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Chapter 1

Motivation and physics

In this chapter we give an overview of the “6Gd region and the reasons for
studying the p-h multiplets and double-phonon states in this nucleus, as well as a
summary of previous work on 1*$Gd. A general overview of the nuclear vibrational
modes and their importance, focusing on octupole modes, is given.

1.1 Abstract

In this work I have studied the **Sm(c,2n) fusion-evaporation reaction with a
beam of 26.3 MeV a-particles at the Institute for Nuclear Physics (IKP) of the Uni-
versity of Cologne (Germany) in order to identify the double octupole states and two-
particle configuration states in the spherical even-even nucleus *6Gd. The target
was surrounded by a compact array of nine individual Ge detectors at 90, +45 and
+35 degrees to the beam direction (five of them had anti-Compton shields), and by
a EUROBALL CLUSTER detector placed at 90 degrees to act as a non-orthogonal
v-ray polarimeter. The experiment provided excellent data on -y coincidences as
well as information on the -ray anisotropies and their «-ray polarizations. A total
of 35 new 7-rays have been identified corresponding to 28 new states (some of them
with firm spin and parity assignment), as well as 31 new ~-rays corresponding to
26 previously known levels. In addition, 3 previously known ~-rays were seen for
the first time in an in-beam experiment. Amongst the new levels, new candidates
for the two-particle configuration states have been found as well as for the (37 x2%)
and (37 x37) two-phonon multiplets. A very important result is the unequivocal
identification of the 67 member of the two-phonon octupole in *6Gd by identifying
the E3 branching to the one-phonon 3~ state. This results present the first conclu-
sive observation of a 6T—3~—0" double E3 cascade in the decay of a two-phonon
octupole state.
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1.2 Introduction

The present work concerns the study of particle-hole multiplets and possible
double-phonon states in *6Gd, a spherical nucleus which presents characteristics
of a doubly-magic nucleus. The experimental investigation of the above mentioned
states demands the identification of yrast and above-yrast states in the nucleus.
While the former are relatively easy to study experimentally, the latter present
serious difficulties. In the first chapter, we will explain the motivation to perform
such studies. We will summarise previous knowledge concerning this nucleus and
the possible means to populate above-yrast states, and we will give an overview of
the vibrational modes and center our attention on the octupole modes. We will also
give the reasons why we think that the new experimental developments allow us to
reach this goal now. In chapter 2 we will discuss the experiment and the analysis
methods where directional angular distributions and polarization analysis methods
will be described in detail. In chapter 3 we will show the experimental results from
the present work. In chapter 4 we will discuss the results concerning the particle-hole
states and make multiplet assignments to the firmly established levels. In chapter 5
the two-phonon octupole states are explored in depth and multiplet candidates are
proposed.

1.3 The “°Gd region

The gadolinium isotopes are situated in the periodic table in the rare earth or
lanthanide region. '*°Gd is an unstable nucleus, but is not very far away from
stability (see Figure [1.1]). In previous work [1, 2] on *6Gd and its neighbouring
nuclei, it was established that the gap (~2.4 MeV) in the proton single-particle
spectrum at Z=64 and the well-known magic character at N=82 give to 1“°Gd many
of the features of a doubly closed shell nucleus (see Figure [1.2]). In addition, 1*Gd
is the only even-even nucleus besides 2°8Pb that exhibits a 3~ first excited state. As
we will see later, this fact favours the identification of the two-phonon states on this
nucleus. An additional advantage of studying “°Gd is that it is easily accessible by
fusion-evaporation reactions, which allows spectroscopic studies of yrast and above-
yrast states.

The energy splittings of p-h multiplets in 1*6Gd are of particular interest because
they give us information about the nucleon-nucleon residual interaction and provide
fundamental data for shell model calculations in this region. These data are spe-
cially important for understanding the yrast and near-yrast states of more complex
structures in the *6Gd neighbouring nuclei, where very frequently the particle-hole
excitations across the Z=64 shell gap contribute. In addition, “°Gd presents an ad-
vantage over 2Pb because the proton p-h states in 1*6Gd are lower in energy than
the neutron p-h excitations; this makes the characterization of the states easier due
to the fact that there are fewer p-h states at that low excitation energy.
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Figure 1.1: The Gd region in the nuclidic chart.

The existence of two-phonon octupole multiplets in doubly-magic nuclei was pre-
dicted long ago (see for instance [3]). Experimentally these states have been sought
for a long time in ?°Pb, and very solid candidates for these excitations have been
found recently in [5]. These states have also been investigated in '“6Gd. Closely re-
lated states were identified [6, 7] in **"Gd(vf;/2x3~x37) and in "8Gd(¥*x3~x37).
In the fusion-evaporation study of [8] two possible candidates for the (3~ x37) states
were proposed in “®Gd. The confirmation of the existence of these states and the
identification of the other multiplet members is one of the main goals of the present
investigation.

1.4 Shell model and particle-hole states

The occurrence of the magic numbers has been one of the strongest motivations
for the formulation of the shell model. At these proton and neutron numbers,
effects analogous to the electron shell closure in atoms are observed. The main
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Figure 1.2: Quasiparticle experimental values of the energy for protons and neutrons
in the N=82 and Z=64 region.

characteristic at these numbers is that the nucleus is especially stable. The shell
model is based on the assumption of an average potential (built up by the action of
all the nucleons) in which the nucleons can move independently.

In the doubly magic nuclei, where both protons and neutrons fill the shells defined
by the magic numbers, nucleons are strongly bounded and the nucleus is very stable
against excitations. In these nuclei the first excitations are either of vibrational (see
next section) or of particle-hole character. In a particle-hole excitation a pair of
protons or neutrons coupled to 0% by the pairing force is broken, and one of the
nucleons is promoted to an empty shell above the energy gap between the shells.
The excitation energy depends, in a first approximation, on the energy gap and the
pairing force. But the particle-hole nucleons can suffer what it is called a “residual
interaction” that changes the previously defined energy of the multiplet, and also
splits in energy the members of the multiplet depending on the j coupling of the
particle and the hole employed to build the final spin J. The expected splittings are
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proportional to

] ] . . 2
Vspr = Ap(—1)2m+n2) (251 + 1)2(2j2 + 1)(_1)2(j2+l2)[1_(_1)J+T] ( ]ll ﬁ g ) y
2 2
g T
<o (4 ) (L)
2 2

where AT = A’TC(R()).

Here A is defined as the product of the strength A’; and the value of the radial
integral C(Rg). A typical estimation of Az in the *6Gd region is A7=25000/A,
where A is the atomic mass number. In Chapter 4 we will calculate particle-hole
multiplets below 4 MeV in the “°Gd nucleus and their residual interactions. As
mentioned earlier, 1*6Gd has many of the features of a doubly closed shell nucleus.
Consequently, and looking at Figure [1.2], one expects the first excitations to come
from the promotion of a proton from the ds;; and gy, levels to the s;/3, hy1/5 and
d3/o levels. The next possibility is to promote more than one particle and then create
two-particle-hole configurations.

Although in doubly magic nuclei, such as 2*®Pb, the first excited states are ei-
ther of vibrational or of particle-hole character, in “®Gd the first excited state is
a mixture. On the one hand is a very collective state, decaying by a 37 W.u. E3
transition, but on the other hand, its wave function has a dominating component
from the 7hq; /27rd_15 /2 particle-hole excitation across the Z=64 gap within the 50
to 82 major shells. This contribution was estimated to be 50% by Conci et al. [9]
from QRPA calculations and, thus the level preserves its particle-hole nature. This
is very important in our discussion since it will perturb the energy of some of the
levels due to the Pauli principle.

1.5 Vibrational states

Two types of collective nuclear motions appear when describing the macroscopic
properties of nuclei. These motions are vibrations (for spherical and almost spher-
ical nuclei) and rotations (for deformed nuclei), which are based on the “liquid
drop” model. Since *6Gd can be considered as a doubly closed-shell nucleus, the
model that better describes the system is the vibrational model. In this section we
will describe this model in detail.

In complex systems such as nuclei, which are composed of many particles, it is
possible to describe the excitation spectra in terms of elementary excitation modes
corresponding to the different fluctuations around equilibrium. These fluctuations
depend on the internal structure of the system and could be considered approxi-
mately independent. The elementary modes may be associated with excitations of
individual particles or they may represent collective vibrations of the nucleus shape.
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The possibility of collective shape oscillations in the nucleus is strongly sug-
gested by the fact that some nuclei are found to have non-spherical equilibrium
shapes whereas others, such as closed-shell nuclei, have an equilibrium with spher-
ical shape. Thus, we expect to find intermediate cases in which the shape presents
rather large fluctuations away from the equilibrium shape.

The vibrational model ! describes collective movements of the nucleus assuming
that the nucleus behaves as a liquid drop. In order to describe this model we will
assume that the nucleus has a spherical shape of radius Ry in its ground state, which
represents the equilibrium state. The nucleus can be considered as an homogeneous
fluid with shape fluctuations about equilibrium described by the surface coordinates
or amplitudes .

R(6,6) = {1+Z S ana(t) Vo ) (12)

A=0 u=—A

Each vibrational mode is given by A and described by the 2A+1 amplitudes (ay,,
U= -A,...,A). These amplitudes describe the expansion of the shape fluctuations in
spherical harmonics and they are not independent and present rotational invariance.
The states corresponding to each vibrational mode have angular momentum J =
M and parity P = (-1)*. Thus, there exist infinite vibrational movements. The
lowest vibrational modes could be associated with the A\ value and defined by their
corresponding spherical harmonic and are expected to have density variations with
no radial nodes and may be referred to as shape oscillations. Below is an overview
of the lowest vibrational modes.

e )\=1, dipole mode. The dipole mode is the first vibrational mode that presents
changes in the nuclear shape. The isoscalar and the isovector components
induce different behaviours.

- isoscalar (T=0). There occurs a change in the center of mass, but the
nucleus structure does not change.

- isovector (T=1). The neutrons and protons move out of phase. this
represents the so-called giant dipole resonance, J*=1", studied since 1940.

e \=2, quadrupole mode. This is the fundamental mode in the vibrational
model, since it is the first that induces non-spherical shape oscillations in
the nucleus. The nucleus oscillates between prolate and oblate forms passing
through the spherical equilibrium shape.

e )\=3, octupole mode. This vibrational mode is much more complex than the
previous modes and the vibrating nucleus undergoes pear-shaped distortions,
with the "stem end” and the ”blossom end” exchanging places periodically.

1 Originally proposed by Bohr and Mottelson and later developed by Faessler and Greiner.
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In the present discussion we avoided to discuss the density vibrations since they
are of no importance in nuclear structure at the energies relevant to this work.

As we have seen before, the amplitudes «, are more appropriate to describe
the collective excitations of the nucleus than using the individual positions of the
nucleons. The Hamiltonian for a vibrational mode of A-order can be written in terms
of the amplitudes as

1 doy,|? 1
H)\ = §D)\ Z d:u + 50)\2 ‘OCA“‘Q (13)
I b
where
R5
Dy = % (1.4)
and
1 5 A—1 Z(Z-1)
=—(A—1 agA?P — = 1.
O = A =D+ 2as 2o +1°C Al (1:5)

The nuclear radius at equilibrium, Ry, can be approximated as Ry=1.2xA!/3 fm,
p is its mass density, and ag and a¢ contain the surface and Coulomb energy terms,
respectively, of the liquid-drop model (ag= 18.3 MeV and ac= 0.7 MeV). The first
term of the Hamiltonian is the kinetic energy of the harmonic oscillator and the
quantity D, is referred to as the mass parameter. The second term is the potential
energy of deformation and the coefficient C, is referred to as the restoring force
parameter [10]. If the vibrational modes are not coupled, since the Hamiltonian is
independent of time or constant in movement, the derivative with respect to time
gives the equation for the system

d2a>\u
dt?

D, —i—C;\oz)\u =0 (16)

which is the equation of a harmonic oscillator of frequency

e [O )

From the last relation it can be easily appreciated that the oscillator frequency
derives from the shape properties of the nucleus.

When quantizing the oscillator, the vibrational states become defined by three
quantum numbers, |N;\u), where N is the number of vibrational energy quanta of
multipolarity A, called phonons. The phonon is a boson of spin J = Ak and parity
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m=(-1)*, while u is the X projection. The state that corresponds to the vacuum
is |0;00), and the state corresponding to 1 phonon is obtained after applying the
creation operator BIH to the vacuum state. The creation and annihilation opera-
tors result from the amplitude quantization, considered as operators and properly
normalized, and fulfil the commutation rules of the creation and annihilation boson
operators.

181, 8101 =05 1B Brw] = 055 [Ba, Bl = S (1.8)

Thus, such a system of bosons can be treated in terms of the operators ,BIM and
B, that create and annihilate a quantum of excitation. The vibrational Hamiltonian
corresponding to the mode A is

Hy=hwy (77,\” + %) (1.9)

where the number of quanta in the projection p of multipolarity A is given by
the operator 7,,, which is 7y, = ﬁluﬂku- If we sum the projections,

A
Na= )" nu (1.10)

H==A

we obtain the number of phonons of multipolarity A. The energy of the vibra-
tional states is given by the expression

1
E, = th%: (n)\u + 5) (1.11)
It is easy to observe that the levels are equally spaced by Awy, with Ey=N,hw,
the energy and N the number of phonons of multipolarity A. In Table [1.1] we have
the first three quadrupole (A=2) and octupole (A=3) phonons with spin and parity
assignments of their multiplet members.

A | Phonon | Energy | Multiplet members
0 0%, 0t
2 1 ) 2
2 2hwws 0+,2+ 4+
0 0Fuws 0t
3 1 fuws 3
2 2Huws 0+,2T. 47 61

Table 1.1: Lowest three quadrupole and octupole phonons, with spin and parity
assignments of their multiplet members
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An important consequence (as can be seen from this table) is that the two-phonon
states should occur at twice the energy of the one-phonon state for both vibrational
modes. The importance of the phonon states resides in their role in the collectivity
of the nucleus. Vibrational excitations in nuclei have been studied for many years.
While there are examples of excitations up to the three-phonon quadrupole states
in even-even nuclei (1'®Cd) [11], even in the case of two-phonon octupole states the
information is sparse. Since studying multi-phonon octupole states is one of the
aims of the present work, we will present a deeper overview of our knowledge of
octupole states in the next section.

1.6 Octupole states

Many studies have been carried out to identify one and two-phonon octupole
excitations in nuclei. In particular, in the rare earth region, extensive studies have
been carried out using fusion-evaporation reactions. Two-phonon octupole excita-
tions have been identified coupled to one or two particle excitations [12, 13, 14, 15].
These cases were relatively easily identified because the double E3 cascades lied along
the yrast line and possible competing lower-multiplicity de-excitations do not occur
easily. These nuclei are 1*7Gd and the N=84 isotones **Nd, ¥Sm and *8Gd. A
more difficult quest has been to identify the two-phonon octupole quartet members
(07,2%,4%,6™) in spherical even-even nuclei expected to occur at twice the energy
of the 37 one-phonon state but clearly above the yrast line. Three regions of nu-
clei [16] where the octupole multiphonon excitations might be expected with large
E3 strengths (more than 30 W.u.) in their B(E3;3~—07) transitions have been
identified. These regions are near *Zr, 1*6Gd and 2°®Pb. But only two known nuclei
exhibit the 3~ phonon as the first excited state: *Gd and 2°8Pb. In this nuclei
only the 07 and the 67 members of the two-phonon multiplet can decay by an E3
transition to the 3~ state. Their expected strengths are, in first approximation,
twice the B(E3;3™—07). In the “Gd case, the estimated strength is 57 W.u. [7].

For many years studies of two-phonon octupole vibrations were focused on the
208Ph case and its neighbourhood, but in the last 25 years they have been extended
to nuclei around #6Gd. Historically, *Gd became of special interest after the
establishment of the J*= 3~ [17] for the first excited state, characterizing it as the
second even-even nucleus, besides 2°®Pb, showing this feature. Furthermore, it was
found that the unusually large E3 strength to the ground state, comparable with
that found in 2°8Pb, indicated strong octupole collectivity in this nucleus. The fact
that the first 2 state is about 300 keV higher than in any other N=82 nucleus (see
Figure [1.3]), was interpreted as spectroscopic evidence for a pronounced energy gap
in the single-particle spectrum at Z=64 between the 2ds/; and the 1hy;/, proton
orbitals.

Apart from their similarities in terms of the octupole vibrational mode, it is
expected to be easier to identify multiphonon excited states in *6Gd than in 2°®Pb,
because its one-phonon octupole state occurs about 1 MeV lower in energy. This
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Figure 1.3: Energies of the lowest 2t and 3~ states in even-A N=82 nuclei.

implies a lower density of states in the energy range where the two-phonon states
are expected, so it would be easier to distinguish them from the particle-hole states
that will lie in the same region.

Another interesting aspect of these two nuclei is the different microscopic struc-
tures of their cores. The 3~ state of 2%Pb is composed of contributions from both
the proton and neutron particle-hole excitations across the Z=82 and N=126 shells,
respectively, while in “6Gd, the 3~ state is dominated by the proton component
from the 7hy; /27rd*15/2 particle-hole excitation across the Z=64 gap within the 50
to 82 major shells. This contribution was estimated to be 50% by Conci et al. [9]
from QRPA calculations. This behaviour is evident from the systematic variation of
the energy of the 3~ state in the N=82 isotones (see Figure [1.3]). The lowest exci-
tation value corresponds to the *6Gd nucleus, whereas it increases when depleting
the mds/; shell at lower Z and when filling the 7hy;/; at higher Z nuclei.

1.7 Previous knowledge of “°Gd

The *6Gd region presents clear advantages for the study of two-phonon states in
even-even nuclei. Its placement in the nuclidic chart, with eight neutrons less than
the lightest stable Gd isotope, makes possible the study of the proton p-h multiplets
by different means.

1. The instability of the *6Gd nucleus limits its study and constrains the number
of techniques which can be employed to study it. However, it makes *6Gd
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accessible to in-beam 7-ray measurements, following suitably chosen fusion-
evaporation reactions, where little angular momentum is transferred to the
compound nucleus. Yrast states up to ~9 MeV have been identified previously
by in-beam ~-ray measurements [1, 18] using fusion-evaporation reactions.
The lowest 07 and 2 excited states are also known from other in-beam ex-
periments [19, 20, 26] explicitly designed to enhance the population of these
states. Twenty years ago, an (a,2n) fusion-evaporation experiment [8] was
used to study non-yrast states and to search for the double-octupole excita-
tions in 6Gd. In this experiment two germanium detectors were used to
record y-y coincidences and ~-ray angular distributions. This study led to a
substantial extension of the *6Gd level scheme.

Before the present work, a similar fusion-evaporation measurement [21] was
performed to improve the nucleus knowledge of 1*Gd. A '%4Sm(,2n) experi-
ment at the IKP (University of Cologne) using 26.5 MeV «-particles impinging
on a self-supporting Sm metal foil 10.0 mg/cm? thick and enriched to 97.6% in
144Sm was carried out. The sensitivity of that experiment was about 10 times
higher than in [8]. The experimental set-up consisted of one EUROBALL Clus-
ter detector consisting of seven encapsulated coaxial germanium detectors in a
common cryostat that was placed in front of the target, and five tapered ger-
manium detectors placed at ~142 degrees with respect to the beam direction.
In that work, a total of 21 new ~-rays were identified corresponding to the
decay of 16 new states and 19 y-rays corresponding to 13 known levels. Also,
7 v-rays were seen for the first time in an in-beam experiment. Unfortunately,
in that experiment no information on the y-ray angular distributions could
be extracted and thus spin assignments were mainly based on the level decay
pattern after a careful energy matching inspection. For this reason we chose to
repeat the experiment and extract angular distribution and linear polarization
information on the transitions in *6Gd.

. A B-decay experiment [22] to study the decay of 23-s Tb (J*=5"), which
proceeds by allowed Gamow-Teller transitions to specific p-h excitations in
146Gd, provided information about the location of the neutron p-h states at
energies higher than 3.4 MeV. A second [-decay experiment to study the decay
of the 1" isomer with T;/,=8 s populated states with J"=0* and 2% [23].

. Most of the nuclei near *°Gd are unstable. However, *8Gd lives long enough
(74.6 a) to allow the construction of a radioactive target. Twenty years ago
such a target was made. The neutron pairing vibrational state at an energy
slightly greater than 3 MeV and an associated 27 state were identified in a
8Gd(p,t)'*9Gd transfer reaction by Flynn et al. [24] in 1983. Additional
146G d levels were also observed in this experiment and the angular distributions
obtained were compared with distorted-wave Born approximation (DWBA)
calculations in order to obtain information on the AL transferred in the reac-
tion and consequently on the spin of the populated states in *6Gd. Six firm
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L-transfer values were obtained from this comparison. Six years later, a similar
experiment was performed by Mann et al. [25]. Comparing the angular distri-
butions with DWBA calculations they obtained about eleven firm L-transfer
values and approximate L values for about fifty more excited states.

4. Two conversion-electron experiments have been performed [8, 19, 26] to
search for high-energy 07 states in *Gd. In the former, the second 07 state in
146Gd was identified through observation of the E0(0 —07) transition. In the
later, three new E0 transitions were identified. One de-excited the two-neutron
pairing vibrational state in “6Gd, but it was not clear whether either of the
others could be associated with the 07 member of the (3~ x3) two-phonon
octupole multiplet.

As mentioned previously, there are several limitations on the available reactions
that allow us to study p-h multiplets in *Gd. We find problems if we want to do
single-particle transfer reactions due to the short half-lives of the **Gd, *°Eu, “"Tb
and '""Gd nuclei. These kinds of studies could give us the most straightforward
information about the p-h multiplets. The above described two-nucleon transfer
reaction or multinucleon transfer reactions will suffer from low energy resolution
and moreover, they will not populate particle-hole states in 6Gd. In conclusion, it
seems that the only kinds of experiments that can allow us to add to our present
knowledge of proton p-h multiplets are fusion-evaporation reactions with low angular
momentum input. This requirement can be met by reactions such as (*He,n) or
(c,2n) where the incident particle is very light and not more than two particles are
evaporated. As was noted earlier, the (*He,n) reaction on **Sm [19, 20] was used to
enhance explicitly the 0% and the 27 states but this reaction has a slightly positive
@-value. Taking into account the Coulomb barrier, the reaction is only possible
at energies far above the threshold energy, which leads to complications because
other reaction channels appear and dominate. On the contrary, the (,2n) reaction
has a negative @-value and it has been demonstrated [20] that non-yrast states are
populated. A study of the optimum bombarding energy for the population of the
non-yrast states has been made by Yates et al. [8], where a bombarding energy of
about 26 MeV was found to be the optimal. In this work yrast and above-yrast
states were observed in “Gd and many of them were interpreted as members of
two-nucleon multiplets in 6Gd. In the present work we will re-investigate the same
reaction study with improved sensitivity.

Attempts to locate the two-phonon octupole states in *6Gd have had limited
success, because in addition to the E3 transition to the one-phonon octupole state,
the two-phonon states can decay through low multipolarity transitions which make
its identification difficult. In Yates et al. [8], three 67 and three 4 states in the
expected energy range for the two-phonon states were found. But 6™ and 47 states
from other configurations are expected in the same region of excitation energy mak-
ing firm configuration assignments difficult.
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The experiment

In this chapter the experimental details of the measurements will be presented. A
description of the electronics used for the data acquisition will be given as well. Later,
we will explain how the energy and efficiency calibrations were done. Finally, we will
see in depth the different information which could be extracted from our detectors
set-up: directional angular distributions and directional linear polarization.

2.1 The experimental setup

2.1.1 The Tandem accelerator

All the measurements, 7y-singles and 7-y coincidences, presented in this work
were made at the Institute for Nuclear Physics (IKP) of the University of Cologne
(Germany) with an a-particle beam produced at the FN Tandem Van de Graaff
Accelerator. This accelerator has a working voltage of up to 11 MV and three dif-
ferent ion sources. In our case, the voltage of the accelerator was 8.75 MV and a
duoplasmatron source was used. An overview of the tandem accelerator and the
beam line elements is shown in Figure [2.1].

2.1.2 Excitation function of the “°Gd + «a reaction

Depending on the energy of the beam, different reaction exit channels will be
favoured compared to others. Since we are interested in the study of low-lying non-
yrast levels in *6Gd, we have to select an energy which maximizes the population
of this kind of states.

The optimum bombarding energy for the population of non-yrast states in *6Gd
was known from the measurements by Yates et al. [8]. These data indicated 26.3
MeV as an optimum bombarding energy for an («,2n7y) study of non-yrast levels in
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Figure 2.1: Schematic overview of the Tandem accelerator at the Institute for Nu-
clear Physics (IKP),University of Cologne (Germany) and the detection setup used

in the experiment.

146Gd. At this energy, the maximum in the excitation functions for y-rays de-exciting
non-yrast levels has been attained, while the competing (a,n) exit channel is not so
strong to obscure the lines of interest. Any further increase in bombarding energy
will lead to a greater yield of well-known and strongly dominant yrast transitions.
At this bombarding energy, the maximum excitation energy for the *6Gd is about
5 MeV, and this will permit us to study the levels lying in the region where the
two-phonon states are predicted to be (about twice the one-phonon energy of 1.58

MeV).

2.1.3 Detection system

As mentioned earlier, we have studied the '**Sm(c,2n) fusion-evaporation re-
action using 26.3 MeV a-particles impinging on 3.0 mg/cm? thick target enriched
to 97.6% in *4Sm and supported by a 0.5 mg/cm? thick Au backing made at the
Laboratori Nazionale di Legnaro (Italy). The beam was stopped with a Ta beam
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dump placed in the beam pipe about one meter behind the target.

Figure 2.2: Picture of the detection system mounted in the Wiirfel frame designed at
the IKP institute. The Wiirfel frame was opened in order to visualize the detectors.
In the left picture, the CLUSTER detector which is beside the other Ge detectors
can be seen, while in the right picture, we show the rest of the detectors and the
beam tube.

The average energy of the a-particles when they react in our target is 26 MeV,
and the average energy of the recoiling 6Gd nuclei is 6.3 MeV. At this energy the
mean range of the recoiling '*®Gd nuclei is 1.2 mg/cm? before it is fully stopped,
and the corresponding time interval is of the order of 1 ps. This means that gam-
mas de-exciting levels with half-lives of the order of 1 ps will be observed with both
shifted and stopped components. If the half-life is clearly longer, the peak will be
observed only at the stopped position and in the cases where the half-life is much
shorter the peak observed will be fully shifted due to the Doppler effect. This effect
could be checked with the case of the 27 1972.0 keV state, whose half-life is shorter
than 0.32 ps [21]. In this case, we see both peaks, the stopped and the shifted.
Thus, the presence or absence of the Doppler effect for a transition in our spectra
will tell us about the half-life of the de-exciting level (neglecting the side feeding).

In order to construct the 1*6Gd level scheme we have used the germanium detec-
tors to measure -y coincidences. The detection set-up consisted of ten germanium
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Wirfel frame

Figure 2.3: Schematic diagram of the detection setup consisting of ten germanium
detectors placed in a Wiirfel frame designed at the IKP institute.

detectors placed in a Wiirfel frame designed at the IKP (see Figure [2.2], Figure [2.3]
and Figure [2.4]). Distances between the detectors and the target are shown in Ta-
ble [2.1]. Such a configuration permitted us to have detectors placed at five different
angles with respect to the beam direction (see also Table [2.1]). As we will see later,
these five angles made an angular distribution measurement possible. In addition,
one of the detectors was a EUROBALL Cluster detector comprised of seven encap-
sulated coaxial germanium detectors in a common cryostat that was placed at 90
degrees with respect to the beam direction. This detector, placed at that angle, also
permitted us to obtain a linear polarization measurement. Half of the ten germa-
nium detectors had relative efficiencies (compared to the corresponding efficiency of
a 3”x3” Nal(Tl) crystal at a source-detector distance of 25 cm) of 50%, while the
other half had 30%.

The current registered in the Faraday cup during the experiment was of the order
of 2.5 nA measured occasionally at the analyzer cup.

The sensitivity of the present set-up was about a factor of 10 higher in coinci-

dences in comparison with the experiment carried out by Yates et al. [8] where only
two low-efficiency Ge(Li) detectors were used.
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Figure 2.4: Schematic diagram of the detection setup showing the different angles
of the detectors.

2.2 Data and calibrations

Data were recorded using a data acquisition system developed at the Univer-
sity of Cologne, which allowed us to record spectra in two different ways: a direct
spectrum for each detector, where all the signals coming from the detector are con-
tinuously recorded without any restriction (singles), and coincidence events, where
the requirement to validate an event was that at least two detectors fired with a
time difference smaller than 300 ns. This condition was fixed electronically as we
will describe it later.

A total of 132 runs of one hour each were accumulated during the experiment.
At some times between two reaction runs, a 2?°Ra source was put close to the
target position to make energy calibrations. Immediately after the last run, we
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Relative Anti-Compton | Distance
Detector | 6 ¢ | efficiency Absorbers shield to target | ADC
CLUSTER | 90 | 0 50% none no 14.4 cm | 16k
Ge 1 45 | 90 50% 1 mm Cu yes 84 cm | 16k
Ge 2 145 | 0 30% 1 mm Cu, 1 mm Pb no 9.3 cm 16k
Ge 3 90 | 305 30% 1 mm Pb, 2 mm Al no 8.8 cm | 16k
Ge 4 135 | 270 50% 1 mm Cu yes 8.4 cm | 16k
Ge b 135 | 90 50% 1 mm Cu yes 84 cm | 16k
Ge 6 45 | 270 50% 1 mm Cu yes 8.4 cm 8k
Ge 7 35 | 180 30% 2 mm Cu, Pb arround no 10.2 ¢cm | 8k
Ge 8 90 | 125 30% 2 mm Cu, 1 mm Al no 9.8 cm 8k
Ge 9 90 | 180 30% 1.25 mm Cu yes 152 cm | 8k

Table 2.1: Settings and characteristics of the detectors used in the experiment placed
in the Wiirfel frame. Note that the CLUSTER is treated as one detector since an
addback was done in the data sorting for build up the matrices.

made measurements of different durations of the activation in the target. This kind
of measurement allowed us to identify peaks in the spectra originating from the
isotropic decay of nuclei produced in the target. After this measurement, ??Ra
and *3Ba sources were placed at the target position in order to make efficiency
calibrations for all the detectors.

During the running period, minor instabilities in the electronics might led to
slight gain shifts in the spectra. As a consequence, corrections to the spectra became
necessary. First we corrected all the runs and all detectors, and later we proceeded
with the energy calibration. Thus, for each detector we “shifted” with a linear
function all the runs to match the closest in time to a *?°Ra energy calibration
run, and we added all of them together to get the total singles spectrum for each
detector. This procedure was followed for correcting the gain-shift when building
the v-y matrices as well.

We repeated the same procedure for the ?26Ra and '®3Ba efficiency calibration
runs, but in this case shifting all the runs of accumulated statistics to the first in
time by a linear gain-shift correction and finally adding them. The small gap of
time from the last run of reaction data to the first efficiency calibration run makes
any gain-shift correction for the latter neglectible.

The energy calibration has been obtained by fitting the highest peaks of the
226Ra spectra and making a linear regression fit to all of them with the nominal
values of the energies taken from [27]. These energy calibrations obtained for the
different detectors were applied to their corresponding total singles spectra and were
also used to sort the data from the coincidences to build up the different matrices.
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2.3 Efficiency

The intensities of the gamma rays of interest can be extracted from the area of
each peak, fitted with a gaussian and after background subtraction, corrected for the
detector efficiency. In order to obtain the intensity, we need to apply the relation:

Area

Int ity = ———— 2.1
niensity Ef ficiency (2.1)

Consequently, we have to determine the efficiency curve. This is done by inte-
grating the peaks of the known ??Ra and !**Ba decay sources, located at the target
position, and dividing the areas by the known absolute intensity of the source as
given in [27] and in the specifications of the two sources. We should point out that
in the present experiment we calculated absolute efficiencies.

In order to get the efficiency calibration we proceeded in a similar way as for the
energy calibration. For each detector we shifted by a linear gain-shift correction all
the runs to the first and added them. Then we fitted the highest photopeaks with
gaussian functions with a tail on the left side after the background subtraction to
obtain the areas. Thus, the efficiencies were calculated since the intensities of the
calibration sources, when they were produced, are known.

After efficiency values were calculated for the highest photopeaks of both sources,
226Ra and '*3Ba (see Figure [2.5]), we made a fit with the function proposed by Jickel
et al. [28] for the case of germanium detectors:

2
Ine(Ey) +25 = (b1 + baz + b3x2); arctan(exp(by + bsz + bsz?)) (2.2)

where z = In E, (2.3)

Thus, we obtained 10 individual efficiency curves that are of crucial importance
for the y-ray intensities and angular distribution determinations. The germanium
detector used to determine the intensities was the detector “Ge 4” placed at 135
degrees with respect to the beam direction, which was the detector with the best
energy resolution of those closest to 126 degrees where the transition intensities can
be compared unaffected by their angular distribution (see explanation in section
2.5.). For the use of the Cluster as a polarimeter, two efficiency curves have been
determined for the scatterer-analyzer pairs at 30 and 90 degrees, respectively, using
the Ra and the !3*Ba sources and following the same procedure used for sorting
the y-v coincidences.
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Total Efficiency

Efficiency

Figure 2.5: Absolute efficiency of the detection system. The experimental points
with the error bars and the fit to the points with the Jackel function as a continuous
curve are shown.

Differences in efficiencies between these two scatterer-analyzer pairs are mainly
due to the number of detectors that form them ( the “30 degrees” data include twice
the number of pairs as the “90 degrees”) since the intrinsic efficiencies of the Cluster
capsules are similar and the solid angle they covered was the same.

2.4 Electronics and sorts

The electronics and data acquisition system used in this experiment were de-
veloped at the University of Cologne and allow us to acquire data in singles and
coincidence mode simultaneously. In the first case, all signals registered by a de-
tector are continuously stored without any restriction, but in the ~-v coincidence
spectra, only signals produced with a time difference lower than a predetermined
time window are accepted and stored in list-mode. In our experiment, this coinci-
dence window was 300 ns, so we accepted all the v-ray coincidences that occurred
with a maximum difference in time of 300 ns (see Figure [2.6]). The data adquisition
system was FERA based. The FERA controller was developed and optimized at the
University of Cologne to reduce the dead time of the system [29].
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Figure 2.6: Visual signal scheme used in the experiment.

The system had a slow analogue branch and a fast timing circuit for each detec-
tor. Every energy signal was amplified through a spectroscopic amplifier (ORTEC
671 and 572 modules). A timing filter amplifier (ORTEC TFA 474 module) and a
constant fraction discriminator (ORTEC CDF 584 and 473A modules) were used to
produce the individual timing signals. The logic of the fast timing circuit is given in
Figure [2.8], while the delays and gates involved can be better seen in Figure [2.6].
Every time a coincidence of two germanium detectors (time signals (D) and @) oc-
curred within the 300 ns coincidence window (3), a master signal associated with the
second detector was generated. This master signal generates, after 8 us of delay, the
gate ® for the ADCs which will then start to convert the energy signals (individual
list-mode gate), and starts @), the fast TDC modules (individual list-mode gate
start signal). The individual TDC-Stop signal () is associated with the start detec-
tor after a delay of 500 ns. Finally, the time information is given as 16 TDC spectra,
each associated with one detector, where the time of this detector is recorded every
time a master signal has been created and this detector has fired. In Figure [2.7]
the TDC projection of “Ge 4” is given. The sharp peak at ~300 ns corresponds to
the case when the master signal was given by detector “Ge 4”.
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Figure 2.7: TDC spectra of detector “Ge 4”. In this figure a typical example of the
time window selection for sorting the data to obtain the -y coincidences matrices
is also shown.

The counting rates throughout the experiment were between 7 kHz and 12 kHz
for each individual detector; meanwhile for the master trigger (- coincidences), it
was ~11 kHz.

The energy signals from all the detectors were sent into either 8k or 16k ADCs
and the time signals to 2k TDCs. The electronic scheme is shown in Figure [2.8].

A minimum multiplicity of 2 was required to validate the - coincidences. Us-
ing these -y coincidence events, we constructed a total matrix of 8k®8k channels
with all the coincidences between detectors. We built also 4k®4k matrices with all
possible combinations of groups of detectors depending on the angles at which they
were placed. All these matrices can be added in such a way that one obtains ma-
trices with all the detectors against an angle (see Table [2.2] where all the matrices
are shown). The two matrices we obtained were used in order to extract angular
distributions for transitions not clean enough in the singles spectra whose informa-
tion has to be extracted from gating in gammas on coincidence with them. They
are also very valuable for identifying transitions that present a Doppler shift, since
one can observe and compare the spectra at different angles.
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Figure 2.8: Electronics scheme used in the experiment.

The matrices have been built up by sorting the list-mode data recorded using
prompt and delayed gating conditions, i.e., we made a prompt matrix that included
all coincidence events inside a time window of ~ 50 ns (see Figure [2.7]), and a de-
layed matrix which included the “random” events in a time window with the same
width as the prompt matrix. Once we have these two matrices, we subtract the
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delayed matrix from the prompt matrix and we obtain the matrices listed in the
table. A graphical explanation is provided in Figure [2.7].

Total -7 coincidence matrix (8k®8k)

(all detectors)®(all detectors)

Angular correlation matrices (4k®4k)

(90 degrees)®(90 degrees)
(90 degrees)®(45 degrees)
(90 degrees)®(35 degrees)
(45 degrees)®(45 degrees)
(45 degrees)®(35 degrees)
(35 degrees)®(35 degrees)

Angular distribution coincidence matrices (4k®4k)

(all detectors)®(90 degrees)
(all detectors)®(40 degrees)

Table 2.2: All -7 coincidence matrices constructed in the data sort. The last two
were used for the directional angular distribution analysis.

2.5 Directional angular distributions

The level scheme can be constructed from the - coincidence matrix, which gives
us information about the energy of the levels and how they are fed and de-excite,
but the spin and parities are still unknown. This is the reason why a directional
angular distribution measurement, becomes crucial.

The way to assign spins and parities to the levels of the nucleus is to know
the character (electric or magnetic) and multipolarity of the transitions connecting
the levels. If one makes use of conservation of parity, measures the character and
multipolarity of the transition to a level, and also knows the spin and parity of the
final level, then the spin and parity of the initial level can be often established:

mimy = Am, (2.4)
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An easier way is to make two complementary measurements: a linear polarization
measurement of the v radiation and a directional angular distribution measurement.
From both data one can often determine the multipolarity and nature of the transi-
tion. The former will be presented more in detail in the next section while the later
will be explained in the next lines.

Nuclei in excited states formed in nuclear reactions are in general oriented with
respect to the beam direction. The degree of orientation depends on the formation
process and, therefore, is subject to the reaction mechanism. In general, the angu-
lar momentum j of a state has 2j+1 components m (m=-j,...,j) along a quantization
axis. In an experiment we find a number of substates m with respect to a suitable
symmetry axis as the quantization axis (the direction of the projectiles in nuclear
reactions), that are characterized from the statistical point of view by the popula-
tion parameter P(m).

Let us now consider the angular momentum conservation in a fusion-evaporation
process like our *4Sm(a,2n)*®Gd reaction. In such a reaction when we deal with
a heavy target nucleus, as in the case of *Sm, the angular momentum transferred
in the reaction to the compound nucleus must be dissipated by the emission of
neutrons and the succeeding y-ray cascade. With an impinging a-particle energy of
26.3 MeV, the energy of the first evaporated neutron is ~ 1.1 MeV and ~ 1.0 MeV for
the second. These low-energy neutrons are quite inefficient in taking away angular
momentum. Therefore, the total angular momentum dissipated by neutron emission
is not expected ever to come close to the average angular momentum brought in by
the incident alpha particle.

After the emission of the last neutron, the angular momentum as well as the exci-
tation energy must be dissipated by gamma-rays and internal conversion electrons.
Since the gamma de-excitation probability goes as E(***D where A is the multi-
polarity of the transition and lower multipolarities are always faster than higher
multipolarities, the y-ray de-excitation tends to proceed through vy-rays of high en-
ergy and low multipolarity. Consequently, the first gamma de-excitation reaches
either the yrast line or states not far away from it. The yrast line is formed by the
states with lowest energy for each spin.

In our case, an even-even target with spin 0 is bombarded with a-particles.
The large angular momentum transferred to the compound nucleus acts only in the
direction perpendicular to the beam. In other words, the compound nucleus state is
completely aligned to the beam direction, and the population parameters are simply

P { o r gt (25)

This aligned compound state emits first neutrons and later y-rays of high energy
until reaching the low-lying states in the final nucleus. These first cascades are
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very fragmented in intensity, and it is only when reaching relatively low excitation
energy and, therefore, a region of low density of states, that the subsequent gamma
emission reaches the energy regime of interest. After reaching these states, the
original orientation formed in the collision is retained to a considerable extent if the
angular momenta transferred by the projectile are large, since the angular momenta
carried off by neutrons and early y-rays are too small to induce a serious change
of orientation. Furthermore, neutrons and ~v-rays tend to feed levels of decreasing
spin because of the higher density of lower-spin states in general. Such stretch-type
emission retains the orientation to the maximum extent. The directional angular
distribution of gamma radiation emitted from an axially symmetric oriented source
is

a9

hie)
=0 By\(1;) A\P (cost) = — > ayP(cosb) (2.6)

A=even A=even

W (9)

where P, (cos ) are the Legendre polynomials and the coefficients ay depend
on the nuclear orientation degree, on the spins of the levels between which the
transition occurs, and on the multipole order of the transition, but not on its electric
or magnetic character.

Therefore, one can obtain an angular distribution function by measuring the in-
tensities of a transition at different angles with respect to the beam direction and
determine its multipolarity. As was described in section 2.1.3, we had detectors
placed at five different angles (35, 45, 90, 135, 145 degrees) that, due to the sym-
metry of the angular distribution functions around 90 degrees, could be considered
as three different angles at 35, 45 and 90 degrees. The intensities of the gammas
are obtained from the areas of the photopeaks in the histogrammed spectra, after
correction for the detector efficiency. In order to extract the area of the photo-
peak, a fit is done with a Gaussian function with an exponential tail on the left of
the photopeak. We have followed this procedure for the intense photopeaks in the
spectra obtained at the different angles, if the lines were not obscured by contam-
inating photopeaks. But for the cases with poor intensities or where contaminants
are present, it became necessary to build up coincidence matrices. After examining
the data, evaluating the statistics of our experiment, and considering that the real
angular difference (taking into account the solid angles subtended by the detectors)
between 35 and 45 degrees was small, we added both of these angles matrices and
treated the result as a group of detectors at an effective angle of 40 degrees. The
matrices constructed for extracting the angular information are listed in Table [2.2].

The procedure for extracting the angular information from these matrices is
to put a gate on a transition in coincidence with the one we want to determine its
angular distribution in the all detectors projection and obtain its intensity, corrected
by its corresponding efficiency, in the 90 and 40 degrees projections. It must be
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noticed that the gating conditions (region and background subtractions) should be
the same at both angles to compare the intensities.

The ideal procedure is to fit the directional angular distribution equation (until
second order) with the intensities obtained at different angles

W(0) =1+ AY* Py(cos ) + A7 Py(cos 6) (2.7)

where A" are the angular distribution coefficients for completely aligned nuclei.
This is not what happens in reality, where the nuclei are partially aligned and the
function may be replaced by

W(0) =1+ AyPy(cosf) + A, Ps(cosb) (2.8)

whereA,= a, A",

ay,’s are the attenuation coefficients, which depend on the angular momentum .J
of the transition and the distribution of the nuclear state over its m substates. The
attenuation coefficients can be extracted from tables of Mateosian and Sunyar [30].
From Yamazaki’s work [31], the partial alignment may be represented by a Gaussian
distribution of m-states characterized by a parameter o, which is the half-width of
the assumed Gaussian distribution. With this assumption «,, can be expressed as
a function of J and o/J. To obtain the o/J value for our experiment we can look
for a clear case and compare the A% value obtained from the tables with the
experimental value.

But we can rewrite the previous expression in terms of measured intensities

I,(0) = I,[1 + agpoPa(cos 0) + asgpia Py(cos 0)] (2.9)

where a, are the angular distribution coefficients and u, are the geometrical
attenuation coefficients. It should be remarked that the geometrical attenuation co-
efficient is independent of the attenuation coefficient due to the partial alignment of
the nuclei. These geometrical attenuation coefficients are introduced because of the
size of the detectors (the real solid angle subtended by the detector attenuates ef-
fectively the measured angular distribution). A complete study of these geometrical
attenuation coefficients for axial and planar detectors at different distances detector-
target could be found in [32]. From that work, one can see that the attenuation
for coaxial detectors can be taken as 1 for distances to the target larger than 10 cm.
Consequently, we assumed this value to be one. As we mentioned in section 2.3, the
intensities of transitions with different multipolarities can be compared at 126 since
at that angle the Legendre polynomial P (cos) is zero and thus, I,(0=126°)~I,. For
this reason, we have chosen the detector “Ge 4” for determining the intensities (it
had the better energy resolution and the closest angle to 126°).
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We should mention here that, since we are constrained to only two angles (40
and 90 degrees) for determine angular distributions, we can extract only a value for
az and not for a4. However, the most important information is contained in the sign
of a; which, when combined with the polarization information, will tell us about the
character and multipolarity of the transition as can be seen in Table [2.3]. This
sign could be easily obtained just by calculating the ratio between the intensities at
40 and 90 degrees.

>0 for gggg; >1
a9 (2.10)
<0 for %ggg <1
Nature and Angular Polarization
Multipolarity | Distribution sign sign
El (J—J+1) - +
M1 (J—J+1) - -
El (J—J-1) - +
M1 (J—J-1) - -
El (J—J) + -
M1 (J—J) + +
M1/E2 73) 73)
E2 + +
M2 + -
M2/ E3 f0) f(6)
E3 + +

Table 2.3: Angular distribution and polarization signs corresponding to the most
common transition multipolarities. Mixed transition signs depend on the ratio of
the amplitudes of the mixed-multipole transition (0).

2.6 Directional linear polarization

As described in section 2.1.3, a CLUSTER detector was placed at 90 degrees with
respect to the beam direction. This placement permitted us to use this detector as
a Compton polarimeter. Compton polarimeters are used in y-ray spectroscopy to
determine the degree of linear polarization of photons emitted in the de-excitation
of nuclear states whose spins are oriented with respect to a given direction. In other
words, measuring the linear polarization (the direction of the electric field vector)
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with respect to the beam-detector plane (see Figure [2.9]) permits a distinction be-
tween the electric and magnetic multipoles. This information, as we have seen in the
previous section, cannot be extracted from the angular distribution of the ~-rays.

@=90°

$=90° o=

Beam

=00

Figure 2.9: The figure shows the polarimeter working principle. A v-ray is emitted
at #=90° with respect to the beam direction. When the ~-ray is Compton scattered
with an angle ¢=90° respect to its initial direction, the most probable direction
of emission of the scattered v-ray corresponds to the plane defined by both ~y-rays
and perpendicular to the electric field of the incident y-ray (¢#=90°). The minimum
probability corresponds to ¢=0°. In the figure, the electric field is parallel to the
beam direction as in the case of a pure El transition with m=0.

Compton polarimeters are based on the asymmetry of the Compton dispersion
probability for linearly polarized photons. This dispersion probability has a maxi-
mum for directions perpendiculars to the polarization. Thus, a usual measurement
is to compare coincidence counting rates of two detectors (one used as the scatterer
and the second as the analyzer) between perpendicular and parallel directions to
the polarization reference plane. This can be done either by having a pair of de-
tectors and rotating one of them or by having detectors at both directions during
the experiment. In many cases, including the present experiment, it is difficult to
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move or to place detectors in such a way. Our CLUSTER detector consists of seven
closely-packed individually-canned Ge crystals of tapered hexagonal shape. This de-
tector can be used as Compton polarimeter because we can combine the CLUSTER
detector capsules and make many scatterer-analyzer pairs. For instance, we can use
the central capsule as scatterer and the rest of surrounding capsules as analyzers. In
Figure [2.10] we can see all the different scatterer-analyzer pairs that can be made
within a CLUSTER detector and how they can be grouped in two polarization direc-
tion angles: 30 and 90 degrees. We have four scatterer-analyzer pairs at 90 degrees
and eight at 30. The use of this kind of detectors as Compton polarimeter has been
studied by Garcia-Raffi et al. [33].

N90°: N12+ N34+ N15+ N67

Napo= Nys + N45+ N16 * N27+ N14+ N 56+ N17+ N23

Figure 2.10: Schematic front view of the CLUSTER detector showing the two differ-
ent combinations of scatterer-analyzer pairs used for the polarization measurement.
Note that 30° and 150° are equivalent. N;; represents the coincidence counting rate
of capsules 7 and j.

As explained in the previous section, in our reaction there is an alignment of
the spins in a plane perpendicular to the beam direction. The non-isotropic ~y-ray
distribution is not the only consequence of this, as the emitted ~-rays are linearly
polarized. The linear polarization angular distribution of gamma radiation emitted
from an axially symmetric oriented source [34] is
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W, ) = Z—W By\(I;) % [A)\P)\(cos 0)+2A,2 <(

A=even

) 1/2P§2) (cos B) cos(29)
(2.11)

where 6 is the angle between the photon and the beam, @ the angle between the
plane defined by the incident beam and the photon emission direction and the po-
larimeter axis, Pf) are the generalized second-order Legrendre polynomials, B (I;)
are the orientation parameters for the initial spin [;, and Ay, Ay 2 are the angular
distribution coefficients.

With a polarimeter we are sensitive to the degree of linear polarization, thus we
define a # angle and measure the Compton scattering to different & angles. The
f angle typically is 90 degrees since the degree of polarization is maximum at that
angle. This is almost our case, since the central capsule of the CLUSTER is placed
at 0=90° and the external capsules are at §=68° and #=112°. Also, the @ typical
angles are 0 and 90 degrees but with the CLUSTER, as its seen in Figure [2.10], the
@ angles are 30 and 90 degrees.

The excited oriented nuclei emit y radiation with the electric vector (direction
of polarization) either parallel or perpendicular to the reference plane defined by
the direction of emission and the direction defining the orientation. The degree of
polarization of a radiation is defined by the parallel and perpendicular intensities as

I—1
p=1""t (2.12)
I+ 1.

The linear polarization distribution depends on the parity (electric or magnetic
character) of the electromagnetic radiation towards the second member of equa-
tion [2.11]. Thus, a polarization measurements gives us information about the parity
of the electromagnetic radiation and, therefore, about the parities of the initial and
final states.

As it has been already mentioned, a polarimeter is based on the fact that the
Compton dispersion depends on the degree of polarization of the radiation. This
probability is given by the Klein-Nishina formulae which, integrated over all polar-
ization directions of the scattered photon, has the form

9 E, 2 E EI
(Z_g) 0, $) = %0 (E) <§? -+ B 2sin” § cos® 95) (2.13)

Eo
1+ a1 —cosh)

where E' = , and a = Ey/m.c? (2.14)
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Here, do is the Compton scattering cross-section in df2, ry is the classical electron
radius, £ is the incident photon energy and, # and ® are the polar angles defined
relative to the incident momentum and the plane of polarization, respectively. If
we take #=90° and have angles of ® and ®’, the coincidence counting rate for each
scatterer-analyzer combination, normalized by the efficiencies (€), can be expressed

as
N.
2= Ljos + 11090-a (2.15)
€»
Ny
6<I> = _[”O'cpl + IJ_O'g()_q;I (216)
@I

where 0 = 42(90°, 9).

Then we define the asymmetry of the counting rate between both directions as

_ Ny [/€sr — No /€

A=
qu/&pl + Nq;/ﬁq;

(2.17)

The relation between the asymmetry (A4) and the degree of polarization (P) can
be written as

QP

sin? & — cos? @
where a = INCY SOy (2.19)

and () is the polarimeter sensitivity that depends on the energy by the relation

[/

2 2 &
= P — P)———
@ = (cos cos” ') e p——

(2.20)

1
h = — 2.21
where a = -— Bl (2.21)
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It should be noticed that the absolute value of the asymmetry depends on the sign
of the polarization. The polarimeter sensitivity ¢) can be determined experimentally
from the measured asymmetries for transitions of known P by the relation

A 1

= — 2.22
Q 1—aAP ( )
Q 0,8
Qo
0,6 Experimental Q=Qpx(aE + b)
a=0.45+0.10
b=(1.4:1.2)x10"*keV !
04
02
0 1 1 1 1
0 1000 2000 3000 4000
E, (keV)

Figure 2.11: Figure shows the theoretical sensitivity Qg for a point-like-detectors
polarimeter and the fitted experimental polarimeter sensitivity Q.

A Compton polarimeter is characterized by its sensitivity which, in the case
of an ideal polarimeter composed of point-like detectors, can be calculated with
expression [2.12]. But this is not reality, and we have to deal with extended detectors
and find the experiment relationship between polarization and sensitivity. Since we
have angular distributions of the vy-rays, we can obtain the distribution coefficients of
the most intense ~y-rays and calculate their theoretical polarization. This argument
is valid only for pure electric transitions and it is expressed as

3 5
502 + 504

P=4—=—°_
1+%a2+ga4

(2.23)
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where the sign + corresponds to pure E2 transitions and the sign - to pure E1
transitions. ay and a4 are the angular distribution coefficients defined in the previous
section.

It is difficult to find clean transitions in *6Gd that cover the full energy range
so we had to use transitions from *"Gd, which is also produced in our reaction. In
this way we obtained different () values from asymmetry and polarization ratios.
In Figure [2.11] we can see the results and also appreciate that in addition to a
reduction in () there is a dependence on energy. In order to fit the (3 dependence
on energy we used the expression

Q= GQo(aE +1) (2.24)

,as proposed in [35] and [36], and obtained the a and b parameters values. This
relation takes into account that we are integrating the Klein-Nishina cross-section
over a certain # and ® interval that depends on energy.

Once we have this sensitivity function, it is easy to calculate the polarization
from the measured asymmetries of the transitions and combine these values with
the angular distribution results to determine the spins and parities of the transitions
(see Table [2.3]).
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The level scheme analysis

In this chapter the procedures for the analysis of the y-ray data and construction
of the 1*6 Gd level scheme will be described. The experimental results will be described
and experimental spectra will be shown.

3.1 The *Gd level scheme

As mentioned in Chapter 1, the latest published work about the '*¢Gd level
scheme based on in-beam fusion-evaporation experiments was published by Yates et
al. [8]. This experiment was very similar to the present one in terms of the reaction
used, but the detection efficiency was significantly lower (two 20% Ge(HP) detectors
in close geometry at £120°). In the present set-up we have repeated this experiment
with a modern array of large volume Ge detectors at 90,4 45 and + 35 degrees. Five
of them had anti-Compton shields. The beam energy was similar to the one used
in the previous experiment. We expect to confirm the previous results and observe
more levels, and thus obtain better level assignments. In addition, a EUROBALL
CLUSTER detector was placed at 90° to act as a non-orthogonal y-ray Compton
polarimeter [33], as described in Chapter 2.

The construction of the level scheme was mainly based on the analysis of the -y
coincidence matrices. The construction of these matrices was explained in Chapter
2. A first inspection of the projection (see Figures [3.2] and [3.3] in pages 54-55)
shows that in the present experiment two primary reaction channels were open: the
(a,2n) channel populating excited states in "*®Gd and the (a,n) channel populating
excited states in '*7Gd. The (a,p) channel populating excited states in “"Eu is
also open, but the cross section is not as large as the two mentioned above. In
addition to these channels, another two appeared due to the a-particles impinging
in the target frame made of aluminium. These two channels are the (a,n) channel
populating excited states in 3*°P and the (a,p) channel populating excited states in
30Si. Since there is considerable knowledge in literature about these nuclei, it was
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relatively easy to identify the most intense peaks in the projection and, by putting
gates on these transitions, we could easily identify to which nuclei they belonged.

All the gates are placed on one of the projections of the coincidence matrix. It
does not matter which projection is used since the coincidence matrix is symmetrical
and, consequently, the two projections are identical. The way in which the gates
have been placed was to select the region of interest for the gate and also select
a background on both sides of the peak to subtract from the gate, trying to avoid
peaks in the background region. We made use of the angular distribution coincidence
matrices to identify peaks that presented Doppler shifts, since one can compare the
peaks at 90 degrees, where there is no Doppler effect, with the peaks at 40 degrees,
where the shift appears. The Doppler effect appears when the emitting nucleus is
moving.

The first step in the analysis was to check that our data confirmed the level
scheme known from previous work ( [8] and [21] ). After gating on all previously
known gammas, the reported states were confirmed. In this process, many new tran-
sitions appeared which were then individually examined placing new gates. This
procedure allowed us to place most of the new transitions in *Gd, although some-
times intensity arguments were used to decide the gamma de-excitation sequence.
The intensities were obtained by integrating the peaks in the singles spectra when
possible. For that analysis, a standard fit of the peaks with a Gaussian peak-shape,
minimising the y?, was used. We considered a linear background subtraction. This
was possible in general for y-rays de-exciting yrast levels. For the rest of the peaks
the intensities were obtained from the gated spectra. In this case, the intensities
were normalized using at least one peak observed in the gated spectrum with known
intensity from the singles spectra. In most of the cases, this reference peak was one
of the yrast transitions. The integrated values from the fits were corrected by the
array or corresponding detector efficiency to obtain the y-ray intensity.

In a preparatory *4Sm(q,2n) experiment [21], a total of 21 new 7-ray transitions
from 16 new levels were identified, as well as 19 new ~-rays corresponding to 13
previously known levels. Also, 7 y-rays were seen for the first time in an in-beam
experiment.

In the present work, a total of 35 new v-rays from “6Gd have been identified
corresponding to 28 new states. Also, 31 new ~y-rays, corresponding to 26 previously
known levels, were identified; 3 ~-rays were seen for the first time in an in-beam
experiment. In Table [3.1] the results of our analysis are presented by level energy,
while in Table [3.2] they are presented ordered by 7-ray energy. All the energies
and intensities are listed together with their uncertainties. The intensity values are
related to the 1579.4 keV v-ray, which was chosen as the reference peak since it is the
most intense peak in the projection and, at the same time, it was not contaminated
by any other gamma-ray transition. Angular anisotropy and polarization data were
extracted where possible,and the level spins and parities were deduced from the
data. For transparency, we have included in the tables comments if the transitions
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were observed in previous experiments.

Also, the level population (commonly known as level side-feeding) may help in
the level assignment task. While not a strong argument, it is sometimes helpful
discarding level assignments. We can see in Figure [3.1] that there is a decrease in
the level population with increasing excitation energy.

From the y-v coincidence analysis, the analysis of the gamma-ray intensities, and
the information on angular distributions (obtained from the 40°/90° anisotropy) and
on polarizations, we have constructed the level scheme presented at the end of the
chapter.

Side Feeding Intensity
g
T

=
o
T
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1
1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000 4200 4400 4600 4800 5000 5200

Level Energy (keV)

Figure 3.1: Relative level population in *6Gd observed in the *Sm(c,2n) reaction
at E,=26.3 MeV. Squares refer to firmly assigned levels while circles represent levels
not firmly assigned. Solid lines connect firmly assigned levels with the same J.



Level Transition | Rel. v-ray | (40°/90°)

Energy(keV) | Energy (keV) | Intensity | Anisotropy | Polarization | Multipolarity | I,”—I;" | Comments
1579.4 (1) | 15794 (1) 10000 | 1.63 (10) | 0.55 (20) E3 3= 0" | abodelg
1972.0 (1) | 1972.0 (1) | 1095 (77) | 1.25 (12) E2 275 07 | x,bodelg
2164.7 (1) 192.7 (1) 1) 0.69 (24) E2 07— 27 | cdolg
2611.5 (1) 639.6 (1) 20 (2) | 1.65 (23) E2 7527 | defg

1032.0 (1) | 585 (50) | 0.85(10) | 0.35 (22) El 47— 3 | bdefg
2657.9 (1) | 1078.5 (1) | 7124 (365) | 1.47 (11) | 0.61 (21) E2 5 =3 | abdofg
2067.4 (1) | 1388.0 (1) | 236 (30) | 0.88 (16) | 0.11 (29) El =3 | belg
2082.0 (2) 324.1 (1) | 4585 (220) | 1.49 (10) | 0.51 (14) 2 T =5 | abig
2036 (1) 1014 (1) <49 1.17 (60) M1 9F— oF de
2086 (1) 103 (20) | 1.47 (40) E2 265 0t | xdefg
2096.6 (3) | 3382 (4) 3 (D) M1 =5
1417.1 (1) | 285 (18) | 0.69 (6) | -0.04 (18) M1 4 =3 | big
3019.8 (2) | 10478 (2) 14(3) | 1.04(32) | 0.24 (55 E2 07— 27 | deg
30312 (1) | 1059.1 (1) 88 (9) | 087 (13) | 0.29 (32) M1 37527 | big
1451.8 (2) 60 (6) | 0.92 (13) El 353 |  big
3008.0 (2) | 441.0 (1) | 458 (22) | 1.07 (7) | -0.35 (11) M1 6 =5 | big
116.7 (2) 22 (6) M1 6-— T b
3182.4 (2) | 200.4 (1) | 1306 (60) | 1.10 (7) | -0.27 (10) | MI/E2 |8 =7 | adfig
3185.8 (2) | 1213.9 (1) 14(2) | 0.90 (18) Mi/E2 | 27> 27 |  ceg
1606.1 (4) 55 (7) | 0.84 (15) | -0.98 (61) El 2753 | xceg
32322 (2) | 1260.2 (8) 0 M1 27527 | cde
1653.0 (4) 43 (4) | 0.80 (11) El 2753 | cdeg

% -ray with Doppler shift
@ Transition known from («,6n) and (@,7n) in-beam measurements ( [1] and [18])

b.¢ Transition known from 46Th(57) B-decay [22] or 46Th(11) B-decay [23], respectively

%¢ Tevel known from (p,t) reaction [24] and [25], respectively
£:9 Transition known from (a,2n) in-beam measurement [8] and [21], respectively

Table 3.1: Transitions in “°Gd observed in the **Sm(q,2n) reaction at E,=26.3 MeV.
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¢ 1ydeyp



Level Transition | Rel. y-ray | (40°/90°)
Energy(keV) | Energy (keV) | Intensity | Anisotropy | Polarization | Multipolarity | L,"—I;” | Comments
32872 (1) | 675.7 (1) 46 (5) | 0.89 (10) | 0.26 (23) M1 3t 47 b.lg
1315.2 (2) 9 (1) | 0.96 (15) M1 3ty 2t g
32905 (3) 3085 (3) | 448 (28) | 1.44 (9) | 0.49 (19) M1 T fg
3203.7 (2) 1115 (1) | 430 (30) | 0.77 (4) M1/E2 §— 8 afg
311.6 (1) | 903 (45) | 0.63(6) | -0.36 (13) M1 8 — 7 fg
3313.0 (2) | 655.1 (1) | 135 (14) | 1.28 (19) M1 5 —>5 bfg
7015 (2) 10(2) | 074 (21) | 0.50 (60) El 5 4+ blg
1733.7 (3) 13(3) | 0.72 (24) E2 5= 3 o
3356.7 (5) | 3356.7 () | 174 (20) E2 2T 0" de
33638 (2) 706.0 (2) 10 (2) | 0.56 (16) 155
752.2 (2) 5 (1) 2.31 (65) 4 4+ g
1784.4 (1) 47 (6) | 0.58 (11) 43" g
3380.7 (5) | 1408.8 (2) 8 (1) 1.12 (20) | 0.48 (40) M1 97 ot deg
1801.0 (5) 29 (7) | 0.89 (30) E1 ot 3 deg
3381.5 (8) 23 (8) E2 2t 5 0t d,e
3384.0 (2) 985.2 (2) 20 (3) | 1.17 (20) | -0.49 (20) | MI1/E2 6 — 6 fg
402.1 (1) 49 (7) | 0.68 (14) | -0.20 (25) M1 6 — 7 fg
726.1 (1) 157 (8) | 0.70 (5) M1 6 — 5 bLg
3388.7 (1) | 1416.7 (1) 30 (5) | 0.90 (21) 3(1) — 27 fg
33888 (1) | 357.6 (3) 91 (4) | 0.52 (14) 2.4 — 3" g

% v-ray with Doppler shift
@ Transition known from («,6n) and (a,7n) in-beam measurements ( [1] and [18])

b:¢ Transition known from 46Th(57) B-decay [22] or 6Th(11) B-decay [23], respectively

be Tevel known from (p,t) reaction [24] and [25], respectively

/9 Transition known from (c,2n) in-beam measurement [8] and [21], respectively
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Level Transition | Rel. y-ray | (40°/90°)
Energy(keV) | Energy (keV) | Intensity | Anisotropy | Polarization | Multipolarity I"—I," Comments
34118 (2) | 3809 (3) 28 (5) | 0.6 (16) | -0.07 (24) M1 1 3" g
115.3 (1) 33 (9) | 1.24 (48) | -0.61 (48) El 4t 4 b.fg
800.2 (1) 14 (2) | 1.23(18) M1 4 4F fg
34165 (2) | 804.9 (2) 6 (2) 1.02 (48) | 05 (9) M1 R dg
1444.6 (2) 10 (3) | 1.24(53) | 0.3 (1.2) E2 4t 2+ dg
1837.2 (2) 74 (6) 0.63 (7) El 4T 3- dfg
34232 (2) | 18438 (2) 62 (6) | 0.75 (10) M1/E2 3= 3- befg
34285 (2) 134.8 (1) 536 (45) | 0.77 (9) M1 =8 afg
245.8 (2) 21 (3) 0.17 (4) | 0.05 (30) M1 9 — 8§ afg
446.2 (1) 47 (5) | 1.07 (16) | 0.24 (19) E2 9 -7 afg
3436.2 (2) | 8246 (2) 6 (2) 1.63 (77) M1 R g
1464.3 (2) 33 (5) | 1.41(30) | 0.51 (50) E2 4t 2+ bfg
1857.0 (3) 20 (4) | 0.32(9) El 4t 3 x.g
3456.5 (2) 7086 (2) | 320 (34) | 0.60 (9) | 0.34 (26) El 67> 5 fg
3456.4 (2) | 1877.0 (2) | 43 (13) | 1.80 (77) B5 )= 3 *Lg
34611 (2) | 1881.7 (3) 98 (7) | 1.55 (55) 315 =3 | %elg
3464.0 (2) | 1884.6 (2) | 90 (22) | 1.32 (32) 5 — 3 * ofg
3478 (1) 1899 (1) 6 (3) =3
3481.8 (3) | 1902.4 (6) 28 (7) | 0.81 (29) | -0.8 (1.0) 1 BY) =3 %
3484 (1) 1512 (1) 12 (3) | 0.83 (29) E2 0= 2+ %008
31847 (3) | 5026 (1) 32(4) | 0.67(12) | 0.36 (29) El 6T 7 ”
826.7 (1) | 205(14) | 0.84(8) | 0.46 (19) El 6+— 5~ fg
1905.8 (6) 13 (6) | 1.22(86) | 0.8 (1.0) E3 6t 3- g

% ~-ray with Doppler shift

@ Transition known from («,6n) and («,7n) in-beam measurements ( [1] and [18])

b:¢ Transition known from '“6Th(5~

de Tevel known from (p,t) reaction [24] and [25], respectively

) B-decay [22] or 146Th(1+) B-decay [23], respectively

9 Transition known from (a,2n) in-beam measurement [8] and [21], respectively
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Level Transition | Rel. y-ray | (40°/90°)

Energy(keV) | Energy (keV) | Intensity | Anisotropy | Polarization | Multipolarity Comments
35475 (3) | 3547.5 (8) 25 (5) | 1.06 (30) E2 e
3562.8 (2) | 951.6 (2) 1) 1.22 (43) EI or B2 I or o 17

1591.1 (3) 10 (3) | 1.38 (65) E1 or E2 4t 2t ot g
1983.1 (3) 37 (11) 0.77 (32) El 4T 21— 3 g
3585 (1) 2006 (1) 75 (12) | 0.59 (13) %.b.g
3640 (1) 654.6 (6) 40 (20) E2 e
3656.2 (2) | 1044.6 (3) 7(2)
1684.3 (1) 12(2) | 075 (18) g
2076 (2) 5 (2)
3659.9 (2) | 1002.0 (1) | 129 (10) | 0.83 (9) El fg
3686.6 (3) | 2107.2 (8) 18(6) | 121 (21) E2 %08
3730 (2) 1758 (2) 3 (1) *
3744 (1) 1772 (1) 9 (3) 111 (52) %0
2165 (1) 11 (3) e
3761.5 (3) 1789.5 (6) 19 (4) 1.32 (39) (E2) *,0,8
37792 (2) | 7972 (1) | 272 (24) | 057 (7) | 053 (3D) El fe
37836 (2) | 11722 (1) 98 (5) | 0.63 (19) | 0.15 (61) M1 35T = 47 fe
3790 (3) 2210 (3) 9 (5) (M1) 23 4)
38535 (2) | 8226 (2) 8(2) o
1244 (2) 19(4) | 0.89(27) | 0.31 (69) %08
1881.4 (2) 14 (3) | 1.30 (39) %08
2274 (1) 24 (5) | 1.55 (46) eg

% ~-ray with Doppler shift
@ Transition known from («,6n) and (@,7n) in-beam measurements ( [1] and [18])

b.¢ Transition known from '“6Th(57) S-decay [22] or "6Tb(11) B-decay [23], respectively

d¢ Level known from (p,t) reaction [24] and [25], respectively
f:9 Transition known from (a,2n) in-beam measurement [8] and [21], respectively
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Level Transition | Rel. y-ray | (40°/90°)
Energy(keV) | Energy (keV) | Intensity | Anisotropy | Polarization | Multipolarity | I,"—I;” | Comments
3854.0 (2) | 67L.7 (1) 37 (1) | 0.79 (21) M1 T8 fo
755.2 (2) 18(3) | 0.78 (13) M1 T 6 tg
871.8 (3) 52 (12) | 1.05(34) | 0.52 (75) M1 T fg
38648 (3) | 4363 (1) | 438 (22) | 063 (5) | 0.39 (14) El 10759 afg
3866.5 (2) | 38L7 (3) 15 (6) | 0.87 (49) | 0.18 (90) (E1) G ) =6
1255.2 (2) 3 (1) 0.52 (25) (E1) (57) — 4+
3007.9 (6) | 876.7 (3) 8(2) | 1.59 (53) (37) = 3" o
2329 (1) 8 (2) (37) =3 | beg
30472 (2) | 4831 (2) 92 (5) | 0.75 (24) | 0.50 (46) El %) =5
848.1 (2) 37 (4) | 1.32 (22) (6%) — 6 g
1289.2 (5) 19 (5) | 0.98 (37) (6%) = 5 g
3973 (1) 9394 (1) 16 (5) | 0.99 (44) () =3 %0
3987 (1) 2408 (1) 30 (7) | 1.06 (35) =3 *.8
1006.6 (5) | 20347 (5) 32 @ =2t o
2427 (1) 2 (1) (4+) — 3 e
10266 (2) | 7360 (5) 6(3) | 0.76 (59) 68 > 7
1044.6 (2) 54 (7) | 0.53 (10) 6,8 — 7
1076.7 (3) 977.8 (5) 19(4) | 094(32) | -15(8) =6
11076 (3) | 924.9 (1) 58 (10) | 1.20 (29) | -0.22 (35) El 87> 8 fe
1009.1 (3) 61(8) | 0.77 (13) 8t 6- g
11255 (3) | 68 (12) | 0.79 (20) | -0.49 (57) 8t 7 fg
4113 (1) 9534 (1) 12(4) | 0.94 (44) =3
41181 (3) | 1460.2 (4) 23 () S5

% ~-ray with Doppler shift
@ Transition known from («,6n) and («,7n) in-beam measurements ( [1] and [18])

5¢ Transition known from “6Tbh(57) B-decay [22] or 6Th(11) B-decay [23], respectively

be Tevel known from (p,t) reaction [24] and [25], respectively

1,9 Transition known from (a,2n) in-beam measurement [8] and [21], respectively
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Level Transition | Rel. y-ray | (40°/90°)

Energy(keV) | Energy (keV) | Intensity | Anisotropy | Polarization | Multipolarity "=, Comments
1122 (2) 1511 (1) §(2) | 0.7 (27) b3 — 4t %0
4131 (1) 1100 (1) 17 (4) | 1.17 (28) | 0.21 (60) 37 57— 3+
4152 (1) 9573 (1) 20 (5) | 0.45 (16) 54— 3 .8

1166.4 (2) | 15085 (3) 92 (5) | 0.29 (10) 16 =5 g
11794 (2) | 1197.3 (2) 30 (5) | 0.97 (23) | 1.03 (76) 6) =7 g
1521.6 (4) 28 (5) | 0.61 (15) (67) = 5
12163 (3) | 1185.2 (5) 10 (3) | 0.48 (20) 9t 4t — 3+ ¢
4230 (2) 2651 (2) 13 (6) 5 — 3 %0
12483 (3) | 10659 (2) | 87 (18) | 0.72 (21) OEXE fg
12596 (3) | 12776 (5) 19 (5) | 1.05 (39) ST g
4286 (2) 2707 (2) 11 (6) =3 g
12006 (2) | 1688.2 (3) 12 (3) | 1.38 (49) 9T 4T og
13188 (2) | 13368 (2) 19 (8) | 1.09(25) | -0.3 (4) 67 8 =7 Z
4326 (2) 1715 (2) 7(3) 0.64 (39) 35 - 4T
4341 (2) 2762 (2) 7(4) @) =3 o
13549 (2) | 1256.0 (1) | 55 (12) | 0.69 (21) h 67— 6 g
1372.8 (6) 12 (3) | 0.85 (30) 5,67 — T g
1742 (2) 10 (3) | 1.14 (48) 5 6t— 4t g
1372 (2) 2793 (2) 10 (4) @ =3 ¢
4376 (1) 1718 (1) 19 (4) @) =5 o

% ~y-ray with Doppler shift
@ Transition known from («,6n) and («,7n) in-beam measurements ( [1] and [18])

b¢ Transition known from 6Th(57) S-decay [22] or M6 Tb(1F) B-decay [23], respectively

%e Tevel known from (p,t) reaction [24] and [25], respectively
£:9 Transition known from (,2n) in-beam measurement [8] and [21], respectively
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Level Transition | Rel. y-ray | (40°/90°)
Energy(keV) | Energy (keV) | Intensity | Anisotropy | Polarization | Multipolarity I"—I," Comments
13805 (3) | 1290.6 (6) 5(3) | 0.69 (49) 57 — 6
4399.4 (3) | 13005 (3) | 66 (12) | 0.71 (18) 5.7 =6 %0
1741 (1) 8 (3) 57— 5" e
14168 (3) | 11232 (3) 1202 | 13131 | 026 1078 — 8-
4459.0 (2) | 1030.7 (5) 3(2) 7959
1165.4 (5) 8 (3) 79 = 8
1276.5 (2) 6(1) | 0.86(20) 7.9 = 8
1484 (2) 1826 (1) 24 (6) | 0.64 (23) (ED) @) =5 %0
2906 (3) 5 (4) (47) = 3~ e
1484.9 (3) | 1056.5 (3) 15 (4) | 1.35 (51) (E2) (1) =9 g
4502.2 (3) | 1073.8 (3) | 94 (26) | 0.82 (32) 1059 aig
14520.4 (1) 1909 (1) 5 (2) 4T %
45201 (2) | 15471 (2) 40 (9) ST g
1532 (2) 1921 (2) 6 (3) 0.76 (54) 35 — 4T %
15412 (3) | 6763 (2) 10 (5) | 2.57 (73) M1 107> 10°
1112.9 (1) 73 (8) 0.58 (9) 0.4 (3) El 10+— 9- fg
1580 (1) 1399 (1) 20 (6) | 0.80 (34) T8 %
1480 (1) 28 (7) | 0.69 (23) T 6
16083 (3) | 1314.7 (6) 12(4) | 159 (75) 810 =8
16668 (2) | 1259 (2) 9(3) | 0.72(34) (E2) 127y = 107
802.0 (1) 86 (20) | 1.84 (60) (E2) (121) — 10* fg
4722 (3) 3142 (3) 12 M1 =3 b

% 7-ray with Doppler shift
@ Transition known from («,6n) and («,7n) in-beam measurements ( [1] and [18])

b.¢ Transition known from 46Th(57) B-decay [22] or 46Th(11) B-decay [23], respectively

%€ TLevel known from (p,t) reaction [24] and [25], respectively

}:9 Transition known from (a,2n) in-beam measurement [8] and [21], respectively

1474

¢ 1ydeyp



Level Transition | Rel. vy-ray | (40°/90°)
Energy(keV) | Energy (keV) | Intensity | Anisotropy | Polarization | Multipolarity LT —=I," Comments
17295 (5) | 14359 (2) 12 (2) | 087 (21) | 030 El @77 = 8
1547 (1) 5 (1) E1 (9+,7%) = 8
17805 (2) | 13918 (2) 20 (4) | 042 (12) =3 (D)
4782 (1) 1800 (1) 6(3) | 0.37 (26) M1 86 o7
4802 (1) 1703 (1) 9 (3) — 6
1818 (2) 1554 (2) 11() | 027 (17) M1 07— 8
18303 (3) | 1451.8 (3) 16 (4 | 062 (22 M1 10859
4898.3 (3) 1604.7 (6) 9 (3) 0.59 (28) M1 9-,77— 8~
1715.7 (3) 4 (1) 9-,77— 8~
4943 (1) 1760 (1) 6 (2) S8 *
5056.3 (3) | 1191.5 (4) 1(1) 0.6 (9) =107
5004.2 (4) | 1229.4 (7) 16 (5) | 0.44 (19) M1 17— 107
5164.4 (3) | 1299.7 (2) 12(3) | 0.71 (25) M1 117,97 — 107 g

% 7-ray with Doppler shift
@ Transition known from («,6n) and («,7n) in-beam measurements ( [1] and [18])

b:¢ Transition known from *6Th(57) B-decay [22] or 46Th(11) B-decay [23], respectively

%e Tevel known from (p,t) reaction [24] and [25], respectively

/9 Transition known from (c,2n) in-beam measurement [8] and [21], respectively
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Transition Level Rel. y-ray | (40°/90°)

Energy (keV) | Energy(keV) | Intensity | Anisotropy | Polarization | Multipolarity L,"—I," Comments
1115 (1) | 3293.7 (2) | 430 (30) | 0.77 (4) M1/E2 85— 8 alig
116.7 (2) | 3098.9 (2 22 (6) M1 6 =7 b
1259 (2) | 46668 (2 9 (3) 0.72 (34) (E2) (127) = 10"

1348 (1) | 34285 ( 536 (45) | 0.77 (9) M1 9 =8 alg
1927 (1) | 2164.7 ( (1) 0.69 (24) E2 07— 27 cdefg
200.4 (1) | 3182.4 ( 1306 (60) | 1.10 (7) | -0.27 (10) | MIL/E2 5= 7 adfg
2458 (2) | 34285 ( 21 (3) 017 (4) | 0.05 (30) M1 =8 afig
985.2 (2) | 3384.0 ( 20 (3) | 1.7 (20) | -0.49 (20) | MI/E2 6 — 6 fe
308.5 (3) 32005 (3) | 448 (28) | 1.44 (9) | 0.49 (19) M1 =T fe
311.6 (1) | 3293.7 (2) | 903 (45) | 0.63 (6) | -0.36 (13) M1 § =7 fg
324.1 (1) 2082.0 (2) | 4585 (220) | 1.49 (10) | 0.51 (14) E2 T =5 ab.ig
3382 (4) | 2996.6 ( 3 (1) M1 =5

357.6 (3) | 3388.8 ( 21 (4) | 052 (14) 2.4 37 g
380.9 (3) | 34118 ( 28 (5) | 0.65 (16) | -0.07 (24) M1 537 g
3817 (3) | 38665 ( 15 (6) | 0.87 (49) | 0.18 (90) (E1) G ) =6

402.1 (1) 3384.0 ( 19 (7) | 0.68 (14) | -0.20 (25) M1 6 — 7 fg
4153 (1) | 3411.8 ( 33 (9) | 1.24 (48) | -0.61 (48) El RN bfg
1363 (1) | 3864.8 ( 138 (22) | 063 (5) | 0.39 (14) El 107> 9~ alg
141.0 (1) | 3098.9 ( 158 (22) | 1.07 (7) | -0.35 (11) M1 6= 5 bLg
1462 (1) | 34285 ( 47 (5) | 1.07 (16) | 0.24 (19) E2 o7 aig
1831 (2) 3047.2 ( 92 (5) | 0.75 (24) | 0.50 (46) El 6" =5

502.6 (1) | 3484.7 ( 32 (4) | 0.67 (12) | 0.36 (24) El 6t 7 g

% ~-ray with Doppler shift

@ Transition known from («,6n) and (@,7n) in-beam measurements ( [1] and [18])

b.¢ Transition known from '“6Th(5~

de Tevel known from (p,t) reaction [24] and [25], respectively

) B-decay [22] or 46Tb(1+) B-decay [23], respectively

9 Transition known from (a,2n) in-beam measurement [8] and [21], respectively

Table 3.2: y-rays observed in **Gd in the **Sm(a,2n) reaction at E,=26.3 MeV.
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Transition Level Rel. v-ray | (40°/90°)

Energy (keV) | Energy(keV) | Intensity | Anisotropy | Polarization | Multipolarity LT —=I," Comments
639.6 (1) | 26115 (1) | 20(2) | 1.65(23) E2 1 ot defg
654.6 (6) 3640 (1) | 40 (20) E2 0T 27 e
655.1 (1) | 3313.0 (2) | 135 (14) | 1.28 (19) M1 5= 5 big
671.7 (1) 3854.0 (2) 37 (7) 0.79 (21) M1 7T— 8 feg
675.7 (1) 3287.2 (1) 46 (5) 0.89 (10) 0.26 (23) M1 3t— 4t b.fg
676.3 (2) | 45412 (3) | 10(5) | 2.57 (73) M1 07— 107
7015 (2) | 3313.0(2) | 10(2) | 0.74(21) | 0.50 (60) El 5 47 big
706.0 (2) | 33638 (2) | 10(2) | 0.56 (16) 155
7261 (1) | 3384.0(2) | 157 (8) | 0.70 () M1 6= 5 big
736.0 (5) 4026.6 (2) 6 (3) 0.76 (54) 6,8 — 7"

7522 (2) | 33638 (2) 5(1) | 2.31(65) 4 4r )
755.2 (2) 3854.0 (2) 18 (3) 0.78 (13) M1 76" feg
797.2 (1) 3779.2 (2) 272 (24) 0.57 (7) 0.53 (31) E1l 8t— 7 feg
798.6 (2) | 34565 (2) | 320 (34) | 0.60 (9) | 0.34 (26) El 67— 5 fe
800.2 (1) | 34118 (2) | 14 (2) | 1.23 (18) M1 =47 fg
802.0 (1) 4666.8 (2) 86 (20) 1.84 (60) (E2) (12*) — 10" fg
80490 (2) | 34165 (2) 62 | 1.02(48) | 05 (9) M1 o4 dg
8226 (2) | 3%535 (2) 8 (2) B) = 3" e
8246 (2) | 34362 (2) 6(2) | 1.63(77) M1 o4 ”
826.7 (1) | 3484.7 (3) | 205 (14) | 0.84 (8) | 0.46 (19) Fl 67> 5 tg
8181(2) | 39472(2) | 37 (4) | 1.32(22) 6 =6 g

% ~-ray with Doppler shift

@ Transition known from («,6n) and («,7n) in-beam measurements ( [1] and [18])

b:¢ Transition known from “6Th(57) B-decay [22] or "6Th(1T) B-decay [23], respectively

%¢ Tevel known from (p,t) reaction [24] and [25], respectively

;9 Transition known from (a,2n) in-beam measurement [8] and [21], respectively
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Transition Level Rel. y-ray | (40°/90°)

Energy (keV) | Energy(keV) | Intensity | Anisotropy | Polarization | Multipolarity L,"—I," Comments
8718 (3) | 38540 (2) | 52 (12) | 1.05(34) | 0.52 (75) M1 T fo
876.7 (3) | 3907.9 (6) 2) 1.59 (53) (37) = 3" e
024.9 (1) | 4107.6 (3) §(10) | 1.20 (29) | -0.22 (35) El § 58 fg
951.6 (2) 3562.8 (2) 1) 1.22 (43) Elor E2 | 47.27— 4F
977.8 (5) 1076.7 (3) 19(4) | 094(32) | -15(8) =6
1002.0 (1) | 3659.9 (2) | 129 (10) | 0.83 (9) El 67— 5- fg
10091 (3) | 41076 (3) | 6L(8) | 0.7 (13) 8756 g
1014 (1) 2036 (1) <49 1.17 (60) M1 9t o7 de
1030.7 (5) | 4459.0 (2) 3(2) 7959
1032.0 (1) | 26115 (1) | 585 (50) | 0.85 (10) | 0.35 (22) El 753 | bdelg
10446 (2) | 40266 (2) | 54(7) | 0.53 (10) 68 =17
10446 (3) | 3656.2 (2) 7(2) 34T
10478 (2) | 3019.8 (2) 14(3) | 1.04(32) | 0.24 (55) E2 07— 2+ deg
10565 (3) | 44849 (3) | 15(4) | 135 (51) (E2) TSEYE Z
1059.1 (1) | 30312 (1) | 88(9) | 0.87(13) | 0.29 (32) M1 3t 27 big
1065.9 (2) | 42483 (3) | 87 (18) | 0.72 (21) 0) = & fg
10738 (3) | 45022 (3) | 94 (26) | 0.82 (32) 10— 9 atg
10785 (1) | 2657.9 (1) | 7124 (365) | 1.47 (11) | 0.61 (21) E2 5 =3 | abdefg
1100 (1) 4131 (1) 17 (4) | 1.17 (28) | 0.21 (60) 3t 57— 3+
1112.9 (1) | 4541.2 (3) 73 (3) 0.58 (9) 0.4 (3) El 107> 9 fg
11232 (3) | 441638 (3) 12(2) | 1.31(31) | 02(6) 1078 =8

% ~y-ray with Doppler shift
@ Transition known from («,6n) and (a,7n) in-beam measurements ( [1] and [18])

5¢ Transition known from 46Tb(5

%¢ Tevel known from (p,t) reaction [24] and [25], respectively

~) B-decay [22] or 46Th(1+) B-decay [23], respectively

1,9 Transition known from (a,2n) in-beam measurement [8] and [21], respectively
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Transition Level Rel. vy-ray | (40°/90°)

Energy (keV) | Energy(keV) | Intensity | Anisotropy | Polarization | Multipolarity LT —=I," Comments
11255 (3) | 4107.6 (3) | 68 (12) | 0.79 (20) | -0.49 (57) 8t — 7 fg
11654 (5) | 4459.0 (2) 8 (3) 70 = 8
1172.2 (1) | 37836 (2) | 28(5) | 0.63 (19) | 0.1 (61) M1 3757 > 47 fe
11852 (5) | 42163 (3) | 10(3) | 0.48 (20) 2T 4T 5 37 e
1191.5 (4) 5056.3 (3) 4 (1) 0.6 (9) — 10"

1197.3 (2) | 41794 (2) | 30(5) | 097 (23) | 1.03 (76) 6) =7 g
12139 (1) | 31858 (2) | 14 (2) | 0.90 (18) M1/E2 9t oF o8
12204 (7) | 50042 (4) | 16 (5) | 0.44 (19) M1 17— 107

1244 (2) 38535 (2) | 10(4) | 089 (27) | 0.31 (69) B) = 4" %08
12552 (2) | 38665 (2) 3(1) | 052 (%) (ED) 5) = 4

1256.0 (1) | 4354.9 (2) | 55 (12) | 0.69 (21) 56— 6 g
12602 (8) | 3232.2 (2) 2 (1) M1 275 2* ede
12765 (2) | 4459.0 (2) 6 (1) | 0.86(20) 79058

12776 (5) | 42596 (3) | 19(5) | 1.05 (39) ST g
12892 (5) | 39472 (2) | 19(5) | 0.98 (37) 6 =5 g
1290.6 (6) 4389.5 (3) 5 (3) 0.69 (49) 57— 6~

12907 (2) | 51644 (3) | 12(3) | 0.71 (25) M1 117,97 10" g
1300.5 (3) 4399.4 (3) 66 (12) 0.71 (18) 5,77 — 6~ *,e
1314.7 (6) | 4608.3 (3) | 12(4) | 1.59 (75) 810 — 8

13152 (2) | 3287.2 (1) 9 (1) | 0.96(15) M1 3t 2F g
1336.8 (2) 4318.8 (2) 49 (8) 1.09 (25) -0.3 (4) 6,78 =7 g

% ~y-ray with Doppler shift

@ Transition known from («,6n) and («,7n) in-beam measurements ( [1] and [18])

b:¢ Transition known from “6Th(5

%€ Level known from (p,t) reaction [24] and [25], respectively

=) B-decay [22] or '*6Th(11) B-decay [23], respectively

/9 Transition known from (c,2n) in-beam measurement [8] and [21], respectively
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Transition Level Rel. y-ray | (40°/90°)

Energy (keV) | Energy(keV) | Intensity | Anisotropy | Polarization | Multipolarity I"—I," Comments
1372.8 (6) | 43549 (2) | 12(3) | 0.85 (30) 56— T g
1388.0 (1) | 2067.4 (1) | 236 (30) | 0.88 (16) | 0.1 (29) El 153 bolg
13918 (2) | 47805 (2) | 20 (4) | 0.42 (12) =30

1399 (1) 4580 (1) 20 (6) | 0.80 (34) T8 %
14088 (2) | 3380.7 (5) 8 (1) 1.12 (20) | 0.48 (40) M1 97 2t deg
1416.7 (1) | 33887 (1) | 30(5) | 0.0 (21) 3(1) = 27 fe
14171 (1) | 2996.6 (3) | 285 (18) | 0.6 (6) | -0.04 (18) M1 =3 big
14359 (2) | 47295 (5) | 12(2) | 087(21) | 0.3 (5) Bl ©OF.77) = 8
14446 (2) | 34165 (2) | 10(3) | 1.24 (33) | 0.3 (1.2) 2 1o oF dg
14518 (2) | 30312 (1) | 60(6) | 0.92(13) El 3753 bfg
14518 (3) | 48803 (3) | 16 (4) | 0.62 (22) M1 10859
1460.2 (4) | 41181 (3) | 23 (5) S5
14643 (2) | 34362 (2) | 33 (5) | L.41(30) | 0.51 (50) E2 R big

1480 (1) 4580 (1) 28 (7) | 0.69 (23) 756
15085 (3) | 41664 (2) | 22(5) | 0.29 (10) 16— 5 g

1511 (1) 4122 (2) 8 (2) 0.77 (27) 53 — 4T %0

1512 (1) 3484 (1) 12 (3) | 0.83 (29) E2 0F— 2+ *.0,08
15216 (4) | 41794 (2) | 28 (5) | 0.61 (15) 6)—5
15471 (2) | 4529.1(2) | 40 (9) ST g

1547 (1) 47295 (5) 5 (1) Fl OF.77) = 8

1554 (2) 1848 (2) 11(5) | 0.27 (17) M1 o — 8

% ~y-ray with Doppler shift
@ Transition known from («,6n) and («,7n) in-beam measurements ( [1] and [18])

b¢ Transition known from “6Th(5

%¢ Tevel known from (p,t) reaction [24] and [25], respectively
£:9 Transition known from (a,2n) in-beam measurement [8] and [21], respectively

=) B-decay [22] or 46Tb(1) B-decay [23], respectively
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Transition Level Rel. v-ray | (40°/90°)

Energy (keV) | Energy(keV) | Intensity | Anisotropy | Polarization | Multipolarity LT —=I," Comments
1579.4 (1) | 15794 (1) | 10000 | 1.63 (10) | 0.55 (20) E3 30 |abodolg
15911 (3) | 35628 (2) | 10(3) | L33 (65) ElorE2 | 4727— 27 ”
1604.7 (6) 4898.3 (3) 9 (3) 0.59 (28) M1 9-,77— 8
1606.1 (4) 3185.8 (2) 55 (7) 0.84 (15) | -0.98 (61) E1l 2t— 3~ ¥,C,6,8
1653.0 (4) | 32322 (2) | 43 (4 | 0.80 (11) El 27 3 cdeg
1684.3 (1) | 3656.2(2) | 12(2) | 0.75 (18) 3 27 g
1688.2 (3) | 42996 (2) | 12 (3) | 1.38 (49) 9T 4T og

1703 (1) 1802 (1) 9 (3) =6

1715 (2) 1326 (2) 7(3) | 0.64(39) 35— 4F

1715.7 (3) 4898.3 (3) 4 (1) 9-,77— 8

1718 (1) 4376 (1) 19 (4) @) =5 o
1733.7 (3) 3313.0 (2) 13 (3) 0.72 (24) E2 5-— 3~ g
1741 (1) 13994 (3) 8 (3) 5.7 =5 ¢
1742 (2) 13549 (2) | 10 (3) | 1.14 (48) 5 67— 47 g
1758 (2) 3730 (2) 3 (1) = 2f %
1760 (1) 4943 (1) 6 (2) — 8" *
1772 (1) 3744 (1) 9(3) | L.11(52) 273) =27 | =xe
1784.4 (1) | 33638 (2) | 47 (6) | 058 (11) 13 g
1789.5 (6) 3761.5 (3) 19 (4) 1.32 (39) (E2) (4*) — 2% *,0,8
1800 (1) 1782 (1) 6(3) | 0.37 (26) M1 86 7

1801.0 (5) 3380.7 (5) 29 (7) 0.89 (30) E1l 2t— 3~ d,e,g

% 7-ray with Doppler shift
@ Transition known from («,6n) and («,7n) in-beam measurements ( [1] and [18])

b:¢ Transition known from “6Th(57) B-decay [22] or 46Th(11) B-decay [23], respectively

%¢ Tevel known from (p,t) reaction [24] and [25], respectively

/9 Transition known from (c,2n) in-beam measurement [8] and [21], respectively
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Transition Level Rel. y-ray | (40°/90°)
Energy (keV) | Energy(keV) | Intensity | Anisotropy | Polarization | Multipolarity L7 =17 Comments
1826 (1) 4484 (2) 24 (6) | 0.64 (23) (E1) @) =5 %0
1837.2 (2) | 34165 (2) | 74(6) | 0.63 (7) El T3 dfg
18438 (2) | 34232 (2) | 62(6) | 0.75 (10) M1/E2 353 bofg
1857.0 (3) | 34362 (2) | 20 (4) 0.32 (9) El =3 %
1877.0 (2) | 34564 (2) | 43 (13) | 1.80 (77) B5 )= 3 %L
18814 (2) | 3%535(2) | 14(3) | 1.30 (39) (37) = 2+ %08
18817 (3) | 3461.1(2) | 28(7) | 1.55 (55) 31,5 53 | xolg
1884.6 (2) | 3464.0 (2) | 90 (22) | 1.32 (32) 5 — 3 % olg
1899 (1) 3478 (1) 6 (3) =3
19024 (6) | 34818 (3) | 28 (7) | 0.81(29) | -0.8 (1.0) El B ) =3 *
1905.8 (6) | 34847 (3) | 13(6) | 1.22(86) | 0.8 (1.0) E3 67— 3 z
1909 (1) 145204 (1) 5 (2) 4T %
1921 (2) 1532 (2) 6 (3) 0.76 (54) 35— 4" %
1972.0 (1) | 1972.0 (1) | 1095 (77) | 1.25 (12) E2 ¥ 07 sbodele
19831 (3) | 35628 (2) | 37 (11) | 0.7 (32) El 2753 g
2006 (1) 3585 (1) 75 (12) | 0.59 (13) 12 >3 %,b.g
2034.7 (5) | 4006.6 (5) 3 (2) (47 = o7 o
2076 (2) 3656.2 (2) 5 (2) 353
2107.2 (3) | 36866 (3) | 48(6) | 1.21 (20 E2 53 08
2165 (1) 3744 (1) 11 (3) 23 ) =3 o
2210 (3) 3790 (3) 9 (5) (M1) 23 .4)=>3

% ~y-ray with Doppler shift
@ Transition known from («,6n) and («,7n) in-beam measurements ( [1] and [18])

b¢ Transition known from “6Th(5

%€ Tevel known from (p,t) reaction [24] and [25], respectively

~) B-decay [22] or 46Th(1+) B-decay [23], respectively

}:9 Transition known from (a,2n) in-beam measurement [8] and [21], respectively
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Transition Level Rel. ~v-ray | (40°/90°)

Energy (keV) | Energy(keV) | Intensity | Anisotropy | Polarization | Multipolarity | I,"—I; | Comments
2274 (1) | 38535 (2) | 24 (5) | 1.55 (46) B)—=3 | eog
2329 (1) 3907.9 (6) 8 (2) 3) =3 | besg
2394 (1) 3973 (1) 16 (5) 0.99 (44) (37) — 3~ *,0
2408 (1) 3987 (1) 30 (7) 1.06 (35) — 3" *,8
2427 (1) 1006.6 (5) 2 ) @ =3 e
9534 (1) 4113 (1) 2 (4) | 0.04 (44) 3
2573 (1) 4152 (1) 20 (5) 0.45 (16) 2,4 — 3~ *,8
2651 (2) 1230 (2) 3 (6) b= 3 %0
2707 (2) 1236 (2) 1(6) =3 ”
2762 (2) 1341 (2) (4) @) >3 e
2793 (2) 1372 (2) 0 (4) @ =3 o
2006 (3) 1484 (2) (4) @) =3 e
2986 (1) 2986 (1) 103 (20) 1.47 (40) E2 2t— 0 x,d,e,f,g
3142 (3) 1722 (3) 1(2) M1 =3 b
3356.7 (5) | 3356.7 (5) 174 20) E2 2T 50" de
3381.5 (8) 3380.7 (5) 23 (8) E2 2t— 0t d,e
3547.5 (8) | 35475 (8) | 25 (5) | 1.06 (30) E2 275 0" e

% 7-ray with Doppler shift

@ Transition known from («,6n) and («,7n) in-beam measurements ( [1] and [18])

b:¢ Transition known from '“6Th(5~

%€ Tevel known from (p,t) reaction [24] and [25], respectively

) B-decay [22] or *6Tb(1) B-decay [23], respectively

19 Transition known from (,2n) in-beam measurement [8] and [21], respectively
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Matrix Projection Spectra
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Figure 3.2: The panels show the matrix projection spectrum in ranges of 500 keV.
Only the most intense peaks are labeled.
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Matrix Projection Spectra
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Figure 3.3: The panels show the matrix projection spectrum in ranges of 500 keV
(except the last panel). Only the most intense peaks are labeled.
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1579.4 keV Gated Spectrum

Counts

16406 | 1579.4 keV Gate

324.2

5e+05

EZOOA
-

500 1000 1500 2000 2500 3000 3!

500 4000
Energy (keV)
Counts
2e+05 |
1e+05 |
0 " . .
0 100 200 300 500
Energy (keV)
Counts - T
N ©
8e+04 | 5 8 [ 500 - 1000] b
\ /
6e+04 |
4e+04
2e+04
500 600 700 800 900 1000
Energy (keV)
Counts S o T
30000 | g 5 o [cl\IOOO -1500] |
o N
~
24000 | 8 s 1
18000
12000 |
6000 |
1000 1100 1200 1300 1400

1500
Energy (keV)

Figure 3.4: The panels show the 1579.4 keV gated spectrum in ranges of 500 keV.
Only the most intense peaks are labeled.
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1579.4 keV Gated Spectrum
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Figure 3.5: The panels show the 1579.4 keV gated spectrum in ranges of 500 keV
(except the last panel). Only the most intense peaks are labeled.
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1972.0 keV Gated Spectrum
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Figure 3.6: The panels show the 1972.0 keV gated spectrum in ranges of 500 keV.
Only the most intense peaks are labeled.
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1972.0 keV Gated Spectrum

Counts
2000

[ 1500 - 2000 ]

1579.4

1500

1000

500

1500 1600 1700 1800 000

2
Energy (keV)

Counts

“p [ 2000 - 2500
1000 |

500

0 . " !
2000 2100 2200 2300 2500
Energy (keV)

Counts . . . r
250 | P [ 2500 - 3000]
200

150
100

50

2500 2600 2700 2800 2900 000

3
Energy (keV)

Counts
60 |

] P

3000 3100 3200 3300 3400 3500 3600 3700 3800 3900 4000
Energy (keV)

[ 3000 - 4096 ]

Figure 3.7: The panels show the 1972.0 keV gated spectrum in ranges of 500 keV
(except the last panel). Only the most intense peaks are labeled.
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Figure 3.8: The level scheme of 146Gd deduced from this work including proposed
J™ configuration assignments. Yrast and near yrast levels populated in fussion-
evaporation reactions with heavy ions are shown to the left. The thicknesses of the
transitions represents their y-ray intensities. Note the change in the scale from the
left to the right part of the scheme.
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Figure 3.8: 16Gd level scheme.
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Figure 3.9: 6Gd level scheme.
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Chapter 4

Discussion of the results

In this chapter we will study the particle-hole multiplets of **6 Gd, first calculat-
ing the energies where the multiplets members should lie and later assigning con-
figurations to the observed states. The two-phonon octupole states in **8 Gd will be
discussed as well.

4.1 Nucleon-nucleon multiplets

As it mentioned in Chapter 1, one of the main goals of this work is to extract
the nucleon-nucleon residual interaction in the *6Gd region. For this purpose we
have to calculate the particle-hole (p-h) multiplet unperturbed energies and compare
them with our experimental values. Since there are many levels with the same J”
assignment, we need to estimate the expected energy of the multiplets members in
order to identify them. There are two ways to estimate them:

- From the experimental knowledge in neighbouring nuclei. The procedure is
first to calculate the energy (unperturbed energy) at which the multiplet is ex-
pected in the neighbouring nucleus with a “clean” multiplet nucleon-nucleon
configuration, and compare it with the experimental data for this nucleus
where the multiplet members have been clearly identified. The difference be-
tween the calculated and the experimental value in each multiplet member is
the so-called residual nucleon-nucleon interaction energy in this nucleus.

ERes — EEmp _ EUnp (41)

Then, if we assume that the residual interaction is the same in neighbouring
nuclei (the only difference between their nuclear structure is the presence or
absence of at most two nucleons), we can add it to the calculated unperturbed
energy of the nucleus in consideration and estimate the energies of the multiplet
members.
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- In cases where we cannot be helped by experimental data, we can calculate
the residual interaction by taking, for instance, a Surface Delta Interaction
(SDI) that, together with a Coulomb interaction estimation of ~300 keV (this
interaction is only present when we calculate proton multiplets), will give us
the energy correction of the calculated unperturbed multiplet energies.

As mentioned before, the best way to extract this information is to look at exper-
imental levels with clean nucleon-nucleon configurations. Following this reasoning,
the best nucleus to extract the wm residual interaction energy would be 8Dy, with
two protons outside the “®Gd core. Analogously, the best way to extract informa-
tion about 7~'7~! configurations would be **Sm. With this philosophy, the ideal
nucleus to identify 77! excitations and vv~! excitations is “®Gd itself. In the next

sections we will calculate the two-particle state multiplet energies.

4.1.1 The rh{, , multiplet

As we mentioned above, the best nucleus to extract the 77 interaction would be
18Dy. Then, we first calculate the 7h?, /, multiplet unperturbed energy in 148Dy,

This method of calculating unperturbed energies is well described in [37].

148 Dy 147 Tb 147 Tb

146 Gd

[EU"p(ﬂhfl/Q,MS Dy) + (Mass of “**Dy)] = [E'(7hi1/2,"*" Tb) + (Mass of “*"Tb)]

+[E (mhi1)2,"*" Tb) + (Mass of *"Tb)] — [E'(**Gd) + (Mass of "°Gd)]  (4.2)

where E'(mhyy/2,"*"Tb) is the experimental energy of the hy;, state in *"Tb and
E'(16Gd) is the '*°Gd ground state. Then, the wh?, /> multiplet unperturbed energy

in 8Dy is
EU"p(ﬂhfl/Q,MS Dy) =2 x E'(Wh11/2,147 Th) +

= (2 x 51) + 2497 = 2599 keV

-1

-1 ]

(4.3)
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where

K]
+2 | = —(Mass of "**Dy) + 2 x (Mass of "*"Tb) — (Mass of “**Gd) (4.4)
[-1]

The mass values have been taken from [38]. We have to repeat the same type of
calculation in order to calculate the wh?, /» multiplet unperturbed energy in 146Gd.

EU™(nth}, 15, Gd) = 2 X E'(mhyy)2,'* Eu) + | -;-12 | =
1
= (2 x 716) + 2070 = 3502 keV (4.5)
where
[-1]
+2 | = —(Mass of “*Gd) + 2 x (Mass of ***Eu) — (Mass of ***Sm) (4.6)
1

We observe that the expected energy for a two-proton multiplet is lower in the
“two-proton” nucleus 8Dy than in *Gd where we have to excite the core. Now,

assuming that the residual interactions in **¥Dy and in *6Gd for the 7h?; /o mul-
tiplet are the same, we can calculate the estimated energies (E*=EU™"P+Ef%) of
the multiplet members in “Gd. The results are shown in the next table and in
Figure [4.2].

EV"(7h?, ,,"®Dy) = 2599 keV
J7 0F [ 2F [ 4% [ 6t [ 8F [ 10T
EF7(mhi, ,,"®Dy)(keV) | 0 | 1678 | 2428 | 2732 | 2833 | 2919
Efes (keV) -2599 | -921 | -171 | 133 | 234 | 320
EU" (rh?, ,,'"Gd) = 3502 keV
E*(rhi, ,,"**Gd)(keV) | 903 | 2581 | 3331 | 3635 | 3736 | 3822

The 8Dy experimental data were taken from [39)].
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4.1.2 The 7s? j, multiplet

Similarly, the best nucleus to extract the 77 interaction is *8Dy. Unfortunately,
there is no experimental information on the ms? /, multiplet in 148Dy and, conse-
quently, we have to calculate the residual interaction in *Gd from a SDI. First, we
calculate the unperturbed multiplet energy in *6Gd:

[-1]
EUnp(ﬂ-S%/Zahm Gd) =2 X E,(7T81/2,145 EU) + +2 | =
1
= (2 x 809) + 2070 = 3688 keV (4.7)

Once we have this value, we can estimate the multiplet energy in *6Gd by adding
the residual interaction and taking into account the Coulomb interaction of the two
protons. Results are shown in the next table and in Figure [4.2].

J7 0+

Efes(SDI Calculation) (keV) | -171
Coulomb Interaction (keV) | +300
B (ns2,,,5Gd)(keV) | 3817

4.1.3 The 7rd§/2 multiplet

Again, this is a 77 interaction and the best nucleus to extract the 77 interaction
is "®Dy. In this case, there is no experimental information on the md3 /, multiplet

energy in 8Dy, and we calculate the residual interaction in 1*6Gd from a SDI. First,
we calculate the unperturbed multiplet energy in 6Gd:

[-1]
B (nd3 )5, Gd) = 2 x E'(mdgs,'™ Eu) + | +2 | =
1
= (2% 1042) + 2070 = 4156 keV’ (4.8)

Once we have this value we can estimate the multiplet energy in *6Gd by adding
the residual interaction and taking into account the Coulomb interaction of the two
protons. Results are shown in the next table and in Figure [4.2].

J7 0* 2
E®es(SDI Calculation) (keV) | -343 | -69
Coulomb Interaction (keV) | +300 | +300

E*(nd3,,,Gd)(keV) | 4113 | 4387
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4.1.4 The mhyy/;7s;/, multiplet

As mentioned earlier, the best nucleus to extract the 77 interaction is *Dy.
Then, we first calculate the 7hy/o7s; /2 multiplet unperturbed energy in **Dy.

-1
EUnp(ﬂ'hll/Q,ﬂ'Sl/Q,148 Dy) = El(ﬁh11/2,147 Tb) + EI(7T81/2,147 Tb) + +2 | =
-1 ]
=0 + 51 + 2497 = 2548 keV (4.9)

We have to repeat the same type of calculation in order to calculate the
7hi1 /27812 multiplet unperturbed energy in *6Gd.

-1 ]
EUnp(ﬂ'hn/g, 781/2,146 Gd) = El(ﬂh11/2,145 EU) + E’(7T81/2,145 EU) + +2 | =
1
=803 + 716 + 2070 = 3589 keV (4.10)

Now, assuming that the residual interactions in '*8Dy and in '*6Gd for
the mhyy/ems;/p multiplet are the same, we can calculate the estimated energies
(E*=EUm 4+ E£es) of the multiplet members in *6Gd. Results are shown in the next
table and in Figure [4.1].

EUnp(Whll/g,Wsl/2,148DY) = 2548 keV

J7 5 6~
EEwp(Whll/Q,W81/2,148DY) (keV) 2350 | 2854
Efes (keV) -198 | 306

EUnp(Tfhn/Q,ﬂ'Sl/Q,Mede) = 3589 keV
E*(mhyy/2,ms1/2,'°Gd) (keV) [ 3391 | 3895

The *8Dy experimental data were taken from [39].

4.1.5 The 7hy;/y7d3/; multiplet

In this case we have experimental data of the 77 interaction is *8Dy. Then, we
first calculate the 7hy;/omds/ multiplet unperturbed energy in '**Dy.

EUnp(Wh11/2’7rd3/2’148 Dy) — E’(ﬂ'hll/g,M? Tb) +E’(7Td3/2,147 Tb) + +2 | =
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=253 + 51 + 2497 = 2801 keV (4.11)

We have to repeat the same type of calculation in order to calculate the
mhi1j9mds /o multiplet unperturbed energy in "°Gd.

-1 ]
EUnp(’ﬂ'hu/g, 7Td3/2,146 Gd) = E,(Wh11/2,145 E’U,) + El(ﬂd3/2,145 EU) + +2 | =
-1
= 1042 + 716 + 2070 = 3828 keV (4.12)

If we assume that the residual interactions in *8Dy and in '*6Gd for the
mhy1/9mdse multiplet are the same, we can calculate the estimated energies
(E*=EV"P+ER*s) of the multiplet members in °Gd. Results are shown in the
next table and in Figure [4.1].

EUnp(Whll/Q,Wd3/2,148Dy) = 2801 keV

I =[5 | 6 | 7
EP (7hy, /,md3/5, ©Dy) (keV) | 2995 | 3172 | 3323 | 2739
EFe (keV) 194 | 371 | 522 | -62

EUnp(Whll/Q,ﬂ'dg,/Q,MGGd) = 3828 keV
E*(hy1)2,md5)2,"°Gd) (keV) | 4002 | 4199 | 4350 | 3766

The *Dy experimental data were taken from [39].

4.1.6 The 7s;/pmd3/; multiplet

There is no experimental information of the 7s; /2md3/2 multiplet in 148Dy. There-
fore, we have to calculate the residual interaction in '*Gd from a SDI. First, we
calculate the unperturbed multiplet energy in *6Gd:

-1
EUTLP(T‘-SI/Q’ 7Td3/2:146 Gd) = EI(W51/25145 E’U,) + E,(7Td3/2,145 E’U,) + | +2 | =
-1

=803 + 1042 + 2070 = 3915 keV (4.13)

Once we have this value, we can estimate the multiplet energy in “6Gd by
adding the residual interaction and taking into account the Coulomb interaction of
the protons. Results are shown in the next table and in Figure [4.2].



4.1 Nucleon-nucleon multiplets

71

JT 1+t 2t
Efes($DI Calculation) (keV) 0 -137
Coulomb Interaction (keV) | +300 | +300
E*(7s1/2,md3/2,'"°Gd) (keV) | 4215 | 4078

4.1.7 The 7rd5_/22 multiplet

Now we are considering a two proton-hole multiplet and, therefore, the best
nucleus to extract the 7!z~ ! interaction is **Sm. Then, we first calculate the
de/é multiplet unperturbed energy in *4Sm. This multiplet has been identified by
Rico [40] and the experimental data are taken from this work.

[-1 ]
EUnp 7Td_2 ,144 Sm — 9 x El 7Td_1 ’145 Eu + +2 =
5/2 5/2
1
= (2x0) + 2070 = 2070 keV (4.14)

-2

We have to repeat the same type of calculation in order to determine the 7d, /2

multiplet unperturbed energy in 46Gd.

1
B (rd 5, Gd) = 2 x E'(ndy ), T Th) + [ +2 | =
[-1]
= (2 x 354) + 2497 = 3205 keV’ (4.15)

Now, assuming that the residual interactions in **Sm and in *°Gd for the de/%
multiplet are the same, we can calculate the estimated energies (E*=EU"P4Efes)
of the multiplet members in Gd. Results are shown in the next table and in

Figure [4.2].

EV" (rd;}5,"**Sm) = 2070 keV
J7 0F [ 2F [ 47F
EP?P(rd 7%, Sm) (keV) | 0 | 1660 | 2190
E%es (keV) -2070 | -410 | 120

EU™ (nd;,""*Gd) = 3205 keV
E*(rd;;,"*°Gd) (keV) | 1127 | 2787 | 3317
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4.1.8 The 7rd5/27rg7_/12 multiplet

In a similar way, the best nucleus to extract the 7 'z~ ! interaction is *4Sm.

Then, we first calculate the 7rd5_/127rg7_ /12 multiplet unperturbed energy in **Sm. This
multiplet has been identified also by Rico [40] and the experimental data are taken
from this work.

[-1]
BT (wdy y, wgz ' Sm) = B'(wdy ), Bu) + E'(mgy, % Bu) + | +2 | =
-1
=0 + 330 + 2070 = 2400 keV (4.16)

We have to repeat the same type of calculation in order to determine the
7Td5_/127Tg7_/12 multiplet unperturbed energy in 46Gd.

-1
B (ndyy, mgy 5, 0 Gd) = E'(mdy 5,"*T Tb) + E'(mg; 5, Th) + ‘+2‘ —
-1
=354 + 719 + 2497 = 3570 keV (4.17)

Now, assuming that the residual interactions in **Sm and in %°Gd for the
Wd;/lzwg; /12 multiplet are the same, we can calculate the estimated energies (E*)
of the multiplet members in *Gd. Results are shown in the next table and in

Figure [4.2].
EV"(rd_ )5, g7 )5, **Sm) = 2400 keV
Jr £ ] 28 [ 35 [ 4% ] 57 | 6F
EP?(rd ) a7, *Sm) (keV) | 2645 | 2661 | 2688 | 2588 | 2707 | 2323
Efe (keV) 245 | 261 | 288 | 188 | 307 | -77
BY" (rd y,me7 5, Gd) = 3570 keV
E*(rd; /2,7rg7/2,146Gd) (keV) \ 3815 \ 3831 \ 3858 \ 3758 \ 3877 \ 3493

4.1.9 The 7g;, multiplet

As mentioned previously, the best nucleus to extract the 7 'm ! interaction

would be **Sm. Then, we first calculate the 7g7 /22 multiplet unperturbed energy in
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144Sm. This multiplet has been identified by Rico [40] and the experimental data
are taken from this work.

[ -1 ]
EU”I’(Wg;/ZQ,144 Sm) =2 X E'(7Tg7_/12,145 Eu)+ | +2| =
-1
— (2 % 330) + 2070 = 2730 keV (4.18)

We have to repeat the same type of calculation in order to determine the 7g; /22

multiplet unperturbed energy in 4Gd.

1
EUnp(7T‘97/22,146 Gd) — 92 El(7_‘_97/127147 Tb) + +2 | =
[-1]
= (2 x 719) + 2497 = 3935 keV (4.19)

Now, assuming that the residual interactions in '**Sm and in '*°Gd for the wg_ /22

multiplet are the same, we can calculate the estimated energies (E*=EUmPERes)
of the multiplet members in “°Gd. Results are shown in the next table and in

Figure [4.2].

EV" (rg 75, "**Sm) = 2730 keV

J7 0F | 27 | 4% | 67
E7(rg, %, ""Sm) (keV) | 2478 | 2800 | 3019 | 3079
E7es (keV) 252 | 70 | 289 | 349

BV (rg; 7,1 *0Gd) = 3935 keV
E*(rg;/5,"°Gd)(keV) | 3683 | 4005 | 4224 | 4284

4.1.10 The 7rs1/27rd5/2 multiplet

There is no previous identification of this multiplet in 1*Gd. In order to identify
possible candidates, first, we calculate the unperturbed multiplet energy in *6Gd
and later we will calculate the residual interaction in 6Gd from a SDI and estimate

the multiplet energies.

EU"p(Wsl/z,de/IZ,MG Gd) = E'(s1)2, " Th) +E'(7rd5/12,145 Eu)+ || -2] =
+1
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=0 + 0 + 3438 = 3438 keV (4.20)

Once we have this value, we can estimate the multiplet energy in *6Gd by adding
the residual interaction and taking into account the Coulomb interaction of the pro-
tons. Results are shown in the next table and in Figure [4.2].

J7 2" 3t
Efes(8§DI Calculation) (keV) | -34 | 171
Coulomb Interaction (keV) | -300 | -300
E*(151/2,md; ,"**Gd) (keV) | 3104 | 3309

4.1.11  The 7sy/o7g, /12 multiplet

There is no previous identification of this multiplet in 1#6Gd. In order to identify
possible candidates, first, we calculate the unperturbed multiplet energy in *6Gd
and later we will calculate the residual interaction in *Gd from a SDI and estimate
the multiplet energies.

+1
EU"p(Wsl/g,ﬂg;/;,Mﬁ Gd) = E'(ms12, " Th) + E'(7rg7_/12,145 Eu)+ | 2] =
+1
=0 + 330 + 3438 = 3768 keV/ (4.21)

Once we have this value we can estimate the multiplet energy in 1“6Gd by adding
the residual interaction and taking into account the Coulomb interaction of the pro-
tons. Results are shown in the next table and in Figure [4.2].

J7 3t 4+
Efes(SDI Calculation) (keV) | 171 | 19
Coulomb Interaction (keV) | -300 | -300
E*(181/2,m87 5,/ *°Gd) (keV) | 3639 | 3487

4.1.12 The 7hy; /27rd5_/12 multiplet

The best nucleus to extract this 77~! interaction is “6Gd itself. However, this
multiplet has been identified in *°Gd and in **Sm, and it is interesting to compare
both results and extract an idea of how good our assumption of a constant residual
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interaction is. Then, we first calculate the 7hy /27ng/12 multiplet unperturbed energy
- 144
in ***Sm.

1
E""(hyy g, wdy " Sm) = E' (whyyjo,"* Eu) + E'(mdg 5,'*° Pm) + J_F2 —
+1
=716 + 0 + 2979 = 3695 keV (4.22)

We have to repeat the same type of calculation in order to determine the
mhyyjem d;/12 multiplet unperturbed energy in “6Gd.

+1
B (i jg, wdy )y, Gd) = E'(whiyje," T) + E'(ndy ), Bu) + | -2 || =
+1
=51 + 0 + 3438 = 3489 keV (4.23)

Now, we can compare both residual interactions. This multiplet has been iden-
tified in **Sm by Rico [40] and the experimental data are taken from this work.
Results are shown in the next table and in Figure [4.1].

EUnp(T('hll/Q,Tl'd_l 144Sm) = 3695 keV

5/27
J7 3= [ 4 [ 5 |6 | 7 |8
EE (rhyy2,md; 5,/ *Sm) (ke V) | 1810 | 3118 | 2826 | 3266 | 3124 | 3519

7 (hyyjo,md ), 7Sm) (keV) | -1885 | -577 | -869 | -420 | 571 | -176

EUnp(’iThn/Q,ﬂ'd_l 146Gd) = 3489 keV

5/2)
E7%(mhy /2,7 ), 0Gd) (keV) | 1579 | 2997 | 2658 | 3099 | 2982 | 3183
B (whyyjo,md; 5, 70Gd) (keV) | -1910 | -492 | -831 | -390 | -507 | -306

4.1.13 The nd3ynd; ), multiplet

There is no previous identification of this multiplet in *6Gd. In order to identify
possible candidates, first, we calculate the unperturbed multiplet energy in *6Gd
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and later we will calculate the residual interaction in 146Gd from a SDI and estimate
the multiplet energies.

+1
B (ndy, mdy o, " Gd) = E'(mdy2,""" Th) + E'(mdy ," Bu) + || -2 | =
+1
=253 + 0 + 3438 = 3681 keV (4.24)

Once we have this value we can estimate the multiplet energy in *6Gd by adding
the residual interaction and taking into account the Coulomb interaction of the pro-
tons. Results are shown in the next table and in Figure [4.2].

JT 1t 2t 3t 4+
Ef¢s(SDI Calculation)(keV) | 308 | 93 64 25
Coulomb Interaction (keV) | -300 | -300 | -300 | -300
E* (1d3/9,md; 5, °Gd) (keV) | 3689 | 3474 | 3445 | 3406

4.1.14 The 7rh11/27rg7_/12 multiplet
—1
5/2
tified in *4Sm. We will again compare the residual interactions in *4Sm and *6Gd
as a consistency check.

Similar to the 7hy; o7d,,, case, some members of this multiplet have been iden-

n - - +1
EY P(mhiy 2, 7rg7/12,144 Sm) = E'(7rh11/2,145 Eu) + E'(7rg7/12,143 Pm) + 5=
+1
=716 + 272 + 2979 = 3967 keV (4.25)

We have to repeat the same type of calculation in order to determine the
mhyiomg, /12 multiplet unperturbed energy in ¢Gd.

B (Thy2, g7, Gd) = E'(Thyyye, T Tb) + E'(mg75,'* Bu) + [ -2 || =
+1
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=51 + 330 + 3438 = 3819 keV (4.26)

Now, we can compare the residual interactions in *Gd and **Sm. This multi-
plet has been identified in **Sm by Rico [40] and the experimental data are taken
from this work. Results are shown in the next table and in Figure [4.1].

EU"p(Whll/g,Wg;/lz,IMSm) = 3967 keV
JT 2= 3= | 4 [ 5 |6 | 77| & | 9
EP (rhyyj9,mg7,,"**Sm) (keV) | - | 3360 | 3307 | 3469 | 3534 | 3444 | 3376 | 3460
B (hyy 9,mg; 5, *Sm) (keV) | - | -607 | -660 | -498 | -433 | -523 | -600 | -507
EU™ (7rhy, /2,7rg7_/12,146Gd) = 3819 keV
EP?P(rhy1o,mg7 ), 0Gd) (keV) | - | 3389 | 3389 | 3313 | 3384 | 3290 | 3294 | 3428
BT (rhyy/9,mg; ), *°Gd) (keV) | - | -430 | -430 | -506 | -435 | -529 | -525 | -391

4.1.15 The wdg/ﬂg;/lz multiplet

In this case, there is no previous identification of this multiplet in “¢Gd. In
order to identify possible candidates, first, we calculate the unperturbed multiplet
energy in “6Gd and later we will calculate the residual interaction in **6Gd from a
SDI and estimate the multiplet energies.

+1
E"(nd3y, mgy 5, Gd) = E'(mds)s," TH) + E'(mg7 0, Bu) + [ -2 ] =
+1
=253 + 330 + 3438 = 4021 keV (4.27)

Once we have this value, we can estimate the multiplet energy in *6Gd by
adding the residual interaction and taking into account the Coulomb interaction of
the protons. Results are shown in the next table and in Figure [4.2].

J7 27t 3t 4+ 5t
EFfes(8DI Calculation) (keV) | -59 | 131 | -44 | 228
Coulomb Interaction (keV) | -300 | -300 | -300 | -300
E*(mds2,mg; . °Gd) (keV) | 3660 | 3852 | 3677 | 3949
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4.2 Discussion of the multiplets

As discussed in the introduction, the appearance of the energy gap at Z=64 in
the single-particle energy spectrum (see Figure [1.2]) is large enough to give *¢Gd
many of the features of a doubly closed shell nucleus. However, we have to keep in
mind that the proton gap is not as large as the neutron gap at N=82. Therefore,
most of the states below 3.5 MeV will correspond to two-proton excitations. Until
now, we have either estimated or identified all the 77, 77! and 7 '7~! multiplet
energies considering that the valence protons can be in any of the available orbitals
between Z=50 and Z=82. However, in order to have a clear overview of all expected
states below 3.5 MeV, we have to consider:

a) The (37 x2%) and (37 x37) two-phonon multiplets. In Figure [4.1] and [4.2]
these multiplets are shown at their unperturbed energy

EUnp((3— % 2—|—)’146 Gd) — EE;cp(3—’146 Gd) + EEwp(2+’146 Gd) = 3551 keV
(4.28)

EU™((37 x 37),6Gd) = 2 x EF*P(37 16 Gd) = 3159 keV (4.29)

b) We should have an idea about the lowest neutron excitations in 6Gd. The
most clear cut identification of a vv ! excitation in *6Gd, comes from the
B-decay of the 5~ isomer in “6Th. This decay proceeds in two ways

146Tb [ﬂ'hll/Q, I/dg_/12:|5— — 146Gd [’/Thll/g, ’/Td5_/12]4_, 5—, 6-

and

146Tb [7Th11/2, Vd3_/12]5— — 146Gd [l/hg/g, l/d?)_/12]4_’ 5—,6—

These two Gamow-Teller transitions were observed in the [-decay of the 5~
isomer in 6Tb by Styczen et al. [22]. In this paper, they identified the states
at 4720 and 4829 keV as the multiplet members of the (yhg/z,udg/lz)zr 5- con-
figuration. In the same work, they have observed a 1296 keV v-ray transition
from the (th/z,l/dg/lz)4— state to the state at 3423 keV and assigned it as

(vf7)9,vdy /12)3_. The reason is that this transition is very close to the 1397.0

keV 9/27 to 7/2 transition in *"Gd identified as vhg—vi7/. Although
this assignment looks very reasonable, when calculating the expected energy
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for this level a discrepancy arises; the experimental value suggested in [22] is
much lower (about 550 keV) than the expected level energy (E*).

+1
B (v fr9,vdy)y, ' Gd) = E' (v fro," T Gd) + E'(vdy),, ' Gd) + | -2 || =
+1
=0 + 27 + 3878 = 3905 keV (4.30)
ERes(Vf’]/Q, I/d?j/é,146 Gd)(SDICalculation) = 65 keV (4.31)
E*(v fr2, vd3)y,"*® Gd) = 3905 + 65 = 3970 keV/ (4.32)

E*(l/f7/2,l/d3_/12,146Gd) 3970 keV
EEzp(yfyg,l/dg/lQ,MﬁGd) 3423 keV

It sounds unreasonable that the discrepancies in the calculated SDI residual
interactions are so large. As we have noted, the level was tentatively assigned
to the vi7pvd; /12 configuration in [22] and as was stated in that work, “the
excitation is somewhat too low to be compatible with the N=82 energy gap”.
As we will see later in the negative-parity multiplet discussion section, we
prefer to assign the level at 3423.2 keV to the (37 x2%) multiplet. Thus, we
will assume in the present work that there are no neutron excitations below
3.5 MeV.

An important remark, before we go into the multiplets discussion and possible
assignments, is that the number of expected levels below 3.55 MeV shown in Fig-
ure [4.1] and [4.2] is 38 and the number of experimentally observed levels is 38.
Thus, the concordance is excellent.

4.2.1 Negative-parity multiplets

There are four multiplets expected with negative parity involving the 7hy; /5 pro-
ton orbital and a fifth multiplet from the (3~ x2%) coupling. We will discuss the
possible configuration assignments for the observed states in 1*6Gd (see Figure [4.1]).
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Figure 4.1: Estimated energies of negative-parity two-proton multiplets in 6Gd.
Multiplet members are shown with the same colour (dashed lines). Unperturbed
energies are also shown with their corresponding colour.

- I~ levels. Only the 1~ state at 3551 keV from the (37x2%) multiplet is ex-
pected. There is no firm 1~ level assignment in our results and the only
possible candidate for this J™ is the level at 3461.1 keV. The energy agree-
ment is quite good and since no strong anharmonicities are expected in this
multiplet member, we point to this level as the (37 x2%) 1~ member.

- 2 levels. Two 2~ states are expected. One is the (3~ x2") member expected
at 3551 keV, while we do not know at what energy to expect the why;omg, /12
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state, since we do not have experimental data of this level in **Sm. But from
SDI calculations we expect it at roughly the same energy as the other multiplet
members. However, there are no firm 2~ assignments from our data. There
are possible 27 states at 3388.8 keV and at 3790 keV. In case they were the
expected 27 levels, the most probable assignment is that the lower in energy
corresponds to the mhy;pmg, /12 multiplet, since the rest of the members lie
about the same energy. Thus, the upper candidate would correspond to the
(37x27) multiplet.

3~ levels. Three 3~ states are expected and three candidates were found in the
present work. The lowest in energy is the why; /27ng/12 3~ state with a strong
octupole component [17]. In addition to this level, we have identified a possible
3~ state at 3388.7 keV and the firm 3~ at 3423.2 keV, both known from Yates
et al. [8]. The second was tentatively assigned to the Vf7/21/d;/12 configuration
in [22] but as was noted in that work, “the excitation is somewhat too low
to be compatible with the N=82 energy gap”. Thus, we prefer to assign the
mhiomg, /12 configuration to the lowest level at 3388.7 keV and the (37 x27)
multiplet to the level at 3423.2 keV. However, it should be noted that we have
made this assignment considering only energy arguments.

4~ levels. Four 4~ states are expected. Only one firm 4~ level assignment was
possible from our data: the well-known 7hy; /27rd5_/12 4~ state at 2996.6 keV
which is directly populated in the ¢Tbh (57) decay [22]. Levels assigned as 4
at 3363.8 and 3585 keV appear in our data. We think that the most probable
assignment is that the lowest corresponds to the 7hi;/mg; /12 multiplet and
the higher to the (3~ x2%) multiplet. No firm candidate was found for the
mhy1/9mds 2 multiplet.

5~ levels. Five 5~ states are expected and five firm 5~ states are assigned
in the present work. The lowest expected 5~ excited state is the well known
7Th11/27rdg/12 5~ state at 2657.9 keV from [17], which is directly populated in the
16Th (57) decay [22]. The next observed 5~ state is at 3313.0 keV, which is
very close in energy to the 3321 keV of the 5~ member of the hy, ,7g, /12 mul-
tiplet predicted in our calculations. This configuration was already assigned
in [8]. Then, we have levels at 3464.0 and 3686.6 keV which can correspond to
the 7hy1/omsy /2 and (3~ x2%) multiplets, respectively. The last 5~ state found
is at 4230 keV, which is very close to the 4199 keV energy expected of the 5~
member of the why;/smds/, multiplet. It should be noted that the agreement
between the experimental and expected 5~ levels is remarkable.

6~ levels. Four 6~ states are expected. The first two firm 6~ states we find
were assigned to the Whll/gﬂd;/z and 7hyyjmg; /12 multiplets. The first, at
3098.9 keV was assigned to that configuration in [22] where this state was
strongly populated. The second was assigned in [8] and we agree with this
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proposition since the energy of the level (at 3384.0 keV) fits extremely well
with the 3386 keV predicted energy. Additionally, two possible 6 states were
found at 4026.6 and 4179.4 keV. Each of them would fit quite well with the
expected Thy;/oms; /2 member, but we cannot conclude anything. For the last
6~ level expected at 4350 keV and corresponding to the why;/omds/2 multiplet,
we make a speculative assignment to this multiplet for the possible 6~ level at
4318.8 keV.

- 7 levels. Three 7~ levels are predicted and three firm 7~ states are found in
excellent agreement with the expected energies. The lowest in energy is the
level at 2982.0 keV, identified in [17] as the 7hy, /27rdg/12 multiplet member. The
second 7~ state is at 3290.5 keV and was identified in [8] as the 7hyi/7g; /12
multiplet member. Finally, the 7~ state at 3854.0 keV was assigned in [8] to
the mhy;/omd3/2 multiplet expected at 3766 keV. We agree with all the above

mentioned configuration assignments.

- 8 levels. Two 8~ states were expected. The mwhy; /27Td5_/12 multiplet member
predicted to be at 3313 keV was assigned in [23] to the level seen at 3182 keV.
The other 8~ state at 3293.7 keV corresponds to the Whll/gﬂg;/; multiplet
member (first assignment in [23]) predicted at 3219 keV. One might think that
this assignment is inverted, but the estimated energies in 1*6Gd are calculated
from the residual interaction extracted from the experimental data in 4*Sm.
Initially, in **Sm the 7hy; /27rdg/12 8~ state was expected at lower energy than
the 7hy; pmg /12 state, but the experimental data inverted the order, and this
inversion is transmitted to the **Gd multiplet energy prediction. In the case of
16Gd the 8~ member of the 7hyy27mg7 /12 multiplet is clearly identified through
the strong 134.8 keV transition from the 7hy; mg- /12 9~ level at 3428.5 keV to
the 3293.7 keV level, which is 81 times stronger than the de-excitation to the
lower 8~ level at 3182.0 keV. To the contrary, in **Sm, the lowest 8 state at
3376 keV has been identified as the 7hy;/omg, /12 member because a pure M1
transition has been observed from the 97 level at 3460 keV to this state.

- 9 levels. The 7rh11/2wg;/12 9~ member is expected at 3312 keV and a firm 9~
level is observed at 3428.5 keV. This assignment was made in [23] and we are
in agreement with it.

4.2.2 Positive-parity multiplets

The configuration assignments are harder in the case of the positive-parity mul-
tiplets than for the negative-parity states. Twelve multiplets can be formed with
the five available orbitals, including the 37 x3~ two-phonon octupole multiplet. As
can be seen in Figure [4.2] the density of expected levels above 3.4 MeV complicates
the level identification.
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Figure 4.2: Estimated energies of positive-parity two-proton multiplets in “6Gd.
Multiplet members are shown with the same colour (dashed lines). Unperturbed
energies are also shown with their corresponding colour.

- 0% levels. In addition to the ground state, 0 levels have been identified in
(p,t) reaction experiments at 2165 and 3020 keV( [24] and [25]). The large
cross section observed in the (p,t) reaction [24] for the state at 3020 keV,
clearly identifies it as the neutron pairing vibrational state. Based on energy
arguments, the lower 01 state at 2165 keV was identified as the proton pairing
vibrational state [19]. These two levels and the 0% states at 3484 and 3640 keV
were clearly identified as 0T states in the conversion-electron measurements

from [19] and [26]. They were speculatively assigned in [8] as mg_ /22 and 7rs1_/22,
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respectively. The lower in energy was discarded as the 37 x3~ 07 state because
it should present small anharmonicities and is expected to lie at 3159 keV. An
alternative assignment is that the level at 3484 keV corresponds to the two-
phonon octupole multiplet and the level at 3640 keV to the wg /22 multiplet. In
this case, the 0 and 6% members of the 37 x3~ multiplet would lie at almost
the same energy. However, this assignment is also speculative and based on
level order arguments. No additional 0" states were found in the present work,
in agreement with the conversion-electron experiments.

I levels. Three 17 states are expected at relatively high energy, where the J”
assignments are difficult. We do not have any firm 1% assignment. There is a
possible 17 level at 3730 keV that could belong either to the 7ds /27Td5_/12 or to

the de/éﬂg; /12 multiplet.

27 levels. The 2% state at 1972.0 keV was identified as the 7s; /27rd5_/12 multiplet
member. In addition, there are seven firm 2% levels. It is worth noting the two
different decay patterns that we observe in these states. The levels at 2986,
3356.7 and 3547.5 keV decay either only or mainly to the ground state while
the levels at 3185.8, 3232.2 and 3380.7 keV decay mainly to the 3~ state by
E1 transitions. Based on these decay patterns, we assign the 2986 keV state
to the 7rh1’12/2 multiplet and the level at 3356.7 keV to the de/QQ multiplet. The
level at 3547.5 keV would correspond to the 7dz /g, /12 multiplet. We consider
both the level at 3185.8 keV and the one at 3232.2 keV as good candidates for
the (37 x37) 2% state. Finally, there is a firm 2% state at 4299.6 keV, which
could be the 7d; /22 multiplet member expected at 4386 keV.

3t levels. Five 3% levels are expected, but we only have firm 3" assignments
for three. The lowest in energy is the level at 3031.2 keV, identified in [§]
as the ’/Tsl/gﬂ'dg/lQ. Then, there is a firm 3% level at 3287.2 keV that can be

assigned either to the md; /27rd5_/12 or to the msy,mg, /12 multiplet. Finally, we

have found a probable 37 level at 3783.6 keV, which again can correspond to
one of the two levels expected at about 3850 keV, namely the 7dsz/ ,mg, /12 and

de/gwg; /12 multiplets members.

4T levels. There are five firm 4 states seen in the present work. The level at

2611.5 keV was assigned to the mdj /27ng/12 multiplet in [20]. The next level is

at 2967.4 keV, and in [8] it was suggested to be the (37x37) 47 state based
on energy reasons since it is the closest to the predicted energy. Then, four
levels are predicted at energies below 3.7 MeV and four firm 4% levels were

found in this work. The level at 3411.8 keV is assigned to the 7rh1_12/2 multiplet,

the level at 3416.5 keV assigned to the 7rd5_/22 multiplet, a level at 3436.2 keV

corresponding to 7sy/omg; /12, and the level at 3456.5 keV is assigned to the
mds)omg, /12 multiplet. It should be noted that these assignments are somewhat
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arbitrary and based on the energy ordering of the levels. However, the fact
that we see the same number of 4% levels as expected theoretically tells us
that we have seen the two-phonon octupole 4T member.

51 levels. The 57 levels are expected at relatively high energies. There are 5
states expected at 3877 and 3953 keV. We see possible 5T states at 4131, 4326
and 4389.5 keV. The first could correspond to the 7dsz/ mg, /12 multiplet. The

others seem to be too far away from the predicted energy of the 7rd5_/127rg7_ /12
multiplet member.

6% levels. There are six 67 levels predicted and the same number is found
in the present work. The first is the (37 x37) 67 state found at 3484.7 keV,
which decays by a cascade of two E3 transitions to the ground state and will
be extensively discussed in the next chapter. The 61 state at 3457.6 keV is
assigned to the de/127rg7_ /12 multiplet. The 61 state at 3659.6 keV is assigned

to the 7rh1_12/2
is at 4354.9 keV, which is very close to the predicted for the 7g, /22 multiplet.

This assignment differs from that by Yates et al. [8].

configuration. The last level found with probable 6 assignment

7t levels. There are no 7T levels expected below 4 MeV and none has been
found in the present work, which is an indication of the quality of our data
and the correctness of our analysis.

8" levels. The 7Th1_12/2 8" member is expected at 3736 keV and a firm 8* state

was found at 3779.2 keV and assigned to this configuration in [8].

9t levels. There are no 97 levels expected below 4 MeV and none has been
found in the present work.

107" levels. The 10" level found at 3864.8 keV was assigned to the 7rh1_12/2 107"
member in [23]. This assignment is in accord with the expected energy of
3822 keV. We have found an additional firm 10" level at 4541.2 keV, which
probably belongs to a four-particle configuration since it is at high energy an
no other two-particle 10* level is predicted there.
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Chapter 5

Two-Phonon Excitations in 1“0Gd

In this chapter the two-phonon multiplet landscape and candidates of its members
will be discussed. The results of the first observation of a 6*—3 —0" double E3
cascade in the decay of a two-phonon octupole state are presented.

5.1 Two-phonon multiplet previous knowledge

Since the 3~ first excited state in 2°®Pb was first identified and interpreted as a
collective octupole phonon state, many attempts have been made to find the mem-
bers of the anticipated even-parity 0,2,4,6 two-phonon octupole quartet. This quest
has not ended; in particular, it has not been possible to find the aligned (37 x37)6%
member of the quartet. The experimental situation is, however, somewhat more
favourable in the case of “°Gd, the only other even-even nucleus known to have a
3~ first excited state. Since the angular momentum transferred in the *4Sm(q,2n)
fusion-evaporation reaction is low, it leads to the population of a range of low- to
intermediate-spin states lying above the yrast line in “6Gd. As we have often men-
tioned in this work, twenty years ago this reaction was used to study non-yrast states
and in particular to search for the double-octupole excitations. They are expected
at twice the energy of the one-phonon 3~ state for the 07, 2% and 41 multiplet mem-
bers, while the 67 member is expected at 3568 keV [7]. This slightly higher energy is
due to the Pauli principle for the mayor component of the 3~ configuration, namely
mhyyomd '5/5. In these experiments two Ge(Li) detectors were used to record -
v coincidences and ~y-ray angular distributions. In a separate measurement with
a broad-range electron spectrometer, conversion coefficients were obtained. These
experiments resulted in a substantial extension of the level scheme. Amongst the
newly observed states two possible 67 states were identified (3457 and 3484 keV)
and interpreted as the two-phonon octupole quartet member and the nearby ex-
pected ( md™ !5 /2,7Tg_17/2) two-proton hole state, but the data could not distinguish
conclusively between the two assignments. As we have mentioned in the first chap-
ter, great strides have been made in methods of y-ray detection, so we repeated this
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experiment with a modern array of large volume Ge detectors.

5.2 0" Two-phonon multiplet member

As mentioned in Chapter 4, the lowest 0" state after the two pairing vibrational
states is at 3484 keV, which is far away from the expected 3159 keV of the two-
phonon octupole member. This level was discarded as the (37 x37) member [§]
because small anharmonicities where expected in this state together with the fact
that no E3 transition to the 3~ state was observed. However, it seems that all the
0" levels below that level are pushed up in energy. In addition, as we will discuss
later, we have identified the two-phonon octupole 6* state at 3484.7 keV, i.e., at
the same energy. In that case we see a weak transition to the 3~ state, with a big
uncertainty in the intensity, so it cannot be discarded that the 0t—3~ transition
(of the same energy) could be contained in that peak. Of course, this assignment of
the 3484 keV level as the two-phonon octupole member is speculative.

5.3 27 Two-phonon multiplet member

We have found equally good candidates for the 27 two-phonon multiplet member
at 3185.8 and 3232.2 keV that decay with similar patterns: a weak transition to the
27" state and a stronger E1 to the 3~ state.

5.4 47 Two-phonon multiplet member

In the previous "**Sm(a,2n) fusion-evaporation reaction work by Yates et al. [§]
the 47 level at 2967.4 keV was assigned to the (37 x37) multiplet. This level de-
excites by a strong E1 transition to the 3~ state. We agree with this level assignment
since we see the complete set of expected 47 levels (see Chapter 4).

5.5 67 Two-phonon multiplet member

A 67 level at 3484 keV was observed in the previous work [8]. It was known to
decay by a stretched E1 transition of 826.7 keV to the yrast 5~ state and thus was
assigned as a possible 67 state (see Figure [5.1]). In our work we have observed a
new 502.6 keV transition from this level to the yrast 7~ state. This y-ray has a neg-
ative anisotropy (as<0) and positive polarization (see Table [3.1]), which classifies
it unequivocally as a stretched FE1 transition. This additional E1 transition con-
firms the 61 assignment. Furthermore, we also observed a third v-ray of 1905.8 keV
(with positive anisotropy and polarization) feeding the 3~ octupole state. If these
three y-rays de-excite the same level, we have identified a firmly assigned 6™ state
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decaying by a cascade of two E3 transitions to the ground state; it would be clearly
assigned as the 67 member of the double octupole quartet. Conclusive evidence
came from the spectrum of y-rays in coincidence with the weak 381.7 keV feeding
transition (see Figure [5.2]), which clearly shows all three de-exciting transitions,
thus demonstrating that they all arise from the same state at 3484 keV.

. (E1) | 3817 keV
6 3a8akev— - - — QF

.
. E1 | 502.6 keV 826.7 keV ====2

E1l ----4
5 E2 324.1 keV 1905.8 keV
E3
1078.5 keV
E2
3
1579.4 keV
E3
0+
146G d

Figure 5.1: A partial level scheme for 1“°Gd showing transitions and levels related
to the 3484 keV 67 state, which from the present experiment is identified as the 6™
member of the double octupole quartet. The crucial new data for this assignment are
shown in red. Previous knowledge is shown in black [8]. All transition multipolarities
are measured (see also Table [3.1]). 0T, 2t and 4" double octupole candidates are
shown in dashed lines.

It should be noted that, for y-rays above 1 MeV de-exciting levels with half
lives of less than one ps, the Doppler shifts of the emitted v-rays were clearly seen
in our experiments. No such shift was observed for the 1905.8 keV v-ray. Taking
for this transition the theoretical strength of 57 W.u. [7], we calculated with the
measured 5% FE3 intensity branching a level half life of 10 ps, in agreement with
the non-observation of a Doppler shift. For the E1 transitions this result gives a
retardation factor of the order of 5 x 107°, in accord with the general experimental
systematics for F1 transitions [41].



90 Chapter 5

counts

5000 - N
L 826.7

4000 T

3000

2000

1000

810 820 830 840
Energy (keV)

counts

511
3000 | N §

2000

1000

490 500 510 520
Energy (keV)

counts

3001 1905.8 )

200

100

1890 1900 1910 1920
Energy (keV)

Figure 5.2: Three sections of the gamma-ray spectrum in coincidence with the weak
381.7 keV transition feeding the 3484 keV 671 state. The marked in blue peaks
correspond to the three gamma rays de-exciting the 3484 keV level.

Finally it should be noted that in the previous work [8] a level at 3457 keV
with possible J™=6* was identified by its F1 decay to the 5~ yrast state. Further,
it was also suggested that there was a possible 1877 keV, E3 transition to the 3~
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state, thus making it a reasonable candidate for the double octupole state. However,
the present results rule out E3 multipolarity since we observe a Doppler shift for
the 1877 keV transition. If this does indeed de-excite the 3457 keV level, then it
represents the decay of a 4™ state, not 6. If the two transitions de-excite different
levels, then the 67 assignment for the 3457 keV level is probably correct, but there
is no E3 de-excitation to the 3 state.

In summary, we have identified the 6™ member of the two-phonon octupole quar-
tet in “6Gd at 3484 keV by making a firm J™ assignment for the level and then,
more importantly, by identifying the E3 branch to the one phonon 3~ state. This
results present the first conclusive observation of a 67—3~—0% double E3 cascade
in the decay of a two-phonon octupole state. The reader should note that, although
we have commented some candidates for the other members of the double octupole
multiplet, only in the case of the 67 member we have a clear evidence of its (37x37)
nature.
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Chapter 6

Conclusions

The conclusions from this work will be exposed in this chapter as a summary.

6.1 Conclusions

In the present work, we have studied the '**Sm(c,2n) fusion-evaporation reac-
tion using 26.3 MeV a-particles impinging on 3.0 mg/cm? thick samarium target
enriched to 97.6% in **Sm supported by a 0.5 mg/cm? thick Au backing. The
target was surrounded by a compact array of nine individual Ge detectors set at
90, + 45 and £ 35 degrees to the beam direction. Five of them had anti-Compton
shields. In addition, a EUROBALL CLUSTER detector was placed at 90° to act as
a non-orthogonal y-ray Compton polarimeter.

In a previous preparatory **Sm(c,2n) experiment [21], a total of 21 new y-rays
from 16 new levels were identified, as well as 19 new ~-rays corresponding to 13
previously known levels. Also, 7 y-rays were seen for the first time in an in-beam
experiment.

In the present work, a total of 35 new y-rays have been identified for the first time,
corresponding to 28 new states, as well as 31 new ~-rays corresponding to 26 pre-
viously known levels. Also, 3 y-rays were seen for the first time in an in-beam
experiment.

If we put together all the new information from both experiments, we can estimate
the improvement of “6Gd knowledge that the two experiments have provided. In
total, 56 new ~vy-rays from 44 new levels were identified as well as 50 new 7-rays
corresponding to 39 previously known levels. Also, 10 y-rays were seen for the first
time in an in-beam experiment.

We have, in general, confirmed previous results and in only few cases modified them.
The angular anisotropy and polarization data contributed to the identification of
states and to the level spin and parity assignments. From our data, new candidates
for the two-particle configurations have been found as well as for the (37 x2%) and
(37 x37) two-phonon multiplets, although clear evidence of its identification is re-
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duced to the 67 case (see later). It is particularly remarkable that we find excellent
agreement between the experiment and expectations of the number of levels below
3.55 MeV; 38 states were expected in the present experiment and we have identified
38 states below that energy.

A very important result is the unequivocal identification of the 67 member of the
two-phonon octupole multiplet in 6Gd by identifying the E3 branching to the
one-phonon 3~ state. This results present the first conclusive observation of a
6T—3"—0" double E3 cascade in the decay of a two-phonon octupole state.

The other double octupole member that could be identified by its characteristic
decay pattern is the 0" state. This characteristic pattern will be an E3 transition to
the 3~ state as in the 67 case. The possible 0" member at 3484 keV is very close to
the energy of the 67 member at 3484.7 keV. The level at 3484 keV is de-excited by
an E2 transition of 1512 keV and 12 units of intensity (referred to the 10000 units
of the 1579.4 keV ~-ray) to the first 27 state. If we place a gate on the 3~ state, the
possible E3 transition to the 3~ will be a y-ray of 1905 keV and will be obscured by
the 1905.8 keV 7-ray that de-excites the 6* state. Consequently, the only possibility
to observe this transition is to find a 7-ray feeding the 0% level and use it as the
gating condition. Assuming 50 W.u. for the E3 transition and assuming a feeding
transition of similar characteristics to the one feeding the 6 level, we estimate that
we need about a factor 500 more in statistics than in the present work to be able
to observe this effect. The only experimental future device that can achieve such
improvement in efficiency is the planned 47 detector array AGATA.

Concerning the 2% and 41 multiplet members, we have proposed candidates but
they cannot be conclusively assigned since more states of these spin and parity are
expected in that region and, in addition, the double octupole members will not
present a characteristic decay pattern for unequivocally identify them.



Appendix A

Level J™ assignments.

In this appendix we will discuss all the levels placed in the “°Gd level scheme
shown in Chapter 3, which summarizes the analysis and results of the present exper-
iment. We will give the arguments used to assign spins and parities to these levels.
We will make use of the anisotropy and polarization data in order to determine the
transition character and multipolarity and, thus, to assign spins and parities. We
will also take into account the results from previous experiments. An example would
be the (p,t) experiment by Mann et al. [25], where states of two-neutron hole char-
acter in '*6Gd are strongly populated, and there is a strong selection rule against
populating states of unnatural parity. However, it should be noted that at high ex-
citation energy and, due to the large uncertainty in the level energy extracted from
that experiment, the correspondence with our data was not always unequivocal.

- Level at 1579.4 keV. First excited state in *°Gd and the octupole phonon.
Its spin and parity (J™=37) are well determined from previous work [17]. It
decays to the ground state by an E3 transition. Our measured positive angular
distribution and polarization data confirm the transition multipolarity and
level assignment.

- Level at 1972.0 keV. 2% quadrupole phonon state in “6Gd. It decays to the
ground state and shows a Doppler shift (its half life is less than 0.32 ps [21]) as
expected for an F2 transition of that energy. Its measured angular distribution
is positive, which confirms the E2 transition multipolarity.

- Level at 2164.7 keV. Proton pairing vibration identified in [19] and [20].
It decays by a 7-ray of 192.7 keV to the 1972.0 keV 2% state. Since the
transition is very weak, it was not possible to extract information about its
angular distribution and polarization.

- Level at 2611.5 keV. Well-known as 4%. It decays by a 639.6 keV E2 v-ray
with positive angular distribution to the 1972.0 keV 27 state and by a 1032.0
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keV E1 transition (oy from [8]) with negative angular distribution and positive
polarization to the 1579.4 keV 3~ state.

Level at 2657.9 keV. 5~ yrast state. It is de-excited by a 1078.5 keV transition
to the 1579.4 keV 3~ state with positive angular distribution and positive
polarization, as expected for an E2 (ay from [8]) transition.

Level at 2967.4 keV. The level is de-excited by a 1388.0 keV ~-ray to the 1579.4
keV 3~ state. The negative angular distribution and positive polarization
indicates that it is an FE1 transition. Its two possible assignments are 4*
and 27, but we prefer the first option because we did not observe the usual
transition to the ground state of a 2% state. Thus, the level assignment is 4*.

Level at 2982.0 keV. 7~ yrast state. It decays by a 324.1 keV ~-ray to the 5~
yrast state. The transition has positive angular distribution and polarization
as expected for an E2 (a4 from [8]) multipolarity.

Level at 2986 keV. This 2% level was first observed in an in-beam conversion
electron study [26]. In the Th(1%) S-decay work [23], the authors mentioned
a 1407 keV transition from this level to the 1579.4 keV 3~ state that was
wrongly placed (they settled the transition there only because the energies
fit well). This transition does not feed that level but the 2% state at 1972.0
keV, as we deduced from our coincidence matrices. What we observe is a 2986
keV v-ray to the ground state, which has a positive angular distribution as
expected for an E2 transition. We also see a 1014 keV ~v-ray to the 1972.0
keV 2T state but we could not extract any information about its intensity
because the transition is contaminated by the 1014 keV aluminum line (the
target frame and beam pipes are made of aluminum). We can argue that the
transition exists since it presents an anisotropy which is in opposition to the
isotropic radiation distribution of the aluminum line. This anisotropy comes
from the transition to the 1972.0 keV 2% state and is positive as expected for
this M1 transition.

Level at 2996.6 keV. Assigned previously as 4~ in [8] and [22]. It is de-excited
by a 1417.1 transition to the 1579.4 keV 3~ state that presents negative angular
distribution and polarization as expected. In addition, we see a new transition
of 338.2 keV to the 2657.9 keV 5~ yrast state. Its intensity is too weak to
extract further information about its character and multipolarity.

Level at 8019.8 keV. The strong population of this level in the (p,t) reaction
experiment [24] led to the identification of the level as the neutron paring
vibration 0" state. We have observed a de-excitation of the level to the 2+
state at 1972.0 keV by a weak ~-ray of 1047.8 keV.

Level at 8031.2 keV. 3" state known from previous work [8]. Our data confirm
this assignment. The level de-excites by a 1059.1 keV ~-ray with negative
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angular distribution and positive polarization to the 1972.0 keV 2% state and
by a 1451.8 keV ~-ray with negative angular distribution to the 1579.4 keV
3~ state. The 1059.1 keV v-ray «y value was measured in [8].

Level at 3098.9 keV. Firm 6~ state known from previous work [22]. The posi-
tive angular distribution and negative polarization of the 441.0 keV transition
to the 2657.9 keV 5~ yrast state confirm the level assignment. We also observe
the 116.7 keV transition seen in [22] to the 7~ yrast state at 2982.0 keV.

Level at 3182.4 keV. 8~ level known from previous work [1]. It is de-excited
by an M1/E2 transition (o4 value was measured in [8]) to the 2982.0 keV 7~
yrast state by a 200.4 keV ~v-ray with measured positive angular distribution
and negative polarization that confirms its multipolarity.

Level at 3185.8 keV. Level known from [23] with 2% assignment. We observe
the two transitions seen in that work but not seen in previous in-beam ex-
periments. The slightly negative angular distribution of the 1213.9 keV ~-ray
de-excitation to the 1972.0 keV 2% state indicates mixed multipolarity of the
transition. For the other de-exciting transition of the level of 1606.1 keV to
the 1579.4 keV 3~ state, the negative angular distribution agrees with its Fl
multipolarity but the polarization does not. This could be due to the difficulty
in extracting its polarization since this y-ray is in a doublet.

Level at 3232.2 keV. Level seen in [24] and identified in [25] as 27. The level
was also seen in Tb(1") S-decay [23]. We see a weak de-excitation of the level
of 1260.2 keV to the 1972.0 keV 2% state and a de-excitation of 1653.0 keV
~v-ray with negative angular distribution to the 1579.4 keV 3~ state. This is in
agreement with the 27 assignment of the level. We do not see the transition
to the ground state observed in Tb(17) S-decay.

Level at 3287.2 keV. 3" level previously seen in Tb(57) S-decay [22] and in
an (o,2n) in-beam experiment [8]. We have seen the same 675.7 keV ~-ray
de-excitation with negative angular distribution and positive polarization to
the 2611.5 keV 471 state. The polarization is not in agreement with its M1
multipolarity (a4 measured in [8]) probably because the y-ray is in a doublet.
Our data shows an additional transition of 1315.2 keV to the 1972.0 keV 2T
state, which presents a negative angular distribution in agreement with the 3*
assignment of the level.

Level at 3290.5 keV. Firm 7~ level seen in an (a,2n) in-beam experiment [8].
Our positive angular distribution and positive polarization of the 308.5 keV
y-ray to the 2982.0 keV 7~ yrast state confirm the M1/E2 multipolarity of the
transition and the level assignment.

Level at 3293.7 keV. Level seen in previous work with an 8~ level assignment
from [1]. We see the two well-known 7-ray de-excitations of 111.5 keV and
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311.6 keV to the 8~ and 7~ states, respectively. The negative angular distri-
butions of both transitions and the negative polarization measured in the case
of the 311.6 keV 7-ray confirm the 8~ level assignment.

Level at 3813.0 keV. Level seen in Th(5~) S-decay [22] and in an («,2n) in-
beam experiment [8]. We observe the 655.1 and 701.5 keV known ~-rays to
the 2657.9 keV 5~ yrast state and to the 2611.5 keV 4% state, respectively,
and an additional 1733.7 keV v-ray to the 1579.4 keV 3~ state. The measured
angular distribution and polarization values confirm the level assignment. An
exception is the angular distribution of the 1733.7 keV transition were we
obtain a negative value.

Level at 8356.7 keV. 27 level known from the (p,t) reaction experiment [25].
We see the first evidence of the level in a y-ray measurement from a transition
to the ground state. This y-ray shows a Doppler shift, as expected for an E2
transition of that energy.

Level at 3363.8 keV. Level seen for the first time. It has branches of 706.0,
752.2 and 1784.4 keV. Their angular distributions lead to 4 as the level spin
assignment. We cannot conclude anything about the level parity.

Level at 3380.7 keV. Level seen in (p,t) reaction experiment by [24] (they
measured L=2). We see level branches of 1408.8 , 1801.0 and 3381.5 keV. The
angular distributions and polarizations measured for the first two mentioned
v-rays confirm the 2% level assignment. The later vy-ray de-excites the level to
the ground state.

Level at 3384.0 keV. 6~ level known previously in Tb(57) S-decay [22] and in
an (o,2n) in-beam experiment [8]. We see all known level de-excitations and
our angular distribution and polarization data confirm the 6~ assignment.

Level at 3388.7 keV. The energies of this and the next level fit very closely,
but the angular distribution data indicate that they cannot be the same. In
addition, we see a ~-ray feeding this level not seen for the other. This level
was previously known in an («,2n) in-beam experiment [8]. We see the same
1416.7 keV ~-ray with negative angular distribution to the 1972.0 keV 2%
state. Then, the possible spin assignments could be 3 and 1. We prefer the
spin-3 assignment because of the absence of a transition to the ground state,
as expected in the case of being a spin-1 state.

Level at 3388.8 keV. Level seen for the first time. From the negative angular
distribution of the 357.6 keV 7-ray de-exciting the level to the 3031.2 keV 3%
state, the spin assignment could be 2 or 4.

Level at 3411.8 keV. Level known from previous works ( [26] and [22]). We see a
380.9 keV branch in addition to the known 415.3 and 800.2 keV branches. The
angular distributions and polarizations give to the level a firm 4+ assignment.
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Level at 8416.5 keV. This level was known from a previous («,2n) in-beam ex-
periment [8]. We see an 804.9 keV transition with a flat angular distribution
and positive polarization to the 2611.5 keV 4" state and a 1444.6 keV transi-
tion with positive angular distribution and positive polarization to the 1972.0
keV 27 state, in addition to the previously known de-excitation of 1837.2 keV
with negative angular distribution to the 1579.4 keV 3~ state. Thus, the level
assignment is 47.

Level at 3423.2 ke V. This level was previously known from Tb(57) S-decay [22]
and in an («,2n) in-beam experiment [8] and assigned as 37. We see the
known 1843.8 keV 7-ray to the 1579.4 keV 3~ state with a negative angular
distribution, suggestive of M1/E2 multipolarity.

Level at 3428.5 keV. 9~ level known from [1]. We see the 134.8, 245.8 and 446.2
keV known 7-rays. Their angular distributions and polarizations confirm the
assignment.

Level at 3436.2 keV. Level known from Tb(57) S-decay [22]. It was assigned
as J=3. In addition to the known 1464.3 keV ~-ray to the 1579.4 keV 3~ state
that exhibits a positive angular distribution and positive polarization, we see
two new de-excitations: a 824.6 keV ~-ray to the 2611.5 keV 4" state with
positive angular distribution and a 1857.0 keV ~-ray with negative angular
distribution that shows a Doppler shift to the 1579.4 keV 3~ state. Thus, the
level assignment could be 47 or 2% but we prefer the former since there is no
de-excitation to the ground state, as should occur in the later case.

Level at 8456.5 keV. This level was observed in a previous (a,2n) in-beam
experiment [8] but was split into two levels because the side feeding was smaller
than expected for a 4 state, as can be seen in Figure [3.1]. But the fact that
we observe a Doppler shift in the 1877.0 keV ~-ray to the 1579.4 keV 3~ state
indicates its £1, M1 or E2 nature. Then, taking also into account the angular
distribution and polarization of the 798.6 keV ~-ray to the 2657.9 keV 5~ yrast
state, the level assignment is 47.

Level at 8461.1 keV. This level and/or the next in energy was seen in the
(p,t) reaction experiment [25] and assigned as (2). We now see two different
levels. A 1881.7 keV ~-ray de-excitation to the 1579.4 keV 3~ state with
positive angular distribution and Doppler shift, together with the fact that
the (p,t) reaction strongly populates natural parity states, lead to a 37, 1~ or
5 assignment.

Level at 3464.0 keV. A 1884.6 keV de-excitation to the 1579.4 keV 3~ state
with positive angular distribution and Doppler shift, together with the fact
that the (p,t) reaction strongly populates natural parity states, lead to a 37,
17 or 5 assignment. If we take also into account that the level is fed from
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the 3947.2 keV 6T state we can discard the 1~ and 3~ assignments. So finally,
our level assignment is 5.

Level at 3478 keV. Level seen for the first time. It de-excites by a 1899 keV -
ray to the 1579.4 keV 3~ state. No information about its angular distribution
and polarization was extracted, and we cannot make a level assignment.

Level at 3481.8 keV. Level seen for the first time. It de-excites by a 1902.4
keV ~-ray to the 1579.4 keV 3~ state with negative angular distribution and
negative polarization (both with large uncertainties) and has a Doppler shift
that suggest its E1 nature. Thus, the level assignment is (37).

Level at 3484 keV. Previously known 07 state [26]. We now see a de-excitation
to the 1972.0 keV 2% state.

Level at 3484.7 keV. This is the 67 two-phonon octupole state discussed in
Chapter 5.

Level at 3547.5 keV. 2% level known from the (p,t) reaction experiment [25].
We see the first evidence of the level in a y-ray measurement by a transition
to the ground state. This transition shows a Doppler shift as expected for an
E2 transition of that energy.

Level at 3562.8 keV. Level seen for the first time. The level has three de-
excitations: a 951.6 keV y-ray with positive angular distribution to the 2611.5
keV 4% state, a 1591.1 keV ~-ray with positive angular distribution to the
1972.0 keV 2% state and 1983.1 keV ~-ray with negative angular distribution
to the 1579.4 keV 3~ state. Then, the possible level assignments are 4% or 2+,

Level at 3585 ke V. Level seen for the first time. A 2006 keV ~-ray with negative
angular distribution and Doppler shift de-excites the level to the 1579.4 keV 3~
state. The possible level spin assignments are 4 and 2. We cannot determine
the level parity.

Level at 8640 keV. 0% level identified in the E0 decay study [26]. We see a
654.6 keV v-ray de-exciting this level to the 2986 keV 21 state.

Level at 3656.2 keV. Level seen for the first time. The level de-excites by
a 1044.6 keV ~-ray to the 2611.5 keV 47T state, by a 1684.3 keV v-ray with
negative angular distribution to the 1972.0 keV 2% state and by a 2076 keV -
ray to the 1579.4 keV 3~ state that exhibits a Doppler shift. We can conclude
that the level spin is 3, but we cannot determine the parity.

Level at 3659.9 keV. Level seen in the previous («,2n) in-beam experiment [8]
and assigned as 67. We see the 1002.0 keV v-ray with negative angular distri-
bution to the 2657.9 keV 5~ yrast state in agreement with the previous level
assignment.
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- Level at 3686.6 keV. Level known from the (p,t) reaction experiment [25]. In
that work the proposed level spin is (5). We see a level de-excitation y-ray
of 2107.2 keV with positive angular distribution and Doppler shift feeding the
1579.4 keV 3~ state. It should be recalled that the (p,t) reaction strongly
populates natural parity states. Then, the level assignment is 5.

- Level at 3730 keV. Level seen for the first time. The 1758 keV de-excitation to
the 1972.0 keV 27 state is too weak to extract information about the angular
distribution and polarization, so we cannot say anything about the level spin
and parity.

- Level at 3744 keV. Level known from the (p,t) reaction experiment by [25]
but no conclusive level assignment was extracted. The assignment in that
work was (2,3). We see a 1772 keV ~-ray with positive angular distribution
and a Doppler shift, which de-excites the level to the 1972.0 keV 27 state.
We also see a 2165 keV ~-ray to the 1579.4 keV 3~ state, which does not
exhibit a Doppler shift and is suggestive of M1 multipolarity. Then, taking
into account that in the (p,t) reaction natural parity states are populated the
level assignment will be (27,37).

- Level at 3761.5 keV. Level known from (p,t) reaction experiment [25] and its
assignment was (57). An inspection on the angular cross section distribution
in that work shows that it could also be a L=4. The level de-excites by a
1789.5 keV ~v-ray with positive angular distribution and a Doppler shift to the
1972.0 keV 2" state. Then, our level assignment is (4%).

- Level at 3779.2 keV. 8" level known from the previous (a,2n) in-beam exper-
iment [8]. We see the level de-excitation of 797.2 keV with negative angular
distribution and positive polarization to the 2982.0 keV 7~ yrast state thus
confirming the previous level assignment.

- Level at 3783.6 keV. Level known from the previous (a,2n) in-beam exper-
iment by [8] but no conclusive level assignment was extracted (only the ay
value of the v-ray to the 2611.5 keV 4" state that indicated its M1 or E2 mul-
tipolarity). We have seen the same 1172.2 keV v-ray and have measured its
angular distribution (negative) and polarization (positive). Our polarization
is opposed to the ay value but, since the polarization is slightly positive with
a big uncertainty, we believe that the transition has M1 or E2 multipolarity.
Then, the level assignment is 3" or 5T,

- Level at 3790 keV. Level seen for the first time. It is de-excited by a 2210 keV
~v-ray to the 1579.4 keV 3~ state. It does not exhibit a Doppler shift, which
suggests M1 multipolarity. Thus, the level assignment can be (27,37,47).

- Level at 3853.5 keV. Level known from the (p,t) reaction experiment by [25]
and assigned as (5). We see four transitions not seen before: a 822.6 keV
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v-ray to the 3031.2 keV 3% state, a 1244 keV ~-ray with negative angular
distribution to the 2611.5 keV 4T state, a 1881.4 keV ~-ray with positive
angular distribution to the 1972.0 keV 2% state and a 2274 keV v-ray with
positive angular distribution to the 1579.4 keV 3~ state. We cannot firmly
assign spin and parity to the level, but we consider that the best option to be
(37), although this does not agree with the 1881.4 keV 7-ray positive angular
distribution.

Level at 3854.0 keV. 7~ level known from the previous («,2n) in-beam experi-
ment by [8]. We see all three M1 de-excitations seen in that work and confirm
the level assignment.

Level at 386/4.8 keV. 10™ level known from previous work [1]. We see the 436.3
keV ~-ray with negative angular distribution and positive polarization to the
3428.5 keV 97 state that confirms the level assignment.

Level at 3866.5 keV. Level seen for the first time. It is de-excited by a 381.7
keV ~-ray with negative angular distribution and positive polarization to the
6* two-phonon octupole state. It is also de-excited by a 1255.2 keV ~-ray
with negative angular distribution to the 2611.5 keV 4T state. Then, our level
assignment is (57).

Level at 3907.9 keV. Level known from the (p,t) reaction experiment [25] but
no level assignment could be extracted. We see a de-excitation of 876.7 keV
with positive angular distribution to the 3031.2 keV 37 state, and a 2329 keV
(without Doppler shift) to the 1579.4 keV 3~ state. Then, taking into account
that in the (p,t) reaction natural parity states are strongly populated, the level
assignment will be (37).

Level at 3947.2 keV. Level seen for the first time. We see three level de-
excitations: a 483.1 keV ~v-ray with negative angular distribution and positive
polarization to the proposed 5~ level at 3464.0 keV, a 848.1 keV ~v-ray with
positive angular distribution to the 3098.9 keV 6~ state, and a 1289.2 keV
~v-ray with “flat” angular distribution to the 2657.9 keV 5~ yrast state. Then,
the level assignment is 6.

Level at 3973 keV. Level known from the (p,t) reaction experiment [25]. We
see a 2394 keV ~-ray with “flat” angular distribution and Doppler shift to the
1579.4 keV 3~ state. Taking also into account that in the (p,t) reaction natural
parity states are strongly populated, the level assignment will be (37).

Level at 3987 keV. Level seen for the first time. It is de-excited by a 2408 keV
~v-ray with “flat” angular distribution and a Doppler shift to the 1579.4 keV
3~ state. We cannot determine level spin and parity assignment.
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Level at 4006.6 keV. Level known from (p,t) reaction experiment by [25] where
the possible spin assignments were (4,5). We see two level de-excitations: a
2034.7 keV ~-ray to the 1972.0 keV 2+ state and a 2427 keV ~-ray to the 1579.4
keV 3~ state. Taking also into account that in the (p,t¢) reaction natural parity
states are strongly populated, the level assignment will be (47).

Level at 4026.6 keV. Level seen for the first time. We see two level de-
excitations: a 736.0 keV ~-ray with negative angular distribution to the 3290.5
keV 77 state and a 1044.6 keV with negative angular distribution to the 2982.0
keV 7~ yrast state. Then, the two possible spin assignments are 6 and 8.

Level at 4076.7 keV. Level seen for the first time. It de-excites by a 977.8
keV ~v-ray to the 3098.9 keV 6~ state. The big uncertainties in the angular
distribution and polarization data make a level assignment difficult.

Level at 4076.7 keV. 8" level known from the previous («,2n) in-beam exper-
iment [8]. We see the known 924.9 keV ~-ray with positive angular distribu-
tion and negative polarization to the 3182.4 keV 8~ yrast state and the 1125.5
keV v-ray with negative angular distribution and negative polarization to the
2982.0 keV 7~ yrast state. In addition, we see a new transition of 1009.1 keV
with negative angular distribution to the 3098.9 keV 6~. The negative angular
distribution of the new transition is in conflict with the firm level assignment.
It is also strange that such an intense y-ray was not seen in [8].

Level at 4113 keV. Level seen for the first time. It de-excites by a 2534 keV
~v-ray to the 1579.4 keV 3~ state. Its angular distribution is almost “flat” so
we cannot make a level assignment.

Level at 4118.1 keV. Level seen for the first time. It de-excites by a 1460.2 keV
~v-ray to the 2657.9 keV 5~ yrast state. No angular distribution or polarization
information could be extracted and we cannot provide a level assignment.

Level at 4122 keV. Level known from the (p,t) reaction experiment [25], where
the possible spin assignments were (4,5). We see a level de-excitation of 1511
keV with negative angular distribution to the 2611.5 keV 47 state. Since in the
(p,t) reaction natural parity states are strongly populated, our level assignment
isb” or 3.

Level at 4131 keV. Level seen for the first time. The level is de-excited by a
1100 keV ~-ray with positive angular distribution and positive polarization to
the 3031.2 keV 3" state and, thus, the level assignment can be 3% or 5%.

Level at 4152 keV. Level seen for the first time. The level is de-excited by a
2573 keV v-ray with negative angular distribution and a Doppler shift to the
1579.4 keV 3~ state. Then, the possible level assignments are 2 and 4.
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Level at 4166.4 keV. Level seen for the first time. The level is de-excited by
a 1508.5 keV v-ray with negative angular distribution to the 2657.9 keV 5~
yrast state. Then, the possible level assignments are 4 and 6.

Level at 4179.4 keV. Level seen for the first time. Two 7-rays de-excite the
level: a 1197.3 keV ~-ray with “flat” angular distribution and positive polar-
ization to the 2982.0 keV 7~ yrast state, and a 1521.6 keV v-ray with negative
angular distribution to the 2657.9 keV 5~ yrast state. Then, our level assign-
ment is (67).

Level at 4216.3 keV. Level known from the (p,t) reaction experiment [25]
where a spin assignment could not be extracted. We see a level de-excitation
of 1185.2 keV with negative angular distribution to the 3031.2 keV 3" state.
Since in the (p,t) reaction natural parity states are strongly populated, our
level assignment is 2% or 4.

Level at 4230 keV. Level known from the (p,t) reaction experiment [25] where
the L-transfer measured was (5). The level de-excites by a 2651 keV 7-ray with
a Doppler shift to the 1579.4 keV 3~ state. Since in the (p,t) reaction natural
parity states are strongly populated, our level assignment is 5~. The Doppler
shift observed is in agreement with the E2 multipolarity of the transition.

Level at 4248.3 keV. Level known from the previous (a,2n) in-beam experi-
ment [8] and assigned as (9). We see the same 1065.9 keV ~-ray with negative
angular distribution to the 3182.4 keV 8~ state. We cannot add new informa-
tion about the level spin and parity.

Level at 4259.6 keV. Level seen for the first time. There is a de-excitation of
the level by a 1277.6 keV v-ray with a “flat” angular distribution to the 2982.0
keV 7~ yrast state. We cannot conclude anything about the level assignment.

Level at 4286 keV. Level seen for the first time. It is de-excited by a 2707 keV
~v-ray to the 1579.4 keV 3~ state. We cannot conclude anything about the
level assignment.

Level at 4299.6 ke V. Level known from the (p,t) reaction experiment [25] where
the L-transfer measured was (2). We see a 1688.2 keV v-ray with positive
angular distribution that de-excites the level to the 2611.5 keV 4T state. Since
in the (p,t) reaction natural parity states are strongly populated, the level
assignment is 2. Our angular distribution data agrees with this assignment.

Level at 4318.8 keV. Level seen for the first time. We see a 1336.8 keV v-ray
with a “flat” angular distribution and negative polarization that de-excites the
level to the 2982.0 keV 7~ yrast state. Then, the possible level assignments
are 6, 7~ and 8.



105

Level at 4326 keV. Level seen for the first time. It is de-excited by a 1715 keV
v-ray with negative angular distribution to the 2611.5 keV 4" state. Thus, the
possible level spins are 3 or 5.

Level at 4341 keV. In the (p,t) reaction experiment [25], a level at 4336 keV
assigned as (41) was seen, but we are not sure it is the same level we see. Our
level is de-excited by a 2762 keV v-ray without a Doppler shift, which in our
experiment is suggestive of M1 multipolarity. Then, from our data the level is
4=,

Level at 4354.9 keV. Level seen for the first time. Three ~y-rays de-excite the
level: a 1256.0 keV ~-ray with negative angular distribution to the 3098.9 keV
6~ state, a 1372.8 keV ~-ray with negative angular distribution to the 2982.0
keV 77 yrast state, and a 1742 keV v-ray with positive angular distribution
to the 2611.5 keV 4" state. The big uncertainties in the data of the latter two
mentioned y-rays make the spin and parity assignment difficult. The possible
level assignments are then 5~ and 67.

Level at 4372 keV. Level known from the (p,t) reaction experiment [25] and its
assignment was (4). The level is de-excited by a 2793 keV ~-ray to the 1579.4
keV 3~ state. We cannot add anything new to the (47) level assignment.
We give positive parity because in the (p,t) reaction populates natural parity
states.

Level at 4376 keV. This level is very close in energy to the previous level so
we cannot be sure which of them is the level known from the (p,t) reaction
experiment [25]. We see a de-excitation of the level by a 1718 keV ~-ray
to the 2657.9 keV 5~ yrast state. Since we have no angular distribution or
polarization data, our assignment cannot differ from the previous level: (47).

Level at 4389.5 keV. Level seen for the first time. The level is de-excited by
a 1290.6 keV ~-ray with negative angular distribution to the 3098.9 keV 6~
state. The possible level assignments are 5 and 7.

Level at 4399.4 keV. Level known from the (p,t) reaction experiment [25] but
no conclusive level assignment was extracted. We see two ~y-rays de-exciting
the level: a 1300.5 keV ~-ray with negative angular distribution to the 3098.9
keV 67 state, and a 1741 keV v-ray to the 2657.9 keV 5 yrast state. Then,
taking into account that in the (p,t) reaction natural parity states are strongly
populated, our assignments are 5~ and 7.

Level at 4416.8 keV. Level seen for the first time. The level is de-excited by a
1123.2 keV ~-ray with positive angular distribution and positive polarization.
Then, the possible level assignments are 10" and 8.
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Level at 4459.0 keV. Level seen for the first time. Three ~y-rays de-excite the
level: a 1030.7 keV v-ray to the 3428.5 keV 9~ state, a 1165.4 keV ~-ray to the
3293.7 keV 8~ state and a 1276.5 keV y-ray with negative angular distribution
to the 3182.4 keV 8~ state. Then, the level assignment is 7 or 9.

Level at 4484 keV. Level known from the (p,t) reaction experiment by [25].
We see two new de-excitations: a 1826 keV ~-ray with negative angular dis-
tribution to the 2657.9 keV 5~ yrast state and a 2906 keV v-ray to the 1579.4
keV 3~ state. Since in the (p,f) reaction natural parity states are strongly
populated, the level assignment is (4%).

Level at 4484.9 keV. Level seen for the first time and de-excited by a 1056.5
keV ~-ray with positive angular distribution to the 3428.5 keV 9~ state. The
possible level assignments are 77,9 and 11~ but since it does not de-excite to
another different level than to the 3428.5 keV 9~ state, then the latter is the
most probable. Then, our level assignment is (117).

Level at 4502.2 keV. Level known from [42]. We see a level de-excitation of
1073.8 keV with negative angular distribution to the 3428.5 keV 9~ state. The
level assignment is 10 and we cannot determine its parity.

Level at 4520.4 keV. Level seen for the first time and de-excited by a 1909 keV
~v-ray to the 2611.5 keV 4" state. Since we do not have angular distribution
or polarization information, we cannot make level assignment.

Level at 4529.1 keV. Level seen for the first time in [21]. We see the 1547.1
keV ~-ray de-excitation to the 2982.0 keV 7~ yrast state. No level assignment
can be made since no angular distribution or polarization information was
extracted.

Level at 4532 keV. There was a 07 level seen in the (p,t) reaction experi-
ment [25], but it could not be the same state since our level de-excites to a
4% state. We see a 1921 keV v-ray with negative angular distribution to the
2611.5 keV 47 state. Thus, the possible level spins are 3 and 5.

Level at 4541.2 keV. Level known from [42]. We see the known 1112.9 keV ~-
ray with negative angular distribution and positive polarization to the 3428.5
keV 9~ state and an additional de-excitation y-ray of 676.3 keV to the 3864.8
keV 10" state. Therefore, we confirm the 10" previous level assignment.

Level at 4580 keV. Level seen for the first time and de-excited by a 1399 keV
~v-ray with negative angular distribution to the 3182.4 keV 8~ state and by a
1480 keV ~-ray with negative angular distribution to the 3098.9 keV 6~ state.
Our level-spin assignment is 7, but and no parity can be extracted.
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Level at 4608.3 keV. Level seen for the first time and de-excited by a 1314.7
keV ~-ray with positive angular distribution to the 3293.7 keV 8~ state. The
possible level assignments are 8 and 10~.

Level at 4666.8 ke V. Level known from [42]. We see the known 802.0 keV +y-ray
with positive angular distribution to the 3864.8 keV 10" state and a new level
de-excitation of 125.9 keV with negative angular distribution to the 4541.2 keV
107" state. Obviously, the angular distributions are in contradiction. In order
to make a level assignment, we are more confident in the 802.0 keV transition.
Then, our level assignment is (127).

Level at 4722 keV. 4~ level known previously from Th(57) S-decay [22]. We
see a level de-excitation by a 3142 keV v-ray to the 1579.4 keV 3~ state.

Level at 4729.5 keV. There was a (21,37) level seen in a (p,t) reaction experi-
ment [25] but it could not be the same state since our level de-excites to an 8~
level, which implies a level assignment too high to be seen in that experiment.
As we noted, we see a 1435.9 keV v-ray with negative angular distribution and
positive polarization to the 3293.7 keV 8~ state and a 1547 keV v-ray to the
3182.4 keV 8~ state. Then, the level assignment can be (97,77).

Lewvel at 4780.5 ke V. Level seen for the first time and de-excited by a 1391.8 keV
~v-ray with negative angular distribution. Since we do not know the assignment
for the fed level, we cannot say anything about the present one.

Level at 4782 keV. Level seen for the first time and de-excited by a 1800 keV
~v-ray with negative angular distribution and without a Doppler shift to the
2982.0 keV 7~ yrast state. Thus, it has to be an M1 transition and the level
assignment is 8~ or 6.

Level at 4802 keV. Level seen for the first time and de-excited by a 1703 keV
~v-ray without a Doppler shift to the 3098.9 keV 6~ state. We cannot say
anything about the level assignment.

Level at 4848 keV. Level seen for the first time and de-excited by a 1554
keV ~-ray with negative angular distribution and without a Doppler shift to
the 3293.7 keV 8~ state. Thus, it has to be an M1 transition and the level
assignment is 9~ or 7.

Level at 4880 keV. Level seen for the first time and de-excited by a 1451.8
keV ~-ray with negative angular distribution and without a Doppler shift to
the 3428.5 keV 9~ state. Thus, it has to be an M1 transition and the level
assignment is 10~ or 8.

Level at 4898.3 keV. Level seen for the first time. It is de-excited by a 1715.7
keV ~-ray (without Doppler shift) to the 3182.4 keV 8~ state and by a 1604.7
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keV ~-ray with negative angular distribution (without Doppler shift) to the
3293.7 keV 8~ state. The level assignment can be 97 or 7~.

Level at 4943 keV. There was a (27) level seen in a (p,t) reaction experi-
ment [25], but it could not be the same state since our level de-excites to an
8~ state, which implies a level assignment too high to be seen in that experi-
ment. The level is seen for the first time and de-excited by a 1760 keV ~-ray
with a Doppler shift. We cannot say anything about the level assignment.

Level at 5056.3 keV. Level seen for the first time. It is de-excited by a 1191.5
keV ~-ray (apparently without a Doppler shift) to the 3864.8 keV 10" state.
No angular distribution or polarization information was extracted, and we
cannot make level assignment.

Level at 5094.2 keV. 117 level known from [42]. We see a level de-excitation
by a 1229.4 keV ~-ray with negative angular distribution, without a Doppler
shift, to the 3864.8 keV 107 state, confirming the M1 transition multipolarity
and thus the previous level assignment.

Level at 5164.4 keV. Level seen for the first time in [21]. We see the 1299.7
keV ~-ray with negative angular distribution and without a Doppler shift to
the 3864.8 keV 107 state. Thus, it has to be an M1 transition and the level
assignment is 117 or 9%,



Appendix B

Resumen del trabajo.

En este capitulo se realizard un resumen del trabajo en castellano.

B.1 Motivacion fisica.

B.1.1 Los estados de dos particulas y de doble octupolo en
el 16Gd.

En el presente trabajo hemos estudiado los multipletes de particula-hueco y los
estados de dos fonones en el niicleo del *°Gd. El nicleo del *6Gd esta emplazado
dentro de la tabla periédica en la regién de las tierras raras y pertenece al grupo
de los lantdnidos. Este nicleo presenta un “gap” energético de aproximadamente
2.4 MeV en Z=64 que, conjuntamente al conocido caracter magico de N=82, da al
16Gd muchas de las caracteristicas propias de los nicleos doblemente mégicos (ver
Figura [B.1]). EI Gd es el tinico niicleo junto al ?*®Pb que presenta un estado 3~
como primer estado excitado y, a diferencia del 2%Pb es accesible en reacciones “en
haz”. El estudio de los multipletes del *6Gd tiene un particular interés debido a
que nos proporciona informacién acerca de la interaccion residual nucleén-nucleén

y datos fundamentales para los calculos de modelo de capas de la regiom.

Los estados de doble octupolo en nicleos doblemente magicos han sido predichos
desde hace mucho tiempo y experimentalmente han sido buscados intensamente en el
208Ph. Algunos candidatos sélidos han sido propuestos recientemente [5]. También
en los nicleos vecinos al '**Gd se han identificado este tipo de estados (ver [6, 7]
para los estados "“"Gd(vfrox37x37) y ¥ Gd(v*x37x37)). En el trabajo “en haz”
de Yates et al. [8] se propusieron dos posibles candidatos para estos estados. La con-
firmacién de estos estados en el 6Gd y la identificacién de los restantes miembros
del multiplete (3~ x37) es uno de los principales objetivos del presente trabajo.
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Quasiparticle Energies (MeV)
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Figure B.1: Energias experimentales de quasi-particula para protones y neutrones
en la region N=82 y Z=64.

B.1.2 Estados vibracionales.

Al tratar de describir las propiedades macroscépicas de los niicleos nos encon-
tramos con que presentan dos tipos de movimientos: el movimiento de vibracién (en
nucleos esféricos o casi esféricos) y el movimiento rotacional (en el caso de nucleos
deformados). Como hemos dicho previamente, el nicleo del *6Gd presenta las car-
acteristicas de un nicleo doblemente magico, lo que comporta que sea el movimiento
vibracional el que més nos interese. El modelo vibracional se basa en la asuncién
de que el comportamiento del nicleo se asemeja al de una gota liquida: el nucleo se
considera que es un fluido homogéneo esférico en su equilibrio, de radio Ry, cuyas
fluctuaciones alrededor del mismo se describen con la ecuacién:

R(8,¢) = {1+Z > au(t) Yau(® ¢)} (B.1)

A=0 u=—A

donde cada modo vibracional A viene descrito por los 2A+1 factores de forma
(@au, = -A,...,A). Los estados correspondientes a cada modo vibracional tienen un
momento angular J = A y paridad P = (-1)*. El primer modo vibracinal corre-
sponde al modo monopolar (A=0) en el cual se produce una excitacién radial del
ntcleo. Este primer modo se suele llamar modo de respiracion y solo conlleva un
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cambio en la densidad. El siguiente modo es el dipolar (A=1) el cual conlleva una
traslacién del centro de masas. El tercer modo vibracional (A=2) es el quadrupolar
e induce cambios en la forma esférica del nicleo, que oscila entre una forma prolata
y una forma oblata pasando por la esférica. En cuarto lugar encontramos el modo
vibracional octupolar (A=3) el cual es el mds complejo de los citados hasta el mo-
mento ya que el nucleo presenta forma de “pera” y en su oscilacién la parte delgada
pasa a ser la gruesa y viceversa.

El Hamiltoniano de cada modo vibracional puede escribirse en términos de los
factores de forma como:

1 da)\u 2 1 2
H,\ = §D,\Z dt + EC’\Z ‘Of,\u‘ (BQ)
u 1
donde
5
D, = PHa (B.3)
A
y
1 ys b A-1  Z(Z-1)
C)\ = . ()\ 1)()\ + 2)01514 o7 N + 10,/0 A1/3 (B4)

Como se puede apreciar, la estructura del Hamiltoniano es la misma que la de
un oscilador arménico de frecuencia

wy = \/g:i (B.5)

Cuando cuantizamos el oscilador armoénico, los estados vibracionales, también
llamados fonones, estdn definidos por los nimeros cudnticos |N;Ap) donde N es
el nimero de cuantos de energia vibracional de multipolaridad A. Si resolvemos
la ecuacion del Hamiltoniano, encontramos que los valores de las energias de los
estados vibracionales vienen dados por la relacién:

Ey=hwy Yy (nw + %) (B.6)

Si nos fijamos en el caso de los modos vibracionales quadrupolar y octupolar
tenemos los siguientes estados de uno y de dos fonones:
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A | Fonén | Energia | Miembros del multiplete
0 0/uwws 0+
2 1 P 2t
2 2hwy 0t,2% 4%
0 0fws 0+
3 1 huws 3~
2 2hws 0t 2% 41 6%

La consecuencia més importante que se puede extraer de la tabla es que la energia
de los estados de dos fonones, si no presentan perturbaciones, se encuentran justo
al doble de la energia de sus correspondientes estados de un fonén.

B.1.3 Estados octupolares.

Se han realizado muchos estudios tratando de identificar estados de un fonén
y estados de dos fonones. Hasta el momento, tan solo se han podido identificar
estados de dos fonones acoplados a estados excitados de una o dos particulas [12, 13].
Estos casos son mas faciles de identificar porque las cascadas de dos transiciones E3
caen sobre la linea yrast con lo que otras posibles transiciones de multipolaridad
menor apenas pueden competir. Existen tres regiones donde se esperan excitaciones
octupolares con transiciones E3 con mas de 30 W.u. pero sélo existen dos nucleos
donde el primer estado excitado es un 37: el 1“6Gd y el 2°®Pb. La tercera regién
es la del %Zr. Aparte de sus similitudes en términos de excitacién octupolar, en
un principio se espera que sea mas facil encontrar excitaciones de dos fonones en el
nicleo “®Gd debido a que el estado de un fonén aparece aproximadamente 1 MeV
més bajo en energia que en el caso del 2%Pb y por tanto, la densidad de estados a
la energia a la cual se espera el estado de dos fonones es mucho menor, esto debe
facilitar la identificacién de dicho estado. En la Figura [B.2] se pueden apreciar las
energias de los primeros estados excitados 2* y 3~ en los nucleos vecinos al Gd con
A par y N=82.

B.1.4 Conocimientos previos sobre el nicleo “6Gd.

El emplazamiento del niicleo de *Gd en la tabla de ntclidos, en la parte
izquierda del valle de estabilidad, hace posible el estudio del nicleo por medio de
distintas técnicas:

1. Por medio de reacciones de fusién-evaporacién es posible la medida “en haz”
de las desexcitaciones 7 del niicleo excitado de *6Gd. Los primeros estudios
de este tipo permitieron la identificacion de los estados yrast hasta energias de
~9 MeV [1, 18]. Estudios de los estados excitados 07 y 2% fueron realizados
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Figure B.2: Energias de los primeros estados excitados 2 y 3~ en nucleos con A
par y N=82.

por [19, 20, 26]. Hace unos 20 afios, se realizé un experimento **Sm(c,2n),
Yates et al. [8], para estudiar estados no yrast y buscar los estados de doble
octupolo. En el Trabajo de investigacién [21] previo a esta Tesis se llevé a
cabo un experimento usando la misma reaccién y a la misma energia que en
Yates et al. [8], pero con un montaje experimental mucho més avanzado. Dicho
experimento supuso un gran avance en el conocimiento del esquema de niveles
del niicleo de *6Gd por encima de la linea yrast, pero desgraciadamente no
se pudo extraer informacién sobre distribuciones angulares ni polarizaciones,
lo que impidié hacer asignaciones firmes de espin y paridad de los estados
excitados.

2. Estudios de [ — decay. El estudio de la desexcitacion Gamow-Teller del
isémero con 23-sdel *Tb (I"=57) que puebla estados especificos de particula-
hueco de hasta ~3.4 MeV de energia de excitacién en el nicleo de “6Gd fue
realizado por Styczen et al. [22]. La desexcitacién 8 — decay del isémero 1+
con Ty/,=8 s puebla estados con I"=0" y 2% y fue estudiada por Kleinheinz
et al. [23].

3. Las reaciones de transferencia de dos neutrones suponen la produccién del
nicleo de 6Gd en estados de excitacién predominantemente de paridad nat-
ural. Los dos estudios existentes con reacciones '**Gd(p,t)'*¢Gd fueron real-
izados por Flynn et al. [24] y Mann et al. [25].

B.2 El experimento.

Las medidas presentadas en este trabajo fueron realizadas en el “Institute for
Nuclear Physics” (IKP) de la Universidad de Colonia (Alemania) con un haz de
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particulas o producido en el acelerador Tandem Van der Graaf con una tensién de
8.75 MV y usando una fuente de tipo duoplasmatrén. Dependiendo de la energia a
la que se lleva a cabo la reaccion, tendremos abiertos unos u otros canales de salida
de la reaccién. La energia 6ptima para la poblacién de estados no yrast en los que
estamos interesados en el ®Gd se conoce a través del trabajo de Yates et al. [8].
Estos datos indican que 26.3 MeV es la energia éptima ya que a esta energia las
funciones de excitacion para las gammas no yrast han sido atenuadas y si incre-
mentdasemos ain mas la energia del haz dariamos lugar a una produccién mayor de
transiciones yrast, las cuales estan ya bien conocidas y no son el objetivo de este
trabajo.

B.2.1 El sistema de deteccion.

Figure B.3: Esquema del sistema de deteccién en el que aparecen los distintos
angulos respecto a la direccién del haz a los que se situaron los detectores.

La reaccién estudiada fue la '**Sm(«,2n), en la que la energia del haz era 26.3
MeV y el blanco de **Sm tenia 3.0 mg/cm? de espesor enriquecido al 97.6% sobre
un soporte de 0.5 mg/cm? de Au elaborado en el Laboratori Nazionale di Legnaro
(Italia). El haz se paraba un metro detrds del blanco con Ta. Con este espesor
de blanco de Sm, la energia promedio de las particulas o a mitad del blanco era
de unos 26 MeV y por tanto la energia media de los niicleos de *6Gd era de 6.3
MeV. Con esta energia, la distancia media que recorren estos ntcleos en retroceso
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es de 1.2 mg/cm? antes de pararse totalmente, lo que equivale a un periodo de 1 ps.
Por lo tanto, todos los rayos gamma que desexcitan los estados de dicho nicleo con
vidas medias del orden del ps apareceran en parte parados y en parte desplazados
en energia debido al efecto Doppler. Los que tengan vidas medias muy superiores
apareceran parados y los que tengan vidas medias muy inferiores apareceran total-
mente desplazados.

Para la deteccién de los rayos gamma empleamos 10 detectores de germanio situ-
ados a 90, +45 y £35 grados. Uno de los detectores era un detector CLUSTER
compuesto por siete capsulas independientes de germanio que, al estar emplazado
a 90 grados, hizo las funciones de polarimetro [33]. Dada la disposicién de los de-
tectores, también ha sido posible la extraccién de una anisotropia angular (de la
relacién entre las intensidades de la transicién a 40 y 90 grados). La combinacién
de la informacién extraida de la anisotropia y de la polarizacién posibilita la iden-
tificacién de la multipolaridad y naturaleza (eléctrica o magnética) de la transicion.
Los detalles del montaje pueden verse en la Figura [B.3]. La corriente medida du-
rante el experimento en la taza de Faraday fue de 2.5 nA. La sensibilidad de nuestro
experimento es unas 10 veces mejor que la del anterior experimento hecho por Yates
et al. [8], y un factor 2 respecto al experimento que se analizé para el Trabajo de
investigacién [21].

B.2.2 Sistema de adquisicion de datos y calibraciones.

Los datos del experimento se adquirieron utilizando el sistema de adquisicion
desarrollado en la Universidad de Colonia y que permite adquirir espectros de dos
modos distintos: un espectro directo proveniente de las senales de cada detector en
la que no se impuso ningin requisito, y un espectro de coincidencias -y donde se
requirié que las senales se hubiesen producido dentro de un intervalo de tiempos
menor de 300 ns. Este requerimiento se impuso usando la electrénica apropiada
y la multiplicidad minima requerida fue de dos gammas interaccionando con dos
detectores de Ge. En total se midieron un total de 132 horas de estadistica. Inmedi-
atamente después se realiz6 una medida de la actividad del blanco. A continuacion,
se realizé una calibracién de energia, con ??Ra con la fuente situada cerca de la
posicién del blanco, y otra calibracién en eficiencias con fuentes de ??Ra y *?Eu
situadas en la posicién del blanco. Hay que mencionar que se aplicé una correccién
en los espectros de cada detector para corregir los cambios en las ganancias tem-
porales de los mismos durante el experimento. Las matrices de coincidencias y-y se
realizaron sorteando los datos recogidos suceso a suceso (list-mode) seleccionando
unicamente los sucesos que se encontraban dentro de una ventana de tiempos de
~50 ns (esta condicién se impuso “software”) y restdndole a dicha matriz un fondo
seleccionado a ambos lados de la ventana de tiempos y con una anchura total igual
a la de la ventana de tiempos (ver Figura [B.4]). Se contruyeron matrices con todas
las combinaciones de dngulos posibles para asi poder extraer las anisotropias de las
transiciones que no estuviesen limpias en los espectros directos.
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Figure B.4: Espectro del TDC del Germanio 1. Ejemplo de una seleccién de ventana
de tiempos de un detector para la obtencién de la matriz de coincidencias ~y-7.

B.3 Analisis del esquema de niveles.

La construccién del esquema de niveles se basé en el andlisis de la matrices de
coincidencia y-y. Para ello se ponen ventanas de coincidencia en todos los picos que
aparecen en el espectro y se ve qué picos estdn en coincidencia con este. A partir
de la comparacion de todas las ventanas y, en algunos casos con la ayuda de las in-
tensidades de los picos, se puede construir el esquema de niveles. Otra informacion
adicional la obtenemos al comparar la forma de los picos entre espectros de detec-
tores situados a 90 grados y detectores situados a 45 grados, ya que asi podemos
identificar los picos que presentan efecto Doppler. Las ventanas de coincidencias
fueron puestas de forma que el fondo a extraer quedase a ambos lados de la ventana
y fuese de la misma anchura en total que la ventana en el pico. Ademads se evito el
seleccionar como fondo regiones con otros picos.

El primer paso en el analisis fue el corroborar el esquema de niveles conocido anterior-
mente [8] y [21]. Una vez comprobado, se procedié a poner ventanas de coincidencia
sistematicamente y elaborar el nuevo esquema de niveles. Una vez identificadas las
nuevas transiciones, se calcularon las intensidades de los gammas. Para ello se in-
tegraron los picos en los espectros directos en los casos en los que estos aparecian
limpios (sin contaminantes). En los casos en los que no era asi, la intensidad se
determiné a partir del espectro de coincidencias donde se normalizé la intensidad
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del gamma al més intenso de los que poblaban el mismo nivel (normalmente era uno
de la linea yrast).

Todas las nuevas transiciones que se encontraron se pueden ver en la Tabla [3.1]
ordenadas por energias de los niveles y en la Tabla [3.2] ordenadas por energias de
las transiciones. El nuevo esquema de niveles del niicleo de “6Gd se puede apreciar
al final del capitulo 3.

B.4 Discusion de los niveles.

Uno de los principales objetivos del presente trabajo era extraer las interacciones
residuales nucleén-nucleén del niicleo de 6Gd. Para extraer estas energias podemos
proceder de dos maneras:

1. En los casos en los que se conozcan las energias experimentales de los miem-
bros de los multipletes en los nucleos vecinos al “¢Gd, se puede calcular la
energia de la interaccion residual del nticleo en cuestion y asumir que la del
146Gd es igual y calcular las energias esperadas de los miembros del multiplete
en el nicleo de *Gd. Un ejemplo lo tenemos en el multiplete wh?, /- Primero
calculamos la energia no perturbada del multiplete en el niicleo de Dy (este
método de cdlculo de la energia no perturbada estd descrito en [37]):

148 Dy 147 Tb 147 Tb 146 Gd

[EU’”’(thl/z,148 Dy)+(Masa del *®Dy)] = [E'(7rh%1/2,147 Tb)+(Masa del “*"Tb)]

+[E’(7Thf1/2,147 Tb)+(Masa del 147Tb)]—[E’(7rhfl/2,146 Gd)+(Masa del "*°Gd)]
(B.7)

donde E'(7h}, ,,"*"Tb) es la energia experimental de la configuracién h?, , en
el niicleo de '*"Tb y E'(rh?, ,,'*°Gd) es el “ground state” de "°Gd.
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Por lo tanto, la energia no perturbada del multiplete wh}, P el nicleo de

8Dy es:
1
EUnp(’ﬂ'h,%l/Q,Ms Dy) =2X E,(ﬂ-h%l/%l47 Tb) + +2 | =
[-1]
= (2% 51) + 2497 = 2599 keV (B-8)
donde
-1
+2 | = —(Masa del "**Dy)+2x (Masa del “*"Tb) — (Masa del ***Gd) (B.9)
[-1]

A continuacion calculamos la energia del multiplete no perturbada en el niicleo

de 6Gd.
[-1]
EUm(7hY, 10,0 Gd) = 2 X E'(whiy )0, Bu) + | +2 | =
-1
= (2 x 716) + 2070 = 3502 keV’ (B.10)
donde
1] 14 144
+2 | = —(Masa del "*°Gd) + 2 x (Masa del **® Eu) — (Masa del ***Sm)
1

(B.11)

Asi pues, si comparamos las energias experimentales con la no perturbada en
el nicleo de **Dy podemos extraer la energia de interaccién residual de cada
miembro del multiplete. Seguidamente, si asumimos que esta energia residual
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es constante en ambos nucleos, calculamos la energia no perturbada del *6Gd
y a continuacién la esperada (E*) para cada miembro del multiplete en el
146Gd. Los resultados anteriores se pueden ver en la tabla siguiente:

EC(wh?, ,,"*Dy) = 2599 keV

I 0F [ 2F | 47 [ 67 | 8% [ 107
EP(rh?, , ®Dy)(keV) | 0 | 1678 | 2428 | 2732 | 2833 | 2919
EFe (keV) "2599 | -921 | -171 | 133 | 234 | 320

EC(rh?, »,"Gd) = 3502 keV
E*(mhi, ,,"°Gd)(keV) | 903 | 2581 | 3331 | 3635 | 3736 | 3822

2. En los casos en los que no existen datos experimentales de los que extraer la
energia de la interaccién residual, debemos de realizar una estimacién de esta a
partir de la interaccién nucleén-nucleén SDI (Interaccién Delta de Superficie).
Dicha interaccién residual, junto a la energia no perturbada y una estimacién
de la interaccién coulombiana de 300 keV nos proporciona las energias (E*) de
los miembros del multiplete. Un caso asi es el del multiplete 7s? P

[-1]
EU"P(,”S%/Q’IALG Gd) =2x EI(WS%/Q,IALS Eu) + +2 | =
1
= (2 x 809) + 2070 = 3688 keV/ (B.12)

I" 0+
EZ¢s(Célculo SDI)(keV) -176
Interaccién Coulombiana(keV) | 4300
E*(ms{ 5, **Gd) (keV) 3812

Este proceso se ha seguido para el calculo de los multipletes de nucleén-nucleén.
Para el caso de los estados de dos fonones, como dijimos anteriormente, la energfia
no perturbada esperada es la suma de las energias de los estados de un fonén. Asi
pues, para el caso del multiplete (3~ x27) la energia a la que se esperan sus miembros
es de 3551 keV (1579 + 1972) y de 3159 keV para el (37 x37). Todas las energias
estimadas pueden verse en la Figura [B.5].

Como se menciond anteriormente, la capa de neutrones con N=82 estd mucho
mas fuertemente cerrada que la de los protones en Z=64. Esto conlleva una mayor
energia de excitacion para los estados de neutrones que para los de protones. Por lo
tanto, los estados excitados en *6Gd por debajo de 3.5 MeV corresponden a estados
de dos protones.
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Figure B.5: Energias estimadas de protén-protén en el nicleo de 6Gd.

Con las estimaciones de las energias de excitacién de los miembros de los mul-
tipletes podemos realizar asignaciones de configuraciones a los estados excitados
identificados en nuestro experimento. Estas asignaciones pueden verse al final del
capitulo 4. Cabe destacar que segin las estimaciones de las energias de los miem-
bros de los multipletes anteriormente citados, por debajo de 3.55 MeV se esperaban
38 estados de dos protones y de nuestro analisis de los datos experimentales hemos
identificado 38 estados por debajo de dicha energia.

B.5 Estados de dos fonones en el nicleo de *Gd.

Como hemos dicho anteriormente, el principal objetivo de el presente trabajo
era la identificacion de los miembros del multiplete de dos fonones de octupolo en el
nicleo de 6Gd. A continuacién describiremos las conclusiones extraidas para los
cuatro miembros del multiplete (37x37) detalladamente:

e Estado 0. Después de los dos estados 01 correspondientes a los estados de
“pairing vibrational” de protén y neutrén, que son los que se encuentran a
energias mds bajas, encontramos el primer estado 0" a 3484 keV. Esta energia
dista bastante de la esperada a 3159 keV ya que sélo se esperan pequeinas
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perturbaciones. La prueba seria encontrar la transicion E3 que vaya del estado
0" al 37. Sin embargo, el hecho de que se haya encontrado (como veremos en
unas lineas) el estado 67 exactamente a la misma energia hace imposible que
en el presente experimento se pueda identificar una transicién 0T—3~. Asi
pues, asignamos este estado al estado de doble octupolo pero recordando que
esta asignacion es hasta cierto punto especulativa.

e Estado 2*. Se han encontrado dos candidatos igualmente validos: un estado
a 3185.8 keV y otro a 3232.2 keV. Tanto por su energia de excitaciéon como
por la forma de desexcitarse, ambos podrian ser el 2™ del doble octupolo.

e Estado 4%. En el anterior experimento realizado por Yates et al. [8] se pro-
puso el nivel situado a 2967.4 keV como candidato al miembro del multiplete
(37 x37) basdndose en criterios energéticos. En el presente trabajo estamos
de acuerdo con esa asignacidn.

. (E1) | 381.7 keV
6 348akev — — — — O

_ e l 2026 ke 826.7 keV/ ==== 2¥
7 El -4
5- E2 ‘ 324.1 keV 1005.8 kev

E3
1078.5 keV
E2
3
1579.4 keV
E3
o
14GGd

Figure B.6: Esquema de niveles parcial del nicleo de 6Gd en el que se ven las
transiciones que pueblan y desexcitan el estado 6% de dos fonones de octupolo. En
negro se ven las transiciones conocidas previamente [8] y en rojo las observadas en
el presente trabajo. Los niveles representados con lineas discontinuas corresponden
a los candidatos propuestos de los estados 07, 2 y 4 de doble octupolo.

e Estado 67. Un nivel situado a 3484 keV fue observado previamente en Yates
at al. [8]. Este nivel se desexcita mediante una transicién El1 “streched” de
826.7 keV al estado yrast 5~ (ver Figura [B.6]). Nosotros hemos observado
una nueva transicion al estado yrast 7~ con anisotropia angular negativa y
polarizacién positiva, lo cual indica que se trata de una transiciéon El1. En este
punto, el espin y paridad del estado a 3484 keV ha de ser 6*. Adicionalmente,
vemos una transicion de 1905.8 keV al estado 37, lo cual, en el caso de que de-
sexcitase el mismo nivel, indicaria que se trata de una transicion E3 y el estado



122

Chapter B

corresponderia al multiplete (3~ x37). El hecho que finalmente ha caracteri-
zado este nivel como el miembro del doble octupolo es la observacién de una
transiciéon que puebla este nivel y desde cuya ventana de coincidencias se ob-
servan las tres transiciones descritas que desexcitan el nivel (ver Figura [B.6]).
Asi pues, podemos concluir que hemos identificado el estado 61 del multiplete
de dos fonones de octupolo en el niicleo de *®Gd. Esto supone un gran avance
en la investigacion de las excitaciones de doble octupolo ya que es la primera
vez que se observa la doble desexcitacién E3 (6T—3"—0T).

B.6 Conclusiones.

En este trabajo se ha estudiado la reaccién de fusién-evaporacién **Sm(a,2n)
utilizando un haz de particulas o a una energia de 26.3 MeV incidiendo sobre un
blanco de **Sm tenia 3.0 mg/cm? de espesor de enriquecido al 97.6% sobre un so-
porte de 0.5 mg/cm? de Au. La sensibilidad de nuestro experimento fue unas 10
veces mejor que el anterior realizado por Yates et al. [8].

En este trabajo se han encontrado un total de 56 nuevas transiciones gamma corre-
spondientes a 44 nuevos estados y 50 nuevos rayos gamma procedentes de 39 estados
previamente conocidos. Asi mismo, se han observado 10 transiciones nunca vistas
previamente en experimentos en “haz”.

En general se han confirmado los estados conocidos previamente. Gracias al gran
avance realizado en el conocimiento de estados excitados en este nicleo, ha sido posi-
ble identificar nuevos candidatos o miembros de los multipletes de dos particulas,
asi como para los miembros de los multipletes de dos fonones. Cabe destacar la
identificacién del estado 67 del doble octupolo asi como la observacién por primera
vez de una cascada de dos transiciones E3 (6T —3~—07").
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