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Abstract

In this licentiate thesis, lifetimes of low lying excited states in the mid-
shell region of tellurium isotopes are discussed. The nuclear lifetimes are
interesting properties to study, since they are inversely proportional to the
transition probabilities, which contain information on the underlying struc-
ture of the nucleus. By measuring the lifetime of a transition, information
can be gained on e.g. the collectivity of the state.

The main results presented in this thesis are the lifetime measurements
of the 2+ → 0+ and 4+ → 2+ transitions in 118Te described in Paper I. The
principal aim of this paper was to reduce the relative uncertainty in the 2+

lifetime, to better see the trend of the 2+ → 0+ transition probabilities over
the tellurium isotopic chain.

The work presented in Paper I is based on data from an experiment con-
ducted in 2017 at the JYFL accelerator facility in Jyväskylä, Finland. In this
experiment, excited states of 118Te were populated in the fusion-evaporation
reaction 100Mo(22Ne, 4n)118Te at a beam energy of 75 MeV. The lifetimes
were extracted using the Recoil Distance Doppler Shift (RDDS) technique,
with the Jurogam II γ-ray spectrometer coupled to the Differential Plunger
for Unbound Nuclear States (DPUNS). Data analysis was performed using
the Differential Decay Curve Method (DDCM) in coincidence mode. The
lifetimes were determined to be τ2+ = 7.46(19) ps and τ4+ = 4.25(23) ps, in
agreement with previous measurements, but with reduced uncertainty. In
the case of the 2+ lifetime, the new result reduces the relative uncertainty of
the lifetime from 16% to 2.5%, allowing for more precise tests of theoretical
predictions.

In addition to 118Te, an analysis of lifetimes of low-lying excited states
in the odd-A nuclei 117Te and 119Te is ongoing and an experiment aiming
to measure lifetimes in 116Te has been accepted. These nuclides will also be
discussed in this thesis.
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Sammanfattning

I denna licentiatavhandling kommer livstider för lågt liggande exciterade
tillstånd i telluriumisotoper att diskuteras. Livstid för ett exciterat till-
stånd är intressant att studera eftersom den är omvänt proportionell mot
övergångssannolikheten, som innehåller information om den underliggande
strukturen i kärnan. Genom att mäta livstiden för en övergång kan man få
information om t.ex. tillståndets kollektivitet.

Huvudresultatet som presenteras i denna avhandling är livstidsmätnin-
gen av övergångarna 2+ → 0+ och 4+ → 2+ i 118Te som beskrivs i Paper I.
Det huvudsakliga syftet med detta arbete var att minska den relativa osäk-
erheten i 2+-livstiden, för att bättre se trenden för övergångssannolikheterna
över isotopkedjan för tellurium.

Arbetet som presenteras i Paper I är baserat på data från ett experi-
ment utfört 2017 vid acceleratoranläggningen JYFL i Jyväskylä, Finland. I
detta experiment populerades exciterade tillstånd i 118Te i kompoundkärne-
reaktionen 100Mo(22Ne, 4n)118Te, vid en strålenergi på 75 MeV. Livstiderna
extraherades med Recoil Distance Doppler Shift (RDDS) tekniken, med Ju-
rogam II-gammaspektrometern kopplad till DPUNS (Differential Plunger
for Unbound Nuclear States). Dataanalysen utfördes med Differential De-
cay curve Method (DDCM) i koincidensläge. Livstiderna bestämdes till
τ2+ = 7, 46(19) ps och τ4+ = 4, 25(23) ps, i överensstämmelse med tidigare
mätning, men med reducerad osäkerhet. När det gäller 2+ livstiden innebär
det nya resultatet en minskning av den relativa osäkerheten från 16% till
2,5%, vilket möjliggör mer exakta test av teoretiska förutsägelser.

Utöver 118Te pågår även analysis av livstider hos lågt liggande exciterade
tillstånd i de udda-A kärnorna 117Te och 119Te, och ett experiment som
syftar till att mäta livstider i 116Te har blivit accepterat. Dessa kärnor
kommmer också att diskuteras i denna avhandling.

Keywords
Gamma spektroskopi, livstidsmätningar, skalmodellen, RDDS, DDCM
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1

Introduction

All matter in the Universe is mostly made up of empty space. The atomic
nucleus, while accountable for the majority of the mass of the atom, only
constitutes about 10−13% of the volume. The study of the structure of the
atomic nucleus is thus not a straightforward task. Nevertheless, a good
understanding of nuclear structure is essential for our understanding of the
world; from the complex nature of the strong force to the creation of ele-
ments in the stars.

One of the most successful descriptions of nuclear structure is the nu-
clear shell model, an analogous model to the electron-shell description. In
the shell model, the nucleons in the nucleus occupy different single-particle
energy levels. A significant change in nuclear properties, such as the binding
energy per nucleon, with a change in proton (Z) or neutron (N) number sig-
nify the filling of a major shell. The number of nucleons corresponding to a
fully filled shell is called a magic number. Nucleons occupying energy levels
outside of a major shell can be thought of as valence nucleons. A common
simplification within the shell model is that the properties of a nucleus is
only determined by its valence nucleons. But even with simplifications such
as this, shell model calculations based on the quantum many-body problem
of interacting valence nucleons can quickly become computationally impos-
sible if too many valence particles are considered. As computational power
grows, however, it calls for new experimental data on nuclear properties.
This in turn, requires upgraded experimental facilities and new experimen-
tal techniques in order to be able to produce and study more exotic nuclei,
far from stability.

In the nuclear chart, stable nuclei, with mass number N+Z = A, roughly
follow the N = Z line up to A ≈ 20. After this point, due to Coulomb repul-
sion, heavier stable nuclei favour more neutrons than protons, N > Z. This
makes the doubly-magic nucleus 100

50 Sn one of the heaviest, experimentally
available N = Z nuclei. Considerable efforts have been made studying the
evolution of nuclear properties over the Sn isotopic chain. In particular, the
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lifetimes are of special interest since they are inversely proportional to the
reduced transition probabilities, which contain information on the underly-
ing nuclear structure. The lifetime of the 2+ → 0+

g.s. transition in even-A
isotopes of Sn have previously been measured [1–11] and have revealed a
shallow dip in the trend of the experimental transition probabilities in the
neutron midshell region (see for example Fig. 1 in Ref. [12]), where conven-
tionally the transition probabilities are expected to be at their highest.

In order to gain more understanding of the mechanism behind this struc-
ture evolution, it is interesting to also study the transition probabilities of
the even-A isotopes in the tellurium (Z = 52) isotopic chain, in order to
see the effect of the two extra valence protons as compared to the closed
shell in Sn. The lifetime of the 2+ → 0+

g.s. transition is known for even-A
Te isotopes 108−114Te [13–16] and 118−138Te [17–27]. However, the missing
value for 116Te, and the relatively large uncertainty in the measurement of
118Te, makes it difficult to pin down the trend in the midshell region of the
isotopic chain.

The challenge in determining the lifetime of the 2+ state in 118Te is
due to the small energy difference between the three lowest transitions,
6+ → 4+, 4+ → 2+ and 2+ → 0+, in the ground-state band. Lifetime
measurements, which are based on Doppler-shifting techniques, thus become
tricky since the peaks will be partially overlapping. Pasternak et al. [17]
have, in a previous experiment, determined the lifetimes of states in the
ground-state band of 118Te between spins Iπ = 2+ − 16+. The lifetime of
the 2+ state was determined by fitting the full group of the 6+, 4+ and 2+

peaks together, treating the lifetimes as line-shape parameters. This meant
that the uncertainty of the lifetimes of the higher-lying states propagated
into the uncertainty of the lifetime of the 2+ state. Apart from statistical
uncertainty, this was the main source of uncertainty in the measurement
of the 2+ lifetime in Ref. [17], resulting in a relative uncertainty of 16%.
The aim of Paper I [28] in this thesis was to remeasure the value of the 2+

lifetime in 118Te in order to reduce its uncertainty. This was done using
a different method than in Ref. [17], based on coincidence measurements,
where gates could be used to remove some of the overlapping peaks and
thus facilitate the analysis. In addition, the lifetime of the 4+ state was also
determined.

This thesis is organised in eight chapters as follows: following this intro-
duction, Chapter 2 gives an overview of the theoretical background on the
concepts presented in this thesis. Chapter 3 covers the experimental details
and techniques employed to extract the lifetimes. Chapter 4 goes through
the details of the data analysis and the uncertainty estimation. Chapter 5
presents the results, which are subsequently discussed in Chapter 6. In
Chapter 7 an outlook is given, discussing the planned experiment on 116Te
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and the ongoing analysis of the odd-A tellurium isotopes 117Te and 119Te.
Finally, Chapter 8 contains a summary of the included paper and states the
author’s contribution.
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2
Theoretical background

In this chapter some theoretical concepts needed to understand the results
presented later in this thesis are explained briefly.

2.1 The nuclear shell model

The nuclear shell model is so-far the most successful theoretical model for
the description of nuclear properties. It is based on the assumption that the
motion of an individual nucleon is governed by a mean-field potential gen-
erated by all other nucleons in the nucleus. In this description the nucleons
occupy different single-particle orbitals and shells within the nucleus.

The observation of magic numbers (Z or N = 2, 8, 20, 28, 50, 82 and 126)
provides experimental evidence in support of the shell model. These magic
numbers mark the filling of a major proton or neutron shell, and have been
identified in many different observables. One such example is the increase
in binding energy per nucleon at a magic number, leading to large proton or
neutron separation energies. A nucleus with both a magic proton number
and a magic neutron number is known as doubly magic.

In order to achieve a complete quantum-mechanical description of the
nucleus one would need to solve the eigenvalue equation of the general
Hamiltonian corresponding to the motion of A = N + Z nucleons in a
nucleus. Unfortunately, it is generally not possible to solve it exactly due
to the A-body interaction term. Although one can solve the equation by
taking into account two-body and three-body terms only, it is very difficult
to evaluate the exact nucleon-nucleon interaction from quantum chromody-
namics. Furthermore, treating the Hamiltonian for medium to heavy nuclei
using effective interactions still remains impossible due to the demanding
computations needed to solve the many-body problem.

Instead of solving the Hamiltonian problem ab initio, by considering each
nucleon in the nucleus, approximate solutions can be obtained by consider-
ing the nucleus as a rigid core surrounded by valence protons and nucleons.
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The assumption of no-core excitation means that the nuclear properties are
solely governed by the residual interaction between valence protons and neu-
trons moving in a central field induced by the "frozen core". This simplifies
the problem of solving the eigenvalue problem of the Hamiltonian. However,
as the number of valence nucleons increase, the need for more computational
power still increases exponentially. This makes it particularly challenging
to perform these calculations around the midshell, between two magic num-
bers, of heavier nuclei. These Large-Scale Shell-Model (LSSM) calculations,
push the boundaries of high-performance computing.

The set of single-particle orbitals considered in a specific LSSM calcula-
tion constitutes the model space. The single-particle orbitals up to magic
number 82 are shown in Figure 2.1 and specifically, the model space consid-
ered in Paper I for the LSSM calculations in the Te isotopic chain is marked.
It should be noted that the energies of these single-particle orbitals may be
affected when the nuclide is far from a closed shell, and the real order may
be modified by the so-called monopole interaction.

2.2 Collective models and nuclear vibrations

In nuclei with many valence nucleons, the nuclear properties might be better
described by looking at the collective behaviour of the nucleus instead of
the individual nucleons, as in the shell model. These types of models are
known as collective models and have been successful at describing heavier
nuclei, with Z or N far from magic numbers. While the shell model still
can provide a valid microscopic description of these nuclei, collective models
provide a simpler and more transparent model of the system. One collective
model of particular interest in this thesis is that of nuclear vibrations.

In the vibrator picture a nucleus is on average spherical, but not neces-
sarily spherical at any given instant. A point on the nuclear surface at time
t may be described by [29]

R(t) = Rav +
∑
λ≤1

+λ∑
µ=−λ

αλµ(t)Yλµ(θ, ϕ), (2.1)

where Rav is the radius of the averaged spherical nucleus, Yλµ(θ, ϕ) are the
spherical harmonics and αλµ(t) are their amplitudes. The index λ deter-
mines the vibrational mode of the nucleus. A unit of λ vibrations is known
as a phonon, in analogy with a unit of electromagnetic energy being called
a photon. The lowest order, λ = 0, is already incorporated in the average
radius Rav and λ = 1 gives a net displacement of the centre of mass, and is
thus not possible to occur as a result of internal forces. A vibration of the
next order, λ = 2, is called a quadrupole vibration.
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Figure 2.1: Neutron single-particle orbitals, as calculated in the shell model,
up to magic number 82. The orbitals constituting the model space consid-
ered in the LSSM calculations in Paper I are marked.
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The theory of nuclear vibrations (see for example Ref. [29]) states that
if a quadrupole phonon is added to a 0+ ground state a 2+ state is reached.
If two quadrupole phonons are added to the 0+ ground state, a 0+, 2+, 4+

triplet-state at roughly double the energy of the first 2+ state is reached.
This level structure, with equidistant energy levels, is thus characteristic of
a quadrupole vibrational pattern in a nucleus. Other vibrational patterns
may occur by excitation through other vibrational modes.

2.3 Gamma decay

The radiation field of a γ-ray transition can be expanded in multipoles of
either magnetic, M , or electric, E, type. A transition can then be classified
as a σL-transition, where σ = M, E refers to the radiation type and L the
multipole order. The transition probability of such a σL transition from
initial state i to a final state f is given by

Tγ(σL; i → f) = 8π

ℏ
L + 1

L[(2L + 1)!!]2

(
E

ℏc

)2L+1
B(σL; i → f), (2.2)

where, the B(σL) value is known as the reduced transition probability.
This factor depends on the nuclear matrix element and therefore carries
all the nuclear structure information. The B(σL) vanishes, and thus the
corresponding electromagnetic transition is forbidden, unless the selection
rules for parity and angular momentum are respected in the transition. The
parity condition states that for a transition from state i to state f the parity
π of the two states must satisfy

πiπf = (−1)L for an EL transition, or (2.3)
πiπf = (−1)L+1 for an ML transition. (2.4)

(2.5)

The angular momentum condition states that the angular momentum L
transferred by the photon must satisfy

|Ji − Jf | ≤ L ≤ Ji + Jf , (2.6)

where J is the spin of the state.
Following these selection rules, an E2 transition is thus an electric quadr-

upole transition from one excited state to another where the parity remains
unchanged and the spin changes by J ≤ 2. These transitions carry in-
formation on the charge distribution and nuclear collectivity which can be
extracted from the B(E2) values. The more collective a transition is, the
larger the B(E2) value is.
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2.3.1 E2 transition probabilities
The total decay probability T of a given electromagnetic transition from
an excited state is the sum of the decay probability of γ decay, Tγ , and
the decay probability of internal conversion, Te. By defining the internal
conversion coefficient α as the ratio of these two probabilities, α = Te/Tγ ,
the total decay probability can be written as

T = Tγ(1 + α). (2.7)

Using Eqs. (2.2), (2.7) and the inversely proportional relation between the
lifetime and the total decay probability, T = 1/τ , the B(E2) can be written
in the following way

B(E2; J + 2 → J) = 8.1620 · 10−2

E5
γ · τ · (1 + α) [e2b2], (2.8)

where E is the energy of the transition in MeV, τ is the lifetime of the
transition in ps, α is the internal conversion coefficient and J is the spin of
the final state. In Weisskopf units, Eq. (2.8) becomes

B(E2; J + 2 → J) = 1.3740 · 104

E5
γ · τ · (1 + α)A4/3 [W.u.], (2.9)

where 1 [W.u.] = 5.94 · 10−6A4/3 [e2b2] for an E2 transition.
It is important to note that the reduced transition probabilities depend

on the direction of the transition [30]:

B(σL; Ji → Jf ) = 2Jf + 1
2Ji + 1 B(σL; Jf → Ji). (2.10)

The reduced transition probability for the transition in the opposite direc-
tion to Eq. (2.8) is thus given by:

B(E2; J → J + 2) = (2J + 5)
(2J + 1) · 8.1620 · 10−2

E5
γ · τ · (1 + α) [e2b2]. (2.11)

It should be noted that τ in Eq. (2.11) is still the lifetime of the J + 2 → J
transition, as in Eq. (2.8).

2.4 The interacting boson model

The Interacting Boson Model/Approximation (IBM/IBA) [31, 32], is a
model used to successfully describe collective behaviour of low-lying states
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in medium and heavy nuclei. In IBM the valence fermions in a nucleus
are assumed to couple in pairs to effective bosons of angular momenta 0
or 2, called s or d bosons, respectively. The structure of the nucleus is
then described in terms of energies and interactions of these bosons. An
important feature of IBM, is that such a system of s, d bosons has three
dynamical symmetries of physical interest: U(5), SU(3) and O(6). Each of
these symmetries has its own geometric analogue and set of characteristic
properties that serve as benchmarks, by which the symmetry of a nucleus
can be compared. Two of these characteristics, the energy ratio E4+

E2+
and

the reduced probability ratio B4/2 = B(E2;4+→2+)
B(E2;2+→0+) are presented in Table 2.1

for each symmetry [30].

Table 2.1: Symmetry groups in the interacting boson model and their char-
acteristics. Here, N = (Np + Nn)/2 is the number of s, d bosons, where Np

and Nn are the valence protons and neutrons (counted to nearest closed
shell and with no distinction between particles and holes).

Symmetry group Geometric analogue E4+/E2+ B4/2

U(5) Spherical vibrator 2 2(N−1)
N

SU(3) Symmetric Rotor 3.33 10
7

(N −1)(2N +5)
N (2N +3)

O(6) γ-soft asymmetric rotor 2.5 10
7

(N −1)(N +5)
N (N +4)
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3
Experimental details

The main results presented in this thesis were obtained from an experiment
conducted in 2017 at the JYFL accelerator laboratory in Jyväskylä, Fin-
land. Excited states of 118Te were populated in the 22Ne(100Mo, 4n)118Te
fusion-evaporation reaction at a beam energy of 75 MeV and an average
beam current of around 4 particle nano-Ampere (pnA). The lifetimes were
measured using the Recoil Distance Doppler Shift technique, with the γ-ray
spectrometer Jurogam II coupled to the DPUNS plunger. These concepts
are described in more detail in the following sections.

3.1 Fusion-evaporation reaction

Fusion evaporation is a useful technique for populating excited states in
nuclides and the nuclei studied in this thesis were all populated using this
technique, which is illustrated in Figure 3.1. In the first step of the reaction,
a projectile nucleus collides and fuses with a target nucleus to form a com-
pound nucleus. This compound nucleus is of high spin and excitation energy
and subsequently evaporates light particles, creating the reaction product.
The type and the number of light particles that evaporate is subject to a
statistical process and multiple different reaction channels are thus possi-
ble. The reaction should therefore be optimised by careful selection of the
projectile-target combination and the beam energy in order to favour the
nucleus of interest. Once light particles have been evaporated, the resulting
high-spin nucleus will cascade down through its excited levels to the ground
state by γ-ray emission, which provides an opportunity to study both high-
and low-spin states of the nucleus through γ-ray spectroscopy.

3.2 Lifetime measurements

There are many different methods for determining the lifetime of an excited
state of a nucleus. The choice of method depends on the expected lifetime
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Projectile
Target

Ground 
state

De-excitation

22Ne 100Mo 122Te 118Te + 4n 118Te

n

p

Fusion Evaporation

α
γ

Figure 3.1: The process of a fusion-evaporation reaction. The corresponding
particles involved in the 118Te experiment are given below the figures.

of the excited state, which can vary from as small as 10−20 s up to many
years.

The range 10−15 − 10−9 s is a particularly important range for study-
ing collective excitation modes. In this range, primarily two experimental
methods are employed: the Recoil Distance Doppler Shift (RDDS) tech-
nique [33, 34] and the Doppler-Shift Attenuation Method (DSAM) [33].
Both DSAM and RDDS are based on Doppler-shifting the γ-ray energy to
extract the level lifetime. The RDDS technique utilises the shift in energy
of a γ ray as the velocity of a travelling recoil is stopped, after a well-defined
distance, in a solid stopping material, while DSAM is based on the slowing
down of the recoil in the stopper. The two methods are sensitive to life-
times in different ranges, where RDDS can typically be used in the range
10−12 − 10−9 s and DSAM in the range 10−15 − 10−11 s. The lifetimes
investigated in this work are in the ps range and the RDDS technique have
been implemented for the measurement.

3.2.1 RDDS
In RDDS, the nucleus of interest is created at a target position and sub-
sequently travels with some velocity v towards a thick stopper foil. The
nucleus, in an excited state, will decay to a lower excited state either in
flight, in which case the energy of the transition will be Doppler-shifted due
to the recoil velocity, or in the stopper foil, in which case the energy will
not be Doppler-shifted. Each transition thus gives rise to two peaks, one
Doppler-shifted and one unshifted. Lifetime information can be extracted
from the change in relative intensity of the two peaks as the distance be-
tween the target and stopper is changed. The distance between the target
and the stopper foil is controlled by a device called a plunger. For the ex-
periment conducted in Paper I the DPUNS plunger [35] was used. It allows
for precise control of the distance using a linear piezoelectric stepping mo-
tor and can be used for travelling ranges up to 30 mm, with an accuracy of
around 20 nm.
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RDDS can also be performed using a degrader foil instead of a stopper
foil, which adds the benefit of being able to detect the recoil nucleus itself,
e.g. for performing recoil tagging. However, care must still be taken that
the velocity difference before and after the degrader is sufficient to produce
a well separated Doppler-shifted peak.

3.3 Jurogam

Jurogam is an array of High Purity Germanium (HPGe) γ-ray detectors
used to detect prompt γ rays at the JYFL accelerator laboratory. In the
work presented in Paper I, Jurogam II [36] was used. Jurogam II consists
of 39 anti-Compton suppressed HPGe detectors: 15 tapered single-crystal
Phase 1 detectors and 24 composite Clover detectors. The clover detectors
each consists of four individual germanium crystals.

Five of the Phase 1 detectors are placed in a ring at 157.6° with respect
to the beam axis (ring 1) and another ten are placed in a ring at 133.6°
(ring 2). Twelve of the Clover detectors are placed in a ring at 104.5° and
the other twelve in a ring at 75.5°. The clover detectors were not used in
the data analysis presented in this thesis, due to their angles being close to
90°, resulting in a too-small Doppler-shift.

A schematic figure of the setup and overview of the RDDS technique is
displayed in Figure 3.2.
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Figure 3.2: Schematic figure of the setup and overview of the Recoil Distance
Doppler Shift technique.
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4
Data analysis

Data were collected for eight different target-to-stopper distances ranging
from 25 µm–215 µm, corresponding to times-of-flight from approximately
6 ps to 54 ps. The data were sorted into 32 γγ matrices corresponding
to all combinations of ring 1 (R1) and ring 2 (R2), at the eight target-to-
stopper distances, using the GRAIN [37] software package. These matrices
will be denoted (RX, RY) where the gate is set in ring RX and the fit is
performed in ring RY. The analysis of the γγ matrices was performed using
the RADWARE [38] software package and comprised several steps, which
will be explained in the following sections.

4.1 Calibration

One detector in ring 1 and two detectors in ring 2 were excluded from the
data analysis due to poor energy resolution. The total number of detectors
in ring 1 was therefore four and in ring 2 there were eight. These twelve
detectors were gain matched and summed in their respective rings. The
summed spectra were calibrated using 152Eu and 133Ba sources.

4.2 DDCM

To extract a lifetime from the RDDS data, the Differential Decay Curve
Method (DDCM) [34] was employed in coincidence mode. In this mode, a
gate is either set on the shifted component of the direct feeding transition
of the state of interest, a so-called direct gate, or the gate is set on the
shifted component of a higher-lying feeding transition, which is known as
an indirect gate. Using an indirect gate it is important to note that the
gate still needs to select a unique feeding path.

In the analysis of lifetimes in Paper I, a direct gate was used for the
case of the 2+ lifetime and an indirect gate was used for the 4+ lifetime.
The reason for this choice will be explained in Section 4.6.1. A diagram
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showing the gates and the transitions in coincidence is shown in Figure 4.1.
The energies of these transitions are presented in Table 4.1.

Figure 4.1: Direct and indirect gates used for determining the 2+ and 4+

lifetimes, respectively. Since an unshifted component implicates that the
recoil decayed at rest, it cannot be in coincidence with a shifted component
that comes after it.

15



Table 4.1: Unshifted (u) and Doppler-shifted (s) energies of the four lowest
transitions in the ground-state band of 118Te. Unshifted energies are taken
from Ref. [39].

Energy [keV]

Transition u s, ring 1 s, ring 2

8+ → 6+ 753.1 743.8 746.2
6+ → 4+ 614.4 606.8 608.7
4+ → 2+ 600.7 593.3 595.2
2+ → 0+ 605.7 598.3 600.1

4.2.1 Direct gate
Using a direct gate, the general expression for the lifetime τ(x) of a transi-
tion A is [34]:

τ(x) = {Bs, Au}(x)
d

dx {Bs, As}(x)
· 1

v
. (4.1)

Here, A and B denote the depopulating and populating transitions, respec-
tively. Their indices refer to the shifted (s) or unshifted (u) component of
the transition. The curly braces {X, Y } denote the intensity of peak Y,
while gating on peak X, and v is the mean recoil velocity. Measurements of
the intensities are taken at multiple target-to-stopper distances x, so that
the derivative d

dx {Bs, As}(x) can be determined. This derivative was de-
termined by fitting a piecewise differentiable function to {Bs, As} using the
APATHIE [40] software. The lifetime τ(x) is then calculated at each point
x within the region of sensitivity, defined as the interval in x where the
derivative is within half of its maximum.

The lifetime of the 2+ state in 118Te was determined using a direct gate
on the shifted component of the 4+ → 2+ transition. Transitions B and
A in Eq. (4.1) corresponded to the 4+ → 2+ and 2+ → 0+ transitions,
respectively. Examples of fitted spectra are displayed in Figure 4.2.
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Figure 4.2: Spectra obtained in ring 2 by gating on the shifted component
of the 4+ → 2+ transition in ring 1 for eight different target-to-stopper
distances x. The shifted component of the 2+ → 0+ transition is shown
in orange, while the stopped component is shown in blue. The shifted
component of the 6+ → 4+ transition is shown in grey.

4.2.2 Indirect gate
Using an indirect gate on a transition above the transition of interest the
expression for the lifetime τ(x) of a transition A becomes [34]

τ(x) = {Cs, Au}(x) − δ · {Cs, Bu}(x)
d

dx {Cs, As}(x)
· 1

v
, (4.2)

where δ is the mean value of δ(x) and

δ(x) = {Cs, Au}(x) + {Cs, As}(x)
{Cs, Bu}(x) + {Cs, Bs}(x) . (4.3)
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In Eqs. (4.2) and (4.3), A denotes the depopulating transition, B denotes
the direct feeding transition and C denotes the indirect gate on a higher-
lying feeding transition.

The lifetime of the 4+ state in 118Te was determined using an indirect
gate on the 8+ → 6+ transition. Transitions C, B and A in Eq. (4.2)
correspond to the 8+ → 6+, 4+ → 2+ and 2+ → 0+ transitions, respectively.
Examples of fitted spectra are displayed in Figure 4.3.
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Figure 4.3: Spectra obtained in ring 2 by gating on the shifted component
of the 8+ → 6+ transition in ring 2 for eight different target-to-stopper
distances x. Orange peaks are the 4+ → 2+ transitions, blue peaks are the
6+ → 4+ transitions and grey peaks are the 2+ → 0+ transitions. All shifted
components are marked with a dashed line and the unshifted components
with a solid line.
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4.3 Background subtraction

When a gate is set on an energy peak in the spectrum, it contains data
from different processes. The gate contains the counts from the 118Te photo
peaks in coincidence, as well as a continuum background dominated by
Compton scattered γ rays. Gating on this continuum will return an energy
distribution that might affect the relative peak intensities. This effect will
be particularly severe at short distances where the counts in the shifted
peak are small as compared to the counts from the background continuum.
Thus a separate background gate was set on the background continuum
close to the shifted peak gate. The background gate was chosen to be
as large as possible, while still only containing the background. A factor
f times the resulting background spectrum was subtracted from the peak
gated spectrum, where f is the ratio between the number of channels in the
peak-gated spectrum and in the background spectrum.

4.4 Normalisation

In the present work, the peak intensities in Eqs. (4.1) and (4.2) needed
to be normalised to the number of 118Te nuclei produced. This was done
by using two methods, compared for consistency. In the first method the
normalisation constants were based on the total number of counts in the
projection of the matrix (excluding the first 12 channels to reduce influence
of electronic noise). In the second method a gate was set on the shifted
and unshifted components of the 8+ → 6+ transition and the sum of the
two components of the yrast 10+ → 8+ transition and the sum of the two
components of the yrast 14+ → 12+ transition were determined. The two
methods were compared for consistency and the first method was used in
the final calculations.

4.5 Mean recoil velocity

The mean recoil velocity was determined by fitting three peaks belonging
to 118Te in ring 1 and ring 2 and determining the energy of both the shifted
and unshifted component. The peaks needed to be clean and well sepa-
rated in order to achieve a good fit of both components. The 6+

2 → 6+
1

(329.4 keV) and 13−
1 → 11−

2 (635.1 keV) transitions were used in both rings.
Additionally, the 12+

1 → 10+
1 (812 keV) and the 10+

1 → 8+
1 (786 keV) tran-

sitions were used in ring 1 and ring 2, respectively. The ratio between the
shifted (E′) and unshifted (E) energy depends on the velocity β = v

c and
angle θ of the detector ring with respect to the beam axis, according to the
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Doppler formula:
E′

E
=

√
1 − β2

1 − β cos θ
. (4.4)

The mean velocity was determined to be β = 1.3370% ± 0.0078%.

4.6 Uncertainty analysis

4.6.1 Systematic uncertainties

Deorientation effect

The standard RDDS method assumes that the angular distribution of the
radiation is constant for the recoil during its flight between target and stop-
per. The fusion-evaporation reaction creating the excited recoil aligns its
angular momentum approximately perpendicular to the beam axis. This
orientation of the spin will give rise to an angular distribution of the γ rays.
However, the reaction and the flight of the recoil through the target causes
the atomic electrons to rearrange. As the recoil exits the target and enters
the vacuum, the electrons are free to rearrange themselves again, leading
to high and rapidly changing magnetic fields. These magnetic fields inter-
act with the magnetic moments of the recoil causing the spin orientation
to be lost over the flight time. The isotropy of the γ radiation increases
with time, which will affect the intensities measured at larger target-to-
stopper distances, as compared to shorter distances. This is known as the
deorientation effect [34].

It should be noted that Eq. (4.1) is exact even when the deorientation
effect is present, as is shown in Ref. [41]. However, the normalisation con-
stants used for normalising the number of reactions for each plunger distance
may still be affected by the effect. As was stated in Ref. [16], the deorienta-
tion effect is more severe for the 2+ → 0+ transition, than for higher-lying
transitions. The normalisation constants determined by the intensities of
higher-lying transitions, as described earlier, should therefore be less af-
fected by the effect. For the analysis of 118Te presented in this work, the
consistency of the two normalisation methods described earlier further in-
dicate that deorientation effect have a negligible effect on the normalisation
constants.

Neutron inelastic scattering

In Paper I, the nuclide 118Te was created in the fusion-evaporation reaction
100Mo(22Ne, 4n)118Te. In such a reaction, the neutrons emitted might inter-
act with the germanium in the HPGe detectors. Neutron inelastic scattering
on the isotope 74Ge results in an energy peak at 596 keV, with a tail on
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the high-energy side. This energy distribution would be in coincidence with
some of the 118Te photo peaks. This neutron-scattering peak was observed
in the data set of Paper I and posed a problem for the lifetime analysis of
118Te, since the coincidences will affect the measured relative intensities of
the unshifted and shifted peaks. To resolve this issue, only ring 1 was used
to set a peak gate in the analysis of the 2+ state of 118Te, since the narrow
peak gate was not overlapping with the neutron peak (see Table 4.1). For
the analysis of the 4+ lifetime, a direct gate could not be set on the direct
feeding transition without also gating on the tail from the neutron-scattering
peak. Instead, an indirect gate was set on the 8+ transition, where there
was no interference from the neutron-scattering peak.

4.6.2 Statistical uncertainties
With the methods and gate selections described above the systematic un-
certainties were expected to not affect the final result. Therefore only sta-
tistical uncertainties were considered in the final calculations of the lifetime.
In the direct and indirect gates cases, Eqs. (4.1) and (4.2), these statisti-
cal uncertainties arise from three different sources; the uncertainty in the
derivative fitted in APATHIE; the uncertainty in the velocity v; and the un-
certainty in the fitted areas of the depopulating (and populating) transition
fitted in RADWARE. These uncertainties were estimated using uncertainty
propagation.

4.7 Weighted mean value of the lifetime

Following the procedure in Ref. [42] to calculate the weighted mean value,
each of the measured values τ is assumed to be Gaussian distributed with
the same mean µ, but different standard deviation σ. Defining the reverse
variance as the weights

wi = 1
δτ2

i

, (4.5)

the normalised probabilities can be written as

pi = wi∑
j wj

. (4.6)

The weighted mean value of τ can then be expressed in these weights as

τ =
∑

i

pi · τi, (4.7)

and the standard error of the weighted mean is

στ =
∑ 1

w2
i

. (4.8)
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5
Results

The lifetimes of the yrast 2+ and 4+ states in 118Te were determined using
DDCM in coincidence mode. The results of the DDCM analysis of the 2+

lifetime are displayed in Figure 5.1 and 5.2 for the (R1, R2) and (R1, R1)
matrices, respectively. In subfigures (a) the intensity of the shifted com-
ponent together with the fit done in APATHIE is displayed. In subfigures
(b) the intensity of the unshifted component is displayed. In subfigures (c)
the lifetime calculated at each point x in the region of sensitivity, and the
weighted mean value of these points (solid line), are displayed. The solid
line in subfigures (b) is constructed by multiplying the mean lifetime with
the derivative of the fitted line in (a) and the mean velocity. It serves as a
check of how well the mean value of τ represents the data. For the 4+ state,
the matrices (R2, R2), (R2, R1) and (R1, R1) were used for the lifetime
analysis and the results are displayed in Figure 5.3 – 5.5. The details of these
figures are the same as in Figure 5.1 and 5.2, with the difference of the direct
feeding intensity being subtracted in subfigure (b) of Figures 5.3 – 5.5.

The summarised results for both states are presented in Table 5.1. Both
of the lifetimes are in agreement with the previously published results in
Ref. [17], but with a considerable reduction of the uncertainty in the case of
the 2+ state: from 16% to 2.5%. In Table 5.1 the experimental B(E2) values
are also compared with two different theoretical calculations, supplied by
LSSM [43] and IBM [17] calculations, respectively.
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Table 5.1: Measured lifetimes and transition strengths in 118Te in present
work. Experimental B(E2; ↓) values are compared to LSSM calculations [43]
and IBM calculations [17].

Rings B(E2; ↓) [W.u.]
Jπ

i → Jπ
f (gate, fit) τexp [ps] Exp. LSSM IBM

2+ → 0+ (R1, R2) 7.48(20)
(R1, R1) 7.34(48)
average 7.46(19) 38.93(98) 33 35

4+ → 2+ (R2, R2) 4.06(36)
(R2, R1) 4.34(33)
(R1, R1) 4.49(68)
average 4.25(23) 71.3(38) 43 64
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6

Discussion

From lifetime information on E2 transitions in even-even nuclei the B(E2)
values, see Section 2.3.1, can be calculated, which give insights on the nu-
clear collectivity of the excited states and provide benchmarks by which
theoretical calculations can be tested. The evolution of the B(E2) values
over a specific isotopic chain reveal structural changes as the number of
valence neutrons change, and disclose information on the role of the single-
particle orbitals. The new value of the 2+ lifetime in 118Te, with reduced
uncertainty, helps shed light on the behaviour of the B(E2) values in the
midshell region of the Te isotopic chain.

Current adopted experimental B(E2) values for the even-even Te iso-
topes from N = 56 to N = 82 are presented in Figure 6.1(a), together
with the updated value of 118Te. Two theoretical calculations are also pre-
sented in the figure. These are LSSM calculations performed using a model
space consisting of the g7/2, d5/2, d3/2, s1/2 and h11/2 single particle orbitals
above the N, Z = 50 core. The dashed line in Figure 6.1(a) represents a
partly restricted LSSM calculation [15], done by using the full model space
in N = 52–60 and 74–82, and restricting it in N = 62–72. The model space
in these nuclei was truncated such that for N = 62–68 a maximum of 4
particles (protons and neutrons) were allowed to be excited to h11/2 and
for N = 70, 72 a maximum of 6 and 10 particles were allowed, respectively.
This truncation restricted the maximum dimension of the matrix to around
109. The solid line in Figure 6.1(a) represents LSSM calculations using the
full model space for the whole isotopic chain [43], resulting in a matrix di-
mension of about 1010. It is clear from the difference in the dashed and
solid line in Figure 6.1(a) that the restriction on the number of particles
allowed to be excited to the h11/2 orbital have a large impact on the B(E2)
curve, especially in the midshell. Such a restriction would be analogous to
a larger separation of the g7/2, d5/2 orbital from the orbitals above, and the
introduction of a N = 64 subshell. The shape of the experimental B(E2)
curve in the midshell region thus contains information on the role of the
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h11/2 orbital, and the possible existence of a subshell at N = 64.
The uncertainty in the previous measurement of the lifetime of the 2+

state in 118Te, together with the still missing value for 116Te, made it difficult
to pin down the trend of the B(E2) curve in the midshell region. The new
value for 118Te, with reduced uncertainty, indicate a smooth, parabolic-
like shape in the midshell region. This lack of a dip, in concordance with
the shape of the full model space calculations, highlights the importance of
the h11/2 orbital in the excitations and indicate no subshell effect. However,
measurements of the B(E2) value in 116Te would provide further constraints
on the shape of the curve.

While the parabolic-like shape of the full model-space calculations seem-
ingly describes the over-all trend of the B(E2) values well, it underestimates
the values for N > 62. In order to understand this, the proton and neu-
tron E2 transition matrix elements, Mp and Mn, of the full model space
calculation are plotted in Figure 6.1(b). The B(E2) value is calculated as
B(E2; 0+ → 2+) = (epMp + enMn)2, where ep and en are the proton and
neutron effective charges. In this calculation, effective charges of ep = 1.5e
and en = 0.8e were selected, as in Ref. [13]. However, the choice of effec-
tive charges in this region are not well known and it is interesting to note
that the underestimation of the B(E2) values at large N is made worse by
the negative slope (with respective to increasing neutron number) of the
Mp values. This could indicate an underestimation of the neutron effective
charge in the heavier Te isotopes.

At low spins, the level scheme of the midshell region even-A nuclei
118−122Te closely follows the structure expected in the vibrator picture,
with a one phonon 2+ state followed by a 0+, 2+, 4+ triplet of two-phonon
states at roughly double the energy. However, more observables are needed
to get the full picture of the collective nature of these excited states. One
such observable is the B4/2 ratio which can be used to interpret the shape
in the IBM (see Table 2.1). With 66 neutrons and 52 protons, the number
of valence particles in 118Te is 16 + 2 = 18 and thus the number of bosons
is N = 18/2 = 9. In IBM, the B4/2 ratio is expected to be close to 1.78 for
a vibrator nucleus of N = 9. Using the values for the 2+ and 4+ lifetimes
measured in Paper I, the B4/2 ratio is calculated to be 1.83(11), in support
of the picture of 118Te as a near perfect harmonic vibrator at low spins.

This B4/2 value is in stark contrast against the unusually low ratio in
114Te [16], where B4/2 < 1. In IBM, it is only at the limit of very small boson
numbers (N < 2), i.e. close to closed shells, that B4/2 < 1 is predicted.
This B4/2 conundrum, of a ratio less than one in nuclei far from closed
shells, have previously only been observed in a handful of nuclei [16, 45–48],
where 114Te is the lightest one.
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7

Outlook

7.1 Upcoming experiment on 116Te

While the B(E2; 0+ → 2+) value of 118Te seem to indicate no dip in the
trend of the experimental values, a value for 116Te would further illuminate
the situation in the midshell area of the isotopic chain. Furthermore, a
measurement of the B4/2 ratio in 116Te would be interesting in order to
possibly gain more knowledge about the B4/2 conundrum observed in 114Te.

The 2+ → 0+ and 4+ → 2+ transition lifetimes in 116Te are currently
unknown. The main challenge with measuring these lifetimes is, like with
118Te, the vibration-like structure of the ground state band giving rise to
equidistant energy levels. The energy difference between the 2+ → 0+ tran-
sition and the 4+ → 2+ transition in 116Te is only around 2 keV. However, in
the case of determining the lifetime of the 2+ → 0+ transition in 116Te, the
small energy separation from the 4+ → 2+ transition should not be an issue.
This is because the direct gate method not necessarily requires a clean gate,
only that the gate does not include any peaks that will give a contribution
to the shifted or unshifted components of the transition of interest. In the
case of the 2+ → 0+ transition, the gate will be set on the shifted 4+ → 2+

component, which is overlapping with the shifted 2+ → 0+ component.
This peak is however not in coincidence with neither itself nor its stopped
counterpart. Therefore the gate on this component should not contribute
to the area of the stopped or shifted 2+ → 0+ transition. However, the
random coincidences should still be taken into consideration.

A proposal to measure the lifetimes in 116Te, where the author of this
thesis is co-spokesperson, has been submitted to and accepted by the Pro-
gram Advisory Committee of the JYFL accelerator laboratory.
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Figure 7.1: Gated spectrum displaying the shifted (s) and unshifted (u)
peaks at two distances, for two low-spin transitions in 117Te.

7.2 Ongoing analysis of odd tellurium isotopes

In addition to the even-A Te isotopes, it is also interesting to look at the
transition probability evolution in the odd-A isotopic chain of tellurium.
Good candidates for future analysis in the present dataset are 117Te and
119Te. The yrast band in these nuclei is built on the νh11/2 orbital. The
coupling of an h11/2 neutron to the 2+, 4+ and 6+ states of a neighbour-
ing even-mass Te is thought to give rise to the yrast 15/2−, 19/2− and
23/2− states in odd-mass Te [49]. TRS calculations predict the 23/2−

state to be a non-collective oblate state, associated with the fully aligned
π[(g7/2)2] ⊗ ν[h11/2] configuration [49]. Lifetimes of this state could provide
important information on the non-collective nature of this state.

With well separated energies, the yrast band of favoured states is suitable
for lifetime analysis. The complex level structure is no issue if coincidences
can be utilised to select a unique feeding path. An example of 117Te spec-
tra obtained during the 118Te experiment is displayed in Figure 7.1. The
figure shows the spectra at the shortest and largest target-to-stopper dis-
tances x. The gate is set on the shifted and unshifted components of the
19/2− → 15/2− transition, but no background subtraction or normalisation
have been made. Analysis of the odd-A systems 117Te and 119Te is ongoing.
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8
Summary of papers

8.1 Paper 1

In this paper the lifetimes of the yrast 2+ and 4+ states in 118Te were
determined. The relative uncertainty of the lifetime of the 2+ state was
decreased from 16% to 2.5%. The new value of the reduced transition
probability B(E2; 0+ → 2+) indicate no drop in the trend of the curve at
the midshell isotope 118Te.

The author of this thesis performed the offline data analysis of this
experiment, provided the experimental results and is the principle author
of the paper.
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