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| Abstract

This work describes experimental studies that contribute to the understanding of the shell
structure in the Ti-Cr-Fe region beyond N = 28. For exotic nuclei, as examined in this
thesis, significant changes in the shell structure may occur. Therefore, such nuclei offer
the possibility to investigate the properties and validity of nuclear models under extreme
conditions. From the experimental data available so far on the 2+1 states in N = 32 isotones,
the occurrence of a phase transition from predominant collective structures in 58Fe to
a neutron subshell closure is predicted, which evolves as the number of protons in the
πf7/2 orbital reduces, i.e. of 56Cr→54Ti→52Ca, due to the weakening of the monopole
interaction between the πf7/2 orbital of protons and the νf5/2 orbital of neutrons. However,
modern shell-model calculations with different interactions, e.g. the GXPF1A, KB3G and
FPD6 interactions, were not able to satisfactorily describe the observed staggering of the
B(E2; 2+1 → 0+gs) values in 50,52,54Ti, which probably results from neutron subshell closures.

Therefore, in this work reduced transition probabilities of the lowest transitions of the
respective ground-state bands in 46,50,52,53,54Ti were investigated experimentally by lifetime
measurements, partly for the first time. The multinucleon-transfer reaction mechanism,
which is a promising approach to the production of difficult to access and exotic atomic
nuclei, was applied to study the evolution from nuclei in the valley of stability towards
neutron-rich exotic Ti isotopes at the Grand Accélérateur National d’Ions Lourds (GANIL)
in Caen, France: In the Cologne plunger for deep-inelastic reactions, a radioactive 238U
beam with an energy of 6.76MeV/u impinged on a stretched 50Ti target with natCu layer in
front of the target, while a natMg degrader foil was used to decelerate the reaction products
for measuring lifetimes using the Recoil Distance Doppler-shift (RDDS) technique. The
reaction products of interest were identified with the magnetic spectrometer VAMOS++,
while the gamma radiation was measured with the gamma tracking array AGATA. During
this experiment beam-induced changes of the target occurred. These resulted in the fact
that the distances between the target and degrader foil could not be extracted exactly,
which are essential for an RDDS lifetime analysis. Therefore, another RDDS experiment
was performed at the Cologne FN tandem accelerator using a fusion-evaporation reaction.
The aim of this experiment was to determine the lifetimes of the 2+1 and 4+1 states of the
ground-state band in the stable nucleus 46Ti with high precision, in order to subsequently
determine the unknown distances between the target and degrader foil of the experiment
performed at GANIL. This nucleus was chosen because it was populated with sufficient
statistics in the multinucleon-transfer reaction at GANIL and the lifetimes of its low-lying
states are in the sensitive range for the distances chosen in this experiment. The data
from the experiment on 46Ti in Cologne were analyzed using the Differential Decay Curve
method in γγ coincidences. The unknown distances from the GANIL experiment were
then determined by comparing the experimental γ-ray spectra with those generated by
Monte-Carlo simulations using the χ2 method.
The lifetimes of the 2+1 , 4+1 , 6+1 and 8+1 in 52,54Ti and the (5/2−), 7/2−, 9/2−, 11/2− and
13/2− states in 53Ti were determined using both the DDCM and the minimum χ2 method
with the distances obtained in this way.

Furthermore, a third RDDS measurement was carried out within this work, also at the
Cologne FN tandem accelerator, with the aim of determining the lifetime values of the
lowest-lying states of the ground-state band in 50Ti. Although this nucleus was also
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populated during the measurement at GANIL, the additional measurement provided a more
precise determination of the lifetimes based on the knowledge of the exact relative distances
between the target and degrader foil. The lifetimes were analyzed in a particle-gamma
evaluation.

The transition probabilities determined from the level lifetimes are interpreted based on
shell-model predictions of different interactions in the f7/2, p3/2, f5/2, p1/2 valence space for
protons and neutrons.

vi



| Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.1 Shell-model framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.1.1 The spherical shell model . . . . . . . . . . . . . . . . . . . . . . . 8
1.2 Lifetime measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.2.1 The Recoil Distance Doppler-Shift Method . . . . . . . . . . . . . 14
1.2.2 The Differential Decay Curve method . . . . . . . . . . . . . . . . 16
1.2.3 Calculation of B(σλ) transition strengths . . . . . . . . . . . . . . 19

1.3 The Application at GANIL . . . . . . . . . . . . . . . . . . . . . . . . . . 20
1.3.1 Reaction mechanism . . . . . . . . . . . . . . . . . . . . . . . . . 23

1.4 Nuclear structure of the neutron-rich mass region around titanium . . . . 30
1.5 Overview of the publications . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2 Lifetime measurement of excited states in 46Ti . . . . . . . . . . . . . . . 39

3 Lifetime measurements in 52,54Ti
to study shell evolution toward N = 32 . . . . . . . . . . . . . . . . . . . . 47

4 Preliminary results of lifetime measurements in neutron-rich 53Ti . . . 61

5 Lifetime measurements of excited states in neutron-rich 53Ti:
benchmarking effective shell-model interactions . . . . . . . . . . . . . . . 67

6 Discussion and conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

A Lifetime curves for 50Ti . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

B Experimental and theoretical results . . . . . . . . . . . . . . . . . . . . . . 89
B.1 Experimental results and shell-model calculations for 50,52,54Ti . . . . . . . 89
B.2 Experimental results and shell-model calculations for 53Ti . . . . . . . . . 90

C Experimental Data - Systematics . . . . . . . . . . . . . . . . . . . . . . . . 93

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

vii





| Introduction

In recent years, experimental nuclear structure physics has come to the fore by conducting
experiments with radioactive beams, as they make it possible to access areas of the nuclear
chart that cannot be reached by conventional methods. In this way, information about
exotic nuclei - far from the valley of stability - can be obtained. However, the number
of research institutions worldwide that have radioactive beams at their disposal is small,
which is due to the high-technical effort and the associated high costs involved. The
requirements for physicists who want to perform research at such accelerator facilities are
therefore very high. Due to the limited beam time available, approved experiments have
to be carried out successfully without major problems right from the start. In order to
ensure such a friction-free procedure, test experiments are carried out in advance at smaller
accelerator facilities, whose setup can be modified or optimized on site if any uncertainties
arise. In the framework of this thesis, experiments have been carried out at various research
facilities, with the main focus on the analysis of data obtained with stable radioactive
beam at the large-scale facility GANIL in Caen, France. These investigations are supported
and complemented by two further measurements, which were made at the FN tandem
accelerator in Cologne, Germany.

The following chapter gives a short overview of the shell model with the interactions used in
this thesis to interpret the experimental results, the experimental method with the analysis
procedure, and the experimental setup at GANIL. This is followed by four publications in
which the lifetime results and their interpretation on 46,52,53,54Ti are presented. A short
summary concludes the studies presented in this thesis, including the results of an additional
measurement on 50Ti.

1.1. Shell-model framework

In nuclear structure physics, the atomic nucleus is treated as a quantum-mechanical many-
particle system of protons and neutrons, whose structure is determined by the properties of
the strong nuclear force. At a certain number of protons and/or neutrons, the so-called
magic numbers (2, 8, 20, 28, 50, 82 and 126), the nuclei show particular stability, i.e. at
certain numbers the nucleons form closed configurations in the nucleus [1, 2]. This leads
to the model idea that the protons and neutrons in the nucleus are arranged in shells, i.e.
there exist discrete energy levels, similar to the electrons in the atom. This arrangement
in the nucleus leads to the fact that one speaks of a shell structure of the atomic nuclei.
Each shell can only hold a certain maximum number of nucleons of a specific type under
consideration of the Pauli principle. If the last occupied orbital/shell is completely filled,
special effects on the nuclear structure can occur. This effect is especially noticeable at the
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1. Introduction

magic numbers where the next free shell has a large energy gap to the fully occupied orbital.
The achievement of such an occupation number is generally referred to as shell closure. The
robustness of these magic numbers, and the location of shell closures for nuclei away from
the valley of stability is a central issue in nuclear structure physics. It has been observed
that for exotic nuclei, i.e. isotopes far from stability with extreme N/Z ratios, the magic
numbers that apply to stable nuclei can change locally. One of the first unexpected shell
closures was discovered in 24O [3, 4] at N = 16, a surprisingly doubly-magic nucleus. Such
effects, which are different from the magic numbers, are called subshell closures. Today this
phenomenon can be explained by the contribution of three-body forces [5]. The sequence
of individual single-particle orbitals can also change, as was found, for example, in the
so-called island of inversion for neutron-rich magnesium isotopes [6]. Here, the shell gap of
N = 20 for exotic nuclei disappears. The reason for this can be explained by the tensor
force [7, 8].

The basic assumption of the shell model is that the nucleons are in a mean/spherical potential
(mean field) by which they are held in the atomic nucleus. However, the assumption of
the independence and spherical shape are strong simplifications, since interactions exist
between the nucleons that cannot be described by the mean potential. Taking into account
some residual interactions and considering the orbits in a deformed potential, the shell
model can be improved. Thus, different effective interactions are used, which are each
limited to defined areas of the chart of nuclides (see Sec. 1.1.1) [2].

1.1.1. The spherical shell model

The basic ideas for the description of the shell model are based on the single-particle model
and assuming a spherical nucleus. The atomic nucleus with A nucleons is described by the
Hamilton operator

H =
A∑
i=1

Ti +
A∑
i<j

Vij (1.1)

where Ti is the kinetic energy for each particle i and Vij accounts for the strong two-body
nucleon-nucleon interaction between the nucleons i and j with

∑
ij Vij = 1

2

∑
i 6=j V (rij)

1 [2].
Since the Schrödinger equation using this Hamiltonian is unsolvable for many nucleons
(Vij is a function of the three relative position coordinates), Eq. (1.1) is rewritten using a
distance-dependent central potential V (ri) as

H =
A∑
i=1

[Ti + V (ri)] +

 A∑
i,j=1

V (rij)−
A∑
i

V (ri)

 ≡ H0 +Hres. (1.2)

1Every two-particle interaction is counted only once.

8



1.1. Shell-model framework

Here

H0 =
A∑
i=1

(
p2i

2mi
+ V (ri)

)
describes the motion of a single particle, independent of the others, in a mean potential
V (ri), where pi and mi are the momentum and mass of the nucleon and

Hres =
A∑

i,j=1

V (rij)−
A∑
i=1

V (ri)

is the residual interaction, which thus includes the remaining nucleon-nucleon interactions [2].
By splitting the potential in Eq. (1.2), it is assumed that the residual interaction Hres can
be treated as a small perturbation so that the nucleons are in a distance-dependent mean
potential. Among the distance-dependent potential, only the harmonic-oscillator potential
and the box potential can be treated analytically, where both potentials are infinitely
high2 [1]. In contrast, the Woods-Saxon potential3

VWS(r) = − V0

1 + e(r−R)/a
(1.3)

is much more realistic, but it is only accessible to a numerical treatment. This potential
reflects well the measured density distribution for the nucleons. As a result, the harmonic-
oscillator levels are split after the orbital-angular momentum. By solving the Schrödinger
equation, energy levels are obtained which, however, provide different shell closures than
the magic numbers, especially for larger number of nucleons in the core, as Fig. 1.1 shows
(left and middle column) [2].

Only in 1949, the shell closures that reproduce the magic numbers were found by O. Haxel,
J. H. D. Jensen, H. E. Suess [9–12] and M. Goeppert-Mayer [13, 14]. Their ideas are
based on the basic principle of the atomic shell, in which the spin-orbit coupling of the
electron based on the electromagnetic interaction plays a significant role. This causes the
experimentally observed splitting of spectral lines, which is called fine structure. A similar
spin-orbit coupling has also been introduced for the strong interaction of nucleons [1]. The
following approach then applies:

V (ri) = V0(r) + V`s(ri)(~̀ ·~s),

where ~̀ and ~s are the orbital-angular momentum and the spin. Applied to Eq. (1.3), the
result is

VWS(r) = − V0

1 + e(r−R)/a
+ V`s(ri)(~̀ ·~s). (1.4)

2It is not a significant restriction for the consideration of bound states.
3with V0 represents the potential well depth, a is a parameter representing the surface thickness of the
nucleus, R = r0A

1/3 is the nuclear radius with r0 = 1.25 fm, and A is the mass number.
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1. Introduction

This modification, which gives good results for the energy eigenvalues of the shells, repro-
duces the experimentally found energy gaps of these shells, see the last column in Fig. 1.1.
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Figure 1.1.: Schematic representation of nucleon-energy levels of the harmonic-oscillator
model (left), the Woods-Saxon potential (middle), and the Woods-Saxon
potential including the spin-orbit coupling (right). Based on Fig. 3.2 in
Ref. [2].

With Eq. (1.4) an exact description for the excitation spectrum of an atomic nucleus
has been found, when only one nucleon outside the main shell closure is considered. In
contrast, the shell model of multi-particle systems takes into account the residual interaction
Hres between these valence nucleons, which essentially determines the internal excitation
structure of an atomic nucleus, although it was introduced only as a perturbation of the
mean potential. For this it is assumed that interactions of more than two nucleons are
negligible. For heavier nuclei (A ≥ 50), there is the problem that the sizes of the matrices
(in which the residual interactions are diagonalized) increase, making the residual interaction
difficult to handle. For such a number of nucleons, the shell model solved this problem
by not treating all nucleons as active particles. Instead, the model space is split into an
“inert” core and the valence space. Furthermore, the two-body interaction is replaced by an
effective interaction that is adapted for a defined range of nuclei on the chart of nuclides.
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1.1. Shell-model framework

The simplest approach for Hres is to take the δ interaction

V12 = −V0δ(r1 − r2)

from the class of the schematic effective interactions, which is only valid if two nucleons are
at the same location. It provides satisfactory results to describe nuclei in the immediate
vicinity of a core, but its results deteriorate as more valence nucleons are added to the core.

Another class of residual interactions are microscopic effective interactions based on Brueck-
ner’s G-Matrix theory [15] and a realistic nucleon-nucleon interaction. The two-body matrix
elements of the residual interaction are fitted to experimental data of the respective model
space. In general, they give better results than the schematic interactions.

Such effective interactions, based on realistic nucleon-nucleon potentials, were used in this
work to describe the 50−54Ti (Z = 22 and N = 28−32) nuclei. For the region of Ti isotopes,
the double-magic core 40Ca (N = Z = 20) is a possible choice for the “inert” core. This
leaves 2 valence protons and 8 to 12 valence neutrons to describe 50−54Ti. This model space
comprises the f7/2, p3/2, p1/2, and f5/2 orbitals.

Shell-model interactions for the description of Z = 22, N ≤ 32 nuclei

In this thesis, several effective interactions were used, such as GXPF1A [16], GXPF1B [17],
KB3G [18], and FPD6 [19], as well as those modified from them. Numerous studies have
already shown that by adjusting their parameters the shell-model calculations based on
them can reproduce experimentally measured excitation energies of selected pf shell nuclei.
In the following, a few basic features of these interactions are given.

The GXPF1A interaction is provided by Honma et al. and described in detail in Ref. [16].
It represents an improvement of the GXPF1 [20, 21] interaction, especially for the range of
neutron-rich Sc-, Ti- and Ca isotopes. This two-body effective interaction describes the
spectroscopic properties of the nuclei in the mass region A = 47− 66. Both Hamiltonians,
GXPF1 and GXPF1A, are based on microscopic calculations by Hjorth-Jensen, which
were developed from the G-Matrix theory with the Bonn-C interaction [15]. The GXPF1A
interaction is refined by systematically fitting the important linear combinations of two-body
matrix elements to lowest states in nuclei with A = 47− 66 [22]. A small modification to
GXPF1A is the GXPF1B [17] interaction. This interaction was created by changing five
T = 1 matrix elements and the single-particle energies that involved the 1p1/2 orbital [23].

The KB3G interaction is provided by Poves et al. [18] and is based on the KB3 interaction [24].
The KB3G Hamiltonian, well adopted for the pf shell-model space, is also based on the Kuo
Brown’s G-matrix [25] in the same way as KB3, but it is modified in some matrix elements
with slight empirical improvement, see Ref. [18], to handle the N = Z = 28 shell closure
and its surroundings correctly. The single-particle energies are obtained from experimental
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1. Introduction

levels of nuclei around 40Ca. The KB3G interaction is quite a good choice for pf shell
nuclei with Z,N up to ∼ 26 and A ≤ 52.

The FPD6 interaction is provided by Richter et al. [19] and is an empirical two-body
interaction adjusted for A = 41− 49 nuclei. This Hamiltonian has also been designed for
full pf shell calculations. The FPD6 interaction has certain advantages for heavier nuclei,
including 56Ni, owing to a better effective gap between the f7/2 orbital and the other pf
shell orbitals [26].
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Figure 1.2.: Experimental and theoretical calculated excitation energies of the first excited
2+1 state in 44−56Ti. Shown are the results of shell-model calculations using
the effective interactions of KB3G, GXPF1, GXPF1A and FPD6. See text
for details.

Fig. 1.2 shows a comparison of the excitation energies of the first excited states calculated
with the introduced interactions for the even-even titanium isotopes 44−56Ti. It can be
clearly seen that the GXPF1 interaction overestimates the excitation energy of all depicted
titanium isotopes, whereas the advanced interaction GXPF1A provides a better overall
agreement with reduced deviations from the experimental values. In addition, calculations
with the KB3G interaction also show a good agreement for N = 24 − 30. However, the
excitation energies for Ti isotopes with N = 22 and N > 30 cannot be described sufficiently
by this interaction. The FPD6 interaction also shows large deviations for the presented
region. Only for N = 34 it provides a satisfactory agreement with the experimental value.
Nearly all interactions overestimate the experimental values for N = 22 − 30, whereas
most interactions predict lower values for N = 32. For N = 34 there is a mixed picture
with over- and underestimations from the shell model calculations. Nevertheless, almost
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1.2. Lifetime measurement

all interactions reproduce the trend of the excitation energies, but in contrast, there were
significant differences in the description of the transition strengths of 50−54Ti prior this work.
Thus, for example, the theoretical calculations strongly overestimate the B(E2; 2+1 → 0+gs)

value of 50Ti [27] and the trend of the B(E2) values for the 2+1 → 0+gs, 4+1 → 2+1 , and
6+1 → 4+1 transitions in 52Ti [28, 29] could not be reproduced. If one goes further into
detail, additional anomalies are observed for individual interactions, such as the occupation
numbers for the first excited states in the odd-mass 53Ti. Especially calculations with
the FPD6 interaction reveal deviations from the other interactions. The challenge for the
interactions is to consistently describe the rapid shell evolution known in the neutron-rich
N = 30− 40 region.

Calculations with all interactions were performed by the author of the present thesis in
communication with Dr. Andrey Blazhev of the University of Cologne using the shell-model
NuShellX@MSU [30] and KShell [31] codes. All used large-scale shell-model calculations
were performed by effective charges eπ = 1.31 e for protons and eν = 0.46 e for neutrons as
suggested in Ref. [32].
Another approach to describe the nuclear structure is the so-called beyond-mean-field method,
in which the mean field is calculated self consistently from an empirical nucleon-nucleon
interaction. By projecting the wave function into the eigenstates of the respective operator,
the physical variables (such as angular momentum or particle number) are extracted. This
approach provides promising results for the transition probabilities B(E2; 2+1 → 0+gs) in
52,54Ti [33, 34].

1.2. Lifetime measurement

A reliable and at the same time efficient method for the lifetime measurement of excited
nuclear states in the picosecond range is the so-called Recoil Distance Doppler-Shift (RDDS)
method [35]. In order to achieve a high precision with very small relative errors (∼ 5 %) of
the measured lifetimes, this method makes high demands on the surface quality of the target
and stopper/degrader foils. The precision of the lifetime determination depends strongly
on the accuracy of the distance determination of the two foils, which can deteriorate due
to target changes caused by thermal expansion in the beam. The high accuracy of the
lifetime values respectively the transition strengths derived from them allows a meaningful
comparison with theoretical models even in cases where different predictions show only
small deviations.

In this subchapter, the RDDS method with the plunger mechanism is presented. The
Cologne compact plunger [35] for deep-inelastic reactions was used for lifetime measurements
in the experiment performed at GANIL, where the Cologne coincidence plunger was used
for the experiments at the Cologne FN tandem accelerator. For the data analysis, the
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1. Introduction

Differential Decay Curve method (DDCM) [36] (see Sec. 1.2.2) and the minimum χ2 method
were used.

1.2.1. The Recoil Distance Doppler-Shift Method

The RDDS method is based on the Doppler effect. In a reaction chamber under vacuum,
two tautly stretched foils, the target and stopper foils, are mounted parallel to each other
at a distance d. In the main experiment (at GANIL), a degrader foil was used instead of
a stopper foil, which allows the identification of the reaction products with the magnetic
spectrometer VAMOS++ [37]. The measuring technique when using a degrader is described
below. The target is fixed in the center of the chamber, while the degrader can be moved in
discrete steps, so that a precise adjustment of the distance between them is feasible. The
used compact plunger for deep-inelastic reactions is depicted in Fig. 1.3 left.

Figure 1.3.: Left: The Cologne compact plunger for deep-inelastic reactions. Right: The
experimental setup at GANIL with AGATA in the right of the picture, the
plunger chamber in the middle, and the flange to the spectrometer VAMOS++
in the left.

As the ion beam impinges on the target, a nuclear reaction happens between the projectile
and target nuclei. The resulting recoil nuclei leave the target foil and fly with a velocity
vT in the direction of the degrader foil. After the distance d, the recoils are slowed down
in the degrader to a reduced velocity vD, and are identified in the magnetic spectrometer
(VAMOS++). The excited nuclei de-excite to the ground state in a cascade of γ-ray
transitions, either before or after passing the degrader. These γ rays are measured with the
γ-ray spectrometer AGATA [38], depicted in Fig. 1.3 right. If the produced nucleus emits
γ rays during the flight time to the degrader, this Doppler-shifted nucleus is detected in a
detector (of AGATA) with the energy of

E(βT, θ) = E0

√
1− β2T

1− βT cos θ
≈ E0(1 + βT cos θ), (1.5)
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1.2. Lifetime measurement

where E0 is the absolute energy of the γ-ray transition, θ is the angle between the velocity
vector of the recoil and the emitted γ ray and βT = vT/c is the recoil velocity after target
with c the speed of light.

According to Eq. (1.5), the energy of the γ ray emitted is observed at two different energies
(ET, ED) for each velocity (~vT, ~vD), since the velocity of the recoils changes in the slowing-
down process in the degrader. For simplicity, we assume that the slowing-down time in the
degrader is short as compared to the level lifetime.

The principle and the setup of an RDDS experiment are illustrated schematically in Fig. 1.4.

target degrader

beam

target degrader

beam

Figure 1.4.: Schematic representation of the RDDS method using the differential plunger
with a degrader foil which slows down the nucleus. This velocity ~vD is
measured with the magnetic spectrometer and allows a Doppler correction
for the γ rays. In the resulting γ-ray spectrum, the peak appears at the
correct energy (Eu0 ) in the laboratory frame. The variation of the intensities
of the shifted (s) and unshifted (u) components at different distances is
shown schematically in the corresponding γ-ray spectra. Note: For simplicity,
the setup and the direction of the recoils have been drawn in the same
direction as the beam. The arrangement present in the experiment is shown
in Fig. 1.12, in which the structure is inclined in relation to the beam axis
in the grazing-angle direction. See text for details. Graphic modified from
Ref. [39].

The momentum information about the excited nucleus for the Doppler correction is measured
in the detectors of the mass spectrometer (VAMOS++). The Doppler effect is corrected
event-by-event using the velocity vD. The energy emitted by the nucleus after passing
the degrader then appears at the correct energy position Eu0 (unshifted) in the laboratory
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1. Introduction

frame, according to

Eu0 = E0 =
ED

1 + βD cos θ
.

In case the nucleus decays before reaching the degrader, the γ rays appear at lower energy
Es0 (shifted) due to the energy loss in the degrader from the original value and AGATA in
backward angles, according to

Es0 =
ET

1 + βT cos θ
.

Therefore, the Doppler-corrected γ-ray spectrum shows two components for each γ-ray
transition, one shifted (emitted before the degrader, red in Fig. 1.4), and one unshifted
(emitted after the degrader, blue in Fig. 1.4), whose intensities correspond to the decay
probability during the flight time before and after the degrader. This decay probability is
directly related to the lifetime of the corresponding excited nuclear state and can therefore
be obtained by measuring the intensities of the γ rays as a function of the distance between
target and degrader. Due to the velocity distribution of the recoils, the shifted component
is widened compared to the energy resolution of the detector.

To measure lifetimes, several distances between target and degrader are set and each kept
constant for a certain time. This changes the flight time t = d/vT of the excited nuclei to
the degrader and also the intensities of the shifted and unshifted components. By measuring
their intensity ratios, the lifetime of the excited nuclear states can be derived with the
method described below.

1.2.2. The Differential Decay Curve method

The traditional analysis method for determining the lifetimes of excited nuclear states in
the ps range from Doppler-shifted γ-ray transitions, is the so-called Decay Curve Method
(DCM) [36]. It is based on the application of the Bateman equations to the curve resulting
from the ratio of the intensities of the two components as a function of the distance between
target and degrader. For this method, the knowledge about absolute distances are required,
so that the “zero point” of the plunger is one of the quantities to be determined, in addition
to the usual parameters such as lifetime, initial population or branching ratios [35].

A method further developed from this method is the Differential Decay Curve Method
(DDCM), which was introduced by A. Dewald et al. [36] and has since become the standard
method for evaluating lifetime measurements with the RDDS technique. The main advantage
of this method is that only relative target-to-degrader distances are required and systematic
errors can be detected very well, especially in combination with a γγ-coincidence experiment.

Fig. 1.5 shows an extract of a level scheme. The lifetime τi from level li is to be determined,
which is populated over a series of higher-lying levels lh and in turn decays to lower-lying
levels lj . Directly populating transitions are designated B, indirectly populating transitions
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A

Figure 1.5.: Extract of a level scheme. The level li is of interest, which is populated
by the levels lh via direct (indirect) γ-ray transitions B (C) and decays to
lower-lying levels lj via A. See text for details.

C, and directly depopulating transitions A. Level li is populated by a cascade of transitions,
so that the observable decay curve of this level includes the population history of all higher-
lying levels lh involved in the cascade. The differential equation is derived from the decay
law by superposition of all decays involved

dni(t)

dt
= −λini(t) +

∑
h

bhiλhnh(t), (1.6)

with ni(t) and nh(t) are the number of nuclei in levels li and lh at time t, λi = 1/τi and
λh = 1/τh the decay probabilities and bhi the branching ratio of the decay from level lh to
level li. The solution of Eq. (1.6) is (see Ref. [35])

Ri(t) = Pi(t)e
−tλi +

N∑
h=i+1

Mhi

[
(λi/λh)e−tλh − e−tλi

]
with

Mhi(t)(λi/λh − 1) = bhiPh − bhi
N∑

m=h+1

Mmh +
h−1∑

m=i+1

Mhmbmi(λm/λh)

and Pi and Ph are the direct feeding intensities of each level.

Since the intensities described are observed in the experiment as an integral over a period
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of time, the integral form of the above equation is used:

∫ ∞
t

dni(t
′)

dt′
dt′ = −λi

∫ ∞
t

ni(t
′)dt′︸ ︷︷ ︸

Ni(t)

+
N∑

h=i+1

bhi λh

∫ ∞
t

nh(t′)dt′︸ ︷︷ ︸
Nh(t)

,

where Ni(t) and Nh(t) are the decay functions of the levels li and lh respectively. The
integral on the left side of Eq. (1.6) gives∫ ∞

t

dni(t
′)

dt′
dt′ = ni(∞)− ni(t) = −ni(t),

because ni(∞) = 0. Therefore, Eq. (1.6) simplifies to

−ni(t) =
1

λi

d

dt
Ni(t) = −Ni(t) +

N∑
h=i+1

bhiNh(t).

With τi = 1
λi

finally the equation for the calculation of lifetimes according to the DDCM is
obtained [35]:

τi(t) =
−Ni(t) +

∑N
h=i+1 bhiNh(t)

d
dtNi(t)

. (1.7)

Ni andNh are directly proportional to the intensities of the shifted and unshifted components
in RDDS experiments.
For example, looking at a transition from level li to level lj in Fig. 1.5, the intensity Pi(t)
of the unshifted component of this transition is proportional to Ni(t) at the distance d and
can be written as

Pi(t) = ε(Eγi)ωA(θ, t)p(t)Ni(t),

where Eγi is the energy of a transition from the level li, ε(Eγi) is the efficiency of the
detector at the energy Eγi, ωA(θ, t) is the angular-distribution coefficient, and p(t) is a
normalization coefficient that normalizes the individual measurements at different distances
to the same number of produced nuclei. Since the experimentally determinable decay curves
are proportional to the decay functions, Eq. (1.7) can be written as

τi(t) =
−Ri(t) +

∑N
h=i+1 bhiαhiRh(t)
dRi(t)
dt

,

with
αhi =

ωh(θ)ε(Eγh)

ωi(θ)ε(Eγi)
.

The additional advantage of this lifetime calculation in γγ-coincidence mode considering a
gate on the shifted component from above the level of interest is that the lifetimes of the
populating levels do not need to be known. Since a value τi(t) is determined for each point
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1.2. Lifetime measurement

in time t, the so-called lifetime curve or τ curve, this should have a constant curve within
the measurement errors caused by the statistics. Deviations from the constant provide
indications of systematic errors, which thus quickly become apparent and can be corrected.

1.2.3. Calculation of B(σλ) transition strengths

The transition probability T of γ-ray transitions with multipolarity σλ, µ (with σ charac-
terizes the type of radiation, electric or magnetic, λ denotes the angular momentum and
µ = mi −mf is the difference between the initial (i) and final (f ) magnetic sub state) can
be described by (see Refs. [40, 41] and references therein)

T (σλ, µ) =
8π(λ+ 1)

λ[(2λ+ 1)!!]2
·

1

h̄
·
(
Eγ
h̄c

)2λ+1

· |〈f |M̂(σλ, µ)|i〉|2

with M̂(σλ, µ) the associated multipole-transition operator. The total transition probability
is calculated by summing over all sub-processes µ with respect to the transition Ii → If

according to:

T (σλ, µ) =
∑
µ,mf

T (σλ, µ|Iimi → Ifmf )

=
8π(λ+ 1)

λ[(2λ+ 1)!!]2
·

1

h̄
·
(
Eγ
h̄c

)2λ+1

·B(σλ; Ii → If ),

where the last factor B(σλ, Ii → If ) is called the reduced transition probability and can be
expressed by the matrix elements describing the electromagnetic transition as follows

B(σλ; Ii → If ) =
∑
µ,mf

|〈Ifmf |M̂(σλ, µ)|Iimi〉|2.

The reduced transition strength for Eλ and Mλ transitions determined for Ii → If are
given in terms of the reduced matrix elements according to

B(Eλ; Ii → If ) =
1

2Ii + 1
|〈If |Q̂λ|Ii〉|2

B(Mλ; Ii → If ) =
1

2Ii + 1
|〈If |M̂λ|Ii〉|2.

The level lifetime related to a decay by a pure E2 transition can be numerically expressed
in terms of the reduced quadrupole transition B(E2) according to Refs. [40, 41]:

B(E2; Ii → If ) =
2(5!!)2

24π
·

BR

1 + αIC
·
(
h̄c

Eγ

)5 h̄

τ
, (1.8)
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where BR denotes the branching ratio of the considered decay branch and αIC is the
inner-conversion coefficient for de-excitations. It should be noted that in this experiment
the inner-conversion coefficient is irrelevant since the recoils considered here have high-
transition energies and low Z. If the branching ratio is neglected, Eq. (1.8) reduces to the
following

B(E2; Ii → If ) [e2fm4] =
816

(Eγ [MeV])5
·

1

τ [ps]

assuming these numerical values: e2 = 1.44MeV fm, h̄c = 197.33MeV fm and h̄ =

6.582 · 10−22MeV s. It is often the case that a transition can take place by more than one
electromagnetic mode, e.g. transitions can have a mixed E2/M1 character. In this work,
most important are transitions with ∆I = 1. The multipole-mixing ratio δ = δ(E2/M1) is
defined according to:

δ2(E2/M1) =
T (E2; Ii → Ii − 1)

T (M1; Ii → Ii − 1)
=

3

100
·
B(E2)

B(M1)
·
(
Eγ
h̄c

)2

(1.9)

= 6.97 · 10−5 · (Eγ [MeV])2 ·
B(E2) [e2fm4]

B(M1) [µ2
N ]

µ2
N

e2fm4MeV2
, (1.10)

with the nuclear magneton µN = 3.152 · 10−14MeV/T and the identity h̄c = 6.582 · 1014 eT fm2

used for Eq. (1.10). In such a case, the level lifetime is related to the B(E2) value according
to:

τ [ps] =
BR

1 + αIC
·

δ2

1 + δ2
·

1

Eγ [MeV]5
·

816

B(E2; If → Ii − 1) [e2fm4]
. (1.11)

1.3. The Application at GANIL

The main experiment carried out as part of this work was performed at GANIL (Grand
Accélérateur d’Ions Lourds) in Caen (France) in April 2016, to investigate exotic neutron-
rich Ti isotopes. The GANIL facility plays an important role in experimental nuclear
physics as well as many other fields of research (astrophysics, atomic physics, radiobiology
or material irradiation). Due to continuous development of the accelerator facility, not only
stable beams but also intense exotic beams can be made [42]. The latter are produced by
the ISOL method [43] at the SPIRAL2 facility.

The setup used for this study comprised the high resolution magnetic spectrometer VA-
MOS++ [37] for an event-by-event particle identification, the AGATA detector array [38]
for the γ-ray detection as well as the plunger device for the lifetime measurement using the
RDDS method. The complete setup is shown schematically in Fig. 1.6.

In the following the mass spectrometer VAMOS++ and the detector array AGATA are
described.
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Figure 1.6.: Schematic representation of the experimental setup at GANIL including
optical elements, the plunger, AGATA and VAMOS++ (not to scale).

VAMOS++

The VAriable MOde Spectrometer (VAMOS++) is a large acceptance magnetic spectrome-
ter [37, 44–46] which allows to identify the transmitted nuclei on the basis of Z (proton
number) and A (mass number) via an event-by-event reconstruction. During the experiment,
it was positioned at the grazing angle of 45◦4 relative to the beam axis in order to have
the highest acceptance for the reaction channel of interest with respect to the grazing
angle of the multinucleon-transfer reaction. In combination with AGATA, it allows to
perform spectroscopic studies using multinucleon-transfer reactions with heavy stable and
radioactive ion beams. As shown in Fig. 1.6, VAMOS++ consists of several components,
where each plays an individual role in trajectory reconstruction.

The Dual Position sensitive Multi Wire Proportional Counter (DP-MWPC), at
the entrance of the spectrometer, gives a start signal for the determination of the time of
flight, measures the position of the incoming reaction products on the x and y axis and
their emission angle with respect to the target.

Two large aperture quadrupoles follow as optical elements used to focus the ions,
of which the first quadrupole focuses in the vertical plane (y direction) and the second
quadrupole in the horizontal plane (x direction). The distance between the entrance detector
and the first quadrupole is 1m and the gap between the two quadrupoles is 30 cm.

The next optical element5 is the large magnetic dipole. The task of this optical element
is to bend the ion trajectories according to their magnetic rigidity (Bρ) in the horizontal
plane, perpendicular to the magnetic-field vector.

4corresponds to the maximum rotation of VAMOS++
5For this experiment, the Wien filter, which usually follows the quadrupoles, was not used.
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The focal plane detection system includes the Multi Wire Parallel Plate Avalanche
Counter (MWPPAC), two Drift Chambers (DC) and the Ionization Chambers
(ICs). The MWPPAC gives the stop signal of the ion and together with the DP-MWPC it
is used to obtain the time of flight. The DCs measure the horizontal (x) and vertical (y)
positions as well as the emission angles θ, ϕ of the recoiling reaction products to reconstruct
their trajectories. The last detector (ICs) in the focal plane is made of four segments
along the velocity vector of the particle, each of which is further segmented into five pads
measuring the energy loss ∆E of the ions and the total energy E. These parameters
are required for the Z identification, which is illustrated in Fig. 1.7. The parallel curves
corresponds to a given Z.

150 200 300250 350 400
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Total energy (arb.units)
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Figure 1.7.: Energy loss ∆E in the first five ICs as a function of the total energy E for
the Z identification. The isotopes of titanium (Z = 22), scandium (Z = 21),
and calcium (Z = 20) are marked schematically with black rectangles.

AGATA

The Advanced Gamma Tracking Array (AGATA) [38] is an array of position-sensitive
high-purity Ge (HPGe) detectors where each crystal is 36-fold segmented. AGATA is
characterized by the excellent energy resolution of its detectors. By using pulse-shape
analysis (PSA) and γ-ray tracking, it is possible to determine the position of all γ-ray
interactions inside the crystal and to reconstruct the Compton-scattered γ rays inside the
array. The aim of further development of this powerful array is a 4π solid angle coverage
with 180 Ge crystals in 60 AGATA triple clusters (ATC) to achieve a maximum detection
efficiency. Each ATC consists of three different shaped HPGe crystals arranged in one
cryostat [38, 47]: type A (red), type B (green), and type C (blue), displayed in Fig. 1.8.
Each crystal is also assigned a serial number (A001, A002, etc.) and the segments are
labeled as shown in Fig. 1.9.
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Figure 1.8.: Drawing of the three types A, B, and C of the AGATA crystal geometries.
All dimensions are given in mm. Graphic adapted from Ref. [47].

Each HPGe crystal has a length of 9 cm and a diameter of 8 cm before shaping and is
divided into six azimuthal and six longitudinal segments. The azimuthal segments are
labeled in rings (1 to 6), with each ring divided into six equally sized sectors a to f, see
Fig. 1.9. Together with the frond-end-electronics it is possible to collect the energy, time
and spatial information for a γ ray by pulse-shape analysis of the detector signals. The
positions of the interaction points and the energy release at each point are used for the
trajectory reconstruction of the γ rays in the detector in three dimensions. The full energy
deposited in the crystal is collected in the core using the electrons produced in the ionization
process. At GANIL, the AGATA array covers a solid angle of nearly 1π, which can be
equipped with a maximum of 41Ge crystals composed of 13 ATC and 1 cryostat with 2
crystals. In combination with the spectrometer VAMOS++, a highly efficient and a very
selective detection system is provided, in which the AGATA array is positioned at backward
angles with respect to the VAMOS++ optical axis.

In the experiment of this work, the AGATA array was composed of 10 ATC, so that the
setup was comprised 30 crystals (with 29 functioning detectors) and set at backwards angle
(position from ∼ 135◦ to 175◦ with respect to the “entrance axis” of VAMOS++) in order
to achieve a maximum sensitivity to the variation of the Doppler shift. Each detector was
located 22.8 cm from the target.

1.3.1. Reaction mechanism

Depending on the impact parameter b, which indicates the distance between the trajectory
of the projectile and the target and the energy of the projectile, nuclear reactions are
classified as shown schematically in Fig. 1.10. The sum of the two nuclear radii involved in
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Figure 1.9.: Segmentation of the AGATA HPGe capsules as taken from Ref. [38]. Along
the crystal axis the external contact is subdivided into six rings labeled 1 to
6. Each ring is subdivided into six sectors labeled a to f. Graphic adapted
from Ref. [38].
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Figure 1.10.: Schematic classification of heavy-ion collisions showing the trajectories at
different impact parameters b corresponding to different reactions. Figure
modified from Ref. [1].
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the reaction indicates the minimum distance d between the projectile and the target. By
comparing the two distances, b and d, the most important reactions can be classified as
follows:

• Distant reactions (b >> d) This group includes elastic scattering of the projectile
or a Coulomb excitation on both impact partners where there is no contact between
the nuclei so that no nucleons can be transferred.

• Quasi Elastic (QE) or Deep-Inelastic Collision (DIC) Reactions (b ∼ d) In
reactions of this type, the impact partners can transfer a certain number of nucleons
without losing their target-like or beam-like character. The Multi-Nucleon Transfer
(MNT) reaction used in the main experiment of this work belongs to this group, in
which a small number of selected states are populated and decay by single γ-ray
transitions or low multiplicity γ-ray cascades.

• Fusion reactions (b < d) In fusion reactions, nuclear states with particularly high
angular momentum can be generated in which the projectile fuses with in the target
nucleus as projectiles and temporarily form a common heavy compound nucleus.
In this process, the entire orbital-angular momentum of the projectile is converted
into the angular momentum of the new compound nucleus, which can emit few light
particles (fusion-evaporation reactions) or even split (fusion-splitting reactions).

MNT reactions are a typical tool to produce neutron-rich nuclei, as conventionally used in
this experiment to populate 46−54Ti. The advantage of MNT reactions is that medium to
low angular-momentum states are populated, which decay by single γ-ray transitions or
low multiplicity of γ-ray cascades. The scattering angle for the direction of the reaction

Beam

Target
Target-like

ejectile

Beam-like

ejectile

Figure 1.11.: Scheme of a nuclear reaction. Beam-like and target-like ejectiles and the
grazing angle θg are shown. See text for details.

products (ejectiles), where the reaction cross section is maximum, is called grazing angle. In
Fig. 1.11, the angle is referred to as θg, which corresponds to the closest distance d between
the projectile and the target when the nuclei are in contact [48]:

d =

(
ZbZte

2

4πε0Ekin

)
·
(

1 + csc
θg
2

)
≈ 1.2

(
A

1/3
b +A

1/3
t

)
[fm],
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where Zbe and Zte are the nuclear charges of the beam and the target respectively, and Ab
and At their mass numbers. The knowledge about the grazing angle is important because
the products are formed in the MNT reaction with relatively small cross sections. To obtain
the highest possible statistics, the detectors for ion identification (in VAMOS++) should
be placed at this angle.
A detailed description of MNT processes in heavy ions can be found in Ref. [48].

Figure 1.12.: Schematic representation of the experimental setup (not to scale). The
grazing angle θg is around 45◦. See text for details. Graphic modified from
Ref. [39].

The reaction used in the main experiment was 238U+50Ti. The 238U beam impinged on
the 50Ti target with an energy of 6.76MeV/u. The grazing angle of the reaction in the
laboratory frame was around 45◦. For the experiment, the setup was arranged as shown
in Fig. 1.12 to perform the experiment of the optimal detection configuration. AGATA
is arranged at backward angles relative to the axis of the spectrometer VAMOS++ to
maximize the Doppler effect, which is necessary for the RDDS measurement. The plunger
is positioned in the center of the reaction chamber, but rotated by 45◦ so that the target
and degrader foils are perpendicular to the entrance of the VAMOS++ spectrometer, which
is also rotated by 45◦. The grazing angle of the reactions of interest was estimated with
the Grazing code [49] before the experiment. It is based on the semi-classical model of
few-nucleon transfers with low-energy dissipation developed by A. Winther [50, 51].

Target problems

During the experiment at GANIL, structural target changes occurred, see Fig. 1.13, which
were not predicted despite previous estimates of the target temperature in the beam spot.
After first using a 0.9mg/cm2 thick 54Cr target with 0.6mg/cm2 natural Mg fronting as
a stretchable support which got large wrinkles when exposed to the 238U beam, two 50Ti
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targets (1.5mg/cm2 self-supporting and 1.2mg/cm2 on 0.4mg/cm2 natCu) were then used,
but they got similar wrinkles with a depth of ∼ 100− 200µm. The idea of vapor deposition
of a Cu fronting was born from the consideration that Cu has better thermal properties
than Ti. The readout by the feedback system showed that the wrinkles appeared after
a short time and then seemed to remain “stable”. The changes in the targets, as seen in
Fig. 1.13, initially strongly suggested that in addition to the folds, small cracks or holes
must have formed. A 300x or 650x magnification, however, could convince of the opposite.
Figures 1.14 – 1.17 show photographs6 of such magnifications produced by a scanning
electron microscope. After the first used target showed damages within the beam spot
with a diameter of 2-3mm, the idea came up to widen the beam in order to minimize the
thermal load by defocusing. The beam was widened to the full cone diameter of about
10mm, which worked well. However, this step did not result in any improvements regarding
target damage. The damage over the entire enlarged beam spot is shown in Fig. 1.13.

Figure 1.13.: Damaged 50Ti targets display wrinkles with a depth of ∼ 100 − 200µm.
Left: 1.5mg/cm2 self-supporting 50Ti target, right: 1.2mg/cm2 50Ti with
Cu fronting facing the beam.

In initial thoughts, the colleagues and experts from the Institute of Physics II of the
University of Cologne saw the hammering of the swift heavy ions as a possible cause of the
target damage, which results in an expansion of the sample vertical to the beam direction
and a shrinkage parallel to it. The rapid thermal expansion about the ion path causes
shear stresses which relax by viscous flow. The rapid cooling of the hot cylindrical ion-track
freezes in viscous strains and was discovered by Klaumünzer et al. [52] in metallic glass.
The energy loss of a 238U beam with an energy of 6.76MeV/u in a 1.2mg/cm2 thick 50Ti
target, rotated by 45◦ with respect to the beam direction, is 148MeV. With an assumed
diameter of a 50Ti atom of 10−4 µm, the target thickness yields 3.76 · 104 Ti atoms. This
leads to an energy loss of 3.94 keV/atom and is much more than the melting energy. The
effect is supported by sticking together of the target and degrader after running at contact.
Nevertheless, the question remains open why this phenomenon occurs in titanium and
chromium (on magnesium) but not in other targets like nickel. When a fast projectile
penetrates a solid, the projectile is continuously decelerated as it loses kinetic energy along
its trajectory through atomic processes such as excitation, ionization or electron capture.

6taken by L. Hadman from the Institute of Physics II, University of Cologne.
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Figure 1.14.: Backscattered electrons,
magnification x 25. The
red framed section is
shown in Fig. 1.15 in a 90x
magnification.

Figure 1.15.: Secondary electrons, magni-
fication x 90.

Figure 1.16.: Backscattered electrons,
magnification x 300.

Figure 1.17.: Backscattered electrons,
magnification x 650.

The total stopping power of a projectile ion in a solid target is composed of two different
energy loss mechanisms: nuclear stopping (with stopping power Sn) and electronic stopping
(with stopping power Se). The first represents the transfer of energy and momentum during
elastic collisions between atomic nuclei, the latter the transfer of energy during inelastic
collisions, by which the electrons of the solid state material are excited and ionized. The
nuclear stopping occurs mainly at energies up to several hundred keV, whereas the influence
of the electronic stopping power increases with increasing particle energy, so that it is
several orders of magnitude higher than the nuclear stopping for projectiles with energies
in the MeV range.

When the projectiles pass through a solid state target, the degree of damage to the solid
state material along the trajectory depends on the amount of energy deposited by the
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projectile in the target. The lattice vibrations of the atomic nuclei in the solid state are
excited by the projectile at a very long distance from the projectile trajectory or at very
low-energy deposition. If the energy deposited by the projectile is larger than the binding
energy, individual target atoms can leave their lattice sites, causing defects, interstitial
atoms or Frenkel defects. These point defects can migrate in the target and form an
accumulation of defects. At a high-energy deposition of the projectile, a large number of
defects are generated, which is the consequence of atomic-collision cascades. All atoms are
removed from their lattice sites in a highly-ionized state in the region of the trajectory and
start moving. The result is a plasma-like state, which is characteristic of a particle track.
These particle tracks are created by the interaction of fast projectile ions with matter.
In the field of electronic-stopping power, two models have been proposed to explain the
origin of the ion’s passage through matter: (i) ionic-spike model [53], which describes the
high-electronic ionization resulting from the energy transfer of the incident ions to the
electrons, (ii) thermal-spike model [54], which is based on the high-temperature rise of the
electronic subsystem, which is the main effect of the damage occurring in our experiment.
Wang et al. [55] have shown that the behavior of the Se of metals under irradiation by
fast heavy ions is well correlated with the predictions of the thermal-spike model. The
sensitivity to Se of a metal is linked to:
(i) the melting point Tm: the lower Tm the higher the sensitivity to Se causing damage
(ii) the electron-phonon coupling g: the larger g the higher the sensitivity to Se.

To predict the Se sensitivity, Wang et al. [55] defined a “test parameter” η = Q
∆Hf

, where
Q is the mean-energy density deposited in the lattice of a cylinder of radius λ [56] and
Q = 0.63Se/πλ

2. ∆Hf represents the energy to melt a metal. For η > 1.3 materials are
classified as Se sensitive, whereas materials are classified as Se insensitive if η < 0.7. For
0.7 < η < 1.3 no conclusion can be drawn about the sensitivity. Nevertheless, it does not
help to apply a more insensitive material to a sensitive material, as was done with Cu or
Mg in this experiment. An alloy is formed, if at all, only at a thin boundary layer, so that
no compensation of the effect is possible by the more insensitive layer. The experimental
result can be seen on the right photo in Fig. 1.13.
The magnitude of this test parameter η ultimately provide the answer to the incoming
question as to why titanium and chromium in particular are susceptible to damage in
contrast to nickel. For Ti (Cr) the result is η = 5.4 (5.3), whereas Ni has a much lower
value of 2.2, but experimentally it is not always damaged. Se insensitive materials are for
example Mg with η = 0.61 or Cu with η = 0.42.

A thorough investigation of the target damage occurring in the GANIL experiment was
explicitly included in Ref. [57]. It has been shown that the thermal-spike model can solve the
puzzle, which is why some metallic-target materials deform due to a rapid local temperature
rise, while others remain unchanged. For future experiments with similar parameters,
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estimates should be made in advance with this model to avoid target damage, for example
by adjusting the beam energy or the target material.

1.4. Nuclear structure of the neutron-rich mass region
around titanium

The shell structure that gives a basic understanding of the atomic nucleus has been found
to often change drastically as a result of the rearrangement of single-particle levels in exotic
nuclear regions. The A = 60 region represents a rich testing ground for such effects. For
example, an increasing collectivity was identified from transition strengths in neutron-rich
62,64,66Fe [58–60] close to 68Ni with doubly-magic character [61]. The data from Refs. [58,
59] resulted in a conclusive description of these nuclei with respect to the observed high
collectivity [62] with the LNPS interaction developed for the fpgd valence space [63]. Recent
work on 58,60,62Cr at NSCL [64] allowed to test these new calculations very successfully on
a broader framework [65].

Figure 1.18.: Nuclear landscape with a cutout of the mass region of interest. The nuclei
studied within this thesis are marked yellow. Graphic taken from Ref. [66].

Neutron-rich Ti isotopes are of particular interest for an understanding of the shell structure
in the Ti-Cr-Fe region beyond N = 28. Figure 1.18 displays the nuclear landscape and the
mass region of interest with the nuclei studied in this thesis. A number of experiments with
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Figure 1.19.: Systematics of the excitation energies for the first 2+1 state (top) and
B(E2; 2+1 → 0+gs) values (bottom) for even-even nuclei with 20 ≤ Z ≤ 28.
There is a significant increase in the excitation energies for all applied nuclei
at N = 28, of which 48

20Ca28 and 56
28Ni28 are doubly magic. For the N = 32

isotones, however, this increase is not as pronounced. The B(E2; 2+1 → 0+gs)
values show local minima at N = 28 and N = 32 (only Ti, Ni, Cr). For
references of the values, see Table C.1 in the Appendix.

different techniques such as beta decay (54,55,56Ti [67]), Coulomb excitation (52,54,56Ti [68]),
knockout reactions (55V, 55Ti [69]) and fusion-evaporation reactions (56,57Cr [70]) have
already been used to investigate the shell structure in these neutron-rich isotopes. A special
attention is paid to the formation of strong shell effects in nuclides with N = 32, since they
occupy a full valence ν2p3/2 orbital in the shell-model space. For the known nuclides, this
orbital is energetically close to the ν1f5/2 orbital, which prevents the occurrence of shell
effects. However, the excitation energies of the 2+1 states of nuclei below Z = 24 show a
systematic increase at N = 32, see Fig. 1.19, which provides an indication of shell effects.
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In the case of Ti isotopes, a similar peaking of the 2+1 energy at N = 32 is observed as for
Ca isotopes, although with a reduced amplitude. For Cr, this effect is much weaker and
for Fe and Ni it disappears completely. This suggest the appearance of a phase transition
from predominant collective structures in 58Fe towards the existence of a reduced N = 32

neutron subshell closure in Ti isotopes [71], the quenching of which has also been confirmed
in vanadium [72]. This subshell closure develops for decreasing number of protons in the
π1f7/2 orbital, i.e. from 56Cr→ 54Ti → 52Ca, whereby the neutrons in the ν1f5/2 orbital
are less bound. This phenomenon, which is typical for shell effects, is attributed to the
weakening of the monopole interaction between the π1f7/2–ν1f5/2 orbitals. The N = 32

shell gap in Ti isotopes is discussed in Refs. [21, 68] to result from spin-orbit splitting of
the neutron ν2p1/2 and ν2p3/2 orbitals and a weakening of the π1f7/2 − ν1f5/2 monopole
interaction (see Ref. [73]). In addition, a decreasing number of protons in the π1f7/2

orbitals, i.e. from Ni to Ca, is assumed to cause an inversion of the ν1f5/2 and ν2p1/2

orbitals that finally causes the opening of a gap between the ν1f5/2 orbital and the ν2p1/2,
ν2p3/2 orbitals and thus should lead to the N = 32 subshell closure [74]. The corresponding
B(E2; 2+1 → 0+gs) values in Ti and Cr support this presumed subshell closure by a local
minimum, see Fig. 1.19.

In a work by D.-C. Dinca et al. [68], the B(E2; 2+1 → 0+gs) values in 54,56Ti were determined
in intermediate Coulomb excitation for the first time and support a subshell closure in 54Ti32.
Shell-model calculations were performed in Ref. [68] both with the GXPF1 interaction and
the modified version GXPF1A by M. Honma et al. [21], in which the matrix elements of the
interaction involving mostly the ν2p1/2 orbital were readjusted. However, the calculations
in Ref. [68] only provide a description of the excitation energies of known levels in the
even-even Ti nuclei, including those above the 6+1 state in 54Ti, which involve neutron
excitations across the N = 32 shell gap [16]. The measured B(E2; 2+1 → 0+gs) values highlight
the limitations of the calculations as they are unable to reproduce the magnitude of the
transition rates in the semi-magic 50Ti and their staggering across even-even 50,52,54,56Ti.
Further, the data from Ref. [68] do not provide any indication of an additional N = 34

subshell gap predicted with the GXPF1 interaction. In contrast, the lack of the latter
subshell closure is accounted for by the GXPF1A [21] interaction. Results from a beyond
mean-field approach support a N = 32 shell closure and predict the non-existence of a
shell closure at N = 34 [33], but nevertheless, are also unable to reproduce the ominous
staggering of B(E2; 2+1 → 0+gs) values in the neutron-rich Ti and Cr isotopes reasonably.
Also J. L. Egido [75] has developed two approaches (TRSB and TRSC [75]) based on
the generator-coordinate method (GCM) and the conserving of symmetry. Especially, the
results from the TRSB approach provide a promising description of the present experimental
E(2+1 ) and B(E2; 2+1 → 0+gs) values, whereas the results from TRSC fully overestimate the
excitation energies for the Ti isotopes shown in Fig. 1.20 and they cannot reproduce the
amplitude in the B(E2; 2+1 → 0+gs) staggering.
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Figure 1.20.: Systematics of excitation energies for the first 2+1 state (top) and B(E2; 2+1 →
0+gs) values (bottom) in the titanium isotopes with 26 ≤ N ≤ 34 in two
approaches: time reversal symmetry conserving (red) and time reversal
symmetry breaking (blue). The data points for TRSB and TRSC are taken
from Ref. [76]. See text for details.

The level scheme of the odd 53Ti is satisfactorily described by calculations both with the
GXPF1 and GXPF1A interactions [77]. However, no experimental transition strengths
of this nucleus were known until before this work, so that no comparison with theoretical
predictions was possible. For the neighboring 55V, only the level scheme was investigated [78],
but also here no transition strengths are known. The excitation energies of the lower
negative parity levels are well described in Ref. [78] with the KB3G, GXPF1A and GXPF1B
interactions, but large inconsistencies were found for higher excitations. Positive parity
states that are likely to have contributions from the νg9/2 orbital were not included in
the calculation. It was found that 55V32 can be viewed as a single proton coupled to
54Ti32 with aspects of the shell stability. This is illustrated by noting the similarity in
the excitation energy between the lowest-lying 11/2− and 15/2− states at 1433 keV and
2508 keV in 55V dominated by recoupling of the πf7/2 proton with the 2+1 and 4+1 states in
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54Ti at 1495 keV and 2508 keV, generated by the proton πf27/2 configuration. Excited states
at low energy are generated by the promotion of at least one neutron to a νp1/2 or νf5/2
orbital. Those exhibit a high degree of mixing due to the close proximity of these orbitals.
The determination of transition strengths will allow to clearly identify the structure of the
lowest states especially with respect to the robustness of the N = 32 subshell closure. The
very recent theoretical work by L. Coraggio et al. [79] on neutron-rich isotopes north-east
of 48Ca discusses in detail influences from the π1f7/2, π2p3/2 and ν2p3/2, ν2p1/2, ν1f5/2,
ν1g9/2 orbitals in realistic shell-model calculations including an additional role of the ν2d5/2

orbital. The evolution of the 2+1 energies resulting from the N = 32 subshell closure was
described. A slight staggering of the B(E2; 2+1 → 0+gs) values was also reproduced, but the
results are still insufficient as they cannot reproduce the magnitude of the B(E2; 2+1 → 0+gs)

staggering at all [79].
Since according to the state-of-the-art shell-model calculations with different interactions, e.g.
GXPF1A, KB3G or FPD6, are not able to describe satisfactorily this observed staggering
of the B(E2; 2+1 → 0+gs) values in 50,52,54,56Ti presumably resulting from neutron subshell
closures, the experiments presented in this thesis were performed to accurately determine
the transition strengths between the lowest excited states from level lifetimes measured
with the RDDS method in 50,52,54Ti. Available data in these nuclei suggest systematic
errors that could lead to the discrepancy between theory and experiment. The insufficient
theoretical picture highly supports the need for precise measurements of transition strengths
between yrast states in 54Ti. Besides a precise knowledge of the B(E2; 2+1 → 0+gs) value, the
4+1 → 2+1 and 6+1 → 4+1 transition strengths are essential to achieve a conclusive picture of
the evolving shell structure from the contributions of different orbitals to the corresponding
excited states. In addition, the results of this work should close the lack of knowledge
about the transition strengths of the odd-mass nucleus 53Ti, which is important as a direct
neighbor of 54Ti to have a better understanding of the single-particle orbitals at N = 32.
The ratios of these transition strengths will further allow to deduce β and γ deformation
parameters unknown for this exotic region so far.
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1.5. Overview of the publications

The central topic of this cumulative thesis is the determination of reduced transition
probabilities by lifetime measurements of neutron-rich 52,53,54Ti isotopes using multinucleon-
transfer-reactions and a fusion-evaporation reaction for an additional investigation of 46Ti.
The results as well as the significance of the publications in the context of the dissertation
will be presented below.

The first publication “Lifetime measurement of excited states in 46Ti” [80] presents a study,
in which the lifetimes of the low-lying states, 2+1 , 4+1 , 6+1 and 8+1 , of the yrast band in 46Ti
were precisely determined. The results of this RDDS experiment were important for the
data analysis of the main experiment of this work in order to determine its plunger distances
by means of high-precision data on lifetimes in 46Ti. Although numerous experiments on
the stable 46Ti isotope have been performed in the past and many data on level lifetimes
have been published, some results were significantly different and the uncertainty was partly
relatively high. In addition to the author of this thesis, the plunger working group from
Cologne took part in the measurement. The experiment was also supervised by this group
as well as by additional people from the Institute of Nuclear Physics of the University of
Cologne, who helped out during the shift operation. The RDDS experiment was carried out
by Dr. C. Fransen and Dr. C. Müller-Gatermann. The data of the experiment were sorted
by the author, who also performed the lifetime analysis. The author interpreted the results
and wrote the paper. During proofreading, the second author, Dr. C. Fransen, improved
the text linguistically, and several other co-authors made minimal suggestions for changes.

The second paper “Lifetime measurements in 52,54Ti to study shell evolution toward N =

32” [81] focuses on the nuclear structure of the neutron-rich 52Ti and 54Ti isotopes. For
the analysis of the data of this experiment performed at GANIL, the unknown distances
between target and degrader had to be reproduced first. This problem was solved by
a χ2 minimization by comparing experimental spectra of 46Ti from the multinucleon-
transfer experiment with spectra generated by Monte-Carlo simulations. For this purpose,
the lifetimes in 46Ti determined from the first publication were used. This paper pays
special attention to the lifetimes of the low-lying states of the yrast bands (2+1 , 4+1 , 6+1 )
in 52,54Ti analyzed by the DDCM in γ-ray singles and the deduced transition strengths.
The experimental results are interpreted using state-of-the-art shell-model calculations
using different interactions. The RDDS experiment was conceived by Dr. T. Braunroth,
Dr. C. Fransen, and Dr. C. Müller-Gatermann. The author of this thesis as well as
Dr. B. Birkenbach, Dr. T. Braunroth, Dr. C. Fransen, Dr. L. Lewandowski, Dr. C. Müller-
Gatermann, and Dr. A. Vogt from the Institute for Nuclear Physic of the University of
Cologne, participated in the experiment E696 at GANIL. The group was supported by
the locals of GANIL as well as other members of the collaboration both for the setup of
the experiment and for the shift operation. The data obtained from this experiment were
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prepared and presorted with the support of PhD E. Clément and PhD A. Lemasson and
the necessary channel selection of Ti was made by the author as well as the final sorting
of the data. The subsequent lifetime analysis was carried out by the author herself, who
interpreted the results in cooperation with Dr. A. Blazhev using the shell-model calculations
she performed herself, except for the GXPF1B-nf7 interaction, which was developed by
Dr. A. Blazhev. The paper was written by the author of this thesis. The second author,
Dr. C. Fransen, has improved the linguistic style in some parts of the proofreading as well
as added suggestions for the content. Some text passages of the discussion were prepared
in cooperation with Dr. A. Blazhev, the third author. Some co-authors proposed minor
content and language modifications or additions before submission to the journal.

The third publication “Preliminary results of lifetime measurements in neutron-rich 53Ti” [82]
contains results of the analysis of the data set also taken from the main experiment. In
the foreground of this paper is the lifetime analysis of the odd-mass nucleus 53Ti, which,
like 52,54Ti, plays an important role in the shell evolution around N = 32. Preliminary
lifetimes of the (5/2−) to 13/2− states were evaluated using the DDCM γ-ray in singles
but the lifetime analysis revealed additional slowing-down effects that were caused by the
deceleration of the recoils in the degrader, but no correction was done to take the effect into
account. Despite the preliminary results, the publication of this study is important because
it shows suggestions or proposals for improvement that have emerged from the data analysis.
The study shows that the DDCM reaches its limits at this nucleus and that it cannot
be used to achieve final results without further corrections. The first-time publication of
these data signals that another analysis method must be consulted or corrections must be
taken into account for the finalization of the lifetimes, so that the research results can be
examined within the framework of theoretical calculations.

The tasks of the conception, preparation and execution of the experiment as well as the
sorting and analysis of the data according to those of the second publication. The author
of the thesis is once again the first author of the paper. In the end of the completion of the
manuscript, the co-authors proposed minimal linguistic changes.

Final data on lifetimes of the (5/2−) to 13/2− states in 53Ti determined by a χ2 minimization
are presented in the fourth publication “Lifetime measurements of excited states in neutron-
rich 53Ti: benchmarking effective shell-model interactions” [83], with results extracted
using Monte-Carlo simulations in order to take the slowing-down effects into account.
Electrical and magnetic transition strengths were determined and compared with theoretical
calculations, that give new information on the nuclear structure of 53Ti, and are used to
benchmark different shell-model calculations using established interactions in the fp shell.
Before these two publications, no information on lifetimes in 53Ti was known. The results
were interpreted in cooperation with Dr. A. Blazhev. A. Goldkuhle wrote the paper of
which some passages of the discussion were formulated by Dr. A. Blazhev, whose content
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was developed in cooperation with the first author. The first author has included linguistic
changes as well as additions to the content by the co-authors before submitting it to the
journal.

Finally, the results of the four publications including those of another third RDDS experiment
on 50Ti are briefly summarized. An overview of the ongoing work and an outlook on possible
future activities will then be given.
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Abstract. The level lifetimes of the yrast 2+
1 , 4+

1 and 6+
1 states and an upper limit of the lifetime of

the 8+
1 state in 46Ti have been measured with high accuracy exploiting the recoil distance Doppler-shift

method (RDDS) and using γγ coincidences. The nuclei were populated by the fusion evaporation reaction
40Ca(9Be, 2p1n)46Ti at a beam energy of E = 33MeV at the FN tandem accelerator of the Univer-
sity of Cologne, Germany. Lifetimes were extracted using the established differential decay curve method
(DDCM).

1 Introduction

In the past years a large number of experiments have been
performed to study the nuclear structure of the low-lying
states in 46Ti which is situated midshell between N = 20
and N = 28. For this purpose, several fusion evaporation
reactions [1–3], neutron/proton scattering reactions [4,5]
and alpha induced reactions [6,7] have been used.

The motivation for the experiment of this work was to
measure level lifetimes of the lowest yrast states in 46Ti
precisely, with a special focus on the 2+

1 and 4+
1 states,

because the published values partly differ by more than a
factor of 7 for the 2+

1 state and 2 for the 4+
1 state (see ta-

ble 1). Thus the results for the level lifetime of the 2+
1 state

given in refs. [4,8,9] deviate strongly from the other mea-
surements and in ref. [2] no absolute value could be deter-
mined, but only a lower limit. The other lifetime values [1,
10,11] do not all agree within the small error bars of 5–
10%. In addition, the level lifetime determined in ref. [12]
shows a large uncertainty of 26.6%. The lifetime value of
the 4+

1 state from ref. [13] does not correspond to the re-
sults of other experiments as listed in table 1. However,
it has to be noted that it is not clear how this value was
determined in ref. [13]. The other lifetimes of the 4+

1 state
given in refs. [1,2,4,7,11] agree within their errors, but in
some cases also show large uncertainties (∼ 42% [7]).

Of all previous lifetime measurements, only in ref. [1]
the recoil distance Doppler-shift (RDDS) method was
used, but it was not measured in γγ-coincidence mode. All
other experiments presented in refs. [2–4,6,7,11,14] used
the Doppler-shift attenuation method (DSAM), of which

a e-mail: agoldkuhle@ikp.uni-koeln.de

in refs. [2,14,3,7] γγ-coincidences were measured. Of these
works, the authors only of ref. [2] state that they deter-
mined the lifetime using an energy gate on the Doppler-
shifted component of a feeding transition of the respective
level. In refs. [10,8] lifetime data were calculated using
the centroid-shift and self-absorption method. It should be
noted that the latter method is ineffective for the determi-
nation of the lifetime of the 2+

1 because of the small level
width (∼ 10−5 eV) and the small 46Ti content in a natural
isotope mixture. In general, DSAM is used for measure-
ments when lifetimes in the range of 10−12 s to 10−14 s
are expected. Since in 46Ti lifetimes are predicted in a
range of 10−12 s, DSAM is a critical method for a lifetime
analysis. Furthermore, measurements without coincidence
conditions cannot rule out unobserved side-feeding, which
can lead to falsified results.

However, a maximum of two detectors were used in
all measurements, with the majority of the experiments
listed here using only one detector. Consequently, γγ-
coincidence measurements were not possible for these
measurements using only one detector. The advantage
of coincidence measurements is the possibility of setting
energy gates eliminating unobserved transitions. Further-
more, considerations suggest that the RDDS method, es-
pecially in combination with coincidence measurements,
has great advantages in the consideration and avoidance
of systematic errors.

In this work we determined level lifetimes of the low-
est yrast states in 46Ti with high precision in a γγ-
coincidence experiment at the Cologne FN Tandem accel-
erator with the RDDS method using the Cologne coinci-
dence plunger [15]. Unlike previous experiments, lifetimes
were determined using the differential decay curve method
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Table 1. Comparison of experimental values of the lifetimes
in 46Ti using different methods from previous works.

Iπ Elevel (keV) τ (ps)

2+
1 889.3 2.0+5.0

−1.0 [4]1

> 3 [2]3

6.5(7) [1]5

6.7(5) [10]6

7.9(21) [12]8

8.1(4) [11]1

9.7(24) [9]8

14.1(21) [8]7

4+
1 2009.8 1.9(8) [7]2

2.1(4) [2]3

2.3(2) [11]1

2.6(3) [1]5

2.8+0.7
−0.4 [4]1

4.6+1.7
−0.9 [13]8

6+
1 3298.9 1.45+0.25

−0.15 [4]1

1.5(3) [2]3

1.5(7) [1]5

1.5(5) [7]2

1.6(2) [6]1

8+
1 4896.9 0.6(3) [7]2

0.65(13) [2]3

0.86(29) [3]2

1.33(33) [14]4

1
Using DSAM [4,6,11].

2
Using DSAM in γγ-coincidence mode [3,7].

3
Using DSAM in γγ-coincidence mode with a gate from above [2].

4
Using DSAM, gated by charged particle detection [14].

5
Using the RDDS method [1].

6
Using the centroid-shift self comparison method [10].

7
Using the self-absorption method [8].

8
Not accessible [9,12,13].

(DDCM) [16]. To exclude contributions from an unknown
delayed side-feeding to the measured lifetime values, we
employed γ-ray energy gates on the flight component of
the feeding transition of the respective level for the life-
time analysis (so-called gating from above).

High-precision and reliable lifetime data are also im-
portant for the normalization or scaling in challenging ex-
periments reaching very exotic nuclei, e.g. Coulomb ex-
citation measurements with radioactive beams. For these
types of experiments, knowledge of lifetimes provides a
constraint for the analysis of Coulomb excitation data,
making it possible to disentangle the contribution from
diagonal and transitional matrix elements [17].

Due to the large differences in the individual measure-
ments, it is necessary to determine precise lifetimes in 46Ti
to check the reliability of the adopted values.

2 Experimental setup

The RDDS experiment on 46Ti was performed at the
FN tandem accelerator of the University of Cologne,
Germany, using the Cologne coincidence plunger de-
vice [15]. Excited states in 46Ti were populated with
the 40Ca(9Be, 2p1n)46Ti fusion-evaporation reaction at a
beam energy of 33MeV. The plunger target was made of
40Ca with a thickness of 0.6mg/cm2 and was evaporated
onto a 2mg/cm2 197Au fronting facing the beam. It was
additionally protected against oxidation by a 0.2mg/cm2

197Au backing. The recoiling nuclei were stopped in a
3.5mg/cm2 gold foil. Their maximum velocity after the
target was 0.83% of the speed of light. Both the tar-
get and the stopper foils were mounted parallel to each
other and perpendicular to the beam axis. Deexciting γ-
rays emitted before and in the stopper were detected by
eleven high-purity Germanium (HPGe) detectors. These
were mounted in two rings: six HPGe detectors were posi-
tioned at 45◦ and five at 142.3◦ with respect to the beam
axis. Data were collected for 14 target-to-stopper distances
from electrical contact to 100 μm, each measured for ap-
proximately 4 h. The target-stopper distances were moni-
tored by a capacitance measurement [16]. The fluctuations
induced by the beam were compensated with a piezoelec-
tric device using an automatic feedback system [16].

3 Data analysis and results

For the data analysis γγ-coincidence matrices were built
using the sorting code soco2 [18]. The data from different
HPGe detectors were grouped into rings with the same
polar angles. The intensities of the γ-ray lines observed
for each target to stopper distance had to be normalized
to the corresponding number of 46Ti to correct both for
different measuring times and beam current fluctuation.
This was performed in the following way: first, energy
gates were set on the total intensities, i.e. intensities of
Doppler-shifted and unshifted components for the decays
from the 2+

1 , 4+
1 , 6+

1 and 8+
1 states individually. In a sec-

ond step, the summed intensities of both components of
all respective higher lying yrast states up to the 10+

1 state
were determined. For each set of matrices, these intensities
are proportional to the number of 46Ti nuclei produced at
the corresponding distance and can be used as normaliza-
tion factors. Random coincidences were subtracted from
prompt γ-ray events with a condition for the accepted
time differences of coincident events.

The lifetimes of the states were determined from the
intensities of the shifted and unshifted components of the
different transitions using the DDCM, for which only rela-
tive distances are needed. The data was analyzed by gating
on the Doppler-shifted component of each direct feeding
transition of the respective level of interest and intensi-
ties were determined by fitting Gaussian functions to both
shifted and unshifted peaks. During the fitting procedure
the peak positions as well as the peak widths of the un-
shifted components were fixed. This coincidence technique
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allows for the elimination of systematic errors usually in-
duced in RDDS-singles measurements by the unknown
feeding history (from states that lie higher in energy).
With this procedure all uncertainties from side-feeding are
eliminated. For a gate on the shifted component of direct
feeding transition of the state of interest, the lifetime is ex-
tracted from the intensities of the depopulating transition
for each distance x according to

τ(x) =
Ius(x)
d
dxIsh(x)

1
v

, (1)

where Ius and Ish are the areas of the unshifted and shifted
peaks, respectively and v the mean velocity of the recoils.
Accordingly, it is possible to derive a lifetime value for the
level of interest at each target-to-stopper distance, which
should be independent of the distance. As a result, eq. (1)
leads to a constant line of lifetime values as a function of
distances. Lifetimes determined from different γγ matrices
are statistically independent.

The lifetimes are obtained by taking the weighted aver-
age of the lifetimes for different ring combinations. Here, it
was possible to obtain the mean velocity β independently
for each ring, utilizing the measured Doppler shift of the
peaks according to

Esh = Eus ·

√
1 − β

2

1 − β · cos(θ)
, (2)

where Eus (Esh) is the energy of the unshifted (shifted)
component, θ the detector angle and β = v/c. There-
fore, individual gates were set on both components of the
4+
1 → 2+

1 , 6+
1 → 4+

1 and 8+
1 → 6+

1 decay transitions and
the corresponding 2+

1 → 0+
gs, 4+

1 → 2+
1 and 6+

1 → 4+
1

decay transitions were analyzed to obtain a velocity for
each distance i. However, “distance-dependent” velocities
were observed, caused by a relative width of the velocity
distribution of approximately 36%, because γ-ray inten-
sities on the shifted peaks have more contributions from
slower recoils at smaller distances. This effect implies a
systematic variation of the centroid of the shifted peaks
as a function of distance x (see fig. 1). It was taken into
account by scaling the distances by a factor of βi/βmax

with respect to the maximum velocity of βmax = 0.83%
of the speed of light measured at the longest distance of
100μm. By determining these effective distances, the ef-
fect of “distance-dependent velocities” could be canceled
out.

This low recoil velocity after the target leads to small
Doppler shifts. As a result, the shifted and unshifted
components of the respective γ-ray line overlap and are
not separated completely from each other (see spectra in
fig. 1). Nevertheless, the development of intensity ratios
of the shifted and unshifted components with increasing
distances is clearly visible (see fig. 1).

Figure 2 shows the γ-ray statistics of the experiment in
the forward ring at 45◦. It is summed up over all distances
with a gate on the shifted component of the 10+

1 → 8+
1

transition. The spectrum only shows γ-rays of 46Ti with-
out any contamination.

Fig. 1. (Color online) Exemplary γ-ray spectra from the
2+
1 → 0+

gs transition at three different distances (7 μm, 40 μm,
100 μm) in the ring at 45◦. Spectra are produced from gates
on the shifted component of the 4+

1 → 2+
1 transition. It can

be clearly seen that the shifted component moves towards
the unshifted component with decreasing distance due to the
changing velocity distribution with respect to the distance. The
shifted (sh) and unshifted (us) components are additionally la-
beled. See text for details.

Fig. 2. γ-ray spectrum summed over all distances with a gate
on the shifted component of the 10+

1 → 8+
1 transition and

measured with the detectors in the ring at 45◦. The shifted (sh)
and unshifted (us) components of the underlying transitions of
the yrast-band and the shifted component of the 9−

1 → 7−
1

transition were observed.

Lifetime fits of continuously connected second-order
polynomials to shifted and unshifted decay transitions,
performed with Napatau [19] are illustrated in fig. 3. The
lifetime, indicated by a constant line, is determined at
each distance. Deviations from this behavior indicate sys-
tematic effects, which can be identified with this method.
The weighted average value for the lifetime τ is taken of
the points inside of the sensitive region, i.e., where the
derivative of the decay curve is largest. The final mean
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Fig. 3. τ -curves of the 2+
1 , 4+

1 and 6+
1 states (a), (d), (g) in 46Ti using the forward ring at 45◦ with gates on the feeding

transition from the 4+
1 , 6+

1 and 8+
1 states, respectively. The black solid lines in (a), (d), (g) represent the weighted mean value of

the lifetimes; dashed lines mark the statistical uncertainty. In addition, the intensities of the shifted (b), (e), (h) and unshifted
(c), (f), (i) components are shown. The polynomial fit function to the measured intensities is presented in solid black in (b),
(c), (e), (f), (h), (i). Note the logarithmic distance scale.

Table 2. Results of the lifetimes and reduced transition probabilities of the first four yrast states in 46Ti from this work.

Iπ ELevel (keV) Eγ (keV) τ (ps) (ring 1) τ (ps) (ring 2) τ (ps) B(E2; I+
1 → (I − 2)+1 ) (e2 fm4)

2+
1 889.3 889.3 7.55(27) 7.92(24) 7.76(18) 189.9+4.4

−4.3

4+
1 2009.8 1120.5 2.21(50) 2.19(31) 2.20(26) 211+28

−22

6+
1 3298.9 1289.1 1.34(47) 1.43(50) 1.38(34) 167+55

−33

8+
1 4896.9 1597.9 ≤ 1.2 ≤ 1.2 ≤ 1.2 ≥ 66

lifetimes, weighted averaged from the forward and back-
ward ring yield τ(2+

1 ) = 7.76(18) ps, τ(4+
1 ) = 2.20(26) ps,

τ(6+
1 ) = 1.38(34) ps and τ(8+

1 ) ≤ 1.2 ps. The spectra from
the different rings yield consistent values and the results
are summarized along with the B(E2) transition strengths
in table 2. Furthermore, the results were verified by deter-
mining lifetimes using additional indirect gates, i.e. gates
were set on the flight components of the 6+

1 → 4+
1 and

8+
1 → 6+

1 decay transitions and the 2+
1 → 0gs and 6+

1 → 4+
1

transitions were analyzed. The statistical uncertainty of
the lifetime value is dominated by the distribution of the
individual τ -values. The uncertainty of the recoil veloc-
ity resulting from the uncertainty of the mean polar angle
Δθ = 3◦ and the relative target-to-stopper distances mea-
sured with a high precision of Δx ≤ 0.1μm in the sensitive
range, define the systematic errors (approx. 3% of the re-
spective lifetimes) of the lifetime. The final experimental
error of the lifetime includes the root sum squared of the
statistical and the systematic uncertainties. For the life-
time of the 8+

1 state, our data yielded only an upper limit
because, for all distances, only the shifted component of

this decay is visible after gating on the shifted component
of the 10+

1 → 8+
1 transition. Higher lying decay transitions

are not visible in the spectrum.

4 Conclusion

In summary, reliable lifetimes and lifetime limits of ex-
cited states in the yrast band of 46Ti up to the 8+

1 state
were measured and the resulting E2 transition probabili-
ties were determined. The present lifetime of the 2+

1 state
τ(2+

1 ) = 7.76(18) ps in 46Ti agrees with the adopted aver-
age lifetime of all available lifetime data [4] within the un-
certainty, but the uncertainty of the present lifetime value
is smaller than the mean error of the average lifetime. The
present lifetimes of the 4+

1 and 6+
1 states also agree with

previous results [2,6,7,11,1,4]. The upper limit for the life-
time of the 8+

1 state from this work also agrees with the
lifetime value known for this state from earlier works [2,
3,7,14]. It must be stressed that, unlike most of the pre-
vious measurements, the present lifetimes are not prone
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to side-feeding due to the analysis of gated coincidence
data. Furthermore, excellent statistics were achieved due
to a quite efficient setup and by choosing a reaction with
a relatively large cross section to 46Ti.

With regard to the discussion of the last lifetime mea-
surement [11], the longer lifetime for the 2+

1 state deter-
mined in this work leads to a smaller g-factor value and
approaches the values of the shell model calculations used
there.

Therefore, the current results can be used for normal-
ization and scaling in other experiments, e.g. Coulomb
excitation experiments.
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Karl Oskar Zell1, Magda Zielińska13, and the AGATA-Collaboration
1Institut für Kernphysik, Universität zu Köln, 50937 Köln, Germany
2GANIL, CEA/DRF-CNRS/IN2P3, BP 55027, 14076 Caen Cedex 5, France
3CSNSM, Université Paris-Sud, CNRS/IN2P3, Université Paris-Saclay, F-91405 Orsay, France
4Université de Lyon, Université de Lyon 1, CNRS/IN2P3, IPN-Lyon, F-69622 Villeurbanne, France
5Institut Laue-Langevin, BP 156, 38042 Grenoble Cedex 9, France
6INFN Sezione di Padova, I-35141 Padova, Italy
7Dipartimento di Fisica e Astronomia dell’Università di Padova, I-35131 Padova, Italy
8Laboratori Nazionali di Legnaro, INFN, I-35020 Legnaro, Italy
9Nuclear Physics Group, Schuster Laboratory, University of Manchester, Manchester, UK
10GSI, Helmholtzzentrum für Schwerionenforschung GmbH, 64291 Darmstadt, Germany
11Institut für Kernphysik, Technische Universität Darmstadt, 64289 Darmstadt, Germany
12Instituto de Físcia Corpuscular, CSIC-Universidad de Valencia, E-46071 Valencia, Spain
13Irfu, CEA, Université Paris-Saclay, F-91191 Gif-sur-Yvette, France

Abstract. To study the nuclear structure of neutron-rich titanium isotopes, a lifetime measurement was per-
formed at the Grand Accélérateur National d’Ions Lourds (GANIL) facility in Caen, France. The nuclei were
produced in a multinucleon-transfer reaction by using a 6.76 MeV/u 238U beam. The Advanced Gamma Track-
ing Array (AGATA) was employed for the γ-ray detection and target-like recoils were identified event-by-event
by the large-acceptance variable mode spectrometer (VAMOS++). Preliminary level lifetimes of the (5/2−)
to 13/2− states of the yrast band in the neutron-rich nucleus 53Ti were measured for the first time employing
the recoil distance Doppler-shift (RDDS) method and the compact plunger for deep inelastic reactions. The
differential decay curve method (DDCM) was used to obtain the lifetimes from the RDDS data.

1 Introduction

The nuclear structure in the region of neutron-rich Ti iso-
topes is of enhanced interest due to the observed features
hinting at subshell closures at N = 32, 34 [1]. For exam-
ple, in neutron-rich 50−56Ti isotopes the staggering of the
excitation energies for the 2+1 state points to emergence of
subshells. In case of 53Ti, the excited states were reported
by prompt γ-ray spectroscopy following β decay [2]. The
knowledge was extended by studies performed at the Gam-
masphere spectrometer [3] to identify the 53Ti yrast cas-
cade for the first time and to determine the excitation en-
ergy of states with spins up to Iπ = 21/2−. In addition,
the experimental yrast structure was compared with shell-
model calculations where the experimental data are par-
ticularly well described by calculations using the GXPF1
and GXPF1A interactions [3]. For the level energies this
is directly related to the fact that the ν1 f5/2 and ν1p1/2 or-
bitals are well separated from the ν1p3/2 orbital, a fact that
also gives rise to the subshell closure at N = 32. In con-
∗e-mail: agoldkuhle@ikp.uni-koeln.de

trast, calculations with the FPD6 Hamiltonian do not pre-
dict gaps at N = 32, 34. In order to verify the previous
findings on shell closures, lifetimes of excited states are of
great importance. From these, transition probabilities can
be determined which represent important quantities to test
the shell structure. In this work preliminary data of life-
times for the (5/2−) to 13/2− states of the yrast band of
53Ti are presented for the first time.

2 Experimental Details

Excited states in neutron-rich titanium isotopes were pop-
ulated as products of a multinucleon-transfer reaction
induced by a 238U beam at an energy of E(238U) =
1608.9 MeV (= 6.76 MeV/u) at the Grand Accélérateur
National of d’Ions Lourds (GANIL) in Caen, France. The
experimental setup consisted of the compact plunger for
lifetime measurements of excited states produced in deep
inelastic reactions [4] in combination with the Advanced
Gamma Tracking Array (AGATA) [5] γ-ray spectrome-
ter consisting of 29 36-fold segmented capsules in 10

EPJ Web of Conferences 223, 01022 (2019)	 https://doi.org/10.1051/epjconf/201922301022
NSD2019

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution  
License 4.0 (http://creativecommons.org/licenses/by/4.0/).



cryostats. A 1.5 mg/cm2 enriched 50Ti plunger target was
used, on which a natural copper fronting with a thick-
ness of 0.4 mg/cm2 for heat conduction was evaporated.
A natMg degrader foil with a thickness of 3.2 mg/cm2 was
placed downstream from the target. Both the target and
degrader foils were placed at an angle of 45◦ with re-
spect to the incoming beam which is close to the graz-
ing angle of the multinucleon transfer reaction. Since the
expected lifetimes in the neutron-rich titanium isotopes
are a few picoseconds, the recoil distance Doppler-shift
(RDDS) method [6] was employed. The target-like re-
action products were detected and identified in the large-
acceptance variable mode spectrometer VAMOS++ [7–9].
These products exit the target foil with an average velocity
vT resulting βT = vT /c = 12.7(2) %. The Mg foil degrades
the energy of the ions to 3.68 MeV/u resulting in an aver-
age velocity of βD = 11.7(2) % that was measured directly
by VAMOS++. βT was deduced from the experimental
Doppler-shift between the two components of the transi-
tions:

Esh(∆β, θ) = Eus ·
√

1 − ∆β2

1 − ∆β · cos(θ)
, (1)

where Esh is the energy of the fast component, i.e. the
emission before the degrader, and Eus is the intrinsic γ-
ray energy of the degraded component, i.e. the emission
after the degrader, which depends on the velocity differ-
ence ∆β = βT − βD as well as the polar angle θ. Dur-
ing the experiment beam induced structural changes of the
target prevented a determination of the distances between
target and degrader, which are essential for a lifetime anal-
ysis. This problem could be solved by determining effec-
tive distances using precisely known lifetimes of 46Ti [10].
Detailed information about the distance determination will
be given in Ref. [11]. A total of six target-to-degrader dis-
tances, ranging from 130µm and 1000µm, were set dur-
ing the experiment, each with a measurement time of about
24 hours.

3 Data analysis and results

The reaction products were completely identified on an
event-by-event basis using VAMOS++. The matrix of the
energy loss obtained in the sum of the first three rows of
the ionization chamber versus the total energy measured in
the sum of all rows was used for the Z identification. The
mass A and mass over charge (A/Q) were obtained from
the time-of-flight, the total energy and the magnetic rigid-
ity (Bρ). Further details will be given in Ref. [11]. After
the particle identification Doppler-corrected γ-ray singles
spectra could be generated for each nucleus by means of
corresponding Z and A gates. The differential decay curve
method (DDCM) [12] was employed for the lifetime anal-
ysis using the γ-ray singles spectra. Figure 1 shows the
γ-ray statistics for 53Ti in a sum spectrum in which the
spectra of all six distances were added up. It was possi-
ble to identify nine transitions of 53Ti (cf. Fig. 1) that are
clearly visible after Doppler correction for the degraded
component. These correspond to the decays of the first six
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Figure 1. Doppler-corrected γ-ray spectrum in coincidence with
ions identified as 53Ti, summed over all six distances. Nine γ-ray
decays are observed.

excited states up to the 15/2− state of the yrast band in
53Ti. The level scheme in Fig. 2 contains only the transi-
tions and levels observed in this work.

0 keV
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292 keV

Figure 2. Partial level scheme of 53Ti relevant for the present
experiment.

For the evaluation of the 7/2− state the decay into the
(3/2)− state was used (1576 keV), on the one hand due to
the clear separation of the fast and degraded components,
respectively, and on the other hand because it is by far the
strongest decay branch. Furthermore, the γ-ray energy of
the transition 7/2− → (5/2−) is significantly lower with
339 keV and the Doppler shift is therefore smaller, which
leads to a worse separation of the two components. In
addition, the latter decay has a relative intensity of only
33 [13] normalized to the strongest decay with a rela-
tive intensity of 100. Only the decay into the 7/2− state
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Figure 1. Doppler-corrected γ-ray spectrum in coincidence with
ions identified as 53Ti, summed over all six distances. Nine γ-ray
decays are observed.
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experiment.

For the evaluation of the 7/2− state the decay into the
(3/2)− state was used (1576 keV), on the one hand due to
the clear separation of the fast and degraded components,
respectively, and on the other hand because it is by far the
strongest decay branch. Furthermore, the γ-ray energy of
the transition 7/2− → (5/2−) is significantly lower with
339 keV and the Doppler shift is therefore smaller, which
leads to a worse separation of the two components. In
addition, the latter decay has a relative intensity of only
33 [13] normalized to the strongest decay with a rela-
tive intensity of 100. Only the decay into the 7/2− state
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Figure 3. Plot of lifetime analysis for the (5/2−) and 7/2− states in 53Ti. In the upper panels (a), (d) the black solid lines represent the
weighted mean value of the lifetimes; dashed lines mark the statistical uncertainty. The intensities of the fast and degraded components
are shown in (b),(e) and (c),(f), respectively. For the intensity determination of the degraded component (c),(f) a feeding correction was
considered. Note the logarithmic distance scale.

(629 keV) could be used to determine the lifetime of the
9/2− state, since this decay was much stronger with a
relative intensity of 100 than the decay into the (5/2−)
state (968 keV, 10.5). However, a smaller Doppler-shift
is present due to the smaller transition energy. Although
two transitions depopulate the 11/2− state, the transition
to the 9/2− state with only 292 keV is not suitable for the
analysis, so the transition to the 7/2− state (921 keV) was
used even tough it only has a relative intensity of 17 as
compared to the strongest decay branch with a relative in-
tensity of 100. Due to the insufficient separation of the
15/2− → 13/2− transition, it was not possible to evaluate
the lifetime of the 15/2− state.

The peak positions and widths of the degraded compo-
nents were fixed with calibrations of the strongest decay of
50,52,53Ti. The lifetime is extracted from intensities of the
depopulating transition after subtraction of the observed
feeding for each distance x according to:

τ(x) =
Id
us(x) − α · I p

us(x)
d
dx Id

sh(x)
1
vT

(2)

s where Id
us and Id

sh are the efficiency-corrected and nor-
malized intensities of the degraded and fast components of
the depopulating (d) and populating (p) state, α includes
the branching ratios and vT = βT · c is the mean velocity
of the recoils before the degrader. According to DDCM,
lifetime values are derived at each target-to-degrader dis-
tance and a constant line of lifetime values as a function

of the distance is expected. Deviations from this con-
stant line are indicators of systematic effects that can be
detected using this method. Preliminary lifetime fits for
the (5/2−) → (3/2)− and 7/2− → (3/2)− transitions per-
formed with the program NAPATAU [14] are shown in
Fig. 3. Similar fits could also be generated for the higher
lying states 9/2−, 11/2− and 13/2−.

The middle panels (b),(e) show the intensities of the
fast components of the depopulating transition and the
lower panels (c),(f) those of the degraded components tak-
ing into account a feeding correction for observed feeders
of the respective level of interest. As a result of these two,
the deduced lifetime is shown in the upper panels (a),(d).
The data are still under analysis, thus experimental prelim-
inary results of measured lifetime values for the (5/2−) to
13/2− states in 53Ti are summarized in Table 1.

Table 1. Results of the preliminary lifetime values of the first
five yrast states in 53Ti from this work.

Iπ ELevel (keV) Eγ (keV) τ (ps)
(5/2−) 1237.1 1237.1 2.4 ± 0.5
7/2+ 1576.3 1576.3 0.4 ± 0.4
9/2− 2205.8 629.6 1.1 ± 0.5

11/2− 2498.1 921.8 3.5 ± 0.7
13/2− 2755.9 257.8 2.4 ± 0.6
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Since the slowing down of the recoils in the de-
grader does not happen instantaneously, but takes a fi-
nite time, slowing down effects occur here (Doppler Shift-
Attenuation (DSA)). These lead to the fact that the de-
graded peak has no longer a Gaussian shape, but a tail
in the direction of the flight component, which should be
assigned to the slow component, because the degrader is
already reached. This can be problematic for the analysis
of RDDS measurements with insufficient separation of the
components, since these decays in the spectrum cannot be
distinguished from those in which a recoil decays in flight
between target and degrader. This effect depends on the
lifetime and increases strongly with decreasing lifetime.
In general, a correction for lifetimes smaller than 2 ps is
considered. This applies especially to the lifetimes of the
7/2− and 9/2− states for which such a correction must be
made in a next step and is planned by means Monte-Carlo-
Simulations using the G4LifeTimeG toolkit [15].

4 Summary

Preliminary lifetime values of five excited states of the
yrast band in 53Ti were determined for the first time. The
next step is to finalize the results by considering DSA ef-
fects for very short lifetimes. The results can be used to
test shell-model predictions for different interactions. In
addition to the existing calculations in Ref. [3], further
interactions should be used to evaluate their predictabil-
ity. With the new experimental transition strengths the
description of the nuclear structure in 53Ti may be im-
proved. Further, the predicted evolution of shell closures
at N = 32, 34 can be tested.
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| Discussion and conclusions

The aim of the presented studies was the investigation of effects in the shell structure of
neutron-rich Ti isotopes around the neutron subshell closure at N = 32 far from stability
by means of the electric and magnetic transition strengths. In the following, the content of
the individual publications is briefly summarized.

In the first part of this work, the publication “Lifetime measurement of excited states in
46Ti” [80] presents the results of an RDDS experiment on 46Ti including the determination
of lifetime values. Excited nuclear states in 46Ti were populated in a fusion-evaporation
reaction at a 9Be beam energy of 33MeV at the Cologne FN tandem accelerator. The
advantage of this RDDS experiment over previous experiments is that the obtained data
could be evaluated in γγ coincidences. For this purpose, the DDCM was used in the
γγ-coincidence mode to determine precise and reliable lifetime values of the first excited 2+1
to 6+1 states and an upper limit of the lifetime for the 8+1 state. The results of this chosen
analysis method have a smaller uncertainty than the published average values.
Although in the past a large number of experiments were performed on this nucleus, the
published data were sometimes contradictory or afflicted with considerable uncertainty.
A possible reason could be the experimental techniques used. Out of a large number of
experiments, the RDDS technique was used in only one experiment. However, in that
experiment no γγ-coincidences were analyzed, thus unobserved delayed feeding cannot
be completely ruled out. The data of the remaining experiments were analyzed using
the DSA method, which is generally not well suited for the expected lifetimes. A precise
lifetime determination especially for the 2+1 and 4+1 state was necessary for the distance
determination between the target and degrader foil in the main experiment performed at
GANIL.

The second publication of this work “Lifetime measurements in 52,54Ti to study shell
evolution toward N = 32” [81] presents results of lifetimes and reduced transition strengths
in 52,54Ti of low-lying states of their yrast bands. Neutron-rich Ti isotopes were populated
in a multinucleon-transfer reaction with a 238U beam at 6.76 MeV/u impinging on a 50Ti
target in an RDDS experiment at GANIL. For the analysis, the distances between the
target and degrader foil had to be reproduced first, which could not be determined in
a conventional way due to unexpected beam-induced changes of the target. Using the
precise lifetimes in 46Ti [80], determined in the first part of this thesis, it was possible to
determine the unknown distances with Monte-Carlo simulations by comparing simulated
and experimental γ-ray spectra using the minimum χ2 method. The resulting distances
were used for the further lifetime analysis in which the lifetime values of the first excited
states in 52,54Ti were determined by evaluating the γ-ray singles spectra using the DDCM.
The obtained results were additionally verified by a χ2 minimization between experimental
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6. Discussion and conclusions

and simulated γ-ray spectra.

In 54Ti there was only a literature value for the lifetime of the 2+1 state from an earlier
Coulomb-excitation experiment [68], which is consistent with the value remeasured in this
work within the error limits. For the first time, the lifetime of the 4+1 state as well as an
upper lifetime limit of the 6+1 state in 54Ti was determined in this thesis. The neighboring
52Ti had already been significantly further researched. Here literature values of the lifetimes
of the 2+1 , 4+1 and 6+1 states existed. However, the previous experimental values in 52Ti
behaved unusually compared to its neighbors 50Ti and 54Ti. The new B(E2; 2+1 → 0+gs) and
B(E2; 6+1 → 4+1 ) values are smaller than the previous values, while the B(E2; 4+1 → 2+1 )

value is larger than the previous value and thus a similar picture of the transition strengths
depending on the spin as that of the neighboring nuclei is obtained. The excitation energies
and the obtained transition strengths of the two nuclei were compared with shell-model
calculations using different interactions (GXPF1A/B, KB3G, FPD6). In both nuclei a
consistent picture was obtained. In particular, the good agreement of the trend between
theoretical and experimental transition strengths in 52Ti should be emphasized. With
its new B(E2) values, a long time unsolved mystery could be solved. Existing values
prior to this work showed large differences to the predictions of shell-model calculations
using the mentioned interactions, as theoretical predictions could not even reproduce the
trend of the experimental values. In addition to the established interactions used, the
modified GXPF1B [17] interaction, called GXPF1B-nf7, was introduced by the authors
of the publication, where the single-particle energy of the ν1f7/2 orbital was lowered by
1MeV. With the predictions of this interaction, significantly improved results were obtained
for the transition strengths in 50Ti compared to the other used interactions. For 52,54Ti,
the GXPF1B-nf7 interaction as well as the GXPF1B interaction describe the experimental
data well.

The third publication “Preliminary results of lifetime measurements in neutron-rich 53Ti” [82]
includes preliminary results of a lifetime analysis of 53Ti using the same data set as the
second publication. In this work, a total of five lifetimes ((5/2−) to 13/2−) of the yrast
band in 53Ti could be evaluated for the first time, also using the DDCM. The results have
to be considered as preliminary, because they do not include a correction for the DSAM
effects observed after using of the analysis method.

This correction is described in the fourth publication “Lifetime measurements of excited
states in neutron-rich 53Ti: benchmarking effective shell-model interactions” [83], in which
final lifetime values in 53Ti are presented by correcting the mentioned DSAM effect from
the third publication. For this purpose, the lifetimes of the (5/2−) to 13/2− states were
determined using the minimum χ2 method instead of the DDCM, in a similar way as the
lifetime determination described in the second publication. Furthermore, the experimental
excitation energies were compared with the predictions of shell-model calculations of
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established interactions in the fp shell (GXPF1A/B, KB3G and FPD6). The KB3G
interaction best reproduces the experimental excitation energies, but calculations with
the GXPF1A and GXPF1B interactions perform fairly well, too. The calculation with
the FPD6 interaction shows significant deviations, with the gaps between the 5/2−1 and
7/2− levels and between the 9/2− and 11/2− levels being determined to be clearly too
large. The low-lying 5/2−1 state as well as the inversion of the 1/2−1 and 5/2−1 levels is
still noticeable. Although the calculations with the different interactions satisfactorily
describe the experimental level energies, none of the interactions used can fully reflect the
corresponding transition strengths. The B(M1; 5/2−1 → 3/2−) value is a peculiarity, as
this value contradicts the relatively low value predicted by the theoretical calculations.
The contribution of the M1 strength of the νp11/2 component in the wave function of the
(5/2−) state is important. However, further developments on the theoretical side are needed
to explain these strengths and improved experimental information would be beneficial.
A decisive quantity that would clearly specify the statements of the specific transition
strengths would be the E2/M1 mixing ratio for J = 1 transitions, which is still missing.
According to the systematics of the 3/2−, 1/2−, and 5/2− states of the neighboring nuclei,
i.e. 55Cr and 51Ca, the previously unobserved 1/2− state in 53Ti should also be energetically
lower than the (5/2−) state. Since the experimental results of this paper suggest a revision
of some matrix elements in the theoretical calculations, it is even more important to identify
the 1/2− state experimentally in order to know the position of this state.

The two presented measurements of this work were complemented by an additional RDDS
experiment performed at the 10MV FN tandem accelerator of the University of Cologne
with the aim of measuring the lifetimes of the 2+1 and 4+1 states in 50Ti. The discrepancy
between the experimentally determined B(E2; 2+1 → 0+gs) value in the Coulomb-excitation
experiment described in Ref. [27] and predictions of shell-model calculations using different
interactions motivated a re-measurement of the lifetime values especially for the 2+1 state.
To populate 50Ti isotopes, the proton-transfer reaction 51V(11B,12C)50Ti at a beam energy
of 21.5MeV was used. The recoiling nuclei were produced in a 0.6mg/cm2 thick 51V

target and were stopped in a 2.8mg/cm2 thick Nb foil. The γ rays were detected using
eleven single-crystal HPGe detectors placed in two angular rings - six detectors in the
forward direction (θ1 = 45◦) and five detectors in the backward direction (θ2 = 142.3◦).
Additionally, an array of six solar cell detectors at backward angles between 115◦ and 165◦

for detection of recoiling light reactions fragments was placed in the plunger chamber at
a distance of about 15mm between their centers and the target. The data were collected
at 9 target-to-stopper distances in a range near the electrical contact up to 800µm, each
of which was measured about 24 hours. The level lifetimes of the 2+1 and 4+1 states were
analyzed in a particle-gamma analysis using the DDCM, whose results are shown in Fig. A.1
in the Appendix A. For a γγ- or even particle-γγ-analysis, the statistics were unfortunately
not sufficient. Although this nucleus was also populated in the main experiment at GANIL
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6. Discussion and conclusions

and lifetimes could be obtained in γ-ray singles using the DDCM, the Cologne experiment
provides more reliable results due to the larger number of plunger distances in the sensitive
range as well as the knowledge of the relative distances.
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Figure 6.1.: Systematics of E(2+1 ) and B(E2; 2+1 → 0+gs) values in even-even nuclei with
20 ≤ Z ≤ 28 and 20 ≤ N ≤ 46. For references of the experimental values,
see Table C.1 in the Appendix.

Fig. 6.1 shows the systematics of the 2+1 excitation energies as well as the B(E2; 2+1 → 0+gs)

values for the even-even nuclei with 20 ≤ Z ≤ 28 and 20 ≤ N ≤ 46, including the results
obtained in this thesis (marked with green crosses).
The distinct local maximum of the E(2+1 ) values reflecting the considerable energy gap
and the corresponding local minimum of the B(E2; 2+1 → 0+gs) values comparable to single-
particle estimates characterize the neutron shell closure at N = 28. The B(E2; 2+1 → 0+gs)

value in 50Ti of 46+8
−6 e

2fm4 remeasured in this work is smaller compared to the previous

82



literature value of 55(2) e2fm4 1, but within the error limits, the values are compatible.
On the one hand, the local minimum in the B(E2; 2+1 → 0+gs) values is amplified by the
newly determined value in 50Ti, on the other hand the discrepancy to the predictions for
this transition of the shell-model calculations is increased. A modification of the matrix
elements or the increase of the valence space in the theoretical calculations could lead to a
proper description of the experimental results. The measured lifetime value τ = 6.5(3)ps
for the 4+1 state corresponds to B(E2; 4+1 → 2+1 ) = 71(3) e2fm4 and it is consistent with the
previous result of B(E2; 4+1 → 2+1 ) = 60(12) e2fm4 [85] within the errors. The uncertainty
of the value was reduced from 20% of the literature value to ∼5%. At the same time, the
discrepancy between experimental results and predictions of shell-model calculations could
be reduced by the larger determined B(E2; 4+1 → 2+1 ) value. In particular, the GXPF1B-nf7
interaction introduced in the second publication yields B(E2; 4+1 → 2+1 ) = 69 e2fm4 and
thus it results in an excellent agreement with the newly determined experimental value.

At N = 32, a slightly different picture results: In case of Ti, a similar peaking of the 2+1
excitation energy is observed as for the Ca isotopes, although with a reduced amplitude (see
Fig. 6.1). For Cr, this effect is much weaker and for Fe and Ni completely disappears. This
behavior implies the existence of a reduced subshell closure at N = 32 in the Ti isotopes and
has been confirmed in mass measurements [71]. Regarding the B(E2) systematics, the new
results in Ti show almost no minimum at N = 32 and a staggering of the B(E2; 2+1 → 0+gs)

values is no longer visible, which earlier experiments showed. However, due to the smaller
uncertainty, the measured value for 54Ti in Ref. [68] seems more reliable and the amplitude of
the staggering is significantly weakened by the newly determined, smaller B(E2; 2+1 → 0+gs)

value in 52Ti compared to the previous measurement in Ref. [28]. The anti-correlation
between the two observables, i.e. the 2+1 excitation energy and the transition strengths,
from both experimental and theoretical results confirm the subshell closure in 54Ti, which,
however, is weaker compared to its counterpart at N = 28. The magic feature in 54Ti
can be explained by the monopole component of the proton-neutron tensor force [86–88].
Figure 6.2 illustrates the formation of the subshell closure at N = 32. At 60Ni, the ν1f5/2

orbital is energetically close to the ν2p3/2 orbital and no N = 32 shell closure is observed.
This absence of a subshell closure is manifested in the decrease of the 2+1 excitation energies
from 58Ni to 60Ni. By decreasing the number of protons in the π1f7/2 orbital, i.e. from
nickel to calcium via titanium, the ν1f5/2 orbital becomes less bound, and at 54Ti the order
of the ν1f5/2 and ν2p1/2 orbitals is inverted. The raising of the ν1f5/2 orbital produces a
gap between the lower-lying ν2p3/2 orbital and the higher-lying ν1f5/2 and ν2p1/2 orbitals,
so that a N = 32 subshell closure appears at 54Ti [74]. With further reduction of the proton
number by two, i.e. calcium, an additional subshell closure appears at N = 34 by increasing
the magnitude of the νp1/2 − νf5/2 energy gap and has been experimentally confirmed
by γ-ray spectroscopy of 54Ca [74]. This effect can be explained by the strong attractive

1weighted mean of 56+3
−2 e

2fm4 Ref. [27] and 52+6
−5 e

2fm4 Ref. [84].
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6. Discussion and conclusions

force between the π1f7/2 and ν1f5/2 orbitals where the tensor and central forces provide
an additional contribution, since the addition of protons in the π1f7/2 orbital lowers the
single-particle energy of the neutron ν1f5/2 orbital.

proton neutron

20 20

28

proton neutron

32

34

20 20

28

proton neutron

32

Figure 6.2.: Schematic illustration of the shell evolution by the influence of the monopole
interaction produced by the tensor force on the single-particle energy of the
ν1f5/2 orbital from nickel to calcium via titanium for N = 32 [20]. See text
for details.

Also, the theoretical results presented in the fourth publication on the investigations of 53Ti,
the direct one-hole neighbor of 54Ti, support the shell closure at N = 32. As shown, the
(5/2−) state in this nucleus plays an important role in benchmarking and understanding
the nuclear structure in this and neighboring nuclides. Although the FPD6 interaction does
not adequately represent the excitation energies, it is the only one that predicts the low
M1 strength of the 5/2−1 → 3/2−1 transition, in contrast to the KB3G and GXPF1A/B
interactions. This effect is supported by the dominant neutron configuration νf87/2p

2
3/2f

1
5/2

(55%), which forecasts the νf5/2 ↔ νp3/2 transition mainly from single-particle nature.
The wave functions of the other interactions are of a stronger mixed character, predicting
considerable (25-32%) configurations with a single neutron in the νp1/2 orbital including
other particles coupled to 2+. Although the occupation of the νp1/2 orbital is in agreement
with theN = 32 shell closure, the suggested presence of configurations with the occupation of
this orbital implies a strong coupling to the νp3/2 orbital and spin-flip transitions of the type
νp1/2 ↔ νp3/2, which leads to an increased M1 strength for the 5/2−1 → 3/2−1 transition.
However, the interactions which do not fully reflect the experimental transitions strengths
may require a revision of some matrix elements, which calls for a larger experimental data
set including the new results.

Summarized, in this work 17 lifetime values as well as 2 lifetime limits in 46,50,52,53,54Ti were
determined, partly for the first time. The newly determined B(E2; 2+1 → 0+gs) values in the
even-even nuclei 50,52,54Ti weaken the fluctuation of these B(E2) values from preceding
investigations and mostly provide a better agreement with the predictions of established
shell-model calculations. The subshell closure at N = 32 was confirmed with the results of
the present thesis.
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Future work and experiments in the titanium region

The shell evolution around the neutron subshell closure at N = 32 in neutron-rich Ti
isotopes was further investigated in the available studies. In addition to the nuclei evaluated
in the present work, the same data set can be used to determine the lifetime of the 6+1 state
in the stable nucleus 48Ti that has been populated in the multinucleon-transfer reaction, too.
Figure 6.3 shows the Doppler-corrected γ-ray spectrum for 48Ti (left) and the evolution of
the shifted and unshifted components at three different distances for the 6+1 → 4+1 transition
(right). The authors of Refs. [89, 90] could previously only determine lower limits with
> 1.8ps and > 10ps for the 6+1 state in 48Ti using the DSA method, so an exact analysis
is still missing.

0

2000

4000

6000

8000

10000

900 1000 1100 1200 1300 1400 1500

Sum

s

us
s s

s

s

us

us

us

s

Figure 6.3.: Left: Doppler-corrected γ-ray spectrum in coincidence with ions identified as
48Ti, summed up over all six distances. In this energy range, five transitions
are observed. Spin-parity assignments taken from Ref. [91]. Right: Doppler-
corrected γ-ray spectra from the 6+1 → 4+1 transition at three different
distances (label: 70µm, 300µm, and 1000µm.)

With respect to the results obtained in this thesis, it is of interest to close the gaps on
experimental mixing ratios in the odd-mass 53Ti in order to be able to interpret the
experimental results in more detail. Angular distribution measurements are suitable for this
purpose. In addition, it is important to identify the 1/2− state predicted by the shell-model
calculations in order to determine both the sequence of the single-particle energies, since
various interactions make different predictions, and to explain the resulting position of the
νp1/2 orbital.
The experiment at GANIL was motivated to determine lifetimes not only in 54Ti but also in
55V and 56Ti. However, the statistics of the γ-ray spectra are far too small in the individual
distances for a reliable lifetime determination of these two nuclei. Detailed studies on these
nuclei as well as even much more exotic titanium isotopes like 58,60,62Ti are of great interest
due to the low number of studies so far [68, 92, 93].

This brings us closer to the island of inversion around N = 40 in north-east direction
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of the nuclear map. Since the nuclides 58−60Cr, 59−63Mn, and 64Fe in this region have
been only recently thoroughly investigated [58, 62, 64], the neighboring island of inversion
around N = 50, especially for chromium and iron, could be studied in a next step. On
theoretical side, a fusion of the two latter islands [94] is expected, and on the experimental
side, first steps in the investigation of chromium isotopes beyond N = 40 were already
made in Ref. [95]. Further experiments are needed to study the structure in more detail.
Such experiments on very exotic atomic nuclei in this region could take place at the GSI
Darmstadt. Within the FAIR project (Facility for Antiproton and Ion Research) [96], an
increase in the intensity of the available radioactive secondary beams by up to a factor
of 10000 compared to the current facility is expected. This will be achieved by the use of
superconducting synchrotrons as well as by a higher acceptance of all components for beam
guidance and a six-stage Super FRS [97]. This allows the investigation of radioactive nuclei
far from stability with extreme neutron-proton asymmetry. Alternatively, the new Facility
for Rare Isotope Beams (FRIB) at the Michigan State University could be used for similar
studies, for which the first experiments have only recently been proposed, including the
two islands of inversion around N = 40 and N = 50.
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A. Lifetime curves for 50Ti
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Figure A.1.: Lifetime curves for the 2+1 and 4+1 states in 50Ti. The upper panels show
the weighted mean value (solid lines) of the lifetimes with the statistical
uncertainties (dashed lines). The middle panels represent the intensities of
the shifted component and the lower panel those of the unshifted component.
The polynomial fit functions to the measured intensities are displayed in red
respectively blue.
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B. Experimental and theoretical results

B.1. Experimental results and shell-model calculations for
50,52,54Ti

50Ti

Signature Exp. FPD6 KB3G GXPF1A GXPF1B GXPF1B-nf7
E(2+1 ) (keV) 1554∗ 1828 1715 1624 1626 1698
E(4+1 ) (keV) 2675∗ 2929 2841 2562 2568 2572
E(6+1 ) (keV) 3199∗ 3523 3384 3237 3234 3152
Eγ(2+1 → 0+gs) (keV) 1554∗ 1828 1715 1624 1626 1698
Eγ(4+1 → 2+1 ) (keV) 1121∗ 1101 1126 938 942 874
Eγ(6+1 → 4+1 ) (keV) 523∗ 594 543 675 666 580
B(E2; 2+1 → 0+gs) (e2fm

4) 46+8
−6 89 78 78 78 70

B(E2; 4+1 → 2+1 ) (e2fm4) 71(3) 92 77 77 76 69
B(E2; 6+1 → 4+1 ) (e2fm4) - 48 36 37 36 33

Table B.1.: Experimental results and results of shell-model calculations using different
interactions with modified effective charges eπ = 1.31e for protons and eν =
0.46e for neutrons for 50Ti. Values marked with an ∗ are taken from Ref. [98].

52Ti

Signature Exp. FPD6 KB3G GXPF1A GXPF1B GXPF1B-nf7
E(2+1 ) (keV) 1050∗ 1237 1070 1107 1084 1090
E(4+1 ) (keV) 2318∗ 2294 2356 2252 2240 2229
E(6+1 ) (keV) 3029∗ 3178 3048 2933 2922 2899
E(8+1 ) (keV) 4287∗ 4832 4416 4297 4240 4231
Eγ(2+1 → 0+gs) (keV) 1050∗ 1237 1070 1107 1084 1090
Eγ(4+1 → 2+1 ) (keV) 1268∗ 1057 1286 1145 1156 1139
Eγ(6+1 → 4+1 ) (keV) 711∗ 884 692 693 682 670
Eγ(8+1 → 6+1 ) (keV) 1259∗ 1654 1368 1364 1318 1332
B(E2; 2+1 → 0+gs) (e2fm

4) 85+5
−4 92 76 80 77 76

B(E2; 4+1 → 2+1 ) (e2fm4) 109+16
−13 106 102 106 105 101

B(E2; 6+1 → 4+1 ) (e2fm4) 100+7
−6 80 70 80 79 78

B(E2; 8+1 → 6+1 ) (e2fm4) 8(1) 56 40 45 45 42

Table B.2.: Experimental results and results of shell-model calculations using different
interactions with modified effective charges eπ = 1.31e for protons and eν =
0.46e for neutrons for 52Ti. Values marked with an ∗ are taken from Ref. [99].
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54Ti

Signature Exp. FPD6 KB3G GXPF1A GXPF1B GXPF1B-nf7
E(2+1 ) (keV) 1495∗ 1261 1268 1395 1435 1416
E(4+1 ) (keV) 2496∗ 2246 2452 2465 2475 2468
E(6+1 ) (keV) 2936∗ 3157 3049 2975 2975 2965
E(8+1 ) (keV) 5459∗ 5005 5192 5465 5548 5549
Eγ(2+1 → 0+gs) (keV) 1495∗ 1261 1268 1395 1435 1416
Eγ(4+1 → 2+1 ) (keV) 1002∗ 985 1184 1070 1040 1052
Eγ(6+1 → 4+1 ) (keV) 439∗ 911 597 510 500 497
Eγ(8+1 → 6+1 ) (keV) 2523∗ 1848 2143 2490 2573 2584
B(E2; 2+1 → 0+gs) (e2fm

4) 84+53
−23 101 78 80 79 79

B(E2; 4+1 → 2+1 ) (e2fm4) 139+25
−18 107 82 88 86 87

B(E2; 6+1 → 4+1 ) (e2fm4) ≤ 132 68 34 43 43 43
B(E2; 8+1 → 6+1 ) (e2fm4) ≥ 5.7 43 2 9 7 5

Table B.3.: Experimental results and results of shell-model calculations using different
interactions with modified effective charges eπ = 1.31e for protons and eν =
0.46e for neutrons for 54Ti. Values marked with an ∗ are taken from Ref. [100].

B.2. Experimental results and shell-model calculations for
53Ti

53Ti

Signature Exp. FPD6 KB3G GXPF1A GXPF1B
E(5/2−1 ) (keV) 1237∗ 611 1136 1356 1392
E(5/2−2 ) (keV) - 1352 1352 1742 1734
E(7/2−) (keV) 1576∗ 1471 1484 1413 1415
E(9/2−) (keV) 2205∗ 1735 2123 2230 2234
E(11/2−) (keV) 2498∗ 2601 2579 2388 2382
E(13/2−) (keV) 2756∗ 2829 2830 2777 2382
E(15/2−) (keV) 3143∗ 3447 3333 3184 3154
τ(5/2−1 ) (ps) 1.5(9) 12.28 0.22 0.11 0.07
τ(5/2−2 ) (ps) - 0.17 0.36 1.84 1.01
τ(7/2−) (ps) 1.0(4) 1.74 1.31 1.91 1.34
continued on next page...
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B.2. Experimental results and shell-model calculations for 53Ti

...continued from previous page
Signature Exp. FPD6 KB3G GXPF1A GXPF1B
τ(9/2−) (ps) 2.8(7) 5.40 1.51 0.69 0.49
τ(11/2−) (ps) 3.2(5) 0.70 1.77 8.84 6.38
τ(13/2−) (ps) 2.9(5) 4.70 5.92 3.01 2.36
τ(15/2−) (ps) 2.2 0.32 0.38 0.81 0.61
B(E2; 7/2−1 → 3/2−1 ) (e2fm4) 63+40

−18 62.4 75.6 75.8 74.5
B(E2; 9/2−1 → 5/2−1 ) (e2fm4) 32+13

−9 66.2 93.3 86.7 82.9
B(E2; 9/2−1 → 7/2−1 ) (e2fm4) 0.47+0.16

−0.10? 23.4 14.9 27.4 27.2
B(E2; 11/2−1 → 7/2−1 ) (e2fm4) 55+14

−11 71.6 57.8 69.3 70.5
B(E2; 11/2−1 → 9/2−1 ) (e2fm4) 280+230

−160? 0.95 4.10 10.9 10.7
B(M1; 9/2−1 → 7/2−1 ) (µ2

N ) 0.07+0.03
−0.02? 0.12 0.12 0.14 0.14

B(M1; 11/2−1 → 9/2−1 ) (µ2
N ) 0.61+0.11

−0.08? 0.11 0.27 0.55 0.62

Table B.4.: Experimental results and results of shell-model calculations using different
interactions with modified effective charges eπ = 1.31e for protons, eν =
0.46e for neutrons, and the standard g-factors gsp = 5.586, gsn = −3.826,
glp = 1.0, gln = 0.0 for 53Ti. Values marked with an ∗ are taken from
Ref. [101]. For transitions where experimental E2/M1 multipole mixing
ratios are available [77], the values are marked with a ?.
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C. Experimental Data - Systematics

Nucleus E(2+1 ) (keV) B(E2;2+1 → 0+gs) (e2fm4)

40
20Ca20 3904.38(3) [102] 183+1.1

−1.0 [102]
42
20Ca22 1524.71(3) [103] 83.1+3.1

−2.9 [103]
44
20Ca24 1157.019(4) [104] 100.7+5.9

−5.3 [104]
46
20Ca26 1346.0(3) [105] 33.7+2.3

−2.1
1

48
20Ca28 3831.72(6) [91] 17.7+0.9

−0.8 [91]
50
20Ca30 1026.72(10) [98] 7.5(2) [98]
52
20Ca32 2563(1) [99] -
54
20Ca34 2043(19) [74] -
42
22Ti20 1554.6(3) [103] 141.6+47.3

−28.4 [103]
44
22Ti22 1083.06(9) [104] 122.4+42.6

−25.1 [104]
46
22Ti24 889.286(3) [105] 192.0(53) [105]
48
22Ti26 983.5390(24) [91] 152.2+3.9

−3.7 [91]
50
22Ti28 1553.794(8) [98] 59.1+2.0

−1.9 [98]
52
22Ti30 1050.06(9) [99] 123.6+5.0

−4.6 [99]
54
22Ti32 1494.8(8) [100] 71.4(126) [68]
56
22Ti34 1128.2(4) [108] 119.8(394) [68]
58
22Ti36 1047(4) [92] -
60
22Ti38 850(5) [92] -
46
24Cr22 892.5(5) [109] 186(40) [110]
48
24Cr24 752.19(11) [91] 321.9+39.6

−31.8 [91]
50
24Cr26 783.31(3) [98] 211.3+6.7

−6.3 [98]
52
24Cr28 1434.091(14) [99] 119.1+3.3

−3.1 [99]
54
24Cr30 834.855(3) [100] 174.4+6.8

−6.3 [100]
56
24Cr32 1006.61(20) [108] 143.5(38) 2

58
24Cr34 880.7(2) [113] 192+17.7

−16.1
3

60
24Cr36 643.90(20) [116] 242+23

−21
4

62
24Cr38 446(1) [117] 342.8+27.4

−23.9
5

64
24Cr40 429.3(19)6 312(79) [120]
66
24Cr40 386(10) [95] -
48
26Fe22 969.5(5) [121] -
50
26Fe24 764.9(3) [98] 280(60) [110]

continued on next page...
1Weighted mean of 35.6(26) e2fm4 [105], 39.8+22.1

−9.6 e2fm4 [106] and 25.4+5.5
−3.8 e

2fm4 [107].
2Weighted mean of 110(38) e2fm4 [111] and 143.8(38) e2fm4 [112].
3Weighted mean of 197(36) e2fm4 [111], 172(25) e2fm4 [114], and 227+35

−26 e
2fm4 [115].

4Weighted mean of 221(29) e2fm4 [114] and 279+38
−30 e

2fm4 [115].
5Weighted mean of 325(44) e2fm4 [114], 321+60

−49 e2fm4 [114], and 371+43
−35 e

2fm4 [115].
6Weighted mean of 420(7) keV [118], 430(2) keV [119], and 435(15) keV [120].
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C. Experimental Data - Systematics

...continued from previous page
Nucleus E(2+1 ) (keV) B(E2;2+1 → 0+gs) (e2fm4)
52
26Fe26 849.45(10) [99] 164(20) [122]
54
26Fe28 1408.19(19) [100] 134.5+3.6

−3.4 [100]
56
26Fe30 846.7778(19) [108] 214.1+8.4

−7.8 [108]
58
26Fe32 810.7662(2) [113] 246.9+7.4

−7.0 [113]
60
26Fe34 823.83(9) [116] 188.9+21.3

−17.4 [59]
62
26Fe36 877.31(10) [117] 204(17) 7

64
26Fe38 746.40(10) [124] 347.0+32.6

−31.6
8

66
26Fe40 573.4(10) [125] 304(20) 9

68
26Fe42 522(1) [126] 356(44) [120]
70
26Fe44 480(13) [95] -
72
26Fe46 520(16) [95] -
52
28Ni24 1397(6) [99] -
54
28Ni26 1392.3(4) [100] 121.5+28.7

−19.5 [100]
56
28Ni28 2700.6(7) [108] 75+34

−30 [108]
58
28Ni30 1454.21(9) [113] 133.4+4.4

−4.2 [113]
60
28Ni32 1332.514(4) [116] 104.0+18.9

−19.5 [116]
62
28Ni34 1172.98(10) [117] 175.7+5.0

−4.7 [117]
64
28Ni36 1345.75(5) [124] 117.8+3.9

−3.7 [124]
66
28Ni38 1424.8(10) [125] 120(40) [127]
68
28Ni40 2034.08(16) [128] 52(8) [128]
70
28Ni42 1259.55(5) [129] 172(28) [130]
72
28Ni44 1095.2(5) [131] 74(10) [132]
74
28Ni46 1024(1) [133] 128.4+43.2

−45.2 [134]

Table C.1.: Experimental level energies E(2+1 ) and transition probabilities B(E2; 2+1 → 0+gs)
for even-even nuclei for 20 ≤ Z ≤ 28 and 20 ≤ N ≤ 46.

7Weighted mean of 214(26) e2fm4 [59], 198(25) e2fm4 [58], and 190(58) e2fm4 [123].
8Weighted mean of 470+210

−110 e
2fm4 [59] and 198(25) e2fm4 [58].

9Weighted mean of 332(34) e2fm4 [58] and 290(24) e2fm4 [120].
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