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Abstract

This cumulative dissertation comprises ISOLTRAP's transition from the well-estab-
lished Penning-trap mass spectrometry (PTMS) technique, ToF-ICR, to the next-gen-
eration PTMS technique, called PI-ICR. First, the highest precision ever achieved at
the ISOLTRAP experiment using ToF-ICR allowed for a reduction of the Qgc-value un-
certainty of the *’Na > #’Ne and Mg > ®Na electron-capture decays by a factor of five
compared to their literature values. Within these findings, the most precise Ft-values
and, in the case of ?’Na > *’Ne, a new V,4-element value of the CKM quark-mixing
matrix were derived and found to agree with the standard model of particle physics.
Second, ISOLTRAP's first publication using PI-ICR demonstrated a supreme relative
mass precision of 6m/m = 1.4x10? in only 4 hours experiment time. The result re-
duced the uncertainty on the Qgc-value of the *'Cs - *'Xe decay by a factor of 25 and
consequently precluded the decay as a possible candidate for a direct neutrino-mass
determination. Third, ultra-high mass resolving powers exceeding 10° using PI-ICR
allowed for the first spatial resolution of isomeric states in neutron-rich cadmium iso-
topes. Thus, this publication presented the first experimental data describing the
N =82 neutron-shell closure below the proton-magic Z =50 while implying a drastic
weakening of the N=82 shell. Furthermore, these measurements allowed for sophisti-
cated comparison with state-of-the-art nuclear-theoretical models.

Kurzfassung

Diese kumulative Dissertation beschreibt ISOLTRAP’s Ubergang von der Standard-
methode in Penningfallen-Massenspektrometrie (PFMS) ToF-ICR zur PFMS der
nédchsten Generation mittels PI-ICR. Erstens erlaubte die hochste je an ISOLTRAP er-
reichte Prédzision mittels ToF-ICR eine Reduzierung der Qg-Wert-Unsicherheit der
“INa > #Ne und ®Mg - *Na Elektroneneinfangszerfille um einen Faktor fiinf im Ver-
gleich zu ihren Literaturwerten. Mit diesen Werten konnten hdchst prazise #-Werte
und, im Falle von ?!Na > ?!Ne, ein neues V,4-Matrixelement der CKM-Quarkmi-
schungsmatrix bestimmt werden, welche mit der Vorhersage im Rahmen des Stan-
dardmodells {ibereinstimmen. Zweitens demonstrierte ISOLTRAP’s erste Publikation
mit PI-ICR héchste relative Massenprizision von 1.4x10” in lediglich vier Stunden
Messzeit. Das Ergebnis reduzierte die Qgc-Wert-Unsicherheit des '*'Cs > ®'Xe Zerfalls
um einen Faktor 25 und schliel3t ihn als moéglichen Kandidaten fiir eine direkte Neu-
trinomassenbestimmung aus. Drittens erlaubte eine ultrahohe Massenauflésung
oberhalb 10° mittels PI-ICR die erste 6rtliche Auflésung metastabiler Zustinde in
neutronenreichen Cadmiumisotopen. Daraus resultierend prasentierte diese Verof-
fentlichung die ersten experimentellen Daten, welche den N=82 Neutronenabschluss
unterhalb der magischen Protonenschale bei Z =50 beschreibt und eine drastische
Schwiéchung der N=82 Schale impliziert. Zudem erlaubten diese Messungen Verglei-
che der modernsten Kerntheoretischen Modelle.






1 Introduction

Einstein's famous E = m - ¢2 formula [Eins05] describes the fundamental link be-
tween energy, E, and mass, m, via the constant c, the speed of light. Hence, the
mass of an atom summarizes all underlying energies, interactions, structure ef-
fects, and constituents in one quantity, unique to every particle like a fingerprint
to a human. Studying the mass with the highest precision, therefore, allows for

the revelation of all properties in a single measurement.

As such, scientists are trying to increase their mass measurement sensitivity since
the inception of mass spectrometry in 1913 by the works of Thomson and Aston
[Thom13]. For a recent review, see [Blaul3]. During the time, relative mass preci-
sions of m/m ~ 10°-10" were enough to discover the concept of isotopes, which
are particles of the same element (same proton number Z) but different mass
number A = Z + N (i.e., different neutron number N) [Asto19]. Besides, the con-
cept of the nuclear and electronic binding energies, Ezand E,, were discovered via
the mass defect 9§, = (Eg+ E,) / c2 [Asto27], the amount of which a particle is lighter
than the sum of its constituents:

MyoWN.Z)=N-m,+Z-m,+Z-m,— (Eg(N.Z)+ E,N,Z))/c*. (1.1

Technical developments [Miinz13] of mass spectrometers have allowed for an in-
creased relative mass precision of ém/m ~ 10°-10® ever since and led to break-
throughs in the model-independent understanding of nuclear structure. Detailed
studies of nuclear binding energies reveal, among other things, enhanced nuclear
binding (see black bars in Fig. 1.1 and Ch. 1.1 or [Cakil3]) and help in the under-
standing of elemental creation in the universe for heavy elements in processes

like the rapid neutron-capture (r) process (see red squares in Fig. 1.1 and [Clar13,
Schal3]). Even better relative mass precisions of ém/m < 107 of stable and exotic
isotopes allow for tests of fundamental theories like quantum-electrodynamics
(QED) [Kohl16], the Standard Model in mirror nuclei (see [Eronl3, Kartl9a] or
Ch. 3.1) or electron-capture decay with the context of neutrino physics (see
[Elis13b, Kart19b] or Ch. 3.2).

The challenging factor at radioactive ion beam (RIB) facilities (see Ch. 2) lies in
the artificial creation of isotopes that do not exist on Earth (so-called exotic iso-
topes). Hence high-precision mass spectrometers of exotic isotopes require the



highest sensitivity and resolving power to access new areas of the nuclear chart
and thus new physics, as displayed in Fig. 1.1 for ISOLTRAP since 2017.
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Figure 1.1: Nuclear chart showing stable isotopes (black squares), measured isotopes with
their dominant decay mode in color (filled squares; ~2500) and extrapolated iso-
topes with their dominant decay mode in color (filled circles; ~1000). Isotopes
measured or published by ISOLTRAP since 2017 are highlighted with yellow plus
markers ranging from A = 21 up to A = 219. The waiting points of the r-process
are displayed with red, empty squares [Graw07]. Additionally, mass uncertainties
above 10 keV are indicated with a 30% transparency filter on the color and mass
uncertainties above 100 keV with a 60% transparency filter on the color. Closed-
neutron/proton shells are indicated with a black bar. The data was taken from
the 2016 atomic-mass evaluation [Audil7, Wangl7]. The figure was created using

a Python script, which was programmed within the scope of this thesis. It was
published on Github under the MIT license [Kart19f].

This thesis represents the transition to the next-generation mass spectrometry
technique for the ISOLTRAP setup. With the so-called phase-imaging ion-cy-
clotron-resonance technique (see Ch. 2.3.2 and [Elis13a]), new or insufficiently

known (see Fig. 1.1) areas of the nuclear chart can be accessed by overcoming the
downsides of other state-of-the-art techniques (see Ch. 2.3.1), allowing for further
advances in nuclear and astrophysics. The following introduces essential con-

cepts and observables deriving from nuclear mass measurements.



1.1 Nuclear Binding Energy Trends

The power of a convoluted quantity as the mass, summarizing all underlying ef-
fects, comes with the task for the scientist to reveal as much information from just
one quantity. Several derivative techniques (so-called mass filters) were found to

be useful in unveiling substructure effects.

The general nuclear binding energy trend does not provide any distinct informa-
tion about nuclear structure (see Fig. 1.2). However, the concave curve trend with
a maximum at **Ni explains why fusion processes in stars stop around nickel and
iron. Since adding further nucleons would consume energy rather than release,
fusion is only energetically favorable until those isotopes. The one-neutron sepa-

ration energy S,
Sln(Z’N)zEB(Z’N_ 1)_EB(Z’N), (1.2)

which calculates from the difference in the binding energy of two neighboring
isotopes, reveals more information. The quantity represents the amount by which
the last neutron is bound. Figure 1.2 depicts its general trend for all ~2500 exper-
imentally known masses listed in the 2016 atomic mass evaluation [Wangl7] with
an inset for Z =50 at N ~ 82. Besides the general downward trend with Z, two ex-
citing effects expose:

1. A small (-3 MeV) staggering effect in energy between every even and odd
isotope. This effect is caused by two-neutron pairing and is often compared
to the electron-pairing seen in superconductors [Coop56].

2. A significant (>5 MeV) drop in energy at neutron numbers 2, 8, 20, 28, 50,
82, 126. These are typically referred to as magic numbers and correspond to
configurations of enhanced stability. In the corresponding proton picture,
the same stable configurations exist. In analogy to the electron shell model
in an atom, a nuclear shell model was very successful in describing the nu-
cleus [Maye48].

The Si, provides essential information for models of the r-process, which is the
process responsible for the creation of more than 50% of the elements heavier
than nickel and iron. More specifically, enhanced neutron binding described in
points 1 and 2 explains the so-called "waiting points" (see Fig. 1.1), where the
rapid neutron capture stops and heavier elements form. Recent ISOLTRAP publi-
cations provide detailed additional information on this topic [Atan15, Wolf13a].
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Figure 1.2: Nuclear observables deriving from mass measurements for isotopes with 1 < Z <
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100. Isotopes with closed proton shells Z = {2, 8, 20, 28, 50, 82} are indicated with
a solid red line and those with closed neutron shells N = {2, 8, 20, 28, 50, 82} are
indicated with a dashed blue line. Top: Nuclear binding energies per nucleon
Eg/A for experimental data. The highest Ez/A = 8.794553(7) MeV [Audil7] for ®**Ni
is marked with a yellow star. Middle: One-neutron separation energies S, for
experimental data. The inset shows §;,, for Z = 50 around N = 82. Bottom: Two-
neutron separation energies S,, for experimental data. Areas with sudden shape
transitions are circled in green, and the N = 32 shell closure is highlighted in yel-
low [Wienl13]. The inset shows S,, for Z =50 around N = 82. The data were taken
from the 2016 atomic-mass evaluation [Audil7, Wangl7]. The figure was created
using a Python script, which was programmed within the scope of this thesis. It
was published on Github under the MIT license [Kart19f].




Two-neutron separation energy S,,,
S$ou(Z,N) = Ep(Z,N = 2) — Eg(Z, N), (1.3)

enhances the effect described in point 2 of the list, as mentioned earlier, by sup-
pressing the staggering effect in energy. Besides the general downward trend in Z
(see Fig. 1.2), the sharp drops in energy at magic N emphasize the strong binding

and, consequently, the closed-shell character.

Even though treated as such for decades, these closed-shell nuclei do not seem to
be universal. Recent measurements at, among others, ISOLTRAP show the ap-
pearance of new closed-shell configurations far away from stability. Measure-
ments of neutron-rich ***'Ca at ISOLTRAP were of particular interest since they
unambiguously confirmed the existence of the N = 32 shell closure (see Fig. 1.1)
[Wienl3]. Additionally, some existing magic-number configurations seem to un-
dergo a substantial weakening in binding energy far away from stability, as dis-

cussed in Ch. 3.3 and Ch. 4. Furthermore, the S,,, overview uncovers areas of sud-

den change in energy (see Fig. 1.2) caused by nuclear phenomena such as nuclear
deformation (i.e., the deviation from a spherical form; e.g., see [Naim10]), or nu-
clear halos (i.e., nuclei with a core and one to four decoupled and loosely bound

nucleons; e.g., see [Riis13]).

In order to resolve the effects described in this section, typical relative mass preci-
sions of ém/m ~ 10°-10° are required. Besides the technical limitations of the
mass spectrometry apparatuses themselves, challenges are found in the artificial
production of exotic isotopes far away from stability at high yield and low conta-

mination (see Ch. 2).

1.2 Fundamental Physics Tests with Exotic Nuclei

With recent advances in mass spectrometry techniques, the achieved relative
mass precisions of ém/m ~ 10° and lower allow for additional fundamental
physics tests using exotic nuclei. These measurements are complementary to
high-precision experiments with stables nuclides [Rain04, Sturl4, K6hl16], anti-

matter [Smorl9] or precision experiments performed in the field of high-energy
particle physics [Erle19] which allow for a test of special relativity (essentially

E = m - ¢?), quantum electrodynamics or the standard model of particle physics.
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1.2.1 Standard Model Tests

The standard model (SM) of particle physics [Bamb15] is a quantum field theory
which describes three of the four known fundamental forces in nature (electro-
magnetic, weak and strong — not yet gravitational) based on all known elementary
particles. These include particles which form matter (so-called fermions with
half-integer spin) and are categorized into quarks and leptons. These also include
force carriers (so-called bosons with integer spin), which are categorized into
gauge (vector) and scalar bosons. Figure 1.3 summarizes the elementary particles
of the SM. The theory has been extremely successful in predicting experimental
quantities even at high precisions (e.g., in predictions for the electron magnetic
moment [Hann06]).
FERMIONS BOSONS

I II III
)
»
==
<
<

Ve Vu Vi

electron myol tau
neutrino neutrino neutrino

GAUGE BOSONS

Figure 1.3: Elementary particles of the Standard Model made up from fermions (matter) and
bosons (radiation).

The success of the SM triggered experimental programs in various physics fields
in order to test the predictions or, in case of divergence, find physics beyond the
SM. One approach appears to be the high-precision study of the f*-decay. This
decay is one type of nuclear decay in which an up (u) quark bound inside a nucle-
on decays into a down (d) quark under the emission of a W*-boson. Consequent-
ly, the neutron and proton number changes by +1. Figure 1.4 shows the Feynman
diagram for a p*-decay. The interacting quarks are highlighted in red. It also
shows the experimental observables, namely the half-life of the particle before the
decay (so-called parent), the branching ratio BR of the decay into an observed
particle after the decay (so-called daughter), and the Q-value of the decay. This
quantity is essentially the energy difference of the parent and daughter atom,

which directly results from a mass measurement:

0= (Mparent(N’ Z) - Mdaughter(N +1.7Z - 1)> -2 (1.4)
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Nuclear f+-decay:

parent—; hy2

Time
Energy

daughter

Figure 1.4: Schematic of a B*-decay. Left: Feynman diagram of a p*-decay with the partici-
pating up/down quarks highlighted in red. Right: Nuclear observables in a f*-
decay marked in red. For details, see the text.

The W*-boson carries the released energy, which then decays into a positron e*
and an electron neutrino v,. Measuring the observable quantities in the *-decays
of so-called mirror nuclei (Nparent = Zdaughter» Zparent = Ndaughter; 1.€., Very similar con-
figurations of parent and daughter nucleus) very precisely allows for one of the
best tests of the Conserved Vector Current (CVC) hypothesis, and the most pre-
cise determination of the V,4-element of the Cabibbo-Kobayashi-Maskawa (CKM)

quark-mixing matrix. Both values are calculated based on the F¢-value,

Frmfr (146) (1+8% - ) = o (1.5)
VudGFCV(l + AR)

which corrects the vector parts of the statistical rate function fv (derived from a
mass measurement: fiy < Q°) and the partial half-lives 7 (derived from half-life and
branching-ratio measurements) by the isospin-symmetry-breaking correction,
Op, and nucleus dependent radiative corrections, 5111/5 and 5g [Seve08]. The Ft-val-
ue can also be calculated from K/(7ic)® = 2n’ln2(m,c®) ™ = 8120.276(5)x107'° GeVs,
the fundamental weak interaction coupling constant Gg/(hc)® = 1.16639(1)x10°
GeV?, the CVC constant Cy= 1 (assuming that the CVC hypothesis is correct; see
[Hard15]), and the transition-independent correction AX =0.02361(38) [Seve08].

The CKM quark-mixing matrix is a unitary 3x3 matrix which contains information
about the strength of the flavor-changing weak interaction. It is defined as
[Koba73, PDG18]:

Vaa Vis Vo)  (0.97446(10) 0.22452(44) 0.00365(12)
CKM = | Vg Vi V| =0.22438(44) 0.97359(11) 0.04214(76) |  (1.6)

Va Vi Vi) 10.00896(24) 0.04133(24) 0.999105(32)

with the elements Vj of an initial flavor i and a final flavor j. The indices corre-

spond to flavors up (u), down (d), top (t), bottom (b), charm (c), and strange (s).



The measured matrix-element values are taken from the latest 2019 particle data
group (PDG) evaluation update. The unitarity is fulfilled if the square sum of the
row or column elements is equal to one. Using independently measured element

values, one obtains [PDG18]:

Istrow: |Vl + [ Vo[> + | Vi I* = 0.9994(5)
2nd row: | Vg2 + [ Vi [P+ | Vi |* = 1.043(34) (1.7)
1st column: | Vo> + | Vg > + | Vg |* = 0.9967(18).

The first row, which is dominated by the V4-element is the most precisely deter-
mined combination so far. Its determination derives from the study of super-al-
lowed Fermi-type 0" > 0" mirror-nuclei transitions [Hard15].

This dissertation addresses transitions of mixed Fermi and Gamow-Teller type
between mirror nuclei [Seve08]. These decays depend both on the vector and axi-
al-vector part of the weak interaction. The formula (1.5) hence contains an addi-
tional correction term (1+0°fy/f,), where p is the Fermi and Gamow-Teller mixing
ratio (determined in B-v-asymmetry-coefficient measurements [Waut09]), and
fv/fais the ratio of the vector to axial-vector statistical rate functions, which is also

calculated based on the Q-value. More information can be found in [Hayel9].

1.2.2 Neutrino-Mass Determination

Neutrinos are the most abundant and lightest elementary particles. Even though
the Standard Model assumes the neutrinos to be massless, there is profound ex-
perimental evidence based on neutrino oscillation [Bile87] for a non-zero neutri-
no mass and neutrino-flavor mixing. One approach for an experimental, model-
independent determination of the neutrino mass lies in studying electron-cap-
ture (EC) decays.

EC decays are very similar to f*-decays (see Fig. 1.4) with the difference that the
lepton number is conserved by absorbing an incoming, intra-atomic electron of
the parent nucleus instead of expelling a positron. The captured electron is typi-
cally occupying the K, L, or M electronic shells due to their large wave-function-
overlap with the nucleus. The particle, thus, ends up in an excited electronic state,
which then decays via the emission of Auger electrons [Auge75] or Coster-Kronig
photons (typically X-rays) [Cost35]. These secondary particles (i.e., electrons or
photons) can be detected by calorimetric measurements [Gastl7]. In summary,
the ground-state parent nucleus decays in a two-step process to the ground-state
daughter nucleus first by the emission of a neutrino and then by the emission of

electrons or photons in a secondary atomic de-excitation:



A —
ZX +eom — é_IX* tv, — é_IX + y/eAuger +2,. (1.8)

One possibility to derive the neutrino mass from such a decay requires the com-
parison of two measurements. First, the total released energy in the EC decay is
determined via the ground-to-ground-state Q-value (£Qgc-value; see Eq. (1.4))
using Penning-trap mass spectrometry (PTMS, Fig. 1.5 leff). Second, the total re-
leased energy in the secondary atomic de-excitation is measured using low tem-
perature metallic magnetic calorimeters (MMC, simulated in Fig. 1.5 right). If the
neutrino is massless as predicted in the SM, the atomic de-excitation spectrum
for many decays (simulated for 10 events in Fig. 1.5 righf) will span from 0 keV
(at maximum kinetic energy of the neutrino Ey,(Ve) = Enax = Qrc) up to Epax = Qrc
(at zero kinetic energy of the neutrino Eg,(v.) = 0). However, if the neutrino mass
is non-zero, the atomic de-excitation spectrum for many decays will end at a val-
ue smaller than the Qgc-value. The neutrino mass can then directly be determined
from the difference between the measurements, as shown in the inset in Fig. 1.5
simulated for three different proposed neutrino masses. More information on this
specific experiment can be found in Ref. [Elis15, Gastl7]. The PTMS eventually

requires a relative mass precision on the order of ém/m ~ 107 to resolve a neutri-
no mass of 1 eV or lower.

A - — = 0 ev/ic?
Egs(163Ho) S :x:; 2 zwz2
2.5 \ —= m(vy)= 5 eV/c?
2.0 — Ml
= _ M2 O
=4 X
5 1.5 E <
= Eyin(v,) = 0
2 104 E kin(v<)
2
0.5
——N1,N2
Eg:(153Dy) 0 =02 >
163Ho — 163Dy MMC counts

Figure 1.5: Complementary measurement principle of the v, mass via the EC in '®Ho. Left:
The ground-state masses measured with PTMS. Middle: Decay branches of the
®Ho EC-decay into atomic excited states in '®Dy*. Right: Simulated atomic de-
excitation spectrum of 163Dy* measured with MMC (rotated by 90°) [Gast17].

Important note: these measurements require detailed information about ground-
state masses and electron-level schemes in order to find possible EC pairs with

the lowest Qgc-values prior to the actual experiment (see Ch. 3.2).






2 Experimental Techniques

Since the discovery of the atomic nucleus by E. Rutherford in 1909, nuclear
physics has remained one of the most challenging fields in physics. The nuclear
many-body problem with up to hundreds of interacting particles can neither be
described by analytical solutions of the Schréodinger equation as seen in few-body
systems nor by macroscopic approximations of systems with particles close to
N, ~10%. Radioactive ion beam (RIB) facilities have been essential for break-
throughs in the understanding of elementary particles, nuclear structure, and el-
emental creation in the universe. RIBs artificially produce so-called "exotic" iso-
topes that do not exist on Earth for experiments of fundamental and applied nu-
clear research. This thesis lays focus on one of the most fundamental nuclear

properties, namely the mass (= energy) of the aforementioned exotic isotopes.

2.1 Radioactive Ion Beams at CERN/ISOLDE

The isotope-separation on-line device (ISOLDE) facility is a RIB facility located at
the European organization for nuclear research, CERN, in Geneva, Switzerland.
Since its founding in 1967, and with a significant upgrade in accelerator energy in
1992 and a post-accelerator in 2015, it has been one of the pioneering facilities for
the production of radioactive beams of more than 70 different chemical elements.
Applications range among nuclear and atomic physics, solid-state physics, mate-
rials science, and life sciences. Besides, it also allows for high-precision experi-
ments looking for physics beyond the Standard Model, which are complementary
to high-energy experiments at CERN [Cath17, Borgl18].

Integrated into CERN's accelerator complex, a 1.4 GeV proton beam from CERN's
proton-synchrotron booster (PSB) accelerator is used to induce fission, spallation
and fragmentation processes in a thick target (typical thickness tens of g/cm?
[Kost01]). The target material is chosen depending on the desired isotopes to be
measured and typically consists of uranium or silicon carbide. It is heated to
~2x10% K to release the desired atoms via thermal diffusion and effusion into an
ionization chamber. Besides surface and plasma ionization, resonant-laser ion-
ization [Fedol7] of a growing number of chemical elements can also be applied.
This technique has the advantage of being element selective already in the ioniza-
tion process. The resulting ions (typically singly charged) are then accelerated to



30-50 keV and magnetically separated by their mass-to-charge ratio in order to
obtain the mass number of interest. The typical mass resolving power of the
magnetic separators at ISOLDE is on the order of 10%-10° [Cath17], enough to sep-
arate isotopes of different mass numbers A= (N + Z). The mass-separated beam is
then sent to the subsequent experimental setups with the option of a post-accel-
eration step of tens of MeV/w.

Figure 2.1 shows a nuclear chart with the available isotope yields at ISOLDE in
color per pC of proton beam on target. Even though most isotopes lighter than
the target material are created inside the thick target, it is not necessarily possible
to extract them out of the target. Target and ion-source research and develop-
ment is, therefore, an integral part of any RIB facility. Further information about
the radiochemistry processes in different ISOLDE targets can be found in [K6st01].
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Figure 2.1: Nuclear chart showing isotopes with their detected yield in color per pC of pro-
ton beam on target at the CERN/ISOLDE facility in comparison with experimen-
tal and theoretically known isotopes. The data were taken from the 2016 atomic
mass evaluation [Audil7, Wangl7] and the ISOLDE target group [Balll9]. The
figure was created using a Python script, which was programmed within the
scope of this thesis. It was published on Github under the MIT license [Kart19{].




2.2 MRToF-MS Basics

The RIB facility ISOLDE produces a large variety of stable and radioactive species.
Even though this allows the production of very exotic isotopes, their abundance
(especially compared to stable or long-lived isobars which cannot be filtered out
by conventional magnetic mass separators) and half-lives steeply decrease with
distance to the stable elements (see Fig. 2.1). The main challenge for subsequent
experiments is the time-efficient purification of the mass-selected beam of iso-

baric species, so-called "(isobaric) contaminants".

In recent years multi-reflection time-of-flight (MRToF) mass separators/spec-
trometers (MS) have become very popular at RIBs thanks to their success demon-
strated at the ISOLTRAP experiment [Wien13, Welk17, Mougl8]. Their compara-
bly high speed in reaching high resolving powers (m/Am z 2.5x10° in tens of ms

trapping time [Wien19]) and their capability of dealing with high contamination
rates R > 10° [Wolf13b] (so-called "high dynamic range") make them the perfect
tool for mass separation and spectrometry of very short-lived species, which are

not accessible by Penning traps (10 ms < #,< 60 ms) [Wolf13b].
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Figure 2.2: Left: Schematic diagram of the ISOLTRAP MRToF mass spectrometer/separator.
Beam composed of different species with well-defined energy enters the device
at the left and is trapped for a certain number of revolutions N, (typically
N, = 1x10° at ISOLTRAP). There, ions undergo a time-of-flight separation, and
their time of flight can be measured. Right: Time-of-flight spectrum of *2Cd*
with a mass resolving power of m/Am ~ 1x10°.

Such an MRToF device consists of two electrostatic mirrors between which
trapped ions are reflected back and forth (see Fig. 2.2). The ion's time of flight ¢,

t=a ﬂ+ﬁ
\/; ) (2.1)

is directly proportional to its mass-to-charge ratio m/q and two device-specific
calibration parameters a and . These parameters can be determined by measur-



ing the time of flight 7, of two well-known species. The mass of the ion of interest
(IOI) myg; then results in

Myor = (CToF X (\/ﬁl - \/m_z) +0.5 X (\/ﬁ1 + \/m_z))

with Crp = Qo1 — 1) — 1,)/[2(2; — 1,)], the masses of the reference ions m;,,

2
, 2.2)
and the ion of interest's time of flight #;.

In the device's separation mode, the ion of interest is extracted after the time-of-
flight separation by a fast-switching cavity [Wienl7]. Figure 2.2 shows a typical

example of A = 132. Even after "mass separation" using the ISOLDE mass separa-
tor, stable/long-lived (and therefore typically very abundant) **Ba*/**Cs* cations
still dominate the beam composition. However, after ~22 ms trapping time in
ISOLTRAP's MRToF-MS, the much less abundant ion of interest, **Cd*, was suc-
cessfully separated and measured.

The MRToF apparatus was used for all publications (see Ch. 3) in this dissertation
as a mass separator or as a mass spectrometer. Additional information and recent
developments of ISOLTRAP's MRToF can be found in Refs. [Wolf12, Wolf13b,
Wien19]. These publications provide detailed information about ISOLTRAP's ion

capture and time focusing techniques using a pulsed drift tube. Moreover, active
and passive voltage stabilization of the mirror electrodes allow for mass resolving
powers m/Am exceeding 2.5x10° in tens of ms trapping time and on a scale of
hours of continuous data taking.

Within the scope of this thesis, a Python-based analysis software was written. It
allows a full data analysis starting with the reconstruction of the raw, unbinned
time-of-flight data taken by an electron multiplier particle detector. In addition to
a regular spectral time-of-flight (ToF) analysis with unbinned, maximum likeli-
hood estimation, and diverse cut parameters, the code includes a more advanced
automated statistical ToF-drift detection tool based on rolling averages. Finally, a
mass value is infered from the fitted peaks by utilizing the atomic mass evaluation
(AME16) database [Wangl7]. The code was published on Github under the MIT
license [Kartl9e] and was used so far for the analysis of the *'%In masses
[Moug20], in parallel with an analysis code using the ROOT analysis framework.



2.3 Penning Trap Basics

Besides MRToF-MS, there are to-date two mass spectrometry devices for radioac-

tive isotopes:

1. Storage rings using Schottky or isochronous mass spectrometry [Zhanl16].
The first technique allows for mass determination with typical uncertain-
ties of tens of keV but only for isotopes with half-lives down to several sec-
onds. The latter technique provides access to isotopes with very low half-
lives (microseconds), but only with accuracies of hundreds of keV, which is

often insufficient for nuclear structure or Standard Model tests [Fran08].

2. Penning traps: first introduced at the ISOLTRAP setup in the 1980s have
become the device of choice because they overcome both problems men-
tioned above: they provide typical uncertainties even down to the sub-keV

regime for isotopes with half-lives of tens of milliseconds [Blau06].

A Penning trap is a device used to confine a charged particle in a defined volume.
The radial confinement is achieved using a several Tesla linear magnetic field of
strength B = B, - Z. A quadrupolar electrostatic field of strength E provides the
axial confinement. The electric field decomposes into axial and polar, dynamical-
ly independent components,
EZ:—E-Z and Epzﬁ-p, (2.3)

using the characteristic length (see Fig. 2.3) in a Penning trap d = (Zg/ 2+ pg / 4)
and the applied electrode voltage V). In the case of ISOLTRAP's hyperbolic preci-
sion Penning trap, zp=11.18 mm and p, = 13.0 mm [Mukh08].

Figure 2.3: Schematic overview of a hyperbolic (left) and a linear Penning trap (right). Figure
by Prof. K. Blaum.



Figure 2.4: lon motion in a Penning trap. Left: Schematic diagram of the superposition of the
three eigenmotions of a trapped ion in a Penning trap. Right: Individual eigen-
motions consisting of two radial motions, v_ (red) and v, (green), and one axial
motion v, (black) along the magnetic field ﬁ(blue).

Solving the equations of motion in space-coordinates,
m?:qﬁz and m?=q<Ep+?XB>, (2.4)

results in the ion motion in a Penning trap, which is shown in Fig. 2.4. The motion
is a superposition of three eigenmotions, one axial motion at v, and two radial
motions, the reduced cyclotron motion at v, and the magnetron motion at v_:

4r%qV, Ve Ve
- = — + —_——
v, = ‘/ E and ST "7 (2.5)

The last equation is the key to why Penning traps are so well suited for mass spec-

S

trometry. The cyclotron frequency v, of a singly charged cation,

Vy=—L B=u, +u, (2.6)
2w -m

is directly proportional to the ion's charge-over-mass ratio g/m, which is equal to
the sum of the two radial eigenfrequencies. The final atomic mass M; is then de-
termined by alternating measurements of the ion of interest (I0I) and a well-
known reference ion (ref) in order to cancel the contribution of the magnetic field

v c,ref

in Eq. (2.6) while using the cyclotron-frequency ratio 7. o; = and the elec-

v,
tron mass m, [Sturl4]: c,101

Miop = o1 - Myeg — m,) +m, . 2.7

Individual, harmonic oscillators constitute an alternative picture on the three
eigenmotions (see Fig. 2.5). This quantum-mechanical picture simplifies the un-
derstanding of the motion and its manipulation via external radio-frequency (RF)
fields in a Penning trap. The negative energy contribution of v_results from the



electrostatic potential shape with a maximum in the center of the radial plane
(see Eq. (2.3)). As shown in Fig. 2.5, the resonant excitation at their eigenfrequen-
cy allows for varying the amplitude quanta of each eigenmotion similar to a quan-
tum harmonic oscillator (typically referred to as "dipolar excitation"). In analogy
to Rabi oscillations, one can even couple two eigenmotions with the difference of
two eigenfrequencies in order to shift energy between the modes (typically re-
ferred to as "quadrupolar excitation"). These two concepts are crucial for pre-
paring trapped ions in a specific energy state to repeat a measurement always in
the same fashion in order to increase statistics. Detailed quantum-mechanical
calculations and descriptions of the ion dynamics in a Penning trap can be found
in [Kret99].
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Figure 2.5: Quantum-mechanical energy-level scheme for the Penning-trap eigenmotions.
Amplitude quanta of each eigenmotion can be increased or decreased by inter-
action with RF-fields at resonance frequency (blue). In analogy to Rabi oscilla-
tions, two eigenmotions can even be coupled with the difference of two eigen-
frequencies (red).



2.3.1 The ToF-ICR Technique

The by far superior mass spectroscopy tool for radioactive ions to-date is the
Penning trap. Since its first application in the 1980s at ISOLTRAP, the so-called
time-of-flight ion-cyclotron-resonance technique [Grif80] has become the mass
spectroscopy technique of choice at RIB facilities worldwide due to its speed
(60 ms s Tyr « 1 s), simplicity and one-ion sensitivity at room temperature allow-
ing for high relative mass precisions dm/m ~ 1x107?° and lower [Kart19a].
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Figure 2.6: ToF-ICR spectra using a one-pulse (top) and two-pulse Ramsey-type (bottom)
excitation scheme. Spectra shown for ®Mg* with a total measurement time of
Trr = 600 ms.

In this technique, a quadrupolar excitation frequency around the true v, is
scanned, coupling the two radial motions. The excited ions are then ejected from
the Penning trap onto a micro-channel plate (MCP) detector while preserving
their eigenmotions and the time of flight from the trap to the detector is mea-
sured destructively. Since the ions propagate through a strong magnetic field gra-
dient (see Fig. 2.7), their magnetic moment p,

4= % o Vﬁpi;ﬁpf 2.8)
with radial energy, E,, and amplitudes of the radial motions, p;, couples to the
field and converts the radial motion into an additional transverse motion via an
accelerating force Fu =— ,u(V?). In other words, the ions are accelerated de-
pending on the magnitude of their radial motion. Ions excited at the resonance
frequency contain the largest radial energy and therefore arrive earlier at the de-
tector than those out of resonance. Since the quadrupolar excitation frequency

coupling the two radial motions in a Penning trap is exactly the cyclotron



frequency v, = v, + v_, the minimum in the ToF-ICR spectrum (as shown in Fig.
2.6) corresponds to the cyclotron frequency v, which is directly proportional to
the ion's mass m in the formula (2.6) for v,. The side lobes result from the Fouri-
er-transformed square-excitation pulse in the time domain [Boll90].

ToF-ICR was evolutionized at ISOLTRAP in 2007 by introducing a two-pulse Ram-
sey-type excitation scheme instead of one excitation pulse [Kret07, Geor07]. This

reduces the central-trough width and allows for a 10-fold gain in measurement
time for similar precisions compared to the one-pulse ToF-ICR scheme. Time-of-
flight spectra for both methods are compared for the same isotope *Mg* and
same total measurement time Tgr = 600 ms in Fig. 2.4.

The main downside of the ToF-ICR technique is the scanning approach. In order
to reach high precision, several hundred ions are necessary to obtain one full
spectrum even though only ions excited around v, are actually contributing to the
determination of the ion's true cyclotron frequency. While pursuing for evermore
exoticness, the high number of required ions in the mass determination poses a
problem. Furthermore, the technique doesn't allow for high-resolving power. The
intrinsically Fourier-limited mass-resolving power Rporick Of the technique
[Boll90] Ryop_icr = 2o« v Typ is directly proportional to the measurement
time Tyr and never exceeds the one of an MRToF-MS for short-lived species (see
Fig. 2.8). Thus, low-lying isomeric states which can be found, among others, in
the cadmium chain (see Ch. 3.3) cannot be resolved and only a mixture of states

can be measured.

This technique was used for all publications (see Ch. 3) in this dissertation during
which the best relative precision ever achieved at ISOLTRAP of ém/m = 9x10™°
was reached in the publication presented in Ch. 3.1.

2.3.2 The PI-ICR Technique

To overcome ToF-ICR's downsides of low resolving power and high number of
required ions, S. Eliseev et al. at SHIPTRAP developed a non-scanning, phase-
sensitive PTMS technique [Elis13a, Elis14a]. In the so-called phase-imaging ion-

cyclotron-resonance (PI-ICR) technique, a radial frequency is determined by mea-
suring the total phase ¢, of a trapped ion in a Penning trap in a measurement
time f,... This total phase @,

Yoy = 271 -1 + @;, (2.9

consists of n € Nj integer turns and an additional phase ¢; € [0, 2n].



The radial frequency v; then results from:

_2m-nto; (2.10)

tacc

_ Dot
I/i =

tacc

Since the cyclotron frequency in a Penning trap v, = v, + v_can be derived from

the sum of the two radial motions v, and v_, PI-ICR is perfectly suited to deter-

mine the ion's true cyclotron frequency in a Penning trap.
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Figure 2.7: Schematic diagram of the PI-ICR technique. Left: Illustration of the excitation
and ejection procedure using a hyperbolic Penning trap and a position-sensitive
MCP detector outside the homogeneous part of the magnetic field B. Right:
Principle of the total-phase calculation.

PI-ICR is based on a destructive ion-motion projection onto a position-sensitive
MCP detector in order to display/measure the total phase inside the Penning
trap. The technique uses the magnetic field gradient between the trap and the
MCP detector to magnify the motion without influencing its relative positions.
This is shown in Fig. 2.7. While the number of turns n proportionally increases
with #,., n can be counted for any t,.. by stepwise increasing f,.. and starting with
very low n. The additional phase ¢; at the final ¢, can be calculated as the polar
angle between the ion's position P for = t; and ¢ = t,... The vertex is given by the
center of the circular motion, in the following just referred to as center or C. Since
the determination of n is based on integer counting, the statistical uncertainty
rests upon the determination of the additional phase ¢;. Hence, increasing f, re-

duces the uncertainty of the measurement in a non-Fourier-limited manner.



Each position is gained in a destructive measurement. Repeated measurements
for each position (so-called "spots") decrease the uncertainty on the 2D maxi-
mum likelihood fit which is used to derive the exact position. This measurement
principle is applied to both radial eigenfrequencies separately, by minimizing the
amplitude of the other respectively via dipolar excitation (see Ch. 2.3) on one of
the ring electrode's segments (indicated by "RF" in Fig. 2.7). The real cyclotron
frequency of the ion of interest is derived from:

2nn, + @, N 2rn_+q@_ 2r(ng +n_) + @gna

v.=v,tuv_=

27ty 2ty 2ty .11
Hence the measurement of the cyclotron frequency in a Penning trap can be re-
duced to three measurement steps:

1. The center C of the radial motions by minimizing the amplitudes of both
radial eigenfrequencies v, and v_

2. The final projection at t = t,.. at v, by minimizing the amplitude of v_
The final projection at ¢ = f,.. at v_by minimizing the amplitude of v,

The final phase g, can then be calculated by the polar angle between the spot in
step two and three as the preparation for both is exactly the same (see Fig. 5 in
[Elis14a] for a detailed description of the ion preparation).

It is important to note, that in PI-ICR — unlike in ToF-ICR - every single ion con-
tributes to the actual determination of the cyclotron frequency. In an upcoming
publication [Moug20] we demonstrated the successful mass determination of
very-low-yield (~20 ions/hour) isotopes at a 6m/m = 10™ level of precision for as
little as 5 ions per spot. This is a clear advantage and the main reason for the mul-
tifold reduction in measurement time compared to ToF-ICR.

The second advantage lies in the ultra-high resolving power of the new technique.
Ions of different masses moving in a Penning trap undergo a similar time-of-flight
separation in the radial plane as ions trapped in an MRToF-MS. As shown in
Fig. 2.8, the mass resolving power R,

R=o—c &2 — (2.12)

with MRToF trapping time t;, MRToF peak FWHM Af, ToF-ICR cyclotron fre-
quency V., ToF-ICR resonance trough width Av,, PI-ICR total phase ¢, and PI-
ICR spot width A¢, of PI-ICR is actually higher than ISOLTRAP's MRToF-MS at
any trapping time. However the MRToF-MS's high dynamic range still justifies



the use of this technique. High mass-resolving powers are crucial to resolve low-
lying (< 500 keV) isomeric states as shown in [Kart20, also see Ch. 3.3]. In an earli-
er attempt in 2016 [Atanl6] using ToF-ICR, the aforementioned isomeric states
could not be resolved and thus, the mass of a mixed state of ground and isomeric
species was observed. In the first two ISOLTRAP PI-ICR publications a very high
mass-resolving power R ~ 10°%-10” was reached in only 7 ~ 10°-10° ms trapping
time. [Kart19b, Kart20, also see Ch. 3.2, Ch. 3.3]
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Figure 2.8: Mass-resolving power as function of the trapping time for ISOLTRAP's MRToF-
MS and ISOLTRAP's precision Penning trap using ToF-ICR and PI-ICR.

Within the scope of this thesis, a Python based analysis software was written. It
allows a full PI-ICR data analysis including the reconstruction of raw PI-ICR data,
fitting of PI-ICR position information using unbinned, 2D maximum likelihood
estimation and calculation of the cyclotron frequency using the pattern 1/2 mea-
surement scheme, and the determination of a frequency ratio between a mea-
surement ion and a reference ion. The pattern 1/2 measurement scheme allows
for a direct determination of v.and is described in detail in [Elis14a]. Additionally,
the code allows for the analysis of isomeric states separated in pattern 2 (see Ch.
3.3). The code was published on Github under the MIT license [Kart19d] and was
used so far for the analysis of data in [Kart19b, Kart20, Moug20].




2.4 The ISOLTRAP Experiment

With its over 30 years of existence, the high-precision mass spectrometer
ISOLTRAP [Mukh08, Kreil3, Lunn17] is one of the longest running experiments at
CERN. Since the first publication dating back to 1986, over 180 publications have

followed in its history.

The experimental setup is depicted in Fig. 2.9. It consists of a horizontal and a
vertical section. Each contains two traps with different purposes. The singly
charged cation beam enters at an energy of 30-50 keV. There is the option to use
radioactive beam, so-called "on-line" beam, from the ISOLDE facility. There is
also the option to use beam from ISOLTRAP's so-called "off-line" ion source. This
source also provides the cations used for the reference measurements. It hosts an
alkali-ion source (stable potassium, rubidium and cesium cations) and is current-
ly upgraded with an additional laser-ablation ion source to produce, among oth-
ers, carbon clusters. These will be used in 2020 to perform extensive systematic
studies of the measurement traps and the new measurement schemes imple-

mented since the last systematic studies performed in 2003 [Kell03].
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Figure 2.9: Schematic cross section of the ISOLTRAP experiment. Left: Horizontal section
containing of an ion-source platform, the connection to radioactive ISOLDE
beam, a radio-frequency-quadrupole (RFQ, purple) buncher filled with pure he-
lium (He) gas, and an MRToF-MS (yellow) with an electron multiplier (EMP) de-
tector. Right: Vertical section containing a linear preparation Penning trap
(green) filled with pure He gas, a hyperbolic precision Penning trap (red) and a
position-sensitive micro-channel plate (MCP) detector.

The continuous beam first enters into a segmented, linear Paul trap (also known
as radio-frequency quadrupole (RFQ) buncher; purple) [Herf01], which is filled
with high-purity helium gas for cooling and bunching. The ion bunch is subse-
quently injected into the MRToF-MS (yellow) [Wolf12, Wolf13b]. Here, mass mea-

surements for very short-lived species (f,, < 60 ms) can be performed using an

electron multiplier (EMP) particle detector and a fast timing card. For longer-
lived species the trap is used as a mass separator. The purified beam is then bend
into the vertical section and injected into the linear preparation Penning trap

(green). It is filled with pure helium gas for further cooling. [Sava91] This step was



found to be crucial for the PI-ICR technique as optimal starting conditions
(i.e., straight and centered injection into the precision Penning trap) are neces-
sary for PI-ICR to work optimally. The beam finally arrives in the hyperbolic pre-
cision Penning trap (red) where mass measurements can be performed destruc-
tively using a position-sensitive MCP detector and the well-established one-
[Graf80] and two-pulse [Kret07, Geor07] ToF-ICR techniques or the recently im-
plemented PI-ICR technique [Elis13a, Elis14a].

An alternative description can be found on ISOLTRAP's new website [Kart19f]
which has been fully redesigned as part of this thesis.

2.4.1 Statistical and Systematic Uncertainties

The better precision an experiment can achieve, the more sensitive it gets to sys-
tematic uncertainties. The following list summarizes experimental and analysis
techniques for PTMS in order to account for systematic shifts/uncertainties at
ISOLTRAP down to a ~107 level of precision. Further details can be found in
[Kell03] and in an upcoming publication about the systematic studies at
ISOLTRAP performed with a carbon-cluster source during CERN's long shutdown
(LS2) in 2019/2020.

» From Eq. (2.6) one notices that the statistical uncertainty in the mass deter-
mination is based on the statistical uncertainty in the cyclotron-frequency
determination. In both, ToF-ICR and PI-ICR, the statistical uncertainty is
based on three factors: First, the number of detected ions of interest being
limited by the production and ionization rate at ISOLDE (see Ch. 2.1) and the
transport and purification efficiency to the measurement trap. Second, the
purity of the beam. Hereby, the MRToF-MS for isobaric contaminants and
PI-ICR for isomeric contaminants provide excellent tools for beam purifica-
tion. And third, the width of the resonance in ToF-ICR or the number 7 of in-
teger turns in PI-ICR (see Eq (2.11)), scaling both inversely proportional with
the measurement time. All these factors are not really in the hand of the ex-
perimentator after optimal preparation since they heavily depend on the giv-
en ISOLDE yield for the species of interest, the given amount of beam time at
ISOLDE and the half-life of the species limiting the measurement time. Rela-
tive systematic uncertainties as low as ém/m = 9x107'° [Kart19a] are routinely
achieved.

» The strongest external contribution in PTMS are fluctuations in the magnetic
field which have a direct influence on the cyclotron frequency (see Eq. (2.6)).



This can be overcome by measuring alternating spectra of the ion of interest
and a well-known reference ion faster than non-linear fluctuations of the
magnetic field (typically ~15 min). Additionally, magnet-bore temperature
and environment pressure, having strong influence on the magnetic field, are
constantly logged at ISOLTRAP in order to detect inhomogeneous fluctua-
tions during a measurement. With the publications in this thesis, the cy-
clotron-frequency-ratio evolution over time is now determined via a simul-
taneous polynomial fit of a subset of the cyclotron frequencies. This en-
hances the modeling of the evolution of magnetic-field drifts and therefore
overcomes systematic uncertainties deriving from magnetic-field fluctua-

tions. Details about this technique can be found in [Kart19a, Kart19b] and in

the published analysis code [Kart19d].

« In addition to short-term fluctuations, the magnetic field of a superconduc-
tor shows a long-term drift which was measured to be 6v./v, = 6.35x107'! T/
min at ISOLTRAP [Kell03].

» So-called space-charge effects [Boll92] are systematic shifts in the cyclotron
frequency due to Coulomb interactions by the presence of additional ions in
a Penning trap. Hence the number of ions simultaneously trapped in the
measurement Penning trap is intentionally kept at ~1 ion in the trap.

o Imperfections in the trap geometry lead to systematic shifts. The ion prepa-
ration is specifically designed such that measurement and reference ions are
always taking the same flight path during a measurement and are therefore
experiencing the same effects due to trap imperfections. In addition, a mass-
dependent term was determined to be 6R/R = 1.6x107°x (m;o; — mpg / u with
the atomic mass unit u [Kell03].

* A remaining uncertainty of 6R/R = 9x107° was assigned due to a reduced x*
greater than one [Kell03]. This so-called "residual uncertainty” will be remea-
sured in the upcoming systematic studies since it is not applicable anymore
due to a full dismantling of the vertical as well as horizontal part of setup
since the last studies.

e During an analysis, many different cuts in the space domain, time-of-flight
domain, number of ions per ejection (so-called "z-class"), as well as fit mod-
els can be tested. Correlation with magnet-bore temperature, environment
pressure and reference spectra taken regularly can be searched for. Also
mass-dependent effects (so-called "internal sandwiches") and decay-curves
can be studied.






3 Publications

This thesis was composed as a cumulative dissertation in agreement with the reg-
ulations of the Department of Physics and Astronomy of Heidelberg University.
The following chapter comprises three publications in internationally acclaimed
peer-reviewed journals, which have already been published or are accepted for
publication. The author holds the first authorship for all three publications.

The thesis describes the successful transition from the well-established ToF-ICR
technique to the next-generation Penning-trap technique PI-ICR at ISOLTRAP. As
such, the following publications connect via the revolution of the measurement
method, demonstrating unprecedented resolving power and precision. The dis-
covered physics results are of utmost importance for the field of nuclear physics

and demonstrate the vastness of opportunities the new technique has to offer.

The first section presents ISOLTRAP's most precise (ToF-ICR) mass values ever
published with a precision 6m/m = 9x107 in the case of #’Na. The Q-values of the
measured mirror nuclei decays, namely #’Na - *’Ne and Mg > *Na, were used to
calculate the corrected Ft-value of these transitions. This value is used to calcu-
late an experimental V 4-element of the CKM quark-mixing matrix. Its unitarity
can be tested, which is an integral part of the Standard Model.

The second section presents ISOLTRAP's first publication using the PI-ICR tech-
nique. In only ~4 hrs measurement time, a relative mass precision ém/m = 1.4x10”
and a mass resolving power m/Am exceeding 1x10” in only 1 s trapping time were
reached for 'Cs. These values constitute the main improvements of the new
technique, allowing measurements with ~25 times shorter measurement time at
similar or better levels of precision and much higher resolving power. Additional -
ly, the new measurement improves the uncertainty on the ground-to-ground-
state Qgc-value by a factor 25 precluding the '*'Cs - *'Xe pair as a feasible candi-

date for the direct determination of the v, mass.

In the third section, first high-resolution data using PI-ICR are presented, provid-
ing the first measurement of the low-lying isomeric states in '*Cd and their order-
ing. These results shed light on the evolution of the N = 82 shell gap below the
proton-magic number Z = 50 and suggest a substantial weakening of the N = 82
shell gap. Additionally, the first measurement of **Cd is presented, confirming

the phenomenon of mutually enhanced magicity at '*2Sn.
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We report on high-precision Qgc values of the 2'Na — 2!Ne and Mg — 2*Na mirror 8 transitions from
mass measurements with ISOLTRAP at the CERN ISOLDE facility. A precision of 8m/m =9 x 107! and
8m/m = 1.5 x 10~° was reached for the masses of >'Na and Mg, respectively. We reduce the uncertainty of
the Qgc values by a factor of 5, making them the most precise experimental input data for the calculation of the
corrected Fr value of these mixed Fermi and Gamow-Teller transitions. For the >'Na — *'Ne QOgc value, a 2.30

deviation from the literature Qgc value was found.
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I. INTRODUCTION

After more than five decades of experiments determining
half-lives, Qgc values, and branching ratios for a set of 14
superallowed Fermi f transitions, a very robust data set has
been obtained, leading to an impressive 2 x 10~* precision on
the weighted average corrected F¢ value for these transitions
[1]. The constancy of these corrected Jt values confirms the
conserved vector current (CVC) hypothesis [2] and provides
a very precise value for the dominant V4 up-down quark-
mixing matrix element [1]. Together with the Vi, and Vi
matrix elements, the unitarity of the Cabibbo-Kobayashi-
Maskawa (CKM) quark-mixing matrix [3] is now confirmed
at the 5.5 x 10~ precision level [1], thereby providing strong
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constraints on several types of new physics beyond the
Standard Model [4-6].

The uncertainty on the weighted averaged Ft value for the
superallowed Fermi transitions is mainly determined by the
theoretical uncertainty on the nucleus-independent radiative
correction, Ag [7]. Addressing this again to improve its theo-
retical uncertainty by at least a factor of 2 to 3 would be highly
desirable and would allow for major progress in searches for
new physics via the CKM-unitarity condition.

Meanwhile, progress from the experimental side is contin-
uously ongoing. Input data for the F¢ values of well-known
superallowed Fermi transitions are being cross checked and
further improved. In addition, with production means at ra-
dioactive beam facilities steadily improving, the set of tran-
sitions of interest is being extended as well [1]. Finally, it
would be of interest to obtain a precise value of V4 from
further types of g transitions. This would not only allow cross
checking the validity of small theoretical corrections but, if
sufficiently precise, would also contribute to further reducing
the uncertainty of the V4 value.

The B decay of the free neutron requires no nuclear
structure-related corrections and would thus in part provide
an independent check on the value of V4. This requires the
determination of the neutron lifetime and of the ratio of the
axial vector to vector coupling constants g4/gy. Significant
progress in the determination of the neutron lifetime has been
made over the past decade [5,6]. The ratio g4 /gy , traditionally
extracted from the electron-emission asymmetry parameter,
A, faces a similar problem [8]. However, the most recent
and also most precise results, obtained from independent
measurements, all seem to converge to a common value [5,6].

It was pointed out that also the superallowed mirror B
transitions in isospin doublets could contribute to further

Published by the American Physical Society
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improving the precision on V4 [9]. Moreover, such transitions
could provide important cross checks for the calculation of the
isospin impurity correction, §¢ [10]. In the past decade, many
measurements leading to more precise Ft values for such
transitions have been performed. In addition, all theoretical
contributions necessary to obtain the corrected Fr values
with a precision at the 10~ level—for sufficiently precise
experimental input data—have been provided [53]. However,
similar to the case of the neutron lifetime, these mixed Fermi—
Gamow-Teller transitions require the determination of the
ratio of the axial vector to vector part in the decay. For the
mirror B transitions, this mixing ratio has traditionally been
extracted from the B-particle emission-asymmetry parameter,
A, the B-neutrino correlation coefficient, a, and the neutrino-
asymmetry parameter, B. As reaching high precision in 8-
decay correlation measurements is not straightforward, in
most cases the precision on the mixing ratio determines the
precision of V4 [9,11]. The most precise results for Vy from
mirror 8 transitions have been obtained for 19Ne [12] and ¥K
[13]. The weighted average of the transitions for which data
are available, i.e., Vg = 0.9730(14) [5], is still about seven
times less precise than the value from the superallowed Fermi
transitions [1].

With the advancement of recent radioactive ion beam
facilities, intense >'Na and >*Mg beams of high purity are
now relatively easy to obtain. Hence, the mirror g transitions
of these two nuclei are ideal cases to further improve the
value of V4 from mirror § transitions. When the proposal for
the experiments reported here was submitted to the ISOLDE
and Neutron Time-of-Flight Committee (INTC) at CERN
[14], the QOgc value of both isotopes were the second-largest
fractional contribution to their F¢ values. New measurements
were reported since by TITAN [15] and LEBIT [16]. The data
presented in this work constitutes the most precise results for
the Qgc values of these two isotopes to date. From the three
experimental input data to the F¢ values, the Qgc value now
contributes the smallest fraction of the uncertainty for both
isotopes and provides thus strong motivation for improved
measurements of the other quantities.

II. EXPERIMENT AND ANALYSIS

The sodium, neon, and magnesium isotopes discussed in
the present article were produced at the ISOLDE facility
at CERN [17]. There, a proton beam of up to 2 A at an
energy of 1.4 GeV from CERN’s Proton-Synchrotron booster
is impinged on a silicon carbide target [18] to produce the
desired isotopes. The target was heated up to 2000 °C to allow
the release of the produced isotopes via thermal diffusion
and effusion. In order to enable reacceleration to 30keV and
magnetic mass separation using the general-purpose separator
(GPS), the sodium and neon nuclides were ionized using the
recently developed versatile arc discharge and laser ion source
(VADLIS) [19,20] in its electron-impact ionization mode. The
magnesium ions were selectively ionized using ISOLDE’s
resonant ionization laser ion source (RILIS) [21] while the
VADLIS was used in a special surface-ion suppressing mode
[20,22].

MCP for ToF I_:_|

detection
M)
Precision M
Penning trap
M)
Alkali Preparation
ion source Penning trap
ISOLDE 30 kV RFQ MR-ToF MS _
121(1) bean::’ 0‘: — L] [
1 1 T

P! EMP

FIG. 1. Schematic overview of the ISOLTRAP setup. On-line
beam from the CERN ISOLDE facility or off-line beam from
ISOLTRAP’s offline source enters to the left to go through a se-
quence of four ion traps: a linear radio-frequency Paul trap (RFQ,
pink), a multi-reflection time-of-flight (MR-ToF, yellow) device, and
two Penning traps (green, red). For particle detection and time-
of-flight measurements, a secondary electron multiplier (EMP) ion
detector and a micro-channel plate (MCP) ion detector are used.

The high-precision mass spectrometer ISOLTRAP
[23-25], schematically depicted in Fig. 1, includes a
linear radio-frequency Paul trap (RFQ), a multireflection
time-of-flight (MR-ToF) device, and two Penning traps. The
continuous on-line beam from ISOLDE or from the off-line
alkali ion source arrives at ISOLTRAP’s RFQ (see the purple
part in Fig. 1) cooler and buncher [26], which accumulates,
bunches, and cools the continuous beam in a 1.9 x 10~3 mbar
helium buffer-gas environment for 20 ms. The bunched beam
is then extracted from the RFQ and its energy is adjusted to
3.2keV using a pulsed drift cavity. The ions are then injected
in the MR-ToF mass spectrometer-separator (MS) [27,28]
(see the yellow part in Fig. 1). The latter is the first trap
which can be used for high-precision mass determination and
ion identification. In order to inject (eject) ions into (from)
the MR-ToF MS, a so-called lift cavity situated between
the trapping electrodes is switched to ground [29,30]. This
reduces the kinetic energy of the ions to be lower (higher)
than the electrostatic trapping potential created by the mirror
electrodes. Inside the MR-ToF MS, the ion bunch was
reflected between 1000 and 2000 times, corresponding to a
trapping time of ~15 to 25 ms and extending its flight path
accordingly. Therefore, ions with the same kinetic energy
Exin = qiU = mivi2 /2 (charge g;, acceleration voltage U, and
velocity v;) and different masses m; are separated for the same
flight path since the mean flight time #;

ti=aymi/q+p ey

is proportional to their mass-over-charge ratio (« and B are
calibration constants of the ToF system). After ejection, the
ions were detected using a secondary electron multiplier
(EMP) ion detector (see Fig. 2). Once a sufficient time-of-
flight separation is achieved, the ions of interest (I0I) were
selected by properly timing the potential change of the in-trap
lift [31]. In Fig. 2, the achieved mass-resolving power R was
on the order of R = 1;/(2 x FWHM;) ~ 10° (with the mean
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FIG. 2. Typical time-of-flight spectrum using laser ionization
(for details, see text), here shown for 80 summed spectra of A = 21
after 2000 revolutions in ISOLTRAP’s MR-ToF MS.

time of flight #; and the full width at half maximum FWHM;
of the time-of-flight distribution).

The purified beam from the MR-ToF MS then enters the
helium buffer-gas-filled preparation Penning trap where the
ions are further cooled and purified [32]. Finally, the IOIs
are transferred to the precision Penning trap where the high-
precision mass measurements are performed by determining
the ions’ cyclotron frequency v,

b= dip @

21 ni;

with the charge-to-mass ratio ¢;/m; and the magnetic field
strength B. The detection techniques used in this work were
the single-excitation-pulse time-of-flight ion cyclotron reso-
nance (ToF-ICR) [33] and the two-pulse Ramsey-type ToF-
ICR [34,35]. In both cases, a quadrupolar excitation fre-
quency, applied to the trap’s segmented ring electrode, is
scanned. This couples the two radial eigenmotions of the
trapped particles. If the excitation frequency equals the cy-
clotron frequency of the trapped ion ensemble, their time of
flight after ejection to a detector is shorter [33].

In the case of the A =21 system, 30 spectra pairs of
subsequent reference-IOI measurements were taken while 19
were taken for A = 23. In all cases, the Ramsey technique
(Ramsey pattern: 50-500-50 ms, 100-1000-100 ms, and in
case of 2'Ne™ even 200-2000-200 ms) was used in order
to reduce the statistical uncertainty (see Table I). Over the
duration of the beam time, the mass was switched four times
on the ISOLDE mass separator to exclude systematic un-
certainties deriving from the data acquisition at ISOLTRAP.
Furthermore, trap parameters such as the capture time in
the trap, the (magnetron) excitation amplitude, the injection

frequency (Hz) - 4337848.9681

-4 -2 0 2 4
90
80 TRamsey3
50-500-50 ms
70 — fit
60 e data
50 ¢ mean
(@

901

80+

mean time of flight (nus)
S
[}

701

601

23Mg+
-4 -2 0 2 4
frequency (Hz) - 3960487.2898
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FIG. 3. Typical Ramsey-type ion-cyclotron resonances, here
shown for 2'Ne* and for Mg™ after a total of 600 ms measurement
time (Ramsey pattern: 50-500-50 ms) in ISOLTRAP’s precision Pen-
ning trap. For each frequency bin, the mean of the recorded, unbinned
time-of-flight distribution (black) and its associated standard devia-
tion is depicted in green. The red line represents a least squares fit to
the expected line shape [37].

voltage, and transport parameters from the preparation trap
to the precision trap were varied consistently for both the
reference and IOI. With respect to these changes, no statisti-
cally significant deviation was observed. Finally, comparison
spectra were taken using the well-established single-pulse
ToF-ICR technique. A typical Ramsey-type ToF-ICR spectra
for 2'Ne* and 2*Mg™* at an excitation time of 50 ms per pulse
and a waiting time of 500 ms is shown in Fig. 3.

The time-of-flight spectra were fitted using the well-
established analysis software EVA [38] while cross checking
additionally selected spectra with a customized analysis soft-
ware based on ROOT [39]. During the evaluation of the data,
the impact of varying the time-of-flight-selection window was
systematically investigated. It was found to be well below
the statistical uncertainty of the measurement, which can be
explained by the purity of the spectra (see Fig. 2). There-
fore, the window was kept the same for all measurements.
A z-class analysis [38], i.e., an evaluation of the data with
respect to the number of ions inside the Penning trap for
a given measurement cycle, could not be performed due to
the intentionally low count rate of about one ion per cycle.
Three independent analyses of the whole dataset following

TABLE L. Summary for >!Na* and 2?Mg™ showing the number of Ramsey-type spectra taken, the estimated production yield at ISOLDE,
the half-lives [36], the reference ion for cyclotron frequency ratio determination, the measured cyclotron frequency ratio r, and the measured
Qkc values in comparison to the ones published by LEBIT for 2'Na [16] and by TITAN for Mg [15].

Okc (keV)
Isotope Nipecira Yield (s71) Tijs (s) Ref. Ratio r This work Literature
2Na* 30 6 x 10° 22.422(10) 2Ne* 1.0001813796(9) 3546.902(18) 3547.11(9)
BMg* 19 1 x 108 11.317(11) BNa* 1.0001894144(15) 4056.182(32) 4056.35(16)
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the procedure described in Ref. [38] were carried out in order
to confirm the robustness of the result with respect to the
subjective choices made by the evaluators.

From alternating cyclotron-frequency measurements be-
tween the 101 and the reference nucleus, one can determine
the ratio

_ Yeref 3)

Ve,101

in order to eliminate systematic uncertainties, e.g., coming
from temporal variations of the magnetic field B. The well-
established calculation procedure uses a linearly interpolated
Ve ref Detween the two closest measured cyclotron frequencies
of the reference ion at the time of the measurement of the
IOL. The final ratio value is then calculated as the weighted
mean of all individual ratios. In the case of the present mea-
surement series, the reference isotope is the daughter nucleus
of the corresponding 8 decay and the ion of interest is the
mother nucleus. This allows direct determination of the Qgc
value from the frequency ratio » while minimizing systematic
uncertainties:

Orc = (r — 1)(Myegsic — m,)c?, (€]

with the literature mass for the reference atom my)i, the
electron mass m, [40], and the speed of light c.

In addition, the fitting technique described in Ref. [41]
which uses a polynomial fit to simultaneously model the
temporal evolution of the cyclotron frequency measurements
of the mother and daughter nucleus was used. The result
of this fit is shown in Fig. 4, where a fifth-order polyno-
mial function was fitted to a subset of measured cyclotron
frequencies for both decay partners of mass A = 21. The
proportionality factor between the fit functions represents the
cyclotron-frequency ratio for the whole measurement series
between the two masses. Therefore, the fluctuations of the
measured cyclotron frequencies v;(¢) can be described with
a polynomial function f(¢) and the frequency ratio of Eq. (3):

vior() = f(1) (3)
Vret(f) = rvior = rf(1). (6)

The degree of the polynomial function describes the dom-
inant effects leading to a change in cyclotron frequency over
time. For the presented data, it is determined using the de-
gree of the continuously measured magnet’s bore temperature
fluctuation during the measurement time. The final ratios are
calculated as the weighted mean of the fitted subsets. In
addition, correlations between fit parameters were calculated
and found to be insignificant.

The polynomial fitting technique and the linear interpola-
tion analysis techniques agree well within one combined o
Following the description in Ref. [38], the mass-dependent
effect, the ion production process, the magnetic-field drift, and
ISOLTRAP’s absolute residual systematic uncertainty were
considered. The mass-dependent effect of isobars in this mass
range is more than one order of magnitude smaller than the
statistical uncertainty and is thus negligible. For each pair,
the production process and the experimental conditions were
kept constant to avoid any systematic effects. Furthermore, the
magnetic-field drift is taken into account by the polynomial

+ 4337850 + 4337060
0.2 Ratio: 1.0001813797
+0.0000000009 [3.6

_ 00 —— fit (Y%q = 1.70) s
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FIG. 4. Cyclotron-frequency-ratio determination using a simul-
taneous polynomial fit for a subset of measured cyclotron frequencies
(including error bars) of 2'Ne* and >'Na*.

fitting. The results of the data analysis are summarized in
Table 1. In the case of the 2!Na — 2!Ne transition, a 2.30
deviation from the literature Qgc value, which is dominated
by the value reported in Ref. [16], was found.

III. DISCUSSION

With the measured Qgc value, one can calculate the mirror-
nuclei Ft™™" value

]:-tmirror — th(l + S}Q)(l + 8;\/15 - 85) @

using the nucleus-dependent radiative corrections, 8 and 8%,
and the isospin-symmetry-breaking correction 8% calculated
in Ref. [53]. The vector parts of the statistical-rate functions
fv were calculated using our new Qgc values and the for-
malism described in Ref. [42]. The corrected mirror-nuclei
F1iMmr value can then be calculated according to the relation

ft(r)nirror — ftmirror(l 4 f—A,Oz), (8)
fv

where p is the Fermi and Gamow-Teller mixing ratio while

fa/fv is the ratio of the axial to vector statistical rate

functions. The latter was calculated using the formalism of

Ref. [42] and the results of shell model calculations performed

with “universal” sd (USDB) interaction (in a full sd valence

space) and the S-spectrum generator (BSG) nuclear shell-
model code [43].

For the >'Na — ?'Ne transition the Fermi—-Gamow-Teller

mixing ratio p = —0.714(7) was calculated according to
A/ 3— 3ClSM
p=t——, ©))
A/ 1 + 3aSM

using the Q-neutrino asymmetry coefficient agy from
Ref. [44]. The sign of p can be derived from the
aforementioned shell-model calculations. For 2 Mg, there has
not yet been a measurement which allows the calculation of
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TABLE II. Calculated vector part of the statistical-rate function
fv, mirror-nuclei F mirror yalue, and V,y element of the CKM matrix
for 'Na and 23Mg. For details, see text.

Isotope fv Jfalfv Fpmirrer () Vad
2Na 170.710(6)  1.0170(17) 4071(4) 0.9715(34)
BMg 378.51(2) 1.0195(20)  4724(14) N/A
p. The partial half-lives ¢
1 4 Pc
t=t _— 10
1/2< BR ) (10)

were calculated using the half-lives #,,, and branching ratios
BR given in Refs. [45-47] and in Ref. [53] for ?!Na and
Mg, respectively. For both transitions, the correction for
the competing electron-capture process Pgc was taken from
Ref. [53].

The V4 element of the CKM matrix

K
Via = . 11
‘ \/ FionorG2CZ (1 + AY) (an

can finally be calculated using K/(fic)® = 2m3In(2)h
(mec?)™> = 8120.276(5) x 10'°GeV*s, the fundamental
weak interaction coupling constant G /(fic)> =1.16639(1) x
10° GeV?, the conserved vector current (CVC) constant
Cy = 1 (assuming that the CVC hypothesis is correct; see,
e.g., Ref. [1]), and the transition-independent correction
Ay = 0.02361(38)" [53]. The results are summarized in
Table II. In Fig. 5, a comparison with five other transitions
for which a V,4q value can be experimentally determined
is presented. A comparison between the average V4 value
extracted from these mixed Fermi—Gamow-Teller transitions
and that extracted using the superallowed transitions [48] is
also shown in Fig. 5.

The weighted mean of the V,q values for all displayed
mirror-nuclei transitions results to V4 = 0.9727(14), which
is about seven times less precise than the Vg = 0.97420(21)
[48] of the superallowed transitions. Even though we
improved the precision on the Qgc value for the 2!Na — 2'Ne
transition by a factor of 5, we did not significantly improve the
uncertainty on the V4 value for this transition.

Figure 6 presents the relative uncertainties attributed to
each experimental and theoretical input factor that contributes

0.99 —
0.98 35ArI sk
....... i - R,
0.97 19Ne 21Na
&
0.96
® Literature
0.95 ISOLTRAP 29p
Vaa (1=1) = 0.97420 (21)
Vud (T=1/5) = 0.9727 (14) T
0.94
16 20 24 28 32 36 40
mass number A

FIG. 5. Comparison between different mirror-nuclei V4 values:
Ne [49], 2°P [16], ¥ Ar [9], *’K [13] (blue), our new value for >'Na
(green), the weighted mean V4 value of all values (red = two o
band), and the mean V,4 value for the superallowed transitions [48]
(gray = two o band).

to the final F™™" values. Our new measurements of the >'Na
and Mg Qgc values have such a small relative uncertainty
that they do not contribute much to a reduction of the final
uncertainty of the F mirror yalues and therefore of the V4 value
that can be extracted for 2'Na. As a result, our measurements
reinforce the motivation for the other experimental quantities,
in particular the branching ratios BR and the half-lives ¢,
to be measured with significantly improved precision. Fur-
thermore, in the case of >*Mg, a B-asymmetry or S-neutrino
correlation measurement would allow the calculation of an
additional mirror-nuclei V4 value.

IV. CONCLUSION AND OUTLOOK

This publication presented high-precision Qgc values of
the >'Na — ?'Ne and **Mg — ?*Na mirror f transitions with
ISOLTRAP at the CERN ISOLDE facility. Precisions of
Sm/m =9 x 107 and §m/m = 1.5 x 10~ were reached for
the masses of 2!Na and Mg, respectively. We reduced the
uncertainty of the Qgc values by a factor of 5, making them
the most precise experimental input data for the calculation
of the corrected F¢ value of these mixed Fermi and Gamow-
Teller transitions and strongly reinforces the motivation for

o = 2INa
(dVns - dVe) = Mg
t12
BR NSSSSSSS
Qxc (lit)
Qxc (new)
0.0 1.5 3.0 4.5 6.0 7.5 9.0 28.5

10* relative uncertainty

FIG. 6. Comparison of the relative uncertainty contributions to the ™™ value: the nucleus-dependent radiative corrections, 5;?, and 8%,
the isospin-symmetry-breaking corrections 8¢., the half-lives, the branching ratios BR, and the Qgc values from Ref. [16] for 2INa (blue), from

Ref. [15] for 23Mg (red), as well as from this work. For details, see text.
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improved measurements of the branching ratios BR and the
half-lives 2.

Yet lower uncertainties on Qgc values are now reachable
with the recently implemented phase-imaging ion-cyclotron-
resonance technique [50], which has already been applied to
the case of 'Ho — 163Dy [51].

Note added. Recently, a new transition-independent correc-
tion value was published [52]. However, since this value has
shifted significantly from previous values and since addition-
ally it is breaking the CKM unitarity, we decided to use the
one from Ref. [53].
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1 Introduction

The determination of the neutrino rest mass is of broad interest not only in nuclear
physics but also in the fields of particle and astrophysics. On the most fundamental
level, the existence of a non-zero neutrino mass is not explained by the standard
model. However, abundant experimental evidence by the observation of neutrino
oscillations has been found in the last decades, which requires a neutrino mass
and mixing. Hence, a detailed study of different neutrino properties and interac-
tions evolved as a powerful tool in the search for the fundamental theory beyond
the standard model. [1, 2] A very feasible approach for the determination of the
electron-neutrino mass lies in the investigation of electron-capture (EC) reactions
with energies of a few keV or lower. Here, the only particle emitted is the neutrino
itself. Therefore, the smaller the decay energy of these transitions, the higher the
sensitivity to the neutrino rest mass. Such transitions are found in allowed EC-
transitions to excited nuclear states in the daughter nucleus.

Electron and nuclear excitation energies are typically known to sub-keV precision.
Unfortunately, the ground state masses of the decay pairs are, in most cases, known
with uncertainties well above 1keV and thus constitute the main contribution to
the uncertainty of decay energies. Presently, only Penning-trap mass spectrometry
(PTMS) is capable of providing mass measurements with sub-keV uncertainties.
In recent years, a combination of PTMS and cryogenic microcalorimetry (MMC)
[3] has proven to be a very successful combination for investigating the 5~ -decay
in '8"Re and the electron capture in '3*Ho [4]. Several other transitions have been
subsequently suggested as possible candidates for neutrino physics research - the
electron-capture of 31Cs to the E* = 364.490(4) keV [5] excited state in '3'Xe
being one example.

2 Experiment and analysis

The measurement was performed with the high-precision Penning-trap mass spec-
trometer ISOLTRAP [6, 7, 8] located at CERN’s radioactive ion beam facility
ISOLDE [9]. There, isotopes are produced in nuclear reactions in a thick target,
induced by a 1.4 GeV proton beam. In the present case a uranium-carbide target
was used. After surface ionization, the beam was accelerated to 50keV, magneti-
cally separated for the ion of interest in ISOLDE’s HRS separator and transported
to the ISOLTRAP setup.

The ISOLTRAP apparatus, depicted in Fig. 1, consists of a sequence of four ion
traps. The continuous *'Cs™ beam from ISOLDE, as well as the 133CsT™ beam
from ISOLTRAP’s offline alkali ion source in the case of reference mass, is first
accumulated in a radio-frequency quadrupole (RFQ) trap [10], where it is cooled
and bunched for 10ms using ultra-pure helium gas. Isobaric separation is sub-
sequently performed using ISOLTRAP’s multi-reflection time-of-flight (MR-ToF)
device [11], in which trapped ions are reflected back and forth in order to extend
their flight path to ~ 1km (~ 28 ms). Not only has this device shown numerous
times its suitability for the measurement of short-lived isotopes produced in min-
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Fig. 1 Schematic overview of the ISOLTRAP mass spectrometer. Radioactive ion beams
provided by ISOLDE or an offline alkali ion source at an energy of 50 keV are delivered. Inside
the ISOLTRAP apparatus the beam is processed by a sequence of traps: a radio-frequency
quadrupole (RFQ) cooler and buncher (pink), a multi-reflection time-of-flight (MR-~ToF') mass
separator/spectrometer (yellow), a preparation Penning trap (green) and a precision Penning
trap (red). Furthermore, an electron multiplier (EMP) particle detector for ToF detection and
a position-sensitive multi-channel plate (MCP) particle detector for position and ToF detection
are shown. For further details, see text.

utes quantities [12, 13] but it has also proved itself to be a perfectly suitable tool for
mass purification [14]. More specifically, in this experiment a mass resolving power
R=m/Am =1t/(2- At) (where t is the mean of the time-of-flight distribution and
At its full width at half maximum) in excess of 1.1-10° was achieved. The purified
beam is then transported to the helium buffer-gas-filled preparation Penning trap
for further cooling and purification following the well-established mass-selective
centering technique [15]. Ultimately, the ions arrive in the precision Penning trap
where high-precision mass determination is accomplished by measuring the ion’s
cyclotron frequency v .
qi

ve =g e B (1)
with the charge-to-mass ratio ¢;/m; and the magnetic field strength B. All detec-
tion techniques currently available at the ISOLTRAP setup - namely the single
pulse time-of-flight ion-cyclotron-resonance (ToF-ICR) mass spectrometry (MS)
[16], the two-pulse Ramsey-type ToF-ICR MS [17] and the recently developed
phase-imaging ion-cyclotron-resonance (PI-ICR) MS [18, 19] - were all used in the
presented experiment.

In both ToF-ICR techniques an excitation frequency is scanned, i.e. the excitation
frequency is varied from one experimental cycle to the next, and the ion’s time of
flight (ToF) to a multi-channel plate detector after ejection from the trap is mea-
sured. This ToF has a minimum at the cyclotron frequency. A typical Ramsey-type
ToF-ICR scan for 31Cs™ is shown in Fig. 2 for an excitation time of 100ms per
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Fig. 2 Typical Ramsey-type ToF-ICR spectrum of 131Cs™ with an excitation time of 100 ms
per pulse and 1000 ms waiting time. Individual, repeated ToF measurements are shown in
black without any analysis cuts, thus demonstrating the purity of the beam injected inside
the precision Penning trap. The mean of the unbinned ToF distribution per scan step with its
standard deviation as error bar and the fitted theoretical line shape are represented in green
and red respectively [16]. For further details, see text.

b

pulse and a ”waiting time” of 1000 ms between the pulses. There, the individ-
ual, repeated ToF measurements per scan step is shown in black. The green data
points represent the mean of the unbinned ToF distribution per scan step with its
standard deviation as error bar. The red line represents a least squares fit of the
theoretical line shape to the mean ToF distributions [16].

In addition to the well-established ToF-ICR. techniques, the new non-scanning
approach to PTMS, namely PI-ICR, has been applied. This method allows the de-
termination of radial ion frequencies by determining the full phase ¢tot = 270+ ¢
in a given accumulation time tacc, consisting of an integer number n € Ny of full
turns plus an additional phase ¢ which is measured. The radial frequency then
results as v; = (2rn+ ¢)/(27tacc). Since the cyclotron frequency in a Penning trap
ve = vy +v_ is equal to the sum of its radial eigenfrequencies v /- the technique
is perfectly suited for PTMS allowing a frequency determination at the same or
better precision as ToF-ICR techniques with ~ 25 times shorter measurement time

19].

A typical PI-ICR detector image for *!Cs™ is shown in Fig. 2: The dots rep-
resent repeated position projections (so called spots) from the Penning trap to
a position-sensitive detector. In this case, the frequency determination was per-
formed according to the pattern 1/2 (in Fig. 3 referred to as P1/P2) measurement
scheme described in [19] which allows for a direct determination of v.. The achieved
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Fig. 3 Typical PI-ICR detector image for 131Cst with a center spot C and two overlapping
spots P1/P2 for tacc = 1s, resolving power R = ¢rot/(2 - Ap) = 1-107. For further details,
see text and Ref. [19].

resolving power R in case of Fig.3 was R = ¢tot/(2- Ap) = 1-107 with the total ac-
cumulated phase ¢ot after tacc = 1's and the spot’s FWHM in terms of angle Ag.
The analysis was performed with a custom-designed analysis software (for details
see Ref. [20]) based on Python and ROOT [21]. The analysis was independently
performed with a LabView analysis software developped by the SHIPTRAP col-
laboration [19] and agrees within uncertainties.

The determination of the cyclotron frequency ratio r = v¢ ioi/Vc rer between all
measured cyclotron frequency values vcioi of the ion of interest (in this case
13le+) of all three measurement methods and the reference ion values v yer (in
this case 133Cs™) is performed by simultaneously fitting a polynomial function
p(t) to both data sets [22]:

Veioi = p(t) (2)
Veref =T Vejioi =T+ p(t)- (3)

The polynomial fit function describes the temporal evolution of the cyclotron
frequencies while the proportionality between the two fits is exactly the cyclotron
frequency ratio r. The ground-to-ground state Qgc-value can be directly expressed
following the relation:

QEC - (T - ]-) : (mref,lit - me), (4)

where myef it is the literature mass of the reference ion (here taken from AME16
[23]) and me [24] is the electron mass. Figure 4 shows all individual cyclotron
frequency measurements of 13Cst and 133Cs™ over time. In addition, the poly-
nomial fits are shown. As one can see, all PTMS detection methods used in this
publication are in good agreement. Moreover, the weighted mean of all individual
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Fig. 4 Simultaneous polynomial fits of the four data sets as well as of all cyclotron frequency
data for 131CsT and 133Cs*. For further details, see text.

cyclotron frequency ratios for neighboring, alternating frequency measurements of
131Cs™ and '3Cs™ was calculated [25] and agrees with the polynomial method
described above. The final frequency ratio yields rgna = 0.9849517704(14). The
uncertainty of the combination of all PI-ICR data is dve/ve = 1.4-107°.

In addition to the statistical uncertainty derived from the fit, a careful analysis
of the systematic uncertainties which are not covered by the polynomial fit was
performed. These include considering fit parameter correlations, where off-axis
elements in the correlation matrix were negligibly small. The fluctuation of the
individual frequencies after applying different fit cuts was systematically studied.
They were found to be well within the statistical uncertainty on the individual
frequency, proofing the purity of the beam. Since the ion rate was purposely kept
below one ion per measurement cycle, a z-class analysis, i.e. reducing the number
of detected ions per cycle and therefore in the trap itself, did not have to be per-
formed. The data was corrected for ISOLTRAP’s mass-dependent shift (relative
shift: 7-107'°) due to the difference in mass between the ion of interest and the
reference ion as described in Ref. [25, 26]. The residual systematic uncertainty of
ISOLTRAP [25] was not taken into account due to the fact that both the ion of
interest and the reference were prepared, injected and measured in identical con-
ditions, hence probing the same volume of the precision trap.

Table 1 presents the obtained ground-to-ground-state decay energy Qgc as well

as the allowed (Qrc — E*)-value of interest to the E* = 364.490(4) keV [5] state
in 131Xe with their associated uncertainties. The decay-energy of the allowed EC-
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Table 1 Comparison of the measured mass excess, the measured released energy Qgc of
the electron-capture-pair ground-to-ground-state decay of 31Cs—13'Xe, the released en-
ergy (Qec — E*) for this electron-capture-pair in terms of ground-to-excited-state decay of
131Cs—131Xe* | the latter one corrected for the binding energy B of captured L- and M-shell
electrons (Qec — E* — B) and the final uncertainty compared to literature [5, 23]. For further
details, see text.

(keV) ME Qec  Qrc-E* Qrc-E*-Br,  Qgrc-E*-By  unc.
Literature -88059 355 -10 -15 -11 5
ISOLTRAP -88055.56 358.00 -6.49 -11.95 -7.64 0.17

transition has to be corrected for the binding energy B of captured electrons
(Qec — E* — B) to the L—shell-electron (B(L-e~ ) = 5.453keV [27, 28]) and to the
M —shell-electron (B(M-e~) = 1.1487keV [27, 28]). It is worth mentioning, that
the '31Xe literature mass is dominated by a high-precision measurement from
SHIPTRAP using the PI-ICR technique [29].

With the refined uncertainty, the ground-to-excited-state value (Qpc — E*) =
—6.49(17) keV appears undoubtedly negative. This translates to the excited state
131Xe* being higher in energy than the parent ground state in 13'Cs, thus pro-
hibiting this 131 Cs—13!Xe* transition and excluding it as a suitable candidate for
the determination of the electron-neutrino mass.

3 Conclusion

High-precision mass measurements of the 3'Cs using established time-of-flight
ion-cyclotron-resonance (ToF-ICR) mass spectrometry (MS) as well as the re-
cently developed phase-imaging ion-cyclotron-resonance (PI-ICR) detection tech-
nique was performed with ISOLTRAP/CERN. We were able to demonstrate the
successful implementation of PI-ICR at ISOLTRAP with a high resolving power
of 1-107 for 1s single-measurement time, a statistical uncertainty of only 1.4-107°
in ~ 4 hrs of beam time and a very good agreement with our well-established ToF-
ICR measurement techniques (see Fig. 4). The obtained Qgc-value agrees with
the value found in literature. However, the refined precision allows now to exclude
this electron-capture transition as a possible candidate for the determination of
the neutrino mass.

Thus the PI-ICR technique appears very promising to tackle even more challenging
cases such as '3*Ce, ®"Dy and '"Hf [30, 31], the decay energy of which must be
determined at a sub-100 eV level of precision.
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The so-called magic numbers of protons and neutrons
are associated with large energy gaps in the effective single-
particle spectrum of the nuclear mean field [1], revealing
shell closures. As such, they are intimately connected to the
nuclear interaction and represent essential benchmarks for
nuclear models.

Experiments with light radioactive beams have shown
that shell closures at N = 8, 20, and 28 are substantially
weakened when the number of protons in the nuclear
system is reduced (see [2,3] for a review). New but weaker
shell closures have also been found, e.g., N = 32 and 34
[4-7]. In the shell model, this evolution results from the
interplay between the monopole part of the valence-space
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nucleon-nucleon interaction that determines the single-
particle spectrum and multipole forces that induce corre-
lations [8]. Starting from realistic nuclear forces, the study
of closed-shell nuclei provides benchmarks for microscopic
calculations of valence-space Hamiltonians, with their
many-body contributions [9—13]. Despite extensive work,
significantly less is known for heavier nuclei, in particular
for the magic N = 82.

The doubly magic nature of '*Sn (with 50 protons and
82 neutrons) was reconfirmed recently [14,15]. But below
Z = 50 the orbitals occupied by the Fermi-level protons
change, as does the proton-neutron interaction, which
drives shell evolution. This means that without data for
nuclides with Z < 50 and N = 82, any predictions for the
N =82 shell gap are rather uncertain. While decay-
spectroscopy [16—18], laser-spectroscopy [19], and mass-
spectrometry [20,21] studies have been performed for the
neutron-rich cadmium isotopes, the energies of the low-
lying isomers in '?°Cd and the N = 82 two-neutron shell
gap remain unknown.

Published by the American Physical Society
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The A =~ 130 r-process abundance peak has long been
considered an indication of a persistent N = 82 shell gap in
various models. However, recent studies of r-process
nucleosynthesis have underlined the importance of fission
recycling in certain scenarios, in which the A = 130
abundance peak is primarily determined by the fission-
fragment distribution of r-process actinides [22,23].

In this Letter, we present the first direct determination of
the N = 82 shell gap for Z < 50 with mass measurements
of exotic cadmium isotopes and isomers between '**Cd and
132Cd. We exploit all mass-measurement techniques of the
ISOLTRAP spectrometer, including the phase-imaging ion-
cyclotron-resonance (PI-ICR) method [24-26]. The data
are interpreted in comparison to the large-scale shell model
and to new calculations made with a beyond-mean-field
(BMF) approach [27,28], as well as the ab initio valence-
space in-medium similarity renormalization group (VS-
IMSRG) [12,29-33].

The cadmium isotopes were produced at CERN’s
ISOLDE facility [34] by neutron-induced fission in a
uranium-carbide target. The neutrons were produced by
1.4-GeV protons accelerated by CERN’s Proton
Synchrotron Booster and impinging on a tungsten rod,
which reduced contaminants from proton-induced reactions
[35]. The neutral products diffused from the ~2000 °C target
into a hot tantalum cavity where the resonance-ionization
laser ion source [36] was used to produce singly charged
cadmium ions. A cold quartz line [37] greatly suppressed
surface ionized cesium and barium contaminants.

The beam was accelerated to 50 keV, mass separated by
the ISOLDE High Resolution Separator and transported to
ISOLTRAP for accumulation in a segmented, linear radio-
frequency quadrupole cooler and buncher [38]. The ion
bunch was then injected into the multireflection time-of-
flight mass spectrometer (MR-TOF MS) [39] where the
cadmium ions were separated from contaminants with a
resolving power of ~10°. The separated ions were either
detected using a secondary electron multiplier for mass
measurements, or purified [40] and transported to a tandem
Penning-trap system, composed of a preparation trap for
beam cooling and further purification [41,42] and a
precision trap for measurements.

In this Letter, the masses of 31"132Cd were determined
with the MR-TOF MS (see Fig. 1) using a two-parameter
calibration formula and hence requiring two reference
measurements, as described in [5]. Its short measurement
time of only about 27 ms and direct ion counting made it
the method of choice for the most exotic isotopes.
Considering only singly charged ions, the mass m;, of
the ion of interest is related to the masses m;; and m;,

of two reference ions by m,lf = CropQref +%Eref,
/2 1/2 1/2 1/2

with Apep = m; " —m;5, Zeep = m;y” +m;5 and Crop=
(2t,—t;—1,)/[2(#,—1,)]. The quantities ¢, t;, and #, are the
TOFs, measured in the same conditions, of the ions of mass
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FIG. 1. MR-TOF spectrum (after 800 revolutions) of 3°Cd*

along with isobaric ions ('*?Ba* and '3’Cs™), with fits (in red) to
Gaussian line shapes.

m; ., m; 1, and m; 5, respectively, with m; ; an isobar of the
ion of interest.

The masses of the other studied cadmium isotopes were
determined with the precision Penning trap, allowing
typically a higher precision and resolving power than the
MR-TOF MS, by measuring their cyclotron frequency (as
singly charged ions) in the trap, v, = ¢B/(27m; ) (Where
q is in our case the elementary charge and B is the trap’s
magnetic-field induction) [43]. The atomic mass m, can
then be determined as m, = ryes 5 (myes — m,) + m,, where
m, is the electron mass and 7yefyx = Verer/Ve, 18 the
measured cyclotron-frequency ratio between a singly
charged reference ion of atomic mass m,; and the ion
of interest. The binding energy of the electron, neglected in
the atomic-mass formula, is orders of magnitude smaller
than the statistical uncertainty.

Penning-trap measurements of 12+126.128.131Cq were per-
formed with the time-of-flight ion-cyclotron-resonance
(TOF-ICR) method [44], including Ramsey-type excita-
tions [45,46].

For '?7129Cd the beam was a mixture of ground and
isomeric state (J = 3/2" and J = 11/27) which in a prior
attempt could not be separated by a long-excitation TOF-
ICR measurement [20] due to the short half-lives. In this
Letter, we used instead the recently developed PI-ICR
method [24,25], by which a radial frequency is determined
from the phase “accumulated” by the circular ion motion in
the trap in a given time .., using its projection on a position-
sensitive microchannel-plate detector (MCP). In PI-ICR MS
one performs three ion-position measurements: (1) the
center of the radial ion trajectory by ejection without
preparing a radial motion, (2) for ions prepared on a
cyclotron orbit (at frequency v, ) after evolving for 7.,
(3) for ions prepared on a magnetron orbit (at frequency v_),
after evolving for the same 7,... The cyclotron frequency is

092502-2
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FIG. 2. PI-ICR ion projection image of '>’Cd* with center ion

spot measured separately (in black) and the 11/2~ (blue) and
3/2" states (red) separated by the marked angle after 106-ms
phase accumulation at the modified cyclotron frequency.

then given by v, = 2z(n, +n_) + @]/ (2xt,.), where n
and n_ are the number of integer rotations performed by the
ions in steps (2) and (3), respectively, while ¢ is the angle
between the ion positions measured in the two steps [24,25].

In the second step of the PI-ICR measurement, a
resolving power of about 2 x 10® was achieved in only
106 ms, allowing a clear separation of the two states as
illustrated in Fig. 2 for '?°Cd*. Their individual masses
could thus be determined.

The experimental results of this work are summarized in
Table I. During the '32Cd measurements the yield of (stable)
132Ba+ remained constant, while a gradual increase in the
yield of (radioactive) '3?Cs* was observed. The data set for
132Cd was thus split, depending on which isobaric reference
dominated, resulting in two independent Cror values. In

TABLE L.

this case, as well as for 3!Cd, the weighted averages of the
new mass-excess values are used for the figures.

The analysis of the TOF-ICR measurements followed the
procedure in [49]. For the MR-TOF MS spectra, Gaussian
distributions were fit to the data (double-Gaussian for the
132Ba*/132Cs* double peak) by the binned maximum-
likelihood method. When statistically significant, shifts
of the CtoF values from changing the fit range, data binning
and number of ions simultaneously stored in the MR-TOF
MS were included in the total uncertainty.

For the PI-ICR measurements, the unbinned maximum-
likelihood fit of the ion-spot positions was performed using
2D Gaussian distributions. The effect of the number of ions
simultaneously stored in the trap was studied and, for the
analysed data set, was within statistical uncertainties. The
mass-dependent shift and systematic uncertainty from [49]
were quadratically added to the total uncertainty.

The spin assignments for the measured states in '?’Cd and
129Cd are based on the fact that the high-spin isomers were
systematically produced with higher yields, corroborated by
a laser-spectroscopy study of cadmium isotopes performed
at ISOLDE [19] with the same production mechanism,
where the yield ratios were determined for '27-12°Cd. We
conclude that the excited 11/2~ state in '>’Cd becomes the
ground state in '°Cd. The 283(12)-keV excitation energy
obtained for '>’Cd agrees with the TITAN result using
highly charged ions [21]. The 343(8)-keV excitation energy
of the 3/2% state in '*°Cd is a new value.

In a simple picture, the 3/2% and 11/2 states in '*°Cd
are formed by the odd neutron occupying the d3/, and hy; /»
orbitals, respectively, and allow probing the evolution of
the two states with proton number. This is shown in Fig. 3,
where neutron binding energies, calculated as in [2] for the
low-lying states in the even Z, N =81 and N = 83
isotones are plotted as a function of Z. For Z = 48 they
are obtained from this Letter. One notices the larger slope of

Frequency ratio (r = v, ¢/v..), time-of-flight ratio (Ctor) and mass excess of the cadmium isotopes measured in this work.

Mass excesses from the literature ([21] for '2’Cd, [20] for 'Cd and AME2016 [47] for the rest) are given as well (# indicates
extrapolated values). The masses of the reference ions used in the evaluation are from AME2016 [47]. Experimental half-lives are taken
from [48] (and [18] for '2’Cd). The yields, where available, are order-of-magnitude estimates of ion intensities on the ISOLDE central

beam line. Values between parentheses are total (statistical plus systematic) uncertainties.

Mass excess (keV)

A J”  Half-life (s) Yield (Ions/s) Method References Ratio r or Crop This Letter Literature

124 0F 1.25(2) TOF-ICR 13Cst r=0.9323743186(432) —76692.4(5.4) —76701.7(3.0)

126 0F 0.513(6) TOF-ICR 133Cs* r=0.947458 558 1(503) —72249.8(6.2) —72256.8(2.5)

127 3/2%  045(%) 5x10* PI-ICR 133Cst r=0.9550111122(922) —68737(11)  —68743.4(5.6)
11/2=  0.36(4) 1 x10° r=0.9550133972(435) —68453.8(5.4) —68460.1(4.7)

128 0F 0.246(2) 8 x 10* TOF-ICR 133Cst r=0.962547502(114) —67225(14)  —67242(7)

129 11/2=  0.152(6) 1 x 10* PI-ICR 133Cst r=0.9701048175(432) —63122.1(5.4) —63058(17)
3/2%  0.147(3) 5x10° r=0.970107 588 6(450) —62779.1(5.6)

131 7/27  0.098(2) 3x10? TOF-ICR B3Cst r=0.985217426(252) —55167(31)  —55220(100)

MR-TOF MS BICs*, 33Cst Crop = 0.4823166(126) —55238(24)
132 0F 0.082(4) 5 MR-TOF MS 132Ba*, 33Cs* Crop = 0.4592156(773) —50499(72)  —50260
132Cs*, 133CsT  Crop = 0.460420(118)  —50386(110)
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FIG. 3. Neutron binding energies of the low-lying nuclear states
of the N=81 J*=1/2%,3/2",11/27) and N =383

(J*=17/27) isotones. Experimental data are taken from
[48,50] and this Letter (open symbols).

the 11/2 states, which changes more abruptly for Z < 50,
suggesting a stronger, attractive monopole proton-neutron
interaction for the high-spin state.

Figure 4 shows the difference in energy between the
3/2*% and 11/27 states for the odd cadmium isotopes.
Shell-model calculations assuming a closed *?Sn (jj45pn
[51,52] and NA-14 [16-18,53]) or allowing cross-shell
excitations (EPQQM [54]) predict the 11/2~ state to
become the ground state in '°Cd. For EPQQM, obtaining
the correct prediction required enhancing the monopole
interaction between the 7gy/, and vhyy/, orbits [S5].

The mass of '3%Cd allows addressing a broader range of
models via the N = 82 two-neutron shell gap A,,(Z,N) =
Son(Z,N) = S,,(Z,N +2) (where S,, is the two-neutron
separation energy), a quantity involving only even nuclei

S ,3‘ Theory
T 2001 L bviadl \ VO NA-14
= I ' & EPQQM
+ @ jj45
8 o
] \
| = v
~ \
I \‘ .
N 5901 Experiment \
5 -®- NUBASEI6 ‘V
] @ ISOLTRAP b4

72 74 76 78 80 82

Neutron number

FIG. 4. Energy difference between the J = 11/2" and J =
3/27" states in the odd cadmium isotopes. Experimental data
from [48] and this Letter are compared to theoretical calcu-
lations (EPQQM [54], NA-14 [18,53], jj45pn [51] using
NUSHELLX [52]).

and the first such value below the doubly magic '*2Sn. This
gap is shown as a function of Z in Fig. 5, with the new data
(full circle) revealing a peak at the proton magic number
Z = 50. This phenomenon called “mutually enhanced
magicity” [56,57] is known from other doubly magic
nuclei and was explained by a BMF calculation using
the SLy4 Skyrme interaction, within a symmetry-restored
generator coordinate method (GCM) [27,28]. In this Letter,
we show that this enhancement manifests also for '32Sn.
The BMF calculations were extended to Z =46 and
describe the peak at Z = 50. By contrast, results obtained
with SLy4 just at the mean-field level (SLy4-MF) fail to
reproduce the peak. It is by BMF correlations that the
N = 80, 84 isotones gain binding with respect to N = 82,
lowering the empirical shell gap, while for Z = 50 the
closed proton shell maintains the high gap value. The same
failure to produce the peak in more basic mean-field
calculations is also found when using other interactions.
Figure 5 illustrates this for the nonrelativistic HFB31 [58]
and UNEDFO [59] Skyrme interactions and the relativistic
DD-MES¢ [60]. Calculations with HFB31 include a collec-
tive-energy correction for BMF effects, which slightly
enhances A,, around Z = 50. While the peak is qualita-
tively described by BMF correlations, the size of the drop
of A,, below Z < 50 is not reproduced by any of these
calculations.

We also present VS-IMSRG calculations of ground- and
two-neutron separation energies of cadmium, tin, and
tellurium isotopes across the N = 82 shell gap. For details
on the VS-IMSRG decoupling to derive the valence-space
Hamiltonian, we refer to Refs. [12,29-33]. When this
ab initio valence-space Hamiltonian is diagonalized (here
with the shell-model code ANTOINE [8]) some subset of
eigenvalues of the full Hamiltonian should be reproduced

12
% Experiment
= 10 - —®- AME2016
E —@— this work
&
= 9]
£
» 6 N
g ) o O g o—g = O

o A

E 4qm N a A S8 Ao
= A Theory
g A B HFB3I @ SLy4-MF
& 214 A~ UNEDFO —V— SLy4-GCM
E —— DD-MES —@— VS-IMSRG

42 44 46 48 50 52 54 56 58 60 62 64 66 68 70
Proton number

FIG. 5. Experimental two-neutron shell gap of the N =82

isotones from the AME2016 [47] and this Letter compared to

predictions of different calculations (for details, see text). The

dashed line corresponds to the VS-IMSRG results shifted to
match the Z = 50 value.
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when no IMSRG approximations are made. In this Letter,
we use the IMSRG(2) approximation, where all induced
operators are truncated at the two-body level, typically
giving binding energies closer than 1% to full-space
ab initio results [12]. We begin from the 1.8/2.0(EM)
chiral interaction of Refs. [61,62], used successfully
throughout the medium- to heavy-mass region
[13,63,64]. For heavier systems, achieving convergence
with respect to the E;,, cut on 3N matrix elements is
however a key limitation. The resulting A,, values are
presented in Fig. 5. The calculations overestimate data by
almost 3 MeV, but are not fully converged with respect to
the 3N matrix elements included, here up to E3 ., = 18
excitations in a harmonic oscillator basis. In contrast, the
relative trend of A,,, which is safely converged up to
~50 keV, is well described. This is illustrated by the
dashed lines in Fig. 5, which show the IMSRG results
translated to match the A,, value at Z = 50.

In summary, we have measured the masses of neutron-
rich cadmium isotopes and isomers across the N = 82 shell
closure. The PI-ICR technique allowed establishing the
inversion of the 11/2~ and 3/27 states in '?°Cd, showing
that the /1, /, neutron orbital is key for the evolution of the
N = 82 shell gap towards Z = 40. The trend of the N = 82
shell gap was determined below Z = 50 with the mass of
132Cd, showing a large drop, which confirms the mutually
enhanced magicity of *?Sn. A BMF model reproduces the
effect, but underestimates its size, whereas the VS-IMSRG
approach shows an offset to experiment, but describes it
qualitatively.
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4 Discussion & Outlook

The publications presented in Ch. 3 demonstrated the successful transition of the
high-precision mass spectrometer ISOLTRAP to the next-generation Penning-
trap mass spectrometry technique PI-ICR. The findings in this cumulative thesis
pave the way for high-precision mass spectrometry on radionuclides with un-

precedented resolving power in new areas of the nuclear chart.

4.1 Mirror Nuclei

The first publication [Kartl9a] presents the highest relative mass precision ever
achieved at ISOLTRAP using the well-established Ramsey-type ToF-ICR tech-
nique. This result constitutes the sixth-best relative mass precision ever achieved
on a short-lived species with half-lives #, < 1 hr [Audil7, Wangl17]. Better relative

mass precisions were, to our best knowledge, only reached for *Cl, %F, *O, "°In,
and *'Sc [Audil7, Wangl7]. In order to achieve such a superior result, compre-

hensive studies were performed to reduce, on the one hand, the statistical uncer-
tainties and, on the other hand, the systematic uncertainties. An increased num-
ber of measurements accomplished the former. In the case of ?’Na/?'Ne, 30 spec-
tra pairs were taken while 19 were taken in the case of ?Mg/*Na. This amount of
spectra is exceptionally numerous for mass measurements on a radioactive

species since the measurement time at RIB facilities is precious.

Moreover, the cyclotron frequency ratio determination (see Eq. (2.7)) was im-
proved significantly. In order to eliminate time-dependent systematic shifts in the
mass measurement originating from magnetic-field fluctuations (e.g., caused by
temporal fluctuations), a cyclotron frequency ratio measurement of a reference
ion and the ion of interest at the same point in time is required. Since the ToF-ICR
technique does not allow for simultaneous measurement of both species, an al-
ternating measurement scheme is performed with a period of time, shorter than
non-linear fluctuations of the magnetic field (i.e., ~15 min). So far, the method of
choice for the cyclotron frequency measurement estimation of the reference ion
at the exact point in time of the IOl measurement was based on a linear extrapo-
lation of the two neighboring reference measurements in time. This procedure,
however, fails to make use of the information about the entire temporal evolution
of the B-field via the continuously logged temperature of the environment.
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Figure 4.1: Normalized cyclotron-frequency subsets of the whole dataset's mean frequency
(with uncertainties) of #?Na/*Ne and “Mg/*Na, respectively, using the alternat-
ing measurement scheme. The absolute frequency shifts over time are compared
to the magnet's bore temperature, directly influencing the superconducting
magnetic field of the precision Penning trap, and thus the ion's cyclotron fre-
quency in the trap.

Modeling the temporal evolution of the B-field (as shown in Fig. 4.1) with a simul-
taneous polynomial fit of cyclotron frequencies of both species (e.g., see Eq. (5)
and Fig. 4 in Ch. 3.1, or Eq. (2) and Fig. 4 in Ch. 3.2) thus results in an up to 20%
reduced statistical uncertainty on the frequency ratio for the same dataset, com-
pared to the previous technique. The polynomial degree of the fit function is var-
ied around the degree of temperature fluctuation and chosen based on which fit
produces the closest resulting reduced x* to one (e.g., see Fig. 4.1). A vanishing
systematic uncertainty was accomplished by applying the well-established prepa-
ration procedure described in Ch. 2.4.1. A specific focus was given to the elimina-
tion of the increased contamination due to enhanced charge-exchange of the no-
ble gas ?'Ne* with the buffer gas in the RFQ and preparation Penning trap.

The resulting masses measured with this technique were used to calculate the
Qgc-values of the EC-decays “’Na > ?’Ne and ®Mg - *Na. Along with branching
ratios and half-lives as experimental input values, and theoretical isospin-sym-
metry-breaking and nucleus dependent radiative correction terms, new Ft-values
for these mirror nuclei were calculated. Our new results reduced the uncertainty
on the literature values by a factor of five, making them by far the most precise
experimental input value for these #t-values and providing a motivation for the
other quantities to be measured with a much-improved precision. In the case of
the ?!Na > ?!Ne Qyc-value, a deviation of over 2¢ from the literature value was
found. This deviation could be explained by contamination in previous experi-



ments due to charge-exchange of the ?’Ne noble gas. In our experiment, specific
care was taken to eliminate any contamination, which could induce systematic
shifts.

In the case of ?’Na - ?!Ne, a new V4-element of the CKM-matrix was calculated,
since a -v-asymmetry coefficient was already measured (which was not the case
for ®Mg - ®Na). The new value agrees with the standard model and allows, with
values of Ne, #P, ¥Ar, and ¥K, for a reduced independent V,4-element value
based on mirror nuclei: V4 = 0.9727(14). The new value is only seven times less
precise than the value of superallowed transitions, which is the current most pre-
cise experimental determination of the V 4-element: V4 = 0.97420(21) [Hard18].

With the successful implementation of PI-ICR, even higher precisions in shorter
measurement times are now in reach, as shown for the Qgc-value measurement of
the long-lived '“Ho > '®Dy decay [Elis15]. Additionally, the technique allows in-
trap purification due to its supreme resolving power, making it the technique of
choice for future mass measurements of radioisotopes at the highest precisions.
Furthermore, the current temperature fluctuations of AT >1.25 °C (see Fig. 4.1)
will be reduced in 2020 by installing an active temperature stabilization of the
magnet's bore as well as all sensitive power supplies. This procedure will further
reduce possible sources of systematic shifts and result in even smaller measure-
ment uncertainties, as already successfully demonstrated at the PENTATRAP ex-

periment [Repp12].

Note: During the writing process of this thesis, we realized that equation (4) in the
publication could no longer be approximated at this level of precision without ac-
counting for ionization energies. Hence the formula changes to:

Qec = (r=1) (Myegiic — M) ¢ + 1 Eyrer — Eior, 4.1)

with the cyclotron-frequency ratio r (see Eq. (2.7)), the literature mass of the ref-
erence ion m;,, the electron mass m, [Sturl4], the speed of light ¢, and the ion-
ization energies for the reference atom and atom of interest, Eiref and Ejo1, re-
spectively. The Qpc-values for *'Na - ?'Ne and Mg > ®Na in Tab. 1 of the publi-
cation thus change by 17 eV and 3 eV to 3546.919(18) keV and 4056.179(32) keV,
respectively, using ionization energies from NIST [NIST20]. Based on the Qgq-val-
ue for the *'Na > % Ne decay, the fi,-value in Tab. 2 changes to 170.714(6). The es-
sence of the paper, namely the calculated #-values and the resulting V,4-element
of the CKM quark-mixing matrix, is not affected due to dominating uncertainties
in the other relevant quantities. The corrections were submitted to Phys. Rev. C

and will be visible shortly in the on-line version of the article.



4.2 Neutrino Mass

With publication [Kart19b], ISOLTRAP's first measurement using the state-of-the-
art Penning-trap measurement technique PI-ICR was presented. In only 4 hrs of
measurement time, a competitive precision of ém/m = 1.4x10® and resolving
power m/Am exceeding 1x10” was achieved. Based on the mass measurement, the
ground-to-ground-state Qgc-value (see Ch. 1.2.2) of this EC-decay was calculated
to be Qgc(**'Cs > ®'Xe) = 358.00(17) keV, reducing the uncertainty on the literature
value by a factor of 25. After comparison with different possible excited atomic
states in the decay daughter “'Xe*, !Cs is undoubtably lower in energy than
BIXe*, hence prohibiting the *'Cs > ®'Xe* decay. With the refined uncertainty,
BICs was thus precluded from the proposed list of possible neutrino-mass deter-

mination candidates [Elis14a, Kart17].

In this experiment, PI-ICR demonstrated enormous potential for the search of
possible candidates for the determination of the neutrino mass. In a scheduled
measurement campaign for 2020, the ISOLTRAP experiment will measure two
further possible candidates, namely "Dy and '”Hf. As detailed in the letter of in-
tent for the upcoming experiment [Kartl7], these isotopes promise to have van-
ishing ground-to-excited-state Qgc-values at current precision levels, which is a
requirement for the complementary MMC measurement (see Ch. 1.2.2). High
precision measurements based on the new PI-ICR technique will shed light on
both cases, and possibly provide crucial information for an improved upper limit

on the v, mass.



4.3 N-rich Cadmium

The third publication [Kart20] presented the latest ISOLTRAP results of N-rich
cadmium isotopes around the N =82 shell gap. For this beam time, all available
mass measurement techniques at ISOLTRAP were employed, including the PI-
ICR technique. This technique allowed for the first time the spatial separation of
low-lying isomeric states in '#"'*Cd with unprecedented resolution. In a novel
comparison with recent laser-spectroscopy results at ISOLDE [Yord13], the spin-
states were assigned uncovering a surprising change in the ordering of these
states in '»Cd. Compared to many lighter odd-cadmium isotopes, the J* = 11/2"
suddenly becomes the ground state in '®Cd while the J™ = 3/2* state (i.e., the
ground state in the lighter systems) becomes the isomer. This behavior could be
reproduced by shell-model calculations with an increased attraction between the

proton gy, and neutron hy;,, orbits (see Fig. 4 in Ch. 3.3).

Furthermore, the data allowed for a detailed study of the N=82 shell gap strength,
which will be explained in more detail in the following. Finally, the first mass
measurement of *2Cd using ISOLTRAP's MRToF-MS proved the doubly magic
character (also known as mutually enhanced magicity) of *Sn and allowed for
comprehensive comparison with state-of-the-art nuclear theory. Among others,
valence-space in-medium similarity renormalization group (VS-IMSRG) ab-initio
theoretical calculations with the most abundant valence space ever attempted
were compared to the experimental values. The promising results raise hope for a
better description of nuclear interactions based on chiral-effective interactions,

also for heavy exotic elements.

In analogy to [Sorl08], the one-neutron separation energies for N=82 and N=83
and the N=82 shell gap resulting from the subtraction of the former two is plotted
in Fig. 4.2 in order to study the N = 82 shell strength. With the inclusion of
ISOLTRAP's new results for Z = 48, significant improvement was achieved based
on the first experimental data for N~82 and Z<50. These new mass values give the
first experimental evidence for the so-called N=82 shell quenching, which y-spec-
troscopic results in *°Cd already hinted at [Dill03]. Shell quenching describes the
phenomenon, in which a "magic" shell configuration of enhanced nuclear stabili-

ty weakens to the extent of no longer representing a closed nuclear shell.

The N=82shell is special among the neutron-shell gaps. It is extremely stable over
a wide range of isotopes and produces, with seven stable isotopes, the most stable
isotopes of any neutron shell. The top panel in Fig. 4.2 shows the strength of the



N=82 shell gap via the quantity Ag (N=82) = §,,(N=82)gs — $1,(IN=83)gs. The gap is
generally very high at ~4 MeV while showing a slightly enhanced strength for

6Gd, closing the g7/, and ds, proton orbits, and a strongly enhanced strength for

the doubly magic *?Sn, closing the gy, proton orbit at Z =50.
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Figure 4.2: Bottom: One-neutron separation energies (S,,, see Eq. (1.2)) calculated for three

states /"= {11/27, 3/2%, 1/2*} for N=82 and the ground state (GS) J" = 7/2” for N=83.
Top: Resulting N = 82 shell gap Ag (N=82) = §,,(N = 82)gs — S;,(N = 83)¢s, which
demonstrates the strength of the N = 82 shell. General: The experimental data for
Z = 48 (unfilled marker) were taken from the publication discussed in Ch. 3.3
[Kart20], the ones for Z = {50-68} (filled marker) were taken from the 2016 atom-
ic-mass evaluation [Audil?7, Wangl7]. Linear extrapolations for Z < 48 and their

20 band (solid lines and filled areas) are based on the experimental data for
Z = {48, 50}. Quadratic extrapolations and their 2o band (solid line and filled area
with 80% transparency) are based on the linear trend for Z = {48, 50} and the cur-
vature for Z = {50-64}.



The interesting point here constitutes the gap strength for Z< 50, which allows for
the study of the interaction of the proton gy, orbit with neutrons filling the N= 82
shell gap. On the one hand, the cadmium data give proof for the doubly magic
character of '*’Sn via its greatly enhanced strength. On the other hand, it also pro-
vides a first trend of the N=82 shell gap for Z< 50 with the result of a substantial
weakening of the N=82 shell (i.e., shell quenching). A simple extrapolation shown
in the figure indicates this trend. First, a linear extrapolation was performed
based on the experimental data for Z = {48, 50}, and their associated uncertainties.
From orbital evolution based on spectroscopic data, a curvature in the gap
strength is to be expected [Sorl08]. Hence, a simple extrapolation based on the
strong curvature for Z = {50-68} towards the doubly magic '**Sn is shown to pro-
vide a more realistic frame for possible directions of the N = 82 shell gap for Z<48
and its strongly suggested weakening. This result is particularly vital since an ex-
perimental expansion towards N~ 82 and Z< 48 seems unlikely due to production
limitations at current RIB facilities. Next-generation facilities, like the facility for
antiproton and ion research (FAIR; Darmstadt, Germany) [Henn05] and the facili-
ty for rare isotope beams (FRIB; East Lansing, USA) [Boll10], promise to deliver
neutron-rich beams at higher yields over the next decade.






5 Summary

This dissertation demonstrated ISOLTRAP’s transition to the next-generation
Penning-trap mass spectrometry technique PI-ICR along with publications at un-
precedented resolving powers and relative mass precisions. Within these find-

ings, progress has been made in the following fields:

1. Qgc-value for the *’Na > *’Ne and ®Mg > ®Na decays were measured using
the well-established ToF-ICR technique accomplishing the highest preci-
sion ever reached at ISOLTRAP. For the former case, a new V, 4-element of
the CKM quark-mixing matrix was calculated to be V4 = 0.9715(34). This
value agrees with the standard model of particle physics and allows for a re-
duced independent V,4-element value based on the mirror nuclei *Ne, *'Na,
2P, 3Ar, and YK: V4 = 0.9727(14). This new value is only seven times less
precise than the value of superallowed transitions, which is the current most

precise experimental determination of the V,4-element.

2. In ISOLTRAP's first publication using the state-of-the-art Penning-trap
measurement technique PI-ICR, a competitive precision of ém/m = 1.4x107
was achieved in only 4 hrs of measurement time. A new ground-to-ground-
state Qgc-value of this EC-decay was determined to be Qg('Cs > ¥'Xe) =
358.00(17) keV, reducing the uncertainty on the literature value by a factor
of 25 and precluding this decay as a possible candidate for the direct deter-
mination of the neutrino mass.

3. First spatial separation in '**'*Cd using PI-ICR allowed for solving the order-
ing in the low-lying isomeric states in neutron-rich cadmium. Based on
these results, the strength of the N =82 shell gap was studied and found to
show a substantial weakening for Z < 50 (= shell quenching). Furthermore,
the first mass measurement of *°Cd provided proof for the phenomenon of
mutually enhanced magicity in '*2Sn. It also allowed for the test of state-of-
the-art nuclear theories, paving the way for ab-initio calculations of heavy

elements.

In summary, PI-ICR has shown extreme potential due to its superior resolving
power, and a factor of ~25 faster measurement times compared to the well-estab-
lished ToF-ICR technique while allowing for comparable or better relative mass
precisions. Thus, PI-ICR is the key to the future success of the ISOLTRAP setup in

uncovering new areas of the nuclear chart and possibly new physics.
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