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Zusammenfassung

Die Lebensdauer angeregter Kernzustände ist eine wichtige Observable in der Kern-
strukturphysik. Sie liefert Informationen über die zugrundeliegende Struktur der an-
geregten Zustände und ist in Kombination mit Zerfallsverzweigungsverhältnissen und
Multipolmischungsverhältnissen eine notwendige Information, um Übergangsmatrixe-
lemente zu bestimmen. Letztere erlauben Rückschlüsse auf die Wellenfunktionen des
Sytems und ihre Vorhersage ist ein essentieller Test für Kernstrukturmodelle.

Isomere Zustände zeichnen sich durch eine außergewöhnlich lange Lebensdauer aus,
die eine Folge ihrer Kernstruktur ist. Die Untersuchung von Isomeren und ihrem Zer-
fall liefert einen wichtigen Beitrag zu einem tieferen Verständnis der mikroskopischen
Strukturen innerhalb einer Massenregion.

Die Messung von Lebensdauern in exotischen Kernen stellt eine große experimentel-
le Herausforderung dar. Dieser wird durch aktuelle Entwicklungen in der Anwendung
von inverser Coulomb-Anregung und Plunger-Messungen mit radioaktiven Strahlen
begegnet. Eine weitere Methode, anwendbar für Lebensdauern bis hinab zu 5 ps, ist
die Verzögerte Koinzidenz-Methode mit sehr schnellen LaBr3(Ce)-Detektoren. Diese
Technik wurde in dieser Arbeit zum ersten Mal angewendet um Lebensdauern in sehr
neutronenreichen Kernen zu bestimmen.

Die durchgeführten Experimente an neutronenreichen Kernen mit Neutronenan-
zahl N=60 und deren Ergebnisse werden diskutiert. Ein neues µs-Isomer mit einem
76.5 keV E1-Zerfall wurde eindeutig dem N=60-Kern 97Rb zugeordnet. Ein neuer
Zerfallszweig des deformierten K = 9/2+ [404] Isomers in 97Sr wird vorgestellt. Le-
bensdauermessungen von Rotationszuständen in 99Y und von Zuständen mit bislang
ungewisser Struktur in 100Nb wurden erfolgreich durchgeführt. Lebensdauermessungen
im β-Untergrund bestätigen frühere gemessene Werte. Diese Experimente unter An-
wendung der Verzögerten Koinzidenz-Methode demonstrieren überzeugend die Mach-
barkeit von Präzisions-γ − γ-Fast-Timing-Messungen von angeregten Zuständen in
exotischen Kernen, die ein niedriges Signal-zu-Untergrund-Verhältnis und einen aus-
gedehnten Strahlfleck mit sich bringen. Messergebnisse einer umfassenden Isomer-
Spektroskopie-Kampagne am Lohengrin-Massenseparator am Institut Laue-Langevin,
Grenoble, werden vorgestellt. Diese Messungen lieferten präzisere Lebensdauern von
µs-Isomeren in leichten Spaltungsfragmenten. Des Weiteren war es möglich, Isomer-
bevölkerungsverhältnisse für viele der beobachteten Isomere zu bestimmen. Diese
Ergebnisse sind wertvolle Vergleichsdaten für Modellvorhersagen und essentielle Infor-
mationen für das Verständnis des komplexen Spaltungsprozesses. Abschließend werden
die experimentellen Ergebnisse diskutiert und mit Vorhersagen aus Kernmodellrech-
nungen verglichen. Dem neu entdeckten Zustand mit dem 76.5 keV Zerfall in 97Rb
konnte ein Spin von (1/2, 3/2, 5/2)− zugeordnet werden. Der Vergleich zu Rechnungen
von Simpson und Daugas weist auf einen möglichen oblaten Charakter dieses tiefliegen-
den isomeren Zustands hin. Der neue Zerfallszweig, der in 97Sr beobachtet wurde, führt
zu der Identifikation des 522 keV Zustands als ersten angeregten 5/2+ Zustand. Rech-



nungen innerhalb des IBFM deuten auf einen Ein-Quasi-Teilchen-Charakter dieser An-
regung. Mit der Lebensdauermessung in 99Y ist ein weiteres Anzeichen für die reguläre
Rotationsstruktur der Grundzustandsbande gewonnen. Eine Rechnung mittels des
Quasi-Teilchen-Rotor-Modells mit der Annahme einer axial-symmetrischen Deforma-
tion zeigen gute Übereinstimmung für die Grundzustandsbande in diesem Isotop. Die
Lebensdauermessungen für die Zerfallskaskade des µs-Isomers in 100Nb deuten auf den
nicht-kollektiven Charakter dieser Anregung hin.



Abstract

Lifetimes of nuclear excited states are a very important observable in nuclear
physics. They deliver information on the structure of excited states, and, in com-
bination with branching ratios and multipole mixing ratios, are necessary to deduce
transition matrix elements. These are directly linked to the wave functions of the sys-
tem and their prediction poses an important test for nuclear structure models. Isomers
are a special kind of excited state. Their unusually long lifetime is an embodiment
of their unique structure. A study of isomers and their decay often yields a better
understanding of evolution of the microscopic structure within a mass region.

The measurement of lifetimes in exotic nuclei poses a great experimental challenge.
This challenge is met by the recent developments in application of inverse Coulomb
excitation and Plunger measurements with radioactive ion beams. Another method
which is applicable for the measurement of lifetimes down to 5 ps is the delayed coin-
cidence method with very fast LaBr3(Ce) detectors. This technique was successfully
applied in combination with a fission fragment separator for the first time in this work
to measure lifetimes in very neutron-rich nuclei.

Experiments on neutron-rich nuclei with neutron number N = 59 and N = 60,
performed within the scope of this thesis, are discussed and the results are presented. A
new µs isomer with a 76.5 keV E1 decay transition was unambiguously assigned to the N
= 60 nucleus 97Rb. Data on a new decay branch of the K=9/2+[404] deformed isomer
in 97Sr are presented. Lifetime measurements of rotational states in 99Y and states
with previously unknown structure in 100Nb were performed successfully. Lifetime
measurements in the β background reproduced literature values. These experiments,
employing the delayed coincidence technique, convincingly demonstrate the feasibility
of precision γ γ fast timing measurements of excited states in exotic nuclei, which
involve low peak-to-background ratio and an extended beam spot.

The data of a large isomer spectroscopy campaign at Lohengrin at the Institute
Laue-Langevin, Grenoble, are presented. These measurements yielded more precise
µs isomer lifetimes in light fission fragments. Furthermore, it was possible to deduce
isomer population ratios for many of the observed isomers. These results are important
data for comparison with model predictions of mean spin population after fission, and
essential information for understanding the very complex fission process.

Finally, the experimental results are discussed and compared to nuclear model cal-
culations. For 97Rb a spin assignment of (1/2, 3/2, 5/2)- can be made for the state with
the 76.5 keV transition. Comparison to calculations, made by Simpson and Daugas,
shows hints at a possible oblate character of the low-lying isomeric state. The new
decay branch in 97Sr allows a spin assignment of 5/2+ to the state at 522 keV. Calcula-
tions within the IBFM indicate a simple one-quasi-particle structure of this state. The
lifetime measurements in 99Y give further evidence for the regular rotational structure
of the ground-state band in this nucleus. A calculation applying the quasi particle
rotor model, assuming axially symmetric deformation, yields good agreement for the



ground-state band. The lifetime measurements in the decay cascade of the µs isomer
in 100Nb clearly indicate non-collective nature of these excitations.
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Introduction

The nuclei in the shape transition region at neutron number N = 60 have been a focus
of nuclear structure studies for many years. With new and improved experimental
techniques the neutron-rich nuclei in this region, with proton numbers below Z = 40,
became more accessible, enabling a study of the influence of occupation of the proton
orbitals on the shell structure of this region. In this thesis, new data on four nuclei
in this mass region are presented. The very exotic character makes a study of these
nuclei a real challenge for the experimentalist. For the nucleus 97Rb - the most exotic
one studied in this work - only the features of the ground state were known before the
measurement presented here. Many nuclear structure studies focus on even-even nuclei.
Due to the strong influence of the residual pairing force, these nuclei exhibit a much
more simple structure than odd-A nuclei. The influence of the one odd particle in the
nucleonic system is large. Not only do single particle excitations appear at low energies
but also the collective structure is influenced dramatically due to the more complex
intrinsic configuration. These influences can be understood only on a microscopic basis.
And herein lies the importance of studying odd nuclei for the field of nuclear structure.
To understand the evolution of nuclear structure, the appearance of collectivity and
phenomena like shape coexistence, it is crucial to know the evolution of single particle
energies. The assignment of Nilsson configurations to excited states in odd-A nuclei is
one way to learn more about the microscopic structure. Isomers always play a major
role in this context. The K=9/2+ isomers in nuclei with neutron number N = 59, e.g.,
have been studied recently to investigate the role of the up-sloping 9/2[404] orbital in
the sudden shape change.

One often reads in introductions that the mass region around A = 100 exhibits a
rich variety of nuclear structure phenomena. Low-energy excitations in these nuclei
have a very complicated structure would be another way of putting it. It is clear that
in order to at least have the hope to get accurate results, theoretical calculations have
to be very sophisticated, taking into account sharp changes of ground-state properties,
an extended model space due to inclusion of intruding orbitals and pn-interaction and
of course multi-configuration mixing. As many effects play a role in this region, it can
be risky to simplify, especially for the very exotic nuclei beyond neutron number N=59,
where data are scarce and models cannot be firmly tested. This is also the reason why
new information is crucial for our understanding of this region.

The measurements of lifetimes of excited states in this region are very important
because these can deliver information on the structure of the states. Lifetime measure-
ments in exotic nuclei meet several challenges. The fast timing technique experiences
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a renaissance for several years. The implementation of fast LaBr3(Ce) scintillation
detectors allows for γ-γ delayed coincidence measurements of lifetimes down to several
pico seconds. In one experiment, performed within the scope of this thesis, this tech-
nique was combined for the first time with a fission fragment separator to study very
neutron-rich nuclei. Recently, the first (n, fission) experiment with a large LaBr array
was conducted with very promising first results.
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Chapter 1

Theoretical concepts

This chapter reviews some theoretical concepts of nuclear structure physics. A spe-
cial emphasis is placed on deformed odd-A nuclei far from closed shells. The overview
includes an introduction to nuclear structure models which are important for the under-
standing of the mass region studied within the scope of this thesis, namely the nuclear
shell model, the Nilsson model, the quasi-particle rotor model (QPRM) and the in-
teracting boson fermion model (IBFM). Furthermore, a recapitulation of the present
understanding and interpretation of the sudden onset of deformation at N = 60 in the
mass region around A = 100 is presented in Section 1.6. This section also serves as a
general motivation for experiments in this mass region, as they were performed within
the scope of this thesis.

1.1 Lifetimes of nuclear excited states

For completeness, the basic concepts and relations concerning nuclear excited states
and their decay are briefly pointed out in this first section. If a nucleus is in an excited
state, it will decay to a state lower in energy. The probability for this to happen is
constant in time and characteristic of the nuclear state. The exact time when a nuclear
state will decay is random. However, for a number N of nuclei, the rate of decay is

dN(t)

dt
= −λN(t)

with the decay constant λ. The solution of this differential equation is the well known
radioactive decay law

N(t) = N0 e
−λt (1.1)

which governs many naturally occurring representations of decay. The inverse of the
decay constant λ is the mean lifetime τ (often just called lifetime). Throughout this
work, τ and λ will be used when discussing transition probabilities. However, measuring
values will be given as the halflife T1/2 = ln(2)τ , like it is customary in nuclear physics
literature and data bases.

The decay constant is a fundamental property of any excited state and an important
observable for nuclear structure physics. It is directly related to the wave function of
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CHAPTER 1. THEORETICAL CONCEPTS

the initial and final state. Its calculation is a textbook example for the application of
time-dependent perturbation theory. The result is called Fermi’s Golden Rule

λ =
2π

~
|mfi|2ρ(E) (1.2)

with the density of final states ρ(E) and the transition matrix element

mfi = 〈Ψf |m|Ψi〉 (1.3)

of the initial and final (approximately) stationary wave functions of the system. For
electromagnetic transitions with character σL (σ =E,M) the magnitude of λ strongly
depends on spin and parity Jπ of the initial and final state and their energy difference
Etrans. When comparing measured lifetimes to transition probabilities calculated with
a theoretical model, usually the reduced transition probability B(σL; J1 → J2) is used
instead of λ. It results from summation over the magnetic substates −J ≤M ≤ J and
−L ≤ µ ≤ L (see e.g. [1]).

B(σL; J1 → J2) = ΣµM2|〈J2M2|m(σL, µ)|J1M1〉|2 = (2J1 + 1)−1|〈J2‖m(σL)‖J1〉|2 .
(1.4)

The reduced transition matrix element 〈J2‖m(σL)‖J1〉 is related to mfi through the
Clebsch-Gordan coefficients (J1LM1µ|J2M2):

〈J2M2|m(σL, µ)|J1M1〉 =
1√

2J1 + 1
(J1LM1µ|J2M2)〈J2‖m(σL)‖J1〉 (1.5)

If an excited nuclear state has more than one possible decay branch, like for example
γ transitions to different lower lying states, then the decay constant is a sum

λ = λγ1 + λγ2 + . . .

of the single decay constants. Sometimes partial lifetimes are addressed in the litera-
ture:

1

τ
=

1

τ1

+
1

τ2

+ . . .

For a given state only the total mean lifetime can be directly observed experimen-
tally. The measurement of branching ratios λ1/λ1, which is in most cases a smaller
experimental challenge than the determination of λ, can already reveal vital nuclear
structure information. The Alaga rules, for example, are used to identify intraband
and interband transitions in deformed nuclei (see for example [2]).

The relation between the mean lifetime τγ = 1
λγ

of an electromagnetic transition

and the reduced transition strength for some low L multipolarities is given below [3]:

B(E1) = 0.63× 10−15E−3 λγ(E1) (1.6)

B(M2) = 0, 74× 10−7E−5 λγ(M2) (1.7)

B(M1) = 0.57× 10−13E−3 λγ(M1) (1.8)

B(E2) = 1.57× 10−9E−5 λγ(E2) (1.9)

B(E3) = 0, 18× 10−2E−7 λγ(E3) (1.10)
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1.1. LIFETIMES OF NUCLEAR EXCITED STATES

with E = Etrans ≈ Eγ in units of MeV and λγ in 1/s. Note that internal conversion is
not included here (see below). The reduced matrix elements for σ = E,M have units
e2(fm)2L and (e~/2Mc)2(fm)2L−2 respectively. Another frequently encountered unit
for reduced transition rates is the Weisskopf unit (W.u.) [4], based on single particle
transition strength. They allow for the comparison of transition strengths in different
nuclei. A transition rate with a value in W.u. much larger than unity points to a
collective transition.

Angular momentum coupling, expressing itself through the Clebsch-Gordan coef-
ficients in 1.5, determines the following selection rules for electromagnetic transitions
by emission of a γ quantum:

|Ji − Jf | ≤ ∆L ≤ Ji + Jf and ∆L > 0 (1.11)

∆π =

{
(−1)L if σ = E

(−1)L+1 if σ = M .
(1.12)

Besides γ ray emission, internal conversion is another mechanism by which an excited
nuclear state can decay. So the decay constant is given by

λ = λγ + λic .

The energy is transferred to an electron in the atomic shell, which is then emitted
with an energy Ee = Etrans − Ebind. The binding energy Ebind depends on the atomic
shell in which the electron was situated at the time of interaction, which leads to an
emission spectrum of several discrete lines, corresponding to the different shells and
sub shells (see Figure 2.11). The total decay constant for internal conversion is the
sum λic = λK + λL + λM + ... of the values for the electronic sub shells. The internal
conversion coefficient is defined as α = λγ

λic
. The total transition probability can then

be written as
λ = λγ + λic = λγ(1 + α) .

The ratio α can become very large under certain circumstances. Conditions which
favour internal conversion over γ ray emission are high atomic number Z, low transition
energy and high multipolarity L of the transition. Because internal conversion is, like
γ emission, based on electromagnetic interaction, the selection rules from Equation
(1.11) and Equation (1.12) apply as well. However, contrary to γ emission, internal
conversion transitions with ∆L = 0 are allowed. In this case, α is not defined. A good
estimate for the value of α, albeit done with several coarse assumptions, is given by
the following equations (see e.g. [5]):

α(EL) =
Z3

n3

(
L

L+ 1

)(
e2

4πε0~c

)4(
2mec

2

E

)L+5/2

, (1.13)

α(ML) =
Z3

n3

(
e2

4πε0~c

)4(
2mec

2

E

)L+3/2

(1.14)
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CHAPTER 1. THEORETICAL CONCEPTS

The ratio α depends very little on the nuclear structure part of the transition matrix
elements, because these are the same for γ emission and internal conversion. The
remaining part is governed by electrodynamics. It can be calculated quite accurately
from first principles in self consistent relativistic Dirac Fock calculations of the atomic
shell [6]. The result can then, in turn, be used to retrieve information on the nuclear
transition. The internal conversion coefficient α, as well as the sub shell coefficients
(αK, αL,...), are very sensitive to the transition multipolarity σL, as can be seen from
the estimates in Equation (1.13). The same is true for the ratios αK/αL, αK/αM, etc.
That means by measuring total or relative conversion coefficients, and comparing them
with calculations, the determination of multipolarities is possible.

1.2 The shell model, the Nilsson model, and defor-

mation driving mechanisms

The nuclear shell model is a theoretical model to describe the atomic nucleus. It was
introduced by M. Goeppert-Mayer and J. Jensen in 1949 and is studied and improved
since then (cf. [3, 7]). The atomic nucleus is a many-body problem and should in
principle be treated in terms of the nucleon-nucleon interaction, based on the strong
force between quarks. As protons and neutrons are not elementary particles, the force
between two nucleons is a residual interaction with complex features. The dimension of
this problem, even if only two-nucleon interactions are taken into account, is too large
to be calculated even with modern day means. The shell model makes the assumption
that the complicated interactions can be approximated by a spherical mean potential
for one particle H0(i), generated by all nuclei, and separable residual interactions Vres,
which make up for effects like pairing:

H =
∑
i

H0(i) + Vres.

The model was very successful since its early days, as it was able to describe many
phenomena like, e.g., magic numbers, the 0+ ground state spin of even even nuclei and
nuclear masses, based on a single frame work for all nuclei [2]. The nuclear shell model
is called microscopic, opposed to macroscopic models like the geometric models which
describe nuclear excitations as collective excitations like vibrations or rotations. In
principle, the shell model takes into account all the nucleons which make up a particular
nucleus, but this model space often has to be truncated to the valence nuclei outside
closed shells for calculation of the residual matrix elements. The space of possible single
particle states is again truncated. these truncations are necessary because calculations
quickly become very complex with increasing number of nucleons, to a degree where
they cannot be handled in a reasonable amount of time by contemporary computers.
On the other hand, the fact that the truncated model space still yields reasonable
descriptions of many nuclei can be considered a result itself. The concept of valence
nucleons is very important and can be considered one of the main contributions of the
nuclear shell model to nuclear structure theory.
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1.2. THE SHELL MODEL, THE NILSSON MODEL, AND DEFORMATION
DRIVING MECHANISMS
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Figure 1.1: Nilsson diagram for protons above the closed shell at Z=50. Positive parity
states are drawn as full lines, negative parity states as dashed lines. The figure is reproduced
schematically from [8].

An interesting feature of nuclear structure is deformation. It has been known for
a long time, that heavy nuclei with many valence particles of both kinds tend to take
on a static prolate axially symmetric quadrupole deformation in their ground state
[2]. Regular rotational excitation bands are beautiful evidence of this fact. Excita-
tions and behaviour of deformed even-even nuclei can be very successfully described
using collective models (cf., e.g., [1, 2]), but matters become more difficult for odd-A
nuclei, because single particle excitations of the odd particle play a role already at low
excitation energies.

A model that can describe such nuclei is the Nilsson model. An enlightening in-
troduction can be found in [2]. In this model the nuclear mean field is no longer fixed
to be spherical, like in the nuclear shell model, but can be deformed. In the deformed
field the single particle orbitals for a given total spin j and angular momentum l of a
shell model state split up in energy, depending on the magnetic quantum number, as
shown in Figure 1.1 for protons outside the Z = 50 shell. As spherical symmetry is
spontaneously broken in the intrinsic frame, angular momentum is no longer a good
quantum number. Instead the projection Ω of the total single particle spin j on the
symmetry axis, is a good quantum number, and used to label the states. These pro-
jections correspond to the magnetic substates of the original shell model states. For
prolate deformation (β > 0) the low Ω states decrease in energy, forming down-sloping
lines in the Nilsson diagram shown in Figure 1.1, while high Ω states go up. Each
of these Nilsson states is two fold degenerate. Negative and positive values of Ω, i.e.,
clockwise and counterclockwise rotation, have the same energy.

In our discussion until now only the single particle value j was considered. The
deformed core can also carry spin, and angular momentum coupling leads to a total
spin J . This is done, e.g., in the particle rotor model, discussed in Section 1.3. The
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Figure 1.2: The chart of nuclei. The light grey area indicates known nuclei (approximate).
Regions where nuclear deformation is expected are shown in dark grey. Apart from the magic
numbers, the N = 60 isotone line is also shown. Nuclei studied within the scope of this thesis
are marked as white squares.

projection of the total spin J is called K. For axially symmetric nuclei, the collective
rotation is perpendicular to the symmetry axis, and thus contributes nothing to the
projection, so Ω = K in this case. As mentioned before, l is no longer a good quantum
number, and thus mixing will happen if two states with the same K quantum number
and parity come close. This makes the unique parity orbitals, like h11/2 between the
magic numbers 50 and 80, special, because they are very pure, even at large deforma-
tions. Including mixing of the wave functions in the oscillator basis, the new order of
single particle states at a given deformation can be calculated. The resulting eigen-
functions, the Nilsson states, are labelled Kπ[NnzΛ]. The numbers in brackets are the
major oscillator shell quantum number N , the number of nodes along the symmetry
axis nz and the projection of l along this axis, Λ. K is the only good quantum number
of the system, but at large deformation, N , nz and Λ are asymptotically conserved.
With this approach the ground state spin of most deformed odd-A nuclei can be de-
duced by finding the Fermi surface, if the deformation of the nucleus is experimentally
known. Note, that in this simple case deformation is an input parameter to the model
and is not predicted.

The model can, however, be used to identify deformation driving mechanisms, i.e.,
circumstances under which deformation will occur. Inspection of a Nilsson diagram
makes clear that doubly closed shell nuclei have spherical ground states, because for
any magic number of nucleons, the spherical configuration is the lowest energy state.
In both directions, prolate or oblate, there only lie up-sloping orbitals - with high K
or low K respectively. As all orbitals are fully occupied, all magnetic substates are
fully occupied as well. The resulting mean spacial distribution is therefore spherical.
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At mid-shell, however, orbitals are only partially filled. Any interaction that favours
certain magnetic substates can now lead to a deformed ground state. Such a scenario
is exactly encountered in the Nilsson diagram shown in Figure 1.1. On the prolate
side, the energies of low K states slope down. At a certain point the single particle
states close to the Fermi surface are all formed by states with low K. These states also
mix, which pushes the low orbitals down even more. The more valence nucleons are
present, the more pronounced this effect gets and finally the deformed configuration
is the ground state of the system. A major role in this context is also played by the
proton-neutron interaction and intruder states from the next major shell [2]. Protons
and neutrons in shell model orbitals with equal l and ∆j = 1, the so called spin orbit
partners, attract each other particularly strong. This p-n interaction phenomenon, can
reduce the energy difference of the involved single particle orbits and in this way can
even obliterate shell gaps. The ensuing increase of valence particles then again favours
deformation. Regions where static nuclear ground state deformation is expected are
shown in Figure 1.2.

In Figure 1.1 it can be seen, that the evolution of single particle energies for negative
and positive values of β is not symmetrical. Indeed, the fact that most deformed nuclei
take on a prolate, rather than an oblate, shape can also be understood in terms of the
Nilsson model, as pointed out in [2].

An implementation of the deformed shell model, or Nilsson model, is the computer
code gampn [9]. It calculates the single particle states based on a modified oscillator
potential for a given deformation. This code was used for the calculation of excited
states in 99Y in Section 5.3.

1.3 The quasi-particle rotor model

The Nilsson model, briefly discussed in the previous section, gives a description of the
single particle energies of nucleons in a deformed potential. To make predictions for
real nuclei, like with the shell model, the model space can be truncated to the valence
nucleons, i.e. in this case, the single particle states close to the Fermi surface. As a next
step we can assume the core, responsible for the deformed potential, to be itself excited
by rotating. This phenomenon is very well known for nuclei with a deformed ground
state. In these nuclei, collective rotations based on the ground state appear among the
lowest lying modes of excitation. In even-even nuclei the lowest excitation is almost
always a 2+ state, which is the lowest allowed rotational state for a 0+ ground state.
The structure of rotational excitations in nuclei is usually described in terms of the
collective geometrical model, often called Bohr-Mottelson-model [1]. The mean shape
of the nucleus is given by deformation parameters β2, β3, β4, .... This model has been
extensively studied since the beginning of nuclear structure physics. Many refinements,
e.g. variable moment of inertia in a rotational band, have been introduced and were
successfully applied to describe nuclear structure phenomena. Within the scope of this
thesis the discussion will be restricted to axially symmetric quadrupole deformation
(β3 = β4 = · · · = 0). Among the general predictions of this model, the most well
known one is probably that the ratio of R4/2 = E4+1

/E2+1
in rotational even even nuclei
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takes the value R4/2 = 31
3
. This is experimentally confirmed for many nuclei which

exhibit rotational like spectra. As Casten remarks in [2], a value of R4/2 close to 3.3
indicates a static deformation, but not how large this deformation is. R4/2 < 3.3 means
a non static, unstable deformation, rather than a small one.

Generally this model also applies for collective excitations in nuclei that are not
even even. However, these collective patterns in odd-odd and odd-A nuclei are not as
obvious as in even-even nuclei, because low energy excitations of one or few nucleons
are possible which couple to the collective excitations and form new band heads. This
makes the low energy spectrum of nuclei which are not even-even notoriously more
complex.

One model to describe this kind of situation is the quasi-particle rotor model. It
is applicable to both, odd-A and odd-odd nuclei. The description here will be limited
to the odd-A case. This model is quite powerful, because it extends the microscopic
aspects of the nuclear shell model to regions where this model, due to computational
limitations, is no longer feasible, namely deformed nuclei with a lot of valence particles.
The inert core used in shell model calculations is treated macroscopically in the collec-
tive model and then coupled to a quasi-particle occupying the single particle Nilsson
orbitals close to the Fermi surface. A quasi-particle is used, instead of a single nucleon,
because the residual pairing interaction allows scattering of nucleon pairs to close lying
orbitals [2]. This pairing effect is usually treated in a BCS coupling scheme [10] with
the pairing gap ∆ and the Fermi energy λ. In the resulting eigenfunctions, the intrinsic
character is given by the quantum numbers of the quasi-particle, which are the same
as in the Nilsson model. However, there can be substantial mixing in these states, and
it can generally not be expected to label a band with one single Nilsson configuration.
The coupling to the collective rotation is also far from trivial. For a given state, pre-
cession like features lead to complex rotations, stemming from the coupling of the odd
particle to the rotor core. Rotational spectra of odd-A nuclei show much more complex
phenomena than those of even-even nuclei.

An implementation of this model are the computer codes gampn, asyrmo, and
probamo [9]. The single particle states close to the Fermi surface are coupled to the
rotor core in the strong coupling basis. This means the projection on the symmetry axis
of the coupled single particle and collective spins and angular momenta is a preserved
quantity. The calculations of excited states and transition strengths in 99Y, presented
in Section 5.3, were done using these codes.

1.4 The interacting boson fermion model

A model which has led to very interesting developments since its proposition by Arima
and Iachello [11] is the interacting boson model (IBM) for even even nuclei. In this
model the nucleus is described as being consisted not of fermions but of bosons. Because
of the very strong pairing force between nucleons this approximation is valid for low
energy excitations in even-even nuclei with several valence nucleons. One feature which
makes this model so attractive for theoretical studies is, that it can be analytically
solved for certain symmetry cases. These are called the limits of the IBM and they
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appear by demanding certain dynamical symmetries of the Hamiltonian, namely U(5),
O(6) and SU(3) [2]. Even more interesting is the fact, that the spectra - and, to a
certain degree, transitions rates - predicted by these limits, correspond to the collective
geometric models of vibration, γ-unstable rotor and rigid rotor respectively1. Each
limit predicts selection rules for transitions between excited states. In the U(5) limit
for example, all E0 transitions are forbidden. In the SU(3) limit, transitions between
the ground state band and the β or γ band are forbidden. Only few nuclei display very
closely the characteristics of one particular limit. The limits themselves are still useful
for nuclear structure considerations because they provide a new language and new
symmetry categories for nuclear structure phenomena. A very interesting application
is that the IBM enables the study of phase transitions between the limits, which is
possible because the model is able to describe vibrational and rotational collective
structure in a single framework.

The simplest version of the IBM is the sd-IBM1. In this model, protons and neu-
trons are not distinguished. Furthermore, only fermion pairs with total spin j = 0 (s
bosons) and j = 2 (d bosons) are considered. The Hamiltonian of the sd-IBM1 in a
multipole-like expansion takes the form [12]

HIBM = εdn̂d + PAIR(P · P ) +
1

2
ELL(L · L) +

1

2
QQ(Q̂χ · Q̂χ), (1.15)

where the octupole and hexadecapole terms are omitted (OCT = HEX = 0). To avoid
confusion, the notation for the parameters εd, PAIR, ELL, QQ, and χ and the operators
n̂d, P , L, and Qχ is the same as in the computer program phint, which was used for the
calculation in Section 5.2. n̂d is the d boson number operator (d†d̃), the other terms
have the form

P · P =
1

2

[
{(s†s†)(0) −

√
5(d†d†)(0)} · {(ss)(0) −

√
5(d̃d̃)(0)}

]
L · L = −10

√
3
[
{(d†d̃)(1) + (d†d̃)(1)}

]
Qχ =

√
5

[
{(s†d̃+ d†s)(2) +

χ√
5

(d†d̃)(2)} · {(s†d̃+ d†s)(2) +
χ√
5

(d†d̃)(2)}
]

The extension of the model to odd-A nuclei is called the interacting boson fermion
model (IBFM) [13]. It introduces an additional fermion to be coupled to the bosons.
The possible states of this single fermion are determined by the corresponding shell
model single particle states.

The IBM Hamiltonian HIBM is extended for a fermion part HF and a boson-fermion
interaction VBF

HIBFM = HIBM +HF + VBF . (1.16)

Like in the quasi-particle rotor model, the odd nucleon in the model is considered as a
quasi particle which occupies quasi-particle states with energies εk. The Hamiltonian
is

HF =
∑
k

εkn̂k,

1This is only exactly the case in the limit of an infinite number of bosons.
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where k labels the quasi-particle states and n̂k is the quasi-particle number operator
for the state k.

The boson-fermion interaction VBF is the crucial part of the model. It will not
be discussed in more detail here, and the reader is referred to [13]. Basically, the
interaction is governed by a monopole and a quadrupole term (containing the paramete
χ from equation (1.15)) and a term that is called exchange interaction. The parameters
are usually called A0, Γ0, and Λ0 respectively [13].

The sd-IBM1 parameters are fitted to the even-even core and not changed after-
wards. The IBFM model has the three free parameters Λ0, Γ0, and A0 to fit the data of
the odd-mass nucleus. Single particle energies can also be adjusted, which is physically
justified in certain cases. This is the case in the neutron d5/2, g7/2, s1/2, h11/2, d3/2

shell, where the g7/2 single particle energy shifts as much as 2 MeV between proton
number Z=36 and Z=50 [14].

1.5 Isomeric excited states in nuclei

In nuclear physics, isomers are nuclear excited states with a long lifetime. But at which
point exactly is a lifetime “long enough” for the state to be considered an isomer? A
clear answer to this question is not easy since the term is more of a practical classifica-
tion than a stringent physics definition. The first definition I heard as a student was:
“An isomer is an excited state in a nucleus which lives so long, that its halflife can be
measured”, with the immediate relativisation: “This definition is not very handy nowa-
days”. Several experimental methods have been established during the past decades,
which allow for the measurement of lifetimes in the femtosecond region and below2.
That means, following the definition above, pretty much every known state is an iso-
mer, thus making the category isomer superfluous. A possible definition is that an
isomer is an excited state in a nucleus that undergoes β or α decay into a different
nucleus. This definition is more restrictive than the first one, and still holds in it the
historic significance of isomers in the first studies of radioactive decay3.

Nowadays, in nuclear physics, generally those states are called isomers which have
halflifes several orders of magnitude larger than those ordinarily found or expected.
When referring to an isotope using the notation with chemical symbols, an m is ap-
pended to the mass number A, e.g. 88mBr. The m indicates a meta stable state in the
nucleus that is not the ground state. Isomers are sometimes referred to including the
order of magnitude of their halflife, e.g., ms isomer or µs isomer.

From a nuclear structure point of view, isomers are very interesting. Transition rates
are observables very sensitive to the nuclear structure of the states involved (see Section
1.1). Most nuclear excited states encountered have lifetimes of several picoseconds or
far below. But if structure or selection rules do not allow fast transitions to lower-lying

2See [15] for review of lifetime measurement techniques.
3The first to observe isomerism in a nucleus was O. Hahn, when he found a new β transition of a

decay product of 234Th [16]. What he observed was the β decay of the 234Pa ground state, that of the
short lived isomer was already known. Only several years later an interpretation of isomers as meta
stable states was proposed by Weizsäcker [17].
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states, much longer lifetimes can occur. Thus, prediction of isomers is a good test
for nuclear structure models and their selection rules. In particular validation tests of
selection rules increase our understanding of nuclear structure, because these rules are
closely linked to symmetries of the system or them being broken (some selection rules
are discussed in the Sections 1.1-1.4).

Isomeric states often have influence on experimental procedures, which makes it
useful to have a special name for them. For example, isomers complicate γ-γ correlation
measurements. If a state with a lifetime much larger than the coincidence window is
heavily populated during the deexcitation cascade, no prompt correlation is possible
between those transitions above and below the isomer. If the isomer is not known,
this will lead to a wrong or incomplete level scheme. Isomers can also pose a problem
for in-beam γ γ angular correlation measurements, because nuclear spin orientation
alignment will decrease or vanish completely during the mean lifetime of an isomer.
For experiments with radioactive beams, isomers become important because the exotic
nuclei are produced far from the place where their decay is studied. The relative
population of ground state and isomeric states at the point of measurement can be
important - to desired or undesired effect - in certain experiments. Depending on the
scenario, lifetimes down to about one nanosecond are considered isomeric. On the
other hand excited states are known, which live longer than the ground state of the
respective nucleus, like, e.g., the 9− spin isomer in 180mTa (see below).

With this in mind it becomes clear that isomers - and a precise knowledge of their
halflife - play an important role in understanding experimental data, in building decay
schemes and in the development and improvement of nuclear structure theories.

There are several mechanisms which lead to isomerism. The most prominent cate-
gories of isomers will be briefly discussed in the following.

Spin isomers

A spin isomer is an excited nuclear state with a total angular momentum Jπ which is
very different to any state that it could decay to. Some authors call such a state a spin
trap [18]. Following equation (1.9), electromagnetic transition rates strongly decrease
with increasing angular momentum L carried away by the emitted radiation. For
a transition between two states, angular momentum selection rules demand L ≥ ∆J .
The lowest possible multipole mode dominates the transition (for electric and magnetic
transitions respectively). The same is the case for internal conversion (see equation
(1.13)). From equation (1.9) it can also be seen, that a low transition energy Etrans

results in a slow transition. For an EL transition, the halflife is proportional to E2L+1
trans .

In this way, very long lived isomers can form.
An example for a spin isomer in the mass region investigated within the scope of

this thesis is the (27/2−) state at 3523 keV in 97Y, which decays mainly via an E3
transition [19]. Due to the rapid decrease of transition probability with increasing
L, this multipole order can only be observed if all lower multipole transitions are
forbidden. Another prominent example, found in the rare earth region, is 180mTa. This
isotope exists naturally, even though its 1+ ground state has a halflife of only 8.15 h
[20]. There is, however, a 9− isomer at 77 keV with a measured lower halflife limit of
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Figure 1.3: Schematic depiction of shape isomers. A second local minimum in the potential
energy surface gives rise to excited states with a different deformation than the ground state.

T1/2 > 1.2×1015 a. For this state, the possible decays having the lowest multipole order
are an M8/E9 to the ground state, and an E7/M8 to the first excited state, which has
a spin of 2+. None of the two was ever observed, neither by emission of a γ ray nor a
conversion electron. β- or α decay is not observed either; the isomer can be considered
stable [21].

K isomers

In deformed nuclei, the projection K of the total angular momentum J onto the sym-
metry axis is almost a good quantum number (see also Section 1.2). The K quantum
number shows how the nucleon’s orbit is situated relative to the symmetry axis of the
deformed inert core. The selection rule for transitions demands ∆J ≥ ∆K, which
means the lowest allowed multipole order for electromagnetic transitions is L = ∆K.
These isomers in deformed nuclei are different from pure spin isomers, even though
the mechanism is similar. Not only the absolute values of the angular momenta of the
states involved are important, but also their projections K. The difference of the total
angular momenta of two states could allow a fast E2 transition, but the K selection
rules only permit much higher multipolarity, resulting in an isomer. Note, that K is
not really a good quantum number in most cases. The axial symmetry is broken and
the selection rule is not strict, but only more or less strongly hinders transitions with
L < ∆K. A mass region which displays a number of K isomers (also with spin isomer
character) is the rare earth region around 180Hf.

Shape isomers

The mechanism that leads to this type of isomer is of collective nature. In the liquid
drop model, a shape isomer is an excited state of the nucleus that corresponds to a
minimum in the potential energy surface that is different to that of the ground state, as
shown in Figure 1.3. Looking at the Nilsson model (see Section 1.2), one can deduce,
that a change in shape, i.e. at the lowest order, a change of the quadrupole deformation
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Figure 1.4: Evolution of structure signatures in the A = 100 and A = 140 mass region. Data
are taken from the Nuclear Data Sheets [22–37].

parameter β (see Section 1.3), leads to a change in the order of single-particle levels
close to the Fermi surface which can result in minima other than the ground state.
It is clear, that this also has an effect on the wave function. A transition between
two different shapes is strongly hindered, because spontaneously it is only possible by
tunnelling. The hindrance strongly depends on the depth of the second minimum and
its “distance” to the ground state minimum.

1.6 Sudden onset of deformation at N=60

The neutron rich nuclei in the A = 100 mass region are an active field of nuclear
structure studies for decades already. The nuclei in this region display a variety of
interesting, and sometimes puzzeling, features. That is true for single nuclei, and even
more so for the evolution of nuclear structure - likewise along isotopic and isotonic
chains. A picture of this particular section of the nuclear chart can be seen in Figure
1.5. Even the more stable isotopes, like ruthenium and molybdenum, though studied
for decades, still pose questions that are heavily debated in the literature. Among
the structural phenomena are very low lying 0+ states along the N = 58 isotonic
chain, mixed symmetry states, e.g in molybdenum [38], and the doubly magic character
of 96Zr. Triaxiality is observed in rotational bands of rhodium and technetium, but
disappears in 99Y. One of the most prominent features of the region is the very sudden
onset of deformation at neutron number N = 60. To illustrate this feature, a similar
situation, going from a closed shell to larger neutron numbers in the mass region A
= 140, is shown in Figure 1.4 for even even nuclei, in comparison to strontium and
zirconium isotopes. The figure shows the evolution of E2+1

, B(E2; 2+
1 → 0+

1 ) and the
ratioR4/2 along the respective isotopic chain. This figure also steers attention to a white
spot in this region. The 2+

1 lifetime in 98Zr is still unknown. Only an upper limit of
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T1/2 < 11 ps was measured [39], using β-γ-γ timing. The difference between the picture
for the nuclei from the A = 100 region and those from the A = 140 region can clearly
be seen. While samarium and gadolinium display a rapid shape change as well, there
is a well developed transitional region until stable deformation is reached at N = 92,
where strontium shows a pronounced rotor structure until N = 56 and already reaches
the maximum deformation at N = 60. A similar behaviour is also found for odd proton
nuclei. Figure 1.6 shows the evolution of the ground state quadrupole moment Q0 for
rubidium isotopes. Due to the sub shell closure at Z = 40, the observables jump even
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farther for zirconium isotopes. Exactly this is also the reason for the sudden jump to
deformation, as was first proposed by Federman and Pittel [40]. Rather than a sudden
onset of deformation, the phenomenon can be interpreted as an unusual endurance of
sphericity relatively far away from the well known closed shell of stable nuclei at N =
50. Indeed it is the microscopic interaction of protons and neutrons in the particular
arrangement of single particle orbitals of this region which first inhibits collectivity
by forming a subshell closure which is then suddenly obliterated, with the effect of a
suddenly increased valence space. The leading actors of this spectacle are the proton
g9/2, h11/2 and neutron g7/2, h9/2 shell model orbitals [2]. In recent years more and more
exotic nuclei in the region are studied. This includes the investigation of deformation
saturation beyond N = 60 and also the role of the protons in the various observed
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Figure 1.6: Spectroscopic quadrupole moment for odd mass rubidium isotopes (Z = 37).
Values were calculated using data from the Nuclear Data Sheets [19, 45–47].

phenomena. It was, for example, shown, that the evolution of collectivity is smooth in
the krypton isotopes [41]. Another present field of research is shape coexistence in N
= 58 and N = 59 isotones [42]. Odd-A and odd-odd nuclei in this region are studied
because they give vital information on microscopic single particle aspects. This includes
the identification of intruder states from the next major shell. The identification of the
K = 9/2+ shape isomers in 97Sr and 99Zr is a good example how data in odd-A nuclei
can help to understand the role of neutron orbitals played in the transitional nuclei
with N = 59 [43]. In this region there is also prolate-oblate shape coexistence predicted
by theoretical calculations [44]. There is some indication for this in the data on 97Rb,
presented in Section 3.1 and discussed in Section 5.1. It is desired to have a nuclear
model that can describe the evolution of structure in this mass region in one single frame
work. The IBM, e.g., is in principle able to describe the different collective modes, also
in terms of a shape phase transition [48]. A very promising development concerning
this unified description is the recently proposed mapping procedure to obtain IBM
wave functions and eigenvalues on the basis of microscopic energy density functional
theory. This formalism showed promising results in describing shape coexistence in
98Mo [38]. The author is convinced the investigation of this region will keep nuclear
physicists, experimentalists and theoreticians alike, busy for quite some time longer.
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Chapter 2

Applied experimental methods

This chapter is intended to give an overview of the main experimental methods and
devices that were applied in this work. The method of electronic lifetime measurements
using delayed coincidences is introduced and briefly reviewed in the first Section. The
Lohengrin mass spectrometer, which was used to separate the fission fragments, is
described, as are the experimental methods of fast electronic timing and electron spec-
troscopy. More detailed accounts of the single experiments are given in the respective
sections of Chapter 3 and 4.

2.1 Lifetime measurements

The lifetime τ of a nuclear excited state is an important observable in nuclear structure
physics. The transition rate λ = 1/τ is sensitive to the structure of the nuclear wave
functions of the states involved. Precise lifetime measurements are therefore crucial
for testing and developing nuclear structure models and to solidify and expand out
understanding of the complex system that is the atomic nucleus. Different techniques
had to be developed, to accommodate the wide range of lifetimes that occur in the
nuclear system. A review of the most common techniques can be found in [15]. In this
Chapter the method of electronic fast timing, often referred to as delayed coincidence
method, is presented. This method was used for lifetime measurements within the
scope of this thesis. Section 2.1.1 introduces the principle idea of electronic fast timing
in delayed coincidence experiments. Section 2.1.2 is dedicated to LaBr3(Ce) scintillator
detectors and their application in electronic fast experiments. The last three Sections
deal with the analysis of time spectra.

In the following only a brief introduction on electronic fast timing and the analysis
of time spectra is given, the main purpose of which is to introduce important concepts
and definitions. For an exhaustive review and comprehensive study of the technique
and its application in nuclear physics experiments the reader is referred to [49] and
references therein.
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2.1.1 Electronic fast timing

The general idea behind the experimental technique of electronic fast timing in nuclear
physics is the direct determination of the time difference between two measurement
signals (start and stop) with the goal to extract the lifetime of a nuclear state. One
signal determines the moment of population of the state of interest (feeder), the other its
decay (see Figure 2.1 (a,b,c)). Principally any measurable event which determines the
population or decay within the desired accuracy can be used. For lifetime measurements
of nuclear excited states the time reference for population is generally determined by
direct reaction or decay products such as scattered particles, implanted ions, β or γ
radiation. The time reference of a pulsed beam has also been used for this purpose
[49]. As reference for the decay of a nuclear excited state, the first choice is radiation
from directly depopulating transitions. The technique is also called delayed coincidence
method. This name alludes to the fact that the experiment has to allow for a clear
correlation of the two signals in order for them to be assigned to one and the same
deexcitation process. This is also a reason for the de-facto upper limit of τ ≤ 10−6 s for
lifetimes measurable with this method, as quoted, for example, in [15]. To determine
lifetimes in the millisecond region and above, the time dependent activity of a nucleus in
a certain state can be measured instead of the time difference between population and
decay of this excited state in individual nucleons via delayed coincidence measurements.
Both methods measure the distribution N(t) which is governed by the radioactive decay
law (see equation (1.1)). But they are applicable to different lifetime regions.

As a matter of principle, all experimental fast timing setups have three stages.
One to measure a signal from the physical events that mark population and decay. A
second one to get a consistent time reference from these signals, the so-called time pick
off. A third component is needed to measure the difference between two such time
references. There exists a number of possible implementations of these three stages.
In fast timing experiments with scintillator detectors, a setup like the one shown in
Figure 2.1 (d) is common. Scintillator signals are sent through a constant fraction
discriminator (CFD) for time walk minimisation. The shape of the CFD output signal
is uniform and has a sharp flank. A time to amplitude converter (TAC) measures the
time difference between the signals at its start (detector 1) and stop (detector 2) input.
The TAC signal T (E1, E2) is recorded in coincidence with the two detector energy
signals E1 and E2. A gate can then be applied to select a decay cascade. In another
implementation the fast filter signal from a digital gamma finder can be used as signal
time reference. The determination of the time difference is then a simple subtraction
of two counter values of internal clock ticks. Which implementation is applied depends
on the detectors which are used and on the aspired accuracy. The internal clock of xia
DGF 4C, revisionE modules1, as they were used for data recording in the experiments
described in Chapter 3, operates at 40 MHz. This corresponds to one clock tic every
25 ns - much too long for measurements in the picosecond region, but sufficient for
lifetime measurements of µs isomers.

The result of a fast timing measurement is a time difference spectrum, which follows
the law of radioactive decay (see Section 1.1). The lifetime is then extracted from the

1Xia digital gamma finder (DGF) 4C revision E, www.xia.com/Manuals/
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Figure 2.1: (a,b,c) Possible decay - feeder cascades for delayed coincidence measurement of
a lifetime τ1 of an excited nuclear state. Shown are cascades for direct γγ fast timing (a),
βγγ timing (b), and ion-γ timing (c). Possible side feeding in (b) and (c) is not shown. (d)
A simple fast timing setup for two detectors.

time distribution using one of several analysis methods, which are described in Section
2.1.3.

One important characteristic of a fast timing setup is its prompt response function
(PRF) P (f). Two coincident signals are called prompt, if their time difference cannot
be resolved with the experimental setup used to measure them. This is always true
for real prompt events, like the emission of 511 keV electron-positron annihilation
radiation. Depending on the setup, delayed events below a certain limit cannot be
distinguished from prompt events. In a typical fast timing experiment with LaBr
detectors (see below) events with a mean delay of 5 ps can be considered prompt. The
time spectrum of such prompt coincident events is the PRF of the timing setup. Its
position in the time spectrum is defined by a constant offset (delay) and any existing
time walk. P (t) can often be approximated by a Gaussian distribution if scintillation

21



CHAPTER 2. APPLIED EXPERIMENTAL METHODS

detectors are used. A delayed coincidence from a cascade with a lifetime larger than
the full width at half maximum (FWHM) of the PRF shows an asymmetric time
spectrum, with a slope that corresponds to the mean lifetime. Due to the finite width
of the PRF, the radioactive decay law shows itself as a convolution of the exponential
decay distribution and the prompt response function

D(t) = λN0

∫ t

−∞
P (t′) e−λ(t−t′)dt′. (2.1)

2.1.2 LaBr3(Ce) scintillator detectors

In recent years the use of cerium doped lanthanum-tribromide LaBr3(Ce) scintillation
detectors (from now on simply called LaBr detectors) has been established for γ γ
delayed coincidence measurements in nuclear physics experiments. They are very well
suited for the task as they have very good timing characteristics combined with good
energy resolution. The latter is important for direct γ-γ fast timing. Apart from the
obvious fact, that a narrower peak guarantees better energy selection in order to get
clean coincidences, a better energy resolution also means a better peak-to-background
ratio compared to detectors with worse resolution. Background contributions are very
important for lifetime extraction from time difference spectra, especially if the centroid
shift method is used (see next Section 2.1.4).

As scintillation detectors, LaBr-detectors consist of the scintillation crystal, a photo
multiplier tube (PMT), and a base, where the signal cables and the high voltage supply
can be connected to. An optical clear adhesive is used to connect the crystal to the top
of the PMT. All components are usually packed into a metal tube in a lightproof way.
The detectors need no cooling, and are easy to handle. The specifics of the detectors
used in the 99Y and 100Nb experiments are given in Chapter 3.3.

LaBr3(Ce) as a scintillation crystal has one of the highest output luminosities of
all known scintillators [49]. Relevant for timing are the two scintillating states, which
have different decay times τ . One short-lived one, τfast, which is responsible for the
good timing qualities, and one long lived one, τslow. For LaBr3(Ce), τfast = 15− 26 ns
and τslow = 66 ns [49].

The time resolution of a delayed coincidence setup is proportional to the full width
at half maximum (FWHM) of the prompt response function (PRF) P (t), introduced
in Section 2.1.1. The main contributing factors to the resolution δt are the size and
material of the scintillator, the electron time spread in the PMT, the electronic time
pick off by the CFD and the setup geometry, including a finite size of the γ ray source
(cf. [49] and [50]).

δt =
FWHM√

2
≈
√
σ2

sc + σ2
PMT + σ2

CFD + σ2
geom .

The time resolution is especially important if the slope method is applied (see
Section 2.1.1) as it determines the part of the time spectrum that can be used for
fitting. This can have a huge impact on needed statistics. For the centroid shift method
it is of lesser importance. This is due to the fact that the centroid of a distribution

22



2.1. LIFETIME MEASUREMENTS

can be determined with high accuracy, even for a broad distribution. That is why an
improvement of some percent in time resolution does not bring as big an improvement
in precision of timing results as one might be tempted to think. This is also the
reason why in the planned new LaBr arrays, larger crystals are often preferred over
smaller ones. The smaller crystals bring a better time resolution, but the superior full
energy peak efficiency of the larger crystals brings a greater advantage for fast timing
measurements, as peak-to-background ratio improves - in the low energy regime.

2.1.3 Analysis of time spectra

Let us assume the two transitions γ1 and γ2 in Figure 2.1 (a) are not in prompt, but
in delayed coincidence. Detector 1 starts the TAC (start) and is gated on transition
γ1 with energy E1 which feeds the state of interest (feeder), while detector 2 is gated
on the decay transition γ2 (decay), with energy E2, and stops the TAC (stop). The
lifetime of the state shows itself in the time spectrum as a pronounced asymmetry with
a tail on the right flank. This tail is commonly called the slope. It consists of events
which are measurably delayed with respect to the position of two prompt events. If
the gates on the two detectors are now switched - decay on start and feeder on stop,
the slope is on the left hand side. This terminology of decay, feeder, start and stop will
be used throughout this thesis.

Slope fit method

If the lifetime τ is larger than the time resolution of the fast timing setup, i.e. the
FWHM of the PRF, the time distribution becomes asymmetric and a pronounced tail
is visible, which corresponds to the exponential decay, according to the radioactive
decay law (see equation (1.1)). The lifetime can then be determined by measuring the
slope of the delayed time distribution D(t),

ln [D(t)] ∼ −λt,

where λ = 1/τ is the decay constant. This method is applicable, if there are enough

data points in the region where P (t)
D(t)
� 1.

Convolution fit method

If the time distribution is asymmetric, but the conditions for the slope method are not
met, then the lifetime can be extracted by a fit of the convolution given in equation
(2.1) to the time distribution. In order to calculate the convolution, the shape of the
PRF has to be known. In the case of an approximately Gaussian prompt distribution,
the convolution has the following form:

D(t) =
N0

2τ
e
σ2

2τ2
− t−t0

τ erfc

(
σ√
2τ
− t− t0√

2σ

)
, (2.2)

where t0 is the position of the maximum of the PRF, σ its width and erfc() the Gauss
complementary error function. This method has the advantage that the statistics of the
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full distribution can be used for the fit. However, the fit function has four parameters,
opposed to only two in the case a slope fit (ignoring a constant background), with a
much more complicated fit function. This makes the application of a least square fit a
somewhat dangerous endeavour, as the residuum function generally has more than one
minimum. This is especially the case for long lifetimes with low statistics in a large
part of the slope, where the least square fit underestimates the lifetime, as remarked in
[50]. In this case a fit with a maximum likelihood algorithm is superior. Furthermore
the condition of a known PRF shape, let alone that of a Gaussian one, is not always
fulfilled in real fast timing experiments. Still, for lifetimes not much shorter than the
time resolution, this method often yields results consistent with other methods. This
is demonstrated in [50] and also in Section 3.3 and 3.4 of this work.

Centroid shift method

The determination of lifetimes from a time difference distribution F (t) using the
method of moment analysis was first proposed by Bay [51] in 1950. It was then ex-
tensively used in β-γ-γ experiments [50] and has recently experienced a renaissance in
combination with the advent of larger arrays of ultra fast LaBr scintillator detectors,
like the ROBALL at NIPNE, Romania, the EXILL fast timing arrays in a campaign
at the ILL early in 2013 and the planned FATIMA array.

Most commonly the first moment, the centroid C(F (t)), of the time distribution is
used for lifetime determination. It is defined as

C(F ) =

∫
tF (t)∫
F (t)

, which simplifies to C(F ) =

∑
(tF (t))∑
(F (t))

in the case of a discrete spectrum. Considering that a delayed time distribution D(t)
is the convolution of the decay part with lifetime τ and the PRF of the setup, P (t),
the following simple relation is true [51]:

τ = C(D)− C(P ). (2.3)

The lifetime τ can be determined by measuring the centroid of the delayed and prompt
time distribution. C(D) can be measured with high accuracy for two coincident tran-
sitions. The corresponding prompt centroid position has to be determined in a cali-
bration measurement, because it is energy dependent.

Bay already remarked in [51], that the method is applicable “under the most general
circumstances”. He had in mind the determination of lifetimes from time distributions
which include several decay constants, as they are encountered when measuring the
time difference between two signals with several intermediate states of different life-
times. In this case the centroid shift method leads to the following relation between
the intermediate lifetimes τi and the mean lifetime Θ, determined from equation (2.3):

Θ =
∑
i

τi .

This relation is simple, especially compared to the complicated time distribution shapes
following for multi state cascades from the Bateman equations ([52]). It is exploited
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in the β-γ-γ method for cascades like the one shown in Figure 2.1 (b). Another huge
advantage of this validity under “most general circumstances” is that these also include
background contributions to the centroid. This is discussed in more detail in Section
2.1.5.

A refinement of the centroid shift method is the mirror symmetric centroid differ-
ence method (MSCD), introduced by Régis [49] in 2011. This method is more robust
towards systematic uncertainties, like, e.g., TAC drifts. It can also be generalised
to make lifetime measurements with a large number of timing detectors easier and
more precise at the same time [53]. The specifics of this generalised centroid difference
method (GCD) are reviewed in the next Section.

2.1.4 The generalised centroid difference method

The prompt curve calibration is the main problem of the centroid shift method. A two
detector system has a combined time walk, dependent on the energy of both gates. That
is why it can be argued that, until recently, the most successful and fruitful application
was in β-γ-γ experiments [50, 54]. In these experiments, the gate on the β energy is the
same for all measurements, and thus a very exact calibration can be accomplished. In
γ γ experiments however, the energy gates of the two detectors change, depending on
the state whose lifetime is to be measured. This combined energy dependent time walk
is non-linear and asymmetric [55]. It turns out that a measurement of the difference
∆C of the two centroids C(Dstop) and C(Dstart) has several advantages. These are
exploited in the mirror symmetric centroid difference method [55] and its extension
for multi detector systems, the generalised centroid difference method [53]. Both are
briefly described below, based primarily on these two references. Notation is mainly
adopted from [49].

To describe the basics of the MSCD method, we assume a fast timing setup like
it is shown in Figure 2.1(d) and a γ γ cascade as it is depicted in Figure 2.1(a). A
time distribution Dstop is obtained if the stop detector is gated on the decay transition
with energy Edecay and the start detector is gated on the feeding transition with energy
Efeeder. For a long lifetime, this means a slope on the right hand side. Dstart denotes
the reverse case, in which the stop detector is gated on the feeding transition and the
start detector on the decay. In this case the slope appears on the left hand side. The
following formulae lay out some nomenclature definitions, which are very important
to grasp the principle of the method. They can be confusing when encountered for
the first time. Attention is called to the introduction of the concept of a reference
transition. The centroid difference depends on the energies of the two gates and on the
fact which gate is a feeder or decay transition. The choice of a reference transition fixes
the character (feeder or decay) and the energy Eref of one gate. For convenience the
following shorthands are defined for the definitions of the two centroids defined above:

C(Dstop) = C(Estart)Eref on stop
= C(Eγ)stop,

with the reference transition gated on the stop branch and

C(Dstart) = C(Estop)Eref on start
= C(Eγ)start,
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with the reference on the start branch. The centroid difference for a reference transition
(either decay or feeder) with energy Eref and a corresponding given other transition at
energy Eγ is then defined as

∆C(Eγ)decay = C(Eγ)stop − C(Eγ)start

∆C(Eγ)feeder = C(Eγ)start − C(Eγ)stop .

With the definition ∆E = Efeeder − Edecay, the following symmetry between the
choice of a feeder or decay as reference can be found [55]:

∆C(∆E)decay = −∆C(−∆E)feeder .

This relation is responsible for the name mirror symmetric centroid difference method.
The centroid difference ∆C(E)ref of a prompt coincidence is the prompt response

difference PRD(E)ref for a reference transition with energy Eref . Applying equation
(2.3), the following relation between lifetime and centroid shift is true for a delayed
cascade connecting a level with lifetime τ :

2τ = ∆C(Efeeder)decay − PRD(Efeeder)decay, (2.4)

2τ = ∆C(Edecay)feeder − PRD(Edecay)feeder. (2.5)

The PRD depends on the reference energy. PRDs corresponding to different reference
energies are shifted in parallel by a constant time offset s(Eref1, Eref2). Analogous to
the promt curve of the original centroid shift method, the PRD has to be calibrated
to extract lifetimes from the time spectra. It has been shown, that the 152Eu soure
is very well suited for this purpose [49]. Note that, by definition, ∆C(Efeeder)decay =
∆C(Edecay)feeder = 0 for prompt transitions with Edecay = Efeeder, which serves as an
additional calibration point [55]. It can be used to determine the shift s(Eref1, Eref2).
To fit the PRD, the function

PRD(Eγ)ref =
a√

b+ Eγ
+ cEγ + d, (2.6)

as proposed in [55], is used. Note that the first term on the right side of this formula
can be related to the time walk behaviour expected from a CFD [49]. A plot of a
PRD fit using this function can be seen in Figure 3.10. The PRD calibration has to be
performed using full energy peaks from prompt cascades. It was demonstrated, that
the use of coincident Compton events, e.g. from a 60Co source, is not adequate for
high precision measurements as the Compton continuum itself has a complicated time
structure [49]. This effect becomes more pronounced with increasing crystal size.

The MSCD method shows its full potential in the application with large fast timing
arrays. To this point, the discussion in this Section was restricted to systems comprised
of two detectors and one TAC. If the number of detectors N is increased, the number
of possible combinations for coincident measurements grows like N(N−1)

2
. With six

detectors there are already 15 combinations. In the EXILL fast timing campaign,
conducted at the ILL in spring 2013, 16 detectors were used which already amounts
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Figure 2.2: Common stop timing circuit for n detectors with (n − 1) TACs. Each TAC is
startet by an individual detector and stopped by detectors with higher index numbers. All
N(N − 1)/2 detector-detector combinations are measured with n− 1 TACs. Fan in-Fan outs
(FIFOs) are used to generate the the common stop.

to 120 combinations2. A number which renders analysis in the way described above
tedious. A very elegant, simple and precise way to evaluate fast timing data from
such experiments was recently introduced by Régis et al. with the generalised centroid
difference (GCD) method. In [53] it is shown that, instead of N(N−1)

2
PRD functions,

a mean PRD curve can be determined by evaluating the centroid of the sum of all
combinations. Lifetimes are then determined from the shift of the mean centroid
difference with respect to this mean PRD, using equation (2.4). In the same work it is
also shown that precision measurements down to 5 ps are possible with this method.

To measure all N(N−1)
2

possible combinations, it is not necessary to use the same
number of TACs. All combinations can be measured with a common stop fast timing
circuit. A schematic diagram of such a setup is shown in Figure 2.2 (a). The detectors
and TACs are labelled from 0 to N. Detector i starts TAC i, which in turn is stopped
by all detectors with index number j > i. This way, all combinations are recorded with
N − 1 TACs. The common stop setup is favoured over the common start to reduce
dead time. Once a signal is detected at the start input of the TAC, no further start
signals are accepted for the duration of the TAC range. The TAC range is usually set
to 50-100 ns to measure picosecond lifetimes in fast timing experiments using LaBr
detectors.

2This is the maximum possible number of combinations. In the analysis 24 combinations had to
be excluded, due to heavy contaminations from cross talk events.
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2.1.5 Considerations about the measurement uncertainty

The main contribution to the measurement uncertainty using the GCD method comes
from systematic uncertainties and their correction. The uncertainty of the time cali-
bration of the TAC can be done very precisely (< 0.5ps) and can be neglected in most
cases. With reasonable statistics the centroid of the delayed distribution itself can
often be measured with a precision below 1%. The calibration of the PRD introduces
an uncertainty of typically 5 ps on the mean lifetime.

In delayed γ γ coincidence measurements, the largest contribution to the measure-
ment uncertainty, however, is due to timing background corrections. If coincidences are
sorted, the gate usually contains background events on top of the desired full energy
peak events. Few of these background events are truly random with respect to the
events in the coincidence gate of the other detector. Compton and multiple compton
events from coincident transitions with higher energy are the main source of delayed
time background in the energy region above 300 keV. Below 300 keV, the background
is heavily delayed towards prompt full energy transitions. Here the background mainly
consists of compton events, back scatter events, and heavily delayed scattered γ rays
from the surroundings, including time correlated cross talk events from neighbouring
detectors.

If the peak to background ratio is close to ten or larger, the contribution of the
background to the true full energy centroid can be neglected [49]. However, for smaller
peak to background ratios, a correction has to be applied. In these cases, the contribu-
tion from the background to the time distribution, yielded by gating on the full energy
peak, is larger than 1 ps and can no longer be neglected in the determination of the
lifetime [53]. A correction has to be applied. The background contribution Cbg to the
measured total centroid Ctot is determined by gating on a transition and then setting
gates in the background around the corresponding coincident transition. This way the
background contribution can be interpolated. By determining the peak to background

ratio β =
Volfep

Volbg

in the gate limits of the coincident transition, the value of the full

energy peak centroid Cfep can then be determined:

Cfep = Ctot + β(Ctot − Cbg) , (2.7)

which brings a value of

∆Cfep =
1

2

√
(1 + β)2(∆Ctot)2 + β(∆Cbg)2 (2.8)

into the uncertainty of the final mean lifetime τ , neglecting the uncertainty of β.
Time-correlated background is the biggest problem for lifetime measurements in-

volving transitions below 300 keV. It has been demonstrated, that active and passive
shielding is very efficient in this kind of experiments [49].

2.2 Spectroscopy of exotic nuclei

The nuclei investigated within the scope of this thesis are situated in the proton mid-
shell region between the magic numbers Z=28 and Z=50 and close to neutron number
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N=60 (see Figure 1.2). This means, all these nuclei are exotic and neutron rich. Over
the past decade exotic nuclei have become more and more a focus of nuclear structure
research. With the development and extension of experiments such as (REX-)ISOLDE,
RIKEN, the construction-in-progress FAIR-facility and many similar sites around the
world, great efforts are undertaken to investigate nuclear structure far from β-stability.
While non-stable nuclei close to stability can be produced at relatively low energies in
direct ion-beam reactions3, exotic nuclei demand other production methods. Exotic
proton rich nuclei are accessible through fusion evaporation reactions. In this type
of reaction a new nucleus is formed by a fusion reaction of two lighter nuclei, which
are typically stable. Directly after the fusion process, the compound is highly excited,
resulting in emission of neutrons and protons. As the proton-neutron-ratio Nπ/Nν

decreases going from light to heavy masses, fusion of two nuclei results in a proton rich
product, situated east of the valley of stability in Figure 1.2. These reactions can be
induced with ion beam accelerators, a well established tool of nuclear physics since its
early times, like, e.g., the Cologne Van-der-Graaf Tandem accelerator. Exotic neutron-
rich nuclei, east of the valley of stability, are not accessible through this technique.
Historically, exotic neutron-rich nuclei have first been investigated by observing fission
products. The discovery of nuclear fission by Otto Hahn, Lise Meitner et al. [56, 57]
can be considered the beginning of these studies. An introduction to nuclear fission as a
tool for experimental nuclear structure physics is given in Section 2.2.1. Another way to
produce very exotic nuclei (proton- and neutron-rich) is nuclear fragmentation, a type
of nuclear reaction, which is not discussed further here. These two kinds of reactions
have in common, that they are not particularly selective concerning their production
channel. Thus it is necessary to select and identify the isotope of interest. This can
be achieved using different methods. One of these is fragment separation using electric
and magnetic fields. This method is applied at the Lohengrin mass spectrometer, which
is described in Section 2.2.2 below. Another aspect of experiments with exotic nuclei is
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Figure 2.3: Stages of binary fission.

3Neutron capture reactions have to be included here.
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the signal to noise ratio, which is typically much lower than in non-exotic experiments.
All this demands for sophisticated experimental setups. The Lohengrin separator at
the ILL4 is one of the setups designed with the intent to meet these challenges.

2.2.1 Nuclear fission and its application as a production meth-
od for radioactive nuclei

The process of nuclear fission was discovered by Hahn and Strassmann [56]. The process
itself is very complex and far from well understood. It is still subject of fundamental
nuclear structure research. A detailed review is beyond the scope of this thesis and
only a superficial phenomenological description will be given in this section. Reviews
on the topic can be found, e.g., in [58].

Nuclear fission is observed in heavy nuclei. In the picture of the liquid drop model,
fission can be interpreted as a process where the nucleus is elongated and, at a certain
elongation, scissions into two parts (see Figure 2.3). This process happens sponta-
neously in some actinide nuclei. In these nuclei, the surface tension energy of the large
deformation preceding fission is compensated by the coulomb repulsion of the protons.
The energy barrier for fission is small in these nuclei. The cross section for fission
increases if the nucleus is excited, for example after the capture of a neutron. The
different stages of the process are schematically depicted in Figure 2.3. Fission of a
nucleus A

Z XN produces two (binary fission) or more (ternary and higher order fission)
lighter nuclei in highly excited states, as well as typically 2-3 neutrons. The following
description will be limited to binary fission, which is by far the most likely reaction
channel. The primary fission fragments are emitted in opposite directions. They emit
neutrons until nucleon emission is no longer favored energetically. The products are
then called secondary fission fragments. Nuclear fission is asymmetric with respect to
the mass of the fission fragments, yielding one light and one heavy product nucleus per
fission. These two are called fission partners.

Mass yields for neutron induced fission of 233U, 235U, 241Pu, and 241Am are shown in
Figure 2.4. The two so called humps correspond to the light and heavy fission partners,
with maxima around A = 90 and A = 130 respectively. Note that with increasing mass
of the fissioning nucleus, the hump of light nuclei travels to larger masses, while that
of the heavy fragments does remain fairly constant. This fact, and asymmetric fission
itself, can be understood qualitatively in terms of the shell model. At the moment
close to fission, the structure of the two parts resembles more and more that of the
individual product nuclei. For these, the shell structure favores energetically nuclei
with a doubly magic character. For symmetric fission of the actinides, the closest
doubly magic configuration is 132Sn. If one part is close to, but below this number, it
will bind more nucleons until it is slightly heavier than 132Sn. The remaining nucleons
then make up the lighter fragment. This mechanism for forming the heavier fragment
is the same for fission of all nuclei in the actinide region, and thus the mass yield
distribution of the heavy fragments is also similar.

4Institute Laue-Langevin. The ILL nuclear reactor is one of the strongest neutron sources for
scientific use world wide. www.ill.eu
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Figure 2.4: Independent mass yields after fission induced by thermal neutrons for the fission
targets 233U, 235U, 241Pu, and 241Am according to the database ENDF/B-VII.1 [59].

Fission releases about 200 MeV of energy, which is distributed among the two
fragments and emitted neutrons. The kinetic energy Ekin of the heavy fragments is
smaller than that of the light ones. Typically Ekin ≈ 70− 90 MeV and Ekin ≈ 80− 100
MeV.

The neutron excess of stable nuclei increases with increasing mass number. Fission
of a heavy nucleus therefore results in two nuclei, which have a larger neutron excess
than their corresponding stable isobars; the products are exotic. This fact makes fission
interesting for the experimental study of neutron-rich nuclei. As fission produces a
whole range of nuclei with similar probability, measurements of particular isotopes
demand for techniques to select the the fission fragments based on their mass A and
nuclear charge Z. One possibility to achieve this is fragment separation with electric and
magnetic fields. The Lohengrin separator, described in the following section, applies
exactly this technique.
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2.2.2 The Lohengrin mass separator

The Lohengrin mass spectrometer [60] for separation of fission fragments is installed
in the reactor hall at the Institute Laue Langevin (ILL) in Grenoble, France. Figure
2.5 shows a schematic depiction of the setup. A photograph of the separator, without
the radiation protection walls usually surrounding the beam tube, is shown in Figure
2.6. The fragments are produced after a fission reaction, induced by thermal neutrons,
in a target situated close to the core of the ILL nuclear research reactor. At this point
the neutron flux is 5 · 1014 1

cm2s
. The fission targets have a typical thickness of 200-400

µg/cm2. A collimator is positioned close to the target which selects fragments emitted
in the direction of the Lohengrin beam tube, essentially creating a beam of the ion
cocktail of fission fragments which have various kinetic energies Ekin, masses A, and
ionic charges q. Isotope, energy and mass distribution after fission were discussed in
Section 2.2.1. The ions are not fully ionized but have a statistically distributed ionic
charge after passing a thin layer of nickel (few tenth of a µm), directly after they
leave the target. The mean ionic charge lies between q = 19 and q = 21 for the light
fragments. The typical energy of the fragments is of the order of E = 100 MeV, which
corresponds to about 1 MeV per nucleon.

Separation of the fission fragments is accomplished by the combination of a magnetic
and an electric field, produced by the main magnet and the condenser5 (see Figure
2.5). The fission fragments are split onto different parabolas, according to the ratio of
their mass and energy to ionic charge, A/q and Ekin/q. Fragments with the selected
ratios first pass the magnetic field B which is constant and perpendicular to the ions’
momentum. The ions are deflected in the horizontal x-direction. After that they pass
the condenser, which is shaped so that selected ions travel along a circular line of
equal electric field strength E . Here deflection happens in the vertical y-direction. The
movement of ions with charge q, mass A, velocity v in these fields follows the equations

qvB =
Av2

rmag

(2.9)

qE =
Av2

rcon

. (2.10)

Here rmag and rcon are the radii of curvature of the circular trajectory on which the ions
are forced by the main magnet and the condenser respectively. E and B are adjusted in
a way, that A, q and Ekin of the desired fragments correspond to the radii of curvature
that allow a passing of the whole spectrometer. By dividing equation (2.9) by equation
(2.10), one arrives at an expression for the velocity

v =
rcon

rmag

E
B
.

The kinetic energy of the fission fragments is smaller than 1 MeV per nucleon, which is
much smaller than the rest energy of a nucleon, Erest ≈ 1 GeV. Then a non-relativistic

5The old English word condenser for capacitor still sticks to this particular one.
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Figure 2.5: Schematic drawing of the Lohengrin mass spectrometer, based on a figure on the
ILL website[61] and the author’s own observations. The top view shows the deflection in x-
direction induced by the main magnet. The side view shows the deflection in the y-direction
by the condenser. The green line depicts the path of focused fission fragments that reach the
ionization chamber, where they are stopped. The path length for these ions is 23.15 m.

treatment is sufficient and the relation

Ekin =
A

2
v2

holds. The electric field of a plate capacitor is

E = U/d,

where d is the distance between the plates, and U is the electrostatic potential. By
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Figure 2.6: Photograph of the Lohengrin mass spectrometer without the radiation protection
usually surrounding it. The condenser (a) and the main magnet (b) can be seen. Picture
taken from [62].

combining these equations, the following focusing conditions are derived:

A

q
=

1

χ

B2

U
(2.11)

E

q
= φU, (2.12)

with the two spectrometer parameters

φ =
rcon

2d
, χ =

2φ

r2
mag

. (2.13)

Two general types of decay spectroscopy experiments are performed at Lohengrin,
namely β decay studies and µs isomer spectroscopy. All experiments presented in this
thesis are µs isomer experiments at Lohengrin. To determine whether an experiment
on a certain nucleus is feasible at Lohengrin, the following points have to be considered:

• the fission yield of the mass of interest,

• the independent fission yield of the isotope of interest,

• the energy distribution of the fission fragments,

• the isotopes‘ charge state distribution after crossing the Ni foil,

• contaminations by nuclei with similar A/q and E/q in the same mass region,
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Figure 2.7: (a) Plot of the energy loss in the first part of the ionization chamber, ∆E1, against
the total fragment energy Etotal = ∆E1 +∆E2, for the setting A = 87, q = 20, E = 88. Apart
from mass A = 87, fragments with mass A = 96 and mass A = 100 are also detected.

• the fission yield of these contaminants, and

• the known isomers and β decays.

The first points mainly influence the choice of fission target. As can be seen from
Figure 2.4, the mass distribution of fission fragments strongly depends on the fission
target material. Mass yields can vary over several orders of magnitude, most notably
in the mass region between the humps and on the edges. It can be argued that it is
of advantage to choose a target, where the desired mass is situated close to this edge
of the distribution, because in this way the yield of possible contaminents decreases
quickly in one direction, leading to a potentially cleaner measurement.

Another aspect is the fine tuning of the separator in order to achieve a clean and
strong signal of the desired isotope. After each major setup change and after each
target change, a calibration scan of Bmain is performed with a strongly produced mass,
to adjust the parameter χ. Figure 2.8 shows such a scan. After the scan, the old χ
value is changed so that the maximum of the distribution lies at the correct value.
Then the Lohengrin spectrometer is set up for separation of the desired mass. To find
a setting, as a first step, coarse estimates for the field values are calculated for the
isotope of interest. If there is no estimate for q from earlier measurements, a q-value
of 21 is chosen as a starting point. For a clean setting it is desired to get as few ions as
possible from neighboring masses with similar A/q and E/q values (see equations (2.11)
and (2.12)). This can be influenced by the number of shutters opened behind the focal
plane. Of course, a wide open collimator means more ions, but also more background.
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Figure 2.9: Yield scan with the ionization
chamber for different fragment energies. The
spectrometer was set for mass A = 98 and
ionic charge q = 21. From the scan it follows,
that the optimum energy lies at E = 92 MeV.

For isomer spectroscopy experiments, it is especially important, to minimize the overlap
of energy-loss distributions of the contaminants in the ∆E1-∆E2 ionization chamber
with that of the isotope of interest. That is because mass selection is achieved by gating
on the ionization chamber data. The amount of contamination can be estimated by
calculating the ionic charge q for the neighboring masses which fulfills the focusing
condition of the setting. If the necessary ionic charge has a value right between two
integers, the contaminants’ transmission is low. Depending on the fission yields, it can
still be larger than that of the desired mass. Fine tuning is accomplished by performing
measurements with settings corresponding to a series of values for E and q. Figure 2.9
show data from an E scan for mass A = 98, performed during the experiment described
in Chapter 4 of this thesis. It can be seen, that the absolute number of ions with A =
98 and ions with A = 84, as well as their ratio, depends on the selected E value. In this
way it often has to be decided whether the priority is set on a clean measurement or
on a high yield of the desired mass; a kind of trade-off situation every experimentalist
encounters sooner or later. A similar weighing has to be done for the relative yields of
isotopes of one mass, but here the effect is not as pronounced.
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Figure 2.10: Total energy of fission fragments measured with the ionization chamber.
Lohengrin was optimized for mass A = 98, with q = 21 and E = 92. Mass A = 84 ap-
pears too, but is well separated.

2.2.3 Isomer spectroscopy with the Lohengrin mass separator

If a fission fragment, recoiling from the target, passes the whole spectrometer in an
isomeric state, it is possible to directly measure the lifetime of this state via delayed
coincidence between the ionization chamber signal and radiation from the isomeric
decay. E.g. a γ ray detected by one of the germanium detectors. The data is acquired
using digital electronics6. The time difference between signals is determined using the
synchronized internal clocks of the digitizer modules. The sampling rate of the modules
used for experiments within the scope of this thesis is 40 MHz (25 ns between tics). An
exponential function plus a constant background is then fitted to the time distribution
to deduce the lifetime. The lower limit for lifetime determination using this method is
due to the time of flight through the Lohengrin separator, which is about 1.6 µs. For
lifetimes shorter than about 0.5 µs impractically long measuring times are needed to
get reliable results. An upper limit of between 60 and 80 µs is less clearly defined and
mainly governed by the coincidence window and the counting rate. For a given ion rate
and a long-lived isomeric state, a larger coincidence window means a higher probability
that after implantation of an isomeric ion another ion arrives during the coincidence
window but before the first one emits any radiation or vice versa. In this case it is not
possible to unambiguously assign the γ signal to a single ionization chamber signal,
which eventually leads to time spectra unusable for lifetime analysis.

If several isomers with similar lifetimes are found to be present in cascade in the
same isotope, it is advantageous to use γ-γ timing to measure the halflife of those states
lower in the cascade, to avoid uncertainties due to feeding corrections.

6Xia digital gamma finder (DGF) 4C revision E, www.xia.com/Manuals/
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The fact that the decay radiation of these µs isomers is in delayed coincidence
with the incoming ions allows for a clean spectroscopy of isomeric cascades. This
selectivity, in combination with the mass separation capabilities of the Lohengrin setup
was employed in many studies of neutron-rich nuclei (e.g., [63–66]). This possibility
to apply selection conditions is especially important in experiments with exotic nuclei,
as they can improve the signal to background ratio significantly, which is typically
very low in this kind of experiments. In γ spectroscopy the delayed transitions can
be identified by setting a gating condition on the ion-γ time difference. Additionally,
uncorrelated background can be subtracted to retain clean energy spectra and γ-γ
coincidences. This isomer selection can also be applied to reduce background in γ-γ
fast timing measurements, as was done in the experiments on 99Y and 100Nb, presented
in Section 3.3 and 3.4.

In some cases it is also possible to use the ion-γ correlation of delayed transitions
to identify the atomic number Z of the nucleus they originate from. The kinetic energy
of the ions is too small to achieve complete Z separation with the ∆E1-Etotal ionization
chamber. However the Z dependence can be measured with the ∆E1 distribution if a
gate on a γ transition from a µs isomer decay cascade can be set. Within the scope of
this thesis, this approach was adopted in the case of 97Rb, as it is described in more
detail in Section 3.1.

2.3 Electron spectroscopy

Figure 2.11 shows examples of conversion electron spectra. The left spectrum was
measured with an Orange type magnetic spectrometer, the spectra on the right hand
side with a cooled lithium drifted silicon detector. With the magnetic spectrometer,
only the electrons are measured, while in the Si(Li) spectrum γ and X rays are also
detected. The electrons lines originating from different subshells are clearly visible in
both cases. The L-conversion lines are slightly wider than the K-lines, due to their
substructure.

The conversion coefficient α contains information on the nuclear transition. As
mentioned in Section 1.1, transition multipolarities, can be determined by measuring
total or relative internal conversion coefficients. These measurements are intensity
measurements of γ and conversion electron transitions.

Conversion coefficient ratios like αK/αL can be measured by just comparing the
relative intensities of electron peaks in the electron spectrum

αK

αL

=
IK/Iγ
IL/Iγ

=
IK

IL

.

A knowledge of relative electron detection efficiency is sufficient. For determination of
absolute conversion coefficients, a knowledge of absolute γ and electron intensities is
necessary. This was done in the experiment on 97Rb, presented in Section 3.1.

The Si(Li) detector measures electrons as well as γ rays. Due to the proximity and
comparably high detection efficiency for electrons of the Si(Li) detector, K-electrons
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Figure 2.11: Examples of electron spectra. (a) Conversion electron spectrum of 178W, mea-
sured with the Cologne Orange spectrometer [67]. The data is from [68]. L and M conversion
lines are resolved. On the right hand side two coincidence spectra, measured with a Si(Li)
detector, are shown. The transitions are from 97Sr, with data from the experiment discussed
in Section 3.2. A germanium detector gate was set on the strong coincident transitions at
167 keV (a) and 141 keV (b). The K X ray line, Compton continuum and the respective γ
ray lines are also visible.

are frequently measured in coincidence with Kα and Kβ X rays. The energies then
adds up to the energy of L and M conversion electrons:

EK = Etrans − EbindK

EL = Etrans − EbindL

EM = Etrans − EbindM

EKαX = EbindK − EbindL

EKβX = EbindK − EbindM

⇒
{
EK + EKαX = EL
EK + EKβX = EM .

This has the effect, that the measured K X ray intensity IKX = IKXα + IKXβ appears
to be too small and L and M intensity is too large. The quantitative systematic
uncertainty for an internal conversion with transition energy Eγ can be determined from
coincidence spectra like the ones shown in Figure 2.11(b,c). The measured intensities
I are

IKαX = ωKNKe (εKX − εKX εe(EK))
IK = NKe (εe(EK)− εe(EK)εKX

ωK)
IL = NLe (εe(EL)− εe(EK)εKX

ωK) .
(2.14)

N indicates the total numbers of transitions, ε are the respective efficiencies. Not
every internal K conversion leads to the emission of an X ray. Emission of Auger
electrons from the atomic shell is also possible, in a process analogous to that of
internal conversion. The fluorescence yield ωK accounts for this fact. In strontium
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ωK = 0.691 [8]. Based on the efficiency calibration, the magnitude of the correction
to the electron intensity for the experiment presented in Section 3.1 is of the order of
10%.
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Chapter 3

Experiments and results

In this chapter the performed experiments on the nuclei 97Rb, 97Sr, 99Y, and 100Nb,
are described in detail and the results are presented. The data were collected in two
experimental campaigns at the Lohengrin mass separator at the ILL, Grenoble, in
June 2011 and October 2012. The Lohengrin setup and general information on the
experimental and analytic methods applied are discussed in Chapter 2.

In the first campaign, fission fragments with mass A = 97 were investigated. A
new 76.5 keV transition from the decay of a previously unknown µs isomer in 97Rb was
observed. This is the first information on an excited state in this nucleus. The lifetime
of the isomer was determined. The multipolarity of the transition was established by
measuring the K conversion coefficient. From the same data, a new decay branch of
the 830 keV isomer in 97Sr could be established.

The second experiment presented here was a fast-timing measurement with the aim
to investigate collectivity of excited states in 99Y and 100Nb. In these nuclei the lifetime
of 4 levels in the isomer decay cascades were determined for the first time. Additionally
lifetimes of excited states in the nuclei 99Nb, 100Nb and 100Mo, populated after β decay,
were measured.

The results are discussed and compared to theoretical calculations in Chapter 5.
The results on 97Rb and 97Sr obtained in this work were published in the journal
Physics Review C [69].

3.1 97Rb

Data, collected in a measuring campaign with the purpose to find new µs isomers in
fission fragments in the mass region around A = 90, showed indications of an unknown
isomer in a A = 97 nucleus. The results of this campaign are presented in Chapter
4. However, the data did not allow for the identification of the atomic charge Z of
the isotope of interest. Furthermore, the lifetime could not be determined with good
accuracy due to weak statistics. Mass 97 appeared only as a side product and separation
was not very clean. A new experiment was conducted to investigate this new isomer.

The experiment was performed at the Lohengrin separator at the ILL, Grenoble
(see Section 2.2.2). A mixed 241Pu (∼70%) - 241Am (∼30%) target was used for the
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Figure 3.1: Schematic representation of the setup used in the experiment on 97Rb and 97Sr.
The ion chamber was used to detect the ions and identify their mass. The two Clover detectors
and the cooled Si(Li) detector were used to detect delayed γ rays. With the Si(Li) detector
it was also possible to measure conversion electrons.

induced fission reaction. The 241Am in the target is a product of 241Pu β decay. The
halflife of 241Pu is T1/2=14.290(3) a [70], so decay to 241Am over the course of the
experiment is negligible.

Very clean separation of fragments was achieved throughout the experiment, with
a fraction of 84% of all registered ions being of mass A = 97. The measurement time
was about three days. Ions were detected and identified using a split-anode ∆E1-∆E2

ionization chamber filled with isobutane at a pressure of 44 mbar. The total count rate
in the ionization chamber was about 700 ions/s at the beginning of the experiment
and 520 ions/s towards the end. Due to target burn up, ion rates decreased over time.
The ions were stopped in a 6 µm thick Mylar foil at the end of the chamber. A few
millimeters behind the Mylar foil, a two-fold segmented Si(Li) detector was installed.
The detector was cooled with liquid nitrogen to allow measurement of low-energy γ
rays and conversion electrons with good energy resolution. The Si(Li) crystal was 4
mm thick. Each segment had an active area of 2 x 3 cm2. The pressure of the isobutane
in the ionization chamber was adjusted such that the incoming ions were stopped in
the last quarter of the Mylar foil. This was done to assure that no ions hit the Si(Li)
detector directly. By stopping the ions at the end of the Mylar foil, conversion electrons
lost little energy on their way to the Si(Li) detector. This is important as one goal of
the experiment was to measure low-energy conversion electrons. Outside the ionization
chamber and perpendicular to the Mylar foil, two HPGe Clover detectors were placed
in order to detect delayed γ radiation. A fixed coincidence window of 60 µs was set
for ion-γ and ion-electron events. A schematic depiction of the detection setup can be
found in Figure 3.1.
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3.1.1 Calibrations

The energy calibration was done using in-beam β decay data. A linear fit brought an
accuracy of 0.2 keV over the energy range from 50 keV to 1.4 MeV for the Clover detec-
tors. In the case of the Si(Li) detector the low energy regime was of great importance.
The setup allowed the measurement of energies down to about 11 keV. Low-energy γ
rays and X rays following β decay of 97Rb, 97Sr and 97Y - present as background - were
used for the energy calibration. A separate calibration had to be done for the electrons,
as they lose energy by traveling from the point of implantation of the ion to the Si(Li)
detector and by passing the thin dead layer of the Si(Li) detector. The energy loss was
of the order of 5 keV at a detected electron energy of 50 keV.

An absolute full-energy-peak efficiency calibration was performed for the Ge detec-
tors and the Si(Li) detectors to determine conversion coefficients and branching ratios.
This was achieved applying the sum peak method. If a γ ray with energy E1 hits a
detector, there is a certain probability, that a coincident γ ray with energy E2 hits the
same detector while charge collection is still in progress. This means the energy of both
γ rays is detected as if they were a single one. For strong transitions, this becomes
noticeable by the appearance of a sum-peak in the γ spectrum. In the calibrated en-
ergy spectrum the sum-peak appears at the summed energy E∑ = E1 + E2. While in
spectroscopy this effect is usually bothersome because it is in essence a contamination,
it can be used to do an absolute efficiency calibration. Let NE be the total number of
decays of a transition with energy E (γ and conversion electrons) that happen during
the measurement time. Let AE be the measured volume of the same transition in the γ
spectrum recorded with the detector whose efficiency is to be determined. Let us also
assume a scenario of a cascade with exactly two transitions (like in Figure 2.1 (a)), i.e.
NE1 = NE2 = Ntot

1. Then the following set of linear equations is valid

AE1 = NtotεE1 ηE1 (3.1)

AE2 = NtotεE2 ηE2 (3.2)

AE∑ = Ntot εE1 εE2 ηE1 ηE2 W (Θ), (3.3)

where εE is the (full energy peak) γ detection efficiency at energy E and ηE1 =
1

1 + αE1

with the total conversion coefficient αE1 of the respective transition. W (Θ) accounts for
the angular correlation and depends on the multipole character of the two transitions.
As the two γ rays are detected in the same detector, Θ = 0◦ applies. The system of
equations can be solved to obtain the unknown values εE1 , εE2 and Ntot.

εE1 =
AE∑
AE2

1

ηE1 W (Θ = 0◦)

εE2 =
AE∑
AE1

1

ηE2 W (Θ = 0◦)

Ntot =
AE1AE2

AE∑ W (Θ = 0◦)

1For more complex cascades branching has to be added.
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With one such cascade the absolute efficiency of the detector can be determined for
two energies. In case of a segmented system the procedure has to be applied for each
segment individually.

The strong 197 keV → 381 keV → 1313 keV cascade depopulating the 1892 keV
µs isomer in 136Xe was used to perform the absolute efficiency calibration. Strong lines
from β decay of 136Xe, 142La, and other isotopes were used for the relative efficiency
calibration which was then shifted to match the absolute values. The results were
throughout consistent. In this experiment the total efficiency of the Clover detectors
was 16(2)% and 3.2(4)% for γ rays of 0.1 and 1 MeV, respectively.

The γ efficiency calibration for the Si(Li) detector could not be done using the
sum peak method, as there were no sum peaks visible2. The absolute full energy peak
efficiency was determined using equation (3.1). The total number of decays Ntot was
obtained using the calibrated Clover detectors. The efficiency was compared to that
obtained in earlier measurements which used the exact same detector and found to
be consistent. The absolute photo efficiency of both segments of the Si(Li) detector
combined was 3.3(7)% at 50 keV. The intrinsic efficiency for electrons is close to unity
in the considered energy range. The absolute efficiency for electrons is a constant,
governed mainly by the solid angle covered by the detector. It was measured to be
14(2)%.

3.1.2 Results

A background subtracted spectrum of delayed γ rays in coincidence with A = 97 fission
fragments can be seen in Figure 3.2. The time window was set to 15 µs after arrival
of the ions. Strong decay lines at 141 keV, 167.1 keV and 522.7 keV, originating from
the decay of the 830 keV µs isomer in 97Sr, can clearly be seen. Other transitions are
discussed in the following Section (Sec. 3.2). A rather strong line is visible at 76.5
keV. A gate on this transition allowed for the determination of its lifetime using ion-γ
timing as described in Section 2.2.3. The measured halflife of the 76.5 keV transition
is T1/2 = 5.1(4) µs, see Fig. 3.3. This value is very different to the T1/2 = 526(13)
ns reported for the 830 keV isomer in 97Sr [72] and much longer than the halflife
T1/2 = 0.10(2)µs measured for the 1264 keV isomer in 97Zr [19]. Apart from these two,
there is no report on isomers with halflifes in the µs region in fission fragments with
mass A = 97. This leads to the conclusion that the transition belongs to a previously
unknown µs isomer in a A = 97 nucleus.

Two methods were used to identify the nuclear charge Z of the isotope emitting the
new 76.5 keV γ transition. First the Si(Li) was used to measure X rays in coincidence
with the K-electron conversion line of the transition. A background subtracted spec-
trum of delayed conversion electrons and photons in the range of 3.75 µs to 17.25 µs
after the arrival of an A = 97 fission fragment can be seen in Figure 3.4(a). The time
window was chosen this way in order to ensure that no γ rays from the decay of the

2The photo effect, responsible for the full energy peaks, has a strong Z dependence of Z4.5 (see
e.g. [71]). Thus sum peak detection is much more likely in germanium detectors than in silicon
detectors (ZSi = 14, ZGe = 32). Furthermore, the Si(Li) segments were much thinner than the Clover
Ge-crystal.
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Figure 3.2: Background subtracted spectrum of delayed γ rays up to 15 µs after the arrival
of an ion of mass A = 97. The spectrum was measured with the two Clover detectors.

strongly populated 830 keV isomer in 97Sr appear in the spectrum. In Figure 3.4(b),
a coincidence spectrum of one of the Si(Li) segments, with a gate on the K-conversion
line of the 76.5 keV transition in the other segment, is shown. Only one X ray tran-
sition at an energy of E = 13.4(2) keV can be seen in coincidence. The Kα X ray
energies for Kr, Rb, Sr, Y and Zr are 12.6, 13.4, 14.1, 14.9, and 15.7 keV respectively
[8]. With this the 76.5 keV transition can be assigned to 97Rb.

To confirm this result the energy loss of A = 97 ions in the first part of the ion-
ization chamber was analyzed. This technique has been used before to assign delayed
transitions in 95Y [63] and 107Tc [73]. The mean energy loss, ∆E1, depends on the
nuclear charge Z. A calibration was performed by measuring ∆E1 of ions in coinci-
dence with the strong 522 keV line of the µs isomer in 97Sr, and of all A = 97 ions as
shown in fig. 3.5(a). A mean value of Z=38.8(1) for all A = 97 fission fragments was
calculated using independent fission yields of 241Pu from the ENDF/B-VII database
[59]. By assuming a linear correlation between ∆E1 and Z, it was possible to determine
a calibration factor of ∆E1 = 17.5 channels per ∆Z = 1. Note that the contribution
from 241Am fission fragments with mass A = 97 was less than 10% of all ions detected
with this mass. 241Am itself is not fissile by thermal neutrons, but undergoes fission
after capture of two neutrons. The resulting influence on mean Z of the total distribu-
tion was calculated to be negligible. For comparison, expected distributions of 97Y and
97Zr are shown in Figure 3.5(a) as solid lines. The areas under the peaks correspond
to the independent fission yields, normalized to the total distribution. The width cor-
responds to the width of the measured ∆E1 distribution of 97Sr. The positions of the
maxima of the distribution for the different A = 97 isobars are shown in Figure 3.5(b)
along with the ∆E1 distribution of ions in coincidence with the 76.5 keV transition.
An expected distribution for 97Rb ions is drawn as a solid line. The centroid position
was taken from the calibration, the width was taken from the 97Sr distribution. Only
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the area under the distribution was adjusted to the experimental data for comparison.
Based on this analysis the transition is assigned to 97Rb, in accordance with the X ray
measurement.

The Si(Li) detector allowed for conversion electron spectroscopy. The K conversion
coefficient αK was determined, as described in Section 2.3. Comparing the K-conversion
line intensity to the intensity of the γ line in the Si(Li) detector, αK = 0.16(4) was
measured for the 76.5 keV transition. A comparison to the γ intensity measured with
the Clover detectors yielded α = 0.21(3). Both values are in agreement with each
other. Predicted K conversion coefficients for a 76.5 keV transition in rubidium are
0.187(3), 0.269(5) and 2.14(4) for E1, M1 and E2 respectively [6]. The experimental
results are sufficiently precise to determine the multipole character of the transition to
be E1. An upper limit of αL < 0.07 was determined for the L conversion coefficient.
This result is in agreement with αL = 0.0206 [6], predicted for E1 multipolarity of this
transition.

No γ rays (apart from rubidium X rays) or conversion electrons were observed in
coincidence with the 76.5 keV transition. Therewith the transition is possibly a direct
ground state transition of an isomeric state at energy E = 76.5 keV. In this scenario,
the E1 character of the transition constricts spin and parity of the isomer to 1/2−,
3/2−, 5/2−, as the ground state spin and parity of 97Rb were measured to be 3/2+

[74]. However, it cannot be unambiguously shown from the data that the 76.5 keV γ
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in the fission reaction 241Pu(nthermal,F). Arrows are drawn in (b) that indicate the centroid
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ray belongs to the ground state transition from the isomeric state. The detection limit
of the Si(Li) detector was around 11 keV, so an upper limit of 90 keV is given for the
excitation energy of the µs isomer responsible for the delay of the 76.5 keV transition.
The results are summarized in Table 3.1.

Table 3.1: Results on the delayed 76.5 keV transition in 97Rb. αK is the weighted average of
the two results gained using the Si(Li) detector and the Clover detectors. See text for more
details.

Nucl. Eisomer (keV) Etrans (keV) T1/2 (µs) αK αL σL

97Rb <90 76.5(2) 5.1(4) 0.19(3) <0.07 E1

3.2 97Sr

The 830.8 keV isomer in 97Sr was investigated at Lohengrin before. Its decay scheme
and lifetime was measured by Zlomaniec et al. [72], a slightly more precise halflife value
was obtained in a measurement presented in chapter 4 of this work. The improved
statistics for fission fragments of mass A = 97 gathered in the experiment allowed to
establish a new decay branch of the 830.8 keV isomer of 97Sr, besides the known, strong
522.7 keV transition. Figure 3.6 shows the time distribution of delayed 522.7 keV γ
rays after the arrival of an A = 97 fission fragment. The deduced half-life is 515(10)
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ns, in agreement with the value reported in [72] and the one presented in Section 4.1
of this work.

In Figure 3.2, two weak transitions can be seen at energies of 308 keV and 355 keV.
An analysis of γ-γ coincidences allowed these transitions to be assigned to the 830.8 keV
isomer decay of 97Sr. The 355 keV transition was observed in coincidence with the 167
keV ground state transition of the first excited state of 97Sr, as can be seen in Figure
3.7(a) and 3.7(c). Furthermore, the halflife of this transition can be measured to be
505(40) ns, in agreement with the isomer half-life T1/2 = 526(13) ns reported in [72],
and the 515(10) ns measured in this work. Figures 3.7(b) and 3.7(c) show a clear
coincidence of 308.3 keV γ rays with the 355.3 keV transition. In the coincidence
spectrum of the 308.3 keV line (3.7(b)) a transition at 522.5 keV and signs for a very
weak one at 214 keV can be seen as well. In previous β decay studies, a level at 522.4
keV was reported, which decays via γ rays of energy 522.5, 355.3 and 214.3 keV [75, 76].
Based on the coincidence data it is evident, that the same level was populated in the
present work. The sum of the measured energies of the 522.4 keV level and the new
307.3 keV transition adds up to the excitation energy of the 830.8 keV isomer. All
these considerations allowed for the construction of the revised isomer decay scheme
shown in Figure 3.8. The spin of the isomer was assumed to be (9/2+) [72].

It should be added, that the peak at 308 keV in Figure 3.2 is an unresolved dou-
blet of the 308.3 keV transition and the sum-peak of the strong 141.0 and 167.1 keV
transitions. Due to this fact the peak area of the 522.5 keV transition in Figure 3.7(b)
is larger than it would be expected from the decay branching of the 522.4 keV state
reported in a β decay study by Lhersonneau et al. [75]. The contribution of this sum
peak can be calculated with the efficiency calibration, but its contribution cannot be
excluded in the coincidence spectra. The 522.5 and 522.7 keV transitions are also
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observed as an unresolved doublet.
The relative transition and γ-intensities of the 830.8 keV isomer of 97Sr are shown

in Table 3.2. They were obtained from single spectra and gated coincidence spectra
using the absolute efficiency calibration for the Clover detectors (see Section 3.1). The
unavoidable sum-peak contribution to the 308 keV γ rays made a determination of the
522.5 keV γ-intensity impossible with the data from this experiment. Therefore, the
branching ratios of the 522.4 keV level reported in [75] were used to determine the
branching of the weak 214 and 522 keV transitions. The intensities were normalized
to the intensity of the 355.4 keV transition measured in this work.
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Table 3.2: Level energies, γ ray energies, and intensities of the delayed cascade of 97Sr up
to 6.75 µs after the arrival of an A = 97 ion. The newly found transition is labeled with an
asterisk ∗. The uncertainty on the measured γ ray energies is 0.2 keV.

Level energy (keV) Eγ (keV) Iγ (rel.) ITotal (rel.)

167.1 167.1 96(19) 100(20)a

308.1 141.0 79(23) 102(29)
522.5 214.4 0.07(3) 0.07(5)b

355.4 1.7(5) 1.7(5)
522.5 0.8(3) 0.8(3)bc

830.8 308.3∗ 3.3(12) 3.4(12)c

522.7 104(30) 105(35)c

aReference transition (ITotal = 100), including conversion-electron intensity.
bThe relative intensities of the weak 214.4 and 522.5 keV lines were obtained from the
branching ratios reported in Ref. [75], after normalization to the measured intensity
of the 355.4 keV transition.
cThe 522.5 and 522.7 keV γ rays are observed in the singles spectrum as an unresolved
doublet, as are the 308.3 keV transition and the sum peak at 167.1 + 141.0 keV. The
individual intensities are extracted from coincidence spectra and comparison with other
peak intensities. The measured intensities of the 522 and 308 keV doublets are Iγ =
105(30) and 7.7(22), respectively.
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3.3 99Y

The second experiment planned and performed within the scope of this thesis was a fast
timing measurement on nuclei in the neutron rich region around N=60. The aim was
to measure lifetimes of excited states in 99Y and 100Nb, in order to shed light on their
structure and collectivity. The measurement on both nuclei took place within 14 days in
October 2012. The lifetimes were measured with the delayed coincidence method, using
four LaBr detectors. The time spectra were analyzed using the generalized centroid
difference method 2.1.4.

The experiment was performed at the Lohengrin separator at the ILL, Grenoble
(see Section 2.2.2). The nuclei were produced in an induced fission reaction in a 235U
target. Incoming ions were detected with a split-anode ∆E1-∆E2 ionization chamber
filled with isobutane at a pressure of 20 mbar. The ions were stopped in a block of
scintillating fiber optics. The scintillator block consisted of approx 1 mm thick fibers
glued together. Outside the ionization chamber the fiber optics were optically con-
nected to a position sensitive photo multiplier tube (PSPMT), in order to measure the
implantation position of each detected ion. Around the ionization chamber, perpen-
dicularly to the beam direction, four LaBr detectors were installed in a close geometry.
Each detector consisted of a 1.5′′ x 1.5′′ cylindrical LaBr3:Ce crystal, connected to a
Hamamatsu R9779 photo multiplier tube. The energy resolution was about 8 % at
140 keV and below 5 % for energies larger than 600 keV. A schematic depiction of the
detection setup is shown in Figure 3.9. The time difference between the LaBr signals
was measured with time to amplitude converters (TACs) in a common stop set-up (see
Section 2.1.1). The TAC range was set to 50 ns. A time calibration was performed
using an Ortec 462 time calibrator. The calibration factor was similar for each of the
three TACs, and had a value of 2.0± 0.1 ps/channel.

The data were collected in list mode using xia digital gamma finders3. Events were

3Xia digital gamma finder (DGF) 4C revision E, www.xia.com/Manuals/

LaBr detector

Implantation spot
Ionization chamber

RED magnet exit

PSPMT
Fiber optics

Ions

Figure 3.9: Schematic representation of the setup used in the experiment on 99Y and 100Nb.
The ion chamber was used to detect the ions and identify their mass.
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calibration. The adopted calibration uncertainty of ±10 ps is indicated with grey lines.

recorded if either of two trigger conditions was met. The first condition was a hit in the
first part of the ionization chamber and a simultaneous hit in the PSPMT. The trigger
window was set to 80 µs after the arrival of the ion. This condition was chosen in order
to get a clean signal from the µs isomer cascade by suppressing background from β
decay. As a second condition, a LaBr multiplicity of 2 was set, in order to gather more
statistics for lifetimes measurements in nuclei populated after β decay. The trigger
window for this condition was set to 15 µs. Very clean separation of fragments was
achieved throughout the experiment, with a fraction of 97% of all registered ions being
of mass A = 99. The total count rate in the ionization chamber was about 2500 ions/s.
The measurement time was about six days.

Lifetimes were measured using electronic fast timing of delayed γ γ coincidences.
With a setup of four detectors, the GCD analysis formalism is the method of choice
for lifetime determination. The method is described in detail in Section 2.1.4. The
time spectra of all detector combination are added together, which increases statistics
and simplifies analysis. The difference between delays of each detector combination
was corrected for, by measuring the centroid of the strong 779 keV - 344 keV cascade
in 152Eu and then shifting all distributions to a reference position. This constant shift
introduces no additional error to the measurement of the centroid difference. In order to
extract lifetimes from the measured centroid differences, the prompt response difference
(PRD) has to be known. A 152Eu source was used to perform a calibration of the mean
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Figure 3.11: Interpolation of delayed background contribution to the centroid position at
full energy peak position for lifetime determination of the 387 level in 99Nb. Each centroid
position was determined from a γ-γ gated time spectrum. The first gate was set on 387 keV
(a) and 82 keV (b). The second gate was set at the indicated energy in the γ spectrum shown
in the bottom panel. The width of the second gate was 6 keV (a) and 10 keV (b). Only the
points outside the full energy peaks are used for the fit. See also Section 2.1.5.

prompt response difference (PRD) of the timing setup, as described in Section 2.1.4.
The PRD calibration is shown in Figure 3.10. and the estimated uncertainty of the PRD
calibration, which is 10 ps. The difference between the PRD and a delayed centroid is
two times the lifetime (see Section 2.1.4). That means, based on this calibration, the
lower detection limit of the system is τ > 5 ps, or T1/2 > 4 ps. This is comparable
to what has been achieved in other fast timing experiments (see e.g. [49]). The 152Eu
calibration was done after the experiment, with the ion chamber removed. As it is
remarked in [53], a slight change of the setup geometry will not affect the PRD,

PRD(E) = PRD152Eu(E).

The effectiveness of the GCD in the current experiment was tested by re-measuring
short (< 5 ps) or well known halflifes [77] of excited states in 99Nb after β decay. It is
worth mentioning that the halflife of T1/2 = 173(4) ps of the 469 state was confirmed
with the present data by a convolution fit as well (see below). A partial level scheme
of 99Nb, reproduced from [77], is shown in Figure 3.12(left). Halflifes of excited states
in 99Nb measured in this work are listed in Table 3.3. They agree well with the values
given in [77].

An important systematic error in fast timing measurements is caused by the time
distribution of the background. The measured centroid has to be corrected for the
background contribution, as described in Section 2.1.5. The background contribution
to the centroid in the TAC spectrum is determined by gating on one transition and
then setting gates in the background around the corresponding coincident transition.
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In this way the background contribution can be interpolated. By determining the peak
to background ratio within the gate limits of the coincident transition, the centroid can
then be corrected (see equation (2.7)) to obtain the true full energy peak centroid. One
such background interpolation is shown in Figure 3.11 for the coincident transitions 82
keV and 387 keV from 99Nb. Note, that the correction procedure given in the appendix
of [49] cannot be applied here, because the peak to background ratios of the two full
energy peaks is not approximately the same.

Figure 3.13 shows a background subtracted LaBr energy spectrum of delayed γ rays
up to 15 µs after the arrival of an ion. The strong transitions from the decay of the
2142 keV µs isomer in 99Y can clearly be seen. An isomer decay scheme, base on the
data from [78] is shown in Figure 3.12(right). To confirm the isomer halflife it was
measured using the delayed coincidence method. A spectrum of the time difference
between ions with mass A = 99 and γ rays from the unresolved doublet of the 273
keV and 269 keV transitions is shown in Figure 3.14. The 273 keV line depopulates
the isomer directly. The state of the 269 keV transition is fed directly from the isomer
and from states of the ground state band. Assuming the lifetime of these states is
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Figure 3.14: Ion γ time difference spectra of the delayed transitions at 273 keV and 269 keV
(unresolved doublet) in 99mY (a) and the delayed 98 keV transition in 99Mo (b).

shorter than 1 ns, the delay of the feeding can be neglected. A fit of the slope yields a
halflife of 8.0(5) µs for the isomer at 2142 keV in 99Y. This value is in agreement with
a previous measurement at Lohengrin by Genevey et al. [66] (11(2) µs) and with the
value of T1/2 = 8.6(8) µs, published by Meyer et al. [78].

Figure 3.16 shows gated spectra with coincidences which were used to determine
level lifetimes. The level scheme is crowded, and many transitions overlap in the
single spectra. Still level lifetimes can be determined, because the respective coincident
transitions can be resolved. An example is the 273 and 269.6 keV doublet. The 273 keV
transition feeds the (13/2+) level at 1869 keV, while the 269.6 keV transition feeds the
(13/2+) ground state band level at 706.1 keV. The two transitions cannot be resolved,
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but the 273 keV is stronger, and the coincident transition with energy 214.0 keV can
be separated from the 223.9 keV transition with a narrow gate. The (13/2+) level at
1868.8 keV is also fed by a rather strong transition with 245.2 keV, allowing for a cross
check of the result. It was however not possible to determine a lifetime from the 269
keV - 223.9 keV coincidence. The halflife of the (5/2+) level at 469 keV in 99Nb is long
enough to be determined with a fit of the convolution given in equation (2.2) to the
delayed time distribution (see Figure 3.15). The halflife of T1/2 = 175(8) ps, measured
in this way, confirms the value of 173(4) ps given in [77]. A halflife of T1/2 = 3.8(10) ns
was measured for the (11/2+) state at 1655 keV in 99Y, using the slope method with
the 214 keV - 1530 keV coincidence. The order of magnitude of this value agrees with
the 1.4 ns (no uncertainty stated) measured by Meyer et al. [78]. The halflife of the µs
isomer at 98 keV in 99Mo was measured using ion γ timing with a gate on the 98 keV
ground state transition which directly depopulates the isomer. Note, that the lifetime
is so long, that the constant background cannot be determined from the spectrum, but
has to be fitted simultaneously. This increases the uncertainty of the fit (see Figure
3.14).

The halflifes of seven excited states in 99Y were measured, four of them for the first
time. Furthermore, halflifes of an excited state in 99Nb and 99Mo were measured in
this experiment. The results are compiled in Table 3.3. Measured halflifes agree with
literature values, as far as they are available.
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Table 3.3: Lifetimes of excited states in nuclei with mass A = 99 measured in this work. New
lifetimes are set in bold face. Spin, parity and level energy are taken from [77] and [78]. †:
convolution fit, ‡: slope fit, ∗: weighted average.

Nucl. Spin(parity) Elevel (keV) Efeeder Edecay T1/2 (ps)

99Y (7/2+) 125.1 159 125 60(10)
1529.5 125 68(50)

57(10)∗

(9/2+) 283.8 198.5 159 19(6)
422.3 159 22(8)

20(4)∗

(11/2+) 482.2 224 198.5 <15
(11/2+) 1654.8 214 1529.5 1.6(4) ns ‡

(13/2+) 1868.8 272.9 214 21(9)
245 214 30(18)

23(6)∗

(15/2+) 2141.7 ion 273+269 8.0(5)µs‡

99Nb (7/2+) 387 82 387 11(6)
628 387 13(8)
960 628 12(5)∗

(5/2)+ 469 546 82 189(25)
546 469 172(6)
546 469 175(8)†

960 628 175(5)∗

3/2− 544 415 179 51(13)
(3/2)+ 1015 960 546 6(8)

960 628 8(13)
960 628 <12∗

99Mo 5/2+ 97.8 ion 98 15(1)µs‡
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3.4 100Nb

The measurement on 100Nb was performed during the same campaign as that on 99Y,
described in the previous Section. Setup and conditions were the same. Separation of
the desired mass was equally good. Mass A = 100 was run at the beginning of the
campaign and towards the very end. The total count rate in the ionization chamber
was about 5000 ions/s and about 900 ions/s respectively. Ion rates drop during the
experiment due to burn up of the fission target. The measurement time was about five
days.

A background subtracted LaBr energy spectrum of delayed γ rays up to 15 µs after
the arrival of an ion is shown in Figure 3.17 (b). Transitions from the decay of the
x + 421 keV µs isomer in 100Nb can clearly be seen. An isomer decay scheme, based
on the data from [66] is shown in Figure 3.17(a). A spectrum of the time difference
between ions with mass A = 100 and γ rays from the 185.4 keV transition is shown
in Figure 3.19(a). A fit of the slope yields a halflife of 11(2) µs for the isomer at 420
keV in 100Nb, which is in agreement with previously reported values [79]. The halflife,
measured with the 185.4 keV transition, is ascribed to the isomer, which is reasonable,
considering the data from [66]. It is assumed, that the halflife of the 392.3 keV state
is negligible (i.e. < 10 ns), and that the isomeric character of the delayed cascade is
solely due to the hindered 28 keV transition. As this transition was not seen in the
present data, a direct measurement of the isomer lifetime is not possible. For the same
reason no lifetime for the (6-) state at 392.3 keV can be extracted.

The reliability of the PRD calibration curve was ensured by measuring centroid
differences of coincident transitions in 100Mo. The first excited 2+ state in this nucleus
is fed by two transitions with an energy of 159 keV and 528 keV, respectively. The
depopulating transition has an energy of 535 keV. Several consistent halflife values
are available for this state, each with a precision below one picosecond. The value of
T1/2 = 12.6(2) ps [80] is in good agreements with the value of T1/2 = 16(5) ps measured
in this work with the GCD method (see Table 3.4).

Figure 3.18 shows gated spectra of coincident γ rays which were used to determine
lifetimes with the GCD method. This also includes γ rays emitted after β decay. The
halflifes of the excited state at 207 keV above the (5+) millisecond isomer in, populated
in the isomeric cascade in 100Nb, was measured for the first time. The halflife of the
first excited 1+ state in 100Nb, populated after β decay of 100Zr, was also measured
for the first time. Before only an upper limit of T1/2 = 0.19(23) ns was known [81].
The halflife of the first excited 2+ state in 100Zr, populated after β decay of 100Y, was
measured using the GCD method and with a slope fit (see Figure 3.19(d)). Both results
are consistent within the measurement uncertainty. The same was found for the first
excited 0+ state in 100Mo. (see Figure 3.19(d)) All measured lifetimes are shown in
Table 3.4.
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Figure 3.17: (a) Isomer decay scheme of 100Nb [66]. (b) Background subtracted LaBr energy
spectrum of delayed γ rays in a range until 15 µs after the arrival of an A = 100 ion. Strong
transitions from the µs isomer decay in 100Nb are indicated with their energy.
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Table 3.4: Lifetimes of excited states in nuclei with mass A = 100 measured in this work.
New lifetimes are set in bold face. Energies and spin and parity assignments are taken from
[79]. Following [66], x corresponds to the excitation energy of the 5+ isomer of 100Nb (see
also Fig. 3.17(a)). †: convolution fit, ‡: slope fit, ∗: weighted average.

Nucl. Spin(parity) Elevel (keV) Efeeder Edecay T1/2 (ps)

100Nb (4−,5−,6−) 34.3+x ion 34.4 0.4(1)µs‡

(5−,6−,7−) 207.4+x 173.3 185.4 196(15)
173.3 185.4 232(35)†

207(14)∗

(8−) 420.7+x ion 185.4 11(2)µs‡

1+ 400.5 103.7 400.5 90(30)

100Zr 2+ 212.5 119 212.5 582(60)
119 212.5 578(100)‡

573(50)∗

100Mo 2+ 695.1 159 535 18(9)
528 535 14(6)

16(5)∗

0+ 695.1 768 159 1.50(6)ns
768 159 1.53(30)‡

1.50(5)∗
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Chapter 4

Excursus: µs isomers in light fission
fragments

In this chapter the results of a three week measuring campaign investigating µ-second
isomers, performed in October 2009 at the Lohengrin separator (see Section 2.2.2) at
the ILL, Grenoble, are presented. Information on the existence and lifetime of µ-second
isomers in atomic nuclei is crucial, e.g. to understand their β- and γ-decay schemes. See
Section 1.5 for a brief introduction to isomers in nuclear physics. The Lohengrin mass
separator at the research reactor of the ILL, provides excellent conditions for lifetime
measurements of µ-second isomers in neutron-rich nuclei. The mass region below 132Sn
and between mass 91 and 109 has been investigated using this instrument (see e.g. Refs.
[66, 73, 64]). However in the region north-east of the doubly-magic nucleus 78Ni, with
A<90 and neutron number N>50, no µ-second isomers, besides in 88Br, were identified
so far. Isomerism in this region could arise due to the strongly interacting πf5/2 and
νd5/2 orbitals or from core excitation of νg9/2 neutrons. The search for previously
unobserved µ-second isomers was one of the goals of this measuring campaign. Several
µ-second isomers in the mass region 79 ≤ A ≤ 100 were observed only once, and with
large relative uncertainty of the reported lifetime. In 79As, 88Br, 97Sr and 98Y literature
values disagrees. Therefore the second goal was to remeasure the lifetimes of the known
isomers in this region.

The nuclei of interest were produced after fission of 233U or 235U (separate targets of
both isotopes were used) induced by thermal neutrons in the high neutron flux (1014s−1)
near the core of the reactor at the ILL. The fission fragments were selected with the
Lohengrin mass separator [60], see also Section 2.2.2 of this work. The selected ions
were focused onto an ionization chamber by the RED magnet (reverse energy dispersion
dipole magnet [82]). The split anode ionization chamber, divided into two parts by a
thin polypropylene window supported by a tungsten grid, was used as a ∆E-E telescope
for identification of the fragments. In this experiment, 16 HPGe detectors (one Euroball
Cluster, two Clover detectors and one coaxial germanium detector) were placed in a
close geometry around the ionization chamber.
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4.1 Isomer lifetimes

4.1.1 Analysis

The lifetimes of the isomeric states were determined by measuring the time between
incoming ions and coincident γ rays as described in Section 2.2.3. In the nuclei 97Sr
and 98Y there is more than one µs isomer in cascade. In these cases the lifetime of the
isomer with the lowest level energy was determined using γ-γ fast timing by gating on
directly populating and depopulating transitions. The lifetime of an isomer in 97Zr was
determined using γ-γ timing after β decay of 97Y. No correlation with an incoming ion
was requested in that case.

The data was acquired using digital electronics1 and then analysed using several
coincidence conditions. Over the three weeks of measurement time data was recorded
with several settings of the Lohengrin separator (see Section 2.2.2) to investigate dif-
ferent portions of the mass region of interest. For each setting several masses A were
identified using the ∆E-E signal of the ionization chamber. Each mass was then anal-
ysed separately. Most isomers were seen in more than one data set, allowing, to a
certain degree, to cross-check the results. The coincidence window for γ rays following
the detection of a fission fragment was set to 50 µs, except where otherwise noted.

4.1.2 Results

In this experiment the haflives of a total of 17 isomers in the neutron-rich nuclei 79As,
83,88Br, 85,95Kr, 96Rb, 97Sr, 92,94,95,98Y, 97,98Zr, and 100Nb were measured. All of these 17
µs isomers have been measured before. The results of this experiment are given in Tabel
4.1. The adopted values are the weighted averages of the results gained from different
Lohengrin settings. For all isomers the results from different settings were consistent
within the error. A comparison to literature values can be found in Tabel 4.2. The
precision of the lifetimes of the isomers in 79As, 88Br, 97Sr and 98Y was considerably
improved with respect to earlier measurements. Figure 4.1 shows representative γ ray
and ion-γ time-difference spectra. In the following some of the observed isomers are
briefly discussed in comparison to results of earlier measurements.

79As
The isomeric (9/2)+ state in this nucleus decays via an M2 transition to a (5/2)−

state. In Ref. [86] it is suggested that the isomerism is due to the configuration of
the single proton (5/2)− state as well as the deformation of the nucleus, manifested in
the excitation energy of the (9/2)+ state and the small M2 strength of this transition.
Two literature values for the lifetime of this isomer are available [87, 86]. Both were
measured applying the same technique as in this work, but with different production
methods. The two literature values are contradictory (see Tab. 4.1). The result of this
work is in agreement with that of Ref. [87].

1Xia digital gamma finder (DGF) 4C revision E, www.xia.com/Manuals/
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Figure 4.1: Example of data from two Lohengrin settings with delayed transitions from µs
isomers in 88Br (left) and 94Y (right). The upper panels show background subtracted γ ray
spectra with delayed transitions. The lower panels show the respective ion-γ time-difference
spectra with corresponding lifetime fits (solid line) and the fit residual. See text and Section
2.2.3 for more details. Results given in Table 4.1 are weighted averages of results from
different Lohengrin settings.
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Table 4.1: Adopted isomer lifetimes determined in this work. Spin and parity assignments
as well as level and transition energies are taken from the Nuclear Data Sheets [19, 22, 24–
28, 47, 83–85]. For reasons of clearness a comparison with literature values can be found in
a separate Table (Tab. 4.2) ∗: discussed in the text, †: γ-γ timing

Nuc. Iπiso Elevel
iso (keV) Eγ(keV) T1/2(µs)

79As∗ (9/2)+ 773 231/542 1.18(4)
83Br (19/2−) 3069 255/303/357/510/609 0.8(2)
88Br∗ (4,5−) 270 111/159 5.51(4)
85Kr∗ (17/2+) 1992 1931 1.82(6)
95Kr (7/2+) 196 114 1.82(5)
96Rb (10−) 1135 300 1.77(6)
97Sr∗ (9/2+) 831 522 0.52(1)

308 141/167 0.181(4)†
92Y unknown unknown 315/492 3.3(6)
94Y (5+) 1202 432/769/1202 1.10(1)
95Y 9/2+ 1087 261/826 48.6(5)
98Y (8−) 1181 101/111/130/158/186 0.80(2)

(2−) 496 121/204/275 6.87(5)
(2−) 171 170/51 0.61(1)†

97Zr 7/2+ 1264 1103 0.106(2)†
98Zr (17−) 6603 1223 1.4(5)
100Nb 8− 420+x 173/185/359 12.4(3)

88Br
The configuration of the isomer in 88Br is identified as {ν(d5/2)π(p3/2)}4− by Genevey
et al. [66], based on calculations of the hindrance factor for a single proton transition
to the lower lying 2− state. For this nucleus we were able to gather good statistics with
several settings of Lohengrin (see Fig. 4.1 as an example for the data analysis of one
setting). The weighted average of the individual measurements is given in Tab. 4.1.
The uncertainty is one order of magnitude smaller than that of the literature values.
The result of the present measurement is in agreement with earlier measurements by
Genevey et al. [66] and Sellam [91], but 15% smaller than the value reported by
Grüter et al. [90]. It should be pointed out that the lifetime of this isomer was also
measured by Folden et al. [94]. However the lifetime is shown only in a Figure, with
a value lower than the one adopted in the Nuclear Data Sheets [22], supporting the
result of the present work.

85Kr
The µ-second isomer at E = 1992 keV in 85Kr decays to the ground state via a
cascade of two γ rays with energies of 60 keV and 1931 keV. The 60 keV transition
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4.1. ISOMER LIFETIMES

Table 4.2: Adopted isomer lifetimes determined in this work. Literature values are given in
the rightmost column. In the case of strongly disagreeing literature values, the extreme values
are cited, along with the weighted average from the Evaluated Nuclear Structure Data File
labelled with ‡. Individual citation of sources is given along with the literature value. Spin
and parity assignments as well as level and transition energies are taken from the Nuclear
Data Sheets [19, 22, 24–28, 47, 83–85]. ∗: discussed in the text,

Nuc. Iπiso Elevel
iso (keV) T1/2 (µs) T1/2(lit.) (µs)

79As∗ (9/2)+ 773 1.18(4) 0.87(6) [86]
1.21(1) [87]

83Br (19/2−) 3069 0.8(2) 0.7(1) [88]
0.6(2) [89]

88Br∗ (4,5−) 270 5.51(4) 6.3(5) [90]
5.1(4) [66]
4.9(4) [91]
5.3(4)‡ [22]

85Kr∗ (17/2+) 1992 1.82(6) 1.2(+10
−4 ) [89]

95Kr (7/2+) 196 1.28(5) 1.4(2) [63]
93Rb∗ (10−) 257 not observed 57.0(150) [90]
96Rb (10−) 1135 1.77(6) 1.65(15) [66]

2.0(1) [92]
97Sr∗ (9/2+) 831 0.52(1) 0.526(13) [72]

0.263(24) [93]
0.395(20)‡ [19]

308 0.181(4) 0.244(132)‡ [19]
92Y unknown unknown 3.3(6) 4.2(+8

−6) [94]
94Y (5+) 1202 1.30(1) 1.35(2) [66]
95Y 9/2+ 1087 48.6(5) 52.6(12) [64]
98Y (8−) 1181 0.80(2) 0.83(10) [95]

(2−) 496 6.87(5) 7.2(1) [66]
8.0(2) [95]
7.6(4)‡ [27]

(2−) 171 0.61(1) 0.62(8) [95]
97Zr 7/2+ 1264 0.106(2) 0.103(2)‡ [19]
98Zr (17−) 6603 1.4(5) 1.9(2) [65]
100Nb 8− 420+x 12.4(3) 13.1(10) [66]
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was observed in this experiment, but statistics and peak-to-background ratio made it
difficult to determine the lifetime via this transition (a time correlation with incoming
ions was obvious though). Spin and parity of the isomeric (17/2+) level were assigned
based on the relative excitation function in (α,nγ) of the 60 keV γ ray and its total
conversion coefficient by Winter et al. [89]. The half life for the 1992 keV isomeric
level determined in this work (1.82(6)µs) is based on the 1931 keV γ ray analysis. The
lifetime of the populated level at 1931 keV was measured to be shorter than 1 ps in
[96]. This contribution is thus negligible when measuring the 1992 keV level lifetime
using ion-γ fast timing with the 1921 keV transition. The value measured in this work
is larger than the result reported in Ref. [89] (1.2(+10

−4 )µs), which is the only previously
published value. Due to the large uncertainty of the earlier measurement both values
are in agreement.

93Rb
Grüter et al. [90] proposed an isomeric state in 93Rb at 257 keV with a half life of
T1/2 = 57(15) µs. This isomer was also observed by Ressler et al. [97] (using the same
technique as in [90]) but not in this experiment. The respective γ ray was observed, yet
no time correlation with incoming ions was found, using a 109 µs coincidence window.
The data does not support isomeric character of this state.

97Sr
The literature values for the lifetime of the 831 keV isomer in this nucleus are strongly
discrepant as can be seen in Tab. 4.1. In this work only the 522 keV transition was
used to deduce the lifetime of the 831 keV isomer, as it directly depopulates this state.
The 141 and 167 keV transitions were used for γ-γ timing with the 522 keV line to
deduce the lifetime of the intermediate 308 keV state (see Tab. 4.1). Our result of
τ = 0.52(1) µs (see Fig. 4.1) is in agreement with an earlier measurement performed at
Lohengrin by Zlomaniec et al. [72]. On the other hand, two values, reported by Hwang
et al. [93, 98], from measurements at GAMMASPHERE, yielded τ = 0.263(24) µs and
τ = 0.255(56) µs respectively, i.e. only half of our value. The reason for this large
discrepancy is not clear to us. The lifetime was also measured by Monnad et al. [99] to
be τ = 0.515(15) µs, in perfect agreement with our measurement. But in Ref. [93] it is
stated that this value is wrong due to an analysis error, which is not discussed in more
detail. After applying a correction which is not specified, given by one of the authors
of Ref. [99], a new value of τ = 0.255(10)µs is reported in Ref. [93] for the value
measured by Monnad et al. [99], which is consistent with the lifetime values measured
by Hwang et al. [93, 98]. Measurements of the isomer ratio of this state, presented in
Section 4.2, seem to indicate a lifetime longer than τ = 0.26(3) µs. Some more details
are given in the conclusion of that Section.
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4.1.3 Conclusion

In this Section results of an investigation of the search for µ-second isomers in neutron
rich fission fragments with mass 79 ≤ A ≤ 100 were reported. The measured lifetimes
of 17 isomeric levels in 14 nuclei are presented in Tab. 4.1. In this work, many of
the isomeric halflifes were determined with considerably higher precision than before.
Concerning previously unknown isomers, we found indications for a new µ-second iso-
mer with mass A = 97 in this data. In a dedicated experiment, which was performed
within the scope of this thesis and is reported on in chapter 3.1, it was possible to
clearly shown this isomer belongs to 97Rb.
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4.2 Isomer population ratios

Fission of a nucleus results in the production of two new nuclei2, and typically several
neutrons. In Section 2.2.1 the process of fission is described in more detail. After
fission, the product nuclei are in an excited energy state. If there are isomers present
in the fragment, they will be populated to a certain degree after the fission process.
Those fission products, that are not trapped in an isomeric state, de-excite to the
ground state after a short time. The probability of populating an isomer depends on
the nuclear structure and the energy of the product. This fact makes isomer fission
yields a direct observable of the fission process which can be used to test models. There
are, for example, statistical models that link this probability to the isomer’s spin and
the mean spin of the excited fragment after fission (see e.g. [100]). Information on
fission yields of isomers with lifetimes in the millisecond region and above is abundant,
e.g. [59, 101], while data on fission yields of µs isomers is scarce. This work attempts
to start to fill these gaps. The method of analysis is described in Section 4.2.1, the
results are presented in 4.2.2.

4.2.1 Analysis

A possible way to specify an isomer fission yield is the isomer ratio. The isomer ratio
Risomer is defined as the number of nuclei of an isotope A

ZX being in the respective
isomeric state relative to the total number of nuclei of this isotope, produced after
fission.

Risomer =
N

A
ZX(isomer)

N
A
ZX(total)

By this definition the value Risomer cannot be larger than one. In addition to iso-
meric lifetimes, presented in the previous Section, isomer ratios, as defined above, were
extracted from the data. This was also done with the data sets of the experiments
presented in chapter 3. Some details on the procedure how these values were extracted
from the data are presented in the following.

Determination of N
A
ZX(isomer)

In order to extract the isomer ratio, first the number of ions which arrive at the
implantation point in the isomeric state (Nip) has to be determined. This was done
using an absolute efficiency calibration of the HPGe detectors. This calibration was
done using the method of sum-peak statistics (see Section 3.1, calibrations). From
this value, the corresponding number of ions in the isomeric state at target position

N
A
ZX
target(isomer), i.e., directly after fission, can be extrapolated by taking into account

the time of flight tToF and the lifetime τ of the isomer applying the exponential decay
law. For a single isomer the following equation holds for the number of isomers in

2Note, that ternary and higher order fission also occurs. It is several orders of magnitude less likely
than binary fission.
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target and implantation position, Ntarget and Nip:

Ntarget = Nip exp

(
tToF
τ

)
.

The time of flight was determined using the kinetic energy of the fission fragments,
which is selected by the Lohengrin setting, and the length of the flight path, which is
23.15 m.

If the considered isomer is populated by another µs isomer, this feeding has to be
taken into account when calculating the population directly after fission. The solutions
to the problem of multiple population and decay channels are called the Bateman
equations ([52]). For the frequently encountered case of two isomers Ea > Eb with
lifetimes τa = 1/λa and τb = 1/λb the original population of isomer b can be calculated
from the equation

Nb
target =

(
Nb

ip −
λa

λb − λa

Na
target

(
e−λatToF − e−λbtToF

))
eλbtToF .

Note, that the original population Na
target of the higher lying isomer has to be deter-

mined first.
The largest contribution to the experimental uncertainty of N

A
ZX(isomer) comes

from the absolute efficiency calibration and amounts to about 15% in the worst case.

Determination of N
A
ZX(total)

The total number N
A
ZX(total) cannot be obtained in this direct way with the Lohengrin

spectrometer. The different isomers can only be distinguished by mass A using the ∆E-
E analysis, but not by atomic charge Z since the respective distributions overlap too
much (see Fig. 3.5). Two procedures were applied to extract N

A
ZX(total).

Fission yield database method:
The first one can be called fission-yield-database-method. The total number of im-
planted ions was determined by measuring the volume of the respective mass distri-
bution. This also includes the isotopes in isomeric states. Then the number of one
specific isotope was obtained by using fission yields from a database. In this work the
two databases ENDF/B-VII [59] and JEFF-3.1 [101] were used. The fission yields from
these two databases were mostly consistent for the isotopes investigated here, excep-
tions are 79As, 85Kr. In the calculation it is assumed that the relative fission yield
values for one mass A do not depend on the fragment energy.

In the Tables 4.3-4.5 the isomer ratios obtained using this method are given in
the column titled with the name of the database used. The main contribution to the
uncertainty of N

A
ZX(total) comes from the fission yield Tables. These uncertainties

range from 10% to 30%.

β decay method:
As a second method, independent of the database fission yields, N

A
ZX(total) was ex-

tracted from measured γ-intensities of transitions after β decay. The principle idea is
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Figure 4.2: Schematic depiction of the β decay method. Nβ is obtained by measuring the
γ-radiation after β decay. By doing this for the populating (red) and depopulating (purple)
β decay, Nfiss

Z can be determined. It is assumed, that not all β decay goes to the ground
state (that would mean no γ rays) and that the β decay lifetimes of AZX and A

Z−1X are short
compared to the total measuring time. See text for more details.

illustrated in Fig. 4.2. The Figure shows the population and depopulation channels
of a given isotope A

ZX. Fission fragments are neutron rich and undergo β decay along
a mass chain until a stable isotope is reached. The number of a certain isotope A

ZX
at the implantation point is increased by A

ZX-ions from the beam of fragments and
by β decay of the isotope A

Z−1X. It is decreased by β decay of the isotope A
ZX itself.

Assuming only β decay lifetimes that are negligible compared to the measuring time
the following relation is valid for a given mass chain:

Nfission
Z = Nβdecay

Z+1 −Nβdecay
Z−1 .

The number of β decays of a certain isotope can be measured by measuring γ
radiation after β decay. This changes the problem of counting ions with a specific
atomic charge Z to measurement of γ ray intensities. The absolute γ ray transition
intensities per β decay are experimentally known for most of the isotopes investigated
here. For the calculations they were taken from the Nuclear Data Sheets [19, 22, 24–
28, 47, 83–85].
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Figure 4.3: γ decay spectrum of the mass-chain A = 94. Transitions after β decay of 94Sr to
94Y and 94Y to 94Zr are labelled. These were used to determine the number of incoming ions
of mass A = 94 as described in the text. Transitions which also occur after the decay of the
1202 keV µs isomer in 94Y are shown with dashed lines.

So principally Nβdecay can be obtained using the absolute efficiency calibration for
the HPGe-detectors. The acquisition system uses a global first level trigger. It only
records γ-radiation within a preset time-window after the detection of an ion. Because
this time window is in the µs range but the β decay lifetimes are of the order of ms
or longer, β decay radiation is recorded as random coincidence. The number that is
measured in this way, has to be corrected by the factor (Iions · ttimegate)

−1, where Iions is
the ion rate and ttimegate the length of the time gate. A HPGe γ ray spectrum of isotopes
with mass A = 94 showing transitions after β decay and transitions from the isomeric
cascade in 94Y can be seen in Figure 4.3. Note, that due to the ion trigger condition no
γ rays were measured if there were no incoming ions. For this reason the acquisition
was always stopped when the beam was stopped. This is important if the β lifetimes
in the decay chain are not negligible with respect to the measurement time. Then the
number of ions is underestimated, because acquisition is stopped together with the
beam, and as a consequence a substantial amount of decay radiation is not counted.
For this case the equilibrium activity of the long lived isotopes can be determined
from the data, and the number of nuclei in this state at the moment of stopping the
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acquisition can be determined and added to the uncorrected result to obtain the true
Nβdecay
Z . Care must also be taken if an isotope has two β decaying levels. Then the

number of β decays must be determined for each level separately.
The main contributions to the experimental uncertainty of N

A
ZX(total) come from

the absolute efficiency calibration and the absolute γ intensities per β decay taken
from the Evaluated Nuclear Data Files. The latter is typically of the order of several
percent, but can be as large as 30% in the case of 83Kr.

4.2.2 Results

The measured isomer ratios are presented in the Tables 4.3, 4.4 and 4.5. The lifetime
values as they were measured in this work were used in all cases for the time of flight
correction. Only in the case of 97Sr the ratio was also calculated using the lifetime
reported by Hwang et al. [93].

Note that for some isomers one or both of the methods to obtain N
A
ZX(total) were

not applicable. These cases are discussed in the following. No significant population
of the lower 308 keV isomer in 97Sr after fission could be measured. All population
at the implantation point could be accounted for by in-flight decay of the 830 keV
isomer within the measuring uncertainty. Therefore no isomer ratio is given for this
isomer. N

A
ZX(isomer) has a large uncertainty in the case of 92Y due to low statistics.

Therefore only an upper limit of the isomer ratio is given for this isotope. For the
µs isomer in 97Zr, no isomer ratio can be determined, as it was only observed after
β decay. The ground state of 85Kr has a β decay halflife of several years. In this
nucleus there also exists an isomer with a halflife of several hours that undergoes β
decay. The ground state decays almost exclusively (>99%) into the ground state of
the daughter nucleus 85Rb. The next largest decay branch goes to a level at 514 keV
but this decay could not be observed in the data. The transition is weak as it is, and,
as a result of the long lifetime of the 85Rb ground state, only few decays, compared
to the actual number of nuclei, can be observed during the 44 hours the measurement
lasted. As a result Nβdecay

Z cannot be measured. In this case it was not possible to

extract N
A
ZX(total) from the data, and no isomer ratio can be given for the µs isomer

in 85Kr using the β decay method. In 98Zr there is β decay exclusively to the ground
state. Of course, without decay radiation, the β decay method is not applicable, and
no isomer ratio could be determined. In the case of the very exotic nucleus 95Kr no
β decay data is available, which also renders the method inapplicable. In the case of
96Rb the β decay measurement gave very inconsistent results, also the β decay scheme
of the mother nucleus is not known. Due to these circumstances no isomer ratio based
on the β decay method is given for this isotope. For 97Rb no data on the β decay of
the mother nucleus, 97Kr, is available. That means only a lower limit for the isomer
ratio can be given in this case. Fission yield databases state that 97Kr and all higher
Z isotopes of this mass chain are produced at a rate at least 2 order of magnitude
smaller than rubidium. Considering this, the isomer ratio given is probably a good
approximation. Finally, for the nuclei 79As, 92Y and 100Nb (only for 233U) there was
not enough statistics to get a reasonable result.
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Table 4.3: Isomeric ratios after fission of 233U. The ratio given is the number of isotopes
in the isomeric state over the total number of that specific isotope, produced after fission,
Nisotope

isomer /Nisotope
total . The isomer ratios were calculated using fission yields from the ENDF/B-

VII [59] and JEFF-3.1 [101] databases or by using beta decay intensities. For some of the
observed isotopes, listed in Tab. 4.1, one or both methods were not applicable. See text for
more details. Energy levels and spin and parity of the isomers are taken from the Nuclear
Data Sheets [19, 22, 24–28, 47, 83–85] except in the case of 97Rb, in which they are taken
from this work.

Isomeric ratio (%)
Nucl. Iπiso Elevel

iso /keV Ekin (MeV) ENDF JEFF β decay

79As (9/2)+ 773 94 26(9) 10(3) -
83Br (19/2−) 3069 96 0.6(2) 0.5(2) 0.04(2)
88Br (4,5−) 270 100 37(13) 31(11) 53(14)
85Kr (17/2+) 1992 92 16(5) 23(8) -
92Y unknown unknown 106 <3 <6 -
94Y (5+) 1202 106 25(8) 31(7) 18(4)
95Y 9/2+ 1087 102 2.8(9) 2.8(8) 3.5(19)
98Y (8−) 1181 92 2.5(9) 2.3(6) 2.4(4)

(2−) 496 92 12(4) 11(3) 12(1)
98Zr (17−) 6603 92 14(4) 9(2) -

100Nb 8− 420+x 106.5 4.7(17) 3.2(9) -
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Table 4.4: Isomeric ratios after fission of 235U. See caption of Tab. 4.3 and text for more
details. ∗: In this line the half life for the flight time correction was not taken from this work,
but from [93].

Isomeric ratio (%)
Nucl. Iπiso Elevel

iso /keV Ekin (MeV) ENDF JEFF β decay

88Br (4,5−) 270 86 26(8) 24(6) 26(4)
101 24(11) 23(12) 40(20)

85Kr (17/2+) 1992 88 1.3(6) 6.8(28) -
95Kr (7/2+) 196 97 76(26) 54(20) -
96Rb (10−) 1135 97 4.3(25) 5.7(16) -
97Rb <90 87 4.7(20) 6.3(25) >3
97Sr (9/2+) 831 78 6.8(23) 6.9(20) 10.9(19)

95 13.2(45) 13.3(39) 12.9(22)
95 117(42) 118(35) 114(23)∗

94Y (5+) 1202 106 25(8) 33(13) 27(9)
95Y 9/2+ 1087 97 30(10) 29(10) 13(2)

100Nb 8− 420+x 102 1.2(4) 1.0(2) 0.9(8)

Table 4.5: Isomeric ratios after fission of 241Pu. See caption of Tab. 4.3 and text for more
details.

Isomeric ratio (%)
Nucl. Iπiso Elevel

iso /keV Ekin (MeV) ENDF JEFF β decay

97Rb <90 94 5(2) 7(3) >7
97Sr (9/2+) 831 94 16(5) 16(4) 27(5)
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4.2.3 Conclusion

Production ratios of µs isomers after fission induced by thermal neutrons were mea-
sured in 13 light fission fragments for the first time. Results were obtained for three
different fission targets, 233U, 235U and 241Pu, and for different kinetic energies of the
products. Two methods have been used to determine the total number of registered
fission products. One based on existing databases for independent fission yields, and
one based on the analysis of β decay radiation. In the cases where both methods were
applicable they gave consistent results. Exceptions are 83Br (233U), 95Y (235U) and 97Sr
(241Pu). There are cases where the β decay method seems to be more consistent with
one of the two databases used to retrieve the relative fission yields than with the other.
But in all of these cases the experimental uncertainty is too large to give conclusive
results concerning this matter.

As mentioned in the discussion of the 831 keV isomer in 97Sr (see Section 4.1) there
are conflicting values for the lifetime of this state. Table 4.4 shows the isomer ratio of
this isomer, once calculated using the half life value from this work, T1/2 = 0.52(1) µs,
and once using that reported by Hwang et al., T1/2 = 0.26(3) µs [93]. The shorter
lifetime value results in an isomer ratio larger than 100%, which is impossible. This fact
supports the longer lifetime value. Yet an isomer ratio close to, but below 100 % still
lies within the experimental uncertainty for the shorter lifetime, so the conflict cannot
be dissolved concludingly with this data. By demanding an isomer ratio Risomer < 1
within the measurement uncertainty, an upper limit of T1/2 > 0.26 µs can be obtained
for the 831 keV isomer in 97Sr. It should be remarked that the 830 keV isomer is the
yrast 9/2+ state. The band on top is the positive parity yrast rotational band up to its
highest lying assigned state at 2849.5 keV with spin 23/2+ [19]. Considering this, a high
population after fission of several 10% is possible, as yrast states are predominantly
fed after fission. Still a population so close to 100% seems unlikely.
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Chapter 5

Nuclear structure model
calculations and discussion

5.1 A µs isomer in 97Rb

In section 3.1 the first experimental information on excited states in 97Rb are reported.
A delayed E1 transition with an energy of 76.8(2) keV was unambiguously assigned to
originate from the isotope. Energy and lifetime were later confirmed in a measurement
at RIKEN [102]. The only other published information concerns the ground state.
A spectroscopic quadrupole moment Q = +0.58(4) eb and a spin of J = 3/2 was
determined in a laser spectroscopy experiment [103]. The parity π = + was assigned
on basis of a measured magnetic moment of µ = +1.841(2)µN [103], which allows for
an identification of the ground state with the π3/2+[431] Nilsson state. Recently the
nucleus was also investigated in a Coulex experiment at REX ISOLDE [104]. The
preliminary result of this measurement is observation of a rotation like ground-state
band, along with several other rotational bands. The experiment was not sensitive to
µs isomers and so it is not surprising that the 76.8 keV transition was not observed.
There is however a 68 keV transition to the ground state. In the data of this work,
there are hints for a transition at this energy, but it could not be established with
reasonable statistical significance. This section will first discuss some nuclear structure
features of the mass region. Then some possible origins of a low-lying µs isomer in
97Rb will be discussed.

As reviewed in Section 1.6, neutron-rich nuclei in the mass region A ≈ 100 exhibit a
sudden shape transition at neutron number N = 60 (see e.g. Figure ). This structural
change can also be observed in the rubidium isotopic chain. Data on static quadrupole
ground state deformation (Figure 1.6) and two neutron separation energy, and also
experimental evidence for rotational bands [104], show clear signs for a sudden tran-
sition from a spherical configuration with low collectivity and dominantly low-lying
single quasi particle states to a strongly deformed one, exhibiting collective excitation
patterns at low energy. Shape coexistence is reported for 99Y, where a state at 599 keV
is proposed to have spherical structure, opposed to all other low-lying excited states.
Another feature of the rapid shape transition is the prediction of prolate-oblate shape
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coexistence by theoretical calculations [44].
The question is of course, what kind of mechanism is responsible for a low-lying

isomer in 97Rb. If the 76.8 keV transition is a ground-state transition, a K isomer
character can instantly be ruled out due to the measured E1 multipolarity. In this case
a reduced transition strength of B(E1) = 1.2(1)× 10−7 W.u. can be deduced.

This reduced transition strength can be compared to results from calculations made
in the quasi particle rotor model, which is described in Section 1.3. These calculations
were performed by G. Simpson and published in the same article as the results from
Section 3.1 [69]. The ground state is assumed to have a 3/2+[431] configuration [103].
A ground state quadrupole deformation of ε2 = 0.29+2

−4 was extracted from the mea-
sured spectroscopic quadrupole moment [103]. As there is no evidence for pronounced
higher order deformation in nuclei close to 97Rb, these were fixed to be zero. Coriolis
mixing was taken into account, and an attenuation factor of 0.5 was used. A standard
BCS approximation was employed to account for pairing correlations. The moment of
inertia was taken as 80% of the rigid-body for given deformation. More details on the
calculation can be found in [69].

Table 5.1: Composition of low-lying one quasi particle states with negative parity in terms
of spherical oscillator shells. States with amplitudes smaller than 5% are not shown. The
composition values are the result of a QPRM calculation and taken from [69].

QP state ε2 1f5/2 2p3/2

3/2−[321] −0.20 98.5
1/2−[321] −0.20 12.4 85.2
3/2−[312] 0.29 85.3 9.9

Low lying negative-parity states appear for both prolate and oblate deformations.
The reduced strengths for transitions to the 3/2+ ground state were calculated for
these states. For a prolate deformation of ε2 = 0.29 one finds 3/2−[312] with B(E1)
= 2.5×10−7 W.u., 3/2−[301] with B(E1) = 5.8×10−6 W.u., and 1/2−[310] with B(E1)
= 3.1 × 10−5 W.u. For an oblate deformation of ε2 = −0.20 one finds 1/2−[321] with
B(E1) = 2.2 × 10−7 W.u., 3/2−[321] with B(E1) = 1.8 × 10−6 W.u., and 1/2−[310]
with B(E1) = 4.1 × 10−3 W.u. Based on these transition strength estimates, the
prolate 3/2−[312] and the oblate 1/2−[321] and 3/2−[321] quasi particle states can be
considered the most likely candidates for a low-lying negative parity isomer in 97Rb
with a 76.8 keV ground-state transition. Note, that the transition strengths in the
oblate case assume an oblate ground state. The present code was not able to calculate
transition strengths between states with different deformations. Table 5.1 shows the
oscillator shell composition of these three quasi particle states as they result from
the calculation. The ground state is dominated by g9/2. This can explain the strong
retardation in B(E1) shown above, as E1 transitions between the two oscillator orbitals
f5/2 and p3/2 and the g9/2 orbital are j forbidden.

80



5.2. STRUCTURE OF THE 522 KEV STATE IN 97SR

It is worth noticing that no 5/2− states appear at low energies in these calculations.
The same is the case in recent Hartree-Fock-Bogoliubov (HFB) + microscopic collective
Bohr Hamiltonian calculations, performed by J. M. Daugas et al., also published in
[69].

Based on this result spin and parity of the isomer can be restricted to (1/2, 3/2)− in
this scenario. Beyond mean field calculations, also presented in [69], which reproduce
the general results of HFB calculations mentioned above, predict very low-lying oblate
1/2− and 3/2− states in 97Rb, comparable also to the results in [44]. So in this scenario
the isomer is possibly a shape isomer.

The level energy of the isomer can be restricted to Eiso < 90 keV based on the data
from this work. That means, next to the scenario of a single ground-state transition,
the possibility of a cascade including one or more very low energy transitions cannot be
excluded. Two scenarios are possible. One, where an unobserved low energy transition
(or several) populates a state at 76.5 keV which then decays to the ground state. In
this case the 76.5 keV state is not necessarily a µs isomer. Spin and parity are restricted
to (1/2, 3/2, 5/2)− due to the E1 character of the 76.5 keV γ. The scenario in which
a state at 76.5 keV is fed by a low energy transition is unlikely. Based on the observed
halflife, such a transition should have a multipolarity E1, M1 or E2, otherwise a much
longer half life would occur. The possible spin parity assignements of such a state
would favor decay directly to the ground state. However, the 76.5 keV line does not
show any asymmetries, and no other transitions are observed. The other scenario, in
which the 76.5 keV transition feeds a low lying state, can be excluded by comparison
to the QPRM model calculations and the available low-energy states. No states at low
enery are predicted, for which feeding with an E1 transition is more likely than for the
ground state.

5.2 Structure of the 522 keV state in 97Sr

A new decay transition from the 830 keV µs isomer of 97Sr with an energy of 308.3(2)
keV was observed in this work (see Section 3.2). From coincidence data it could be
concluded that it populates a state at 522 keV. This state was previously observed
in measurements of the 97Rb β decay. There the 522 keV level is populated by an
M1 transition from a 5/2+ state at 687 keV. The strongest decay is a 355 keV M1
transition to the first excited state at 167 keV, which has a measured spin, parity of
3/2+. This restricts the possible spin and parity of this state to be 3/2+ or 5/2+. This
is in accordance with the measured log ft value for the population of this state from
the 3/2+ ground state of 97Rb. The new feeding transition from the 9/2+ isomeric
state now allows to exclude 3/2+ and to assign (5/2)+ as the spin and parity value
for the 522 keV state. A partial halflife T part.

1/2 = 17(8)µs for the 308 keV transition
is calculated from branching ratios and the lifetime measured for the 830 keV isomer
in this work. This corresponds to a reduced transition probability B(E2) of 0.00045
W.u. for an E2 and 29236 W.u. for an M3 transition. There is no reason for such an
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enormous enhancement of M3 strength, especially considering the isomeric character
of the transition. This possibility can therefore be discarded, which on the other hand
excludes J = 3/2 for the 522 keV level.

The ground state and first excited state of 97Sr are spherical or merely very weakly
deformed [75]. The ground state is assigned a dominant neutron s1/2 character based
on laser spectroscopy measurements [105]. Deformed excited states, along with rota-
tional bands on top of them, have been established for this nucleus [106, 107]. The
band head of the lowest lying one at E = 585 keV is interpreted as a state with a
Nilsson configuration 3/2+[411] [75]. The isomeric state at 830 keV is also deformed,
with a proposed ν9/2+[404] quasi particle configuration [93, 43]. It is worth noting,
that this state was first observed in 99Zr at an energy of 1038.5 keV [108]. The up
sloping 9/2+[404] orbital slows down the increase of ground state deformation at N=58
and N=59, but leads to highly deformed excited neutron hole states similar to the
11/2−[505] orbital in the A=140 mass region [43].

The spin assignment of (5/2)+ to the 522 keV state makes it the yrast state with this
spin in 97Sr. The closest other 5/2+ states are a deformed state at 687 keV and a state
at 601 keV, which is interpreted as a quadrupole phonon coupled to the ground state
(1/2+⊗ 2+

phonon) [109]. If the 522 keV state was deformed, the band on top of it would
also be yrast. The experiments in which deformed band members were observed all
used fission to produce 97Sr, which strongly populates yrast states. It seems therefore
unlikely that a rotational band on the lowest lying deformed state should have gone
unobserved in these measurements. By rejecting a pronounced collective nature of the
522 keV state, the first assumption should be that it is a quasi particle excitation. It
is possibly a high seniority shell model state, as already suggested in [69]. In an IBFM
calculation Lhearsonneau et al. found the ground state and second excited state, 1/2+

and 7/2+, to have rather pure 1-QP configurations, while the first excited state, a 3/2+

state at 167 keV, is more complex [75]. A similar structure is possible for the 5/2+

state. In this article the level at 522 keV was identified as a 3/2+ spherical state that
appeared at 540 keV in the IBFM calculation. This interpretation has to be questioned
with the new spin assignment.

Table 5.2: Parameters of the IBM calculation of 96Sr, shown in Figure 5.1. These parameters
are used for the boson core in the IBFM calculation for 97Sr.

NB εd PAIR ELL QQ χB

9 0.82 0.005 0.023 -0.014 -0.7

In order to find out more about the structure of the 522 keV state, a new IBFM
calculation was performed. The IBM calculation for the boson core was performed using
the program phint [12]. The Hamiltonian is that of equation (1.15). The parameters
were adjusted to fit the low energy states of the neighbouring 96Sr. Note that the 0+

2
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state at E = 1229.3 keV is interpreted as an intruder state [106] and was not included
in the fit. Figure 5.1(left) shows a comparison of the calculated values with data from
the nuclear data sheets [19]. The parameters are shown in Table 5.2. 96Sr has a
spherical ground state. The excitation spectrum shows signs of vibrational character
(R4/2 = 1.8). It should therefore most closely exhibit the U(5) dynamical symmetry of
the IBM-1, which describes vibrational nuclei. For this reason an IBFM fit with the
core in the U(5) limit (εd = 0.815, all other parameters turned off) was also attempted.
However it was not possible to reproduce the low energy of the 3/2+

1 in 97Sr with a
value of χBF = 0. It can be concluded, that this limit is no good description for 97Sr
while it still gives a reasonable description of 96Sr. This is not really surprising, as
the nuclei with N = 59 in this region are known to have a transitional structure (see
also Section 1.6). In the IBFM fit presented here, n̂d still dominates the collective
excitations of the core, due to a rather high εd. Therefore the word phonon will be
used in the discussion, even though the IBM wave functions are more complex. The

Table 5.3: Single particle energies used in the BCS approximation for the IBFM calculation.
The resulting Fermi energy is εFermi = 1.191 MeV, the gap is ∆ = 1.343 MeV. The resulting
occupancy for the single oscillator shells are also shown.

d5/2 g7/2 s1/2 h11/2 d3/2

ε(MeV) 0.0 2.71 1.4 2.55 2.9

ν2 0.832 0.125 0.423 0.144 0.107

program oddA [110] was used to perform the IBFM calculation, as described in Section
1.4. Single particle energies were adjusted based on [14] and are given in Table 5.3.
The single particle energy ε(g7/2) was set below ε(d3/2). Pairing was accounted for by
using a BCS approximation [10] to calculate the population probability in the d5/2,
g7/2, s1/2, h11/2, d3/2 neutron shell. The occupancy for the nine valence neutrons of 97Sr
are shown in Table 5.3 along with the resulting gap and Fermi energy (caption). The
single particle energy differences of ε(s1/2), ε(g7/2), and ε(d3/2) are close to those used
for the IBFM calculation in [75] (ε(g7/2) − ε(s1/2) = 0.9 MeV, ε(d3/2) − ε(s1/2) = 1.2
MeV). Note that in [75] the νd5/2 orbital was considered fully occupied and therefore
not included. It was however included in the present calculation, which of course has
a huge influence on the result, especially the 5/2+ states. The three parameters for
the quasi particle part and the boson-fermion coupling part (see Section 1.4) were
adjusted to the first four states of 97Sr. A best fit was achieved with the parameter
set A0 = 0.50, Λ0 = 0.11, and Γ = 0.31. The value of χBF in VBF was set to the same
value as χB = −0.7. The results of the calculation for states with an excitation energy
E< 1.2 MeV are shown in Figure 5.1, along with the experimentally known states.
All states higher than the 5/2+

1 are predicted at too high an excitation energy. In the
present calculation the 7/2+

1 state is a rather pure g7/2 1-QP excitation coupled to the
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Figure 5.1: (left) Comparison of experimental data with calculations for 96Sr in the IBM.
The same set of parameters (see Table 5.2) is used for the IBM core of the IBFM calculation
of 97Sr, shown on the right. Note the different energy scales. See text for more details.

IBM ground state. The lowest 5/2+ state is predicted at 543 keV, with a dominant
d5/2 neutron quasi particle configuration coupled to the IBM ground state. This simple
1-QP configuration relies on an inclusion of the νd5/2 shell model orbital in the model
space.

The lowest 3/2+ state is predicted with a much more simple quasi particle config-
uration than in [81], but still with a large g7/2 component of about 23%. The main
contribution to the wave function comes from a d3/2 QP coupling to the IBM ground
state, the amplitude of the QP-phonon configuration (g+

7/2 ⊗ 2+
phonon) is about half of

that. As mentioned in [75], the low energy of the first 3/2+ is possibly due to the
“I=j-1, j-2 anomaly” (see Chapter 6 in [1]) for quasi particles coupling to a quadrupole
phonon. This reduces the energy of the coupling to the g7/2 QP. In [109], the state at
601 keV, with a spin of 3/2+ or 5/2+, was identified as a 2+ phonon coupled to the
1/2+ ground state, forming a state with spin J = 5/2+. This is principally verified
in the present calculation, where the second excited 5/2+ state is dominated by such
a configuration. But the state appears at 1.2 MeV, which is double the value of the
experimentally found energy. The next lowest state with predominant (g.s. ⊗2+

phonon)
configuration is the second excited 3/2+ state at 1.34 MeV (see also Figure 5.1).

It was not possible in the calculation to reproduce the four lowest energy states and
the higher lying states, shown in Figure 5.1, simultaneously. This can be interpreted
as a boson core character of 97Sr that is significantly different to that of 96Sr. The
predicted phonon excitations of the ground state, the 5/2+

2 and the 3/2+
2 , lie at an

energy that approximately corresponds to the sum phonon energy εd and the quasi
particle energy, as expected for a vibrational nucleus. This can be interpreted as a sign
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for the transitional character of 97Sr with neutron number N = 59. It could also hint
to a different intrinsic core structure of these two sets of states. Recalling the existence
of a deformed 0+ intruder state in 96Sr, these excitations are possibly QP excitations
in a deformed minimum. A configuration mixing calculation including transition rates
for this nucleus would be very insightful. If the states lie this close together it can be
estimated, that mixing is weak.

Concludingly it can be said that, on basis of this calculation, the 5/2+
1 state at 522

keV can be interpreted as a QP excitation if the d5/2 orbital is incorporated. It then
has a structure similar to that of the 7/2+

1 state. The branching ratios for the 522 keV
level are consistent with this interpretation.

5.3 Transitions in the K=5/2 and K=11/2 bands

in 99Y

The structure of 99Y was already studied by many groups. Rotational bands have been
identified and characterised [111]. The ground state is a 5/2+ state with a Nilsson
configuration 5/2+[422] and a K=5/2 rotational band is built on top of it [78]. It
has a spectroscopic quadrupole moment Q = 1.55(17) [112], which corresponds to a
quadrupole deformation β2 = 0.4. This value is close to the maximum deformation
found in this region, e.g. in 98Sr β2 = 0.41. The first excited state belongs to the
ground state rotational band and has spin parity 7/2+. Its lifetime was measured to
be T1/2 = 57(10) ps in this work, which agrees well with the previously measured
value of T1/2 = 47(6) ps [113]. The lifetimes of the second and an upper limit for the
third excited state were measured in this work for the first time (see Table 3.3). Table
5.4 shows the transition quadrupole moments Qt for these states, calculated with the
formula

Q2
t =

16π

5

(
J 2 (J − 2)
K 0 K

)−2

B(E2),

where the bracket is the Wigner 3j-symbol. Qt for the 7/2+
1 state was determined using

the measured multipole mixing ratio δ = 0.53 [77]. The other two were calculated from
the pure E2 transitions from the 9/2+

1 to the ground state and from the 11/2+
1 to the

7/2+
1 state. The branching for these transitions was taken from [77]. The deduced Qt

values agree well with the prediction of the geometric model of a constant transition
quadrupole moment in rotational bands at low spins [1].

No B(E2) or Qt value can be deduced for the 13/2+
2 state, because the mixing

ratio is unknown. The µs isomer at 2142 keV is assigned a spin parity of 17/2+ and a
three-quasi-particle configuration (π5/2[422]⊗ ν3/2[4ll]⊗ ν9/2[404]).

A calculation of excited states and transition strengths for 99Y was performed using
the quasi particle rotor model (see Section 1.3) with the computer codes gampn, asyrmo,
and probamo [9]. Standard parameters were for the l ·s and l ·l coupling strength, µ and
κ [114]. Pairing correlations were taken into account by a standard BCS approximation.
The Fermi surface and paring gap ∆ are then calculated by the program. A deformation
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Table 5.4: Transition quadrupole moments of excited states in the K=5/2+ ground-state
band of 99Y calculated from measured halflives.

Eγ (keV) τ (ps) B(E2) (e2b2) Qt (eb)

7/2+
1 125 82(14) 4.89 1.57(27)

9/2+
1 284 29(6) 0.24 1.2(4)

11/2+
1 357 <22 >0.19 >0.96
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Figure 5.2: Experimental excitation energies of positive parity states in 99Y. Comparison with
a calculation in the quasi particle rotor model. In this calculation ε2 = 0.367 and E2PLUS
= 0.14 MeV. See text for more details.

of ε2 = 0.37 was extracted1 from a measured ground state spectroscopic quadrupole
moment of Q = 1.55(17) [112] and used as the parameter for the deformed core. All
higher order deformations were set to zero. γ was set to zero as well. Previous studies
showed that, in contrast to rhodium and technetium isotones, 99Y exhibits axially
symmetric deformation. Eleven quasi particle states around the Fermi surface were
used in the coupling to the rotor core. The moment of inertia parameter, an effective
core 2+

1 energy E2+ , is the only parameter that was adjusted to fit the data. This value
is essentially a scaling factor. A good agreement with the experimental ground-state
band energies was achieved using E2+ = 0.14 MeV. No Coriolis attenuation was applied.
With these settings a good reproduction of the ground-state band was achieved, as can

1The quadrupole deformation parameter ε2 is used as input for the computer code, not β2. The
two are related via ε2 ≈ 0.944β2 − 0.122β2

2 for β4 = 0.
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be seen in Figure 5.2. All other states, however, are not reproduced well. This is true
for the excitation energy, as well as for the level ordering. The result for the ground-
state band is very similar to that found in [78] with the same parameters, except
ε2 = 0.41. Unlike in the present calculation the deformation was also used as a fit
parameter. The ground state is a 5/2+ state with the Nilsson configuration 5/2+[422].
The main objective of the calculation was the determination of transition strength,
in order to compare them to the newly measured values. For magnetic dipole matrix
elements, standard effective g factors were chosen: effective spin g factor gs = 0.6gfree,
core g factor gR = Z/A. The ground state magnetic moment is calculated to be
µ = 2.9 µ0, which is in fair agreement with the measured value of µ = 3.18(2) µ0

[112]. A comparison of the predicted lifetimes with the ones extracted from the data
measured in this work is shown in Table 5.5 (QPRM1). These values show reasonable
agreement within the ground-state band and for the 13/2+

2 state.

Table 5.5: Comparison of lifetimes of states in the K=5/2+ ground-state band in 99Y mea-
sured in this work with values from a quasi particle rotor calculation. Theoretical lifetimes
include a correction for internal conversion.

Elevel (keV) τexp (ps) τQPRM (ps)

7/2+
1 125 82(14) 144

9/2+
1 284 29(6) 31

11/2+
1 482 <22 7

13/2+
2 1869 23(6) 15

Another calculation was attempted with a smaller deformation and higher E2+ en-
ergy (ε2 = 0.307, E2+ = 0.18 MeV). This led to a better reproduction of the K=11/2
band in terms of level energy and ordering. However, the predicted intra-band transi-
tion rates were almost an order of magnitude too low in comparison to experimental
data.

5.4 Deformation in 100Nb

It was suggested in [115] that a rotational band based on the 1+ ground state exists in
the odd odd nucleus 100Nb. The nucleus has neutron number N = 59. In neighboring
isotopic chains, the nuclei at N = 59 have spherical ground states with single particle
excitations up to about 500 keV. Only above this energy, rotational bands are observed.
This is for example the case in 97Sr, as discussed in Section 5.2. A deformed ground
state with well developed rotational bands, as proposed in [115] would call for an
obliteration of the N = 56 subshell closure already at N = 59, in contrast to the direct
neighbors zirconium and molybdenum.
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In this context the lifetimes of states populated after the decay of the (8−) µs isomer
situated 421 keV above the (5+) ms isomer were measured (see Section 3.4). These
states are not identified with any of the states assigned to the ground-state band in
[115]. The state at 207 keV above the (5+) isomer decays via a pure M1 transition [79].
The measured lifetime of τ = 299(20) ps allowed to determine the reduced transition
strength B(M1) = 0.0349 µ2

N = 0.0195 W.u. This hints at a non-collective nature of
the states in the isomeric decay.

5.5 Conclusion

In this thesis, new experimental data on excited states in the neutron-rich nuclei
97Rb, 97Sr, 99Y, and 100Nb were gathered. A new µs isomer at low excitation en-
ergy E < 90 keV was observed in 97Rb. The halflife was measured to be 5.1(4) µs. Its
decay cascade involves a transition with energy Eγ = 76.8 keV. The multipolarity of
this transition was determined to be E1 based on the measured K-conversion coefficient.
If the transition is a ground-state transition, the spin and parity of the state can be
restricted to (1/2, 3/2, 5/2)−. A comparison to calculations in various models hints at
a spin of 1/2− or 3/2−. The hindrance of the transition can be explained by the quasi
particle Nilsson configurations of the ground state and possible low-lying negative-
parity states. Some models also predict low-lying oblate negative-parity states. The
isomer is possibly an oblate shape isomer.

A new decay branch in the K=9/2+[404] isomer in 97Sr, populating the level at
522 keV, was established. This allows a spin assignment of J+ = 5/2+ for this state.
Calculations in the interacting boson fermion model indicate a simple one-quasi-particle
structure of this state.

Lifetime measurements in the neutron-rich nuclei 99Y and 100Nb were performed us-
ing the γ-γ delayed coincidence method. The data were analyzed using the generalized
centroid shift method. Three new lifetimes of deformed states in 99Y were measured.
These give further evidence for the regular rotational structure of the ground-state band
in this nucleus. Transition quadrupole moments, derived for the ground-state band,
show the expected constant behavior. A calculation in the quasi particle rotor model,
assuming axially symmetric deformation, yielded good agreement for the ground-state
band using a deformation of ε2 = 0.37. The lifetime measurements in the decay cascade
of the µs isomer in 100Nb indicate non-collective nature of these excitations.
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5.6 Outlook

The measurements performed within the scope of this thesis delivered new data on
nuclei in the interesting region of the shape transition of neutron-rich nuclei at neutron
number N = 60. For the first time, the γ γ delayed coincidence technique was used
to measure lifetimes in the picosecond region of very neutron-rich fission fragments.
The results show that precise results can be obtained with the generalised centroid
difference (GCD) method from a small array of four LaBr detectors. Even though
background contributions were not negligible, and the source was not point-like, it was
possible to extract lifetimes in the order of 10 ps in 100Mo and 99Nb, which agree with
literature values. This shows the power of the GCD method and gives a positive signal
for the application of this technique under even tougher experimental circumstances,
like, e.g., with radioactive ion beams.

It would certainly be interesting to investigate closer the isomer in 97Rb. It appears
at a very low excitation energy and possibly has an oblate deformation. Theoretical
calculations predict prolate-oblate shape coexistence in rubidium isotopes. A verifica-
tion of this is possible by observing the rotational band on top of the isomer. This
might be possible from the (n,fission) data collected in the EXILL campaign earlier
this year (2013). The isomer is quite strongly populated in fission and the knowledge
about the 76.5 keV transition gives a hint where to look for transitions in this possible
band in γ γ coincidence data.

The indications for the non-collective nature of a state with excitation energy of
about 500 keV, populated in the isomer decay in the transitional nucleus 100Nb with
neutron number N = 59, agree with a comparison of neighbouring nuclei at this neutron
number. The assignment of a rotational band based on the ground state of this nucleus
should be investigated further, because it seems to contradict the present understanding
of this transitional region.
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[56] O. Hahn and F. Strassmann. Über den Nachweis und das Verhalten der bei der
Bestrahlung des Urans mittels Neutronen entstehenden Erdalkalimetalle. Natur-
wissenschaften, 27(1):11–15, 1939. ISSN 0028-1042.

[57] Lise Meitner and R. Frisch. Disintegration of Uranium by Neutrons: a New Type
of Nuclear Reaction. Nature, 143:239–240, 1939.



[58] S. Bjørnholm and J. E. Lynn. The double-humped fission barrier. Rev. Mod.
Phys., 52:725–931, 1980.

[59] T. R. England and B. F. Rider. Evaluation and compilation of fission-product
yields. ENDF/B-VII.1, 2011.

[60] P. Armbruster et al. The recoil separator lohengrin: Performance and special
features for experiments. Nuclear Instruments and Methods, 139(0):213 – 222,
1976.

[61] ILL website. Lohengrin. http://www.ill.eu/instruments-support/instruments-
groups/instruments/pn1/description/instrument-layout/, 2013.

[62] A. Scherillo. Study of µs isomers in neutron rich indium and cadmium isotopes.
Doctoral thesis, Universität zu Köln, 2005.
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M. Hackstein, J. Jolie, U. Köster, T. Malkiewicz, T. Materna, M. Pfeiffer, M.
Ramdhane, J.-M. Régis, W. Rother, T. Thomas, N. Warr, D. Wilmsen, J. Le
Bloas, and N. Pillet, Delayed γ-ray and conversion-electron spectroscopy of A =
97 fission fragments, Phys. Rev. C; 87, 064317 (2013)

• M.Rudigier, J.-M.Regis, J.Jolie, K.O.Zell, C.Fransen, Lifetime of the first excited
2+ state in 172W and 178W, Nucl.Phys. A847, 89 (2010)

• J.-M. Régis, H. Mach, G.S. Simpson, J. Jolie, G. Pascovici, N. Saed-Samii, N.
Warr, A. Bruce, J. Degenkolb, L.M. Fraile, C. Fransen, D.G. Ghita, S. Kisyov,
U. Koester, A. Korgul, S. Lalkovski, N. Mărginean, P. Mutti, B. Olaizola, Z.
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dieser Arbeit.

I want to thank Pavel Petkov for helpful discussions concerning the quasi-
particle rotor model.

Ich danke Dr. Ulli Köster, und auch Dr. Herbert Faust und Dr. Walde-
mar Urban, für die fruchtbare Zusammenarbeit bei den Experimenten am
Lohengrin und einige wertvolle Diskussionen während meiner Zeit in Greno-
ble.
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Bürotür immer offenstand. Ich danke Tim Thomas für das Korrekturlesen



eines Teils dieser Arbeit, für viele Diskussionen über Kernphysik, Kernmod-
elle im Allgemeinen und die Programme odda und phint im Besonderen. In
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