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Abstract

In this work, the structure of mid-shell Te isotopes are investigated. Based on the level
schemes, these nuclei seem to be well described by a vibrational model. On the other hand,
shape coexistence is suspected, but not firmly established on the basis of experimental
data. The nature of the 05 state of these nuclei plays a key role in this discussion as it
is the candidate state for the ground state of the intruding configuration. Thus special
attention was payed to the properties of these states in this work.

The experiments presented here are all carried out at the FN Tandem accelerator at
Cologne but different reaction mechanisms and experimental methods are used. Recoil
Distance Doppler-shift experiments using ('2C,*Be) o-transfer reactions on tin targets are
performed to determine the lifetimes of low-lying states in tellurium isotopes. This is the
first time such reactions are used to populate excited states in mid-shell Te isotopes and
thus also the spectroscopic results are presented in detail. It is shown that many low-
lying and low-spin states are populated in such reactions. Using the (}2C ®*Be) a-transfer
reaction mechanism it is possible to measure the lifetime of the 2], 05 and 23 state in ''Te.
Moreover, upper limits are determined for the lifetimes of, among others, the 47, 45 and
24 state. In '8 Te, the lifetime of the 05 state is measured and again several upper limits
are determined. In '?°Te it is only possible to determine an upper limit of the lifetime
of the 03 state. The lifetimes of the 2] and 4 states in '®Te are additionally measured
using a fusion-evaporation reaction. Furthermore, the § decay of "°I is investigated to
determine spins of excited states and multipolarities of y-ray transitions in '!Te. Here,
excited 07 states in 1Te are unambiguously identified for the first time.

From the experimental data, level schemes are built, B(E2), B(M1) and p*(E0) strengths
are calculated. These values are then compared with predictions in the interacting boson
model on the one hand — especially in the U(5) limit —, and with typical signatures of

shape coexistence on the other hand.
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Chapter 1

Introduction

The atomic nucleus is a complex object. It consists of a finite number of protons and
neutrons, so called nucleons, and its properties are governed by the nucleon-nucleon
interaction. The number of nucleons is typically too small to allow a statistical description
of the nucleus, but often too large to be studied ab initio. Early on in the history of
nuclear physics, it became evident that the atomic nuclei exhibit a shell structure, similar
to the shell structure of the electrons surrounding the nucleus. The shell structure was
successfully described for the first time by Goeppert-Mayer [1] and Jensen [2], that were
able to reproduce the so-called magic numbers observed experimentally in the nuclear
structure. It was also observed, that nuclei could be excited and that there were different
types of excitations of nuclei: Single-particle excitations and collective excitations involving
many nucleons. It was then noticed, that many nuclei show collective excitation spectra
that are similar to the spectra expected from rotating or vibrating quantum objects.
This has lead to the development of geometrical models by Bohr and Mottelson for the
description of collective excitations [3]. In these models, the excitation depends on the
shape of the nucleus: distinctions can be made between nuclei that appear spherical or
deformed, and between prolate and oblate deformations. The concept of the shape of a
nucleus has persisted in nuclear physics, and will also play a key role in this work. Also
other models for collective excitations like the interacting boson model that is used in
this work can be related to the concept of a shape of the nucleus. The idea of the shape
of a nucleus was later extended by another observation. It was proposed, that different
shapes can coexist within the same nucleus (see e.g. [4]), i.e. that different excited states
could belong to different shapes of a nucleus. This phenomenon — later called shape
coexistence — was first observed only in a few specific nuclei, but is nowadays believed to
be widespread throughout the nuclide chart [5]. However, the unambiguous identification
of shape coexistence has proven to be challenging in many cases.

In this work, experiments are presented that search for signs of shape coexistence in
mid-shell tellurium isotopes. At first glance, these nuclei seem to be well described by a
vibrational model, but also shape coexistence is suspected to play a role. Thus before going
into the details of the nuclear structure of mid-shell Te isotopes, two short introductions
are given. In the first introduction, the interacting boson model is presented, that is
suited to describe collective excitations of vibrational nuclei. Then, the concept of shape
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coexistence is introduced paying special attention to the experimental evidences of this
phenomenon.

1.1 Introduction to the interacting boson model

The interacting boson model (IBM) was developed in the 1970’s by Arima and Iachello [6-9]
to describe the collective structure of even-even nuclei. This approach uses the assumption,
that all 2N valence nucleons in a nucleus are coupled pairwise to N bosons. In the IBM-1,
no distiction is made between protons and neutrons. In the simplest version, the bosons can
have angular momentum L = 0 or L = 2 and are hence called s or d bosons, respectively.
Despite its rather simplifying approach, the IBM is able to describe properties of a large

variety of nuclei along the nuclide chart and is widely used.

The IBM-1 uses the second quantization with six creation operators s, le and annihilation
operators s = §,d; = (—1)%, with [ representing the magnetic substate of the d boson
that can take integer numbers with —2 <[ < 2. A general hamiltonian of the IBM-1 that
conserves the boson number N can be expressed in the following way [10, 11]:

I:I:eﬁd+clj}~f)+02éx-QX+03T3'T3—|—C4T4-T4, (11)
where
g =Y dfdy,

QX = (sTxd+d x 3P + y(d x d)?

Ty = (dF x d)D).

Transition strengths can be calculated with the help of the transition operators. The E2
transition operator is given in the Consistent-Q formalism [11] as

T = eQX, (1.2)

where e denotes the effective charge of the boson.

It is useful to take a closer look at the algebraic properties of the IBM. The 36 products
of creation and annihilation operators form a U(6) Lie algebra. This U(6) Lie algebra can
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be decomposed in subalgebrae in three different ways (compare e.g. [10] chapter 2.3):

U(6) > U(5) > 0(5) D SO(3)
U(6) > 0(6) > O(5) > SO(3)
U(6) > SU(3) > SO(3)

where each subalgebra chain is characterized by a different set of quantum numbers.
Associated with each (sub)algebra are Casimir operators that commute with every member
of the algebra. Hamiltonians that can be written entirely in terms of Casimir operators
of one algebra chain are analytically solvable. Nuclei that can be described with such a
Hamiltonian are said to exhibit a dynamical symmetry. The dynamical symmetries are
typically denominated by the first subalgebra of the corresponding subalgebra chain, i.e.
U(5), O(6), and SU(3). Additionally it was noted, that each of the dynamical symmetries
can be associated with a different geometrical interpretation: The U(5) limit can be utilized
to describe vibrational nuclei, which usually are located close to shell closures [7]. The
SU(3) limit is suited to describe rotational and deformed nuclei, that are mainly located far
away from closed shells [8]. The O(6) limit is connected to nuclei exhibiting a y-unstable
form of deformation that can be found in transitional regions [9]. This simplifies a physical
interpretation of IBM-1 Hamiltonians significantly.

There are also several extensions of the interacting boson model. It is for example
possible in the spdf-IBM-1 to allow the bosons to take angular momentum 1 or 3 that are
then called p bosons or f bosons. For the description of even-odd and odd-even nuclei,
the interacting boson-fermion model (IBFM) is used where a fermion is coupled to the
bosonic configuration. If a distinction is made between bosons consisting of proton pairs
and bosons consisting of neutron pairs, the model is called IBM-2.

After the development of the IBM, considerable effort was made to find good examples
of nuclei, that exhibit one of the dynamical symmetries of the IBM-1 (compare for the U(5)
dynamical symmetry e.g. [12]). Therefore, experimental observables like level schemes
and B(E2) values need to be measured, that allow a distinction between the dynamical
symmetries. In the vicinity of the Z=>50 shell closure, the Te (Z=52) and Cd (Z=48)
isotopes have been considered for a long time as good examples of nuclei exhibiting a U(5)
symmetry. In the following, the vibrational U(5) limit of the IBM-1 is thus presented.

1.1.1 The U(5) limit

A general U(5) hamiltoninan can be written in the form of the Casimir operators of the
U(5) algebra chain (compare Ref. [10] chapter 2.5):

H = eCi[U(5)] + aCa[U(5)] + BCH[O(5)] +1C2[0(3)] (1.3)



Chapter 1 Introduction
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Figure 1.1: Level scheme in the U(5) limit up to the two phonon triplet. The numbers on the
transition arrows indicate the B(FE2) values relative to the B(E2;2] — 07) value.
The values are calculated for limy_, .

where
Ci{U(5)] =
ColU(5)] = (g + 4)
Co[O(5)] = % + Ty - T3>
GloB)] =1L

The eigenvalues can be calculated from the expectation values of the Casimir operators
and depend on the quantum numbers associated with each Casimir operator:

E(N,ng,v,L) = eng + aing(ng +4) + fr(v +3) + yL(L + 1) (1.4)

These quantum numbers can take only certain, discrete values. For example, ny can
take integer values between 0 and N. All possible values for the other quantum numbers
are given in chapter 2 of Ref. [10]. In reality, the eigenvalues are typically dominated by
the first term eny leading to multiplets of states that are denominated by the value of ng.
These multiplets are characteristic for vibrational U(5) nuclei. A U(5) level scheme up to
the two-phonon triplet is shown in Fig. 1.1. A first step at the identification of a nucleus
that possibly exhibits a U(5) symmetry is thus the identification of candidate states for
the one and two-phonon states. The two-phonon triplet, consisting of the 05,25, and 4]
state should lie at an excitation energy that is approximately twice the excitation energy
of the 2] — i.e. E(47)/E(2]) = Ryj» ~ 2 — and the energy spreading is ideally small
(compare Ref. [12]).



1.2 Experimental evidences for shape coexistence

Another key indicator comes from the E2 transition strengths. Analogous to the case of
the excitation energies, it is possible to define ratios of the transition strengths (compare
chapter 2.6 of Ref. [10]):

B(E2;25 — 27)

B By = By = 1.5
2T BE22 =00 T B(EZ 2 = of) T T B(E2;2 = 0)) (1.5)
In the U(5) limit, all three ratios are given by
N -1
B4/2 = B2/2 = B()/Q = QT (16)

The ratios will approach 2 for large boson numbers N. In the other symmetries, the ratios
are in general smaller, especially the By, value, which is predicted to be 0 for both a O(6)
symmetry and a SU(3) symmetry. Measurements of B(E2) values between the lower lying
states are thus a sensitive test for nuclei where a U(5) symmetry is suspected.

1.2 Experimental evidences for shape coexistence

e 0,0,0,0,0,0, 0,0 g7/2 e 020,000,000

-_—-0-0-O0-0-0 d5/2 e a0s0, o
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-0-0-0-0-0-0-0-0-0- 0 g9/2 0-0-0-0-0-0-0-0-O-C-

oo P1/2 oo

normal intruder

Figure 1.2: Schematic depiction of possible proton 2p — 2h excitations in Te isotopes. On the
left-hand side, protons are in the normal configuration. On the right-hand side, a
proton pair is moved across the Z = 50 shell closure from the 1gg/ shell to the 2d5/,
shell. This configuration is called intruder configuration.

The concept of a nuclear shape plays a major role for collective models of nuclei. In
collective models, excited states of a nucleus can be understood as rotational or vibrational
excitations of a spherical or deformed nucleus [13]. The different excitations depend thus
on the shape of the nucleus and different shapes lead to different excitation spectra. The
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shape of the nucleus arises from the microscopic configuration of the nucleus. By changing
the microscopic configuration, different shapes can appear not only for different nuclei
but also within the same nucleus [5]. This phenomenon is known as shape coexistence.
Unfortunately, there is no consistent definition of shape coexistence. In general, shape
coexistence is attributed to nuclei where, preferably at low energies, different excited states
arise from different distinct shapes. This can often be achieved through promotion of pairs
of nucleons across a major shell. This results in the creation of 2p — 2h excitations that
can have a different collective structure than the normal configuration and hence lead to
shape coexistence. A schematic depiction of possible 2p — 2h excitations in Te is shown in
Fig. 1.2.

Experimentally, it is not always easy to establish shape coexistence in a nucleus. Many
single data points can also be explained through other possible phenomena. Therefore it
is often necessary to collect multiple different experimental evidences (“fingerprints [5]”)
of shape coexistence. Over the last decades, several reviews have been published that
summarize the efforts to understand and detect shape coexistence [5, 14, 15]. For a
more complete picture of shape coexistence and the manifestation of shape coexistence
throughout the nuclide chart, the reader is referred to these review papers. In the following,

some key experimental evidences for shape coexistence that play a role in this work are

summarized:
Neutron Number N
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Figure 1.3: Energy systematics of intruder states in Hg isotopes attributed to 2p — 2h excitations.
Figure adopted from [16]. Blue color is used to mark states associated with the
normal configuration, while red color is used for states associated with the intruder
configuration.

e Energy systematics of intruder configuration
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Typically, 2p — 2h excitations are found in the vicinity of closed shells. Moving
along a closed proton (neutron) shell, the excitation energy of these 2p — 2h states
depends on the number of valence neutrons (protons) and will become lower with
increasing numbers of valence neutrons (protons). This leads to typical parabolic
energy systematics of intruding structures built on top of 2p — 2h states that exhibit a
minimum at neutron (proton) mid-shell along isotopic (isotonic) chains with respect
to the normal configuration [17]. A clear example of this behaviour is observed in
the Hg isotopes, where the energy minimum for the intruding configuration lies close
to mid-shell N = 104 [16] (see Fig. 1.3).

e Excited 0" states and EO transition strengths

In even-even nuclei, the ground states of both the normal and intruder configurations
are 0T states. Therefore, the presence of an intruding structure in a nucleus should
naturally result in additional excited 01 states at low energies. Identifying excited
0" states is crucial when investigating nuclei for possible shape coexistence [18].
Another powerful piece of evidence are large EO transition strengths between 0T
states. The EO transition strength between two 07 states is positively correlated with
the difference of the mean-square radii of the nucleus of final and initial state [19].
Since the intruding configuration and the normal configuration can have different
mean-square charge radii, a large E0 transition strength can again be an indicator of
shape coexistence. In fact, Kibedi et al. [20] state that the largest measured p*(E0)
values were all measured in nuclei which presumably exhibit shape coexistence.

e In-band transition strengths

For a collective intruding structure, the in-band transitions are expected to exhibit
collective behaviour and accordingly, the transition strengths of in-band transitions
should be strong. A measurement of absolute transition strengths can therefore
help to identify intruding structures [5]. It is also possible to construct the distinct
deformations of the respective structures with the help of the absolute transition
strengths. As an example, recently multiple shape coexistence was discovered in
H0.112Gd with the help of absolute B(E2) strengths of cascades of transitions feeding
excited 07 states [21].

As mentioned already above, this list of possible indicators of shape coexistence is not
complete. Many more could be named, for example partial cross sections for the intruding
and normal configuration in direct reactions or magnetic moments of states belonging
to different configurations. Many of these quantities are difficult to obtain and will
not play a larger role in this study. A final observation in this context is that nuclei
associated with shape coexistence are often not well described by models that do not
include shape coexistence as more and more experimental data are gathered. An example
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Figure 1.4: Systematics of the excitation energy of the first excited 2+ states and of B(E2;2{ —
Of) values in Cd and Te isotopes between N=50 and N=82. For context reasons,
neutron numbers of stable Cd or Te isotopes and the mid-shell region are marked.

of this phenomenon are the mid-shell Cd isotopes that were initially believed to exhibit
a vibrational structure, but additional 0" and 2% states found in the vicinity of the
candidate two-phonon triplet could not be described with such a model without additional

assumptions (compare Ref. [5]).

1.3 The nuclear landscape for mid-shell tellurium isotopes

The tellurium isotopes at Z = 52 lie just two protons above the proton shell closure of tin
at Z = 50. In this region, some of the elements with the highest number of stable isotopes
can be found. This makes the region very suitable for studies along isotopic chains. Stable
Te isotopes range from ?°Te with just two neutrons more than neutron-midshell at N = 66
to 1¥9Te just four neutrons away from the neutron shell closure at N = 82. In this study,
116,118,120 jsotopes were investigated, which are located in the proximity of the neutron
midshell at 18Te. With the exception of 12°Te, these isotopes are not stable and the very
low natural abundancy of '?°Te means, that experimental data on these Te isotopes are
rather difficult to obtain, as well.

The Cd isotopes lie at Z = 48 mirroring the Te isotopes with respect to the Sn proton
shell closure. This fact suggests that the nuclear structure of mid-shell Te isotopes should
show at least some degree of similarity to the nuclear structure of mid-shell Cd isotopes.
A comparison of excitation energies and B(E2) values in mid-shell Te and Cd isotopes
shown in Fig. 1.4 supports this simple picture. The excitation energies of the 2 states
and the B(E2;2] — 0f) values lie in the same range and evolve similarly for the Cd and
Te isotopes. The mid-shell }2H1416C isotopes are all stable and therefore experimentally
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Figure 1.5: Level schemes of low-lying states in mid-shell Te isotopes. Shown are all known levels
up to the supposed two-phonon triplet. Data taken from [26-30].

easier to study. Consequently, experimental data on mid-shell Cd isotopes are much more
abundant than experimental data on mid-shell Te isotopes. It makes therefore sense to
have a closer look at the nuclear structure of mid-shell Cd isotopes before investigating
the related Te isotopes.

The mid-shell Cd isotopes have been considered as examples of nuclei exhibiting a U(5)
symmetry many times. For instance, in the original paper on the U(5) limit by Arima
and Tachello, the nucleus '°Cd is given as an example [7]. In their systematical search
for nuclei exhibiting a U(5) symmetry, Kern et al. [12] fit the level energies of excited
states of several mid-shell Cd isotopes with a U(5) Hamiltonian (compare Eq. (1.4) )
finding in some cases good agreement. In *®Cd, the first observation of a full three-phonon
quintuplet was claimed [22]. But the nuclear structure of mid-shell Cd isotopes is more
complicated. Very early on, additional 0% and 2% states were discovered in the vicinity of
the supposed two phonon triplet [23,24]. These were attributed to intruder configurations
from 2p — 2h excitations. The experimental evidence for these intruder structures increased
over time and the presence of intruder structures in Cd isotopes is undisputed nowadays [5].
In some Cd isotopes, even multiple intruding structures have been identified [21]. Tt is
however unclear, whether the underlying normal configuration can still be viewed as a
U(5) symmetry [25] or whether the vibrational picture is insufficient [21].

In Fig. 1.5, low-lying states of mid-shell Te isotopes are presented. For context, also
H4Te and '?2Te are shown, even though the study of these nuclei is not part of this work.
Similarly to the Cd isotopes, the R,/ ratio is in all cases relatively close to the vibrational
limit of 2 and the 47, 25, 0] states provide candidate states for the two-phonon triplet of
a U(5) nucleus. For 118120122Te 4 description in the U(5) limit was indeed performed in
Refs. [31-33].

On the other hand, the discovery of intruder states in Cd and Sn isotopes has lead to
the conclusion, that such intruder states should exist in mid-shell Te isotopes as well [34].
First candidates of intruder states were found in the 05 states, as their excitation energy
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depends on the neutron number and exhibits a clear minimum at mid-shell N = 66 [34].
This interpretation contradicts the previous view of the 0F states as members of the
two-phonon triplet in a vibrational-like structure. A clarification of the nature of the 03
states thus seems to be critical for a better understanding of the structure of mid-shell Te

isotopes.

A clear identification of additional candidate states belonging to an intruder structure
in Te isotopes has proven to be difficult [5]. This may be due to two factors: first,
spectroscopic data for mid-shell Te isotopes are relatively limited compared to the more
extensive data available for mid-shell Cd and Sn isotopes [5]; second, mixing effects of
normal and intruder configurations are suspected to play a significant role in these Te
isotopes [35] that might obscure the typical signature of intruder states. In fact, Rikovska
et al. [35] performed an IBM-2 calculation including configuration mixing of the normal
configuration with an intruder configuration that was able to reproduce the excitation
energies and relative B(FE2) values in mid-shell Te isotopes known at the time. It is clear
that in this region — especially in the neutron-deficient Te isotopes — further spectroscopic
data are needed to clarify the possible presence of intruder states. For instance, a 05 state
has not yet been unambiguously identified in "*115Te [26,27].

Differentiating between the possible explanations for the low-lying excited states in
mid-shell Te isotopes is difficult using only excitation energies of excited states. Valuable
insight can be gathered also from absolute transition strengths. In a simple U(5) pattern
the ratios By/s, Bajs and By, (compare Sec. 1.1.1) should all be close to 2. The measured
Byjs ratios in M®12%122Te agree with this picture [33,36-38] while in '**Te, the measured
Byjs < 1 is difficult to interpret [39] and not compatible with any collective model. Data
on the By, ratios in the mid-shell Te region [31,33,37] are less abundant and, in some
cases, ambiguous. Data on the By, ratios have not been published for any isotope so far,
except for 1'8Te, where the half-life value of ¢1/5(03) = 55(45) ps used to calculate the
B(E2;05 — 2) value has an uncertainty of over 80% and is described as preliminary by
the authors. However, By, ratios are of particular interest, as the interpretation of the 05
states as intruder states allows these ratios to take values different from 2, with the exact
value depending on the mixing of the intruder structure with the normal configuration [18].
Additional insights into possible intruder states can be gained from the absolute strengths
of transitions to candidate intruder states, which are expected to be enhanced. Thus, the
elevated B(E2,2§ — 07) values in 18122Te have supported the interpretation that the
24 states are collective states built on top of an intruding 05 state [5,31,33]. Further
measurements of in-band transition strengths for candidate intruder structures in mid-shell
Te isotopes are currently lacking.

Another piece of evidence relevant for the nuclear structure are the p?(E0) values, as
enhanced p?(FE0) values are often linked to shape coexistence and the mixing of intruder
and normal configurations. But data on p?(E0;05 — 07) in mid-shell Te isotopes are

10
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again limited, with the only available information coming from the preliminary half-life
value of t;/2(03) = 55(45) ps mentioned earlier.

It is thus the scope of this work to improve the understanding of the nuclear structure
of mid-shell Te isotopes, with particular emphasis on identifying potential intruder states.
To this end, both new spectroscopic measurements and new measurements of absolute
transition strengths, along with p?(E0) values, are conducted. Special attention is given to
the 05 states in this region, which are considered candidate ground states for the possible

intruder configuration.
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Chapter 2

Experimental observables and methods

In the previous chapter, different characteristics of some phenomena of nuclear structure
are presented that play a role in mid-shell Te isotopes. It is the task of experimenters,
to detect these characteristics through experiments. Therefore, suitable experimental
observables have to be found. In some cases, this is relatively straight forward: for example,
the level energies of excited states can in most cases be reconstructed from y-ray spectra
and y-y-coincidence data observing the decay of the excited state. In other cases, the
quantities cannot be measured as directly: Conclusions about spin and parity of initial
and final state of a y-ray transition can be drawn from the anisotropic distribution of
emitted y rays. And in the case of absolute transition strengths, multiple experimental
observables are needed to calculate the quantities of interest. Often, B(FL/M L) values
are used that are directly related to the reduced matrix element between initial and final

state of an EL/M L transition and are given by

1
2L, + 1

B(EL/ML;I; — Ij) = (U4||EL/ML||W;)2. (2.1)
Experimentally, B(EL/ML) values can be determined from the level lifetime 7, the
branching ratio b between the different depopulating transitions, the inner conversion

coefficient aj¢, and the y-ray energy F, via

(2L+1)
BELg o 1) MLV b (he h
T 8L+ 1) 1+ ae \ B, T

, (2.2)

where B(EL) values are given in e2b”. B(M L) values can be calculated in a similar way in
units of p3b¥~1. If the y-ray connecting initial and final state can have multiple different
multipolarities, the B(EL) and B(M L) value also depend on the mixing ratio § that is
defined as

T(L+1)

T

(2.3)
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where T'(L) is the transition probability for a y ray with multipolarity L. In this case, the
branching ratio b in Eq. (2.2) is replaced by a partial branching ratio

b bo?

by, = b = —.
L 1162 or L+1 1162

To quantify the strength of an E0 transitions, usually p(E0)? values are given that are
defined via

SAND)

E f—
p(E0) o

(2.4)

where Ry is the radius of the nucleus. This value can be calculated using a known

competing E?2 transition via the equation

E0/E2)B(E2)
2R}

p(E0) = 2L (25)

where the dimensionless ratio X (£0/E2) [40] can be determined from electron spectroscopy.

In the following sections, methods for the experimental determination of level lifetimes

and analysis of angular correlations are presented.

2.1 Recoil Distance Doppler-shift method

The recoil distance Doppler-shift technique (RDDS) is a method to measure the lifetimes
of excited states in nuclei in the picosecond range. A detailed description of the RDDS
technique and related topics is given in Ref. [41]. For this method, the nucleus of interest
is produced in a nuclear reaction of a particle beam with a sufficiently thin target foil. The
nucleus of interest then leaves the target foil and recoil in vacuum towards a stopper foil
placed at a well defined distance x, where the nucleus is stopped. The target-to-stopper
distance is adjustable and is controlled by a so-called plunger device. The nucleus is
desirably produced in an excited state and decays via y-ray cascades to the ground state.
Around the target chamber, y-ray detectors are placed at angles © with respect to the beam
axis. The detected y rays stemming from the nucleus of interest will be Doppler-shifted in
energy, if the y decay occurs before the nucleus is stopped in the stopper foil, and unshifted
for decays at rest inside the stopper foil. The energy EZ of the shifted y ray depends on
the unshifted energy EY, on the angle  between the momentum of the recoiling nucleus
and the momentum of the y ray and on the velocity 5 = v/c of the recoiling nucleus and
is given by

14



2.1 Recoil Distance Doppler-shift method

pope Y125 (2.6)

T —cos()B

Note that the angle § between the momentum of the recoiling nucleus and the momentum
of the emitted y ray and the angle © between the beam axis and the y-ray detectors are
very similar in most cases. If the y-ray detectors are placed at angles different from 90°
with respect to the beam axis, observed y-ray transitions in the nucleus of interest have
thus two components, a shifted flight component /7! and an unshifted stop component
I*t. For a decaying transition of an excited state i, the ratio of the stop component to the
total intensity is called decay curve R(t) and depends on the flight time ¢ of the nucleus of

interest:

(1)

Ri(t) = m

(2.7)

For very short flight times, i.e. much shorter than the lifetime of the state ¢, nearly all
decays will happen in the stopper and thus lim; o R;(¢) = 1. For long flight times, longer
than all involved lifetimes, most decays will happen in flight and thus lim; ., R;(t) = 0.
By taking measurements at many different target-to-stopper distances, the decay curve
can be sampled.

It is in general also possible to use a degrader foil instead of a stopper foil that only
reduces the kinetic energy of the nucleus of interest by a certain amount without stopping
it completely. This possibility was not used in this work and will not be discussed here.
Further information is given in Ref. [41].

2.1.1 The capacitance method and absolute foil separation measurement

In an RDDS experiment, it is essential to have reliable information on the target-to-
stopper distance x. To ensure a well defined target-to-stopper distance, it is important
that the target and stopper foil are smooth surfaces and that target and stopper foil are
aligned in parallel. Therefore, target and stopper foil are usually stretched over cones
that will be mounted in the plunger device (compare Ref. [41]). The position of the cones
can be adjusted manually to align target and stopper foil. It is useful to distinguish
between relative target-to-stopper distances and absolute target-to-stopper distances. This
distinction is made, because in most cases the relative distances can be determined with
higher precision, while the absolute distances hold more information.

To determine relative distances, it is sufficient to monitor the position of the movable
foil, which is usually the target foil. In case of the Cologne coincidence plunger device
(see Sec. 3.2), the position of the target foil is monitored with a magnetic transducer as

well as an intrinsic measurement in the linear actuator. In this way, a relative distance
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measurement can be performed. However, during the experiment, the heating of the
target usually leads to thermal expansion of the plunger apparatus and the same motor
position will thus in general not be the same relative distance between the two foils. These
deviations can be corrected for with the capacitance method [41,42]. A pulsed voltage
signal on one foil will induce a small voltage on the other foil. The magnitude of this
signal depends on the capacitance between the foils which in turn depends on the distance
of the two foils. A reference measurement (usually called distance calibration) of the
induced voltages at certain relative distances before the start of the experiment is used
to keep the relative distances constant during the measurement, by keeping the induced
voltage signal constant. This distance calibration is usually performed using the magnetic
transducer. During the measurement, only the voltage signal in combination with the
distance calibration is used to monitor the target-to-stopper distance.

To determine absolute distances, the minimum separation of the two foils needs to be
determined. The point of minimum separation is usually reached at the point of electrical
contact, which can be determined by driving the target foil closer to the stopper foil, until
the induced voltage signal shows, that the two foils are in electrical contact. This usually
corresponds to a mean separation of target and stopper foil of some micrometers due
to surface roughness. For a more precise measurement, the fact can be used that if the
target-to-stopper distance is much smaller than the foil diameter, the induced voltage is
anti-proportional to the absolute distance of the foils (1/V o« R). Deviations from the
linear behaviour arise from the finite diameter of the foils and from stray capacitances
in the target chamber, mostly between the foil holding structure and outer parts of
the foil outside the streched area. The distance between the electrical contact and the
mechanical contact (hereafter called offset) can be estimated by a linear extrapolation
of the dependency of 1/V on the distance towards 1/V = 0. Such an extrapolation is
shown in Fig. 2.1 using the data from the ''*Sn(*2C®Be)''8Te a-transfer experiment as
an example. The offset is given by the distance between the last measurement point of
the distance calibration and the intersection of the linear extrapolation with the x-axis.
For this extrapolation, stray capacitances can be taken into account with a constant value
that is added to the measured voltage (left hand side of Fig. 2.1). For more details, the
reader is referred to Refs. [41-43].

2.1.2 Alpha-transfer experiments and the RDDS method

One of the main goals of this work is the measurement of lifetimes of low-lying yrast and
off-yrast states in mid-shell '16:118:120T¢ jsotopes with the RDDS technique. In order to
carry out such measurements successfully, a suitable nuclear reaction must be found that
produces these nuclei and populates the states of interest. Ideally, the beam required
for this should be available at the FN tandem accelerator in Cologne. Unfortunately,
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Figure 2.1: Distance calibration used for the o-transfer experiment 14Sn(*2C,®Be)!'8Te. On
the left hand side, the original data are plotted; on the right hand side, a constant
modification of the induced voltage was introduced, to take into account the holding
and stray capacitance. The distance calibration extends to 500 pm. Here, a shorter
range is shown to make the determination of the offset more visible. In green the linear
extrapolation of the distance to small distances is shown. The distance between the
last measuring point and the intersect of the extrapolation with the x-axis represents
the offset.

all experiments carried out so far on M618120Te did not use reactions that would be
suitable for such an experiment. Fusion-evaporation reactions with 2C or heavier beams
used e.g. in Refs. [36,44,45] provide enough recoil velocity, but populate mainly yrast
states and do not populate the low-lying off-yrast states of interest. These states were
observed only in reactions with lighter beams or through population in 8 decay used e.g.
in Refs. [32,46—48], but such experiments do not provide the necessary recoil velocities for
an RDDS measurement.

Instead, in this work (12C,®Be) a-transfer experiments with 12114168y targets were
used to produce the nuclei of interest. Such reactions have not been performed to populate
excited states in Te isotopes, but have been used in other regions of the nuclide chart
(compare e.g. Ref. [49]). The chosen (2C®Be) o-transfer reaction mechanism has the
disadvantage that the cross sections for the production of the nuclei of interest of such
reactions cannot be as high as the cross sections of some fusion-evaporation reactions for
the same nuclei of interest. However, this reaction mechanism also offers some decisive
advantages. In transfer reactions it is usually possible to detect the beam-like fragments
(BLFs). This serves a dual purpose. The data are cleaned from other reactions happening
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at the same time and the kinematics are fixed — i.e. precise information on the recoil
velocity of the nucleus of interest is obtained. A detection of BLFs under backward angles
selects kinematics with higher recoil velocities of the corresponding target-like fragments
(TLFs) and ensures that the corresponding TLFs move in the direction of the stopper foil.

Another advantage of the a-transfer reaction mechanism for RDDS measurements lies
in the population pattern. Typically, in o-transfer reactions only relatively low-lying and
low-spin states are populated while in fusion-evaporation reactions, that are often used for
RDDS measurements, higher-lying and higher-spin states are populated. The population
pattern of fusion-evaporation reactions typically leads to slower feeding times. In some
cases, the slow feeding makes a lifetime analysis of lower-lying states that are fed via
delayed feeding impossible. On the contrary, a typical population pattern of a-transfer
reactions leads to fast feeding times. This means that it is less likely that large feeding
corrections are needed in a lifetime analysis and less likely that the lifetime information
of lower-lying states is lost due to a feeding state with a long lifetime. A good example
of this behavior can be seen later in Sec. 4.2 where two RDDS experiments on '8Te are
performed — one using a fusion evaporation reaction and one using an a-transfer reaction
(see also Fig. 4.2).

To perform (2C,®Be) o-transfer experiments that produced 116:18120T¢ isotopes, a beam
of 12C and 214168y targets were needed. The beam of '2C is available at the FN
Tandem accelerator in Cologne. The beam energy was chosen just below the Coulomb
barrier at around 44 MeV to ensure relatively large cross sections but avoid large cross
sections for fusion-evaporation reactions on tin. Suitable 121141168y targets for an RDDS
experiment can be manufactured but during this work problems arose from exactly these

targets. The next section is dedicated to these tin targets and the problems encountered.

2.1.3 A note on the target thickness of evaporated tin targets

To perform a successful RDDS experiment, multiple experimental requirements have to be
met by the chosen reaction that populates the nucleus of interest and by the experimental
setup. Plunger target foils need to be robust enough to be stretched over the target cone.
The stretching of target and stopper foil ensures that the two foils can be brought to
controlled, small target-to-stopper distances. On the other hand, the target foil needs to be
thin enough, that none of the recoiling nucleus of interest are stopped already within the
target itself. Self-supporting target foils used for RDDS experiments at the FN Tandem
accelerator at the University of Cologne typically have a thickness of about 1 mg/cm? to
ensure these criteria. These targets are usually produced by rolling. If a target material is
not suitable for rolling or a self-supporting target foil cannot be produced for other reasons,
a second option lies in evaporated targets. In this case, the target material is evaporated
on a suitable supporting foil that is facing the beam in the experiment. Supporting foils
should be able to be stretched over the target cone and the material of the supporting
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foil should be chosen so that possible reactions on that foil do not hamper the reaction of
interest on the target material. Typical materials for supporting foils (so called “frontings”)
are for example tantalum or gold. The thickness of the layer of evaporated target material
is calculated from the mass difference before and after the evaporation process dividing by
the area onto which the material was evaporated. The target thickness is then used to
calculate expected energy losses of the beam and the recoiling nucleus of interest. This
allows to estimate the velocity of the recoiling nucleus of interest after it leaves the target
foil which is needed for the RDDS analysis. Such estimates are routinely performed during
the planning of an RDDS experiment to ensure a successful experiment. They can be

performed for example with the LISE++ program [50].

In this work, (*?C®Be) a-transfer reactions on tin targets were extensively used to inves-
tigate excited states in tellurium isotopes with the RDDS method. For these experiments,
evaporated tin on tantalum targets were used. The kinematics of these reactions were
calculated before the experiments: the slowest recoiling nuclei stem in general from a
reaction directly at the front (i.e. “upstream”) of the target layer with o-particles emitted
at 120° with respect to the beam line, which is the maximum acceptance angle of the PIN
diodes (hereafter called “solar cells”) that are used for particle detection (see Sec. 3.3). The
nuclei of interest then traverse the maximum distances through the target material, leading
to maximal losses of kinetic energy. For the case of a 12114168y target, Te nuclei produced
via an a-transfer reaction have a kinetic energy of about 0.077 MeV /u immediately after
the reaction if the ®Be particles are emitted at 120°. The Te nuclei then lose energy in the
tin target layer where the exact amount of energy lost depends on the distance travelled
through the target layer. The range in tin for Te nuclei with this energy lies at about 2.0
mg/cm? according to LISE++ [50]. To avoid stopping in the target layer, the thickness of
the target layer must thus be chosen to be significantly smaller than 2.0 mg/cm?.

Two experiments that are part of this thesis were performed where stopping in the
target was noticed and thus unfortunately no precise lifetime values could be extracted
from the data. The first one used the "*Sn(*2C#Be)®Te o-transfer reaction, the second
reaction was the 1Sn('2C ®Be)!*Te o-transfer reaction. The nominal thicknesses of the
11481 and '6Sn targets were 0.8 mg/cm? and 0.5 mg/cm?, respectively. In both cases, a
tantalum foil with a thickness of around 1.5 mg/cm? was used as a fronting. Even taking
into account the angular spread of the target-like fragments with respect to the beam
axis and uncertainties in the thickness of the tin layer of 50 %, all target-like fragments
should have been able to exit the target foil. However, the spectrum shown in Fig. 2.2
demonstrates clearly for the example of 2°Te that stopping occurred in the target. All
observed transitions in '?°Te show an unshifted component, even though no stopper was
in place. It is likely that the reason for this phenomenon lies in the uneven distribution of
tin during the evaporation process. This can lead to very different local thickness of the
layer of the target material, leading to events, where the recoiling target-like nuclei are
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Figure 2.2: Spectrum in 12°Te observed in the 116Sn(*2C,®Be)!?"Te a-transfer reaction. A gate
condition is set in the solar cells for the detection of a particle. The nominal target
thickness was 0.5 mg/cm? '16Sn evaporated on 1.6 mg/cm? Ta. There is no stopper
foil present.

stopped in the target layer.

To avoid this problem, several precautions were used for later experiments using a-transfer
reactions on evaporated tin targets. During the evaporation process the temperature of
the oven was adjusted to to achieve a more uniform distribution of the target material.
In addition, a measurement without a stopper was carried out before each experiment to
ensure that there was no stopping in the target.

2.2 Analysis methods for recoil distance Doppler-shift
experiments

There are different approaches how lifetime values can be extracted from decay curves.
Which of the different approaches can be used and which gives the most precise lifetime
value depends on the individual situation. Here, a short overview is given on the approaches
used in this work.

2.2.1 Effective lifetimes

Before the different analysis methods are presented, the concept of effective lifetimes is
briefly introduced, that sometimes plays a role in RDDS experiments. The term “effective
lifetime” refers to the measured lifetime in an RDDS experiment without taking into
account any necessary feeding corrections. In this context, the term “real lifetime” is often
used for the lifetime 7 of an excited state to differentiate between the lifetime 7 and the

effective lifetime 7.5¢. The effective lifetime 7.7, of an excited state can be calculated
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using the assumption, that the excited state is populated only directly or that the feeding
lifetimes are very short. Then the decay curve in Eq. (2.7) is equal to a simple exponential

decay

R(t) = e t/7ess. (2.8)

This approach neglects all feeding contributions and the resulting effective lifetime of an
excited state is therefore always longer than the lifetime of the same excited state. The
effective lifetime is hence not a physical quantity since it depends on the feeding pattern
of the specific experiment. It may also be influenced by the target-to-stopper distance
used for the measurement, since the decay curve in general does not follow an exponential
decay. For several reasons, it can sometimes still be useful to calculate effective lifetimes:
effective lifetimes are easy to calculate during an experiment to get a first guess for a
lifetime value. They can also be used to approximate feeding lifetimes. And in cases where
a feeding correction is not possible, the effective lifetimes serve as upper limits for the

“real” lifetime of the excited state.

2.2.2 Bateman equations

The common starting point for all methods that

ky determine lifetime values from RDDS experiments
are the Bateman equations [51], describing the time-

dependent population n of a level . The level ¢ has

B2 a lifetime 7; = 1/)\; and is fed in general from several
levels k with lifetimes 7, = 1/A;. An exemplary level

scheme is depicted in Fig. 2.3. The population of the

level 7 is then described by the differential equation

A nit) = —Am(t) + > Mebgnk(t).  (2.9)
k

To solve the differential equation for the level i, sim-
Figure 2.3: Exemplary level scheme

with a level of interest ¢ and
feeding levels ki, ko. and a system of coupled differential equations results.

ilar equations have to be solved for all feeding levels

The solution of this system of coupled differential
equations depends on the lifetimes 74, the branching ratios by; and initial populations
n(t = 0) of all feeding levels and the lifetime of the level of interest 7;. Stop component I
and flight component /! of a y-ray transition depopulating the level of interest i observed
in the RDDS measurement can then be calculated by integrating the time-dependent
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population n;(t) of the level of interest i. Therefore, for transition A from Fig. 2.3

to
All(ty) = / \in (t)dt,
0

ASt(to) = /OO )\Z’I'Lz(t)dt,

to

(2.10)

where t( is the flight time of the nucleus of interest. To extract the lifetime of a state
of interest ¢, the branching ratios, lifetimes and initial populations of all feeding levels
have to be known or assumed. Additionally, the information of the absolute flight times is
needed. Absolute flight times can be calculated from absolute target-to-stopper distances
determined with the capacitance method (compare Sec. 2.1.1) and the recoil velocity which
is determined measuring the Doppler-shift of y rays. Then with Eqgs. (2.9) and (2.10) the
calculated decay curves R(t) (Eq. (2.7)) can be compared to the measured data taking
into account also the effects of angular distributions and detector efficiencies. Typically

only the lifetime of the state of interest is a free parameter in the fit procedures.

2.2.3 Differential Decay Curve Method

A second method to extract lifetime information from RDDS data is the Differential Decay
Curve Method (DDCM) [41,52]. The DDCM can be derived again from the Bateman
equations and uses implicit properties of the decay curve R(t) to determine the lifetime
that is given as

— A% (to) + >, b B} (to)
%Ast(to) !

T, = (2.11)
using again the exemplary level scheme of Fig. 2.3.

The DDCM has several advantages over an analysis using directly the Bateman equations.
Lifetimes extracted with the DDCM do not depend on absolute flight times, but only on
relative flight times, that in experiments are more precisely known than absolute flight
times (compare Sec. 2.1.1). The quantities needed for a determination of the lifetime in
the DDCM are also all experimental observables, which is not the case for an analysis

using directly Bateman equations.

2.2.4 Differential Decay Curve Method with y-y coincidences

The use of y-y coincidences simplifies the DDCM analysis significantly [41]. An energy
gate is set on the flight component of a direct feeder of the level of interest ¢ — in the
example of Fig. 2.3 for example transition B;. Then a subtraction of stop components of
feeders becomes obsolete and Eq. (2.11) simplifies to

22



2.3 Angular correlations of y-y cascades

(Bl A (1)
4Bl AT (o)

; (2.12)
Here, {B, A} denotes the coincident intensity of the transitions A and B, where B is a
transition directly feeding the level of interest i and A is a transition depopulating 7. The
use of y-y coincidences additionally avoids problems arising from unobserved side feeding.

2.2.5 Summing of different distances

A special case is a lifetime analysis, where the spectra from different distances are summed.
This method is only applied if the statistics of the transition of interest is not sufficient in
the spectra of single distances. It has been developed by J. Litzinger [53]. The observable
from Eq. 2.7 then becomes

Ist

Rsum = st S_tm[gzma (213)

sum

where the index sum indicates, that the spectrum used to determine these intensities is
the sum of all spectra of the single distances. For each distance ¢ the values R; can also
be calculated using the Bateman equations and assuming a feeding pattern and a lifetime
of the state of interest. Then, the observable R,,, can also be calculated via

where w; are weights that take into account the different measuring times and reaction
rates of the single-distance measurements. The calculated value can then be fitted to the
observed value using the lifetime of the state of interest as a free parameter. This way, a
lifetime value for the state of interest is determined. An uncertainty of the lifetime value is
obtained using Monte-Carlo methods. Note that in this approach there is no decay curve
of the state of interest that could give information on possible long feeding contributions.
If no information on the feeding is known, only an effective lifetime can be determined.

2.3 Angular correlations of y-y cascades

One way to obtain information on spins of excited states is the measurement of angular
distributions of y rays depopulating or populating these excited states. The emission of y
rays from a nucleus is in general not isotropic and is governed by the multipolarity of the
emitted y ray that is restricted by the spin of final and initial state. A measurement of the
angular distributions of y rays allows thus to obtain information on the multipolarity of vy
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Figure 2.4: Left: Angular correlation of the 23 — 27 — 07 (934-609keV) cascade in 21*Po. The
intensity of the cascade Wy, is plotted against the angle © of the angular group. The
data were taken from a ?26Ra calibration source measurement in the CATHEDRAL
spectrometer [54]. The resulting fit parameters are ay = 0.461(8), ag = 0.05(1).
Right: Comparison of the experimental as, a4 parameters to different spin hypotheses.
Shown is the dependence of the loss function S? on the mixing ratio & for three
different spin hypotheses. Only a 2 — 2 — 0 cascade with a mixing parameter of
0 = —0.42(6) is not rejected. This slightly improves the value given in Ref. [55] of
6] = 0.37(24).

rays, the multipole mixing ratios of the transition and spin and parity of initial and final
state. However, if the orientation of the nuclei is not known or isotropically distributed,
this information is lost. For isotropically distributed nuclei, it is possible to extract similar
information from the measurement of y-y cascades (compare e.g. [56]). The detection
of the first y ray fixes a quantization axis and the probability distribution of the angle
of emission of the second y ray w(f) can be described with the help of the Legendre
polynomials Py, [57]:

w(f) = Z ay Py (cos0). (2.15)

The parameters a; are determined by the multipolarities and multipole mixing ratios of
the involved vy rays and the spins of initial, intermediate, and final state. Exact ways to
calculate the parameters a; are given for example in Ref. [58].

An exemplary angular correlation of a y-y cascade observed in 2!4Po is shown on the
left hand side of Fig. 2.4. This cascade was measured using a ?*Ra source and the
CATHEDRAL spectrometer [54] that will be introduced in the next chapter (see Sec. 3.1).
The used y-ray detectors have finite opening angles, leading to an attenuation of the
measured distribution [57]. Equation (2.15) is then rewritten as
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Figure 2.5: Time difference spectrum of two HPGe detectors in the 3 decay experiment on 16T,
Coincidence spectra are build from events that lie in the coincidence time window.
Events in the random time window are used to correct the coincidence events for
random coincidences and to correct the angular correlation data of the different
angular groups for the different detector efficiencies and number of detector pairs.

Wewp(0) = quakPk(cos 0), (2.16)

where We,,(6) is the measured angular correlation and g are attenuation coefficients
that depend on the geometry of the experimental setup. These can be calculated from
geometrical considerations or experimentally determined using known angular correlations.
The experimental angular correlation is then used to fit experimental parameters ay
(compare Fig. 2.4). The measured parameters a; are compared to calculated parameters
using different spin hypotheses and multipole mixing ratios using a combined probability
distribution S? [59]. Such an S? minimization is shown on the right hand side on Fig. 2.4.
If the minimum S? value lies below a rejection limit, the spin hypothesis is not rejected.
Ideally, only one hypothesis of spin and multipole mixing values reproduces the experimental
parameters a; with sufficient precision allowing an unambiguous determination of the

involved spins and multipole mixing ratios.

2.3.1 Event mixing approach

In experiments measuring angular correlations, usually detectors are not moved around to
obtain data for different angles 6. Instead, data are taken with spectrometers with multiple
y-ray detectors. For a measurement where the nuclei of interest are not oriented, relevant
data can only be obtained from y-y coincidence data involving (at least) two detectors.
The number of detector pairs is then given by N(N — 1)/2 for a setup with N detectors.
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The different angles of these detector pairs provide the necessary data points for an angular
correlation measurement. In this case of an experiment without a defined orientation axis,
detector pairs with the same angle between the two detectors are grouped into so-called
angular groups. The measured intensity of the cascade of interest has to be corrected
then for the number of detector pairs of the angular group and for the energy-dependent
efficiency of the detectors. The efficiencies can in principle be determined before or after
the experiment with an efficiency calibration using a known source. If efficiencies are
determined in this way, possible errors can arise from time-dependencies of the efficiency
(e.g. the efficiency might depend on the count rate of a detector).

The event-mixing approach [60] is an elegant method to extract efficiency data directly
from the data of the experiment itself avoiding the problems described earlier in many
cases. Coincidence spectra are usually built by selecting only data where two or more
events were detected within the same time window (“at the same time”). The length of
the time window is usually given by the time resolution of the detectors. Often, these data
are then corrected for random time events that are obtained from a time window in a safe
distance from the coincidence time window. A time difference spectrum with a coincidence
time window and a random time window is shown in Fig. 2.5. The random time events will
be isotropically distributed assuming that the nuclei themselves are indeed isotropically
distributed. Intensities in random time events of a certain angular group will therefore
only depend on the efficiencies of the involved detectors and the number of detector pairs
in the angular group and contain thus exactly the information needed for an efficiency
correction. From a macroscopic perspective, the random time window and the coincidence
window are also still close together and time-dependent changes of detector efficiencies
will have the same effect on random time events as on coincident events. Spectra from
random time events can thus be used to correct data of different angular groups for the
different detector efficiencies. The event-mixing approach has been successfully used for

the analysis of angular correlations in 1°Te described in Sec. 4.1.
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Chapter 3
Experimental setups and equipment

In this chapter, the experimental equipment used in this work is presented. All experiments
were conducted at the 10 MV FN Tandem accelerator at the Institut fiir Kernphysik (IKP)
in Cologne, utilizing ion beams from the accelerator as well as the setups and equipment

available on-site.

3.1 Gamma-ray spectrometers

Figure 3.1: Left: The Plunger spectrometer with the Cologne coincidence Plunger device mounted
inside. The downstream hemisphere (on the right) is slightly opened.
Right: One hemisphere of the opened HORUS spectrometer (in-beam direction
left) equipped with seven HPGe detectors. Two of the detectors in this photo are
additionally surrounded by Bismuth Germanate (BGO) shields.

Nowadays, y-ray spectroscopy is a powerful technique that is widely used to study the
properties of a nucleus. In this study, three different y-ray spectrometers at the IKP
Cologne were used. In the following section, a short description of these spectrometers
and the design idea behind each one of them is presented.

e The Plunger spectrometer
Until recently, RDDS experiments in Cologne were conducted using the Plunger
spectrometer specifically designed for this purpose. For RDDS experiments, high
v-energy resolutions are required to distinguish between shifted and unshifted compo-
nents of y-ray transitions. Since the Doppler shift is often only in the range of a few
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Figure 3.2: Schematic drawing of the Cologne CATHEDRAL spectrometer.

keV, germanium detectors are very well suited for such measurements. Furthermore,
the Doppler shift is determined by the angle between the emitted y-ray and the
momentum of the nucleus of interest (compare Eq. (2.6)) which is in general in beam
direction. It is therefore necessary that the y-ray detectors are placed at angles
far away from 90°. Further, having multiple detectors at the same angle © with
respect to the beam axis is of advantage, so that the statistics of single detectors
can be summed. Multiple detectors placed at the same angle © are commonly called
a ring. The Plunger spectrometer was therefore equipped with eleven High-Purity
Germanium (HPGe) detectors that were arranged in two rings under 142° and 45°
with respect to the beam axis. A picture of the Plunger spectrometer is shown in
Fig. 3.1 where the Cologne coincidence plunger device is mounted in the Plunger
spectrometer. A list of the detector positions and of the common ring denominations
is given in Appendix A.

The HORUS spectrometer

The High-Efficiency Observatory for y-Ray Unique Spectroscopy (HORUS spectrom-
eter) is a y-ray spectrometer equipped with 14 y-ray detectors arranged in a cube
geometry, positioned along the eight edges and six faces of a cube. This configuration
is well-suited for performing angular correlation measurements, as pairs of detectors
are organized into angular groups with angles of 55°, 70°, 90°, 110°, 125°, and 180°,
covering the full range from 0° to 180°. For details see Refs. [61,62]. An overview of
the detector positions and angular groups in the HORUS spectrometer is also given
in Appendix A.

e The Cologne CATHEDRAL spectrometer



3.2 The Cologne coincidence plunger device
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Figure 3.3: Schematic drawing of the Cologne Coincidence plunger device. The figure is taken
from Ref. [41]. Note that in the present version of the Cologne coincidence plunger
device, the inchworm motor is replaced by a linear actuator fulfilling the same role.

The Cologne CATHEDRAL (Coincidence Array at the Tandem accelerator for High-
Efficiency Doppler Recoil And Labr fast-timing measurements) spectrometer is the
successor to the Plunger spectrometer. It is designed to measure lifetimes with
the RDDS method and the fast-timing method using cerium-doped Lanthanum-
Bromide (LaBrs(Ce), for the sake of simplicity often shortened to LaBr) detectors
simultaneously. A total amount of 24 HPGe detectors can be mounted in four rings at
angles © of 30°, 55°, 125° and 150° where each ring consists of six detectors. The y-ray
efficiency using HPGe detectors is thus significantly increased with respect to the
v-ray efficiency of the Plunger spectrometer. Data from these rings will be sensitive
for RDDS measurements. Additionally, eight LaBr-detectors can be mounted in a
ring at 90° to obtain data for fast-timing analyses. The regular and symmetrical
arrangement of the HPGe detectors in the CATHEDRAL spectrometer also allows
for the evaluation of data from angular correlation measurements using angular
groups, which are specified along with the detector positions in Appendix A. This
spectrometer has been introduced in 2023 and a commissioning run was performed. A
publication on the commissioning run and on technical details is in preparation [54].

3.2 The Cologne coincidence plunger device

For all RDDS measurements during this work, the Cologne coincidence plunger device
was used. A schematic drawing of the Cologne coincidence plunger is shown in Fig. 3.3.
A detailed description of the Cologne coincidence plunger device is given in Ref. [41].
As mentioned in Sec. 2.1, plunger devices are designed to regulate the target-to-stopper
distances in RDDS experiments. In the Cologne coincidence plunger device, target and
stopper foil are stretched on cones and mounted inside the target chamber. The holding
structure of the target cone can be adjusted to align target and stopper foil in a parallel
orientation. The target foil can be moved with a linear actuator to change the target-to-
stopper distance while the position of the stopper foil is fixed. The relative movement of
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Figure 3.4: Pictures of two different solar cell arrays mounted inside the Cologne coincidence
plunger device. On the left-hand side a configuration of the solar-cell array with six
solar cells is shown, on the right-hand side a solar-cell array with four aluminum-
covered solar cells is shown. The insulation preventing the aluminum to touch the
solar cells takes away some space, leading to a configuration with four solar cells. The
target cone (not shown) is mounted downstream of the solar cell array (i.e. between
the camera and the solar-cell array).

the target foil is measured with two independent devices: with an optical sensor inside
the linear actuator itself and with an inductive transducer. Absolute foil separations are
extrapolated with the capacitance method [41,42]. The linear actuator is situated outside
the target chamber to minimize the amount of material inside the target chamber that
screens vy rays and thus effectively reduces the y-ray efficiency.

3.3 Solar-cell array

The Cologne coincidence plunger device can additionally be equipped with a solar-cell
array, that is mounted directly upstream of the target. The solar cells cover angles between
approximately 120° and 160° with respect to the beam axis and can detect charged particles
stemming from reactions of the beam with the target foil. In the usual configuration, six
solar cells are placed in the solar-cell array (see Fig. 3.4). Each solar cell has an active area
of 9mm x 10 mm and a thickness of about 0.5 mm. The energy resolution typically lies in
the order of some 100keV and can sometimes be slightly improved by applying a small
voltage (approx. up to 25V). The sensitivity and energy resolution of the solar cells will
dramatically worsen over time if the solar cells are exposed to heavier charged particles.

It is possible to mount a screening aluminum foil on the solar cells that prevents higher-Z
particles from entering into the solar cells. The thickness of the aluminum foil can be
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Figure 3.5: (a) Schematic depiction of an RDDS experiment that uses a transfer reaction and
subsequent detection of beam-like fragments (blf) in solar cells. In this case, the angle
of the HPGe detector to the beam axis © is not the same as the angle between the
momentum of the target-like fragment (tlf) and a detected photon in said detector 6.
(b) Exemplary dependency of the angle ¢, representing the deviation of the tlf from
the beam axis, on the angle of the blf for the a-transfer reaction *2Sn(12C,®Be)!'6Te
@ 44 MeV. The opening angle of the solar cells is marked in red.

chosen to be suitable for the experiment. This will clean the solar-cell spectra from signals
stemming from heavier charged particles and will also significantly improve the durability
of the solar cells since exposure to heavier charged particles is mainly responsible for the
degradation of the solar cells. Since the solar cells need to be insulated from the aluminum
foil, some space is lost to an insulating frame separating the solar cells from the aluminum
foil and only four solar cells can be mounted inside the solar-cell array in this case (see
Fig. 3.4).

3.3.1 Application of the solar-cell array for RDDS experiments using transfer
reactions

In a transfer reaction, the incident beam particles react with the target nuclei transferring
a small number of nucleons from a beam particle to a target nucleus. Additionally, some
momentum is transferred depending on the scattering angles. Such transfer reactions —
typically two-neutron-transfer and o-transfer reactions — have been used in recent years
for RDDS measurements in Cologne [63-70]. For several reasons, it is useful to detect the
beam-like fragment (blf): a detection of the blf under a known angle fixes the kinematics of
the reaction - namely the recoil velocity and the scattering angle of the target-like fragment
(tlf). The nucleus of interest is typically a tlf and the flight time of the nucleus of interest
to the stopper foil depends thus on its recoil velocity and scattering angle. Additionally, a
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gate on the particle detectors cleans y-ray spectra from possible contaminations stemming
from other reactions like fusion-evaporation reactions, that can have much higher cross
sections than the transfer reaction. A placement of the particle detectors under backwards
angles is favorable, since a scattering of the blf in backwards angles leads to higher recoil
velocities and smaller deviations of the tlf from the beam axis (see Fig. 3.5). The energy
of the blfs that is detected in the particle detectors depends on the number and type of
transferred nucleons and can thus in theory provide information on the exact type of the
observed transfer reaction. However, the energy signal detected by the particle detectors
depends additionally on the scattering angle and on the energy loss in the target foil.
RDDS experiments require target and stopper foil to have a certain thickness, which will
lead to different energy losses of the blfs in the target foil depending on the exact point
of interaction of the individual transfer reaction. Furthermore, the opening angles of the
used solar cells are rather large. On top of that, blfs stemming from scattering processes
in the stopper foil lead to additional signals in the particle spectrum. These effects make a
differentiation in the particle spectra between blfs stemming from different direct reactions
difficult. As a result, solar-cell-gated y-ray spectra often show transitions stemming from
multiple different reactions leading to possible contaminations of transitions of interest.

To still obtain clean y-ray spectra, different approaches can be tried:

e Events stemming from direct reactions of the beam in the stopper foil can be
suppressed by choosing a stopper material that is lighter than the target material.
This approach was used in Refs. [66,69]. At higher energies, the solar cells placed
at backward angles will detect only blfs stemming from scattering processes in the
heavier target foil . At lower energies, BLFs from scattering processes in the lighter
stopper foil will also be detected. An energy gate on higher energies in the particle
spectrum will thus select only events stemming from scattering processes in the
target foil. In this approach a differentiation between different direct reactions of the
beam with the target material is usually not possible. Additionally, the light stopper
material typically leads to high reaction rates of fusion-evaporation reactions of the

beam with the stopper material.

e Particle-y-y coincidences are probably the most powerful approach to obtain clean
spectra. However, given the smaller cross sections and y multiplicities of transfer
reactions, the achieved level of statistics is often not sufficient for a successful
application of particle-y-y coincidences.One of the primary objectives in designing
the CATHEDRAL spectrometer was to achieve higher y-ray efficiency. This increased
efficiency is essential for enabling the analysis of transfer reactions using particle-y-y

matrices in typical experiments conducted in Cologne.

e In the special case of a (12C,®Be) o-transfer reaction, the 8Be BLF will decay imme-
diately into two o particles. The charge difference between the o particles and other
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3.3 Solar-cell array

BLFs (e.g. 12C,!%Be) is sufficiently large that a screening foil in front of the particle
detectors with the right thickness will stop all heavier BLFs (e.g. 2C,!%Be) and only
let through the o particles leading to very clean y-ray spectra. For this approach the
signals of the particle detectors need to be relatively low-noise, since the deposited
energy of the o particles is relatively small. This approach is used in this work.

3.3.2 Doppler correction
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Figure 3.6: Coincidence spectrum comparing the spectra of two Germanium detectors — Ge06
and Ge08 — in the transfer experiment in 'Te. Both Germanium detectors are
placed at a zenith angle © = 45° with respect to the beam axis but at different
azimuth angles ®. In the upper (lower) panel, a gate condition is set on the solar
cell Sol00 (Sol02). The statistics of all target-to-stopper distances larger than 100 pm
were summed. See text for details.

For RDDS measurements, the knowledge of the recoil velocity v and the angle 6 between
the momentum of the recoiling nucleus and the momentum of the emitted photon is of great
importance to determine precise lifetime values. Usually, spectrometers are constructed in
a way so that detectors are placed in rings - i.e. several detectors have the same angle © to
the beam axis. If the average momentum of the recoiling nuclei of interest coincides with
the beam axis in a good approximation, the average angle between the emitted photon
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and the momentum of the recoiling nucleus ¥ will be the same as the angle between the
detector and the beam axis ©. In transfer experiments, a particle gate on the signal of a
blf selects events, where the momentum of the recoiling nuclei is not parallel to the beam
axis since the particle detector cannot be placed on the beam axis (see Fig. 3.5). The angle
between the momentum of the emitted photon and the momentum of the recoiling nucleus
will in general not coincide with the angle © of the detector array and will be different
depending on the exact zenith angle © and azimuth angle ® of both the particle detector
and the y-ray detector with respect to the beam axis. This leads to different Doppler
shifts for different pairs of particle and y-ray detectors. This effect is shown in Fig. 3.6,
where spectra from two different HPGe detectors are compared for gates on two different
solar cells. The HGPe detectors are placed in the same ring, i.e. with the same zenith
angle © = 45° with respect to the beam axis, but with different azimuth angles ®. The
spectra show y rays observed in the a-transfer experiment populating '%Te. While the
lines stemming from the electron-positron annihilation at 511keV are perfectly aligned,
the position of the shifted components of the 25 — 2 (540keV) transition differ for each
solar-cell-HPGe pair. If spectra resulting from different solar-cell-HPGe detector pairs are

summed, the widths of flight components are broadened.

In these cases, often Doppler-corrected spectra are presented. The Doppler correction
adjusts for the Doppler shift, ensuring that the energies of y-rays are shown in the inertial
frame of the recoiling nucleus in the y-ray spectrum. Such a Doppler correction was
performed for the RDDS experiment on '%Te. Often, the Doppler-correction factors are
calculated from the kinematics for the given detector angles. For the solar-cell array
mounted inside the Cologne coincidence plunger device, the position of the solar cells is
not known with precision, the opening angles of the solar cells are quite large and the
effective interaction angle is not known. Therefore, in the case of '6Te, the factors were
experimentally determined from spectra similar to the spectra shown in Fig. 3.6. The
result of the Doppler correction is shown in Fig. 3.7 where Doppler corrected spectra
are compared to non-corrected spectra. The Doppler-corrected spectra show the y-ray
transitions at their nominal positions — i.e. “unshifted” — while the the y-ray transitions
in the non-corrected spectra appear shifted. Additionally, the Doppler correction leads to
a narrowing of the flight component of y-lines: the width of the y-lines shown in Fig. 3.7
is reduced from 6.3(2) keV in the non-corrected spectra to 5.3(2) keV in Doppler-corrected
spectra. Not shown in Fig. 3.7 are stopped components of y-lines that will be broadened
by a Doppler-correction.

In the analysis of the experiment on 'Te, Doppler-corrected spectra are used to better
identify short-lived transitions with transition energies typically around 1 MeV or higher.
Since these transitions decay nearly completely in flight, the enhanced resolution of flight
components in Doppler-corrected spectra is a valuable asset for a spectroscopic analysis
and enables the identification of several new transitions in ''%Te (see Sec. 4.1). Doppler-
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Figure 3.7: Coincidence spectra showing y-ray transitions in ''6Te. A gate condition was set on
the solar cells. All target-to-stopper distances are summed up. Two transitions can
be seen at 959keV and 930keV. The peaks belonging to these two transitions are
fitted with a red curve. Since the lifetimes of the observed transitions are relatively
small, only the flight component and no stopped component is observed. In the
Doppler-corrected spectra, the width is smaller leading to a better visibility of the
less intense transition at 930keV.

corrected spectra are also used for the determination of feeding intensities needed for
feeding corrections of the RDDS analysis. The intensities of stopped and flight components
required for the RDDS analysis of this experiment are determined using only non-corrected
spectra. The same analysis is also possible using Doppler-corrected spectra. In extreme
cases, where in non-corrected spectra the flight component is too smeared out for a
reliable determination of the intensity, it is possible to determine the intensity of the flight
component in Doppler-corrected spectra and the intensity of the stopped component in
non-corrected spectra. The latter approach is not used in this work.
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Chapter 4

Experimental results

In this chapter, the experimental results from the various performed studies within this
work are presented. The chapter is preceded by a chronological overview of the experiments
carried out and of their main results:

RDDS measurement on "8 Te using a fusion-evaporation reaction
The goal of the first performed experiment was the measurement of the B(E2;2] — 07)
and B(E2;47 — 2]) value in "¥Te to improve their experimental uncertainty. The
employed reaction mechanism is well understood and the experiment was successfully
conducted. The results of this experiment can be found in Sec. 4.2.

First RDDS measurement on *® Te using an a-transfer reaction
After some preparatory test experiments with transfer reactions, another RDDS experiment
on "8Te was performed, this time using a (12C,®Be) o-transfer reaction. The main goal of
the experiment was the lifetime measurement of the 05 state. Even though it was shown,
that the 05 was populated in the reaction, a determination of a lifetime of the 05 state
was not possible, because of the target issues described in Sec. 2.1.3. The results from
this experiment are not included in this work because the repetition of this experiment
produced better results in all respects.

RDDS measurement on *2° Te using an a-transfer reaction
A second RDDS experiment employing an a-transfer reaction was performed to measure
the lifetime of the 0 state in 2°Te. Unfortunately, also this time target issues were present
and only limited information on the lifetime of the 05 state was extracted. The nature of
the target issue was finally understood. The results from this experiment can be found in
Sec. 4.3.

RDDS measurement on 18 Te using an a-transfer reaction
After the target issues had finally been understood, a third RDDS experiment employing an
o-transfer reaction was performed — this time on '%Te. In this experiment, the lifetimes
of the 0] state, 2] state and 23 state were measured. The results of this experiment are
presented in Sec. 4.1.

y-ray spectroscopy of "% Te following the B decay of '*91
Excited states in '°Te were populated in § decay. The angular correlation analysis of
the obtained data allowed the first unique identification of the 0 state and the first
determination of mixing ratios needed for the calculation of absolute transition strengths.
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The results of this experiment are presented in Sec. 4.1.

Second RDDS measurement on *® Te using an a-transfer reaction
With a new target, a last RDDS measurement on 18Te was performed. The lifetime of
the 0] state was successfully measured. The results of this measurement are included in
Sec. 4.2.

4.1 Publication I: Structures of low-lying states in 1®Te

Two experiments were performed on properties in 1®Te. A lifetime measurement using
the RDDS method and a measurement of angular correlations of y rays following the 3
decay of 1161, As the results of these measurements have already been published, they will
not be described here again. Instead, the relevant publication is directly included. The
individual contributions of the different coauthors to the publication are detailed in the

following list.

e A. Blazhev prepared the targets for both experiments

F. von Spee planned, set up and performed the RDDS experiment together with M.
Beckers, C. Fransen, C.-D. Lakenbrink, F. Dunkel and A. Esmaylzadeh

F. von Spee analyzed the RDDS experiment

F. von Spee planned the  decay experiment

F. von Spee set up and performed the 3 decay experiment with the help of M. Weinert,
M. Schiffer, G. Hackenberg, L. Knafla and A. Esmaylzadeh

F. von Spee analyzed the data of the 3 decay experiment with the help of L. Knafla

F. von Spee discussed the results with N. Warr, J. Jolie and A. Dewald

F. von Spee performed the IBM-1 calculations

F. von Spee wrote the article
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Structure of low-lying states in 1°Te
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Low-lying excited levels in ''Te were studied by measuring level lifetimes with the recoil-distance Doppler-
shift method in the '2Sn('2C, ®Be) !'%Te a-transfer reaction and angular correlations following the B decay
of '], Both experiments were performed at the Cologne FN Tandem accelerator. Several new levels were
discovered below 3.2 MeV excitation energy, spins and multipole mixing ratios were determined via angular
correlations. Lifetimes were measured for the 2, 03, 21, and 4] and upper limits for lifetimes were determined
for higher lying levels. The experimental findings are compared to calculations in the U(5) limit of the interacting
boson model and are also discussed in the framework of shape coexistence which is expected in midshell Te

isotopes.

DOI: 10.1103/PhysRevC.109.024325

I. INTRODUCTION

The low-lying level structure of midshell Te isotopes re-
sembles that of a vibrational nucleus in a similar fashion to the
midshell Cd isotopes, that mirror the Te isotopes with respect
to the Z = 50 proton shell closure. In the Cd isotopes it is well
known that this vibrational picture is not sufficient to describe
the low lying structure and that instead many observables
indicate that shape coexistence is needed to understand the
low-lying structure of midshell Cd isotopes [1]. Additional
0" and 27 states were found [2] close to the 05, 27, and 4]
states that were presumed to be the two phonon triplet. These
states were in some cases strongly populated in the (*He, )
transfer reaction [3]. This can be an indication that these states
belong to 2p-4h intruder structures [1]. Band structures were
found on top of excited 0% states [4], also with the help of
B(E?2) strengths of the in-band transitions [5]. Experimental
signatures of shape coexistence in the Cd isotopes are well
summarized for example in Refs. [1,6].

Since the Te isotopes mirror the Cd isotopes with respect
to the Z = 50 proton shell closure, the discovery of shape
coexistence in midshell Cd isotopes has lead to the suspicion
that shape coexistence is also present in midshell Te isotopes.
Over 30 years ago, Rikovska er al. identified intruder states
using existing level systematics and relative B(E2) values
[7]. As of today, experimental evidence for shape coexistence
in Te, however, is still not nearly as clear as it is in the
Cd isotopes. The B(E2,4] — 2{)/B(E2,2] — 0]) (Bs)2)
ratios are inconsistent along the isotopic chain: in !'8Te a
By ratio of 2.1(6) was measured by Pasternak et al. [8]
in agreement with a vibrational picture while Moller et al.
measured a By, ratio of 0.84(14) in 4Te that cannot be
explained by any collective model [9]. From a second life-
time measurement in ''3Te the absolute transition strength

B(E2,2] — 07) =609 W.u. [10] was measured. This
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value could indicate that the 2 state is indeed a first member
of an intruder band built on top of the 0; state. For most other
suspected intruding structures in midshell Te, possible in-band
transitions have not yet been observed or absolute transition
strengths are missing. The status quo of experimental evi-
dence for shape coexistence in Te isotopes—or the absence
of such experimental evidence—is well summarized in [1].

For !'9Te, experimental data are especially scarce. Here,
any data analysis of y rays is particularly challenging, since
the 47 — 2] and 2] — 0f transitions lie less than 2 keV
apart at 680.8 and 678.9 keV [11]. The two more extensive
studies focusing on the low-lying structure of ''®Te are a
decay study performed by Zimmerman [12] and an in-beam
experiment using a (*He, 3n) reaction performed by Lénnroth
etal. [13]. These studies were able to identify a couple of low-
lying off-yrast states, but data seem incomplete and partially
contradict each other. Other experiments have been focusing
more on high-spin states [14—17] and only provide limited
insight into the low-lying level structure. Data on absolute
transition strengths have not been published up to now.

It is the aim of this study to investigate the low-lying struc-
ture in ''®Te and measure lifetimes of low-lying excited states.
For this purpose, low-lying states in !'Te were populated
in two different experiments using the '?Sn('?C, ®Be) !'°Te
a-transfer reaction and B decay from ''°I. From these two
data sets, the level scheme was extended and spins and parities
were assigned with the help of y-y angular correlations. Ab-
solute transition strengths were extracted, using the obtained
lifetime values, branching ratios, and multipole mixing ratios.
The new experimental data help to improve the understanding
of the low-lying level structure.

II. EXPERIMENT

To analyze the low-lying structure in ''®Te, two ex-
periments were performed at the FN tandem accelerator

©2024 American Physical Society
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in Cologne. In a first experiment with the recoil-distance
Doppler-shift (RDDS) technique, the nucleus was produced
in an w-transfer reaction ''>Sn('2C, 8Be) ''°Te with a beam
energy of 44 MeV. The target foil was 0.3 mg/cm? ''?Sn on
a 1.4 mg/cm? Ta fronting. The ''2Sn target material was 80%
isotopically enriched. The stopper was a 5 mg/cm? Ta foil.
The foils were mounted inside the Cologne Plunger device
[18] and nine different target-to-stopper distances between 9
and 509 um were measured. The target-to-stopper distance
was monitored during the experiment using the capacitance
method introduced by Alexander and Bell [19]. Eleven high-
purity Germanium (HPGe) detectors were placed at angles
of 45° and 142° with respect to the beam axis to observe
Doppler-shifted and unshifted y rays. The relative efficiency
of the HPGe detectors varied between 55% and 90%. Four
PIN diodes (“solar cells”’) were mounted at backwards angles
between 120° and 160° to detect ¢ particles stemming from
the decay of ®Be. The solar cells were covered with a 40
wm aluminum foil to prevent heavier beam-like fragments,
e.g., 2C, '"Be, from entering into the solar cells. Data were
collected triggerless for about 16 h for each target-to-stopper
distance.

In a second experiment, ''®Te was populated in the
B decay of "1 with a half-life of 2.9 s. The reaction
107 Ag("2C, 3n) '] with a beam energy of 52 MeV was used
to produce ''®]. The products of fusion-evaporation reactions
were stopped in the 10 mg/cm? thick %’ Ag target. In this ex-
periment, a pulsed beam was used where the times of beam-on
and beam-off were 5 s each. The HORUS spectrometer [20]
was used to detect y rays following the 8 decay of reaction
products. Data were again collected triggerless for about 24 h.

III. ANALYSIS

The data of the a-transfer experiment were sorted into
particle-y and particle-y-y matrices. In total, 107 particle-y
events were collected. A Doppler correction was performed
using the average recoil velocity of the nuclei after leaving
the target and differentiating between different solar-cell-
Germanium pairs. Doppler-corrected spectra were used to
identify shorter lived, weakly populated transitions and mea-
sure their intensities. For the RDDS analysis, noncorrected
spectra were used. The average ''®Te recoil velocity was de-
termined to be 1.1(1) % c. The measured particle spectrum
is shown in Fig. 1. Protons from fusion-evaporation reactions
can be found below channel 700, « particles can be found
throughout the whole spectrum. At around channel 600, a
structure can be seen that is introduced by the feedback system
of the plunger device. The feedback system is implemented
as described in Ref. [18] and uses a pulse signal for the
capacitance measurement. The pulse signal of the plunger
feedback system couples with the solar cells and introduces
a signal, that can be observed in the solar-cell spectra. The
pulse signal was chosen in a way, that the signal induced in the
solar cells lies outside of the gate region used for the analysis.
A gate onto energies above channel 700 allows to select only
events stemming from «-transfer reactions. Figure 2 shows
the Doppler-corrected coincidence spectrum of the indicated
gate, with the statistics of all detectors and target-to-stopper
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)
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4000
o
2000 / \i““~me~N*%Nﬁ‘“
o L~
400 600 800

200 1000 1200 1400

Counts/Channel

Channels

FIG. 1. Particle spectrum observed by the solar cells. Pro-
tons from fusion-evaporation reactions like ''>Sn('2C, np)'*2Cs,
128n('2C, 2p) ' Xe were found at energies below channel 700. The
gate was set for higher energies, to select only o particles. The
corresponding coincident spectrum in the HPGe detectors is show
in Fig. 2. The structure at around channel 600 is introduced by the
electronics of the Plunger device.

distances summed. The intensities of lines belonging to tran-
sitions in !'%Te are shown in Table 1.

Data of the 8-decay experiment were sorted into y-y ma-
trices. In this experiment, 2 x 10'" y-y events were recorded.
In the '’ Ag('>C, X)Y reaction, many different nuclei be-
tween '] and ''°Sb were populated. In the data that were
collected off-beam, y rays from consequent S decays were
detected. To clean the data, y-y coincidences were used.
A spectrum in coincidence with the 2 — O transition
(679 keV) in '"9Te can be seen in Fig. 3. The intensities of
lines belonging to transitions in ''®Te populated in the 8 decay
of 111 are shown in Table II.

A. Angular correlation analysis

The cube geometry of the HORUS spectrometer leads
to six different angles between pairs of detectors (an-
gular groups) at 55°, 70°, 90°, 110°, 125°, and 180°.

TABLE 1. All observed y-ray transitions in ''Te from the a-
transfer reaction. Intensities are given relative to the 680 keV doublet
since it is the most precisely determined intensity. The uncertain-
ties of the intensities of the 47 — 2 transition (681 keV) and the
27 — 0 transition (679 keV) are correlated. The uncertainties on
the measured transition energies are only given for those y rays
that are newly observed and if the transition energy could not be
determined through known level energies.

E, [keV] Intensity E, [keV] Intensity E, [keV] Intensity
338 0.82(9) 679 68(3) 1133 6.0(2)
381 2.69(13) 681 32(3) 1171(2)  0.63(10)
540 10.9(3) 760 1.4(2) 1198 1.8(2)
453 0.86(12)  930(2) 1.08(10)  1294(2) 1.9(2)
578 0.66(9) 959 3.7(2) 1441 3.0(2)
594 2.7(3) 981 0.68(9) 1588 1.1(2)
643 5.3(3) 1050(2)  0.94(13) 1902 1.6(2)
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FIG. 2. Doppler-corrected y-ray spectrum obtained in coincidence with solar cells in the «-transfer experiment. All target-to-stopper
distances are summed for the full statistics. An artificial vertical offset of 40 counts has been added to the spectrum of the detectors at
forward angle to make the figure more illustrative. Note that the Doppler correction leads to a broadening of the stopped component and
a narrowing of the flight component. The flight component is on the nominal energy and the stopped component is shifted. Transitions in
16Te are denoted by spin and parity of the initial and final state, states with unknown spin and parity are denoted with a question mark.
Contaminating transitions—stemming from, e.g., target impurities—are denoted by the nucleus in which they take place.

These angular groups were used to perform a y-y angu-
lar correlation analysis of the data gathered in the B-decay
experiment. The angular groups were normalized by the num-
ber of detectors and efficiency corrected using the event
mixing approach as described in [21,22]. Standard correc-
tions of random coincidences and Compton background
were applied. The measured angular dependent intensities
were then fitted using the angular correlation probability

distribution:

W®) =40 1+ Y qrarPi(cost) |, (1)
k=2,4

where P, are Legendre polynomials, a; are the angular
correlation coefficients. A detailed introduction to the the-
ory of angular correlations can be found in Ref. [23]. The
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FIG. 3. Spectrum showing y rays in coincidence with the 679 keV transition in ''®Te observed in the -decay experiment. The statistics
of all detectors were summed for this figure. Note that for illustrative purposes not all visible y rays were marked.
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TABLE L. All y-ray transitions in ''®Te observed in the S-decay
experiment. Percentage intensities are given relative to the 679 keV
transition.

E, [keV] Intensity E, [keV] Intensity E, [keV] Intensity
380.9(1) 1.04(10) 871.3(2) 1.06(10) 1628.0(5) 0.27(3)
419(1) <0.1 958.5(2) 3.8(3) 1728.7(6) 0.25(3)
443(1) <02 1132.4(3) 1.16(10) 1759.4(7) 0.51(6)
452(1) <025 1195.6(4) 0.253) 1829.9(6) 0.49(5)
539.9(1) 9.8(4) 1290.0(5) 2.7(4) 1901.6(4) 1.8(2)
577.6(1) 0.5(1) 1401.7(4) 2.9(2) 1954.7(5) 0.61(6)
592.5(2) 0.26(3) 1414.7(4) 0.26(3) 1961.4(4) 0.63(10)
678.8(1) 100 1517.9(4) 1.40(10) 2057.7(5) 0.92(10)
680.6(3) 0.7(2) 1542.7(5) 0.34(4) 2153.8(6) 0.6(1)
769(1) 0.2(1) 1586.8(5) 1.8(2) 2736(1)  1.02)
861.8(1) 1.41(15) 1614.1(5) 0.47(5)

attenuation coefficients g; were geometrically determined to
be g =0.95(1) and g4 = 0.85(1). It turned out that only
cascades containing the ground state transition 2 — 0F
(679 keV) had enough statistics to be used in this analysis.
At first, a free fit of the parameters a, and a4 was performed
(columns 2 and 3 of Table III). Examples of such a fit are
shown in Fig. 4 for different cascades. Then, several spin
and multipole mixing ratio hypotheses were tested with an
S? versus arctan(8) minimization procedure, as described in
[24]. In Fig. 5 such an S? test is shown for the case of the
959-679 keV cascade. The resulting spin hypotheses that were
not rejected and the corresponding multipole mixing ratios for
each cascade are shown in columns 4 and 5 of Table III.

B. Level scheme and spin assignment

With the new data, the level scheme of '1°Te was extended.
A level scheme is displayed in Fig. 7 showing only excited
states and transitions observed in this study.

TABLE III. Results of the angular correlation analysis of transi-
tions in coincidence with the 2 — O} transition (679 keV).

y [keV] a ay Ji—>bh—>J; §

381 0.44(10)  1.02(10) 0—-2—0 —
540 —0.13(3) 0.26(3) 2—-2—-0 5.0:1):‘8)
959 0.51(5) 0.13(6) 2—>2->0 —0.7(1)
1132 0.1(2) 0.02) (1,2,3,4)—>2—-0 —
1402 0.38(6) 1.15(6) 0—->2—-0 —
1587 0.35(5) —0.03(12) 2—-2—->0 —0.15(15)
1759 0.12) —-0.3(2) (1,2,3,4)->2—->0 —
1830 0.5(2) 0.5(2) 0,2)>2—->0 —
1902 0.33(8) —0.02(10) 2—>2->0 —0.10(15)
1955 0.12) —-0.4(3) (1,2,3,4)—->2—->0 —
2058 0.1(1) 0.0(1) (1,2,3,9)—>2—->0 —
2154 0.6(2) 1.2(2) 0—->2—0 —

1. Levels at 678.9 and 1359.7 keV

The ordering of the two y rays belonging to the ZT — OT
and 4] — 2] transitions is not always consistent in the lit-
erature. Most studies [12-15,17] have identified the 679 keV
y ray with the 2 — O] transition and the 681 keV y ray
with the 4] — 2 transition. However, in [16] this ordering
is swapped. Both our measurements confirm the majority of
measurements that assign the 679 keV line to the 2 — 0f
transition and the 681 keV line to the 4] — 2 transition.

2. Level at 1060 keV

The decay of this level to the 2fr (381 keV) has been
observed by Zimmerman [12] in 8 decay before. Zimmerman
assigns J* = 0" to this state based on systematics as well
as spin and parity analysis and observes a feeding transition
(578 keV) from the level at 1637 keV, to which he assigns a 2+
state. The assignment of 07 to the level at 1060 keV remained
somewhat disputed, since Lonnroth et al. [13] assigned 3" to
the level at 1637 keV and did not observe a level at 1060 keV.
In this study, a level at 1060 keV and feeding from the level
at 1637 keV was observed in both reactions. The angular
correlations of the 381-679 keV cascade clearly identify this
state as an excited 0T state (compare Fig. 4).

3. Level at 1219 keV

This level was first identified by Gowdy et al. [25] and
the assignment of 27 to this state is undisputed. The angular
correlation measured in this study show that the 2 — 2}
transition (540 keV) is nearly a pure E2 transition. A 2 —
0/ transition (1219 keV) has not been observed in any previ-
ous experiment and was also not observed in this study. An
upper limit of 1% relative to the intensity of the 2 — 2
transition (540 keV) was established for the branching of the
25 — 07 transition (1219 keV) based on the observation limit
of this experiment.

4. Level at 1637 keV

As mentioned before, the two studies that have observed
this level by Zimmerman [12] and Lonnroth ef al. [13] dis-
agree on the spin assignment. In this study, the two decays
of the level at 1637 keV to the 05 and 2] states with tran-
sition energies of 578 keV and 959 keV were observed in
both experiments. The observed branching ratio of 15(3)%
to the 05 state with respect to the transition to the 2| state
is in agreement with the value reported by Zimmerman [12].
Angular correlations of the 959-679 keV cascade show that
the level at 1637 keV has spin 2 and that the decay to the 2
state (959 keV) is a mixed E2/M 1 transition with a multipole
mixing ratio of § = —0.7(1) (compare Fig. 4). The S? mini-
mization for this cascade is shown in Fig. 5 clearly identifying
that this state has spin 2.

5. Levels at 1811 keV and 2340 keV

Before assigning a spin to the level at 1811 keV, it is
useful to assign spin and parity to the level at 2340 keV first.
In this study, the level at 2340 keV has been observed only
in the a-transfer reaction, where the level was only weakly
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FIG. 4. Angular correlations of y-y cascades in !'Te. Experimental intensities are shown in red. The parameters of the best fit, which is

shown in black, can be found in Table III.

populated. Decays to the 6] state and 4] state were observed.
The level was first observed by Lonnroth ef al. [13] who
tentatively assigned spin and parity of 5% to the state. More
recent studies, however, identify the state at 2340 keV as 6T
state [15,17] and observe feeding from 8% states. Here, this

1220 ——
29220 —
39200 ——

rejection limit --------

-80 -60 40 20 0 20 40 60 80
arctan(d) [deg]

FIG. 5. Spin and multipole mixing ratio determination for the
959-679 keV cascade via angular correlations: For different spin
hypotheses of J; — 2 — 0 cascades, the resulting S* minimization is
shown depending on the multipole mixing ratio 6> = %ﬂ'ﬁ;) Here,
T (L) is the probability to have a transition with angular momentum
L. All hypotheses above the 99% confidence limit are rejected and
spin 2 is adopted for the 1637 keV state. The multipole mixing ratio
is extracted from the minimum S value and the uncertainty is taken

at 2, +1.

latter assignment is adopted. The level at 2340 keV represents
thus the 61 state.

Besides the decays to the 6] and 4] state, in two studies
[13,15] also a cascade of two transitions with energies of
527 keV and 593 keV was observed connecting the 65 state at
2340 keV with the 2 state at 1219 keV. The ordering of these
two y-ray transitions is swapped in the two earlier studies. In
[13] the intermediate level is placed at 1811 keV, but in [15] it
is placed at 1746 keV. The level at 1811 keV is confirmed by
Zimmerman [12] and was also observed in this study in both
investigated reactions, but no level at 1746 keV was identified.
It is therefore assumed here, that the level at 1746 keV does
not exist and that the level at 1811 keV is fed from the level at
2340 keV. This 65 — 47 transition was not observed in this
study because the statistics were not sufficient. Since the level
at 1811 keV has decay branches to the 2 and 2] state and is
fed from a 6% state, here the state is assigned spin and parity
of 4*. In this study, the decays to the 27 state (1132 keV)
and 2?’ state (593 keV) were observed in both experiments.
The angular correlation of the 1132-679 keV cascade shows
no clear anisotropy, but does not contradict a 4 — 2 — 0
cascade. It has to be noted though that the branching ratios of
the decaying transitions to the 2 state (1132 keV), 27 state
(593 keV), and 4;” state (452 keV) of this level do not agree
for the different reactions (compare Tables I and II). Possible
explanations are unobserved contaminations or a level doublet
at 1811 keV.

6. Level at 2081 keV

The level has previously been observed by Zimmerman
[12] through the decay transitions to the 2;” state (1402 keV)
and 2 state (862 keV) and was assigned spin 1 or 2. But the
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angular correlation of the 1402-679 keV cascade measured in
this study in the fS-decay experiment clearly shows that the
level at 2081 keV has spin 0 (compare Fig. 4).

7. Level at 2119 keV

This level has been observed by Lonnroth et al. [13] via the
760 keV decay transition to the 4] state. In the present study,
the level was confirmed in the «-transfer experiment. Two
decays were observed: the known 760 keV decay to the 41
state and a previously unknown decay transition (1441 keV)
to the 2] state. The 1441 keV transition matches the energy
difference of the level at 2119 keV and the 2] state and
was observed in coincidence with at least one member of the
680 keV doublet in particle-y-y coincidences (see Fig. 6).
The branching to the 2] is roughly twice as strong as the
previously known decay to the 4] state. From the spin of
the two final states, it is possible to conclude that the level
at 2119 keV should have a spin between 2 and 4.

In their study, Lonnroth er al. [13] not only measured
y-ray transitions but also conversion electrons and assigned
E1 to the transition of the level at 2119 keV to the 4] state
(760 keV) with the help of angular distribution coefficients
and conversion coefficients. They tentatively assigned 5~ to
the state at 2119 keV, but with the present results, a spin of 5
can be excluded and we assign a 3~ to the state.

It is noticeable that the branching ratios of the level at
2119 keV do not resemble branching ratios of the 3| states
in neighboring Te isotopes (see [26,27]). To avoid possible
assignment errors, further measurements of properties of the
state at 2119 keV would be helpful.

8. Level at 2149 keV

In the a-transfer experiment a new transition with an en-
ergy of 930 keV was observed. Particle-y-y coincidences
show coincidences with both 540 keV and 680 keV (compare
Fig. 6). A new level is thus placed above the 27 state at
2149 keV.

9. Level at 2265 keV

This level was observed for the first time in this study. The
1587 keV transition connecting this new state with the 2 state
is observed in both experiments. The angular correlation of the
1587-679 keV cascade suggests that the level has spin 2 and
decays with nearly pure L = 1 to the 2f state and was thus
assigned a 2% (compare Fig. 4).

10. Level at 2509 keV

A level at 2509 keV has not been reported in previous
works so far. In this work, three decays to the 2, 23, and 27
with transition energies of 1830 keV, 1290 keV, and 873 keV
were identified. The statistics of the angular correlation of
the 1830-679 keV cascade are quite poor, but show clear
anisotropy. The 1290-540 keV cascade is unfortunately con-
taminated by random events stemming from the very strong
2 — 0/ transition in '"®Sn and could not therefore be an-
alyzed. The 871-959 keV cascade shows no clear anisotropy.

The anisotropy observed in the 1830-679 keV cascade implies
that a spin of 0 and 2 is the most likely.

11. Level at 2580 keV

A transition with an energy of 1902 keV was observed
but not placed by Zimmerman [12], since statistics were not
sufficient to obtain information from y-y coincidences.

In this study, y-y coincidences clearly show that the
1902 keV transition is only in coincidence with the 679 keV
ground state transition. Angular correlations of the 1902-
679 keV cascade are consistent with the level at 2580 keV
having spin 2 and the decay to the 2] state having a nearly
pure dipole character (compare Fig. 4). A small branching to
the 4™ state at 1811 keV was identified. The level was also
observed in the «-transfer reaction.

12. Level at 2736 keV

This level was observed for the first time in this study in g
decay. In y-y coincidences, the decays to the 2 and 27 state
were observed. In the y-ray singles spectra the decay to the
ground state was observed, suggesting that this state has spin
1 or2.

13. Level at 2832 keV

The 2154 keV transition was observed before by Zimmer-
man but not placed, because the statistics in y-y coincidences
was not sufficient. In this study, the 2154 keV transition had
observed coincidences with the 679 keV ground state transi-
tion only, and a level was thus placed at 2832 keV. The angular
correlation shows of the 2154-679 keV cascade measured in
this study show, that the level has spin O (compare Fig. 4).
Additionally, decay branches to the 2; (1614 keV) and 2;’
(1196 keV) states were identified.

14. Levels at 2438 keV, 2634 keV, 2847 keV, 2947 keV, 3180 keV

Levels with these excitation energies were not observed in
previous works. The levels were populated only in 8 decay
and were placed with the help of y-y coincidences. Angular
correlations could not be used to assign a spin to the levels.

15. Transitions with energy 1050 keV, 1171 keV, 1294 keV

These transitions were observed only in the transfer exper-
iment. For all three transitions the Doppler shift corresponded
to the kinematics of the ''2Sn('?C, ®Be) !'%Te a-transfer reac-
tion. Therefore it is very likely that the transitions are indeed
transitions in '°Te. In Fig. 6 coincidence spectra are shown.
The data suggest that the line at 1050 keV is in coincidence
with at least one member of the 680 keV doublet but it was not
possible to conclude whether it was in coincidence with just
the 27 — 0f transition or also the 4] — 2{ transition. The
statistics do not allow to draw a final conclusion on coincident
transitions of the 1171 keV and the 1294 keV lines.

C. Lifetime analysis

Lifetimes were measured in the «-transfer experiment us-
ing the RDDS method. For a detailed overview of RDDS
measurements, the reader is referred to Ref. [18]. In this
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experiment, the solar cells registered only protons and « par-
ticles stemming from fusion-evaporation reactions as well as
o particles stemming from (2C, ®Be) transfer reactions and
the subsequent decay of ®Be into two o particles. A gate on
higher energies in the solar cells cleared the spectra of fusion
evaporation events, as explained at the beginning of Sec. III
and only events from the «-transfer reaction remained. Addi-
tionally, the energy condition on the solar cells selected events
where the target-like nuclei of interest moved with relatively
high recoil velocities and more in the beam direction, since
the solar cells were mounted at backwards angles.

Data were taken for relative target-to-stopper distances of
1 um, 8 um, 18 um, 30 um, 70 um, 120 wm, 200 um, 300
um, and 500 um. The uncertainty of the relative target-to-
stopper distances is smaller than 1 wm for small distances
and about 1% for distances larger than 100 um. The absolute
distances were determined by extrapolating the dependency
of the capacitance on the relative distance. The offset between
relative and absolute distances was determined to be 8(5) um.
For details to the capacitance method and the determination
of absolute target-to-stopper distances, the reader is referred
to Refs. [18,19,28].

The average recoil velocity was determined to be v/c =
1.1(1)% from the Doppler-shift of transitions populated in
the transfer experiment. For the transitions of interest, decay
curves R(x) were calculated, where I; and I, are the shifted
and unshifted components of the transitions of interest, that
depend on the distance x:

1,(x)
I(x) + 1,(x) ’
Lifetimes t; of the level i were analyzed with the differ-
ential decay curve method (DDCM) (compare [18]) using the
NAPATAU code [29] depending only on precisely known rela-
tive target-to-stopper distances and not on the less precisely
known absolute distances:
_ —Ri) + 3 bR () 1
R v’

R(x) = @)

i 3)
Here, R;(x) is the decay curve at the distance x for the level
i and v is the recoil velocity of the nucleus. The level i is
generally fed by several levels k. The factors by; represent the
percentage of the population of the level i that stems from
the feeding of the level k. The results of the DDCM analysis
were crosschecked with a Monte Carlo approach simulating
the Bateman equations as performed in [30]. The Bateman
equations,

ni(t) = —Ani(t) + Zbki}»knk(l), 4)
X

describe the population n;(¢) of a level i with a lifetime 7; = Ai
with feeding levels k. In the Monte Carlo simulation, the mea-
sured lifetimes, initial populations, and intensities of feeding
transitions of all feeding levels were varied within the experi-
mental uncertainty in order to simulate the decay curve of the
state of interest that then only depends on the lifetime of the
state of interest. The results of the simulation can be compared

to the experimental data and a best fit for the lifetime can be
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FIG. 8. Decay curve R(x) of the 05 state for detectors at forward
and backward angles depending on absolute distances x. The uncer-
tainty on the absolute distances is not represented in this picture.
The uncertainty of the offset is about 5 um and much larger than
the uncertainty of the relative distances which is below 1 um.

found. In this approach, absolute target-to-stopper distances
have to be used.

For the lifetime of the 6f' state, the intensities of the
shifted and unshifted components of the 6] — 4 transition
(643 keV) were determined in particle-gated y-ray spectra,
but uncertainties in the lifetime of the 65 state, feeding the
6, state via the observed 6; — 6/ transition (338 keV) and
possible unobserved feeding limited the analysis to give only
an upper limit of 8 ps for the lifetime. Also for the 4] state,
only an upper limit of the lifetime could be determined: the
discrepancy between the lifetime values obtained using the
DDCM and the Monte Carlo simulation of the Bateman equa-
tion was too large to give a more reliable value for the lifetime.
The lifetime was determined to be smaller than 11 ps.

The lifetimes of the 25 and 0 states were analyzed using
particle-gated spectra and correcting for the observed feed-
ing from the 4] state and the 2] state, respectively, that
were determined experimentally. An upper limit of possible
unobserved long lived feeding has been estimated by the ob-
servation limit and is accounted for in the uncertainty. Due to
the direct character of the a-transfer reaction it is however not
likely that unobserved long lived feeding plays a larger role.
The development of the decay curve of the 05 state depending
on the target-to-stopper distance is shown in Fig. 8.

The lifetime of the 2] state was measured using particle-
y-y coincidences and a full gate on both components of
the 25 — 2 (540 keV) transition. This avoids the compli-
cations arising from the analysis of the doublet at 680 keV.
Furthermore it excludes the possibility of unobserved long
lived feeding but also greatly reduces the statistics, that now
become the main contribution to the uncertainty. The lifetime
was determined to be 5(2) ps. In Fig. 9 spectra are shown,
that demonstrate how the ratio of shifted and unshifted com-
ponents develops with increasing distance.

With a value for the lifetime of the 2 it was possible
to give an estimation for the lifetime of the 47 state an-
alyzing the 680 keV doublet. The separation between the
47 — 2 and 2] — 0 transitions is far smaller than the sep-
aration between the respective Doppler-shifted and unshifted
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25

20

15

10

Counts/keV

15

10

Counts/keV

1,

1 pm

TABLE IV. Lifetime values of the results of the DDCM and
Monte Carlo Bateman analysis. The upper limits vary with the
observed intensities of the decaying transitions. The results of the
two analysis methods are not independent. If a DDCM analysis was
possible, the result of the DDCM is used and only crosschecked with
the Monte Carlo simulation. The adopted values are indicated. Note
that the transitions with energies 1050, 1171 and 1294 keV could not
be placed in the level scheme and hence do not appear in Fig. 7.

7 JrorE,

7 (DDCM) [ps]

7 (Bateman) [ps]

Adopted [ps]

5(2)

69(9)
12.3(15)

7(2)

7(4)

69(11)
12(2)
l<t<9

<2
4(2)

<8
<10
<10
<10
<10
<20

<5
<10
<10

5(2)
69(9)
12.3(15)
l<t<9
<2
<11
<8
<10
<10
<10
<10
<20
<5
<10
<10

Counts/keV

660 670 680 690 700
Energy [keV]

FIG. 9. Spectra of the 2] — 0f transition for different relative
target-to-stopper distances from detectors at backward angles. A
full gate on both components was set on the 23 — 2 (540 keV)
transition and a solar cell condition. Since the spectra are not
Doppler-corrected, the shifted component is significantly broader
than the unshifted component.

components so that it was possible to reliably determine the
summed intensity of the shifted components of both transi-
tions and the summed intensity of the unshifted components
of both transitions. These were used to perform a Monte Carlo

simulation of the Bateman equations together with the known
value of the lifetime of the 2 state to determine the lifetime
of the 4] state. A lower limit of 1 ps and an upper limit of 9 ps
were determined for the lifetime of the 4, state. The value for
the lifetime of the 4] correlates with the value of the lifetime
of the 2 state.

For the remaining states it was only possible to determine
upper limits of the lifetimes since they were shorter than
the lifetimes measurable in this experiment. The measured
lifetimes are summarized in Table IV.

With the new spin assignments, branching ratios, lifetimes,
and multipole mixing ratios, absolute transition strengths can
be calculated. All experimental findings are summarized in
Table V.

IV. DISCUSSION

A level scheme of ''®Te using the new experimental data
from this study is shown in Fig. 7. Experimental level energies
and B(E2) values suggest, that the 05, 25, and 4] states are
suitable candidates for a two-phonon triplet within the U(5)
limit of the IBM-1 model [34] (compare Fig. 10). A calcula-
tion has been performed using the general U(5) Hamiltonian
[35]

H = eng + ang(ng +4) + B(LLL + 2T5Ts) + yLL  (5)

with the parameters ¢ = 0.62 MeV, o« = —0.015 MeV, 8 =
0.011 MeV,y = 0.009 MeV, and ez=10.35 efm? a reasonable
agreement of experimental data and IBM-1 prediction was
found. The calculations were performed with the ARBMODEL
code [36]. Figure 10 shows a comparison of experimental
level energies and B(E2) values with results of the calculation.
In general, both level ordering and B(E2) values from the
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TABLE V. All observed experimental values in ''®Te in this study. The branching ratios relatively to the strongest observed decay are given

in column “b”, B stands for populated in 8 decay and t stands for populated in transfer reaction.

Eievel [keV] Jr E, [keV]  Ef[keV] Jj’} b T [ps] EL 1) B(EL) [W.u.] Reaction
678.8(1) 27 678.8(1) 0.0 of 100 5(2) E2 332 B.t
1059.7(1) 05 380.9(1) 678.8 27 100 69(9) E2 43*¢ Bt
1218.7(1) 25 539.9(1) 678.8 27 100 12.3(15) E2 5249 41*% Bt
M1 65 x 107
1359.4(3) 4f 680.6(3) 678.8 2f 100 l<t<9 E2 20 < B(E2) < 170 Bt
1637.3(2) 2F 419 1218.7 2F <3 <2 M1+ E2 B
577.6(1) 1059.7 0F 15(3) E2 > 20 Bt
958.5(2) 678.8  2f  100(2) E2 —0.7+01 >3 Bt
M1 >0.01
1811.2(3) 45 452 1359.4 af 14(3) <11 M1+ E2 Bt
592.5(2) 1218.7 25 35(15) E2 >5 Bt
1132.4(3) 678.8 2f 100(3) E2 >0.7 Bt
2002.2% 6F 643.1° 1359.4 47 100 <8 E2 >27 t
2080.5(2) 07 4433 1637.3 2F <7 E2 B
861.8(1) 1218.7 21 49(5) E2 B
1401.7(4) 678.8 2F 100(7) E2 B
2119.1% 3¢ 759.7° 1359.4 af 47(7) <5 E1% >5x 1073 t
1441(2) 678.8 2f 100(7) E1° >1.8 x 1073 t
2149(2) 930(2) 1218.7 2F 100 <10 t
2265.6(5) 2F 1586.8(5) 678.8 2f 100 <10 MI1(+E2) —0.15(15) >7 x 1074 Bt
2339.9% 65 337.9° 2002.2 67 100(11) M1+ E2 t
980.5° 1359.4 4F 831D E2 t
2438.2(7) 1759.4(7) 678.8 2F 100 B
2508.6(3) 871.3(2) 1637.3 2F 39(4) E2 B
1290.0(5) 1218.7 25 100(15) E2 B
1829.9(6) 678.8 2f 18(2) E2 B
2556.1* 57° 1196.7° 1359.4 4f 100 <10 E1® t
2580.4(4) 2f 769(1) 1811.2 af 11(6) <10 E2 >0.8 B
1901.6(4) 678.8 25 100(11) MI1(+E2) —0.10(15) >4 x 1074 Byt
2633.4(4) 1414.7(4) 1218.7 2F 43(5) B
1954.7(5) 678.8 27 100(10) B
2736.5(5) 1517.94) 1218.7 2F 100(7) B
2057.7(5) 678.8 27 66(7) B
2736(1) 0.0 oF 7114 B
2832.8(5) 0F 1195.6(4) 1637.3 2F 42(5) E2 B
1614.1(5) 1218.7 2F 78(8) E2 B
2153.8(6) 678.8 27 100(17) E2 B
2846.7(5) 1628.0(5) 1218.7 2F 100 B
2947.4(6) 1728.7(6) 1218.7 27 100 B
3179.1(5) 1542.7(5) 1637.3 27 54(6) B
1961.4(4) 1218.7 25 100(16) B
unplaced transitions:
1050(2) <10 t
1171(2) <10 t
1294(2) <20 t

4Adopted from [11].
®Adopted from [13].

“The assignment of 3~ to the level at 2119 keV and the subsequent assignment of E1 to the decay transition to the 2] state are based on the
assignment of E1 to the 760 keV transition by Lonnroth et al. [13]. See text for details.

IBM-1 calculations agree with the experimental values. The
most prominent differences are the missing of a candidate for
the 37 state of the three phonon quintuplet and the placement
of the 07 state. It is however possible, that the correct candi-
dates for the three phonon quintuplet have not been identified
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yet. Another difference is the decay pattern of the 27. The
B(E2, 2;’ — 2;’) was measured to be larger than three W.u.
in this study, but this transition is forbidden in the IBM-1.

So far, the O; was treated as a member of the two phonon
triplet of the U(5) limit of the IBM-1. A second possible
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6+

4+

25
o+

IBM-1

FIG. 10. Comparison of the IBM-1 calculation with the experimental results. B(E2) strengths are given in W.u. For simplicity, for the
experimental data the 47 — 47 transition is assumed to be a pure E2 transition as no multipole mixing ratio was determined.

explanation for the low-lying 05 state can be intruder states
from 4p-2h excitations across the Z = 50 proton shell closure.
Such intruder states have been suggested in some cases in the
Te isotopes (compare, e.g., [1]) but have not been identified
unambiguously yet. The strongly collective E2 transition from
the 27 state to the 0 state can be interpreted as the beginning
of a band structure on top of the 05 . Further supporting argu-
ments for an intruder structure are the energy systematics of
the 07 and 27 states in the Te isotopes that show a parabolic
behavior with a minimum at midshell ''®Te (compare Fig. 11).
This behavior has been observed already by Rikovska er al.
[7] and this study extends the picture by clearly identifying the
spin of the candidate states for the intruding 05 and 2;’ state. If
the 0 state is interpreted as a state belonging to an intruding
structure, a suiting candidate for a 0 state belonging to the
two phonon triplet of the structure of the ground state is
missing.

2+
= 2000 | . 03+ |
ﬁ tii\ — 0 3 6;
& 1500 | _— |
5
[=]
-5
5 1000 | |
s
5
g 500 | |
0 L L L ! ) ‘ ‘ ‘

112 114 116 118 120 122 124 126
Mass number

FIG. 11. Systematics of low-lying levels in midshell Te isotopes
[11,26,27,31-33]. States where the spin and parity assignment could
be improved in this study are marked with a © symbol. Several states
in 1*Te are marked in brackets since the spin assignment is tentative.

Both approaches—a description completely within the
U(5) limit and the introduction of shape coexistence—provide
a sufficient explanation of the experimental data. To further
test both hypotheses, more experimental data are needed. For
example, other reaction mechanisms could be able to identify
suited candidates for the 3% and 0T member of the three-
phonon quintuplet in the U(5) approach. The systematics of
the 05 state along the Te isotopic chain do indeed suggest,
that a 0" state is missing in ''%Te at around 1.5-1.7 MeV
(compare Fig. 11). The B(E2) values of transitions in the
yrast band were determined in this study only with relatively
large uncertainties. More precise values could therefore help
to further test the predictions of a description within the U(5)
limit.

An enhanced p(E0) value of the 0 — 0/ transition is
often an indicator for different shapes of the respective 0"
states and depends on the mixing of those states [1]. The
direct EQ transition from the 0;” to the ground state has,
however, not been measured yet. More spectroscopy is needed
to establish a possible band structure on top of the 05 state.
A candidate for an intruding 4% state is missing and hence
also the needed in-band decays of the intruding structure. The
(*He, n) reactions are also known to strongly populate intruder
states [1]. A measurement of the relative cross sections of the
direct population of the 0] and 05 states is another possible
indicator for shape coexistence.

The role that (‘2C, ®Be) a-transfer reactions play at inves-
tigating nuclear structure has not fully been understood so far.
Stahl ef al. [37] find that the 2C('3¢Xe, “°Ba) ®Be reaction
strongly populates the 2, mixed-symmetry state, though not
as strong as predicted by Alonso et al. [38]. In this study, the
2; and 2; states were populated in the «-transfer reaction
and both decay with nearly pure M1 transitions to the 2/
state. However, for none of these states a transition to the
ground state has been found and the absolute M1 strengths
are unknown since only an upper limit for the lifetimes was
established.
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Astier et al. [39,40] find that the «-transfer reaction
208pp(180, 14C) 212Po populates states that can be identified
to belong to « clustering structures. They manifest through
strong E 1 transitions to states with the same spin but different
parity. Candidates for such states could be the newly discov-
ered states in the transfer reaction in this study, but for many
of them, it was not possible to assign multipolarities to the
decaying transitions and to determine their spin and parity.
Astier also observed a strong population of the 3] state, which
could also be observed in this experiment.

V. CONCLUSION

The level structure of low-lying and low spin states in
16Te has been investigated. Several new states were found.

Spins and multipole mixing ratios were measured with the
help of angular correlations. Absolute transition strengths of
low-lying states have been calculated using lifetimes mea-
sured in an RDDS experiment. The resulting data allow an
interpretation of the nucleus in the U(5) limit of the IBM-1
but do not contradict the possibility of shape coexistence. To
clarify the picture, more experimental data are needed.
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4.2 Experiments on 18Te

4.2 Experiments on ''8Te

The second nucleus that was studied is '8 Te, lying exactly at neutron mid-shell N = 66.
This draws special attention to *®Te in the search for shape coexistence in this region as
possible 2p — 2h intruder configurations are expected to exhibit an energy minimum at
mid-shell. In fact, lifetime measurements of yrast and off-yrast states in this nucleus have
been already performed in Refs. [31,36,71]. However, the only half-life value reported
for the 03 state of t12(03) = 55(45) ps [71] has an uncertainty of over 80% and is only
a preliminary value. Also the lifetime value of the 2] state reported in Ref. [36] of
7 = 8.8(14) ps has a relatively large uncertainty of 16%. The uncertainties of these
experimental results limit the power of any conclusion drawn from them and thus motivate
a more precise remeasurement of these lifetimes. In this study, two different RDDS
lifetime measurements were performed on '8Te. In a first measurement, the lifetimes
of yrast states in "¥Te were measured following the 1Mo (?**Na,4np)!*®Te reaction and
in a second experiment lifetimes of low-spin off-yrast states were studied following the
11481 (12C *Be) 18 Te a-transfer reaction.

4.2.1 Experimental details

Both experiments were conducted at the 10 MV FN tandem accelerator in Cologne. In
the first experiment, the fusion-evaporation reaction *°Mo(?**Na,4np)!!8Te was used to
produce '¥Te isotopes where the beam had an energy of 94 MeV. The target was a highly
enriched, self-supporting ®Mo foil with a thickness of 1.0 mg/cm?. A 6.5mg/cm? thick
tantalum foil was used to stop the recoiling products of the fusion-evaporation reaction.
Target and stopper foil were mounted in the Cologne coincidence plunger device. Data were
taken for eleven different target-to-stopper distances between 300 pm and electrical contact.
The target-to-stopper distances were monitored and held constant during the experiment
using the capacitance method [41,42]. A total of eleven High-purity germanium detectors
were placed, divided into two rings at angles of 45° and 142°, to detect y-rays following
the fusion-evaporation reaction. The mean recoil velocity of 1'**Te was determined to be
v/c =1.46(7) % by measuring the Doppler-shift of in-flight emitted y-rays.

For the second experiment, the 'Sn(*?C,®Be)!'®8Te a-transfer reaction with a beam
energy of 44 MeV was used to populate nuclei of interest. The target material was 65 %
isotopically enriched *Sn evaporated on a 1.5 mg/cm? thick tantalum foil. The stopper foil
was a 4.0 mg/cm? thick tantalum foil. Data were recorded for six different target-to-stopper
distances between 200 pm and electrical contact, where the distance was again monitored
and held constant using the capacitance method [41,42]. The Cologne CATHEDRAL
spectrometer was used to record y-rays following the a-transfer reaction. The spectrometer
was equipped with 18 HPGe detectors, with six detectors placed in each of three different
rings at 30°, 55° and 150°, respectively. Under backward angles, four solar cells were
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installed inside the Cologne coincidence plunger device to record o particles stemming
from the immediate decay of ®Be into two a particles. The recoil velocity was determined
to be v/c = 1.0(1) %. The solar cells were again covered with a 40 pm aluminum foil, that
prevented heavier charged particles from entering into the solar cells.

It has to be noted that during the second experiment, aluminum parts of the collimator
that was positioned at the entrance of the plunger device were unintentionally exposed to
the beam leading to a massive background of events stemming from fusion-evaporation
reactions of the beam with the aluminum. This problem was unfortunately not identified
during the experiment and could therefore not be corrected during the experiment. This
negatively affected the measurement in two ways. The beam intensity had to be lowered to
reduce the count rates and consequently dead times in the HPGe detectors. Furthermore,

it lead to more random time coincidences that overall worsened the quality of the data.

4.2.2 Spectroscopic analysis of the fusion-evaporation experiment
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Figure 4.1: Coincidence spectrum showing y-rays observed in the °°Mo(?*Na,4np)!*¥Te fusion-
evaporation reaction at backward angles. A narrow energy gate was set on the
unshifted component of the 2] — 0f (606 keV) transition avoiding contaminations
from doublets. The relative target-to-stopper distance was 1 pm. Note the logarithmic
scale of the y-axis.

The recorded data of the fusion-evaporation reaction are sorted ringwise in y-y matrices.
In the '%Mo(**Na,4np)'®Te fusion-evaporation reaction, not only '8 Te, but also several
other nuclei in the region are populated. The highest cross sections are observed for the
5n, 4n and 4np, 3np channels to the isotopes 81T and "819Te. Figure 4.1 shows a
coincidence spectrum where a gate is set on the unshifted component of the 2{ — 0f
(606 keV) transition in '®Te. The spectrum is obtained at the smallest relative target-to-
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4.2 Experiments on 18Te

stopper distance of 1 pm. Since both ¥ and ¥ Te are populated in the fusion-evaporation
reaction, the observed y-rays in '®Te do not only stem from direct population in fusion-
evaporation, but also from population in the 3 decay of 1. This explains for example the
presence of the 25 — 21 (545keV) and 25 — 2] (876keV) transitions in Fig. 4.1 that are
not expected to be strongly populated in such fusion-evaporation reactions. Figure 4.2
shows an excerpt of the observed level scheme of '8 Te in the '%Mo(**Na,X)Y reaction. Of
all observed transitions in 1*®Te, only transitions in the ground-state band show significant
shifted components. A second band that has been identified as a two-quasi-particle band
by Pasternak et al. [36] is populated in the ®Mo(**Na,4np)!'®Te fusion-evaporation
reaction, but there is no observable shifted component in any of the transitions for any
target-to-stopper distance in this band. This is probably caused by delayed feeding; it
is however not possible to identify the delayed feeder. A similar behavior is reported by
Juutinen et al. [72] in the 1%Ru(*¥0,4n)"®Te reaction.
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Figure 4.2: Excerpts of the observed level schemes of '8Te in the 1Mo (?3Na,4np)!'®Te fusion-
evaporation reaction (a) and the '4Sn(*2C #Be)!'8Te o-transfer reaction (b). For blue
transitions, a shifted component was observed in the experiment. For red transitions
no shifted component was observed, presumably because of delayed feeding. For black
transitions, the initial states are mainly populated in 3-decay and hence no shifted
component was observed. Note that the different initial populations and observation
limits lead to some transitions being observed in only one of the two experiments.
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Chapter 4 Experimental results

4.2.3 Lifetime analysis of the fusion-evaporation experiment
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Figure 4.3: Left: Coincidence spectra for three different relative target-to-stopper distances

showing the development of the shifted and unshifted component of the QT — Of
transition (606 keV). The gate condition was set on the shifted component of the
41 — 27 transition (601keV) for HPGe detectors at backward angles. The spectra
were recorded at forward angles. The fit of the unshifted component is shown in red,
the fit of the shifted component is shown in blue. A fit of the shifted component of the
Gf — 4;r transition (614 keV) is shown in grey. Note that the unshifted component
of the 6] — 4] transition (614keV) is not present since the gate condition is set on
the shifted component of the 47 — 2] transition (601keV) only.

Right: Lifetime determination of the 2] state with NAPATAU [73]: For this analysis
a gate was set on the shifted component of the 4] — 2] (601 keV) transition using
HPGe detectors at backward angles. The top panel shows the different lifetime values
obtained for different target-to-stopper distances. The middle and bottom panel show
the development of the shifted and unshifted component of the 2 — 0{ (606keV)
transition. Note that the uncertainty of the lifetime value shown in the top panel
does only include the statistical uncertainty stemming from the different lifetime
values obtained at different distances.

The lifetime analysis of the fusion-evaporation experiment is performed employing the

DDC method using y-y matrices (compare Sec. 2.2). The presence of delayed feeding and

population of ''8Te in 8 decay introduces large unshifted components of the transitions of

interest. For the lifetime analysis, gates on shifted components of feeding transitions are

used that avoid the subtraction of those unshifted components and additionally fix the

feeding pattern. The high y-ray line density in the region around 600 keV poses another
challenge: the transition energies of the 27 — 0f (606keV), 47 — 2§ (601keV) and
67 — 4] (614keV) transitions are close. Therefore, it is not easy to find energy gates that

contain only the flight component of only one transition and also produce clean coincidence
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4.2 Experiments on 18Te

spectra with sufficient statistics.

To correct for the different beam intensities and measuring durations of the measurements
with different target-to-stopper distances, a normalization is performed, where the relative
amount of detected events were determined. Additionally, a width calibration of the
shifted and unshifted components is performed using in-beam data that is used in the fit
procedures of the lifetime analysis.

Lifetime analysis of the 2] state: To perform the lifetime analysis of the 2] state, a gate
is set on the flight component of the 47 — 2 (601keV) transition. This gate could only be
set for HPGe detectors at backward angles. In forward angles, the flight component of the
47 — 2 (601keV) transition overlaps with the stop component of the 27 — 0f (606keV)
transition. The analysis is only performed in forward angles, since in backward angles the
flight component of the 67 — 4] (614keV) transition overlaps with the stop component of
the 2 — 07 (606 keV) transition. In forward angles, the flight component of the 27 — 0f
(606 keV) transition would overlap with the stop component of the 67 — 4 (614keV)
transition, but the gate on the flight component of the 47 — 2] (601keV) transition can
only be in coincidence with the flight component of the 67 — 4] (614keV) transition and
a stop component is hence not present (compare Fig. 4.3). Thus, the forward angles can
be used for the lifetime analysis. The left hand side of Fig. 4.3 shows exemplary spectra,
where the development of the intensities of flight and stopped component can be observed.
The decay curves are shown on the right hand side of Fig. 4.3. The analysis is performed
with the help of the program NAPATAU [73] resulting in a lifetime value of 7.2(4) ps. The
uncertainty calculated by NAPATAU includes only the statistical uncertainty stemming
from the different lifetime values obtained at different distances. Taking into account also
the uncertainty of the recoil velocity results in a final lifetime value of 7(2]) = 7.2(6) ps.

Lifetime analysis of the 4T state: In this analysis, only the gate on the flight component
of the 67 — 4] (614keV) transition under forward angles is used. Again, the gate
under backward angles is contaminated by the stop component of the 27 — 0f (606 keV)
transition. In the coincidence spectra, the shifted component of the 47 — 2 (601keV)
transition overlaps with the unshifted component of the 21 — 0; (606 keV) transition at
forward angles and the unshifted component of the 4] — 2 (601keV) transition overlaps
with the shifted component of the 27 — 07 (606keV) transition at backward angles
(compare Fig. 4.4). However, the total intensity of the 47 — 2] (601 keV) transition and
27 — 0 (606keV) transition have to be equal if a gate condition is set on the 67 — 4]
(614keV) transition. This information can be used to determine the combined intensity
of shifted and unshifted component of the 47 — 2 (601keV) transition by integrating
all components of the 2 — 07 (606keV) transition and 4; — 21 (601keV) transition
together and dividing the result by two. This result is then used to obtain reliable values
for the shifted and unshifted components of the 47 — 2{ (601 keV) transition since a fit
of the shifted component is possible. Spectra used in this analysis are shown in shown
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Figure 4.4: Left: Coincidence spectra for different relative target-to-stopper distances showing

the development of the shifted and unshifted component of the 47 — 2 (601keV)
transition. The fit of the 47 — 2] (601keV) transition is shown in solid lines. In
dashed lines, the fit of the 2] — 0 (606 keV) transition is shown. Fits of shifted
components are marked in blue, fits of unshifted components are marked in red. The
gate condition was set on the shifted component of the 6 — 4] (614keV) transition
at forward angles. The spectra were recorded at backward angles.
Right: Lifetime determination of the 4T state: For this analysis a gate was set on the
shifted component of the 6f — 41’ (614keV) transition. The top panel shows the
different lifetime values obtained for different target-to-stopper distances. The middle
and bottom panel show the development of the shifted and unshifted component of
the 47 — 27 (601keV)transition. Note that the uncertainty of the lifetime value
shown in the top panel does only include the statistical uncertainty stemming from
the different lifetime values obtained at different distances.

in Fig. 4.4. The resulting decay curves and the analysis with NAPATAU are also shown
in Fig. 4.4. A lifetime value of 4.3(4) ps is determined using data recorded at backward
angles while the analysis using data recorded at forward angles gives a lifetime value of
4.5(3) ps. Taking into account also the uncertainties stemming from the recoil velocity a
final, mean lifetime value of 7(4]) = 4.4(4) ps is determined.

Lifetime analysis of higher-lying states: For various reasons it is not possible to determine
the lifetimes of higher-lying states. The 6] — 4] (614 keV) transition is again contaminated
by the 27 — 07 (606 keV) transition and the higher-lying yrast states are less populated.
Additionally, the determined offset of about 20 pm corresponds to a flight time of about 5 ps.
All lifetimes of excited states that have an effective lifetime shorter than 5 ps are difficult
to measure. In the coincidence spectra obtained through gates on flight components from
above, the transitions in the yrast band show no observable stopped component even
for short target-to-stopper distances. This means that the lifetimes of higher-lying yrast
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4.2 Experiments on "8Te

states are too short to be measured with this setup and experimental conditions. This

observation is in agreement with the lifetime values reported for yrast states in Ref. [36].

4.2.4 Spectroscopic analysis of the transfer experiment

10°E  all distances summed o« 18T E
- . R 120 \ E
S . e
< , ™ t o 122
w 10'E - E
s E S & N E
& B Tt AN o~ . ]
= [ ge 2 tE oo « 1
Q I t + - 3 N < 3 J ]
o 3 < . t 1 fon i
10°F a1 5 t
E ke - T E
F SN ) .
i | | | | A
300 . 400 . 500I 6|00 . 700 . 800 . 900I 1000
- no stopper foil . :
i - 8 1
=~ T T—‘ -
b o~
> T 7
g 10°k 1 T -
= 5 < © .
~~ = -
2 - ]
=
= 3 ]
Qo
o .
102 E
540 550 560 570 580 590 600 610 620 630
Energy [keV]
Figure 4.5: Coincidence spectra measured at 30° with respect to the beam axis with the CATHE-

DRAL spectrometer in the 14Sn(*2C #Be)!1®Te o-transfer reaction. A gate condition
is set on the detection of a particle in the solar-cell array:

Top: The spectra of all target-to-stopper distances were summed. In the resulting
y-ray spectrum, not only transitions in '8Te were observed but also transitions
belonging to 2°Te, 122Te and '?2Xe. These transitions are marked with different
colors. Lines show in general both shifted and unshifted component. The region
between 540keV and 630keV has a very high line density and is highlighted by a
box.

Bottom: Measurement with no stopper foil focussing on the region between 540 keV
and 630keV. Since there is not stopper foil present, all y-rays are shifted and no
stopped component were observed. This simplifies the spectrum significantly. For
illustrative purposes, the shifted y-rays are shown on their nominal position. (Note
that this is not a proper Doppler correction that would take into account the different
kinematics resulting from the detection in different solar cells.) Dotted fits mark lines
that are assumed to be present, but were obscured by more intense lines.
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Chapter 4 Experimental results

For the analysis of the 14Sn(*2C ®Be)!!8Te a-transfer reaction, data are sorted in particle-
vy matrices. Unfortunately, the statistics are not sufficient for an analysis using particle-y-y
matrices. Figure 4.5 shows y-ray spectra in coincidence with particle detection. Since
heavier particles are stopped in the aluminum foil screening the solar cells, only y rays
stemming from reactions involving the production of o particles can be observed in
coincidence with particle detection. In the spectra, not only y-ray transitions in **Te are
visible, but also y-ray transitions in '**Te and '**Te. These stem from 'Sn and ''8Sn
impurities of the '4Sn target material that was only approx. 65 % isotopically enriched.
Additionally, y-ray transitions in 1??Xe are present stemming from the fusion-evaporation
reaction 11Sn(12C,«)'??Xe. To determine the intensities of the observed y lines in the
148n(12C 2 Be) ¥ Te a-transfer reaction, the measurement without a stopper is used. This
measurement has the advantage, that the intensities of the y-ray transitions are not spread
over two components. Table 4.1 gives all observed vy-rays of ®Te. The intensities of the
47 — 21 (601keV) and 67 — 4 (614keV) transitions in "8Te have to be corrected for
contaminations from the 47 — 2] (601keV) and 6] — 4] (615keV) transitions in 2°Te.
These corrections are made using the known intensities of the 4] — 2] (601keV) and
67 — 47 (615keV) transitions in the o-transfer reaction 15Sn(12C,%Be)'*Te (compare
Sec. 4.3 and Tab. 4.4). The intensity of the 4] — 2§ (617keV) transition in '**Te is
estimated from the observed 2] — 0 (564 keV) transition in 1*Te and assuming a similar
population pattern to the one observed in '2°Te. However, it is not possible to correct for
contaminations stemming from transitions in ??Xe. Unfortunately, the 2 — 07 (331keV)
transition and the 4 — 2] (497keV) transition in **Xe contaminate the 65 — 6]
(329keV) transition and 45 — 47 (497keV) transition in '8Te. For the intensities of these

transitions, only an upper limit was determined.

Table 4.1: Observed transitions in the o-transfer reaction 14Sn(12C,8Be)!!®Te. Transition inten-
sities are given relative to the intensity of the 2] — 01 (606 keV) transition. Spin and
parity assignments are adopted from Ref. [31]. The data for the transition energies
are taken from Refs. [28,31] and rounded to full keVs.

JI Ji  E,[keV] rel intensity JT J7 Ey [keV] rel. intensity
65 67 329 <4 43 4T 770 1.5(2)
05 2F 352 4.5(6) 27 of 876 6.3(19)
45 4f 497 <5 65 47 943 1.6(4)
27 05 524 2.0(5) 45 27 1098 1.5(2)
25 2f 545 14.7(9) 25 0 1151 4.9(2)
45 2f 551 6.5(4) (1,2)% 2f 1257 1.9(6)
4f  2f 601 56(5) 37 2 1286 1.3(6)
27 of 606 100(2) 37 27 1338 3.9(9)
67 4F 614 14(5) 4520 1370 4.9(10)
37 2F 741 2.6(3) (2,3)T 2 1414 2.9(8)
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4.2 Experiments on 18Te

4.2.5 Lifetime analysis of the transfer experiment
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Figure 4.6: Left: Scheme of transitions populating and depopulating the 2; state in 18Te
observed in the 14Sn(12C,8Be)!'8Te o-transfer reaction. Intensities of the transitions
(red) are given in percentages of the intensity of the 2 — 0] (606keV) transition,
information on effective lifetimes (blue) relevant to the lifetime analysis are given in
picoseconds.
Right: Decay curve of the 25 — 2 (545keV) transition in !8Te observed in the
1481 (12C,8Be)'8Te transfer reaction resulting in an effective lifetime of 10(3) ps.
Note that the uncertainties of the distances result from the uncertainty of the offset.
The uncertainties of relative distances are much smaller. See text for details.

It is necessary to reliably determine the positions and intensities of shifted and unshifted
components of a y-ray transition in order to perform a successful lifetime analysis of an
RDDS experiment. The many contaminations in the region around 600 keV unfortunately
mean, that this is not possible for any of the populated yrast states in '8Te. On the other
hand, many of the transitions depopulating the off-yrast states did not show an unshifted
component for any target-to-stopper distance for which a measurement was performed.
In those cases, only an upper limit of the lifetime was determined. A determination of
shifted and unshifted component was possible for the 03 — 21 (352keV) transition and
for the 25 — 27 (545keV) transition. For the lifetime analysis of the 05 state and the 2
state, absolute target-to-stopper distances need to be known since an analysis with the
DDCM was not possible. The offset is determined to be 17(5) pm using the capacitance
method as described in Refs. [42,43] and Sec. 2.1.1.

The decay curve of the 25 — 21 (545 keV) transition is determined using a combination
of data from the ring at 30° and the ring at 150° that are placed the furthest from 90°.
In forward angles, the shifted component is contaminated by the unshifted component
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of the 45 — 25 (552keV) transition. In backward angles, the unshifted component is
contaminated by the shifted component of the 45 — 25 (552keV) transition. Therefore,
the intensity of the shifted component is determined from spectra recorded at backward
angles and the unshifted component from spectra recorded at forward angles. These data
are then corrected for the different efficiencies of the two rings. From these data, an
effective lifetime of 7.;;(23) = 10(3) ps is determined (see Fig. 4.6).

The effective lifetime of the 25 state still has to be corrected for feeding to obtain a
“real” lifetime value. The main feeding contributions stem from the 45 — 25 (552keV)
transition and 3] — 2§ (741keV) transition (see Fig. 4.6). For the lifetimes of the 3]
state and 45 state, lower limits of 7(3]) > 2.5ps and 7(4;5) > 1ps were determined by
Mihai et al [31]. In this experiment, upper limits are determined for the lifetimes of the
37 state and 45 state. The intensity of the 37 — 23 (741keV) transition is rather weak
and no unshifted component is identified, even for the shortest target-to-stopper distance.
Thus an upper limit of 7(37) < 10 ps is determined for the lifetime of the 3] state. The
44 — 25 (552keV) transition is flanked by the more intense 25 — 2 (545keV) transition
and 2] — 07 (560 keV) transition in '*Te (compare Fig. 4.5). In spectra with shifted and
unshifted components, both components of the 457 — 27 (552keV) transition are thus
contaminated. However, the relatively long effective lifetime of the 2 — 0f (560keV)
transition in 2°Te leads to small shifted components at short distances. Since these shifted
components are the contaminations of the stopped component of the 45 — 23 (552keV)
transition in backward angles, a meaningful upper limit for the stopped component of the
45 — 25 (552keV) transition can be estimated for the shortest relative distance of 2 pm.
This allows to determine an upper limit of 7(45) < 10ps for the lifetime of the 45 state.
Since also the 45 — 41 (497keV) transition is contaminated by the 4; — 2] (497 keV)

transition in '??Xe, this upper limit is the only information on the lifetime of the 45 state.

With these upper limits of the lifetimes of the feeding states of the 23 state it is now
possible to make some considerations regarding the lifetime of the 23 state. For example,
if the lifetimes of the 3] state and the 45 state are assumed to be exactly equal to their
respective lower limits and unobserved slow feeding is assumed not to be present, the
lifetime value determined for the 23 state would be 9(2) ps. If the lifetimes of the 3] state
and the 4] state are assumed to be exactly equal to their respective upper limits and
unobserved slow feeding is assumed not to be present, the lifetime value determined for
the 25 state would be 5(2) ps. If unobserved slow feeding could be ruled out, a meaningful
lower limit could be determined. In general however, unobserved slow feeding with lifetimes
in the order of single-digit picoseconds cannot be ruled out even if they are atypical in
o-transfer experiments (compare Sec. 2.1.2). Therefore it is only possible to determine an
upper limit of 7(25) < 13ps with a 20 confidence. However, very short lifetime values
around 1 ps seem unlikely.

The statistics of the 05 — 27 (352keV) transition are not sufficient to reliably determine
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Figure 4.7: Left: Scheme of transitions populating and depopulating the 2; state in '8Te observed

in the 114Sn(12C #Be)!1®Te a-transfer reaction. Intensities of the transitions (red) are
given in percentages of the intensity of the 2" — 0] (606 keV) transition, information
on lifetimes (blue) relevant to the lifetime analysis are given in picoseconds. The
lifetime value of the 27 state is adopted from Ref. [31].
Right: Spectrum showing the 2 — 0] (352keV) transition in 18Te recorded with
detectors at 30°. A gate condition is set on the solar cells. An unshifted and a shifted
component are clearly visible. The statistics of all target-to-stopper distances are
summed. The fit of the transition is shown as a dotted curve, the decomposition in
shifted and unshifted component is shown in blue and red color, respectively.

a ratio of shifted and unshifted component for each distance. This is mainly caused by
the background from Compton events that is especially large in this region. Summing
all distances, it is possible to determine a ratio of shifted and unshifted component
(see Fig. 4.7). This ratio can be used to determine a lifetime value for the 05 state as
explained in Sec. 2.2. The determined lifetime value is 7(05) = 45(20) ps. The biggest
contributions to the uncertainty arise from the determination of the ratio of unshifted
component to the total intensity with a large background (compare Fig. 4.7) and the
determination of the distance offset. In this analysis, the known fast feeding from the
25 — 05 (524 keV) transition has been accounted for using the lifetime value from Ref. [31]
of 7(2§) = 0.9705 ps. Given the nature of the o-transfer reaction (compare Sec. 2.1.2) and
the relatively long lifetime of the 05 state, unobserved slow feeding is unlikely to have a
significant effect. Consequently, the influence of unobserved slow feeding is considered
negligible in this case.
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4.2.6 Discussion

In Tab. 4.2, an overview of all determined lifetime values in '®Te is given. The data are
compared with literature values.

One motivation for the lifetime measurement in '8Te was a reduction of the uncertainty
of the lifetime value of the 2] state. At the start of this thesis project, the only known
value of 8.8(14) ps [36] had a relatively large uncertainty. Very recently published values
of 7.46(19) ps [74] and 8.2(5) ps [75] agree with the lifetime value of this work (7.2(6) ps)
confirming that the lifetime appears to be slightly shorter than the previously measured
8.8(14) ps. The obtained lifetime value of the 4] state of 4.4(4) ps agrees very well with the
previous value of 7(4]7) = 4.4(8) ps [36] and a very recent result of 7(4]) = 4.25(23) ps [74].
The lifetime value determined for the 03 state of 7(05) = 45(20) ps agrees with the previous
preliminary value of ¢1,5(03) = 55(45) ps [71] and significantly improves the uncertainty.
The effective lifetime of 7.;;(25) = 10(3) ps obtained for the 23 is difficult to interpret.
Previously, a lifetime of 1.2733 ps has been measured [31]. These two results can only
be reconciled, if there is a very significant contribution of slow feeding to the 23 state
in the present "*Sn(*?C,®Be)'®Te transfer reaction. This possibility cannot be excluded
from the present data, but would be atypical as explained in the previous section. In
this discussion a conservative upper limit of 7(23) < 13 ps is therefore adopted. For all
lifetimes of higher-lying states, only upper limits are determined in this work. Many of
them have previously been measured using the DSA method [31].

Table 4.2: Lifetime values of excited states in "®Te obtained in this work compared to previous
measurements. Adopted lifetime values are given for the 2], 05, 23 and 4] states.
The adopted lifetime values of the 2f and 4f states have been calculated using the
weighted mean value. All lifetime values are given in picoseconds, all energies are
given in keV. See text for details.

Elever  JI  t(this work) T [36] T [31] T (74 T [75]  Tadpt
606 27 7.2(6) 8.8(14) 7.46(19) 8.2(5) 7.6(2)
957 05 45(20) 45(20)
1151 23 <13 1.2705 <13
1206 47 4.4(4) 4.4(8) 4.25(23) 4.3(2)
1482 27 <5 0.9703

1703 45 <10 > 1

1820 6] 3.4(5)

1863 <10

1891  3f <10 > 2.5

1944 37 <15 0.95(20)

1976 45 < 40 1.2703

2021 <10 0.35032

2150 67 <10 10103
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With the lifetime values it is now possible to calculate absolute transition strengths. For
the calculation of the B(E2;25 — 2{) value, it is necessary to know the E2/M1 mixing
ratio & of the 27 — 27 (545keV) transition. This value has been measured two times.
In Ref. [28] a F2/M1 mixing ratio of § = 17727 is given, stemming from a measurement
by Stone et al. [76]. Mihai et al. [31] determine two possible £2/M1 mixing ratios of
§ = 11.0%07 or 6 = —0.35(2). Since the former result of Mihai et al. [31] agrees with the
value given in Ref. [28], the result of § = 11.01) is adopted in this work. Unfortunately,
details on the measurement by Stone et al. [76] have never been published and a final
confirmation of the value of the £2/M1 mixing ratio through a measurement is therefore
desirable.

The calculated B(FE2) strengths of transitions between the 41, 23, 05, 21 and 0] states
are shown in Tab. 4.3, along with B(E2) values calculated in the U(5) limit of the IBM-1
using the ratios given in Eq. (1.6) and normalized to the experimental B(E2;2] — 07)
value. The predicted transition strengths in the U(5) limit agree well with the measured
B(E2;4, — 27) and B(E2;0y — 27) values, as well as with the experimental lower limit
of the B(E2;2; — 2) value. However, the lower limit determined for the B(FE2;2y — 27)
value and the relatively large uncertainty of the B(E2;0, — 27) value allow only limited
conclusions. To achieve a better understanding, more precise lifetime values of the 25 and
07 states are needed. A more precise lifetime measurement of these states is, in principle,
possible with the same setup and using the same reaction mechanism if the practical issues

described in Sec. 4.2.1 can be avoided.

Table 4.3: B(FE2) values of transitions between the first four excited states in '8Te. The used
lifetime values of 2] and 4] states are weighted mean values of all experiments. See
text for details. Energy levels and branching ratios are taken from Ref. [28].

Ejever [keV]  JT E, [keV] Ej [keV] JT b 7 [ps] o B(E2) [W.u] U(5)
606 27 606 0 0F 100  7.6(2) 38(1) 38
957 0y 352 606 27 100  45(20) 9070 68
1151 25 545 606 27 100(2) <13 110797 > 28 68

1151 0 07 27(2) > 0.2 0.0
1206 47 601 606 27 100  4.3(2) 70(3) 68

The measurement of the lifetime of the 0 state also allows the determination of the
p*(E0;05 — 07) value. The 05 — 07 EO transition has been observed by Walker et
al. [47] who determined a value of X(E0/E2) = 0.009(2) for the £0 and E2 decays of the
05 state to the 0] and 2] states. With Eq. (2.5) a value of p?(E0; 05 — 07) - 10 = 241
is calculated. The order of magnitude of the absolute EO transition strength is comparable
to EO transition strengths of 07 — 07 transitions in the Cd isotopes, where the 05 is
considered to be an intruder state [20].

The determined absolute transition strengths can be used to get closer to an answer
regarding the nature of the 0 state in 8Te. The 0F state is a potential member of the
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two-phonon triplet in the U(5) limit of the IBM-1 model and on the other hand also a
candidate for the band head of an intruding structure. The measured B(FE2;05 — 27)
value is still in agreement with the prediction of the U(5) limit, but the enhanced EO
transition strength of the 05 — 0f transition does not fit in the picture. The strength
of the EO transition can instead be interpreted as a sign of shape coexistence. For a
more complete picture of shape coexistence in 1*¥Te it is necessary to identify the related
collective structures on top of the band head. Previous studies have identified two different
candidate states for the first excited state of this collective structure. An earlier study
notes that the energy spacing between the 25 state and the 05 suggests this state as a
candidate [14]. The necessary in-band transition has not been observed so far. A very
recent review notices that the large B(E2;2§ — 0F) value can be interpreted as a hint
that the 24 state is a member of the intruding structure [5] even though the energy spacing
is relatively large. The enhanced p?(E0;05 — 0f) value can also hint at mixing between
the intruder structure and the normal configuration. This mixing of normal and intruder
configuration is also suspected by other studies (Ref. [14,35]). Furthermore, if the 05 state
is indeed an intruding state, a candidate for the 0% state belonging to the two-phonon
triplet of the normal configuration needs to be found. In Ref. [47] a 0T state is identified at
1517keV that is not identified in any other study. Other excited 0" states are not known.

The present data show, that an unambiguous identification of the expected shape
coexistence in 1¥Te is not easy. The excitation energies and absolute transition strengths
calculated from measured lifetimes are compatible with shape coexistence but agree as well
with the predictions of the U(5) limit of the IBM-1. Only the enhanced p*(E0;05 — 07)
values hint at shape coexistence and mixing of intruder and normal configuration. For a

more complete picture, experimental data is missing or inconclusive.
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4.3 Experiment on '2°Te

The only stable nucleus that is investigated in this work is 2°Te with a neutron number
of N = 68 which has two neutrons more than 8Te at mid shell N = 66 and thus the
same number of valence nucleons as 'Te if no distinction is made between particle-like
and hole-like valence nucleons. Since the natural abundance of '?°Te is only 0.09 % [77],
there is less experimental data on this isotope than on more abundant Te isotopes. The
most detailed spectroscopic analysis of 2°Te was performed by Vanhoy et al. [32] who are
able to describe experimental excitation energies and relative B(E2) values within the
U(5) limit of the IBM-1. Some B(FE2) values have been determined through Coulomb
excitation [37] and lifetime measurements [38,78]. The absolute transition strength of
the 0 — 2] transition and the p?(E0;0; — 07) value were not determined in these
studies. However, these observables are key signatures for the nuclear structure (compare
Sec. 1.1 and 1.2). In the experiment described here, information on the lifetime of the 05
are obtained using an RDDS measurement in combination with an %Sn(*2C ®Be)'?"Te
o-transfer reaction. The experimental results allow first conclusions on the B(FE2; 05 — 27)
and p?(E0; 05 — 07) values.

4.3.1 Experiment

The '%Sn(12C,®Be)'?° Te a-transfer experiment was performed at the FN tandem accelerator
in Cologne using the Cologne Plunger spectrometer. The beam energy was 44 MeV. The
target foil was mounted together with a stopper foil inside the Cologne coincidence plunger
device to measure lifetimes with the RDDS method. The target consisted of highly enriched
0.5mg/cm? 16Sn evaporated on a 1.5mg/cm? fronting where the latter was facing the
beam. The stopper foil was a 7.1 mg/cm? thick Ta foil. Data were taken for seven different
target-to-stopper distances between 250 pm and electrical contact. One measurement
without a stopper foil was performed. For the detection of y rays, the Cologne Plunger
spectrometer was equipped with eleven HPGe detectors mounted in two rings at 45° and
142° with respect to the beam axis consisting of six and five detectors, respectively. In
addition, the Cologne coincidence plunger device was equipped with a solar-cell array at
backward angles for the detection of o particles stemming from the decay of 8Be. The four
solar cells of the array were covered with a 40 pm thick aluminum foil. The aluminum foil
prevented heavier charged particles from entering into the particle detectors.

4.3.2 Data analysis - observed transitions

The data from the experiment are sorted into particle-y matrices. The absorption of
heavier beam-like fragments in the aluminum foil results in particle spectra containing

mainly events stemming from the detection of o particles in the solar cells. A gating
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Figure 4.8: Spectrum showing y-ray transitions observed in the 16Sn(12C ®Be)!20Te o-transfer
reaction. The lower panel is the continuation of the upper panel for higher energies.
Due to the large velocity distribution and the consequent broadening of peaks, it
is difficult to identify transitions both with lower intensities and at higher energies,
where HPGe detector efficiency decreases.

condition accepting any y-ray event coincident to a hit in a solar cell is thus set to obtain
v-ray spectra of 12°Te. The resulting spectra shown in Fig. 4.8 are relatively clean, only
small contaminations from fusion-evaporation reactions can be found. However, during
the experiment, partial stopping of the nuclei of interest in the target foil was observed
(compare Sec. 2.1.3 and Fig. 2.2) which makes further analysis of the data more difficult.
In an RDDS experiment, the intensity of an observed y-ray transition is usually distributed
over two distinct components: an unshifted and a shifted component. The width of the
unshifted component corresponds roughly to the detector resolution. The width of the
shifted component is increased by the velocity distribution, since different velocities will
lead to different Doppler shifts. The shifted component can often still be modelled by
a Gaussian if the velocity distribution is centered around a mean velocity. However, in
the case of partial stopping in the target, the velocity distribution ranges from zero to a
maximal velocity and is not centered around a mean velocity. The shifted component will
instead be broad and smeared out.

An overview over the identified transitions is given in Tab. 4.4. In general, the population
scheme observed in this experiment resembles those observed in the a-transfer experiments
on 16118 Te: The populated states were rather low-lying and low-spin states, including
the 03 state. However, considerably fewer transitions can be identified in this o-transfer
experiment than in the transfer experiments on *®1¥Te, probably because — as mentioned
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above — the shifted components observed in this experiment are rather smeared out making
an identification of low-intensity transitions depopulating short-lived states difficult (see
Figs. 4.8 and 4.9).

Table 4.4: Observed intensities in the 16Sn(12C,2Be)!?9Te o-transfer reaction. Intensities are
corrected for the spectrometer efficiency and normalized to the intensity of the ZT — Of
(560 keV) ground-state transition. The quantity » | R(t) gives the ratio of the stopped
component to the total intensity summed over all target-to-stopper distances. See
text for details.

E\keV] JT E; [keV] J7 Ej [keV] I S R(t)
542.8 0y 1103.1 27 5604  4.0(3) 0.42(14)
560.4 2 5604  0F 0.0 100(1)  0.61(3)
601.1 4 1161.6 27  560.4  39.7(5) 0.41(2)

)
)

2
614.6 67 17762 47 1161.6  18(1)  0.34(2
640.9 24 1201.3 27 5604  11.1(3) 0.35(1
762.8  2f 19244 47 11616  1.9(3)  0.2(1)
974.6 27 15351 27 5604  1.5(3)  0.28(7)
1040.0 65 22015 4f 1161.6  1.1(3)

1201.2 23 1201.2  0F 0.0 1.7(3)  0.27(5)
1523.0 3] 20831 27 5604 <4 -
1534.9 27 15349 0F 0.0 <4 -

4.3.3 Data analysis - lifetimes

The partial stopping in the target foil (compare Sec. 2.1.3 and Fig. 2.2) has also severe
consequences for the lifetime analysis. Since the nuclei are partially stopped already in the
target foil, every observed transition will have a stopped component that is independent
from the target-to-stopper distance. This adds an artificial offset to the observed decay
curve R(t) (compare Eq. (2.7)). On the other hand, the broad velocity distribution implies
that some nuclei will consistently be relatively slow. These nuclei then have longer flight
times, leading to flight components at small distances. This effect further distorts the
decay curve. Finally, Eq. 2.11 requires a mean velocity and with the partial stopping of
the nuclei of interest in the target foil, there is in general no well defined mean velocity.
This also means that the flight time for a given target-to-stopper distance is not well
defined. In consequence, any decay curves obtained in this experiment are of little use for
a lifetime determination using conventional analysis approaches.

The ratio of shifted and unshifted components — and thus also the decay curves — of a
y-ray transition can however still be determined by integrating the total intensity of the
transition and then fitting the intensity of the stopped component of the transition with
a Gaussian (see Fig. 4.9). This is possible since the width and position of the stopped

component are known from an energy and width calibration using a #?Ra source and
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Figure 4.9: Observed y-ray transitions in '?°Te using the 16Sn(2C,®Be)'2°Te o-transfer reaction.
Spectra on the left are recorded with the backward ring at 142°, spectra on the right
are recorded using the forward ring at 45°. Data for all target-to-stopper distances
are summed. A shifted component is visible for all transitions. The fit of the stopped
component is shown in dotted lines. A fit of the shifted component is not performed
since it cannot be assumed to have a Gaussian shape. Instead, the intensity is
calculated by subtracting the stopped intensity from the integrated total intensity.

from B-decay data that were observed during the experiment. Here, R(t) values were
determined for spectra where all target-to-stopper distances were summed. This increases
the statistics for the determination of the intensities of shifted and unshifted component.
The ratio of unshifted to total intensity for these spectra will be denoted with ) R(t).
Spectra showing stopped and flight components of different y-ray transitions are shown in
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Fig. 4.9. The determined ) R(t) values are also listed in Tab. 4.4.

Now it is important to realize that the ) R(t) value of a transition depopulating an
excited state depends on the effective lifetime (compare Sec. 2.2.1) of this state. Shorter
effective lifetimes will be reflected in smaller > R(t) values and longer effective lifetimes in
larger > R(t) values. An exact quantification of these effective lifetimes from the > R(?)
values is not possible, but it is possible to determine which effective lifetime must be longer
than another effective lifetime by comparing the measured > R(t) values. From Fig. 4.9
and Tab. 4.4 it is evident, that the Y R(t) value of the 0 — 2] (543 keV) transition is
smaller than the Y R(t) value of the 2 — 07 (560 keV)transition. The effective lifetime
of the 05 is thus shorter than the effective lifetime of the 2 state. Since the effective
lifetime of an excited state observed in an experiment is always longer than the “real”
lifetime of the excited state, the effective lifetime of the 2] state constitutes an upper limit
for the lifetime of the 05 state.

An upper limit of the lifetime of the 0] state can now be determined by reconstructing
the effective lifetime of the 2] state observed in this experiment. For this reconstruction,
the feeding intensities of transitions feeding the 2] state observed in this experiment, the
lifetime values of all feeders of the 2] state and the lifetime value of the 2] state are
needed. The feeding intensities of all observed feeders are already presented in Tab. 4.4.
The excited states whose depopulating transitions contribute the most to the feeding of
the 2] state are the 4, 23 and 67 states. Their respective lifetimes have been measured
in different experiments [37, 38, 78]'. The literature values used for the reconstruction
are given in Tab. 4.5. The values used for the reconstruction are the upper limits of
the adopted experimental lifetime values. The lifetimes of the 25, 2) and 6] state that
contribute less to the feeding of the 2] state are not known but seem to be short given
their ) R(t) values (see Tab. 4.4). Contributions from unobserved, long-lived feeding are
unlikely due to the nature of the direct transfer reaction and are here neglected.

With these inputs it is now possible to reconstruct a decay curve of the 27 — 0f
(560 keV) transition using the Bateman equations. It is found that a decay curve from
an effective lifetime of 7.y = 25 ps produces a decay curve that is larger than the decay
curve simulated for the 2] state. This means that 25 ps is an upper limit of the effective
lifetime of the 2] state. Consequently, an upper limit of 7(05) < 25ps can be determined
for the lifeitme of the 05 state.

!The lifetimes from Ref. [37] have been calculated from the given B(E2) values. In the case of the lifetime of the
21 state, Ref [37] gives a B(E2;27 — 2) and a B(E2;2] — 0) value. To calculate the lifetime of the 25
state, additionally the £2/M1 multipole mixing ratio of the 2 — 2 (641keV) transition or the branching
need to be known. In the literature, very different values can be found for both quantities. The Nuclear Data
Sheets [29] give § = —0.92(9) and a branching of 27(3)% of the decay branch to the ground state relative to
the decay branch to the 2 state. In Ref. [32], two possible solutions are given for the multipole mixing ratio:
6 = 0.27(15) or § = 1.19(19) and also two branching ratios are reported: 12% and 48%. The reconstructed
lifetime value varies with the choice of these experimental values. The largest lifetime value is obtained with a
mixing ratio of 1.19(19) or a branching ratio of 12% and is 2.6(3) ps. Since here an upper limit of the effective
lifetime is of interest, an upper limit of 3 ps is adopted.
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Table 4.5: Literature lifetimes used to calculate the effective lifetimes observed in the
H6Sn(12C 2Be)'?°Te a-transfer reaction. Since only an upper limit can be calcu-
lated, the upper limits of the lifetimes were determined, and with the upper limits the
effective lifetimes were calculated. All values are given in ps.

Saxena et al. [37] von Spee [38] Werner et al. [78]  Tadp  Tmaa
27 11.0 (1) 10.1(3) 10.4(2) 10.8(1) 11.0
4F 4.8(1) 4.8(3) - 4.8(1) 5.0
25 <3 - - - 3
67 3(1) 4.6(2) - 4.5(2) 4.9

4.3.4 Discussion

Although only an upper limit of the lifetime of the 0] state can be determined, valuable
conclusions can still be drawn about the nuclear structure of *?°Te. Using this upper limit,
a lower limit for the B(E2;05 — 27) value of 19 W.u. can be calculated. In Fig. 4.10
B(E?2) values between low lying states in ?°Te are shown. A comparison of the B(E2)
values shows, that the By, ratio is much larger than zero and By, > 0.5. This is in
agreement with the predictions of the U(5) limit in the IBM-1 model as described in
Sec. 1.1. Both the S(U3) and the O(6) limits of the IBM-1 would predict By, = 0 and
thus do not provide an explanation for the observed decay of the 05 state.

Figure 4.10: B(FE2) values in 29Te for the lowest-lying states. The lower limit for the B(E2;05 —
27) value is obtained in this work. The other values are mean values from [37,38,78].
All values are given in W.u.

Additionally, a lower limit of p?(£0,05 — 0f)-10% > 7 is determined using X (F0/E2) =
0.016(4) given in Ref. [47]. Enhanced p?(FE0) values are often an indicator of shape
coexistence and mixing of shapes (compare Sec. 1.2). Typical p*(E0;05 — 07) - 10® values

in mid-shell Cd isotopes that are associated with shape coexistence are p*(FE0;05 —
07) - 10 = 3719, in "2Cd and p?(E0;05 — 07) - 10° = 19(2) in '**Cd. Thus the lower
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limit obtained here for ?°Te would seem to make it likely that the value can indeed be
regarded as an indicator of shape coexistence. The suggested shape coexistence could also
provide an explanation for the low lying 0 state and its relatively strong decay to the 2]
state.

It is evident, that the data collected in this work cannot give a clear answer to the
question of the structure of 2°Te. The quality of the data which is significantly worsened
by the partial stopping of the recoiling nuclei in the target foil is not sufficiently good
for this scope. The data collected here show that the lifetime of the 05 is measurable —
provided a good target foil — with the same setup and the same reaction mechanism. A

repetition of the measurement is therefore highly desirable.
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Chapter 5

Discussion of the results

In the previous chapter, the experimental results of this work are presented. The core
subject of the performed experiments are experimental values for the lifetimes of excited
states in 16118120Te  To obtain the most complete picture of the nuclear structure of mid-
shell Te isotopes, it is appropriate not only to consider the newly obtained experimental
results on lifetimes presented here but also to incorporate other measurements. This
includes the work of Refs. [31,36-38, 78], as well as very recent results from Refs. [74,75].
In Tab. 5.1, all lifetime values for low-lying states in *6118120T¢ are listed and adopted
lifetimes are presented. In most cases all experimental results agree reasonably well. Then
the adopted value is calculated using the weighted mean. The only exception is the lifetime
value of the 25 in '!8Te where the results obtained by Mihai et al. [31] and the data
presented in this work do not align well with each other. In this case, the result from
this work is adopted, which is a conservative upper limit of 7(25) < 13ps. A consistent
reconstruction of the lifetime of the 23 state in 12°Te from B(E?2) values given in Ref. [37]

was not possible.

Table 5.1: Adopted lifetime values of excited states in 16:118:120Te and experimental results used
for the calculation of the adopted lifetimes. Note that the experimental result of
t12(03) = 55(45) ps in ''8Te from Ref. [71] is not considered here since the authors
themselves describe their result as preliminary.

J™ Nucleus T [ps]

this work other results adopted value
27 HOTe 5(2) 5.1(3) [75] 5.1(3)
27 118Te 7.2(6)  8.8(14) [36], 8.2(5) [75], 7.46(19) [74] 7.6(2)
27 120Te - 11.0(1) [37], 10.1(3) [38], 10.4(2) [78] 10.8(1)
05 UTe 69(9) - 69(9)
05  U8Te 45(20) - 45(20)
05 12Te <25 - <25
25 16Te  12.3(15) - 12.3(15)
25 M8Te <13 11705 [31] <13
2; 120, i} - .
47 M0Te 1< 7 <9 - 1< 7 <9
4 U8Te 4.4(4) 4.4(8) [36], 4.25(23) [74] 5.1(3)
4F 120Te - 4.8(1) [37], 4.8(3) [38] 4.8(1)
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With the adopted lifetime values it is possible to determine B(E2) and p*(E0) values
in 116118120 = Ap overview of results obtained with the help of these adopted lifetime
values is given in Fig. 5.1. Details on the determination of the B(E2) and p*(E0) values
are given in Secs. 4.1, 4.2 and 4.3.

Figure 5.1: B(E2) and p?(E0) values for transitions in 16:118:120Te calculated using the adopted
lifetime values given in Tab. 5.1. Only transitions between the 01+, 2f, 0;, 22+ and
47 states are shown. Details on the determination of the B(E2) and p?(E0) values
are given in Secs. 4.1, 4.2 and 4.3. Transitions shown in black (blue) are £2 (E0)
transitions. Dotted transitions have not been observed so far.

In the following sections, the conclusions that can be drawn from the results of the
performed experiments are summarized. The nuclear structure of the mid-shell Te isotopes

is discussed in this context.

5.1 Conclusions

5.1.1 Lifetime measurements using o-transfer reactions in combination with
Doppler-shift methods

The main focus of this thesis was the measurement of lifetimes of excited states with
the RDDS method in mid-shell tellurium isotopes. Special interest was focused on the
lifetimes of excited 0" states, as those states play a crucial role in the identification of
shape coexistence [18]. However, lifetimes of excited 07 states are difficult to measure:
it is difficult to populate these states in general, and, even more, with sufficient recoil
velocity needed for a lifetime measurement using Doppler-shift techniques. This work
shows, that the (12C,*Be) a-transfer reaction is an excellent tool to populate lower-lying
low-spin excited states and also transfer sufficient momentum to the nucleus of interest,
that the resulting recoil velocity is sufficient for an RDDS measurement: for all three
studied nuclei '6:118:120T¢ information on the lifetime of the 05 state could be deduced from

the respective experiments. Furthermore, all observed y-ray transitions in all performed
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a-transfer experiments showed shifted components, underlining the advantage of the
direct population mechanism of transfer reactions that avoids possible higher-lying isomers.
Unfortunately, not all experiments conducted within the scope of this thesis yielded optimal
results, and repeating the o-transfer experiments on '®Te and '?°Te could significantly
enhance the outcomes of this study. Furthermore, many of the populated states were
shown to have lifetimes shorter than what could be measured with the employed RDDS
setup. The lifetimes of at least some of these states can be measured instead using the
Doppler-shift attenuation method (DSAM) with the same a-transfer reactions and setup,
by replacing the RDDS target and stopper with a DSAM target.
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Figure 5.2: Observed intensities of selected y-ray transitions in mid-shell Te isotopes populated in
(*2C,®Be) a-transfer reactions on tin. The intensities are normalized on the intensity of
the 21+ — Of transition of each nucleus. Note that in some cases not all depopulating
transitions of observed excited states are shown. Data on all observed transitions can
be found in Secs. 4.1,4.2 and 4.3.

The direct population mechanism also allows for another observation: In transfer
reactions the cross section for the population of different excited states depends on the
structure of these states [79]. Therefore, measuring these cross sections can provide
additional understanding of the structure of the nucleus. Since the performed transfer
experiments were optimized for lifetime measurements, exact information on relative or
absolute cross sections cannot be obtained. Information of this kind is often extracted
from precise measurements of the scattering angle and kinetic energy of the beam-like
fragment. In the case of the performed o-transfer experiments, the information on the
exact energy and scattering angle of the beam-like particles is lost due to the large opening
angle of the solar cells, the rather thick target layer and the straggling in the fronting
material and aluminum foil shielding the particle detector.

Determining cross sections of excited states through y-ray information is prone to errors,
as feeding contributions below the observation limit cannot be identified, though they are
likely present. Fortunately, the energy systematics of many low-lying states in mid-shell
Te isotopes evolve rather smoothly along the isotopic chain, and the branching ratios of
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transitions connecting these states are similar. Therefore, in Fig. 5.2 the intensities of the
observed y-ray transitions following the a-transfer reactions are directly compared. It is
apparent, that the population patterns are similar. In the yrast band, states are populated
up to the 67 state, but the 8T state is not observed. In all three cases also the 65 state is
populated; the intensities of the 0 — 2] states are also similar. This might hint at the
fact, that the direct population patterns and hence the cross sections of single states for
these three nuclei in the o-transfer reaction are also similar. Together with the similar level
energies of excited states and similar absolute transition strengths between excited states,
this might provide another indication, that nuclear structure evolves smoothly along the

isotopic chain in the mid-shell tellurium region.

5.1.2 Reinvestigation of y-ray spectroscopy following 3 decay

Historically, most nuclei that are populated in 8 decay have been thus studied using
y-ray spectroscopy following 3 decay. These types of experiments are relatively easy to
perform and allow the study of many excited states, that are not populated in other
mechanisms such as fusion-evaporation reactions. For example, if the ground-state spin of
the mother nucleus is sufficiently low, typically also low-spin off-yrast states are populated.
Also studies on ''6:118120Te following the B decay of 6118120 have been performed in
the past. In this study, the population of excited states in "°Te after the p decay of °I
has been reinvestigated. Significantly more information was extracted than in previous
measurements: In the present study, over 30 y-ray transitions were identified in 1°Te,
while in previous experiments only 13 y-ray transition are reported by Zimmerman [46].
The main reason for this is that the last measurement by Zimmerman [46] was made 30
years ago: the HPGe detectors available for that experiment were fewer and less efficient
than those used in this work. The additional information obtained in this study of the
population after 8 decay significantly helped to improve the understanding of the nuclear
structure of MTe. A similar study has been conducted already by Vanhoy et al. [32] for
120Te and should encourage studies of excited states in "*Te and "®Te after the 3 decay
of 11418 that have not been studied as thoroughly.

5.1.3 Systematics of energy levels

The parabolic dependency of the excitation energy of the 05 state on the neutron number
in Te isotopes has been the first indicator, that these states might be intruder states [35].
The spins of the 05 and 27 states in %Te, which were previously uncertain, were firmly
validated in this work. This extends the parabolic shape of the energy systematics of both
the 05 and 23 state in Te isotopes towards lower neutron numbers, suggesting that these
states are good candidates for an intruding structure (compare Fig. 11 of the publication
shown in Sec. 4.1). A similar measurement for "*!!Te would be able to extend this
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picture even further.
It must be mentioned at this point, that

3000 : no experiment performed in this work, and

- . especially not the study of *Te following

25001 . i the B decay of I was able to identify

. = or confirm a 0j level lying in the region

= 2000l . " with excitation energies between around
& o . 1.5 and 1.8 MeV. Such states are reported
g s in M8120Te by Refs. [28,29] and tentatively
15007 i ) . | reported in MTe by Ref. [26] as shown in
. Fig. 5.3. These states were in all three cases

1000F . Il observed in B-decay experiments. In *Te,
11 114 116 118 120 122 124 the level at 1860keV has been observed

mass number only by Zimmerman [46] who tentatively

) ) ) assigns 0. In M8Te, the level at 1517 keV is
Figure 5.3: Experimental data on excited 0F ,,

states in Te isotopes. Empty squares observed only by Walker et al. [47]. Other

are used for tentative or disputed as- measurements using different reaction mech-

signments. Blue (red) color marks anisms did not observe the level. In the
the candidate 03 (03) intruder states.
Data is taken from Refs. [26-30, 32,
70,80, 81].

same study, Walker et al. [47] observe a
0" state at 1614 keV in ?°Te that is pop-
ulated in $decay. In another experiment
also studying the B decay of %I, Vanhoy et al. questioned the existence of this level [32].
As these excited 07 states play an important role in the identification of shape coexistence,
a clarification of these experimental data is highly desirable.

5.1.4 Systematics of absolute transition strengths

A look at the systematics of absolute transition strengths can improve the understanding
of the evolution of nuclear structure in the Te isotopes. With the newly measured
lifetimes, these systematics can be extended to lower neutron numbers. In Fig. 5.4, the
B(E2;2f — 07) values along the Te isotopic chain are shown. With increasing valence
neutron number, the B(FE2;2 — 07) values are expected to rise and exhibit a maximum
at neutron mid-shell N = 66 — in this case !'8Te. In the neighboring tin isotopes some
experimental data suggest a small decrease of the B(E2;2] — 07) values around mid-
shell that is supported by calculations [83]. Such behavior was also hypothesized for the
tellurium isotopes (compare Ref. [84]). The present data for the Te isotopes show, that the
maximum is slightly shifted with respect to mid-shell, but do not support a dip similar to
the one observed in the tin isotopes. Instead, the B(E2;2 — 07) values in the Te isotopes
are very similar to the values measured in the Cd isotopes, if the values are corrected for
the difference in proton and mass number supporting the valence proton symmetry [82].
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Figure 5.4: Comparison of B(E2;2] — 0f) values in Te and Cd isotopes. Note that the
B(E2;2{ — 07) values of Cd isotopes are multiplied by 522/48% - Ar./Acq to
account for the difference in proton and mass number according to Ref. [82].

5.1.5 Comparison with the U(5) limit of the IBM-1

An intuitive explanation for the low-energy part of the level scheme in mid-shell Te isotopes
is a description with an anharmonic vibrator or a description in the U(5) limit of the
IBM-1. The level energies of excited states of 18120Te have indeed already been described
in the U(5) limit by Kern et al. [12], with relatively good agreement, except for the 3;
state. The level energies of excited states in *%Te have also been described within the U(5)
limit in Sec. 4.1, with good agreement. It is therefore of great interest to compare also the
newly obtained absolute transition strengths with predictions of the U(5) limit. If other
phenomena like shape coexistence play a role, a deviation of the experimental values from
the U(5) limit is likely. In Sec. 1.1.1 it is mentioned, that the By/o, Bs/» and By, ratios in
the U(5) limit are all given by 2%. Since the number of valence nucleon pairs N is 8 for
16,120 and 9 for 8Te, the ratios are given as 1.75 or 1.78 respectively. Notably, both
other limits of the IBM-1 predict the By, to be equal to zero. In Tab. 5.2 all measured
B(E2) values between low-lying states in 116118120 and the predictions of the U(5) limit
are shown. The large By, ratios, the small B(E2;25 — 0f) values and the more precisely
known By, ratios agree relatively well with the predictions of the U(5) limit — especially
considering that the model is only normalized to the experimental B(E2;2] — 0]) values
and is not fitted to any additional experimental information. However, there are some
gaps and uncertainties in the experimental data: Lifetime values for the 4] state in 1!6Te
and the 05 state in '**Te are not available, and there are several differing measurements
for the £2/M1 mixing ratio of the 25 — 27 transitions in 1*&120Te,

The most significant discrepancy lies in the observed p?(E0;05 — 07) values, which are
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predicted to be zero by the U(5) limit of the IBM-1. Wood et al. conclude that the IBM-1
is not suitable for accurately describing EO transition strengths [19]. They also note that
typical p?(E0;05 — 07) values for vibrational nuclei near the Z=>50 proton shell closure
are around p*(FE0;05 — 07) - 10% = 4 [19], which do not match the experimental values

observed in '®129Te in this work.

Table 5.2: Comparison of experimental B(E2) and p?(E0) values and model predictions. B(E?2)
values are given in W.u. and p?(FE0) values are given in units of 1072, The experimental
values are mean values from this work and from Refs. [31,36-38,74,75]. The values
in column U(5) are calculated using the By, By and By, ratios given in Sec. 1.1
and normalizing on the respective experimental B(E2; 2f — O;F) value. In column
EDF,,, preliminary results are presented from calculations in Refs. [85,86] using the
quadrupole collective Hamiltonian based on the results of energy density functionals.

116Te 118Te 120Te
Exp. U(5) EDF,, Exp. U(5) EDF, Exp. U(5) EDF,,
B(E2;2{ —07) 33(2) 33 50  38(1) 38 43 38(1) 38 39
B(E2;47 — 2]) - 58 117 70(3) 68 94 61(1) 67 68
B(E2;2§ —2f) 4178 58 55 >28 68 72 46(2) 67 -
B(E2;05 —2{) 43¢ 58 160 90715 68 139 >19 67 33
B(E2;25 - 0f) <01 0 25  >02 0 1.2 0.6(1) 0 -
p?(E0,05 —0f) - 0 85 2478 0 60 > 7 0 32

5.1.6 Evidences for shape coexistence

It is in general not simple to assess shape coexistence. As explained in Sec. 1.2 it is often
necessary to look at multiple experimental observables. This requires a lot of experimental
data and even though the present results improve the experimental knowledge on mid-
shell Te isotopes significantly, experimental data on mid-shell Te isotopes are still more
scarce than experimental data in regions, where shape coexistence is well established
(e.g. Cd isotopes or Sn isotopes). To gain new insights into shape coexistence in Te
isotopes, the experimental findings are first categorized using qualitative signs of shape
coexistence presented in Sec. 1.2 that are based on the reviews [5, 14, 15]. Subsequently, a
quantitative comparison will be made with very recent calculations performed by Suzuki
and Nomura [85].

With the help of the present results, the systematics of the excitation energies of the 05
and 23 states were extended beyond mid-shell to '%Te. Minima of both these energies at
mid-shell 1*®Te are confirmed. This behavior is expected for states belonging to intruder

structures. In fact, these states have been discussed as possible intruder states already by
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Rikovska et al. [35].

One of the main goals of this work was the determination of lifetime values of the 05
states in mid-shell Te isotopes. The information on the lifetimes is necessary for the
determination of p*(E0) values. In 18Te and '*°Te the E( transition has been observed by
Walker et al. [47]. Together with these data a value of p?(E0; 05 — 07)-10% = 22738 in 118 Te
and a lower limit of p?(E0;05 — 07) - 103 > 7 in ?°Te were determined. Unfortunately,
the intensity of the direct EO transition has not been published in *6Te. The experimental
data obtained in this study suggest that the p*(F0;05 — 0f) values in '%120T¢ are
increased, which may indicate a mixing of two shapes. In fact, similar values (12Cd:
P2 (E0;05 — 01)-10% = 371, 14Cd: p?(E0;05 — 0)-10° = 19.0(20)) [20]) are reported
in the mid-shell Cd isotopes where the 0] states are firmly established as intruder states [5].

In this study, upper limits were determined for the lifetimes of the 23 states in 116118 Te.

The upper limit determined for the lifetime of the 23 state in '8 Te agrees with the lifetime
of 7(24) = 0.9703 ps reported in Ref. [31]. From these data, a lower limit of of B(E2;25 —
07) > 20 W.u. was determined in ''%Te and a value of B(E2;27 — 05) = 6032 W.u. was
determined in *®Te. These transition strengths are rather large and make the 2] states
in mid-shell Te isotopes candidate states for a first collective 27 state built on top of a
possibly intruding 0§ state. Unfortunately, the lifetime of the 2] state in 12°Te has not

been measured so far.

These observations suggest that there is shape coexistence in mid-shell Te isotopes.
However, such an interpretation contradicts an interpretation of mid-shell Te isotopes using
the U(5) limit of the IBM-1 that was discussed in the previous section. Specifically, the 03
state cannot be both a member of the two-phonon triplet of the normal configuration and
at the same time belong to an intruder configuration. In order to resolve this apparent
contradiction, it is desirable to compare the experimental results also with quantitative
predictions of models that include shape coexistence. Such models can be built using very
different approaches. The first study of this kind was performed by Rikovska et al. [35]
using mixed configurations IBM-2 calculations. This study predicted also the resulting
level schemes, but many absolute transition strengths were not calculated, including the
B(E2;05 — 2) and p?(E0; 05 — 0) values. The number of fit parameters in the mixed
configurations IBM-2 calculations in Ref. [35] is also rather large, limiting the significance
of the good agreement of calculated and experimental data. Since then several other
studies have predicted shape coexistence in mid-shell Te isotopes but have not included

theoretical level schemes and transition strengths [87,88].

Very recently, a study by Suzuki and Nomura that performed calculations using a
quadrupole collective Hamiltonian based on relativistic energy density functionals (EDFs)
was published [85]. The results of these calculations are in fact still preliminary and an effort
to optimize the calculations is ongoing [86]. The calculations predict shape coexistence in
the mid-shell Te isotopes and provide theoretical level energies and transition strengths.
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An advantage of these calculations is that — unlike in the case of the IBM-2 calculations
performed by Rikovska et al. [35] — the experimental data on level energies and transition
strengths are not used to fit any model parameters. Instead, the parameters of the
quadrupole collective Hamiltonian are “completely determined by the constrained SCMF
[self-consistent mean field] calculation employing a relativistic EDF” ( [85] p. 2). In their
study, Suzuki and Nomura then go on to extensively compare their results on 'Te and
18Te with the experimental data presented in Ref. [70] (also Sec. 4.1) and Ref. [31]. The
calculations are in general able to reproduce the experimental level schemes. Absolute
transition strengths from their theoretical study are compared to absolute transition
strengths obtained from this work in Tab. 5.2. Additionally, the absolute transition
strengths from the U(5) limit in the IBM-1 are presented. While the theoretical absolute
transition strengths by Suzuki and Nomura [85] lie in the same order of magnitude of
the experimental ones, they tend to overestimate the experimental values, especially the
B(E2;05 — 2]) and p*(E0;05 — 07) values. This could implicate, that the calculation

so far overestimates the influence of shape coexistence or mixing in this region [85].

5.2 Outlook and upcoming experiments

The present data give valuable insight into the nuclear structure of mid-shell tellurium
isotopes and provide relevant methods to gain even more information. However, up to now
some key questions are still not answered. A clear identification of intruding structures has
not been possible, also because alternative approaches to explain experimentally observed
excited 0F states cannot be ruled out. In this section, possible future experiments are
presented, that can play a key role to help with the search for such intruding structures
and to deepen the understanding of the nuclear structure of mid-shell Te isotopes.

5.2.1 Identification of excited 0* states through 3-decay experiments and
two-proton transfer experiment

The identification of excited 0T states plays a key role in the search for shape coexistence.
In their study on intruder states in Te, Rikovska et al. [35] regard — in addition to the 03
and 25 state — also a 03 state as a possible intruder state. In contrast to the 0 state,
experimental evidence for the existence of these 05 and additional data on these 05 has not
increased. They have been identified in ?°Te in 3 decay [47] and n "®Te through (*He,n)
reactions [48] and 5 decay [47]. However, a more recent experiment on '**Te where states
were populated in 3-decay does not find evidence for a 03 state and doubts its existence [32].
Also in the present study, the 05 state in ''°Te observed after 8 decay is found at a higher
excitation energy than would be expected based on the 05 levels in "®129Te observed
by Walker et al. [47]. A clarification of the experimental data is thus very desirable. As
a first step a measurement of y rays of '8Te following the 3 decay of "®I is proposed,
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since in this reaction the 07 was observed by Walker et al [47]. A suitable reaction for
this experiment is the 199 Ag(*2C,3n)®] fusion-evaporation reaction with a beam energy
55 MeV that can be provided by the 10 MV FN tandem accelerator at Cologne. A similar
experiment can be performed to identify possible intruder states in **Te, where up to now
no such states have been unambiguously identified. The performed experiment on *%Te
shows that such experiments are feasible at the FN Tandem accelerator in Cologne if the
mother nucleus can be populated with sufficient statistics. The %Cd(*'B,3n)™*I reaction
with a beam energy of 37 MeV that can be performed at the FN Tandem in Cologne is
one possibility to carry out such an experiment. Additionally, in these experiments the
critical £2/M1 mixing ratios of the 25 — 21 and 27 — 2{ transitions can be measured.
For the identification of 07 states and the determination of £2/M1 mixing ratios, angular
correlation measurements employed in this study have proven to be a powerful tool.
Another approach to find excited 07 states are (*He,n) reactions to reproduce and
improve the findings of Fielding et al. [48], possibly with the help of modern y-ray
spectroscopy. The cross sections of excited states in these reactions can also give valuable
information on possible shape coexistence as has been shown in similar studies on the Cd
and Sn isotopes [14,89]. In theory, also these types of reactions can be performed at the

FN Tandem accelerator in Cologne, even if such experiments have not been tested so far.

5.2.2 Direct measurements of EQ transitions

Experimental information on EQ transitions are especially scarce in the mid-shell Te region.
Further measurements of EQ transitions are thus needed to extract p*(E0) values that
play a major role for the identification of shape coexistence. Unfortunately, many of the
needed conversion electrons have energies too high to be measured at the Cologne Orange.
Experiments at other facilities (e.g. the Super-e spectrometer at the Australian National
University Heavy Ion Accelerator Facility [90]) are therefore needed.

5.2.3 Measurement of lifetimes of excited states in mid-shell tellurium isotopes
in the sub-picosecond range

Many excited states populated in the (2C,®*Be) a-transfer reactions showed lifetimes that
were too short to be measured with the RDDS method. Many of those lifetime will lie
instead in the sub-picosecond regime and are expected to be measurable with the DSA
method. Especially the lifetimes of the 23 states in ''%120Te are of interest as they are
candidate states for the intruding structure. The population mechanism of the (}2C,*Be)
a-transfer reaction also suites DSA experiments, as contributions from delayed feeding are
in many cases small. The setup needed for these experiments is the same that was used
for the RDDS measurements that can thus be performed at the Cologne CATHEDRAL
spectrometer.
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Summary

The aim of this work consisted in finding experimental evidence for shape coexistence
in mid-shell 16:118120T¢ jsotopes. A main focus was the determination of lifetimes of
low-lying states, especially of the first excited 0" states. For this purpose, the nuclei were
populated for the first time in (1?C,®Be) a-transfer reactions. Here it was shown that such
reactions present a valuable possibility for the determination of lifetimes of such states
using Doppler-shift methods. In 116118 Te lifetime values of the 05 state were determined,
while in ?°Te it was possible to determine an upper limit for the lifetime of the 05 state.
Additionally, lifetime values of the 2{ and 23 states in '°Te and an upper limit of the
lifetime of the 25 state in '8Te were measured. In *'8Te, lifetimes of the yrast 27 and 4]
states were also determined using a fusion-evaporation reaction.

Excited states in '%Te were also populated in 8 decay from ''°I. An analysis of the
angular correlations of these data allowed the determination of the spins of many excited
states and in particular the first unambiguous identification of excited 0F states in '%Te.
In addition, for the first time E2/M1 mixing ratios of transitions connecting low-lying
states in 1%Te were determined.

The experimental results obtained in this work agree with the expected signatures of
shape coexistence. The energy systematics of the 05 and 2] states, which were extended
to "16Te in this work, follow a parabolic trend expected for candidate intruder states.
The measured p?(E0;05 — 07) values seem to be enhanced even if the experimental
uncertainty of these values is still relatively large. The obtained B(E2;0; — 2]) values
can additionally be interpreted as a sign of mixing between the intruding configuration
and the normal configuration.

However, the data cannot be treated as conclusive evidence of shape coexistence because
they also agree reasonably well with the predictions of the U(5) limit of the IBM-1 that
can be associated with an anharmonic vibrator model. For a better understanding of the
structure of mid-shell Te isotopes both a theoretical effort to better describe the possible
shape coexistence in mid-shell Te isotopes and additional, more precise experimental data
can help. Research projects on both of these approaches are currently being carried out.
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Appendix A

Detector positions of the used spectrometers

In this work, three different y-ray spectrometers are used that are presented in Sec. 3.1.
The detector positions of these spectrometers are listed in this appendix. The detector
positions are given in polar coordinates with the beam axis as the polar axis. The
zenith angle is then called © and the azimuth angle ®. For spectrometers that are used
for RDDS measurements, the common ring nomenclature is given where detectors with
the same zenith angle © are grouped into the same ring. Note that the ring 3 in the
CATHEDRAL spectrometer consists of Lanthanum-Bromide detectors that are typically
not used for RDDS measurements. The angular groups of the HORUS spectrometer
and the CATHEDRAL spectrometer used in angular correlation measurements are also
presented. The angle of each angular group consisting of N, , detector pairs is given as
0,.4.. Some angular groups in the CATHEDRAL spectrometer lie relatively close together
and can usually be combined.

Table A.1: Detector positions of the Plunger spectrometer. See text for details.
detector ID  © P ring

0 0°

1 142°  0°  rng2
2 142°  72°  rng2
3 142°  144° rng2
4 142°  216° rng2
5 142°  288° rng2
6 45° 0° rngl
7 45°  60° rngl
8 45°  120° rngl
9 45°  180° rngl
10 45°  240° rngl
11 45°  300° rngl
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Table A.2: Detector positions and angular groups of the HORUS spectrometer. See text for

details.
detector positions angular groups
Name C) P Oag. Nag. detector combinations
0 90° 0° 55° 24 [0,1][0,5][0,10][0,13][1,8][1,9]
1 90°  55° [2,3][2,10][2,11][3,4][3,11][3,12]
2 90°  125° [4,6][4,7][5,6][5,7][6,10][6,11]
3 90°  180° [7,12][7,13][8,12][8,13][9,10][9,11]
4 90°  235° 70° 12 [1,2][1,10][1,13][2,11][2,12][4,5]
5 90°  305° [4,11][4,12][5,10][5,13][10,11][12,13]
6 135°  270° 90° 12 [0,6]]0,7][0,8][0,9][3,6][3,7]
7 45°  270° 13,8](3,9][6,7][6,9][7,8][8,9]
8 45°  90° 110° 12 [1,5][1,11][1,12][2,4][2,10][2,13]
9 135°  90° [4,10][4,13][5,11][5,12][10,13][11,12]
10 145°  0° 125° 24 [0,2]]0,4][0,11][0,12][1,3][1,6]
11 145°  180° [1,7][2,6][2,7][3,5][3,10][3,13]
12 35°  180° [4,8][4,9][5,8][5,9][6,12][6,13]
13 35° 0° [7,10][7,11][8,10][8,11][9,12][9,13]

180° 7 [0,3][1,4][2,5][6,8]
[7,9][10,12][11,13]
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Table A.3: Detector positions and angular groups of the CATHEDRAL spectrometer. See text
for details.

detector positions

angular groups

detector ID C) P ring Oa.g. Na.g. detector combinations

0 30°  240° rngl 28.96° 12 [0,1][1,2][2,3][3,4][4,5][5,0]

1 30°  300° rngl [18,19][19,20][20,21][21,22][22,23][23,18]

2 30° 0° rngl 31.63° 24 [0,6][0,11][1,6][1,7][2,7][2,8]

3 30°  60° rngl [3,8](3,9][4,9][4,10][5,10][5,11]

4 30°  120° rngl [12,18][12,19][13,19][13,20][14,20][14,21]

5 30° 180° rngl [15,21][15,22][16,22][16,23][17,23][17,18]

6 55°  270° rng2 48.36 ° 12 [6,7][7,8][8,9]]9,10][10,11][11,6]

7 55°  330° rng2 [12,13][13,14][14,15][15,16][16,17][17,12]

8 55°  30°  rng2 51.32° 12 [0,2]]0,4][1,3][1,5][2,4][3.5]

9 55°  90° rng2 [18,20][18,22][19,21][19,23][20,22][21,23]

10 55°  150° rng2 60.00° 6 [0,3][1,4][2,5][18,21][19,22] [20,23]

11 55°  210° rng2 60.22° 24 [0,7][0,10][1,8][1,11][2,9][2,6]

12 125°  270° rng4 [3,7][3,10][4,8][4,11][5,9][5,6]

13 125°  330° rngd [12,20][12,23][13,18][13,21][14,19][14,22]

14 125°  30° rngd [15,20][15,23][16,18][16,21][17,19][17,22]

15 125°  90° rng4 70.00° 6 [6,12]7,13][8,14][9,15][10,16][11,17]

16 125°  150° rng4 81.83° 24 [0,8]]0,9][1,9][1,10][2,10][2,11]

17 125°  210° rngd [3,6][3,11][4,6][4,7][5,7][5,8]

18 150°  240° rngb [12,21][12,22][13,22][13,23][14,18][14,23]

19 150°  300° rngb [15,18][15,19][16,19][16,20][17,20][17,21]

20 150°  0°  rngb 89.63° 12 [6,13][6,17][7,12][7,14][8,13][8,15]

21 150°  60° rngb [9,14][9,16][10,15)[10,17][11,16][11,12]

22 150° 120° rngb 90.37° 12 [6,8][6,10][7,9][7,11][8,10][9,11]

23 150° 180° rngb [12,14][12,16][13,15][13,17][14,16][15,17]
LaBr00  90° 270° rng3 98.17° 24 [0,12][0,17][1,12][1,13][2,13][2,14]
LaBr01 90° 315° rng3 [3,14][3,15][4,15][4,16][5,16][5,17]
LaBr02 90° 0° rng3 [6,18][6,19][7,19][7,20][8,20][8,21]
LaBr03  90° 45° rng3 [9,21][9,22][10,22][10,23][11,23][11,18]
LaBro4  90° 90° rng3 110.00° 6 [6,9][7,10][8,11][12,15][13,16][14,17]
LaBr05  90° 135° rng3 119.87° 24 [0,13][0,16][1,14][1,17][2,12][2,15]
LaBr06  90° 180° rng3 [3,13][3,16][4,14][4,17][5,12][5,15]
LaBr07 90°  225° rng3 [6,20][6,23][7,18][7,21][8,19][8,22]

[9,20][9,23][10,18][10,21][11,19][11,22]
120.00° 6 [0,18][1,19][2,20][3,21][4,22][5,23]
128.68° 12 [0,19]]0,23][1,18][1,20][2,19][2,21]

[3,20][3,22][4,21][4,23][5,18][5,22]
131.64° 12 [6,14][6,16][7,15][7,17][8,12][8,16]

[9,13][9,17][10,14][10,12][11,15][11,13]
148.37° 24 [0,14][0,15][1,15][1,16][2,16][2,17]

[3,12][3,17][4,12][4,13][5,13][5,14]
[6,21][6,22][7,22][7,23][8,18][8,23]

[9,18][9,19][10,19][10,20][11,20][11,21]

151.04° 12 [0,20][0,22][1,21][1,23][2,18][2,22]
[3,19][3,23][4,18][4,20][5,19][5,21]
180.00° 12 ] ]

Il
[0,21][1,22][2,23][3,18] [4,19][5,20]
[6,15][7,16][8,17][9,12][10,13][11,14]
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