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Abstract

This doctoral thesis presents results from the first experiment of the DESPEC
campaign performed at GSI Helmholtzzentrum für Schwerionenforschung (Darm-
stadt, Germany) as part of FAIR Phase-0. The goal of the experiment was precise
measurement of electromagnetic transition rates in the Tz = +1 94Pd nucleus, in
particular the lifetimes of the yrast Iπ = 8+ and 6+ states below the Iπ = 14+,
T1/2 = 499(13) ns isomer. The nuclei of interest were produced by the fragmen-
tation of 124Xe primary beam impinging on a 4 g/cm2 9Be target, after being
accelerated to 982 MeV/u in the UNILAC and the SIS18 synchrotron. The re-
action products were separated and identified on an event-by-event basis in the
FRS and then transported to the final focal plane, where the DESPEC setup
was located. There the fragments were implanted in the AIDA active stopper.
Subsequent γ-rays following the decay of populated isomeric states in the nuclei
of interest were detected by the GALILEO and FATIMA detector arrays. The
half-live of the 8+ state in 94Pd was measured by employing the Generalized Cen-
troid Difference method, which uses the fast-timing methodology. In addition,
a limit for the half-live of the 6+ state in 94Pd was obtained. The experimen-
tal electromagnetic transition rates B(E2) were determined using the measured
lifetimes and the values were compared to shell-model calculations, employing
different interactions and model spaces.

This thesis also reports on an experiment aimed at testing detector prototypes
for future HISPEC-10 slowed-down beam campaigns at FAIR. With the goal of
observing Coulomb excitations of even-even stable nuclei, a 64Ni (or similar) beam
was requested impinging on a 197Au target. However, only a 208Pb primary beam
was available and the experiment was finally performed using this beam. As the
208Pb primary beam at 250 MeV/u reaches the experimental cave, it interacts
with a thick βPlastic detector, the signal from which was used as the trigger
for all other detector systems. A mechanical structure holding degraders with
different thicknesses was used to slow down the beam. For ion tracking and time-
of-flight measurement three MCP detectors were used. After interacting with
the 197Au target, located downstream of the MCPs, the beam was stopped in a
∆E-E telescope, used for tracking and identification. For detecting γ-rays two
three-fold DEGAS HPGe clusters were used, pointed towards the target. The
data from this experiment is still being analyzed, but some findings are reported
in this work.
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Chapter 1

Introduction

The atomic nucleus is a complex system of (positively charged) protons and (neu-
tral) neutrons. The fact that nuclei exist despite the influence of the repulsive
Coulomb force acting between protons, leads to the conclusion that a strong at-
tractive force exists. This so called nuclear force is able to overcome the Coulomb
interaction and binds the nucleons together.

From experimental studies of nuclear radii, separation energies, binding energy
per nucleon, etc. some of the basic characteristics of this strong force have been
established: short range attractive force that saturates. Along with the existence
of magic numbers (either for protons or for neutrons or for both), empirical data
also suggests that the approximation of independently moving nucleons in an
average central potential is valid. The latter represents the basic assumption of
the nuclear shell model [1, 2], which was developed in an attempt to explain the
properties of atomic nuclei.

In terms of the independent motion hypothesis, the shell model allows for
the many-body nuclear problem to be solved by solving the single particle (in a
central potential) problem for each nucleon individually. However, the interaction
between nucleons is not entirely accounted for by the central potential. Thus, the
so called residual interaction is treated as a perturbation to the independent
motion and causes configuration mixing. The nucleus is described in terms of
energy levels or orbitals (separate for protons and neutrons), where different
orbitals are grouped in shells with gaps in between shells in the order of a few
MeV. The orbitals are filled according to the Pauli principle forming a fully filled
closed shell core and a partially filled shell, containing the valence nucleons.

The shell model succeeds in reproducing the magic numbers as well as many
other nuclear properties such as energy levels, spins, magnetic moments, etc.
It gives good descriptions of stable doubly magic nuclei, however becomes less
reliable for nuclei located farther away from the valley of stability. In this sense,
the doubly-magic neutron-deficient 100Sn nucleus and its neighbours provide the
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CHAPTER 1. INTRODUCTION

perfect base to test shell model predictions at the N = Z = 50 double shell
closure.

1.1 Physics motivation
100Sn (N = Z = 50) is the heaviest self-conjugate doubly-magic nucleus. The
nuclear structure of the hole states in the region "south-west" of 100Sn (Fig. 1.1) is
dominated by the 0g9/2 orbit, which is part of the N = 4 gds harmonic oscillator
shell. It is energetically and by spin very well separated from the lower N = 3

pf-shell, allowing only even-particle even-hole excitations into the intruder orbit.
To describe the structure of high-spin orbitals, the quantum number seniority ν

is defined, counting the number of unpaired nucleons (separately for protons and
neutrons), which occupy the same shell-model orbital. Due to the strong spatial
overlap of proton- and neutron-hole wave functions, strong proton-neutron (pn)
correlations are induced, giving rise to unique structural features such as spin-
gap, seniority and parity-changing isomerism, as well as proton-neutron pairing
and seniority induced symmetries. This makes the region "south-west" of 100Sn
one of the most attractive areas for both experimental and theoretical studies in
the nuclear chart [3, 4].

Early shell-model studies employing empirical interactions in the πν(1p1/2, 0g9/2)
model space [5–8] to this day provide accurate predictions for the structure of

Figure 1.1: Partial chart of nuclei in the 100Sn region showing experimental
information on the ground-state lifetime and excited states. The yellow square
indicates nuclei, for which no excited states have been reported and only the
ground-state lifetime is known. Taken from Ref.[4]
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CHAPTER 1. INTRODUCTION

100Sn and its neighbours. More resent efforts include calculations using empir-
ical [9] and realistic [10, 11] interactions in the full πν(f5/2pg9/2) model space
as well as Large Scale Shell Model (LSSM) calculations using the Nowacki-Sieja
interaction in the upper πν(gds) shell [12]. The topic of seniority breaking (or
partial seniority conservation) in the 0g9/2 orbit is excessively discussed in the
Ref. [13–21]. Moreover, the influence of remnants of the seniority level scheme in
the open πν(g9/2) orbitals is addressed in Ref. [22].

Experimental efforts aimed at studying the structure of nuclei approaching
100Sn include the discovery of core-excited isomers in 98Cd [23, 24] and 96Ag
[25]; spectroscopy of 92Pd [26]; decay studies of the spin-gap isomers and yrast
sequence in 96,97Cd [12, 27–29] and 94Ag [30, 31]; isomer, β and β-proton decay
spectroscopy of fragments in the region [32–34]; as well as the discovery of delayed
rotational alignments in the even-even N = Z nuclei 84Mo [35] and 88Ru [36].

In the πν(g9/2) orbital the proton-neutron interaction strength manifests in
the strongly-binding T = 0 (g9/2)

2, Iπ = 9+ isoscalar two-body matrix element
(TBME), which is comparable to the T = 1 isovector pairing [5, 6]. In order to
shed light onto the role of pn pairs with maximum aligned spin of 9+ in the 96Cd,
94Ag and 92Pd N = Z nuclei, a series of multi-step shell-model and Interacting
Boson Model (IBM) studies were performed [26, 37–40]. The contents of several
pn-pairs within the nuclear wave functions in the three nuclei were analyzed.
Overlap between the 9+-boson wave functions and the exact shell-model was
established only at low- and high-spin states, with minimal overlap observed at
intermediate spin levels [40]. However, these conclusions are subject to changes,
when taking into account the full πν(f5/2pg9/2) and πν(gds) model spaces.

Predictions about the B(E2) values and spectroscopic quadrupole moments
in the 96Cd and 92Pd nuclei for these model spaces were compared to results
from a pure (g9/2)

n approach in Ref. [41]. For low-spin states with I ≤ 6 the
three approaches show identical results for excitation energies and B(E2) values,
however considerable differences are displayed for quadrupole moments (currently
experimentally inaccessible). Furthermore, signs of qudrupole deformation can
be found for lower-Z nuclei in the g9/2 orbital [36]. With increasing spin and
in nuclei closer to the N = Z = 50 doubly-magic closure, this deformation
is expected to evolve due to model space exhaustion, resulting in the gradual
reduction in collectivity.

The Tz = +1 94Pd nucleus is situated at a crucial point of this evolution.
With its four proton an two neutron holes in the g9/2 orbital below the 100Sn core
nucleus, 94Pd is the neighbour of the even-even N = Z systems 96Cd and 92Pd
and represents the T = 1 isospin partner for states in the odd-odd N = Z system
94Ag. In order to demonstrate the role of the isoscalar (T = 0) versus isovector
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CHAPTER 1. INTRODUCTION

(T = 1) pn interaction, in Fig. 1.2 the experimental spectra of 92,94,96Pd nuclei
are compared to shell-model calculated level schemes from Ref. [6]. 96Pd displays
a typical seniority type spectrum, maintained by the T = 1 pn interaction, and is
well reproduced by the shell-model calculations. On the other hand, 92Pd shows
an equidistant spectrum mainly due to the T = 0 part of the pn interaction. In
this evolution from the seniority type N = 50 96Pd towards the N = Z 92Pd,
which exhibits strong pn correlations, 94Pd displays an intermediate character.

Experimental information on the excited states in 94Pd is available up to
spin-parity Iπ = (20+). It was obtained from decay studies of the Iπ = 14+ and
19− isomeric states in 94Pd [42–44] as well as β-decay studies of 94Ag [30, 31].
Fig. 1.2 demonstrates good agreement between the experimental and shell-model
calculated level schemes, however no experimental information is available on
lifetimes and B(E2) values of excited states below the Iπ = 14+ isomer. This
points to the main goal of the experiment presented in the current work and
namely, the measurement of the half-lives of the Iπ = 8+ and 6+ states in 94Pd.
This lifetime measurement will provide access to the nuclear properties of these

Figure 1.2: Experimental and shell-model data showing the evolution of the
proton–neutron interaction and even-parity yrast structure for 92,94,96Pd. Taken
from Ref. [3]
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CHAPTER 1. INTRODUCTION

states. Studies of the detailed structure of the 8+ seniority remnant in 94Pd
will reveal the interplay between the isovector and isoscalar coupling of the pn

pairs. Moreover, in terms of seniority-mixed states the structure of 94Pd may
provide an indication of emerging collectivity, when nucleons are removed from
the doubly-magic system 100Sn. The emergence of deformation is supported by
predictions indicating that favored pn T = 0 pairs arrange in a spin-aligned
configuration, forming shear blades characteristic of Anti-Magnetic Rotational
(AMR) behavior in the yrast band of 92Pd [45]. A recent theoretical study using
the EXVAM (Excited VAMPIR) beyond-mean-field approach [46] highlights the
connection between the T = 0 pn-pairing component and the emergence of prolate
deformation and shape coexistence in 94Pd.
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Chapter 2

Theoretical background

Any theoretical model attempting to describe the atomic nucleus should be able
to reproduce existing experimental findings as well as make accurate predictions
about future experimental results. In this context, one of the most successful and
easy to understand models is the Shell Model (SM). It performs well in the vicinity
of stable doubly-magic nuclei, reproducing accurately many nuclear properties
like spin, parity and energy of both ground and excited states. Moreover, this
is also the case for systems far from stability, but close to magic numbers like
100,132Sn. However, as one moves father away from the valley of stability and
reaches nuclei with extreme neutron-to-proton ratios, the SM becomes less reliable
and additional correction needed to be considered.

In this chapter, the basic concept of the nuclear shell model will be intro-
duced, discussing the independent particle model and the residual interaction. A
description of electromagnetic transition rates and Weisskopf estimates will be
given and finally, the nuclear structure in the vicinity of 100Sn will be explored,
with an emphasis on the 94Pd nucleus.

2.1 The Nuclear Shell Model

According to the atomic shell model [47], each electron moves independently in
an external central Coulomb potential, created by the positively charged nucleus.
The nuclear shell model [1, 2], as an attempt at using a similar approach to
explain the properties of atomic nuclei, assumes that each individual nucleon
moves independently in an average central potential. However, this potential is
not external (like the Coulomb potential created by the nucleus in the atomic
shell model), but rather created by the other nucleons in the nucleus (nuclear
interaction). Another essential difference between the two models is the existence
of two types of particles (protons and neutrons) in the nucleus, which gives rise
to a new quantum number called isospin.
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CHAPTER 2. THEORETICAL BACKGROUND

From the point of view of quantum mechanics, the Hamiltonian for a nuclear
system, consisting of A number of nucleons moving independently in a mean field
potential, can be expressed as

H0 =
A∑
i=1

[Ti + Ui(r)], (2.1)

where Ti denotes the kinetic energy and Ui(r) is the single-particle potential, r
representing spatial coordinates. However, the nucleus is a many-body system,
for which the Hamiltonian consist of the kinetic term

∑
i Ti and the two-particle

interaction
∑

i<j Vij(r):

H =
A∑
i=1

Ti +
A∑

i,j=1

Vij(r). (2.2)

Using Eq.2.1, Eq.2.2 can be rewritten as

H =
A∑
i=1

[Ti + Ui(r)] +

( A∑
i,j=1

Vij(r)−
A∑
i=1

Ui(r)

)
= H0 +Hres. (2.3)

Here H0 is the Hamiltonian of the independent particle model and Hres represents
a residual interaction, showing that the nucleons in the atomic nucleus do not
move completely independently.

Only for nuclei with a single nucleon outside a closed shell, can the indepen-
dent particle model be used. The nucleon single-particle energies are then given
by the solutions to the Schrödinger equation with H0 (more details in Section
2.1.1).

In the case of nuclei with more than one valence nucleon, the residual in-
teraction causes a coupling effect and gives rise to the most important nuclear
features: spin, magnetic dipole and electric quadrupole moments. The residual
interaction, represented by Hres, can be evaluated using the two-body matrix ele-
ments (TBME) with the help of the perturbation theory (more details in Section
2.1.2).

2.1.1 Independent particle model. Single-particle states.

An important step in developing the nuclear shell model is choosing the potential
(the type of interaction). To a first approximation, the interaction between a
single nucleon and all other nucleons in the nucleus can be simplified to a central
potential. This assumption is the basis for the independent particle model.

The single particle energies (SPE) ea can be obtained by solving the Schrödinger
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equation:
[T + U(r)] ϕa(r) = ea ϕa(r), (2.4)

where ϕa(r) are the single-particle wave functions, a denoting the quantum num-
bers of a specific state. For a nucleus with A number of nuclei the Schrödinger
equation can be expressed in terms of the independent particle model:

H0 Φa = Ea Φa, (2.5)

where H0 is given by Eq.2.1, the eigenfunctions Φa = ϕa1 ....ϕaA are constructed
as the product of A single-particle functions and the eigenenergies are given by:

Ea =
A∑
i=1

eai . (2.6)

Figure 2.1: Harmonic oscillator potential and Woods-Saxon potential

In order to solve the Schrödinger equation and determine the single-particle
eigenvalues (Ea), the potential U(r) needs to be specified. Assuming a simple
harmonic oscillator potential (Fig.2.1)

U(r) =
1

2
Mω2r2, (2.7)

only the lowest magic numbers are reproduced (Fig. 2.2). Here M denotes the
mass of the particle, ω is the angular frequency and r is the distance between the
nucleon and the origin of the coordinate system.

A more realistic potential is the Woods-Saxon potential (Fig. 2.1):

U(r) =
−U0

1 + e(r−R)/a
, (2.8)

9
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where U0 ≈ 50 MeV is the well depth, R = 1.2 A1/3 fm is the mean radius of the
nucleus and a ≈ 0.7 fm is the diffuseness, which describes the skin thickness as
the distance over which the potential changes from 0.9V0 to 0.1V0 [48, 49]. Fig. 2.2
shows the result of using this potential. Even though the effect of the degeneracy
over the angular momentum (l) is removed, still only the lowest magic numbers
are reproduced, similarly to the case of using the harmonic oscillator potential.

Figure 2.2: Schematic representation of the single-particle energies of Harmonic
Oscillator (HO), Woods-Saxon and Woods-Saxon + spin-orbit potentials (Figure
taken from Ref.[49]). Only the lowest magic numbers are recreated with the HO
and Woods-Saxon interactions. On the other hand, the splitting due to the the
spin-orbit term allows for all experimentally determined magic numbers to be
reproduced.

In order to fully reproduce the magic numbers an additional term for the spin-
orbit force has to be added to the Woods-Saxon potential. To label the states
the total angular momentum j is used, which can be expressed in terms of the
angular momentum (l) and the spin (s) in the following way: j = l + s. Using

10
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this connection, the contribution of the spin-orbital term can be evaluated [48]:

l.s =

+ h̄2

2
l for j = l + 1

2

− h̄2

2
(l + 1) for j = l − 1

2

(2.9)

and Eq.2.8 can be expanded to

U(r) =
−U0

1 + e(r−R)/a
+ f(r) l.s, (2.10)

where the function f(r) defines the strength of the spin-orbit interaction, which
depends on the radial coordinate r. Solving the Schrödinger equation using this
potential leads to the splitting of the j = l ± 1

2
degenerate levels.

It is important to note that for all potentials used in this section, only the
neutron shells were considered. In order to determine the single-particle states of
the proton shells, an addition of Coulomb potential has to be considered due to
the repulsive force between protons.

2.1.2 Many-body system. Residual interaction.

As previously explained, the independent particle model is only a first order
approximation of the shell model. To account for the fact that the nucleons in
the atomic nucleus do not move entirely independently, the complete Schrödinger
equation

H | Ψ ⟩ = E | Ψ ⟩, (2.11)

with the many-body Hamiltonian represented by Eq.2.3 needs to be solved.

In terms of the perturbation theory, the many-body Hamiltonian is considered
a sum of the unperturbed (independent-particle) Hamiltonian H0 and the small
perturbation Hres. The wave function Ψp for a particular state can be expanded
to

| Ψp ⟩ =
∑
a

cap| Φ(0)
a ⟩, (2.12)

using the Φ
(0)
a unperturbed basis, each function being a product of single-particle

wave functions Φ
(0)
a = ϕa1 ....ϕaA . With the restriction of the many-nucleon con-

figuration to two-body interactions, the total energy of the state can be obtained
by solving the equation

Epcbp =
∑
a

⟨ Φ(0)
b | H | Φ(0)

a ⟩ cap

=
∑
a

⟨ Φ(0)
b | H0 +Hres | Φ(0)

a ⟩ cap.
(2.13)

11
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Here Φ(0)
a are the eigenfunctions of the unperturbed (independent-particle) Hamil-

tonian H0 with corresponding eigenenergies Ea according to Eq.2.6 (see Section
2.1.1). This allows for the total energy to be expressed as a sum of single-particle
energies and the contribution of the residual interaction via the matrix equation

Epcbp =
∑
a

Hbacap (2.14)

Hba = E(0)
a δab + ⟨ Φ(0)

b | Hres | Φ(0)
a ⟩ (2.15)

The terms in the brackets represent the Hamiltonian matrix. The second term is
known as the two-body matrix element (TBME) and is used as means to evaluate
the effects of the residual interaction. In some cases there could also be a need
to consider three-body matrix elements.

The main task of shell model calculations is to determine the interaction en-
ergy (E) by diagonalizing the Hamiltonian matrix. However, as the number of
nucleons increases the number of orbitals that need to be taken into account also
grows, which in turn leads to the dimension of the matrix to rise. The diagonal-
ization of the matrix for nuclei with large masses for the full configuration space
is usually very difficult (and/or impossible) due to limitations in computational
power. Therefore, the nucleus is considered as combination of a completely filled
shell of non-interacting particles (closed shell or inert core) and a partially filled
shell of orbitals containing the valence nucleons (valence space). The assumption
of an inert core allows for the matrix dimension and in turn the model space to
be reduced. The nucleons in the valence space interact via the residual interac-
tion. Due to the restriction of the model space, the general Hamiltonian (Eq.2.2)
needs to be adapted to an effective one, i.e. the effective interaction is the residual
interaction affecting the valence nucleons (outside of the core).

In reality a fully inert core does not exist. The addition of nucleons to closed
shells causes distortions in the form of a polarization effects, which can induce
excitations to higher shells. In order to take these polarization effects of the
core into account, the concept of effective charge for protons and neutrons is
introduced. The effective charge is dependent on the occupied orbitals and thus
the model space. These effective charges renormalized by the core polarization can
be determined either empirically from experimental data or theoretically using
the reaction matrix derived from the nuclear force.

As already discussed, the model space consist of information on the shell
model orbitals and their occupancy. For different regions in the nuclear chart,
different model spaces and effective interactions are employed. There are three
approaches to derive the effective residual interaction and evaluate the TBME:

12
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empirical, schematic and realistic.

• Empirical interactions are extracted from experimental data using infor-
mation on the binding energies of closed shell nuclei and their one- and
two-particle/hole neighbours. For not too large model spaces the SPE
and TBME (only diagonal) can be determined by utilizing the χ2-fitting
(least-squares) method applied to a data set of experimental binding and
excitation energies.

• It is possible to explain some of the basic nuclear properties using a simple
schematic nucleon-nucleon interactions. Some example of such interactions
are the Yukawa, Gaussian, delta and surface delta types [49, 50].

• Realistic interactions are derived using the nucleon-nucleon (NN) potential
obtained from experimental NN scattering data. An important character-
istic of any realistic NN potential is the strong, short-range repulsive core,
which however is not suitable for treatment in terms of the perturbation
theory. In order to remove the repulsion effect from the NN interaction,
the G-matrix [10] is produced according to the Brückner theory [51]. A
mass (A) dependence is introduced when calculating the TBME, due to the
need to account for the valence space of occupied and empty (scattering)
orbitals defined for a particular reference doubly-magic core. However, the
SPE cannot be extracted in this way and are usually taken from experi-
mental data.

2.2 Isotopic spin

If the effects of the Coulomb force on nuclear properties are neglected, the char-
acteristics and behaviour of the proton and neutron are identical in most aspects.
In addition to having similar masses, the charge symmetry and charge indepen-
dence of the nuclear force allow for the treatment of the proton and neutron as
two separate states of the same particle, the nucleon. A new quantum number
is defined, called isotopic spin (or isospin), which differentiates between the two
types of nucleons. The isospin (t) of a single nucleon is defined, analogously to
the incintric spin, as

t =
1

2
(2.16)

with a third projection of

tz =

+1
2

for neutrons

−1
2

for protons
. (2.17)
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The isospin follows identical coupling rules to the ordinary angular momentum
vectors. For a many-particle system with A number of nucleons, the total isospin
T is defined as

T =
A∑
i=1

ti, (2.18)

and its third projection is given by

Tz =
A∑
i=1

tz,i , − T ≤ Tz ≤ +T. (2.19)

Then for each value T a multiplet with 2T+1 members exists, which is character-
ized by Tz. For example, a two-nucleon system can have a total spin of T = 0 or 1
with four possible components of the third projection: Tz = −1 for two protons,
Tz = +1 for two neutrons and two combinations with Tz = 0 for one proton and
one neutron (see Fig. 2.3). Taking the charge independence of the nuclear force
into account, the interactions in T = 1 (Tz = −1, 0, 1) states should be the same,
therefore the states should have the same energy forming a triplet. However, the
interaction and energy of the T=0 singlet can be different.

Figure 2.3: Schematic illustration of the possible two-nucleons configurations:
the T=1 isospin triplet on the top and the T=0 singlet on the bottom. Here S is
the intrinsic spin.

The importance of the isospin concept is expressed by the conservation law,
which requires the preservation of isospin for transitions/decays caused by the
influence of the strong interaction.

2.3 Electromagnetic transition rates and Weisskopf

estimates

For an electromagnetic decay from an initial state with angular momentum Ii and
parity πi to a final state with angular momentum If and parity πf , the following

14
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selection rules are defined:

|Ii − If | < I < Ii + If , (2.20)

where I is the angular momentum carried by the emitted photon, and

△π = πiπf =

(−1)I for electric transitions

(−1)I+1 for magnetic transitions
(2.21)

where △π is the parity of the radiation and determines the type of the transition.
The full transition probability (in units transitions per second) for a γ-decay

of a specific type σ (electric or magnetic) and angular momentum I in terms of
multipole matrix elements is given by:

Pfi(σ, Im) =
8π(I + 1)

h̄I[(2I + 1)!!]2

(
Eγ[MeV ]

h̄c

)2I+1

⟨Ifmf |M̂(σ, Im)|Iimi⟩|2, (2.22)

where m, mf , mi are the third projections of the angular momentum I, If , Ii

respectively and M̂(σ, Im) is the multipole matrix element [49]. This equation
can be expressed in terms of the reduced transition probability B(σ, I, Ii → If) via
the reduced matrix elements |⟨f ||M̂(λ, I)||i⟩|2 as:

Pfi(σ, I) =
8π(I + 1)

h̄I[(2I + 1)!!]2

(
Eγ[MeV ]

h̄c

)2I+1

B(σ, I, Ii → If ), (2.23)

where
B(σ, I, Ii → If ) =

1

(2Ii + 1)
|⟨f ||M̂(λ, I)||i⟩|2. (2.24)

Taking into account that the full transition probability is essentially the decay
constant (λ) and using the relation

T1/2[s] =
ln 2

λ
=

ln 2

Pfi(σ, I)
, (2.25)

where T1/2 is the half-life of the initial state, the reduced transition probability
can be written as:

B(σ, I, Ii → If ) =
h̄I[(2I + 1)!!]2

8π(I + 1)

(
h̄c

Eγ[MeV ]

)2I+1
ln 2

T1/2[s]
. (2.26)

Here B(σ, I, Ii → If ) is expressed in units of e2fm2I for electric and in µ2
Nfm

2I−2

for magnetic transitions, where e is the electron charge and µN is the nuclear
magneton.

Internal conversion (IC) is a type of electromagnetic process that competes
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with γ decay. It is a process during which the excited nucleus interacts with the
atomic electrons, causing one of them to be emitted, if the excitation energy is
larger than the electron binging enery. The probability for internal conversion is
inversely proportional to the energy difference between the initial and final states,
i.e. the process is favoured for low energy transitions. The competition between
IC and γ decay can be quantified via the internal conversion coefficient (α),
which is defined as the ratio between emitted conversion electrons and photons:
α = number of IC/number of γ decays. In order to take the effect of internal
conversion into account, the reduced transition probability is modified to

B(σ, I, Ii → If ) =
h̄I[(2I + 1)!!]2

8π(I + 1)

(
h̄c

Eγ[MeV ]

)2I+1
ln 2

T1/2[s] (1 + α)
. (2.27)

Another factor that should be taken into account is the branching ratio.
Branching ratio is a measure of the probability of a nuclear state to take a certain
decay mode instead of all other possible modes. It can be defined in term of decay
rates (λ) as the ratio between the decay rate for the specific decay mode and the
total decay rate for all decay modes from the initial state: BR = λi/λtotal. Then
the reduced transition probability is:

B(σ, I, Ii → If ) =
h̄I[(2I + 1)!!]2

8π(I + 1)

(
h̄c

Eγ[MeV ]

)2I+1
ln 2

T1/2[s] (1 + α)(1 +BR)
.

(2.28)

According to Eq.2.26 and Eq.2.27 the reduced transition probability is strongly
dependent on the transition energy. In order to remove this dependence the Weis-
skopf estimate is used [49]. The Weisskopf estimate by definition assumes a single
(valence) proton configuration and is therefore a one-body operator. The esti-
mates for electric and magnetic transitions are given by:

BW (EI) =
1

4π

(
3

3 + I

)2

1.22IA2I/3 [e2fm2I ] (2.29)

BW (MI) =
10

4π

(
3

3 + I

)2

1.22I−2A(2I−2)/3 [µ2
Nfm

2I−2], (2.30)

where R = 1.2A1/3 fm denotes the nuclear radius. Experimentally obtained re-
duced transition probabilities are converted to Weisskopf units using the following
relation

B(σI) [W.u.] =
Bexp(σI)

BW (σI)
, (2.31)

where both the experimental reduced transition probability, Bexp(σI), and the
Weisskopf estimate, BW (σI), are given in the same units (e2fm2I or µ2

Nfm
2I−2).

The reduced transition probabilities expressed in Weisskopf units give a rough
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estimate of the number of nucleons contributing to a given electromagnetic tran-
sition, i.e. they can serve as a measure of collectivity (and nuclear shapes).

2.4 Interaction of photons with matter

Due to their lack of charge, photons interact very differently with matter com-
pared to charged particles. The three dominant mechanisms are photoelectric
effect, Compton scattering and pair production.

In photoelectric absorption the incident γ ray is fully absorbed by an atomic
electron. Part of the deposited energy is used to overcome the binding energy of
the electron and the rest becomes kinetic energy of the emitted photoelectron.
The photoelectric effect is a dominant process for photon energies below a few
hundred keV.

For γ rays at higher energies up to a few MeV, Compton scattering becomes
the dominant process. A γ-ray scatters off an electron, transferring some of its
energy to it. The energy of the scattered photon E ′

γ can be evaluated using the
formula

E ′
γ =

Eγ

1 + Eγ

mec2
(1− cos θ)

, (2.32)

where Eγ is the energy of the incident photon, me is the mass of the electron at
rest and θ is the scattering angle [48]. As can be seen from the equation, the
amount of energy that is transferred to the electron depends on the scattering
angle.

The last interaction mechanism is pair production. During this process the
incident γ-ray completely disappears, creating an electron-positron pair. This
process is possible for γ-rays with energies higher that 1.022 MeV, which corre-
sponds to double the rest mass energy of an electron. The excess energy becomes
kinetic energy for the created pair. The positron then annihilates with an elec-
tron, producing two 511 keV γ-rays. This process becomes dominant for photon
energies above 5 MeV.

2.5 The fast timing technique

The fast-timing method is a technique that enables the direct measurement of
nuclear lifetimes in the range from a few microseconds to a few picoseconds.
It is based on measuring time differences between events associated with the
feeding and decaying transitions of a specific nuclear state. As a (relatively)
recent development of the fast-timing methodology, the Generalized Centriod
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Difference (GCD) method [52, 53] was designed for analysis of experimental data
obtained from fast-timing arrays consisting of a large number of detectors.

Figure 2.4: Delayed and anti-delayed time distributions for a specific feeder-
decay cascade associated with a nuclear state of interest

In order to explain the GCD concept, let us first consider a standard γ-γ
fast-timing setup consisting of two detectors, which are denoted as "start" and
"stop". Feeding and decaying γ-rays associated with a specific nuclear state are
registered in the detector pair. If the feeding γ-ray (γ1) is detected by the "start"
detector and the decaying γ-ray (γ2) by the "stop" detector, the so called delayed
time-difference distribution is obtained. If the opposite is true, γ2 in "start"
detector and γ1 in "stop" detector, the anti-delayed time-difference distribution
is attained (see Fig. 2.4). The difference between the centroids of the two time
distributions (delayed and anti-delayed) is given by:

△C(△Eγ) = Cdelayed − Canti−delayed = PRD(△Eγ) + 2τ, (2.33)

where △Eγ = Efeeder − Edecay is the energy difference between the feeding and
decaying γ-rays and τ is the lifetime of the state of interest. The Prompt Response
Difference (PRD) describes the zero-time response of the detector system and
serves as a single correction parameter according to Eq.(2.33). The PRD is energy
dependent and can be calibrated via a PRD curve using standard calibration
sources. This procedure will be explained in detail in Chapter 4.

It is important to note that the centroid difference is mirror symmetric with
respect to start-stop inversion. For a prompt cascade this means an inversion of
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the feeder-decay cascade and thus

△C(△Eγ)decay = −△C(−△Eγ)feeder

PRD(△Eγ)decay = −PRD(−△Eγ)feeder.
(2.34)

This mirror symmetry allows us to determine the PRD for any energy combination
using:

PRD = PRD(Efeeder)− PRD(Edecay). (2.35)

For fast-timing arrays consisting of more than two (almost equal) detectors the
centroid differences for each unique detector-detector pair need to be determined.
This procedure can be simplified by superimposing the time distributions of all
unique two-detector combinations. In order to achieve a good time resolution
for this final superimposed time distribution, there is a need for precise time
alignment of each fast-timing detector pair. This time calibration procedure is
explained in detail in Chapter 4.

Nuclear lifetimes, which are long enough to be observed as a slope in the
delayed time distribution, are measured by performing a fit of an exponential
decay curve

f(x) = e−t/τ , (2.36)

to the experimental data.
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Chapter 3

Experimental setup

DEcay SPECtroscopy (DESPEC) as a concept aims at studying the nuclear struc-
ture of exotic nuclei using radioactive beams delivered by the FRagment Separa-
tor (FRS) [54] located at GSI Helmholtzzentrum für Schwerionenforsching GmbH,
Germany [55] and in the future Superconducting FRagment Separator (Super-
FRS) [56] at the upcoming Facility for Antiproton and Ion Research (FAIR) [57].
For the purpose of this thesis, the focus will be on an experiment performed
as part of FAIR Phase-0, using the FRS and the DESPEC setup at the GSI
accelerator facility.

The nuclei of interest were produced by the fragmentation of 124Xe primary
beam impinging on a 4 g/cm2 9Be target [44], after being accelerated to 982
MeV/u in the UNIversal Linear ACcelerator (UNILAC) [58] and the SIS18 syn-
chrotron [59] accelerator complex. The reaction products were separated and
identified on an event-by-event basis in the FRagment Separator (FRS) [54], us-
ing the Bρ-△E-Bρ and ToF-Bρ-△E methods [60, 61]. Finally the ions reach the
DEcay SPECtroscopy setup (DESPEC) [62] were they are implanted in an active
stopper [63]. Subsequent γ-rays following the decay of populated isomeric states
in the nuclei of interest are detected by High-Purity Germanium (HPGe) [64, 65]
and LaBr3(Ce) detectors [66].

In this chapter detailed information about the experimental setup and meth-
ods is provided. In particular the GSI accelerator facility (UNILAC and SIS18),
exotic beam production and projectile fragmentation, separation and identifica-
tion of ions in the FRS, the γ-ray or decay spectroscopy setup.

3.1 The GSI accelerator facility

A schematic of GSI accelerator facility is shown in Fig. 3.1. The GSI ion sources
can produce beams of elements anywhere from hydrogen to uranium. After being
extracted from the source the primary beam is being bunched and stripped off
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electrons, before being injected into the main part of the UNILAC [58]. There
the ions are accelerated (up to 11.4 MeV/u) and transported towards the SIS18
synchrotron [59], where they are further boosted and can reach energies from up
to 1 GeV (for uranium) to 4.5 GeV (for protons). This primary beam is then
extracted and delivered to different experimental areas.

Figure 3.1: Schematic of the GSI accelerator facility [67]. Primary beam ions,
extracted from an ion source, are injected into the UNILAC and later delivered
to the SIS18 synchrotron. The primary beam, accelerated in the UNILAC and
the SIS18, is then sent towards the FRS, where secondary beams can be crated
using different targets and reaction mechanisms. Experiments are be performed
using primary and secondary beams, delivered to the experimental halls.

3.2 Production of exotic nuclear beams

The primary beam coming from the SIS18 is focused on a target at the entrance of
the FRS. As mentioned in the beginning of this chapter, the 94Pd and other ions
of interest ions were populated by the fragmentation of the 124Xe primary beam
on a 9Be target. Reasonable description of fragmentation reactions is achieved
by the abrasion-ablation model [68], which looks at this type of interaction as
a two step process. The first step, called abrasion, consists of projectiles im-
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pinging on the target removing a number of nucleons. Two types of particles
are defined: "participants" located in the geometrical overlap, where projectile
and target nucleons interact, and "spectators", which are outside of the overlap
zone and continue moving (almost unaffected) with their initial velocity. The
"participants" form a highly-excited prefragment, which during the second stage
of the fragmentation process (ablation) de-excites via evaporation of particles
(protons, neutrons, light particles) and/or γ-ray emission, ultimately forming the
final fragment.

3.3 The fragment separator

The secondary fragment beam contains not only one isotope, but a complex
mixture of numerous nuclei. The different ion species are spatially separated
in the FRS via the Bρ-△E-Bρ method [60, 61] using a system of magnets. In
addition the projectile fragments are identified on an event-by-event basis in
the second part of the FRS. The separation and identification methods will be
explained in detail in the next sections. A schematic of the FRS is shown in
Fig. 3.2.

Figure 3.2: Schematic of the FRS fragment separator [69]. The dipole (green)
and multipole (yellow) magnets used for separation and focusing of the beam.
The different focal planes are marked and labeled - S1, S2, S3, S4.
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3.3.1 The Bρ-△E-Bρ separation method

A charged particle with charge q and velocity v⃗ going through a homogeneous
magnetic field B⃗ is affected by a Lorentz force:

F⃗L = q(v⃗ × B⃗). (3.1)

In the FRS dipoles the magnetic field is perpendicular to the velocity of the ion
causing it to follow a circular path and creating a centrifugal force:

Fr =
mv2

ρ
, (3.2)

where m is the mass of the ion and ρ is the radius of the circular trajectory.
Combining Eq.3.1 and Eq.3.2 gives us the magnetic rigidity:

Bρ =
mv

q
. (3.3)

The momentum of a relativistic ion can be expressed as p = γβmc, where γ =√
1/(1− β2), β = v/c and c is the speed of light. By substituting m = Au and

assuming a fully stripped ion (q = Ze), the following equation is obtained

A

Z
=

eBρ

γβuc
. (3.4)

Here A is the mass number, u is the atomic mass unit and e is the electron charge.
This gives us a connection between the magnetic rigidity Bρ and the mass-to-
charge ratio (A/Z) of a charged particle passing through the dipole magnets.

The Bρ-△E-Bρ method is a three step process. In the first stage the fragments
are being filtered based on their A/Z ratio in the first two FRS dipoles. Ions with
the different magnetic rigidity Bρ reach an aluminum wedge-shaped degrader,
placed in the S2 dispersive focal plane, at different positions.

The next step occurs when the fragments interact with the degrader in S2.
The energy loss (△E) in the material serves as an additional selection criterion
for separation. In the current experiment the FRS was operated in the standard
achromatic mode [70]. The thickness of the wedge-degrader can be varied creating
a gradient. The thickness and angle are chosen such that all ions of a specific
species have the same velocity after passing through the degrader. In this so
called energy-loss spectrometer mode, nuclei of the same species arrive at the
final focal plane (S4) at the same position.

In the third and final step another Bρ selection by the last two dipole magnets
is performed.
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3.3.2 The ToF-Bρ-△E identification method

In order to properly track and identify the different ion species various detectors
are placed and used in the fragment separator - Multi-Wire Proportional Counters
(MWPC), MUlti Sampling Ionization Chambers (MUSIC), Scintillators.

Multi-Wire Proportional Counters (MWPC) [71] placed along the beam
line serve to determine the position of ions passing through the FRS. MWPC
detectors consist of two cathodes (X, Y) orthogonal to each other, an anode (A)
oriented at 45◦ with respect to X and Y, and two planar electrodes (T, G) (see
Fig. 3.3). The detector is operated with a CO2/Argon gas mixture.

A charged particle passing through a MWPC interacts with the gas atoms
in the gap between the two electrode grids UG and UT , creating an avalanche of
electrons. The emitted electrons are then accelerated towards the cathode plane
and a secondary electron avalanche is generated close to the anode grid UA. This
leads to positive charge being induced in the nearby X and Y wire(s). A schematic
of this process is shown in Fig. 3.3.

Figure 3.3: Layout of a Multi-Wire Proportional Counter [72]. Charged particle
passing through the detector ionizes the gas atoms along its trajectory. The pro-
duced ions and electrons are accelerated towards the cathodes, where a secondary
electron avalanche near the anode is generated inducing positive charge in the X
and Y cathodes.

The X and Y signals are readout via a delay line, where each wire corresponds
to a different delay time. The delayed signals are fed to a time-to-digital converter
(TDC) with channels - left (XL), right (XR), up (YU) and down (YD). The
position of interaction between the beam and the detector can be determined
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using the time differences:

X[mm] = xfactor(XL −XR) + xoffset, (3.5)

Y [mm] = yfactor(YU − YD) + yoffset, (3.6)

where xfactor, yfactor depend on the delay lines and the TPC, and xoffset, yoffset
are the offsets in mm. An event is considered as "good" if at least one of the
sums XL +XR or YU +YD is a constant.

MUlti Sampling Ionization Chamber (MUSIC) [73] located at the final
focal plane of the FRS (S4) and are used to determine the atomic number Z of
the fragments via an energy-loss measurement. The chamber is operated with
pure CF4 gas at room temperature and contains eight independent anode strips,
a cathode and a Frisch grid [74] (see Fig. 3.4).

Figure 3.4: Layout of a Multi Sampling Ionization Chamber [73]. An ion pass-
ing through the detector generates and electron cloud along its trajectory. The
electrons drift towards and are collected by the anode. The number of created
electrons is proportional to the energy loss of the ions passing through the detec-
tor.

An electron cloud is generated when an ion passes through the detector. The
electrons then drift towards the anode, where they are collected by charge sensi-
tive preamplifiers and shapers. The amplitude of the signal is proportional to the
energy loss of the ions. By using the Bethe-Bloch formula, which connects the
stopping power −dE/dx and the atomic number Z of ions, the following relation
is obtained

−dE

dx
= Z2f(β), (3.7)

where f(β) s a function of the ion’s velocity.

Plastic Scintillators [75] in the intermediate and final focal planes of the FRS
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provide position, energy loss (△E) and time-of-flight (ToF) information. An inci-
dent ion interacts with scintillation material through fluorescence. Fluorescence
is the process of emission of (visible) light, when a material is brought to an ex-
cited state. In order to convert the light into an electrical pulse the scintillation
material was coupled to two Photo-Multiplier Tubes (PMT) placed on both sides
of the plastic.

The obtained ToF information is then used to determine the velocity β of the
different fragments. Experimentally the ToF can be obtained using time signals
from the Sc21 (in S2) and Sc41 (in S4) scintillators:

ToF = TSc41 − TSc21 (3.8)

and it is a function of the distance d0 between the scintillators and the velocity
v of the ions

ToF =
d0
v
. (3.9)

However, only ions, which arrive at the final focal plane of the FRS can be
studied, therefore the signal from Sc21 is delayed (dT) so that TSc41<TSc21 + dT.
The measured time-of-flight ToFm is:

ToFm = TSc21 + dT − TSc41. (3.10)

The connection between the real and the measured ToF can be deduced from
Eq.3.8 and 3.10:

ToF = dT − ToFm. (3.11)

By substituting this in Eq.3.9 and using the relation β = v/c, the velocity of the
fragments can be attained [76]

β =
d0/c

dT − ToFm

. (3.12)

Different ion event-by-event arrive at different positions at the S2 and S4 focal
planes, thus resulting in different path lengths through the FRS as compared
to the central trajectory. In order to properly determine the ToF and in turn
the velocity of each species of interest these differences in paths are taken into
account and a path correction is applied.

Particle identification

The particle identification is done via the ToF-Bρ-△E method. How to obtain
the ToF and the △E was already explained above. The magnetic rigidity, Bρ,
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can be determined using the equation:

Bρ = Bρ0

(
1− X4 −MS2−S4X2

DS2−S4

)
, (3.13)

where Bρ0 is the magnetic rigidity of a centered beam. X2 and X4 are the
horizontal positions measured by the MWPC or the scintillator detectors in S2
and S4 respectively. DS2−S4 and MS2−S4 are the dispersion and the magnification
between the middle and final focal planes of the fragment separator. Using the
last relation Eq.3.4 can be expanded to:

A

Z
=

eBρ

γβuc
=

eBρ0
γβuc

(
1− X4 −MS2−S4X2

DS2−S4

)
. (3.14)

According to this equation, the A/Z of a fragment is calculated using the Bρ0 of a
centered beam, the velocity β of the particle and their positions X2 and X4 in the
corresponding focal plane. The final particle identification is shown in Chapter 4
Fig. 4.8.

3.4 The decay spectroscopy setup

The fragments of interest, selected and transported by the FRS ultimately arrive
at its final focal (S4), where the DESPEC setup [62] is located. Some of the ions
are procured in an isomeric or a β decaying state. If the lifetime of this state is
long enough to survive the ∼300 ns flight through the FRS, the fragments are
implanted precisely in the AIDA active stopper. Electrons and photons associated
with the decays of these stopped ions will then be registered in the βPlastic
in case of beta decay and in the FAst TIMing Array (FATIMA) [66] and the
DEGAS/GALILEO High-Purity Germanium (HPGe) array [64, 65] in case of γ
decay. A schematic and a picture of the DESPEC setup are shown in Fig. 3.5.

3.4.1 The implantation setup

The Advanced Implantation Detector Array (AIDA) [63] is a detector
array based on Double Sided Silicon Strip Detectors (DSSSD). It is used as an
active stopper, providing interaction position, timing and energy information
about implanted ions and their subsequent decay radiation. In the currently-
discussed experiment, AIDA consisted of three layers of 1 mm thick DSSSDs
each with a size of 8 x 8 cm2 and 128 x 128 strips (16384 pixels).

A single DSSSD is made up of a core of n-doped silicon plate and p+- and
n+-doped strips with aluminum contacts on opposite sides of the detector. The
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Figure 3.5: (a) Schematic of the DESPEC setup. Ions from the FRS are stopped
in the implantation setup, which consists of AIDA (red) and βPlastic (yellow).
γ-rays following the decay of the implanted ions are registered in the LaBr3(Ce)
detectors of the FATIMA array (blue) and in the DEGAS/GALILEO HPGe
detectors (green). (b) Picture of the experimental setup, consisting of an array
of six DEGAS/GALILEO clusters (with blue dewars), three rings of FATIMA
detector array (in gray aluminum housing) and AIDA + βPlastic implantation
setup (a section of the AIDA snout can be seen to the left of the FATIMA array).

two sets of strips are orthogonal to each other. Voltage is applied to the detector
so that the depletion zone extends throughout the entire silicon plate. When a
charged particle passes through (or stops in) the DSSSD, it generates electron-
hole pairs, which then drift towards and are collected by the n+- and p+-doped
strips. The charge distribution between different strips provides the X and Y
position, while the amplitude of the signal is proportional to the energy loss of
the incident ion. A schematic of a DSSSD detector is shown in Fig. 3.6.

Figure 3.6: Schematic of a DSSSD. A charged particle passing through the
detector induces electron-hole pairs which drift towards the X and Y strips on
both sides of the detector, where they are collected.
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Implanted ions deposit energies of up to a few GeV in the DSSSD. The emitted
particles (β and α particles, protons, neutrons and γ rays) following the de-
excitation of the stopped ions have energies in the order of tens of keV to a
few MeV. For the purpose of providing a good energy resolution over this broad
energy range (from a few keV to a few GeV), an Application Specific Integrated
Circuit (ASIC) was developed [77]. It is able to freely switch between two modes
of operation measuring particle energies in two energy ranges (high gain and low
gain). More details on the ASIC can be found in [77].

A good position resolution is needed in order to correlate the implant and
decay events registered in a DSSSD. The high degree of pixelation allows for
a precise measurement of the implantation position as well as the position of
subsequent decays. In addition, by measuring the time between the implantation
and the de-excitation, the half-life of the radioactive decay can be determined.
AIDA has a time resolution in the order of 2 microseconds.

βPlastic is a plastic scintillation detector. The DESPEC setup employs two such
detectors: one in front and one behind the AIDA stack (Fig. 3.7). Each βPlastic
detector is made up of 3 mm thick plastic material coupled to 3 x 3 mm2 silicon
photomultipliers (SiPMs) along the four sides. The final size of 8 x 8 cm2 was
chosen to match the size of the AIDA DSSSDs. The signals from the SiPMs are
fed to TAMEX-based electronics cards developed in GSI by the Experimental
Electronics Department [78].

Figure 3.7: (a) Implantation setup, consisting of three AIDA DSSSDs (red) and
two βPlastic detectors (yellow) upstream and downstream of the DSSSDs.
(b) AIDA ’snout’
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The βPlastic detectors exhibit excellent time resolution. Implants in AIDA
can be correlated with the βPlastic detectors to achieve fast-timing for short-lived
excited nuclear states and β-decay measurements.

All five layers of the implantation setup (three AIDA DSSDs and two βPlastic
detectors) are mounted in an aluminum case referred to as the AIDA ’snout’
(Fig. 3.7).

3.4.2 The FATIMA detector array

The FAst TIMing Array (FATIMA) [66] is a scintillation detector array, which can
be used to determine lifetimes of both long-lived isomeric states as well as short
lifetimes in the order of tens of picoseconds. FATIMA consists of 36 LaBr3(Ce)
crystals, each with a diameter of 1.5" and length of 2". The scintillator crystals
are coupled to fast PMTs and are enclosed in 4 mm thick lead casings (Fig. 3.8(a)).
The 36 detectors are mounted in 3 rings (12 detectors each) surrounding the
implantation setup (Fig. 3.8(b)).

Figure 3.8: (a) FATIMA detector parts [66]. LaBr3(Ce) crystal taped to a PMT
on the left and the casing on the right. (b) FATIMA array, consisting of 3 rings
each holding 12 detectors.

The signals from the detectors were read out via two independent electronics
systems VME and TAMEX. For the VME system, the energy was determined
by sending the signals to charge-to-digital converters (QDCs), while for the tim-
ing the signals were sent to time-to-digital converters (TDCs) through constant
fraction discriminators (CFDs). For the 36 LaBr3(Ce) detectors, two CFD and
two TDC cards were used. The TDCs were synchronized via a 40 MHz common
external clock and each TDC has a time resolution of 25 ps (least significant bit).
The FATIMA VME data from the experiment was analyzed and the results were

31



CHAPTER 3. EXPERIMENTAL SETUP

presented in the next chapters. In the context of this thesis the TAMEX data
will not be discussed.

Photons associated implants in AIDA are registered by the FATIMA detectors.
The obtained energy and timing information is used to measure time differences
between γ-rays in a decay cascade. Using analysis techniques such as the GCD
method, which was described in Chapter 2 Section 2.5, allows for measuring
lifetimes as low as ∼10 ps.

3.4.3 The high-purity germanium cluster detectors

In this experiment six GALILEO triple HPGe cluster detectors [64, 65] were
employed at forward angles of the DESPEC setup (Fig. 3.5(b) and Fig. 3.9(b)).
Each cluster detector comprises three encapsulated HPGe crystals in a common
cryostat (Fig. 3.9(a)), with a total of 18 crystals. The signals from the detectors
are readout via FEBEX digitizers developed at GSI. The energy is determined by
applying a trapezoidal filter algorithm, while the timing information is obtained
from an on-board CFD.

Figure 3.9: (a) Picture of a GALILEO triple cluster HPGe detector with its
Dewar. (b) Picture of the six GALILEO detectors used during the experiment.

The GALILEO array was operated in add-back mode. This mode allows for
the reconstruction of the energy of a γ ray, that was scattered to neighboring
crystals of a single HPGe detector via Compton scattering. When a photon
interacts with one of the Ge crystals it deposits a fraction of its energy and can
then scatter to an adjacent crystal, where it will either scatter again or be fully
absorbed. Assuming the latter, and by adding the two signals, the initial energy
of the γ ray can be recovered.
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The main focus of the DESPEC setup in this experiment was fast-timing
measurements of nuclear lifetimes. In this context, the HPGe detectors with
their superior energy resolution (compared to the LaBr3(Ce) detectors) allow for
precise identification of the detected γ rays.

3.4.4 Data acquisition

The DESPEC setup consists of independent subsystems, each using its own Multi
Branch System (MBS) [79] data acquisition (DAQ) developed at GSI. AIDA is
operated in triggerless mode, wherein the signals are processed by a specially-
designed ASIC circuit. Data collected by the different DAQs were timestamped
using the White Rabbit (WR) timing system [80] and then merged via a time
sorter, which arranges data items into chronological order. The WR timing is
driven by a 125 MHz clock with an absolute start time (epoch) at midnight 1st
of January 1970. It is delivered to all subsystems and depending on the receiving
board it can have a timestamp precision of down to ∼ 1ns.

Figure 3.10: Schematic of the time-stitching process [62]. In case of a gap of less
than 2 µs between events from different subsystems, these are combined into a
single event.

An additional step is needed in order to correlate events via the WR global
time. This process is called time-stitching and is achieved via a general purpose
unpacker called unpack and check every single bit (ucesb) [81]. ucesb is used to
build events in such a way that the data from different subsystems can be accessed
at once with the Go4 offline data-analysis framework. It combines events from
different subsystems in a single event by grouping them together until a 2 µs gap
is observed (Fig. 3.10). An additional requirement is that only one FRS event
is observed per combined event. If a second event, associated with the FRS is
observed before a 2 µs gap occurs, the current event is "closed" and a new one is
started.
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Chapter 4

Data Analysis

A number of calibrations and corrections need to be implemented and applied to
the raw data obtained directly from the different detectors, in order to acquire
meaningful information. In addition, the collected data contains γ rays not only
from the nuclei of interest, but also from a number of different sources: side prod-
ucts of the fragmentation reaction, background sources, self-activity (for example
from the LaBr3(Ce) material), etc. To clean the observed spectra a variety of
conditions are applied to the data such as Z and A/Q gates to select the ions
of interest, prompt flash cut to reduce the level of the background, background
subtraction depending on the method of analysis. In this chapter all required
calibrations, corrections and cleaning conditions will be discussed in detail.

4.1 Calibration of the FRS detectors

In order to calibrate the MUSIC detectors and the ToF, data is collected for
different FRS settings using primary beams with well defined energies and by
placing well calibrated targets and degraders in the path of the beam. For the
currently discussed experiment three FRS settings using primary 124Xe beam were
utilized:

• Setting 1: Minimum matter primary beam setting, where the beam is cen-
tered and only the necessary detectors for beam tracking are left in the way
of the beam.

• Setting 2: A well calibrated wedge-shaped disk degrader is inserted onto
the beamline at the S2 focal plane.

• Setting 3: In addition to the disk degrader, a 4 mg/cm2 Be target is inserted
at the Target Area (TA).

Additional calibrations such as Z and A/Q drift corrections, angle correction,
etc. using the in-beam data are necessary to guarantee the optimal condition of
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the data. After all detectors are calibrated the particle identification plot (PID)
can be obtained and further used to select the ions of interest.

4.1.1 Time-of-flight calibration

As discussed in Chapter 3, the ToF can be determined from the difference in
time between Sc21 and Sc41, taking the delay of the Sc21 signal into account
(Eq.3.10). The velocity β of an ion, expressed as a function of the distance
between the scintillators and the measured Time-of-Flight ToFm, is given by
Eq.3.12. In terms of the ToFm this equation can be rewritten as

βToFm = dTβ − d0
c

= aβ + b. (4.1)

Using the obtained data from the different FRS settings, βToFm can be plotted
as a function of the velocity of the primary beam as shown in Fig. 4.1. Then the
calibration coefficients a and b are determined by fitting the data points with a
linear function.
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Figure 4.1: Time-of-flight calibration

4.1.2 MUSIC velocity calibration

It was explained in Chapter 3 that the energy loss of an ion in matter is a function
of the atomic number Z and its velocity β (see Eq.3.7). Thus the response of the
MUSIC detectors needs to be calibrated for different values of the velocity. The
energy loss △E in the two MUSIC detectors (MUSIC41 and MUSIC42) is plotted
as a function of the velocity of the primary beam β as shown in Fig. 4.2. The data
is then fitted with a second order polynomial function according to the equation

△E = aβ2 + bβ + c (4.2)
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and the calibration parameters a, b and c are extracted.
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Figure 4.2: Velocity calibration of the MUSIC detectors

The energy loss of fragments in the MUSIC detectors can be related to the
energy loss of the primary beam through the following equation

−dEf

dx
= −

Z2
f

Z2
p

dEp

dx
(β), (4.3)

where the indexes f and p denote fragments and/or primary beam respectively.
Then the atomic number of a fragment Zf can be obtained from the relation

Zf = Zp

√
△Ef

△E
= Zp

√
△Ef

aβ2 + bβ + c
(4.4)

after the calibration of the MUSIC detectors (see Fig. 4.3).
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Figure 4.3: Z values obtained after the calibration of the MUSIC detectors
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4.1.3 Z calibration and drift correction

How to determine the atomic number Z of fragments passing through the FRS
was already discussed in detail in Chapter 3. The atomic number Z is to be used
to construct the particle identification plot, which is later utilized to select ions
of interest for further analysis. However, when looking into the in-beam data, it
was discovered that Z was not stable throughout the experiment (see Fig. 4.4(a)).
This so-called drift can be a result of many factors (temperature changes of the

Figure 4.4: Atomic number (Z) versus time of the experiment (a) before and (b)
after the drift correction

electronics and/or detectors, effects of the charge collection, etc) and needs to be
corrected in order to be able to set gates and conditions as cleanly as possible.

As mentioned, Fig. 4.4(a) shows how the raw (uncorrected) atomic number
Z changes during the experiment. The white strips in the histogram represent
times, when there was no data collection due to starting a new file, problems with
the beam, accelerator or DAQ, etc. The drift was corrected by taking projections
on the Y axis (Z) in a certain time ranges of 60 minutes and aligning them to
a reference spectrum via an offset (see Fig. 4.5). In the current analysis the
reference was the projection in the time range 0-60 minutes. After applying the
drift correction the atomic number was calibrated. Fig. 4.4(b) shows final atomic
number Z in time plot. The final corrected and calibrated atomic number was
used to produce the PID plot.
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Figure 4.5: Projections on the Z axis for time range 0-60 minutes in blue serving
as a reference and the range 6000-6060 minutes in red, which is aligned to the
reference via an offset.

4.1.4 Angle correction

Using the different FRS tracking detectors, the arrival positions and angles of
different fragments at the different focal planes can be determined. Fig. 4.6(a)

Figure 4.6: Angle in S4 versus mass over charge ratio A/Q (a) before and (b)
after the angle correction.
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shows the angles at which different isotopes, characterized and identified by their
A/Q ratio, arrive at the S4 focal plane. A slight tilt (shift) can be seen for each
elliptical region. In order to achieve good separation between different isotopes
in the final PID, these shifts need to be corrected.

The procedure for correcting the shifts is similar to the drift correction per-
formed for the atomic number Z. Projections on the X axis (A/Q) over a range
of angles are produced and aligned to a reference spectrum via an offset (see
Fig. 4.7). In the current analysis the reference was the projection in the range of
0-1 mrad. Finally, Fig. 4.6(b) shows the angle corrected spectrum.

Figure 4.7: Projections on the A/Q axis for angle range 0-1 mrad in blue serving
as a reference and the range 10-11 mrad in red, which is aligned to the reference
via an offset.

4.1.5 Selecting the ions of interest

Using the calibrated FRS data the particle identification plot (PID) was produced.
Fig. 4.8 shows the PID, where different nuclei are identified based on their atomic
number Z and mass over charge ratio A/Q. Well known γ-ray transitions from
96Pd were identified and correlated to a specific region in the PID, in order to
make sure that the identification is correct. Using this the position of 94Pd and
other isotopes can be easily deduced. By gating on different regions in the PID
plot, i.e. different ions, γ rays associated with the de-excitation of isomeric states
in these nuclei can be selected, excluding contributions from other fragments.

40



CHAPTER 4. DATA ANALYSIS

Figure 4.8: Particle identification plot

4.2 Calibration of the FATIMA detectors

The individual LaBr3(Ce) detectors were calibrated using standard calibration
sources. Aside from the basic calibrations such as energy and time, a number of
additional corrections were needed in order to clean the data as much as possi-
ble. In the following subsections all applied calibrations and corrections will be
discussed in detail.

4.2.1 Energy calibration

Three procedures were employed in order to calibrate all individual LaBr3(Ce)
detectors and finally obtain a superimposed energy calibrated γ spectrum, unaf-
fected by "outside" factors (such as temperature fluctuations). Standard 152Eu
calibration source was used to obtain data for gain-matching and energy calibra-
tion, while the experimental data was used for an additional in-beam correction.

Gain-matching
Temperature fluctuations due to the day-night cycle affect the detectors and the
electronics. This can cause changes to the gains of the detectors (see Fig. 4.9(a)),
which if left uncorrected broadens the γ peaks observed in the energy spectrum,
worsening the energy resolution.

A python based script developed by M. Rudigier was used to correct the gain
drift of the raw not calibrated energy of each individual detector, before any
energy calibration was implemented. The code uses an iterative minimization
procedure, which evaluates how close a histogram is to a reference histogram by
calculating a bin-wise square difference. With each iteration a linear correction
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Figure 4.9: Raw energy vs time of the experiment before (a) and after (b) gain
matching for a particular γ peak

is applied to the first histogram until the best gain-matching factor with the
smallest square difference is found.

To achieve this the script uses an energy vs time of the experiment 2D his-
togram for a single detector as input (as shown in Fig. 4.9(a)) and requires one
to choose a time window (dT) and the starting time of the reference window (T)
in minutes. The reference 1D histogram is usually chosen to be in the beginning
or in the end of the experiment, depending on when the source data needed for
energy calibration was collected. This spectrum is produced by gating in the
time range from T to T+dT and projecting the data on the Y-axis (energy axis).
The additional spectra that will be compared and aligned to the reference are
created using the same procedure covering the full range of the experiment time
in increments of dT.

As output the code creates a text file, containing the gain-matching factors
for each time range. The entire gain-matching process is then repeated for the
rest of the detectors.

For this experiment the detectors were gain-matched to last 20 minutes of
the data. The 20 minute window was chosen as the minimum amount of time
with sufficient statistics in the raw energy spectrum. Fig. 4.9(b) shows the gain-
matched spectrum for one of the LaBr3(Ce) detectors.

42



CHAPTER 4. DATA ANALYSIS

Energy calibration
To calibrate the gain-matched data a standard 152Eu calibration source was used,
covering the range from 121 keV to 1408 keV. The data was taken after the end
of the experiment. A cubic polynomial function, E = ax3 + bx2 + cx + d, was
used to convert the scale from channels to energy for every individual LaBr3(Ce)
detector.

In-beam correction
The energy calibration was verified using the in-beam data. Fig. 4.10(a) shows
the in-beam energy spectrum for a single detector, where the lines 511 keV, 1460
keV from 40K and the 1468 keV 138La sum peak were identified. As shown in
Fig. 4.10(b),(c) even after gain-matching and energy calibration the detectors
are not fully aligned. Therefore, an additional linear in-beam correction was

Figure 4.10: (a) Energy calibrated spectrum extracted from the experimental
data. In-beam energy calibrated spectra (b,c) before and (d,e) after the in-beam
correction for 511 keV, 1460 keV and 1468 keV peaks
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implemented using the three known γ-ray lines. Fig. 4.10(d),(e) show the energy
spectrum for all detectors after the new correction was applied.

4.2.2 Time calibration

The final goal of the experiment was to measure short nuclear lifetimes. As previ-
ously mentioned in Chapter 2 Section 2.5, the analysis procedure can be simplified
by superimposing the time distributions of all detector-detector combinations. In
this sense, the time alignment and pair correction are two of the most important
steps of the data analysis. In addition time-drift correction was carried out using
the experimental data.

Let us denote the 36 FATIMA LaBr3(Ce) detectors with a number from 0 to
35. In terms of the GCD method, for each pair of detectors a a start and a stop
detector is chosen. The time difference between two detectors are defined as

△T = Tj − Ti

i, j = 0 to 35 (i < j),
(4.5)

where Ti and Tj are the time signals of the start and stop detectors respectively.
The condition i < j is set in order to avoid double counting.

It is important to remember that the centroid difference is mirror symmetric.
This allows us to determine the time alignment and pair correction parameters for
all detector-detector pairs by using only the delayed time difference distributions.
This procedure will be explained in detail in the following sections.

Time alignment
The time alignment was performed by selecting a reference detector and aligning
all time differences between the reference and the rest of the detectors to each
other. To do this the 344 keV - 778 keV cascade from the 152Eu calibration data
was used, where 344 keV is the feeding and 778 keV is the decaying transition
of a nuclear state with a lifetime of 46.7(2.5) ps. Detector №0 was chosen as a
reference, according to Eq.4.5:

△T = Tj − T0 (j > 0). (4.6)

With regard to the GCD method, delayed time difference distributions are
obtained for a 344 keV γ-ray detected in the reference detector (start) and a 778
keV registered in another detector (stop). The centroid for each of these detector-
detector combinations was determined and served as an offset to the time signal
of the stop detectors. All time distributions obtained in this way were aligned to
zero (see Fig. 4.11(a),(b)).
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Figure 4.11: Delayed time difference distributions for all detector 0 - detector j,
j=1 to 35, (a) before and (b) after time alignment.

As explained in Chapter 2 Section 2.5, anti-delayed time difference distribu-
tions are obtained by inverting the feeder-decay cascade. This means that a 778
keV photon is registered in the start detector (reference detector 0) and a 344
keV γ-ray is detected in the stop detector(s). Since the anti-delayed time differ-
ences follow Eq.4.5 as well, the offset obtained for the delayed time distributions
is applicable also here.

Pair correction
The time difference distributions for all detector-detector combinations (exclud-
ing detector 0) were crosschecked in order to validate the time alignment. In
Fig. 4.12(a) delayed time differences between detector №1 (start) and the rest

Figure 4.12: Delayed time difference distributions for all detector 1 - detector j,
j=2 to 35, (a) before and (b) after pair correction.
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of the detectors j (stop), j>1, are shown. As can be seen even though aligned
the time distributions are not at zero. Since our goal is to superimpose all time
distributions, this "shift" has to be corrected for.

Using the same procedure of determining the centroids of the corresponding
time difference distributions, an additional offset correction is obtained for each
possible detector-detector pair. The pair corrected delayed time distributions for
combinations with detector №1 are shown in Fig. 4.12(b).

Time-drift correction
The time alignment and pair correction were verified using 511 keV - 511 keV
coincidences from electron-positron annihilation, observed in the in-beam data.
The two γ-rays are emitted in opposite directions at an angle of 180°, therefore
only coincidences between opposite detector pairs can be observed.

During the validation process it was discovered that combinations of opposite
detectors that are read out via different TDCs show a behavior similar to the one
seen for the raw energy signals (see Fig. 4.9(a) and Fig. 4.13(a)). This lead us
to believe that cause fluctuations is the same, namely the day-night temperature
changes. A procedure analogous to gain-matching was performed and the results
can be seen in Fig. 4.13(b).

Figure 4.13: Time differences for coincidences between 511- and 511-keV transi-
tions vs time of the experiment (a) before and (b) after the time drift correction.
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4.3 Prompt Response Difference and PRD curve

The prompt response difference provides a link between the centroid difference
and the lifetime of a nuclear state, as explained in Chapter 2 Section 2.5. In this
context, one of the most important steps in the data analysis is the calibration
of the PRD. To do this a Eγ-Eγ-△T 3D matrix was constructed using the 152Eu
calibration data. The X axis represents the energy of the start detector, the Y
axis the energy of the stop detector and the Z axis is the time difference between
the start and stop detectors (△T) according to Eq.4.5.

Various coincidence transitions for nuclear states with known lifetimes (in the
order from a few to tens of ps) were used to determine the prompt response
difference values, which were adjusted to the 344 keV reference energy. The
calibration was done by fitting the data points with a PRD curve according to
the function [52]:

PRD(Eγ) =
a√

Eγ + b
+ cEγ + d, (4.7)

where a, b, c, d are the parameters for the fit presented in Fig. 4.14(a). Using the
fit residuals shown in Fig. 4.14(b), the accuracy of the PRD can be evaluated and
a limit for the shortest measurable lifetimes can be established. For the current
setup lifetimes below 14 ps could not be determined.

Figure 4.14: (a) PRD calibration points and fit (b) Fit residuals for the PRD

Later in this Chapter the experimentally observed spectra associated with
implanted 96Pd and 94Pd ions will be shown and discussed. The observed 106
keV and 94 keV lines de-exciting the Iπ = 8+ and 14+ isomers in 96Pd and 94Pd
respectively, lead to the need for low energy reference points (below 200 keV) to
be included, when determining the PRD curve. Such low energy transition in
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152Eu is the 121 keV line. The lifetime of the state fed by 1408 keV and decaying
via 121 keV has a lifetime of 2.02(2) ns. However, in addition to the lack of
other low energy reference points, the large lifetime and error bar of this state in
comparison with the lifetimes of the states used to construct the PRD shown in
Fig. 4.14, leads to the rather poor agreement between the PRD curve and the 121
keV reference point. This results in a large residual and in turn to the increase of
the shortest measurable lifetime to 110 ps, when including the 121 keV reference
point to the PRD (see Fig. 4.15).

Figure 4.15: (a) PRD calibration points and fit (b) Fit residuals for the PRD

As mentioned previously, the expected lifetimes of the Iπ = 6+ and 8+ states in
94Pd, which are the main focus of this thesis, are >10 ps and ∼ 1 ns, respectively.
The increased shortest measurable lifetime should not affect the measurement of
the 8+ lifetime, however it will make the PRD insensitive to the 6+ lifetime. For
this reason both versions of the PRD were used in determining the lifetimes of
the two states of interest.

4.4 Cleaning conditions

The next step in the data analysis before constructing coincidence matrices is to
build the energy vs time spectra for γ-rays associated with an implantation in
AIDA. In this 2D matrix two structures should be present: prompt flash and the
γ-rays following the decay of an isomeric state.

• The prompt flash is associated with the stopping of the beam in matter and
indicates the time of implantation. The dominant process is bremsstrahlung
due to slowing down of knocked out electrons.
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• The observed γ-rays are related to the decays of the intermediate states
populated by higher lying isomer. Identical intensity of the γ-rays is an
indication that the lifetime of the isomeric state is much longer than the
collection window.

However during the analysis a second prompt flash structure was observed,
which was 25 ns shifted from the first. Further analysis lead to the assumption
that the shifted peak was the result of a bad synchronization between the two
TDC electronics modules used to readout the FATIMA signals, leading to a 25 ns
"jitter" between them. How these events were recovered and how the influence of
the prompt flash was reduced will be explained in detail in the following sections.

Trigger selection
The energy vs time spectrum associated with implanted 96Pd ions, selected in
the PID, is shown in Fig. 4.16(a). The time difference ∆T here is the difference
between any LaBr3(Ce) detector and Scintillator 41, located at the start of the
S4 focal plane. The two prompt flash structures mentioned above can be clearly
seen in the figure. In order to recover the shifted events the trigger conditions for
all implanted ions (not only 96Pd) were investigated.

It was discovered that the first structure consists of events triggered by de-
tectors read out by the first TDC, while in the second the trigger was a detector
from the second TDC. Using this knowledge the events were reconstructed and
recovered. The spectrum containing the corrected and recovered events for 96Pd
can be seen in in Fig. 4.16(b).

Figure 4.16: Energy vs time spectrum for γ-rays obtained from FATIMA corre-
lated to implantation of 96Pd (a) before and (b) after the procedure for recovering
the shifted events.
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Prompt flash cut
For a short time after the implantation the prompt flash prevents the acquisition
of any reliable information from the detectors. Therefore a "cleaning" condi-
tion is applied to the spectrum in order to remove the influence of the prompt
flash. These so called prompt flash cuts are shown with red for 96Pd and 94Pd
in Fig. 4.17(a),(b) respectively. These conditions reduce the contributions from
background events and in this way clean γ-spectra can be obtained.

Figure 4.17: Energy vs time spectra for γ-rays obtained from FATIMA correlated
to implantation of (a) 96Pd and (b) 94Pd ions. In addition the cleaning conditions
to exclude the prompt flash (prompt flash cut) are shown in red.

4.5 Eγ-Eγ-△T matrices

The construction of the Eγ-Eγ-△T matrices was performed in the same way as for
the PRD. As a reminder, the X axis represents the energy of the start detector,
the Y axis - the energy of the stop detector and the Z axis is the time difference
between the start and stop detectors (△T) according to Eq.4.5. Fig. 4.18 shows
the Eγ-Eγ matrices obtained for 96Pd and 94Pd obtained by projecting the 3D
cube on the XY 2D plane.

In an attempt to further clean the data correlated with 94Pd ions, an additional
condition was applied to the time difference axis, which allows for only γ rays
detected within a certain time window to be taken into account. Multiple Eγ-Eγ-
△T matrices were produced using different time windows: ±5 ns, ±10 ns, ±20
ns, ±40 ns and without a time gate. Fig. 4.18(b) and all following figures (until
the end of this Chapter) were produced using the non-time-gated 3D cube.

Employing the background treatment procedures explained in the following
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section, the final delayed and anti-delayed time distributions were produced for
each 3D cube. The results will be discussed in Chapter 5.

Figure 4.18: Eγ-Eγ matrices for (a) 96Pd and (b) 94Pd ions selected in the PID

4.6 Background treatment

Noting that the final goal is a precise measurement of nuclear lifetimes, back-
ground subtraction is a necessary procedure to eliminate the influence of lifetimes
by background sources. In the following sections the background treatment for
the two analysis methods, namely exponential fit and the GCD method, will be
explained in detail. As an example, the procedure will be applied to 2+ state in
96Pd, fed by 684 keV γ ray and decaying by emitting 1408 keV γ ray.
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4.6.1 Background treatment for exponential fit method

To treat the background for spectra, on which the exponential fit method will
be applied, first the Eγ-Eγ-△T matrix is projected on its X axis. As shown
in Fig. 4.19(a) this projection gives essentially the 96Pd energy spectrum. The
observed γ-ray peaks were identified and labeled in three colours: in black peaks
associated with decays of excited states in 96Pd, in blue - the 511 keV annihilation
peak and in pink - neutron lines from 79,81Br and 139La isotopes.

Figure 4.19: (a) 96Pd energy spectrum, obtained by projecting the Eγ-Eγ-△T
matrix on the X axis. (b) Gates set on peak (green) and background (red) events
for the 684 keV line.

A total of three gates are set: a gate containing events within the 684 keV peak
and two background gates on both side of it (see Fig. 4.19(b)). These gates are
applied to the Eγ-Eγ-△T matrix, meaning that the events in the cube restricted
by the X gates are projected on the YZ plane. However, before the XY 2D matrix
is projected the events from the two background gates are summed and subtracted
from the events within the gate containing the peak with a certain normalization
factor. The normalization factor is based on the number of channels used for the
peak and background gates. This procedure gives a background subtracted 2D
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matrix.
The next step is to gate on the 1408 keV using the background subtracted

2D matrix. The XY matrix is projected on the Y axis obtaining the background
subtracted energy spectrum as shown in Fig. 4.20(a). Here only γ-ray peaks in

Figure 4.20: (a) Background subtracted 96Pd coincidence spectrum for a gate
on 684 keV. (b) Gates set on the coincidence energy spectrum, containing events
within the peak (green) and background (red) events for the 1415 keV line.

coincidence with 684 keV are present. Similarly to the previous step three gates
are set this time around the 1408 keV peak (see Fig. 4.20(b)). The events within
the gates are projected on the Z axis, which corresponds to the time difference
∆T. The events within the background gates are once again summed and with a
certain weight subtracted from the events within the peak gate. This results in
a time distribution spectrum for the considered state. For the current case, the
time distribution of feeding and decaying γ rays from the 2+ state in 96Pd, the
spectrum is shown in Fig. 4.21.
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Figure 4.21: Background corrected time distribution for the 684 keV - 1415 keV
cascade feeding and de-exciting the 2+ state in 96Pd.

4.6.2 Background treatment for the GCD method

The background treatment for the GCD method aims to correct for the con-
tribution of the time-correlated Compton background underneath the full energy
peaks. Unlike the background treatment employed for the exponential fit method,
where spectra are subtracted from each other, the background treatment for the
GCD method applies corrections directly to the experimental centroid differences.

First the Eγ-Eγ-△T matrix is projected on its X axis, obtaining the 96Pd
energy spectrum already shown in Fig. 4.19(a). As can be seen in Fig. 4.22(a), a
total of two gates are applied: a gate containing events within the 684 keV peak
(labeled as p1) and a background gate on the right side of the peak (labeled as
bg1). Taking into account only the events within the gate on the 684 keV peak,
the restricted YZ plane is projected on its Y axis (see Fig. 4.22(b)). Then two
gates are set for the 1415 keV peak (see Fig. 4.22(c)): containing events within
the peak (labeled as p2) and background events to the right (labeled as bg2).
The next step is to produce three time distribution spectra by taking different
combinations of the gates mentioned above. Employing the gates on the 684 and
1415 keV peaks the delayed peak-to-peak (p1p2) time distribution spectrum is
obtained. In a similar fashion, the peak-to-background (p1bg2) and background-
to-peak (bg1p2) delayed time distributions are produced. The three spectra are
shown in blue in Fig. 4.23.

The same procedure is repeated once again for the anti-delayed time distri-
butions by reversing the order in which the gates are applied (first gating on the
1415 keV line and then on 684 keV). The two sets of gates and the projection
on the Y axis with restriction on events only within the 1415 keV peak gate, are
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Figure 4.22: (a) Gates set on peak (green) and background (red) events for the
684 keV line. (b) 96Pd coincidence spectrum, indicating γ rays in coincidence
with the 684 keV transition. (c) Gates set on the coincidence energy spectrum,
containing events within the peak (green) and background (red) for the 1415
keV line. (d) Gates set on peak (green) and background (red) events for the 1415
keV line. (e) 96Pd coincidence spectrum, indicating γ rays in coincidence with the
1415 keV transition. (f) Gates set on the coincidence energy spectrum, containing
events within the peak (green) and background (red) for the 684 keV line.

shown in Fig. 4.22(d),(e) and (f). This results in an additional three time distri-
bution spectra: peak-to-peak, peak-to-background and background-to-peak, but
for the anti-delayed case (shown in red in Fig. 4.23).

The centroids of all six time distributions are determined and three centroid
differences are calculated:

△Cexp = Cdelayed(p1p2)− Canti−delayed(p1p2) (4.8)

△Cbg(feeder) = Cdelayed(p1bg2)− Canti−delayed(bg1p2) (4.9)

△Cbg(decay) = Cdelayed(bg1p2)− Canti−delayed(p1bg2). (4.10)
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Figure 4.23: (a) Delayed (blue) and anti-delayed (red) time distributions pro-
duced employing the peak-to-peak gates. (b), (c) Delayed (blue) and anti-delayed
(red) time distributions produced using peak-to-background and background-to-
peak gates.

Two time corrections are obtained as follows:

tcorr =
△Cexp −△Cbg

P/B
, (4.11)

where P/B represents the peak-to-background ratio. Finally, the corrected cen-
troid difference △CFEP is calculated usingv [82]:

△CFEP = △Cexp +
tcorr(decay) + tcorr(feeder)

2
, (4.12)

where tcorr(decay) and tcorr(feeder) are the two corrections. The centroid differ-
ence △CFEP will be used to determine the lifetime of the state of interest, in this
case the lifetime of the 2+ state in 96Pd. A table of the gates used during the
data analysis is given in the following table.
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Table 4.1: Energy gates, within which events were taken into account during
background subtraction and lifetime measurement.

96Pd 94Pd
Eγ [keV] Gate [keV] Eγ [keV] Gate [keV]

106 96 - 120 96 88 - 106
325 312 - 340 324 312 - 338
684 664 - 700 660 640 - 676
1415 1386 - 1440 814 800 - 834

905 882 - 922
994 978 - 1018
1092 1062 - 1108
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Chapter 5

Results

Employing the calibrations and background treatment procedures explained in
the previous chapter, time distribution spectra were produced for both direct
feeder-decay coincidences and indirect ones. In this work, direct refers to coinci-
dences between the transitions directly populating and depopulating a particular
state. Then indirect coincidences are those, in which either one or both the
feeder and decay transitions are indirectly (through another state(s)) feeding or
de-exciting the state of interest. The obtained time distributions were analysed
using the exponential fit and the GCD method and lifetimes of excited states in
96Pd and 94Pd were extracted.

The known lifetimes of the Iπ = 2+, 4+ and 6+ states in 96Pd were re-measured
in this work and used as to validate the setup and analysis procedure. The
lifetimes of Iπ = 6+ and 8+ states in 94Pd were measured for the first time. In
this chapter the results of the analysis will be presented.

5.1 96Pd benchmark case

The lifetimes of the excited states in 96Pd are well known [18]. A partial level
scheme of the excited states below the Iπ = 8+ isomer and basic decay informa-
tion are shown in Fig. 5.1 [18]. The obtained results for this ion are compared
to literature values and used as a way to verify the analysis procedure in the
nanosecond lifetime region.

In terms of the GCD method, delayed (anti-delayed) time differences for ex-
cited states in 96Pd are produced by assuming that the feeder (decay) of a cer-
tain state gives the start (stop) signal. The centroid difference is defined as the
difference between the centroids of the delayed and anti-delayed time distribu-
tions. A deviation from the prompt distribution is an indication of a lifetime
for the measured state. The centroids of the delayed and anti-delayed distribu-
tions are determined from the experimental spectrum and the centroid difference
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∆C = Cd − Cad is calculated. After background treatment the lifetime can be
determined using the relation: ∆CFEP = PRD + 2τ , where the value PRD for
a specific feeder-decay cascade can be obtained from the PRD calibration curve
(see Fig. 4.14 and Fig. 4.15 in Chapter 4 Section 4.3).

Figure 5.1: Partial level scheme of excited states below the 8+ isomer in 96Pd,
including the spin, parity, energy and half-lives of the excited states as well as the
type, multipolarity and γ-ray energies of the transitions. (Figure adapted from
Ref. [18])

The time distributions analyzed using the exponential fit method are essen-
tially delayed time distributions. After background subtraction, according to the
procedure explained in Chapter 4 Section 4.6.1, an exponential function is fitted
to the data. The slope of the exponent gives the decay constant λ and the mean
lifetime (or half-life) of the studied state can be determined using the relation
λ = 1/τ (or λ = ln(2)/T1/2).

The time distributions for the 2+ state were produced using coincidences be-
tween the 684- and 1415-keV transitions. The spectrum in Fig. 5.2(a) was ob-
tained after background subtraction according to the procedure employed for ex-
ponential fit analysis. It shows that this time distribution is symmetric and thus
the lifetime of this state could not be measured by fitting an exponential function
to the data. It was possible however to obtain the upper limit of T1/2(2

+) ≤ 14

ps using the GCD method. The used delayed and anti-delayed time distributions
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before background correction are shown in Fig. 5.2(d). The determined limit
represents the limitation of the current setup as explained in Chapter 4 Section
4.3.

Figure 5.2: (a) Time distribution for the direct feeder and decay transitions of the
2+ state in 96Pd fitted with a Gaussian function. (b) Summed time distribution
for the 4+ state in 96Pd containing events for coincidences between the 325- and
684-keV, and the 325- and 1415-keV transitions. The spectrum is fitted with
an exponential function. (c) Time distribution for the direct feeder and decay
transitions of the 6+ state in 96Pd fitted with an exponential function. (d) Delayed
(blue) and anti-delayed (red) time distributions, obtained using the direct feeder-
decay cascade for the 2+ state in 96Pd. (e) Delayed (blue) and anti-delayed (red)
time distributions, obtained using the direct feeder-decay cascade for the 4+ state
in 96Pd. (f) Delayed (blue) and anti-delayed (red) time distributions, obtained
using the direct feeder-decay cascade for the 6+ state in 96Pd.

Taking into account the small lifetime of the 2+ state, the 4+ experimental
decay was determined using not only the direct feeder-decay cascade 325 keV -
684 keV, but also the indirect 325 keV - 1415 keV. The background corrected
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time distributions for these coincidences were added together, an exponential de-
cay fit was applied to the summed spectrum (see Fig. 5.2(b)) and the half-life of
T1/2(4

+) = 1.00(5) ns was obtained. In the case of GCD analysis, delayed and
anti-delayed time distributions obtained from the direct and indirect coincidences
are examined separately. The centroids of each time distribution were determined
and the centroid difference was calculated for each coincidence. The time distri-
butions for the direct coincidences are shown in Fig. 5.2(e). After background
treatment and correcting for the PRD shift, the half-lives presented in Table 5.1
were obtained. After taking a weighted average of these values, the half-life of
1.00(5) ns was obtained.

Table 5.1: Centroid differences after background treatment, PRD values and
half-lives for the coincidences used in the lifetime measurement of the 2+, 4+ and
6+ states in 94Pd employing the GCD method.

Iπ coincidence ∆CFEP [ps] PRD [ps] T1/2 [ps]

2+ 684 keV - 1415 keV -381(34) -374(10) -2(12)

4+ 325 keV - 684 keV 2716(98) -335(10) 1057(34)
325 keV - 1415 keV 2038(130) -709(10) 952(45)

6+ 106 keV - 325 keV 15460(467) -865(59) 5658(163)

Indirect coincidences could not be employed when determining the lifetime
of the 6+ state due to the relatively long lived 4+ state. Therefore, only the
time distribution obtained for the direct feeder-decay cascade 106 keV - 325 keV
was used for the lifetime measurement. By fitting an exponential function to the
spectrum shown in Fig. 5.2(c), the half-live of T1/2(4

+) = 5.7(4) ns was obtained.
The delayed and anti-delayed time distributions presented in Fig. 5.2(f) were
analyzed using the GCD method and the half-life of 5.7(2) ns was determined.

The obtained limits and half-lives are consistent with the literature values of ≤
17 ps, 1.0(1) ns and 6.3(5) ns for the 2+, 4+ and 6+ states respectively, published
by H.Mach et al. [18]. Furthermore, the accuracy of the measured lifetimes for
the 2+ and 4+ states was improved. A report on the obtained results is available
in Ref. [83].

5.2 94Pd case

As the lifetimes of the states in 96Pd were reproduced in good agreement with the
published values, the analysis method was applied to excited states in 94Pd. A
level scheme of the known excited states in 94Pd is presented in Fig. 5.3 [30, 31, 42–
44]. Their lifetimes unknown, however predictions indicate half-lives in the order
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Figure 5.3: Level scheme of excited states in 94Pd. The states of interest, namely
6+ and 8+, measured in this work are marked in red.

of tens of picoseconds for the 6+ state and ∼1 ns for the 8+ state [84]. Under the
assumption that the 2+, 4+, 10+ and 12+ states decay promptly in comparison
to the states of interest, both direct and indirect coincidences were used in the
lifetime measurement of the 6+ and 8+ intermediate states.

As previously explained in Chapter 4 Section 4.5, multiple Eγ-Eγ-△T matri-
ces were produced employing different time windows: ±5 ns, ±10 ns, ±20 ns,
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±40 ns and without a time gate. Delayed and anti-delayed time difference dis-
tributions were produced for both direct and indirect coincidences, and for all
matrices. Employing the background treatment procedures explained in the pre-
vious chapter, the half-life values of the 6+ and 8+ states were determined using
the GCD method. The results from the different matrices were compared based
on their error to value ratios. It was established that despite the reduction in
statistics within the time distributions (due to the narrow gate), the results from
the matrix with a ±5 ns gate had the best ratio. In the following paragraphs the
results from two of the time gated matrices will be compared and discussed.

Figure 5.4: (a) Summed time distribution for the 6+ state in 94Pd containing
events from three coincidences (see text for more details). The spectrum is fitted
with a Gaussian function. (b) Summed time distribution for the 8+ state in 94Pd
containing events for eight coincidences (see text for more details). The spectrum
is fitted with an exponential function. (c) Delayed (blue) and anti-delayed (red)
time distributions, obtained using the direct feeder-decay cascade for the 6+ state
in 94Pd. (d) Delayed (blue) and anti-delayed (red) time distributions, obtained
using the direct feeder-decay cascade for the 8+ state in 94Pd.

To measure the half-life of the 6+ state the direct coincidence between the
324- and 660-keV transitions, as well as the two indirect coincidences between
324 and 905 keV, and 324 and 814 keV were examined. In the first instance,
the 8+ state was studied using the direct coincidence between the 1092- and 324-
keV transitions. In view of its long lifetime the indirect coincidences between
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the 96-, 994-, 1092-keV feeding and the 324-, 660-, 905-, 814-keV de-exciting
transitions were also studied. Delayed and anti-delayed time difference distribu-
tions were produced for each coincidence and their centroids were determined.
Fig. 5.4(a)-(d) shows the time distributions for direct coincidences for both ma-
trices and both states of interest. A lifetime value for each cascade was obtained
after background treatment and PRD correction. A summary of the PRD values,
background-corrected centroid differences and half-live values measured using the
non-gated Eγ-Eγ-△T matrix and the matrix with a time window of ±5 ns are
presented in Table 5.2. The few missing values in the table are due to empty coin-

Table 5.2: Summary of the values used for the measurement of the half-lives of
the 6+ and 8+ states in 94Pd employing the GCD method using matrices with
different restrictions on the time between two registered γ rays.
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cidence spectra, which leads to the inability to perform the background treatment
procedure.

Table 5.3 presents limits and half-life values for the states of interest, obtained
from a weighted average (w.a.) of the individually determined excited-state half-
lives (see Table 5.2) over the number of events within the time-distribution spec-
tra. In particular, for the 6+ state both direct and indirect coincidences were
used, while for the 8+ state a weighted average is determined using only indirect
coincidences.

As previously mentioned, the results obtained using the 3D matrix with a ±5
ns gate have a better value to error ratio. In addition, a comparison between the
half-lives of the 8+ state for direct and indirect coincidences (Table 5.3) show that
the results obtained from the matrix without a time gate are indistinguishable
within their error bars. However, the same can not be stated for the half-lives de-
termined using the matrix with a ±5 ns gate. Taking this into account, the value
of T1/2(8

+) = 755(106) ps and the limit of T1/2(6
+) ≤ 40 ps are taken as final and

used to determine the reduced transition strengths B(E2). These experimental
results will be discussed and compared to different theoretical calculations in the
next chapter.

Table 5.3: Summary of the values used for the measurement of the half-lives of
the 6+ and 8+ states in 94Pd employing the GCD method using matrices with
different restrictions on the time between two registered γ rays.

T1/2 [ps]
Iπ measurement no time gate ±5 ns gate

6+ w.a. ≤ 50 ≤ 40

8+ direct coinc. 798(161) 755(106)
w.a. w/o direct coinc. 760(63) 825(48)
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Discussion

In this chapter the experimental results obtained for the Iπ = 6+ and 8+ yrast
states in 94Pd will be discussed within the shell-model framework. The main goal
is to gain insight into the interplay between the isoscalar (T = 0) and isovector
(T = 1) coupling of proton-neutron pairs. In addition, potential energy surface
plots for states in 92,94,96Pd will be introduced.

Using the experimentally measured lifetimes T1/2(8
+) = 755(106) ps, T1/2(6

+) ≤
40 ps and the lifetime of the 14+ isomeric state taken from Ref. [34], the reduced
transition probability strengths B(E2) were calculated. These are summarized
and compared to two shell-model approaches (JUN45, GDS) in Table 6.1 and
Fig. 6.1. A comparison between the experimentally-established level energies to-
gether with the known γ rays and the results from the two shell-model calculations
in the full diagonalization of the nuclear Hamiltonian is shown in Fig. 6.2.

The first shell-model calculation uses the JUN45 interaction [11] in the full
πν(f5/2pg9/2) model space with effective charges of eπ = 1.5e and eν = 1.1e,
according to Ref. [11]. This well-known phenomenologically-tuned realistic inter-
action is based on the Bonn-C potential and has been used to reproduce many

Table 6.1: Experimental half-lives expressed in ns and B(E2) strengths in e2fm4

for excited states in 94Pd compared to various shell-model approaches. The ex-
perimental half-life value for the yrast Iπ = 14+ state is taken from Ref. [34].

Quantity [ns/e2fm4] Iπi − Iπf

14+ → 12+ 8+ → 6+ 6+ → 4+

T1/2 515(1) 0.755(106) ≤0.04
Bexp(E2) 52.1(1) 205+34

−25 ≥113
BJUN45(E2) 101 252 453
BGDS(E2) 49 192 548
Bg9/2(E2) 112 144 398
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nuclear properties from the N = 3 harmonic oscillator shell and the region of 56Ni
approaching 100Sn. While Fig. 6.2 shows that the experimental yrast level ener-
gies are well reproduced in this calculation, Fig. 6.1 indicates that the calculated
B(E2) values for the excited states in 94Pd are largely overestimated compared
to the experimental data. This is most probably due to the strong mixing of the
upper fp shell with the g9/2 orbital, which is characteristic for this interaction
and is required for lighter nuclei in order to substitute the missing f7/2 orbital in
the corresponding model space.

Figure 6.1: Experimental and shell-model calculated B(E2)1/2 values, using dif-
ferent effective interactions and model spaces (see text), for states in 94Pd.

The second calculation is a Large Scale Shell Model (LSSM) calculation em-
ploying the GDS interaction [12], which is derived from the CD-Bonn interaction.
The inclusion of core exciatations (up to 5p5h) in the πν(gds) model space, with
effective charges of eπ = 1.1e and eν = 0.84e [85], displays a good agreement
between the experimental and calculated high spin states (see Fig. 6.2) as well as
an almost exact reproduction of the reduced transition rates (see Fig. 6.1).

Due to the good agreement between the experimental versus shell-model cal-
culated energy levels and more importantly B(E2) values for the GDS approach,
the potential energy surface (PES) of 92,94,96Pd were produced in order to ac-
cess the structure of the involved states, and the associated nuclear deformation.
The calculations were performed following the example of Ref. [86, 87], using the
πν(gds) valence space and effective GDS Hamiltonian. The PES of the Iπ = 0+

ground states of the three nuclei displayed in Fig 6.3 clearly predict an evolution
of the (β, γ) distributions in the wave functions, from sphericity in 96Pd towards
a more axially-deformed prolate shape in the N = Z 92Pd nucleus. The Tz = +1
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Figure 6.2: Experimental [30, 31, 42–44] and shell-model calculated level schemes
of excited states in 94Pd. The latter employ the JUN45 [11] and GDS [12] inter-
actions.
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94Pd nucleus, as the transitional case between the two extremes, displays a shal-
low prolate minimum, where the ground-state wave function is dominated by
contributions around β ∼ 0.1− 0.2. While the spherical shape is maintained for
the Iπ = 8+ state in 96Pd, the deformation pattern of the other two nuclei shifts
towards sphericity and remains as such up to higher spins, in particular for the
14+ state in 94Pd. It should be noted that within the configuration space, no
other coexisting minima are observed for either 92Pd or 94Pd. This is at variance
with the claim made in Ref. [46], which links the T = 0 pn-pairing component to
the emergence of prolate deformation and shape coexistence in 94Pd

Figure 6.3: Potential energy surface (PES) plots for the ground states as well
as for the first Iπ = 8+ states in 96,94,92Pd nuclei. Additionally, the PES for the
Iπ = 14+ isomeric yrast state in 94Pd.

In addition to the two shell-model calculations explained above, the excited-
state lifetimes were also analysed within the single-0g9/2 model. This study aims
at disentangling and quantifying the contributions of the isoscalar (T = 0) versus
isovector (T = 1) components of the pn shell-model interaction to the structure
of 94Pd. The previous discussion indicates that in order to describe the nuclear
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qualities of this nucleus a multi-orbital model space, which includes cross shell
N,Z = 50 excitations, is needed. However, the isoscalar and isovector compo-
nents are not orthogonal, i.e. they can overlap. Using this reasoning and the
prominent role, which the 0g9/2 orbital plays in the low-lying states of nuclei
around N,Z = 50 [12, 26, 37–39], the use of this simplified single-j model can
be justified for the spherical or slightly-deformed nature of Pd nuclei. Using
the LSSM approach it was calculated that the wave-function overlap of all 94Pd
states with the (π0g9/2)

4 ⊗ (ν0g9/2)
2 configuration exceeds 95%. Thus for the

single 0g9/2 calculation an effective two-body interaction was used, based on the
high-precision CD-Bonn NN potential [88]. Employing the effective charges of
eπ = 1.5e and eν = 1.1e, the energies and B(E2) values of the states in 94Pd

were calculated (further details of the calculations can be found in Ref. [89]). In
addition, results were obtained separately by removing the T = 0 and T = 1

pn matrix elements. It is important to note, that the seniority coupling, which
involves only isovector T = 1 proton-proton (pp) and neutron-neutron (nn) inter-
actions, is always taken into account and only components of the pn interaction
are excluded in the discussed cases.

In Fig.6.4 the calculated energy levels for the full interaction (labeled as SM)
are compared to experimental data. The remaining two level schemes are obtained
for the pure T = 0 case by removing the T = 1 part of the pn interaction and
for pure T = 1 by removing the T = 0 part. The energies of the yrast levels of
94Pd are reasonably-well reproduced using any of the discussed interactions. The
excited states in all three cases however expand over a different energy interval.
In Ref. [89] a similar study is conducted for the N = Z system 92Pd, where the
experimental energy levels are very well reproduced by the calculations using the
full interaction. The same structure is obtained when considering only the pure
T = 0 pn component. In contrast, when only the T = 1 component is taken into
account the excited states are compressed in a smaller energy interval, resembling
a seniority type spectrum. These findings are supported by Ref. [3, 26] and
suggest that the evolution from seniority in 96Pd to a vibrational-type spectrum
in 92Pd, with 94Pd exhibiting an intermediate character, could be associated with
influence of the T = 0 pn interaction.

Using the same three cases for the interaction as discussed above, the B(E2)

transition strengths were calculated for the Iπ = 6+, 8+ and 14+ yrast states in
94Pd. It is important to note that this is the first time this kind of analysis is
performed for the B(E2) strengths. In addition, the goal of this investigation is
not the reproduction of the experimental values but an attempt to disentangle the
relevant isovector versus isoscalar components of the pn interaction. In Fig. 6.1
the results of the full interaction are compared to the experimental B(E2) values
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Figure 6.4: Experimental level scheme of excited states in 94Pd compared to shell-
model predictions. In addition to the full interaction (SM), results are shown for
pure T = 0 and pure T = 1 pn interactions. The seniority coupling, which involves
only isovector T = 1 proton-proton (pp) and neutron-neutron (nn) interaction,
is always taken into account.

and other shell-model calculations. The predicted behaviour for the single g9/2

approach is similar to those obtained for the JUN45 and GDS calculations, how-
ever it is evident that GDS provides the best reproduction of the experimental
results, highlighting the importance of core excitations. Moreover, the calcula-
tions presented in Table 6.2 indicate that excluding the T = 1 component from
the pn interaction does not cause significant changes to the calculated B(E2)

values with respect to the results obtained using the full interaction for the decay
of the Iπ = 6+, 8+ and 14+ yrast states. On the other hand, when excluding the
T = 0 component and thus considering a pure T = 1 force, significantly longer
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Table 6.2: Experimental B(E2) values in e2fm4 for excited states in 94Pd com-
pared to shell-model calculations using different combinations of isoscalar and
isovector interactions - full, pure T = 0 and pure T = 1 pn interactions.

Quantity [ns/e2fm4] Iπi − Iπf

14+ → 12+ 8+ → 6+ 6+ → 4+

Bexp(E2) 52.1(1) 205+34
−25 ≥113

Bg9/2(E2) 112 144 398
Bg9/2T=0(pn)(E2) 82 191 398
Bg9/2T=1(pn)(E2) 9 11 5

half-lives are predicted. This suggests that the structure of the wave functions re-
sulting from the pure T = 1 interaction cannot sufficiently produce fragmentation
of the basis states arising from the (π0g9/2)

4 ⊗ (ν0g9/2)
2 configuration.

Another calculation presented in Fig. 6.1 uses the schematic Anti-Magnetic
Rotational (AMR) model [45]. AMR is a modification of the Magnetic Rotational
model, which aims to explain regular rotational bands in near-spherical nuclei.
Assuming that valence particles and valence holes in a spin-aligned configuration
form shears blades, by closing the shear blades the regular rotational sequence can
be obtained. For AMR the particles and holes arrange themselves in such a way
that the spin increases by a unit of two along the band and there is no magnetic
radiation. Ref. [45] demonstrates a good reproduction of the yrast states in 92Pd
using this coupling scheme. Based on a similar 4 quasiparticle configuration as for
the ground state of 92Pd, the calculation for 94Pd suggests that the shears closing
behaviour takes over beyond Iπ = 8+ state. An explanation for this could be that
the T = 1 proton-proton and neutron-neutron pairs in the g9/2 orbitals rearrange
themselves and form two oppositely aligned T = 0 proton-neutron shear blades.
The closing of the shears generates the high-spin states of 94Pd up to Iπ = 16+,
where the shears blades are maximally aligned. The experimental transition rates
measured in the current work are very well reproduced by the AMR calculations
shown in Fig. 6.1 (denoted by solid line).
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Chapter 7

The HISPEC Slowed-Down Beam
concept and test experiment

The two main techniques employed for production and study of exotic radioactive
beams are Isotope Separation OnLine (ISOL) and in-flight separation. In simple
terms, radioactive ions in ISOL facilities are produced in reaction targets at ther-
malized energies, ionized, extracted and then reaccelerated [90]. Depending on
the chemical properties of the isotopes it may be difficult to extract some of them
from the production target, resulting in an insufficient intensity of the secondary
beams. Additionally, the lifetimes that can be studied are restricted by the time
scale of the extraction and reacceleration processes.

On the other hand, in-flight facilities employ heavy-ion accelerators, a produc-
tion target and a separation device. It is important to note that the properties
and quality of the secondary beam are directly related to those of the primary
beam. By using the high velocities of the projectiles and employing thick sec-
ondary targets, in-flight facilities can overcome one of the limitations of ISOL
facilities and increase reaction yields. Moreover, by slowing down the secondary
beams using a thick homogeneous degrader, short lived nuclei with high survival
rate after the deceleration can be accessed and studied.

The High resolution In-flight SPECtroscopy (HISPEC) Slowed-Down Beams
(SDB) as a concept aims at the production of exotic radioactive beams with
energies around 5-10 MeV/u at the Super-FRS [56] located at the upcoming
FAIR Facility for Antiproton and Ion Research GmbH, Germany [57, 91]. One of
the advantages of these low energy beams comes from the slower interaction time,
which allows for multi-step Coulomb excitations, resulting in the population of
high spin states [92]. In addition, the use of radioactive beams at Coulomb barrier
energies allows for the application of transfer, resonance and fusion evaporation
reactions.

The secondary radioactive beams for HISPEC will be produced by in-flight
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projectile fragmentation or fusion. At the final focal plane of the Super-FRS
they will be slowed down to energies around the Coulomb barrier using a thick
degrader before impinging on a thin secondary target, placed at the center of a
γ array for multi-step Coulomb excitations of the fragments and detecting the
decaying γ rays. However, the slowing-down process of the nuclei through thick
matter causes energy and angular straggling, reducing the beam quality. This
leads to the need for tracking and energy measurement of the beam particles
following the degrader. In addition, Doppler correction for the γ rays emitted
in-flight after the Coulomb excitation is essential. In order to reconstruct the
kinematics of the reaction the velocity of the fragments needs to be precisely
known. This can be achieved via ToF (time-of-flight) measurement between two
beam tracking detectors. One should note that to prevent further straggling and
deterioration of the beam, the tracking detectors need to be as thin as possible
and large enough to cover the full angular distribution of the slowed-down beam.
For particle identification a ∆E − E telescope will be used, placed downstream
of the target. A schematic layout of the setup is shown in Fig. 7.1.

Figure 7.1: Schematic layout of the SDB setup. Taken from [93]

Ref. [94] reports on the results of a previous experiment, aiming to test the
feasibility of the slowed down beam setup employing the FRS at GSI. A 64Ni beam
at 250 MeV/u was slowed down to 13 MeV/u in a thick aluminum degrader.
A MOCADI simulation [95] was performed and showed good agreement with
the experimetnal spread and nuclear reaction yields. Subsequently, another test
experiment was scheduled and performed at the FRS in GSI, with the goal of
testing prototypes of the beam tracking and identification detectors. In this
chapter details on the setup and the execution of the experiment are presented.

7.1 Experimental setup

The experiment was performed during the 2022 experimental campaign at GSI
as part of FAIR Phase-0. The main goal was detecting Coulomb excitations of
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stable even-even nuclei. In particular 64Ni (or similar) beam was to be requested
however, only 208Pb beam was available due to the test being scheduled in parallel
(as secondary user) to another DESPEC experiment (as the main user).

After arriving at the experimental area, the primary 208Pb beam at 250 MeV/u
interacts with a thick βPlastic detector. To slow down the beam a mechanical
structure holding degraders of different thicknesses was used. The structure could
be controlled remotely, allowing for the precise selection the thickness by moving
the different degraders in and out of the beam line. Micro-Channel Plate (MCP)
detectors [96] were used for ion tracking and ToF measurement. After interaction
with the thin secondary 197Au target, located downstream of the MCPs, the beam
is stopped in a ∆E − E telescope, consisting of two DSSSD detectors. Centered
around the target, two DEGAS HPGe detectors were used for detecting γ rays.
It is important to note that the MCP detectors and the ∆E−E telescope need to
be operated under high vacuum with pressure around 10−7 mbar. More details on
this topic will be discussed when describing the individual detectors. A schematic
of the test setup and vacuum chamber as well as a picture are shown in Fig. 7.2.

7.1.1 βPlastic

The βPlastic detector used in this setup is the same as already explained in
Chapter 3 when discussing the DESPEC setup. A single layer made of 3 mm
thick plastic material coupled to silicon photomultipliers (SiPMs) along the four
sides and has the size of 8 x 24 cm2, corresponding to the wide configuration of
the DESPEC implantation setup. The signal from this detector was used as the
trigger for all other detector systems.

7.1.2 Micro-Channel Plates

Three Micro-Channel Plate (MCP) detectors [96] were to be used for the beam
tracking and ToF measurement for this experiment. One was provided by the
Institute for Nuclear Physics of the University of Cologne and two were from the
DESPEC group at GSI. The latter two needed to be refurbished before the ex-
periment because the electrostatic mirrors were damaged during transportation.

As previously mentioned, in order to avoid deterioration of the beam quality
causing additional straggling after the degrader, a minimal amount of matter
needs to be put in the beam path. Therefore the tracking detectors were placed
at a 90◦ angle and coupled to a thin secondary electron emission foil and an
electrostatic mirror (see Fig. 7.3 (a) and (b)). The electrostatic mirrors of the
GSI detectors consist of a mechanical structure and a 20 µm thick gold-plated
tungsten wire winded around it (see Fig. 7.3 (c)). The beam particles hit the foil
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Figure 7.2: (a) Schematic drawing of the SDB setup. (b) Technical drawing of
the vacuum chamber, indicating where the detectors will be mounted. (c) Picture
of the experimental vacuum chamber and the individual detectors.
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and produce electrons, which are accelerated by applying negative voltage to the
foil. The accelerated electrons travel freely through the volume restricted by the
wires of the electrostatic mirror and are deflected towards the MCP surface. This
is achieved by keeping a negative voltage gradient between the triangular grids
and the binding wires kept at a 45◦ angle. The electrons produced in the foil
travel an equal distance regardless of the vertical position and arrive at the MCP
surface at approximately the same time. Each MCP is made of micro-meter in
diameter glass surface and each channel acts as an electron multiplier. Secondary
electrons are produced by the collision of the electrons with the walls of the
channels and are collected at the ends. The transition time of electrons through
the channels is in the order of 0.1 ns, which makes these detectors suitable for fast
timing measurements. A cross section of the MCP surface is shown in Fig. 7.3
(d).

Figure 7.3: (a) Schematic of the secondary electron emission MCP detector with
electrostatic mirror [76] (b) Picture of one of the GSI MCP detectors. (c) Picture
of the repaired electrostatic mirror. (d) Cross section of the surface of an MCP
with the channels acting as secondary electron multipliers [76].
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As previously mentioned, MCP detectors need to be operated under vacuum.
The electrons must travel from the top to the bottom of the channels without
interference from gas molecules in order to ensure accurate detection. Operating
MCPs in air poses the risk of ionization of gas molecules within the channels,
which can lead to discharges (sparks) between the MCP and adjacent compo-
nents. Vacuum minimizes gas interactions, ensuring efficient electron multiplica-
tion. In addition, high voltage feedthroughs and other components are sensitive
to mechanical shock, which emphasizes the need for a vacuum environment even
more.

The position of interaction on the MCP was obtained using a delay line read-
out. The electrons exiting the MCP are accelerated to a specific energy (usually
around 500 eV). They travel a distance before reaching a grid, where the charge
is collected by the set of conducting wires perpendicular to each other, corre-
sponding to the X and Y directions. The electric signal induced by the charge
hitting the wires travels along each delay line. The time it takes for the signals to
reach the ends of the delay lines is measured and the difference in arrival times is
directly proportional to the position where the charge hit the anode. The exact
interaction position (X,Y) can be determined by analyzing the time differences for
both X and Y delay lines. Additionally, the time of interaction can be determined
by summing the arrival times at both ends of the delay line.

The interaction positions obtained from the MCP detectors can be used to
reconstruct the trajectory of the particles after the slowing down process in the
degrader. Additionally, the timing information is to be used for a ToF measure-
ment, which will help determine velocity of the ions. Knowing the velocity before
and after the secondary Au target can help with the determination of the reaction
kinematics.

7.1.3 ∆E-E telescope

The ∆E-E telescope, intended to be used as an active stopper, is located down-
stream of the secondary Au target and consists of two DSSSDs, each with 16 x
16 strips. Both are equipped with secondary electron shields in order to prevent
the influence of the electrons, coming from the target and the upstream DSSSD
(see Fig. 7.4). The upstream detector (first after the target) has a thicknesses
of 20 µm, while the downstream one is much thicker than with 300 µm. This
difference in thickness between the two layers allows for energy loss ∆E to be
measured in the first DSSSD and the total kinetic energy E to be determined
in the second, where the ions of interest are stopped. Details on the working
principle of DSSSDs can be found in Chapter 3 Section 3.4.1, when discussing
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the AIDA active stopper.

The ∆E-E telescope is intended to be used for ion identification and tracking.
However, in order to unambiguously identify a given nucleus, its charge (Z) and
mass (m) need to be known. In Chapter 3 (when introducing MUSIC detectors) it
was established that the Bethe-Bloch formula provides a connection between the
stopping power (or energy loss in a material) and the atomic number Z. Following
this, by measuring the energy loss ∆E one essentially gains information on the
charge of the nucleus of interest. Similarly, the mass of an ion can be determined
by measuring its velocity (using the ToF from the MCP detectors) and total
kinetic energy E deposited in the second DSSSD.

Due to the angle straggling, coming from both the slowing-down process and
the interaction of the beam with the target, Doppler correction is required for the
γ rays emitted in flight after Coulomb excitation. Therefore, using the position
sensitivity of the DSSSD detectors to track the ions emerging from the secondary
target, their trajectory can be determined. The velocity information can once
again be provided via a ToF measurement by the MCP detectors located upstream
of the target and the dE-E telescope.

Figure 7.4: Picture of the ∆E-E telescope, consisting of two DSSSDs and covered
by secondary electron shields.
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In order to reduce noise and improve the detector resolution, the DSSSDs
were mounted on a copper frame (see Fig. 7.4) and cooled down to around -25◦C
using an electric Ortec-X-Cooler.

7.1.4 DEGAS

For detecting γ rays, arising from the decay of populated excited states during
the test experiment, two three-fold DEspec Germanium Array Spectrometer (DE-
GAS) detectors [97, 98] were employed. Each cluster detector comprises three en-
capsulated high-purity germanium crystals in a common cryostat (see Fig. 7.5).
It is well known that HPGe spectrometers have a relatively high cross section
for Compton scattering. Therefore, in an attempt to filter out the Compton
continuum different techniques have been developed such as using anti-Compton-
shielding detectors or γ-ray tracking in segmented HPGe detectors [99].

To shield the back side of the DEGAS detectors Bismuth Germanium Oxide
(BGO) scintillation detectors are employed (see Fig. 7.5). Due to its higher
density and attenuation coefficient for photoelectric absorption in comparison
to germanium, BGO has better γ-ray detection efficiency, making it an ideal
material for absorbing γ rays, scattering out of a HPGe detector. Additionally,
by using BGO data as a veto (in anti-coincidence with a HPGe detector) many
incomplete events can be rejected, which would otherwise form the Compton
continuum [100]. Due to the fact that the BGOs are in the process of being
assembled and tested, only one HPGe detector was equipped with back-catchers
at the time of the experiment.

Figure 7.5: Picture of a DEGAS cluster, consisting of three HPGe cystals and
three BGO back-catchers behind. Taken from Ref. [100]
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7.1.5 Data acquisition

In contrast to the previously covered DESPEC experiment, where every detector
system has its own data acquisition based on the MultiBranch System (MBS)
[52], for the currently discussed test experiment a single MBS DAQ was used for
all detectors. This was primarily due to the fact that except for DEGAS and the
BGOs, which were readout via FEBEX digitizers, the rest of the detector sys-
tems used the standard VME analog-to-digital (ADC) and time-to-digital (TDC)
converters.

The FEBEX and VME systems have their own internal time and if one wants
to correlate events from the two an external signal is needed to serve as a reference.
In the DESPEC setup this role was played by the White Rabbit timing system,
which however was not available in the hall, where the SDB test experiment was
performed. In an attempt to solve this problem, the βPlastic trigger was fed to
the two electronics systems.

7.2 Preparation and execution of the experiment

In the proposal for the SDB test experiment 15 parasitic or 6 regular shifts of
64Ni beam (or similar) were requested. The experiment was finally scheduled
to run for 4 days simultaneously, as a parasitic experiment, alongside a primary
DESPEC experiment. Due to this scheduling the only available beam was 208Pb.
Additionally, as a consequence of a number of issues (lack of manpower, vacuum
leaks, problems with the DSSSD flange, debugging of the online monitoring code,
etc.) only one shift could be utilized.

Nevertheless, experimental data was collected for different degrader thick-
nesses, using the local MBS DAQ (in list mode). Additionally, traces of some
detector signals were recorded using oscilloscopes.

7.3 Data analysis and results

Review of the oscilloscope data indicates that very few coincidences are observed
between the MCPs, where the βPlatic trigger signal is also present. Fig. 7.6
shows a coincidence event, where all three MCP detectors were triggered, but
the βPlatic accepted trigger is missing. It is currently unclear why this data is
dominated by such events, however the oscilloscope traces are but a fraction of
the data saved using the MBS DAQ. Nonetheless, in case this trend preserves
also for the list mode data, a lot of coincidence events between MCPs could be
lost due to the missing βPlastic signal, which opens the collection window.
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The MBS data is currently under analysis and will be utilized to enhance the
SDB setup. Efforts are already underway to improve the SDB detectors and data
acquisition system in preparation for future experiments.

Figure 7.6: Coincidences between detectors seen in the oscilloscope data (figure,
courtesy of G. Kósir)
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Conclusion

In this thesis results from the first experiment of the DESPEC campaign are
presented. The fast timing technique was successfully implemented and used to
remeasure the lifetimes the Iπ = 6+, 4+ and 2+ yrast states in the 96Pd, validating
the analysis method. The half-life and transition rates of the intermediate Iπ = 8+

and 6+ states in 94Pd were measured for the first time. A range of interactions
and model spaces were employed to reproduce the level energies and experimental
B(E2) values, with the LSSM approach showing the best agreement. This model
suggests that there is no development of deformation for Pd isotopes, which is
predicted along the N = Z line based on a parallel potential energy surface
analysis. Based on this conclusion, the T = 0 contribution of the pn interaction
emerges as the dominant factor in the transition strengths of the 8+ seniority
remnant state and the 14+ isomeric state. The results and discussion related to
the nuclear structure of 94Pd in this thesis, were published in Ref. [101].

Additionally, this work reports on the preparation and execution of an exper-
iment aimed at testing detector prototypes for the future HISPEC-10 campaign
at FAIR.
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