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Abstract
Measuring lifetimes of excited nuclear states can give important information on the internal structure of the nucleus. This thesis is based on two
experiments performed in Italy and in the USA in order to deduce the lifetimes of excited states in 165 Lu and 107 Cd. The lifetimes were measured
using the Recoil Distance Method and the reduced transition probabilities
between states have been calculated from the lifetimes in a model independent way. In the analysis of the data from the experiment on 165 Lu, the shape
of the nucleus is investigated using a collective rotational model to describe
the observed excited states. A possibility of a triaxial shape of this nucleus
is discussed. In the second experiment the obtained reduced transition probabilities for the nucleus 107 Cd are compared to theoretical predictions for
vibrational and rotational excitation modes.
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Chapter 1

Introduction
The understanding of atomic nuclei is important both on a small scale, for further
knowledge on how some of the smallest building blocks in nature are constituted
and on a larger scale, for understanding the development and the isotopic abundances of our universe. By examining the properties of the nuclei involved in the
nucleosynthesis inside stars, conclusions can be drawn on how the elements are
formed. Many diﬀerent models have been developed to describe the many-body
systems of atomic nuclei, from collective models (such as the liquid drop model)
where the individuality of the nucleons building up the nucleus do not play any role,
to the other extreme of considering the nucleus as a Fermi gas of non-interacting
nucleons. Nowadays a general assumption is that the nucleons are moving independently of each other inside a mean-ﬁeld potential. The interactions not taken
care of by the mean ﬁeld, e.g. pairing forces between like nucleons, are referred to
as residual interactions. It might seem unreasonable to assume that the protons
and neutrons can move freely inside such a dense object as the atomic nucleus (in
the order of ≈ 1014 g/cm3 ), but according to the Pauli principle two fermions are
prohibited to occupy the same quantal state, thus giving the nucleons a mean-free
path of the same order (≈ 10−14 m) as the size of the nucleus. The properties of
stable isotopes are well studied and to test the validity of the theoretical models
used to describe these systems, experiments to produce unstable “exotic” nuclei
have to be performed. The recent discoveries of neutron halos in light neutron-rich
nuclei extending the radius of these nuclei far beyond the compact nuclear core,
as well as superdeformation (where the nucleus behaves as an ellipsoidal object
with axis ratio ≈ 2:1) in heavier isotopes shows the importance of further experimental studies. Such experiments with purpose of creating short-lived isotopes
in exotic states, in terms of neutron to proton ratio and high angular momenta,
are usually done by accelerating heavy ions onto a target with high isotope purity.
The last decades’ development of large γ-ray detector arrays has given us the opportunity to perform research on the structure of stable and short-lived isotopes
using fusion-evaporation reactions. The experiments performed up until now have
1
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used collisions of stable beams with stable targets. This type of reactions leads
to neutron-deﬁcient isotopes, since lighter nuclei have roughly the same number
of protons and neutrons due to the charge-independence in the strong force acting to keep the nucleus together. However, as the nucleon number increases, the
stable systems have more neutrons than protons because of the Coulomb-repulsion
acting to separate the charged protons. Therefore the proton-rich side of the line
of stability is extensively studied, whilst the neutron-rich nuclei still remain relatively unexplored. So far, the structure of some 4000 isotopes have been examined.
More recently eﬀorts are being made to reach the neutron rich side of the valley of
stability via radioactive (neutron-rich) beams. Facilities for such experiments are
currently under development at various laboratories. For instance, a large accelerator complex called FAIR (Facility for Antiproton and Ion Research) is planned at
the present GSI site in Germany. This accelerator will be able to produce intense
radioactive heavy ion beams up to energies of the order of tens of GeV per nucleon.
This thesis deals with studies of collective excitations and diﬀerent types of
nuclear deformation. Excited states in the isotopes of particular interest here (165 Lu
and 107 Cd) are populated via heavy-ion fusion-evaporation reactions. The detected
gamma rays following the de-excitations of these short-lived nuclei can be used
to draw conclusions on their internal structure. However, knowing the energies of
the excited states is not always enough for deducing the properties of the nuclei
of interest. For instance, there has been many attempts to identify for deformed
nuclei deviating from axially symmetrical shapes based on their intrinsic energy
spectra, but there is still no ﬁrm experimental evidence for any such nucleus. Also
vibrational and rotational modes of excitation are usually diﬀerentiated simply by
analysing the energy spacing of excited states. Additional important information
on the nuclear structure can be deduced by measuring the lifetimes of the excited
states. Since the charge distribution within the nucleus is related to its shape,
the shape aﬀects the transition probability between excited states due to nuclear
collective motion. The collective excitation mode of the nucleus aﬀects the evolution
of the transition probability as a function of increased angular momentum. A well
deformed nucleus will rotate and the transition probability will approach a constant
value at high angular momentum, whilst a vibrating nucleus will have an increasing
transition probability as the angular momentum increases. Therefore, the lifetime
of an excited state (which is inverse proportional to the transition probability)
will give useful information on its shape and by analysing the evolution of the
transition probability as a function of angular momentum, the excitation mode can
be determined. The lifetime of a typical medium-spin nuclear energy level is of the
order ≈ 1−100×10−12 s. It is therefore clear that very precise techniques are needed
to measure such short lifetimes. In this work the Recoil Distance Method is applied,
in which the relation between the Doppler-shifted γ rays emitted from energy states
decaying whilst the recoil is in ﬂight, and the unshifted γ rays emitted after the
recoil has come to rest in a stopper foil is analysed. Attempts have also been made
to measure lifetimes of excited levels using the Doppler Shift Attenuation Method,
with a thick target in order to stop the fusion products entirely. The ability to
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resolve the energies of Doppler-shifted γ rays from the energies of unshifted γ rays
is of high importance and would not be possible without high-resolution germanium
detectors placed at diﬀerent angles relative to the beam.

Chapter 2

Theoretical overview
Many theories have been developed to describe various aspects of the nuclear manybody problem. The base on which all of these theories rely, is that the nucleons are
held together by the short-range attractive strong nuclear force, counteracting the
repulsive Coulomb force, acting to separate the protons. Two diﬀerent approaches
used to explain the structure of nuclei are the nuclear shell model [1, 2], which
works well for nuclei near closed shells, and the collective models [3, 4] taking a
macroscopic perspective, which are more applicable to mid-shell nuclei. In the shell
model the individual nucleons and single-particle excitations can be used to describe
the energy levels and the structure of the entire nucleus. In the collective model the
observed rotations and vibrations of the nucleus as a whole can be well described
and used to explain the energy levels. For heavier nuclei it is often useful to consider
a combination of the two diﬀerent approaches, which assumes one or more valence
particle(s) coupled to a collective core. There exists several diﬀerent such methods
combining the collective macroscopic properties of the nucleus with the microscopic
shell eﬀects for describing the shape of the nucleus as well as its energy levels.
Another approach is the Interacting Boson Approximation (IBA) introduced by
Arima and Iachello in 1974 [5]. The IBA model has proved useful when describing
the excitation levels observed in nuclei in transitional regions between spherical
vibrating nuclei and deformed rotating nuclei. Depending on its angular momentum
or the number of valence nucleons, a nucleus can assume diﬀerent shapes such as
spherical or axially symmetrical deformed shapes. It is also possible for a nucleus
to assume an axially asymmetric shape, i.e. a triaxial deformation.

2.1

The Nuclear Shell Model

This model is similar to the shell model for the electrons in the atomic shells.
Using a simple potential like the isotropic harmonic oscillator together with the
strong-interaction related spin-orbit coupling, the observed shell gaps with large
binding energy for the so called “magic” nucleon numbers of 2, 8, 20, 28, 50,... are
5
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reproduced. This inclusion of the ℓ • s coupling for explaining the closed shells
gave the Nobel Prize in physics 1963 to Maria Goeppert-Mayer and J. Hans D.
Jensen. The obtained spherical shells are usually labeled by their orbital angular
momentum and their total spin-orbit coupled angular momentum, i = ℓ + s. The
angular momentum of the orbit follow the same notation as in atomic physics, i.e.
s = 0, p = 1, d = 2, .... The actual nuclear potential is somewhere in between the
harmonic oscillator potential and a square well potential. The often used WoodsSaxon potential satisﬁes the requirements on a realistic nuclear potential. It is more
ﬂat at the bottom and the edge is not as sharp as in the case of a square well. The
disadvantage of using a Woods-Saxon potential is that the Schrödinger equation
cannot be solved analytically. In all known nuclei with an even number of protons
as well as an even number of neutrons, the ground-state has angular momentum
0, meaning that all nucleons couple two and two with opposite spin. Within the
nuclear shell model an observed excited energy level in a spherical nucleus with an
odd nucleon number can originate from a single particle excitation, i.e. the valence
particle is excited into a diﬀerent orbit. Another way to create excited energy levels
in both odd nuclei and nuclei with an even number of protons and neutrons, is to
break an opposite-spin coupled pair. It is then possible for these two new valence
particles to get excited into diﬀerent orbits. However, near the “magic” nucleon
numbers the energy spacing is relatively large (in the order of one MeV). Excited
states which are lower in energy can be produced if the nucleons from a broken pair
couple to each other. The energy of the ﬁrst excited state will then correspond to
the pairing energy. The two freed nucleons are now able to couple to one another
and if they occupy the same shell, even angular momentum values are produced.
No odd values will be possible, since the antisymmetrised wave function only allows
even values of the total angular momentum [6].

2.1.1

Deformed Shell Model (Nilsson model)

In order to better understand the underlying structure of deformed nuclear shapes
we need to be able to calculate the energy levels for non-spherical shapes. The
Nilsson model (which has its name after Sven Gösta Nilsson, who developed the
theory in 1955 whilst working at the department of theoretical nuclear physics
in Lund) or Modiﬁed Oscillator Model starts from the mathematically convenient
harmonic oscillator potential. This harmonic oscillator potential is then allowed
to be anisotropic, i.e. we let the potential along one of the axes, e.g. the nuclear
z-axis, to be diﬀerent from the extension along the x- and the y-axis, we may write
the single-particle Hamiltonian in the following way [7]
2

2

∂
h̄
( ∂x
H = − 2M
2 +

∂2
∂y 2

∂2
M
2
2
∂z 2 ) + 2 [ω⊥ (x +
−D(ℓ2 − < ℓ2 >N )

+

y 2 ) + ωz2 z 2 ] − Cℓ · s

(2.1)

The ﬁrst two terms correspond to the anisotropic harmonic oscillator, the third
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term is the spin-orbit term, giving rise to the splitting of the diﬀerent ℓ, s states.
The ℓ2 term has the eﬀect of interpolating between the square well potential and
the harmonic oscillator potential. The parameters C = 2κh̄ω0 and D = µκh̄ω0 are
parameters containing the oscillator frequency in the spherical potential and the
two strength parameters κ and µ, diﬀerent for the diﬀerent major quantum number
N -shells, are obtained from ﬁts to experimental data. The anisotropy is achieved
by the diﬀerence in ω⊥ and ωz . To obtain this diﬀerence Nilsson introduced an
elongation parameter ǫ = (ω⊥ − ωz )/ω0 :
ω⊥ = ω0 (ǫ)(1 + 13 ǫ)
ωz = ω0 (ǫ)(1 − 32 ǫ)

(2.2)
(2.3)

Negative values of ǫ correspond to a contraction along one of the nucleus main
axes, i.e. an oblate shape. A positive ǫ corresponds to a contraction along two of
the main axes and is called a prolate shape. Allowing for a deformed shape of the
nucleus gives a splitting of the energy levels due to the diﬀerent angular momentum projections of the valence particle on the symmetry axis of the nucleus (this
quantum number is called K). For a prolate shape one can realise that levels with
lower K (which means that the single-particle has its orbital angular momentum,
ℓ, in the same direction as the nuclear angular momentum) comes lower in energy.
For an oblate shape the opposite is true. The diﬀerent energy splitted orbitals due
to deformation can be labeled by the set of quantum numbers resulting from the
symmetries of the nucleus
Ωπ [N nz Λ]
(2.4)
where Ω is the projection of the single-particle angular momentum onto the symmetry axis, π is the parity quantum number described in section 2.1.2, N is the
major quantum number, nz is the number of oscillator quanta along the symmetry
axis and Λ is the projection of the orbital angular momentum on the symmetry
axis.

2.1.2

Cranked Shell Model

The main feature of the Cranked Shell Model (CSM), introduced by Inglis [8] and
further developed by Bengtsson and Frauendorf [9], is that it treats the microscopic
single particle excitations and the collective rotational excitations on the same footing. This is achieved by introducing the cranking Hamiltonian for a single particle,
and by adding up the single particle Hamiltonians, one obtains the Hamiltonian
for the nucleus as a whole. It is possible to derive a tilted axis cranking Hamiltonian [10] where the axis of rotation is not along one of the nucleus’ main axes.
However, a more simple approach to derive the cranking Hamiltonian is to introduce the rotation vector along one of the nucleus’ main axes. The idea of a single
particle moving independently in a rotating potential is described in a mathematical way by introducing the laboratory coordinates x, y z, and the coordinates in

8
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the rotating system x′ , y ′ , z ′ . For a constant angular velocity, ω, around the x′ -axis
we then get
x′ = x
y ′ = y cos ωt + z sin ωt

(2.5)
(2.6)

z ′ = −y sin ωt + z cos ωt

(2.7)

Using the fact that the time-dependent wave functions and their derivatives
with respect to time in the two coordinate systems must be the same, it can be
shown that the following expression for the Hamiltonian in the rotating system is
true,
hω = h − h̄ωix′

(2.8)

where ix′ is the intrinsic angular momentum projection on the rotational axis.
Summing over all of the independent particle Hamiltonians gives,
H ω = H − h̄ωIx′

(2.9)

The second term expresses the centrifugal and Coriolis term, which is due to
the non-inertial coordinate system of the cranking Hamiltonian. The Coriolis force
is acting to align the orbital angular momentum of the nucleons along the rotational axis of the nucleus. The energy eigenvalues of equation 2.9 are referred to
as Routhians and not single-particle energies, since they are not the same as the
single-particle energies observed in the laboratory frame of reference. Hence, the
disadvantage of using the cranking model is that the wave functions are not eigenstates of the angular momentum operator any longer. It can be shown that for a
harmonic oscillator potential, the moment of inertia using the CSM is the same as
the static moment of inertia for a rigid rotor.
Parity and Signature
In the axially symmetric case, the only two quantum numbers still conserved under
rotation are the parity, π, and the signature, α. The parity quantum number is
π = +1, if the wave function is still positive after inversion of all spatial coordinates
(r → -r) or π = −1, if the wave function changes sign after the inversion. The
signature quantum number is deﬁned by
I = α (mod2)

(2.10)

and describes the invariance with respect to a rotation of 180◦ around the rotational axis. For an even-mass nucleus α is 0 or 1 and for odd-mass nuclei it takes
the values ± 21 .

9
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2.2

The Liquid Drop Model

An early version of the phenomenological Liquid Drop Model (LDM) was ﬁrst proposed by George Gamow [11] in the late 1920’s. The LDM describes the nucleus as
an incompressible ﬂuid and was suggested in order to explain the diﬀerent properties
of the nucleus, such as mass and binding energy. Using this model for explaining
the energy levels of the nucleus works best for spherical mid-shell nuclei, which
experiences collective phenomena in terms of vibrations of the nuclear core. An
important feature of the quantum liquid drop is that the velocity distribution does
not have to be isotropic, which is the case in a normal droplet. Again, this is due
to the fact that the mean-free path inside the nucleus is long, such that scattering
events are considered negligible.

2.2.1

Deformed Liquid Drop

In the early 50’s Aage Bohr, Ben Mottelson and Leo Rainwater [12, 13, 14] managed
to describe the collective excitations in nuclei in terms of rotations and vibrations
of its core. They also worked out the connection between these collective excitations and the shell-model based single-particle excitations. For this work they were
awarded the Nobel prize in 1975.
Since the wave-function can not distinguish between diﬀerent angular orientations for a spherical object, we have to introduce some deformation parameters to
allow for anisotropy in the distribution of the density to achieve a gain in energy.
This means that we will allow for surface oscillations of a spherical or deformed
shape and in the deformed case, also rotations around an axis perpendicular to the
symmetry axis would lead to an increase in energy. The length of the radius vector
pointing from the center to a point on the “surface” (note that the surface of the
nucleus is not well deﬁned and is usually approximated to the place where the nuclear matter density assumes half its central value) can be described by performing
the expansion in the spherical harmonics, Yλµ [15],
R(θ, φ) = Rav 1 + α00 +

∞ X
λ
X

λ=1 µ=−λ


α⋆λµ Yλµ (θ, φ)

(2.11)

where Rav is the radius of a sphere with the same volume. The constant α00
is chosen such that the volume of the nucleus is the same at all deformations and
λ is the multipole order of the shape. It can be shown that λ = 1, i.e. dipole
deformation, corresponds to a displacement of the center of mass and can therefore
not result from internal nuclear forces. Considering an axially symmetric deformed
object with the z-axis as the symmetry axis, gives the result that αλµ vanishes
except when µ = 0. These deformation parameters αλ0 are usually called βλ , [16].
The relation between the diﬀerent parametrisations of the nuclear deformation, ǫ,
introduced in the Nilsson model and β are, in general, non-trivial. However, for

10
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the axially symmetric case the relationship between the quadrupole deformation
parameters (ignoring multipoles of higher order), ǫ2 and β2 is [17]
p
2896 3
2
β2 = π5 ( 34 ǫ2 + 10
63 ǫ2 + 6615 ǫ2 + . . .)
q
q
5 3
75
81
ǫ2 = 34 π5 β2 − 224π
β22 − 128π
π β2 + . . .

(2.12)
(2.13)

The shape can of course also be parametrised in an axially asymmetric way. In
the case of a quadrupole deformation (λ = 2), µ can assume ﬁve diﬀerent values and
we end up with ﬁve parameters α2µ . Only two of these describe the shape of the
drop, the other three determine the orientation of the drop in space. If we choose
the body-ﬁxed system to coincide with our coordinate system, the shape of the
nucleus can be speciﬁed by the β parameter, as mentioned above, and the triaxial
deformation parameter γ. They are related to the non-vanishing α2µ coeﬃcients in
the following way
α20 = β2 cos γ, α22 =

√1 β2
2

sin γ

(2.14)

It is now possible to derive the nuclear surface for an axially asymmetric quadrupole
shape by evaluating the spherical harmonics in eq. 2.11, which gives the result


R(θ, φ) = Rav 1 + β2

r

√

5
(cos γ(3 cos2 θ − 1) + 3 sin γ sin2 θ cos 2φ)
16π

(2.15)

See ﬁg. 2.1 for the diﬀerent quadrupole deformed nuclear shapes. One way to
visualise a triaxial deformation is to consider a prolate (axially symmetric) deformed
object. If this object is squeezed in a direction perpendicular to the symmetry axis,
the former prolate shape will transform into an axially asymmetric shape. A cross
section across the former prolate symmetry axis of such a body would no longer be
circular, instead an ellipsoid cross section is observed.

2.3

The Strutinsky Shell Correction Method

The liquid drop model describes very well vibrations of nuclei with nucleon numbers
in between shell gaps where the shell eﬀects are negligible. However, the minimum
energy using this model is always obtained by a spherical shape. Many examples of
nuclei with deformed ground states are existing in nature and the LDM model also
fails to reproduce the energy levels as the nucleon numbers approach closed shells.
Strutinsky therefore introduced his method in 1967 [18] of adding a deformation
dependent shell correction term to the liquid drop energy, δEsh (def ). The bulk
properties are taken care of by the liquid drop part of the energy and the microscopic
quantal eﬀect of the shell gaps are taken care of by the shell correction term. The
total energy of the nucleus thus becomes
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Figure 2.1: The diﬀerent quadrupole deformations in the β2 , γ plane. The angles,
γ = 0◦ , 60◦ , −60◦, −120◦ , corresponds to a prolate collective, oblate non-collective,
oblate collective and prolate non-collective rotation respectively.

Etot (def ) = EL.D. (def ) + δEsh (def )(prot) + δEsh (def )(neut)

(2.16)

for any set of deformation parameters (def ). The shell model part can be large
enough to produce energy minima at high angular momentum for deformations
with the axis ratio 2:1, so called superdeformations.

2.4

Vibration

It is sometimes possible to describe observed nuclear excitation spectra in terms
of surface oscillations, or vibrations, about a spherical or a deformed shape. The
surface coordinates αλµ (λ ≥ 2) are considered to be functions of time. Small
ﬂuctuations about a spherical equilibrium can then be described by the Hamiltonian
of a harmonic oscillator form
H =T +V =

1X
{Bλ |α̇λµ |2 + Cλ |αλµ |2 }
2
λµ

(2.17)
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Figure 2.2: Energy spacing of quadrupole phonon excitations of a spheroid.

where Bλ and Cλ are the collective mass and stiﬀness parameter, respectively.
Performing a second quantization, with the creation and annihilation operators
b†λµ , bλµ acting to create or annihilate phonons [19], provides the following Hamiltonian
H=

X
λµ

1
h̄Ωλ (b†λµ bλµ + )
2

(2.18)

p
with the frequencies Ωλ = Cλ /Bλ . It then follows that for each λ we have a
harmonic spectrum of surface vibrations, such a spectrum can be seen in ﬁg. 2.2 for
the quadrupole (λ = 2) case. For quadrupole shapes, it turns out that for µ = 0 the
axial symmetry is preserved and they are referred to as β vibrations, for µ = ±2
(γ vibrations) the axial symmetry is broken.
The reduced matrix element for a transition between states of spin diﬀerence
Ii − If = 2h̄, between the diﬀerent phonon excitations for a vibratorpof quadrupole
type are proportional to the square root of the phonon number, Nph . Hence,
the reduced transition probability, B(E2), described further in sect. 2.5.1, is proportional to Nph . This can be shown by considering the decay probability of a
one-phonon state to the ground state to be unity. Since multi-phonon excitations
simply consist of piling of more than one identical phonon, it might seem like the
value of the B(E2) of a two-phonon decay would also be unity. However, the initial
state has two phonons and either one of them can be destroyed, therefore we have
twice as many decay possibilities and B(E2 : Nph = 2 → Nph = 1) = 2. Following
the same procedure for increasing phonon number gives the relation, B(E2) ∝ Nph .

2.5

Rotation

The most striking feature resulting from allowing the nucleus to assume a permanent deviation from sphericity is the possibility for the nucleus to gain energy
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by a rotation around an axis perpendicular to the symmetry axis, since the wavefunction now has a φ dependence. The energy levels can be approximated from
the kinetic energy of a rigid rotor, which classically can be described by E = 21 ω 2 ,
where  is the moment of inertia. Replacing ω with the angular momentum ℓ, and
using the fact that for a quantum object we have, ℓ2 = h̄I(I + 1), where I is the
angular momentum quantum number, we arrive at the following equation for the
energy levels
E=

h̄2
I(I + 1)
2

(2.19)

As mentioned in the introduction to the chapter on the nuclear shell model;
within a nucleus in its ground state having an even number of protons and neutrons,
like nucleons always couple into pairs moving in time-reversed orbits. That implies
identical orbits with the velocity vectors in opposite directions, meaning that the
diﬀerent intrinsic angular momenta, i, always cancel and the ground state of all
even-even nuclei has I π = 0+ . The rotational band for even-even nuclei can contain
only even or only odd values of I, since the axially symmetric deformed shape is
invariant with respect to a rotation of 180◦ around the rotational axis. Equation
2.19 gives the typical value of 3.33 for the ratio E(4+ )/E(2+ ).
In the case of odd nuclei a particle-plus-rotor model, where the bulk properties of
the nucleons undergoes a rotation and the eﬀects of the nucleon(s) outside a closed
shell are added to the core, proves useful. The rotational alignment of the valence
nucleon, ix , and its projection on the symmetry axis, K, for a prolate nucleus is
illustrated in ﬁg. 2.3.
In the strong coupling scheme, the rotational spectra starts at the single-particle
spin-projection on the symmetry axis, K. The single-particle orbital typically has
a large K value, i.e. the nucleon orbits in a plane perpendicular or nearly perpendicular to the rotational plane of the core. As the nucleus increases its rotational
frequency, the Coriolis force (∝ ω × v) will act to align the valence nucleon along
the rotational axis. If we have two valence nucleons moving in time-reversed orbits, the Coriolis force will act to break up the pair and align the particles along
the rotational axis. When this occurs there will be a decrease in the energy level
spacing and an increase in angular momentum. This phenomenon is referred to as
back-bending, since a plot of the moment of inertia as a function of the rotational
frequency will show a back-bending curve.
If the angular momentum vector of the valence nucleon is instead aligned along
the rotational axis (low values for K), we expect the Coriolis force to be strong
and the band head is not necessarily the same as the K quantum number, since the
energy states of higher angular momenta can be lower in energy than the state with
angular momentum K. For K 6= 0, all spin values ≥ K are allowed and the two
possible energy sequences of I makes it convenient to divide the band into its two
signature (introduced in eq. 2.10) partners, each with the spin diﬀerence 2h̄. The
two rotational bands with diﬀerent signatures are built on the two time-reversed
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Figure 2.3: Illustration of the strong coupling and rotational alignment of the
valence nucleon to a prolate deformed core. The projection of the valence nucleon
angular momentum on the rotational axis, ix , and the symmetry axis, K, are
visualised.

orbitals. In the rotational spectra, the diﬀerence between bands built on a low-K
orbital (with large angular momentum, i) and bands built on a high-K orbital is
visible in the diﬀerent energy splittings between the signature partners. For large
values of K the Coriolis force is weak and there will be little energy diﬀerence
between the diﬀerent signature bands. The band starting at spin K + 1 will be
connected to the band starting at spin K via ∆I = 1h̄ γ-ray transitions of equal, or
close to equal, decaying and feeding γ-ray energies. The energy levels of the band
starting at K + 1 will thus be placed in the middle between two energy levels of the
rotational band with the band head of spin K. The Coriolis force is expected to
be weak in this case since this force is proportional to (ω × v) and when the orbit
of the nucleon is perpendicular to the symmetry axis of the nucleus (i.e. a high-K
band), the time averaged expectation value of the cross-product will be zero. On
the other hand, for a low-K band the energy diﬀerence is expected to be high,
since the cross-product is now large and depending on the direction of the velocity
vector the force is pointing in diﬀerent directions. In many cases the band starting
at K +1 is too high in energy in relation to its low angular momentum, (i.e. it is too
far away from the so called yrast line connecting the states with the lowest energy
for the highest angular momentum, see sect. 3.1) to be seen in the energy spectra
of a nucleus created in a fusion-evaporation reaction. However, high-K bands can
also show a signature splitting due to mixing of wave-functions with diﬀerent K
values, one way to achieve such “K-mixing” is to allow for a triaxial deformation
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of the nucleus.

2.5.1

Quadrupole Moment

Another consequence following the anisotropic matter distribution inside the nucleus is the intrinsic quadrupole moment, which can be written for a rotating axially
symmetric deformed shape as [17]
r
1 5
3
2
β2 + . . .)
(2.20)
Q0 = √ Rav Zβ2 (1 +
8 π
5π

where Z is the proton number and Rav = R0 A1/3 , A is representing the nucleon
number and R0 is 1.2 fm. Assuming a rotational model gives the quadrupole
moment related, via the Clebsch-Gordan coeﬃcient for a transition from the state
I to the state I − 2, to the reduced transition probability in the following way
5 2
Q | < IK20|I − 2K > |2
16π 0
The Clebsch-Gordan coeﬃcient is given by
s
3(I − K)(I − K − 1)(I + K)(I + K − 1)
< IK20|I − 2K >=
(2I − 2)(2I − 1)I(2I + 1)
B(E2; I → I − 2) =

(2.21)

(2.22)

It can thus be seen that the B(E2) value, assuming aprotational model approaches a constant value at high spins (< IK20|I −2K >≈ 3I 4 /8I 4 for large values of I), as opposed to the vibrational model where it increases, see sect. 2.4. The
quadrupole reduced transition probability can also be deduced from the lifetime,
τ , of an excited nuclear state in a model-independent way (see also section 3.1.1)
B(E2; I → I − 2) =

1
1
τ 1.223 × 109 Eγ5

(2.23)

where Eγ is the energy diﬀerence between the I and the I − 2 state. From the
above discussion it follows that the transition probability, and thereby the lifetime
of an excited state, is linked to the deformation of the nucleus, in a model-dependent
way as discussed in paper I. The quadrupole moment for an axially asymmetric
nucleus can also be deduced and equation 2.20 then changes to
r
1 5
6
2
Rav
Zβ2 (1 +
Q0 = √
β2 + . . .) × (cos(γ + 30◦ ))
(2.24)
8 π
15π
The reduced transition probability deduced from the quadrupole moment also
has to be corrected for the triaxial asymmetry [20]. One thus obtains
2

5 2
(I − 1)I
K2
◦
◦
B(E2; I → I−2) =
Q
× cos(γ + 30 ) − cos(γ − 30 )
8π 0 (2I − 1)(2I + 1)
(I − 1)I
(2.25)
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Interacting Boson Approximation

We have now looked at diﬀerent collective models for explaining the observed energy
levels within atomic nuclei, the vibrational and the rotational model. Another way
that has proved successful in describing the collective excitations of the nuclear
system is the so called Interacting Boson Approximation introduced in 1974 by
Arima and Iachello [5]. This model is a group-theory based algebraic model. The
bulk properties of the nuclear core are added to a certain number of valence bosons
outside a closed shell. The assumption is that all of the valence fermions couple to
bosons of angular momentum 0 or 2, called s or d bosons. The increase in angular
momentum and energy is due to interactions between these bosons. The d bosons
(I = 2) have ﬁve magnetic sub states and the s bosons (I = 0) have one, so the
basis states of this s − d boson system span a six-dimensional space. It turns out
that such a system can be described within the U(6) algebraic group. This group
can then be divided into diﬀerent subgroups, one of which is the U(5) vibrational
limit. The eigenvalues of the U(5) limit are not functions of the number of s bosons,
only the number of d bosons, nd , contribute to the energy levels. The collective
excitations can then be described by the interaction of such d boson pairs. The
reduced transition probability in the U(5) limit is given by [21]
X
If

B(E2 : Ii , nd → If , nd − 1) = nd (N − nd + 1)e2B

(2.26)

If the angular momentum selection rules (see section 3.1.1) allow decay to more
than one level of the next lower multiplet, the diﬀerent distribution strengths are
taken into account by the sum over all ﬁnal angular momenta. N is the total
number of valence bosons, Ii is the spin of the initial level and e2B is a boson charge
similar to the eﬀective charge for fermions. For successive yrast states with ∆I = 2,
which decays via stretched (i.e. the angular momentum of the transition is equal to
the spin diﬀerence of the involved levels) quadrupole transitions to an yrast state
of spin If = Ii − 2 of the same parity as the initial state, the number of d bosons ,
nd , is equal to Ii /2. The reduced transition probability can then be rewritten as
Ii
Ii
→
− 1)
2
2
Ii
Ii
(N − + 1)e2B
2
2

B(E2 : Ii , nd → If , nd − 1) = B(E2 :
=

(2.27)
(2.28)

If the spins corresponding to the diﬀerent d bosons are considered, i.e. I =
0, 2, 4, 6, . . . , It then holds that for transitions between successive yrast states, the
ratio of the reduced transition probability for a transition from a state of spin I to
I − 2 and the reduced transition probability to the ground state is
B(E2 : I → I − 2)
1 (I)(2N − I + 2)
=
+
+
B(E2 : 2 → 0 )
4
N

(2.29)
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A consequence of this formula is that nd can only vary between 0 and N . The
transition rate is zero if nd is larger than N .
B(E2:I→I−2)
It has thus been shown from the previous sections that the B(E2:2
+ →0+ ) ratios
can be used as a probe for the excitation mode of the nucleus, since the ratios are
diﬀerent depending on the type of excitation.

2.6.1

B(E2)-plots

Important information regarding the mode of excitation can be extracted from the
evolution of the reduced quadrupole transition probabilities as a function of angular
momentum [22]. The B(E2) value for an ideal harmonic vibrator is proportional
to the phonon number, n = I2 , of the initial state for an yrast transition with
spin diﬀerence ∆I = 2. However, for an axially symmetric rotor the ratio of the
transition probabilities of the state of interest and that of the ﬁrst excited state
is simply the square of the ratio of the Clebsch-Gordan coeﬃcients, see eq. 2.21.
This ratio ﬁrst increases and at higher spins it tends towards a constant value. In
the U(5) vibration limit the ratio ﬁrst increases slightly and then decreases until it
reaches the value of one when the spin is equal to the maximum possible spin by
coupling of the valence bosons. By plotting the B(E2) ratios as a function of spin
and examining the slope, the excitation mode can be determined. An example of
such a plot can be seen in ﬁg. 2.4. In this way it will also be possible to discover a
transition from a vibrational excitation mode to a rotational behaviour as discussed
in paper II.
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Figure 2.4: The ratio of the B(E2 : I → I − 2) for the state of interest and the
B(E2) for the transition to the ground-state, as a function of spin. The ratios for
a harmonic vibrator (see section 2.4), perfect rotor (see section 2.5) and the U(5)
limit (according to eq. 2.29 with ﬁve valence bosons) are marked with squares,
circles and stars respectively.

Chapter 3

Experimental Techniques and Data
Analysis

As previously discussed, it is possible for the nucleus to assume diﬀerent shapes,
such as spherical and deformed axially symmetric shapes. Also axially asymmetric shapes; triaxial shapes, are theoretically possible, although it has proved to
be diﬃcult to ﬁnd unique experimental probes for these shapes. One commonly
used indicator of triaxiality is the signature splitting of strongly coupled rotational
bands where the triaxiality would allow for states with diﬀerent K-values to mix
into the wave function. However, signature splitting and K-mixing could also occur
in strongly coupled bands in axially symmetric nuclei when the rotation alignment
of the valence particle increases with increasing spin due to the Coriolis interaction,
see section 2.5. Another way to probe triaxiality is to measure the lifetimes of the
excited levels, deduce the transition probabilities and using a collective rotational
model to deduce the quadrupole moments, which are related to the charge distribution and the shape of the nucleus. It has also been shown in the previous chapter
that the evolution of the transition probability as a function of spin is diﬀerent for
a vibrator and a rotor. This shows that information on the lifetime can give useful
information regarding the excitation mode of the nucleus. Therefore, experiments
to measure the transition probability of the excited levels in the nucleus are important. There exists diﬀerent experimental methods to obtain the B(E2) values, such
as Coulomb excitation, inelastic electron scattering or by measuring the lifetimes
of the excited states. For high spins the best method is to measure the lifetimes of
the excited levels created in fusion-evaporation reactions from heavy-ion collisions.
Several diﬀerent ways of measuring the lifetimes are existing and the chosen method
depends on the expected lifetime.
19
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Compound Nucleus Formation

Via the collision of heavy ions a residual nucleus in a state of high angular momentum and excitation energy can be formed. Since the collisions, described within this
thesis, involve two lighter stable ions the resulting nucleus will be on the neutron
deﬁcient side of the valley of stability. As mentioned in the introduction, lighter
stable nuclei have the same number of protons and neutrons since the strong force
is independent of nucleon-type. As the proton number increases, the Coulomb force
becomes relatively more important and the line of stability bends towards isotopes
with a larger number of neutrons than protons. It is therefore possible to study
nuclei close to the proton drip-line using fusion-evaporation reactions with stable
ions. To reach the neutron-rich side, radioactive beams (or targets) have to be
used and these techniques are currently under development or explored at diﬀerent
laboratories, for example at GSI [23] and GANIL [24] in Europe, at RIKEN [25]
in Japan and at ORNL [26], MSU [27] and TRIUMF [28] in North America. The
most common types of accelerators used are of a cyclotron, linear accelerator, or a
tandem-accelerator type. The experiments performed to populate high spin-states
in the nuclei of particular interest in this thesis, i.e. 165 Lu and 107 Cd, took place at
Laboratori Nazionali di Legnaro, Italy and at the Wright Nuclear Structure Laboratory at Yale University, USA respectively. Both laboratories are using tandem
accelerators to create the beam. The bombarded heavier ion target-foil with a
high purity in isotope species is in a ﬁxed position. In such a heavy-ion collision
a compound nucleus may be formed. This intermediate stage has a short lifetime
of the order ≈ 10−18 s. The collided ions are completely fused together and the
resulting compound nucleus is often considered to be in a hot state of thermal equilibrium. Therefore, the diﬀerent ways of de-excitation of the compound system in
a given state of energy and angular momentum are not depending on how it was
created. An illustration of a fusion-evaporation reaction can be seen in ﬁg. 3.1.
The beam energy should be optimised for this type of reaction. If the energy is too
low the beam will not exceed the Coulomb barrier and if the energy is too high,
direct reactions and fragmentation will take place instead. An optimum energy for
a fusion-evaporation reaction is ≈ 3 − 5 MeV/A in the centre-of-mass system, depending on the beam-target combination. The beam energy has to be chosen more
carefully in order to achieve the desired reaction channel, i.e. the correct number
and type of evaporated particles, with optimal cross-section. When the excitation
energy of the residual nucleus is too low to allow for further evaporation of particles it continues to de-excite by emitting photons. First, the nucleus will emit
“statistical photons” of relatively high energy and low angular momentum from
the continuum of energy states generally down close to the “line” connecting states
with the lowest energy for a certain angular momentum. This line is referred to as
the yrast line. When the yrast line is reached the nucleus normally continues to
decay down this path until it reaches its ground-state. Experimentally it is diﬃcult
to populate states high above the yrast line in a fusion-evaporation reaction.
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Figure 3.1: A schematic view of compound nucleus formation and its decay, following the collision of heavy ions.

3.1.1

Angular Distribution of Photons

The angular distribution of a γ decay can be described by the Legendre polynomials,
P2L (cos θ), where L is the multipole order. The most common cases of γ radiation
from excited nuclear states are dipole and quadrupole radiation, for which P2 =
1
1
2
4
2
2 (3 cos θ − 1) and P4 = 8 (35 cos θ − 30 cos θ + 3) respectively. The selection
rules for the angular momentum and parity of a transition from Ii to If are as
follows [29]:
|Ii − If | ≤ L ≤ Ii + If
∆π = no: even electric (E), odd magnetic (M)

(3.1)

∆π = yes: odd electric (E), even magnetic (M)
The exception is when Ii = If = 0, since there are no monopole transitions in
which a single photon is emitted. The lowest possible multipole is always favoured,
since the reduced transition probability decreases with increasing L according to
B(λL : Ii → If ) =

1 h̄L((2L + 1)!!)2 h̄c 2L+1
τ
8π(L + 1)
Eγ

(3.2)

where λ is either magnetic or electric, Eγ is the energy of the transition and τ is
the lifetime of the state. However, a transition between states of the same parity
and diﬀering by one h̄ in total angular momentum, does generally (depending on
the energy diﬀerence between the two states) have a contribution from λL = E2
transitions. Since the heavy-ion collision will polarize the radiation ﬁeld of the
recoils, the M 1/E2 mixing ratio can be determined by analysing the intensity of
the photons at diﬀerent angles.
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Ge Detectors

Surrounding the reaction point, large systems of germanium detectors are placed for
detection of the emitted photons. When a photon interacts with an electron within
the depletion region of the semiconductor crystal inside one of the detectors, the
resulting energetic electron slows down via collisions onto several other electrons.
These electrons are then excited from the valence band into the conduction band,
leaving a hole in the valence band. The average energy needed for creating one
such electron-hole pair is ≈ 3 eV. The electrons will then start to drift towards the
anode and the holes towards the cathode. The induced current that the electrons
and holes produce will be observed at the output of the detector. To create the
active region, or the depletion region, a bias high voltage, V , has to be supplied
since the thickness of the depletion region is given by [30]
r
2ǫV
(3.3)
d=
eN
where N is the net impurity concentration in the semiconductor material, ǫ is
the dielectric constant and e is the electronic charge. To achieve a depletion gap
of around 1 cm, a typical voltage for a high purity germanium (HPGe) detector is
in the order of a couple of kV. To avoid thermal excitations across the band gap,
which is only 0.7 eV, the detector is cooled with liquid nitrogen down to 77K.
There are three main types of possible interactions between the incoming photon
and the atoms within the crystal when the γ ray hits the detector, namely Compton
scattering, pair production, and photo absorption. In the analysis events containing
the ﬁnal photo absorption, where the entire energy of the photon is transformed
to an electric pulse in the detector, are desired. Since the cross section for our
reactions is generally very low, a large number of detectors covering large angles
are needed to improve the eﬃciency for photon detection. Another feature of high
importance resulting from the use of several detectors is the possibility to place the
γ rays in relation to each other in an energy-level diagram, by requiring diﬀerent
coincidence relations of the photons. The SPEEDY Ge-detector array used in the
experiment resulting in paper II is situated at the WNSL at Yale in the USA
and it consists of eight Compton-suppressed clover detectors [31], placed in the two
symmetric angles of 41.5o and 138.5o relative to the beam line. Each clover detector
consists of four leaves, i.e. four segments of germanium crystals. In an array with
segmented Ge detectors it is possible to improve the eﬃciency when the segments
are used in so called add-back mode, i.e. the Compton scattered events are added
back together to produce the full energy peak. However, in our experiment the
high γ-ray fold reduced the isolated hit probability and therefore made the clovers
more powerful in non add-back mode, essentially meaning that the eight clovers
could be regarded as 32 separate detectors. The experiment resulting in paper I
was performed at LNL in Italy and used the GASP Ge-array [32], consisting of 40
Compton-suppressed detectors at the eight symmetric angles of 34◦ , 60◦ , 72◦ , 90◦ ,
108◦ , 120◦, and 146◦ relative to the beam line, a picture of this array can be seen
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in ﬁg. 3.2. The detectors are surrounded by Bismuth-Germanate (BGO) detectors
with a high detection eﬃciency for γ rays. If a pulse is recorded from one of the
Ge-detectors and another pulse is recorded in the surrounding BGO detector in the
same event, the photon is assumed to be Compton-scattered inside the Ge crystal
and the information from this particular detector is removed from the event in the
oﬀ-line analysis.

3.3

Data Analysis

The data from the fusion-evaporation events were saved and analysed oﬀ-line. The
digitally converted information extracted from the electrical pulses from the semiconductor detectors consisted of the relative timing and the energies of the detected
photons. After calibration and gain matching using a standard 152 Eu source, the
energy spectra were obtained and analysed. Prompt gamma rays were chosen by selecting an appropriate coincidence window of ≈ 50 ns in the Ge timing spectra and
the photon energies were then sorted into γ-γ coincidence matrices. Two or more
detectors ﬁring within a certain time-window produces a point in a Eγ1 −Eγ2 -matrix
for each combination of the two photon energies. The matrix is then projected onto
the two axes and it is now possible to deduce the coincidence information by choosing a slice around a certain transition energy within the nucleus of interest, and
analyse the projection of this slice onto the other axis. In this way photons emitted
in coincidence with one another can be analysed. One matrix was obtained for each
unique combination of angles relative to the beam line. In the RDM analysis (see
sec. 3.4.2) these matrices were also sorted for each target-stopper distance.

3.4

Measuring Lifetimes

The method used to obtain the lifetimes of excited states depends on the expected
time range. For very short lifetimes, ≈ 10−12 − 10−15 s, e.g. relevant for collective
high-spin states, the Doppler Shift Attenuation Method [33] (DSAM) is a powerful
technique. For lower spin states, longer lifetimes in the order of 1-100 ps are expected. In this case the Recoil Distance Method [33] (RDM) can be used to deduce
the lifetimes. The two experiments discussed in this thesis were both aimed to
measure the lifetimes of excited nuclear states using the RDM technique. However,
in the experiment resulting in paper II part of the beam time was devoted to a
DSAM experiment. A thick target with gold backing was used in order to stop
the fusion products entirely inside the target. It later showed that the statistics
in this part of the experiment was too poor in order to perform a proper analysis
on the most interesting states using this method and the results from the DSAM
analysis have therefore not been published. Both the DSAM analysis and the RDM
technique are described below. For even longer lifetimes of isomeric states within
nuclei, it is possible to use direct electronic timing information, e.g. with the aid of
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Figure 3.2: One half sphere of the Ge-array at Laboratori Nazionali di Legnaro,
consisting of 40 Ge detectors, used together with the Cologne plunger, described in
section 3.4.2.
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techniques using mass separators and implantation of the recoils into silicon-strip
detectors or pulsed beams.

3.4.1

Doppler Shift Attenuation Method

The idea behind the Doppler Shift Attenuation Method (DSAM) is to use a target
with a thick backing of a heavy mass number (e.g. gold) to stop the recoils entirely.
The average velocity of the recoils when emitting a certain γ ray can be deduced by
analysing the centroid of the Doppler shifted energies. The shifted photon energies
(evaluated in the laboratory frame of reference) is
q
2
1 − vc2
(3.4)
Eγ ′ = Eγ
1 − vc cos θ
where Eγ ′ and Eγ are the measured shifted and unshifted energies of the photon,
respectively. The velocity of the recoils is denoted by v, c is the speed of light and θ
is the angle between the direction of the beam and the detector. Using this equation
and measuring the energy of the centroid of the total lineshape, the average velocity
when the γ rays were emitted (vav ) can be determined. The attenuation factor as
a function of the lifetime, τ , of the excited state for the recoils inside the target is
then given in the following way
Z ∞
t
1
vav
(3.5)
=
v(t)e− τ dt
F (τ ) =
v0
v0 τ 0

where vav and v0 are the average velocity when the γ rays were emitted and the
initial velocity respectively. The velocity of the recoils will be distributed between
v0 and zero. Once the attenuation factor multiplied with v0 is obtained, the slowing
down process for the reaction and recoils of interest are simulated using Monte-Carlo
techniques and known stopping powers, see e.g. Ziegler [34]. Finally the lifetime is
determined by comparing the experimental data with these calculations. Typically
a gate (or several gates) is set in the coincidence matrix to select the transition
chain of interest. If the gate is set on a transition below the state of interest, the
side-feeding has to be taken into account. The lifetime of the level in which we
are interested will be aﬀected by the lifetimes of the states feeding into this state
according to the Bateman equation [35]
1
1
dNi (t) X
=
Nh (t) − Ni (t)
dt
τh
τi

(3.6)

h

where Ni (t) and Nh (t) are the populations of level i and the above lying levels h
respectively, at time t. The level i is not only fed by the direct feeding transition(s)
from the known structure, it also has feeders from the statistical continuum with
states of unknown lifetimes and possibly also from other decay chains from higher
spin-states. However, if the gate is set on a transition above the state of interest,
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the side-feeding does not aﬀect the determination of the lifetime. The lifetimes of
the states of interest in 107 Cd were too long and the velocity of the recoils was
too low in order to observe a shift in the centroid of the decaying γ-ray energies.
The majority of the produced recoils emitted γ rays after they had already stopped
inside the target. However in some cases, depending on the lifetime of the state, the
decaying γ rays were emitted during the slowing down process inside the target and
depending on the velocity distribution of these γ rays the lifetime may be deduced
by performing a lineshape analysis.
Lineshape Analysis
The lifetime of the state can also be obtained by determination of the γ-ray lineshape. The transition from a decaying state will be distributed over diﬀerent energies, dN
dE , depending on the velocities of the recoils when the γ ray is emitted. The
energy distribution is related to the velocity distribution dN
dv , according to eq. 3.4.
The velocity distribution can be written as a function of the stopping power and
the lifetime of the decaying state of interest in the following way
dv −1
dv −1
dN
N0
dN
=
×
= − e−t/τ ×
(3.7)
dv
dt
dt
τ
dt
where N0 is the initial population of the decaying level. Using the known stopdv
ping power of the recoils dE
dx = m dt , the lineshape of the velocity distribution can
be used to determine the lifetime. In the analysis of the 107 Cd experiment the code
LINESHAPE [36] modiﬁed by Brandolini and Ribas [37] was used. However, as
mentioned above the statistics from the slowing down process did not allow conclusive results on more than a couple of states using this technique and the results
have therefore not been published. Figure 3.3 shows a lifetime analysis of the 7317
keV excited state in 107 Cd, by using the lineshape of the 1133 keV transition following the decay. A narrow gate is set in the Eγ1 -Eγ2 coincidence matrix on the
729 keV transition following the decay of the 5231 keV state in 107 Cd. The ﬁtted
lineshapes of the 1133 keV transition in the backward (138.5o ) and in the forward
(41.5o ) detector angle are shown. It is obvious that clean gates with little contamination from transitions between other states are of high importance. Attempts
were made to ﬁnd the most clean gates, also sums of gates were tried in order to
improve statistics.

3.4.2

Recoil Distance Method

A technique used to measure lifetimes of medium spin states in the order of 1-100 ps
is, as mentioned above, the RDM, where the recoils escape from a thin production
target and are stopped at a certain variable distance. The relative amount of nuclei
that are still in a certain excited state when they are stopped depends on the targetstopper distance and the velocity, i.e. the lifetime of the state. The idea behind
the RDM is illustrated in ﬁg. 3.4.
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Figure 3.3: A gate is set on the 729 keV transition, decaying from the 5231 keV
excited energy level in 107 Cd. The lineshapes of the 1133 keV transition, decaying
from the 7317 keV state in the same nucleus are analysed in the backward (138.5o)
and in the forward (41.5o ) angle.

The lifetime of an excited state can be obtained using the Diﬀerential Decay
Curve Method (DDCM) [38, 39]. The mean life of an excited level is given by
τ =

Iu
dIs
dt

=

Iu
s
v dI
dx

(3.8)

where Iu and Is are the intensities of the unshifted and shifted components of the
transitions following the de-excitation of the state of interest. This formula is only
valid if a gate is set on a γ ray directly feeding the state of interest. If an indirect
feeder is used, the relation between the direct feeder and the de-exciting transition
has to be taken into account. In the above formula, v denotes the velocity of the
recoils and it is obtained by measuring the Doppler shifts of some of the strongest
transitions and using eq. 3.4. The derivative in the denominator is with respect to
the target-stopper distance, x. When using this method it is necessary that the
Eγ1 - Eγ2 matrices are normalised with respect to the number of recoils of interest
created at each target-stopper distance. A ﬁrst approximation is to normalise the
matrices with respect to the total number of counts at each diﬀerent distance. In
the 165 Lu experiment (paper I) this proved to be suﬃcient; it was checked that
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Figure 3.4: A schematic view of an RDM experiment.

this was indeed the case by measuring the intensity for the lowest transition in
the nuclei of interest for all of the distances at one combination of angles and for
all of the combinations of angles at one distance (taking the angular distribution
for the multipole type into account). The events were sorted for each ring-ring
combination and each distance, into matrices of the Cologne format [40]. In the
analysis, the Cologne software packages [41, 42] were used to choose the slices and ﬁt
the intensities. In ﬁg. 3.5 the unshifted and shifted intensities of the 23/2− → 19/2−
in the rotational band based on the 9/2− [514] Nilsson orbital in 165 Lu at diﬀerent
target-stopper distances are shown. It is clearly visible how the relationship between
the two intensities varies with increasing distance.
Plunger
A critical issue when using the RDM is to measure the target-stopper distance
correctly. In the experiments described here this was achieved by the use of the
Cologne Plunger Device (the LNL experiment) [43] and the New Yale Plunger
Device (the WNSL experiment) [44] respectively. A picture of the Cologne Plunger
used in combination with the GASP Ge-array can be seen in ﬁg. 3.2. The target has
to be stretched to become very ﬂat in order to have the target and the stopper as

dum
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Figure 3.5: Unshifted and forward-shifted intensities of the 23/2− → 19/2− transition of 437 keV in 165 Lu, see paper I. The spectra are obtained using a gate
on the direct feeding transition of 519 keV. Both the gating and analysing angular
combination is 34◦ -34◦ . The three diﬀerent target-stopper distances are from top
to bottom, 16, 40 and 180 µm.
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parallel as possible. Both plungers use the capacitance between the target and the
stopper to measure the distance correctly. The capacitance between two parallel
plates is simply the area of the plates divided by their distance, C = ǫ0 A/d, where
ǫ0 is the permittivity in vacuum. The plunger devices are also equipped with a
piezo-crystal, working as a feedback system to correct for ﬂuctuations in the target
position due to heating from the beam current. The distance is varied to the desired
positions using a micro-meter screw and a stepping motor.

3.5

Transition probabilities

From the measured lifetimes, the transition probabilities are calculated using eq. 2.23
and from these values conclusions on the excitation mode and the shape of the nucleus can be derived in a model dependent way. When calculating the transition
probability of an excited state, several aspects have to be considered. The level
for which the lifetime is measured can have γ-ray decays to several diﬀerent levels,
which means that the branching ratio of these decays have to be taken into account.
Instead of sending out a photon it is also possible for the nucleus to de-excite by
internal conversion, which implies that the nucleus interacts with an electron in an
atomic shell resulting in emission of the electron. The amount of decays via internal conversion depends on the energy diﬀerence between the states of interest, the
type (electric or magnetic) and the multipole order of the transition. The multipole
mixing ratios of the transitions, mainly M1/E2 mixing of I → I − 1 transitions and
its eﬀect on the internal conversion coeﬃcients were also taken into account when
determining the transition probability. In the case of paper II, where the aim was
to investigate the excitation mode of the band built on the neutron i13/2 orbital in
107
Cd, the ratio between the transition probability from the state of interest and
the transition probability from the ﬁrst excited state was examined and compared
to theory. In the case of paper I, the aim was to investigate the shape of 165 Lu
by measuring the lifetimes of excited states. The deformations of the diﬀerent rotational bands were obtained using the equations given in section 2.5.1 and the
results were compared to theoretical predictions.

Chapter 4

Summary of Papers and the
Author’s Contribution
The experimental results and my contribution to papers I and II are brieﬂy discussed below. Both experiments were aimed at measuring the lifetimes of excited
states using the Recoil Distance Method and the plunger technique. The ﬁrst experiment was performed at Laboratori Nazionali di Legnaro in Italy and the aim
was to further investigate the possible triaxiality of medium spin states in 165 Lu.
The second experiment was performed at Yale University, New Haven, USA. Here
the aim was to examine the shape evolution in the transitional nuclei 106,107 Cd. In
the analysis, the Diﬀerential Decay Curve Method was used to extract the lifetimes.
The transition probabilities of the states were derived and compared to theoretical
predictions.

4.1

Paper I

The author of this thesis performed the data analysis and wrote the paper. The
lifetimes of 19 excited levels in four diﬀerent rotational bands in 165 Lu were measured for the ﬁrst time. The XTU-Tandem Accelerator of Laboratori Nazionali di
Legnaro was used to accelerate the 30 Si ions to a beam energy of 135 MeV onto a
target consisting of isotopically enriched 139 La. After the evaporation of four neutrons, 165 Lu nuclei were created in highly excited states and the γ rays following the
de-excitation were detected using the GASP Ge-detector array. The lifetimes of the
excited levels were measured by inserting a thick stopper foil at a certain distance
behind the 139 La target. The distance between the target and the stopper was then
varied and the γ rays detected both while the recoils were still in ﬂight and after
the recoils were stopped were saved to tape. Lifetimes in the range of 1.4 - 193 ps
were measured using the Diﬀerential Decay Curve Method. The reduced transition
probabilities and the quadrupole moments were deduced from the lifetimes and the
results compared to theoretical predictions. The comparison indicates axially sym31
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metric shapes for three out of the four examined rotational bands in this nucleus.
However, for the band built on the 9/2−[514] there is experimental support for a
triaxial deformation.

4.2

Paper II

The author participated in the experiment resulting in paper II. Almost the entire
paper was written by the author who also performed the data analysis. In this
paper, lifetimes in 107 Cd are reported. The beam of 12 C ions was delivered by the
Wright Nuclear Structure Laboratory Yale Tandem Accelerator at a beam energy of
60 MeV. The target consisted of an isotopically enriched foil of 98 Mo ions and after
compound nucleus formation followed by evaporation of three neutrons, the nuclei
of interest were created. The γ rays following the de-excitation of the nucleus were
detected using the SPEEDY Ge-detector array. Also in this experiment the plunger
technique was used and lifetimes of two excited states in the band built on the i13/2
neutron orbit were measured using the Diﬀerential Decay Curve Method. The
reduced transition probabilities were deduced and the mode of excitation for these
levels is discussed by comparisons with theoretical prediction. There is need for
further lifetime measurements of higher spin states, or comparisons to the transition
probabilities in the even-even core of 106 Cd, before conclusive arguments can be
drawn regarding the excitation mode of the levels built on the neutron i13/2 orbital
in 107 Cd.
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