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Abstract

The investigation of the X(5) symmetry in a different mass region from the
well established A≈150 region is a very actual topic in nuclear physics. The
first example of an X(5) like nucleus, namely 178Os, outside the A≈ 150 mass
region has been found by Möller et al.[8, 51]. From the energy spectrum, the
neighbor nucleus 176Os is considered as a good candidate for a nucleus where
the critical point symmetry X(5) [2] can be observed.

The aim of this work is to test the model predictions based on the X(5)
critical point symmetry in the 176Os nucleus. Reliable and precise lifetimes of
excited states in 176Os have been measured for the first time using the Recoil
Distance Doppler Shift Method. Lifetime experiments were performed at
the GASP array, INFN Legnaro and at the FN Tandem accelerator of the
University of Cologne in combination with the Cologne plunger apparatus.

In 176Os, the lifetime of eleven excited states were determined using the
Differential Decay-Curve Method. In addition, the lifetime of excited states
in 177Os were measured. These states were populated in a weaker reaction
channel. In addition two dedicated experiments were performed to remeasure
the lifetime of the first excited 2+ states in 176,178Os. The aim was to reduce
the uncertainty of the B(E2; 2+1 → 0+1 ) values, which are normally used
to normalize transition strength whithin a nucleus for the comparison with
theoretical models.

The comparisons between the experimental transition quadrupole mo-
menta Qt of

176Os derived from the experimental B(E2) strengths and the
predictions of the X(5) model confirm the consistency of an X(5)-like de-
scription of this nucleus.



Kurzzusammenfassung

Die Untersuchung der X(5) Symmetrie außerhalb der Massenregion um A≈
150 ist ein sehr aktuelles Thema der Kernphysik. Das erste Beispiel hierfür
wurde von Möller gefunden [8, 51] in178Os. Aus den Energiespektrum kann
man erkennen, das auch der Nachbarkern 176Os ein guter Kandidat für die
Untersuchung der kritischen Punktsymmetrie X(5) [2] ist. Zuverlässige und
präzise Lebensdauern der angeregten Zustände in 176Os wurden zum ersten
Mal mit der Recoil Distance Doppler Shift-Methode gemessen. Experimente
zur Lebensdauer wurden an dem GASP Array am INFN Legnaro und an
dem FN Tandem Beschleuniger der Universität zu Köln in Kombination mit
der Kölner Plunger Apparatur durchgeführt.

In 176Os wurde die Lebensdauer von 11 angeregten Zuständen mit der
Differential Decay Curve-Methode bestimmt. Zusätzlich konnten die Lebens-
dauer der angeregten Zustände in 177Os gemessen werden. Diese Zustände
wurden in einem schwächeren Reaktionskanal bevölkert. Um die Lebens-
dauer der ersten angeregten 2+ Zustände in 176,178Os zu vergleichen, wurden
zwei separate Experimente durchgeführt. Ziel war es, die Unsicherheit der
B(E2; 2+1 → 0+1 ) Werte zu reduzieren. Diese werte werden zur Normal-
isierung der Übergangsstärken vor dem Vergleichung mit den theoretischen
Modellen benutzt.

Die Vergleiche zwischen den experimentellen Quadrupol-Übergangsmo-
menten Qt von

176Os bestimmt aus den experimentellen B(E2) Stärken und
die aus dem X(5)-Modell abgeleiteten Vorhersagen bestätigen die Konsistenz
einer X(5)-Beschreibung dieses Kerns.



To my father and my mother
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Introduction

Critical point symmetries describing nuclei at the point of shape transitions
between different limiting symmetries are an attractive topic in nuclear struc-
ture. The symmetries X(5) [2] and E(5) [1] at the critical point of phase
transition from spherical nucleus to axial deformed rotor and from spherical
to triaxial γ soft deformed nucleus, respectively, have been introduced by
F. Iachello. A lot of theoretical and experimental work has been devoted
to these topics, especially focussed on how the phase transitions manifest in
nuclei [3, 4, 6, 18]. In particular J. Jolie interprets these symmetries with the
Landau theories of the phase transition [5] at the critical point.

The success of the X(5) model in describing the properties of some nuclei
is in its parameter free predictions which allows to compare directly the en-
ergy spectrum and the transition rates. Only two scaling factors are taken in
consideration for the comparison with the experimental data. The first nuclei
which have been described by the X(5) model are located in the mass region
A≈150: 150Nd [6], 152Sm [7] and 154Gd [4]. The search for X(5) candidates
in a different mass region is a very actual topic in nuclear physics. Indeed,
since the first N=90 isotons were described in the frame of the X(5) model,
other candidates were searched in other mass regions. In order to find other
X(5) regions where X(5)-like nuclei can be found, it appears reasonable to
look where fast transitions from spherical to axially symmetric deformation
are expected. Thus regions around mid-shell for nucleons of one type with
few valence of nucleons of the other type are the most promising ones for
finding X(5) type nuclei [8].

In the A≈ 180 mass region, it has been shown that 178Os exhibits the char-
acteristic features predicted by the X(5) model [8]. It represents the first ex-
ample of an X(5)–like nucleus identified outside the well established A≈ 150
mass region. On the basis of the excitation energy pattern the neighboring
isotope 176Os can also be considered as a good X(5) candidate. However,
transition probabilities, which provide a crucial test for shape changes, have
to be measured to be able to draw definite conclusions. The lifetime of the
2+1 [3] state and from the 8+1 state up to the 20+1 [9] in 176Os are known from
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10 Introduction

literature. At the time we performed our experiment only the lifetime of the
2+1 [3] state was known. The lifetime of the 8+1 and the 10+1 states measured
by us have more recently also been remeasured by an independent group [9].

Therefore, an experiment was performed to measure lifetimes of low–lying
excited states in 176Os using the Köln coincidence plunger device and the
GASP spectrometer at the Laboratori Nazionali di Legnaro. Excited states in
176Os were populated via the 152Sm(29Si,5n)176Os reaction at E(29Si)= 150MeV.
With the high γ efficiency GASP spectrometer it was possible to observe
also weakly populated levels in side bands. The use of the Cologne plunger
device with an automatic feedback system for the correction of the target–
to–stopper distance ensures high precision measurements. The Differential
Decay Curve Method has been applied to extract the lifetimes from the data.
The E2 transition probabilities, calculated from the experimental lifetimes,
are crucial for the investigation in phase transition together with the en-
ergies of levels in the ground state band and in the γ and β bands. The
comparison of the experimental B(E2) values and the energy spectrum with
the theoretical predictions allows an interpretation of the 176Os as an X(5)
nucleus.

In the first chapter of this thesis a brief overview of the theoretical nu-
clear models used for the interpretation of the nuclear structure of the nu-
cleus under investigation is given. In the second chapter the experimental
technique used in the experiment is described. A briefly description of the
analysis method is also given. A description of the experimental setup, e.g.
the GASP spectrometer and the Cologne plunger device, is done in the third
chapter as well as the details of the experiment performed in order to measure
lifetimes in 176Os. The fourth chapter contains details about the steps of the
data analysis which lead to the extraction of the lifetimes. The experimental
results obtained from the analysis of the data are summarized in the fifth
chapter. In particular a full description of the determination of each single
lifetime measured in these experiments is given, specifying the uniqueness of
each case. In the sixth and last chapter the comparison of the experimental
results presented in fifth chapter and the outcome of the theoretical models
predictions described in first chapter is discussed.



Chapter 1

Theoretical background

In this chapter the nuclear models used for the interpretation of the nuclear
structure in the mass region A ∼ 180 are presented.

A nuclear model represents an instrument to describe the structure of
the nucleus. Models are simplified descriptions of physical systems which
would be impossible to treat exactly. A good model tries to identify a few
important degrees of freedom of the system to reproduce reasonably well the
observed data.

The complexity of the nuclear system requires that in the nuclear land-
scape (along the nuclear chart) different models are necessary for the in-
terpretation of the different structures observed experimentally. As I. Talmi
observed [10] ”Still a good model sometimes works well even where apparently

it is not valid. This is in contrast to bad models which are useless even where

they are supposed to work”. It happens sometimes that regions of validity of
two different models overlap, so that the nucleus itself can be well described
by two different models.

To describe very light nuclei and those with very near closed shells the
Shell Model is widely used. Indeed, to describe nuclei far from closed shells
the use of the shell model becomes intractable since the size of the matrices
in which the residual interaction must be diagonalized becomes rapidly enor-
mous. The description of nuclei far from doubly closed shells is done making
use of a macroscopic approach. The so called geometrical or collective model

successfully describes collective motions of nucleons. In the framework of
this model the nuclear structure of heavy nuclei can be described in terms of
more effective degrees of freedom, the collective variables.

Collective models are classified as geometrical or algebraic.
Fortunately, low-lying spectra of nuclei away from closed major shells

indeed show a relatively simple structure, related to the occurrence of collec-
tive phenomena, which can be described in terms of collective parameters. It

11



12 Theoretical background

turns out that their spectra can be arranged into bands of collective states.
The members of such a band are connected by strong electric quadrupole (or
M1) transitions.

A small overview of the nuclear models used for the interpretation of the
experimental results of this work is given in the following sections.

1.1 The Geometrical model

In the framework of the Geometrical Model, introduced by A. Bohr and
B. R. Mottelson in 1952 [11], the nucleus is seen as a geometrical body
with a well defined surface and homogeneously distributed mass and charge
density. In this geometrical model the nucleus is assumed to be able to
undergo small surface and shape oscillations. The presence of a deformation
in the nucleus implies in general the existence of an intrinsic quadrupole
momentum Q0 which illustrates the deviation of the charge distribution from
a spherical form. One usually considers the quadrupole deformation as the
most important mode of collective motion.

The intrinsic Q0 can be determined from reduced transition probabilities
of a transition of the rotational band and characterizes the shape of the
nucleus. In this model the nucleus is assumed as a droplet described by a
set of collective coordinates α. The equation of the nuclear surface can be
written as

R(θ, φ) = R0

[

1 +
∑

λ

∑

µ

αλ
µY

∗
λ,µ(θ, φ)

]

, (1.1)

where αµ are the components of an irreducible tensor of rang λ, R0 the
radius of a sphere of the same volume (1.2 fm A1/3). Since the dominant
type of nuclear deformation is a quadrupolar deformation, the sum can be
with good approximation restricted just to terms with λ = 2. Under this
approximation and using the Hill -Wheeler coordinates β and γ which are
related to the αµ components as

α20 = β cos γ, α22 = α2−2 =
1√
2
β sin γ, α21 = α2−1 = 0, (1.2)

the equation 1.1 becomes:

Rk = R0

[

1 +

√

5

4π
β cos

(

γ − 2π

3
k

)

]

, (1.3)
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with k = 1,2,3. The parameter β gives a measure of the deformation while
the γ characterizes the nuclear shape. Each couple of variables (β, γ) defines
a particular nuclear shape as shown in fig. 1.1

Figure 1.1: Lund convention plot. The plot gives a description of the nuclear
shape in the plane (β, γ). At the margin is indicated the axe of symmetry.

In particular for β positive and γ in the interval between 0◦ and 60◦ the
nucleus is defined by these two parameters as follow

γ = 0◦ : prolate deformation around the 3-rd axis(axial symm. nucleus),
γ = 60◦ : oblate deformation around the 2-nd axis (axial symm. nucleus),
0◦ < γ < 60◦ : triaxial deformation (axial asymmetric nucleus),
β = 0 : spherical nucleus.

(1.4)

1.1.1 The rotational model

This collective nuclear model is based on the assumption that the nucleus
presents an axial symmetric deformation of the ground state. The main
degree of freedom is a collective rotation of the nucleus with respect to an axis
orthogonal to the symmetric axis. The excitation energies of the rotational
band is given by
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Erot =
~

2ℑ [I(I + 1)−K2], (1.5)

where I is the total angular momentum of the nucleus, ℑ is the inertial
momentum of the nucleus and K is the projection on the symmetry axis of I.
In this framework the reduced transition probabilities are expressed in terms
of the intrinsic quadrupole momentum Q0 as

B(E2; I + 2 → I) = 5
16π

Q2
0〈(I + 2)K20 | IK〉,

= 5
16π

Q2
0
3
2

(I+1)(I+2)
(2I+3)(2I+5)

,
(1.6)

The intrinsic quadrupole momentum Q0 is given as function of the defor-
mation parameter β [11] as

Q0 =
3√
5π

ZR2
0β

(

1 +
1

8

√

5

π
β +

5

8π
β2 + ...

)

, (1.7)

with R2
0 = 0.0144A

2

3 b and Q0 in [eb].
As predicted by the rigid axial symmetric rotor model one would expect

that the quadrupole momentum Q0 inside a rotational band is constant.
In the framework of this model the transition quadrupole momentum Qt is
defined by the relationship

B(E2; I + 2 → I) =
5

16π
Q2

t 〈(I + 2)K20 | IK〉. (1.8)

1.1.2 The General Collective Model

The Geometrical Collective Model (GCM) of Gneuss and Greiner [12] pro-
vides a description of nuclear quadrupole surface excitations using a Schrödinger-
like Hamiltonian. This phenomenological model gives a geometrical repre-
sentation of the nuclear shape of low-lying levels in even - even nuclei.

The Hamiltonian is expressed as series expansion in terms of surface de-
formation coordinates α2µ and the conjugate momenta π2µ with

[π̂2ν , α2µ] = −i~δµν .

Ĥ =
1

B2
[π×π](0)+B3[[π×α](2)×π](0)+· · ·+C3[α×α](0)+C3[[α×α](2)×π](0)+· · · .

(1.9)
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The terms in π may be classified as kinetic energy or as potential energy
for the terms involving only the coordinates α.

The Hamiltonian in Eq. 1.9 reduces to the Schrödinger-like Hamiltonian
if the kinetic term is restrained to the lowest order of the expansion. This
truncated Hamiltonian can be shown to be equivalent to the Bohr Hamil-
tonian [11]. The potential energy depends only on the shape of the nucleus
and can be expressed in terms of the Bohr Hamiltonian shape coordinates β
and γ as

V (β, γ) = 2
35
C6β

6 cos 3γ2 (= VNA(β, γ))

+ 1√
5
C2β

2 + 1
5
C4β

4 + 1
5
√
5
D6β

6 (= VS(β))

−
√

2
35
C3β

3 cos 3γ −
√

2
175

C5β
5 cos 3γ (= VPO(β, γ))

+ · · · .

(1.10)

The GCM Hamiltonian with eight parameters (B2, B3, C2, C3, C4, C5, D6),
which are estimated by fitting experimental data, is capable to describe a rich
variety of nuclear structures.

The terms with constants C2, C4 and D6 are the γ-independent part of
the potential, VS(β). The triaxial nuclear shapes are described by the term
with C6 which is symmetric with respect to γ = 30◦ (VNA(β, γ)). The terms
C3 and C5 characterize the oblate and the prolate nuclear shape, VPO(β, γ).

1.2 The Interacting Boson Model

In the previous section the collective spectra of a nucleus have been described
using a geometrical model. Alternatively, algebraic models can be used for
the same purpose. In 1974 A. Arima and F. Iachello [13–16] proposed a
new nuclear model called The Interacting Boson Approximation (IBA). The
basic idea is to assume that low-lying collective states in medium and heavy
even-even nuclei can be described by a system of interacting s and d bosons
carrying angular momentum 0 and 2, respectively.

In the simplest version of the Interacting Boson Approximation Model
(IBA− 1) the low-lying collective states are dominated by excitation of the
valence protons and neutrons while the closed-shell core is inert. It is assumed
that the dominant particle configurations contributing to the nuclear shape
of the low-lying states are those with identical particles coupled to pairs of
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angular momentum 0 or 2. In the IBA - 1 the difference between protons and
neutrons is neglected. The number of bosons is obtained counting from the
nearest closed shells.

In second quantization, mostly the IBA Hamiltonian in multipole expan-
sion is used, in which the relation of each term to the nuclear structure stands
out more clearly. In this parameterization the boson-boson interactions are
grouped so that the Hamiltonian takes the form:

H = ǫn̂d + a0P̂
† · P̂ + a1L̂ · L̂ + a2Q̂ · Q̂ + a3T̂3 · T̂3 + a4T̂4 · T̂4, (1.11)

where the dot stands for scalar product

n̂d =
√
5(d† · d̃)(0) the boson number operator,

P̂ = 1
2
(d̃ · d̃− s · s) the pairing operator,

L̂ =
√
10(d†d̃)(1) the angular momentum operator,

Q̂ = (d†s+ s†d̃)−
√
7
2
(d̃ · d̃)(2) the quadrupole operator,

T̂3 = (d†d̃)(3) the octupole operator,

T̂4 = (d†d̃)(4) the hexadecapole operator,

(1.12)

with s†, s, d†µ and dµ with µ ∈ −2,−1, 0, 1, 2 are the creation and anni-
hilation operators of s and d bosons. The operator s† creates a boson in the
l = 0 state. The operator d†µ creates a boson in the l = 2 state with lz = µ.
The corresponding annihilation operators are the hermitian conjugates s and
dµ. The operators d†µ transform under rotation like the components of an
irreducible tensor of rank l = 2 and the operator dµ annihilates a boson with
l = 2, lz = µ and, a part of a phase factor, is −µ component of an irreducible
tensor of rank l = 2. The phase factor is given by

d̃µ = (−1)µd−µ, (1.13)

The characteristics of the IBA are founded in the principles of the group
theory. Since the s boson (l = 0) has only one magnetic substate and a
d boson (l = 2) has 5 magnetic substates, the system s–d boson can be
looked at, from the mathematical point of view, as a six dimensional space.
The five magnetic substates of the d boson (µ ∈ −2,−1, 0, 1, 2) and the
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single substate of the s boson can be regarded as forming a six-dimensional
vector space U(6). In the U(6) group there are 36 possible bilinear operator
combinations that satisfy the conservation of the boson number,

s†s, s†d̃µ, d
†
µs, (d

†d̃)
(l)
µ l = 0,1,2,3,4

µ = +4,+3, ...,−3,−4 | µ |≤ l

(1.14)

which form a closed set under commutation. This set of operators of the
group of transformation U(6) is said to form the Lie algebra U(6). The
operator which commutes with all the generators of the group is called the
Casimir operator. Such operator can be composed of linear or higher order
combinations of the generators. The linear Casimir operator of U(6) is a
total boson number operator C1U(6) = N̂ ≡ (d† · d̃)(0)+ s†s. Inside the U(6)
algebra it is possible to find some sub-algebras which are characterized by a
smaller set of the 36 generators which themselves close on commutation. One
example, the 25 generators (d†d̃)

(l)
µ are the generators of the U(5) subgroup

of U(6). The Casimir operator of this group is the operator n̂d.

In this way it is possible to build a chain of groups and subgroups starting
from U(6) and ending with O(3). For each of these chains the Hamiltonian
is written as sum of the Casimir operators of the subgroups. The solution
of the eigenvalue problem for such a chain is reduced to that of finding the
eigenvalues of each of the Casimir operators. If the entire Hamiltonian can
be written in terms of the Casimir operators of the groups appearing in the
group chain, we are in presence of a dynamical symmetry. It turns out that
in the present case there are three possible chains of sub-algebras

U(6) ⊃ U(5) ⊃ O(5) ⊃ O(3) U(5)-limit

U(6) ⊃ O(6) ⊃ O(5) ⊃ O(3) O(6)-limit

U(6) ⊃ SU(3) ⊃ O(3) SU(3)-limit

(1.15)

The geometrical interpretation of the Lie groups are also of interest. The
U(5) limit is appropriate to describe spherical or near-spherical nuclei, where
vibrations are the major mechanism of excitation. The O(6) limit corre-
sponds to a γ-soft rotor, a deformed nucleus with γ-instability. The SU(3)
limit corresponds to an axial symmetric rigid rotor.
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1.3 Phase transitions and X(5) symmetry

In nuclear physics the phase transitions correspond to a shape transition [17]
similar to those observed in crystal structures by varying the temperature.
As J. Jolie et al. [5] pointed out ”the Landau theory of continuous phase
transitions, constructed almost 70 years ago for infinite classical system, is
shown to be a useful approach also for finite quantal systems such as an
atomic nucleus”. In analogy to the classic theory of phase transitions, it
is necessary to find a control parameter, which assumes a specific value at
the critical point and which allows the identification of the phase transition
of the system. The control parameter characterizes an observable which
constitutes the order parameter. The concept of the phase transitions within
the framework of the interacting boson approximation (IBA) model can be
studied trough the coherent state formalism. In this framework, a standard
two–dimensional parameterization of the IBM-1 Hamiltonian is

Ĥ(N, η, χ) = ηn̂d +
η − 1

N
Q̂χ · Q̂χ′ (1.16)

where n̂d = d† · d̃ is the d–boson number and Q̂χ = (d†s + s†d̃)(2) +
χ(d† × d̃)(2) the quadrupole operator [61]. N is the total number of bosons.
The control parameter η and χ vary within the range η ∈ [0, 1] and χ ∈
[−

√
7/2,

√
7/2]. In the parameter space, this can be represented as an ex-

tended Casten triangle [5, 18] – see Fig. 1.2 . The parameter value η = 1
corresponds the U(5) dynamical symmetry, while the SU(3) (prolate), O(6)
(γ - soft) and SU(3) (oblate) are located on the η = 0 axis in correspondence
with the control parameter χ = −

√
7/2, 0,

√
7/2, respectively.

The geometric interpretation of the Hamiltonian can be derived using the
s–d boson condensate state |Nβγ〉 defined in Ref. [19]. The energy functional
E(N, η, χ; β, γ) = 〈Nβγ|Ĥ(N, η, χ)|Nβγ〉 encodes several phase–transitional
phenomena [20] described in general framework of the Landau theory [22].
The functional E(N, η, χ; β, γ) depends on the external parameters η and χ
and on the order parameters β and γ. The task is to minimize the functional
by varying the order parameters β and γ for each η and χ. Discontinuities
in the first or second derivatives are observed in the first order or second
order phase–transitions, respectively. In analogy to the classical theory of
the phase transitions one can speak of critical point at the phase–transition
and one can distinguish also with respect to parameter space of IBM be-
tween transitions of first and second order. A transition from spherical to
gamma–soft nucleus is of the second order while a transition from spherical
to axial symmetric deformed shape is a phase transition of the first order
[23]. Recently, alternative descriptions of nuclei at the critical point of the
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Figure 1.2: The extended Casten triangle [5]. The IBM dynamical symme-
tries are indicated with circles. The solid dot represents the second order
transition between spherical (I), deformed oblate (II) and prolate(III) nuclei.
The dashed lines correspond to first-order phase transitions.

phase transitions from spherical vibrator to deformed γ soft, E(5) [1], and
from spherical vibrator ton deformed axially d symmetric rotor, X(5) [2] have
been proposed. These symmetries are not solved algebraically, but by com-
puting the Bohr equation numerically for the potential at the critical point
[24]. The essential point of these models is that at the critical point, the
eigenvalue of the energy and the transition probabilities are fixed in a unique
way by the symmetry. This allows one to scale the experimental values to
the parameter-free prediction with a single scaling factor.

1.3.1 The X(5) symmetry: Iachello’s solution

Critical point symmetries [1, 2] describe nuclei at points of shape/phase tran-
sitions between different limiting dynamical symmetries. Iachello proposed
an approximate separation of variables for the Bohr Hamiltonian with a
restoring potential u(β, γ) = u(β)+ u(γ) which decouples in terms of defor-
mation variables. The solution involves a five-dimensional infinite square-well
potential in the β collective variable and an harmonic oscillator potential in
the γ variable to provides stabilization around γ = 0. The solution of the
Bohr Hamiltonian under Iachello’s approximation gives the energy of the lev-
els in units of E1,2 − E1,0. The notation is Es,L where s indicates the family
label and L is the angular momentum and as example with E1,2 is indicated
the energy of the excited 2+ state in the ground state band. Different families
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are characterized by the energy ratio Rs =
Es,4−Es,0

Es,2−Es,0
. This ratio is 2.91 for

s= 1 [2]. The location of the family s= 2 is given by the ratio
E2,0−E1,0

E1,2−E1,0
= 5.67

[2]. Figure 1.3 shows the schematic representation of the lowest portion of
the X(5) spectrum.

0+0.0

2+100.0

4+290.4

6+543.8

8+848.3

10+1202.7

100

190.4

253.4

304.5

354.4

0+564.9

2+745.0

4+1068.9

6+1475.1

180.1

323.9

406.2

s=1

s=2

Figure 1.3: Schematic representation of the lowest portion of the X(5) spec-
trum [2]. Energies are in units of the E(2+1 → 0+1 ) = 100.The arrow thick-
nesses are full-scale adapted to the reduced transition probabilities.

This theoretical spectrum is, with exception for scaling factors for the
energy levels and for the transition intensities, a parameter free prediction
and can be directly compared the experimental spectra.

In table 1.1 the energy and the transition strengths of the Iachello X(5)
solution for the ground state band (gsb) and β band are summarized. This
solution have been extensively compared with experimental data [4, 6, 8] and
will be compared with the results obtained from this work.
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Table 1.1: Energies and transition strengths of the approximate X(5) model
for the bands s = 1 and s = 2 [2, 25]. Energies are in units of the E(2+1 →
0+1 ) = 100. Transition rates are also reported fixing B(E2; 2+1 → 0+1 ) = 100.

I Es=1 Es=2 B(E2) B(E2) B(E2) I2 → J1

I1 → (I − 2)1 I2 → (I − 2)2 J = I − 2 I I + 2

0 0 564.9 62.4
2 100 745.0 100 79.5 2.1 8.2 36.6
4 290.4 1068.9 159.9 120.0 0.9 6.1 27.9
6 543.0 1475.1 198.2 146.8 0.6 4.9 21.9
8 848.3 1944.1 227.6 169.3 0.6 4.1 17.6
10 1202.7 2468.7 250.9 188.6 0.5 3.5 14.6
12 1604.1 3045.4 269.7 205.1

1.3.2 The exact numerical solution for the X(5) Hamil-
tonian: Caprio’s solution

As mentioned the solution of the Bohr Hamiltonian under Iachellos approx-
imation [2] gives the energy levels and the transition strengths which can be
directly compared with the experimental results.

Recently, based on the numerical technique proposed by Rowe et al. [26],
an exact solution of the X(5) Hamiltonian is proposed by M. A. Caprio [27].

Caprio solved the X(5) Bohr Hamiltonian without assuming separability.
In the exact solution of the X(5) Hamiltonian levels are organized into defined
bands characterized by strong intra-band transition strengths. The lowest
energy bands have the spins contents associate to the gsb, β band and γ band.
It results that the band head excitation energies, energy spacing within the
bands, and the transition strengths are strongly dependent on the γ stiffness
(it is valid for both γ and β bands). In Caprio’s X(5) solution all the energy
ratios and transition matrix elements obtained on the diagonalization of the
Hamiltonian depend on the parameter a which measures the γ stiffness of the
Hamiltonian. For a = 0, the potential is γ –independent, while for nonzero
values of a yield confinement around γ = 0. Some of the spectroscopic
features found in the approximate solution are encountered in the full solution
(i.e. the larger energy spacing scale of the β band the yrast band1 and strong
interband E2 transitions are predicted), however some essential features of

1E(2+β )− E(0+β ) = 1.80E(2+1 )
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the full solution are missing in the approximate solution: the dependence
of the β band head energy on the γ stiffness, the confinement of the wave
function near β = 1 due to the five-dimensional centrifugal effect and the
consequent tendency of the energy and transition strengths observable toward
rotational value for large γ stiffness. The staggering of the energies in the
γ band are absent in the approximate solution. Detailed description can
be found in [27]. It turns out that a value of a ≈ 200 best agrees with
the original X(5) prediction, indeed, for that case, the overlaps of the exact
solutions with the approximate solutions are nearly unitary.

In figure 6.5 the schematic representation of the X(5) exact solution is
shown.

0+0

2+100

4+276

6+506

100

176

230

0+565

2+796

231
2+609

3+717
108

s=1

s=2

s=3

Figure 1.4: Schematic representation of the exact X(5) solution [27]. Energies
are in units of the E(2+1 → 0+1 ) = 100. The arrow thicknesses are full-scale
adapted to the reduced transition probabilities.

In table 1.2 the energies of the exact X(5) solution for the gsb as well as
for the β and γ bands are summarized.

In table 1.3 the predicted energies and transition probabilities for the
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Table 1.2: Energies of the exact X(5) solution for the gsb as well as for the
β and γ bands as reported in the tabulations [27, 28] for a = 200. Energies
are in units of E(2+1 → 0+1 ) = 1.

I ES1
ES2

ES3

0 0.00 5.65
2 1.00 7.96 6.09
3 7.17
4 2.76 11.04 8.11
5 9.50
6 5.06 14.66 10.58
7 12.31
8 7.79

s = 1 band of the approximate and exact X(5) solution introduced in the
previous sections are reported for comparison.

Table 1.3: Comparison of the predicted energies and transition probabilities
for the s = 1 (gsb) band of the approximate [2] and exact X(5) solution.
The energies and transition probabilities of the exact X(5) solution for the
s = 1 are extracted from the tabulations [27, 28] for a = 200. Energies
are in units of E(2+1 → 0+1 ) = 1 and transition rates are reported fixing
B(E2; 2+1 → 0+1 ) = 1.

I Eapprox Eexact B(E2)approx B(E2)exact
I → (I − 2) I → (I − 2)

2 1.00 1.00 1.00 1.00
4 2.91 2.76 1.58 1.60
6 5.43 5.06 1.98 1.97
8 8.48 7.79 2.27 2.27
10 12.03 10.90 2.61 2.53





Chapter 2

Lifetime measurement in the
picosecond region

The lifetime of an excited nuclear state can variate from 1015 years to 10−18

seconds. As example, the radioactive decays of naturally occurring radioiso-
topes (e.g.235U, 238U, 232Th) have half–life of 1015 y while the break up of
highly unstable nuclei such as 8Be and 5He occurs with lifetime in the range
10−16s to 10−20s. Several techniques have been developed to measure life-
times. Each method allows to measure lifetimes in a specific time range. As
an example, for lifetimes in the range of 10−3s to 10−10s the Delayed Co-
incidence technique is widely used. The Doppler shift Attenuation Method
(DSAM) is applicable down to 10−14s. For shorter time scales the Gamma
Ray Induced Doppler broadening method(GRID)is used.

In this work lifetimes are expected to be in the range 10−9s to 10−12s. In
this time range the Recoil Distance Doppler Shift (RDDS) method is widely
used. The description of the technique is given in the next section.

2.1 The RDDS Method

The Recoil Distance Doppler Shift Method (RDDS)[29] is the standard in
beam technique for measurement of lifetimes of excited states of nuclei in the
picosecond region.

The experimental setup for the RDDS experiment consists of a chamber
which contains two stretched foils (see fig.2.1) – the target and the stopper
foils– mounted parallel to each other at a variable distance d. The scheme of
the standard experimental setup is shown in figure 2.1.

Upon impact of the ion beam on the target nuclear reactions can be
initiated. The typical reaction of interest here is the fusion evaporation

25
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Figure 2.1: A schematic setup of an RDDS experiment.

reaction. The produced excited nucleus recoils with a velocity of few percent
of the speed of the light in the direction of the stopper foil. After its creation
the recoiling nucleus deexcites by the emission of a cascade of γ-rays which
are registered by the surrounding detectors.

The recoiling nucleus, produced in an excited state, can deexcite by emis-
sion of γ-rays while it is in flight between the two foils or when it is at rest
in the stopper foil.

In the second case, the registered energy Eγ is independent of the flight
direction as the energy is not affected by Doppler broadening.

For the emission in flight the same transition will be observed with the
Doppler shifted energy

E1
γ = Eγ(1 +

v

c
cos θ), (2.1)
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where Eγ is the energy of the unshifted component, E1
γ is the Doppler

shifted component, θ is the angle with respect to the beam axis at which
the γ-ray is observed, v/c is the recoil speed and c the speed of light in
vacuum. The recoils, produced inside the target foil, are slowed down due to
the interactions with the atoms1 of the target foil. Nuclei which are created
in the front part of the target foil are stronger decelerated than those which
are created in the back part. A statistical distribution of the velocity with
a mean value < v > of the recoil speed is then observed. Therefore in the γ
spectrum for each transition two γ-ray peaks are present: one at the shifted
energy and the second at the unshifted energy.

The intensities of the two components depend on the time of flight t = d/v
and on the lifetime of the level.

By changing the distance between the two foils the time of flight of the
recoiling nuclei is changing and consequently the number of recoils which
decay in flight or at rest will change accordingly. The lifetime is determined
from the intensities of the two components. Of course in order to apply the
method the effective lifetime2 of the level of interest must be in the range of
the RDDS Method. This depends on the recoil velocity and on the maximal
distance set between the foils. The applicability of this method is typically
limited to a time region from about 1ps up to 1000ps.

2.2 The Differential Decay Curve Method

The lifetime of a level is determined from its decay function which depends
on the feeding times and the intensities of all the transitions which populate
the level under examination. For a precise determination of the lifetime the
complete feeding history is needed. In the conventional analysis of RDDS
data all the observed decay curves are fitted by a set of coupled differential
equations. The large number of parameters involved in describing the cascade
potentially can complicate the analysis at this point. A transparent method
of analysis of RDDS data has been proposed by A. Dewald [30], the so called
Differential Decay Curve Method (DDCM). It allows for each level to replace
the set of differential equations by a single first order differential equation
of quantities obtained directly from the experimental data if all the direct
feeders of the level of interest are known.

1The process of slowing down of an ion in a solid is due mainly to the the inelastic
collisions with the atomic electrons of the material and to the elastic scattering from nuclei.
A detailed description of the processes can be found in [62].

2The effective lifetime describes the cumulative lifetime of a given level including all
feeding times from cascades of levels above that level.
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A full description of the method can be found in [30] and [31]. For
completeness the model is briefly described below.

Figure 2.2 shows an arbitrary situation for a decay and feeding pattern
of a level li of which the lifetime is to be determined.

li

lh

C

B

A

τ i

hl

Figure 2.2: Arbitrary decay and feeding pattern of level li.

The level of interest li with lifetime τi is populated by several levels lh.
Time evolution of the population ni(t) of the level li is given by the

differential equation ṅi = −λini where λi is the decay constant and ṅi is the
number of decays per time unit.

In the pattern shown in figure 2.2 the level of interest is populated from
other levels lh, so the decay law becomes:

ṅi = −λini +
∑

h

bhiλhnh(t), (2.2)

in which nh(t) is the number of nuclei in the level lh at time t and λh is
its decay constant; bhi are the branching ratios of the decay of the level lh to
the level li.

Integrating the equation 2.2 and taking into account the relation λi = 1
τi

one obtains the basic relation for determination of the lifetimes:

τi(t) =
−Ni(t) +

∑

h bhiNh(t)
dNi(t)

dt

, (2.3)
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The quantities Ni(t) and Nh(t) are direct proportional to the shifted
and unshifted peak observed in the RDDS experiment at distance d = vt
with t the time of flight of the recoils between target and stopper. The
proportionality, for an experiment in singles mode, is related to the detector
efficiency, the γ angular distribution, the conversion coefficients as well as
the normalization factors (see paragraph 4.3). The lifetime, in a singles
measurement, can be directly extracted from the spectra if all feeders are
known.

For each ti = di/v , given by a distance di between target and stopper,
an independent lifetime τi of the level of interest is extracted. The plot of
the τi versus d is called τ -plot or τ -curve. Each deviation of the τ -curve
from an horizontal line indicates clearly the presence of systematic errors in
the measurement or in the extraction of the lifetime. There is a range of
distances, called sensitive region, in which the obtained lifetimes exhibit a
comparably small statistical error.

Typical systematic errors are related to wrong assumptions on intensities
of feeding transition, unobserved feeding, contaminations and deorientation
effect3.

2.2.1 The DDCM for coincidence measurements

Many of the problems caused by systematic errors in the analysis of singles
RDDS experiments can be avoided in coincidence experiments [30, 31]. The
feeding pattern can be simplified by gating only on one feeding transition and
problems like the unobserved feeding which can create errors in the extraction
of lifetimes are bypassed.

The measured intensities of two transitions in coincidence X and Y, where
transition Y occurs first, are indicated {Y,X}. Using the label (S) and
(U) respectively for the shifted and unshifted components of a transition in
an RDDS coincidence experiment, the coincidence intensities Y,X can be
written as:

{Y,X} = {YU , XU}+ {YS, XU}+ {YS, XS}+ {YU , XS}, (2.4)

where {YU , XS} = 0 because a nucleus stopped after the transition YU

can not decay in flight afterwards.

3The deorientation effect observed in nuclei recoiling into vacuum is due to the hy-
perfine interactions between the spins of the atomic nucleus and the surrounding electron
configuration with a consequent rearrangement of the distribution of the emitted radiation.
For details see [32, 33].
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The formula 2.3, valid for singles measurements can be written in the
coincidence formalism as:

τ(tk) =
{CS, AU}(tk) + α{CS, BU}(tk)

d{CS ,AS}(tk)
dt

, (2.5)

where tk = dk
v
and α is the branching ratio of the intensities {C,A} and

{C,B}

α =
{C,A}
{C,B} =

{CU , A}
{CU , B} =

{CS, A}
{CS, B} =

{CS, AU}+ {CS, AS}
{CU , BU}+ {CU , BS}

, (2.6)

A simplification of 2.6 is obtained if the energy gate is set on the direct
feeder B of the level li. Indeed with this condition the equation 2.5 becomes:

τ(tk) =
{BS, AU}(tk)
d{BS ,AS}(tk)

dt

, (2.7)

Some major advantages of the DDCM analysis for coincidence measure-
ments are pointed out in the following:

• Only directly observed feeding transitions are used to determine the
lifetime. By setting the coincidence conditions the problem of the un-
known feeding is bypassed.

• Only relative target-to-stopper distances are used for the analysis. There
is no need to determine absolute distances (valid also for singles mea-
surements).

• The effect of the angular correlation and the Deorientation effect on the
low-lying states are bypassed [32] when the gate is set on the shifted
component of a direct feeding transition.



Chapter 3

Experimental details

Three Recoil Distance Doppler Shift experiments have been performed with
the Köln coincidence plunger device to extend the experimental information
on the lifetimes of low-lying excited states of the 176,178Os nuclei.

The first RDDS experiment for the measurement of lifetimes in 176Os
was performed with the coincidence plunger device mounted at the GASP
spectrometer of the Laboratori Nazionali di Legnaro (Italy). The beam was
provided by the XT Tandem accelerator of the laboratory. The aim of this
first experiment was to determine the lifetimes of the ground state band levels
in 176Os.

The second and third experiment with the coincidence plunger device
were performed at the FN Tandem facility at the Institute für Kernphysik of
the University of Cologne.

These last two experiments were devoted to remeasure the lifetimes of
the first excited states in 176,178Os with RDDS technique. O. Möller et al [3]
measured for the first time the lifetimes of the first excited 2+ in 176,178,180Os
using the delayed coincidence technique.

In this chapter details about the experimental setups are reported.

3.1 The Plunger device

For the RDDS experiments described in this work the Köln plunger device
was used. This device has been built at the Institute of Nuclear Physics of the
University of Cologne, Germany. The picture in figure 3.1 shows a drawing of
a section of the Cologne plunger apparatus. In the figure 3.1 one can clearly
distinguish the reaction chamber (on the left with a ball shape), the stopper
foil is fixed in the center of the chamber while the target mounting plate is
located on the left end of the beam–tube (center, in blue). The motor is

31
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Figure 3.1: Drawing of the Cologne plunger apparatus [30].

located at the right end of the apparatus. With this system and the related
electronics it is possible to set distances between the target and stopper from
electrical contact to about 2000 µm with an accuracy of 0.5 µm. The foils
are glued on special aluminum rings mounted and stretched on aluminum
cones. It is essential that the foils are flat and stretched so that they can
be positioned at very short distances to each other and remain flat during
the heavy-ion beam bombardment. In figure 3.2 a gold stopper foil is shown,
glued on the ring and mounted on the cone. The foil is stretched and ready
to be mounted in the plunger chamber.

Figure 3.2: A gold stopper foil is mounted and stretched on the aluminum
cone.

The two foils in the plunger chamber are mounted parallel to each other
and perpendicular to the beam direction. Modification of the distance be-
tween the foils is done by changing the target position with a linear motor
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called Inchworm. The motor consists of three piezo-crystals and also incor-
porates its own optical measurement system for the position determination.
The Inchworm allows to set relative distances between the foils with a pre-
cision of 0,5 µm. The target is connected to the linear motor through a
connection tube mounted concentric inside the beam-tube (see figure 3.1).
Additionally, an independent inductive distance transducer – a Tesa-probe
(TESATRONIC)– is mounted inside the target chamber. The inductive sys-
tem, and also the optical Inchworm, can only measures relative distances
from the mechanical structure of the fixed stopper and the target. A mea-
surement of the target-to-stopper distance is performed by measuring the
capacitance of the parallel-plate capacitor formed by the target-to-stopper
system [49]. Before the start of each measurement, with a cold plunger, the
capacity versus the distance, is measured with the Tesa-probe (see paragraph
4.2). As the beam arrives on the foils the energy loss of the ion beam in the
foils induces a thermal expansion of all the parts of the target and stopper
system. Of course, for the high precision required for this kind of experiment
these variations cannot be neglected. On the other hand, these expansions
are not in equilibrium. The beam current typically does not stay constant
enough to keep the temperature constant of the mechanical structure. It is
therefore necessary to compensate for the resulting changes of the target-
to-stopper distance by a feedback mechanism. Between the Inchworm and
the connection tube another piezocrystal is mounted. With this piezocrystal
a change of the distance between the foils caused by a change of the beam
conditions can be automatically balanced with a change of the distances be-
tween the foils (the regulation is up to 30µm). As above mentioned, the
isolated target-to-stopper system forms a parallel-plate condensator and the
dependence of capacity from the distance of the foils is used as basic sig-
nal for the feedback system. An electric pulse is applied to the target foil
to measure the capacity between target and stopper foil. The signal of the
stopper is amplified and converted by the ADC (Analog–Digital–Converter)
and controlled by a PC. If the capacity exceeds outside the range with pre-
scribed tolerance, the feedback system will automatically compensate this by
changing the distance between the foils.

3.2 The GASP spectrometer

The GASP 4π spectrometer has been developed and built at the Laboratori
Nazionali di Legnaro (LNL), Italy [34]. It consists of 40 large-volume high
purity Germanium detectors (HPGe), each with a relative efficiency of about
82%. The total solid angle covered by the HPGe detectors is 10%.
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Figure 3.3: The GASP spectrometer in open condition and for configuration
C1. The picture shows the Cologne Plunger device as it is mounted in the
spectrometer.

The 40 HPGe detectors of GASP can be grouped in 7 rings. The de-
tectors within each ring are positioned under almost identical angles with
respect to the beam axis. The detectors are divided in two hemispheres (see
fig.3.3). Table 3.1 summarizes the distribution of the 40 detectors over the
7 rings. In the standard configuration I (C1) the 40 detectors are placed at
27cm from the target position and mounted in a BGO Compton-suppression
shield. For this configuration the total absolute photo peak efficiency is 3%
at a gamma-ray energy of 1332 keV. In addition it provides a 4π BGO mul-
tiplicity filter(called BGO Inner Ball) which consists of 80 individual BGO
crystals acting as active collimator and measuring the total energy and the
multiplicity of the gamma cascades.

In the configuration II (C2) the BGO Inner Ball is removed, the collimator
function is obtained by a Pb shield of similar geometry as the BGO Inner
Ball but with a smaller diameter. This shield has been made in collaboration
with the Institute für Kernphysik of the University of Cologne, Germany. In
this configuration the HPGe detectors are mounted at a shorter distance
from the target position (20 cm) with a corresponding increase of the total
photo peak efficiency to 5.8%. The plunger device has been coupled with the
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GASP spectrometer in configuration II for the experiment discussed in this
work.

Table 3.1: Distribution of the 40 HPGe detectors of GASP over 7 rings.

Ring Angle [◦] Number of
number Detectors

0 34.6 6
1 59.4 6
2 72.0 4
3 90.0 8
4 108.0 4
5 120.6 6
6 145.4 6

3.3 The 176Os experiment at GASP

In this paragraph details on the coincidence recoil distance experiment per-
formed at the Laboratori Nazionali di Legnaro for measuring lifetimes in
176Os are reported.

Excited states of 176Os were populated via the reaction 152Sm(29Si,5n)176Os
at a beam energy of 158 MeV. The beam was provided by the XT tandem
accelerator of the Laboratori Nazionali di Legnaro, Italy. The coincidence
plunger apparatus of the University of Cologne was mounted in the GASP
spectrometer in configuration II. For this experiment the GASP detectors lo-
cated at the same polar angle θ with respect to the beam axis were grouped
into rings. That way the spectrometer was subdivided into 7 different rings
(see table 3.1). The target consisted of 0.5mg/cm2 152Sm evaporated onto
a 1.98mg/cm2 Ta foil backing. A 7.7mg/cm2 gold foil was used to stop the
176Os recoil nuclei which left the target with a mean velocity of 1.53(2)% of
the speed of light.

Table 3.2 summarizes all the details for the experiment at GASP.
The CASCADE calculation code [35] was used in preparation of the

experiment. (The predicted cross sections as function of beam energy are
shown in Fig.A.1 in appendix A). An optimal beam energy was estimated
(at 150MeV) corresponding to the maximum in the cross section. A thin
layer of 181Ta was chosen as backing material for the target. The energy loss
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Table 3.2: Technical details of the plunger experiment at GASP.

Experiment 176Os

Reaction 152Sm(29Si,5n)176Os
Beam energy E(29Si) = 158 MeV
Beam current I(Cup) = 2pnA
Charge status C(29Si) = 10+

Target 0.5mg/cm2 of 152Sm
Backing 1.98mg/cm2 of 181Ta
Stopper 7.7mg/cm2 Au

Recoil velocity v/c = 1.53(2)%
Distances [µm] 3.53;5.50;7.44;10.86;15.26;

21.15;26.01;33.83;46.3;59.24;
78.76;108.11;147.20;196.1;

254.7;376.9;660;1000

in the target by the beam was calculated to be Eloss ∼ 8MeV, as calculated
with VTL [36]. To account for this energy loss, the requested beam energy
was increased with this amount. Factors which must be taken in considera-
tion while fixing the beam intensity are: the Ge mean single rate which must
not exceed 10kHz (too high singles rate will spoil the resolution) and the
heat induced by the beam on the target. As reported in the work [37] the
beam current must be kept below the current that can induce deformation
in the target or stopper foils.

With the VTL program, developed at IKP of the University of Cologne,
it is possible to extract the maximum beam current without inducing defor-
mations (bumps) in the foils. For this experiment the beam current of 2 pnA
was chosen.

It is necessary to take in consideration that also the thickness of the target
plays a significant role. A thicker target may yield more reaction products of
interest. On the other side, it also makes larger straggling of the secondary
reaction products, which cause larger Doppler broadening of the in-flight
components. On the basis of these considerations, for this measurement was
used a target thickness which results from a compromise between a higher
statistic and a lower energy resolution.

Evidently, the thickness of the stopper foil must be chosen such that the
recoils are stopped. However, choosing the stopper foil too thick might cause
an increase of background due to the Coulomb excitation of the stopper
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material by the primary beam. The stopper material should be chosen such
that the produced background lines do not overlap with the lines in the
spectrum of the nucleus of interest. In this experiment a gold foil was used.
The γ rays deexciting the 176Os, produced in the dominant reaction channel,
were registered with the GASP spectrometer. γγ-coincidences were taken at
18 different target-to-stopper distances from the electrical contact point of
the target and stopper foil up to 1000µm separation. The separations used
are listed in table 3.2. At the end of the measurement a calibration with
a 152Eu source was done. The source was positioned in the plunger at the
stopper position which corresponds to the center of the GASP spectrometer.
In this experiment lifetimes of levels in the ground state band (gsb) were
measured and in two excited bands with negative parity. The β and γ–bands
were not populated. In figure 3.4 spectra of transitions of 176Os measured
at distances of 5, 25 and 150µm with the detectors positioned at 34.6◦ with
respect to the beam axis are shown. In the spectra three transitions of the
gsb which show the effect of the Doppler broadening are indicated with labels
(U stands for unshifted component and S for shifted component). Lifetimes
in the neighbor 3n reaction channel 177Os could be extracted, too.

3.4 The 176,178Os experiments at the Cologne

FN Tandem accelerator

In this paragraph details of the two coincidence recoil distance Doppler–shift
experiments performed at the FAN Tandem of the University of Cologne are
reported.

Excited states in 178Os and 176Os were populated via the reaction
164,166Er(16O,4n)176,178Os at the primary beam energies of 86MeV and 80MeV,
respectively. The experimental setup for both experiments consisted of one
Euroball cluster detector containing 7 encapsulated HPGe detectors, five
single large volume HPGe detectors and one planar HPGe detector. The
central Euroball cluster detector was positioned at 0◦ while the other six
crystals span a complete ring with an angle of 30◦ with respect to the beam
axis. The five large volume HPGe detectors were positioned at 143◦ and the
planar HPGe detector at 0◦, positioned between the plunger head-cup and
the Euroball cluster. The purpose for using the planar detector1 is its high
energy resolution for low energy transitions, because of the small capacity
of the detector. This was essential in these two RDDS experiments since

1The planar detector used is an HPGe detector with a volume of 22cm3 and energy
resolution of 750 eV at 122 keV
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Figure 3.4: Spectra of transitions of 176Os measured at distances of 5, 25
and 150µm with the detectors positioned at 34.6◦ with respect to the beam
axis. The components of transitions in the gsb of 176O which show the effect
of the Doppler broadening are indicated with labels. The label U stands for
the unshifted component and S for the shifted component.

the aim was to measure lifetimes of the first 2+ excited states in 176,178Os
with energy of 132.4 keV and 135.1 keV, respectively. The Cologne plunger
apparatus was used in combination with these detectors. Details of the two
experiments are reported in table 3.3 and described in the following sections.

The first RDDS experiment was performed to measure the lifetime of the
first excited 2+ state in 178Os.

A self-supporting target of 0.5mg/cm2 of 166Er and a gold stopper foil
of 3.6mg/cm2 of thickness have been mounted in the plunger chamber. γγ-
coincidences were taken at 7 distances from the electrical contact between
target and stopper up to 4000µm. Figure 3.4 shows the spectra where the
effect of the lifetime is evident. The resulting lifetime is also compared to
the measured value obtained using the Delayed Coincidence Method [3].

The second RDDS experiment at the FAN Tandem accelerator has been
performed to measure the lifetime of the 2+ state in the ground state band
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Table 3.3: Technical details of the experiments at the FAN tandem, Cologne.

Experiment 176Os 178Os

Reaction 164Er(16O,4n)176Os 166Er(16O,5n)178Os
Beam energy E(16O) = 86MeV E(16O) = 80MeV
Beam current I(Cup) = 2 pnA I(Cup) = 2 pnA
Charge status C(16O) = 8+ C(16O) = 8+

Target 0.9mg/cm2 of 164Er 0.5mg/cm2 of 166Er

Backing 1.6mg/cm2 of 181Ta NO

Stopper 3.5mg/cm2 Au 3.6mg/cm2 Au
Recoil velocity v/c = 0.52(2)% v/c = 0.70(2)%
Distances [µm] 16.0;600;1213;1619; 3.01;200;191.8;592;

2013;2924;4023;6033; 1292;2192;3992;

of 176Os.
A 62.4% enriched 164Er (24.3% 166Er) target of thickness 0.7mg/cm2

evaporated on to 1.6mg/cm2 of 181Ta was used for this measurement. γγ-
coincidences were taken at 8 distances between target and stopper from the
electrical contact up to 6000µm. At the end of each experiment an energy
calibration was done with an 152Eu source mounted at the stopper position.
Figure 3.6 shows the spectra where the effect of the lifetime is evident.
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Data analysis

This chapter describes step by step all the procedures used to estimate life-
times of the levels of interest starting from the raw data.

The calibration, the shift-correction, the sort of the data in matrices, the
determination of the distances, the normalization, the determination of the
intensities in the gated spectra and analysis of the lifetime with the DDCM
are reported in this chapter in detail.

The procedures described here have been applied to all three experiments
discussed in this work.

4.1 Calibration and Shift-correction

At the end of each experiment the energy calibration for each detector is
required. In this way a correspondence between energy and channel for each
detector is defined. For all the experiments the 152Eu source has been used.
The instability of the (front-end) electronics can introduce a gain shift in
the spectra during the measurement. This means that the calibration for
one detector can change over time. The correction of this gain-shift, the re-
calibration of the spectra, ensures that all detectors will have identical gains
for the data taken during the entire measurement. To make this correction
the acquired data was stored in runs of one hour each. In this way, it is easy
to follow the possible fluctuations of the γ-lines for each detector and use
them as reference in the successive runs.

The coefficients used to perform the correction are determined from pro-
jection spectra produced by a pre-sort. These projections are produced for
each run. One of the runs is taken as reference for the others. Two γ-lines,
unaffected by Doppler broadening, are used for comparison within the same
detectors for all runs. This procedure is applied to each detector.

41
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The time spectra (i.e. time difference spectra giving the time between
the individual detector signal and the coincidence trigger signal) are not
strongly affected by electronic instabilities1, and only the spectra of the indi-
vidual detectors for any arbitrary run had to be shifted on top of each other
by addition of a constant time (–value). With the times of the detectors
shifted this way, the time difference spectra for each detector combination
were sorted, in which the time distance between two coincident events were
incremented. In the time difference spectra two time windows are selected.
The first one of about 40 ns is centered on the prompt peak and the sec-
ond one is used for the background correction2. Using this information for
sorting the final coincidence matrices two kind of matrices are created. One
with the events of interest and the second one with the background. The
4kx4k coincidence matrices Md

M,N are sorted for each distance d and for each
combination of rings N and M.

4.2 Distance calibration

At the beginning of each plunger experiment, the capacity of the target-
stopper foils system is measured against the distance given by the micrometer
(Tesa) device. This measurement is done with the cold plunger, without
beam and without an active feedback system.

What is stored is the voltage 3at each measured distances. The data are
interpolated with a second order polynome over separate intervals. In fig. 4.1
the distance calibration is shown for the measurement done in LNL. With this
calibration the voltage values of the system, kept constant by the regulating
system, can be recalculated into relative distances during the measurement.
At short distances the target-stopper system behaves electrically as a parallel
plate capacitor (with a capacity C given by C ∝ 1

d
where d is the distance

between the plates/foils) and has therefore a linear calibration curve (see
fig. 4.2).

1The timing is dependent on the sharp rise-time of the germanium detector signals and
small changes in amplitude over time do not change timing performance.

2In this case the window consists of two selected intervals, one on the left and the other
on the right of the window on the prompt peak.

3Actually what is measured is not the voltage between the foils but the induced charge
proportional to the impulse amplitude as described in [49] where the capacity is related
to the voltage by C = Q

V
with Q charge that may be stored for a given voltage V between

the plates.
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4.3 Normalization

Since information must be compared at each distance set between the target
and stopper in order to extract the lifetime of the level, it is necessary that
they refer to the same number of recoils produced in the reaction. The
number of the recoils produced is related to the beam intensity.

The intensities of the shifted and unshifted components have to be cor-
rected for differences in running time and beam intensity for different dis-
tances and normalized to the total number of reactions per distance.

The common normalization factors N(d) for each distance d were deter-
mined from the total number of coincidences in strong cascades in a strong
reaction channel. The intensities of the transitions used to determine the
normalization factors have been taken from gated spectra where the gate is
put on the unshifted and shifted component of one of the low-lying states of
the ground state band.

In particular, the normalization factors for the experiment performed at
LNL are obtained from the intensities of the sum of the flight and stopped
components of transitions in the gsb of 176Os in spectra created by gating
on low-lying transitions 4+ → 2+, 6+ → 4+ and 8+ → 6+. The gate on
the transition 2+ → 0+ was not taken into account because it could be
affected by deorientation effects (see paragraph 2.2 and reference [41]). As
example in table 4.1 the normalization factors are shown obtained for the
176Os measurement.

Table 4.1: Normalization factors N(d) for the 176Os measurement at LNL.
These values are valid for all the GASP rings used in the analysis.

Distance [µm] N(d) Distance [µm] N(d)

3.53 1.174 (5) 59.24 1.333 (6)
5.50 1.093 (4) 78.76 1.356 (6)
7.44 1.000 (3) 108.11 1.414 (6)
10.86 1.113 (4) 147.20 1.402 (6)
15.26 1.151 (5) 196.1 1.404 (6)
20.15 1.228 (5) 254.7 1.424 (6)
26.01 1.133 (5) 376.9 1.604 (7)
33.83 1.243 (5) 660 1.887 (9)
43.6 1.274 (5) 1000 2.03 (1)
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4.4 The recoil velocity

The recoil velocity is determined by the position of the shifted and unshifted
components of the transition affected by the Doppler effect. The velocity v of
the recoil nucleus, relative to the speed of light c, is deduced by the formula:

E1
γ = E0

γ(1 +
v

c
cos θ) (4.1)

where E0
γ is the energy of the unshifted component and E1

γ is the Doppler
shifted component.

The recoil velocity is extracted from the energy position of the two com-
ponents from gated spectra at several detector rings. The information from
the backward ring can be used as check for the value obtained for the ring
around 0◦.

In the analysis of the GASP experiment only those rings have been in-
cluded where the Doppler effect is relevant (ring 0, 1, 5 and 6).

Gated spectra at short and large distances are used to get the position
of the unshifted and shifted components, respectively. For the experiment
performed at LNL, the position of the two components for the 4+ → 2+,
6+ → 4+ and 8+ → 6+ transitions of the recoil nucleus have been used for
this purpose. The measured velocity in percent of the speed of the light is
1.52(2)%.

4.5 Application of the DDCM and the ex-

traction of the lifetime

In the framework of the DDCM the mean lifetime of the level of interest is
extracted directly from the observed coincidence intensities for each target-
to-stopper distance. In an ideal case a coincidence condition can be set on
the flight component of the direct feeding transition of the level of interest
(direct gate). In case of presence of contamination of this component by an
other line, the coincidence condition must be set on the shifted component
of an indirect feeding transition (indirect gate). For each ring combination
and for each target-to-stopper distance a coincidence spectrum is produced
in which the intensities of the in-flight and stopped components of the tran-
sition which depopulates the level of interest are then determined (direct
gate). In the indirect gated spectra the intensities of the transition which
depopulates the level of interest and the components of the transition which
populates that level must be determined. Special care must be taken at that
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phase of the analysis to avoid a possible contamination spoiling the lifetime
determination.

The coincidence window (gate) must be chosen in such way that no con-
taminations are contained. A possible contamination of the line is a transition
which indirectly feeds the level and as such it contributes to the intensity of
the line under examination. Since in the frame of the DDCM the lifetime of
the level is extracted from the observed coincidence intensities it is necessary
to pay attention to contaminations.

The background energy gate window must be chosen in such way that the
background in the region of the line of interest is well represented and the
produced background spectrum, which is substracted from the coincidence
spectrum, should not contain lines which spoil the analysis of the line inten-
sity. The choice the background window were made indispensably test with
different coincidence windows.

It seems to be more efficient to take in advance precautions to avoid
possible contaminations, like the use of smaller coincidence windows and to
renounce to some of the possible combination of rings than to make additional
corrections to the measured intensities.

In fig. 3.4 an example is shown from the experiment performed at LNL.
The two components of the line which are Doppler shifted are marked. This
effect pronounces differently for different target-to-stopper distances.

The intensities of the shifted and unshifted peaks have been determined,
where it was possible, by integration. In special ring combinations or in
presence of a contamination, a Gauss curve was fitted to the lines. For the
determination of the intensities of the lines by fitting, the parameters of the
fit, the peaks positions and their widths were fixed while the peak area was
a free parameter. For the determination of the width (fwhm4) of the peaks5

width calibrations were done.

4.5.1 The lifetime τ

The determination of the lifetime by the equation 2.5 or 2.7 is obtained by
the program Napatau [38]. The intensities of the lines contained in the input
file of the program are normalized (see paragraph 4.3) by the program which
fits the intensity of the flight peak and calculates over separate intervals the
derivative of that curve. The trend of the time–derivative is then adapted to
the trend of the stopped peak intensities. For each target-to-stopper distance

4full width half maximum
5The fwhm of a peak result to be [39] proportional to the square root of the transition

energy.
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a lifetime τ is calculated. The value of the lifetime at each distance which lies
in the sensitive region are displayed by the graphical output of Napatau. This
plot is called τ -plot or τ -curve. The τ -curve is expected to be constant. Each
deviation from an horizontal line indicates clearly the presence of systematic
errors in the measurement or in the extraction of the lifetime. As an example
of the graphical results given by Napatau two τ -plots are shown in fig. 4.3
and 4.4. The determinated lifetime, calculated as average of the single values,
is also indicated with its uncertainties.
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Chapter 5

Experimental results

In this chapter the experimental results are reported which were obtained
from the RDDS experiments described in the previous chapter. A full de-
scription of the determination of each single lifetime measured in these ex-
periments is given, specifying the uniqueness of each case. In the previous
chapter, two different ways of producing gated spectra have been mentioned:
the direct method and the indirect method. In this work the direct gate
technique has been used mostly. The indirect gate method has been used
as check in some cases and where the direct gating was not possible due to
the presence of contaminating transitions. For each level of interest, gated
spectra for each detector ring have been created. The direct gate method has
been preferred because it gives results which are not influenced by the hy-
perfine interactions (deorientation effect) when the gate is set on the shifted
component of the direct feeder [32]. The gate window has been set on the
shifted component of the feeding transition of the state under investigation
and the intensities of the in-flight and stopped peak components of the de-
populating transitions have been determined.
Where it was possible, the intensities of the shifted and unshifted peaks have
been determined by integration but in special ring combinations or in pres-
ence of a contaminant peak, a Gaussian curve was fitted to the lines. In the
second case the positions and the width of the in-flight and stopped peaks
have been fixed. For both the components the line-width versus the energy
has been determined and used in the fit procedure. The software TV was
used for analyzing the spectra [38].
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5.1 The experiment at GASP: 176Os

In total the lifetimes of 10 states in the ground state band and in two excited
bands have been determined in 176Os. For the determination of these lifetimes
only the rings of GASP where the Doppler shift effect is relevant have been
taken into account. It means that only the rings 0, 1 at forward angles and
5, 6 at backward angles have been used (see paragraph 3.2). Analyzing the
spectra of these rings a maximum of 4 lifetime values were determined for
every state. The lifetimes obtained from different γγ coincidence matrices
as well from different gates are statistically independent and can be used to
check the results for consistency. The final value of the lifetime τ of every
level of interest was derived by averaging the individual results.

The ring at approximately 90◦ (ring 3) has been used to check for con-
taminations and to identify lines from other reaction channels.

In fig. 5.3 a partial level scheme of the nucleus 176Os is shown [40].

5.1.1 Analysis of the ground state band

Lifetimes of states with spin 4+ up to 12+ in the ground state band (gsb)
were measured.

• Spectra for the analysis of the 4+ level in the gsb have been created by

a gate on the 6+
347 keV−−−−→ 4+ direct feeding transition. All the relevant

rings can be used to determine the lifetime of the 395 keV state since
no contaminants are present.

• The direct gate method was used also to extract the lifetime of the 6+

state. Gated spectra produced by gating on the shifted component of

the 8+
415 keV−−−−→ 6+ have been produced and the lifetime of the 6+ level

was determined. All the combinations of the relevant rings (Nn, Nm)
with n,m = 0, 1, 5, 6 of GASP were used. For this lifetime the gate on
the shifted component of the direct feeder is set to a smaller window due

to the presence of the 12−
423 keV−−−−→ 10− transition in the spectrum (see

fig.5.3). This transition does not really contaminate the 8+
415 keV−−−−→

6+ decay but especially at the angles were the Doppler shift effect
is maximum (ring 0 and 6) the transitions are very close in energy.
The 351 keV transition is a contamination in the gated spectra for the
shifted component of the transition under investigation in ring 0. For
this reason only the intensities in rings 1, 5 and 6 are taken in account.
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• For the lifetime of the 8+ state the indirect method was used due to
the presence of transition 14−

477 keV−−−−→ 12− which overlaps with the

10+
476 keV−−−−→ 8+ which directly feeds the 8+ state.

Gated spectra were produced by gating on the shifted component of the

transition 14+
587 keV−−−−→ 12+ only at backward angles. The presence of

the transition 18−
591 keV−−−−→ 16− limits the use to the backward rings. In

the gated spectra the intensities of the 415 keV depopulating transition
and of the 475 keV populating transition have been determined.

• The presence of a contaminant transition in the negative parity side
band populated in this reaction does not allow to use gates on the

direct feeding transition 12+
534 keV−−−−→ 10+ of the 10+ state because the

16−
535 keV−−−−→ 14− transition overlaps with the direct feeder of the level

under investigation. Using the same arguments as for choice the gates
in the case of the 8+ state, the same gated spectra as those for 8+ state
were used here. The intensities of the shifted and unshifted components
of both depopulating and populating transitions were determined.

• The direct gate method was used to determine the lifetime of the 12+

state. The gated spectra produced by gating on the shifted component

of the 14+
587 keV−−−−→ 12+ transition are used to determinate the lifetimes

of the 8+ and 10+ states. In this case the gate is set on the shifted
component of the direct feeder. The presence of the 530 keV transition
in the gated spectra restricts the analysis to the ring 6 only.

Table 5.1 summarizes all the results which have been determined for levels
in the gsb from different gates and in correspondence of different angles (rings
of GASP). The final values of the lifetime τ of the level of interest is derived
as the average of the lifetimes of the level at the different ring combinations.

Some attention has been payed to those lifetimes equal or smaller than
the finite slowing down time of the 176Os ions in the stopper. During the
slowing-down in the stopper, the recoil does come at rest in a finite time
interval. During this time interval the recoils velocity straggling is increased
and its magnitude is decreasing with the subsequent emission of γ-rays [41].
Both the in-flight emission and the slowing-down emission contribute to the
observation of the Doppler shifted γ-ray energy. To derive correction factors
for the short lifetimes, the approach introduced in [41, 42] has been applied.
In table 5.2 the corrected lifetimes are reported together with the lifetimes
reported in the work [9]. These values have been measured with a dedicate
DSAM experiment. The lifetime of 8+ state is out of the subpicosecond range
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Figure 5.1: τ -plot and intensities
of the shifted Ish and unshifted Iun
components of the transition 6+1 →
4+1 in 176Os.

Figure 5.2: τ -plot and intensities
of the shifted Ish and unshifted Iun
components of the transition 4+1 →
2+1 in 176Os.
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Table 5.1: Lifetimes of levels in the gsb of 176Os at each ring–ring combina-
tions. The first column indicates the gate used to determine these values.
The label YYYSH indicates that the gate is set on the shifted component of
the transition YYY.

Gate τring 4+ 6+ 8+ 10+ 12+

260.3 keV 347.0 keV 415.0 keV 476.3 keV 533.8 keV

347SH τ0 40.44(33)ps
τ1 39.18(36)ps
τ5 48.9(5)ps
τ6 42.13(42)ps

415SH τ1 9.20(16)ps
τ5 8.29(15)ps
τ6 8.47(15)ps

415UN τ6 3.40(10)ps
τ5 3.51(11)ps

587SH τ0 3.44(11)ps
τ1 3.21(10)ps
τ5 3.88(12)ps 1.23(15)ps
τ6 3.26(10)ps 1.18(22)ps 0.56(15)ps

for the Doppler shift attenuation method and this lifetime is given with a big
uncertainty. However, the agreement with the lifetimes of the state 8+ 10+

12+ extracted from this work is good as shown in the table 5.2. The mean
time interval needed by the 176Os recoils to come to rest in the stopper is
calculated to be about 1.09(24)ps.

In table 5.6 the experimental final lifetimes values obtained in this work
are compared with the lifetimes given in literature [3].

5.2 Lifetime of levels in the negative parity

bands of 176Os

Lifetimes of states in two side bands with negative parity have been deter-
mined.

To derive lifetimes of levels in both negative parity bands, the direct
method has been used in most cases. A total of 6 lifetimes have been ex-
tracted. Details of the procedure used to derive these lifetimes are presented
in the following. In figure 5.3 a partial level-scheme of 176Os [40] is shown.
The two bands under investigation are marked as neg-1 and neg-2.
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Table 5.2: Lifetimes of levels in the gsb of 176Os. The lifetime τcorr corrected
for the slowing down of the recoils in the stopper material is reported. In the
last column the lifetimes known in literature τlit [9] are reported.

Iπ Energy [keV] Eγ [keV] τ [ps] τcorr [ps] τlit

4+ 395.5 260.3 40.4(6) 40.4(6)
6+ 742.3 347.0 8.56(30) 8.56(30)
8+ 1157.4 415.0 3.40(15) 3.40(15) 3.72(2.60)
10+ 1633.8 476.3 1.20(20) 1.26 (21) 1.63(53)
12+ 2167.8 533.8 0.56(22) 0.61(24) 0.70(21)

5.2.1 Analysis of the first excited band

Lifetimes of states with spin 9− up to 13− have been measured in the neg-1
band of 176Os.

• For the lifetime of the 9−, the gates on the direct feeding transition

11−
398 keV−−−−→ 9− could be employed without problems of contamination.

The analysis of the depopulating transition was done using the gated
spectra in all the relevant rings.

• The direct method was used to extract the lifetime of the 11− level.
Gated spectra were produced by gating on the shifted component of

the 13−
464 keV−−−−→ 11− which directly feeds the level under investigation.

All the relevant rings have been used for gating but special care has
been taken for ring 0 where the presence of the 471 keV transition of
the 181Ta is very close to the shifted component of the 464 keV. In this
case a smaller gate window was chosen. Since no contamination was
present in the gated spectra all the four relevant rings were employed
for the analysis.

• To derive the lifetime of the 13− level gates were set on the directly

feeding transition 15−
519 keV−−−−→ 13−. Only the rings under forward an-

gles were used because under backward angles the shifted component
overlaps with the 511 keV line. No contamination was present. There-
fore, for the analysis of the depopulating γ line, spectra from all four
rings were employed.
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The results of the analysis of the first excited band are summarized in
table 5.4. In table 5.3 the lifetimes measured for levels in the gsb at each
ring–ring combinations and for different gates are summarized.

Table 5.3: Lifetimes of levels in the two negative parity bands of 176Os at
each ring–ring combinations. The first column indicates also the gate used
to determine these values. The label YYYSH indicates that the gate is set
on the shifted component of the transition YYY.

Gate τring 9+1 11+1 13+1
322.4 keV 398.3 keV 463.8 keV

398SH τ0 7.69(36)ps
τ1 7.03(36)ps
τ5 7.54(31)ps

464SH τ0 3.46(16)ps
τ1 3.35(17)ps
τ5 3.55(18)ps
τ6 3.39(19)ps

519SH τ0 2.19(19)ps
τ1 2.2(2)ps
τ5 2.1(2)ps
τ6 1.9(2)ps

Gate τring 8+2 10+2 12+2
313.2 keV 374.4 keV 422.9 keV

374SH τ0 6.7(7)ps
423SH τ0 5.0(7)ps
477SH τ0 4.7(3)ps

5.2.2 Analysis of the second excited band

The same criteria mentioned for the analysis of the neg-1 band have been
adopted for the neg-2 band. Three lifetimes have been extracted correspond-
ing to levels with spins from 8− to 12−. The obtained value are reported in
table 5.4.
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Table 5.4: Lifetimes of levels in the first and second excited band of 176Os.
The other data are taken from Nuclear Data. Sheets

Iπ Energy [keV] Eγ [keV] Iγ σγ τ [ps]

9−1 2075.7 322.4 100 (3) E2 7.7 (4)
442.2 31 (5)
918.4 30 (3)

11−1 2473.7 398.3 3.5 (2)
306 6.4(13)
839.7 7.0 (13)

13−1 2937.1 463.8 2.2 (2)
768.9 <14

8−2 2020.8 313.2 100(3) E2 6.7 (7)
863.1 33

10−2 2394.8 374.4 100 E2 5.0 (7)
12−2 2817.7 422.9 100 E2 4.7 (3)

5.3 The experiment at the Tandem in Cologne:

lifetime of the first excited 2+ in 178,176Os

As already mentioned two especially dedicated RDDS experiments were per-
formed to measure the lifetime of the first excited state in the gsb of 178,176Os.

In literature the lifetimes of the first excited 2+ states in 178,176Os are
known. O. Möller already measured the lifetimes with the delayed coinci-
dence technique [3]. The lifetimes measured with this technique are 0.99(7)ns
for the 2+ in 178Os and 1.21(18)ns for the 2+ state in 176Os.

The lifetime of the 2+ state in 176Os was measured only with a relative
large experimental uncertainty and one might suspect that the measured
lifetime is affected in addition by systematic error because the measured
value of ∼1ns is at the limit of the technique employed in [3].

This suggest to remeasure the lifetime of the first excited 2+ state in
178,176Os.

In table 5.5 the measured lifetimes from the RDDS experiments and the
values given in literature are compared. Also included are the values of the
delayed coincidence measurement using the double Orange spectrometer at
the Cologne Tandem [50].
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5.3.1 Lifetime of the 2+ state in 178Os

Spectra for the analysis of the first excited 2+ level were created by gating

on the shifted component of the direct feeding transition 4+
266 keV−−−−→ 2+ in

the rings 2 and 3.

Details about the experiment can be found in chapter 3. The resulting
lifetime is 1.02(7)ns which is consistent with the lifetime measured with the
delayed coincidence technique [3]. Some comments are required concerning
the extraction of the lifetime of the level under investigation. In spite of
the relatively small recoil velocity which causes a poor separation of the two
components, the evolution of the in-flight and the stopped components while
increasing the target-to-stopper distance are clearly visible, see fig 3.5. Only
the detector at 0◦ were analyzed where the Doppler effect is more pronounced
than in other rings.

5.3.2 Lifetime of the 2+ state in 176Os

To derive the lifetime of the 2+ in the gsb of 176Os, gates were set on the

directly feeding 4+
260 keV−−−−→ 2+ transition in the rings 3 and 2. In this mea-

surement the recoil velocity was quite small too. Therefore the analysis has
been focused on the ring at 0◦ where the Doppler effect is more pronounced
than in the other rings.

Table 5.5: Lifetimes of the first excited 2+ of 176,178Os. The experimental
results are compared with the lifetime τlit measured by O. Möller [3] and the
lifetimes τee measured with the Double Orange [50].

Nucleus Iπ Eγ [keV] τ [ns] τlit[ns] τee [ns]

178Os 2+ 132.4 1.02 (3) 0.99 (7) 1.05 (5)
176Os 2+ 135.1 0.92 (13) 1.21 (18) 0.88 (3)

As cross check of the lifetimes obtained with the RDDS method, two
dedicated experiments were performed [50] using the Double Orange Spec-
trometer at the FAN Tandem of the University of Cologne. In table 5.5 the
lifetime of the first excited 2+ in 176,178Os measured in this work with the
RDDS method, the e−–e− coincidence method τee and the values given in
literature τlit [3] are summarized.
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Table 5.6: Measured lifetimes and transition probabilities in the ground state
band of 176Os. The other data are taken from Nuclear Data Sheets.

Iπ Energy Eγ Iγ σγ τ B(E2) B(E2)
[keV] [keV] [ps] [e2fm4] [W.u.]

2+ 135.1 135.1 100 E2 915(30) 8451(287) 144(5)
4+ 395.5 260.3 100 E2 40.4(6) 14140(160) 243 (5)
6+ 742.3 347.0 100 E2 8.56(30) 17870 (150) 305 (11)
8+ 1157.4 415.0 100 E2 3.40(15) 18800+870

−800 321+15
−14

10+ 1633.8 476.1 100 E2 1.26(21) 25810+5160
−3690 441+88

−63

12+ 2167.8 533.8 100 E2 0.61(24) 30310+1970
−850 517+336

−146

In table 5.6 the determinated lifetimes of levels in the gsb of 176Os are
given together with the transition probabilities calculated from the experi-
mental lifetimes measured in this work.

5.4 Lifetimes in 177Os

A CASCADE calculation revealed that other reaction channels with smaller
cross sections were open in the GASP experiment. As example the 4n channel
which corresponds to the population of states in 177Os with a cross section
of about 8% of the total fusion cross section at a beam energy of 150MeV as
predicted by the CASCADE calculation.

It was possible for this reaction channel to extract lifetime of the 9
2

−
, 13

2

−

and 17
2

−
states in 177Os. The results are given in Table 5.7 and compared

with the lifetimes measured by O. Möller [51]. The same criteria mentioned
for the analysis of 176Os have been adopted for the lifetimes in 177Os.
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Table 5.7: Measured lifetimes of the first excited 9
2

−
, 13

2

−
and 15

2

−
states in

177Os. The experimental results are compared with the lifetime τ † measured
by O. Möller [51]. The other data are taken from the Nuclear Data Sheets

Iπ Energy [keV] Eγ Iγ σγ τ [ps] τ †[ps]

9
2

−
285.1 194.5 100 E2 110(9) 110(5)

13
2

−
567.5 282.4 100 E2 26.6(1.8) 23.3(9)

17
2

−
924.9 357.4 100 E2 6.6(5) 6.67(20)
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Figure 5.3: Partial level scheme of 176Os [40]. The two side bands with
negative parity which are investigated in this work are marked as neg-1 and
neg-2.



Chapter 6

Comparison with the models
and discussion

The use of collective observables to describe the behavior of complex systems
like the nucleus is a helpful method to provide information for the study of
the nuclear many-body problem. Information on the shape of the nucleus
can be extracted from these observables.

Some of the empirical observables which will be used in this work to
discuss a change in the structure are briefly introduced here.

The ratio R4/2 =
E(4+

1
→0+

1
)

E(2+
1
→0+

1
)
gives directly the basic structure of the nucleus:

near closed shell R4/2 < 2, vibrational for R4/2 ∼ 2.0, transitional for R4/2 ∼
3.0 and rotational for R4/2 ∼ 3.33. The ratio R4/2 value is thus interesting if
one wants to discuss changes in shape. It can be used as starting point for
determining the structure of a particular nucleus but information on other
low-lying states must also be considered.

Other observables which act as sensitive signatures of the structure are
the transition strengths. The energy of the 21

+ state for example and the
B(E2 : 21

+ → 01
+) give the overall scale of collectivity and, for deformed

nuclei, the value of the deformation β. As the collectivity increases (i.e. the
number of valence nucleons increases) also the B(E2 : 21

+ → 01
+) grows1.

The E2 strength of the 41
+ → 21

+ transition also increases in the spherical–

to–deformed transition but the ratio of energies R4/2 =
E(4+

1
)

E(2+
1
)
decreases.

Transition strengths between different bands are sensitive to shape changes
too.

Several models have been developed with the aim to describe the nucleus
using a geometrical description of the shape. Free parameters contained

1B(E2) values are very small near doubly magic numbers, it reach a peak near mid-shell
and decreases again near the next doubly magic region.
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in these models are adjusted to specific nuclei and the shape evolution is
described by varying the properties of the ground state and of low-lying
levels with the parameters of the models [20].

The transition probabilities values derived in the present work allow one
to extract nuclear structure information characterizing the collective mo-
tion of the gsb and the first excited band in 176Os. The comparison of the
experimental results presented in the fifth chapter and the outcome of the
theoretical models predictions described in the first chapter is discussed in
this chapter.

6.1 The nucleus 176Os

Recently, as already mentioned in this thesis, the first nucleus outside from
the well established A ∼ 150 ones region showing X(5) features has been
found [8, 51]. The nucleus 178Os is indeed the first example of an X(5) - like
nucleus in the mass region A ∼ 180 . Of course, this first result motivates
investigations in neighboring nuclei. The attention was focused on the even –
even neighbors 176Os and 180Os. In this work only the lighter osmium isotope
has been investigated.

The nucleus 176Os, with Z = 76 and N = 100 is 6 valence protons away
from the closure of the shell at Z = 82 and is located at about half way
between closed shells at N = 82 and N = 126. From this point of view 176Os
can be considered a promising candidate. In order to find other regions
where X(5)-like nuclei can be found, it appears reasonable to look where fast
transitions from spherical to axially symmetric deformation are expected.
Thus regions around mid-shell for nucleons of one type with few valence of
nucleons of the other type are the most promising ones for finding X(5) type
nuclei [8]. The nucleus 176Os is located in a region which presents the above
mentioned characteristics.

In figure 6.1 a portion of the energy spectrum of 176Os which includes the
ground state band and the β band is shown as well as the X(5) predicted
spectrum for the s = 1, 2 bands according to the X(5) terminology. The
normalized energy of levels in the gsb of 176Os are presented in figure 6.2
compared with those of the X(5)–like nuclei 178Os and 152Sm, 150Nd and
with the predictions of the models. Table 6.3 reports the energy ratios of
levels in 176,178Os isotopes which are compared to the values found for some
of the well known X(5)–like nuclei and to the predictions of the X(5) model.
In table 6.2 the relative transition strengths in 176Os are compared to the
X(5) predictions and to the values in 178Os.

Of special importance are also the transition probabilities within the first
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Figure 6.1: Partial level scheme of 176Os (gsb and β band) compared with
the predictions of the s = 1, 2 bands of the X(5) model. Energies are in
(keV) and normalized to the experimental E(2+) value.

excited band (s= 2 in the X(5) terminology) and those of interband transi-

Iπ X(5) 178Os 176Os

E(4+1 )/E(2+1 ) 2.91 3.01 2.92
E(6+1 )/E(2+1 ) 5.43 5.75 5.49
E(8+1 )/E(2+1 ) 8.48 9.01 8.57
E(10+1 )/E(2+1 ) 12.03 12.7 12.09

Table 6.1: Energy ratios of levels in
the gsb of 178Os and 176Os with the
corresponding X(5) values. All the
values are relative to the energy of the
2+. The energy values are taken from
NDS [52].

Iπ X(5) 178Os 176Os

2+ 1.00 1.00 1.00
4+ 1.58 1.64 1.71
6+ 1.98 2.10 2.15
8+ 2.27 2.37 2.26
10+ 2.61 2.78 3.10

Table 6.2: B(E2; I → I − 2)
normalized to the B(E2; 2+1 →
0+1 ).
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Figure 6.2: Normalized energy levels of the yrast band for the 176,178Os, 150Nd
and 152Sm. The values are compared with the predictions of the theoretical
models. The experimental energies are taken from NDS

tions between the s= 2 and the gsb (s= 1). In the framework of the X(5)
model, the interband transition strengths Is=2 → (I + 2)s=1 are expected
to be larger than Is=2 → Is=1 ones, and the Is=2 → (I − 2)s=1 transition
strengths are one order of magnitude smaller than the latter ones. In table
6.2 the relative transition strengths within the ground–state band of 176Os
are compared to the X(5) predictions and to the values of 178Os.

Information concerning the band S2 in 176Os can be found in the work [53].
The excited band was populated by the beta decay of 176Ir. In table 6.4 the
experimental transition strengths of 176,178Os [53] and the values predicted by
the X(5) model are given for comparison. All the intensities are normalized
to the intensity of the transition I+2 → (I − 2)+2 .

The energy position of the band-head of the s= 2 and s=3 band of the
spectrum predicted by the X(5) model can be compared with the position
of β and γ band-head of the experimental spectrum to check if the nucleus
presents the features of the X(5) symmetry. In the X(5) predictions the s= 2
(β) band-head is located at lower energy than that of the s= 3 (γ) band-
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Table 6.3: Comparison of the energy ratios of levels in Os isotopes to the
prediction of the X(5) model and to the known X(5)–like nuclei 154Gd [4] and
152Sm [20].

Energy ratio 176Os 178Os 180Os 154Gd 152Sm X(5)

E(4+1 )/E(2+1 ) 2.93 3.01 3.09 3.01 3.01 2.91

R(4/2)†S2 3.00 3.09 3.43 2.71 2.69 2.80
E(0+2 )/E(2+1 ) 4.45 4.91 5.57 5.53 5.62 5.67
R(2S2/2S1)

‡ 1.05 0.91 1.02 1.10 1.03 1.80

‡ with R(2S2/2S1) = (E(2+2 )− E(0+2 ))/E(2+1 ))
† with R(4/2)S2 = (E(4+2 )− E(0+2 ))/(E(2+2 )− E(0+2 ))

head. In both spectra of the 176,178Os nuclei, the band-head of the β – band
lies at lower energy than that of the γ band.

The energy ratios of levels in Os – isotopes summarized in table 6.3, are
compared to the prediction of the X(5) model and to the known X(5)–like
nuclei 154Gd [4] and 152Sm [20]. All except for the E(2+2 )/E(2+1 ) value is
reproduced.

It can be deduced from the comparison of the energy spectra and the
relative transition strengths with the predictions of the X(5) model, that the
even – even nucleus 176Os is a promising X(5) candidate.

6.1.1 176Os as X(5) nucleus

In this work the absolute B(E2)–values in the ground state band were deter-
mined from the experimental lifetimes. These values allow for a stringent test
of the X(5) predictions together with the comparison of the energy spectra.
The experimental observables are compared with the Iachello’ s approximate
X(5) solution and the exact X(5) numerical solution of Caprio (see paragraph
1.3.2).

Comparison to the X(5) approximate solution

In figure 6.3 the transition quadrupole moments within the gsb of 176Os are
plotted versus the spin and compared with the theoretical values of the X(5)
model [2] approximation, the symmetric rotor [SU(3)] and the IBA U(5)
limit. The transition quadrupole moments Qt are calculated with relation
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Table 6.4: Comparison of the relative transition probabilities of the X(5)
predictions from [2] with the experimental values in 176,178Os. The intensities
are normalized to the intensity of the transition I+2 → (I − 2)+2 . The γ–
intensities are taken from [53].

178Os 176Os X(5)

2+2 → 0+1 0.02(1) n.o. 3
→ 2+1 0.4(1) 4.8(5) 10
→ 4+1 0.9(1) 53(8) 46
→ 0+2 100 100 100

4+2 → 2+1 0.2(1) 0.01(1) 0.8
→ 4+1 11(1) 9.7(5) 5
→ 6+1 50(16) 52(18) 23
→ 2+2 100 100 100

6+2 → 4+1 0.10(3) 0.8(1) 0.4
→ 6+1 19(2) 15(1) 3.3
→ 8+1 n.o. n.o. 15
→ 4+2 100 100 100

1.8 from the experimental B(E2) transition strengths. The experimental Qt

value for the 2+1 → 0+1 transition is used as normalization factor for the
theoretical predictions. The agreement of the experimental data with the
X(5) predictions is found to be good and comparable to that found for the
X(5) examples 150Nd [6] and 154Gd [4].

To illustrate the quality of the results obtained in this work, in Fig. 6.4
the Qt–plot of two well known X(5)–like nuclei in the N = 90 isotones and
the first example of the X(5)–like nucleus outside the A = 150 mass region
are compared to the result obtained in this work for 176Os.

As mentioned, from the transition strength B(E2; 2+1 → 0+1 ) = 0.83e2b2

a value of Q0 = 6.5eb is derived. From the comparison of the partial level
schemes in figure 6.1 it is evident that the X(5) symmetry predicts correctly
the relative energies in the gsb sequence, while there is a disagreement be-
tween the energies in the sequence on the 0+2 . Indeed the experimental levels
are much closer in energy to each other compared to the X(5) model. The
reason can be related back to the fact the potential in β is assumed to be an
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Figure 6.3: Transition quadrupole moments in the ground state band of
176Os. The measured values are compared to the expected ones for the rigid
rotor, the X(5)–like nucleus in the approximate case and the U(5) limit of
the IBA.

infinite square well. By changing the potential with a sloped well, the effect
of this potential will be minimal on the low-lying (yrast) states while the
high energy states will have lower energies [54]. It is important to mention
again that the X(5) model does not have free parameters and has only two
scaling parameters for energies and the B(E2) values.

Comparison to the X(5) exact numerical solution

In figure 6.5 the comparison of the partial experimental level scheme of 176Os
with the exact spectra for the X(5) potential with the γ–stiffness param-
eter a = 200 2 proposed by Caprio M.A. [27] is presented. In the exact
numerical X(5) solution energies and transition rates are given for the s= 1,
s= 2 and s=3 bands using the X(5) terminology. The gsb, β and γ – band
of the experimental spectrum can be compared with s=1, s= 2 and s=3
bands, respectively. In the experimental and theoretical spectra, the ener-

2In the vicinity of the γ stiffness a = 200, the approximate results quantitatively
resemble the exact results.
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Figure 6.4: Comparison of the Qt–values in the gsb of 176Os (a) with well
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gies of the levels and the energies of the intraband transitions normalized
to E(2+1 → 0+1 ) = 100 are given. The experimental and predicted B(E2)
transition strengths in the gsb, normalized to the B(E2; 2+1 → 0+1 ) = 100,
are given for direct comparison. B(E2) transition rates for the intra and
inter–band transitions in the β and γ bands are summarized in table 6.5.



7
0

C
o
m
p
a
riso

n
w
ith

th
e
m
o
d
e
ls

a
n
d

d
isc

u
ssio

n

EXPX(5) 

gsb

β

γ

1.91

2.13

1.66

1.35

0.84 0.84(3)

1.42(3)

1.77(6)

1.88(9)

2.6(5)

0+0.0

2+100.0

4+276.0

6+506.0

8+779.0

0+565.0

2+796.0

4+1104.0

6+1466.0

2+609.0

3+717.0

4+811.0

5+950.0

0+0.0

2+100.0

4+293.0

6+560.0

8+857.0

0+445.0

2+560.0

4+759.0

6+1059.0

2+639.0

3+767.0

4+906.0

5+1042.0
10+1090.0

10+1209.5

311.0

273.0

176.0

267.0

275.0

100.0

233.0

202.0
231.0

230.0

362.0

308.0

100.0

352.5

297.0

267.0

193.0

300.0

199.0

115.0
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Table 6.5: Comparison of the relative transition intensities of the exact nu-
merical X(5)† and approximate X(5) predictions [2, 27] with the experimental
values in 176Os. The γ–intensities for the interband transitions are taken from
[53].

X(5)† 176Os X(5)

2+2 → 0+1 3 n.o. 3
→ 2+1 4.9 4.8(5) 10
→ 4+1 37 53(8) 46
→ 0+2 100 100 100

4+2 → 2+1 1.1 0.01(1) 0.8
→ 4+1 1.7 9.7(5) 5
→ 6+1 18 52(18) 23
→ 2+2 100 100 100

6+2 → 4+1 0.7 0.8(1) 0.4
→ 6+1 1.0 15(1) 3.3
→ 8+1 - n.o. 15
→ 4+2 100 100 100

2+3 → 0+2 0.83 n.o. 7.6
→ 2+1 100 100 100
→ 4+1 2.1 85(20) 5
→ 0+1 23.3 27(5) 64

From the comparison of the partial level schemes it can be deduced that
the energies and B(E2) transition strengths within the gsb are quite good
reproduced by the model. The disagreement in the energy spacing of levels in
the β band, observed in the approximate X(5) solution, still remains. It is to
be noted is that the band head of the β band in the experimental spectrum
is located at a lower energy with respect to the value predicted by the model.

The exact solution of Caprio supplies also information on the γ band
(s= 3) as well as the intraband and interband transition rates with the gsb
(s= 1) and β (s= 2) band. This allowed a more stringent test to find the
characteristic features of the X(5) symmetry. The agreement between the
energies in the γ band predicted by the model and the experimentally ob-
served energies is quite good showing a discrepancy smaller than 10%. Also
the interband B(E2) transition strengths, summarized in table 6.5 are quite
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well reproduced by the model.

6.2 The comparison with the theoretical mod-

els IBA and GCM

One must remark that perfect agreement of the experimental data with the
X(5) predictions is of course not observed. The X(5) model does not allow any
fitting and uses only two scaling parameters for the energies and the B(E2)
values. Therefore one should expect an improved agreement between experi-
mental and theoretical values when using other theoretical models where the
calculated quantities can be adjusted by varying model parameters. With
the aim of reproducing the spectroscopic properties of the nucleus 176Os, two
calculations have been performed: a GCM fit and a IBM–1 fit with a valence
boson number N = 12. The results are shown in figures 6.6 and 6.7. The
transition strengths (in e2b2) for the gsb obtained from the fits are given
in the figure for an immediate comparison, while the interband transition
strengths are summarized in table 6.6 and compared with the experimental
values.

The experimental data of 176Os has been fitted in the framework of the
IBM–1 model [16]. This fit helps also to position the nucleus in the transi-
tional region between spherical nuclei and deformed nuclei. The results of
the fit are presented in figure 6.6 and the parameters of the fit summarized
in table 6.7. Only two terms of the Hamiltonian 1.11, namely the boson
number operator and the quadrupole operator, were used.

The overall agreement with the experimental data of 176Os is relatively
good. The calculations provide a reasonable description of the low-lying
spectra. The spacing in the gsb are described almost exactly while the en-
ergies of the γ–band are reproduced to within 6-15%. The energy spacing
of levels in the sequence on the 0+2 state is lower in the experimental data
than in the calculations but the location of the 0+2 is well described. It is not
surprising that this spacing is not reproduced since it is difficult to repro-
duce by other collective models too. The IBM-1 model with two parameters
fails in the reproduction of the transition probabilities, indeed the predicted
B(E2) transition rates between the high spin states of gsb are underestimated
within 20-40%.
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Table 6.6: The relative transition probabilities of transition between the β,
γ and gsb in 176Os. The intensities are normalized to the intensity of the
strongest transition. The experimental γ–intensities are taken from [53].

GCM 176Os IBM

2+2 → 0+1 - n.o. -
→ 2+1 15 4.8(5) 11.1
→ 4+1 26 53(8) 7
→ 0+2 100 100 100

4+2 → 2+1 0.002 0.01(1) 0.1
→ 4+1 8.7 9.7(5) 5.6
→ 6+1 13 52(18) 0.7
→ 2+2 100 100 100

6+2 → 4+1 0.001 0.8(1) 0.05
→ 6+1 7 15(1) 4
→ 8+1 - n.o. -
→ 4+2 100 100 100

2+3 → 2+1 100 100 100
→ 0+1 98 27(5) 96
→ 4+1 24 85(20) 12
→ 0+2 - n.o. -
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Figure 6.6: . Experimental level scheme and B(E2) transition strengths (in e2b2) compared to the IBM–1 fit. Energies
presented are in keV.



6.2 The comparison with the theoretical models IBA and GCM 75

The GCM calculation is performed using the code developed by Trolteiner
et al.[55] with the aim of reproducing the spectroscopic properties of 176Os
and deriving information on the collective potential V(β,γ). The fit in the
frame of the General Collective Model is performed with six parameters (see
eq. 1.9). The results are presented in figure 6.7 and compared with the
experimental data. The agreement is found to be very good for the gsb. The
energy spacing in the β and γ bands are quite well reproduced, however, the
two band heads are at higher energies with respect to the experimental data.
The intraband B(E2) transitions are well reproduced by the model as well as
the interband transitions for the β and γ which are reported in table 6.6. As
expected a better agreement is obtained in the framework of GCM compared
with the X(5) model framework.
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In figure 6.8 the results obtained in this work are summarized and graph-
ically represented. The experimental energy ratios (a) and the normalized
experimental transition probabilities (b) for the ground state sequence (up
to spin j = 10) are plotted versus spin together with those predicted by the
X(5) model, IBM and GCM. The rotor and vibrator limits are also given
for comparison. The experimental energy spectrum of the nucleus 176Os is
satisfactorily reproduced by X(5), IBM and GCM model. The transition
probabilities within the gsb are satisfactorily reproduced by both X(5) mode
and GCM while the IBM–1 fails.

In figure 6.9, the experimental energy ratios (a) and the transition prob-
abilities (b) of the X(5) like nuclei 178Os and 176Os, are plotted together with
those of two well known X(5)–like nuclei, 150Nd and 152Sm. The results of the
present work on the investigation on the nuclear structure of the low–lying
states in the 176Os nucleus is found to be good and comparable to that found
for the X(5) examples 150Nd [6] and 152Sm [20].

The General Collective Model provides the possibility for investigating
the role of the collective degrees of freedom β and γ. In figure 6.10 and 6.12
the GCM potentials derived from the fit of 176Os are presented and compared
with the potentials of the nucleus 154Gd obtained from a GCM fit [4]. The
potentials are similar but nevertheless some differences exist. The potential
in β is more expanded in 154Gd while the potential in 176Os shows a larger
depth. The two potentials in γ are very similar but a larger prolate–oblate
energy difference is observed in 176Os.

Table 6.7: Parameters of the IBM–1 and GCM fits for 176Os.

IBM GCM

η χ B2 P3 C2 C3 C4 D6

[MeV s2] [MeV s2] [MeV ] [MeV ] [MeV ] [MeV ]

0.76 -1.0
√

7

2
67.47×10−42 7.48×10−44 -174.8 310.1 3547.4 3710.4

The IBA fit discussed in this section enables a comparison with the X(5)
symmetry. The parameter space for the Hamiltonian given by equation 1.16
is generally represented by a triangle [18], called Casten triangle, with one
IBA dynamical symmetry at each vertex. The Casten triangle is represented
in figure 6.2. The X(5) critical point is indicated as corresponding to the
first–order phase transitional point on the U(5)–SU(3) axis at(η = 0.75, χ =
−
√
7/2). In the triangle also the position of the 176Os in this parameter space

(η = 0.76, χ = −1.0
√
7/2), deduced from the IBA fit of the experimental
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Figure 6.8: Experimental energy ratios (a) and the normalized experimental
transition probabilities (b) for the ground state sequence (up to spin j = 10)
in 176Os are plotted versus spin together with those predicted by the X(5)
model, IBM and GCM. The rotor and vibrator limits are also given for
comparison.
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Figure 6.9: experimental energy ratios (a) and the transition probabilities
(b) of the X(5) like nuclei 178Os and 176Os, are plotted together with those
of two well known X(5)–like nuclei, 150Nd [6] and 152Sm [20].



80 Comparison with the models and discussion

Figure 6.10: Projection of the
GCM potential V (β, γ) for 176Os
with γ = 0◦, 30◦ and 60◦. The
position of the ground state is in-
dicated by the horizontal line.

Figure 6.11: Projection of the
GCM potential V (β, γ) for 154Gd
[4, 51] with γ = 0◦, 30◦ and 60◦.
The position of the ground state is
indicated by the horizontal line.

data, is indicated with a cross. It is evident that the 176Os nucleus is very
close to the parameters values which correspond to the X(5) symmetry.

6.3 The negative parity bands in 176Os

The odd and even spins labeled with neg–1 and neg–2 in figure 5.3 are the
yrast negative–parity states in 176Os.

These bands were studied in the work [40]. The double–band structure
of the neg–1 and neg–2 bands with negative parity is seen as a typical 2–
quasiparticle configuration. A band with odd spins and negative parity start-
ing at the Jπ = 7− level is, in most of the cases, accompanied by a band with
even spins and negative parity [43]. These bands are considered as signature
of the same intrinsic excitation and have been observed in many nuclei e.g.
the Barium and Xenon isotopes [43–47]. It has been found that for the lighter
Os isotopes (176,178Os) [40] the double band structure is a signature of the
2–quasiproton configuration with one proton in the π 5

2
[402] orbital coupled

with a Coriolis mixed h 9

2

proton. Under the approximation of equation 6.1

it is possible to estimate the 〈K2〉 value of the band from the experimental
B(E2) values .

B(E2; I+2 → I) =
5

16π
Q2

0

3

2

(I + 1)(I + 2)

(2I + 3)(2I + 5)

(

1− 〈K2〉
(I + 1)(I + 2)

)2

. (6.1)
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In figure 6.14, the experimental B(E2) reduced transition probabilities in
the odd–spin negative parity band labeled with neg–1 in 176Os are compared
to calculations performed at different Krms =

√

〈K2〉.

To reproduce the experimental values, a quadrupole momentum Q0 =
7.3 eb was used which is larger than to the Q0 in the ground state band
in 176Os. The quasi–particle configuration underlying this band this band
polarizes the nucleus to a bigger deformation.

In the suggested configuration [59] of the band, one proton is found in
the 5

2
[402] and for the other proton only the orbitals 1

2
[541] and 3

2
[532] are

possible candidates. These configurations correspond to K = 2 and K = 1,
respectively (see fig.6.14). Both the orbitals are deformation–driving and one
expects larger deformation than in the ground state band. The high–j low–Ω
intruder 1

2
[541] proton with a rather large orbital moment drives the core to

a large quadrupole deformation.

For these bands also a neutron configuration was taken as possible con-
figuration [40], but it was found that for 176Os the 2–quasineutron bands are
at higher energy and hence for this nucleus these two bands can be identified
to be 2-quasiproton configuration.
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η χ

X(5) 0.75 -1.0
√
7
2

176Os 0.76 -1.0
√
7
2

Table 6.8: Casten triangle for parameters of IBM–1. The position of the
176Os nucleus is indicated. In the table the parameters of the IBM–1 fit for
176Os as well as the parameters which correspond to the X(5) symmetry in
the framework of IBM.

6.4 The rotational band in 177Os

The lifetimes in a rotational band of 177Os have been determined in this work
and are reported in table 5.7. The lifetimes of the same levels have already
been measured by O. Möller [51] and are consistent (see table 5.7) with the
present values.

To describe the rotational band of 177Os the Particle–Plus-Triaxial-Rotor
Model is used [60]. The model is shortly described here. Bohr suggested to
approximate the Hamiltonian of an odd–mass nuclear system with a hamil-
tonian which is the sum of the Hamiltonian of the doubly even core and an
intrinsic Hamiltonian which contains a modified oscillator deformed single
particle field and a BCS pair field. The single–particle energies and wave-
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Figure 6.14: B(E2)–values of intraband transitions within the negative parity
band neg–1. The lines connect the values obtained by means of eq. 6.1 for
fixed values of Krms =

√

〈K2〉 .

functions in the modified oscillator are calculated for a given quadrupole
deformation. In the first step of the calculation the single particle problem is
solved for the odd nucleon in different Nilsson orbitals. The diagonalization
of the intrinsic Hamiltonian is completed by means of a BCS transformation
and the basis space is restricted to the one quasi particle states lying close to
the Fermi level. In the second step the total Hamiltonian (Hcore +Hintrinsic)
is diagonalized in the set of symmetrized wave functions of the quasiparticle
coupled to rotation. With these wave functions the electromagnetic matrix
elements can be calculated. Based on this model calculations were performed
to reproduce the electromagnetic matrix elements [51, 58] in 177Os.

For the band under examination in the present work, the ν1/2[521]–band
(see fig. 6.15), the best agreement has been found for the deformation pa-
rameters set to β = 0.26 and γ = 15.4◦. The deformation parameter β has
been deduced from the experimental E2 transition strengths. In figure 6.15
the comparison of the experimental results and the calculated ones is given.
A good agreement has been found.

In table 6.9 the experimental B(E2) values calculated from lifetimes in
177Os measured in this work are compared to the experimental B(E2) ob-
tained in the work of O. Möller [51] and to the B(E2) obtained by P. Petkov
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Figure 6.15: Comparison of the PTRM calculations performed by P. Petkov
with the experimental data in 177Os [51]. The B(E2) values from [51]are
given between the levels. The band under investigation in the present work
is indicated with ν1/2[521] and the levels observed are marked with arrows.

from PTRM calculations [51].

Table 6.9: Comparison of B(E2)† in 177Os obtained from the PTRM cal-
culations made by P.Petkov with the experimental B(E2) calculated from
lifetimes derived in this work and the experimental B(E2)‡ obtained in [51].

Iπ Energy [keV] Eγ [keV] B(E2) [e2b2] B(E2)† [e2b2] B(E2)‡ [e2b2]

9
2

−
285.1 194.5 1.93(17) 1.79 1.93(16)

13
2

−
567.5 282.4 1.53(11) 1.87 1.76(14)

17
2

−
924.9 357.4 1.99(17) 2.00 1.99(15)



Conclusions

Up to now, for several of the nuclei in the mass region A≈ 180 only sparse dare
were known. In some cases the missing information or the big uncertainty
of the known information did not allow to give a complete description of
the nuclear structure. In the 176,178Os isotopes spectroscopic information
such as lifetime, transition probabilities etc. were not available before the
experiments this work. Only the lifetime of the first excited 2+ stats were
measured. Very recently, lifetimes of high-spin in 176Os have been measured
using the Doppler shift attenuation method (DSAM).

The present work has enriched the experimental knowledge on the 176Os
osmium isotope by means of lifetime measurements with the plunger tech-
nique. The knowledge of the experimental lifetimes (i.e. the experimental
transition probabilities) and of the experimental spectrum allows to extract
information on the nuclear structure by comparison with theoretical mod-
els. In the present work new lifetimes have been measured in the ground
state band up to the 12+ state and in two side bands with negative parity
in 176Os. The lifetimes of the first excited 2+ state, previously known with
large uncertainties, were re-measured for 176,178Os since this information was
considered as a crucial parameter in the comparison with theory.

The experimental energies and B(E2) transition probabilities in the fun-
damental sequence of 176Os up to the 10+ state follow the predictions of the
X(5) symmetry which characterize nuclei at the critical point of the phase
transition between spherical and axially deformed nuclei. The energy spacing
of levels in the 0+2 sequence and the energy position of the 0+2 state are not
well reproduced by the X(5) model. The discrepancy observed between the
experimental and predicted energies in the 2+3 sequence is smaller than 10%.

The experimental energies and B(E2) transition strengths for the nucleus
176Os were fitted with the IBM–1 and GCM models. These calculations
provide a satisfactory interpretation of the structure of 176Os.

The level scheme for the ground state band is described almost exactly
in both fits. Discrepancies occur in the comparison with the experimental
energies of the β and γ–bands. The energy spacing in both sequences are not
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reproduced by the IBM–1 calculations. The IBM–1 reproduces the energies of
the γ–band with a discrepancy smaller than 15%, while the energy spacing
in the β–band for experimental data is lower. The energy spacing in the
β and γ bands are quite well reproduced with the GCM model, however,
the two band heads are at higher energies with respect to the experimental
data. The intraband B(E2) transitions are well reproduced by the GCM
predictions as well as the interband transitions for the β and γ band. The
predicted IBM–1 B(E2) transition rates between states of the ground state
band are underestimated within 20–40%.

A better agreement is obtained for the energies and B(E2) transition
probabilities in the ground state band using the GCM compared with the
IBM–1. However, it must also be considered that the comparison with GCM
is based on a six parameters fit, which is four parameters more than for the
IBM–1 model.

In this work, it was confirmed that the X(5) symmetry is a simple and
good model which allows a direct comparison with the experimental data.
Further advantage of the X(5) model is that it is nearly parameters free:
the experimental level schemes can be described by direct comparison with
the predicted energies and transition rates taking in consideration only two
scaling factors. On the other hand, a more realistic interpretation of the
experimental data could be made in terms of the IBM–2 model in which
a distinction is made between protons and neutrons. In this framework an
interpretation of M1 or E2/M1 transitions can be given.

It was shown in this work that the nucleus 176Os is located inside the
Casten triangle in the vicinity of the location which can be associated with
the X(5) phase transition. Some of the characteristic features of the X(5)
symmetry were demonstrated and the results obtained for the nucleus 176Os
are comparable in quality with those of well known X(5) nuclei in the mass
region A∼150.

Further and future interest related to this work is focusing on the phase
shape transitional region around the A≈180 where the features of the X(5)
symmetry have been observed in the 176,178Os nuclei. For example from en-
ergy ratios, the 176,178Pt isotopes still show transitional behavior, although
conclusive information from the lifetimes is still missing due to the miss-
ing information and (or) to the big uncertainty on the actually measured
lifetimes.



Appendix A

Cascade calculation

Figure A.1: Cascade calculation [35] for the reaction 152Sm(29Si, 4n)176Os.
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Figure A.2: Cascade calculation [35] for the reaction 164Er(16O, 4n)176Os.

Figure A.3: Cascade calculation [35] for the reaction 164Er(16O, 4n)176Os.



Appendix B

Lifetimes

Table B.1: Lifetimes of levels in the gsb of 176Os at each ring–ring combina-
tions. In the first column is indicated also in correspiondence of which gate
the data are referring. The label YYYSH indicates that the gate is set on
the shifted component of the transition YYY.

Gate τring 4+ 6+ 8+ 10+ 12+

260.3 keV 347.0 keV 415.0 keV 476.3 keV 533.8 keV

347SH τ0 40.44(33)ps
τ1 39.18(36)ps
τ5 48.9(5)ps
τ6 42.13(42)ps

415SH τ1 9.20(16)ps
τ5 8.29(15)ps
τ6 8.47(15)ps

415UN τ6 3.40(10)ps
τ5 3.51(11)ps

587SH τ0 3.44(11)ps
τ1 3.21(10)ps
τ5 3.88(12)ps 1.23(15)ps
τ6 3.26(10)ps 1.18(22)ps 0.56(15)ps
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Table B.2: Lifetimes of levels in the gsb of 176Os. The lifetime τcorr corrected
for the slowing down of the recoils in the stopper material is reported.

Iπ Energy [keV] Eγ [keV] τ [ps] τcorr [ps]

4+ 395.5 260.3 40.4(6) 40.4(6)
6+ 742.3 347.0 8.56(30) 8.56(30)
8+ 1157.4 415.0 3.40(15) 3.40(15)
10+ 1633.8 476.3 1.20(20) 1.26 (21)
12+ 2167.8 533.8 0.56(22) 0.61(24)

Table B.3: Lifetimes of levels in the two negative parity bands of 176Os at
each ring–ring combinations.

Gate τring 9+1 11+1 13+1
322.4 keV 398.3 keV 463.8 keV

398SH τ0 7.69(36)ps
τ1 7.03(36)ps
τ5 7.54(31)ps

464SH τ0 3.46(16)ps
τ1 3.35(17)ps
τ5 3.55(18)ps
τ6 3.39(19)ps

519SH τ0 2.19(19)ps
τ1 2.2(2)ps
τ5 2.1(2)ps
τ6 1.9(2)ps

Gate τring 8+2 10+2 12+2
313.2 keV 374.4 keV 422.9 keV

374SH τ0 6.7(7)ps
423SH τ0 5.0(7)ps
477SH τ0 4.7(3)ps
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Table B.4: Lifetimes of levels in the first and second excited band of 176Os.

Iπ Energy [keV] Eγ [keV] Iγ σγ τ [ps]

9−1 2075.7 322.4 100 (3) E2 7.7 (4)
442.2 31 (5)
918.4 30 (3)

11−1 2473.7 398.3 3.5 (2)
306 6.4(13)
839.7 7.0 (13)

13−1 2937.1 463.8 2.2 (2)
768.9 <14

8−2 2020.8 313.2 100(3) E2 6.7 (7)
863.1 33

10−2 2394.8 374.4 100 E2 5.0(7)
12−2 2817.7 422.9 100 E2 4.7 (3)

Table B.5: Lifetimes of the first excited 2+ of 176,178Os.

Nucleus Iπ Eγ [keV] τ [ns] τlit[ns] τee [ns]

178Os 2+ 132.4 1.02 (3) 0.99 (7) 1.05 (5)
176Os 2+ 135.1 0.92 (13) 1.21 (18) 0.88 (3)
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Table B.6: Measured lifetimes and transition probabilities in the ground state
band of 176Os.

Iπ Energy Eγ Iγ σγ τ B(E2) B(E2)
[keV] [keV] [ps] [e2fm4] [W.u.]

2+ 135.1 135.1 100 E2 920(130) 8451(287) 144(5)
4+ 395.5 260.3 100 E2 40.4(6) 14140(160) 243 (5)
6+ 742.3 347.0 100 E2 8.56(30) 17870 (150) 305 (11)
8+ 1157.4 415.0 100 E2 3.40(15) 18880+870

−800 321+15
−14

10+ 1633.8 476.1 100 E2 1.26(21) 25810+5160
−3690 441+88

−63

12+ 2167.8 533.8 100 E2 0.61(24) 30310+1970
−850 517+336

−146

Table B.7: Measured lifetimes of levels in 177Os

Iπ Energy [keV] Eγ [keV] Iγ σγ τ [ps] τ †[ps]

9
2

−
285.1 194.5 100 E2 110(9) 110(5)

13
2

−
567.5 282.4 100 E2 26.6(1.8) 23.3(9)

17
2

−
924.9 357.4 100 E2 6.6(5) 6.67(20)
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[51] O. Möller, PhD Thesis, unpublished (2005);

[52] Agda Artna-Cohen, Nucl. Data Sheets, NNDC online data bank, Na-
tional Data Center, Brookhaven, New York, USA;

[53] Kibedi et al., Nuc. Phys. A 383, 119-164 (1994);

[54] M. A. Caprio, Phys. Rev. C 69, 044307 (2004);

[55] D. Troltenier, J. A. Marhun and P. O. Hess, Computational Nuclear
Physics, edited by K. Langanke, J. A. Marhun and S. E. Koonin
(Springer, Berlin, 1991), p.105;

[56] E. A. McCutchan and N. V. Zamfir, Phys. Rev. C 71, 054306, (2005);



96 BIBLIOGRAPHY

[57] A. Johnson, H. Ryde and J.Hjorth, Nucl.Phys. A 179, 753(1972);

[58] P. Petkiv, private comunication;

[59] G. Dracoulis, C. Fahlander and M. P. Ferrel, Phys. Rev. Lett. 45, (1980)
1831;

[60] S. E. Larsson, G. Leander and I. Ragnasson, Nucl. Phys. A 307, (1978)
189-223;

[61] J. Jolie et al., Phys. Rev. Lett. 87, 162501 (2001);

[62] W. R. Leo, Thecniques for Nuclear and Particles Physics Experiments,
Springer-Verlag, 1994;



Acknowledgements

It is a pleasure for me to thank all the people to whom I am indebted for
their help. Many thanks to:

Prof. Dr. Jan Jolie for his supervision, and for giving me the possibility
to make this experience.

Dr. Alfred Dewald for having accepted me in the Plunger group, for teach-
ing me all what I know about lifetime measurements, for the fruitful discus-
sions and his precious help during the whole work at the IKP.
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