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Résumé en Français. 1

Résumé en Français.

L’étude de la structure nucléaire est un des domaines de recherche en physique nucléaire
qui a connu un important développement. Il a demandé un grand effort tant de la part
des expérimentateurs que des théoriciens, pour mieux comprendre le problème à N-corps
posé par le noyau atomique.

Dans le cadre de cette thèse, nous avons testé plusieurs modèles nucléaires pour deux
noyaux : le 110Cd et le 114Te. Ce choix ne s’est pas fait au hasard. En effet le 110Cd
est considéré comme l’un des meilleurs exemples de noyaux vibrationnels. De plus, la
présence d’une deuxième structure, appelée deux particules - deux trous, fut clairement
établie il y a quelques années. Le 114Te est supposé exhiber lui aussi une structure deux
particules - deux trous comme le 110Cd. C’est pourquoi un des buts de l’étude de cet
isotope est de déterminer la présence d’états intrus à basse énergie.

Il existe plusieurs façons expérimentales d’étudier la structure du noyau atomique.
Dans ce travail, nous avons utilisé deux techniques différentes. La première méthode
consite à extraire les temps de vie des états nucléaires du 110Cd peuplés par une réaction
induite par des neutrons rapides. En utilisant la méthode de l’atténuation du décalage
Doppler, il est alors possible d’obtenir le temps de vie des niveaux nucléaires d’intêret.
La détermination du temps de vie est importante car elle permet d’avoir directement
accès à la connaissance des taux de transitions réduites et par conséquent de savoir si
un état excité a un caractère collectif ou non. Les résultats obtenus ont été comparés à
différents modèles tels le modèle collectif, le modèle U(5)-O(6) et le modèle des bosons en
interactions (IBM).

La deuxième méthode pour explorer la structure nucléaire d’un noyau est de construire
son schéma de niveaux. Nous pouvons ensuite le comparer à différentes prédictions
théoriques. C’est pourquoi, nous avons étudié le 114Te en utilisant la réaction (α, 2n).
A l’aide d’un ensemble de mesures effectuées à l’Institut Paul Scherrer (PSI) de Villigen
(CH), nous avons pu montrer que le 114Te était un bon candidat pour la symmétrie dy-
namique U(5), mais malheureusement nous n’avons pu établir la présence d’états intrus
à basse énergie.
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2 Abstract in English.

Abstract in English.

The study of nuclear structure is one of the research domains in nuclear physics which
have known an important development. It has asked a great effort for the experimenters
as well as the theoreticians to study in detail the nuclear many-body problem.

In the framework of this thesis, we have tested several nuclear models for two nuclei :
110Cd and 114Te. This choice has not been made at random. Actually, 110Cd is considered
as one of the best example of a vibrational nucleus. Moreover, the presence of a second
structure, so called two particles - two holes, has been clearly established some years ago.
114Te is also supposed to exhibit a two particles - two holes structure as 110Cd. It is
why one of the aim of the study of this isotope is to determine the presence of low-lying
intruder states.

There exist several experimental manners to study the nuclear structure of the atomic
nucleus. In this work, we have used two different techniques. The first one consists to
extract lifetimes of the nuclear states in 110Cd populate by induced neutron reaction.
Using the Doppler shift method, we can then obtain the lifetimes of the levels of interest.
The determination of lifetimes is important because it allows to have direct access to the
reduced transition rates and so to know if a state has a collective character or not. The
obtained results have been compared to different models such as the collective model, the
U(5)- O(6) model and the Interacting Boson Model (IBM).

The second method to investigate the nuclear structure of a nucleus consist to build his
level scheme. We can next compare it with different theoretical predictions. Consequently,
we have studied 114Te by using the (α,2n) reaction. A set of experiments were made at
the Paul Scherrer Institute (PSI) of Villigen (CH). We have shown that 114Te was a good
candidate for nuclei exhibiting the U(5) dynamical symmetry, but no evidence of the
presence of intruder states at low-lying energy was found.

Ph.D. Thesis, Corminboeuf Frédéric, Nov. 2000
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Short description of models

Chapter 1
Short description of models.

1.1 Introduction.

Many models have been developed to explore the structure of nuclei. In this section,
we will discuss two classes of approximation schemes. The first one is based on a mul-
tipole expansion. We will discuss more particularly the electric quadrupole expansion.
The second one used the concept of symmetries in the Interacting Boson Model. This
two descriptions allowed us to introduce and explain the concept of multiphonon states.
Finally, we will discuss the shape-coexistence structure observed for example in 110Cd.

1.2 Standard harmonic vibrator

This model is based on a multipole expansion of the density variation of a liquid drop.
It was originally developed by Bohr and Mottelson [1]. They considered a nuclear shape
where the radius of this surface is described by the polar angles θ and φ :

R(θ, φ) = R0(1 +
∑

λ,µ

αλ,µY
∗
λ,µ(θ, φ)), (1.1)

where λ describes the multipolarity of the shape, R0 is the radius of the spherical nucleus
with same volume as the considered nucleus, αλ,µ are expansion coefficients and Y ∗

λ,µ are
the spherical functions.

The use of the second quantification formalism permits to obtain the Hamiltonian :

Hvibr =
∑

λ

h̄ωλ

∑
µ

(b†λµbλµ +
1

2
), (1.2)

where b†λµ and bλµ represent the creation respectively the annihilation operator.
In our case, we consider the mode λ=2 also named the quadrupole vibration. Using a

multipole expansion the Hamiltonian from Equ. 1.2 can be rewritten as :

H = E0 + h̄ω
∑
µ

(b†2µb2µ +
1

2
) + C

∑
µ

[((b†2µb
†
2µ)L(b2µb2µ)L](0), (1.3)

We can observe that the second term is the energy in a purely harmonic vibrational spec-
trum of an N-phonon state which also can be written as Ex=h̄ω(Nph +5/2). The coupling
of quadrupole phonons implies a set of possible spins due to the Pauli principle. Coupling
two quadrupole phonons give a triplet of levels Jπ = 0+, 2+, 4+. The construction of the
triplet is given in Table 1.1. The other multiplets can be built on the same example. The

Ph.D. Thesis, Corminboeuf Frédéric, Nov. 2000



6 Short description of models.

Table 1.1: Possible spins by coupling two quadrupole phonons.

J1=2 J2 = 2
m1 m2 M J
2 2 4
2 1 3
2 0 2 4
2 -1 1
2 -2 0

1 1 2
1 0 1 2
1 -1 0

0 0 0 0

energies of the 2-phonon states are calculated using Equ. 1.4:

E
(2)
I = 2E0 + εI(I = 0, 2, 4), (1.4)

whereas the energies of 3-phonon states, according to Brink et al. [2], are given by:

E
(3)
I = 3E0 +

∑

J=0,2,4

AIJεJ(I = 0, 2, 3, 4, 6), (1.5)

where the AIJ are coefficients of fractional parentage needed to fulfill rotational invariance
and the Pauli principle. They can be found for example in Ref. [3]. An example of level
scheme using the formula 1.4 and 1.5 can also be found in Ref. [3].

The collectivity of a state is defined by the magnitude of the reduced transition prob-
abilities. We have also the selection rule for this model which is ∆Nph = ±1 because
the transition operator is the boson annihilation operator. Finally, we can calculate the
B(E2) values for the harmonic vibrator model. They are given by:

B(E2; JNph
→ J ′Nph−1) = A2

IJ . (1.6)

where AIJ are the coefficients of fractional parentage. This equation is correct only by
setting B(E2;2+

1 → 0+
1 )=1. Moreover, we can remark that the sum of the B(E2) from the

transitions decaying a N-phonon state are equal to Nph×B(E2;2+
1ph → 0+

1 ).
If we take as example the 3-phonon state in 110Cd, we remark that this rule is right for

the 3+, 4+ and 6+, whereas the 2+ decay is in disagreement. It is why we will introduce
the coexistence of two structures which are called normal and intruder. The latter is
formed by 2p-2h excitation across the Z=50 shell. In the present case they both exhibit
dynamical symmetries (see 1.3). That this occurs in a single nucleus can be shown by the
influence of the common O(5) subgroup will be pointed out in the second publication of
this work.

Ph.D. Thesis, Corminboeuf Frédéric, Nov. 2000



Introduction 7

1.3 IBM and dynamical symmetry.

The concept of dynamical symmetries has been introduced in 1974 by Arima and
Iachello [4] in the Interacting Boson Model (IBM). The aim of this model is to describe,
as for the harmonic vibrator model, the collective motion in the nucleus. The dynamical
symmetries allow us to construct Hamiltonians which are analytically solvable. In general,
the valence nucleons are coupled pairwise to a total angular momentum of J=0, which can
be considered as a s boson, or J=2 (d boson). These combinations are favoured because
they are energetically the lowest. The IBM uses the second quantification formalism
and group theory; in particular the U(6) group structure. The second quantification is
constructed by the use of creation and annihilation operators. Consequently state vectors
can be written as a combination of the six boson creation operators and the annihilation
operators b†LM :

s†, d†µ
s̃†, d̃†µ.

with −2 ≤ µ ≤ 2. In IBM-1, no distinction is made between neutron and proton
bosons so the excitation of the nucleus is described by N bosons, given by:

N =
nν + nπ

2
, (1.7)

with nν the number of valence neutrons and nπ the number of valence protons. The
36 bilinear combinations form the generators Gj

i of the U(6) group. This group can be
reduced in three dynamical symmetries called U(5), SU(3) and O(6). They form three
chains of subgroup reduction :

U(6) ⊃ U(5) ⊃ O(5) ⊃ O(3) ⊃ O(2) U (5 ) chain
U(6) ⊃ SU(3) ⊃ O(3) ⊃ O(2) SU (3 ) chain
U(6) ⊃ O(6) ⊃ O(5) ⊃ O(3) ⊃ O(2) O(6 ) chain

Each of the dynamical symmetries are related to a type of nucleus described by the
collective model, the U(5) limit describes the vibrational nuclei, the O(6) limit describes
the γ-unstable nuclei, and the SU(3) limit describes the rotational nuclei. We will now
focused on the U(5) dynamical symmetry because this work concerns principally this class
of nuclei.

1.3.1 U(5) dynamical symmetry.

In the IBM the Hamiltonian can be written in terms of so called Casimir operators. The
definition of a Casimir operator depends of the type of group. For the unitary groups
U(n) the first order Casimir operators are given by :

C1[U(n)] =
∑

i

Gi
i, (1.8)

where Gi
i are the diagonal generators of the considered group U(n). To see if this operator

is a Casimir operator it must commute with all generators of the group. There are no
equivalent operators for the orthogonal groups O(n).

Ph.D. Thesis, Corminboeuf Frédéric, Nov. 2000



8 Short description of models.

The second order Casimir operators for the U(n) group are given by :

C2[U(n)] =
∑

ij

Gj
iG

i
j (1.9)

and for O(n) by:
C2[O(n)] =

∑

ij

HijHji. (1.10)

Having defined the Casimir operator we can now construct a general Hamiltonian con-
taining Casimir operators of all subgroups. It takes the form :

H = εC1U5 + αC2U5 + βC2O5 + γC2O3 + δCSU3 + ηC2O6. (1.11)

For the particular U(5) dynamical symmetry we taken δ = η = 0. In this case the
eigenvalues of the Casimir operators give the energy of a level in the U(5) dynamical
symmetry.

EU(5) = εnd + αnd(nd + 4) + βν(ν + 3) + γL(L + 1), (1.12)

where nd is the number of d-bosons, ν is the boson seniority and L the angular momen-
tum. The calculated energies for 114Te are presented in Fig. 1.1. We see a good agreement
between the experimental and theoretical energies. As for the harmonic vibrator model,
we have to calculate the relative E2 reduced transition probabilities. There is a direct re-
lation between the harmonic vibrator B(E2) values and the U(5) limit, which incorporates
the finite-N effect, due to the restricted number of bosons available:

N

N − nd + 1
B(E2; nd → nd − 1)IBM = B(E2; Nph → Nph − 1)HV (1.13)

where nd is the number of d-bosons in the IBM and N the total number of bosons [8]. A
more detailed description of the model can be found in Ref. [4].

Ph.D. Thesis, Corminboeuf Frédéric, Nov. 2000
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Figure 1.1: Comparison of experimental and theoretical energies [keV] of multiphonon
levels for 114Te. On the left side is given the number of d-bosons. Levels connected with
solid lines were used for the fit.

1.4 Shape-coexistence.

Shape-coexistence in nuclei was first time observed in 1956 by Morinaga [6] in the
double magic nucleus of 16O. This observed structure are understood by the coexistence
of two different shapes in the same nucleus. It is why we speak of shape-coexistence.
This shape-coexistence configuration is explained by the excitation of protons or neutrons
across the shell gap to the next shell (see Fig. 1.2).

Since this work, shape-coexistence has been observed in a variety of nuclei. Due to the
large number of valence neutrons and the small number of valence protons , the Cadmium
isotopes are particularly good examples for exhibiting a shape-coexistence structure. The
shape-coexistence in heavy nuclei was formulated in terms of intruder states and was
explained by theoretical work of Heyde et al. [7].

Moreover Heyde et al. [9] suggested in 1992 the possibility of a classification of nuclei
in term of intruder analogue multiplets. The idea was to connect nuclei in multiplets
with the same number of valence protons or neutrons independent of whether they are
particles or holes. It was one of the motivation to study 114Te because the multiplet for
this nucleus is composed by :

106Ru 110Cdintr
114Teintr

118Ba

Ph.D. Thesis, Corminboeuf Frédéric, Nov. 2000



10 Short description of models.

Normal configuration Intruder configuration

110 114
TeCd

Z=50 Z=50

4p-2h2p-4h

Figure 1.2: Illustration of intruder excitations and normal states in Cd and Te.

The main indication is that the level spacing of the intruder band resembles to the
one of the low-lying excitation states of the other nuclei belonging to the multiplets.

More recently, the U(5)-O(6) model was proposed to explain the details of the shape
coexistence. This model is based on the U(5) dynamical symmetry to describe the normal
states and on the O(6) dynamical symmetry to describe the intruder states. In this model,
only states with the same spin and belonging to the same O(5) irreducible representation
are mixed. These conditions allowed to reduce the number of parameters. A more detailed
description concerning the Hamiltonian and the model description can be found in Ref.
[27].

Ph.D. Thesis, Corminboeuf Frédéric, Nov. 2000



Study of 110Cd using (n,n′γ) reaction.

Chapter 2
Study of 110Cd using (n,n′γ) reaction.

2.1 Introduction.

Since many years, 110Cd is considered as a classic example of a vibrational nucleus.
Important and intensive experimental works were made these last years to resolve the
structure of 110Cd and to extend the knowledge of the level scheme. A lot of techniques
were used in the aim to extend the level scheme of 110Cd : transfer reactions [10, 11],
inelastic proton scattering [12, 13], β decay measurements [13, 14, 15, 16], inelastic neutron
scattering [17, 18], and in-beam gamma-ray spectroscopy using the (α, 2n) reaction [13,
19]. As a vibrational nucleus, 110Cd exhibits so-called multiphonon states. These states
were identified some years ago by Kern et al. [19] in their study of 110Cd by the (α,2n)
reaction and Bertschy et al. in their β decay measurements. Moreover in the Z=50
mass region additional levels were observed and were interpreted as evidence of shape
coexistence. This type of excitation allows to build a band of the so-called intruder states.
In 110Cd, an intruder band up to spin 8+ was identified. However, a clear characterization
of these states was lacking. A way to access directly to the structure of these states is
to determine the absolute electromagnetic transition rates, but this value depends on the
lifetime of the level of interest. Only a few lifetimes of excited states were measured in
110Cd [17, 20]. It is why an experiment to determine the lifetimes of the levels in 110Cd was
performed using the Doppler Shift Attenuation Method (DSAM). The obtained lifetimes
have allowed us to answer partially an important question of Iachello [21] concerning
the survival of collectivity at high excitation energies. Moreover, we also were able to
characterize the intruder states proposed by Bertschy et al. [16].

2.2 DSAM/INS : experimental method.

Many methods for lifetimes measurements have been developed [22]. In general each
one has a field of application depending on the lifetime range, which can be measured
and depending on the type of nuclear excitation, which we want to study. In order
to observe the persistence of symmetries in 110Cd, lifetime determination of 3-phonon
levels was necessary in this nucleus. In this aim a measurement using the Doppler Shift
Attenuation Method (DSAM) following Inelastic Neutron Scattering (INS) was performed
at the University of Kentucky Van de Graaff accelerator facility. We have chosen the
DSAM/INS measurement principally for the following advantages :

• Contrary to other method using charged particles there is no Coulomb barrier.
Consequently, levels of interest can be populated close to the energy threshold.

• As the (n,n′γ) reaction is non-selective, we populate any level with low spin (J < 7).

Ph.D. Thesis, Corminboeuf Frédéric, Nov. 2000



12 Study of 110Cd using (n,n′γ) reaction.

• The use of accelerator-produced neutrons allow to change the neutron energy and so
the excitation energy of the studied nucleus. Therefore, there are no feeding prob-
lems unlike to other lifetime methods measurements as for example GRID method.

However, there are also some disadvantages:

• A huge amount of separated isotopes is necessary for the target. In general, it is in
the order of ten grams.

• Only stable isotopes can be studied with this method.

• It is very hard to obtain tritium gas.

The fast neutrons were produced using the 3H(p,n)3He reaction. The gas cell contains
approximately one atmosphere of tritium gas. The tritium gas is insulated from the
vacuum by a thin molybdenum foil of 8µm thickness. The neutrons obtained have a well
defined energy in the range from 1 to 5 MeV. But the combination of the spread of the
monoenergetic proton beam and the thickness of the molybdenum foil induced an energy
width of the neutron beam of about 50 – 100 keV. Gamma rays following the (n,n′γ)
reaction are detected by the use of a high purity Ge detector located 125 cm from the
center of the scattering sample. It was placed inside a BGO anti-Compton shield and
heavy shield of lead, tungsten, polyethylene and copper. The experimental arrangement
is presented in Fig. 2.1.

Three types of measurements can be performed at the University of Kentucky Van de
Graaff accelerator facility :

• a γ-ray excitation functions measurement,

• a γ-ray angular distributions measurement,

• a γ-γ coincidences measurement.

In our study of 110Cd the two first of three possible measurements were performed.
The γ-ray excitation function measurement consisted in varying the neutron energy by

steps of 0.1 MeV. The main advantages of this measurement are a clear determination of γ
rays belonging to the studied nucleus and the determination of the threshold of the levels
of interest. Moreover using the γ-ray excitation functions, it is possible to extract spins
by comparing the relative shape of experimental excitation functions with the theoretical
ones calculated using the program CINDY [24]. However, it is clear that this method
does not permit to distinguish the parity of a state and in general, it gives only a set of
possible spins.

The γ-ray angular distribution consists to measure γ lines at different angles in the
range from 40◦ to 153◦. The experimental arrangement is the same as for the γ-ray
excitation function measurement but the detector turns around a pivot coinciding with
the symmetry axes of the sample. This measurement allowed to extract the lifetimes of
the levels of interest using DSAM. The angular distribution can be fitted with a Leg-
endre expansion, which allowed us to extract the multipole mixing-ratios for the γ-ray
transitions.

Ph.D. Thesis, Corminboeuf Frédéric, Nov. 2000
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Figure 2.1: Experimental arrangement used for our measurements. Taken from Ref. [23].

The DSAM is based on the fact that the energy of an observed γ-ray change with
respect of the angle following the basic equation :

Eγ(θ) = E0[1 + βF (τ)cosθγ], (2.1)

where E0 is the unshifted γ-ray energy determined at the angle of 90◦ and β = v/c, with
v the recoil velocity of the nucleus in the center-of-mass frame.

To determine lifetimes two values have to be known : the initial velocity β and the
theoretical F(τ) value. The value of β is given by:

β = 0.04635
An

An + AA

√
En

An

, (2.2)

Ph.D. Thesis, Corminboeuf Frédéric, Nov. 2000



14 Study of 110Cd using (n,n′γ) reaction.
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Figure 2.2: Comparison of experimental B(E2) and theoretical calculations used in this
work. The widths of the arrows correspond to the B(E2) values.
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where An=1, AA is the number of nucleons of the studied isotope and En is the energy of
the neutrons in MeV. In the present method the theoretical F(τ) value is calculated using
the Winterbon formalism [25]. This formalism describes the movement of the recoiling
nucleus in a homogeneous, isotropic and infinite medium with binary collisions. This
slowing down is due to two physical processes. Firstly, the excitation and exchange of
electrons as the ionised atom of the recoil nucleus moves through the stopping material.
This part of slowing down is called electronic stopping. Secondly, the scattering between
the moving nucleus and the nuclei of the medium. This part of slowing down is called
nuclear stopping.

The stopping process and the calculation of the initial velocity distributions are well
described in Ref. [26].

Experimentally it is possible to determine quite small shifts (<0.1 keV). This is done
by measuring simultaneously γ rays from the (n,n′γ) reaction with the ones of radioactive
sources. Consequently the energy shifts of the in-beam γ rays are determined relatively
to the internal calibration lines and these ones determine largely the precision with which
lifetimes can be measured.

2.3 Results.

The measurements, which we performed, allowed us to obtain two main results. The
first one is the characterization of the three-phonon states in 110Cd. By comparing the ex-
perimental B(E2) to different theoretical descriptions we have shown that the collectivity
of such states survives despite their high energies. Fig. 2.2 shows a partial level scheme
of the experimental B(E2) compare to the different theoretical predictions used in this
work. As we can see, we have a good agreement between the experimental and theoretical
results.

This first part of results allowed us to give a partial answer to Iachello’s question [21].
This part of results are presented in the first publication of the second part. Moreover,
we also obtained lifetimes of some intruder states. This result allowed us to show a
relatively good agreement between the U(5)-O(6) model [27] and the experimental results
showing that 110Cd is also a good example for this model. We extracted also lifetimes
of the 5− and 3− octupole states which permitted us to clearly characterize the 5− as
the quadrupole-octupole coupled state. These last results are all presented in the second
publication.
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Chapter 3
Study of 114Te using (α,2nγ) reaction.

3.1 Introduction.

Because 114Te is the intruder analogue of 110Cd, it is supposed to exhibit a quite similar
structure. An high spin study of 114Te [28] has found a positive parity intruder band. But
the scarce of experimental data did not allow to clearly resolve the structure of 114Te at
low energy. In order to improve the knowledge on this level scheme, a set of in-beam
measurements were done. It consisted of excitation function, angular distribution and γ
– γ coincidences measurements. Each of this ones have a specific utility to increase our
experimental knowledge of a nucleus.

3.2 In-beam experiments.

3.2.1 γ-ray excitation functions.

The cross-section for the formation of a compound nucleus is greatly dependent on the
energy of the incident particle. Other (α,xn) channels can be populated depending on the
α-beam energy as we can see in Fig. 3.1. It is why an excitation functions measurement is
performed in order to obtain (α,2n) maximum strength to populate 114Te. The excitation
functions are obtained by the use of a Compton-suppression spectrometer [29] at several
α-particle energies. The excitation functions shape can also be used to assign the γ rays
to particular isotopes and it has been shown in Ref. [19], that the slope of the excitation
function can be used to determine the spin of a level depopulated by the transition.

3.2.2 γ-ray angular distributions.

One of the most complicated things in γ spectroscopy is to determine the spin and parity of
states. In a first step, the γ-ray angular distribution allows to determine if γ rays are pure
E2 or mixed transitions. So we can restrict the possible spins for levels and when more
than one transition depopulates a level, it is often possible to determine the exact spin
and parity. Using a χ2 analysis of the angular distribution, one can extract the multipole
mixing ratio δ for mixed transitions and also determine the spin and parity of a level.
This measurement is performed by the same Compton-suppression spectrometer used for
excitation functions. In angular distributions the spectrometer is moved at different angle
varying from 25◦ to 90 ◦ with respect to the beam direction.
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Figure 3.1: Cross section calculated with the program SPIT for the different (α,xn)
channels as function of the α-beam energy.

3.2.3 γ–γ coincidences experiment.

A system of five HPGe detectors with anti-Compton shield has been used for the coin-
cidences measurement. The experimental arrangement is shown in Fig. 3.2. In γ-γ

Figure 3.2: Multidetectors system used for γγ coincidences measurement.
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Figure 3.3: Example of coincident γ rays with the proposed level scheme built on the
coincidence relation. Red arrow is the γ-ray energy used as gate.

coincidences, one measures two or more γ rays which arrive each in a different detector at
the same time. This measurement allows us to say that the observed γ rays are connecting
each particular states in cascade. We can so build a level scheme based on the coinci-
dences measurement. An example of γ-rays in coincidences is shown in Fig. 3.3 with the
proposed partial level scheme based on the coincidence relation. This experiment allows
to construct the level scheme of the studied nucleus and also to determine transitions
which do not belong to the isotope of interest. All the experiments described above give
a powerful instrument to obtain informations about the experimental level scheme.

3.3 Results.

As exposed in the last publication of the present work, we have increased the level
scheme of 114Te by 16 new levels and tried to explain the observed structure. Using a U(5)
dynamical symmetry calculation, we were able to extend the observed band structure. The
ground-state band was extended up to the spin I=12, the quasi-γ band was extended up
to spin I=9. Moreover, this U(5) calculation allowed us to show that 114Te is a good
candidate of nucleus exhibiting vibrational character. However, severe problems persist
with the obtained B(E2) ratios because they are in disagreement with the theoretical
values. No convincing explanation was found for this fact. It will be necessary to obtain
lifetimes of excited levels of 114Te in order to clarify the situation and to clearly characterize
these states.
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Characterization of Three-Phonon States in
110

Cd
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The three-phonon structure of 110Cd has been studied with the �n, n0g� reaction. The measurements
consisted of g-ray excitation functions and angular distributions, and lifetimes of proposed three-phonon
quadrupole states in 110Cd have been measured using the Doppler-shift attenuation method. Moreover,
decay of the three-phonon 21 state in 110Cd at 2356 keV to a two-phonon state is observed for the
first time. The experimental results allow the determination of transition rates of decays from the three-
phonon excitations, and the collectivity of these states is established. The experimental B�E2� values are
compared to different theoretical descriptions.

PACS numbers: 21.10.Tg, 23.20.Js, 25.40.Fq, 27.60.+ j

Since Bohr and Mottelson [1] proposed their existence,
low-lying collective states in nuclei have been the subject
of intense study. An important step in this field was the
application of symmetry concepts within the interacting
boson model (IBM) [2] to describe these states in a va-
riety of nuclei. In this context, Iachello has formulated
several fundamental questions concerning symmetries in
nuclei [3]. One of the most important is how far the sym-
metries extend in excitation energy. This question can
be answered only by the measurement of absolute tran-
sition rates between proposed multiphonon states at higher
(1–3 MeV) excitation energy. The simplest collective ex-
citations are described by quadrupole phonons in the col-
lective model and by the U(5) dynamical symmetry in the
IBM. The classic example of a vibrational nucleus in both
models is 110Cd [4]. In this nucleus, situated just below the
Z � 50 shell closure, candidates for three-phonon states
were identified some years ago in the 1–3 MeV energy re-
gion; however, stringent tests of their three-phonon charac-
ter were lacking due to the absence of measured lifetimes.

The primary aim of the present work was to improve
our understanding of the proposed three-phonon states in
110Cd. For this purpose, a set of measurements consist-
ing of g-ray excitation functions and angular distribu-
tions has been performed using the �n, n0g� reaction at the
University of Kentucky Van de Graaff accelerator facil-
ity. The scattering sample consisted of 23.5 g of metallic
110Cd (97.25% isotopically enriched). The excitation func-
tions allowed us to characterize the decay of the proposed
three-phonon 21 state (21

3ph) and, from the angular distri-
butions, the lifetimes of the proposed three-phonon candi-
dates could be extracted using the Doppler-shift attenuation
method (DSAM) following inelastic neutron scattering [5].

To search for a decay branch from the proposed [6,7]
three-phonon 21 state to the two-phonon multiplet, a de-
tailed g-ray excitation function was performed. The mea-
surement consisted of varying the energy of the incident
neutrons produced with the 3H�p, n�3He reaction from 2.1
to 3.4 MeV in 0.1 MeV steps. A 624.3 keV g ray from the

decay of the three-phonon 21 state to the two-phonon 01

state (21
3ph ! 0

1
2ph) was found. Figure 1 shows the excita-

tion function supporting the new placement of the 624 keV
transition. For comparison, that of the 1697 keV transition,
which was known to deexcite the three-phonon 21 state, is
also shown. An alternate placement of the 624 keV transi-
tion depopulating another lower-lying level is not possible
because of the observed relative excitation energies yield-
ing this difference. Table I lists the transitions deexciting
the 2356 keV level and their measured intensities.

For the g-ray angular distribution measurement, a
neutron energy of 2.9 MeV was selected to avoid the
population of higher-lying levels which could feed the
three-phonon states perturbing the measured lifetimes.
The measured energy of a g ray emitted at an angle u by
a recoiling nucleus is given by

Eg�u� � E0�1 1 bF�t� cosug� , (1)

where Eg is the observed g-ray energy at an angle ug
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TABLE I. Observed transitions from the 2355.8 keV 2
1
3ph

level.

Ex
Eg Rel. Ef

(keV) (keV) intensity (keV) J
p
f lL

2355.7 624.466(91) 0.030(2) 1731.5 01 E2

1697.933(67) 0.970(2) 657.8 21 M1 1 E2

with respect to the recoil direction, E0 is the unshifted

g-ray energy, and b � y�c, with y the recoil velocity

of the nucleus in the center-of-mass frame. The lifetimes

of the states can be determined [5] by a comparison of

the measured F�t� values with those calculated using the

Winterbon formalism [8]. In order to get precise values

for F�t�exp , the experiment was performed with spec-

tra recorded at 11 angles using a �50% (relative) effi-

cient HPGe detector located 125 cm from the scattering

sample. The detector was placed inside a bismuth ger-

manium oxide anti-Compton shield. The energy calibra-

tion of the detector was continuously monitored through

the use of radioactive sources of 24Na, 60Co, and 133Ba

during the acquisition of the in-beam spectra. Because g

rays from the �n, n0g� reaction and those from the radioac-

tive sources are recorded simultaneously, reliable Doppler

shifts are possible even when these shifts are quite small,

i.e., ,0.1 keV. In fact, the energy shifts of the in-beam

g rays relative to these internal calibration lines or to

other g rays from long-lived (.2 ps) states largely de-

termine the precision with which the F�t� values can be

measured. In order to take account of all transitions de-

caying from a level, we have combined the results of all

F�t� determinations and have obtained a weighted aver-

age value of F�t� for each level. Figure 2 shows the

g-ray spectrum acquired at 90±. In Fig. 3, the measured

g-ray energies are plotted as a function of angle for se-

lected transitions at En � 2.9 MeV. We have compared
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(see Table II) our measured lifetimes with previous deter-

minations using other methods. Clearly, our results are in

good agreement with these values. The fitted F�t� values

and their errors, together with the deduced lifetimes for the

three-phonon states, are presented in Table III. As a result

of the large uncertainty of the lifetime for the three-phonon

61 state in our measurement, we adopted the value from

Ref. [9] which, while in good agreement with our value,

is more precise (see Table II). The results used to ex-

tract the B�E2� values are summarized in Table III. The

d values have been deduced from the angular distribution

data. When two d values were possible, we chose the one

which was in better agreement with the tabulated values in

Ref. [10]. Figure 4 shows the partial level scheme of the

three-phonon states.

In Table IV, the experimental B�E2� values for transi-

tions depopulating the proposed three-phonon states [6,7]

are compared to theoretical predictions. No attempt is

made to fit the theory to the experimental results; for

instance, all calculations have effective charges which

TABLE II. Comparison of the present lifetime results with val-
ues from previous publications.

Ex (keV) Jp t�n,n0g� (ps) tprevious (ps)

1783.5 21 1.19
11.19
20.4 1.44(20)a

2078.9 32 0.7(2) 1.05
10.50
20.35

b

2480.0 61 0.23
11.11
20.12 0.58

10.22
20.13

b

2539.7 52
0.8

10.5
20.2 0.90

10.40
20.25

b

aFrom Ref. [16].
bFrom Ref. [9].

4061
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TABLE III. Results for three-phonon states.

Ex (keV) J
p

F�t� tadopted (ps)a
Eg (keV) Irel

b dc

2162.8 3
1
3ph 0.030(12) 1.20

10.83
20.35 620.4 0.165(5) 20.46

10.07
20.06 (21.61

10.21
20.19)

687.0 0.247(6) 21.66
10.09
20.08

1505.0 0.587(9) 21.52
10.11
20.14 (20.39

10.04
20.05)

2220.1 4
1
3ph 0.037(11) 0.97

10.43
20.23 677.6 0.639(8) 20.41�2�

744.3 0.281(7) E2

1562.3 0.081(3) E2d

2355.7 2
1
3ph 0.068(16) 0.51

10.14
20.10 624.5 0.030(2)e

E2

1697.9 0.970(2) 20.07�2� (2.86
10.21
20.22)

2480.0 6
1
3ph 0.141(114) 0.58

10.22
20.13

f 937.5 1.000 E2

aAverage including all observed deexciting transitions.
bFrom this experiment. Where values are available in Ref. [16], the agreement is good.
cFrom the angular distribution (see text).
dThis transition was listed as E2 1 M3 in Ref. [16], but from our experiment it has an E2 multipolarity.
eTransition placed for the first time.
fAdopted from Ref. [9].

reproduce exactly the B�E2; 21
1 ! 0

1
1 �. Instead, we com-

pare several theoretical predictions for three-phonon states

available in the literature to our data. Each successive

model used is of increasing sophistication. The first uses

the predictions of the standard harmonic vibrator [1]. The

second uses a pure U(5) dynamical symmetry description

in the IBM. The relation between the harmonic vibrator

B�E2� values and the U(5) limit, which incorporates

finite-N effects, is given by

N

N 2 nd 1 1
B�E2;nd ! nd 2 1�IBM

� B�E2;Nph ! Nph 2 1�HV ,

(2)

where nd is the number of d bosons in the IBM and

N is the total number of bosons [4,11]. Two-particle,

four-hole intruder excitations lead to a second collective

structure, which manifests itself around an excitation en-

ergy of 1.5 MeV in 110Cd [10]. In order to account for

these coexisting structures, models incorporating these fea-

tures are also considered [12]. The results in the third

column of Table IV correspond to the U(5)-O(6) model

[13], where the normal states are described by the U(5)

limit and the intruders by the O(6) symmetry. The last

column presents a more sophisticated configuration mix-

ing IBM-2 calculation using the parameters from Ref. [14].

The U(5)-O(6) calculations were performed using the com-

puter code OCTUPOLE [15] and thus involve mixing be-

tween all states. One sees that the proposed three-phonon

states 21, 31, 41, and 61 decay to the next multiplet by

collective transitions. Because of the presence of a 32 state

at 2078.9 keV, which has almost the same excitation en-

ergy as the 0
1
3ph excitation at 2078.7 keV, no lifetime could

be extracted for the 0
1
3ph state. Inspection of Table IV re-

veals some general tendencies. The pure harmonic vibra-

tor clearly overpredicts the B�E2� values in a systematic

way. The U(5) limit, which incorporates finite-N effects,

does a much better job, but is unable to describe the small

branchings. The more sophisticated models, in particular,

the IBM-2 with configuration mixing [12,14], do better in

explaining the weak branches and the 2
1
3ph ! 0

1
2ph transi-

tion. The latter is reduced due to selective mixing of the

01 two-phonon state with the intruder state [11].

TABLE IV. Comparison of experimental and theoretical B�E2� values from three-phonon states in 110Cd.

Theory (W.u.)
Transition Eg (keV) Exp. (W.u.) HV U(5) U(5)-O(6) IBM-2

3
1
3ph ! 4

1
2ph 620.4 7

16
24 24 17 16 15

3
1
3ph ! 2

1
2ph 687.0 25

113
211 59 42 39 43

3
1
3ph ! 2

1
1ph 1505.0 1.1

10.6
20.5 0.0 0.0 0.002 0.4

4
1
3ph ! 4

1
2ph 677.6 17

18
26 39 28 26 23

4
1
3ph ! 2

1
2ph 744.3 33(11) 43 31 29 32

4
1
3ph ! 2

1
1ph 1562.3 0.23(8) 0.0 0.0 0.002 0.100

2
1
3ph ! 0

1
2ph 624.5 16(5) 38 27 18 19

2
1
3ph ! 2

1
1ph 1697.9 0.02

10.02
20.01 0.0 0.0 0.02 0.08

6
1
3ph ! 4

1
2ph 937.5 62

118
217 82 59 56 59
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FIG. 4. Partial level scheme of 110Cd. The widths of the arrows
correspond to the experimental B�E2� values.

In conclusion, the �n, n0g� reaction and DSAM have

been used to characterize the three-phonon states in 110Cd.

Specifically, the results of the excitation function measure-

ments allowed us to improve our knowledge of the decay

of the three-phonon 21 state. The angular distributions en-

abled us to extract the lifetimes of the three-phonon states

as well as the multipolarities of the depopulating transi-

tions. These results clearly demonstrate that these states

are collective. Irrespective of the agreement or disagree-

ment with the different nuclear models, this study provides

new information in answer to the question of how far up

in energy symmetries extend [3]. Questions remain con-

cerning higher multiphonon multiplets and, in particular,

the four-phonon multiplets as discussed in Ref. [9].
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32 Structures and lifetimes of states in 110Cd.
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�� ����W��e�h �W���e�h����W���e��h �� �� ���W��e��h U� �W���e�h ������� ����W��e��h eU�h �W���e�h�� ����W��e��h �W���e�h�� ����W��e��h U� �W���e�h����W���e��h �� �� ���W��e�h U� �W��� ��

����W���e���h e��h �� ���W��e��h U� �W���e��h ������p�� ����W��e��h ��������������� {��U� �W���e��h����W���e��h �� �� ���W��e��h eU�h �W���e�h ��
�� ���W��e�h U� �W���e�h
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KLMNOPQRSTUSVUTWOXVYZNQTUOTYW[Y\VTPO]P̂SOXVPOZN_̂U_ZNQTUUWPTNYZWẐ NY]UTSOXZNẀ O]POYONWUO_OUYS̀OaObcLdP̂aẀ ZYOe]OPZaONWbfLdP̂agOhbijklbmLdP̂agOhbinlboLp̀ZYWPTNYZWẐ NqTYN̂W r̂YOP_OXZN̂ VPOe]OPZaONWYXVOŴ Ẁ OTWWONVTWẐ N̂ hÛq[ONOPQRsPTRYZNẀOYTa]UObtO
T̀_OTSSO]WOXẀ O_TUVOQZ_ONZNgOhbiulbvLwOOXZYSVYYẐ NZNẀ OWOeWb

xyzy{|}~��������p̀ZYUO_OUqTYTYYZQNOXrR�OPNOWTUb
iulZNẀOZPYWVXR ĥẀ O����X����N�����XPOTSWẐ NTNX�UTYZOWTUbinlTY������rVWẀ ZYTYYZQNaONWZYUZYWOXTY
VNSOPWTZNZNgOhbi��lbp̀OOeSZWTWẐ NhVNSWẐ NXTWTTUŶ
YV]]̂PWTY]ZN̂ h�ĥ PẀ ZYUO_OUb�YỲ q̂NZNdZQb��Ẁ O
TNQVUTPXZYWPZrVWẐ NTNTURYZY ĥẀ Ojj��[�O�WPTNYZWẐ NhT_̂VPYTUŶ TY]ZN̂ h�bp̀OPOĥ PO�qOŜN�Pa�����
ĥ PẀ ZYUO_OUb

xy��{x}~�������� p̀ZYUO_OUZYTYYZQNOXZNgOhb i��lTY���j�����k�b�PTXXTXOWTUbijkl r̂YOP_OXTY]ZNTNX
]TPZWR̂ h���k�TNX�UTYZOWTUbinlTYYZQNOXẀ ZYUO_OU
TY���j����b �Y N̂OSTNYOOZNdZQb ��Ẁ OTNQVUTPXZYWPZrVWẐ N ĥ Ẁ Oj���[�O�WPTNYZWẐ NYOOaYŴ hT_̂VP�����q̀ZUOẀ O�j��[�O�WPTNYZWẐ NhT_̂PY���k�bp̀OaVUWZ]̂UOaZeZNQPTWẐ Y ĥ Ẁ OWPTNYZWẐ NYYV]]̂PW
]̂YZWZ_O]TPZWR�Ŷ qOTX̂]Wĥ PẀ ZYUO_OUẀ OTYYZQNaONW
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38 Structures and lifetimes of states in 110Cd.
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40 Structures and lifetimes of states in 110Cd.
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42 Study of 114Te using (α,2nγ) reaction.
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44 Study of 114Te using (α,2nγ) reaction.
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46 Study of 114Te using (α,2nγ) reaction.
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48 Study of 114Te using (α,2nγ) reaction.
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VFCLLA@>?H@BCEABC>?I?HEFA@>C?@CHA?@ABAKIEC>?LNABAPLAHE>CHA?ECQJP?XIOSCDP>PLKJEFAEBI?LCEC>?L?>ESAK>?DC?DE>VACL>E>ZALU

[PBEFAB@>OZAEC?D@FI??AKLIBAEFAHCTABA?E _̀ MY?aBAI@EC>?LUVFARBIJLSAK>?DC?DE>EFALABAI@EC>?LNABACHA?ECWAHPLC?DEFALFIZA>QEFAAY@CEIEC>?
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50 Study of 114Te using (α,2nγ) reaction.
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52 Study of 114Te using (α,2nγ) reaction.
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54 Study of 114Te using (α,2nγ) reaction.
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56 Study of 114Te using (α,2nγ) reaction.
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58 Study of 114Te using (α,2nγ) reaction.
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60 Study of 114Te using (α,2nγ) reaction.
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64 Study of 114Te using (α,2nγ) reaction.
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Conclusion. 73

Conclusion.

The study of nuclear structure has been a field of intense work during the last decades.
A significant progress has been made in our understanding of the atomic nucleus and in
the development of nuclear models. Nevertheless in the field of the low-energy nuclear
structure physics a lot of work is still to be done. Concerning this thesis we can give the
following conclusions for the two studied nuclei and what can still be done:

110Cd

110Cd has been studied using DSAM/INS technique. The obtained lifetimes have
allowed us to characterize low-lying states and more particularly the intruder and 3-
phonon states. We have shown that 110Cd is not only well described by the Interacting
Boson Model but that it is also a good example for the U(5)-O(6) model.

Moreover, we have partially answered to Iachello’s question concerning the surviving
of symmetries [21] using the inelastic neutron scattering reaction. It was, however, not
possible to populate states with spins greater than seven. Consequently, a clear char-
acterization of higher-multiphonon states is lacking although few lifetimes have already
been extracted [17, 20].

In the future, it will be very useful to measure lifetimes of the negative parity states
in order to characterize the proposed octupole-quadrupole coupled states [19]. Moreover,
it is necessary to obtain lifetimes for proposed higher multiphonon states in order to have
a complete answer to the question of the survival of symmetries.

114Te

114Te has been investigated using in-beam spectroscopy with the (α,2n) reaction. This
study has allowed the determination of 50 levels, with 16 new ones, and the placement of
74 transitions belonging to 114Te. The first aim of this study was to test the validity of
the intruder-spin invariance. However, we were not able to find the intruder configuration
in the low-lying states of this nucleus despite the fact that a high-spin study has found a
positive parity intruder band [28]. No connection with the lower part of the level scheme
was possible.

We have also explained the observed structure of 114Te using a U(5) dynamical sym-
metry. We could so propose multiphonon states up to 5d-bosons. But the absence of
known lifetimes do not permit us to clearly characterize the structure of this nucleus. An
effort has to be made to measure lifetimes in 114Te. The presence of a proposed intruder
band in 114Te by a high spin study [28] imposes that also shape coexistence structures has
to exist at low energy. However, no clear evidence of this intruder band has been found in
the present work. A study of 114Te with another reaction could be useful for example 114I
decay study in order to clarify the existence or not of the low-lying states not observed
in this work.
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son expérience, ses compétences et son enthousiasme a su me proposer un sujet au
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l’Université de Fribourg.
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