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Abstract

Nuclear level lifetimes and corresponding reduced transition strengths are signatures for collective
properties of atomic nuclei. They allow for stringent tests of modern shell-model interactions.
Self-conjugate nuclei (with equal numbers of protons and neutrons) provide special access to nuclear-
structure phenomena such as the isospin symmetry. Along the N = Z line, these features can be
studied for spherical nuclei in the vicinity of shell-closures and for well-deformed nuclei with various
shapes.

Within this work lifetimes and reduced transition strengths are investigated in g‘Z‘Ti, 48’22Cr, géFe, and

ggNi. These nuclei are located in the Of;/, orbital of the lower pf shell between the doubly-magic
shell closures “°Ca and °°Ni. Lifetime measurements were performed at the FN tandem accelerator
at the Institute for Nuclear Physics (University of Cologne, Germany) combining a setup of twelve
high-purity germanium detectors and the Cologne coincidence-plunger device. Excited states in the
nuclei of interest were populated via favorable fusion-evaporation reactions. Lifetimes in the range
of several hundreds femtoseconds up to one hundred picoseconds were determined utilizing the
Doppler-shift attenuation method and the recoil-distance Doppler-shift technique.

The deduced reduced transition probabilities expressed with B(oA) values are compared within
the systematics along their isotopic and isotonic chains. Within this comparison, the experimental
findings show an enhanced collective behavior for the 21 states in **Ti, *Cr, and >*Fe as well as for
the 41’ and 6;’ states in the doubly-magic nucleus *°Ni. Further studies on *4Ti address the impact of
multi-particle multi-hole cross-shell configurations on the experimental spectrum. Lifetimes of the 37
and 47 states are determined and are confronted with previous, in part preliminary, values. Large
deviations are found for the 47 state which lifetime appeared to be 28 times larger than originally
measured. The finite E1 strength of the 37 — 2{ transition gives indication of isospin-symmetry
breaking in this nucleus.

All experimental values are confronted with results from shell-model calculations utilizing the es-
tablished GXPF1A, FPD6, and KB3G effective interactions complemented by the novel PFSDG-U
interaction. Moreover, valence ab-initio calculations are performed using modern Hamiltonians
derived from chiral perturbation theory with and without contributions of three-body forces. For sake
of completeness, the ZBM2M interaction within the pn-symmetric 1s,,,0d3,5,0f7/51p3,, model space
is used to calculate negative-parity states and to investigate cross-shell excitations in **Ti.

The newly determined B(E2) values in doubly-magic °Ni are used to compare with theoretical
predictions in the N = Z doubly-magic partner nucleus 1°°Sn. For this purpose, a large-scale shell-
model calculation using the gds valence space as well as results from a Hartree-Fock random-phase
approximation are utilized. The combined results could indicate higher B(E2; 61r - 41’) values for
1005 which would contradict the assumption of a 67 isomer in this nucleus.
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Zusammenfassung

Nukleare Lebensdauern und entsprechende reduzierte Ubergangsstirken sind Signaturen fiir kollektive
Eigenschaften von Atomkernen. Sie ermdglichen strenge Tests moderner Schalenmodellinteraktionen.
Selbstkonjugierte Atomkerne (mit gleicher Anzahl von Protonen und Neutronen) liefern einen be-
sonderen Zugang zu Kernstrukturphdnomenen wie zum Beispiel der Isospinsymmetrie. Entlang der
N = Z-Kette konnen diese Eigenschaften von sphérische Kernen in der Ndhe von Schalenabschliissen
ebenso wie von wohldeformierten Kernen unterschiedlicher Formen untersucht werden.

In dieser Arbeit werden Lebensdauern und reduzierte Ubergangsstirken in ;‘Z*Ti, 48’;2Cr, ggFe und
gg’Ni untersucht. Diese Kerne befinden sich in dem 0f;/,-Orbital der unteren pf-Schale zwischen
den doppelt-magischen Schalenabschliissen “°Ca und *°Ni. Lebensdauermessungen wurden am FN-
Tandem-Beschleuniger am Institut fiir Kernphysik (Universitit zu K6ln, Deutschland) durchgefiihrt,
wobei ein Aufbau von zwolf hochreinen Germaniumdetektoren mit dem Kélner Koinzidenzplunger
kombiniert wurde. Angeregte Zusténde in den Kernen von Interesse wurden iiber geeignete Fusions-
verdampfungsreaktionen bevolkert. Lebensdauern im Bereich von einigen hundert Femtosekunden
bis zu einhundert Pikosekunden wurden unter Verwendung der Doppler-shift attenuation Methode

und der recoil-distance Doppler-shift Technik bestimmt.

Ermittelte reduzierte Ubergangsstirken, ausgedriickt durch B(o 1)-Werte, werden mit Systematiken
entlang ihrer Isotopen- und Isotonenketten verglichen. Die experimentellen Ergebnisse zeigen in-
nerhalb dieses Vergleichs ein erhohtes kollektives Verhalten fiir die 27 -Zustdnde in **Ti, **Cr und
>2Fe sowie fiir die 47 - und 67 -Zustidnde im doppelt-magischen Kern 6Ni. Weitere Studien zu **Ti
beziehen sich auf den Einfluss von schaleniibergreifenden Mehr-Teilchen Mehr-Loch Konfigurationen
auf das experimentelle Spektrum. Lebensdauern von den 37 - und 4; -Zustdnden werden bestimmt
und fritheren, zum Teil vorlaufigen, Werten gegeniibergestellt. GrofRe Abweichungen werden dabei
fir den 47 -Zustand gefunden, dessen Lebensdauer sich um einen Faktor von 28 groRer darstellt
als urspriinglich gemessen. Die endliche E1-Stérke des 3] — ZI’-Ubergangs gibt Hinweis auf eine
Isospinsymmetriebrechung in diesem Kern.

Alle experimentellen Werte werden mit Ergebnissen von Schalenmodellrechnungen konfrontiert,
unter Verwendung der etablierten GXPF1A, FPD6 und KB3G effektiven Wechselwirkungen, ergdnzt um
die neuartige PFSDG-U-Interaktion. Des Weiteren werden Valenz-Ab-initio-Rechnungen durchgefiihrt,
welche einen modernen Hamiltonian benutzen, der aus chiraler Storungstheorie, mit und ohne Bei-
trage von Dreikorperkraften, hergeleitet wurde. Zur Vollstédndigkeit wird die ZBM2M-Wechselwirkung
innerhalb des pn-symmetrischen 1s,,,0d3,50f7/21p3/2-Modellraums genutzt, um Zustande negativer
Paritiit zu berechnen und um schaleniibergreifende Anregungen in **Ti zu untersuchen.

Die neu bestimmten B(E2)-Werte im doppelt-magischen *°*Ni werden mit theoretischen Vorhersa-
gen im N = Z doppelt-magischen Partnerkern °°Sn verglichen. Hierfiir werden eine groRskalige
Schalenmodellrechnung unter Verwendung des gds-Valenzraums sowie Ergebnisse von Hartree-Fock
Random-Phase Approximationen genutzt. Die vereinigten Ergebnisse konnten Hinweise auf einen
hoheren B(E2; 67 — 47)-Wert in 100sn geben, was der Vermutung eines 67 -Isomers in diesem Kern
entgegensteht.
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Introduction

Recent advances in theoretical nuclear physics have been made with the consistent continuing de-
velopment of existing microscopic and collective models. One major framework for the microscopic
description of nuclear spectroscopy has been found in the nuclear shell model. Although it was
originally conceived as a single-particle model [1, 2], with the inclusion of many valence particles, it
turned out to successfully compute and predict nuclear states. However, with an increasing number of
participating nucleons, the dimension of the full valence-nucleon Hilbert space increases rapidly and
the direct diagonalization of the Hamiltonian matrix is limited due to the computing power [3]. Nowa-
days, complex many-body problems can be solved with the increasing computational infrastructures
provided by supercomputers. A variety of phenomenological and realistic, i.e. microscopically derived,
two-body nucleon-nucleon interactions are available [4]. Latter ones can be extended by three-body
terms in order to provide more reliable shell-model Hamiltonians [5]. The theoretical predictions
are benchmarked with available experimental data and the underlying shell-model interactions are
continuously refined. Hence, precise measurements with sophisticated instruments are needed in
order to optimize the fundamental models and, thus, to improve the understanding of the nuclear

force.

In this work atomic nuclei with equal numbers of protons and neutrons are studied by means of
excited states’ lifetimes and reduced transition strengths which are confronted with theoretical
predictions from the nuclear shell model. The following chapter provides a short overview of the
nuclear shell model and the shell-model interactions used in this work. Furthermore, a theoretical
background of the electromagnetic properties subject to this thesis is given followed by a summary
of physical properties of adjacent nuclei in the investigated region of the Segré chart. The chapter
subsequently provides introductions to the concepts of isospin symmetry and a-clustering as well as a
short comparison of the doubly-magic nuclei *°Ni and 1°°Sn. It closes with an outline of the included

publications.

1.1 The nuclear shell model

The atomic nucleus is a many-body quantum system built by two types of particles, the positively
charged protons and the neutrons which are electrically neutral. The interaction between these parti-
cles is characterized by a short-range strong attractive force, which acts in the range of femtometers
and can surmount the Coulomb repulsion between the protons, and a very short-range repulsive core.

In first order, this interaction can be considered as two-body like. In this case, the Hamiltonian for A



interacting nucleons is given by the sums of the kinetic energies T; = P}/2m; and the nucleon-nucleon

interaction V;;:

A A
H=T+V=> T+ > Vy{r;—1;) (1.1)
i=1 i>j=1

For all A nucleons the Hamiltonian exhibits 3A position coordinates. These are translated into relative
position coordinates in the nucleon-nucleon interaction V;;. With an increasing number of nucleons,
the dimension of the Hamiltonian increases rapidly, thus, it was originally only solved for the lightest
nuclei. The Hamiltonian can be simplified by the introduction of a distance-dependent effective

average potential U;(r) which replaces the nucleon-nucleon interaction in a rearranged Hamiltonian:

A A A
H:Z[Ti+Ui(r)]+ Z Vij(ri_rj)_ZUi(r)EHO + Hg (1.2)
i=1 i>j=1 i=1

By this means, the Hamiltonian H considers an ensemble of A independent particles in a mean-field
potential U;(r) described by H, which is (slightly) perturbed by the residual interaction Hy of all

valence nucleons as independent particles outside an inert core [6, 7].

Within the whole nuclear landscape only few nuclei meet the requirements of such inert cores. The

best candidates are so-called doubly-magic nuclei with proton and neutron numbers of:
2, 8, 20, 28, 50, 82, 126

These nuclei are more stable relative to adjacent nuclei which is expressed in a number of nuclear
properties such as (i) increased excitation energies of the first excited state, (ii) decreased reduced
transition probabilities between the first excited state and the ground state, (iii) higher proton- and

neutron separation energies, and (iv) lower proton- and neutron-capture cross sections.

In analogy to the atomic shell model where electrons occupy shells within a central potential emanating
from the atomic nucleus, the nuclear shell model is assumed with protons and neutrons filling up
successive shells within a mean-field potential. Doubly-magic nuclei represent closed-shell nuclei
analogous to the noble gases within the periodic table of elements. Contrary to the atomic shell
model, the spin-orbit coupling term for the nucleon-nucleon interaction was found to be strong [1, 2].
This is expressed in a pronounced spin-orbit splitting which — in the case of the Of orbitals — results
in a shell closure at N = Z = 28. A schematic view of the first orbitals is illustrated in Fig. 1. This
example shows the occupation of valence protons (open red circles) and valence neutrons (open blue

circles) beyond a completely occupied ggCa core (filled circles).

The residual nucleon-nucleon interaction can be given as a sum of local and non-local components

which depend on the position, spin, and isospin' operators r, o, and 7, respectively:

V1’2 = Vl,z(rl,l'z, 0'1, 0'2, Tl, Tz) - Vlcjz + VlT,'Z + Vll:g +... (13)

IThe isospin operator is in more details discussed in chapter 1.5.
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Figure 1: Schematic illustration of the first shell-model orbitals. Example shows eight proton (red)
and eight neutron (blue) valence particles (open circles) outside a completely occupied

(filled circles) ggCa core. See text for details.

The local components are divided into a strong central component Vlc and a remaining tensor part

2

VEZ:
Vlc,z =Vo(r)+ Vy(r)o10, + Vo (r)T17, + Vo (r)(0 - 03)(71 - 72) (1.4)

and
sz(r) =(VT(r)+ VT (r)7175) S1y (1.5)

with §;5 =3/r2(0;-1r)(04 r)— 0 0, and r = |ry — ;| the distance between both nucleons.
The strong spin-orbit term is of non-local character

V() =vi(r)e-s (1.6)
with the total intrinsic spin S = s; + s, = 1/2(0; + 05) and the relative orbital momentum £ between

both nucleons [8, 9].

Within the single-particle model, the solution of the Schrodinger equation in a central potential is
given by the single-particle energies (SPE). These are observed in single-particle states or single-

hole states, respectively, in the direct neighbors one particle outside a doubly-closed shell core.



Two-particle wavefunctions are characterized by the mutual interaction between the nucleons and
holes, respectively. This is expressed in the two-body matrix elements (TBME) including the residual
interaction. The effective nucleon-nucleon interaction of all valence nucleons in a given model space
can be described by one SPE for each participating (proton and neutron) orbital in the valence space
and a set of TBMEs (for more details see Ref. [8]). Additional, adjustments to the Hamiltonian have
to be considered, as the interacting valence nucleons polarize the inert core. This polarization leads to
effective reduced transition matrix elements which is corrected for by means of the so-called effective
charges e, for the proton and e, the neutron (cf. Refs. [10-12]).

1.2 Shell-model interactions for the p f shell

The pf shell comprising the four nuclear orbitals 0f; /2, 1p3/2, 1p1/2, and Ofs, is one of the most
thoroughly studied regions within the table of isotopes both in experiment as well as in shell-model
theory. It provides a fertile study ground for both single-particle and collective excitations as different
signatures of nuclear structure. Due to the spin-orbit splitting of the f; 5 orbital from the other three
, 5oNi is understood as a
doubly-magic nucleus closing the f;/, shell. However, as the model space is symmetric for protons

orbitals, a sizeable energy gap is created at N,Z = 28 (cf. Fig. 1). Thus

and neutrons, the proton-neutron interactions are relatively strong, increasing the softness of the
shell closure at °®Ni [13]. An excerpt of the Segré chart showing the pf-shell nuclei between °Ca
and °Zn is displayed in Fig. 2. In this region, the shell model is an indispensable framework for the

computation of nuclear quantum states.

Within the last decades, several shell-model interactions were developed for a comprehensive micro-
scopic description of pf -shell nuclei. Within this work seven interactions were utilized which will be
introduced shortly:

The pioneering FPD6 interaction [14] was derived by W. A. Richter et al. in 1990. It focuses on the
lower mass region of the pf shell. The two-body interaction was obtained from a semi-empirical fit
function of potentials and two-body matrix elements to a set of 61 excitation and binding energies
in 414648490 42=44gc and “*Ti. Later investigations of the single-particle energies showed that
the f5/, orbital is too low in energy [13] which results in a distorted single-particle spectrum of
the first three excited states in °/Ni [15]. Nevertheless, the FPD6 interaction has been successful
for lower pf -shell nuclei and it was employed for the calculations of excitation energies and B(E2)
values in the two publications given in chapters 2 [16] and 3 [17]. The experimental B(E2) values of
neutron-deficient chromium and iron isotopes (including the values determined in this work) are
well described by this interaction.

The GXPF1A interaction [ 18] was developed by M. Honma et al. in 2005. It is a microscopic effective
interaction on the basis of the Bonn-C potential [12]. The interaction was derived and modified
by fitting 70 linear combinations of four SPEs as well as 195 TBMEs to a set of 699 binding- and
excitation energies out of 87 nuclei in a region spanning from #’Ca to ®>Ge. Furthermore, an empirical
A7%3 mass dependence is assumed for the two-body matrix elements. The GXPF1A interaction is a
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Figure 2: Partial Segré chart between “°Ca and ®°Zn. Black colored nuclei are stable. Red and blue
colored isotopes are 3 and B~ emitting radioactive isotopes, respectively. Orange colored
nuclei are proton emitters. White boxes represent nuclei that have not been observed until
now. The shell closures at N,Z = 20 and N, Z = 28 are marked with black frames.

modified version of the GXPF1 interaction [13], including adaptions to the quadrupole-quadrupole
(QQ) term without changing the monopole centroid. Most recent developments on the GX1 family are
carried out by Jha et al. who slightly modified the 1ps,, single-particle energy as well as Of two-body
matrix elements in order to improve shell-model results in terms of the tensor-force monopole matrix
elements [19]. Despite such minor adjustments, the GXPF1A interaction is well established and has
proven to provide reliable predictions in the pf shell, especially in the vicinity of the N = Z line. It is
used to calculate nuclear level energies and reduced transition strengths in each of the publications
included in this work. In particular, the calculation nearly perfectly resembles the excitation energies
of the N = 28 isotones and the newly determined B(E2) values in *°Ni discussed in Publication III of
this work [20].

The KB3G interaction [21], developed by A. Poves et al. in 2001, is a mass-dependent modification
of the pioneering KB3 interaction [22] which is based on the Kuo-Brown G-matrix, starting from

a Hamada-Johnston potential [23]. The modifications include adjustments of various monopole
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shifts. However, at the shell-closure N = Z = 28 the excitation energy of the 21“ state in °°Ni is
overestimated by the KB3G interaction [13]. The 27 excitation reflects the shell gap at N = Z = 28
and has main contributions stemming from the (0f;/,)”(1p3/,)! configuration [13]. The authors
furthermore emphasize that the corresponding V(f;/5p3/2f7/2P3/2;J (T = 1)) matrix elements have
a dominant monopole character. Monopole modifications could improve the result for the KB3G
interaction but still did not reproduce the experimental value [13]. These issues have been fixed
within the pf part of the novel PFSDG-U interaction [24, 25] which is a monopole constrained
realistic interaction in the spirit of the older KB3G interaction. The modern PFSDG-U interaction is
utilized to calculate nuclear states and B(E2) values in doubly-magic >®Ni presented in Publication III
of this thesis [20]. It reproduces the excitation energies along the chosen chain of N = 28 isotones
well. Merely, the 41r energy in °°Ni is slightly overestimated. In addition, it is also in good agreement
with the trend of B(E2) values [20]. The experimental values, which are discussed in Publication I and
Publication II, are confronted with results from the KB3G interaction. Although the B(E2; Zf — O;S.)
values along the chain of titanium isotopes could not be reproduced, similar results agree well with
the experimental values from neutron-deficient Cr isotopes and show the best overall agreement with
the iron isotopes [16]. The calculated B(E2) values along the yrast band in **Ti underestimate the
experimental findings for the 27 and 4] decays but reproduce the feeding transitions well up to the
127 state [17].

Beside these interactions, a novel effective shell-model Hamiltonian starting from a realistic nucleon-
nucleon (2N) potential was developed by Coraggio et al. [26]. The starting realistic nucleon-nucleon
potential is a low-momentum potential derived from the CD-Bonn potential [27] within the V},,,_i
approach. It is employed for the calculation of 2] states and B(E2;2] — 0F ) values in 4414, 98Cr,
and °2Fe presented in Publication I [16]. The calculated B(E2; 21’ - O;S') values agree well with the
measured values in *®Cr and *?Fe. Towards higher neutron numbers the calculations overestimate
the evaluated data. Similar to the other three pf shell interactions, the realistic 2N interaction is
not able to reproduce the trend of titanium isotopes [16]. Apart from this, pure nucleon-nucleon
realistic interactions are unable to reproduce the spin-orbit shell closures at Z, N = 14, 28,50, 82,
and 126 [28]. As a consequence, the f;/5-p3/5 gap is too small in the present case of the shell closure
at Z = N = 28. Therefore, the inclusion of three-body contributions (2N+3N) [5] were needed to
properly describe °°Ni within this approach which is demonstrated in the third publication of this
thesis given in chapter 4 [20]. Distinct deviations are obtained for the 2N and 2N+3N calculations in
this nucleus. While the 2N calculations cannot reproduce the energy spacings (e.g. the calculated
27 energy is 977 keV instead of 2701 keV), the inclusion of three-body contributions resembles
the experimental values well; with the sole exception of the B(E2; 6] — 47) value in S6Ni which is

significantly overestimated [20].

To cope with multi-particle multi-hole cross-shell excitations from the sd shell, the ZBM2 interaction
was developed by Caurier et al. [29]. It uses an extended model space comprising the 1s; /5, 0d3/5,
0f7/2, and 1pg/, orbitals [30] and enables cross-shell calculations. Most recent modifications of the
interaction (ZBM2M) address the dj/,-d3/, monopole matrix elements which improve the T =1

versus T = 0 ordering in 38K [31]. Due to the extended model space, unnatural-parity states can be
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derived for pf- and sd-shell nuclei which cannot be obtained from pure pf - and sd-shell interactions,
respectively. Thus, the ZBM2M interaction provides excellent features to study **Ti which exhibits
low-lying negative-parity states and is assumed to be influenced by multi-particle multi-hole cross-
shell excitations [16]. Results from this interaction are obtained in this thesis and are discussed in
chapter 3 [17].

The above introduced shell-model interactions were used to calculate excitation energies and B(E2)
values for pf-shell nuclei. Three different shell-model codes were employed in this thesis: the
(i) coupled jj scheme NUSHELLX@MSU code by B. A. Brown and W. D. M. Rae [32], the (ii) novel
KSHELL code by Shimizu et al. [33, 34] as well as the (iii) shell-model code ANTOINE [4] based on
the uncoupled m scheme. The m-scheme code KSHELL enables for massively parallel computation
utilizing a hybrid of OpenMP and MPI (Message Passing Interface) [33]. This results in a calculation
speed advantage of up to a factor of 30 with respect to NUSHELLX@MSU for the servers currently
installed at the IKP Cologne [35]. On the other hand, within the jj scheme, the code NUSHELLX@MSU
provides detailed information on shell-model configurations, couplings, and spin decompositions.
Within the scope of this thesis, shell-model calculations employing the KSHELL and NUSHELLX@MSU
codes with the GXPF1A, KB3G, FPD6, and ZBM2M interactions were carried out at the Institute for
Nuclear Physics, University of Cologne. Calculations using the ANTOINE shell-model code utilizing
the PFSDG-U as well as the 2N and 2N+3N realistic ab-initio calculations were provided by our
collaboration partners E Nowacki as well as by L. Coraggio, A. Gargano, and N. Itaco.

1.3 Excitation energies and B(E2) values in even-even nuclei

Nuclei with even numbers of protons and neutrons are characterized by an energetically favored
ground state where all nucleons couple to J™ = 0. In most cases, the first excited state arises from a
break-up of one of these pairs coupling to J™ = 2*. At shell-closure nuclei, such an excitation across a
large shell-gap results in a high excitation energy of this state. With a rising number of possible states

at mid-shell, multistate mixing significantly reduces the energy eigenvalues of first excited states [6].

In addition to the excitation energy, the reduced electric quadrupole transition probability is another
signature for collectivity. These transition probabilities are expressed in terms of B(E2) values. Within
isotopic and isotonic chains, a decreased B(E2; Zf — O;S.) value can indicate a (sub-)shell closure,

while increased B(E2) values are associated with collective excitations.

In general, the transition probability for a multipolarity A and the electric or magnetic transition
character o is described by the inital and final wavefunctions [v;) and (v |, respectively, connected by
the electromagnetic multipole operator M (o A) and normalized to the initial angular momentum J;:

_r

B(oA; J; = J;) =
(ks Ji=J) =0

(9 IM(aD)llp;) 1 (1.7)
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Transition probabilities can be directly determined from the experimental lifetime 7 of a state J;

which decays into various final states J;. The lifetime of this initial state is

-1
T(J;) = (ZZ T(oA; J; —>Jf)[1+a(/1)]) (1.8)

I A

only depending on the multipole conversion coefficient a(A) and the absolute transition probability
T(oA; J; — J¢) [36]:

T(oA; J; = Jg) =

8n(A+1) (Ey
hc

2A+1
RA[(2A + D2 _) B(oA; Ji = Jy) (1.9)

For the case of a pure electric quadrupole transition with a branching ratio BR, the lifetime simplifies

to
816.2- EY_S -BR

B(E2; J; — (J; —2)*)-[1 + a(E2)]

t(J;) = [ps] (1.10)
Here, the transition energy E, is given in units of MeV and the B(E2) value is given in units of
e?fm* (cf. Ref. [37]). Often B(E2) values are given in Weisskopf units (W.u.). These can be converted

from the aforementioned units efm* by the following equation (cf. Ref. [6]):

1 Wu. = (4.94-1072) A3 ¢2fm* (1.11)

1.4 Systematics of p f-shell nuclei

Excitation energies and B(E2) values are sensitive signatures to describe the evolution of shell
structures. The systematics of both observables along the titanium, chromium, iron, and nickel
isotopic chains between 20 < N < 34 is presented in Fig. 3.

The excitation energies (Figs. 3(a-d)) of the 21’ states (red triangles) show similar courses with
considerable increases at the shell closures N = 20, 28. Moreover, smaller yet significant increases
are obtained for >*Ti and *°Cr at N = 32. These are referred to a subshell closure originating from a
1p3/5-1py /5 spin-orbit splitting (cf. Refs. [44, 45]). The impact of the Z = 28 shell closure is illustrated
by the nickel energies which are higher than the ones in the neighboring isotones. With an increase
of a factor of ~ 2, with respect to the adjacent even-even isotopes, the doubly-magic shell-closure
at °®Ni (Z = N = 28) stands out against its semi-magic neighbors. The 47 energies (blue squares)
follow the trend of the 2] energies. Especially for >6Cr, the signature of the N = 32 subshell closure
is present in the 4] energies. The 6] energies (green circles) have their maximum values along the
chain of isotopes at the N = Z nuclei. With increasing neutron numbers the 67 energy stabilizes and

it remains nearly constant.
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Figure 3: Systematics of (a,e) Ti, (b,f) Cr, (c,g) Fe, and (d,h) Ni even-even isotopes for (a-d) excitation
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results from Ref. [40-43] are additionally considered. To guide the eyes, the data points
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marked with black dashed lines. See text for details.
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The reduced transition strengths expressed with B(E2) values (Figs. 3(e-h)) exhibit ambiguous
systematics. For the 2] — 0;5. transitions (red triangles), the isotopic Ti, Cr, and Fe chains have
maximum values at N = 24 and minima at N = 28. However, in doubly-magic >®Ni, only a minor
dip in E2 strength has been observed for the 27 — 0;.5, transition [46]. This enhanced B(E2) value
(compared with harmonic oscillator shell closures, such as 40Ca) originates from the 21“ state which
results from a direct quadrupole excitation of the doubly-magic core [20]. Within the titanium and
chromium chains, minimum B(E2;21r - O;S.) values were measured at N = 32 with respect to
the preceding even-even isotopes (cf. Refs. [40, 41]) giving further indication of a subshell closure
at N = 32. For **Ti a minimum B(E2) value was observed for the 2{ - 0;5. transition which is
significantly smaller than the respective value in the semi-magic neighbor *?Ti. This would question
the robustness of the shell closure at N = 20 and motivated precise measurements discussed in the
Publication I of this thesis [16]. The B(E2) values for the 47 — 27 (blue squares) and 6] — 47
(green circles) transitions are predominantly only known with considerable uncertainties. Moreover,
at doubly-magic °°Ni, no concrete B(E2) values for these transitions were previously available which

motivated for further lifetime studies reported in Publication III [20].

5071 5271 S47n 5671 5871 6071
4
48Ni SONi SZNi 54Ni 58Ni
3.5
“SFe “8Fe SO0Fe S2Fe S4Fe SOFe L 13
i
I
=]
=
+ o~
N
440y 460y 480 50y s2qr S4qr P25 =
Fo12
42Ti 44Ti 46Ti 48Ti SOTi 52Ti
1.5

2@a 44Ca 4@a .

Figure 4: Evaluated ratios of excitation energies of the 4] and 27 states for even-even nuclei in the
lower pf shell. For nuclides highlighted in gray, no information on at least one of the
respective excitation energies is available. Data adopted from Ref. [39]
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Apart from single excitation energies and B(E2) values, signatures of collective excitations can also
be deduced from the ratio of these quantities. Within the rotor model these ratios give E4/, =
E(47)/E(27) =3.33 and B, = B(E2;4] — 27)/B(E2;2] — 0;“_5.) = 1.43. In the harmonic vibrator
model both ratios yield E4/, = By, = 2 [47]. E4/ values < 2 and By, ~ 1 ratios are generally

associated with shell-model nuclei in the vicinity of shell-closures [48].

The E4/, = E(41)/E(2}) ratios of even-even nuclei in the lower pf shell are mapped in Fig. 4. Along the
N = Z line, the values evolve from spherical closed-shell °Ca with E, /2 = 1.35 over a vibrational-like
*Ti (B4, = 2.27) to transitional f;/, mid-shell nuclei **Cr (2.47) and **Fe (2.81) until the f;,
shell is fully occupied at *°Ni (1.45). The semi-magic nuclei along N,Z = 20 and N, Z = 28 have
values between 1.6 and 1.9 except for >0Ca (4.40). The latter high value results from a neutron
particle-hole core excitation [49] (vf;/, — vp3/2) of the 4] state. Thus, the large value is understood

as a single-particle excitation and is not of collective nature.
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Figure 5: Evaluated ratios of B(E2) values of the 4] — 27 and 2] — O;s. states for even-even nuclei
in the lower pf shell. For nuclides highlighted in gray, no information on at least one of the
respective E2 strengths is available. Data adopted from Ref. [39] as well as from Refs. [41,

42]
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In addition to the ratio of excitation energies, the ratios of B(E2) values, especially for the 4{ — 21r
and 27 — 0;’5. transitions, can give complementary information on nuclear structures in the lower p f
shell. This ratio is mapped in Fig. 5 for the even-even nuclei between “°Ca and ®°Zn. In contrast to
the ratio of excitation energies, the existing experimental data on B(E2; 4{ - 2?) values and, thus,
deduced By, ratios in this region is rather scarce. The available data shows an inconsistent picture of
the evolution along N = Z: at *°Ca, a high B, /2 ratio of ~ 30 is obtained as the yrast band exhibits a
prolate quadrupole deformation with 3, = 0.27 [50]. Towards the middle of the 0f;/; shell, the By,
ratios of **Ti (2.30) and °?Fe (1.83) indicate a vibrator-like behavior. However, the mid-shell nucleus
*8Cr has a ratio of 0.87. Such anomalous B4 /2 ratios smaller than unity are hard to find in the table
of isotopes and they predominantly occur when seniority is a good quantum number [48]. Within the
pf shell, such an anomalous B, ratio is also obtained for the even-even neighbor S0Cr (cf. Ref. [51]).
Along the N = Z line between **Ti and >*Fe, the By, ratios fluctuate within a range of 2.3 and 0.8.
This rapid change from vibrator-like over single-particle to vibrator-like contrasts with the smooth
evolution of the excitation-energy ratios and is subject of this thesis. For that reason, the By, ratios
are redetermined using the newly measured B(E2) values from the present work and will be discussed
in Publication I [16].

1.5 Isospin symmetry and N = Z nuclei

Neglecting the contribution of the Coulomb term, the nuclear force can be considered as charge-
symmetric and charge-independent. Within this isospin symmetry, the neutron (v) and the proton

(m) are described as two states of the same particle, the nucleon, with spatial wave functions:

(1) = «p(r)( (1) ) on() = go(r)( (1’ ) (1.12)

Similar to the intrinsic spin, the canonical coordinates of the isospin are given by the Pauli isospin

matrices (T, Ty, T;)

(o1 I (10 113)
*“*\10) Y Vi o ) =l o -1 ’

and the isospin operator is defined as t = 7/2 [8].

Both types of nucleons differ in the third component of the isospin quantum number which are
t, = +% and t, = —% for neutrons and protons, respectively [6]. For a nucleus combined of A=N+Z

nucleons, the isospin projection algebraically adds up to
A

N—-Z
Tz :th,i = 2 (1.14)
i=1
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The total isospin vector is defined as the vector sum over the number of all nucleons A
T:tl ®t2@"‘®tA (1.15)

Thus, the total isospin quantum number can be considered as a coupling of all contributing nucleons

(1.16)

The possible isospin states in the simple case of two nucleons are schematically shown in Fig. 6.

B

S=1, T=0

T, 1 0 -1

Figure 6: Possible isospin states for two nucleons (protons red, neutrons blue) for the T = 0 isospin
singlet (bottom) and the T = 1 isospin triplet (top). Intrinsic spins are indicated with
arrows.

The impact of isospin symmetry in nuclear systems can be observed in so-called mirror nuclei with
interchanged proton- and neutron numbers. These nuclei show almost equal excitation schemes

except for the Coulomb-energy differences caused by the different proton numbers.

The collectivity of excited states in N = Z nuclei is subject of this thesis. For the even-even nuclei
g‘z‘Ti, giCr, géFe, and gg’Ni within the Of;/, orbital, E2 strengths from low-lying yrast states were
obtained and compared with the relevant isotope and isotone chain systematics. In recent years, the
determination of B(E2) values in N = Z nuclei were subject of several lifetime and Coulomb-excitation
experiments (cf. [52, 53]). Highest B(E2) values were determined for 5Sr, 73Y, and $)Zr culminating
in 7°Sr with 125(13) W.u. for the 2} — O;S. transition [52]. For exotic §3Ru large-scale shell-model

(LSSM) calculations suggest an enhancement of collectivity in fast-rotating N = Z nuclei [54].

Moreover, nuclei with equal numbers of protons and neutrons are of particular interest in the study
of isospin symmetry, as they are the only nuclei which can exhibit isospin-singlet states. Further
electromagnetic selection rules are relevant as direct electric-dipole transitions between T = O states
are not allowed due to the isovector character of the E1 transition operator [6]. In some cases for
which such an E1 transition takes place, the isospin symmetry is substantially broken. This is found for
the 3] — 2 transition in self-conjugate “4Ti where a finite B(E1) value is determined. The utilized

effective ZBM2M shell-model interaction conserves isospin symmetry in consequence of which the
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calculated E1 strengths returns zero. The results on this indication of isospin-symmetry breaking in

44Ti are presented and discussed in Publication II of this thesis [17].

1.6 a-clustering in **Ti

Within the atomic nucleus, nucleons can build molecule-like cluster structures. Due to its extraor-
dinarily high binding energy and the experimental observation of natural a-particle radioactivity,
a-particle clusters were in the focus of all early work in this field [55]. Particular importance is
attributed to nuclear systems where an a particle can couple with a doubly closed-shell nucleus. In
the prominent case of 2°Ne and '°0" such a molecule-like structure was identified by means of the
investigation of the two rotational bands with K™ = 0" and K™ = 0~ [56] (the K quantum number

represents the projection of the total angular momentum on the symmetry axis).

Although **Ti can be built out of an a particle coupled to doubly-magic “°Ca, it was rather unclear if a
correlations can be observed versus the strong spin-orbit force in the pf shell [57]. Later observations
of the K™ = 0~ band as a partner of the K™ = 0" in the parity doublet bands supported the argument
of a-particle structures in pf shell nuclei [58-61]. The authors concluded that the nuclear structure
of 4°Ca and #*Ti can be considered similar to *°0 and 2°Ne, which exhibit a structures.

Recent studies on **Ti within the a-cluster model not only reported detailed level schemes but also
provided B(E2) values: Ohkubo et al. reproduced all rotational bands in **Ti within an a-cluster
model in which a-like core excitations are produced utilizing a double-folded potential [62]. The
group calculated B(E2) values for yrast and non-yrast states up to 8 MeV. Another approach is reported
by M. Kimura and H. Horiuchi who use the deformed-basis antisymmetrized molecular dynamics
(AMD) by the use of the Gogny D1S force [63]. The authors observed coexistence phenomena of
the mean-field structure and the a structure in this nucleus. The extracted B(E2) values from both
works showed an enhancement over the hitherto known experimental values for the 2{ - O;S_
transition in *4Ti which will be discussed in the first and, in more detail, in the second publication
of this thesis [16, 17]. As it turned out, the a-cluster model proves to be competitive with modern

shell-model calculations in *4Ti.

1.7 The doubly-magic nucleus *°Ni in comparison with 1°°Sn

Doubly-magic nuclei represent special cornerstones along the whole table of isotopes. They provide
access to intrinsic properties such as excitation energies and reduced transition probabilities which
are related to very pure shell-model configurations. Thus, the study of doubly-magic nuclei and their
direct neighbors is indispensable for the development of effective shell-model interactions. Special
attention is given to the investigation of exotic nuclei far from stability [64] which play a decisive
role in the synthesis of heavy elements in nuclear astrophysics. Along the N < Z line, the rapid

proton-capture (rp) process takes place in explosive hydrogen-burning scenarios such as novae and
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X-ray bursts at the surface of accreting neutron stars [65, 66]. The initial material is transformed
by sequential proton captures up to the proton drip-line followed by 3+ decays. The rp process is
continually competing with the inverse (y,p) photo-disintegration reactions ending in a closed SnSbTe
cycle [67]. Astrophysical models rely on precise knowledge of masses and half-lives of the nuclei in
the region of the rp process. Moreover, long-lived isomeric states can impact the process as they may
accelerate the reaction flow [66]. Along the rp paths up to the region around %°Sn, the experimental
data situation becomes increasingly fragmentary (see Fig. 1 in Ref. [65]). Therefore, shell-model

calculations are used to compensate for the lack of experimental data [68, 69].
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Figure 7: Schematic representation of single-particle energies and single-hole energies for protons
() and neutrons (») in *®Ni and '°°Sn. Level energies are normalized to the middle of
the shell gaps and account for Coulomb energy differences between protons and neutrons.
The shell gaps for N = Z = 28 and N = Z = 50 are additionally labeled. Plotted with data
obtained from Ref. [66] (cf. Fig. 3.1.2 in Ref. [66]).

In spite of considerable experimental efforts, excited nuclear states in doubly-magic °°Sn were not
observed until now. Promising results were obtained at the GSI Helmholtzzentrum fiir Schwerionen-
forschung [70] and, recently, at the RIKEN Nishina Center [71] radioactive-ion beam facilities (RIBF)
where up to a couple of hundreds events of 1°°Sn were identified after fragmentation reactions of a
124X e primary beam. On the theoretical side, the existence of a hypothetical E2-isomeric 67 state was
discussed recently based on results from LSSM shell-model calculations and from the Hartree-Fock

random-phase approximation (HF-RPA) [66, 71].

The region around !°°Sn can be described within the gds valence space comprising the 0gq /25
1ds/2,087/2, 2512, and 1ds,, shell-model orbitals. Within this work a realistic interaction is used based
on a renormalized G-matrix derived from the Oslo Group [12], with monopole constraints in order

to reproduce shell-gap observables in the region around °°Sn [20]. Results on excitation energies
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and B(E2) values of this calculation together with similar results from a HF-RPA calculation [72] are
used for a phenomenological comparison of level schemes in both doubly-magic N = Z nuclei 1°°Sn
and *°Ni. Such a comparison is justified, as the single-particle and single-hole energies extrapolated
from ?°Zr to 1°°Sn show remarkable similarities to those extracted from *®Ni [66] (a schematic view
is shown in Fig. 7). This conspicuousness is related to basic properties as both nuclei are N = Z,
doubly-magic and have an {s open core, i.e. the spin-orbit shell closure splits the 0f;,, and 0gg/,
orbitals from the 0fs/, and 0g7/, orbits which are entangled by the remaining Al = Aj =2 (1p
and 1d) orbitals for °°Ni and 1°°Sn, respectively (see Fig. 7). Based on the similarities in the shell
structures of both nuclei, excitation energies and nuclear transition probabilities in *°Ni could give
indication for a comparable behavior of analogous states in 1°9Sn.

1.8 Outline of this thesis

This cumulative doctoral thesis comprises three peer-reviewed publications:

K. Arnswald et al. “Enhanced collectivity along the N = Z line: Lifetime measurements in **Ti,
48Cr, and °2Fe”. Phys. Lett. B 772 (2017) 599-606

* K. Arnswald et al. “Lifetime measurements in *4Ti”. Phys. Rev. C 102, 054302 (2020)

* K. Arnswald et al. “Enhanced quadrupole collectivity in doubly-magic >®Ni: Lifetime measure-
ments of the 47 and 67 states”. Phys. Lett. B 820 (2021) 136592

The thesis is concerned with experimental results deduced from lifetime measurements of low-lying
(non-)yrast states along the N = Z chain between **Ti and °°Ni. The experimental findings are

compared with results from various shell-model interactions (see section 1.2).

The first letter “Enhanced collectivity along the N = Z line: Lifetime measurements in **Ti, “8Cr, and
>2Fe” [16] presents precise lifetime results of the 27 states in **Ti, ***°Cr, and >*Fe employing the
recoil-distance Doppler-shift (RDDS) method. The deduced B(E2; 2{ - O;S.) values are compared
with similar results from even-even nuclei along the respective chains of isotopes and with results
from shell-model calculations using the GXPF1A, KB3G, and FPD6 interactions. In addition, a novel
effective shell-model Hamiltonian starting from a realistic nucleon-nucleon potential is used for the
calculation of B(E2) values. Preliminary lifetime and shell-model results of this work were already

reported in Ref. [7].

The second article “Lifetime measurements in **Ti” [17] concentrates on the N = Z nucleus **Ti.
Nuclear level lifetimes were measured over a range of 610 fs up to 110 ps using the Doppler-shift
attenuation method (DSAM) as well as the RDDS technique. Corresponding E2, E2/M1, and E1
reduced transition strengths are confronted with results from the established GXPF1A, FPD6, and
KB3G shell-model interactions. Moreover, the modern ZBM2M shell-model interaction is employed
to calculate negative-parity states on the one hand and to shed light on the impact of multi-particle
multi-hole cross-shell excitations in “*Ti on the other hand. The experimental findings are furthermore

compared with theoretical values from an a-cluster model.
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The third publication “Enhanced quadrupole collectivity in doubly-magic *°Ni: Lifetime measurements
of the 47 and 6] states” [20] focuses on lifetime measurements in the doubly-magic nucleus S6Ni.
Exploiting the DSA method, nuclear level lifetimes of the 47 and 67 states are determined. The
corresponding B(E2) values are compared along the N = 28 chain of isotones and confronted with
shell-model calculations employing the GXPF1A and PFSDG-U interactions. In addition, valence
ab-initio calculations were utilized based on recently derived Hamiltonians from chiral perturbation
theory, with and without contributions of three-body forces. Based on similar single-particle and
single-hole energies, experimental and theoretical level schemes of *°Ni are finally confronted with

theoretical results on the doubly-magic N = Z partner nucleus '°°Sn.

This thesis closes with a discussion and conclusions of the acquired results presented in the three
publications. A short outlook highlights possible setups for future experiments along the N = Z line.
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Lifetime measurements neighboring isotone 42Ca.

Lifetimes of the 2F states in #Ti, 4350Cr, and 52Fe were determined with high accuracy exploiting
the recoil distance Doppler-shift method. The reduced E2 transition strengths of **Ti and >2Fe differ
considerably from previously known values. A systematic increase in collectivity is found for the N=Z
nuclei compared to neighboring isotopes. The B(E2) values along the Ti, Cr, and Fe isotopic chains are
compared to shell-model calculations employing established interactions for the 0f1p shell, as well
as a novel effective shell-model Hamiltonian starting from a realistic nucleon-nucleon potential. The
theoretical approaches underestimate the B(E2) values for the lower-mass Ti isotopes. Strong indication
is found for particle-hole cross-shell configurations, recently corroborated by similar results for the
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1. Introduction

Reduced transition strengths are sensitive observables to study
the properties of atomic nuclei and the evolution of nuclear struc-
ture. A basic indicator for the collectivity and for the shape of
even-even nuclei is given by the B(E2) values especially for the
excited ZT states. Together with the transition strengths of the 4T
states, the vibrational or rotational character of the individual iso-
topes can be deduced. The measurement of the reduced transition
probability of the 2f — 0/ transition in the N = Z nuclei *Ti,
48Cr, and >2Fe allows to delineate the evolution of the quadrupole
collectivity between the doubly-magic shell closures at N = Z =20
and N = Z =28 where deviations from the spherical shape and its
vibrational character are of high interest. Existing experimental re-
sults feature puzzling peculiarities with respect to the properties

* Corresponding author.
E-mail address: konrad.arnswald@ikp.uni-koeln.de (K. Arnswald).

http://dx.doi.org/10.1016/j.physletb.2017.07.032

of excited ZT and 4T states in these nuclei and motivated the fol-
lowing investigations.
For the neutron-deficient Ti isotopes the B(E2;2{ — 0g5)

value for 44Ti [1-3] appeared to be significantly smaller than the
respective B(E2) value in the neighboring semi-magic N = 20 iso-
tope 42Ti [4] (cf. Fig. 1). This observation contradicts the general
expectation and would question the robustness of the N = 20
shell closure for Ti. Moreover, other experimental studies of #4Ti
showed a rotational-like excitation-energy spacing on top of the
excited 0; state [5]. Theoretical predictions concur with this ob-
servation and claim highly-deformed 12p-8h and 16p-12h con-
figurations at 12MeV and 20 MeV, respectively, as origin of these
bands [6]. Recently, shape parameters in the isotone 4>Ca were de-
termined from a Coulomb-excitation experiment [7]. As a result,
a weakly-deformed ground-state band and a slightly triaxial su-
perdeformed sideband were discovered. Especially, the observed
enhanced quadrupole deformation of the ZT state suggests a pos-
sible mixing with the superdeformed 2; state. An intriguing ques-
tion is related to the N = Z isotonic neighbor 4*Ti where a similar

0370-2693/© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by

SCOAP3.
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Fig. 1. (Color online.) Previously known B(E2; 2?’ — ngs_) values of Ti (red triangles),
Cr (green squares), and Fe (blue circles) isotopes. Adopted B(E2) values are taken
from Ref. [8]. For *6Cr recent results from Ref. [9] are additionally considered. For
better visibility, the data points of the same element are connected and the Ti and
Fe chains are slightly shifted horizontally with respect to the Cr data.

structure can be expected. From the interplay between deformed
and highly-deformed sidebands and the yrast 2% state, like in 42Ca,
a clearly enhanced B(E2; 2{ — 0f ) value is anticipated for *Ti in
contradiction to the experimental results.

In addition, the ratio of reduced transition strengths By, =
B(E2; 47 — 2{)/B(E2; 2] — 0 ) was exploited in Refs. [2,10] to
characterize the nuclei #4Ti, 8Cr and °2Fe. The values indicate a
rapid change from a vibrational behavior for 44Ti and °2Fe to an
extreme single-particle value at mid-shell for 48Cr. However, the
ratios are subject to large experimental uncertainties.

The lifetime of the 2] state in “8Cr was addressed by sev-
eral experiments using early recoil distance Doppler-shift mea-
surements after fusion-evaporation reactions [11-13]. A maximum
B(E2) value was measured at the f7,, mid-shell position. However,
large experimental uncertainties motivated the improved experi-
ments of this publication.

The B(E2) value of the ground-state transition in >*Fe was de-
duced from a recent Coulomb-excitation experiment at intermedi-
ate energies at the National Superconducting Cyclotron Laboratory
employing the SeGA detector array [14]. A moderate increase of
quadrupole collectivity was found with respect to the neighbor-
ing shell closure at the N =28 isotope >*Fe. A complementary
approach, based on the RDDS technique, was employed in the
new experiment to determine the lifetime of the corresponding
27 state in 52Fe. A summary of the previously known experimen-
tal B(E2; ZT — Og.s.) values is shown in Fig. 1 for the Ti, Cr, and Fe
isotopes from N =20 to 32.

From theoretical point of view, the 0 f1p shell nuclei provide an
excellent testing ground for modern shell-model calculations. The
following three shell-model interactions FPD6 [15], KB3G [16], and
GXPF1A [17] were developed in part by fitting experimental data
of the nuclei of interest and are thus suited to describe the en-
visaged region of the nuclear chart. Detailed new calculations are
subject of this letter. Moreover, a new effective shell-model Hamil-
tonian starting from a realistic nucleon-nucleon potential was em-
ployed in order to describe the experimental findings.

As protons and neutrons occupy the same major shell, the
neutron-proton interaction becomes important, enhancing collec-
tive effects like isoscalar (T = 0) neutron-proton pairing. Theoret-
ical investigations on T = 0 ground-state correlations were per-
formed for 44Ti [18]. Furthermore, results from Ref. [19] indicate
that for N = Z = 24 (*8Cr) neutron-proton pair correlations be-
come important at higher spin values. Isoscalar neutron-proton
pairing is even more relevant for heavier, exotic N = Z nuclei
towards doubly-magic '%°Sn [18,20]. For example, it is expected

that the self-conjugate 38Ru has a significantly enhanced E2 tran-
sition strength [21]. A recent study in the neighboring N = Z = 46
nucleus 92Pd revealed experimental evidence for T = 0 neutron-
proton pairing [22].

A different theoretical approach exploits the a-cluster struc-
ture in the fp-shell region where a strong spin-orbit force is
counteracting the o correlations. However, the observation of an
a-cluster band in #*Ti confirmed the applicability of the a-cluster
model. Detailed theoretical B(E2) values are available for 44Ti from
Ref. [23] which show a considerably enhanced collective behavior.
A refined theoretical study in this line exploits deformed-basis an-
tisymmetrized molecular dynamics (AMD) by the use of the Gogny
D1S force [24] and yield coexistence phenomena in #4Ti. A mixed
character of the mean-field-like structure and the o + 49Ca clus-
ter structure of the yrast band in 44Ti is obtained implying a high
B(E2;2;r — Ogs.) value. These results are given in Ref. [24] and
exceed the previously measured B(E2) value [1-3].

A new experimental investigation is motivated by the fact that
the lifetime of the 27 state in #Ti is mainly known from pio-
neering studies performed in the 1970’s with limited precision
[12]. The same is true for the 27 state in “8Cr which was ad-
dressed by earlier experiments [11-13]. The determined lifetime
values were given with considerable error bars. Nowadays, the re-
coil distance Doppler-shift (RDDS) method has proven to provide
precise, reliable, and model-independent lifetime values in the pi-
cosecond range for excited nuclear states. The method is applicable
for stable-beam experiments as well as for the measurement of
transition strengths in exotic nuclei [9,25-28].

A measurement of the reduced transition strengths with in-
creased precision for the N = Z nuclei 44Ti, *3Cr, and 52Fe was per-
formed to address the open questions and puzzling observations.
Nuclear level lifetimes in the isotopes of interest were studied em-
ploying the RDDS techniques with stable ion beams, which allows
high accuracy by exploitation of yy-correlation gated spectra and
by elimination of systematic errors like unobserved side-feeding
effects.

2. Experiment

Three experiments were performed at the FN tandem accelera-
tor at the Institute for Nuclear Physics, University of Cologne, com-
bining a setup of twelve high-purity germanium (HPGe) detectors
and the Cologne coincidence-plunger device [29]. Excited states
in the nuclei of interest were populated by the following fusion-
evaporation reactions: "“Mg(23Na, xnp)*Ti, 4°Ca('°B, np)*3Cr, and
27 AI(%8si, 2np)°2Fe.

The plunger targets were made of "tMg (4°Ca, 27Al) with
a thickness of 1mg/cm? (0.50mg/cm?, 0.58mg/cm?) for the
44Ti (48Cr, 2Fe) recoils. While the magnesium target was self-
supporting, the calcium and aluminum target material was evap-
orated onto a 2.0-mg/cm? gold backing facing the beam. The
calcium target was additionally protected against oxidation by a
0.1-mg/cm? gold layer. Recoiling nuclei left the target with 2.7%
(1.1%, 3.1%) of the speed of light which corresponds to mean ve-
locities of 8.1 pm/ps (3.3 um/ps, 9.3 um/ps). Reaction products were
finally stopped in a 9.6-mg/cm? thick gold foil. During the exper-
iment data were recorded at 6 (12, 7) different target-to-stopper
distances, i.e. different flight times of the recoiling nuclei. These
distances reach from 215 to 47.5um (20.4 to 321um, 28.6 to
151.6pm) and were measured with an accuracy of better than 2%.
Beam-depending changes, such as thermal expansion of the target,
were compensated by a feedback system employing a piezoelectric
linear motor. The experimental details are summarized in Table 1.

Emitted y rays were detected by twelve HPGe detectors with
relative efficiencies between 55% and 80% which were placed in
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Table 1

Experimental details: Reactions, target properties, and offset-corrected relative target-to-stopper distances of the plunger device for each of the

three experiments.

Reaction Ebeam Target thickness Recoil velocity Target-to-stopper Target-to-stopper
[MeV] [mg/cm?] [um/ps] distances range [um]
nat Mg(23Na, xnp)*Ti 62 1 8.1(4) 6 21.5-475
40C3(19B, np)*8Cr 26 0.50 3.3(2) 12 20.4-321
27 Al(?8si, 2np)>2Fe 86 0.58 9.3(4) 7 28.6-151.6
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Fig. 2. Exemplary y-ray energy spectra from the 27 — 0F decay at (a, d) 1083 keV in **Ti, at (b, e) 752keV in *3Cr, and at (c, f) 849keV in 52Fe. Spectra are produced

from cuts on the shifted component of the 4T — ZT transition and are shown for a short (a, b, ¢) and a larger (d, e, f) target-to-stopper distance at backward angles.
Doppler-shifted (SH) components and unshifted (US) components are additionally labeled.

rings centered at polar angles of g = 0° (1 detector), 67 = 45°
(6 detectors), and 6, = 143° (5 detectors) with respect to the
beam axis. Each HPGe detector was shielded with sheets of lead
and copper between target and endcap with a total thickness of
2mm in order to reduce pile up and additional dead time caused
by low-energy X rays. Furthermore, a hardware y y-coincidence
trigger was used to suppress single y-ray events, which do not
contribute to the y y-coincidence analysis. Coincident y -ray events
were finally sorted into yy matrices with respect to the different
target-to-stopper distances and the correlation groups defined by
the individual detector rings. The total statistics in the projected
yy matrices amount to 6.8 x 10° (3.5 x 10%, 7.3 x 10°) events for
the experiments to populate 44Ti, (*8Cr, and >2Fe), respectively.

3. Analysis and results

The lifetime analysis is based on the recoil distance Doppler-
shift (RDDS) technique in conjunction with the differential decay-
curve method (DDCM) [29]. Due to sufficient production yields
of recoiling nuclei of interest, the DDCM was utilized in the
yy-coincidence mode. Employing gates on the Doppler-shifted
(SH) component of feeding transitions, or on the unshifted (US)
part of the 21 — 0F transitions, the lifetime of the 2 states
was determined by analyzing the intensity ratios of shifted and
unshifted components of the depopulating and feeding transitions,
respectively (cf. Fig. 2). A lifetime 7; is deduced for each distance i
in the sensitive range. The T curve is expected to be constant and
the weighted mean value of the different 7; corresponds to the
analyzed lifetime. Lifetimes determined from different yy matri-
ces are statistically independent. The statistical uncertainty of the
lifetime value is dominated by the distribution of the single t; val-
ues. Systematic errors of the lifetime arise from (i) the uncertainty
of the recoil velocity which is inversely included in the lifetime
value. The mean velocity was determined from the Doppler shift
of the direct feeding transition observed at forward and backward
angles. The uncertainty of the mean polar angle A6 = 3° results

in AB=12x1073(0.5 x 1073,1.3 x 1073) for *4Ti (*8Cr, 2Fe).
(ii) The relative target-to-stopper distances can be measured with
a high precision of Ax < 0.4um in the sensitive range. Thus, its
contribution to the total uncertainty of T was neglected. (iii) Con-
taminating transitions in the Yy coincidence gate may impact the
experimental lifetimes. This was excluded in the analysis by the
careful selection of narrow energy gates. Finally, the total system-
atic error of the lifetime was calculated via the Gaussian error
propagation.

In the case of #*Ti a gate from below was set on the unshifted
part of the 2] — 0g . transition at 1083 keV to avoid any back-
ground contribution in the region of interest. The lifetime of the
2}“ state is finally determined from the shifted and the total in-
tensities (Isy and Isytys) of the 41+ — Z;L feeding transition at
1371 keV and yields T(ZT) =2.68 (21)stat. (12)sys. Ps.

The 9B + 40Ca reaction caused a small Doppler shift for the
y rays of interest in “8Cr due to a moderate momentum trans-
fer. Therefore, the shifted and unshifted components of the y-ray
line are not separated completely from each other (see spectra in
Figs. 2(b), (e)). To avoid any contamination of unshifted fractions
in the selected gate, an indirect gate on the 8}“ — ST transition at
1742 keV was used in the analysis. For this transition only a shifted
component was observed indicating a fast behavior of the feed-
ing structure (cf. Ref. [30]). Moreover, the low momentum transfer
of the reaction and the large energy loss in the target result in
a broad velocity distribution of the recoiling nuclei after the tar-
get, i.e. a wide range of flight times between target and stopper
foil. Thus, the observed velocity distribution of the nuclei that
emit a y ray in flight, depends on the target-to-stopper distance.
A correction was applied which normalizes the distances to the
observed maximum recoil velocities. The lifetime of the first 2%
state in “3Cr was determined from the feeding-corrected intensity
distribution of the 2] — 04 . transition at 752keV, which yields

T(21) = 12.16 (14)stat. (69)sys. PS-
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Fig. 3. (Color online.) T curves of the 2 states (a, d, g) are presented for the nuclei 44Ti, 43Cr, and 32Fe, respectively. Black solid lines indicate the weighted mean value of
the lifetime; dashed lines mark the statistical uncertainty. Furthermore, the unshifted (b) and shifted (c) intensities of the direct populating transition in 44Ti are shown, as
well as the unshifted intensities (e, h) and the shifted intensities (f, i) of the depopulating ZT — Ogis_ transition in 8Cr and >2Fe, respectively. The polynomial fit function to
the given intensities is presented in dashed red. Lifetimes and y -ray intensities are presented in dependence of the target-to-stopper distances. Note the logarithmic distance

scale.

Table 2

Experimental lifetimes for the 2] states in 44Ti, 4350Cr, and 52Fe from the present experiment are compared
to previous experimental values taken from Ref. [8,14]. The corresponding experimental and theoretical
B(E2; 2] — 07 values are included. The results are compared to four different shell-model calculations

(for details see text).

Nucleus Experiment Theory

Lifetime [ps] B(E2) [e? fm?] B(E2) [e2 fm*]

Present Previous Present Previous GXPF1A KB3G FPD6 Realistic
T 27(2) 4037018 205t%0 136712 105 119 140 120
48cr 12.2(7)  12.4(14)° 279117 27430)* 251 253 314 272
S0cr 13.0(4) 13157940 2147 210(6)% 218 218 276 243
52Fe 7.0(4) 11.3(14)° 265113 163(20)° 221 217 292 273
2 From Ref. [8].

® Adapted from B(E2; 075 — 2§) =817 (102)e? fm* in Ref. [14].

In 52Fe a narrow gate was applied to the shifted component
of the 4T — ZT transition at 1535keV. In the gated spectra a
contaminant within the range of the shifted component of the
2f — 0g . transition at 849keV obstructed a lifetime analysis in
the forward detector rings. Therefore, the lifetime of the first 2+
state was determined using the upstream detector ring, yielding
1(21*) = 7.00 (24)stat. (28)sys. ps. In order to cross-check the mod-
ified analysis with only one detector-ring combination in >2Fe,
an independent analysis of the lifetime of the ZT state in the
neighboring *°Cr was performed as a consistency check. This tran-
sition was observed with higher statistics and its analysis yields
r(Z;L) = 13.0 (3)stat. (3)sys. Ps, which is in good agreement with the
adopted lifetime of T(Z}L) = 13.15f8:‘2‘; ps from Ref. [8].

The final T curves of the Z}L states and the corresponding
y-ray intensities are presented for the nuclei 44Ti, 8Cr, and 2Fe
in Fig. 3. Lifetime measurements of higher-lying yrast states were
not feasible because these states are too short-lived for the applied
target-to-stopper distances. Experimental results of measured life-
times and corresponding B(E2) values are summarized in Table 2.

The final experimental error of the lifetime includes the root sum
squared of the statistical and the systematic uncertainties.

4. Discussion

The measured lifetimes were converted into B(E2; 2] — 0g5)
values and are compared to previous experimental values (see Ta-
ble 2). Results on B(E2) values from new shell-model calculations
were obtained and are also confronted with the new findings. Em-
phasize is given to the evolution along N = Z and the respective
even-even isotopic chains. The latter comparison is shown in Fig. 4
for the ZT excitation energies (a, b, ¢) and the B(E2) values (d, e, f).

The newly determined 2 lifetime in #Ti corresponds to a
reduced transition probability B(E2;2] — Of;) = 20572 ¢? fm*;

while the adopted lifetime is T = 4.037033 ps with B(E2;2] —

0F,) = 13614% 2 fm* [8]. Thus, there is a 40 deviation between
both values. The adopted value includes results deduced from life-
time experiments employing the Doppler-shift attenuation method
(DSAM) following «-capture and «-transfer reactions on a 4°Ca
target [2,3]. For this type of experiments, systematic uncertainties
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Fig. 4. (Color online.) Experimental and theoretical ZT excitation energies (a, b, ¢) and B(E2) values of the 2T — Og,s, transition (d, e, f). Both values are plotted against the
neutron number for (a, d) titanium, (b, e) chromium, and (c, f) iron isotopes, respectively. B(E2) values from this work are given in red squares. Previously adopted B(E2)
values (black triangles) are taken from Refs. [8,9]. The global best fit given by Raman et al. [38] is presented by dark green diamonds. Moreover, shell-model calculations
employing the GXPF1A (blue open triangles), KB3G (purple open circles), and FPD6 (orange open diamonds) interactions, as well as a shell-model calculation using a realistic

effective Hamiltonian (green stars) are shown.

arise from the lack of precise knowledge of the stopping power,
unknown feeding contributions, and the decreasing sensitivity of
the DSAM for lifetimes longer than 1 ps. As stated above, the previ-
ous B(E2) value is lower than the value for the N = 20 isotope “2Ti
and does not match the expectation along the titanium isotopic
chain. The new larger B(E2) value for 44Ti resolves the discrepancy
(cf. Fig. 4(d)) and a more collective behavior than in the neighbor-
ing semi-magic even-even nucleus “2Ti is suggested.

For “8Cr the reduced transition probability of B(E2;2{ —
0F,) =279%7e? fm* deduced in this work agrees well with the

previously adopted value B(E2; ZT — Og_s_) =274(30) e2 fm* from
Ref. [8]. The adopted value includes the results from Refs. [11-13].
The relative uncertainty can now be further reduced and amounts
to 5.8%. The value follows nicely the overall tendency along the
chromium isotopes (cf. Fig. 4(e)) with its maximum value at mid-
shell.

In >2Fe there is a discrepancy between the new B(E2;2 —
0gs) = 265713 e?fm* value and the previously measured B(E2;

21+ — Ogs.) = 163 (20) €2 fm* value by Yurkewicz et al. [14] (cf.
Fig. 4(f)), suggesting a significantly stronger collectivity at N =Z =
26. While a small B(E2) value at the N = 28 shell closure is ex-
pected, a clearly increased B(E2) value in *2Fe, like it is reported
here, cannot be excluded. The difference of both experimental val-
ues for *2Fe is subject of theoretical discussion presented below.

In summary, the new B(E2; 2] — 0y ) values in *Ti and >2Fe
are significantly larger than previously measured, corroborating en-
hanced collectivity close to the doubly-magic nuclei 4°Ca and 56Ni
at N =Z. For Ti and Cr, the N = Z nuclei show largest B(E2) val-
ues in comparison to the neighboring even-even isotopes, while
for the Fe isotopes, the values at N = Z for *2Fe and the lighter
mid-shell neighbor °Fe are comparable within the experimental
uncertainties.

For the theoretical description of the excitation energy of the
2 states and the new B(E2; 2] — 07 ) values, shell-model calcu-

lations were performed along the isotopic chains of Ti, Cr, and Fe
for a wide range where experimental data on B(E2;2] — 0g5)
values were accessible. The NUSHELLX@MSU code [31] was em-
ployed using three already established interactions for comparison
with the present experimental data: FPD6 [15], KB3G [16], and
GXPF1A [17]. The model space comprises the f7/2, p3/2, p1/2, and
fs/2 orbitals, coupled to a 40Ca core. Effective charges e; = 1.5¢
and e, = 0.5e were used for protons and neutrons, respectively.
The calculated B(E2) values for the nuclei of interest agree with
published calculations employing the FPD6 and GXPF1 interac-
tions [32,33].

In addition, realistic shell-model calculations, using the shell-
model code ANTOINE [34], have been performed. The two-body
matrix elements of the residual interaction were derived from
many-body perturbation theory, including all diagrams up to third-
order in the perturbative expansion of the effective shell-model
Hamiltonian [35]. Effective operators to calculate the electromag-
netic transition rates have been consistently derived within this
perturbative approach. The starting realistic nucleon-nucleon po-
tential is a low-momentum potential derived from the CD-Bonn
potential [36] within the V\o,_k approach, and using a cutoff mo-
mentum A = 2.6fm™" [37]. The single-proton and single-neutron
energies have been chosen to reproduce the excitation energies
of single-particle states in >’Cu and #°Ca, respectively, and to
reproduce the odd-even mass difference around °6Ni and 43Ca.
Consequently, two-body matrix elements of the residual interac-
tion and effective electromagnetic operators are derived from the-
ory, while single-particle energies are taken from experiment. The
B(E2; 2] — 07 ) values from all four calculations are reported in
Table 2.

Along the chain of titanium isotopes, there is only poor agree-
ment between the experimental and theoretical B(E2; 2] — 0g5)
values for all interactions (see Fig. 4(d)). A strong discrepancy is
observed for N =20 to 24 due to small theoretical results. This
derivation decreases with the increasing number of neutrons to-
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ward N = 26. At the shell closure at N =20 a factor of three
difference is obtained; and the new experimental value for 44Ti
is approximately a factor of two higher than the calculated value.
The N = 26, 30 values are reproduced quite well. However, at the
N =28 sub-shell closure the experimental result of a small B(E2)
value is not reproduced by the calculations.

A recent study in the neighboring even-even isotone 4*Ca
showed a similar result [7]. Enhanced B(E2;2{ — 0f) values
were measured in contrast to lower shell-model results. It was
suggested by Ref. [39] that the experimental enhancement arises
from 2hw sd-shell excitations, which are not included in the fp
model space. In addition, a sizable quadrupole moment of the Z;L
state in 42Ca is proposed to originate from a mixing of the 27
state with a superdeformed 2 state [7]. In #4Ti a mixing of the
ZT state with non-yrast 2% states will have a minor effect due to
larger level-energy differences. Thus, the underestimated transition
probability is most likely caused by core excitations from the sd
shell. Furthermore, an overestimated theoretical excitation energy
of the 2T state is obtained. Neglecting core excitations, the differ-
ent shell-model calculations predict the energy of the ZT state to
be E(2%) = 1266 to 1300keV which exceeds the experimentally
observed E(2%7) = 1083 keV (cf. Fig. 4 (a)).

The importance of core excitations north-east of 49Ca is also
essential in the schematic «-cluster model discussed by Ohkubo
et al. [23]. Excitation energies of all rotational bands in **Ti are
reproduced using an o +%9 Ca(I™) system. Moreover, B(E2) values
were determined for the low-lying bands and yield B(E2; ZT —
Ogs') = 18 W.u. [23] which reproduces the present experimental
value of B(E2) =22(2) W.u. best.

The different shell-model calculations follow the measured
B(E2) systematics for N < 28 in the chromium isotopic chain as
shown in Fig. 4(e). Deviations are visible only for the FPD6 interac-
tion, which tends to larger B(E2)s than experimentally determined.
The GXPF1A and KB3G interactions as well as the realistic one
are in good agreement with the experimental data at N < 28.
For N > 28 the transition strength is overestimated by theory. Es-
pecially, the experimental data can hardly be reproduced at the
(sub-)shell closures N =28 and N = 32.

The comparison between experiment and theory shows only
partial agreement for the iron isotopes (see Fig. 4(f)). While the
B(E2) values for the two lightest isotopes at N = 24, 26, which are
calculated within the realistic scheme and the FPD6 interaction, are
in a good agreement with the new experimental data, the values
from GXPF1A and KB3G calculations are too small. However, the
latter two interactions reproduce nicely the values for N > 28. It
is noteworthy, that no calculation describes the huge experimen-
tal difference of ~ 1432 fm* between N = Z =26 and the shell
closure at N =28; it is underestimated by all interactions.

Experimental and theoretical B(E2;2] — 04) values for the
even-even N = Z nuclei are shown in Fig. 5. For the doubly-magic
56Ni at N = Z = 28, each of the employed four shell-model inter-
actions overestimate the experimental B(E2) value from Ref. [40].
The global best fit of Raman et al. [38] is in agreement with the
new values.

The present B(E2; ZT — Og.s.) values allow for a refined assess-
ment of the aforementioned B4/, values in these isotopes which
are shown in Table 3. For the By, ratios the following data were
taken: (i) The adopted B(E2; ZT — 0;5‘) values from Ref. [8] and
B(E2;4}L — 2]“) values from Refs. [41-43] are used to determine
the By, ratios (labeled Previous). (ii) The new B(E2;2] — 04)
values from Table 2 are combined with values from Refs. [41-43]
(labeled Present). The corresponding Ra/> = E(4])/E(2]) ratio is
also summarized in Table 3.

‘GXPFlA‘ — ‘ R,a‘man -
KB3G —o— This work +——m—
— 400 - FPD6 —<—  Experiment —a—
é Realistic ——+—
X
—~ 300 i
+ih
o
T 200 | 1
+o
[N}
o
=
& 100 4
0

Fig. 5. (Color online.) B(E2; ZT — 0;5_) values for even-even N = Z nuclei between
40Ca and 6Ni. Same color code as in Fig. 4 is used. See text for details.

Table 3

B4j> and Ry ratios for 44Ti, 48Cr, and >2Fe.
Geometrical limits are B/, = R4y = 2.0 for
an ideal vibrator, B4/ = 1.43 and R4/ =3.33
for an ideal rotor and B4 =1 as well as
R4/2 < 2 for a non-collective behavior. See text

for details.
Isotope Bajz R42
Present Previous
4T 136102 2047092 227
“8cr 1.00%000 1027018 247
52Fe 1147932 1831037 281

—0.21 —0.38

The present Bsj, ratios for #4Ti and >2Fe differ distinctively
from the previous results. For both isotopes the former results in-
dicate a vibrator-like behavior, whereas the new By, ratios are

reduced. The Ba/, = 1.3670-2) in *4Ti suggests a rotational behav-

—0.22
ior. In >2Fe the Bs;; = 1.14fg:§% ratio lies between the rotor and
the single-particle limit. The ratio given for “8Cr remains nearly

unchanged with a new value B4/; = 1.00f8:(1,§ which is at the limit

for a collective behavior. The observed fluctuations which were dis-
cussed for the previous B4/, ratios in Ref. [10] are not confirmed.

Moreover, the comparison of R4/, and By ratios does not al-
low a consistent description. While the Ry, ratios suggest a tran-
sition from vibrational to rotational character, the new By, ratios
show collective behavior with similarities to a rotational motion.
Nonetheless, it has to be noted that the B4/ ratios depend also on
the B(E2; 4] — 2]) values which were not subject of this work.
Especially for 44Ti, but also for >2Fe, these values are only known
with considerable uncertainties.

5. Summary

To summarize, lifetimes in the self-conjugated nuclei 44Ti, 48Cr,
and >2Fe were measured with the RDDS method and precise
reduced transition probabilities for the 2]“ ground-state transi-
tion were determined. The present results yield clearly increased
B(E2; 2] — 07 ) values than previously known for *Ti and >?Fe
in the vicinity of two doubly-magic nuclei. The new results indi-
cate enhanced collectivity for all investigated N = Z nuclei. The
deduced By, ratio suggests a rotational behavior for 4Ti.

The comparison with state-of-the-art shell-model calculations
shows an ambiguous outcome; none of the four effective inter-
actions reproduces all known B(E2; 2] — 07 ) values from “°Ca

to °6Ni in a consistent way. There is a strong evidence that the
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observed discrepancy between experiment and theory for #4Ti is
related to multi-particle-hole cross-shell configurations similar to
recent observations in the neighboring isotone 2Ca. Also the possi-
ble rotational character of 44Ti could be explained by particle-hole
sd-shell core excitations which are typically related to a deformed
nucleus. At mid f7,2 shell, the different calculations reproduce the
experimental B(E2) values for “8Cr. Here, the reduced By, ra-
tio close to unity remains an open question. The agreement is
reduced for >2Fe; the calculations applying the FPD6 interaction
and the effective shell-model Hamiltonian reproduce well the mea-
sured B(E2) values. At the N = Z = 28 shell closure *°Ni the B(E2)
values are overestimated by all considered interactions.

Therefore, on the theory side, challenging future shell-model
calculations, which include core excitations from the sd shell, are
needed to resolve the open questions and to obtain a consistent
description of the mass region including also the isotopic evolu-
tion where even larger discrepancies exist currently, while on the
experimental side, improved lifetime measurements of higher-lying
states, especially the 4]* and other members of the ground-state
band are of high importance.
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Lifetimes of excited nuclear states were determined in **Ti using the recoil distance Doppler-shift technique
and the Doppler-shift attenuation method. Results from the K™ = 3~ band confirm isospin-symmetry breaking
for the 37 — 2] E1 transition. The lifetime of the 4] state differs considerably from the previously known value.
Good agreement is found for the 41 and 6] level lifetimes with respect to previous values. The experimental
values are compared with large-scale shell-model calculations employing established interactions in the 0f1p
shell, as well as a modern effective Hamiltonian including multiparticle multihole cross-shell configurations.
Extended configuration spaces of this shell-model calculation allow for a detailed comparison with newly

determined negative-parity states.

DOI: 10.1103/PhysRevC.102.054302

I. INTRODUCTION

The self-conjugated nucleus **Ti is a benchmark for
present-day large-scale shell-model (LSSM) calculations in
the full 0f1p shell northeast of the doubly magic nucleus
40Ca. Several interactions such as the well-established FPD6
[1], KB3G [2], and GXPF1A [3] yield good agreement with
various experimental observables, such as energy spectra
or—with the inclusion of the Coulomb contributions—
isospin-dependent effects like the mirror-energy differences
(cf. Refs. [4-6]). However, for even-even nuclei these interac-
tions are restricted to positive-parity states in the fp shell.

The latest calculations with the ZBM2M interaction [7]
use the extended hasp model space [8] comprising the proton
and neutron 1sy,2, 1d3/2, 0f7/2, 1p3/» orbitals and surmount
limitations of previous truncated schemes of the sd and fp
main shells. They provide access to negative-parity states
which—in the case of **Ti—cannot be calculated from the
odd-parity f p orbitals. This interaction is based on the ZBM?2
interaction [9] with adjustments of the d3/>-d3,, monopole
matrix elements. It demonstrated good agreement with exper-
imental observations, i.e., excitation energies and charge radii,
in K and confirmed the relevance of cross-shell correlations
in the vicinity of “°Ca [7]. Moreover, results from the non-
modified ZBM2 interaction reproduce well the experimentally
observed energy spectra and reduced E2 strengths in stable
Ca isotopes [9]. These results also include the even-even
neighboring isotone “*Ca and the T, = +2 isobar **Ca of
“Ti. However, the ZBM2M interaction was predominantly
employed for calculations in the Z < 20 region [10-12]. Life-
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time investigations in **Ti provide a fertile study ground for
these calculations above the Z = 20 shell closure.

Recently, the first 2% level lifetimes in even-even N = Z
nuclei have been studied with an improved accuracy em-
ploying the Cologne coincidence-plunger setup [13]. The
authors of this article report an increased B(E?2; Zf —
Ogs.) = 205729 ¢? fm* value in **Ti compared with previous
measurements. Moreover, this result was not in agreement
with values from shell-model interactions of the fp model
space. This discrepancy was explained by multi-particle-hole
(ph) cross-shell configurations in the vicinity of the Z = 20
shell closure.

The nuclear level lifetimes from higher-lying positive-
parity states in *“*Ti are known from pioneering studies
performed in the 1970s with limited precision [14—19]. Life-
times of negative-parity states were studied by Kolata et al.,
who determined a lifetime of t = 3.9(13) ps for the 4] state
[20]. From later lifetime and angular distribution measure-
ments, performed by Dixon et al. [18], a lower lifetime limit of
T > 50 ps was proposed for this state based on spin and parity
arguments contradicting the lifetime value from Ref. [20].
The only evaluated lifetime exists for the negative-parity 37
bandhead [21] and it refers to a preliminary lifetime analysis
from a conference proceeding in 2011 [22]. In this study a
B(E3; 3] — 0F, )~ 3 W.u. value is presented which corre-
sponds to a lifetime of 31 ps including an adopted branching
ratio of /(3] — O;_S.)/I(PSI* — 2)=2.03)% [21].

High-spin states in **Ti were investigated by O’Leary et al.,
who observed rotational-like energy-level spacings between
states placed upon the first-excited 0" state [23]. The energy
levels were well reproduced by df shell-model calculations.
These calculations use the positive-parity d3,» and negative-
parity f7,, orbitals and allow for the derivation of the negative-
parity band built upon the 3| state.

©2020 American Physical Society
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On the theoretical side, **Ti is of importance for the
investigation of a-cluster structures. These correlations are
considerably distorted due to the strong effect of the spin-
orbit force in the fp shell. Recent studies confirmed the
applicability of the *’Ca -+« model (cf. Ref. [24]). More-
over, coexistence phenomena of the mean-field structure and
o structures were investigated by the use of deformed-basis
antisymmetrized molecular dynamics (AMD) exploiting the
Gogny DI1S force [25]. The authors verified the B, = 0.25
normally deformed K™ =3~ band with a dominant 1plh
intrinsic configuration. Detailed B(E2) values from these ap-
proaches are available for positive-parity states [24,25].

The scarce and contradictory lifetime information of
negative-parity states in **Ti together with recent theoretical
advances of LSSM calculations motivates a refined study of
lifetimes and reduced transition strengths in this nucleus. In
this article, we report and discuss new results on lifetimes and
reduced transition strengths in **Ti. This paper is organized
as follows: the experimental setup is described in Sec. II, the
data analysis and results are presented in Sec. III. A detailed
comparison with results from shell-model calculations and
systematics is reported in Sec. IV. The article closes with a
summary and conclusions in Sec. V.

II. EXPERIMENTS

The lifetime experiments on **Ti were performed at the FN
tandem accelerator at the Institute for Nuclear Physics, Uni-
versity of Cologne, Germany, using the setup of the Cologne
coincidence plunger [26]. Excited states were populated by
40Ca(®Li, pn)**Ti fusion-evaporation reactions at 20 MeV
beam energy. The plunger target was made of 0.2 mg/cm?
enriched *°Ca evaporated on a 2 mg/cm? gold backing fac-
ing the beam. In addition, the target was sandwiched by a
0.1-mg/cm>-thin gold layer which was evaporated onto the
other side to reduce oxidation effects. Recoiling nuclei which
left the target with a mean velocity of 0.81(5)% of the speed of
light—which corresponds to v = 2.43(15) um/ps—were fi-
nally stopped in a 3.6-mg/cm?-thick gold stopper. During the
experiment, data were collected at seven target-to-stopper dis-
tances between 46 and 626 um. Emitted y rays were detected
by twelve high-purity germanium (HPGe) detectors with rel-
ative efficiencies between 55% and 80% placed in three rings
at polar angles of 0° (one detector), 45° (six detectors), and
142.3° (five detectors) with respect to the beam axis. Pileup
and additional dead time were significantly reduced by 2-mm-
thick sheets of lead and copper which were placed between
target and end cap to shield the detectors from low-energy
x-rays. In total, 10'° coincident y-ray events were processed
and recorded utilizing a synchronized 80-MHz XIA® Digital
Gamma Finder (DGF) data-acquisition system and stored to
disk. The data were sorted into y-y matrices employing the
SOCO-V2 sort code [27] and analyzed utilizing the TV [28]
software package.

Subsequently to the RDDS measurements, a DSAM run
was performed employing a 0.2 mg/cm? enriched “°Ca tar-
get which was centrally evaporated onto a 2 mg/cm? gold
backing using a 2-mm aperture. To reduce oxidation effects
of the target material, the “’Ca layer was subsequently cov-

8" 6509
7- 5671
2493 6~ 5151
1610
1506
6+ } 4015 57§ 4061
©=0.65(10)ps | [ s ~
gg5 © 4~ | 3646
47 T=110(8) ps
1561 3" 43176 'y
9 v = 22.5(18) ps
721
4+ | 2454
v = 0.61(7) ps
2093
1371
2+ | 1083
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o+ }o

FIG. 1. Partial level scheme of **Ti. Dominant decay branches
observed in both experiments as well as obtained level lifetimes are
shown. All energies are given in keV.

ered completely by a 0.5-mg/cm?-thin gold fronting. The
DSAM experiment was performed under similar experimental
conditions with respect to the previous RDDS run. In total,
3.6 x 10° y-y events were recorded and stored to disk.

III. DATA ANALYSIS AND RESULTS

The observed level scheme of populated excited states and
measured lifetimes in **Ti is displayed in Fig. 1. The lifetime
results, obtained in both experiments, are summarized in
Table I.

A. Recoil distance Doppler shift

The lifetime analysis of the 3] and 4] states in MTi is
based on the recoil distance Doppler-shift (RDDS) technique
and the differential decay-curve method (DDCM) [26,29].
The analysis was performed in the y-y coincidence mode
using gates on completely shifted parts of directly feeding

TABLEI. Experimental lifetimes in **Ti from the present experi-
ment are compared with previous experimental values. For each state
the applied method and gating energies are summarized.

Lifetime (ps) E, (keV)
E,. (keV) J* Present Literature Method Gate Analyzed
1083 2+ 2.7(2) [13]
2454 4t 0.61(7) 0.60(11) [15] DSAM 1561 1371
4015 67 0.65(10) 0.56(8)[18] DSAM 2493 1561
3176 3= 22.5(18) ~31[21,22] RDDS 885 2093
3646 4= 110(8) 3.9(13)*[20] RDDS 1506 470

#Contradicts T > 50 ps as proposed in Ref. [18].
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FIG. 2. Exemplary y-ray energy spectra for the (a), (b) 37 — 2| transition at 2093 keV and the (c), (d) 4] — 37 transition at 470 keV
for two different target-to-stopper distances. Spectra are produced by a gate on the shifted part of the direct feeders at 885 and 1506 keV,
respectively. Unshifted (US) and shifted (SH) components as well as a contamination of *'Ca to the 4] — 3] transition are labeled. The
Gaussian fits to the experimental spectra are given in a red solid lines, and the background is marked as dashed red (see text for details).

transitions from above. Lifetimes of the states of interest were
subsequently determined from the peak volumes of shifted
(SH) and unshifted (US) components of the depopulating
transition. Exemplary gated y-ray spectra are presented in
Fig. 2 for the 37 — 2 [Figs. 2(a) and 2(b)] and 4, — 37
[Figs. 2(c) and 2(d)] transitions. Both spectra are shown for
shorter target-to-stopper distances [Figs. 2(a) and 2(c)] and
are compared with larger ones [Figs. 2(b) and 2(d)]. The peak
volumes are determined via Gaussian fits. For consistency
purposes, position and peak width of the unshifted component
are assumed constant. Further details on RDDS analyses are
contained in Ref. [26].

For each target-to-stopper distance x; in the sensitive range,
one lifetime t; is determined. The mean lifetime 7 is deter-
mined from the weighted mean of all ;. y-ray spectra from
different detector-ring combinations are statistically indepen-
dent and the final lifetime is determined from the weighted
mean of the T of each detector-ring combination. The statis-
tical error is dominated by the variance of the single 7;. The
systematic uncertainties result from three main contributions.
First, the error of the mean velocity. The mean velocity is
deduced from the Doppler-shift of the 2093 keV transition at
forward and backward angles. The uncertainty of the mean
polar angle Af = 3° results in a AB = 0.05% systematic
uncertainty of the velocity distribution. Second, the relative
target-to-stopper distances were measured with a high preci-
sion of Ax < 0.5% relative to the absolute distances. Finally,
contaminating transitions in general can have an impact on
the experimental lifetime results but could be excluded by
carefully selected narrow energy gates. The uncertainty of the
final lifetime is deduced from the Gaussian error propagation.

The analysis of the 3] and 4] lifetimes is performed with
the RDDS code NAPATAU [30]. In the case of the 3] state, a

gate was set on the shifted component of the direct-feeding
5] — 3] transition at 885 keV. The lifetime is deduced from
the unshifted and shifted intensities (Iys and Isy) of the
depopulating 3] — 2;’ transition at 2093 keV displayed in
Figs. 3(b) and 3(c). For the four distances in the sensitive
range, lifetimes were obtained [see Fig. 3(a)] from second-
order polynomial-fit functions to the experimental intensities
of the Doppler-shifted components Isy. The T curve for the
unshifted intensities is the derivative of this function with
the proportionality constant v - . Both the fit function to
Isy as well as the t curve for Iyg are simultaneously x?
minimized to the experimental values. From both curves a
lifetime t; is determined at each distance. The weighted mean
lifetime from all distances in the sensitive range is determined
from forward and backward angles for the 3| state, yielding
T = 21.8(10)5tac. (16)sys. ps and T = 23.4(11)ga. (16)sys. pS, TE-
spectively. The weighted mean of both lifetimes amounts to
7(3;) - 225(7)stdt(16)sys ps.

Likewise, the lifetime of the 4| state is determined via a
gate on the shifted component of the direct-feeding 6, — 4
transition at 1506 keV. Subsequently, unshifted and shifted
intensities of the 4, — 3| transition at 470 keV are an-
alyzed [see Figs. 3(e) and 3(f)] for five distances in the
sensitive range. The mean lifetime is obtained from the sin-
gle 7; in Fig. 3(d) and yields 7 = 108(3)star.(8)sys. Ps and
T = 113(4)star. (8)sys. ps from forward and backward angles,
respectively. The weighted mean is 7(4]) = 110(3)gtar. (8)sys.
ps. Exemplary t curves of the 3 and 4, states are presented
in Fig. 3.

B. Doppler-shift attenuation method

The Doppler-shift attenuation method (DSAM) was ap-
plied for the analysis of the short-lived 4] and 6] states. The
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FIG. 3. Exemplary 7 curves of the (a) 3| state and (d) 4| state at backward and forward angles, respectively. The weighted mean value is
marked with a black solid line, the black dashed line indicates the statistical uncertainty. The respective (b), (e) unshifted and (c), (f) shifted
intensities are presented with the corresponding polynomial-fit functions (dashed red curves). Lifetimes and y -ray intensities are plotted against
the offset-corrected relative target-to-stopper distances. Note the logarithmic distance scale.

slowing-down process of the nuclei of interest in the target
and stopper material is described via Monte Carlo simulations
performed by a modified version of the DESASTOP computer
code [31,32]. The Monte Carlo simulations include the reac-
tion kinematics, target and stopper properties, as well as the
detector setup including finite opening angles. The electronic
stopping powers for **Ti are obtained from Ref. [33]. For the
contribution of the nuclear stopping, the LSS description [34]
is considered as well as the parametrization of the universal
scattering function for a Thomas-Fermi potential [35]. Mi-
crochanneling effects in the stopping medium are taken into
account and are corrected for by a reduction factor of f, = 0.7
(cf. Refs. [36-38] for further details).

In general, lifetime information can be obtained from the
correlation of the slowing-down process of the recoiling nu-
clei of interest and the decay pattern of the studied nuclear
states if both processes happen on the same timescales [39].
For the data analysis the differential decay-curve method was
applied by using y-y gates on the directly feeding transition
[40,41]. An energy gate onto any purely shifted part of the
feeding transition generates a y-ray spectrum of the depop-
ulating transition which afterwards will be analyzed. The
lineshape of this spectrum is a convolution of the Doppler-
shifted energy spectrum (i.e., the energy spectrum projected
on the recoil velocities corresponding to the energy gate)
and the detector-response function. The lifetime analysis is
based on a lineshape simulation which is compared with the
experimental spectra. The simulation includes (i) the y-ray

energies of the unshifted feeding and depopulating transitions,
(ii) the detector-response function, (iii) the time dependence
of the velocity projections of the Doppler-shifted energies
onto the observation angle of the detector setup, and (iv)
the time-dependence of the population scheme of the level
of interest. Further details on DSAM analyses are given in
Refs. [40,41].

The lifetimes of the 47 and 6/ states are analyzed by
employing gates on the shifted component of the 6] — 41
and 8 — 6/ feeding transitions, respectively. The resulting
y-ray spectra with the corresponding simulated lineshapes
for the 47 — 27 and 6 — 4] transitions are presented in
Figs. 4(a) and 4(b), respectively. Obviously, as both spectra
show similar amounts of Doppler-shifted components with
respect to the unshifted peak, the analyzed lifetimes cannot
differ considerably. While the y-y statistics of the 47 — 2
transition amounts to 1500 counts in a single ring-ring com-
bination, it diminishes to 400 counts for the elusive 6] — 4]
transition. Nevertheless, the background level is reduced to
<10 counts. Similar to the RDDS analysis, the generated y -
ray spectra are analyzed separately for forward and backward
angles. The obtained lifetimes of the 6] state is determined
from forward and backward angles, yielding 7 = 0.64(12) ps
and T = 0.69(18) ps, respectively. The weighted mean of both
values amounts to t(6f’) = 0.65(10) ps. In the lifetime anal-
ysis of the 4] state this lifetime was included to the feeding
scheme. The obtained lifetime of the 4T state is T = 0.69(11)
ps and t = 0.56(9) ps for forward and backward angles,
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respectively. The weighted mean yields t(4]) = 0.61(7) ps.
The experimental uncertainties are dominated by the statisti-
cal errors which yield 90 and 40 fs for the 6] and 4] states,
respectively. Systematic errors occur from the uncertainty of
the slowing-down process, which is distributed over the uncer-
tainties of the electronic and nuclear stopping powers and to
the target width. These errors were conservatively estimated
to not exceed 10% (cf. Ref. [41]) and are included in the final
uncertainties.

IV. DISCUSSION

The measured lifetimes were converted to B(oA) val-
ues and are compared with previous experimental data (see

Table II). Furthermore, results for B(o 1) values from shell-
model calculations were obtained and confronted with the
new experimental findings. Comparisons are drawn along the
ground-state band of “*Ti up to the 12 state. The results are
presented in Fig. 5.

The newly determined lifetimes of the 4 and 6]
states correspond to B(E2; 47 — 2]) = 276738 ¢? fm* and
B(E2; 6] — 41) = 135723 ¢ fm*, respectively. Both values
are in a good agreement with previous measurements from
the 1970s. The experimental uncertainty for the 4] lifetime
was improved by 7%. The 3 state decays via a 2093-keV
E1 transition to the ZT state. The lifetime corresponds to
B(E1;3] — 2{)=3.0"03 x 107% ¢?fm* and is in a fair
agreement with the preliminary results from Ref. [22]. The

TABLE II. Experimental reduced transition strengths of **Ti from the present experiment are compared with previous experimental values.
The results on reduced transition strengths and excitation energies from Ref. [21] are compared with four different shell-model calculations

with e, = 1.5¢, e, = 0.5e. See text for details.

E; (keV) B(ox) (W)
Experiment Theory Experiment Theory

Jr 2 J7 Literature ~ GXPF1A KB3G FPD6 ZBM2M Present Previous GXPF1A KB3G FPD6 ZBM2M
0 B 0F, 1083 1287 1300 1300 1096 22,0718 13] 114 129 152 24.5
47 = 2F 2454 2381 2430 2498 2696 3015 30™7 [15] 14.8 17.0  20.6 354
6f = 47 4015 3113 3317 3776 4511 1543 1743 [18] 11.6 142 174 22.5
8 = 6F 6509 5210 5589 6248 6081 >1.3[17] 7.8 10.1 121 23.2
10 =3 8 7671 6368 6868 7614 7292 16752 [17] 10.0 113 11.8 3.7
12 =2 107 8040 6776 7484 8312 7723 44701 119] 5.9 6.6 68 4.1
37 = 2f 3176 3544 3.7(3) x 1078 ~2.7 x 107° [22] 0

47 =2 3 3646 2844 3213 10007300 [20] 0.3
4 Logpe 14707 x 104 43 x 1073 [20] 1.7 x 1076

4B(E2) value assumes 100% branching.
"With |§] = 4.2(8) [42].
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FIG. 5. (a) Experimental and theoretical excitation energies and
(b) B(E2) values of the ground-state band in *Ti. B(E2) values
from this work are given by red squares. Previously adopted experi-
mental transition strengths (black filled triangles) are taken from the
corresponding lifetimes given in Refs. [13,15,17-19]. Shell-model
calculations employing the GXPF1A (blue open triangles), KB3G
(purple open circles), FPD6 (orange open diamonds), and ZBM2M
(green filled circles) interactions are shown. B(E2) values are com-
pared with results from an «-cluster model (dark red stars) taken
from Ref. [24].

47 state is depopulated via a mixed E2-M1 transition. The
lifetime converts into B(E2; 4, — 37) = 290(20) ¢* fm* and
BM1;4] — 3]) = 2.6:1):; x 107* p%. The applied mixing
ratio is given in Ref. [42] and yields § = 4.2(8). The obtained
result differs considerably from the value given in Ref. [20].
However, a larger lifetime was already indicated by Dixon
et al. [18] and fits the present observations.

For the theoretical description of the excitation energies
and the B(E?2) values of the ground-state band, shell-model
calculations were performed employing the K-SHELL code
[43,44] as well as the code NUSHELLX@MSU [45]. The fp
model space comprises the 0f7/2, 1p3s, 1pis2, and Ofs)
orbitals coupled to a *°Ca core. Three interactions were
employed for comparison with the present experimental
data: FPD6 [1], KB3G [2], and GXPF1A [3]. Moreover,
the ZBM2M shell-model interaction [7] was employed for
the calculation of negative-parity states and to investigate the
impact of cross-shell correlations in **Ti. This interaction

uses the extended hasp model space comprising the proton
and neutron 1sy 2, 1d3,2, 0f7/2, 1p3,2 orbitals coupled to a 28gj
core. For nuclei in the region of the sd and fp shells, reduced
proton charges of e, = 1.15¢ to 1.31e provided reasonable
results along N = Z [46,47]. However, standard effective
charges e, = 1.5¢ and e, = 0.5¢ are used for all shell-model
calculations in order to approach the impact of core excita-
tions in **Ti. For the derivation of B(M1) strengths, effective
spin g-factors with gl ... =0.7g.. (Ge., g, =391 and
g, = —2.678) were used, which is justified because the
spin-orbit partners are not present in the model space.
Furthermore, these values exactly reproduce the experimental
g-factors of the 2T reference state [48]. The shell-model
results are summarized in Table II and displayed in Fig. 5.

As observed in Fig. 5(a), the four shell-model interactions
reproduce the trend of the excitation energies of the ground-
state band in *Ti quite well. Nevertheless, there are some
deviations which have significant impact on the evolution of
the B(E2) values discussed hereinafter. The excitation energy
of the 2 state is in very good agreement with the result
from the ZBM2M interaction but is overestimated by the other
three interactions by approximately 200 keV. The 4] state
excitation energy is well reproduced by the three fp shell
interactions and is overestimated by the ZBM2M interaction
by &250 keV. The energy of the 6T state is still overesti-
mated by the ZBM2M interaction while being underpredicted
by the other three interactions. Thenceforward, the ZBM2M,
GXPF1A, and KB3G interactions underestimate the evolu-
tion of the 8], 10{, and 12] excitation energy, whereas the
FPD6 interaction is in fair agreement with the experimen-
tal observations. In addition, the ZBM2M interaction opens
the possibility to calculate excitation energies from negative-
parity states. The energy of the 3| state yields 3544 keV
compared with the experimental value of 3176 keV. However,
the excitation energy of the 4 state is not reproduced (2844
keV compared with 3646 keV), moving the 4, state below the
3} bandhead.

The derived B(E?2) values exhibit a very different evolution
along the yrast band for the GXPFIA, KB3G, and FPD6
interactions on the one hand and the ZBM2M interaction on
the other hand [see Fig. 5(b)]. The three f p-shell interactions
show a very similar evolution along the ground-state band. As
already discussed in Ref. [13], the theoretical description of
the first-excited 27" state underestimates the experimental re-
sult. This behavior continues for the 4] state. The theoretical
results match the experimental results first for the 6] — 4]
transition where the B(E2) nearly halves. Thenceforward, all
three interactions are in good agreement with the experimental
observations. The “’Ca core excitations have predominantly
low-spin configurations which, therefore, influence most the
wave functions of the low-spin states. Even by the use of
standard effective charges, the fp shell interactions do not
match the experimental values. For the 2 — 07 and 4] —
2 transitions only the new ZBM2M interaction with the ex-
tended hasp model space provides a good description. This is
due to the account of particle-hole excitations for the low-spin
states. Their amount is deduced from the wave functions and
it yields more than 88% of core-excited configurations for the
states up to 6;’. The higher-lying states are predominantly of
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f7/2 character manifested by a general decrease in collectivity.
This is differently modeled by the ZBM2M calculation. Clear
deviations between the different theoretical approaches are
observed for the 8 and 10] states. The ZBM2M interaction
overestimates the values of the other interactions for the 87
state, whereas experimental and theoretical values for the 10%r
state are considerably underestimated. The 12 isomer is in
good agreement with the shell-model result. The ZBM2M
interaction is competitive for the description of low-spin yrast
states in *“*Ti although its predictive power decreases with
higher spins.

The experimental B(E?2) values from the ground-state band
are furthermore compared with theoretical values from the
a-cluster model reported by Ohkubo et al. [24]. The group
uses an a-like excitation of a “°Ca core employing density-
dependent M3Y (DDM3Y) double folding potentials without
any effective charges. B(E2) values extracted from this model
are displayed in Fig. 5(b). They show a trend similar to
the ZBM2M values although they evolve smoother along
the ground-state band. This model reproduces the enhanced
collectivity for the 2| and 4] states well and is in perfect
agreement with the B(E2) value of the 10;r state. Similar to
the ZBM2M calculation, the B(E?2) value from the 6f state is
overestimated by the a-cluster model. Overall, the evolution
of the ground-state band transition strengths are reproduced
quite well by this model. This also supports the argument of
the importance of an excited “°Ca core for an adequate de-
scription of transition strengths from low-energy states in *Ti.

Transition strengths from negative-parity states were cal-
culated with the ZBM2M interaction. However, the calculated
B(E1;3] — 2{) value is equal to zero. At first glance, the
shell model supports the exceptionally low B(E'1) = 3.7(3) x
10~® W.u. value. The finite experimental value can be ex-
plained by isospin-symmetry breaking as both states—the 3
and 2 —are calculated to have isospin 7 = 0. Due to the
isovector character of the E'1 transition operator, the shell
model yields B(E1) = 0. This slow E1 transition in **Ti ex-
hibits a drop in collectivity with respect to the isotopic and
isotonic neighbors *°Ti and **Ca of two to three orders of
magnitude. Even for the 7, = +2 isospin partner **Ca the
B(E1;3] — 2{) value amounts to 2.5(12) x 10~* W.u. [21].
The calculated M 1 and E2 reduced transition strengths of the
4, — 3] transition underpredict the experimental values by
two orders of magnitude (see Table II). The shell-model cal-
culations support a dominating E2 character of the 4, — 37
transition. The interaction yields a multipole-mixing ratio of
6.3 and is comparable with the experimentally determined
|8] = 4.2(8) [42].

To give a more detailed interpretation of the lifetime of
the 4 state, the decomposition of the total wave function
configuration into its proton and neutron components was cal-
culated for selected states with the ZBM2M interaction. The
decomposition matrix is symmetric due to the self-conjugated
nature of **Ti. The 4] state can be predominantly decom-
posed into 4~ ® 07 (22%), 4~ ® 2T (28%), and 5~ ® 2"
(15%) coupled proton or neutron configurations. While the
0T and 27 configurations are of 2p2h (24%) and 4 p4h (16%)
character, the configurations coupled to 4~ and 5~ are pre-
dominantly of 3p3h character: d; 3573 f7), (30%), d3 357 5 f3)

(9%), and d3;bsi5p} o f7, (5%). Major components of the
3] state originate from 3~ ® 0% (31%), 2~ ® 2% (22%), and
5~ ® 2% (13%) nucleon couplings. Similar to the 4~ state,
the positive-parity configurations are 2p2h (23%) and 4p4h
(4%) excitations plus an additional amount of 0pOh (12%)
configurations. In contrast with the 4, state, the negative-
parity configurations of the 3| are dominated by 1p1h (28%)
(19% s, f7,, and 9% d;)} f3,) nucleon configurations. The
3p3h configurations d; 35/ 13, (12%) and d; 3573 f7, (2%)
are calculated to an amount of 14%.

As the E2 and M1 one-body transition operators in the
shell-model calculation can only connect configurations dif-
fering by maximum 1plh excitation, the transition 4, —
3} 1is limited to 3p3h configurations and is predominantly
of d3;» <> 51,2 character. This explains the small transition
strength calculated by the ZBM2M interaction, especially as
the spin-orbit partners are not available in the given model
space, the B(M1) strength is hindered. Therefore, calculations
in the full sd pf model space are needed for a refined theoret-
ical description of the 4] — 3] transition.

V. CONCLUSIONS

In summary, lifetimes of negative and positive-parity states
in the N = Z nucleus “Ti were measured with the RDDS
technique and the DSA method. The present results for the 4/
and 6] states yield good agreement with previous measure-
ments. Deviations were found for the 3] and 4 states. In the
case of the 3] state, only preliminary values are available in
the literature. The higher lifetime of the 4| state has been pre-
dicted by Dixon et al. [18]. The comparison with shell-model
calculations yield ambiguous conclusions. The ZBM2M inter-
action reproduces the 2] and 4{ transition probabilities well
but falls short for higher spins. The GXPF1A, KB3G, and
FPD6 interaction are in good agreement with the B(E2; 6;’ —
41) value and reproduce the trend up to the 12 isomer. B(E2)
values from the ground-state band were well reproduced by
results from the o 4+ *°Ca(/™) model reported in Ref. [24].
Reduced transition strengths from the negative-parity band in
“Ti were compared with shell-model results for the first time.
The finite experimental value of B(E'1;3] — 2?) =373) x
10~® W.u. indicates isospin-symmetry breaking and remains
challenging to be reproduced within the shell model. The
derived transition strengths of the 4, — 3| transition show
the same trend to a higher lifetime but even underestimate the
present B(o 1) values. For the 8] state only an upper lifetime
limit of T < 0.7 ps is available in literature. Precise lifetime
measurements of this state can close the gap within the yrast
band towards the 12 isomer and will help to solve the puzzle
of the different shell-model descriptions. On the theory side,
full sdpf shell-model calculations are needed to properly
discuss the B(M1) strength of the 4, — 3] transition.
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B(E2) values behavior of the 67 state in 1%0Sn.
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1. Introduction magic nucleus within the pf major shells is also the first doubly

magic N = Z nucleus that is not stable and this feature has ham-

Doubly-magic atomic nuclei act as cornerstones for the de- pered studies of the properties of nuclear levels relevant to the
scription of nuclear structure. They provide access to basic prop- N = Z =28 shell gaps.

erties such as excitation energies and nuclear transition rates as Although %5Ni is only two neutrons away from its stable neigh-

signatures for very pure shell-model configurations outside an in-
ert core [1-4]. The N = Z nucleus *°Ni with the magic numbers
N = Z = 28 plays a special role for the development of the nuclear
shell model. The introduction of a strong spin-orbit interaction

boring isotope *3Ni, previous studies on excited states in this nu-
cleus required highest experimental efforts. High-spin states in
56Ni were investigated by Rudolph et al. [7] who used a 143 MeV
by Goeppert-Mayer and Jensen et al. facilitated the magic num- *°Ar beam impinging on a ?*Si target provided by the 88-Inch Cy-
ber 28, while the magic numbers 2, 8, and 20 are also present clotron at the Lawrence Berkeley National Laboratory. The 2« exit
without spin-orbit coupling [5,6]. Within the pf shell, comprising channel after fusion-evaporation reaction was selected by employ-
the 1f7/2, 2p3/2, 2p1/2, and 15,2 proton and neutron orbitals, the ing the 45 Csl ball MicROBALL [8]. Subsequent y rays from excited
spin-orbit splitting of the f7,, orbital from the other three orbits states were measured with the GAMMASPHERE array comprising 82
creates an energy gap at N, Z = 28. However, *°Ni as a doubly- Ge crystals [9]. The Zf lifetime was directly obtained from a pi-
oneering experiment using the Doppler-shift attenuation method
in 1973 by Schulz et al. [10]. The transition probability to the
; ) . first excited state was determined by Coulomb-excitation measure-
E-mail address: konrad.arnswald@ikp.uni-koeln.de (K. Arnswald). . . . .
1 Present address: Physics Division, Argonne National Laboratory, 9700 South Cass ments at intermediate energles by Kraus et al. [1]] and Yurkewicz
Avenue, Lemont, Illinois 60439, USA. et al. [12] using a *°Ni radioactive beam.
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Both nuclear properties, the excitation energy of the ZT state
and the transition strength to the ground state, are key signa-
tures for shell closures. Unlike other doubly magic nuclei such as
40Ca with N = Z =20, in *Ni both values show contradictory be-
havior for the N = Z = 28 shell gap. While the excitation energy
shows a considerable increase at N, Z = 28, the shell gap does
not result in a particularly small B(E2) value for the lowest 2+
state [12]. This can be understood in relation with the nature of
the shell-closure: in Harmonic Oscillator (HO) shell closures such
as #0Ca, quadrupole excitations of the ground state do not connect
to the first low-lying 2% states (usually of many particle-hole na-
ture) whereas in spin-orbit shell-closures, such as in *6Ni or 190Sn,
the first excited 27 state is a direct quadrupole excitation of the
doubly-magic core, resulting in an enhanced B(E2) value. Such
evolution of gaps have been studied in detail through spin-tensor
analysis [13] and evolve mainly due to the central component of
the monopole nuclear interaction. This has been interpreted as a
relative softness of the shell closure at °°Ni [14,15]. The Kumar
quadrupole invariants also point to large quadrupole fluctuations
resulting in a relatively non-defined spherical shape [16].

For the pf shell, shell-model interactions are available which
well describe the features of corresponding nuclei [17-19]. These
interactions are usually based on renormalized realistic nucleon-
nucleon potentials with phenomenological corrections. These cor-
rections are believed to take into account (in an ad-hoc manner)
the missing three-body contributions [20]. In addition, nowadays,
explicit 2N and 2N+3N interactions built on chiral perturbation
theory potentials are also available and can be challenged for an
ab-initio description of nuclear structure properties [21].

Nuclear structure studies in *°Ni provide guidance for the de-
scription of the self-conjugate doubly-magic nucleus 199Sn [22-24].
Several analogies between both nuclei exist and they have their
origin in similar single-particle energies (SPE) and single-hole
energies (SHE) [25]. Therefore, a concurrent description of >6Ni
and 1%0sn is sought by theory and investigations were performed
e.g. by Nowacki who compared theoretical 2{“ excitation energies
and B(E2) values of both nuclei [26]. Furthermore, a detailed com-
parison between both nuclei was given by Faestermann et al. who
elaborate on the systematics of E(2{), B(E2:2{ — 0g), and on
the similarities of the theoretical description [27].

The collectivity of excited states in N = Z nuclei is subject of
most recent investigations [28-31]. For the even-even nuclei ‘z“lei,
35Cr, and 32Fe within the 1f7/, orbital, enhanced E2 strengths
were obtained with respect to the relevant isotope chain systemat-
ics [29]. These studies predominantly focus on the first excited 2+
state. Along the N = Z line °6Ni is located between the even-even
nuclei 32Fe and §9Zn. While for 52Fe B(E2) values from higher-
lying states are available (cf. Ref. [32]), for 89Zn no lifetime values
from excited states are known. In *®Ni, the B(E2; 2] — 0 ) value
is only known with a sizeable uncertainty [33]. In spite of consid-
erable experimental effort, no valid lifetime values were available
for higher lying yrast states like the 4 and 6] states in this nu-
cleus. These values are needed to answer the question whether the
collective behavior is restricted to the ZT state and how it evolves
along the yrast line. Therefore, a measurement was performed to
determine the reduced transition strengths of these states in the
N = Z doubly-magic system. Nuclear level lifetimes were studied
employing the Doppler-shift attenuation method in a stable ion-
beam experiment, which allows for high accuracy by exploitation
of yy-correlation gated spectra reducing the background.

This paper is organized as follows: the experimental details and
the results of the data analysis are described in the first two sec-
tions. A detailed comparison with results from modern shell-model
calculations is presented in the following section before the paper
closes with a summary and conclusions.

Physics Letters B 820 (2021) 136592

2. Experiment

The lifetime experiment on *°Ni was performed at the FN tan-
dem accelerator at the Institute for Nuclear Physics, University
of Cologne, Germany, using the setup of the Cologne coincidence
plunger [34]. Excited states were populated by 27Al(32S, 2np)°6Ni
fusion-evaporation reactions at 78 MeV beam energy. The target
was made of 0.5-mg/cm? aluminum evaporated on a 2.8-mg/cm?
natural magnesium backing. Emitted y rays were detected by
twelve high-purity germanium (HPGe) detectors with relative ef-
ficiencies between 55% and 80% placed in three rings at polar
angles of 0° (one detector), 45° (six detectors), and 142.3° (five
detectors) with respect to the beam axis. Pile up and additional
dead time caused by low-energy X rays were significantly reduced
by detector shields consisting of 2-mm thick sheets of lead and
copper which were placed between target and HPGe detector end
cap. Coincident y-ray events were processed and recorded utiliz-
ing synchronized 80-MHz XIA® Digital Gamma Finder (DGF) data-
acquisition system and stored to disk. The data were sorted into
y — y matrices employing the soco-v2 sort code [35] and ana-
lyzed utilizing the Tv [36] software package. In total 11x10° y —y
events were recorded.

3. Analysis and results

The Doppler-shift attenuation method (DSAM) was applied for
the lifetime analysis of the 4T and GT states. For the description
of the slowing-down process of the nuclei of interest in the tar-
get and stopper material, Monte Carlo simulations were performed
by a modified version [37] of the DEsAsToP computer code [38,39].
These Monte Carlo simulations describe the slowing-down process
of the recoiling nuclei by taking into account the reaction kine-
matics, as well as target and stopper properties and the detector
setup including finite opening angles. The electronic stopping pow-
ers for *°Ni are obtained from Ref. [40]. For the contribution of
the nuclear stopping the ]J. Lindhard, M. Scharff, H.E. Schigtt (LSS)
description [41] is considered as well as the parametrization of
the universal scattering function for a Thomas-Fermi potential [42].
Microchanneling effects in the stopping medium are taken into ac-
count and are corrected for by a reduction factor of f, = 0.7 (cf.
Refs. [43-45] for further details).

In general, lifetime information can be obtained from the cor-
relation of the decay pattern of the studied nuclear states and the
slowing-down process of the recoiling nuclei of interest if both
processes are happening at the same time scales [46]. Due to the
small cross section of the elusive reaction channel, which leads to
low statistics in y-gated spectra, the lifetime analysis is performed
in singles mode with y gates applied to the complete Doppler-
broadened lineshape of the 2 — 0g . transition at 2701 keV to
select the higher lying states of interest, to clean up the spec-
trum, and to reduce the background. y-ray spectra from the life-
time analyses of the 4] and 6 states are shown in Fig. 1. The
y-ray lineshapes in these quasi-singles spectra are a convolution
of the Doppler-shifted energy spectrum (corresponding to the ve-
locity projections on a given observation axis) and the detector
response function. The lifetime analysis is based on a numerical
lineshape simulation, the calculated lineshape is compared iter-
atively with the experimental spectra. The line shape simulation
takes into account: (i) the y-ray energies of the unshifted feed-
ing and depopulating transitions, (ii) the level lifetimes of feeding
states, (iii) the detector-response function, (iv) the time depen-
dence of the velocity projections of the Doppler-shifted energies
onto the observation angle of the detector setup, and (v) the time
dependence of the population scheme of the level of interest. Fur-
ther details on the DSAM analysis are given in Refs. [31,47].
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Table 1
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Experimental excitation energies and reduced transition strengths of *Ni from the present experiment are compared with previous experimental values taken from Refs. [10-
12]. The results are compared with four different shell-model calculations. Effective charges e, =1.12¢, e, = 0.67 ¢ were used. See text for details.

T E [keV] B(E2; JT — (J —2)) [¢? fm*]
Exp.? Theory Experiment Theory
GXPF1A 2N 2N+3N PFSDG-U Present Previous GXPF1A 2N 2N+3N PFSDG-U
27 2701 2597 977 2567 2964 - 741242 130 270 132 150
4f 3924 3687 1887 3567 4701 12872 < 296" 124 504 132 107
67 5316 5289 3139 5286 5658 59110 - 87 533 119 69
2 From Ref. [33].
b From Ref. [10].
3000 imental spectra. In the y-ray spectrum shown in Fig. 1(b) the
[ (a) 4T =27 Experiment - 2{ — 0f transition from >*Fe is observed at 1408 keV as a small
2500 % Simulation e | contamination. This transition can be traced back to random coin-
[ cidences of this strong evaporation channel. However, the lifetime
2000 [ g ] analysis of the 6] state in *°Ni is not affected by this transi-
@ i tion which has no contaminating lineshape. For the analysis of the
£ 1500 [ i ] 6{“ level lifetime, y-ray spectra from two different detector-ring
3 combinations (i.e. 45° and 142.3° spectra with y-energy gates on
1000 L 142.3°) are analyzed which are statistically independent. The fi-
E nal lifetime T(GT) =2.66(38) ps is determined from the weighted
500 [ mean of both values.
Likewise, the level lifetime of the 41+ state was determined (cf.
0 bt U ER Fig. 1(a)). The considered feeding includes the lifetime and initial
1180 1200 1220 1240 1260 population of the 67 level. The final lifetime is determined from
Energy [keV] two detector-ring combmatlons‘(l.e. 142._.:;° spectra with y-energy
1000 gates on 45° and 142.3°) and yields 7(4]) =2.31(37) ps. The sta-
‘ ‘ ‘ ‘ ;! ‘ tistical uncertainties are 300 fs and 100 fs for the 61 and 47 states,
(b) 67 — 4t Experiment ++~ . ) . 1 1o
Simulation re- respectively. Systematic errors arise partly from the uncertainties
800 B of the slowing-down process which originates from the uncer-
o tainties of the electronic and nuclear stopping powers and from
600 *“Fe ] the target thickness. These errors were conservatively estimated
% to not exceed 10% (cf. Ref. [31]). Additional systematic errors of
3 ATseeder = 150 fs and ATgeeder = 120 fs stem from the effective
© 400 feeding lifetimes for the 6] and 47 states, respectively. In the case

200 A

1320 1340 1360

1380 1400 1420 1440
Energy [keV]

Fig. 1. Exemplary y-ray spectrum of the (a) 4] — 27 transition of *°Ni observed at
polar angles of 142.3° with respect to the direction of beam. Similar data for the
(b) 6?’ — 4?’ transition. Both spectra are obtained by applying a y-energy gate on
the complete ZT — O;r_s_ transition to reduce the background. Experimental data are
shown as black horizontal bars. The simulated line shapes are given in open red
circles. A contaminating >*Fe transition is marked (see text for details).

The 67 lifetime is obtained from a x2 minimization of the
differences between the simulated lineshape and the experimen-
tal spectrum of the 6T — 4?’ transition in an energy range from
1331 keV to 1400 keV. The final result is shown in Fig. 1(b). The
direct feeding ST — GT transition is observed with very weak
intensity in the experimental spectrum. The feeding contribution
from the 8T state is taken into account as contribution to the ex-
perimental lifetime uncertainty. Since no lifetime value is known
for the 81 state, its upper limit is conservatively estimated to
ATgeeder = 150 fs as for the large transition energy of 2638 keV a
short lifetime can be expected (in comparison: the 2* state life-
time amounts to 76 fs [33] with a similar transition energy of
2701 keV). Apart from the ST — 61+ transition, no further feeding
transitions for the 4T and GT states are observed in the exper-

of the 4] state, the initial population of the feeding 6 state is
also taken into account. For each detector-ring combination, the
uncertainty is determined from a variation of the different error
sources within their given error margins. From these varied sim-
ulations, lifetimes t; were obtained which mark the range of the
uncertainty distribution. From the sum over all At; = |t — 7|, the
total uncertainty for a single detector-ring combination is obtained.
The final uncertainty of each lifetime is determined from the error
of the weighted mean of two detector-ring combinations.

4. Discussion

The newly measured lifetimes for the 4] and 6] states are
converted into B(E2) values. The reduced transition strengths
yield B(E2;6] — 47) = 59710 e? fm* and B(E2;4] — 2]) =
128128 % fm* (see Table 1 and Fig. 2). The latter result is in

agreement with the experimental estimate of < 296 e? fm* cor-
responding to the lower lifetime limit of > 1 ps in Ref. [10]. Fig. 2
shows the excitation energies of the (e) 27, (c) 47, and (a) 67

states and the B(E2) values of the (f) 2 — Of, (d) 4] — 2,

and (b) 6] — 4] transitions for the N = 28 isotones between the
doubly-magic nucleus #8Ca and °8Zn, two protons above *°Ni. A
comparison of the new B(E2) values shows an enhancement and
highest values along the N = 28 even-even isotonic chain within
the experimental uncertainties.

Theoretical results from shell-model calculations are obtained
and confronted with the new experimental findings (see Table 1).
For the theoretical description of the excitation energies and the
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Fig. 2. Experimental and theoretical excitation energies (a, ¢, €) and B(E2) values (b, d, f) of the Zf (e, ), 4T (c, d), and 61+ (a, b) states in N = 28 isotones. B(E2) values from
this work are given in red squares. The previously adopted experimental values (black triangles) are taken from Refs. [33,48]. Moreover, shell-model calculations employing
the GXPF1A (blue open triangles), 2N+3N (purple open circles), and PFSDG-U (orange open diamonds) interactions are shown using the effective charges e; = 1.12e and

e, =0.67e. See text for details.

B(E2) values of the ground-state band, shell-model calculations
were performed employing the KSHELL [49] and ANTOINE [50,51]
codes. The model space comprises the 1f7,2, 2p3/2, 2p1/2, and
1f5,2 proton and neutron orbitals, coupled to a 40Ca core. For com-
parison with the present experimental data: we use the standard
pf effective interaction GXPF1A [17] as well as the novel PFSDG-U
interaction using only its pf orbitals for both protons and neu-
trons [18,19]. This latter interaction is a monopole constrained
realistic interaction in the spirit of the older KB3G [52]. In addition,
for sake of completeness, valence ab-initio calculations were per-
formed using the recently derived Hamiltonians from chiral pertur-
bation theory, with (2N+3N) and without (2N) three-body potential
contributions [21]. In all cases, the effective charges e; = 1.12e
and e, = 0.67e were used for protons and neutrons, respectively.
These charges reproduce the 27/2~ — 23/27 transition strengths
in the ®'Fe and >'Mn mirror partners [53] and provided a good
description of B(E2) values in Ni isotopes [54].

An inspection of Table 1 shows that the 2N interaction has
problems in describing the energy spectrum of the lowest yrast
states in °°Ni as well as clearly overestimates the experimental
B(E2) values. These issues are improved by adding 3N forces [21].
The main difference between the 2N and 2N+3N calculations is
found in the shell gap at N = Z = 28. With the 2N interaction,
the calculated neutron and proton shell gaps A, and A, defined
as Sp(®’Ni)-Sp(°°Ni) and Sp,(*’Cu)-S,(°°Ni), respectively, result in
~4.6 MeV compared to ~6.45 MeV experimentally. As a con-
sequence, these smaller gaps lower the deformed multi-particle
multi-hole (npnh) configurations by several MeV with respect to
the expected closed-shell configuration. Inspection of the obtained

ground state wave-function shows considerable amount of 2p2h
and 4p4h mixing in the leading configurations while the closed-
shell configuration amounts to only 20%. Associated strong B(E2)
values are observed along the yrast band. Inclusion of 3N con-
tributions restores the physics picture: the proton and neutron
shell gaps A, , are increased to ~5.5 MeV (which is still smaller
than experimentally observed), and the closed-shell configuration
rises up to order 61% as expected for a doubly-magic nucleus. The
A =57 spectrum shows a reduced binding of the 1f5/, state with
respect to the 2p3/, state, which counterbalances the smaller gap.
This results in B(E2) values which are in good agreement with the
experimental data with the exception of the 6% — 4% transition
that is slightly overestimated. The latter observation may be traced
back to the enhanced 2p3,; occupancy with respect to the 1f5,,
one, provoking (slightly) larger f7/2 — p3;2 = Aj =2 quadrupole
coherence.

Comparison between calculated and measured B(E2) values
show rather similar behavior (see Fig. 2). For the 2] — 0g,. and

47 — 2 transitions, all interactions show overall good agree-
ment over the whole isotonic chain. The experimental trend of
the B(E2; 6] — 4]) values is also very well reproduced by the
GXPF1A and PFSDG-U interactions while the 2N+3N calculations
start to deviate at >°Ni. It is noteworthy, the nature of the 27, 47,
and GT states changes along the N = 28 isotonic chain from proton
valence f7,, recoupling to 1p1h excitations from both protons and
neutrons in *Ni. The detailed occupancies and npnh components
are provided in Table 2 for the °Ni case. For all excited states
up to 6]*, the 1p1h, 2p2h, and 3p3h configurations dominate (ex-
cept for the 2N interaction). This reflects the correlations beyond
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Table 2
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Occupation of neutron orbitals and percentage of particle-hole excitations across the N = 28 gap for the 2*, 4%, and

6% states in 6Ni.

Interaction J* vfin VP32 vfsp vp12 1plh 2p2h 3p3h 4p4h 5p5h
2N 2+ 5.82 1.27 0.59 0.32 75 6.4 15 16 18
4+ 5.74 130 0.62 0.35 5.2 6.7 13 17 19
6" 5.69 1.27 0.67 0.36 3.7 72 13 17 19
2N + 3N 2+ 6.89 0.75 0.26 0.11 42 12 25 9.6 73
4+ 7.00 0.60 0.26 0.14 46 14 23 8.6 5.7
6" 6.80 0.52 0.53 0.16 34 25 20 12 5.9
PFSDG-U 2+ 6.63 0.88 0.39 0.10 35 10 28 10 10
4+ 6.69 0.68 0.48 0.14 37 12 27 10 8.8
6" 6.82 0.37 0.72 0.09 44 11 26 8.0 71
GXPF1A 2+ 6.79 0.82 0.30 0.10 43 13 27 9.8 6.8
4+ 6.89 0.62 0.41 0.09 46 16 20 8.7 52
6" 6.94 0.39 0.58 0.09 47 19 19 78 43
6000
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>
&6
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1000 i
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Fig. 3. Experimental and theoretical excitation energies and B(E2) values of *°Ni (see Table 1) are compared with results from the LSSM GDS interaction as well as the
HF-RPA [55] calculation for 199Sn (see Table 3). The B(E2) strengths are shown in W.u. and indicated by the arrow widths relative to the experimental B(E2; ZT — Ogis.) =

5.8 W.u. value in 6Ni.

the pure single-particle excitations across the shell gap that may
be expected for a doubly closed-shell nucleus. Such deviation from
the independent-particle model has already been discussed by sev-
eral authors [56,57] as a consequence of the competing short-range
and long-range correlations.

While the softness of the shell closure in ®Ni was deduced
from the B(E2) value of the 2;“ — Og's' (see Fig. 2(f)), an extraordi-
nary high collectivity of the 4T and GT states along the even-even
isotonic chain between #8Ca and *8Zn is found in the doubly-magic
system °°Ni due to the proton and neutron particle-hole excita-
tions of these states at the shell closure. Beyond the shell closure,
theoretical results of the GXPF1A and PFSDG-U interactions natu-
rally predict a very low value of the 67 — 4] transition since the
GT is beyond the natural spin cut-off of two protons above the
56Ni core.

The evolution of reduced transition strengths along the yrast
band in *®Ni can be used to give insight into doubly-magic 1%0Sn. A
comparison of excitation energies and transition strengths is justi-
fied, as both nuclei are N = Z, doubly-magic, and have an open-¢s
core (both having a j 1 orbital below the shell gap and the j | as
well as the A¢ = Aj =2 orbitals above with similar SPE and SHE).
The similarity between the spin-orbit shell closures at Z =N =28
and Z = N =50 has been noticed and addressed already long
ago [25-27].

With the newly measured transition strengths of the 4?— and
GT-state decays, it is now possible to extend this discussion and
comparison to the higher spin states up to 61+. We perform LSSM
calculations in the full gds valence space (comprising the 1g9,2,
1g7/2, 2ds;2, 2d32, and 3sq,2 proton and neutron orbitals) up to

Table 3
Theoretical excitation energies and B(E2) values of 1005y from the
LSSM GDS shell-model calculation and the HF-RPA approach [55].

PR E; [keV] B(E2) [W.u.]

GDS HF-RPA GDS HE-RPA
2f - 0%5, 4149 3278 9.99 1625
4 — 2] 4539 4138 159 138
67 —4f 4597 4435 146 1.06

6p6h level. The realistic interaction is a renormalized G-matrix
from the Oslo group [58], with monopole constraints to repro-
duce gap observables in the vicinity of 19°Sn. The effective charges
er =1.11e and e, = 0.84¢ are the ones recently extracted from
98Cd and '92Sn E2 decay rates [59].

The new values for ®Ni are furthermore compared with level
energies and B(E2) values from the LSSM gds interaction (GDS)
and results from calculations exploiting the Hartree-Fock random-
phase approximation (HF-RPA) [55] in 1%0Sn (see Fig. 3) while the
values of the theoretical calculations in 19°Sn are shown in Table 3.

For the 2{ — Of transitions the different B(E2) values are
in agreement albeit the ZT energy level for the GDS calculation
of 190sn is considerably increased. However, distinct deviations
in reduced transition strength and transition energy are obtained
for the 4] and 6] decays. Here, the GDS shell-model calcula-
tion gives B(E2;4] — 2]) =1.59 W.u. and B(E2;6] — 4]) =
1.46 W.u. and a narrowed level-energy spacing. Similar results are
given by the HF-RPA calculation with B(E2) values of 1.06 W.u. and
1.38 W.u. for the 61 and 4] decays, respectively. Within the HF-
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RPA calculation, the 4T — ZT energy gap is comparable with those
from ®Ni, while the 6] — 4] transition energy resembles the GDS
calculation. Both experimental observations and shell-model pre-
dictions in 5®Ni show a more collective behavior for the 47 — 27
and 6] — 4 transitions expressed in B(E2) values of 5 to 10 W.u..
With the increased amount of core-excited configurations of the
4} and 6] states now being confirmed by the experimental find-
ings, following the analogy, we can expect a similar situation to
arise in the ¢s-open core 1%0Sp,

Motivated by 19Sn calculations in the past, the possible exis-
tence of E2 isomerism for the 61+ state has been discussed [25,27].
However, up to now, no experimental evidence has been found for
such an isomeric state [1,60]. A possible explanation to this can
be given by our new results. Due to the comparable shell struc-
ture with analogous SPE/SHE in the N =3 and N =4 harmonic
oscillator shells in °6Ni and '%°Sn, respectively, enhanced collec-
tivity can also be expected in 1°°Sn. The isomeric character of the
67 — 47 transition in 19°Sn depends on the transition energy and
the B(E2) value. Assuming an increased B(E2; 6] — 47) strengths
of ~5 W.u,, as found in °°Ni, and a transition energy of 58 keV
and 297 keV from the GDS and HF-RPA predictions, respectively,
the lifetime of the 61+ state will be 700 ns and 3 ns. Isomeric life-
times smaller than 300 ns were below the detection capabilities
of the previously performed experiments at fragmentation facili-
ties [1,60].

On the other hand, the actual differences noticed between the
E2 transitions along the yrast states of °6Ni and '°°Sn may be
understood in the following way: even though the degrees of free-
dom available at the Fermi surface in some isotopes may exhibit
similarities, the physics regime may develop differently. In the Ni
and Sn chains, it was recently emphasized [61] that the physics in
78Ni and '32Sn had common geometrical features: these two nu-
clei have double spin-orbit shell closures as well direct quadrupole
partners lying at the Fermi surface (see lower part of Fig. 41 in
Ref. [61]).

Nevertheless, the physics developing in these two nuclei is
rather different: 8Ni shows coexistence of deformed and spherical
shapes at a rather low-excitation energy (below 3 MeV), while in
1325, due to the stronger spin-orbit contribution to the neutron
shell gap, such coexistence disappears which is expressed in the
absence of low-lying deformed states (below 4 MeV) in this nu-
cleus. Therefore, such situation is expected to happen in 19°Sn with
respect to *°Ni: the increased spin-orbit contribution favors the
closed-shell configuration provoking a paradoxical behavior: strong
instability with respect to the weak interaction (super-allowed
Gamow-Teller transition) and strong stability with respect to the
strong interaction and electromagnetic excitations.

5. Summary

Lifetimes were obtained for the 47 and 6 states in the nu-
cleus *°Ni utilizing the DSA method. The corresponding B(E2) val-
ues are the highest along the N = 28 chain of isotones between
48Ca and °8Zn within the experimental uncertainties. The extended
systematics of B(E2) values are in good agreement with the cal-
culations from the GXPF1A and PFSDG-U shell-model interactions.
The results from ab-initio calculations illustrate the necessity of
three-body potentials in order to reproduce the experimental find-
ings. The new results are confronted with theoretical predictions
in the doubly-magic N = Z ¢s open-shell partner nucleus 190Sn.
The strong E2 collectivity in *®Ni could suggest a lifetime in the
ns range of a predicted 6] isomer in '%Sn. Along the N = Z line,
the newly obtained values close a gap of excited states lifetimes
above the first excited 2;“ state and draw attention to the even-
even neighbor 6°Zn - only one « particle away from *Ni - for
which no lifetime information on excited states is available.
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Discussion and conclusions

The aim of this thesis was the investigation of collective properties in even-even N = Z nuclei within the
pf shell. In total, six lifetime experiments were performed using two different methods which utilize
the Doppler-shifted energy lineshapes of emitted y rays from recoiling nuclei during their stopping
processes. The measured lifetimes are converted into B(o A) values which are confronted with results
from modern shell-model calculations. In the following, the content of the three publications is

summarized.

In the first publication “Enhanced collectivity along the N = Z line: Lifetime measurements in **Ti,
48Cr, and >?Fe” [16] the three mentioned self-conjugate even-even nuclei are studied which are
located between the doubly-magic shell-closures *°Ca and °°Ni in the 0f 1p shell. In this region, the
nuclear shell-model is the major framework for theoretical calculations of nuclear properties. Well
established GXPF1A [18], KB3G [21], and FPD6 [14] interactions are available for the pf model
space and provide results which are in excellent agreement with experimental data on excitation
energies and reduced transition strengths for the lower pf shell nuclei [73]. Although these nuclei
can be populated with various fusion-evaporation reactions, 2{ lifetime values in **Ti, “Cr, and >2Fe
were only known with considerable uncertainties. Precise lifetime values are crucial to further test
the shell-model predictions. Therefore, refined lifetime experiments were performed employing the
Cologne coincidence-plunger setup at the FN tandem accelerator at the Institute for Nuclear Physics,
University of Cologne, Germany. The lifetime analysis yielded increased B(E2;2" — Ogs_) values
for #*Ti and >2Fe indicating a more collective behavior for both nuclei. Applying the new results, a
unified evolution of B(E2) strengths is obtained along the three chains of isotopes with minima at the
(sub-)shell closures N = 20, 28 as well as N = 32 (for the Cr isotopes) and increased B(E2) values
towards mid shell. In particular, the increased B(E2) value in **Ti solves the conundrum of a local
minimum at N = 22. The employed shell-model interactions reproduce the trend of B(E2) values
along the chromium and iron isotopes. For *8Cr, experiment and theory are in a good agreement;
for >2Fe, the experimental value is reproduced by the FPD6 interaction and the realistic Hamiltonian
from Coraggio et al. while the values from the GXPF1A and KB3G interactions are lower. Merely,
the evolution along the titanium isotopes could not be reproduced by the different shell-model
interactions. This is indicated by the rising impact of multi-particle multi-hole cross-shell excitations

from the sd shell. In addition to the single B(E2) values, also the By, ratios were obtained for the

+0.29
—0.22°

1.00i8'(1)£13, and 1.14i8'§§ for #4Ti, Cr, and >?Fe, respectively. These values are interpreted as non-

collective excitations with tendencies of rotor-like behavior for **Ti. The corresponding ratios of

three nuclei. The ratios, build of the new values and adopted B(E2;4" — 21’) values, give 1.36

excitation energies E(4")/E(2") are settled between 2 and 3, predicting a transition from vibrational
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to rotational character. The inconsistent description of both ratios could not be addressed within
this work but might be traced back to the limited precision of the By, ratios originating from the
B(E2; 4{ - 2{) values which are partly known only with considerable uncertainties. Thus, future
precise lifetime measurements of 47 states in the three N = Z nuclei are needed to further reduce

the experimental uncertainties and to pin down the evolution of the B/, ratios.

The second part of this thesis “Lifetime measurements in **Ti” [17] deals with the even-even N = Z
nucleus **Ti which is located in the lower pf shell only one a particle away from doubly-magic
40Ca. For this reason, **Ti has been subject of different theoretical approaches using the a-cluster
model [58-63]. As discussed in the preceding publication, the pf shell-model interactions do not
provide an adequate description of the titanium isotopes in terms of the B(E2; 2" — Ogs.) values —
especially, for the neutron-deficient isotopes. Multi-particle multi-hole cross-shell configurations were
identified to arise around the Z = 20 shell closure and are included in the novel ZBM2 [29] and
ZBM2M [31] shell-model interactions. Moreover, the addition of positive-parity s and d orbitals to the
f p model space, also allows for the calculation of negative-parity states in **Ti. This nucleus offers an
excellent study ground for modern shell-model calculations in order to investigate the impact of core
excitations and to test the predictions in terms of negative-parity states. For these states only scarce
and contradictory lifetime information was available. Therefore, precise lifetime measurements were
performed utilizing both the recoil-distance Doppler-shift technique and the Doppler-shift attenuation
method in order to cover a broad range of lifetimes between several hundreds of femtoseconds and a
few hundreds picoseconds. The determined lifetimes for the 47 and 67 states are in a good agreement
with results from previous measurements whereas the experimental uncertainty could be slightly
reduced. Furthermore, precise lifetimes for the 3] and 4] states could be deduced which for the
latter one considerably deviates from a previous value. However, the increased lifetime value of
110(8) ps is now in agreement with predictions from Dixon et al. who discussed a lower lifetime limit
of 7 > 50 ps [74]. The new lifetime value for the 37 state is in a fair agreement with a preliminary
result from Michelagnoli et al. [75]. The deduced reduced transition probabilities were compared
with results from the novel ZBM2M shell-model interaction as well as the GXPF1A, KB3G, and FPD6
interactions along the yrast band. The ZBM2M interaction reproduces the 2] and 4] states very
well which are dominated by core-excited configurations and cannot be reproduced by the pf -shell
interactions. With increasing J, the states of the ground-state band are in a better agreement with the
GXPF1A, KB3G, and FPD6 interactions, which show a similar evolution, indicating a minor impact of
cross-shell configurations at higher-spin states. Moreover, the overall trend of B(E2) values along
the ground-state band is well reproduced by results from the “°Ca + a calculations from Ref. [62].
For the 8] — 6] transition, the ZBM2M interaction and the results from the a-cluster model predict
higher B(E2) values than derived from the three pf shell interactions. This deviation could not
be solved as from previous experiments only a lower limit of > 1.5 W.u. could be obtained [76].
Excitation energies and B(E2) values from negative-parity states in **Ti were compared with results
from shell-model calculations for the first time. The experimentally deduced finite B(E1) value of
the 37 — 27 transition indicates isospin-symmetry breaking, as the isovector character of the E1

transition operator does not allow transitions between T = 0 states. Within the ZBM2M interaction
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the isospin symmetry is conserved resulting in B(E1; 3] — 2{) = 0. For the 4] — 37 transition, results
from the ZBM2M interaction show the same trend to lower B(o A) values, but even underestimate
the experimental values by a factor of two orders of magnitude. To investigate these deviations
between experiment and theory, the untruncated sdpf model space can be employed in order to
obtain comprehensive shell-model results. Moreover, future measurements of the 8; level lifetime
can close the gap of available B(E2) values along the yrast band and can give insights to the different
theoretical results.

In the third publication “Enhanced quadrupole collectivity in doubly-magic *°Ni: Lifetime measure-
ments of the 4 and 6] states” [20], the shell-closure nucleus >6Ni is investigated. This shell closure
within the pf shell is caused by the spin-orbit splitting of the f;/, orbital from the remaining three
orbitals. Unlike other (harmonic-oscillator) shell closures, spin-orbit shell closures exhibit enhanced
E2 strengths for the 2? - 0;5. transition as the 2" state is a direct quadrupole excitation of the
doubly-magic core. This feature has been considered as a softness of the shell closure at *®Ni [13,
77]. Experimental observations from Coulomb excitation [46, 78] and pioneering lifetime measure-
ments [79] confirm such enhanced B(E2) values. However, for the higher-lying yrast states in >*Ni no
lifetime values except for lower limits are known. These are of particular interest as they would shed
light on whether the enhanced collectivity is restricted to the 2] state or can be found in further mem-
bers of the yrast band. Lifetime measurements were performed utilizing the Doppler-shift attenuation
method at the University of Cologne. Results were obtained for the 4{ and 6; states exhibiting highest
B(E2) values with respect to the neighboring N = 28 isotones between *8Ca and *8Zn. State-of-the-art
shell-model calculations were performed using the GXPF1A and PFSDG-U interactions as well as
valence ab-initio calculations starting from a realistic Hamiltonian derived from chiral perturbation
theory including three-body potential contributions. The calculated excitation energies and B(E2)
values showed a good agreement with the experimental findings. An inspection of the wavefunctions
of the yrast states up to the 6{ state in °®Ni yielded dominant 1p1h, 2p2h, and 3p3h contributions.
Such deviations from the independent-particle model indicate that the softness of the shell closure
in °°Ni, which was deduced from the B(E2) value of the 27 - O;’_S., is also present in higher-lying
members of the yrast band. The new B(E2) values of *°Ni are consequently used for a comparison
with doubly-magic 1°°Sn. Such a comparison is justified as both nuclei are doubly magic and are
{s-open shell cores with similar single-particle and single-hole energies. Since y-ray transitions from
excited states in 1°°Sn have not been measured up to now, the comparison is based on gds large-scale
shell-model calculations as well as on results from Hartree-Fock random-phase approximation [72].
For the 61r state in '°°Sn, the possible existence of E2 isomerism has been proposed and discussed by
Refs. [66, 80]. The theoretical calculations yielded B(E2) values of ~ 1 W.u. at transition energies
of 58 keV to 297 keV. For the gds LSSM calculations, this corresponds to a lifetime value of 2.5 us
which could not be corroborated by latest experiments [ 70, 71]. Assuming a higher B(E2) value of
approximately 5 W.u., like in >®Ni, the corresponding lifetime would drop to 3 ns or 700 ns depending
on the transition-energy predictions of the HF-RPA and gds LSSM calculations, respectively. A smaller
lifetime of the 67 state could be an explanation for the absence of time-delayed y rays in a previous

experiment with detection capabilities of 300 ns [71]. The newly determined lifetimes in *°Ni draw
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again attention to the even-even neighbor °Zn, which is the only nuclide along the N = Z line
of even-even nuclei between *He and 8°Zr with no experimental values on excited states’ lifetimes
available (see Ref. [39]).

Within the scope of this thesis a total of ten nuclear-level lifetimes in the range of 610 fs to 110 ps
were determined along the N = Z line. The corresponding reduced E2, E2/M1, and E1 transition
strengths showed enhanced values with respect to the isotopic and isotonic systematics. The results
from ground-state band decays are summarized in Figs. 8(b,d,f). The evolution of collectivity is shown
along the N = Z line. For comparison, the corresponding excitation energies are given in Figs. 8(a,c,e).
The experimental results are confronted with shell-model results using the well-established GXPF1A
interaction. For the calculation of B(E2) values, effective charges of e, = 1.31 and e,, = 0.46 were
used for protons and neutrons, respectively. These were microscopically deduced in Ref. [11] and are

generally not restricted to a specific region.
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Figure 8: Excitation energies of the (e) 27, (c) 47, and (a) 6] states, as well as B(E2) values for
the (f) 27 — 0;5., (d) 47 — 27, and (b) 6] — 47 transitions are plotted for N = Z nuclei
between ‘2‘8Ca and gSZn. Results obtained in this work are given as red filled squares, values
obtained from Refs. [38, 39, 81, 82] are given as black filled triangles. For comparison,
shell-model results from the GXPF1A interaction are shown as blue open circles. See text

for details.
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The adopted excitation-energy values are well reproduced by the GXPF1A interaction which only
underestimates the 67 state in **Ti. The B(E2) values of the 27 — 0; “and 47 — 27 in *Ti (Z = 22)

are considerably underestimated by the GXPF1A interaction which has been discussed in detail in

S

the second publication of this thesis and was explained by additional contributions of particle-hole
excitations caused by sd-f p cross-shell excitations. While the values for the 6{ and 4{ decays are
in agreement with previous results, the new B(E2) value of the 2] — 0; , transition overpredicts
the adopted value. Above Z = 22, the GXPF1A interaction provides a good description of the B(E2)
values of the 6] and 4] decays. However, for the 2] — 0;8' transitions in “Cr and °2Fe, the shell
model underestimates the present values. The new values for the spin-orbit shell closure at *°Ni are

in good agreement with the calculation.

Future experiments along the N = Z line

The N = Z line will remain in future a fertile testing ground for modern shell-model interactions.
Above ®°Ni, it offers the possibility to study the evolution of nuclear ground-state shapes which
are predicted to change with increasing mass from spherical (ggNi) to triaxial (ggGe [83]), oblate
(géKr [84]), prolate (ggSr [85]), and back again to spherical towards lggsn (see Ref. [86] for more
details). For gan, which is located two protons and two neutrons above doubly-magic >°Ni and below
64Ge, calculations based on the Hartree-Fock-Bogoliubov (HFB) formalism, utilizing the finite-range
Gogny D1S effective nucleon-nucleon interaction, predict a moderately prolate-deformed shape (see
Fig. 5 in Ref. [87]). An investigation of B(E2) values of the ground-state band will give insights to the
structure and the shape of ®°Zn. From the intrinsic quadrupole moment, the quadrupole deformation
parameter f3, can be obtained and compared with the calculations from Ref. [87]. Moreover, reduced
transition strengths along the ground-state band are of particular interest as this band is predicted to

show contributions of an a-cluster component [88].

However, until now, no experimental B(E2) values are available for this nucleus. Previous lifetime
experiments with stable beams were challenged by a large number of different reaction channels
contributing to the y-ray background and by insufficient production yields, e.g. for the promising 2np
exit channel, which was already used for lifetime measurements in 4474, >2Fe, and °°Ni within this
work, a theoretical cross section of 0 4,.,. = 4 mb was obtained with the computer code CASCADE [89].
Within the scope of this thesis, a commissioning experiment employing the Cologne coincidence
plunger setup combined with twelve HPGe detectors was performed at the FN tandem accelerator
at the Institute for Nuclear Physics (University of Cologne) utilizing a *°Ca(**Na, 2np)®°Zn fusion-
evaporation reaction at 62 MeV beam energy. Within a yy analysis the first excited 2* and 4*
states were identified in a y-gated energy spectrum summed over all target-to-stopper distances. An
exemplary y-ray spectrum is shown in Fig. 9. However, a lifetime analysis was not practicable as the

statistics in the spectra of single distances were insufficient.

Refined experiments have to be considered in order to determine lifetimes in the ground-state band
of ®°Zn. Today, high-efficiency high-resolution y-ray spectrometer, such as the Advanced GAmma
Tracking Array (AGATA) [90] or the GALILEO spectrometer [91] can be coupled to powerful ancillary-

61



1250 |

1000 | |
E L
% 750 i 1
o 200 |

250 |

ob o ol P N

960 975 990 1005 1020 1035 10
Energy [keV]

o0

Figure 9: y-ray spectrum of the 2] — O;S. transition at 1004 keV in ®°Zn after 4°Ca + 23Na fusion-
evaporation reactions at 62 MeV beam energy. The spectrum is produced by a y gate onto
the complete 4] — 27 transition including the Doppler-shifted components of all distances.
The Doppler-shifted (SH) and unshifted (US) components are labeled.

detector systems such as the NEutron Detector Array NEDA [92] or the 47 charged-particle detector
EUCLIDES [93] to track down most elusive reaction channels.

Alternatively, the B(E2) values for the 2] — O'g*.s. and, eventually, the 4] — 2] transitions can be
directly extracted from Coulomb excitation measurements with a radioactive-ion beam. Therefore,
the MINIBALL [94] setup at HIE-ISOLDE (CERN) [95] could be an option for a future experiment in
which °Zn ions can be extracted from a ZrO, felt with yields up to 2.1-10° ions/uC [96]. Similar

experiments were performed for neutron-rich zinc isotopes at REX-ISOLDE in the past [97].

Further studies along the N = Z line towards doubly-magic '°°Sn require large particle accelerators
providing high beam energies and sophisticated measuring instruments. Vigorous effort is made
at radioactive ion-beam facilities [98] around the world — such as the Rikagaku Kenkytijo (RIKEN,
Japan) employing the BigRIPS fragement separator [99], the Facility for Rare Isotope Beams (FRIB)
and the National Superconducting Cyclotron Laboratory (NSCL, United States) [100], the Gesellschaft
fiir Schwerionenforschung (GSI, Germany) employing the projectile fragment separator (FRS) [101],
the SPIRAL2 accelerator at the Grand Accélérateur National d’lons Lourds (GANIL, France) [102],
and the HIE-ISOLDE facility [95] at the Conseil Européen pour la Recherche Nucléaire (CERN,
Switzerland/France) — pushing the frontiers to exotic nuclei far from stability and filling the blank on
the nuclide chart. At these facilities experiments can be conceived to investigate basic properties of

highly-exotic nuclear systems and to benchmark fundamental nuclear models.
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