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Abstract

This doctoral thesis presents new experimental findings on the coexistence of nuclear shapes
and triaxial deformed nuclei in the neutron rich A ~ 100 region. In this work, the nuclei ?7Sr,
102)\[o, 104106Ry; and 112Pd are investigated by measuring lifetimes of excited states. Lifetimes of
low-lying states of 97Sr were measured using the fast-timing method at the Lohengrin spectrometer
located at the high-flux nuclear reactor of the Institut Laue-Langevin (ILL) in Grenoble, France.
Low-energy states in 102Mo, 104106Ry and 2Pd were populated by a two-neutron transfer
reaction and lifetimes were measured using the recoil distance Doppler shift (RDDS) technique at
the Cologne Plunger setup. The 80 particle beam for the transfer reaction was provided by the
10 MV Tandem accelerator of the Institut fiir Kernphysik of the Universitat zu Koln.

The lifetime results derived for 97Sr and 192Mo are discussed within the context of shape coexistence
observed in the strontium, zirconium and molybdenum isotopes around neutron number N = 60.
The results of ?7Sr were compared to interacting boson-fermion model calculations that are
based on the microscopic energy density functional. They improve the understanding of the
spherical-deformed border at N = 59. The lifetime measurement of a possible high seniority
shell-model state gives a hint of the spherical-deformed border. The p(E0) strength obtained
from the lifetime of the 0;' state in 102Mo reveals signs of shape coexistence but appears to be
less pronounced compared to the isotonic partners in the strontium (*8Sr) and zirconium (1°0Zr)
isotopes.

The transition strengths deduced from lifetimes of states in the 4 band in 192Mo, 194106Ry and
12pd were used to interpret the triaxial and -soft behavior which is observed in these isotopic
chains. The results of 192Mo and 19419Ry were compared to those obtained within the mapped
interacting boson model framework with microscopic input from Gogny mean-field calculations.
The interpretations are based on the level energy spacing in the v band, the transition strengths
and the model calculations which underline the description of the nuclei in terms of y-softness. The
experimental data of the 2Pd nucleus was compared to the y-soft model, the Davydov-Filippov
model and a more simple interacting boson model (IBM-1) calculation for the description of
~v-softness. The experimental observations suggest a smooth transition from a relatively rigid
triaxial nuclear structure in the low spin states to a nearly v-soft structure in the higher spin
states within the v band.
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1 Introduction

1.1 The neutron rich A = 100 region

The nuclei discussed within the context of this work are part of the neutron rich A = 100 region.
This region is interpreted to stretch from the krypton isotopes (Z = 36) with N > 50 up to the
cadmium isotopes (Z = 48) with N > 60. A partial excerpt of the region of interest is shown in
Fig. 1. Nuclei in this region are known for different nuclear structures that occur and coexist
with the dominant phenomena indicated by the two circles in Fig. 1. The green shaded area
indicates the y-soft region, where the nuclei show indicators of a y-soft and triaxial deformation.
The orange shaded area marks the nuclei around Z ~ 40 and N ~ 60 which undergo a rapid
phase transition from a nearly spherical shape to a strongly deformed one. In the scope of this
thesis, the shape coexistence as well as the triaxial shape of different nuclei in these two regions
will be discussed. The nuclei marked with a red circle were populated in different experiments
using either fission fragments (%7Sr) or two-neutron transfer reaction experiments using a 180
beam (192Mo, 104196Ry and 1'2Pd) and will be discussed in this work. The orange circle indicates
997y where experiments have already been performed and the analysis is in progress. In the
following, a description of shape coexistence and ~-softness with the most important features will

be presented and a summary of previous works will be given.

1.1.1 Shape coexistence in the Z ~ 40, N ~ 60 nuclei

In general, shape coexistence describes the phenomenon that two or more structures with different
origins and deformations coexist in a single nucleus, e.g. a deformed and a spherical shape
coexisting at low energy. Such coexisting structures occur in different regions along the whole
nuclear chart [1, 2|. In this work, we will focus on the neutron-rich A a 100 region and especially
nuclei with Z ~ 40 and N ~ 60. The structure of nuclei in this particular region has been
investigated by different works [3-5] and is dominated by the sudden onset of deformation going
from N =58 to N =60 [6-8]. An example is the sudden onset of collectivity in the neutron-rich
even-even strontium and zirconium isotopes that undergo a rapid change from a spherical to a
deformed type of structure |1, 2, 9]. Low lying excited 0T states, are strongly associated with
shape coexistence. Such low-lying 0" states have been observed in the even-even nuclei around
A ~ 100, i.e. %98y [10, 11], %1007y [11, 12] and 190102Mo [12, 13]. The transition strengths
between these 01 states and the OIL ground state are given in p(E0) and are important indicators
for the exhibition of shape coexistence. In the case of small or nonexistent p(E0) strength,
the mixing between the states is minimal which results in sharp mean square radii variations
A(r?) [14]. On the other hand, large p(E0) strengths correspond to strong mixing and more
gradual mean square radii variations A (r?) as shown in Fig. 5 and 6 of Ref. [14]. For N = 60
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Figure 1: Partial chart of nuclei for the region of interest from Z = 36 and N = 56 up to Z = 48
and N = 70. The red circles indicate the investigated nuclei of this work, whereas

the orange circle indicates %Zr where the investigation is in progress. Adapted from
Ref. [15].

isotones, the p(EO0) strength are among the strongest along the nuclear chart [14, 16, 17]. These
large values indicate the presence of coexisting structures, especially in the %Sr [16, 17], 19°Zr [16,
17] and '%2Mo [18] nuclei. For the higher-Z isotones, i.e. ®Ru and '%Pd these large p(EO0)
strengths seem to diminish [2], but static and dynamic quadrupole moments in 104Ry show that
the shape coexistence might still persist |2, 19]. Rapid decreases in the energy of the 2{“ states
in these nuclei can also be associated with a rapid change of structure and possibly two shapes
coexisting. In Fig. 2(a) the rapid decrease in 2]L state energies, going from N = 58 to N = 60, is
shown for the strontium and zirconium isotopes. The isotopes undergo a shape phase transition
from a spherical to a strongly deformed nucleus which is attributed to the specific ordering of

the proton and neutron orbitals. In this case, the driving force is the strong isoscalar attractive
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Figure 2: (a) The energies of the first excited 2] states for the Sr (Z=38), Zr (Z=40), Mo
(Z=42), Ru (Z=44) and Pd (Z=46) isotopes for the neutron numbers N = 52 —68. (b)
The reduced transition probability B(E2; 21" — 01") given in Weisskopf units for the
same isotopes. (c) The Ry/y ratio for these isotopes is shown with the indication of
the vibrational (Ry/y = 2), y-soft (Ry/p = 2.5) as well as the rotational (Rg/ = 3.33)
limits represented by the dashed lines. The data points of the individual isotopic
chains are connected to guide the eye and are taken from [3, 5, 10-13, 2043

proton-neutron interaction between the spin-orbital partner m(1gg/p) and v(1gy/s) orbitals [7,
8, 44]. The addition of neutrons leads to a filling of the v(1g;/2) orbital. The strong isoscalar

interaction of proton and neutron orbitals reduces the gap between the 7(1gg/2) and 7(2py/2)
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Figure 3: Schematic representation of two possible coexisting structures in °Zr. The proton
(m) and neutron (v) orbitals outside the semi-magic 88Sr core are shown with the
occupation of protons (red circles) and neutrons (blue circles) and proton/neutron
holes (gray).

orbitals, which makes it energetically favorable to elevate protons from the 7(2p; /2) to the m(1gg/2)
orbital [7, 8, 44]. This in turn leads to a lowered v(1gy/3) orbital which further promotes neutrons
into it. The breaking down of the pairing -7 and v-v correlations and the development of spatial
m-v correlations results in a strong deformation |7, 8, 44]. The nuclei involved which undergo
such a rapid change are 9697988y and 98991007y which have been studied in different works in
recent years to investigate the underlying structure [3-5, 33-35, 45, 46]. The orbitals involved in
this region are exemplary show in Fig. 3 for the case of 98Zr with two possible configurations that
coexist. Compared to the strontium and zirconium isotopes, the molybdenum isotopes show a
less rapid shape evolution. It has been suggested that the emergence of of triaxiality could play a
major role [47]. The 21" state energy evolution of the molybdenum isotopes decrease at N = 56
and saturates after N = 62 (see Fig. 2(a)). On the other hand, the lower-Z krypton isotopes
depict an even more gradual behavior where the energy of the 21" state decreases smoothly as a
function of neutrons [32]. Although, the surrounding krypton and molybdenum isotopes show
a less pronounced and more gradual evolution of 21" energies, there are still evidences of two
coexisting structures as shown by different works [18, 31, 32, 48-50]. Another insightful aspect
to classify the collective behavior of a nucleus, is the Ry/y = E(4])/E(2]) ratio illustrated in
Fig. 2(c). A Ry/y ratio around 2 is associated with a vibrational behavior [51] and for a R/
of 2.5, a 7-soft nucleus is expected. A rigid rotor is expected at a Ry/p ratio of 3.33, which
usually occurs in well deformed or superdeformed nuclei [51|. The three important Ry /2 limits
are indicated by the dashed lines in Fig. 2(c). The isotopes with N = 52 are located rather close
to the vibrational limit which might originate from effects of the neutron shell closure at N = 50.
By increasing the neutron number a development towards the «-soft and even the rotational limit
is observed with a sharp increase by going from 58 to 60 neutrons, especially for the zirconium
isotopes. What stands out is the almost steady Ry, ratio evolution of the palladium isotopes

which is located around the y-soft limit with the only exceptions being the N = 52,54 isotopes.



Further, Fig. 2(b) shows the reduced transition strengths for the 21" — Oi" transition which is
an important parameter in nuclear structure studies of even-even nuclei. The sudden change in
21" energy which is assumed to be a signature of shape coexistence is further underlined by the
reduced transition strengths for the 2f — Of transition. In the case of strontium and zirconium
the B(E2; 21" — 01") value jumps from values around 10 W.u. to values larger than 100 W.u.
This sudden drop in level energy as well as the significant increase in transition strength is
expected to be correlated to a rapid shape change from spherical to a strongly deformed type of
structure. The molybdenum isotopes show a less pronounced, but still noticeable change in the
B(E2; 21" — 01") strength. Here, the increase of the transition strengths starts around N = 56
and saturates around N = 62. The higher-Z ruthenium and palladium isotopes show a smooth

increase of B(E2) values by approaching the neutron mid-shell at N = 66.

1.1.2 Triaxiality and «-softness in the neutron rich Mo, Ru, and Pd isotopes

Some nuclei in the neutron-rich A = 100 region, especially in the molybdenum, ruthenium and
palladium isotopes, show evidence of «y-softness which is related to the vibrational motion in the
v-direction and also the triaxial motion [18, 38, 41, 52-58|. Fig. 2(c) shows the evolution of the
Ry /5 ratio of the even-even nuclei with Z = 36 — 48 for the neutron numbers N = 52 — 68. Some
of the molybdenum, ruthenium and palladium isotopes possess a Ry /s ratio close to the y-soft
limit (R4/o = 2.5). In even-even nuclei the v band with its 2t state band-head is strongly related
to the triaxial motion of a nucleus [51] where the potential energy surface minimum is located at
~ = 30° which is between v = 0° (prolate shape) and v = 60° (oblate shape). Another important
sign is the relative position of the 2? with respect to the 47, which are close in energy in the
triaxial case. In general, two limits of triaxial nuclei are considered, namely a rigid triaxial rotor
and a so called ~-soft (or vy-unstable) rotor. The rigid triaxial rotor is assumed to have a steep
and deep minimum at a particular value of v, i.e. v = 30° for the maximum of triaxiality. On the
other hand, the y-soft type of nucleus can freely vibrate in the 7 degree of freedom (independent
of the « parameter), that is why it is often referred as -soft. The so-called staggering parameter

can be used to distinguish between both extreme behaviors and is defined as [51, 59|

_ E(J)—2B(J —1) + E(J - 2)

S(7) E,+
2]

(1.1)

In this case, E(J) represents the energy of the level with spin J in the 7 band. If the staggering
parameter S(J) is positive for odd-spin levels and negative for even spin levels, a «y-soft nucleus
is assumed, whereas in the opposite case one assumes 7-rigidness for the nucleus [59]. Basically,
the staggering parameter describes the position of odd-spin states relative to the even-spin states
within the y-band. In the case of a y-soft nucleus the odd-spins are located closer to the higher
spin states, e.g. the 3?7L state is closer to the 4:’; state than to the 2;“ state. The opposite behavior
is observed for the ridig triaxial case, e.g. the 3;L state is closer to the Zf; state than to the

4,Jyr state. Two models discussing such low-lying 22’; states and triaxial shape, are the Davydov



Filippov rigid triaxial rotor model [60-62| and the Wilets-Jean -y unstable rotor model [63]. A

detailed description of both models is given in chapter 1.2.

1.2 Nuclear Models

The Davydov-Filippov model [60-62] and the Wilets-Jean «-soft model [63] are suitable tools for
the complex region of interest, where shape coexistence, y-softness and triaxiality occur. These
models are used, in particular, to discuss the states in the 4 band which are connected to the
triaxial shape. The interacting boson model (IBM) [64] can be used for different phenomena
occurring in nuclei like v-soft behavior, vibrational behavior, rotational behavior but also shape

coexistence.

1.2.1 Davydov-Filippov Model

The model of Davydov and Filippov for the description of triaxiality was developed around
1960 [60—62|. The model is based on the assumption of a steep and deep minimum of the potential
V() at a particular value of v which leads to a rigid shape with triaxial behavior [51]|. Starting
from the generalized nuclear model, the operator describing the rotational energy of an even
nucleus has the form [60]:

> AJ2
i = ; 2 sin? (7 — %“A)

(1.2)

where A has the dimension of energy [60]. The Jy operators are the projections of the nuclear
angular momenta on the axes of a coordinate system connected with the nucleus [60]. The
parameter y varies between 0 and 7/3 or 60° and determines the deviation of the shape of the
nucleus from axial symmetry [60]. The energies and transition probabilities are only dependent
on the parameter . For instance the energy of states with J = 2 (2{r state and 25“ state) given
in any energy unit is expressed by [60]:

oY (1 . f1- %sin2(3'y))

9 (1 +4/1— %sin2(3’y))

= d = 1.3
2 sin?(37) o 2% sin?(37) (13)
The energy level with J = 3 is defined as [60]:
18
Est = 23y = P T2 (14)
To calculate the energy levels with J = 4 the following equations needs to be solved [60]:
90 48 640
B3 — ———E% + —— [271+26sin®(3y)] Ej+ — —5—— [27+ 7sin®(3y)] =0. (1.5
41" sin2(3'y) 41" + sin4(3'y) [ + Sin ( 7)] 4'1" sin4(3’y) [ + 7sin ( 7)] ( )



The two spin J = 5 energy levels Esj and E5; are given by the formula [60]

45 +94/9 — 8sin?(3y)

sin?(3y)

By /sy = (1.6)

The reduced electrical quadrupole transition probability given in units of 62Q(2) /167 for J =2 —
J=0and J =3 — J =2 transitions are defined as [60]:

— 94in2
B(E22t — o) = L [14 2225037 | (1.7)
2 9 — 8sin%(3y)
_ 9ain?
B(E22f — 0 = L [1- 322507 | (1.8)
2 /9 — 8sin?(3y)

_ 10 sin®(3v)

B(E2;2 »21)= ——" 57 | 1.9
(22, =73 9 — 8sin?(3y) (1.9)
— 9qin2
B(E23t — 2 = 2 (1o 322s0°By) ) (1.10)
28 V/9 — 8sin?(3y)
— 9qin2
B(E23t - 2f) = 2 (14 32250°GY) ) (1.11)
28 V9 — 8sin?(3y)

The equations for the reduced transition probabilities involving higher spin levels J > 4 are
more complex and different coefficients extracted from the wave function need to be taken into
account. The formula to calculate these transition probabilities and a detailed table of the
required coefficients are given in Ref. [61]. For 7 — 0° the levels of the ground state band resemble
the properties of an axially-symmetric nucleus. The non-yrast energy levels tend to infinity for
v — 0° which are called "anomalous" levels, i.e. the 2;‘, 31", 4;', ... states. An illustration of
this behavior can be found in Fig. 1 of Ref. [61]. By approaching v = 30° the "anomalous" level
energies decrease dramatically, where even the 23‘ state that is lower in energy than the 41" state,

which is a sign for a rigid triaxial nucleus.

1.2.2 Wilets-Jean Model

In contrast to the rigid «v parameter in the Davydov-Filippov model, in the Wilets-Jean Model
this parameter is free in the v degree of freedom and thus allows a vibration. This feature is
often described as «y-soft or y-unstable. The -soft approach corresponds to a nuclear potential
located at a finite 8 deformation, but is completely flat in the v degree of freedom. In this case,
the nucleus can oscillate with v values ranging from 0° to 60° while having an average value of
~Yrms = 30° [51]. The calculation of the energy levels for a given angular momentum A are given

by the following equation [51, 63]:

E(A) =vA(A+3), A=0,1,2,3,.., (1.12)



where v is a constant given in any energy unit. The J = 2/ states correspond to the yrast states.
Each A value (for A > 1) is degenerated with respect to the angular momentum J and different
level occur for a given angular momentum. The set of levels is analogous to the 7 vibrational
band and to the anomalous levels of the Davydov model for large -y values [51]. The energy levels
and spins for the first few A values are summarized in Tab. 1.1. In the Wilets-Jean model the
E2 transitions must satisfy the selection rules AA = 1, which corresponds to a non-existing

transition strengths for the 23‘ — 01" transition.

Table 1.1: The energy of the first few excited states given in any energy unit and the corre-
sponding spins calculated with the Wilets-Jean model.

A E(A) J

0 0 0

1 4 2

2 10 2,4
318 0,346
4 28 24568

1.2.3 Similarities and differences of the Davydov-Filippov and Wilets-Jean Model
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Figure 4: Comparison of the staggering parameter S(J) for the Davydov-Filippov model (D-F)
with v = 30° and the Wilets-Jean model (vy-soft). For further details see text.
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Table 1.2: Different ratios of the Wilets-Jean model and the Davydov-Filippov model calculated
for « values between 0° and 30°.

Yms | Rayyp Rep Rgp Riopp Royp Rsja Bap Bsp Bay,p By
0° 3.33 7.00 12.00 18.33 o 00 1.43 1.57 0.00 1.43
5° 3.33 7.00 11.99 18.31 64.20 65.20 1.42 1.56 0.01 1.49
g 10° 3.32 6.94 11.82 1791 1590 16.90 1.40 1.55 0.05 1.70
E 15° 3.27 6.69 11.10 16.42 6.85 7.85 1.38 1.56 0.15 2.70
A 20° 3.12 6.07 9.79 14.30 3.73 4.73 1.37 1.62 0.38 5.35
25° 2.84 5.34 8.55 1247 2.41 3.41 1.37 1.70 0.91 20.6
30° 2.66 5.00 8.00 11.66 2.00 3.00 1.39 1.73 1.43 00
e
E 30° 2.5 4.50 7.00 10 2.50 4.50 1.43 1.67 1.43 00
=

Both models are geometric models to describe the triaxial shape of a nucleus. The Davydov-
Filippov (D-F) model is completely rigid in  while the Wilets-Jean (W-J) model allows to move
freely (or soft) in the -y degree of freedom. Similarities and differences between the D-F and W-J
models are shown with different quantities. For this comparison, we define the following ratios of

level energies:

Ryja = Eyt /By, Reja = Egt /By, Rgjy = Egt /By, (1.13)
R10/2 == Elo-li- /E2-1ﬁ-, R22/2 - E2;— /E2-1',-, R3/2 - E3i— /E2-lﬁ- (114)

and reduced transition probability ratios which are defined as:

Byjs = B(E2;4f — 21)/B(E2;2{ —0f),  Bej2 = B(E2;6] — 41)/B(E2;2{ — 0f),
(1.15)

By, 2 = B(E2;2} — 2f)/B(E2;2f - 0f), B}, ,, = B(E2;25 — 2{)/B(E22§ — 07).
(1.16)

The ratios defined in Eqgs. 1.13-1.16 are summarized and compared in Tab. 1.2. While for the
Davydov-Filippov model different v values can be used to calculate energy levels, the Wilets-Jean
model has a s of 30°. The direct comparison between the two models for v = 30° pronounces
the differences. The Ry/3, Rg/2, Rg/o and Ryg/o are slightly lower for the Wilets-Jean model.
The two ratios including states of the v band, i.e. Ry,/5 and Rg/y, are predicted lower by the

Davydov-Filippov model. The Wilets-Jean and Davydov-Filippov model calculate almost similar

11



values for the By and Bg/p ratios , while both approaches predict similar values for the By, /5
and BQQ /2 ratios. To show differences of both models, the staggering parameter defined in Eq. 1.1
can be used. The staggering parameter for the spins J = 4,5, 6,7 of both model shows an opposite
behavior as clearly illustrated in Fig. 4. The staggering parameter is a strong indicator to describe
the triaxial shape and is an useful tool to classify and discuss experimental data within these two

models.

1.2.4 Interacting Boson Model (IBM)
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Figure 5: The Casten triangle with the three sub-algebraic chains of the U(6) symmetry group.
Picture adopted from [65].

The interacting boson model (IBM) was introduced in 1974 by F. Iachello and A. Arima to
describe collective properties in even-even nuclei using an algebraic approach [51, 64, 66, 67].
The basic idea is to couple the free valence nucleons or holes to bosons [51, 64, 66, 67| where
the general bosonic commutation relations are satisfied. In the simplest case, called the IBM-1,
valence protons and neutrons are separately coupled to bosons, but are treated equally. In the
simplest version of the IBM (sd-IBM), the bosons are only allowed in two states with angular
momentum L = 0 and L = 2 called s-bosons and d-bosons, respectively. Different extensions of
the model, which will not be discussed here, include higher and odd angular momentum bosons,
like p-bosons with L = 1, f-bosons with L = 3 or g-bosons with L = 4. The s boson (L = 0) has
only one magnetic orientation, whereas the d boson (L = 2) has five, i.e. 0, £1, and £2. The
elementary creation and annihilation operators are given by 8, 8t, ciM, cﬁM with M describing

the magnetic quantum number. The following generators GILJM describe the coupling of these
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operators |68]:
Gglo = (8T x 8

s, d -AT 2
G2,M = (8" xd

Gd,S _ -aT A (2) _
oM = XSM with —2<M<L2, AM=

ad _ [at o319 . _ _
Gyy = |d de with J=0,1,2,3,4 and —J<M<J, AM=1

with a:(-1)ma_m. The coupling results in 36 possible operators which can be described in group
theory by the unitary algebra U(6) in Racah’s form. The U(6) group is a six dimensional space
and obtains three sub-group chains, which all end in the rotation group O(3). All group chains

and the corresponding quantum numbers are [69]:

I. U@®) > UB) D O(B) > 0(3) (1.17)
N nq v naJ
II.  U((6) D SU3)D 0O(3) (1.18)
N A\ ) KJ
1. U6) > 0(6) D> O(5) > 0(3) (1.19)
N o T vad

The three chains, namely the U(5), SU(3) and O(6) chains, are interpreted as spherical harmonic
vibrator, an axially-symmetric rigid rotor and axially-asymmetric but 7-soft rotor. The relation
between the three chains for the U(6) group is shown by the so-called Casten triangle in Fig. 5 [51,
65]. Although every point within the Casten triangle can be associated with a distinct nuclear
structure, not every nuclear structure can be assigned within the triangle. An example and

commonly used IBM Hamiltonian is described by the following equations:

~n A A ~2 A2 A
+ a;LL + agQXQX + a3T3 +a4Ty + 0(T5) (1.20)

In most cases the Hamiltonian is reduced to:

ﬁ =efig + alﬁI: + agQXQx, (1.21)
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Figure 6: Contour plot of the deformation-energy surface in the (3, ) plane for 1%2Mo computed
with the constrained HFB method by using the Gogny functional D1IM (left) and with
the mapped IBM (right). The red dots indicate the minimum of the energy surface
plots and the difference between two neighbors contours is 100 keV. Figure taken from
Ref. [18].

with L. being the angular momentum operator and Q the quadrupole operator. Another important
parameter to describe a nucleus is the E2 transition probability T(E2). Within the IBM formalism,

the following formula is used to calculate the transition probability:
T(E2) = epQ),, = en [gTa ralsyy (a*é)] , (1.22)

where ep is the effective boson charge. Note, that other Hamiltonians are possible and used in

different works.

1.2.5 Mean field approach

In 2008, a new novel way of determining the parameters of the IBM Hamiltonian was proposed |70,
71], which uses mean-field interactions like Skyrme [72-76] and/or Gogny |77, 78]. The Skyrme
interaction relies on an effective interaction with a three body term. It assumes a short range
of the interactions and includes only nearest neighbors to interact with. While the Skyrme
interaction is a successful interaction it does not account for intermediate and long range parts of
the realistic effective interaction. Therefore, the Gogny interaction was introduced in 1973 to
account for the longer range interactions by exchanging the two body force with a sum of two
Gaussians with spin-isospin exchange mixtures [77-79|. The first step in this new approach is
to perform constrained Hartree-Fock—Bogoliubov (HFB) calculations which are based on the
chosen Skyrme or Gogny interaction [79]. In this work mainly the parametrization D1M of the

Gogny energy density functional is used [80, 81|. The results from this calculation are visualized
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in potential energy surface (PES) plots in terms of the deformation parameter 8 and «. Such
a contour plot of energies for 1%2Mo in the 8-y plane is exemplary shown for the Gogny-D1M
interaction on the left side in Fig. 6. With this approach, the IBM parameters are determined by
drawing the IBM PES to reproduce the overall shape of the mean-field PES [70, 71|. The overall
shape is characterized by the location of the minimum of the mean-field PES and the curvatures
for both the 8 and « direction [70, 71|. The results of the IBM PES are exemplary shown for
102)\[o on the right side in Fig. 6. With the determined parameters, different aspects of nuclear
structure like energy levels and transition rates can be calculated accordingly. This approach has
been used to determine energy levels, transition rates, quadrupole moments, octupole moments,

log ft values and different other nuclear structure related signatures [82-87].

1.3 Lifetime measurements

With the knowledge of the lifetime of an excited state, electromagnetic properties of nuclei can
be deduced to study the interaction of nucleons. Lifetimes and electromagnetic transition matrix
elements and hence reduced transition probabilities B(o L, J; = J¢) are directly related and are
common experimental observables. They can be used as a benchmark and compared to nuclear
models. Lifetimes in nuclear physics cover a wide range of possible values, starting from nuclear
resonances with lifetimes in the order of 10722 s up to 8 decays with lifetimes up to 10'° years.
Different techniques are used to obtain nuclear lifetimes depending on their magnitude. The
lifetimes in this thesis are in the order of a few picoseconds up to a few hundred nanoseconds. In
this work, lifetimes in the picosecond regime are determined using the recoil-distance Doppler
shift (RDDS) method in combination with the Bateman equations [88] and the differential decay
curve method (DDCM) [89]. For the lifetimes in the pico- and nanosecond region, the fast-timing
technique in combination with the centroid difference method are used [90-94]. The basics of the

RDDS and fast-timing technique will be discussed in the following chapters.

1.3.1 Basics of the recoil distance Doppler shift method

The recoil distance Doppler shift (RDDS) method relies on the Doppler shift of v rays stemming
from excited states of nuclei. The nuclear excited states of interest are produced by a beam-induced
nuclear reaction in a thin target. The beam leads to an energy and momentum transfer and
leaves the excited nucleus of interest with a velocity v. The nuclei are recoiling and stopped after
a certain and well-defined flight time by a stopper foil. The target and stopper foil are stretched
and mounted in parallel inside the Cologne Plunger device [95]. The setup is designed so that the
distance between stopper and target can be changed and hence the flight time between the foils.
The distance is controlled by a feedback system and held at a constant distance [95]. Usually, the
de-excitation of a state happens by emitting « rays which can be detected by commonly used
high purity germanium (HPGe) detectors. If the y-ray emits in flight, the detectors which are

positioned at an angle 8 with respect to the beam axis observe a Doppler-shifted energy according
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Figure 7: Schematic picture of a RDDS setup using particle detectors. The recoiling beam-like
particles scatter at backward angles for the chosen beam energies and particles are
detected by solar cells. The excited recoiling nuclei of interest decay via =y rays either in
flight (red) or at the stopper foil (blue) which are detected by High Purity Germanium
(HPGe) detectors. Further the basic principle of the RDDS method is shown in the
lower part including the evolution of the Doppler shifted (blue) and non Doppler
shifted (red) peak as well as the resulting decay curve.

E—pg, Y1 F (1.23)

where 8 = v/c and Ej is the energy of the y-ray depopulating the state of interest at rest. Such
a setup with both foils and the emission of « rays of the recoiling nucleus is schematically shown
in Fig. 7, where the shifted component (blue) is growing by increasing the distance. By using
this property, the y-ray detectors will observe a distance (and lifetime) dependent intensity of
the shifted component I4(t) (excited state decaying in flight) and of the unshifted component
I,(t) (excited state decaying at the stopper foil). These two intensities can be used to define the
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so-called decay curve for the state 4 [95]:

I (t)

B = wwy+ p@y

(1.24)

and the corresponding flight curve [95]:

I ()

B0 = Tw + o)

=1— R;(?). (1.25)
In the case where the state has no feeding - rays, i.e. the state is directly populated in a nuclear

reaction, the decay curve can be described by:
Ri(t) =mn; (O)e_t)‘i (1.26)

where \; = 1/7; with 7; being the lifetime of the state ¢ and n;(0) is the initial level population.
Usually, more complicated feeding patterns are observed where the delayed feeding contributions
need to be taken into account. An established approach is using first order differential equations
which are known as Bateman equations [88]. The solution of the Bateman equations include the
direct population n;(0) of the state, the time of flight ¢, the decay constant A; and branching ratios

of feeding states. The Bateman equations are governed by the following differential equation:
d K
() = —din(t) + k;l Ak1u (8)bri (1.27)

where k denotes the feeding of the excited state i, K the total number of feeding states and by;
the branching ratio between the states k and 4. The solution of the differential equation with

respect to the decay curve is [95]:

K
Rift) = Pe™ + 37 My [/ M)e ™ — e=N] (1.28)
k=i+1

where My, is defined recursively as [95]:

K k=1
Myi(Ni/Xe — 1) = bpiPh — bpi Y Mk + > Mimbumi(Am /) (1.29)
m=k+1 m+1

For every k, Py denotes the direct feeding intensity of the level k [95]. As the solution above points
out, it is very important to measure the absolute distance between the target and the stopper
foil to obtain an accurate flight time of the recoiling nuclei. To measure the shortest achievable
distance with no electrical contact the capacitance method described in Ref. [95, 96| is used.
Another approach to avoid the need to measure of absolute distances and to measure lifetimes of
excited states, is the Differential Decay Curve Method (DDCM) [89, 95, 97]. The DDCM has

several advantages compared to the solution of the Bateman equations. The application of this

17



method helps to identify different types of systematic errors [89, 95]. By using the Bateman
equations, an assumption on the curve shape of R(t) is made which are not experimentally
ensured whereas the DDCM uses no assumptions on the shape of the curve’. Further, it relies
only on the relative distances between target and stopper, which has usually a known precision
below 1 pm controlled by the feedback system. Following the DDCM, the lifetime of a state is
determined by [89]:

Ri(z) + 3 5 (brilk () /1i(z)) Ri(x) _  Ui(z)
U%Ri(x) ’U%Ri(l‘)

Tz(x) = y (1.30)
where I; and I are the total intensities of the transitions depopulating and populating the state
1 respectively, in addition with the velocity v of the ejected nucleus. In low statistics cases the
method explained in Ref. [98] can be used to obtain lifetimes. The summed spectra of all distances

Jj can be used in combination with the following equations [98]:

251 5
Rom = =277 =N"n,R(t,), 1.31

where I;‘ and T ; are the intensities of the unshifted and shifted component, respectively. The
flight-time of each distance is described by ¢;. The normalization factor n; can be obtained
experimentally by e.g. integrating the full spectra after applying a gate on both components of
the strongest transition of the corresponding nucleus (in even-even nuclei usually the ZT — Of

transition). The normalization is applied for each distance individually.

1.3.2 The fast-timing method

The fast-timing technique is capable of measuring lifetimes from a few us down to a few ps. The
basic principle relies on the direct time difference measurement of two experimental observables
related to the population and depopulation of a nuclear excited state of interest. The observables
can be of different type and, in principle, any detection hit that provides a time reference
corresponding to the feeding or decaying of the state of interest can be used. Often observables
are provided by the detection of y-rays, (heavy) ions, B-particles, conversion electrons, etc. To
obtain lifetime information of excited states, a case dependent decision of a suitable combination
of these events needs to be determined. In the scope of this work the -7, particle-y and the
particle-y- fast timing method were used to determine lifetimes of excited states. For example,
in this work, the products stemming from a neutron induced fission reaction where a nuclear
reactor provides the thermal neutrons, were recorded by a AE;-AEs ionization chamber system
in combination with LaBrs(Ce) scintillation detectors. The LaBrs(Ce) detectors have an unique
combination of good energy resolution and a fast time response which makes them suitable for
lifetime measurements in the picosecond regime. A schematic drawing of an analog -y fast-timing
setup consisting of two LaBrg(Ce) detectors is shown in Fig. 8. The first output signal, called the
dynode signal, is amplified and directly connected to the data acquisition (DAQ) and is used to
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Figure 8: Schematic drawing of a fast-timing setup with two LaBrs(Ce) detectors and the
necessary components. Figure adapted from [90, 99|
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Figure 9: Schematic drawing of the delayed and anti-delayed time distributions generated by
the fast-timing setup shown in Fig. 8. The prompt response functions (PRF) denoted
as CP(Edecay, Efeeder) and CF (Egeeder, Edecay) are included. Picture adopted from [90,
99].
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Figure 10: The prompt response difference (PRD) curve obtained using ®2Eu, '33Ba and 2°7Bi
sources. The figure is adopted from Ref. [45].

extract the energy of the incoming radiation. The second output signal, called the anode signal,
is connected to a constant fraction discriminator (CFD). Amplitude dependent timing effects can
be minimized by using a CFD which triggers at a certain constant fraction of the maximum signal
height. The logical output signal produced by the CFD are connected to the "start" and "stop"
inputs of a time to amplitude converter (TAC). The TAC generates a logical output with an
amplitude proportional to the time difference between the two input signals provided by the CFD.
Recently, more and more setups and facilities introduced and installed a digital system using only
one output signal to obtain the absolute time information and the energy information. The digital
system requires no further modules. The data can be analyzed and correlated offline to extract
the needed information. For the decay of a state with a short lifetime (for LaBrs(Ce) detectors
< 1ps) the feeding and decay 7-rays produce a so called prompt response function (PRF), which
often follows a Gaussian-like distribution. The full width at half maximum (FWHM) of the PRF
is defined as the time resolution of a detector system and is energy dependent. If a state has a
lifetime 7 >FWHM of the PRF and the feeding ~-ray is detected by a detector providing a start
signal for the TAC and the decaying «-ray by a detector providing a stop signal for the TAC, a
delayed time distribution is produced. An interchange of these signals leads to an anti-delayed
time distribution. An illustration is presented in Fig. 9 and in addition the PRF of the delayed

and anti-delayed time distributions are included. The lifetime can be extracted by a fit of the
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slope (exponential part) using the following equation
t /
D(t) = nA / P(t' —tg) x e gy, (1.32)
o0

where P(t' — tg) is the function describing the PRF, n is the normalization factor and A = 1/7 is
the decay constant. Lifetimes smaller than the time resolution of the setup can be measured with
the centroid shift method [100]. The centroid of a time distribution is defined by [100]

S5t D(t)dt

OO Ewar

(1.33)

with the standard deviation defined as [100]

6CP = (/var(D(t)) = 4/(t2) — (t)2. (1.34)

As in Fig. 9 indicated the lifetime can be extracted by the following relation [91]

7 = CP(Egoeders Bdeeay) — C* (Efeeder, Edecay)- (1.35)
for the delayed time distribution and [91]

7 = C"(Edccays Eteeder) — C*P (Edecays Erecder)- (1.36)

for the anti-delayed time distribution, where in both cases CF describes the centroid of the PRF.
An exact determination of the centroid C¥ is difficult due to a time and energy correlation.
To resolve this issue, recently, the generalized centroid difference (GCD) method [90], which is
an extension of the centroid shift method [100], has been developed which allows an easy and
straightforward way to analyze data from complex setups as shown by different works [5, 33,
46, 101-108|]. Using this method the centroid difference of the delayed and anti-delayed time

distribution is determined using the following equation [90]
AC = CP — CAP = PRD + 2r, (1.37)

where CP is the centroid of the delayed distribution and C*P of the anti-delayed. The prompt
response difference (PRD) is the centroid difference of the PRF of the time distributions which is
obtained by prompt events. The PRD is energy dependent and corresponds to the physical zero
time of the - fast-timing setup. The energy dependence of the PRD is usually calibrated using
standard sources like 12Eu, 133Ba, etc. The PRD can be calculated by selecting a feeder-decay
combination of a level with known lifetime, the measuring the resulting centroid difference AC
and by using Eq. 1.37. An example of a PRD curve calibrated with 152Eu, 33Ba, and 297Bi sources
is shown in Fig. 10. The calibration of the PRD curve is of key importance for the experiment and

the lifetime measurements. Over the years, the method has been optimized for different aspects
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i.e. background influences [91]|, parameter settings of the constant fraction discriminator [92],

coverage of large energy range down to X-ray energies [94] and positional effects [94].

1.4 Experimental details

1.4.1 The two neutron transfer reaction at the Cologne Plunger spectrometer

Figure 11: (a) The Cologne Plunger spectrometer equipped with 11 HPGe detectors. (b) The
Cologne Plunger chamber with the installed solar cells, a mounted target and the
necessary components for the feedback control system. (c) A solar cell array to
detect the recoiling beam-like particles. The array consists of six solar cells to cover
angles from around 120° to 160° with respect to the beam axis. (d) An enriched and
stretched 119Pd target with a thickness of 0.7 mg/cm? mounted on a Plunger cone.

The (180, 160) two neutron transfer reaction with beam energies around the Coulomb barrier of
the reaction is suitable tool to populate low-spin and low-energy states in neutron rich nuclei.

This property leads to a relatively simple level scheme where only a few states of the yrast band
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and a few non-yrast states are populated. Usually, the two-neutron transfer reaction experiments
at the Cologne facility are performed with beam energies around the Coulomb barrier of the
reaction, where the two neutron transfer cross section is of the order of 10 mb. Energies around
the Coulomb barrier provide a favorable balance between a high cross section for the reaction of
interest and a relatively low cross section for other reactions, namely fusion evaporation channels.
The impinging O beam particle undergoes either elastic scattering or transfers two neutrons
which leads to a 16180 particle recoiling from the target. Other reaction channels like the transfer
of one neutron or an a-particle are possible as well, but less probable. Due to the reaction
kinematics for the selected energy, the beam-like particles are recoiling mainly backwards with
respect to the beam direction. Therefore, six solar cells (PIN diodes) used as particle detectors
were placed at backward angles which is schematically illustrated in Fig. 7. This allows to gate on
the recoiling beam-like particles of interest, namely 6180, but also other recoiling particles like
14C (a-transfer) which have been observed in some experiments. Due to the energy and angular
straggling of the recoiling 16180 particles as well as the angular coverage of the solar cells it is
not possible to distinguish between 160 and 80 particles. To detect the v rays produced in the
reaction, eleven high-purity germanium (HPGe) detectors were used forming two rings (backward
and forward) around the target chamber. The six forward detectors were positioned at an angle
of 45° whereas the five backward detectors were placed at an angle of 142° with respect to the
beam direction. The particle gate allows to select a reaction channel and significantly reduces
the influence of other reaction channels and the resulting spectrum contains mostly ~-rays from
the Coulomb excitation of the target (180 scattering) and y-rays from the two neutron transfer
channel (*60). The efficiency of the current plunger setup is not sufficient to perform -y or
particle-y-y coincidence analysis for such reactions and therefore the analysis in this work are
performed only using particle-y coincidences. Lifetime analysis using the two neutron transfer
reaction and the plunger setup are performed using the RDDS technique in combination with the
Bateman equations and the DDCM (see Sec. 1.3.1).

1.4.2 The Lohengrin mass spectrometer at the ILL facility

The Lohengrin mass spectrometer is installed in the reactor hall at the Institut Laue Langevin
(ILL) in Grenoble, France [111, 112]. The spectrometer is a highly efficient fission fragment
separator and a schematic drawing is shown in Fig. 12. Fission fragments are produced by thermal
neutron induced fission with a thin target placed very close to the ILL nuclear research reactor
core. Thermal neutron yields up to 5- 101‘1%‘;08ns are impinging on a fissile material like 233U or
239Py with a thickness of about 200-400 ug/cm?. To collimate the emitted fission fragments, a
collimator is positioned close to the target. The collimator is essentially collecting a cocktail of
different fission fragments which have various kinetic energies Fii,, masses A and ionic charges
q. The not fully ionized atomic nuclei follow a statistical distribution of ionic charges. The
mean ionic charge for the fragments in this work lie between ¢ = 19 and ¢ = 21. The energy

of the fission fragments is in the order of 1 MeV per nucleon, corresponding to an estimated
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Figure 12: Schematic top view (top) and side view (bottom) of the Lohengrin mass spectrometer
adopted from the Refs. [109, 110]. The top view shows the beam deflection in
x-direction induced by the main magnet. The side view shows the deflection of
the beam in the y-direction which is generated by the condenser. The green line
corresponds to the path of focused fission fragments which are of interest. The path
length from the target to the implantation zone is about 23 m and the flight time
varies between 0.5 ps and 2 us depending on the mass of the fission fragment.
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energy of of the incoming %7Sr particle beam of the order of E = 100 MeV. The separation of
the different fission fragments is achieved by a combination of electric and magnetic fields to
select different masses and charge states. The fission fragments pass a dipole magnet after being
guided through an electric condenser (see Fig. 12) which allows to separate the same velocity
into different parabolas according to their A/q value. A Reverse Energy Dispersion (RED) dipole
magnet is placed further downstream to increase the particle density up to a factor of seven

and strongly reduce the background at the focal position [109]. Here, the fission products are
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identified by their energy loss in a AFEy — AFEs ionization chamber detector system. The chamber
was filled with isobutane (C4Hjg) at a pressure of 15 mbar. An aluminum foil is used as an
implantation zone for the nuclei in the target chamber. Four 1.5” x 1.5” LaBrs(Ce) scintillator
detectors were installed with a relative angle of 90° to each the neighboring detectors with a
distance of 2.2 cm around the center of the implantation zone. In addition, two unshielded clover
detectors each consisting of four germanium crystals were installed. Both of them were used to
monitor the emitted 7 rays, because the energy resolution of the LaBrg(Ce) was insufficient to
resolve transitions that were close in energy. The data from this experiment were analyzed using

the fast-timing technique in combination with the GCD method.
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Delayed y rays from neutron-rich A = 97 fission fragments were measured using the Lohengrin spectrometer
at the high-flux reactor of the Institut Laue-Langevin in Grenoble. Several lifetimes of excited states in *’Sr were
measured using the fast-timing technique. The nucleus *’Sr exhibits shape coexistence and is located exactly
at the border of the spherical (N < 58) and deformed (N > 60) ground-state deformation. It is of particular
interest to study the shape-coexisting structures at the spherical-deformed border (N = 59). The determined
lifetimes within this work are compared to an interacting boson-fermion model calculation that is based on the
microscopic energy density functional to provide a better understanding of the spherical-deformed border in

strontium isotopes.

DOI: 10.1103/PhysRevC.100.064309

I. INTRODUCTION

Shape transitions in the A =~ 100 region have been the sub-
ject of intense studies lately. The rapid change from the near
spherical *°Sr to the strongly deformed *®Sr is well known
[1,2]. Due to the proton subshell closures at Z = 38 (7 p3/2)
and at Z =40 (7 p1,2) and the neutron subshell closures at
N =50 (vgypn), N =56 (Uds/z), and N = 58 (\)S]/z), the N =
50-58 (379°Sr) strontium and (90*982r) zirconium isotopes
have the low-energy structure of a semimagic nucleus. By
increasing the number of neutrons crossing N = 60 a rapid
change in ground-state deformation is observed, which results
in a prolate-deformed ground-state rotational band in *®Sr.
This rapid change in shape occurs also for Zr (Z = 40) and
is more smooth for lower Z, i.e., the Kr nuclei and, for
higher Z, i.e., the Mo-Pd nuclei. In Sr, Y, and Zr nuclei
with N = 58 and 59, low-lying spherical states coexist with
deformed rotational bands that appear around 1 MeV [3-7].
Further there is experimental evidence in *®Sr and '%°Zr for an
additional prolate-oblate shape coexistence [8—10], which is
underlined by theoretical calculations [11,12]. This variety of
different structures and configurations causes the complexity
of this region but also provides a lot of potential to understand
the transition from single-particle to collective behavior.
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To improve the understanding of such a rapid change,
which can result in the phenomenon of shape coexistence, it
is of particular interest to study the nuclei at the spherical-
deformed border, in this case at N = 59. Shape coexistence
has been proposed for °’Sr in different works [5,6,13,14],
where a spherical ground state and a rotational band structure
have been assumed. The first two excited states possess a
spherical shape, whereas above 550 keV few rotational bands
start to evolve, i.e., on top of the 3/2" state at 585.1 keV,
the (3/2)~ state at 644.7 keV, the 5/27 state at 687.1 keV, the
(5/2)~ state at 713.8 keV, and the isomeric state 9/2% at 830.8
keV. A possible description of the deformed states is given
by the fact that once the neutron vgy,, orbit is being filled
an interaction between vg7,» and mwgg,, causes the proton
subshell to vanish and results in a collective motion [15-17].

Another description, especially for the deformed states, is
given by the Nilsson approach, which relies on the strong
interaction between proton and neutron Nilsson orbitals
[14]. The down-sloping v1/2*7[550] and v3/2~[541] orbitals,
which both result from the spherical vh;/, orbital, are the
main forces that drive the deformation. The v9/27[404]
orbital is a key factor in stabilizing the deformation at a
saturation level of about f ~ 0.4, in which B represents
the axially symmetric deformation [18]. The proton Nils-
son orbitals 7 g;,,[440] and 7 g3/2[431] originating from the
spherical m g9/, orbital are fully occupied for Sr with Z = 38
and Zr with Z = 40, respectively. The spatial overlap from the
neutron orbitals with the proton orbitals creates a minimum in
binding energy at a deformation level of 0.4, which at N = 60
is favored rather than the spherical configuration.

To study the phenomenon of shape coexistence and
to assign the energy levels to the spherical or deformed

Published by the American Physical Society



A. ESMAYLZADEH et al.

PHYSICAL REVIEW C 100, 064309 (2019)

configuration of the nucleus a fast-timing experiment at the
Institut Laue-Langevin in Grenoble using the Lohengrin spec-
trometer was performed. The results should give a better un-
derstanding at the spherical-deformed border of the strontium
isotopes. Especially, the (3/2%, 5/21) state at 522 keV is very
important to understand where the rotational structure of the
nucleus starts to be favored. In addition, with the newly gained
knowledge a spin assumption about this state is made on the
basis of the transitions and the level lifetime. The assignment
of levels is underlined by calculations within the framework of
the interacting boson approximation. A self-consistent mean-
field calculation that is based on an energy density functional
(EDF) is used to determine the parameter of the interacting
boson-fermion model (IBFM) Hamiltonian.

This work is organized as follows. In Sec.II the experiment
and the setup is explained in detail. Section III describes the
fast-timing method that has been used to obtain the level
lifetimes. In Sec. IV the analysis procedures for the measured
lifetimes are presented. In Sec. V, the calculations and the
discussion are explained and compared to the experimental
results. In this section we especially discuss the state at
522 keV, where we give a suggestion for the spin and the
parity according to the obtained results. Finally, a conclusion
is given in Sec. VL.

II. EXPERIMENTAL DETAILS

Delayed y rays from neutron-rich A =97 fission frag-
ments using the Lohengrin mass spectrometer were measured
at the high-flux reactor of the Institut Laue-Langevin in
Grenoble [19-21]. The nucleus of interest was produced and
populated by a thermal-neutron-induced fission of a0.7 cm X
7cm 23UO, target with a thickness of 363 ug/cm?. The
fission yield for °’Sr was about 1.7%. A 0.25-um-thick Ni foil
covered the target to reduce sputtering 2>U [22]. To investi-
gate the mass A = 97 nuclei, especially °’Sr, the Lohengrin
spectrometer is able to select the fission products according to
their mass- and energy-to-ionic-charge ratios with a vertical
electric deflector and a horizontal magnetic deflector. The
additional reverse energy dispersive (RED) magnet focused
ions arriving in the focal plane to a beam spot that was colli-
mated to 3 x 1 cm [19,20]. Further the fission products could
be identified by their energy loss in a AE;-AE, ionization
chamber (hereafter called IC). The chamber was filled with
isobutane (C4Hjg) at a pressure of 15 mbar. The target cham-
ber contained an aluminum foil that was used as a stopper of
the fission fragments. Four cylindrical 1.5” x 1.5” LaBrs (Ce)
scintillator detectors (hereafter called LaBr) were installed
with a relative angle of (90° to each of the neighboring
detectors around the implantation zone. The compact detector
ring was made such that the corners of detector heads were
touching each other. They had a distance of about 2.2 cm
to the center of the focal plane of the implantation zone. To
minimize the distance and therefore maximize the efficiency
of the setup no shielding of any kind was used. Furthermore,
a typical lead shielding would introduce x-ray emissions in
the energy region of interest for other experiments that were
performed during the campaign, utilizing the same setup. For
further details about timing effects in the low-energy region

100 ‘
TW ———

80 E,; = 344 keV

TW [ps]

1000 1500

Energy [keV]

0 500

2000

FIG. 1. The calibrated time-walk (TW) curve relative to the
energy E = 344 keV. The standard deviation is calculated and the
20 interval is chosen to be the error of the TW curve with 3 ps.

in particular on the effect of x-rays the reader is referred
to Ref. [23]. In addition, two unshielded Clover detectors
consisting of four germanium crystals each were used to
monitor the y rays, because the resolution of the LaBr was
insufficient to resolve transitions that were close in energy.
All Clover detectors were placed below the implantation zone.
The measurement time was 1 week with a reduction in ion
rates over the experiment dropping from 9000 to 3000 ions/s,
due to target burnup.

III. FAST-TIMING METHOD

To perform subnanosecond lifetime measurements at the
Lohengrin spectrometer, the ionization chamber gated y-y
fast-timing technique using LaBr detectors was employed.
The ionization chamber gate ensures that the isomer of in-
terest is selected, which leads to clean LaBr coincidence
spectra with few y rays and reduced Compton background.
To measure lifetimes two LaBr detectors and an analog
time-to-amplitude converter (TAC) were used to determine
the time difference between two y rays feeding and de-
exciting an excited state of interest (see Refs. [24,25] for
details). The time-stamped data were sorted offline to generate
IC-LaBr-LaBr events for the lifetime determination. The
events were used to construct a so-called symmetric energy-
energy-time-difference cube, where the energy axis are sym-
metric under the exchange of £, and E,, whereas the time-
difference is antisymmetric under exchange [24,25].

A time alignment of the six detector-detector combinations
was performed to improve the time resolution of the su-
perimposed time-differences. The total y-y time differences
were incremented twice, in two identical mirror-symmetric
time-difference distributions, with mirror-symmetric mean
time walk characteristics relative to a constant reference time
to [25], which is consistent with the generalized centroid
difference method (described in Refs. [24,26]). To obtain
the mean time-walk curve, which is energy dependent and
shown in Fig. 1, full energy peaks (FEP) from the '32Eu,
133Ba, 207Bj, 1850s, and '¥"W y-ray sources have been used.
The 20 standard deviation is 3 ps and corresponds to the
accuracy of the mean time walk. A detailed description of the
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mean time-walk calibration procedure is given in Ref. [25].
Exact knowledge of the time walk is necessary to perform
high-precision lifetime measurements using the well-known
centroid shift method [27], where the centroid of a time
distribution D(¢) is given by

o tD(t)
C[D®)] = ,—D(t)

Imin

ey

The centroid of the antisymmetric time-difference distribu-
tions can be written as [25]

Crep (Eteeder Edecay) = to + TW(Efeeder Edecay) + T, (2)

where 7 is the mean lifetime of the excited state. To determine
the lifetime the present fast-timing data are corrected for
the time walk with TW(E}, E;) = TW(E}) — TW(E,) [25],
where the values are derived from the curve in Fig. 1. The
reference time is adjusted to ty = 0, so that the mean lifetime
corresponds to the centroid Crgp(E| = Ey,,,., E2 = Ey,.,.) —
TW(E| = Ey s E2 = Ey,,,,,)- As the subscript “FEP” indi-
cates, this only holds for events where no time-correlated
background is present. An analytical background time cor-
rection is used to interpolate the time-correlated background
at the energy of interest, which has been shown to be most
reliable [2,28-30]:

Crep = Cexp + Ey 3)

with the average of both background contributions stemming
from both peaks corresponding to the transition of interest.
This leads to

G = %[tcor(Edecay) + tcor(Efeeder)], (4)
where
C Xp T CBG
tcor(Efeeder(decay)) = ep—. (5)
p/ b feeder(decay)

Cexp 18 the experimentally determined centroid of the FEP, p/b
is the peak-to-background ratio, and Cgg is the centroid of the
background at the considered y-ray energy. The background
time response at the position of the FEP cannot be measured
directly. To determine Cgg an interpolation is used where
the measurement of centroids from several background time
spectra around the FEP is necessary. With the obtained data
points from background time spectra the centroid Cpg at the
FEP can be interpolated and the formulas (3)—(5) can be used
to get the centroid of the FEP (Cggp). The uncertainty is
calculated via the Gaussian error propagation.

IV. ANALYSIS

In this section the measured lifetimes are presented. In
Fig. 2 the level scheme of °’Sr and the full spectrum of the
LaBr and Clover detectors after applying a gate on the IC
chamber are presented. In Fig. 2 the transitions below the
isomer are observed, which are in agreement with previous
experiments [31]. The disturbing lines that are next to the
lines of interest are removed by gating on any transition of
7Sr. Most of the contamination transitions belong to the
daughter nuclei of *’Sr, i.e., 7Y, *’Zr, and *’Nb. Some of
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FIG. 2. Upper panel: The level scheme of *’Sr below the iso-
meric (9/2)% state at 830.8 keV. Within the brackets the rela-
tive intensities of the transitions are given. The scheme only con-
tains transitions observed in this work. In a similar experiment a
(3/2,5/2)t — 7/2% (214.4 keV) transition has been observed [31]
which is included in the calculation for the transition probabilities.
Lower panel: Mass A = 97 gated coincidence spectra using the
ionization chamber of the Lohengrin setup. The important lines of
%7Sr and the contaminates are indicated.

the contaminants belong to ¥Br, which has nearly the same
mass over charge ratio as °’Sr.

All lifetimes are measured using a gate on the ionization
chamber and two LaBr gates that act as start and stop signals,
respectively. The Clover detectors are used to monitor the
measured y rays and to assure that no contamination is lying
close to the peaks, which cannot be fully resolved by the
insufficient energy resolution of the LaBr detectors. In a first
step the IC gate is combined with a LaBr gate to obtain doubly
gated Clover spectra and check for disturbing transitions.
After being sure that the transition of interest is free of any
contamination, the IC-LaBr-LaBr gates are used to generate
time distributions. The lifetimes are then obtained via the
method explained in Sec. III. The final results are summarized
in Table II.
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A. Lifetime of the 3/27 state

The 3/27" state is located at 167.1 keV and is the first
excited state of °’Sr. After applying a 3-us gate on the
ionization chamber the decay transition (167.1 keV) shows a
contaminant with an energy of 161.2 keV that is the 7/2] —
3/2{ transition in 977r, which disappears after using LaBr
coincidence gates. To measure the lifetime of the 3/2% one
can select the strong feeder-decay cascade of 141.0-167.1
keV by applying a gate on the feeder or decay transition. The
results of the applied gates are shown in Figs. 3(f) and 3(g),
where Clover and LaBr spectra with an IC gate and a LaBr
gate on 167.1 and 141.0 keV, respectively, were applied. As
highlighted in the figure both transitions are clearly visible
without any contaminants. Further the peak-to-background
ratio (p/b) is around 20, which leads to a nearly background-
free time spectrum as pictured in Fig. 3(h). To determine
the lifetime three different methods were used, i.e., the con-
volution method, the slope method, and the centroid-shift
method. All three results are consistent within the errors in
which the determined lifetime from the centroid-shift method
(explained in Sec. III) with 73,5+ = 448(4) ps is adopted. In
the literature the lifetime of the state is reported to 317(57)
ps [32] and 1.5 ns [33], where neither can be confirmed.
The authors of Ref. [32] used planar high-purity germanium
detectors, which have a time resolution worse than that of
the LaBr detectors used in this work. Furthermore, the time
response of the detector system is not mentioned, which could
lead to the assumption that this has not been investigated.
Reference [33] just mentions the 1.5-ns lifetime, but does not
explain how and with which method the lifetime has been
measured. Due the missing explanation of the references and
the improved lifetime measurement technique in the present
work, the newly determined lifetime appears more reliable.

B. Lifetime of the (3/2, 5/2)" state

To determine the lifetime of the 5/2% state at 522.5
keV the (9/2)" — (5/2)" — 3/2% (308.3-355.4 keV)
cascade and the (9/2)" — (5/2)" — 1/2* (308.3-522.5
keV) cascade are used. A gate on mass A = 97 and a LaBr
gate on 355.4(308.3) keV were applied as shown in Figs. 3(a)
and 3(b). As explained in Sec. III an interpolation of the
background time response was performed to correct for the
background time response that can disturb the time distribu-
tion of the feeder-decay cascade [see Figs. 3(c) and 3(d)].
The two resulting time distributions, which are generated with
E.r = 308.3(355.4) keV lead to the final centroid shift of 8(6)
ps. After performing the interpolation of the background time
response and using Egs. (3)—(5) the final lifetime results in
14(8) ps for the 308.3-355.4 keV cascade and 15(10) ps for
the 308.3-522.5 keV cascade and thus a weighted average of
T(3/5,5/2)+ = 14(6) pPs is obtained.

C. Lifetime of the isomeric 7/2* and 9/2% states

To measure the lifetimes of the isomeric states, we used
the time stamps of the detectors. A combination of all three
detectors ensures that the transitions are free from contami-
nation and other disturbing effects. For both lifetimes a gate

on the ionization chamber was applied. To generate a time
distribution for the 7/2% state a LaBr gate on the 522.7-keV
transition and a Clover gate on the decaying 141.0-keV tran-
sition were used. The fast LaBr detector was used as a trigger
while the slower germanium Clover detector was used for the
lifetime measurement. The Clover gate was used as the stop
signal and the time-stamp difference was generated and shows
the decay of the 7/2% state. The same gates were applied for
the 9/27 state, but with the trigger enabled for the ionization
chamber, which then acted as the start signal and the LaBr
detector acted as the stop signal. To improve the background
noise level and to be sure that it was free of contamination the
Clover gate was also applied. The lifetime of the 7/27 state
with 77,2+ = 252(10) ns agrees with the results of previous
experiments, which are 245(14) ns [33], 238(6) ns [34], and
238(36) ns [35]. The literature for the 9/2% state provides
contradictory results. On the one hand the lifetime values are
382(39) ns [36] and 368(43) ns [35]. Another result is 551(16)
ns [37], where it does not seem certain that the measured
522.4-keV y ray is from °’Sr [37]. The last group of results
are on the order of 750 ns, like 759(19) ns [38], 750J_r%% ns
[39], and 743(14) ns [31], in which the measured lifetime of
the present work, 759(25) ns, also falls.

V. CALCULATIONS AND DISCUSSION

In this section the results from this work are discussed and
compared to theoretical calculations. For this purpose calcu-
lations using the Interacting Boson-Fermion model (IBFM)
[40] based on the microscopic energy density functional
(EDF) are used. Microscopic calculation for odd-mass nuclei
is generally quite complicated because both the collective
and the single-particle degrees of freedom have to be treated
on the same footing. In the theoretical framework employed in
the present study, the interacting boson model (IBM) Hamil-
tonian for the even-even core nucleus (*°Sr) is completely
determined from a microscopic EDF calculation, and also
the key ingredients of the single-fermion and fermion-boson
coupling Hamiltonians, i.e., single-particle energies and oc-
cupation probabilities, are provided by the fully microscopic
calculation. Even at the cost of having to fit a few strength
parameters for the boson-fermion interaction terms so as to
reproduce with reasonable accuracy experimental data for
excitation spectra in each odd-mass nucleus, this semimi-
croscopic IBFM calculation provides a detailed description
of spectroscopy in odd-mass systems in a computationally
very efficient way. After giving a short description of the
IBFM model that has been used, the energy levels from the
calculation and the experiment are compared to each other.
Further, transition strengths, which were calculated from the
lifetime, are discussed. Also, a suggestion of the spin and the
parity for the (3/2,5/2)" state at 522 keV is given based on
the lifetime measurement and the IBFM calculation.

A. Theoretical framework

Note that only a superficial description with the important
formulas and features of the model is given. For a more
detailed description the reader is referred to Refs. [41-44].
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FIG. 3. (a) The 308.3-keV transition after applying a 3-us gate on A = 97 on the ionization chamber and a LaBr gate on the (3/2, 5/2)" —
3/2% (355.4 keV) transition. (b) The 355.4- and the 522.5-keV transition after applying a 3-us gate on A = 97 on the ionization chamber and
a LaBr gate on the 9/2% —(3/2,5/2)" (308.3 keV) transition. (c) The interpolated background time response with the reference energy of
355.4 keV for the feeding transition of the (3/2,5/2)" state. (d) The interpolated background time response with the reference energy of
308.3 keV for the decaying transition of the (3/2, 5/2)" state. (e) The resulting time distribution for the (3/2, 5/2)" state at 522.5 keV. (f) and
(g) The 141.0 (167.1)-keV transition after applying an ionization chamber gate in A = 97 and a LaBr gate in the 3/2* — 1/2% (7/2% — 3/27)
transition with an energy of 167.1 (141.0) keV. (h) The resulting time distribution for the 3/27 state at 167.1 keV, where three different methods
were used to determine the lifetime.
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To describe *’Sr an IBFM Hamiltonian, Higpy, is used
which is the sum of the neutron-proton IBM (IBM-2) Hamil-
tonian ﬁB, the single-particle fermion Hamiltonian I-?F, and
the boson-fermion interaction term Hpgp:

Hippv = Hp + Hr + Hgr. (6)

In the IBM-2 model, pairs of protons (neutrons) are coupled
to spin J = 0" s, (s,) bosons and to J = 2% d,; (d,) bosons,
respectively [45]. For °’Sr which has ten valence protons and
nine valence neutrons out of the "8Ni doubly magic core,
five proton bosons and four neutron bosons are used for the
IBM-2 Hamiltonian Hg part of Eq. (6). The determination
of the parameters of the IBM-2 Hamiltonian Hy is described
in Ref. [41]. It relies on the (B, y)-deformation energy sur-
faces computed using a constrained HFB method [46] which
is based on the parametrization DIM of the Gogny EDF
[41,47,48]. To describe the neutron that remains after coupling
the neutron/proton bosons, the fermion valence space was
chosen to be the 3si/,, 2d3/, 2ds;» and 1g7,, orbitals of
the whole neutron major shell N = 50-82 [41]. The last
part of the IBFM Hamiltonian, which is the boson-fermion
interaction part Hgp, is taken from Ref. [41]:

HBF = FUQ;(Tz) : []\52) + Aerrv +Auﬁdvﬁv‘ (7)

The product of the strength constant I', times the bo-
son quadrupole operator for proton bosons Q;rz) times the
quadrupole operator for the odd neutron § represents the
quadrupole dynamical term [41]. The second term describes
the exchange interaction introduced to consider that the
bosons are in fact nucleon pairs. Both the quadrupole dy-
namical and the exchange terms act predominantly between
protons and neutrons [41]. The last part is the monopole
interaction, which is the product of the strength A, and the
number operator for neutron d bosons, and neutron fermion
tn, acts between like particles (i.e., between odd neutrons and
neutron bosons) [41].

For the calculations of °’Sr, the even-even core *°Sr has
been used, which shows a weakly oblate-deformed ground-
state minimum and in which the IBFM-2 Hamiltonian is
built. The used energy potential surface is shown in Fig. 2
of Ref. [44], which has a pronounced prolate ground-state
minimum [44].

B. Energy levels

The results from the IBFM calculations and the experimen-
tal energy levels are visualized in Fig. 4. The first two states
of the calculation, i.e., the 1/2% and 3/27 states, are in good
agreement with the experimental energies. The experimental
energy of the 7/2;r state cannot be properly described by
the calculation. The calculation cannot clearly classify the
spin of the (3/2,5/2)" state at 522 keV using only energetic
arguments. On the one hand the first calculated 5/2% state is
approximately in the energy region of the (3/2,5/2)* state,
but it is lower than the state of interest. On the other hand
the calculated 3/2% state could be assigned to the state of
interest, but as Fig. 2 shows, two other 3/27 states are located
nearby this state, i.e., at 585 and 600 keV. This makes it
difficult to draw a conclusion about the spin of the level at
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FIG. 4. The experimental (left) and theoretical (right) states with
their spins and energies for °’Sr up to 2.5 MeV. The experimental
energies and spins are taken from Refs. [14,49-51].

522 keV from energy consideration, but further arguments
about the state are given in the second part of the discussion,
where the B(E2) value is involved to classify the state. The
experimentally observed energy of the 9/2% state can be
described by the model. Note that the calculated 9/2% state
lies in between the experimental 9/2] and 9/27 states, but
closer to the 9/2] state in this work. For higher states, which
were not observed in this work, only the 11/2* state is in good
agreement with the experimental energy. The other states are
mostly calculated to be higher than the experimental ones.
Furthermore, the percentage composition values of the
IBFM wave function for the neutron single-particle orbitals,
i.e., for the 3512, 2d3/2, 2ds;>, and 1g7/, orbitals, are given
in Table I. The compositions of the 1/2] state and the 5/2
state have a large overlap, which may lead to the assumption
that the supposed 5/2; state could be spherical as the ground
state. Additionally, the overlap of the compositions of the
3/2{ and 7/2 states is also very large. The higher-lying
9/27 state consists mainly of the 2d; /2 orbital and the 2ds,»
orbital, where a description with the highly deformed intruder
v9/2 [404] Nilsson orbital could be a better description
[14,36,38]. The intruder v9/2 [404] Nilsson orbital has also
been observed in the corresponding isotone *°Zr [52], but
not for '%'"Mo and ®>Kr, which could be due to the special
proton-neutron configuration in the Sr and Zr isotopes.

C. Transition probabilities

In Table II all lifetimes and corresponding reduced transi-
tion strengths are summarized. Due to the lack of knowledge
about the spin of the state at 522 keV, which could be a 3/2%
state or a 5/2% state [6], the transitions which decay or feed
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TABLE I. The composition of the IBFM wave function for the
neutron single-particle orbitals (3s12, 2d32, 2ds>, 1g72) for TS,
The values are all given in percentages and only for positive-parity
states.

97Sr
J 35172 2d5), 2ds ), 1g7/2
1/2T 12 24 56 8
3/2?’ 10 20 65 5
5/2T 12 25 54 9
3/22+ 16 41 21 22
7/2T 10 22 61 7
1/22+ 16 36 31 17
5/23’ 14 46 17 23
9/21+ 11 32 43 14
11/2?’ 17 46 9 28
11/22+ 11 22 58 9
13/2?’ 10 38 33 19
15/2?r 16 51 3 30
13/2; 13 25 48 14
15/2;r 10 35 35 20

this state have unknown multipolarities. For the other states,
ie,1/2%,3/2%,7/2%, and 9/2", the spins were know, but not
all the multipolarities of the transitions connecting them were
known. Therefore, the reduced transition strength for some of
the states is given in an E2 or a M1 limit, where we assume
that the transition is either a pure E2 or a pure M 1 character.

The 7/2% — 3/2% and 3/2% — 1/2% transitions were
found to be pure E2 and pure M1 transitions, respectively
[33]. The calculated B(M1) value for the 3/2T — 1/2% tran-
sition is a factor of 2 higher than the experimental value. Also,
the B(E2) for the 7/2% — 3/2% transition is calculated an
order of magnitude too high. The large discrepancy for both
states could reflect the similarity between both states (see
Table II), which could arise from the employed single-particle
energies, the occupation probabilities, and the fitted strength
parameters for the boson-fermion interactions.

The 9/27 state decays via an E2 transition to the 5/27F
state at 522 keV and via a mixed M1/E2 transition to the
7/2% state at 167 keV. A 5/27 state is preferred, because a
3/2% spin would suggest an M3/E4 transition which seems
very unlikely. Further reasons for the preference of a 5/2%
spin are given in the next section. The calculated B(M1) and
B(E?2) strength values overestimate the experimental values in
all cases.

D. The (3/2,5/2)* state at 522 keV

The state at 522 keV is a bit more complicated to de-
scribe, because the spin of the state is either 3/2% or 5/2%
[6]. For two of the three decaying transitions of the state,
ie., 522.5keV (3/2F,5/27 — 1/2%) and 214.4 keV (3/2*,
5/2% — 7/2%) the transitions could be of E2 or M1 character
depending on whether the initial state is 3/2% or 5/2". Only
the 355.4-keV (3/2%, 5/27 — 3/2%) transition has a known
multipolarity, which is M1 [6]. Let us first assume the state
has spin and parity 3/2F, so that the state is 3/2]. Then
the 3/25 — 1/27 transitions could be an M1, an E2, or a

TABLE II. The investigated and observed states of °’Sr, where the energy of the initial and final levels, the lifetime, the transitions with
their multipolarity, the reduced transition probability B(E2), and B(M 1) are given. In cases where experimental multipole mixing ratios are
missing or the type and the multipolarity of the transition are unclear, the transition probabilities are calculated by assuming the limits of a
pure E2 or M1 transition, which are marked with *. Further details about different transitions are given in the text.

Experimental results from this work Theory
Eievel (keV) J72 — g7l Intensity® Multipolarity T(J™?) B(or;J™2 — J™) B(o})
167.1 3/2% — 1/2* 100 M1 448(4) ps 260(2)x 107* u? 52 x 1073 w3
308.1 7/2F — 3/2F 100 E2 252(10) ns 45(2) ¢* fm* 740 ¢? fm*
522.5° 5/2t - 1/2* 4(1) E2 14(6) ps 450%5% €* fm* 313 ¢* fm*
— 3/2% 100(8) M1 60130 x 1073 u3 120 x 1072 3,
—7/2F 46(6) E2% 330012790 ¢? fm* 128 €% fm*
M1* 111 x 1073 2 96 x 1073 u2,
522.5¢ 3/25 — 1/2* 4(1) E2* 14(6) ps 450133 * fm* 33 ¢? fm*
M1* 9%8 x 1073 3, 29 x 1073 w3,
— 3/2F 100(8) M1 60750 x 1073 17 x 1073
—7/2F 46(6) E2 330072190 ¢ fm* 4 ¢* fm*
830.8 9/2+ — 5/2+4 3.2(12) E2 759(25) ns 1217 x 1073 €2 fm* 398 ¢? fm*
— 7/2% 100(28) E2% 27(1)x 1073 ¢* fm* 31 ¢? fm*
M1* 51(2)x 1078 2, 102 x 1072 2,

2The intensities are taken from Refs. [31,49].
"By assuming it is a 5/27 state.
“By assuming it is a 3/2" state.

9A 5/2% state is preferred, because a 3/2* would suggest am M3/E4 transition that is unlikely.
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mixed M1/E?2 transition. The multipolarity and the multipole
mixing ratio are unknown and therefore the extreme limits
of an M1 transition and an E2 transition are given and
compared to the IBFM calculations (see Table II). The cal-
culation underestimates the B(E2) strength and overestimates
the B(M1) strength, by which one could conclude that the
transition contains both multipolarities. The second transition,
ie., 3/2T — 7/2%, would correspond to an E2 transition.
The experimentally determined B(E2) value is 3 orders of
magnitude higher than the calculated B(E2) value. Note that
the experimental value has high uncertainties, which results
from the high uncertainty of the lifetime but also from the
imprecisely measured branching ratio with 3(1) [31]. For the
3/25 — 3/2{ transition the multipolarity of M1 has been de-
termined [6]. The calculated B(M 1) strength underestimates
the experimental value by a factor of 3, which is therefore the
least discrepant described transition probability by the model.
Now the values are discussed within the assumption that the
state has spin and parity of 5/2%. The 5/27 — 1/2% transi-
tion is a pure E2 transition, where the experimental B(E?2)
value of 4511327 ¢ fm* is described by the calculated value
of 313 ¢ fm*. The second transition, i.e., 5/2% — 7/2%, has
a mixed M1/E?2 character in which the experimental B(M1)
value, which is calculated by assuming a pure M1 transition, is
overestimated by the calculation. The opposite case occurs for
the experimental B(E2) value, where a pure E2 transition is
assumed, in which the calculation underestimates the value by
an order of magnitude. For the known M1 transition 5/2% —
3/2%, the calculation is twice as big as the experimental
B(M1) value, which is quite accurate in contrast to the other
transition strengths.

With the newly measured results and the theoretical cal-
culations the spin of the state at 522 keV is discussed in
the following. First, the calculated 3/27 state is very close
in energy to the state at 522 keV, but this state could also
be assigned to the experimental 3/2% state at 585 or 600
keV. Furthermore, by looking at the calculated 3/2; state
compared to the experimental 3/2] state it seems likely that
the calculation is underestimating the energy of the states
in this region. This could lead to the conclusion that the
calculated 5/27" state is also underestimated. Hence, a higher
energy is expected that would fit better to the state at 522
keV. Another fact is that the calculated transition strength
by assuming a 5/27 state describes the experimental values
better. According to Ref. [31], where a partial half-life of
16.6(3) us is obtained for the 308.3-keV transition from
the 9/2% state, an E2 transition is favored because an M3
multipolarity would be incompatible with the partial half-life
[31]. Additionally, earlier observed experimental signatures
recommend a 5/27% state like the enhanced transition rate of
the (3/2,5/2)* state at 600.5 keV, which can be described

as being the 1/ ZQ_S. ® 2;10[1011 first quadrupole vibrational state

[5]. The experimental data of 97Sr seem to show no other
remaining possibility to create a 5/2% state at 522 keV

with a collective nature, and therefore it is likely to be a
high-seniority, spherical shell-model state [31]. Note that the
3/2] state has been described as a high-seniority, spherical
shell-model state [6], where the state is weakly fed via the
B decay of the deformed nucleus *’Rb [6,31]. The 8 decay
between those state occurs with a high log fr = 6.5 value,
which is a first forbidden transition type and could be a hint
of shape hindrance in this transition [6,31]. Nearly the same
log ft value has been reported for the state at 522 keV [6],
which is an indication of a similar structure for this level [31].
According to the number of supporting experimental facts and
the additional support from the IBFM calculation we suggest
a spin assignment of 5/27% for the state at 522 keV, although
a structure corresponding to a high-seniority spherical shell-
model state is also possible.

VI. CONCLUSIONS

The lifetimes of all the states that are fed by the isomeric
9/2% state and the lifetime of the isomeric state itself could
be measured. The lifetime of the 7/2% and 9/2" isomers
could be confirmed within the results of some earlier works.
The experimental results of the 3/2% state do not agree with
the literature values, where we prefer the result from this
work due to the high statistics and improved technique. An
important observed state was the (3/2, 5/2)% state at 522 keV,
where the lifetime and the resulting transition strength lead to
the suggestion that the state is a 5/27 state and likely to be a
high-seniority shell-model state. Based on the new experimen-
tal data of °’Sr, which is exactly at the spherical-deformed
border, the nuclear structure of the 5/2% state gives a hint,
where the deformed configuration of the nucleus is preferred.
Further experiments to determine the multipolarities of the
transitions would be desirable.
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Lifetimes of low-spin excited states in '">Mo populated in a '®Mo('*0, '°0Q) '">Mo two-neutron transfer
reaction were measured using the recoil-distance Doppler-shift technique at the Cologne FN Tandem accelerator.
Lifetimes of the 2}, 4], 61, 07, 27, 3} states and one upper limit for the lifetime of the 4 state were obtained.
The energy levels and deduced electromagnetic transition probabilities are compared with those obtained within
the mapped interacting boson model framework with microscopic input from Gogny mean-field calculations.
With the newly obtained signatures a more detailed insight in the y softness and shape coexistence in '"*Mo is
possible and discussed in the context of the Z s 40 and N & 60 region. The nucleus of '°*Mo follows the y soft
trend of the Mo isotopes. The properties of the 05 state indicate, in contrast with the microscopic predictions,
shape coexistence which also occurs in other N = 60 isotones.

DOI: 10.1103/PhysRevC.104.064314

I. INTRODUCTION

Nuclei with proton or neutron number close to the magic
numbers tend to exhibit a spherical ground state. Moving
away from a closed shell results in an increase of collectivity.
Compared with the usual gradual process, this development
is strictly different in the A ~ 100 region, especially for the
neutron-rich Zr and Sr isotopes [1,2]. They undergo a rapid
change from spherical to a deformed type of structure going
from N =58 to N = 60 (see Fig. 1). The proton subshell
closures at Z = 38,40 (wps3;, and mppn) as well as the
neutron subshell closures at N = 50, 56, 58 (vgo/2, vds),
and vsy,y) lead to a low-energy structure of a semimagic
nucleus for the N = 50-58 (3-29Sr) strontium and (°*%Zr)
zirconium isotopes. The ruthenium isotopes (Z = 44) show
a rather smooth transition from a more spherical shape to
a deformed one. The more neutron-rich ruthenium isotopes
show a triaxial behavior, where the maximum triaxiality is
reached around neutron number N = 66 and 68 (!'®!1>Ru)
[3-6]. The molybdenum isotopes are centered between the
ruthenium, with some degree of y softness, and the zirco-
nium isotopes, showing a rapid change from a spherical to
a deformed structure. This creates a challenge for theoretical
models to accurately describe the interplay of different nuclear
structure phenomena dominant in this region. The semimagic
92Mo (N = 50) is spherical [7], where the low-energy excited

*aesmaylzadeh @ikp.uni-koeln.de
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states are formed by the interaction between protons in the
7T 89,2 orbital and the neutrons in the vg7/, orbital. The energy
of the first-excited 2| state decreases with increasing neutron
numbers after N = 56, while the B(E2;2] — 0) strengths
shows an opposite behavior (see Fig. 1). This suggests that,
with increasing neutron number, the influence of collective
motion becomes stronger [8]. Compared with the Sr and Zr
isotopes, the molybdenum isotopes show a less rapid shape
evolution where the emergence of triaxiality could play a
major role [23]. Different experimental evidence for triax-
iality in neutron-rich even-even molybdenum isotopes was
reported [8,22,24,25]. The y band with its 2;; state band-
head is strongly related to the triaxial motion [26] where the
potential-energy surface minimum is located between y = 0°
(prolate shape) and y = 60° (oblate shape). The relative po-
sition of the 2;; states with respect to the 4] state changes at
N = 54 and again at N = 60 with the 2‘; states being lower
in between. Two important models, that discuss this kind of
low-lying 2; states and the triaxial shape, are the Davydov-
Filippov rigid triaxial rotor model [27-29] and the Wilets-Jean
y unstable rotor model [30]. In the Wilets-Jean y unstable
rotor model (hereafter  soft model), the energies of the 4]
and 2; states are degenerate, while the Davydov-Filippov
model predicts the 2; at a lower energy than the 4 state
at the maximum of triaxiality at y = 30°. The similarities of
the models require the use of further parameters to distinguish
between them. Therefore, the energy staggering of the y-band
can be considered, which is opposite for both models [26,31].
In the prediction of the y-soft model, the states corresponding

©2021 American Physical Society
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to the y band are clustered as (2;), (3],4)) and (5, 6]) in
comparison to a (2;;, 3;;), 47, 5;) clustering structure in the
rigid triaxial rotor (Davydov-Filippov model) [32].

Further insights can be obtained by the observation of the
second 02+ state, which can be an indicator for 8 vibration
or a possible coexisting shape [33,34]. The O;r state for the
molybdenum isotopes starts at 1.7 MeV in **Mo, has its
minimum for '%192Mo (with both almost at the same energy
around 700 keV), and increases its energy to 1 MeV for
106Mo. In *®Mo the 05 state is the first-excited state and shape
coexistence has been confirmed by different works [35,36].

In the present study, low-lying states of '®>Mo were ob-
served and lifetimes were determined to further investigate
the describe phenomena in this interesting region of the nu-
clear chart. The obtained lifetimes and the deduced transition
probabilities of these states are powerful tools to get a detailed
distinction of different models and their interpretation. The
results are compared with the proton-neutron version of the
interacting boson model (IBM-2) with microscopic input from
the self-consistent mean-field approximation based on the
Gogny-D1M energy density functional discussed in Ref. [37].

II. EXPERIMENT

The nucleus of interest was populated using a two-neutron
transfer reaction, i.e., '“Mo(*%0, 1°0)®Mo. An average
beam current of ~1 pnA with an energy of 52 MeV was
provided by the Cologne 10 MV FN-Tandem accelerator.
The highly enriched (99.7%) Mo target with a thickness
of 1 mg/cm? and a 1.9 mg/cm? thick natural magnesium
backing was stretched inside the Cologne Plunger device [38].
In addition, a natural magnesium stopper foil was stretched
in parallel to the target and acted as a stopper for the ejec-
tiles. To detect the y rays produced in the reaction, eleven
high-purity germanium (HPGe) detectors were used forming
two rings (backward and forward) around the target chamber.
The six forward detectors were positioned at an angle of
45°, whereas the five backward detectors were placed at an
angle of 142° with respect to the beam direction. Similar to
previous experiments using the same configuration [39—41],
six solar cells were installed at backward angles to detect the
backscattered light recoiling fragments. To apply the recoil
distance Doppler-shift (RDDS) technique, twelve target-to-
stopper distances (15, 29, 44, 64,84, 114,214,414,714, 1114,
1814, and 2414 pum) were measured in approximately 12 days
of beam time. The absolute values of these distances were
obtained by using the capacitive method which is described
in Refs. [38,42] and verified by different lifetimes of the
Coulomb excitation of '®Mo. The origin of the uncertainty
arises from the fit of the data points using the capacitive
method but also from the different used lifetimes of Mo,
where each lifetime obtains a different so-called zero point.
Therefore, the uncertainty of the zero-point determination was
calculated to be 5 um. The velocity of the recoiling '®>Mo
was determined using the shifted and unshifted components of
the most intensive transitions and results in v/c = 1.83(10)%.
A particle spectrum and a particle-gated y spectrum of the
shortest distance is shown in Fig. 2. In addition, a partial level
scheme is shown that was built using the information given in

Sr — 88— Zr —@— Mo —4&— Ru
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FIG. 1. The energies of the first-excited 2 states (filled sym-
bols) for Sr (Z = 38), Zr (Z = 40), Mo (Z =42), and Ru (Z =
44) isotopes with N = 52-64. Data are taken from the Nuclear
Data Sheets [9-18]. Also the B(E2;2] — 07) for the Mo iso-
topes are shown (open symbols) where the values are taken from
Refs. [13-15,19-22].

the spectrum with spins and parities of the states taken from
the literature [15]. The dashed lines in Fig. 2(a) indicate y-ray
transitions that were not observed due to their low intensity.
The observation limit is about 2% relative to the 2] — 0f
transition and the intensities are summarized in Table 1. The
strongest y rays belong to '®Mo and '">Mo. An exclusion
of the Coulomb excitation channel ('”Mo) with the particle
gate was not possible due to the energy and angular struggling
of the recoiling '*0 and '°Q particles as well as the angular
coverage of the solar cells.

III. ANALYSIS

The lifetimes of the 27, 4f, 67, 05, 2, 37 states and an
upper limit for the lifetime of the 4;; state have been deter-
mined using the Bateman equations [44] to analyze the recoil
distance Doppler-shift data. In addition, the well-established
differential decay curve method (DDCM) [45] has been used,
which has some advantages like the detection of certain sys-
tematic errors. It uses only experimental accessible values and
no assumption on the R(t) curve shape are used. Another
advantages in contrast to the Bateman equations is the use
of relative distances, which eliminates the uncertainty of the
absolute distance determination. Only particle-gated single
y-ray spectra were used to analyze the data, where y-y co-
incidences could not be employed due to lack of statistics. A
detailed description of both methods is given in Ref. [38]. Due
to the low statistics, for the 4; state the method explained in
Refs. [40,46] was used to obtain the lifetime. The summed
spectra of all distances j was used in combination with the
following solution of the Bateman equations [40,46]:

R = 21 =Y nRt)) (1)
sum = S~ s (),

L+ 5

where [ J“ and [ Js are the intensities of the unshifted and shifted

component, respectively. The normalization factor n; needs

to be obtained for each distance, and ¢; corresponds to the
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FIG. 2. (a) Partial level scheme of the observed states in '*Mo using the 10Mo(180, '°0) 1Mo two-neutron transfer reaction. The width of
the transition arrows corresponds to the intensities (see Table I) and the dashed lines indicate known transitions not observed in this experiment.
(b) The solar cell spectrum of the 15 m distance. The rectangle shows the gate that has been used for the analysis of '“?Mo. (c) Particle gated
singles y-ray spectrum of the backward HPGe detector ring for the shortest distance of 15 um. The spectrum is shown for the energy range
from 120 keV up to 720 keV in which the observed transitions of '®>Mo are indicated and colored in red. The transitions marked with # belong
to the Coulomb excitation of '’ Mo and transitions marked with * stem from '%Ru, populated by the a-transfer reaction channel. Note that the
y scale is logarithmic. (d) Same for the energy range 680 up to 1450 keV with a linear y scale.

flight-time of each distance. As discussed in Refs. [39,40] a
top-to-bottom approach was used to determine the lifetimes
to adjust the feeding pattern for lower-lying states. The uncer-
tainties for the single measurements were determined using

TABLE 1. Relative transition intensities observed in the two neu-
tron transfer 'Mo('*0, '°0) '®>Mo reaction. The intensities were
normalized to the 2] — O transition and the energies are taken from
Ref. [15].

Transition Transition energy [keV] Intensity
2F - 0f 296.6 100.0(7)

0F — 27 401.9 10.4(14)
47 — 2f 447.1 40.3(8)

25— 27 551.6 12.2(15)
65 — 47 584.2 11.5(11)
4F — 47 654.6 2.5(20)
3 — 2f 948.9 5.0(24)

a Monte Carlo simulation were all parameters were varied
within their uncertainties. The adopted values are calculated
using the weighted average of the results. A systematic error
of 5% is added which can be caused by different sources,
like the opening angle of the detectors, slowing down ef-
fects within the target and deorientation effects, especially for
T > 100 ps.

A. The analysis of the 4/ state

The highest observed state in this experiment is the 47f
state. Due to the low population of the state only Eq. (1) could
be employed to obtain its lifetime. After the determination of
the normalization factors n; and Rgm, a Monte Carlo simula-
tion (with 10° iterations) was used to obtain the final lifetime.
All the input parameters (7;, Rgm, v/c and the distance)
used in the fit are independently varied within their corre-
sponding experimental uncertainty. The resulting lifetime of
74y = 3(1) ps has been obtained for which no feeding is
assumed. The small intensity is almost at the observation limit
and possible unobserved feeders can influence the resulting
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FIG. 3. The evolution of the shifted (blue) and unshifted (red) components in the backward ring for the 27 — 0] (left panel), 0 — 2
(middle panel), 47 — 2} (middle panel), 2 — 2 (right panel) and 67 — 47 (right panel) transitions for four distances, namely 15, 64, 214,
and 1114 pm. The solid line indicates the background level and different disturbing peaks were also fit (green). The disturbing transitions, i.e.,

at 536 and 600 keV with their shifted components belong to '°°Mo.

lifetime. To account for these factors a simulation to account
for the feeding contribution was performed. A possible feeder
is the 6? state which is indicated in Fig. 2(a). An assumption
for the maximum feeding from this state and possible other
but unobserved states can be extrapolated from the feeding of
the lower-lying states and by the fact that the population of
states in transfer reactions is decreasing with increasing spin
and excitation energy [39—41]. A realistic amount of feeding
contribution would in this case be 20%. In other words, 80%
is directly populated through the reaction. For the sake of sim-
plicity, the feeding is modeled by a single hypothetical state
with an effective lifetime of 100 ps which is sufficiently long
to be considered as a pure long-lived feeding [40,41]. After
including the feeding intensity and lifetime in the simulation,
a lifetime of T4y = 1(1) ps was calculated. The lower limit of
the simulation is used as the lower limit of the lifetime [40,41].
This leads to a range of 0—4 ps for the lifetime of this state or
an upper limit of Tgr < 4 ps. Although this is only an upper

limit, it is important for the lower-lying states (27, 2;, and
3;) to know the feeding contribution of this state.

B. The analysis of the 6] and 3} states

The lifetimes of the 6 and 3} states were analyzed
using the Bateman equations and the differential decay
curve method (DDCM) without taking into account unob-
served feeding. The mean average of the lifetimes result in

Tor = 6.7(7) ps and 73+ = 5.7(10) ps, respectively. The de-
cay curves and the evolution of the shifted and unshifted
component for the 6] state are shown in Figs. 3-5. For the de-
termination of the lifetimes, the 6] — 4 transition with 584
keV and the 3;,* — 27 transition with 949 keV were used. To
investigate possible feeding contributions from higher-lying

-+ 2t ot of + ot gfsaT ot
6747 3,2y 2,2y 47—2) 0y =2 270,
—a— —e—i v e

Time of flight [ps]

FIG. 4. The decay curves for the lifetimes of the 67, 3;', 2;,
47, 0F, and 2/ states using the Bateman equations to fit the data
of the backward ring at 142°. Note that the x scale is logarithmic.
The lifetimes are summarized in Table II.
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which is used to obtain the derlvatlve S Ri(x).

unobserved states (e.g., 8] state as a feeder of the 6] state)
and other unobserved feeding y rays, a simulation similar as
explained in Sec. III A was performed to account for this. The
final results for these states with the inclusion of the feeding
contribution are given by g = 6.7+ ps and 733 = 5.571¢

ps.

C. The analysis of the 2, 47, 05, and 2 states

After the determination of the lifetimes of the higher-lying
states, the lifetimes of the lower lying states can be obtained.
The shifted and unshifted components of these states are
shown in Fig. 3 for four representative distances. All lifetimes
have been obtained using the Bateman equations and the
DDCM. The decay curves of these states are shown in Fig. 4.

For the 2; state, the 551.6 keV transition (2;r — 2]+) was
used to determine the lifetime. The second decay transition
(848 keV) of this state could not be used due to the 3= —
27 (845 keV) transition populated in Coulomb excitation of
109\o. The evolution of the shifted and unshifted components
can be seen in the right panel of Fig. 3. The lifetime was
determined for the backward angle detectors but not for the
forward angle detectors due to the 2] — 07 transition with an
energy of 536 keV populated in Coulomb excitation of '°*Mo.
A possible contamination could be the 550 keV (4j — Z;f)

transition. However, according to the intensities (see Table 1),
the population of the 4; is very low. Furthermore, the lifetime
is short (r < 4 ps) and therefore the effect of this state can
be neglected in the analysis procedure. After applying the
Bateman equations and the DDCM, the final lifetime is 7oy =
10.3(12) ps, which is the weighted average of both methods
(see Table II).

The 0 — 27 transition with 402 keV was used to obtain
the lifetime of the 05 state. The increase of the shifted compo-
nent with increasing distance is shown in the middle panel of
Fig. 3. The weighted average of 7,y = 33(4) ps is consistent
with a former RDDS lifetime measurement with a result of
40(16) ps [47] within the uncertainties.

The evolution of the intensities of the 447 keV (4] — 27)
transition is also shown in the middle panel of Fig. 3. A
weighted average of 74+ = 15.9(12) ps is consistent with a
former RDDS lifetime measurement [47] that has a result of
18(4) ps. Another lifetime measurement [48] with the result
of 74+ =27. 8“0 > ps was obtained by the Doppler-shift-
attenuation method using a fragment separator in combination
with the PreSPEC-AGATA experimental setup [48]. Although
the uncertainty of this result is relatively large, it is not con-
sistent with the lifetime value of this work. A reason could
be the low statistics of the lifetime determination described in
Ref. [48] which makes it difficult to observe possible feeding
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TABLE II. Lifetimes measured in the experiment using the Bate-
man equation (BE), the DDCM method together with the adopted
values. The literature values from Refs. [21,47,48] are summarized
in the last column.

Lifetime [ps]

Backward ring Forward ring

State BE  DDCM BE DDCM Adopted Lit.

27 149(6) 156(3)  146(6) 147(3) 150(10) 164(19)*
180(6)°
186.97 53¢

45 18.3(14) 15.1(5) 18.3(20) 16.6(9) 15.9(12)  18(4)
27819

6 6.2(9) 6.8(7) 6.09) 7.1(7) 677  3207F

07 30(6)  34(3) 33(8)  34(3)  33(4)  40(16)

25 9.9(13) 10.49) 10.3(12)

37 59(18) 65(18)  52(12) 5.1(11) 55717

4; <4 <4

2From Ref. [47].
YFrom Ref. [21].
‘From Ref. [48].

states of the 4] other than the 6 state. Therefore, the possible
lifetimes of feeder states could have a significant effect on
the lifetime and would possibly lower the value if taken into
account during the analysis. The lifetime determination in this
experiment benefits from the low level density populated from
transfer reactions and the higher statistics (see Fig. 3).

After obtaining the lifetimes of all states above the 2] state,
the lifetime of this state is now accessible and the feeding
pattern can be included in its determination. The evolution
of the components is shown in the left panel of Fig. 3, and
the decay curve in Fig. 4. The lifetimes and intensities of the
feeding 0F, 47, 2%, 3%, and 47 states are included in the
calculation. The final lifetime Tyr = 150(10) ps is obtained,
which is in agreement with a former lifetime measurement
with a result of 164(19) ps [47]. Two other lifetimes with
180(6) ps [21] and 186.9f}§:$ ps [48] are not consistent within
the 1o range.

IV. CALCULATIONS

Calculations using the proton-neutron interacting boson
model (IBM-2), where a distinction between proton bosons
and neutron bosons is made [49], based on the microscopic
energy density functional (EDF), were performed. The param-
eters of the IBM-2 Hamiltonian are determined by mapping
the deformation-energy surface, which is provided by the
constrained Gogny-DIM SCMF calculations, onto the ex-
pectation value of the IBM Hamiltonian computed with the
boson condensate (intrinsic) wave function [37,50]. From the
resulting IBM Hamiltonian, energy levels and transition prob-
abilities can be calculated.

The potential-energy surface shown in left part of Fig. 6
exhibits a single minimum. Therefore, only a single config-
uration of the Hamiltonian in Eq. (2) of Ref. [37] is used.
Here only a short description is given and for a more detailed
description, the reader is referred to Ref. [37].

(MeV)

2.7
24
21
1.8
15
1.2
0.9
0.6
0.3
0.0

FIG. 6. Contour plot of the deformation-energy surface in the
(8, ) plane for 1Mo computed with the constrained HFB method
by using the Gogny functional D1M (left) and with the mapped IBM
(right). The red dot indicates the minimum of the energy surface plots
and the difference between two neighboring contours is 100 ke'V.

To describe '%2Mo, the Hamiltonian Hp is defined as

Hg = eng + k0 - Oy +«’ Z Topps (2)
pP'#EP

where 7i; = fig, + figr and g, = d; . dp (p = v, ) describe
the d-boson number operator. The quadrupole operator is de-
fined as Q, = s;dp + d;EP + Xp[d; X dp](z) (p =v,m) and
the third term is a specific three-boson interaction term with
Topp = 2pld} x djy x diJV - [dy x d, x dy]™) with L be-
ing the total angular momentum in the boson system. The
electromagnetic E?2 transition rates are calculated via:

TED = e, A3)

where ¢, and Q are the effective charge and the quadrupole
operator, respectively.

The shell closures at Z = N = 50 were used to get the
boson numbers which are half of the valence protons and
neutrons. The '®>Mo nucleus is eight protons and ten neutrons
away from the closed shell and hence the proton and neu-
tron valence numbers are N; =4 and N, =5, respectively.
The adopted Hamiltonian parameters are € = 0.66 MeV, k =
—0.171 MeV, x, = 0.15, x, = 0.35, and ¥’ = 0.1 MeV. The
effective E2 charge is eg = 0.141 eb and the effective g fac-
tors are g, = 0 for neutrons and g, = 1 for protons in units
of .

The mean field and (mapped) IBM potential-energy sur-
faces (PESs) are shown in Fig. 6. As can be seen, the
Gogny-DIM PES displays an oblate minimum around 8 =
0.15 which was used to obtain the IBM parameters. Note that
the Gogny-D1M PES shows two minima in the case of 104,
106 Mo (see Fig. 1 in Ref. [37]). On the right-hand side,
the IBM PES shows a minimum around 8 & 0.15 and a y
deformation of y & 40°. This can be interpreted as signatures
for y softness in '"?Mo, where the maximum y softness has a
very broad minimum at y = 30° spreading to y = 0° (prolate)
and y = 60° (oblate).
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FIG. 7. The level energies of the ground-state band up to the 8, the y band up to the 6j and the 05 state which were observed in different
experiments (a) and the same level energies for the IBM calculations. The numbers (in red) close to the arrows indicate the B(E2) values in
Weisskopf units. The B(E2; 3; — 2;“) value indicated with an * is calculated using the limits of a pure E2 transition due to a lack of multipole

mixing ratios.

V. RESULTS AND DISCUSSION

A. Energy levels

In Fig. 7, the experimental and calculated level energies
and transition strengths are shown. The 2| and 4] states of
the ground-state band are well described by the calculation
with an accuracy of 10 keV or better. Although the energy
levels of 6 and 8 states differ by ~50 and ~150 keV,
respectively, the IBM is still able to give a reasonable de-
scription of these states. The Z;F bandhead and the 3? are
described with a difference of less than 10 keV with respect
to the experimental observations. The energy level of higher
lying states of this band, namely, the 4; and 6;,' states, are
overestimated by the calculations. The calculations locate the
57 state in between the 4 and 6 state. Three states with level
energies of 1617, 1748, and 1870 keV, respectively, could be
possible candidates for this proposed 5;. These states have
no adopted spin and lie between the 4)*,' and 6;. They were

observed by the 8 decay of the (4*) ground state of '“>Nb [15]
which makes it an allowed B decay to a 5% state according to
the S-decay selection rules. However, all three states decay
to at least one 27 state, i.e., 1617 keV — 296 (1250) keV,
1748 keV — 296 keV and 1870 keV — 848 keV. These
transitions would imply an M3/E4 transition which makes
this assignment unlikely. In this case no clear assignment
of calculated states to experimental states can be made and
further experiments are needed to give a final conclusion.
The low-lying 05 state differs from the calculations by a
wide margin, which makes it difficult to interpret this state
based on the IBM calculations. A possible explanation for the
difference might be that the PES in Fig. 6 shows a pronounced
deformation (minimum). This leads to a rotational-like energy
spectra with the result of a high 05 energy level.

B. Reduced transition probabilities

In Fig. 7, the transitions and their respective reduced
transition probabilities B(E2) given in Weisskopf units are
shown. The corresponding B(E2) and B(M1) values can be
found in Table III. Using the microscopic interacting boson
approach explained in Sec. IV, the theoretically calculated
reduced transition strengths are compared with the experimen-
tally deduced ones. The B(E2;2] — 0f) fits exactly to the
experimental observed reduced transition probability. Going
up the yrast band the calculation overestimates the values
slightly for the 47 — 2 transition and by a factor of two
for the 6] — 4. Although the experimental uncertainty of
the B(E2;6; — 47 ) is high, the calculations are not able to
reproduce this value within the error.

The 2 state has two decay branches to the 2{ and 0}
state. The 2.7 — Of transition with an experimental reduced
transition probability of 2.3(3) W.u. is overestimated with
2.9 W.u. by the model. The second decay transition 2;; — 27

with a multipole mixing ratio of § = 7.0:1):2 [51] has an over-
estimated B(E2) value and a B(M1) value that is in good
agreement with the calculations. The multipole mixing ratio
suggests a predominantly E2 type of transition with a more
collective nature, which is also supported by the calculation
although the value is two times larger with B(E2) = 63 W.u.
For the 3; — ZT transition, a multipole mixing ratio of

= —91“% [51] was used. The corresponding B(E2) value is
slightly overestimated whereas the B(M 1) value is reproduced
by the model. For the decay of the 3 to the 2 state, the mul-
tipole mixing ratio is unknown and, therefore, the transition
rates are calculated in limits of a pure £2 or M1 transition.
The B(E2;3] — 27) is reproduced by the model, while the
calculation underestimates the B(M1; 3;: — 2;;) strength. A
multipole mixing ratio of § & |19| would fit to the calculations
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TABLE III. The reduced transition probabilities obtained from
the measured lifetimes. The branching ratios are taken from the Nu-
clear Data Sheets [15]. Due to a lack of M'1/E?2 mixing ratios of some
transitions the transition probabilities are calculated by assuming the
limits of a pure E2 and M1 transition, which are marked with *. The
B(E?2) values are given in W.u. and the B(M1) values are given in
107412,

J7r = gl Multipolarity B(o A, J™2 — J7h) IBM
2F — of E2 82(6) 82
4F —2f E2 101(8) 116
67 — 4F E2 63+¢ 129
05 — 2/ E2 83(11) 11
25 —2f E2° 34(5) 63
M1? 42734 3.6
28 — 0f E2 2.3(3) 2.9
327 E2° 5500 4.6
Mi1® 1448 2.0
35— 2t E2* 8675 101
M1* 2701290 0.8
4h —2f E2 >0.8 0.014
45— 2% E2 >56 55
47 — 4f E2¢ >21 38
MIe >29 27
05 — 0f E0? 145(30)¢

2An M1/E?2 mixing ratio of § = 7.0:1):2 was used [51].

®An M1/E?2 mixing ratio of § = —972 was used [51].

°An M1/E2 mixing ratio of § = 23 was used [51].

4The electric monopole transitions strength between 0 state is given
in 10* x p2(E0) and were calculated using the method explained in
Ref. [52].

for both transitions rates, which would be a dominant E?2
transition.

Lastly, the B(E2;O§r — 2]+) = 83(11) W.u. is underesti-
mated by almost one order of magnitude. The overprediction
of the energy level and the weak 0] — 2] transition strength
indicate that the 0] might be of other origin.

C. Shape coexistence

The EO transition probability obtained by the lifetime of
the 0; state indicates shape coexistence, which is widely
spread in the A ~ 100 region. The Z ~ 40 and N = 60 re-
gion is known for the coexistence and mixing of almost
spherical and strongly deformed shapes [1,34]. The p(EQ)
values describe the mixing of two states and are indicators
for the exhibition of shape coexistence. In the case of small
or nonexistent p(E Q) strengths, the mixing between the states
is minimal and sharp mean square radii variations A (r?) are
seen. Large p(EO) strengths correspond to strong mixing
and more gradual mean square radii variations A(r?) (see
Figs. 5 and 6 in Ref. [34]). Using the measured lifetime, the
obtained 103 x p(E0) = 145(30) given in Table III is one
of the largest values known along the nuclear chart where
the ground state is weakly deformed [34,52]. Similar large
values were observed in the corresponding isotones '“°Zr and
%8Sr with 10° x p(E0) = 51(5) [52,53] and 10° x p(E0) =
108(19) [52,54,55], respectively. For the higher-Z isotones,

Sr —m— Zr —®— Mo —A&— Ru
1600 - 1160
= 1200 1120 =
22, =
o™
2 800t 80
& -
= S
M 400t {40
056 58 60 62 0

Neutron number

FIG. 8. The energies of the 02+ state (filled symbols) for (Z =
38), Zr (Z = 40), Mo (Z = 42), and Ru (Z = 44) isotopes with N =
56-62. The data are taken from the Nuclear Data Sheets [11-17]. If
available, the 10* x p?(E0) are shown for the same isotopes (open
symbols), where the data are taken from Refs. [34,52] and for 102Mo
from this work. Note that the values are slightly shifted along the x
axis to have a better separation of the values.

namely '*Ru and !°°Pd, this large p(E0) seems to diminish
[1]. However, static and dynamic quadrupole moments in
104Ry show that the shape coexistence still persists [1,56,57].
Going along the isotopic chain of molybdenum isotopes it
stands out that the energies of the 05 states are almost constant
for the N = 56-62 isotopes, as can be seen in Fig. 8. The
same behavior holds for the ruthenium but not for strontium
and zirconium isotopes. The strontium and zirconium isotopes
show a “V-like” shape with its minimum at N = 60 where
the well-known shape coexistence is expected. However, the
investigation of EQ transition probabilities for the N = 60
isotones show a clear jump in p>(E0) values for *®Sr, 190Zr
and '">Mo (see Fig. 8). The sudden increase of p?(E0) values
in the molybdenum isotopes underlines the shape coexisting
structure [34]. With values around 10° x pZ(E0) = 30, the
N = 56, 58 molybdenum isotopes possess already relatively
large p*(EO) transition probabilities compared with their iso-
tonic partners in the Zr and Ru isotopes, which concentrate
in values around 10. The flat behavior of the 0 energies
in molybdenum in combination with the sudden increase of
p>(E0) values might be a hint that the shape coexistence
is less pronounced. Or in other words that the change in
shape evolves more moderate and smooth compared with the
strontium and zirconium isotopes. Note that strong mixing is
also required to explain the strong B(E2; 05 — 2 transition
strength. Also different two-neutron reaction studies reveal
that '>Mo exhibits exhibits a coexisting character [1,58-61],
which leads to the assumptions of transfer strength to different
structures. This underlines the shape coexisting structures in
102Mo and general trend of the Z ~ 40 and N = 60 isotones.
The IBM calculations could not reproduce the low-lying
05 state and the strong 07 — 2/ transition strength. The
experimental results of this work revealed that the inclusion
of shape coexistence should be taken into account to get a
more accurate description. A possible approach that has been
used for the Zr isotopes might might solve this issue [39,62].
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D. y softness

As seen in Fig. 7, the 2)*,' level energy lies close to the 4]
state. In the Wilets-Jean y soft rotor model [30], these states
are degenerate, while the Davydov-Filippov rigid triaxial rotor
model [27-29] predicts the Z)f state below the 4;“ state. To
distinguish between those two extreme cases, the staggering
parameter is a good indicator and defined as [31]:

[E(J) = 2E(W — )+ E( —2)]
EQ2})

where E(J) represents the energy of the level with spin J in
the y band. The staggering parameter S(J) is negative for
even-spin levels and positive for odd-spin levels for a y-soft
nucleus and vice versa for a y-rigid nucleus. Due to a lack
of levels in the y band, only the S(4) = —0.83 is calculated,
which is clearly in favor of a y-soft nucleus. The neighboring
100Mo isotope has S(4) = —0.91 and S(5) = 0.66 and the
104Mo isotope shows the typical even-odd staggering for a
y-soft nucleus. The IBM calculations further support the y
softness of '°>Mo where the energies show the same clustering
behavior (see Fig. 7). The resulting potential-energy surface
(PES) shows a broad minimum around 40° which has a ten-
dency towards oblate deformation (see Fig. 6).

The deduced transition rates, where the B(E?2; 2; — 2;’)
is relatively large and the B(E?2; 2; — OT) small, are similar
to the y-soft model and IBM calculations. The transition
rates of the 3;; state are in agreement as well with a large
B(E2;3} — 2) and small B(E2;3] — 2). However, the
B(E2; 3; — 2;) is calculated within the limits of a pure E2
transition. Once the multipole mixing ratio is known the value
could be lower.

SWJ) = , 4

VI. CONCLUSIONS

The lifetimes of the 2], 4], 6], 05, 27,37, and 47 states

in Mo were measured using the RDDS technique. The

results were compared with previous measurements and to
an IBM calculation which is based on a microscopic energy
density functional. All energy levels and transition strengths
of the ground state and y band are described with reasonable
accuracy by the model calculation. The shape coexistence in
102Mo has been re-investigated by measuring the lifetime of
the 05 state. The experimental results suggest two coexisting
structures which are mixed. Apparently, the microscopic PES
fails in '92Mo to predict this property, although it does for
104.106\ 15, Furthermore, the deduced transition strengths of the
y band in combination with the energy level reveal signatures
a y-soft behavior. This is supported by the IBM calculation
which shows a broad minimum at y & 40° that spreads in
the y degree of freedom. The staggering parameter underlines
the y-soft behavior, although only the S(4) has been used.
The assignment of the 5;: and level energy of the 7;: would
further increase the information about the even-odd stagger-
ing. The results show that the description of '%*Mo is challeng-
ing due to appearance of shape-coexistence and y softness.
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Lifetimes of low-spin excited states in '>Pd were measured using the recoil-distance Doppler-shift technique.
The nucleus of interest was populated in a '"’Pd('*Q, '°0) !">Pd reaction using the Cologne FN Tandem
accelerator. Three lifetimes of ground-state band members and one lifetime of the y band were measured. From
these lifetimes reduced transition probabilities were extracted and compared to interacting boson model, y-soft
calculations, and Davydov calculations. The lifetime of the 2} gives some insights on the nuclear shape and
structure of the y band. The deduced transition rates show an indicator for a rigid triaxial nucleus as well as

more indicators for a y-soft nucleus.

DOI: 10.1103/PhysRevC.103.054324

I. INTRODUCTION

The isotopic chains of molybdenum, ruthenium, and palla-
dium show evidence of y-soft and rigid triaxial rotor behavior
[1-5]. In even-even nuclei, the y band is usually based on a 2*
state that is strongly related to triaxial motions, whereas the 2,
state is primarily sensitive to the quadrupole deformation [6].
The y bandhead energy is related to the softness of vibrational
motion in the y direction, and the Epy / Ey ratio and the
Ery /E21+ ratio are important signatures of triaxiality. A triaxial
shape rotates around all three axes of the intrinsic body and
has its potential energy surface minimum between y = 0°
(prolate) and y = 60° (oblate). Two models which discuss
the y-unstable case and the triaxial shape are the Wilets-Jean
y-unstable rotor model [7] and the Davydov-Filippov rigid
triaxial rotor model [8—10], respectively. The former has a
y-independent minimum in the potential energy surface for
a given deformation parameter 8 where the 2; and 4] states
are degenerated, while the latter predicts that the 2; state lies
below the 4 at the maximum of triaxiality at y = 30°. To
distinguish between the y softness and rigidity of a nucleus,
the energy spacing within the y band is a good indicator
[11]. The staggering parameter S(J) is able to characterize the
rigidity or softness of a nucleus and is defined as [11]

[E(J)—-2E(J - 1)+ EWJ —2)]

S = EQ2))

ey

In this case, E (J) represents the energy of the level with spin J
in the y band. If the staggering parameter S(J) is positive for
odd-spin levels and negative for even-spin levels, a y -unstable
nucleus is assumed, whereas the y-rigid case is described by
the opposite case [12].
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The lower-mass Pd isotopes '%!'Pd show indicators of
vibrational behavior and the staggering parameter indicates
evidence of a y-soft rotor [13,14]. Figure 1 shows the stagger-
ing parameter for the '%-119Pd isotopes (Z = 46). Below N =
66 (112Pd), the nuclei exhibit a y -soft pattern, where the stag-
gering parameter S(J) for even spins J is lower compared to
the odd-J cases. As the chain is approaching N = 68 (!!*Pd),
the staggering parameter for the higher spin states (J/ > 5) fol-
lows the behavior expected for a triaxial rotor [22]. The inves-
tigations of higher mass ''®'2°Pd (N = 70-74) isotopes sug-
gest an anharmonic vibrator with less collectivity [18,23,24].

2pq (N = 66) lies at the neutron mid-shell between
N =50 and N = 82. A rotational collectivity is expected
that has its maximum at N = 68 ('*Pd) for the isotopic
chain [25]. The R4, =E4])/E(2]) ratio increases
from 2.4 (‘%Pd) up to a maximum of 2.6 (!*Pd) and
afterwards starts to decrease down to 2.4 in '°Pd. The
By = B(E2;4] — 2)/B(E2;2] — 0f) ratio is an
additional signature which is usually used to characterize
the shape and behavior of a nucleus. The ratio has already
been studied in different works, starting with '%110pd
where the ratio is ~1.5 [13,26-33], going to the recent
lifetime measurements of ''*Pd where a ratio of 0.8 has
been determined [15]. Furthermore, the nucleus ''“Pd was
proposed to be an even-even wobbler [18], a phenomenon that
has been observed in its isotone !'?Ru [34]. The neighboring
ruthenium (Z = 44) isotopes show y-soft and -rigid triaxial
behavior, especially well pronounced for ''%!!>Ru where the
maximum of triaxiality is reached [1,2,35,36]. The former is
the corresponding isotone of ''?Pd, where a similar behavior
could be expected. The ground-state band of the cadmium
isotopes '%-114Cd were described as quadrupole vibrational
states, but a recent study showed evidence of multishape
coexistence in "%12Cd, where the ground state shows a
distinct minimum at an axial prolate deformation 8 = 0.15
[37,38]. To increase the insights of this diverse region of the

©2021 American Physical Society
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62 64 66 68 70
Neutron Number

FIG. 1. The staggering parameter S(J) for the ®-15Pd isotopes
calculated using Eq. (1), where ''>Pd is indicated with the dashed
line at N = 66 (adapted from Ref. [15]). The energy values are
taken from '®Pd (N = 62) [16], ''°Pd (N = 64) [17],'"*Pd (N = 66)
[18,19], "'“Pd (N = 68) [18,20], and '"°Pd (N = 70) [18,21]. Note
that some energy levels are in parentheses, which means that the
spins are not finally assigned. This holds especially for the states
with spin higher than J = 7.

nuclear chart, the nucleus '?Pd is investigated in this work.
Lifetimes of four low-spin states were measured and the
deduced transition probabilities are discussed in the context
of the interacting boson model (IBM), a modified Wilets-Jean
model, and the Davydov-Filippov model to investigate the
nuclear shapes and behavior in this region.

II. EXPERIMENT

The nucleus of interest was populated using a two-neutron
transfer reaction, i.e., ''°Pd(}30, 1°0) '12Pd. An average beam
current of ~1 pnA with an energy of 56 MeV was provided
by the Cologne 10 MV FN-Tandem accelerator. The highly
enriched (99.98%) ''°Pd self-supporting target with a thick-
ness of 0.7 mg/cm? was stretched inside the Cologne Plunger
device [39]. A 6.5 mg/cm? Ta stopper foil was stretched in
parallel to the target and acts as a stopper for the ejectiles.
To detect the y rays produced in the reaction, 11 high-purity
germanium (HPGe) detectors were mounted in two rings
(backward and forward) around the target chamber. The six
forward detectors were positioned at an angle of 45°, whereas
the five backward detectors were placed at an angle of 142°
with respect to the beam direction. Similar to a previous exper-
iment using the same configuration [40], six solar cells were
installed at backward angles to detect the light backscattered
recoiling fragments. To apply the recoil-distance Doppler-
shift (RDDS) technique, 11 target-to-stopper distances (40,
59, 89, 109, 139, 239, 339, 489, 639, 789, and 1039 pm)
were measured in 90 h of beam time. These distances were
obtained by using the capacitance method which is described
in Refs. [39,41]. The velocity of the recoiling ''?Pd was de-
termined using the shifted and unshifted components of the
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FIG. 2. (a) The level scheme of the observed states in ''’Pd,
where the width of the transition arrows indicates the intensity (see
Table I). Dashed lines are used to indicate possible feeding transi-
tions, which have not been observed in this experiment. (b, c) The
y-ray spectrum with the sum over all distances using a particle gate
on the backscattered '%'8Q fragments for the backward detectors. All
transitions which were observed in the current work are colored blue
for the unshifted and red for the shifted components. Additionally, a
dashed line is indicating the unshifted peak. The transitions marked
with a # belong to '®!Ta which was the stopper and transitions
marked with a * belong to the Coulomb excitation channel, i.e.,
10Pd. Note the logarithmic y scale due to statistical reasons.

T : T T T
500 540 700

most intensive transitions and results in v/c = 1.81(1)%. The
sum of all particle-gated y-ray spectra of each distance is
shown in Fig. 2. A partial level scheme of ''?Pd is shown,
where the dashed lines describe possible feeding transitions.
Additionally, the 737 keV transition is shown that was not
detected due to the low population of the 2] and its low
intensity. The strongest y rays belong to '°Pd, '"?Pd, and
181Ta, The exclusion of the Coulomb excitations of ''°Pd
was not possible because due to the low energy resolution
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TABLE 1. Relative transition intensities observed in the two-
neutron transfer ''°Pd('*0, '°0) ''>Pd reaction. The intensities were
normalized to the 2] — 07 transition and the energies are taken from
Ref. [19].

Transition Transition energy (keV) Intensity
2F —of 348.6 1000(19)
25— 2 388.0 196(21)
4 - 2f 534.3 277(20)
65 — 47 667.5 83(26)

the solar cells were not able to separate the recoiling '°0
and '8Q particles in the spectrum. Hence, the major peaks in
the spectrum belong to the Coulomb excitation of the target
(1Pd). Furthermore, y rays from the stopper ('3!Ta) are
visible where the beam particles can scatter and enter the solar
cells. The peaks of the backscattered 80 or '°Q particles from
the target or stopper overlap in the solar cell spectrum and a
complete separation of the y rays from '®!'Ta was not possible.
Some transitions of '"Pd and '**Xe were detected, which
were populated in the single-neutron transfer and in the fusion
evaporation reaction, respectively. The transitions belonging
to "2Pd with their energies and intensities, normalized to
the 2 — O] transition, are summarized in Table I. During
the analysis process, the intensities are used to determine the
feeding population for the different states of interest.

III. ANALYSIS

To determine the lifetimes of the 2;;, 6/, 47, and 2f
states, the Bateman equations were used to analyze the recoil-
distance Doppler-shift data. In addition, the well established
differential decay curve method (DDCM) [42] was used,
which is able to detect certain systematic errors. Due to the
low statistics of the experiment, only particle-gated y spectra
were used to analyze the data. For a detailed review of both
methods, the reader is referred to Ref. [39].

Due to the low statistics for the 6? state, the method
explained in Ref. [43] is used to obtain the lifetimes from
the summed spectra of all distances. Here the solution of the
Bateman equations of the single distances j is given by

S
R = — 235 N >
" Yl + 20 Xj:n_, W @

where I and / are the intensities of the unshifted and shifted
component, respectively. In Eq. (2), n; describes the normal-
ization factor for each distance, whereas t; describes the flight
time for each distance. The lifetime of the 6 state is important
to adjust the feeding pattern for the lower-lying states, i.e.,
the 2;; and the 4T state. Hence, a top-to-bottom approach was
used to determine the lifetimes.

A. The analysis of the 6] state

For the 6] state as the highest observed state, the spectra
for each distance were summed up to obtain enough statistics.
The particle-gated y-ray spectrum of the backward ring for
this state is shown in Fig. 3. The value Ry, is obtained using
Eq. (2). To extract the lifetime, it is very important to de-

5000
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3000

2000

Counts / 1keV

580 600 620 640 660 680 700
Energy [keV]

Probability

0 2 4 6 8 10 12
Lifetime [ps]

FIG. 3. (a) Fit of the decaying y ray of the 6] state with the
unshifted peak at 667.5keV and the corresponding shifted peak at
658keV, where the summed particle-gated y-ray spectra of each
distance were used due to the low statistics. The ratio Ry, was
obtained with a fit and was used to determine the lifetime according
to Eq. (2). The peaks marked with an asterisk are the shifted and
unshifted components of the 67 — 4; transition in "°Pd. A fit to
those components (green) is included to eliminate the contributions
on the investigated case where the shifted component is colored in
red and the unshifted in blue. (b) The simulated lifetimes of the 6}
state with (red) and without (blue) feeding. See text for details of the
simulation. The upper and lower limits of the results are indicated
with dashed lines.

termine the normalization factors carefully. Therefore, a gate
on both components of the 2 — 0} transition was applied.
The resulting particle spectra were integrated to obtain the
normalization factors. The final lifetime is calculated by a
Monte Carlo simulation (with 10° iterations), where different
parameters are varied. The parameters Ry, normalization
factors n;, and the velocity are varied within their uncertain-
ties. Furthermore, the target-to-stopper distance was varied by
45 pm and the uncertainties are again obtained using a Monte
Carlo simulation. In Fig. 3(b), the final result is shown where a
lifetime of 75+ = 6.4(11) ps is obtained for the 6/ state with-
out considering feeding. In a two-neutron transfer experiment
using the (¢, p) reaction, the 81+ state was observed, which
is not observed in this experiment [44]. To investigate the
possible feeding of the 8] and other unobserved feeding y
rays, the simulation is extended with an extra parameter which
considers this feeding. An assumption for maximal feeding
from the 8;” state and the unobserved one can be extrapolated
from the feeding of the lower-lying states and by the fact that
the population of states in the transfer reaction is decreasing
with increasing spin and excitation energies. According to the
relative intensities given in Table I, a realistic amount of the
6T state feeding contribution is 10%. In other words, 90% of
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the observed 6, state is directly populated through the reac-
tion. The effective lifetime of the feeding states was chosen to
be 100 ps, which is sufficiently long so that the feeding effect
is reaching saturation. For the sake of simplicity, the feeding is
modeled by a single hypothetical state. By including feeding
in the simulation, the calculated lifetime becomes lower and
results in 7+ = 4.2(15) ps [see Fig. 3(b)], where the lower
limit (of the simulation with the inclusion of feeding) is used
as a lower limit for the lifetime. The final result of the lifetime
is 751 = 6.4132 ps. The lifetime of the 6/ state in combination
with the determined relative intensities can be used to correct
feeding contributions to lower states.

B. The lifetime of the 47, 21, and 2 states

After obtaining the lifetime of the highest observed state
the lifetime of the lower-lying states can be determined start-
ing with the 4] state. The lifetime and feeding population
of the 6] state and the direct population of the 4] state are
used as fixed parameters whereas the lifetime of the 4] state
is the only free parameter to fit the data using the Bateman
equations. The evolution of the shifted and unshifted peaks
is shown in the third and fourth columns of Fig. 4 and the
decay curve using the Bateman equations is shown in Fig. 5.
Furthermore, in Fig. 6 the results of the backward ring using
the DDCM are shown, where the program NAPATAU [45] was
used to determine the lifetime. The results for the DDCM
and Bateman equations for the backward and forward ring are
summarized in Table II in which the final result of Tyr = 10(1)
ps was obtained.

For the lifetime determination of the 2; state, the
388keV 2+ — 2 transition was used. The 737 keV transition
cannot be used because the intensity was too small to extract
the lifetime information from the data. The corresponding
fit of the data is shown in the first and second columns of
Fig. 4. The high statistical error is based on the low population
of the 2; state and the disturbing 373keV transition from

119pq . After applying the Bateman equations and the DDCM,
the final result is 754 = 51.2(25) ps, which is the weighted
average of four determined lifetimes (see Table II).

After obtaining the lifetimes of all states above the 2] state,
the lifetime of this state is now accessible and the feeding
pattern can be included in its calculation. The 2| state is fed
by the 2;’ state (388 keV) and the 4fr state (534 keV). The
fits of the shifted and unshifted peaks are shown in Fig. 4.
For the forward angles, the 359 keV transition from '$!Ta was
included in the fit to take care of the background influence
on the shifted 2] — 0 (349 keV) transition with the energy
353 keV. After using the Bateman equations and the DDCM,
shown in Figs. 5 and 6, a final lifetime for the 2] state
of Ty = 110(3) ps is obtained. The determined lifetime is
consistent with a former RDDS lifetime measurement with
a result of 121(20) ps [46] within the errors. Another upper
limit of T < 1 ns can be confirmed as well [47].

IV. THEORETICAL CALCULATIONS

Three phenomenological models were used to describe
the excited states and transition rates of ''2Pd, namely, the

Davydov-Filippov [8,9] and a modified version of the Wilets-
Jean model described in Refs. [7,48,49] and the sd-interacting
boson model (IBM-1). The Davydov-Filippov model repre-
sents a general phenomenological approach for quadrupole
deformations where the nuclear deformation f and asym-
metry parameter y are fixed parameters for a given y # 0.
In this work, two calculations using y = 27.5° and y = 30°
were used to compare with the experimental signatures. For
further details of the model the reader is referred to Refs. [8,9].
The second phenomenological approach is a generalization
of the Wilets-Jean model [7], where the Hamiltonian has a
y-independent potential and a constant mass parameter. In
addition, the model describes a smooth transition from the
standard quadrupole vibrational model through to large B
deformation. Here, the reader is referred to Refs. [48,49] to get
further details of the calculations and to Ref. [50] where the
code used to calculate the excitation energies and transition
probabilities is presented. Additional calculations were per-
formed in the framework of the IBM-1, where no distinction
between protons and neutrons is made. This model cannot
yield triaxial deformation [51], but only either y-soft defor-
mation (y independent), prolate (y = 0°), or oblate (y = 60°)
deformation. In the following, the IBM-1 Hamiltonian and the
transition-rate operators are described.

A. Framework of the IBM-1
For the sd IBM-1 calculations, the extended consistent Q
formalism (ECQF) [52] with a Hamiltonian similar to the one
in Ref. [53] is
H = eitg +kQ* - O + AL - L+ 3T3 - T3, (3)
where
0% = (s'd +d"HP + x(d'd)?,
LL = v1odta)®,
Ty = @d'd)?,
and iy = d' - d is used. The E2 operator is defined as
T(E2) = eg0, @

where ep is the effective boson charge. The Hamiltonian of
Eq. (3) uses five parameters, namely, €, «, A, c3, and x, and the
code ARBMODEL [54] was used to perform the calculations.
Having four proton holes to the closed proton shell at Z = 50
and 16 neutron holes (particles) to the closed neutron shell at
N =50 (or N = 82), the boson number for ''>Pd is N3 = 10.
In general, some key observables are taken into account to
obtain the parameters [55]. The parameters are deduced by a
fit to the following ratios:

(i) Rsp = E(41+)/E(21+) =2.53,
(ii) Repr = E(6T)/E(2T) =4.45,
(iii) Ry, )» = E(Z)f)/E(ZT) =211,
(iv) B4y = B(E2; 4?’ — 2?)/B(E2; ZT — Of’) = 1.29.
A full parameter scan of the five parameters (€, A, k, c3, X)

in combination with a least x? fit to the experimental ratios
was used to determine the optimal parameters. The parameters
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FIG. 4. Particle-gated spectrum of the backward and forward ring for all distances and the evolution of the 2] — 0} (348.6keV), 27 — 27
(388.0keV), and 47 — 2 (534.3keV) transitions. The ring and the transition are indicated on the upper part of the figure. Furthermore, the
distance is placed on the right hand side of the figure. The spectra indicate the background level, the shifted peak (red), the unshifted peak
(blue), and also different disturbing transitions which were also fit (green). The disturbing transitions belong either to !'°Pd or to '8! Ta. Note
that a logarithmic scale is used for the backward and forward spectra for the region 320 keV up to 410 ke V.

€ =1124 keV, A =0 keV, «k = —42 keV, c3 = —179 keV,
and x = —0.183 yield the best agreement to the experimental
data. The c¢; term is needed to adjust the y-band energy
levels to the observed excitation energies. The effective boson
charge in the units of eb was chosen to be eg = 0.0847 in

order to match the experimental B(E2;2] — 0/) value. For
12p( the level energies of the yrast band up to the 107 state
and for the y band up to the 6; state were determined. In
addition, reduced transition probabilities were calculated for
the transitions determined in this work.

054324-5



A. ESMAYLZADEH et al.

PHYSICAL REVIEW C 103, 054324 (2021)

—— —— —A
47—27  27—2f  27—0]
1.0
forward
VS
E 067
~
0.2
1.0
backward
VS
E 067
~
0.2+

0 50 100 150 200
Time of flight [ps]
FIG. 5. The decay curves for the lifetime of the 4, 27, and 2]
states using the Bateman equations to fit the data. The upper panel
shows the data points of the forward ring at 45° and the lower panel

of the backward ring at 142°. The resulting lifetimes are summarized
in Table II.

V. RESULTS AND DISCUSSION

A. Comparison to calculations
1. Energy levels

The energy levels of the experimental data and the cal-
culations, namely, IBM-1, y soft, and the Davydov-Filippov
(hereafter D-F) calculations, are shown in Fig. 7, starting with
the ground-state band and the 2| state, where all models are
able to describe the excitation energies. The ground-state band
members 4, and 6, are well described by the IBM-1 while
both D-F calculations overestimate the energy by around
50 keV and around 200 keV. Due to the properties of the y-
soft model, the energies of the 4; and 2;; states are described

as a doublet and that of the 3;, 4}‘,*, and 6f states as a triplet

state. The energy of the 4] state is underestimated as well
as the energy of the 6] state. The only model that is able to
describe the 8] and 10 states with relatively good accuracy is
the IBM-1. The D-F calculation overestimates the excitation
energy of those states while the y-soft model underestimates
the excitation energy, both by about 500 keV. The y band-
head, the 2; state, is well described by the IBM-1 calculation
and the D-F calculations with 27.5°, whereas the doublet
state in the y-soft model overestimates the excitation energy.
The IBM-1 is the only model that is able to describe the
other y-band members while slightly underestimating the
excitation energy. The energy level of the y band using the
y-independent potential (y-soft model) shows a cluster as
(2), (37, 4F), and (5}, 6)) whereas the rigid triaxial rotor
(Davydov-Filippov model) shows a (27, 3¥), (4], 57) clus-
tering pattern [56]. The experimental level energies do not
favor either of the y-soft or D-F models and, hence, neither of
the models describes the energy pattern. An argument which
could support that the y-soft-type cluster pattern is slightly
favored is due to the energies of the 3;; and the 5;; states which

are closer to the 4; and 6; states, respectively. A further
signature is the staggering parameter that can be calculated
using Eq. (1) and is shown in Fig. 8 for the experimental data
and compared to the calculations. Note that the staggering
values of the S(8) are also shown whereas the level energies
of the corresponding 8;,' states are not shown in Fig. 7 for

the D-F calculations. The experimental S(J) values of ''?Pd
occur to have small oscillations around zero where the even
S(J) values are negative and the odd S(J) values are positive.
This behavior suggests a y-soft pattern, where the y-soft
calculations are reproducing the pattern but are noticeably
higher. Due to the rigid properties of the D-F calculations, an
opposite behavior is observed and, hence, both are not able
to describe the experimental oscillation of the S(J) values.
As for the energy levels, the only model calculations that
describe the staggering parameter with good accuracy are the
calculations performed using the IBM-1. Comparing the four
calculations from the energetic point of view, the IBM-1 is
the closest to the experimentally observed one. Therefore, a
potential energy surface (PES) using the parameters of the
IBM-1 was used to get a better overview of the § and y
deformation of this nucleus. The potential which is dependent
on B and y is deduced by calculating the expectation value
of the Hamiltonian in the coherent state [57-59] and it is
shown in Fig. 9. The PES shows a minimum around § = 0.3
and y = 0°, which corresponds to prolate deformation. The
energy minimum in the PES is broad and spreading in the
y direction, which could be interpreted as an evidence for y
softness.

2. Reduced transition probabilities

The reduced transition probabilities are summarized in
Table I11. The calculated B(E2;2 — 07) values for the D-F
and IBM calculations were normalized to the experimental
B(E2;2{ — 0]) value. The y-soft model was not normal-
ized and therefore the calculations slightly underestimate the
value. All calculations obtain an accurate description of the
B(E2; 41+ — 2?) value, where it is notable that all theoretical
values predict larger values that are above the experimentally
deduced transition probability. Due to the high uncertainty of
the lifetime of the 6] state, the transition probability ranges
from 24 to 58 W.u. and does not allow for a clear interpretation
of the result. All calculations predict B(E2; 6] — 4]) values
which are larger. A possible explanation could be a low-lying
interband mixing which is not included in the calculations. A
further investigation of this state is necessary to get a more
accurate B(E2; 6] — 47) value so that a better description is
possible. The B(E 2;2; — 07) value can only be described
by the D-F calculation with y = 27.5°. The IBM-1 predicts
a larger value and the y-soft as well as the D-F calculation
for y = 30° computed a nonexisting probability for this tran-
sition. The other transition depopulating this state going to
the 2 state is a mixed M1/E2 transition where the multi-
pole mixing ratio of § = 4.74_'_%:; is taken from Ref. [61]. The
relatively large B(E?2; 2;j — 27) strength which can be an
indicator for a rigid triaxial rotor is reproduced by the IBM-1,
whereas the other calculations overestimate the value. Finally,
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FIG. 6. The DDCM method for the 41, 25, and 2 using the program NAPATAU [45] for the backward angle. The upper panel shows the
individually obtained lifetime. The middle panel shows the evolution of the shifted component and the fit which is used to obtain the derivative
%Ri (x), whereas the unshifted component and the corresponding fit are shown in the lower panel.

the B(M1, 2;; — 2;’) is not described by either calculation
because the models are not able to calculation such transitions.

By examining the three ratios B2, B2, 2, and B, defined
in Table III, all models reproduce the By, ratio within the 3o
error margin. The B, ,, ratio compares intraband transition
rates where the IBM-1 obtained a similar ratio and the other
models cannot provide an accurate description of this ratio.
The maximal triaxial D-F model with y = 30° and the y -soft
model overestimate the value by a factor of 2, with the same
ratio of By, p = 1.64. Furthermore, the same overestimation
occurs for the B, , ratio, where both approaches calculated
give an infinite value. The D-F calculation at y = 27.5°
predicts this ratio with good accuracy whereas the IBM-1
underestimates the ratio.

TABLE II. Lifetimes measured in the experiment using the Bate-
man equation (BE) and the DDCM method together with the adopted
values. The results from Ref. [46] are given for comparison.

Lifetime (ps)

Backward ring Forward ring

State BE  DDCM BE DDCM Adopted Literature
2 105(9) 112(5) 108(10) 110(5)  1103)  121(20)*
25 ST S51@) S56(7)  48(4)  51.2(25)
47 89(18) 9.2(16) 10.3(15) 11.2(14)  10(1)
6 6.4%M 6.4%57

From Ref. [46].

The formula

i Axexpt,i

was used to statistically describe the model with the most
accuracy. The smaller the value the more accurate the calcu-
lation. The corresponding values are summarized in Table III
and the IBM-1 and D-F calculation at y = 27.5° provide the
best values.

B. Indicators of triaxiality and y softness in "’Pd

With the assumed y bandhead in combination with the
newly reduced transition probabilities B(E2;2) — 2{) and
B(E2;23 — 0]) can give insights of the triaxial or y-soft be-
havior of this nucleus. Both possible structures are discussed
within the newly obtained results in addition to comparisons
to isotones and isotopes.

1. Making the case for rigid triaxiality

An indicator of a rigid triaxial rotor nucleus is that the
excitation energy of the 2; state is below the 4] state. This

is the case for the '9!'8pd (N = 60-72) isotopes. For the
isotopic chain of palladium isotopes, the excitation energy
of the 2} has its minimum at ''"*Pd (N = 68) with E,; =
695 keV [60]. A similar behavior has been observed for the
ruthenium isotopes with a maximum of triaxiality is reached
for 10112Ry [1,35,36], where the former is the isotone of
12pqd. This is supported by a recent study of ''’Ru where a
relative rigid triaxial deformation near the ground state was
suggested [2]. Another experimental relation that supports
the rigid triaxiality in this nucleus is that the sum of the
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FIG. 7. The level energies of the ground state up to the 10 and the y band up to the 8] state for the (a) experimental and (b) IBM-1
calculations. (c) The y-soft calculations using the model explained in Refs. [48,49] and using the code from Ref. [50], where the parameters

B =146,a=0.12,C, =47,G = 3.42,and Gy

= f = Oare used. Last, the Davydov-Filippov calculations with (d) y = 27.5° and (e) y = 30°,

where the 87 state is not shown which is positioned at about 5 MeV. All excitation energies are given in keV and a further description of the
models and calculations are given in Sec. IV.

energies of the first and second 2 states is almost equal to the
energy of the 3} state, i.e., E(3]) = E(2{) + E(2]) [2]. For
112pq this signature matches with less than 15 keV deviation
which indicates a possible breaking of axial symmetry [2]. In
addition, the B(E2) reduced transition probabilities between
levels of a K =2 band, here in this case the y band, and
a K =0 band which is the ground-state band are sensitive
indicators of triaxial behavior [62]. Due to the relatively large
B(E2;2§ — 2{) and small B(E2;2 — 0) values, a strong
indicator of triaxial deformation is given. This indicator is
also supported by the D-F calculations that reproduce the
experimental signatures, namely, the B(E2; Z,f — OfL) and

B(E2; 2; — 2?), with reasonable accuracy at y = 27.5°.

Exp. —il—
y-soft —@—
D-F(27.5°) —A—

D-F(30°) —W—
IBM-1 —@—

6F T T

FIG. 8. The experimentally deduced staggering parameter com-
pared to the staggering parameter of the IBM-1 calculations, y-soft
calculations, and the Davydov-Filippov calculations with 27.5° and

30°. For further explanations see text.

2. Making the case for a y-soft nucleus

Not all signatures support the fact of a rigid rotor nucleus;
some observables favor a y-soft nucleus. The relatively large
B(E2;25 — 2{) and small B(E2;25 — 0/) could also be
an indicator for y softness. Another important characteristic
of a y-soft nucleus is the small increasing S(J) value for
increasing spin J (for absolute values), i.e., the S(4) = —1.36,
S(5)=1.45, S(6) = —1.45, S(7) = 1.50, ..., in contrast to
the largely increasing S(J) value for increasing spin J (see
Fig. 8) in the rigid triaxial case. The experimental staggering
parameter increases smoothly with increasing spin J, which
is similar to the assumption of a y-soft nucleus. Another
supporting factor is the PES of the IBM-1 which is shown in
Fig. 9. Note that these calculations obtained the most accurate
description of ''?Pd. In Fig. 9, a tendency of y softness can
be observed as the minimum spreads in the direction of y.

112p 4
¥ = 60°

MeV
-1.8
-1.9
-2.0
2.1
-2.2
0.1 02 03 04 0.5
B

FIG. 9. The potential energy surface (PES) of the IBM-1 calcu-
lation using the parameters described in Sec. IV A.
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TABLE III. The experimentally deduced transition probabilities for ''>’Pd compared to the transition rates of the IBM-1, y-soft, and two
Davydov-Filippov calculations where 1 W.u. equals 32.07 ¢ fm*. A parameter x> defined in Eq. (5) is calculated to give a statistical overview
of the model with the best description. Three B(E2) ratios are calculated to get a more detailed picture of the comparison.

Transition Experiment IBM-1 y soft D-F (27.5°) D-F (30°)
B(E2;2] — 07) (W) 44(1) 44 39 44 44
B(E2;4} — 2) (W) 587¢ 67 64 61 62
B(E2;6 — 47) (W.u.) 20*% 77 87 77 77
B(E2;2) — 0f) (Wa.)* 0.50(3) 2.1 0 0.7 0
B(E2:;2) — 2f) (W )*P 40(1) 40 64 55 64
BM1;2) — 27) (107 ug)™® 6.215%
%2 178 731 307 666
B(E2:4T—>21)
By = m 1.31(14) 1.52 1.64 1.39 1.41
B(E2;2t—271)
By = m 0.91(3) 0.91 1.64 1.25 1.64
Dt ot
' BE22) ~2/) 80(5) 19 0 79 00

2,/2 = BE2Z —07)

“A branching ratio of 76% for the 2 — 2} and 24% for the 2 — 0} was used [60,61].

A multipole mixing ratio § = —4.73:2 was used from Ref. [61].

The minimum energy in the PES is not flat in the y degree of
freedom as it is supposed for the y-soft case and a minimum is
visible for a prolate deformation. Observing the neighboring
isotopes, ''°Pd shows evidences of a y-soft behavior [14] so
that it is reasonable to assume similar behavior for '?Pd with
increasing excitation energy. The even-odd nuclei '®!!!'Pd
were studied in Ref. [63] where an enhanced y softness was
observed, which would underline the y softness of the Pd
isotopes in this region. Another supporting factor is the overall
staggering trend in Mo-Ru-Pd region, which shows a well
pronounced staggering effect for '-112Pd [64]. Note that the
ﬁgggering amplitudes are strongly suppressed for the isotone
Ru.

3. Summary

The y-soft model describes the energetic properties of
12pd with more accuracy than the rigid triaxial rotor model.
However, the reduced transition probabilities are better de-
scribed by the D-F calculations, especially for y = 27.5°.
Both the y-soft and rigid triaxial structures have signatures
and characteristics that match the experimental data and,
hence, a clear conclusion cannot be made. A possible hy-
pothesis which could support both models is that the low
spin states, i.e., 2; and 3;;, of the y band possess a more
rigid behavior while the higher spin states J > 4 show a y-
soft behavior. This would suggest a smooth transition from
a relative rigid nuclear structure in the low spin states to a
nearly y-soft structure in the higher spin states within the y
band. This hypothesis is supported by the fact that the D-F
calculations are capable to describe the lower states of the
y band with better accuracy than the y-soft calculations and
vice versa for the higher spin states. Such a phenomenon lies
outside the model space of these models but has been stud-
ied for the Ru isotopes via cranked Hartree-Fock-Bogoliubov
calculations [65].

The best description is given by the IBM-1. The PES ob-
tained from the IBM calculations show a prolate minimum
at B ~ 0.3 with a broad minimum y in the degree of free-
dom which is not but close to y soft. To clarify and give a
better insight on the shape and structure of ''>Pd, lifetime
measurements of the 37 and 4 states would be desirable.
With the knowledge of these lifetimes a better description of
the nucleus could be reached, especially the reduced transition
probabilities using the lifetime of the 4;“ state. An ex-
perimental ratio of By, = B(E2;4) — 4)/B(E2;4] —
2;) ~ (.95 can be obtained using the branching ratios given
in Refs. [19,60]. Comparing this experimental signature to
the D-F and y-soft calculations, ratios of By, />, ~ 0.57 and
By,,2, ~ 0.91 can be obtained, respectively. This would be
another argument of the mentioned hypothesis and, hence,
a further investigation could verify this. An investigation of
the y-band transition probabilities in ''*Pd would give further
experimental signatures to complement the conclusion. Up
to now, no experimental transition probabilities within the y
band in ''*Pd are available.

VI. CONCLUSIONS

The lifetimes of the 2, 47, 6], and 2 states in 12pd were
measured using the RDDS technique. The results were com-
pared to IBM-1 calculations, to a modified y-soft calculation,
and to D-F calculations using two different y parameters. All
four descriptions of the energy levels lead to an overall good
description for the lower spin states, whereas the higher spin
states are strongly overestimated by all the D-F calculations.
The deduced transition probabilities were compared to the
models, and the IBM-1 calculation reproduces the values with
the highest accuracy. The potential energy surface using the
IBM-1 parameters does not show a clear minimum at y =
30°, which would be the case for a triaxial rotor nucleus, nor
a y-soft behavior. A shallow minimum at y = 0° is shown,
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which is not completely free in the y degree of freedom
which would support a y-soft nucleus. Further investigations
of lifetimes in the y band would be of interest to complete the
observations of this work.
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Lifetimes of the 2, 4], 61, 27, and 3? states in '*1%Ru were measured by using the recoil-distance Doppler-

124y

shift technique and the Cologne Plunger device. Low-lying excited states in both nuclei were populated in a
W4Ru(80, '80) '“Ru* inelastic scattering and in a '*Ru('*0, '°0) '%Ru two-neutron transfer reaction using
the Cologne FN Tandem accelerator. The experimental energy levels and deduced electromagnetic transition
probabilities are compared in the context of y softness and the mapped interacting boson model with input from
the microscopic self-consistent mean-field calculation using a Gogny interaction. The newly obtained results for
the y band give a more detailed insight about the triaxial behavior of '**!%Ru. The results will be discussed in
the context of y soft and rigid triaxial behavior which is present in the neutron-rich Ru isotopes.

DOI: 10.1103/PhysRevC.106.064323

I. INTRODUCTION

The ruthenium (Z = 44) and palladium (Z = 46) isotopes
are located between the strontium (Z = 38), zirconium (Z =
40), and molybdenum (Z = 42) isotopes, which undergo a
transition from spherical to a strongly deformed type of struc-
ture [1-6], and the less deformed cadmium (Cd, Z = 48) and
tin (Sn, Z = 50) isotopes [7,8]. In the neutron-rich region
around Z =~ 40 and N = 60, the transition from a spherical to
a deformed type of structure of the ground-state band accom-
panied by shape coexistence is expected to happen by going
from 58 to 60 neutrons. Compared with the related Sr and
Zr isotopes, no shape coexistence is observed for '9%1%Rugy
and the transition is more gradual. However, some studies
of static and dynamic quadrupole moments indicate that the
shape coexistence might still persist in this nucleus [2,9,10].

Different experiments show that the isotopic chains of
molybdenum, ruthenium, and palladium possess signatures
indicating y-soft behavior [11-16,18]. In even-even nuclei
the 2] state is related to the quadrupole deformation and
the y band is sensitive to the triaxial motion of the nucleus.
A triaxial nucleus rotates around all three axes of the in-
trinsic body and has its potential-energy surface minimum
at y = 30°. Two models discussing the triaxial shape are
the Wilets-Jean y-soft rotor model [17] and the Davydov-
Filippov rigid triaxial rotor model [18-20]. In the y-soft
model the potential-energy surface is independent of y and
shows a broad minimum in the y degree of freedom, while
the rigid-rotor model has a distinct minimum at y = 30°. A
useful tool to distinguish between these two limits of a triaxial

*aesmaylzadeh @ikp.uni-koeln.de
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nucleus is the staggering parameter, which is defined as [21]

[EU) — 2B — 1)+ E(J —2)]
E(2]) ’

S(U) = ey

where E(J) represents the energy levels of the y band with
the corresponding spin J. The staggering parameter describes
the clustering and spacing of states in the y band where
a positive value for odd-spin levels and negative value for
even-spin levels corresponds to a y-soft case and the oppo-
site values for a y-rigid nucleus. In Fig. 1 the staggering
parameters for the Ru isotopes with neutron numbers from 56
to 68('%-112Ru) are shown, calculated for spin J = 4, 5, 6,7
states of the y band. According to the available data for 'Ru,
a y-soft structure is expected. For the Ru isotopes with 58
to 64 neutrons ('%>7'%Ru) a less pronounced even-odd spin
staggering is observed, which might be an indicator of a
less pronounced softness in these nuclei. ''’Ru seems to be
a transitional nucleus from a y-soft behavior occurring in
the lighter Ru isotopes to a rather more y-rigid behavior in
2Ru. The molybdenum and palladium isotones of '*4!%Ru,
ie., 10210406 and '90198pg 150 show signs of y softness
in terms of staggering parameter and Ry, ratio [23-26,29].
However, the signs are only weakly pronounced for '**Mo and
the neutron-rich molybdenum isotopes [29,30].

Further signatures to characterize the shape and behav-
ior of a nucleus are the Ry = E(4])/E(2]) and By, =
B(E2;4] — 2)/B(E2;2] — 07) ratios. The R4/, ratio for
the ruthenium isotopes increases from around 2.1 for *Ru up
to a maximum of 2.8 for "'Ru, which is also the midshell
nucleus with N = 66. Afterwards the ratio decreases slowly
down to 2.6 for '"®Ru. The R4, ratios of 104,106 Ry, discussed
in this work, are 2.48(1) and 2.65(1), respectively. These
values are close to the y-soft limit which is at 2.5. The By,

©2022 American Physical Society
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FIG. 1. (a) The staggering parameter S(J) for the '-'>Ru iso-
topes calculated using Eq. (1). The energy levels are taken from the
Nuclear Data Sheets [22-28].

ratio for *Ru is 1.9(5) and thus nearly the spherical limit [31].
The 100:102.104Ry, isotopes show a By, ratio of ~1.5 which
is closer to the rotational limit [22—-24]. The lifetime of the
4T state in '°Ru was not available in the past, but will be
determined in the course of this work. For the neutron-rich
isotopes % 119Ry, the ratios are 1.7(5) and 1.3(5), respectively
[26,27]. The lifetime information about the 4f state in '%°Ru is
important to close the gap between the stable and neutron-rich
Ru isotopes, i.e., between '1%Ru and '%-112Ry,

II. EXPERIMENT

To populate low-lying states in '®*Ru and '"Ru, the
inelastic-scattering reaction '“Ru('*0, '80") 'Ru" and the
two-neutron transfer reaction 'Ru('80, 1°0)'%Ru were
used. The enriched '“Ru target had a thickness of 0.15
mg/cm? that was evaporated onto a natural vanadium 0.78
mg/cm? backing. The target was stretched in parallel to a
natural vanadium stopper foil with a thickness of 3.1 mg/cm?
inside the Cologne Plunger device [32]. Still traces of '®>Ru
were observed in the reaction. The '®0 beam impinged on
the target with a beam current of ~ 1 pnA using an energy
of 57 MeV provided by the Cologne 10 MV FN-Tandem
accelerator. The stopper foil acts as a stopper for the ejectiles
produced in the reaction, i.e., recoiling '°*!%Ru nuclei. The
Cologne Plunger device was used in conjunction with eleven
high-purity germanium (HPGe) detectors forming two rings
(backward and forward) around the target chamber to detect
y rays [32]. The six backward and five forward detectors
were placed at angles of 45° and 142° with respect to the
beam direction. As in previous experiments [15,16,33,34], six
solar cells (PIN diodes) were installed at backward angles to
detect the backscattered beam-like light recoiling fragments
and to limit the kinematics of the recoiling reaction prod-
ucts. Ten target-to-stopper distances (44, 53, 63, 93, 143,
343, 843, 1543, 2843, and 3743 um) with respect to the
electrical contact of the foils were measured in seven days

of beam time to achieve sufficient coverage and statistics
to apply the recoil distance Doppler-shift (RDDS) technique
and the differential decay curve method (DDCM) [32,35].
To determine the absolute distance, the capacitance method
described in Refs. [32,36] was used. In addition, an op-
tical distance measurement device was used to obtain the
absolute distances [37]. Both methods yield consistent re-
sults for the so-called zero distances of 43(5) um where
the uncertainty is used as an error for each absolute dis-
tance. The zero distance is defined as the minimal distance
between target and stopper foil, where no electrical contact
occurs. To determine the velocity of the recoiling nuclei,
the Doppler shift of the most intense transitions are used.
The resulting recoil velocity amounts to v/c = 2.10(6)% and
v/c = 2.01(10)% for '“Ru and !%Ru, respectively. The red
rectangle in Fig. 2(a) indicates the asymmetric gate that has
been applied to select the backscattered '%'8Q particle to
observe the coincident y rays of the corresponding reaction
partner (either '“Ru or '%Ru). An asymmetric gate has been
applied to avoid a possible contamination of the «-transfer
channel which results in '°Pd, which is marked with a
blue rectangle in Fig. 2(a). A distinction of the inelastic-
scattering channels (‘“’Ru and '"Ru) and the two neutron
transfer channel ('*°Ru) with the applied particle gate was
not possible due to the energy and angular straggling of the
recoiling '°0 and '3Q particles as well as the angular cov-
erage of the solar cells. In Figs. 2(b) and 2(c), the y-ray
spectrum summing up all distances is shown for the energy
range from 170 keV up to 1750 keV. In Figs. 3(b) and
3(c) the partial level scheme is shown which was built us-
ing the information of corresponding y-ray spectrum, where
the spins and parities are taken from the literature [24,25].
The states populated in this experiment are consistent with
previous inelastic-scattering and two-neutron transfer exper-
iments [10,25,38-41]. The arrow width in the partial level
scheme describes the intensity of the observed transition that
are summarized in Table I. The observation limit is about
0.2% and 2% relative to the 27 — 0 transitions of '™Ru
and '%Ru, respectively. The large difference in the obser-
vation limit results from the approximately ten-times higher
cross section for the inelastic scattering compared with the
two-neutron transfer reaction. This leads to more statistics
and hence a more sensitive observation limit. The strongest
y rays in coincidence to the particle gate onto '®'8Q be-
long to 12Ry marked with *, '%“Ru and 'Ru, where the
y rays are labeled with the corresponding transition be-
tween the two involved state, as can be seen in Figs. 2(b)
and 2(c).

III. ANALYSIS

The lifetimes of the 2, 47, 67, 2;,*, and 3;’ states in both
nuclei were analyzed using the Bateman equations [42] and
the well-established differential decay curve method (DDCM)
[32,35]. The DDCM has specific advantages such as the min-
imization of systematic errors, the usage of directly derived
experimental values and relative distances and the fact that
no assumptions about the shape of the decay curve R(t)
are required. To determine lifetimes using the DDCM, the
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FIG. 2. (a) The summed solar cell spectrum of all distances.
The red rectangle shows the applied gate to select the recoiling
16180 particles to obtain a y spectrum of '*!%Ru. The gate on
16180 has been applied asymmetric to avoid a possible contamina-
tion of the a-transfer channel. (b), (c) The summed y-ray spectrum
for all distances after applying a particle gate which is indicated
by the red rectangle in panel (a) for the energy range is from 170
up to 750 keV and 720 up to 1750 keV, respectively. The observed
transitions of '®Ru are marked in blue and for '®Ru in red. The
transitions marked with “*” belong to the inelastic scattering of
192Ru, which are the 2] — 0 and 47 — 2 transitions. Note that
the y scale is logarithmic in panel (b) and a linear scale is used
in panel (c).

program NAPATAU [43] was used. A detailed description of
both methods is given in Ref. [32]. Due to a lack of statistics
in y-y coincidences, only particle-gated single y-ray spectra
were used to determine the lifetimes. For some low populated

-
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FIG. 3. Partial level scheme of the observed states in '*Ru and
1%Ru populated in the inelastic scattering or in the two-neutron
transfer reaction. The width of the transition arrows corresponds to
the observed intensities (see Table I) and the dashed lines indicate
known transitions not observed in this experiment.

states the method explained and applied in Refs. [15,16,44]
was used to determine the lifetimes. Therefore, the summed
spectra of all distances j was solved with the following
equation:

2,1

RV WIF

> iRy, )
j

with /{ and I being the intensities of the unshifted and
shifted components, respectively. The normalization factor n;
has been obtained by applying a gate for each distance on
the 2] — 0 transition of '®Ru and '"Ru corresponding to
270.1 and 358.0 keV, respectively, and integrating the result-
ing particle spectrum. The time of flight for each distance
is described by #; and R(¢;) is the decay curve described by
the Bateman equations [42]. The lifetime 7 is the only free
parameter in solving this equation [15,16,44,45].

Here, a top-to-bottom approach was used to adjust the
feeding pattern influencing the lifetimes of lower-lying states.
For the cases of higher-lying states and of low statistics,
Eq. (2) has been used to derive lifetimes. This is realized
by applying a Monte Carlo approach with 107 iterations and
which varies n;, Rym, v/c and the distance within the un-
certainties. From the resulting distribution, the lifetimes and
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TABLE 1. Relative transition intensities observed in the inelastic scattering 104Ru(lgo, '80/)104Ru* and the two-neutron transfer
%Ru("®0, '°0) '®Ru reaction. The intensities were normalized to the 2] — 0; transition of the respective nucleus and the energies are

taken from Refs. [24,25].

104R 106Ry
Transition Transition energy [keV] Intensity Transition energy [keV] Intensity
2F —0f 358.0(1) 100.0(22) 270.1(1) 100.0(35)
47 - 2f 530.5(1) 11.4(32) 444.6(2) 41.1(17)
65 — 47 667.9(3) 1.1(1) 581.1(2) 11.8(8)

25— 27 535.1(1) 5.5(2) 522.2(1)

2 — of 893.1(1) 4.3(2) 792.3(1) 7.4(8)

3 — 2t 884.4(1) 0.7(2) 821.5(1) 11.8(9)

45 —2F 609.5(1) 0.4(1) 515

4F — 47 614.2(1) 0.2(1) 592

2 - 2f 1157.4(1) 1122.2(1) 8.1(9)

3T —2f 1612.4(1) 2.7(2)

0F — 27 630.3(3) 720.5(1) 5.2(8)

the corresponding uncertainty is derived as mean and standard
deviation.

For the determination of the lifetimes of states with higher
statistics of the decay transition, the Bateman equations were
solved. Here, a Monte Carlo approach was also used which
varies all parameters like absolute distance, R(t), v/c, and
possible feeding contributions like feeding intensity and feed-
ing lifetime within their respective uncertainties. The adopted
values and their corresponding errors are calculated by us-
ing a Monte Carlo simulation. To account for nonstatistical
sources of uncertainty, a 5% systematic error is added to the
adopted value. Potential systematic uncertainties are caused
by various sources of contribution like opening angle of
the detectors, slowing down effects within the stopper foil
and deorientation effects which is especially pronounced for
T > 100 ps [32].

Calculating the particle flight time using the recoil velocity
and the zero distance of 43 um results in a minimum flight
time of ~7 ps. Hence, we set the lower sensitivity limit of
this experimental configuration at ~5 ps. In the following
section, the analysis procedure for the determination of the
lifetimes in '°+1%Ruy is explained. The analysis of the '**Ru
serves as consistency check of the experimental setup as well
as the analysis procedure. Only the lifetime of the 37 state was
determined for the first time. All other determined lifetimes in
this work confirm the literature values within the uncertain-
ties. The spectra and fits for the data are only visualized for
106Ru due to its novelty. The final lifetimes of '**!%Ru are
summarized in Table II.

A. Lifetimes in '“Ru
1. Analysis of 45, 61, and 3} states

The observed transitions depopulating the 4;j state (609.5

and 614.2 keV), the 6T state (667.9 keV), and the 37 (1612.3
keV) state, see Fig. 2, only show a shifted and no unshifted
component. This indicates a lifetime to short too be mea-
sured with the properties of the experimental configuration.
Therefore, an upper limit of &5 ps is set for these states i.e.,

T4r < 5ps, Ter < 5ps, and T3 < Sps. Although it is not an
absolute result, this is an important information to account for
the feeding properties of lower-lying states. The derived upper
limits of less than 5 ps for the 4;2 6?’ are in good agreement
with previously determined lifetimes of 74+ = 3.9(4) ps and
tr = 1.927¢7 ps [10,24,39,40,46-48], derived as the mean
of several Coulomb excitation experiments. No information
about the lifetime of the 3| is given in the literature.

2. Analysis of 2 and 3} states

The 2}‘,F and 3;’ states are only weakly populated and there-
fore Eq. (2) was used to obtain the lifetimes. For the lifetimes
of the 2 state, the 27 — 2 (535.1 keV) and the 2} — 0
(893.1 keV) have been used to determine the lifetime. In
the forward ring an overlap between the 2;; — 27 (535.1
keV) and 47 — 2 (530.5 keV) transition is observed and the
analysis using the 2; — 2 transition was only performed
for the backward ring. For the 3; state only the 3;r — 2]
transition (884.4 keV) was observed and used to obtain the
lifetime. The weighted mean of the results leads to the life-
times of Ty = 8.9(18) ps and T3y = 7.3(23) ps. To investigate
possible feeding contributions for the 3;’ state from higher-
lying unobserved states (e.g., 5; state as a feeder of the
3;“ state) and other unobserved, unknown feeding y rays,
the simulation has been expanded to take these unobserved
feeders into account. By considering the observation limit
(~0.2%) and the observed intensities of the decay transitions
of the 3;; states (see Table I), a maximum of unobserved
feeding contributions is 30%. A feeding lifetime of 100 ps is
assumed, which is sufficiently long to be considered as a pure
long-lived feeding [15,34] with the result of T3 = 2.8(12) ps.
The lower limit derived from the maximum feeding approach
is used as the lower limit of the final lifetime. The final
result is T3y = 7.3:“?3 ps, where no lifetime information is
available in the literature. The lifetime of the 2;; with Ty =
8.9(18) ps is in agreement with the mean lifetime measured by
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TABLEIL Lifetimes of '**!%Ru measured in the experiment using the Bateman equation (BE), the DDCM method, the Simulations (SIM)
using Eq. (2) together with the adopted values. The literature values from Refs. [49,50] are summarized in the last column.

Lifetime [ps]

Backward ring

Forward ring

State Decay transition [ke V] [24,25] BE DDCM SIM BE DDCM SIM Adopted Lit.
Ru  2f 358.0(1) 79.5(86) 82.8(28) 79.1(66)  78.3(86) 82.4(28) 79.1(67) 80.2(66) 81.5(14)"
4f 530.5(1) 8.0(10)  9.08)  8.1(22) 8.4(13)  8.1(9¢
6 667.9(3) <5 1.921}7
25 535.1(1) 8.3(23) 8.9(18)  1.2(7)"
25 893.1(1) 9.2(24) 9.3(24)
3 884.1(1) 9.3(50) 7.020) 7.3
45 609.5(1) <5 3.9(4)
37 1612.4(1) <5
Ru 2] 270.1(1) 267(29) 261(12)  273(25) 282(30) 283(12) 279(26)  274(23)  264(4)°
375101)°
4f 444.6(2) 14.6(29) 12.5(13) 13.3(15) 14.727) 12.4(12) 13.6(13) 13.5(15) <20
67 581.1(2) 10.07% 10.0%% —
2+ 792.3(1) 13.9732 13.9%32  10.8(43)°
35 821.5(1) 17.3%52 17.3732 <38°
05 720.5(1) <5 <8.7°
27 1122.2(1) <5 <19°

2From Refs. [10,24,39,40,46-48].
"From Ref. [49].
‘From Ref. [50].

different Coulomb excitation experiments with a mean value
of 7oy = 7.2(7) ps [10,24,39,40,46-48].

3. Analysis of 4F and 2T states

After the determination of the lifetime of higher-lying
states, this information can be used to obtain the lifetimes
of the two lowest states, namely the 4] and 2] states. The
47 — 2] transition (530.5 keV) has an overlap with the
2; — 2T transition (535.1 keV), hence, only the backward
angles could be used to determine the lifetime. Here, the
Bateman equation, the DDCM using the program NAPATAU
[43] as well as Eq. (2) were used to determine the life-
time. The weighted mean of all results was used to adopt
as lifetime and results in Tyr = 8.4(13) ps. The result is in
good agreement with the adopted value of T4+ = 8.1(9) ps,
given in the literature [24]. The 2] — 0/ (358.0 keV) tran-
sition in combination with the Bateman equations, DDCM,
and Eq. (2) were used to determine the lifetime of the 21+
state. The final lifetime of Ty = 80.2(66) ps agrees within
its uncertainties to the adopted literature value of 81.5(14)
ps [10,24,39,40,46-48].

B. Lifetimes in “Ru
1. Analysis of 2} and 0 states

The observed decay branches of the 2] — 2 state (1122.2
keV) and 0;’ — 2;” state (720.5 keV) only show a shifted
component, suggesting a lifetime to short too be measured

with the experimental configuration. Just as for some states in
104Ru, an upper limit of 5 ps can be determined, representing
the level of sensitivity in this case. No lifetime information for
these two states are given in the literature.

2. Analysis of 2}, 3}, and 6] states

The 2;;, 3;,2 and 6] states have a low population and hence
Eq. (2) has been employed to obtain the lifetimes. The fits to
the data are shown in Figs. 4(a) and 4(b). The resulting life-
times are Tor = 10.0(25) ps and T3y = 17.3(52) ps assuming
no feeding. However, to investigate possible feeding contribu-
tions from unobserved higher-lying states (e.g., 8? state as a
feeder of the 6 state) and other unobserved feeding y rays,
the simulation has been expanded to take these feeders into
account. By considering the observation limit (*2%) and the
observed intensities of the decay transitions of the 6 and 3
states (see Table I), maximal contribution of unobserved feed-
ing are in the order of 15% and 20%, respectively. Assuming
a feeding lifetime of 100 ps which is sufficiently long to be
considered as a pure long-lived feeding [15,34] the resulting
lifetimes amount to Tor = 6.6(21) ps and T3 = 11.3(39) ps.
The lower limit of the simulation is used as the lower limit
of the lifetime and the final results are 7+ = 10.0f§§ ps and

T3 = 17.3Jjgg ps. The results of the simulation with and with-
out feeding are shown in Figs. 4(c) and 4(d). The determined
value for the 3; state is consistent with the upper limit of
735 < 38 ps given in Ref. [49].
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FIG. 4. (a), (b) Particle-gated y-ray spectrum detected by the backward detectors of the 6] — 4T (581.1 keV), 2; — OT (792.3 keV), and
3; — 21 (821.5 keV) decay transitions in 10Ru with the corresponding shifted peaks. A peak at 585 keV has included in the fit procedure to
account for its contribution [see panel (a)], marked in green. However, the origin of the y ray is unclear. The y-ray spectra of all distances are
summed up due to low statistics and the fits of the shifted (blue) and unshifted (red) peaks are shown. (c)—(e) The result of the Monte Carlo
simulation using Eq. (2), where no feeding is assumed (green) and the case where feeding is taken into account (red). Also the final lifetimes

with the error bars are shown. See text in Sec. III B 2 for more details.

For the 2F state only the feeding of the 3} state has been
considered which results in a final lifetime of 7,y = 13.9732
ps. The simulation for the 2; state with its error bar is shown
in Fig. 4(e). The final result is in agreement with a previous
measurement with a result of Ty = 10.8(43) ps [49]. The
determined lifetimes and literature values are summarized in
Table II.

3. Analysis of 4T and 27 states

As the lifetimes of the higher-lying states have been de-
termined, they can be used to obtain the lifetimes of the 4]
and 2] states. The evolution of the shifted and unshifted
components for these states is shown in Fig. 5 for four selected
distances (53, 143, 843, and 2843 pm) for the backward de-
tectors. The solution of the Bateman equations and the DDCM
using the program NAPATAU [43] are shown in the lower part
of Fig. 5. For the 4] state the 444.6 keV transition (4] — 27)
has been used to determine the lifetime. The feeding contri-
bution of the 67 and 3} states have been taken into account.
The final lifetime is calculated using the weighted average of
the six measurements [backward and forward each Bateman
equations, DDCM and simulations using Eq. (2)]. The final
result for the lifetime of the 4;” state is Tyr = 13.5(15) ps
and in agreement with the upper limit of 74+ < 20 ps given
in Ref. [49].

The decay transition of the 2?’ state (270.1 keV) has been
used to determine the lifetime. Here, the contributions of
the 47, 3;,", and 2; states were considered. The intensity of
the contribution of the Z)f — 2f (522.2 keV) transition has
been calculated using the intensities given in Ref. [25]. The
intensity of the 522.2 keV transition could not be determined

due to a overlap of the shifted components of the 530.5 keV
(47 — 21) and 535.1 keV (2§ — 2{) transitions which are
populated in the inelastic-scattering reaction of '®*Ru. The
final lifetime is calculated the same way as discussed before
and the adopted value is 7,+ = 274(23) ps. This result is in
agreement with the results of two previous lifetimes measure-
ments, resulting in lifetimes of 264(4) ps [49] and 375(101)
ps [50].

IV. CALCULATIONS

To describe the nuclei of interest calculations using
the proton-neutron interacting boson model (IBM-2) [51]
were performed, which are based on the microscopic en-
ergy density functional (EDF) [52-54]. The parameters of
the mapped-IBM-2 Hamiltonian are determined by mapping
the deformation-energy surface, which is provided by the
constrained Gogny-DIM SCMF calculations [55], onto the
expectation value of the mapped-IBM Hamiltonian computed
with the boson condensate intrinsic wave function [56-59].
With the resulting mapped-IBM Hamiltonian energy levels
and transition probabilities can be determined. In the left part
of Fig. 6 the potential-energy surface (PES) of the mean-
field Gogny-DIM energy density functional exhibits only a
single minimum. Therefore, the single configuration of the
Hamiltonian described in Ref. [56] is used. In this section,
only a short description of the calculations is given. A more
detailed description of the calculations is given in Ref. [56].
The Hamiltonian Hp is defined as

Hg = €ig +k0y - Oy + &’ Z Topprs (3)
p'#P
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FIG. 5. The evolution of the shifted (blue) and unshifted (red)
components in the backward ring for the 27 — 0 (left panel) and
41 — 27 (right panel) transitions for four selected distances, namely
53, 143, 843, and 2843 pum. Furthermore, the decay curves for the
lifetimes of the 2] and 47 states using the Bateman equations to fit
the data are shown. The DDC method for the 2] and 4] states using
the program NAPATAU [43] for the backward angle. The individual
obtained lifetimes are shown in the upper panel, and the lower panel
shows the evolution of the shifted (red) and unshifted (blue) compo-
nent. In addition the fit of the data is shown, which is used to obtain
the derivative %R,-(x). Note that the x scale is logarithmic for the
decay curves.

where fig = g, + Agr and Aq, = d -d, (p = v, ) describes
the d-boson number operator. The quadrupole operator is de-
fined as O, = sid, +d}3, + xold} x d,]® (p = v, 7) and
the third term is a specific three-boson interaction term with
Topp =Y, 1d} x d} x d{ 1V - [dy x d, x d,]" with L be-
ing the total angular momentum in the boson system [60-62].
To calculate the electromagnetic E2 transition rates the fol-
lowing relation is used:

T(EZ) = €Bx er + eB,VQV! “)

with ep, and ep, being the effective charges and Q,, and
0, the quadrupole operators described before. The boson

0
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00 01 02 03 04

0 , .
0500 01 02 03 04 05

02 03 04

FIG. 6. Contour plot of the deformation-energy surface in the
(B, y) plane for 104Ru (top) and 106Ru (bottom) computed with the
constrained SCMF method by using the Gogny functional DIM
(left) and with the mapped IBM (right). The red dot indicates the
minima of the energy surface plots and the difference between two
neighboring contours is 100 keV

numbers were obtained by using the shell closures at Z =
N = 50 and half the number of valence protons and neutrons.
The 1Ry nuclei have six protons and are ten (twelve)
neutrons away from the closed shell. The proton boson num-
ber is N, = 3 and the neutron boson number is N, = 5 and
N, = 6, respectively. The minimized Hamiltonian parameters
for '%Ru are € = 0.40 MeV, k = —0.078 MeV, x, = —0.10,
x» = —0.10, ¢’ = 0.25 MeV. For 106Ry the parameters € =
0.37 MeV, k = —0.067 MeV, x, = 0.08, x, = —0.05, ¥’ =
0.25 MeV were used. An effective charge of ep, = ep, =
0.108 e b (!*Ru) and ep, = ep, =0.104 ¢ b ('Ru) has
been used. The effective g factors for both nuclei are g, = 0
for neutrons and g, = 1 for protons which are given in units
of juy. An EQ operator of —0.068 fm? for proton and neutron
bosons has been used to obtain the p(E0) value for '®Ru. In
Fig. 6 the mean-field Gogny-D1M (left) and the mapped-IBM
potential-energy surfaces (PESs) (right) are shown for '*Ru
and '“Ru. For '“Ru, the mean-field PES shows a distinct
minimum around 8 =~ 0.25 and y =~ 20° which was used to
obtain the mapped-IBM parameters. The minimum in the
mapped-IBM PES shows a minimum around 8 & 0.25 and
¥ A 25° In the case of '%Ru, similar values are visible with
a minimum around 8 =~ 0.25 and y ~ 20° in the Gogny-DIM
PES and 8 = 0.25 and y =~ 30° for the mapped-IBM PES.

V. DISCUSSION

The experimental results of '°*!%Ru will be discussed and
compared with the previously explained mapped-IBM calcu-
lations and to the values of the Wilets-Jean y-soft model [63]
(hereafter called the y-soft model) taken from Ref. [17]. The
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FIG. 7. The experimental (Expt.) and calculated (y soft and mapped IBM) low energy level scheme for '®*Ru (top) and '®Ru (bottom).
The deduced B(E?2) transition probabilities values are placed on the corresponding arrow and are given in Weisskopf units. Due to a lack of
multipole mixing ratios, some B(E2) values are calculated in the limits of a pure E2 transitions, which are marked with #. The transition
probability of the 07 — O} is given in 10° x p(EO0).

Wilets-Jean model is similar to the O(6) limit for N — oo in
the IBM [64]. The results from the calculations as well as the
experimental B(E2) values are visualized in Fig. 7. Addition-
ally, all transition strengths and ratios including energies as
well as transitions strength are summarized in Tables IIT and
IV, which will be discussed in the context of triaxiality. The
ratios that have been calculated are defined as follows:

Rap = Eygt By,

(&)
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B(E2:4F — 2)

Bip= L7 9

V2T BE22F - 0)) ©)
B(E2;2+ — 27F)

22 = (10)
27 B(E2;2F — 0F)
B(E2:2+ — 2+

/ (E2:2, D) an

%2~ BE2; 25— 0)

Due to asymmetric uncertainties, the lower and upper limits
of the last two ratios (B, > and B’zy /2) were calculated using

TABLE III. The experimental, the mapped-IBM calculated and
y-soft model (taken from Ref. [17]) reduced transition probabil-
ities of '“Ru. The branching ratios are taken from the Nuclear
Data Sheets [24]. For transitions with unknown multipole mixing
ratios, the corresponding transition strength are calculated in the limit
of pure E2 and M1 transitions and are marked with an asterisk.
The B(E2), B(E1), and B(M?2) values are given in W.u. and the
B(M1) values are given in 107*2. Furthermore, the ratios defined
in Egs. (5)—(11), were calculated for a comparison with the mapped-
IBM and the y-soft limit to discuss triaxiality.

Reduced transition strength Experiment IBM y soft [17]
B(E2;2] — 0) 58.7(53) 58.7 587
B(E2;47 — 2) 79(14) 79 84
B(E2;6 — 4) >42 85 98
B(E2;2) — 07) 235 0.56
B(E2;2} — 2)) 4211 68 84
BM1;2) — 2} ) 1.93% 0.66
B(E2;3] — 2)° 45453 0.77
BM1;3F — 27)° 73158 9.7
B(E2;3] — 41)* 44132 29 28
BM1;3] — 47)* 110%5° 44
B(E2;3} — 20)* 12013! 70 70
BM1;37 — 27)* 3001350 1.7
B(E2:4] — 2) >0.3 0.068
B(E2;4] — 4)* >21 27 46
B(M1;4; — 41)* >160 30
B(E2:4] — 2) >37 34 51

B(E1;3] — 27)°
B(M2;37 — 27 )

>2x 1075 / >8- 1077
>4 % 1072 / >36

Rip = Egt [Ey: 2.48(1) 253 25

Rejp = E6]+ /E2]+ 4.35(1) 4.58 4.5

Rg)» = E81+/E21+ 6.48(1) 7.17 7

Rzy/z = Ez; /E21+ 2.49(1) 2.35 2.5
B(E2:4T —271)

By = m 1.35(27) 1.35 1.43
B(E2;25 —271) 7

By, pp = m 0.73'1'20d 1.18 1.43

, _ B(E2;25—27) 1224
By = B(E2;2§~>O%r) 2255 121 ©

A M1/E?2 mixing ratio of § = —361’;1 was used [65].

®A M1/E2 mixing ratio of § = —3.2(4) was used [65].

°A E1/M2 mixing ratio of § = 0.01 or 5.271% was used [65]. How-
ever, the results with the large mixing ratio of § = S.Zfif seem
unreasonable.

YDue to asymmetric uncertainties, the error is calculated using a
maximum value estimation. See text for more details.

the maximum value of the numerator and the minimum of the
denominator as the upper limit and vice versa for the lower
limit. Note that this does not result in an 1o error.

A. "™Ru
1. Energy levels

Level energies and B(E2) transition probabilities derived
for the experiment and from the calculations of the mapped-
IBM and y-soft model for '*“Ru are shown in Fig. 7. The
level energies of the 2] and 4] are well described by both
calculations. The energy levels of the 6 and 8 state are
overestimated by both calculations, where the y-soft calcu-
lations has a smaller deviation. The energy levels of the y
band are slightly overestimated by the y-soft calculations.
However, the clustering of the (37, 47) and (5}, 6)) states

TABLE IV. Same as Table III but for '®Ru. The branching ratios
are taken from the Nuclear Data Sheets [25].

Transition strength Experiment IBM y soft [17]

B(E2;2} — 0) 67(6) 67 67

B(E2;4} — 27) 116(14) 90 96

B(E2;6] — 47) 40138 98 112

B(E2;2) — 0f) 2.61 0.17

B(E2:2) — 2))* 29 83 96

BM1;2) — 27" 3.5%3%8 12

B(E2;3] — 21)° 2.9%% 0.22

BM1;3) — 2)° 3.3%7% 7.5

B(E2;3] — 4)* 18419 40 32

BM1;3] — 4])* 5.3%3] 2.1

B(E2;3) — 2))* 8873 90 80

B(Ml;3+; — 2+;)* 1607160 26

B(E2;27 — 07) >0.16 0.009

B(E2;27 — 2) >0.11 0.24

BM1;2f — 2}) >49 2.6

B(E2;27 — 4) >6 0.000039 0

B(E2;27 — 07) >24 0.31 45

p(E0;07 — 07)¢ >3 35

B(E2;07 — 2) >28 0.085

Ry = Eg+ /Ey+ 2.65(1) 2.54 2.5

Re2 = Eg+ /Ey+ 4.80(1) 4.60 4.5

Ry, = Egt [y 7.31(1) 7.07 7

Ry, = Eyt [Eyy 2.93(1) 2.10 2.5

Buz = jmsot 1.82(29) 1.33 143

B(E2:25—21) 24e

B2 = ma ot 0.45™% 1.24 1.43
, B(E2;25—21) .

B, = jimsi o 11.5757 512.5 0

“A M1/E?2 mixing ratio of § = 7.171$ was used [41].

"AMI1/E2 mixing ratio of § = —3.81’?6 was used [41].

°A M1/E?2 mixing ratio of § = —0.24113 was used [41].

4The electric monopole transition strength between 07 states is given
in 103 x p?(E0) and were calculated using the method explained in
Refs. [66,67].

°Due to asymmetric uncertainties, the error is calculated using a
maximum value estimation. See text for more details.
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resembles the expectations from the y-soft model. Although
the mapped-IBM predicts the states of the y band higher than
the experimental observations, it gives a reasonable descrip-
tion of these states and breaks down starting with 6; state.

The experimental ratios of the ground-state band (see
Table III), namely, the R4/» = 2.48(1), Rs/» = 4.35(1), and
Rg/» = 6.48(1) are overestimated by the mapped-IBM by a
small margin and lie closer to the ratios of the y-soft rotational
limits which are 2.5, 4.5, and 7.

The experimental Ry, /» = E+ /E21+ ratio cannot be repro-
duced by the mapped-IBM but is in good agreement with the
y-soft limit which has a value of 2.5. The experimentally
observed spacing in the sequence 2;, 3+ 4‘;, 5'},*, and 6;’
states of the y band is rather constant. This is supported by
the staggering parameters S(4) = —0.25(1), S(5) = 0.31(1),
and §(6) = —0.13(1) that lie around zero (see Fig. 1), which
translates to a constant spacing between the states. However,
these values show weak signs of a y-soft type of nucleus
where the staggering parameter is negative for even spins and
positive for odd spins [21]. Although the mapped-IBM calcu-
lations overestimate all of the level energies, the spacing in
the y band is also constant with the exception of the 6;’ state.

From an energy-level point of view, the '®*Ru nucleus show
signs of y softness which is supported by the prediction of the
y-soft model and indicated by the mapped-IBM calculations.

2. Reduced transition probabilities

To further discuss y softness in this nucleus, a closer look
to the reduced transition rates is necessary. The mapped-
IBM and y-soft calculations are adjusted to the experimental
B(E2;2{ — 0]) value. The B(E2;4] — 2) value is in
good agreement with both calculations within the given uncer-
tainties. The mapped-IBM B(E2;6] — 4{) value of 85 W.u.
is able to describe the experimental lower limit of 42 W.u.
of this work. In comparison, the adopted literature value
of the B(E2;6] — 4]) = 1105 W.u. [10] is lower than
the prediction by the IBM. However, the literature value
has a very good agreement with the expected at the y-soft
limit. The B(E2; 2;' — OT) value is underestimated and the
B(E2; 2;’ — 2?) value is overestimated by both theoretical
approaches. For the E2 transitions decaying from the 3; state,
all the values are predict to low by both calculations. Note that
the B(E2; 3] — 47) strength and B(E2;3} — 2}) strength
are calculated assuming a pure E2 transition due to a lack of
information of multipole mixing ratios. Hence, these experi-
mental values might be significantly lower depending on the
mixing ratio. The y-soft model as well as the mapped-IBM
are capable to describe the By, ratio within the uncertainties
in contrast to the overestimation of the B, > and B) ), ratios.

B. '""Ru
1. Energy levels

Level energies and B(E2) transition probabilities derived
for the experiment and from the calculations of the mapped-
IBM and y-soft model for '°Ru are shown in Fig. 7. The
level energies of the 2] and 4] are well described by both
calculations. But for both calculations, the energy levels of

the 6; and 8] state are overestimated, where the y-soft calcu-
lations have a smaller deviation. The y-soft model is able to
predict a reasonable energy level for the 2; state and 4; state.
Note that the mapped-IBM calculations predict the 2;' state

below the 4] state. This is an indicator that can be found in
a rigid triaxial deformation. The 3;, 5;, and 6;; states in the
y-soft calculations are overestimated while the mapped-IBM
calculation underestimates the experimental energy levels of
these states. The Rs/2, Re/2, Rgj2, and Ry, ratios for the
experiment, for the mapped-IBM calculations and for a y-
soft nucleus, according to the Ref. [17], are summarized in
Table IV. The experimental ratios for the yrast band are
predicted with reasonable accuracy by both approaches. The
Ry, > ratios including the 2; of the y band cannot be predicted
by either calculation.

2. Reduced transition probabilities

In Table IV the experimental B(E2) and B(M1) val-
ues are summarized and compared with the results from
the mapped-IBM calculations and the y-soft calculations.
In Fig. 7 the B(E?2) strengths given in Weisskopf units are
shown for the experiment, the mapped-IBM calculations,
and the y-soft calculations. The calculations have been ad-
justed to reproduce the B(E2;2{ — 07) transition strength.
The mapped-IBM and y-soft value for the B(E2;4] — 27)
strength lies within the 30 range of the experimental observa-
tion. The B(E2;6] — 47 ) on the other hand is overestimated
by both calculations, where one has to note the large uncer-
tainties of the experimental transitions strength. The M1/E?2
mixed 2 — 2] transition has been calculated using a multi-

pole mixing ratio of § = 7.11“}:? [41] and suggests a strong E2
component. Both calculations overestimate the B(E2) value
and the mapped-IBM calculation underestimates the corre-
sponding B(M1) value. The mapped-IBM B(E2; 2; — 0)
strength is an order of magnitude smaller than the exper-
imental value, while the y-soft limit predicts a vanishing
transition strength. The experimental B(E 2;3;L — 47) and
B(E2;3} — 2) values are described by both theoretical ap-
proaches within the uncertainties. Note that both values were
calculated assuming a pure E2 transition due to the lack of
information about the mixing ratios. For the remaining 3;; —
2/ transition, the mapped-IBM calculations is not capable of
describing the value while the y-soft approach is not capable
of calculating a value. The By, ratio calculated using the
mapped-IBM and the y-soft limit lies within the 2o interval
of the experimental ratio. The experimental ratio lies closer
to the vibrational limit (B4, = 2), whereas the calculated
ratios suggest a more rotational or y-soft behavior with both
limits being B4/» = 1.43. The calculated B, /, value slightly
overestimate the experimental ratio. The experimental B, ,
value is order(s) of magnitudes smaller than the calculated
values.

C. y softness in '**'%Ru

Both nuclei are located in a region where triaxiality
and y softness have been suggested by different works
[11-16,20,30,68,69]. First, the R4/, ratio for this two nuclei in
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particular are around the typical y-soft ratio of 2.5 [70]. The
corresponding molybdenum and palladium isotones of '*Ru,
i.e., '92Mo and '°Pd, have similar ratios. The higher Z isotone
of 1%Ru, namely, '®Pd shows a similar ratio, whereas '**Mo
is closer to a ratio of R4/, ~ 3 [24]. Furthermore, the energy
levels of the 41+ and 2;5 states in '%1%°Ry are almost equal,
which is a hint for triaxiality. Note that the mapped-IBM
calculations predict the 2 state below the 4] state for both
nuclei, which can be found in a rigid triaxial deformation.
Although the even-odd staggering is not well pronounced,
it reveals signs of y softness (see Fig. 1). This is also sup-
ported by the neighboring '®>Ru and '®Ru isotopes which
have similar staggering parameter S(4) ~ —0.3, S(5) ~ 0.35,
S(6) ~ —0.15, and S(7) =~ 0.3 values. The same holds for
the corresponding isotones '°¢1%Pd and '°2Mo, but not for
104Mo.

The mapped-IBM calculation delivers a capable descrip-
tion of the low-spin 27, 3;, and 4;; states of the y band in

104.106Ry. As shown in Fig. 6, the corresponding potential-
energy surfaces show pronounced y-soft and triaxial minima
for both nuclei. The lifetimes of the 2;; state in both nu-
clei revealed a more collective B(E2; 2;; — 2;’) strength as
well as an almost noncollective B(E 2;2;r — Of) transition
probability. Both transition probabilities are comparable to
the mapped-IBM calculation and the y-soft calculations. The
experimental transition rates of the 3;; state are in agreement
with both calculations showing a large B(E2;3; — 27) and
asmall B(E2;3} — 2{) value.

For the investigation of y softness, the inclusion of
quadrupole moments can be insightful [71]. Therefore, the
quadrupole moments up to the sixth order of the mapped-
IBM approach have been calculated. They are defined as a
relative dimensionless shape invariant parameter according to
the following relation [71]:

K, = - forn e (3,4.5,6), (12)
9

where ¢, are the quadrupole moment of the nth order. The
shape invariant K, can be used to determine the fluctuation of
the effective deformation and are defined as [71]

o =K4—1, (13)

o, = Ks — K. (14)

A more detailed description of the calculation of these values
is given in Ref. [71]. The resulting shape invariant of the
mapped-IBM calculations are summarized in Table V and
compared with the dynamical symmetry limits of the mapped
IBM, namely, the U(5) (spherical vibrator) and y-soft limit.
The K3 shape invariant is rather small for both nuclei. K4
is an important invariant to distinguish between the U(5)
and y-soft symmetry, where the mapped-IBM calculations
lie close to the y-soft value for both nuclei. The same holds
for the K invariant which is significantly closer to the y-soft
limit compared with the U(5) limit. For both fluctuations of
the effective deformation (og and o,) the values are better
described by the y-soft limit as well. The calculated effective
Berr and yerr given in Table V are consistent with the global

TABLE V. The quadrupole shape invariant K, generated from the
IBM calculations for '**!%Ru. For comparison the U(5) symmetry
as well as the y-soft limit is shown.

14 Rupm 106 R UM y soft u(s)
g [€*b?] 0.814 1.011
K; 0.157 0.074 0 0
Ky 1.009 1.010 1 1.4
Ks 0.192 0.068 0 0
Ks 0.278 0.264 ! 0.84
Bett 0.269 0.297
Yeir 27.0° 31.6° 30.0° 30.0°
op 0.009 0.009 0 0.4
o, 0.253 0.257 L 0.84

minima of the potential-energy surfaces. In general, most of
the y-soft invariant are capable of describing the properties of
104.106Ru. This fact in addition with the staggering parameter
and the reduced transition strength that are well described by
the y-soft limit, suggest that both nuclei show signatures of
softness in the y degree of freedom.

VI. CONCLUSIONS

The lifetimes of the 2", 4], 2;, S;j states and upper limits

for the lifetimes of the 6?, 4% and 3] states in 104Ru were
measured using the RDDS technique. Furthermore, the life-
times of the 2, 41, 67, 2, 37 states and upper limits for the

lifetimes of the 0] and 27 states were determined in '“Ru.
The results were compared with previous measurements and
to a mapped-IBM calculation which is based on a microscopic
energy density functional and to the y-soft limit. The mapped
IBM describes the energy levels and transition strength of the
ground-state band and the low-spin states of the y band for
both nuclei with reasonable accuracy. The deduced transition
strength of the y band in combination with the energy level
and the energy spacing within the y band reveal signatures of
y-soft behavior in '*+1%Ru. This is supported by the mapped-
IBM calculations which show a broad minimum at y & 30°
that spreads in the y degree of freedom. The even odd stag-
gering underlines the y soft behavior and pointing towards
slight y softness. The transition strengths were compared with
the y-soft limit which further manifest the y softness of these
nuclei. Higher-order quadrupole moments were used to calcu-
lated shape invariants. These invariants are used as signatures
of triaxiality and also indicated y softness in '**1%Ry,
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6 Summary and Conclusion

Lifetimes of excited states in different nuclei in the A = 100 region were measured to investigate
the underlying structure of these nuclei. The lifetimes ranging from a few picoseconds up to a few
hundred nanoseconds were measured using the RDDS and the fast-timing technique. A summary

of the particular cases is given in the following sections.

Lifetime measurements and shape coexistence in ?Sr

In this doctoral thesis, the rapid shape change in the strontium isotopes which occurs by going
from N = 58 to N = 60 corresponding to the ?6Sr and %8Sr nuclei, was studied. The nucleus
97Sr possess N = 59 neutrons and hence lies at the spherical-deformed border, and investigating
the low-lying excited states is of key importance to understand the shape change. Therefore, an
experiment using the Lohengrin spectrometer [111, 112] in combination with LaBr(Ce) detectors
and the fast-timing method was performed [94]. Due to an isomeric state in %"Sr with a half-life
of around 750 ns [113-115] which is sufficiently long to pass the Lohengrin spectrometer and an
ionization chamber gate on A = 97, the remaining y-ray spectrum mostly contains transitions in
98y fed by its 9/27F isomeric state. The lifetimes of all states that are fed by the isomeric state
as well as the lifetime of the isomeric states are measured by using the y-y and the particle-vy
fast timing method [45]. The lifetimes of the 7/2% and 9/2% states are confirmed within the
uncertainties of earlier works [113-118|. For the lifetime of the 3/2% state, the previously measured
lifetimes can not be confirmed, where the result benefit from the high statistics. The spin of the
state at 522 keV was unclear and assumed to be either 3/2% or 5/2*. With the newly obtained
lifetime information and the reduced transition strength the state is suggested to be a 5/2% state
which could be interpreted as a high seniority shell-model state. Here, it is indicated that the
spherical configuration of this nucleus is still preferred for this state. The interpretation is based
on the partial half-life of the state [115] and the calculations which have a better agreement by
assuming a 5/2% state. Furthermore, by assuming a 5/2% state an E2 multipolarity transition
would connect this state with the 9/2% states while by assuming a 3/2% would suggest a M3/FE4

transition which seems unlikely.

Lifetime measurements to investigate ~-softness and shape

coexistence in 192Mo

The °2Mo nucleus is located within the shape coexistence region as well as the y-soft region.
The lifetimes of the 21, 47, 67, 01, 2%, 3% and 41 were measured using the RDDS technique to

investigate both phenomena. The lifetime of the OQL state has been used to determine the EQ
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transition probability, namely the p(F0) value. This transition probability can be used as an
indicator of the exhibition of shape coexistence as explained in chapter 1.1.1 and in Ref. [14].
The obtained value in 1©2Mo is one of the largest value along the nuclear chart for nuclei with
a weakly deformed ground state [14, 16, 17]. Similar large values were observed in the 190Zr
and %Sr [16, 17, 119] which are the isotonic partners of 192Mo. These values suggest that the
phenomenon of shape coexistence might be still present in 192Mo. However, the evolution of the
energy of the 0;’ state along the molybdenum isotopes is rather flat in contrast to the strontium
and zirconium isotopes which show a "V-like" shape with a minimum at N = 60 [10-13, 23,
24|. The combination of a flat behavior of the O;’ states in the molybdenum isotopes and the
increase of the p(E0) value at N = 60 (1°2Mo) might be a hint that the shape coexistence is less
pronounced compared to the same phenomenon in the strontium and zirconium isotopes [18|. To
investigate the triaxiality in 1©2Mo, the relative position of the levels play a major role. In this
work, the addition of lifetime measurements of states in the v band were added to discuss this
phenomenon. The staggering parameters of the states in the v band shows tendencies towards a
y-soft nucleus. The surrounding °°Mo and %4Mo isotopes show similar values with the typical
even-odd staggering for a 7-soft nucleus [12, 24|. Additionally, the reduced transition strength
of the states within the v band further supports this assumption. The IBM calculations with
its broad PES minimum located around « & 40° which spreads in the 7 degree of freedom, also
emphasize the softness of this nucleus [120]. The deduced transition strength of the states in the
~ band in combination with the energy level reveals signs of a v-soft behavior. In summary, the
102)\[o nucleus seems to exhibit a less pronounced shape coexistence compared with its lower-Z
isotonic partners (*Sr and 1%7r) and possess signatures of a y-soft type of triaxial deformation
within the y-band.

Triaxiality in the mid-shell nucleus '?Pd

To investigate the triaxial behavior in 12Pd, lifetimes of the 21", 41", 61" and 2‘7" states were
measured using the RDDS technique. The determined lifetime of the 2f state is in agreement
with former measurements and the lifetimes of the 41" and 61" states were determined for the first
time and were used to discuss the quadrupole deformation within this nucleus. The lifetime of the
Q;F state was used to extract transition strengths which were discussed in the context of triaxiality.
Calculations within the frameworks of the IBM-1, Wilets-Jean and the Davydov-Filippov model
were performed. Different indicators for a rigid triaxial case were observed like the excitation
energy of the 2:‘7' which is located below the 4Ir state. Recently, the isotonic partner of 112Pd
which is MORu has been studied where a relatively rigid triaxial deformation near the ground
state was suggested [41]. Another notable evidence is the sum of the energies of the first and
second 27 states which almost equals the energy of the 31 state, which matches with less than
15 keV deviation for 112Pd [41]. On the other hand, some observables suggest a y-soft type of
nucleus like the staggering parameter which shows the typical even-odd staggering. The IBM

calculations provide the best description of this nucleus and the PES indicates a broad minimum
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which spreads in the v degree of freedom. Based of the neighboring 10%10.111pq jsotope which
show evidences of y-soft behavior [121, 122], a similar behavior is expected in 12Pd. A clear
interpretation is not possible due to a lack of lifetime information for the higher spin states in the
~ band. The Davydov-Filippov model describes the lower-spin states i.e. 2# and the 3:; state,
with better accuracy than the y-soft model while most of the signatures tend to indicate a y-soft
nucleus. A possible hypothesis which would include most of the observed evidences is that the
lower-spin states possess a rigid behavior while the higher spin states show «-soft behavior. In
this case a smooth transition from a relatively rigid nuclear structure in the low spin states to a

~-soft nuclear structure for the high spin states occurs.

Investigation of v-softness: Lifetime measurements in 104106Ry

The 7-softness in the 10419Ry isotopes was also investigated in the scope of this work, where
different observables indicate a 7y-soft behavior. For this purpose lifetimes of states in the yrast-
and y-band were measured using the RDDS method. For the states in 104Ry, i.e. the 27, 47, 67,
2# and 41{ states, all lifetimes adopted from the literature were confirmed within their respective
uncertainties. In the scope of this work, the lifetime of the 3;“ state and an upper limit for the
lifetime of the 3] state have been determined for the first time. The lifetimes of the 2IL and
2,}L states in 1% Ru agree with the literature values within the errors. For the previously known
upper limits of the lifetimes of the 4f and 3f; states a lifetime has been determined, which are
both important for the nuclear structure discussion. To describe both nuclei, an IBM calculation
has been performed, where the parameters of the Hamiltonian are determined by mapping the
deformation energy surface from mean field calculations onto the expectation value of the IBM
Hamiltonian [70, 71, 120, 123]. All energy levels and transitions strength of the ground state
and the v band are described with reasonable accuracy by the model calculations. The resulting
IBM potential energy surfaces show pronounced 7-soft and triaxial minima for both nuclei by
predicting a shallow minimum around v & 30°. To further quantify, the quadrupole moments up
to the sixth order were used to calculate different shape invariants. These invariants emphasize

the ~-soft behavior for both nuclei, which further manifests the v softness of these nuclei.

83






7 Outlook

Ongoing analyses and future experiments using the Lohengrin

spectrometer

Further studies of the N ~ 60 and Z ~ 40 nuclei are ongoing and planned. The Lohengrin
spectrometer [111, 112] is a powerful tool to investigate these nuclei produced in neutron induced
fission experiments. Recently, different experiments have been conducted to study nuclei in this
region. A B-decay experiment to study A = 99 nuclei and especially %°Zr using the Lohengrin
spectrometer was carried out. The A = 99 nuclei were implanted and the $-decay products
were investigated in which the main observed nuclei are Y, 9Zr, 9Nb and %Mo. The states
in 997r which are populated in the decay of 90Y, are of key interest due to its similarities to
97Sr which would further improve the phase transition in the zirconium isotopes. Furthermore,
preliminary lifetime results of states in 9°Nb and Y were determined [124]. The lifetimes allow
to investigate the shape coexistence phenomenon within the odd-Z isotopic chains of yttrium
and niobium. The analysis of the decay chain of mass A = 99 is ongoing and preliminary results
suggest promising insights on this topic [124]. Another experiment using the same setup and
principle was conducted to investigate the decay chain of the nuclei with A = 98 of which the
9By, 987y, BNb and %Mo nuclei were observed. Especially, the lifetimes of the 21", 4?, 2; and
2; states in 98Zr will be analyzed and discussed in the context of shape coexistence, but also
lifetimes of states in %Y might be used to discuss the N = 59 isotones. However, the analysis of
MY turns out to be difficult because it is an odd-proton and odd-neutron nucleus which tend to
have a high level density in the low-energy region. To investigate the low-energy structure in
95Kr, a similar experiment as for 97Sr (see Sec. 2 or Ref. [45]) was conducted [125]. Here, the
(7/2%) isomeric state with a half-life of T} /o = 1.4 ps is sufficiently long to reach the implantation
zone of the Lohengrin spectrometer. The (3/2%) state is the only state fed below the isomeric
state, which simplifies the analysis. The analysis seems promising and a lifetime of around 350 ps
is expected based from preliminary analysis. Similar results were obtained for the 3/2% state in
978r [45]. Although, the low-lying structure of %Kr is scarcely known [126], this might be an

important result to investigate similarities of these two isotonic partners.

Although many studies have been performed in this region some aspects of this interesting
shape phase transition are still not clearly understood. Therefore, more similar experiments to
investigate this region would be of highest interest. Therefore, the investigation of the yttrium
isotopic chain, which is located between the already well investigated strontium and zirconium
isotopes, would be of major interest. In recent years, different experiments were performed to
investigate the yttrium isotopes from an =y spectroscopic point of view [127-130]. However, lifetime
information which could provide important ingredients for the nuclear structure discussion is

scarcely known for the low-lying states. Another odd-Z isotopic chain to study would be the
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niobium isotopes around N = 60, i.e. 710INb. Some lifetimes of states in #89?Y and 999Nb will
be analyzed from data of experiments explained above. Similar experiments to study A = 100 and
A =101 nuclei are beneficial for the understanding in this region, especially lifetime measurements
of states in 99Nb, although the odd-odd configuration suggest a complex analysis. Another
nucleus to study along the N = 59 isotones is 19'Mo which can be investigated either by fission
products in combination with the Lohengrin spectrometer or by thermal neutron capture using a
1000\ o target in combination with the Fission Product Prompt 7-ray spectrometer (FIPPS) [131]
which is also located at the Institut Laue Langevin in Grenoble, France. To investigate lifetimes
of low-lying states in '®'Mo the implantation of 19'Nb nuclei using the Lohengrin spectrometer
could be used. The half-life of 191Nb is T /2 = 7.1 s and sufficiently long to reach the implantation
zone. Further, the fission yield of 19'Nb using a standard 23U target amounts to 1.7% which
enables a high population of low-lying states and high statistics of transitions in ''Mo. The
advantage of using the Lohengrin spectrometer is the almost contamination-free y-ray spectrum
containing only few transitions of the nucleus of interest. Another advantage is the population of
only low-energy states, which are favorable to study the low-energy nuclear structure. However,
by taking a close look to the B-decay 191Nb only a few strong -7 cascades in 1°'Mo have been
observed [132]. A possible solution resolving this problem might be the usage of a 8 scintillator
and perform B-v fast-timing lifetime measurements. Such an experimental configuration has been
used in previous experiments [133] and at the Lohengrin spectrometer [134|. Another approach
to study the nuclear structure is the °°Mo(n¢y,,v)1% Mo thermal neutron capture reaction. The
cross section for thermal neutron capture is 190 mb for 1Mo [135] and in combination with the
FIPPS spectrometer the data can be analyzed using the HPGe triggered fast-timing method with

~--~ coincidences.

Ongoing analyses and future experiments using the two neutron

transfer reaction

The two-neutron transfer reaction experimental routine at the Institut fiir Kernphysik at the
Universitéat zu Koln is powerful to populate neutron-rich nuclei along the whole nuclear chart [3,
18, 58, 136, 137]. The lifetime analysis of states in ®"Mn, 0Sr, 118Cd, 130,132 ¢ 206pp and 219ph
which all were populated in two-neutron reactions are distributed along the nuclear chart is
ongoing. With 3”Mn an odd-even nucleus was populated in such a reaction to analyze the lifetime
of different states using the Doppler-Shift Attenuation Method (DSAM) [138, 139]. The N = 32
neutron sub-shell closure seems to affect states in 56Cr but not in %Fe. The nucleus of ®"Mn is
exactly located between these two nuclei and experiments were carried out to study if these effect

already vanish in Mn.

A quantification of the proton-neutron symmetry of an IBM-2 wave function is given by the
F—spin quantum number [140-142]. The F-spin describes the isospin for the elementary proton
and neutron bosons (F, = +1/2 for protons and F, = —1/2 for neutrons) and IBM-2 wave
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functions with F-spin quantum numbers F' < Fj,., contain at least one pair of proton and
neutron bosons. This leads to an anti-symmetry of the wave function by exchanging the proton
and neutron labels. Such states are called mixed-symmetry (MS) states. The MS states were
investigated in different works along the N = 52 isotones around Z = 40, i.e. 3Kr [143, 144],
908y [145], 22Zr [146, 147], %Mo [148-150], %Ru [151-153], %8Pd [154]. What stands out are the
anomalous B(E2) and B(M1) strengths of the 2 — 27 state in %Sr which are both significantly
smaller than the surrounding N = 52 isotones (see Fig. 5 in Ref. [143]). This stems mainly from
the inaccurate lifetime of 7 = 3(2) ps which was obtained using the fast-timing method. To
determine a more accurate value the two-neutron transfer reaction has been used to populate this
2. state and other low-lying states and measure the lifetimes using DSAM. The analysis is still
ongoing and the results suggest a lifetime below 1 ps which would increase the B(M1) value to
around 0.6uy fitting the general trend of the N = 52 isotones and confirming the mixed-symmetry
nature of this state [155].

Mixed-symmetry states in the near spherical Te nuclei were investigated by different experi-
ments [156-160] and by different theoretical calculations [161-165]. The 23 states in 130:132Te
might be mixed symmetry states but the lifetimes and the corresponding B(E2) and especially
B(M1) strength are not available. Two neutron-transfer reactions using a 128Te and 39Te target
were performed to populate these states and clarify a possible mixed-symmetry configuration.

The analysis of these nuclei is ongoing and first results are expected in the near future.

To further extend the research on v softness in the region around ruthenium, a two-neutron
transfer experiment to populate and measure lifetimes of low-lying states in 18Cd was performed.
The lifetimes, especially of the 41" and 2;’ states, will help to extend the understanding of the
complex nuclear structure along the cadmium isotopes that features different phenomena like

shape coexistence and 7y-softness [166, 167].

The nuclear shell model is well suited to describe the region around the doubly magic nucleus
208P} as shown by different works [168-171]. Recently, lifetime measurements of states in this
region have been measured extensively [103, 105, 106, 172, 173]. The low-lying structure of the
polonium isotopes cannot be predicted by shell model calculations. Calculations carried out using
the Kuo-Herling residual interaction [169] overestimate the B(E2;2] — 0) transition which
is interpreted as an admixture of particle-hole excitations across the Z = 82 shell closure. To
improve the interactions of the shell model in this region, lifetimes in 2°6Pb and 2!°Pb are crucial
ingredients. Two neutron transfer experiments were carried out using a 24Pb and 298Pb targets

to measure lifetimes in this region.

Future two-neutron transfer experiments to study the low-lying structure of neutron-rich nuclei
are planned in the rare-earth region, i.e. 92Nd, 156Sm, 160,162Gq 166y 172 178y}, 182[f
188\, 19405 and 29°Pt. The region around neodymium and samarium, especially around N = 90
(*52Sm and '°Nd) are good examples of shape coexistence and shape transition [1, 9, 14, 174,
175]. Furthermore, these nuclei are located around a so called "octupole magic" number, i.e.

N = 88 [176|. Lifetime measurements in the neutron-rich ®2Nd and '%6Sm nuclei will show if the
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mentioned effects still persist.

The midshell-midshell nuclei from gadolinium to hafnium are considered as rigid rotors, where
also low-lying 03‘ states occur. These states are related to the § vibration of a nucleus and the
confined B-soft model yields an analytical solution of the Bohr-Hamiltonian which could be used
to describe some of these nuclei [177]. Lifetime measurements of these nuclei will extend the

evolution of By, ratios in this region and will help to further manifest the 8-soft hypothesis.

The tungsten, but more so the osmium and platinum isotopes, are considered transitional nuclei
between a pronounced rigid rotor and a spherical vibrator. Clear signatures from the shape
transition are visible by the drop of the Ry /5 ratio for the tungsten and osmium isotopes. Another
shape related phenomenon which is observed in this region is the 7-softness. This is pronounced
in the Pt isotopes, but also show effects in the Os and W isotopes [178-180]. As shown in this
work lifetime measurements and deduced transition strengths are helpful in the discussion of such
effects. Therefore, two-neutron transfer experiments to populate these states in W, 1940s and

200pt might be helpful to extend the knowledge in this region.

Further transfer reactions to populate low-lying states in nuclei

During the research of improving the two-neutron transfer reaction and the experimental setup,
different other transfer reactions were investigated at the 10 MV Tandem accelerator. For example
the a-transfer reactions has been proven to be a suitable reaction to study low-lying states [172,
173]. Different reactions were tested, i.e. the (130,1C), (160,'2C) and (*2C,8Be) reactions, to
optimize the reaction yield. The (12C,2Be) reactions show the best results, if the solar cells were
covered with a thin aluminum foil, which prevents heavier nuclei to be detected. The thickness of
the aluminum foil has to be calculated depending on the energy and target. Another transfer
channel which has been tested, is the (160, 14C) reaction corresponding to a two-proton transfer.
The transfer channel is clearly observed in two former works [172, 173] and has been applied to
study the low-lying structure of 21 At [181].

In general, transfer reactions performed around the Coulomb barrier of the reaction offer a variety
of possibilities to study the low-energy structure of nuclei. These reactions populate only a few
states which makes the analysis and the feeding pattern relatively manageable. However, the
data cannot be analyzed in -y coincidences due to the low cross sections of such reactions. A
further improvement of the experimental setup would be favorable, i.e. the addition of more
HPGe detectors and the addition of AE-E detectors instead of solar cells which will allow a
better discrimination between the different reaction channels, especially the (18 20) and (*8,160)

channels.
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