms region are conceivable.

With the present technique, the range of rare isotopes that can
be made available for high-precision nuclear mass measurements
and spectroscopic experiments has been substantially expanded, and
the use of samples of picogram size has become a real possibility with
interesting consequences for nuclear as well as atomic physics and
other fundamental studies.
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ABSTRACT

In this paper, we report on the development of a fast high-voltage switch, which is based on two enhancement mode N-channel silicon carbide
metal–oxide–semiconductor field-effect transistors in push–pull configuration. The switch is capable of switching high voltages up to 600 V
on capacitive loads with rise and fall times on the order of 10 ns and pulse widths ≥20 ns. Using this switch, it was demonstrated that, from
the charge state distribution of bunches of highly charged ions ejected from an electron beam ion trap with a specific kinetic energy, single
charge states can be separated by fast switching of the high voltage applied to a Bradbury–Nielsen Gate with a resolving power of about 100.
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I. INTRODUCTION

Many experiments addressing fundamental physics require
highly charged ions (HCI) (see Refs.1–4, which are produced in ion
sources employing different ionization mechanisms, e.g., electron
impact ionization, such as in electron beam ion traps (EBITs).5 In
EBITs, the distribution of charge states is produced of which often
only a single charge state is experimentally required. In order to
separate the charge state of interest and remove the background
of unwanted species, different charge-to-mass ratio selective tech-
niques can be employed, such as Wien-type velocity filters, sector
magnets, or Time-of-Flight (ToF) separation.6 Here, resolving pow-
ers of 20–200 are achievable using a Wien-type velocity filter7

(depending on the aperture) and around 150 for the sector magnet.8
For the single-pass ToF separation reported here, a resolving power
of around 100 is possible.

In our specific setup, a compact, room-temperature EBIT9,10 is
used for the production of HCI, which are extracted and transported
to a Penning-trap setup for high-precision mass spectrometry.11 In
the Penning trap, only a single HCI is stored, requiring background

reduction and the selection of a single charge state. Upon extrac-
tion from the EBIT, a bunch of ions is accelerated by an electrostatic
potential. This results in slightly different velocities of the ions
depending on their charge state v ∼√q (assuming the same mass).
The ions in higher charge states propagate slightly faster through
the beamline than the ones in lower charge states and, therefore,
arrive earlier at the detector plane. Individual charge states can now
be selected by deflecting all other species, e.g., by applying a voltage
to some electrode and switching it to the ground only for the short
time window when the charge state of interest passes the electrode.
This concept is experimentally realized using a Bradbury–Nielsen
Gate (BNG)6,12–14 combined with a fast switching electronic circuit
in order to resolve individual charge states.

Fast and efficient switching of high voltages is commonly used
in power electronics nowadays, e.g., in power supplies and driving
electronics for electrically powered vehicles. Due to the increasing
number of required devices, different types of power Metal Oxide
Semiconductor Field-Effect Transistors (MOSFETs) with very fast
rise and fall times as well as low drain to source resistances are
developed and commercially available at the present time for these
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applications. In the context of this paper, two power MOSFETs
are used in order to build a fast switching electronic circuit con-
trolled using a 5 V TTL-logic signal. The application requires that
the duration of the high-voltage pulse can be as short as 20 ns and
that the time it takes to switch from one voltage to the other is on
a timescale of around 10 ns for voltages of up to 500 V. Similar
solid-state switches suitable for even significantly higher voltages
are commercially available today and are summarized in Table I.
Except for the two electrical modules for the switch from Berkeley
Nucleonics, these solid state switches do not fulfill all our require-
ments for switching, e.g., the minimum pulse width. Furthermore,
when switching high-voltage, the load (e.g., a capacitive load) and
the signal path from the switching device to the electrodes have to
be considered. For commercial devices, the connections are typi-
cally done using either BNC or SHV (secure high-voltage) connector
and the respective cables. Depending on the size of the device, these
have to be installed in a dedicated place, sometimes even with a ded-
icated power supply, which further increases the cable length and
can potentially lead to performance reduction due to the increased
capacitance. The switching circuit presented in this paper, specifi-
cally the printed circuit board that hosts the switching circuit, can
be easily adapted to the experimental requirements by the builder
and, in this way, generally reduces cable lengths and allows better
control of the signal paths’ impedance. Ultimately, it can be even
designed to be placed within the vacuum directly attached to the
relevant electrode.

In addition to the commercial devices listed above, there are
a number of publications of high-voltage solid-state switches with
similar performances but different designs optimized for the specific
application and not necessarily using the push–pull principle.18–23

This can be favorable, e.g., for use as Pockels cell drivers in
Q-switched lasers, where a very fast rise-time is relevant but the
pulse duration and the fall-time are not similarly important.24

In the following sections, the fast switching electronic circuit is
described (Sec. II) and measurements of the switching performance
are shown (Sec. III). Finally, the separation of individual charge
states is experimentally demonstrated, showing a resolving power of
the order of 100 (Sec. IV).

II. ELECTRONIC CIRCUIT

A schematic overview of the electronic circuit of the push–pull
switch is given in Fig. 1, showing the main electrical components.
The complete and detailed circuit can be found in the supplementary
material. The timing and pulse duration of the high-voltage pulse

are controlled with a 5 V TTL trigger input. The trigger logic is
designed such that as long as the trigger signal is high (low), the
higher (lower) voltage is active on the output. In this way, the
pulse length of the high-voltage output pulse is controlled by the
width of the trigger pulse ΔtTRIG. The trigger section consists of
the logic gates, a delay timing element, and the input side of the
optocouplers (dashed box in Fig. 1), which are all supplied from
a single DC/DC converter with the ground connected to the main
ground. Each of the two trigger signals then passes through an
optocoupler (Broadcom HCPL-072325), which insulates the trig-
ger logic part from the gate drivers and the MOSFETs. In order
to be able to switch voltages up to ±500 V with rise and fall
times in the few tens of nanosecond range, Silicon Carbide based
MOSFETs (SiC-MOSFETs) have shown the best performance in our
tests. More specifically, we used two N-channel enhancement mode
SiC-MOSFETs (Wolfspeed CREE C2M0280120D26), which were
chosen specifically for their fast rise and fall times of around 10 ns
and the approximately symmetric time constants. This type of MOS-
FET has shown the best performance for our purposes compared
to other MOSFETs from different manufacturers, which were tested
based on silicon, SiC, and gallium nitride (GaN). These MOSFETs
were found by searching specifically for high-voltage and fast rise
and fall times, which have roughly the same time constant. Each of
the MOSFETs had to be tested individually since the specifications
listed in the datasheets are usually measured in specific conditions
that do not necessarily reflect the ones that are used for the switch
operation, e.g., the load on the output as well as the used gate driver
are mostly different. Among the tested models were MOSFETs
from ST Microelectronics N.V., e.g., STP45N40DM2AG,27 Texas
Instruments Inc., e.g., LMG3410R150,28 and GaN Systems Inc.,
e.g., GS-065-004-1-L.29 Several more products from manufactur-
ers, such as Infineon Technologies AG, Microchip Technology Inc.
(SiC-type), and Navitas Semiconductor (GaN-type), were also con-
sidered. As newer MOSFET types with possibly faster characteris-
tics become available, the electronic circuit can be easily adapted
to use these together with an appropriate gate driver. The two
MOSFETs used in the circuit are each controlled by an individual
gate driver (Onsemi NCP81074A30), which charges and discharges
the MOSFET gate with rise and fall times as well of the order
of 10 ns.

The measured pulses from the gate drivers are shown in Fig. 2.
The switching sequence from one voltage to the other is visible
here: First, the MOSFET that is initially conducting (blue curve) is
switched off before the other one (orange curve) is switched to the
conducting mode. When switching back to the original voltage, the
reverse order is followed. Due to the high voltage that is switched,

TABLE I. Comparison of commercially available solid-state high-voltage switches.

Company Switch type
Rise/fall

times (ns)
Pulse

width (ns)
Voltage

rating (V)

Behlke power electronics GmbH HTS61-0515 5 50 6000
CGC Instruments NIM-AMX500-316 20 150 500
Berkeley Nucleonics Corp. Model 6040-310H17 15 25 800
Berkeley Nucleonics Corp. Model 6040-202H17 5 12 300
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FIG. 1. Schematic overview of the electronic circuit. The dashed box surrounds the logic gates that form the two trigger pulses for the gate drivers from a single input trigger
pulse. For the two logic gate combinations, a combined truth table is shown for the non-inverted case, i.e., when A is “high,” such that the output depends only on the trigger
input B. The input A can also be set to 0 V, which inverts the output of the trigger logic. The results given in the truth table correspond to the points “LOW” and “HIGH.”
Following the trigger logic, an optical insulator separates the floating grounds of the gate drivers from the trigger ground. In the final stage, the optically insulated trigger
signal reaches the gate drivers, which produce an 18 V signal in order to quickly charge the gate capacitance of the MOSFET. A 30 pF capacitive load is shown on the
output, which was used for laboratory testing of the switch and is comparable to the capacitive load of the BNG.

the voltage on the source pin of the MOSFET will quickly become
larger than the voltage on the gate in which case the MOSFET is no
longer conducting. In order to avoid that the MOSFET switches off,
the gate and the corresponding driver have to be floating together
with the source voltages of the MOSFETs, as indicated in Fig. 1 with
the wider connection lines. This is implemented by having a float-
ing ground and an insulated DC/DC-converter for each of the gate
drivers and the corresponding MOSFETs, which is insulated toward
the trigger logic part with the optocouplers and connected to the

FIG. 2. MOSFET gate pulses for Δt = 50 ns pulse width. For details, see text.

source on the MOSFET. For the connected high voltages, it is impor-
tant that the +HV is always more positive than the −HV. In turn,
this means that −HV does not necessarily have to be negative. In the
printed circuit board layout of the switch, the ground planes were
clearly separated to avoid any coupling from the floating grounds to
the main ground at high voltages. Furthermore, in order to achieve
fast rise and fall times, the connections between the MOSFETs and
the capacitive load should be designed with a surface as large as pos-
sible in order to maximize the conduction on the surface (skin effect)
and reduce parasitic inductance.

III. PUSH–PULL SWITCHING PERFORMANCE

Initial testing of the electrical circuit was done in a bench setup
using a similar capacitance as the BNG, which is of the order of
30 pF. The capacitor is connected between the output of the switch
and the main ground as shown in Fig. 1. This setup is not fully real-
istic since the BNG is not connected to the main ground with one
side but to a second switch. In order to measure the rise and fall
times (tr and tf, respectively) as well as the pulse width Δt of the
high-voltage pulse on the capacitive load, a fast high-voltage probe31

was used together with an oscilloscope32 for data acquisition and
measurement.

The output voltage of the switch obtained with the described
test setup is shown in Fig. 3. Rise and fall times (10% to 90%) and
the pulse width [full width at half maximum (FWHM)] measured
with the built-in measurement function of the oscilloscope for ten
averages are listed in Table II. The types of switch operations are
illustrated for which the switch is typically used in our laboratory,
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FIG. 3. Measured output voltage using the bench test setup with 30 pF capaci-
tance connected to the output. The rise and fall times as well as the measured
pulse widths are listed in Table II. Typical in our experiment4 is the operation of
switching a positive or a negative voltage to the ground (blue and orange curves);
see Sec. IV. Furthermore, switching a positive to a negative voltage or vice versa
(green and red curves) is interesting. For all curves the trigger point is at t = 0 ns.

TABLE II. Measured rise and fall times for different switch operations in ns for the
switching curves shown in Fig. 3. The measured pulse width ΔtFWHM is slightly larger
than the pulse width of the trigger pulse used for controlling the switch ΔtTRIG.

Switched voltage (V) tr tf ΔtFWHM ΔtTRIG

+300→ 0 9.4 11.2 23.2 20−300→ 0 9.2 11.0 28.6 20+300→ −300 12.4 13.8 26.4 20−300→ +300 11.6 14.0 28.0 20

that is switching a positive or negative voltage to ground potential
(blue and orange curves) or switching from a positive to a negative
voltage (green and red curves). Furthermore, it is possible to switch
from one voltage to another voltage of the same polarity, which is
not illustrated. Figure 3 shows the switch curves for the shortest pos-
sible pulse width of 20 ns. For longer pulse widths, the switching
curves become significantly more “rectangular”-shaped. Compared
to the commercial devices (see Table I), the rise and fall times as
well as the pulse widths are on a similar level if only the numbers
are compared. Especially, for the very fast models from Berkeley
Nucleonics Corp., a thorough comparison with a similar load and
in identical conditions would be interesting, since, as we have noted
before, the connections and cables that are used can also change the
performance.

IV. CHARGE-STATE SEPARATION OF HIGHLY
CHARGED IONS USING A BRADBURY–NIELSEN GATE

In our experimental setup,4 bunches of highly charged ions are
produced in an electron beam ion trap (EBIT)9,10 and are extracted
in bunches containing a distribution of charge states. The developed
switch is designed to supply the voltages for a BNG12 for the sepa-
ration of individual charge states. Upon extraction from the EBIT,
the ion bunch is accelerated by a voltage U = 4000 V and propa-
gates through several ion optical elements before passing through

the BNG and finally impinging on a microchannel plate detector
(MCP) in Chevron configuration. The final velocity of the ions, fol-
lowing an acceleration by a voltage U, differs slightly depending on
the charge state qion = n ⋅ e of the ions. Here, n is the number of miss-
ing electrons and e is the elementary charge. Thus, after propagating
a finite distance s, the ions arrive at the MCP detector at slightly
different times depending on their charge state

t(qion) =
¿ÁÁÀ s2m

2eUqion
. (1)

This assumes that only one ion species with mass m is present in
the EBIT. A ToF spectrum of the ejected ion bunch arriving on the
MCP detector is shown in Fig. 4(b) (solid curve), where a clear sig-
nal appears for each arriving charge state (from q = 37+ to 42+)
separated by about 70 ns from each other. In order to separate the
individual charge states, a BNG can be used in a similar way as in
multi-reflection ToF mass spectrometry.6,14 A BNG consists of two
sets of wires that are alternately arranged in parallel, as shown in
Fig. 4(c). The wires, made from 60 μm stainless steel wire, are indi-
vidually wound through the PEEK insulator material and have a
spacing of 0.5 mm. One set of wires is attached to the inner two
PEEK insulators, the second set to the outer ones, such that the wires
are alternately arranged in parallel without electrical contact. In
operation, one set of wires is set to a positive voltage while the other
is set to a negative voltage, which leads to a deflection of charged
particles passing through the plane of the wires [“BNG closed” in
Fig. 4(a)]. If there is no voltage applied, the ions can pass the BNG
without being deflected (“BNG open”). The general idea is to switch
between these two states and thereby only allow the charge state of
interest to pass the BNG, controlled by the precisely controlled tim-
ing of the switching process. In order to change the applied voltages
very fast, the switch presented in Sec. II is used. Each set of wires
is supplied from a separate switch, one switching from a positive
voltage to ground, the other one from a negative voltage. The con-
nection is done via a 4 mm copper rod vacuum feedthrough and
silvered multistrand wires on the vacuum side in order to maximize
the conducting surface. From the multistrand wire to the BNG wire,
a solid block of copper is used, which connects to all of the wires [see
Fig. 4(c)].

The lower part of Fig. 4(b) shows the ToF spectra for two differ-
ent time delay settings tdelay of the trigger pulse (50 ns pulse width)
controlling the switching circuit. This time delay is adjusted such
that the BNG wires are switched from ±500 V to ground potential
when the selected charge state arrives at the position of the BNG
wires, 1.5 m from the ejection point (around 3.5 μs following the
ejection). The ions finally arrive at the MCP detector plates following
another 75 cm of flight path after a total ToF of ∼5.4 μs. With this,
the capability of separating individual charge states following each
other in close succession in the ToF spectrum is demonstrated. The
two separated charge states arrive slightly delayed compared to the
reference ToF spectrum. Unlike the ideal model of a BNG, the real
BNG can have residual voltages on the wires and the fast switching of
the voltages on the BNG wires can cause accelerating or decelerating
electric fields when the ions are still close to the plane of the wires.
This additional deceleration causes the ions to arrive delayed on the
MCP detector and can be minimized by tuning the pulse length of
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FIG. 4. An overview of the experimental setup is shown in the upper part of (a). Following the ejection of HCI from an EBIT, the HCI with a kinetic energy of 4 keV/q
propagate through the beamline and eventually pass the BNG before reaching an MCP detector at the end of the beamline. The black, gray, and unfilled circles represent
ions with different charge states. In this illustration, the BNG is only open during the passage time of the ion charge state marked as black circles, leading to a deflection of
the ion charge states in gray and unfilled circles. In (b), a measured ToF spectrum of ions is shown where individual charge states of highly charged 163Dy ions are detected
on the MCP detector at different times following the ejection from the EBIT and can be observed as dips in the signal extracted from the anode behind the MCP detector
plates. The two lower curves in (b) show the ToF spectrum of two individual charge states for which the voltage of the BNG wires was set to ±500 V and only switched to
ground potential for a short period of 50 ns with two different time delay settings tdelay of the BNG trigger pulse. (c) A photograph of the BNG setup built in the experiment.
The square-shaped aperture with the wires is 25 × 25 mm2 in size. For details, see the text.

the high-voltage pulse on the BNG wires and the time delay of the
trigger pulse.

With the pulse width of ΔtFWHM = 50 ns and the ToF of about
tToF = 5 μs, we can estimate a resolving power of R = tToF

ΔtFWHM
≃ 100.

This is in the range where other charge-to-mass ratio selective
devices also operate, as mentioned in Sec. I. A sufficient separation is
already achieved at voltages around ±200 V applied to the wires. In
an upgraded version of our experimental setup, a set of slits is used
in order to cut away the deflected ions that still reach the MCP sur-
face at lower voltages. In our experimental setup, this fast switching
circuit in combination with the BNG allowed the clear separation of
individual charge states of HCI within a relatively short beamline of
just a few meters using only moderate deflection voltages.

V. CONCLUSION

In this paper, a fast high-voltage push–pull switch with switch-
ing times on the order of 10 ns and short pulse widths of 20 ns is
presented. Results of the switch being used as a high-voltage switch
for a BNG have been shown as well as the successful separation
of highly charged ions following a ToF separation. Due to its fast

switching times, the switch is also used in other experiments, e.g., for
fast switching of piezovalves or the electrode potentials on Penning
traps at SHIPTRAP.33

SUPPLEMENTARY MATERIAL

The detailed electrical circuit of the switch is available in the
supplementary material.
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using microcalorimetry within the ECHo and HOLMES collabora-
tions. An independently measured Q-value of this process is vital
for the assessment of systematic uncertainties in the neutrino mass
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Here, we report a direct, independent determination of this Q-
value by measuring the free-space cyclotron frequency ratio of highly
charged ions of 163Ho and 163Dy in the Penning trap experiment
Pentatrap. Combining this ratio with atomic physics calculations of
the electronic binding energies yields a Q-value of 2863.2(0.6) eV/c2 -
a more than 50-fold improvement over the state-of-the-art. This will
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Abstract
The investigation of the absolute scale of the effective neutrino mass remains
challenging due to the exclusively weak interaction of neutrinos with all known
particles in the standard model of particle physics. Currently, the most pre-
cise and least model-dependent upper limit on the electron antineutrino mass
is set by the KATRIN experiment from the analysis of the tritium β-decay.
Another promising approach is the electron capture in 163Ho, which is under
investigation using microcalorimetry within the ECHo and HOLMES collab-
orations. An independently measured Q-value of this process is vital for the
assessment of systematic uncertainties in the neutrino mass determination.
Here, we report a direct, independent determination of this Q-value by measur-
ing the free-space cyclotron frequency ratio of highly charged ions of 163Ho
and 163Dy in the Penning trap experiment PENTATRAP. Combining this ratio
with atomic physics calculations of the electronic binding energies yields a
Q-value of 2863.2(0.6) eV/c2 - a more than 50-fold improvement over
the state-of-the-art. This will enable the determination of the electron neutrino
mass on a sub-eV level from the analysis of the electron capture in 163Ho.

Keywords: Penning trap, neutrino physics, neutrino mass, high-precision mass
spectrometry, Q-value, nuclear decay, electron capture

1 The absolute scale of the neutrino mass
The observation of the neutrino flavor oscillations proves that neutrinos are massive
particles, establishing that the weak neutrino flavor eigenstates are a superposition
of three neutrino-mass eigenstates in contradiction to the Standard Model of parti-
cle physics [1, 2]. In oscillation experiments merely the differences of the squared
neutrino mass eigenvalues can be investigated, leaving the absolute scale of the neu-
trino mass an open question. Thus, the absolute scale of the neutrino mass remains
one of the most sought-after quantities in nuclear and particle physics, cosmology
and beyond Standard Model theories that could potentially explain the origin of the
neutrino rest mass [3–6].

Neutrinos are produced in weak nuclear decays; a model-independent measure-
ment of their rest mass can be performed in a kinematic study of the decay products,
where the neutrino itself is not directly detected. Relying on energy and momen-
tum conservation, this is currently the most model-independent approach for neutrino
mass determinations. Kinematic investigations constrain the effective rest mass of
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the electron neutrino or antineutrino m2
νe =

∑3
i=1|Uei|2m2

i , where Ufi are the ele-
ments of the Pontecorvo–Maki–Nakagawa–Sakata (PMNS) matrix, which describes
the superposition of mass eigenstates mi (i ∈ {1, 2, 3}) in the flavor eigenstates νf
(f ∈ {e, µ, τ}). The individual mass eigenstates are not resolved in these experiments
since the squared mass differences are well below current instrumental resolutions,
with the largest one being ∆m2

32 = (2.453± 0.033) · 10−3 eV2/c4 [7].
The most stringent constraint on the neutrino mass scale comes from the anal-

ysis of the matter distribution in the universe which results in a limit on the sum
of the neutrino masses of < 120meV/c2 [8] while the most stringent direct limit
of 0.8 eV/c2 (90 % C.L.) from a kinematic study of the tritium β-decay is set by the
KATRIN collaboration [9, 10].

Complementary to this approach, there are several experiments using calori-
metric techniques to investigate the neutrino rest mass directly. Historically, the
first calorimetric approaches were the MANU and MIBETA experiments inves-
tigating the 187Re β-decay yielding upper limits of 19 and 15 eV2/c2 (90%
C.L.), respectively[11]. Two current experiments, namely ECHo [12, 13] and
HOLMES [14, 15], investigate the electron-capture in 163Ho → 163Dy+ νe+Ecal,
with Ecal being the energy detected in a calorimeter. The current upper limit of the
electron neutrino rest mass is on a level of < 150 eV/c2 [13] and the ECHo and
HOLMES collaborations aim to achieve sensitivities well below < 1 eV/c2 [12].

Within the ECHo collaboration, metallic magnetic calorimeters are used for the
measurement of the energy of all emitted radiation except for the energy carried
away by the neutrino. This is obtained by implanting 163Ho ions directly into the
absorber material of the detector. The calorimetrically measured decay spectrum is
subsequently analyzed by fitting it to a theoretical spectral shape from which the Q-
value as well as the effective electron neutrino mass mνe can be determined. In order
to quantitatively investigate systematic effects in the interpretation of the calorimet-
rically measured spectra, that might arise due to the 163Ho ions being implanted into
a metallic material, this Q-value is best compared to one obtained from an indepen-
dent direct measurement. The required accuracy of ∼ 1 eV/c2 can currently only
be reached using high-precision Penning-trap mass spectrometry (PTMS). In PTMS,
the Q-value is addressed directly through a measurement of the mass difference of
the mother and daughter nuclides, 163Ho and 163Dy, respectively [12, 16], by mea-
suring the free cyclotron frequency ratio of the two species in a strong homogeneous
magnetic field B. Within a magnetic field, an ion with charge-to-mass ratio q/m is
forced onto a circular orbit where it revolves with the free-space cyclotron frequency
νc = 1

2π
q
mB. In a Penning trap, a superimposed weak quadrupolar electrostatic

potential confines the ion along the magnetic field lines and modifies the ion’s radial
motion: The free-space cyclotron motion splits into the magnetron motion with the
frequency ν− and the modified cyclotron motion with frequency ν+. In addition, the
quadrupolar electrostatic potential induces a harmonic oscillatory motion with fre-
quency νz along the magnetic field lines. From a measurement of all three motional
eigenfrequencies, the free-space cyclotron frequency can be reconstructed using the
invariance theorem ν2c = ν2+ + ν2z + ν2− [17]. From subsequent measurements
of the free-space cyclotron frequency the ratio Rq+ = νc(

163Dyq+)/νc(
163Hoq+)
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is determined, which finally allows the determination of the Q-value by including
atomic physics calculations of the binding energy difference ∆Eq+

B of the removed
electrons:

Q = mq+
Dy (Rq+ − 1) + ∆Eq+

B . (1)

∆Eq+
B is given by the difference in the sum of the binding energies of the n missing

electrons in the highly charged ions (HCIs) of both nuclides and mq+
Dy is the “refer-

ence” mass of the HCI of dysprosium. q = n ·e is the charge of the ions, with e being
the elementary charge and n the number of removed electrons (“charge state”). In
order to enhance the readability in formulas, sometimes q also denotes the number of
missing electrons n.

2 The Penning-trap experiment PENTATRAP

Experimental setup
The measurement of the free-space cyclotron frequency ratio R of the two HCIs
163Hoq+ and 163Dyq+ was carried out with the high-precision Penning-trap mass
spectrometer PENTATRAP located at the Max-Planck-Institute for Nuclear Physics in
Heidelberg, Germany [18, 19]. An overview of the apparatus is given in Figure 1.

HCIs of the synthetic radioisotope 163Ho, which was produced by neutron irradi-
ation of stable 162Er [21], and HCIs of the stable 163Dy are produced in a compact
room-temperature electron beam ion trap (EBIT) that is specifically designed and
constructed for the production of HCIs from samples available only in limited quan-
tities (TIP-EBIT) [20]. For the measurements reported here only 2 · 1015 atoms of
163Ho were used, with a typical sample containing about 1014 atoms of 163Ho. HCIs
of the two species are extracted with a kinetic energy of 4.4 keV/q from the EBIT
and transported through an electrostatic beamline towards the Penning traps. Individ-
ual charge states n = {38, 39, 40} are selected using a Bradbury-Nielsen Gate and
a fast switching electronic circuit [22, 23] located about 1.5m from the EBIT. Just
before reaching the mass spectrometer, the HCIs are decelerated to a few eV/q by
appropriately timed voltage pulses on two cylindrical drift tubes.

The mass spectrometer consists of a stack of five identical, cylindrical Penning
traps located in the cold bore of a 7T, actively shielded superconducting magnet [18,
24]. The voltages applied to the Penning-trap electrodes are supplied from an ultra-
stable voltage source [25]. The Penning traps as well as the detection system are
located inside a vacuum chamber immersed in liquid helium at a temperature of about
4K. Two (trap 2 and trap 3, cf. Fig. 2 (a)) of the five Penning traps are equipped with
a non-destructive image-current detection system [18, 26–28] and are used for the
measurement of the ions’ motional frequencies. Trap 1 and trap 4 serve as storage
traps while trap 1 is also used as a capture trap when a new set of ions is loaded into
the trap stack.

Environmental parameters affecting the magnetic field in the traps are stabilized
e.g. the temperature in the laboratory to 0.1K/day as well as the liquid helium level
and pressure of helium gas inside the cold bore of the magnet. In these conditions
the magnetic field exhibits a relative drift of a few 10−10 per hour [29]. Frequency
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Fig. 1 Rendered overview of the PENTATRAP experimental setup. The upper horizontal part of the beam-
line is located on the ground floor while the superconducting magnet is located in a dedicated laboratory
in the basement. The TIP-EBIT is an electron beam ion trap specifically designed for very small samples
sizes [20]. Follwing the TIP-EBIT in the horizontal beamline, a Bradbury-Nielsen gate is used to separate
a single charge state. HCIs produced in the TIP-EBIT are guided through the electrostatic beamline to the
stack of five identical Penning traps in the superconducting magnet. For capturing the HCIs in the Penning
traps deceleration electrodes with appropriately timed voltage pulses are used. A more detailed view of the
Penning trap stack is shown on the right.

measurements are performed overnight and on weekends when external perturbations
are minimal.

The measurement starts with loading a set of three ions, in the order 163Dy, 163Ho
and 163Dy into traps 2, 3, and 4, respectively (cf. Fig. 2 (a)). The motional frequencies
of the HCIs in traps 2 and 3 are measured simultaneously, starting with the ions in
position 1. Subsequently, the ions are shuttled to position 2, which effectively swaps
the ion species in traps 2 and 3 (cf. Fig. 2 (a)) and the measurement is repeated.
The resulting data structure is shown in Fig. 2 (b) where the free-space cyclotron
frequency νc is plotted as a function of the measurement time. Alternating datapoints
for 163Dy and 163Ho result from the swapping of the ion species in traps 2 and 3.
More details on the ion preparation and the measurement sequence is given in the
Methods Section 7.
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Position 1 Position 2

T
ra

p
 1

Fig. 2 Overview of the measurement procedure and resulting data structure. Error bars correspond to the
1σ statistical uncertainty which is propagated by Gaussian uncertainty propagation. (a) Rendering of the
stack of five identical, cylindrical Penning traps of the PENTATRAP experiment. Traps 2 and 3, with labels
marked in red, are used as measurement traps and are equipped with a detection system. Shuttling the ions
from Position 1 into Position 2 effectively swaps the ion species in traps 2 and 3 resulting in the alternating
data structure as shown in panel (b). The traps 1 and 4 are used as storage traps while trap 5 is not used in
this measurement. (b) Exemplary dataset of the measured free cyclotron frequencies νc of 163Ho (orange)
and 163Dy (blue) in the traps 2 (upper panel) and 3 (lower panel) for one measurement run in charge state
q = 38 · e. For trap 2 and 3 frequency offsets of 25081589 Hz and 25081620 Hz were subtracted. The
linear drift of the free cyclotron frequency which can be attributed to the slow decay of the magnetic field of
the superconducting magnet due to the flux creep effect [30, 31]. Please note that the vertical axis is broken
for illustrative purposes while there are no left and right sub-panels. (c) Ratios Ri of the free cyclotron
frequencies νc of 163Dy and 163Ho in traps 2 (filled circles) and 3 (empty circles) determined from the
full dataset of two runs for the charge state n = 38. The data of each run is shown in a dedicated sub-panel
where the ratios from (b) are shown in the left sub-panel. The horizontal black line indicates the weighted
average of all measured ratios for this charge state with the light red band marking the 1σ uncertainty band.

Data analysis
In order to extract frequency ratios R from the free-space cyclotron frequencies νc,
the magnetic field behavior has to be interpolated in-between the individual fre-
quency measurement datapoints from one species to the time when the other species’
frequencies were measured.

Fig. 2 (b) shows exemplary the free cyclotron frequencies from one measurement
run performed on ions with the charge state q = 38 · e. The linear slope of the data
points can be attributed to the slow decay of the magnetic field of the superconducting
magnet due to the flux creep effect [30, 31] and is on the order of a few 10−10 per
hour relative to the absolute magnetic field of ∼ 7T.

In the data analysis, the frequency of 163Dy is linearly interpolated between two
datapoints to the time where 163Ho was measured. From this interpolated datapoint
the ratio R is determined as illustrated in Figure 3 (a). This procedure is followed
for the full dataset. Residual non-linear behavior of the cyclotron frequency drift,
originating from physical effects that alter the temperature and position of magnetic
materials that surround the Penning traps and change the magnetic field within the
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Fig. 3 Detailed plot of the first few datapoints of the cyclotron frequency νc from Figure 2 (b) in order to
illustrate the data analysis procedure. From the frequency values an offset of 25081589 Hz is subtracted.
For details on the analysis procedure see main text. Error bars correspond to the 1σ statistical uncertainty
which is propagated by Gaussian uncertainty propagation. (a) Linear interpolation between two 163Dy
datapoints to the time at which 163Ho was measured for the determination of the free-space cyclotron
frequency ratio R. Please note that the vertical axis was broken for illustration purposes. (b) Exemplary
estimation of the non-linearity by interpolation of the data onto itself. Here we linearly interpolate between
the first and third datapoint and determine the difference between the measured datapoint in between and
the interpolated one. The sum of these “residuals” divided by the number of residuals in the full dataset is
taken into account as an additional uncertainty on the ratio.

traps is taken into account in the uncertainty of the interpolated R. For this, the fre-
quency data points are interpolated back to themselves (see Figure 3 (b)), and the
sum of the residuals divided by the number of residuals is included as an additional
uncertainty in the ratio. The resulting ratios Ri = νc,i(

163Dy38+)/νc,i(
163Ho38+)

for the two measurement runs are shown in Fig. 2 (c) for both traps. The ratios for the
individual traps are consistent, therefore the final ratio is calculated as the weighted
average and shown as a red line including the 1σ uncertainty band. For the calcula-
tion of the uncertainty of the final ratio, the inner error σ2

int and the outer error σ2
ext

are calculated and the larger of the two is used as the final uncertainty [32, 33]:

σ2
int =

1∑
i

1
σ2
i

(2)

σ2
ext =

∑
i

1
σ2
i
(Ri − R̃)2

(N − 1)
∑

i
1
σ2
i

. (3)

Here, Ri and σi are individual cyclotron frequency ratios and their corresponding 1σ
uncertainty, R̃ is the weighted average and N is the total number of ratios.

The total systematic uncertainty (e.g. field anharmonicities and inhomogeneity,
image charge shift and relativistic shift) is strongly suppressed due to the fact that
163Ho and 163Dy in the same charge state form a unique mass doublet with a suffi-
ciently small mass difference of about 2.8 keV. With a difference in mass-to-charge
ratio of only about 10−8 the same trapping potential is used for both 163Ho and
163Dy and the magnetron and axial frequencies are sufficiently equal. Thus, all sys-
tematic uncertainties in the free-space cyclotron frequency measurement cancel out
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to a large extent in the determination of the frequency ratio R and are smaller than
10−12. Extended Data Table 3 summarizes the considered systematic shifts. An addi-
tional systematic uncertainty can arise from the fact that HCIs might have long-lived
low-energy atomic metastable states, as observed in previous measurements [34].
This is undesirable since it will shift the determined Q-value by the energy of the
metastable state. In Section 4 we compare the Q-values resulting from the measure-
ments of three different charge states which allows us to exclude potential shifts of
the Q-value due to long-lived electronic metastable states that would influence each
charge state differently. The final ratios of free cyclotron frequencies of the ions in
the different charge states are summarized in Table 2.

3 Calculation of binding energy differences
Theoretical calculations provide the binding energies of the electrons removed from
the neutral Ho and Dy atoms. The Dy and Ho atoms are in the [Xe]4f106s2 5I8 and
[Xe]4f116s2 4I15/2 electronic states, respectively. For a better control of system-
atic effects, several HCI of Dy and Ho were considered in the experiment, namely,
Dy38+,39+,40+, with the ground states [Ar]3d10,9,8, respectively, and Ho38+,39+,40+

with [Ar]3d104s, [Ar]3d10, and [Ar]3d9, respectively.

Configuration interaction method
In a first set of calculations, the binding energies are calculated in Quanty [35–37]
using the configuration interaction (CI) method. The starting point is a fully relativis-
tic density functional theory (DFT) calculation with the full-potential local-orbital
minimum-basis code FPLO [38–40]. The DFT calculation determines the ground-
state density of the ion around which a CI expansion is made. The corresponding
Kohn-Sham orbitals are used as single particle basis to construct the Slater determi-
nants that span a configuration space. The Hamiltonian comprises Coulomb and static
Breit interaction between the electrons as well as their relativistic kinetic energies
and potential energies due to Coulomb attraction of the ion’s nucleus. Diagonaliza-
tion of this Hamiltonian on a given configuration space using the Lánczos algorithm
determines the ground-state energy of an ion.

At first, only the space of the ground state configuration is considered. Sub-
sequently the configuration space is iteratively expanded to include single, double
and triple excitations of electrons into orbitals with higher principal quantum num-
bers. Details of these calculations are given in the Methods section. We arrive to the
calculated binding energy differences given in Table 1.

Multiconfiguration Dirac-Hartree-Fock method
In the second set of calculations, we use the multiconfiguration Dirac-Hartree-
Fock method (MCDHF) [41] and its combination with Brillouin-Wigner many-body
perturbation theory [42, 43].

In the MCDHF method, the atomic state function is modeled as a superposition
of configuration state functions (CSFs) with fixed angular momentum, magnetic and
parity quantum numbers. The CSFs are built as Slater determinants of Dirac orbitals
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in the jj coupling scheme. Using the parallel GRASP2018 codes [43], we expand the
space of virtual orbitals used for the construction of CSFs by single and double elec-
tron exchanges in a systematic manner. The convergence of the energies with respect
to the maximal principal quantum number of virtual orbitals is monitored, and the
spread of values resulting from different correlation models is used as a measure of
the leading contribution (90%) of the theoretical uncertainties. In case of the HCI, the
set of CSFs is generated with exchanges including all occupied orbitals from 1s on,
and with virtual orbitals up to typically 10h. Virtual orbitals are optimized in a layer-
by-layer fashion [43, 44]. Effects of the Breit interaction, recoil, and approximate
quantum electrodynamic corrections are accounted for by the configuration interac-
tion method using orbitals from the MCDHF procedure [43]. More details are given
in the Methods. We obtain the theoretical values of the binding energy differences
listed in Table 1.

In a third set of calculations, we use the Multiconfiguration Dirac-Fock General-
Matrix-Elements (MCDFGME) code[45], to check the previous results. The calcula-
tion is performed in the optimized level mode, where all correlation orbitals are fully
relaxed instead of the layer by layer method. Convergence is much more difficult
in this case and limits the number of extra orbitals that can be added in the evalu-
ation of correlation. In this calculation, the magnetic and retardation interaction at
the Breit level are included in the Dirac-Fock equations on the same footing as the
Coulomb interaction, meaning that the Breit interaction is included to all orders in
the correlation energy [46]. The Uehling potential is also evaluated to all orders [47].
Finally, self-energy screening is calculated using both the Welton method [48] and
the model operator method [49]. For the HCIs, energies obtained by exciting occu-
pied orbitals from 3s or 3d to open shells (4f , 6p, 5d, 7s, 7p and 5g) were compared.
For neutrals, values obtained by exciting the core from 3d and 4s were compared.
Calculations included only single and double excitations, as triple excitations lead
to unmanageably large numbers of magnetic and retardation integrals. All possi-
ble single excitations were included, even those obeying Brillouin’s theorem [45].
The results are given in Table 1 and are in good agreement with the GRASP2018
evaluation. Both sets of values are in agreement with the uncorrelated values [50],
confirming the good compensation of correlation between the two ions.

Final values for the binding energy difference
The final binding energy ∆Eq+

B for each charge state q is calculated as the weighted
average of the values from the CI and MCDHF calculations (cf. Table 1). The uncer-
tainty is determined by comparing the inner and outer errors and using the larger one
as final uncertainty on ∆Eq+

B . For the charge states q = {39, 40} · e, the larger of the
two uncertainties is averaged with the uncertainty assuming correlations between the
CI and MCDHF methods, i.e. with the uncertainty of 0.8 eV of the MCDHF method.
The resulting ∆Eq+

B are consistent with the MCDFGME calculations described
above as well as with the calculations recently published in [51].
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q/e ∆EB,CI ∆EB,MCDHF ∆EB,MCDFGME ∆Eq+
B

38 38.8± 1.0 36.5± 0.8 38.1± 1.5 37.4± 1.4
39 1148.2± 1.0 1146.7± 0.8 1148.1± 1.5 1147.3± 0.7
40 1116.6± 1.0 1115.1± 0.8 1116.4± 1.5 1115.7± 0.7

Table 1 Summary of the electronic binding energy differences for the three charge states (first column)
in electron volts (eV) from the three theory calculations: Configuration interaction (CI) method (second
column), the Multiconfiguration Dirac-Hartree-Fock (MCDHF) method (third column) and the
Multiconfiguration Dirac-Fock General-Matrix-Elements (MCDFGME) method (fourth column). The
given uncertainties correspond to the 1σ uncertainty. In the last column the final ∆EB for the
determination of the Q-value are given which were calculated as the weighted average of the CI and
MCDHF methods. For details on the calculation of the uncertainties see main text.

4 Q-value determination
The Q-value of the electron capture in 163Ho is determined from the measured ratio
of the free cyclotron frequencies R (see Section 2) and the theoretically calculated
binding energy differences ∆Eq+

B (see Section 3 and Table 1) for each charge state
q = {38, 39, 40} · e according to Equation 1. The (reference) mass mq+

Dy of 163Dyq+

is calculated starting from the mass of atomic 163Dy, mDy [52], and subtracting the
masses of the n missing electrons [53, 54] and their binding energies [55]. Table 2
lists the ratios R for the three measured charge states as well as the 1σ uncertainty
δR which is computed using standard Gaussian uncertainty propagation.

Using Equation (1) and the binding energy differences, the final Q-values are
calculated for the three charge states and are summarized in Table 2.

q/e R δR ∆Eq+
B (eV) Q (eV/c2)

38 1.000000018623 3.0E-12 37.4± 1.4 2863.4± 1.5
39 1.000000011307 4.1E-12 1147.3± 0.7 2863.2± 0.9
40 1.000000011516 3.5E-12 1115.7± 0.7 2863.2± 0.9

Table 2 Summary of the main results for the three charge states (column one): Weighted averages of the
ratios (second column) and their uncertainty (third column), the weighted averages of the binding energy
differences (fourth column, c.f. Table 1) and the calculated Q-values (fifth column) for the three
measured charge states. Uncertainties correspond to the 1σ statistical uncertainty. For details on the
calculation of the uncertainties see main text.

The resulting Q-values for the different charge states agree within their 1σ uncer-
tainties. Resulting from the very good agreement, systematic deviations from either
the free cyclotron ratio measurement or from the calculation of the binding energy
difference can be excluded to a large extent. Furthermore, also the influence of
unknown metastable electronic states can be largely ruled out since it is very unlikely
that an electronic metastable state has exactly the same excitation energy in all three
of the measured charge states.

The final Q-value is calculated as the weighted average of the Q-values obtained
for the three charge states resulting in:

Q = 2863.2(0.6) eV/c2. (4)
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This value is in 1σ agreement with the previously measured value at SHIPTRAP
of 2833(34)eV/c2 [56] but 50 times more precise. In Figure 4 the most recent mea-
surements of the Q-value of 163Ho from cryogenic microcalorimetry, PTMS and the
Atomic Mass Evaluation (AME) 2020 are shown. The value from the AME 2020 is an
average from three different microcalorimetric measurements. Our value is slightly
higher than the current AME adjustment and agrees within 1.2σ.
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Fig. 4 Comparison of the most recent measurements of the 163Ho EC Q-value from PTMS (SHIP-
TRAP [56] and “this work”), microcalorimetry (ECHo 2017 [57] and ECHo 2019 [13]) and the most recent
AME adjustment 2020 [52].

The 163HoQEC-value was obtained by combining a high-precision measurement
of the free-space cyclotron frequency of HCIs of the mother and daughter nuclide
in a Penning trap and precise atomic physics calculations of the electronic binding
energies of the missing electrons. Experiments investigating the electron neutrino
mass by microcalorimetric measurements of the decay spectrum of 163Ho such as
those of the ECHo and HOLMES collaborations are now provided with an indepen-
dently measured Q-value with an unprecedented precision of 0.6 eV, which allows
the assessment of systematic uncertainties in the neutrino mass determination using
cryogenic microcalorimetry on a level of < 1 eV.
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[6] de Gouvêa, A.: Neutrino mass models. Annual Review of Nuclear and Particle
Science 66(1), 197–217 (2016) https://doi.org/10.1146/annurev-nucl-102115-
044600. https://doi.org/10.1146/annurev-nucl-102115-044600

[7] Workman, R.L., Others: Review of Particle Physics. PTEP 2022, 083–01
(2022). https://doi.org/10.1093/ptep/ptac097

[8] Planck Collaboration, Aghanim, N., Akrami, Y., Ashdown, M., Aumont, J.,
Baccigalupi, C., Ballardini, M., Banday, A. J., Barreiro, R. B., Bartolo, N.,
Basak, S., Battye, R., Benabed, K., Bernard, J.-P., Bersanelli, M., Bielewicz,
P., Bock, J. J., Bond, J. R., Borrill, J., Bouchet, F. R., Boulanger, F., Bucher,
M., Burigana, C., Butler, R. C., Calabrese, E., Cardoso, J.-F., Carron, J., Challi-
nor, A., Chiang, H. C., Chluba, J., Colombo, L. P. L., Combet, C., Contreras,
D., Crill, B. P., Cuttaia, F., de Bernardis, P., de Zotti, G., Delabrouille, J.,
Delouis, J.-M., Di Valentino, E., Diego, J. M., Doré, O., Douspis, M., Ducout,
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M., Klein, M., Köhler, C., Köllenberger, L., Kopmann, A., Korzeczek, M.,
Kovalı́k, A., Krasch, B., Krause, H., Kunka, N., Lasserre, T., Le, T.L., Lebeda,
O., Lehnert, B., Lokhov, A., Machatschek, M., Malcherek, E., Mark, M.,
Marsteller, A., Martin, E.L., Melzer, C., Menshikov, A., Mertens, S., Mostafa,
J., Müller, K., Neumann, H., Niemes, S., Oelpmann, P., Parno, D.S., Poon,
A.W.P., Poyato, J.M.L., Priester, F., Ramachandran, S., Robertson, R.G.H.,
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R., Saenz, A., Schäfer, P., Schaller née Pollithy, A., Schimpf, L., Schlösser,
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S., Goncharov, M., Novikov, Y.N., Roux, C., Sturm, S., Ulmer, S., Blaum, K.:
Pentatrap: a novel cryogenic multi-penning-trap experiment for high-precision
mass measurements on highly charged ions. Applied Physics B 107(4), 983–
996 (2012). https://doi.org/10.1007/s00340-011-4823-6

[19] Filianin, P., Lyu, C., Door, M., Blaum, K., Huang, W.J., Haverkort, M., Indel-
icato, P., Keitel, C.H., Kromer, K., Lange, D., Novikov, Y.N., Rischka, A.,
Schüssler, R.X., Schweiger, C., Sturm, S., Ulmer, S., Harman, Z., Eliseev, S.:
Direct q-value determination of the β− decay of 187Re. Phys. Rev. Lett. 127,
072502 (2021). https://doi.org/10.1103/PhysRevLett.127.072502

[20] Schweiger, C., König, C.M., Crespo López-Urrutia, J.R., Door, M., Dorrer, H.,
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schläger, F., Novikov, Y.N., Rischka, A., Schüssler, R.X., Schweikhard, L.,
Türler, A.: Direct measurement of the mass difference of 163Ho and 163Dy
solves the q-value puzzle for the neutrino mass determination. Phys. Rev. Lett.
115, 062501 (2015). https://doi.org/10.1103/PhysRevLett.115.062501

[57] Ranitzsch, P.C.-O., Hassel, C., Wegner, M., Hengstler, D., Kempf, S., Fleis-
chmann, A., Enss, C., Gastaldo, L., Herlert, A., Johnston, K.: Characterization
of the 163Ho electron capture spectrum: A step towards the electron neutrino
mass determination. Phys. Rev. Lett. 119, 122501 (2017). https://doi.org/10.
1103/PhysRevLett.119.122501

[58] Cornell, E.A., Weisskoff, R.M., Boyce, K.R., Pritchard, D.E.: Mode coupling
in a penning trap: π pulses and a classical avoided crossing. Phys. Rev. A 41,
312–315 (1990). https://doi.org/10.1103/PhysRevA.41.312
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[63] Ketter, J., Eronen, T., Höcker, M., Streubel, S., Blaum, K.: First-order perturba-
tive calculation of the frequency-shifts caused by static cylindrically-symmetric
electric and magnetic imperfections of a penning trap. International Journal of
Mass Spectrometry 358, 1–16 (2014). https://doi.org/10.1016/j.ijms.2013.10.
005

[64] Schuh, M., Heiße, F., Eronen, T., Ketter, J., Köhler-Langes, F., Rau, S., Segal,
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7 Methods
Measurement preparation and sequence
The measurement preparation starts with loading a set of three ions, in the order
163Dy, 163Ho and 163Dy into traps 2, 3, and 4, respectively (cf. Fig. 2 (a)). Each
HCI is first loaded into trap 2 where its motional amplitudes are reduced by resistive
cooling [17, 58]. Great care is taken to ensure that only a single HCI is captured in
a trap and cooled. For this also the “magnetron cleaning” technique is applied [59].
After being prepared in this way, the ion is moved to one of the following traps and
stored until the set of ions for a measurement is complete.

In both measurement traps (traps 2 and 3), the motional frequencies of the
HCIs are measured using the single-dip, double-dip and Pulse-and-Phase (PnP)
techniques [58, 60]. The magnetron frequency is small compared to the other two
motional frequencies and depends only very weakly on the ion’s mass and is therefore
measured only once a day using the double-dip technique prior to the main measure-
ment sequence. Thus, the main measurement sequence reduces to a measurement of
the modified cyclotron frequency (PnP technique) and the axial frequency (double-
dip technique) which are performed simultaneously in traps 2 and 3. Compared to
a single-trap measurement, this effectively doubles the statistics and furthermore
allows different analysis methods to be employed as well as systematic checks by
comparing the results obtained in both traps.

In the PnP cycle, the starting phase of the cyclotron motion is set by exciting
it using a dipolar pulse with the frequency determined with the double-dip method
during the preparation. The modified cyclotron motion then evolves freely during
the phase evolution time Tevol (about 40 s) while the axial frequency is determined
using a dip measurement [19, 29, 61]. Following the phase evolution time, the phase
information that accumulated in the modified cyclotron motion is coupled to the axial
motion using a π-pulse on the sideband frequency and the final phase is measured
with the image current detection system [60]. This is done in traps 2 and 3, starting
with the ions in position 1. Subsequently, the ions are shuttled to position 2, which
effectively swaps the ion species in traps 2 and 3 and the measurement is repeated
(cf. Fig. 2 (a)). This sequence is repeated 24 times in one main measurement loop and
can be continued in principle infinitely long. Typically, the measurement is stopped
due to either external magnetic field perturbations or charge exchange of the HCIs.
Lifetimes of the HCIs until a charge exchange process happens are up to 36 hours.
Reloading ions is beneficial since it allows one to compare different sets of ions
and therefore also systematic checks for contaminant ions that might be present in
the Penning traps during the measurement or for possible metastable electronically
excited states in the HCIs [34].
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Convergence studies with the Configuration Interaction and Multiconfiguration
Dirac-Dock methods
In the configuration interaction calculations with the Quanty code, we iteratively
expanded the configuration space with single, double and triple excitations into
single-electron states with higher principal quantum numbers. Explicitly for the ions
this implies iterative inclusion of excitations into orbitals with n = 4, 5, 6, 7, 8 and
for the neutral atom n = 5, 6.

The evolution of ground-state energy with expanding configuration space is mon-
itored and shows to good approximation a 1/n behaviour which allows extrapolation
of the ground-state energy to estimate its uncertainty due to a truncated configuration
space. Considering further uncertainties due to numerical accuracy, choice of single
particle basis sets and triple excitations, we arrive at a total uncertainty of 1 eV for
the estimation of the differences in binding energies of Hoq+ and Dyq+.

As consistency check, for every step where the configuration space is increased
the binding energy difference between Hoq+ and Dyq+ is calculated. It shows
an approximate 1/n2 behavior, which again allows for extrapolation. Within our
uncertainties we obtain the same results as in Table 1 in the article.

In case of the Multiconfiguration Dirac-Fock calculations with the GRASP2018
package, as described in the article, we have found that for neutral atoms, the inclu-
sion of all spectroscopic orbitals into the active space would lead to several tens
of millions of CSFs and is currently not tractable. For these systems, we include
exchanges from the 3s orbital up to typically 8h. To bridge the different models used
for the neutrals and the HCIs, we also study the intermediate Pd-like HCIs Dy20+

and Ho21+, with excitations from the 2s orbital to typically 10h. We observe that cor-
relation terms largely cancel in energy differences such as [E(Ho) − E(Ho21+)] −
[E(Dy)−E(Dy20+)] and [E(Ho21+)−E(Ho40+)]− [E(Dy20+)−E(Dy40+)] due
to structural similarities of nearby charge states. These differences converge more
quickly when extending the set of virtual orbitals than the individual energies E(Ho)
and E(Dy) of the neutrals. We note that such an inclusion of an intermediate system
is useful because of the high charge states 38+, 39+ and 40+ in the experiment, and
allows reducing uncertainties.

8 Extended Data

Systematic shift Magnitude

Relativistic shift δR < 10−12 [62]
Field anharmonicities/imperfections δR < 10−13 [24, 63]
Image charge shift δR < 10−13 [24, 64]
Dip lineshape δR < 10−13

C1B1 Effect cancels in the ratio.
C1C3 Effect cancels in the ratio.

Table 3 Overview of the considered systematic shifts in the determination of the frequency ratio. The
relativistic shift was estimated assuming conservatively that both radii agree within 1%.



4
D I S C U S S I O N A N D O U T L O O K

The publications presented in Sections 3.1 and 3.2 summarize the
developments on the HCI source of the Pentatrap mass spectrometer
aiming at the main motivation of a measurement of the Q-value of
163Ho. The successful measurement of this Q-value is reported in
the third publication in Section 3.3. In this chapter I will discuss the
main results of this work also in the context of present and future
measurements.

development of an hci source for pentatrap The reported
developments on the HCI source expand the envelope of isotopes avail-
able for high-precision mass measurements at the Pentatrap experi-
ment and facilitate or allow the use of isotopes that are available only
in small amounts. While the main motivation for this development
was initially the Q-value of 163Ho the technique is in general beneficial
in the following cases:

• Isotopes that are in general available only in limited quantities,
e.g. because they have to be produced artificially in radioactive
ion beam facilities (e.g. ISOLDE at CERN) or by neutron irradia-
tion (as is the case in 163Ho) and where the separation process
of the rare isotope is complex.

• Isotopes that have a long enough lifetime for a transport to the
Pentatrap mass spectrometer and a subsequent measurement
but where the lifetime is still short such that larger samples
would be difficult to handle due to the high activity and possibly
elevated legal restrictions on the handling (e.g. for a Q-value
measurement of 7Be).

• Isotopes where small amounts of isotopically enriched material
(in the µg-regime as e.g. 163Dy used in this work) are commer-
cially available. This facilitates a measurement e.g. when several
stable isotopes exist but the abundance of the required one is
only in the percent or sub-percent range (e.g. calcium or ytter-
bium isotopic chains of stable isotopes recently measured at
Pentatrap). These samples can now be prepared using the PLA

target preparation outlined in Section 2.1.

The great advantage of the described technique is, that the isotope of
interest does not have to be introduced into the background vacuum
in gaseous form as it was previously the case [54, 105]. In future
measurements, this technique is planned to be used for the measure-
ment of the mass difference of 35Cl and 36Cl for a direct test of the

69
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theory of special relativity [69] and it was recently used in a mea-
surement of the mass of 238U [81]. Due to the simplicity of the target
preparation and system operation the injection system is also used
as the state-of-the-art technique for bulk material samples such as for
208Pb [80].

Initially, an EBIT was constructed using the “wire probe” injection
technique [48] which was not able to produce any detectable amount
of HCIs of the stable holmium isotope 165Ho. Following these initial
experiments, the in-trap laser desorption technique was developed
where a single, few nanoseconds long laser pulse of about 1 mJ pulse
energy is used to desorb atoms from a sample holder very close (tens
of micrometers distance) to the electron beam and the trapping region
inside the EBIT. The desorbed atoms are released directly into the
electron beam in the EBIT, resulting in a high efficiency compared
to the typically used injection techniques for EBITs where a gas or
volatile organic compounds [18] are introduced into the background
vacuum of the EBIT. Within the scope of this thesis it was demonstrated
that HCIs can be produced reliably and efficiently from samples as
small as 1012 atoms of 165Ho (for the development of this technique
the stable isotope of holmium was used), which corresponds to only
∼ 300 pg [111].

In EBITs a distribution of charge states is produced as the process
of electron impact ionization is countered by different recombination
processes. For high precision mass measurements in Pentatrap only
a single HCI in the correct charge state q is required per measurement
run. In previous measurements a sector magnet was used for the
selection of the required charge state [54] which turned out to be not
sufficiently efficient in combination with the existing beam transport
system. For this purpose a completely new beamline including ion
optical elements and a charge state separation based on the ToF of
the HCIs was developed. While reaching sufficient resolution for the
separation of the correct charge state, the new beam transport system
and especially the charge state separation by ToF using a BNG is more
efficient than the previous system. The successful separation of indi-
vidual charge states from the EBIT was demonstrated and allowed the
loading of individual HCIs in the correct charge state into the Penning
traps of the Pentatrap mass spectrometer [112].

While this system works very well for mono-isotopic species (165Ho
and the chemically separated 163Ho) and isotopically enriched samples
(163Dy), the resolving power of about 100 is not sufficient to separate
charge states and isotopes as those can be very close in ToF and the
distance of about 1.5 m from the EBIT to the BNG is not long enough for
a separation. This can in principle be overcome using a high resolution
sector magnet for the separation or a small Multi-Reflection Time-
of-Flight (MR-ToF) mass spectrometer - however, both would reduce
the efficiency again. In addition, when the isotope of interest has a



discussion and outlook 71

small abundance and is injected into the EBIT together with the more
abundant isotopes, a similarly small fraction of the isotope of interest
is extracted from the EBIT as only a maximum number of HCIs can
be trapped. The use of small amounts of enriched samples in these
cases is therefore unavoidable and the relatively small mass resolving
power of the ToF separation is not a limitation as it acts mainly as a
pre-filter. Experimentally, reloading a new HCI from the EBIT into the
PT is a rather fast process and the identification of the HCI with the
detection system in the PT is by orders of magnitude more accurate
than any mass pre-filtering system. The pre-selection of the charge
state of interest is therefore sufficient as long as the background of
unwanted isotopes is not dominating.

measurement of the
163 Ho Q-value The Q-value measure-

ment reported in Section 3.3 constitutes one of the most precise mass
measurements today where a fractional uncertainty in the determined
cyclotron frequency ratio of 3 · 10−12 was reached. Including the cal-
culations of the electronic binding energy differences an ultra-precise
Q-value of 2863.2(0.6) eV was achieved.

For this very precise Q-value determination a tremendous effort on
both the experimental and theoretical sides was required to carefully
assess and avoid any systematic shifts.

Experimentally, the very small Q-value of 163Ho translates to the
fact that the mother and daughter nuclides are very close in mass,
i.e. they form a so called “mass-doublet” with a difference in charge-
to-mass ratio on the order of 10−8. For the cyclotron frequency ratio
measurement this means that within the Penning trap the same trap-
ping potential can be used for both species and the systematic shifts
are either negligible or cancel out when the cyclotron frequency ratio
is determined from the measured cyclotron frequencies.

With the stack of five Penning traps of the Penning-trap mass spec-
trometer Pentatrap simultaneous measurements of the cyclotron
frequency ratio in two Penning traps were conducted. In the analysis,
the ratios from both traps were compared and systematic shifts due to
contaminant ions or possible exited metastable electronic states in the
HCI can be detected and the data discarded.

In the calculation of the Q-value from the cyclotron frequency ratio
Rq+ and the binding energy difference ∆Eq+

B

Q = mq+
Dy

(︁
Rq+ − 1

)︁
+ ∆Eq+

B , (4.1)

one can see that neither the experimental measurement of the cyclotron
frequency ratio nor the theoretical calculations can be verified on their
own. In order to exclude systematic shifts in experiment or theory, the
charge states q = 38+, 39+, 40+ were investigated and the binding
energy differences calculated. Due to the different charge states, the
cyclotron frequency ratio for each charge state is different and can not
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be compared among the different charge states. A comparison is only
possible when the binding energy difference calculations are included.
The resulting Q-values can be compared where a perfect agreement,
well within the one sigma uncertainty band of the obtained Q-values,
was achieved. In principle it would be very unlikely that a systematic
shift in the experiment would be compensated by a similar systematic
shift from the binding energy difference calculations. This argument is
strengthened when the increase of the binding energy difference from
the charge state q = 38+ to the charge state q = 39+ is considered:

∆E38+
B = 37.4 ± 1.4 eV

∆E39+
B = 1147.3 ± 0.7 eV.

This is a large increase relative to the Q-value of 2863.2 ± 0.6 eV/c2

and underlines the extremely good agreement of the Q-values for the
different charge states and supports the exclusion of systematic shifts.
Furthermore, systematic shifts due to metastable electronically excited
states can be excluded which would affect each charge state differently.
The final uncertainty of 0.6 eV/c2 originates in equal parts from the
cyclotron frequency ratio measurement and the averaged theoretical
calculations from two groups.

This measurement is more than a factor 50 more precise and in
good agreement with the so far best direct measurement of this Q-
value [46], see Figure 4.1. For the first phase of the ECHo experiment
with a sensitivity on the neutrino mass on the order of ∼ 10 eV/c2 the
previous measurement was sufficiently precise and allowed to solve
the discrepancies from several other measurements of this Q-value
where different techniques were used and confirmed the Q-values
obtained from microcalorimetry. The following phases of the ECHo

experiment use a larger activity of 163Ho in order to acquire more
events and thereby increase the sensitivity to the neutrino mass. With
the Q-value determined within this work the ECHo experiment is able
to investigate possible systematic uncertainties related to the decay of
163Ho within the solid gold absorber material of the microcalorimeters
on a sub-eV level. A comparison of the determined Q-value with
the most recent calorimetric measurements and the AME adjustment
2020 is given in Figure 4.1. A perfect agreement is reached with the
ECHo measurement from 2017 [102] while the Q-value in this work is
slightly higher than the AME adjustment 2020 [122] and the ECHo 2017

measurement and in agreement within 1.2σ and 1.8σ, respectively.
Currently, the KATRIN experiment is the leading experiment inves-

tigating the effective electron anti-neutrino mass. Depending on the
results of KATRIN in the coming years and the progress of the ECHo and
HOLMES experiments, a refined measurement approaching a level
of 0.1 eV might be required allowing both calorimetry based experi-
ments to approach this sensitivity level and possibly complement the
measurement of the KATRIN experiment. In this case, a refined mea-
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Figure 4.1: The most recent measurements of the 163Ho Q-value are
shown together with the determination from this work. The
shown data is based on the previous direct measurement us-
ing PTMS (SHIPTRAP [46]), microcalorimetric measurements from
ECHo2017 [102] and ECHo2019 [121] as well as the value from
the AME adjustment 2020 [122]. Figure taken from [113].

surement of this Q-value is possible at Pentatrap by acquisition of
more statistics approaching a fractional uncertainty on the frequency
ratio of 10−12. In addition, the axial frequency measurement can be
improved as it is the dominating uncertainty in the determination of
the cyclotron frequency in the reported measurement. Similarly, the
theoretical calculations of the binding energy difference would have
to be improved to the same level as well.





5
S U M M A RY

This cumulative thesis summarizes the work that was done in the years
between 2018 and 2021 at the Pentatrap experiment in constructing
and building an EBIT and a whole beamline section capable of operat-
ing with minuscule sample sizes in the range of tens of picograms of
163Ho this corresponds to about 1014 atoms. Ultimately, these develop-
ments allowed the measurement of the 163Ho Q-value in the summer
of 2021 with the Penning-trap mass spectrometer Pentatrap for the
ECHo collaboration which is the final and main result of this thesis.

With the three publications presented in Chapter 3 the following
milestones were made for the Pentatrap experiment within this
thesis:

1. A source of HCIs was developed and constructed that allows
the reliable and efficient injection of samples from bulk material
to very small samples of only 1012 atoms into an EBIT. This is
achieved by introducing the samples very close to the electron
beam and trapping region inside the EBIT, at a distance of tens
of micrometers from the electron beam. Synchronized to the
trapping cycle in the EBIT, a single laser pulse of about 1 mJ of
energy is used to desorb atoms from the sample directly into the
electron beam region where the atoms are ionized to high charge
states. This technique has applications for a variety of isotopes
to be studied beyond the work presented in this thesis. Due to
the simplicity of the technique it can be used for almost all types
of samples with the exception of gaseous species which are still
introduced into the residual gas as in the mass measurement of
neon [67]. Since its introduction at the Pentatrap experiment
the injection technique was used in a substantial number of
high-precision mass measurement campaigns on 208Pb [79, 80],
238Pb [81] and the not yet published measurements on several
isotopes of calcium and ytterbium. During the testing phase,
the EBIT has shown a very good performance in the production
of HCIs for a table-top room-temperature device where charge
states up to hydrogen-like 40Ca19+, which requires an ionization
energy 5.1 keV, were observed.

2. Several different target preparation techniques were tested in
the course of this theses which are documented in Section 2.1,
most notably the PLA targets where the sample is enclosed in an
organic plastic compound made from lactic acid. The developed
targets allow a very fast turn-around time: When the target is
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changed in the afternoon which takes about 30 minutes it can be
used after one night of evacuation time. This is mainly the result
of the construction of the target system which can be retracted
into a separate vacuum chamber and closed off from the EBIT.
This allows to leave the EBIT in ultrahigh vacuum conditions
while only a small volume needs to be evacuated following a
target change.

3. Following the EBIT in the beamline towards the Pentatrap mass
spectrometer, a BNG and a fast switching electronic circuit were
developed and integrated that allow the separation of an indi-
vidual charge states from the charge state distribution that is
produced within the EBIT. Upon ejection all charge states are
accelerated by the same electric field but have, depending on
their charge state, different velocities and will arrive at different
times at the BNG. Using the fast switching electronic circuit, the
potentials applied on the BNG wires can be switched fast enough
such that the HCIs arriving fast or later than the required charge
state can be deflected. For voltages up to 300 V rise and fall times
on the order of 10 ns were achieved which allowed the separation
of individual charge states of HCIs of 163Dy that were extracted
from the EBIT with an energy of 4 keV and which are separated at
the position of the BNG by a ToF of 70 ns. Also this system is now
in use at the Pentatrap mass spectrometer since its integration
and was used in the aforementioned measurements.

4. In the context of the injection system for the EBIT and the BNG

with the associated electronics, a completely new beamline in-
cluding ion optical elements, mainly Einzel lenses with deflectors
and cylindrical benders, was developed and installed in order
to ensure an efficient and reliable transport of the HCIs from the
EBIT to the Penning traps.

5. Following the mentioned developments the measurement of
the 163Ho Q-value of 2863.2(0.6) eV/c2 with an unprecedented
uncertainty of only 0.6 eV was achieved which is the main result
of this thesis. This result will enable the ECHo and HOLMES
experiments to investigate possible systematic effects in their
determination of the electron neutrino mass on a sub-eV level.

In summary, the technical developments within this thesis have
shown their tremendous capability with the used samples of 1014

atoms of 163Ho in the measurement of the electron capture Q-value
resulting in one of the most precise mass measurements today and
extended the applications of the Pentatrap experiment significantly.
The obtained Q-value of 163Ho will enable the ECHo and HOLMES
experiments to investigate the electron neutrino mass on a sub-eV level
allowing them to assess possible systematic uncertainties that originate
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from the implantation of the 163Ho into the solid gold absorber of the
calorimeter.
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