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Zusammenfassung

Im Rahmen dieser Arbeit wurde ein neuartiger Experimentaufbau — das y* Expe-
riment — zur Messung von photoneninduzierten Kern-Dipolanregungen in sta-
bilen Isotopen konzipiert und an der High Intensity y-ray Source (HIyS) an
der Duke University installiert. Die hohe Energieauflosung und die hohe Nach-
weiseffizienz des Detektoraufbaus, welcher aus einer Kombination von LaBrs;:Ce
Szintillatoren und hochreinen Germanium-Detektoren besteht, erlaubt erstmals
die effiziente Messung von y-y-Koinzidenzen in Verbindung mit der Methode
der Kernresonanzfluoreszenz. Diese Methode ertffnet den Zugang zum Zer-
fallsverhalten der angeregten Dipolzustinde als zusdtzlicher Observablen, die
ein detaillierteres Verstandnis der zugrunde liegenden Struktur dieser Anregun-
gen ermoglicht. Der Detektoraufbau wurde bereits erfolgreich im Rahmen von
zwei Experimentkampagnen in 2012 und 2013 fiir die Untersuchung von 13 ver-
schiedenen Isotopen verwendet. Im Fokus dieser Arbeit stand die Analyse der
Pygmy-Dipolresonanz (PDR) im Kern *°Ce im Energiebereich von 5.2 MeV bis
8.3MeV basierend auf den mit dem y* Experimentaufbau gemessenen Daten.
Insbesondere das Zerfallsverhalten der Zustidnde, die an der PDR beteiligt sind,
wurde untersucht.

Der Experimentaufbau, die Details der Analyse sowie die Resultate werden
in der vorliegenden Arbeit prdsentiert. Desweiteren erlaubt ein Vergleich der Er-
gebnisse mit theoretischen Rechnungen im quasi-particle phonon model (QPM)
eine Interpretation des beobachteten Zerfallsverhaltens.
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Abstract

This work presents the design and installation of a novel experimental setup
— the y? setup — for measuring photon-induced nuclear dipole excitations in
stable isotopes at the High Intensity y-ray Source (HIyS) at the Duke University.
The high energy resolution and high detection efficiency of the detector array,
consisting of a combination of LaBr;:Ce and HPGe detectors, allows for the
first time the efficient measurement of y-y-coincidences in combination with
the method of nuclear resonance fluorescence. This technique provides access
to the decay pattern of dipole excited states as an additional observable, which
allows a deeper insight into the underlying structure of these excitations. The
experimental setup has already been used successfully for two experimental
campaigns in 2012 and 2013 in the investigation of 13 different target isotopes.
Within the scope of this thesis the Pygmy Dipole Resonance (PDR) of *°Ce
was studied in the excitation energy range from 5.2MeV to 8.3 MeV based on
data obtained with the y* setup. In particular the decay pattern of the states
participating in the PDR was investigated.

The experimental setup, the details of the analysis and the experimental re-
sults are presented in this thesis. A comparison of the results to theoretical
quasi-particle phonon model (QPM) calculations allows for an interpretation of
the observed decay behaviour.
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Chapter 1

Introduction

Nuclear physics is a vast scientific field concerned with the fundamental aspects
of nature, striving for a coherent and complete understanding of the world we
live in, from the extremely large structures of the universe down to the smallest
scales of atoms, nuclei and their constituents. The aim of nuclear physics is to
give conclusive answers to lingering questions about the beginning of time in the
Big Bang, about the origin of matter and the elements in the universe. Starting
in the early 20th century from the first experiments with radioactivity conducted
by A. H. Becquerel, and P. and M. Curie [1], nuclear physics has evolved into a
highly diverse research area intertwining experimental and theoretical advances,
and today represents the foundational basis for explaining the complexity of our
surroundings.

Nuclear physics is based on a quantum mechanical description of matter and
its fundamental interactions, and only few aspects can be properly described
within the regime of classical mechanics. Experimental techniques involve par-
ticle accelerators and radiation detectors, ranging from table-top setups to large-
scale installations like the Large Hadron Collider at the CERN research facility
or the IceCube neutrino observatory.

Today’s low-energy nuclear physics, as opposed to high-energy physics or
particle physics, is mainly concerned with the study of the atomic nucleus, its
structure and its interaction with external fields. The discovery of the atomic nu-
cleus in a-scattering experiments [2] marked the beginning of nuclear structure
physics and sparked the interest to investigate the properties of nuclei across the
nuclear landscape.

The atomic nucleus and its underlying structure can be investigated by us-
ing electromagnetic or hadronic probes with sufficiently high energy. The radial
extent of the typical nucleus is on the order of a few fm, which translates to
an energy range of 1MeV to 100 MeV. One of the most important observables,
which yields information about the nuclear structure, is the probability of scat-
tering a probe of a certain energy into a specific solid angle, called the differential

do

cross-section $5. In the past, experiments with different probes such as pho-
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Chapter 1. Introduction

tons, electrons, protons, neutrons, x-particles, and heavier particles have been
performed.

Of particular importance for nuclear structure physics are photon-scattering,
or Nuclear Resonance Fluorescence (NRF), experiments where the nucleus is
excited via resonant photo-absorption, and subsequently de-excites via emission
of one or more photons. The first successful NRF experiment was conducted
by P. B. Moon in 1951 [3] on ®Hg using '*®Au in a centrifuge as a radiation
source. First experiments were limited to the investigation of excited nuclear
states close to energies that could be reached with natural radioactive sources.
The availability of high energy bremsstrahlung photons for NRF [4] and the
development of high-resolution semi-conductor Germanium detectors enabled
a quick expansion of the field and allowed the investigation of stable nuclei over
a wide energy range [5, 6] and with high precision. More recently, experiments
using a completely polarised photon beam from a laser Compton back-scattering
(LCB) facility have been carried out by Ohgaki et al. [7]. This method was
used for the investigation of nuclear level parities by Pietralla et al. [8, 9] at
the High Intensity y-ray Source [10] (HIyS) at the Triangle Universities National
Laboratory (TUNL).

In NRF experiments the photo-absorption cross-section is measured with high
accuracy and without additional input from model calculations. From this cross-
section the radiation widths I} can be determined, which are proportional to
the reduced transition probabilities B(XL) for radiation of multipolarity L and
character X. The energy dependent distribution of the reduced transition prob-
abilities is called the strength distribution. The typical strength distribution for
dipole-excited states (or photoresponse) of a spherical nucleus is shown schemat-
ically in Fig. 1.1. The most prominent feature is the Giant Dipole Resonance
(GDR) in the energy range above the particle separation threshold, which was
tirst experimentally established by G. C. Baldwin and G. S. Klaiber [11] using
photo-fission reactions. The cross-section observed in this resonance exhausts
nearly 100 % of the Thomas-Reiche-Kuhn sum-rule [12, 13]. The nature of this
excitation mode was explained as an isovectorial collective dipole oscillation of
all protons against all neutrons in the nucleus by Goldhaber and Teller [14]. On
the low-energy part of the spectrum, a single state stands out. The lowest 1~
state in spherical nuclei, the so-called 2-phonon state, was studied systemati-
cally in (y,v’) experiments [15-18] and with hadronic probes [19, 20]. These
studies have shown that this state is a coupled [2" ® 3] quadrupole-octupole
excitation [21], and that it has dominant isoscalar character [22]. In the study
of neutron capture y-rays (see e.g. [23]) the first evidence for an enhancement
of low-lying dipole strength, located around the particle separation threshold,
was observed in many isotopes. Today, this excitation is commonly denoted as
the Pygmy Dipole Resonance (PDR), because it carries only a comparatively small
fraction of the total dipole strength.
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Figure 1.1: Schematic electric dipole strength distribution in spherical atomic nuclei.

1.1 The Pygmy Dipole Resonance

The PDR was first described in the context of a three-fluid hydro-dynamical
model by R. Mohan et al. [24], which reproduced the large asymmetry between
the fraction of the dipole strength in the GDR and the PDR. This model sug-
gested the interpretation of the PDR mode as an oscillation of valence neutrons
against a core of protons and blocked neutrons. Numerous measurements within
the last 20 years focused primarily on the investigation of this ‘new” excitation
mode using bremsstrahlung beams, e.g. in Gent [25], Darmstadt [26-28] and
Dresden [29], with LCB photons [30-32], x-particles [33-36] as well as with ra-
dioactive ion beams at GSI [37-39]. Despite comprehensive systematic studies
in, e.g. the Ca [28] and Sn [38, 40] isotopes, as well as the N = 82 isotones [34],
the underlying excitation mechanism of the PDR is still under discussion. Partic-
ularly the degree of collectivity exhibited by the PDR and the isospin character
of the strength attributed to the PDR are a matter of current interest [33, 41, 42].
The experimental studies of the Pygmy Dipole Resonance have been compiled
in an extensive review by D. Savran [43].

The theoretical description of the PDR is usually carried out using mean-field
calculations, such as Hartree-Fock and Hartree-Fock-Bogoliubov approaches [44,
45]. Many different attempts have been made to reproduce the strength in the
Pygmy region, and to gain access to underlying processes that cause this phe-
nomenon. Today, several different theoretical approaches to describe the PDR
are pursued, such as for example the (quasi-particle) random phase approxima-
tion [42, 46-50], the second RPA [51, 52], the extended theory of finite fermi
systems (ETFFS) [28, 53], or the algebraic Interacting Boson Approximation
(IBA) [54]. Two promising approaches that allow a microscopic understand-

3
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Figure 1.2: Comparison of cross-sections measured in the («, a'y) experiments (upper
part) with B(E1) strengths derived from (y,y’) (lower part) for 14°Ce, 13¥Ba and !?Sn.
The line in the upper part indicates the sensitivity limit [62].

ing of the PDR, are the relativistic quasi-particle random phase approximation
(RQRPA), its extension, the relativistic quasi-particle time-blocking approxima-
tion (RQTBA) [55-57], and the quasi-particle phonon model (QPM) [58, 59] with
coupling to complex configurations. It has been shown that this coupling to
complex configurations, that has been incorporated in the model description,
plays a crucial role in recreating the strong fragmentation of the strength in the
PDR region [60]. A comprehensive review of the theoretical studies of collective
excitations has been compiled by N. Paar [61].

1.2 The case of “°Ce

The dipole response of the nucleus *°Ce was investigated with the NRF method
already in 1997 by R. D. Herzberg et al. [60] to study the PDR. Subsequent
studies of 1*°Ce extended the energy range [63], and used «-scattering as a com-
plementary probe [34]. A surprising splitting of the PDR was discovered, when
the dipole excited states below 6.5MeV were investigated in the (y,y’) exper-
iment as well as in the («, «'y) experiment. The E1 states above this energy
were instead only excited in the (y,y’) reaction (see Fig. 1.2). This kind of struc-
tural splitting has also been discovered in other nuclei in the same mass region
[33, 64]. A likely cause for this splitting is the different isospin nature of the
two experimental probes and their distinct interaction regions within the nu-
cleus [35]. Photons of E1 character are isovectorial probes and tend to interact
with the nucleus as a whole, because of their long wavelength in comparison

4



Chapter 1. Introduction 1.3. The y-y-coincidence method

to the nuclear radius. In contrast, x-particles are isoscalar probes and interact
strongly with the surface of the nucleus. These results started new efforts to
fully understand the nature of the PDR excitation.

An additional observable that can be exploited to investigate the nature of
the PDR and collect supplementary information is the decay pattern of the states
that participate in the PDR region. This includes studying the branching ratios
of the PDR states to the low-lying excited states. The partial decay widths I} of
transitions to low-lying excited states or to the ground state are directly linked
to the electromagnetic transition matrix elements between the corresponding
states. Therefore, each decay channel is sensitive to a different component in
the wave function. The observation of these transitions and the determination
of branching ratios thus reveals important experimental information, which is
needed to provide stringent and sensitive tests to modern model calculations.

For instance, the QPM description of the nuclear excitations predicts the pres-
ence of one-phonon 1~ states in the PDR region, that predominantly decay to
the ground state, and others (two-phonon states) that decay strongly to excited
2" states. Within the model, these states constitute different parts of the PDR
wave function, i.e. a PDR built on the ground state, a second one built on the
first 2" state, and so on. The latter have very weak excitation probability from
the ground state compared to the first one. The coupling between simple and
complex configurations introduces mixing between the different PDR compo-
nents (i.e. [17 ® 2{]) and other two- and three-phonon states and leads to the
strong fragmentation that is known from experimental data. By studying the
direct decays to the ground state as well as decays to excited states, it is possible
to investigate the strength of this mixing [65].

1.3 The y-y-coincidence method

Figure 1.3 illustrates the principle of the NRF method. A nucleus A, is excited
from the ground state (Energy 0) to an excited state with energy E, and angular
momentum J. The de-excitation can either happen directly back to the ground
state, or via intermediate states. Experimental evidence shows that the direct de-
cay to the ground state is the dominant de-excitation channel, i.e. that individual
branching ratios to excited states (indicated as I} in Fig 1.3) are small in compar-
ison to the ground state radiation width T (see e.g. [25]). However, additional
experiments have shown that, especially at higher excitation energy, the inte-
grated radiation width to excited states stemming from a multitude of possible
decays can represent a substantial fraction of the total width T" [30, 32, 66].

So far, the experimental sensitivity in past NRF experiments was not suffi-
cient to observe peaks stemming from these transitions to excited states. In the
energy range where these transitions are expected, the background originating
from the photon beam and from non-resonant scattering processes in the target

5
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Figure 1.3: The nuclear resonance fluorescence (NRF) principle.

is substantial. Therefore, the peak to background ratio for these transitions is
too small to allow for a proper analysis. The method of in-beam y-ray coinci-
dences in the spectroscopy of the y-decay of excited states in combination with
charged-particle induced reactions was proven to be a powerful tool for measur-
ing even small branching ratios to excited low-lying states [67, 68]. Until now
v-y-coincidence experiments have been performed mainly in combination with
particle-induced reactions [69]. In such reactions high-lying | = 1 states are often
not or only very weakly excited, which excludes the investigation of the decay
pattern of such states.

The NRF reaction prefers a selective excitation of ] = 1 states, since the ex-
citation mechanism is highly selective to dipole-excited states [15]. The com-
bination of the NRF reaction with y-y-coincidences in the decay spectroscopy
thus provides selectivity plus high sensitivity to transitions to excited states. In
addition the linearly polarised quasi-monoenergetic photon beam of the HIyS
facility allows to excite the target nucleus only in a narrow energy range. This is
indicated by the beam intensity distribution in Fig. 1.3. Combining these meth-
ods prepares the nucleus in an initial state with well-known energy and angular
momentum. To measure the subsequent decay of the nucleus with the y-y-
coincidence method, an experimental setup with a high photo-peak efficiency is
needed to detect the two photons.

Within the scope of this thesis a new experimental setup was installed at
the HIYS facility, with the aim to increase the experimental sensitivity to weak
transitions, and to allow the direct and model-independent measurement of the
decay pattern of dipole-excited states. The y* setup [70], which is described

6
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in detail in Chapter 3, is a small detector array consisting of a combination of
high-resolution HPGe' detectors and LaBr;:Ce scintillation detectors with high
full-energy peak efficiency.

In 2012 and 2013 the y* setup was used in two experimental campaigns. In
total more than 1400 h of beam time was spent on the investigation of 12 different
nuclei in the low, medium and heavy mass region. The objectives were the
investigation of low-lying E1 strength and the decay of the PDR, the study of
the fragmentation of the M1 scissors mode [71-73], as well as the measurement
of the [2* ® 37] 2-phonon state in light and heavy nuclei.

This thesis covers the analysis of the **S data from the commissioning phase,
and the analysis of the E1 strength distribution as well as the decay of the PDR
in °Ce. Chapter 4 contains a detailed description of the analysis steps. The
results of the analyses are shown in Chapters 5 and 6. An introduction to the
necessary theoretical background is given in the following chapter.

thigh-purity Germanium
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Chapter 2

Theoretical Basis

This chapter gives an overview of the basic theoretical concepts that are used
throughout the course of this thesis. First the method of nuclear resonance fluo-
rescence (NRF) is introduced along with the description of the physical observ-
ables. Then a more detailed discussion of angular distributions and correlations
follows, which are used in the analysis of coincidence data. The chapter closes
with the introduction of unfolding methods for energy spectra.

2.1 Nuclear Resonance Fluorescence

The method of nuclear resonance fluorescence has been in use for over 50 years
[74]. This method allows to probe the structure of the nucleus in a model-
independent way, since the observables such as the photo-absorption cross-
section, the transition widths for individual states, and the reduced transition
probabilities can be directly determined from the data without additional input
from model calculations [15]. It is very sensitive to dipole excitations and en-
ables the study of single excited states with the use of high-resolution HPGe
detectors.

The principle of NRF involves the excitation of a nucleus from the ground
state to an excited state by photon absorption and the successive de-excitation
by photon emission. This process is illustrated in Figure 1.3. The energy E,
of the absorbed photon (black arrow) must be equal to the energy difference
between the two nuclear states in order to be absorbed in a resonant way. The
tigure shows the ground state with total angular momentum J, and the excited
state with total angular momentum J, that is excited through a photon with en-
ergy E,. The I indicate the associated partial radiation widths for each of the
shown de-excitations. Especially in heavy nuclei there exists not only a single
path for de-excitation from an excited state, but instead one of many different
decay paths are possible. The direct decay back to the ground state indicated
by Iy (blue) is usually referred to as the elastic transition, while the transitions

9



2.1. Nuclear Resonance Fluorescence Chapter 2. Theoretical Basis

involving intermediate states are called inelastic (red). The question, why one
or the other path is preferred by the nucleus is of particular interest in nuclear
structure physics and theoretical models attempt to describe this decay behaviour
correctly. Past experiments have shown that the majority of states excited in
the NRF reaction decay directly back to the ground state with a large partial
radiation width I,. The partial radiation widths T to excited states are usually
comparatively small, such that the total radiation width I' can be approximately
equal to the ground state radiation width I,. However, if a large number of pos-
sible decay paths is available, the sum of I can result in a significant contribution
tol

Fr=n+) N 1)
i=1
The quantity
I
by = — 2.2
. 22)

is called the branching ratio, i.e. the relative probability for the transition I to
the i"-excited state to take place. This quantity is of particular importance in
this thesis, because the experimental setup described in Chapter 3 allows for the
first time to measure this branching ratio directly in a model independent way.
The branching ratio plays a major role in the determination of cross-sections and
dipole-transition strengths, as is introduced below.
In each transition in Figure 1.3 the emitted radiation has a multipole order
A that satisfies the triangle relation of the associated initial and final angular
momenta J; and J¢:
Ji = Jel < A <Ji + J¢l. (2.3)

The multipole character of the radiation is determined from the parities 7t; and
7ti¢ of the participating states using the selection rules:

Electric radiation (EA): m = (—1)*me (2.4)
Magnetic radiation (MA): 7 = (—1)M ;. (2.5)

Since photons mainly induce dipole-transitions as well as electric quadrupole-
transitions, NRF experiments are perfectly suited for the investigation of nuclear
states with | = 0, 1, 2 in even-even nuclei.

One of the physical observables accessible in NRF experiments is the energy-
integrated cross-section for the excitation of a nucleus from the ground state to
an excited state with energy E; and angular momentum J;, and the subsequent
de-excitation to a final state k. This integrated quantity I;_,«(E) results from an
integral over the photo-absorption cross-section 0j_,i, which is given by

he)? oh
E; (E—E;)2+T2/4

us

O—jﬁk(E) =5 (

5 (2.6)
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Chapter 2. Theoretical Basis 2.2. Angular distributions of emitted photons

with the spin-statistical factor g = (2]; +1)/(2Jo + 1). This cross-section has a
Breit-Wigner shape with a full width at half maximum (FWHM) of I'. Addi-
tional effects such as the Doppler broadening caused by thermal motion of the
nucleus, modify the line shape and increase the apparent width. The integral
over the cross-section, however, stays the same. Due to the energy resolution,
which is usually limited to a few keV, only the energy-integrated cross-section is
accessible. This leads to the following expression

2
Lo (E5) = JU)'—Hc(E) dE =7’ <E) g @- (2.7)
E; r
The peak area A; corresponding to a transition with energy difference E; is
the main quantity extracted from the measured energy spectra. It represents the
number of events registered in a detector with a total efficiency €. The peak
area can be expressed in terms of the integrated cross-section I;_,:

Ai=Nrt- etot(F—i) : Ny ’ Ij—)k(Ei) 'Weff(ea (p,AQ) ) (28)

which is proportional to the number of target nuclei Nt illuminated by the pho-
ton beam with the number of photons N, that are available for the reaction. The
effective angular distribution of the emitted photons, averaged over the solid an-
gle AQ covered by the detector, is taken into account via We(0, @, AQ). Equa-
tion (2.8) is essential for the analysis of NRF experiments, because it allows to
directly determine the integrated cross-section from the measured peak areas, if
all other quantities are known. Using the partial radiation widths the reduced
transition probabilities or transition strengths for electric and magnetic transi-
tions are calculated according to [74]:

B(E1)1+=9.554-10"*-g- — (2.9)
£

B(M1) 4 = 8.641 - 102 L 2.10

(M1) 1 =8.641 - 9T (2.10)
Y

For the calculation of these quantities a precise knowledge of the branching ra-
tios I7/T" is of paramount importance. Section 2.2 covers the theory of angular
distributions and correlations to determine W,¢. The analysis chapter covers
techniques to determine the detector efficiency (see Section 4.1.3) and the num-
ber of photons (see Section 4.1.6).

2.2 Angular distributions of emitted photons

In the NRF equation (2.8) the angular distribution of the photons emitted in the
decay of an excited state has to be taken into account. When two photons are

11



2.2. Angular distributions of emitted photons Chapter 2. Theoretical Basis

detected in coincidence it is necessary to correctly treat the associated angular
correlations. The generic theoretical basis of angular distribution and correlation
of y-rays is thoroughly described by R. M. Steffen and K. Alder in [75]. At first
the main building blocks for the basic theory are reproduced in an abbreviated
fashion to introduce the necessary concepts, but for a complete derivation of the
expressions the lecture of Ref. [75] is recommended. From these basic concepts
a theoretical description of the distributions and correlations encountered in the
v? experimental setup was derived as part of this work.

2.2.1 Generic formalism

The generic formalism treats the emission of photons as the evolution of a final-
state density matrix (@|pl@’) which represents an ensemble of N sub-states. Each
sub-state must exhibit a sharp angular momentum ] and in general the basis
states can be chosen such that p is a diagonal matrix. For the case of a pure
state (i.e. only a single sub-state is populated) p reduces to a matrix with a
single diagonal value. In contrast, an initially random state, where all sub-states
are equally populated, is represented by a diagonal matrix p = %1, where all
sub-states are uniformly populated.

Emission of a single radiation

The process of radiation emission is described by the transition from an initial-
state density matrix

(JimulelJimy)

to a final-state density matrix

(ptJemelp(oo)lpT]emy) .

Here J; and m; are the angular momentum and magnetic quantum number of
the initial state, and Jr and m; the respective quantum numbers for the final
state. Momentum (and direction of emission) and helicity of the emitted ra-
diation are denoted by p and t. The angular momentum states |jm) transform
under rotation of the quantisation axes from one system S to another S according
to

[jm)s =) lim)s DIn(S =) (2.11)

m

using the Wigner-D-matrix Dg;l that defines the rotation. The rotation is needed
to express the observation of emitted radiation in a direction different from the
original orientation direction of the state. Any density matrix transforms under
a rotation of the reference frame according to

p(j1ja)s = DUVH(S = S)p(jij2)sDV2*(S — ) (2.12)

12
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with the shorthand notation p(j1j2) = (jimilpljams).

It is possible to express the density matrix of any state in terms of a statisti-
cal tensor that contains the equivalent amount of information, and in addition
exhibits simpler transformation properties:

pé (G1,)2) = Z(—l)jl+ml (1 — MajamalAq) (Jimulpliamse) (2.13)

m1

The tensor rank A is an integer and can vary between [j; — jo| and [j; + ja|. The
subscript q denotes the q-th component of the tensor of a specific rank A. The
Clebsch-Gordan coefficients (j; — m;joms|Aq) originate from the series expan-
sion of the product of Wigner-D-matrices.

The emission process is modelled using the time dependence of the density
operator pop(t). Using first-order perturbation theory the final-state density can
be obtained in the limit of t — oco. From the final-state density the final-state
statistical tensor can be obtained (see Equ. 12.174 in [75]):

(tloy (s p)IT) = Sdf 2 MR+ (;}f—ﬂ)
Al)\qquL’

( ) X (J)D G (e, — k) [y (EL) 4+ Ty(ML)]
(2.14)

(L L' 7\>
T —1
X B (EL) + 7y (ML)~ SR (LU ).

L L' A

1 -1 0
Here the generalised F-coefficients F)" and the multipole transition amplitudes
Y(mL) are used. The generalised F-coefficients are tabulated for example in
the Appendices of [76]. The six parameter symbols in round brackets are the
Wigner-3j-symbols. This equation is very general and imposes no restrictions on
either the initial or the final state, or the type of radiation. It describes the states

formed after the emission of a y-quantum of helicity T and momentum p into a
solid angle dQ.

Angular distribution of a single emitted photon

Figure 2.1 introduces the coordinate system for the following part. Radiation
directions are denoted with k;, with the associated angles 6; and ¢; with respect
to ko. The probability of detecting the radiation in a direction k with a detector,
that is described by an efficiency matrix €(Q), is given by:

W(kQ) = Y (dpg(Jo)It') (t'le(Q)I) (2] + 1)/, (2.15)

Tt/

13



2.2. Angular distributions of emitted photons Chapter 2. Theoretical Basis

Polarisation Plane

Figure 2.1: The coordinate system used for the description of angular distributions.

The efficiency matrix models the detection efficiency for the different helicity
components of the radiation. For the present case €(Q) is a diagonal matrix,
because the detectors used in the experiment are not polarisation sensitive, and
respond to both helicities in the same manner. This allows to set €(Q) to the
identity matrix, and handle the efficiency externally. Therefore, using (2.14) in
(2.15) and setting €(Q) =1, the directional distribution function for the emission
of a single y-ray from an initial state described by pé (Ji) is given by:

W(ey, ¢1) = % 3 (20 + 120N ANV (A + 1) 72Y;, (81, 01).  (2.16)
Aq

For this specific case a number of simplifications could be performed. Most
notably it is possible to express the D-matrices using spherical harmonics Yjq,
the Wigner-3j-symbols reduce to unity, and the ordinary angular distribution
coefficients A, (y) have been introduced to take care of the properties of the
emitted radiation. The A, (y) are defined as:

AY) = ) R Jv(ly*(r'L) /Y (L)l , (2.17)
LL/7tmt’ L7

and contain the ordinary F-coefficients F,, which are usually tabulated along

with the generalised F-coefficients. When the emitted radiation is a mixture of

two multipoles, the multipole (amplitude) mixing ratio 8(y) = y(n'L + 1) /y(nL)

can be used, and the angular distribution coefficients reduce to a simpler form:

_ FA(LLJ¢Ji) + 28(v)FA(LL J¢J1) + 8% (y)FA(L'LJ¢]5)

Ax(Y) 1 +52(y)

. (2.18)
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Angular correlation of two photons emitted in succession

From Equ. (2.14) the final-state statistical tensor pﬁ (J1,p1) after the emission of a
single radiation v, is calculated. For the emission of a second radiation v, from
the state described by this tensor into the direction k,; and solid angle dQ,, the
same equation (2.14) has to be applied a second time. Using pz%(]l, p1) as the
initial state, pﬁ%(lg, p1,Pp2) will be obtained. The general form of this expression
is quite complex and a reproduction would not add much value to this deriva-
tion. However, under the assumptions that the nuclear states have perfect parity
(as opposed to a mixing of two or more parities) and that only the directional
correlation between the two emitted y-rays is observed, a simplified, yet still
sufficiently generic form, can be obtained:

dQ,dQ
W(0:1¢910:92) = # Z (—1)MHr2(2], + 1)1/2p2‘;(]0)A§f}‘° (v1)
AoqoA1qi1Azq2
Al,)\gzeven
Ao A1 A _
X Ay, (V2) (qz qi q) (20 + 1) 72y, 4, (0101) Yayqn (0202).

(2.19)

The sums over A; run only over even integers from 0 to 4, if only the absorp-
tion and emission of photons is concerned. The subscripts q; are in the range
[—Ai, Ail. Jo is the initial angular momentum preceding the decay.

2.2.2 Emission of photons following excitation with linearly po-
larised radiation

Equations (2.16) and (2.19) are useful for the description of the emission pro-
cesses in the reactions studied with the y* setup. Their counterparts in [75] are
Equations (12.186) and (12.204). In the following a specialised version for the
initial state is defined, such that the angular distributions and correlations can
be calculated. At the HIyS facility the target is irradiated by a linearly polarised
photon beam. A nucleus that initially occupies a randomly oriented state ab-
sorbs a polarised photon from the beam and is excited to an aligned state with
higher energy. If the direction of the photon beam k, is along the z-axis of
the laboratory system, the initial-state statistical tensor pgg (Jo) has the following
form (Equ. (12.271) in [75]):

PSOUO) = (2]Jo + 1)"*Bx, (v0) (2.20)
p2%(Jo) = (2Jo + 1) /2By, 2(v0) (2.21)
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with the parameters B, (y) and B 2(y) defined for the general case of a possibly
mixed radiation y as:

Balv) = Y (=)™ y(rl)y* ('L )Fa(LLJo)) er (mL)P (222)
LL/7tmt/
LL A
. LLZ /(—U”“ﬁ(—l)“FA(LL’IUJ)V(HLW*(W’L’)
Ba2(v) = —5 S Ty (P (2.23)

Where ], is the angular momentum of the initially random state, and | is the
corresponding angular momentum of the state populated by the absorption of
a linearly polarised photon with angular momentum difference L and parity
difference 7. The parameter o depends on the character of the radiation and
is equal to O for an electric transition or 1 for a magnetic transition. The B
parameters reduce to simpler expressions for the case of unmixed radiation (5 =
0). Then L = L’ and the sums vanish.

Ba(v) = FA(LLJo)) (2.24)

Fa(LL]o]) (2.25)

With the such defined initial state it is possible to further simplify Equa-

tion (2.16). The spherical harmonics reduce to Legendre polynomials P;, P;Q)
and the angular distribution function can be written as:

dQ,dQ
W(O.h) = === Asln) (2.26)
A

1/2
%} Pf) (cos0) cos 211)] (2.27)

BA(Yo)Palcos0) + 2Baalyo) |
Here the angle ¢ has been substituted by the angle 1 to denote the angle be-
tween the polarisation direction and the observed radiation. Equation (2.19) on
the other hand does not simplify easily with the specific initial-state tensor and
therefore has to be used as written above.

2.2.3 Example distributions

The angular distributions shown in Figure 2.2 constitute some of the cases en-
countered in the analysis of data from the y* setup. In most cases | = 1™ states
are excited, which is why only such distributions are displayed here. Also only
the case of an even-even nucleus (i.e. Jf = 0*) is considered in the following.
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Examples (a) and (b) display the distributions for the decay of an ] = 1~ and an
] = 1% state back to the JiF ground state, respectively. It is clearly visible that de-
tectors placed at positions (71/2,71/2) and (7t/2,0) will allow to separate between
the two cases with a large sensitivity. This property has been used in past exper-
iments to determine parities at the HIyS facility [8, 9]. Examples (c) and (d) illus-
trate that in the case of a decay from | = 1™ states to a 2" state the distribution
is almost isotropic, such that this transition is much less sensitive to the parity.
The last two examples (e) and (f) show that in a two-step cascade the distribu-
tion of the second y-ray depends strongly on the direction of the first emitted
photon. In example (e) the first photon is detected at (0, ¢1) = (5, 5), while in
example (f) the first photon is detected at a perpendicular angle (01, @) = (7,0).
These examples show that it is important to take into account the correct angular
distribution not only for the analysis of the singles data, but especially for the
Y-Y-coincidences.

2.3 Spectrum unfolding

Usually, the energy spectrum f measured with a detector can be described as
the convolution of an underlying true spectrum g with the detector response
function h

f=(gxh)+e, (2.28)

where a small perturbation € is usually present due to finite statistical errors.
The technique of extracting the underlying spectrum from a measured spectrum
with a known or unknown detector response function is commonly called spec-
trum unfolding or deconvolution. This involves an algorithmic process that can
either be deterministic or of statistical nature (depending on the knowledge of
h), and is either applied straight-forward or iteratively by minimising a cost
function. Two fundamentally different techniques are briefly introduced here,
which will be applied to the measured spectra as described in Section 4.1.1.
Both methods assume that the measured spectra are available as a histogram of
discrete energy bins E;. The detector response function must be known as well
and is assumed to be available as a set of energy spectra with the same bin width
as the measured spectra and for each energy E;. These response functions can
for example be obtained using Monte-Carlo simulations.

Figure 2.3 shows three such detector response functions simulated with differ-
ent photon energies for HPGe detectors. They have been normalised in order to
correctly represent the detector efficiency at the energy of the full-energy peak.
The typical structure of the detector response can be seen. The different parts of
the detector response originate from the different processes for the electromag-
netic interaction. The three major processes are the photoelectric absorption of
the photon, Compton scattering, and pair production [77, 78]. In the photoelec-
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Figure 2.2: Example angular distributions of emitted photons after absorption of

linearly polarised radiation. The colours indicate the absolute value of the angular
distribution from blue (small values) to red (large values).
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tric absorption the complete energy of the photon is absorbed. This leads to the
full-energy peak at the highest energy in the spectrum. In the Compton scatter-
ing process the photon interacts with the electron shell of the nucleus, and loses
only a fraction of its energy. This produces the continuous distribution along the
low energy part of the spectrum. At a photon energy above 1.022MeV the pair
production process is possible, where the photon is converted into an electron-
positron pair. These two particles share the excess photon energy equally. The
positron usually annihilates with another electron in the detector medium and
produces a pair of 511 keV photons. In the case that one or both of these photons
are not detected, then the total energy deposited in the detector will be smaller
by that amount. This leads to the formation of single and double escape peaks
below the full-energy peak. At high energy (in the spectra shown in Fig. 2.3 at
> 5MeV) the single and double escape peaks are more prominent than the full-
energy peak, because pair production is the dominant process, and the detector
efficiency is not high enough to detect the pair of photons.

2.3.1 Top-Down unfolding

The first simple method is the so-called Top-Down unfolding method. This
method is only applicable, if the detector response function h(E;) for a certain
energy bin E; has no contribution at any energy above this energy. As can be seen
in Figure 2.3 for the present case of y-ray detectors, clearly no such contribution
is present. If the complete set of detector response functions is regarded as
a square matrix H with entries H(E;, E;), then this matrix is triangular. The
unfolding algorithm proceeds as follows: A starting energy E; is selected at
the top of the spectrum. The detector response function corresponding to this
energy h(E;) is scaled with a scaling factor s, such that the amount of counts in
the full-energy peak of the detector response equal the counts in the spectrum
at the starting energy. The scaling factor s is the unfolding result for this energy
Ei. In the actual unfolding step the scaled detector response is subtracted bin-
by-bin from the original spectrum. For the next iteration the next lower energy
bin with energy E(;_1) is selected and the process is repeated until the lowest bin
is reached.

The successive application of this algorithm is shown in Figure 2.4. The upper
part shows the high energy part of a measured LaBr;:Ce spectrum with the full-
energy peaks (FEP), the single escape (SE) and the double escape (DE) peaks.
This spectrum is now modified by the above algorithm. The lower part of the
figure shows the unfolding result at intermediate stages. The energy range that
was already unfolded is indicated with a shaded region. When the algorithm
is finished, the unfolding result is complete (bottom part of the figure). One
drawback of this algorithm is that it allows negative bin counts in the unfolding
result, which is non-physical. Such an “‘undershoot’ region can be seen at around
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Figure 2.3: Simulated detector response spectra corresponding to incident photon ener-
gies of 511 keV, 2000 keV and 5000 keV. The shape of the detector response and especially
the FEP/SE ratio changes as a function of the energy.

5.1MeV. This is a result of the statistical fluctuations present in the measured
spectrum, which lead to a different ratio of the full-energy peak to the rest of
the spectrum as assumed in the simulated detector response function. For most
of the cases this effect is negligible, or can instead be used as an indication for
incorrect energy calibration (see Section 4.1.2).

2.3.2 Gold unfolding method

The second method is a variation of the Van-Cittert algorithm [79] with a spe-
cific choice of the regularisation parameter p. This method is called the Gold
unfolding method [80] after the inventor R. Gold, and has the advantage that the
resulting spectrum has only positive entries. The algorithm has been improved
by M. Morha¢ et al. [81] and incorporated in the ROOT analysis framework
[82] as part of the TSpectrum class. The applicability to nuclear spectroscopy
data using simulated detector response functions is shown in [83]. The under-
lying approach of the Gold unfolding algorithm is different from the Top-Down
method in several aspects: The algorithm is iterative and therefore has no sin-
gle solution, but can converge towards a result that minimises a special cost
function. This cost function is given by

f = |[Hx —yl + wIQx|” (2.29)

with the transfer function (detector response) in the form of the matrix H, the
assumed solution %, the regularisation parameter u and the measured spectrum
y = Hx. The matrix Q is a square Toeplitz type matrix!, and in the Gold algo-

!'In a Toeplitz matrix the entries Qi; depend only on the difference of i — j
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Figure 2.4: The Top-Down Unfolding algorithm applied to a LaBr3:Ce spectrum mea-
sured with 40Ce target at 5.6 MeV beam energy. The lower part shows the stepwise
unfolding procedure. The shaded area marks the energy bins that have already been
taken into account.
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Figure 2.5: The Gold unfolding algorithm applied to the same spectrum as in Fig. 2.4
with different control parameters: The number of iterations (nj), the number of repeti-
tions (Npoost) and the boost exponent (p) are varied. The parameters from (d) have been
used in the analysis. The original spectrum is shown in grey.

rithm the product H'H is used. This is a special case of Tikhonov regularisation
[84]. The regularisation parameter p controls the importance of the norm of the
vector % in the cost function. A higher value of pu prefers solutions to the prob-
lem with smaller norms. The solution to this problem is found by inverting the
matrix H. This can not be done directly, because H is in most cases almost sin-
gular (ill-conditioned) and the direct inversion can not lead to a stable solution.
Therefore an inverse for H must be found in an iterative way including a method
of regularisation

M =M "y — H H ™), (2.30)

1

the Van-Cittert algorithm. The Gold algorithm makes use of a special local choice
of u depending on the index i, such that its components are fixed to

(n)
b= e (2.31)
3 oo Qumxm

for the n-th iteration of the algorithm and with the abbreviation H'H = Q. The
iteration rule for the algorithm thus becomes

(MY = I (n) (2.32)

= X
1 M-—1 (n) ™
Zm:() Qime
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Figure 2.6: The Gold unfolded spectra from Fig.2.5 are again folded with the detector
response. These refolded spectra are shown together with the original spectrum (grey)
for comparison.

To avoid converging to a local minimum, an additional boosting operation can
be performed after initial convergence, which raises each bin count in the result
to the power p, called the boosting coefficient

X = x{Mpp (2.33)

which serves as the initial solution for the next convergence cycle. This alter-
nating pattern of boosting and converging can be repeated several times until a
suitable solution is found.

The part of the spectrum at high energy, which is of importance for the analy-
sis, is comparatively small with regard to the complete spectrum. The cost func-
tion that is minimised is a global quantity instead. Applying the Gold method
to the complete spectrum leads to a poor unfolding result, because the high en-
ergy region only adds a small contribution to the cost function. To improve the
results, the Gold method is only applied to the high energy region including the
FEP, SE, and DEP region of the spectra.

In Figure 2.5 a few unfolding results after applying the Gold algorithm to
the same spectrum as in Figure 2.4 in the energy range from 4MeV to 7 MeV
are shown. The number of iterations n; and the number of boosts Ny, are
varied to show the effect on the unfolding result. Too few iterations (a) do not
result in a converged unfolding result. Contributions from the single escape are
still present in the spectrum. Without boosting (i.e. p = 1) the result visually
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resembles the solution that would be obtained from the Top-Down unfolding
method (b). Boosting leads to a concentration of the bin contents in fewer bins
and reduces the noise in the spectrum (c). Increasing the number of iterations to
1000 produces the unfolding result shown in (d).

The quality of the unfolding result can be judged by folding it again with the
detector response. This refolded spectrum is then compared to the initial one.
Figure 2.6 shows these refolded spectra for the same cases as in Fig. 2.5. Clearly
the closest match between the original spectrum and the refolded spectrum is
obtained with the parameters from (b) and (d). Consistently good results over
the whole energy range are achieved with the parameters from (d). Therefore
this set of parameters was used in the analysis.

Regarding the two different unfolding methods, no clear decision as to which
one performs better on the given data can be made. Both algorithms perform
equally well and produce a good unfolding result. The Gold method has the ad-
vantage of always producing a spectrum that contains only positive entries. The
advantage of the Top-Down approach is that no parameters have to be adjusted.
Due to their fundamentally different nature both methods are used in the data
analysis, in order to perform cross-checks.
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Chapter 3

Experimental Setup

The following chapter describes the details of the experimental setup, which
has been implemented within this work and used to take the data analysed in
chapter 4. At first an overview of the High Intensity y-ray Source (HILyS) [10]
at the Triangle Universities Nuclear Laboratory (TUNL) will be given, followed
by an in-depth description of the new y* setup. The layout of the electronics
and the data acquisition system are described as well as the main systems for
additional diagnostic measurements, for instance target alignment and photon
beam energy. The last section contains information about important differences
of the setup introduced in between the two beam times in 2012 and 2013.

3.1 The HIYS facility at TUNL

The HIyS facility is located at TUNL and delivers a highly polarised quasi-
monoenergetic photon beam through the mechanism of laser Compton back-
scattering (LCBS) in a free electron laser (FEL) driven by the combination of an
electron accelerator and a storage ring.

3.1.1 Production of a quasi-monoenergetic photon beam

An overview of the HIYS facility is shown in Fig. 3.1. The linear electron ac-
celerator produces a bunched electron beam with energies in the range from

Table 3.1: Properties of the y-ray beam at the target position at HIyS.

E, 1-100 MeV
N, > 50 v/eV/s
Energy resolution 0.8-10 Yo
Degree of polarisation 95 Yo
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Figure 3.1: The HIyS facility at TUNL. Reprinted from [10], Copyright (2008), with
permission from Elsevier.

180 MeV to 280 MeV, which is subsequently accelerated to energies ranging from
0.24 GeV to 1.2GeV in the booster synchrotron. These electrons are injected into
the storage ring which operates at an adjustable electron energy and a revolu-
tion frequency of about 2.79 MHz. One of the straight sections of the storage ring
is equipped with wiggler magnets which together with a set of optical mirrors
constitute a Free Electron Laser (FEL) that is capable of producing a linearly or
circularly polarised beam of laser photons. The high-energy photon beam is pro-
duced by colliding these polarised laser photons and electrons in the storage ring
at the collision point. This technique is called laser Compton back-scattering and
has been used also at other facilities before [7, 85]. The intra-cavity production of
the laser photons has certain advantages regarding alignment and synchronisa-
tion of the colliding beams, and allows to cover a wide range of beam energies.
The polarisation of the laser photons is preserved during the scattering pro-
cess such that the resulting high-energy photon beam is also linearly polarised
to a degree in excess of 95%. The storage ring is used for two main reasons:
Most of the electrons from each bunch don’t undergo a scattering process and
can be reused in the next cycle. The use of the storage ring also allows much
higher beam currents than what could be delivered from the linear accelerator
itself, thus providing a much higher photon intensity. Current operation of the
FEL allows to produce laser photons with an energy between 1.2eV to 6.5¢€V,
which are boosted to an energy range of 1MeV to 100 MeV after the Compton
back-scattering process. From an electron beam current of up to 80 mA (LCBS
operation) a high-energy photon flux of > 10 y/s can be achieved at the colli-
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Figure 3.2: Overview of the y? setup. The monoenergetic photon beam is delivered
from the FEL (on the left), collimated to the appropriate size in the collimator room and
hits the target in the centre of the y* setup.

sion point. Since in a Compton scattering process the energy of the scattered
particles depends on the scattering angle, it is necessary to collimate the photon
beam in order to produce a beam with a narrow energy spread. Therefore a
collimation system located 57.2m from the collision point allows to narrow the
beam diameter to sizes between 2 cm to 5 cm [86, 87]. The properties of the y-ray
beam at the target position are summarised in Table 3.1.

3.2 The y* setup

The newly installed y* detection system is located in the HIyS upstream target
room (UTR) which is situated around 60 m from the collision point of the FEL.
Figure 3.2 shows an overview of the complete experimental setup with the col-
limation room, the y* detectors around the target position and the 0° detector.
In this section the modifications to the existing NRF setup will be described in
detail.

First photon scattering experiments at HIyS were carried out in 2002 by
Pietralla et al. [8, 9] with an experimental setup consisting of four HPGe de-
tectors. The four detectors with a relative efficiency of 60 % were arranged in a
polarimetry geometry. Two horizontal detectors detected photons scattered in
the plane of polarisation (see Fig.2.1), while two vertical detectors detected pho-
tons scattered in the perpendicular plane. All detectors were positioned at an
azimuthal angle of 6 = 90°. This arrangement has been used for various experi-
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Figure 3.3: Detail drawing of the y3 setup. The various detectors are shown in colour:
The backwards HPGe detectors in green, the 3" x 3" LaBrs:Ce detectors at 90° in red,
and the 1.5" x 1.5" LaBr3:Ce detectors at 35°.

ments (see e.g. Refs. [10, 30, 31, 88]) making use of the excellent performance of
the HIyS facility.

3.2.1 Modifications to the existing experimental setup

The existing experimental setup has been modified and extended to increase the
photon detection efficiency. This makes the detection of two coincident y-rays
from a single nuclear decay viable and allows the measurement of the epony-
mous (y,Y'y"”) reaction. The additional detectors made substantial changes to
the mechanical structure necessary. At the same time modifications to the beam
pipe and detector shielding were made to allow a close geometry and improve
the peak to background ratio in the measured energy spectra.
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Figure 3.4: Schematic layout and naming convention for the detectors in 2012 and 2013.
The direction of the beam points into the page. The complete detector array can be
rotated by 45° counter-clockwise.

Detectors

In addition to the four HPGe detectors with high energy resolution, a set of
four 3"x3" LaBr;:Ce scintillators and four 1.5"x1.5" LaBrs;:Ce scintillators with
high efficiency was installed in the detector array. Figure 3.3 shows a schematic
drawing of the extended array, with the HPGe detectors shown in green and
the LaBr;:Ce detectors in red (3"x3") and blue (1.5"x1.5"). The 3"x3" LaBr;:Ce
detectors were read out using photo-multiplier tubes (PMT) of type R6233-100
SEL from Hamamatsu and active voltage dividers produced in-house following
a design from the University Milan and INFN, Milan [89]. These active voltage
dividers have already shown better performance in combination with LaBr;:Ce
detectors [90] compared to conventional designs. Other voltage divider layouts
such as discussed in [91, 92] were also considered for this purpose, but the
active voltage dividers promised the best performance. Two of the 1.5"x1.5"
detectors were equipped with PMTs of type R9779 from Hamamatsu while the
third one was read out using a Photonis model XB2020. For the experiments
that took place in 2012 only three small LaBr;:Ce detectors were available, such
that in total 11 detectors were used. Due to the large amount of background
detected in the small LaBr;:Ce detectors, their contribution to the measurements
was unfortunately limited. Therefore, in the following analysis the data from
these detectors has not been used. In the 2013 experiments the small detectors
have not been installed. Figure 3.4 shows the layout and naming scheme for the
detectors in the setup as used in most of the experiments in 2012, and 2013.
The detection efficiency was measured using a calibration source (°*°Co) in
the energy range up to 3.6 MeV. Using the Monte-Carlo simulation framework
GEANT4 [93], the detector geometry was recreated in detail, taking into ac-
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Figure 3.5: Total full energy peak efficiency of the y? setup using the standard geometry
shown in Fig. 3.3. Data points represent values measured with a calibration source
(°Co), the smooth curve shows data from a Monte-Carlo simulation (GEANT4 [93]).

count the measured detector positions. The measured and simulated detection
efficiency of the two detector systems is shown in Fig. 3.5 as a function of the
photon energy. Including a detailed geometry resulted in efficiency values very
close to the measured values. Deviations from the data are attributed to uncer-
tainties of detector positions.

Mechanical engineering

The experimental setup was moved about 2m downstream from the original
position to install a circular detector mount that allows the entire detector array
to be rotated around the beam axis by an angle of up to Ap = 45°. The wheel
has four detector positions each at a polar angle 6 = 135° (backward), 0 =
90° (middle) and 6 = 45° (forward) with respect to the beam axis. Angular
spacing between the positions is 90° for each polar angle. The middle detectors
are rotated by ¢ = 45° around the beam axis with respect to the forward and
backward detectors to minimise shadowing effects, and to maximise the solid
angle coverage. Additional mounts for the forward detectors allow them to
be installed at an angle of 90° as well to increase the sensitivity for measuring
angular distributions. Custom parts for mounting all detectors on this wheel
have been designed, such that both types of detectors could be mounted in any
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Figure 3.6: HPGe spectrum measured with and without air in the beam pipe. Both
measurements were performed without scattering target: a) Measurement with air. b)
Beam pipe is evacuated. All other conditions are the same. Background contributions
in the critical energy range from 2 to 9 MeV have been reduced by at least one order of
magnitude.

position interchangeably for maximum flexibility during the experiment. The
main design challenge was to keep all detectors pointed directly at the target
position while maintaining this flexibility.

A new transparent PVC beam pipe starting from the collimation system and
extending beyond the target position with a smaller diameter compared to the
existing one was designed and constructed. This allowed to move the detectors
closer to the target and to increase the covered solid angle. Since LaBr;:Ce de-
tectors have been shown to operate well even at very high event rates [94], they
can be placed very close to the target. Decreasing the diameter of the beam pipe
from the former 9 cm to 5 cm allows a minimal distance to the target of 5cm for
the 90° detectors and of 8 cm for the 135° detectors.

Custom target holders that allow a precise alignment of the target inside the
beam pipe were constructed as well. The amount of material at the target area
was kept to a minimum, while the rear end of the target holder served as a
self-closing vacuum seal for the beam pipe.
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Evacuated beam pipe

The beam pipe was equipped with a vacuum pump to reach a medium vacuum
with a pressure around 1 mbar to 10 mbar. The reduced number of air molecules
leads to a longer mean free path length for the photons and greatly reduces the
probability for atomic scattering processes. The effect of evacuating the beam
pipe on the measured energy spectra is shown in Fig. 3.6. Here two spectra
recorded without any NRF scattering target (“empty target") are shown. The
measurements were done once with air at normal pressure in the beam pipe
and once with an evacuated beam pipe under otherwise identical conditions
at a beam energy of 8.125MeV. The two spectra are normalised with respect
to the measurement time. With air at normal pressure the contribution to the
observed background events stemming from atomic scattering on air molecules
is substantial over the whole energy range up to the beam energy. When the
beam pipe is evacuated, this contribution is reduced by at least an order of
magnitude in the energy range from 2 MeV to 9 MeV. This reduction is important
for two main reasons: The count rate in the LaBr;:Ce (HPGe) detectors is reduced
from 1.4kHz to 0.3kHz (2.5kHz to 0.25kHz), resulting in a shorter dead-time
for all detectors. With a reduction of the background the sensitivity for small
peaks in the energy spectrum is increased, which can be seen from the peaks
stemming from natural background (*°K and ?*®T1). All experiments within the
scope of this dissertation have been carried out with an evacuated beam pipe.

Shielding

At several positions in the setup shielding material has been used to reduce
background radiation. Directly behind the collimator the photon beam has to
pass a 30cm thick lead wall with a 5cm hole for the beam pipe to stop all ra-
diation scattered from the collimator. In between the wall and the experimental
setup a second 15 cm wall was constructed to shield the detectors from the beam
halo radiation originating from small angle scattering. Each detector face can be
individually equipped with a combination of Cu, Cd and Pb filter discs to ab-
sorb low-energy y-rays scattered from the target and reduce the count rate in the
detectors. The thickness of these filters can be adjusted to match the conditions
for each target and beam energy. The individual detectors are wrapped in a thin
cylindrical layer of lead with 2mm thickness to reduce scattering of reaction
products from one detector into the active volume of the others. Additionally,
a lead shield with 3.3 mm thickness can be placed around the beam pipe at the
target position.
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3.3 Data acquisition

The detector signals are digitised and recorded by two independent data acqui-
sition (DAQ) systems. The Canberra GENIE 2000 system from the existing setup
is used to record singles spectra (i.e. spectra without any restrictive or coinci-
dence condition) of the HPGe detectors, while the Multi Branch System (MBS)
[95] from GSI records the data on an event by event basis to produce binary list
mode data (LMD). Figure 3.7 shows a simplified schematic overview of the data
acquisition layout.

3.3.1 GENIE system

The GENIE acquisition benefits from shorter dead-time compared to the MBS
system and allows the measurement with a very low energy threshold. These are
optimal conditions for recording singles spectra. Each of the preamplifier signals
of the HPGe detectors were shaped by a Canberra spectroscopy amplifier and
converted by a 14 bit Canberra MCA! singles spectra. Using the free xyL1B tool
[96] the histograms can be converted from the proprietary format to standard
ASCII files.

3.3.2 MBS system

The MBS acquisition system uses VME? electronics for digitisation of detector
signals and data readout on an event by event basis. A single-slot PowerPC
board of type CES RIO4 reads the data from the VME modules and produces a
binary stream of list mode data. When combining readout electronics from sev-
eral manufacturers — as was the case in these experiments — it is best to run the
acquisition in a triggered mode, i.e. that all converters adhere to a central main
trigger and synchronously converting the detector signals. The main feature
of the MBS system is the flexible trigger logic TrLoll [97] implemented on the
generic VME logic module VULOM4 from GSI. This trigger logic allows to de-
fine higher level triggers, such as coincidence triggers between detector groups,
as a combination of low-level triggers generated using standard NIM electron-
ics. Several features are also implemented to reduce the total event rate and thus
decrease the system dead-time. A CAEN v775 TDC (time to digital converter)
is used to record the detector times relative to the main trigger signal from the
trigger logic, as well as the times of each generated low-level trigger. Detec-
tor count rates are recorded with a CAEN v830 scaler for the low and the high
trigger threshold separately. The energy signals from the LaBr;:Ce detectors are
integrated using a CAEN v965 QDC (charge to digital converter). The signals

'Multi-channel analyser
2Versa Module Eurocard-bus

33



Chapter 3. Experimental Setup

3.3. Data acquisition

Detectors HPGe LaBr Small Trigger Logic Input
Low thr el Ortec 584 ~ BNC
LaBr large HPGe — — [Align/ -— (A RS
anberra Pulser 100kHz
Ort d ulse
HV Tseg NHOJ E SpecAmp e i 7y
204M 650V 3500 V EG&G CFD -
: CF 8000
Ortec AV High thr Ortec 474 High Thr Pulser
HV iseg NHQ] 2900V Ortec Quad TFA EnEtar
204M 850V EG&G Quad
Ortec HY CFD 4000
3000V C
HV iseg NHQ] )
204M 850V E =) NIM-ECL 8 D ——
3000V 3 Vulom In EEEE———
& 0 degree LaBr Large
HV seg NHQ . 4 ) —
204M 810V Ortec EG&G CFD
Diff Disc CF 8000
CFD 583 High Thr Lt
LaBr small 0 degree
Canberra Ortec 935
1< SpecAmp IKP TFA Quad CFD )
@ @ a 6 us Low Thr
HPGe Low sm LaBr sm LaBr
L - OR High OR Low OR
) R —
C
| ( ]
i Beam Pickup Paddle
HV iseg NHQ| Trigger Logic Output
204M 780V Beam Pickup Phillips 794 N Ortec 474
Pulse (BPU) Quad GG Scintillator EoN EG&G CFD n
(Logic signal) <lus CF 8000 LeCroy
Quad FIFO
Master
\ J
[ e
| Readout -I_x____im 755
| Quad Logic
W y OR
i _ TDC —
! GENIE Mesytec QDC s5is3302 V775
! J
”__McA MADC-32 J<] J V965 NIM J FADC v1412
- | M
—
] )
-
- J
C J
L J

Figure 3.7: Schematic overview of the y® data acquisition system, as it was used for the experiments in 2012. Some parts have
been simplified for reasons of clarity. Green lines indicate analogue signals, black lines stand for timing and logic signals, and
blue lines show the trigger distribution.
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from the HPGe detectors were recorded with two different VME modules. The
traditional readout was done using an Ortec spectroscopy amplifier in combina-
tion with a Mesytec MADC32 ADC (analogue to digital converter). In addition,
a new digitising 16 bit flash ADC of type Struck SIS3302 operated at a sampling
frequency of 100 MHz with the specialised Gamma-Firmware (V1412) was used.
This firmware uses digital signal processing algorithms to determine the arrival
time and energy of the pulses, and also adds information about pile-up and
triggered channels.

The detector signals are split into two main paths; one for fast timing and
triggering and one for energy measurement. In the case of the HPGe detectors,
which readily provide two outputs from the preamplifier, this can be done di-
rectly. The signals from the LaBr;:Ce detectors are first amplified by timing filter
amplifiers (TFA) and then split.

The signals on the energy branch are delayed using passive delays by about
300ns to account for the latency introduced by the CFD (constant fraction dis-
criminator) delay, the trigger decision process and signal shaping or QDC gate
generation. After the delay they are directly digitised using either ADCs in the
case of the HPGe detectors or using a QDC for the LaBr;:Ce detectors.

A crucial part of the electronics setup was to ensure a low jitter between the
LaBrs;:Ce energy signals and the generated QDC gate to avoid energy resolution
losses from incomplete charge integration. This necessitates the precise time
alignment of the CFD output signals before entering the trigger logic module.
The signals of each detector group were individually delayed to arrive within a
time window of 3ns and 20 ns for the LaBr;:Ce and HPGe detectors respectively.
The group of signals from the LaBr;:Ce detectors was also delayed such that they
always enter the trigger logic later than the HPGe signals to assure that they
define the timing of combined triggers. The main trigger output of the trigger
logic module has an inherent jitter of 10 ns, which is unacceptable for producing
a QDC gate of good quality. For this reason a logic AND of the main trigger and
the properly delayed OR trigger of the LaBr;:Ce detectors is produced to create
the QDC gate. The schematic is shown in Fig. 3.8.

Timing and trigger logic

The timing branch uses two CFD modules for each detector to provide two inde-
pendent energy thresholds per channel. This allows to construct trigger condi-
tions that require both a y-ray with high energy and a second one with a lower
energy in coincidence. This reduces the amount of coincidences where both
photons have low energy and thus reduces the total event rate. Using standard
NIM? electronics a number of low-level trigger conditions are composed from
the CFD outputs, such as OR triggers for each of the detector groups (HPGe,

SNuclear Instrumentation Module
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Figure 3.8: Schematic of QDC gate generation.

large LaBr;:Ce, small LaBr;:Ce) and multiplicity 2 (M2) triggers (i.e. two detec-
tors of the same kind have triggered) for each group. These hardware triggers
are combined in the trigger logic, which decides to either accept or decline a
trigger and broadcast a main trigger signal (MT). The trigger logic TrLoll is im-
plemented on an VME FPGA* board (VULOM 4) with 16 trigger inputs and an
output for the main trigger. Any of the trigger inputs can be combined via a se-
lection of coincidence or anti-coincidence conditions to form a high-level trigger.
Such a trigger matrix is shown in Figure 3.9. Each column (red) in the matrix
represents one of the low-level (RAW) triggers that enter the trigger logic, while
each set of two rows (yellow) stands for one of the generated high-level trig-
gers. Triggers can be combined either with a coincidence or anti-coincidence
condition. These conditions are switched on by setting the matrix element to ‘1’
in the corresponding row and column. Furthermore, the TrLoll also provides
advanced features, such as a dead-time locking mechanism to avoid signal con-
version before the readout is complete, scaler counters for individual triggers,
trigger reduction factors, gate generators and periodic pulses. For each event
the trigger pattern (TPAT), i.e. the information which of the triggers were active
during the event, is generated and can be stored to disk along with the detec-
tor data. This allows to select specific subsets of data corresponding to certain
trigger types in the analysis. All settings for the trigger can be adjusted via soft-
ware commands or configuration files during the run time of the experiment.
The combination of these features dramatically increases the flexibility of the
setup, because it enables the user to quickly switch between different trigger
schemes without the need to actually rewire the electronics, e.g. for calibration
measurements, beam energy measurements or production runs. The y® setup
makes extensive use of this capability and consequently reduced the amount of
necessary NIM electronics, resulting in a very compact 1-rack solution.

4Field-Programmable Gate Array
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Generated triggers

1 Singles LaBr * 0000 0000 0000 0000 00O0O Anti-coincidence
* 0000 0000 0000 0000 00(1)0 Coincidence
2 Singles HPGe * 0000 0000 0000 0000 0000
* 0000 0000 0000 0000 (1)000
3 Coincidence L-H * 0 0 0 0 0000 0000 0000 0000
* 0000 0000 0000 0000 (1)00(1
4 LaBr M H * 0000 0000 0000 0000 000O0O
* 0000 0000 0000 000(1) 00(1)0

Figure 3.9: Exemplary part of the trigger matrix showing the configuration for the first
four triggers. Each column (red) represents one of the low-level (RAW) triggers that
enter the trigger logic, while each set of two rows (yellow) stands for one of the gen-
erated triggers. Triggers can be combined either with a coincidence or anti-coincidence
condition. These conditions are switched on by setting the matrix element to ‘1" in the
corresponding row and column.

3.3.3 Software
Unpacking

The recorded LMD files contain the collected data in a very compact and unal-
tered form, which is in many cases unsuitable for direct processing. The task
of an unpacking (or sorting) program is to produce easily accessible data files
in a standard format that allows the use of analysis frameworks to work on
these data. Such an unpacking program usually has to be written to specifi-
cally match the data format in the LMD files. To reduce the amount of work
needed to produce a suitable unpacking program, the configurable UCESB un-
packer [98] is used. With the use of this unpacker the LMD files are converted to
tiles containing ROOT [82] trees, which represent the experimental data for each
recorded event in a single entry in the tree. Each detector channel (ADC, TDC, or
QDC) is represented by a branch in the tree with a descriptive name assigned by
the unpacker. Even though the ucess unpacker provides also advanced features
like calibration and filtering of the input data, this has not been used for the y?
experiments. The LMD data have to be unpacked only once to the ROOT data
format. Calibration and analysis can then be done based on these files.
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Online analysis and histogramming (GHOST)

To allow for monitoring of the data quality during the recording phase of the ex-
periment it is useful to have the ability to quickly unpack, analyse and visualise
the currently accumulated data. As described above, unpacking is handled by
the ucess unpacker, which cannot only read from already stored LMD files, but
just as well read directly from a network stream provided by the data acquisi-
tion system. To read, analyse and display these files, the Gamma Histogramming
and Online Spectra Tool (GHOST) was written as a ROOT program. GHOST up-
dates the content of the histograms automatically, leading to a near-realtime
view of the data. Each detector of the y?® setup is represented with two en-
ergy (uncalibrated and calibrated) and two timing (raw and with respect to a
reference detector) histograms. Additionally, it is possible to specify filtering
conditions (e.g. timing constraints) for a special set of energy histograms. The
main feature of the visualisation is the possibility to directly produce summed
energy histograms of all detectors of each type and also two-dimensional ma-
trices showing the energies of two coincident detector hits. Figure 3.10 shows
two screen shots of the running application. In the top screen shot the energy
spectra are shown for the LaBr;:Ce detectors, and the bottom picture shows the
view containing the summed energy spectra and the coincidence matrices. For
additional information on GHOST refer to Appendix 3.3.3.

3.3.4 ADC integral linearity

Different ADCs are known to exhibit differing behaviour regarding their integral
linearity; a property which is very important for high resolution spectroscopy.
To investigate this property, a few different ADC models have been used in the
data acquisition system. The GENIE DAQ naturally uses the Canberra Multiport
MCA with a very low value of 0.025% (or 0.25keV at 1 MeV) of non-linearity.
This value is low enough that the effect is negligible given an energy resolution
of HPGe detectors in the range of 2keV to 8keV between 1MeV to 10 MeV (see
Fig. 4.4). This has been confirmed by comparing energy spectra recorded with
different channels at different gain settings. The integral linearity of the ADCs
used in the MBS DAQ (namely the Mesytec MADC32 and the Struck SIS3302)
tends not only to be worse compared to the Canberra MCA, but also a significant
difference between these two modules can be seen. Figure 3.11 compares the
deviation from a linear model for the two different modules as a function of
the energy. Clearly, the deviation from linearity is much larger in the MADC32.
For the analysis of the coincidence data only the energies as measured with the
SIS3302 ADC have been used.

38



Chapter 3. Experimental Setup

3.3. Data acquisition

b QORI GHOST - Gamma3 Histogramming and Online Spectra Tool (VRO &
LaBrE | LaBr T| LaBr E calib | LaBr wiCond | HPGe | HPGe calib | Sum/Coinc | Multiplicity/Scalers | RAW Times | Timelines |
Labr1 Labr2
. Labr1 3500 Labr2
2500/ Enties 811148 F Entries 811144
o 3000
r Mean 3883 E Mean  419.9
2000 :— RMS 107.4 2500F RMS 2861
r Integral 1.432e405 L Integral 6.51e+04
1500 20001
E 1500
1000~ E
E 1000
500 - 5001
:|||||||\|\|| I ST ey 1y | O;\ P r n L I 1 L
200 300 400 500 600 700 800 900 + 38 400 420 440 460 480
Labr3 Labr4
Labr3 7000 Labr4
Enties 811143 E Entries 811147
Mean 2781 6000 Mean 350.2
RMS 58.45 5000 E_ RMS 85.73
Integral 2.786¢+05 F Integral 2.64e+05
40001
10 E
3000F
2000F-
1000
1= F
3 [} A, [ W I I |
150 200 250 300 350 400 450 500 550 200 300 400 500 600 700 800 900 1000
Catching up: 995 | Real time: 305 s 7
Xoe ST R R e e S ORI
LaBr E | LaBr T| LaBr E calib | LaBrwiCond | HPGe | HPGe cali SumvCoinc | Multiplicity/Scalers | Raw Times | Timelines
LaBr Sum HPGe Sum
LaBr Sum : HPGe Sum
Entries 1.0818340+08 10 Entries 1.358968¢+07
Mean 1978 Mean 1572
10*
RS 1263 RS 1001
Intogral 2871407 Intogral  1.3540+07
10°
10?
+
Coincidence LaBr-LaBr Coincidence HPGe-LaBr
aBr-LaBr HPGe-LaBr
Entries 3852120 Enties 16861786407
Meanx 1719 Moan x 1008
Mean y 1719 Mean y 455
RMS x 1213 RMS x 8451
o RMSy 1213 AMS y 7401
Integral  6.7e+05 Inegral 27430406
1000 2000 3000 4000 5000 6000 7060 8000
Catching up: 100.0 [ Real time: 14886 7

Figure 3.10: Screen captures showing the GHOST Histogramming Tool.
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Figure 3.11: Comparison of integral linearity of the Mesytec MADC32 and Struck
SIS3302 ADCs. Shown is the deviation from a linear fit of the peak positions to the
energies of a spectrum from a *%Co source.
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Figure 3.12: Spectral distribution of the photon beam, measured with the zero-degree
detector (ZDD) for a mean energy of 8.125MeV. The measured spectrum is shown in
grey, and the spectrum after deconvolution in black. The resulting distribution is of
Gaussian shape.

3.4 Diagnostics

Auxiliary measurements have to be done to provide data needed in the various
analysis steps. This includes the knowledge of the photon flux and energy dis-
tribution of the beam, as well as measurement of the acquisition deadtime. A
beam pulse pickup allows for better event selection, while precise position mea-
surements have to be done to align the target. These particular points are the
scope of this section.
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3.4.1 Measurement of photon flux and energy

The energy distribution of the photon beam is measured at low beam intensity
in between the NRF measurements with a 123 % HPGe detector (Zero-degree
detector, ZDD) placed in the beam behind the target (see Fig. 3.2). The mea-
sured energy spectrum is a convolution of the true energy profile of the beam
and the detector response of the HPGe detector as explained in detail in Sec-
tion ?? (see also [87]). Using a set of simulated detector responses, the measured
profile can be unfolded using the FORTRAN code DET_RESP_CORR to yield the
underlying energy distribution of the beam, which is of Gaussian shape. This
program is also an implementation of the Top-Down unfolding method, but in-
cludes the specific detector response for the ZDD. Figure 3.12 shows both the
measured distribution as well as the unfolded distribution for the beam energy
of 8.125MeV. In the measured spectrum the detector response including the
single escape and double escape peaks is visible, however washed out due to
the beam energy spread of 4 %. The unfolded spectrum shows the beam energy
distribution which is used to determine the photon flux. The energy distribution
of the photons impinging on the target is an important factor in the NRF equa-
tion 2.8, if absolute transition strengths are of interest. At the HIyS facility the
peak value of the photon flux and the energy spread of the distribution depend
strongly on the various machine parameters, such as electron beam energy, laser
photon energy and the fill level of the storage ring. Therefore, it is necessary
to determine the energy distribution of the photon beam for each beam energy
setting separately.

3.4.2 Deadtime measurement

System dead-time in the GENIE acquisition was mainly caused by the conver-
sion time of roughly 6 s of the MCAs, while the MBS DAQ was limited by a
combination of ADC conversion time and the time needed for the readout of
the VME modules, which amounted to a total of about 50 pus per event. The
Canberra MCAs are counting dead-time internally on a per-channel basis, such
that each of the detectors can be treated individually. For the MBS DAQ dead-
time measurement is done in the TrLoll trigger logic along with the dead-time
locking mechanism. Whenever a trigger is accepted, the dead-time signal is
raised and stays active for the conversion and readout process. Only when the
DAQ is finished the signal is reset and the next trigger can be accepted. The
TrLoll counts all incoming (RAW) triggers, all generated high-level triggers be-
fore taking dead-time into account (BDT), and all accepted triggers (ADT, after
dead-time), in addition also internal time-stamps with a precision of 10ns are
generated. From these values the MBS system dead-time for each high-level
trigger can be calculated. To determine dead-time also in low count-rate situa-
tions and independent of detector electronics, an additional pulser signal with a
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Figure 3.13: Time difference between LaBr detector 1 and beam pickup signal from the
electron storage ring. The time interval between the peaks is 189 ns.

frequency of 100 kHz is used as a special clock trigger. A real-time measurement
of the system dead-time is always available during the experiment through the
DAQ software, such that either the beam intensity or the detector thresholds can
be adjusted accordingly.

3.4.3 Beam pulse pickup

An inductive pulse pickup detector in the electron storage ring produces a time
signal in a strict time relation to a burst of y-rays from the FEL. The time interval
between two beam bunches is about 187 ns. The timing signal from this detector
is recorded by the TDC as well, which allows to measure the time difference
between the reaction trigger and the photon beam, in order to suppress uncor-
related background events. Furthermore it prevents event mixing from adjacent
beam bursts. Figure 3.13 shows this time difference histogram for LaBr detector
1 and the beam pulse pickup trigger. A large coincidence peak can be seen in
the middle, surrounded by one smaller peak on the right, and two on the left.
These smaller peaks correspond to coincidences stemming from two separate
beam bunches. A complete discussion of the components in the time spectrum
can be found in Section 4.1.4.
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Figure 3.14: CCD image of the beam before (a) and after (b) alignment. For this partic-
ular imaging measurement a collimator with 0.75inch diameter was used. The bright
circle is the area illuminated by the beam. To achieve good contrast in the resulting
image the target was replaced by a thick iron target.

3.4.4 Target alignment

For coarse alignment of the beam pipe and the target inside, a laser alignment
system is used. To ensure that the beam also illuminates the full target area, an
additional measurement using an X-ray CCD’ camera with high spatial resolu-
tion is done [99]. Usually the target thickness of thin NRF targets is not high
enough to produce sufficient contrast in the CCD image. Therefore this align-
ment step was done using a thick iron target. Figure 3.14 shows the CCD image
before (left) and after (right) alignment. The bright circular area is illuminated
by the beam. From these images it also is apparent, that the beam intensity falls
off very rapidly at the edge, and that it is homogeneous within the illuminated
area.

3.5 Experimental run

In 2012 and 2013 the y* setup was used in two experimental campaigns with
more than 1400 h of beam time. Twelve different isotopes in the low, medium
and heavy mass region were investigated. The main objectives were the mea-
surement of low-lying E1 strength and the decay of the PDR, the study of the
fragmentation of the M1 scissors mode, as well as the measurement of the
27 ® 37] 2-phonon state. A detailed list of the studied isotopes is shown in
Table. 3.2.

During the commissioning phase for the y* experiment in September 2012 the
main properties of the complete experimental setup were determined to make
final decisions for the following experiments. Measurements with radioactive
sources for energy and efficiency calibration, as well as with the HIyS beam at

Charge-Coupled Device
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Table 3.2: Isotopes studied at y3 in 2012 and 2013.

Year Isotope Energy range [MeV] Purpose

Ca 5.9 2-phonon state
5Ge 2.2-4.1 Parities, E1 strength, collective modes
2012  '*Sn 5.2-8.6 Decay of PDR, parities
140Ce 3.64,5.2-8.0 2-phonon state, Decay of PDR,
parities
BGd 3.07 Decay of Scissors Mode
328 8.125 Commissioning Benchmark
92917 2.85-8.13 Parities
128Te 2.77-8.92 Decay of PDR
2013 10Ce 7.7,83 Decay of PDR
152,156Gd 2.88-3.18 Decay of Scissors Mode
162.164Dy 2.9-3.18 Decay of Scissors Mode to y-band,
E1l strength
206Pp 5.0-7.8 Decay of PDR

an energy of 8.125MeV were done. The measurements with the beam helped to
study the low-energy background from scattering on the target holder and the
surrounding material. As a first feasibility test in 2011 had already shown, addi-
tional detector shielding was necessary to reduce the background contribution.
In the commissioning phase the measured spectra show little to no background
in the energy region of the beam (see Fig. 3.6), once the beam pipe was evacu-
ated.

The measurement of the nucleus *?S with the HIyS beam served as the main
test case for the y* setup and data acquisition. This isotope was chosen for two
reasons: The level scheme of this nucleus is well investigated and includes a
J® = 1" state at 8.125MeV, which is strongly excited in the (y,y’) reaction. In
addition, this state decays into the 2] state with a considerably large branching
probability. A simplified level scheme with the relevant information of the 1"
state is shown in Fig. 5.1.

3.6 Differences between the 2012 and 2013 beam time

Quite a number of modifications were made in the experimental setup of 2013
compared to the first campaign in 2012. Some for practical reasons such as the
availability of detectors, other changes were made based on experience from the
first set of experiments. These differences are important for the scope of this
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thesis, since the '*°Ce data taken in 2012 was complemented by two additional
measurements with beam energies of 7.7 MeV and 8.3 MeV in 2013.

Detector positions In 2013 four 3" x 3" LaBr;:Ce detectors were used in the
setup. The positions for the LaBr;:Ce and HPGe detectors were changed accord-
ing to the layout shown in the right part of Fig. 3.4. The main reason for this
change was to have both types of detectors available at polar angles of 90° and
135°. This increases the sensitivity for parity measurements in the HPGe de-
tectors for the price of reducing the LaBr;:Ce efficiency (the minimum distance
for the two backward LaBrs:Ce was increased). This effect can be seen later in
Section 4.1.3.

Electronics In 2013 a major effort was put into simplifying the experiment elec-
tronics. The reduced number of detectors helped to also reduce the number of
CFDs and NIM electronics to generate low-level triggers. HPGe signals were
only recorded using the Struck SIS3302 ADC instead of also using a second
ADC, because the Struck ADC had shown superior performance at the cost of
increased dead-time (see Section 3.3.4). These reductions allowed to fit all nec-
essary electronics into two NIM bins and one VME crate.

Trigger logic Changes to the trigger logic involved mainly the removal of the
triggers for the small LaBr;:Ce detectors, leaving more trigger inputs available
for the rest of the detectors and allowing a cleaner layout. In total eight differ-
ent low-level triggers were created: For each detector type and for each of the
low and high CFD thresholds an OR trigger an M2 (multiplicity 2) trigger were
generated. Table B.2 shows how the high-level triggers were constructed.
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Data Analysis

Within the scope of this thesis two isotopes were studied in the (y,y’) reaction.
The experiments have been performed at the experimental setup described in the
previous chapter. During the commissioning phase of this new setup, the isotope
%S was investigated in order to study the experimental parameters of the setup.
The pygmy dipole resonance, and in particular the decay behaviour of the states
that are part of this low-lying E1 strength have been investigated in the nucleus
140Ce as part of the y* experimental campaigns in 2012 and 2013. The target
properties and experimental parameters for the two targets are summarised in
Table 4.1.

The following chapter describes the analysis steps that were performed on
the measured data to yield the results shown in chapter 5 and chapter 6. At
tirst the experimental procedure is explained including data calibration, event
selection, the estimation of background radiation as well as the determination
of the photon flux. Then the extraction of physical observables from the singles
spectra and coincidence matrices is shown in detail.

4.1 Experimental procedure

Before any physical observables can be obtained from the measured data, several
preparatory calibration steps have to be performed, which are presented in this
section. Together with the common energy and time calibration, which allow the
mapping from ADC or TDC channel values to measured energies and times, also
a peak width calibration was done to aid in the peak fitting procedure. The non-
linear behaviour of the LaBr;:Ce detector electronics made a special treatment
necessary that involved the unfolding of energy spectra to remove the detector
response. This technique is used in several of the analysis steps, therefore it is
explained first.
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Figure 4.1: Top: Measured singles spectrum (summed LaBr;:Ce detectors) with the 14°Ce
target. Neither of the shaded areas are appropriate peak areas. Overlap with the SE
region prevents a proper integration. Middle: Unfolded spectrum using Top-Down tech-
nique. Bottom: Spectrum unfolded using the Gold algorithm.
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Table 4.1: Experimental properties for the measurements.

328 140Ce
Target thickness [mg/cm?] 550(10) 320(9)
Isotopic enrichment [%] 95.02 99.72
52,54,56,5.9,
Beam energy [MeV] 8.125 6.1,6.3,6.5,6.38,
7.15,7.4,7.7,8.0,8.3
Electron ring current [mA] 80 45-80
Beam energy resolution [keV] 320 208-340
Average HPGe-trigger rate [kHz]® 8-10 3-10
Average LaBr-trigger rate [kHz]® 200-250 125-250
Average coincidence rate HPGe-LaBr [kHz]¢ 0.03 0.03-0.5

2 Single detector, from count rate meter
b Single detector, measured with scope

¢ Trigger: Coincidence High-Low, Before dead-time

411 Spectrum unfolding

As already introduced in chapter 2, it is possible to remove the effect of the detec-
tor response function from the measured detector energy spectra by the means
of so-called unfolding algorithms. Two fundamentally different algorithms, the
bin-wise Top-Down method and the Gold method, have been used to treat the
data at hand.

In the current analysis the unfolding procedure has been done mainly for
two related reasons: The measured LaBr;:Ce spectra show — especially at higher
beam energy settings — a large overlap of the full-energy peak range with the
region of the single-escape peaks located 511 keV lower in energy. This impedes
the direct integration of the full-energy peak area, because neither the integra-
tion limits can be chosen adequately, nor is the contribution from the overlap
in the integration interval known. However, after properly applying the un-
folding method the energy spectrum should only contain the full-energy peaks
and the integration can be performed. The second case is to validate the cor-
rect energy calibration of the spectra. This is particularly necessary in the case
of the LaBr;:Ce detector, because of the strong non-linear component. In both
cases the unfolding algorithm needs to know the detector response function of
the detectors for the whole range of energies. These responses have been esti-
mated using Monte-Carlo simulations (GEANT4) which are further explained in
Section 4.1.3.

To illustrate the first problem, the upper part of Figure 4.1 shows the high
energy part of a LaBr;:Ce spectrum, where the full-energy peaks (FEP) clearly
overlap with the regions of the single-escape (SEP) and double-escape (DEP)
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peaks. From this spectrum alone it is difficult or unreasonable to integrate the
FEP in either of the ways suggested by the shaded regions. The middle and
the lower part of the figure show the same spectrum after applying either one
of the unfolding algorithms. In both cases the contribution from the detector
response is removed and only the FEP range remains. Integration of the peak
area is now trivial, since integration limits can be chosen similar to the case of
isolated peaks. The chosen interval is indicated by the shaded area in the figure.
Both unfolding algorithms yield comparable results with an integral value of
78230(1300) counts for the Top-Down method and 73776(1000) for the Gold
method. The scale on the y-axis changes, because unfolding restores all events
from the detector response into the full-energy peak, and the number of events
in the full-energy peak is increased.

The second problem is displayed in Fig. 4.2. The purpose of this figure is
to highlight one important prerequisite that must be fulfilled before being able
to apply the unfolding algorithm: The energy spectrum must be properly cal-
ibrated. However, without being able to unfold the spectrum it is difficult to
measure the FEP energy for calibration, because of the strong overlap with other
parts of the spectrum. This introduces a circular dependence between the va-
lidity of the applied energy calibration and the ability to properly unfold the
spectrum. Such a dependency can be solved using either an iterative approach
that converges towards the best energy calibration or by scanning the parame-
ter space. Both methods require a convincing Figure of Merit (FOM) to judge
the quality of the current iteration or parameter set. One FOM definition for
each unfolding method will be discussed here. A simple method to define a
FOM for the Top-Down unfolding method is apparent from the succession of
unfolding results in Fig. 4.2. An incorrect calibration introduces artificial ripples
in the spectrum below the FEP region (indicated with shaded areas in Fig. 4.2),
because the SEP region in the measured spectrum does not line up with the sim-
ulated SEP region. Therefore whenever the calibration is not optimal, the wrong
amount of counts is subtracted in the SEP region and subsequently added in the
DEP region, or vice versa. This leads to increasing fluctuations towards lower
energies. To define an FOM from this observation a measure for the flatness of
the spectrum in the SEP and DEP region has to be defined. Under the assump-
tion that the spectrum should be almost empty below the FEP, the easiest way to
do this is to integrate the absolute values of the spectrum in the SEP region (as
mentioned in Section 2.3.1 the Top-Down unfolding can also result in negative
spectrum entries). This leads to the definition of the FOM as

FOM1p = Z Isil, (4.1)

ieSEP

where s; denotes the i-th bin in the spectrum. In Fig. 4.2 the SEP range is marked
with vertical grey lines. The second FOM applicable to the Gold method involves
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Figure 4.2: Top: Measured singles spectrum (LaBrs:Ce detector) with beam energy
5.6MeV and the '°Ce target showing the typical detector response. Bottom: Unfolded
spectra using the Top-Down method. Five different calibration settings were used before
unfolding. The spectra are shifted along the y-axis for clarity. For each spectrum the
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the comparison of the spectrum before unfolding to a re-folded spectrum of the
unfolding result with a x? test. This is possible, because the Gold method deter-
mines the unfolding result by minimising a global x?. Since the implementation
of the algorithm does not provide this after convergence, it is computed after-
wards:

FOMG = X2 (u7 r) ) (42)

where the unfolded spectrum is called u and the spectrum after folding the
detector response back in is denoted with r. The x* value is computed according
to

2 1 N bi_ai 2
X (a,b) = ﬁZ (T) 4.3)

where a; and b; are i-th bins in the spectra and Aa; is the uncertainty of a;.

4.1.2 Energy calibration

To perform an energy calibration for the detectors, before and after each mea-
sured target, and in addition whenever the photon beam operation was sus-
pended, measurements with calibration sources were done. For these measure-
ments four different source materials (**Na, %°Co, %°Co, and *"Cs) were used
to obtain a large number of calibration points both in energy and over the pro-
gression of the experiments. With these sources only energies up to 3.6 MeV can
be reached. To obtain a good calibration also for higher energies it is possible
to use well-known states excited in NRF experiments. Usually ''B or ?S are
used for this purpose, because of strongly excited states at isolated energies (i.e.
4.444MeV, 5.020MeV, 7.285MeV, 7.977 MeV and 8.125MeV). Time-dependent
effects can have an influence on the signal gain, and thus produce a change in
the calibration. Since a calibration measurement at high energy is not feasible
for every energy setting, the correction to the calibration has to be determined
from the recorded data itself. Figure 4.3 shows the relative change of the slope
parameter for the detectors over time as determined from the measured spec-
tra. It is clear, that re-calibration for every beam energy is necessary, and that
the continuous run time of 8 hours is the maximum in order to avoid severe
degradation of energy resolution due to this effect.

At times also sudden jumps in the detector gain can arise during a single
measurement. With the availability of list mode data it is possible to monitor
the time-evolution of the detector calibration and to resolve this type of mis-
behaviour. The recorded data is split into several parts where each part has a
constant calibration.
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Figure 4.3: Slope parameter of the energy calibration as a function of the run number
(i.e. time). Top: HPGe detectors. Normalised to run 069. Bottom: LaBr detectors.
Normalised to run 087. The values for the first and the last two runs are well outside
the plot range.

HPGe detectors

Mapping from ADC (or QDC) channels (x) to measured energy values (E) is
usually done using a linear first order polynomial as a model function, such as:

E=ax+b, (4.4)

with the slope parameter a and the offset b. This simple relationship can be
used only in the case that the detector and all electronics are working in a linear
fashion, where the output signal is proportional to the input. This is true for the
HPGe detectors used in the y* setup as was shown in Fig. 3.11.

Peak width calibration The peak fitting step of the analysis can be simplified,
by providing a calibration of the peak widths (i.e. the energy resolution as
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Figure 4.4: Measured peak widths as a function of the peak energy for the HPGe detec-
tors. Shown together with a quadratic model fit (solid line).

a function of energy) for each detector. This allows to perform peak fitting
with less parameters. Figure 4.4 displays the determined peaks widths for the
complete energy range together with the fitted model curve. From Gilmore [78]
the best model for this purpose is the square root quadratic model:

w = Va2 +b2x +c2x?, (4.5)

with three fit parameters a, b, and ¢ corresponding to different contributions to
the total uncertainty of the peak position.

LaBr detectors

Normally the procedure of energy calibration for the LaBr;:Ce detectors should
be the same as for the HPGe detectors. During the experiment commission-
ing phase it was found that some components in the read-out introduce strong
non-linear effects, such that a simple linear model can not be used for energy
calibration. Instead, a third order polynomial is used:

E=ax*+bx* +cx+d, (4.6)

with four fit parameters a — d. Naturally, compared to the linear model it is not
advisable to fit such a function only at low energies and extrapolate the calibra-
tion to higher energies. Consequently, the calibration of the LaBr;:Ce detectors
requires the use of high energy calibration points such as from calibration stan-
dards like *?S or "B or directly from the measured data. The upper part of
Figure 4.5 shows an exemplary set of calibration data for an LaBr;:Ce detector
together with a linear model fitted to the lowest four data points and the cubic
model fitted to all data points simultaneously. The strong deviation from the
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Figure 4.5: Top: LaBrs:Ce energy calibration data shown together with a linear fit (dot-
ted) to the lowest four data points and a cubic model fitted to all points (dashed). Error
bars are smaller than the plot markers. Bottom: Deviation A of measured data from the
cubic model.

linear model at higher energy is clearly visible. In the lower part of the figure
the deviation from the cubic model is shown. It is apparent that the cubic model
describes the data much better. Applying this mapping to the data will result in
a seemingly correctly calibrated spectrum, but the local deviations from a perfect
calibration lead to problems when trying to unfold the detector response. This
problem was already described above and illustrated in Figure 4.2. An improper
calibration shows up as nonphysical oscillations in the spectrum after the unfold-
ing step. Using the different FOM values defined above it is possible to judge on
the quality of a given calibration and select the one resulting in the best Figure
of Merit. The exact peak area in the LaBr;:Ce spectra is later only important in
the context of determining the average branching ratio (see Section 4.3.3), such
that only the energy region around the beam energy is of importance. Therefore
only a local variation of the calibration is necessary to improve the unfolding
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Figure 4.6: Different indicators for correct calibration. The errors are determined from
varying the spectrum within its statistical errors and repeating the unfolding procedure.
Top: Figure of Merit from the integration of the single-escape region of the spectrum.
Applied to results from both the Top-Down and the Gold method. Bottom: x?* test
comparing the Gold unfolded and re-folded spectrum with the original.

result. This is done by stretching or compressing the spectrum locally around
the mean beam energy. The different FOM values are shown in Figure 4.6 over
the stretching parameter f. In order to estimate uncertainties for this procedure,
the initial spectrum is varied within its statistical uncertainties, stretched with
the parameter f, unfolded, and then the FOM values are determined. This pro-
cedure is repeated 50 times. Apparently FOMtp shows the clearest indication of
a minimum, but the different FOM values agree closely with each other.

4.1.3 Efficiency calibration

The energy dependence of the detection efficiency for the different detectors
has to be determined in order to derive absolute values for cross-sections in the
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Figure 4.7: Full energy peak inefficiencies of both detector types during the 14°Ce beam
times in 2012 and 2013. Show in solid lines are the results from the GEANT4 simulations.

analysis. Radioactive sources with a known activity can only be used up to an
energy of 3.6 MeV. Therefore the efficiency is determined by using a combination
of radioactive sources for the low-energy efficiency calibration and extrapolating
to higher energies with the help of Monte-Carlo simulations (GEANT4). The
absolute photo peak efficiency depends on the detector geometry (including any
tilters and shielding) and the intrinsic efficiency of the detector type, and can be
expressed as:

€wt(E) = €geo(E) ~ €intr(E) * €shietd (E) (4.7)

to stress that the different influences in the total efficiency can be factorised
into independent parts. However, this separation is in fact not necessary in
the current analysis, because for each detector geometry and for each set of
shielding and filters a separate measurement with radioactive sources was done.
The total efficiency for a specific peak in the source spectrum with energy E; is
thus determined with the following equation:

Ay

€wot(Ei) = N T ot

: (4.8)

with the measured peak area A;, the source activity at the time of measure-
ment N, the relative emission probability for a photon of this energy I; and the
measurement time corrected for dead-time tne,s. For efficiency calibration of
the data taken in the 2012 and 2013 experimental periods, source measurements
with both a **Co and a “°Co source were done. The efficiency was determined
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Figure 4.8: Wireframe model of the geometry used for the GEANT4 simulations.

for each detector separately and the results are shown in Figure 4.7 (on the left
for 2012 and on the right for 2013). To allow for correct interpolation at ener-
gies in between the data points and for extrapolation to higher energies up to
10 MeV, Monte-Carlo simulations with the simulation framework GEANT4 [93]
were done. Evidence for validity of this procedure was already given for this
kind of experimental setup in [100]. The simulation results are shown as solid
lines in the figure. In the 2012 measurements the 1.77MeV data point in the
LaBr;:Ce data was systematically higher than predicted by the simulation, be-
cause of indistinguishable contributions from background radiation. The large
difference between the deficiencies for the 2012 and the 2013 data is mainly due
to the changes in the detector geometry (see Section 3.6).

Figure 4.8 shows a wireframe model of the geometry implemented for the
simulation. Special care was taken to reproduce the geometry close to the target,
i.e. the target holder and the beam pipe as well as lead shielding and the radia-
tion filters in front of the detectors. To avoid possible alterations of the simulated
efficiency shape no analytic function was fitted to the simulated curve. Instead
the simulation was performed with a sufficient granularity of 1keV for the gen-
erated photons. For each energy 1 x 10® photons were generated to be able to
neglect the statistical uncertainty on the simulated spectra. Figure 2.3 shows a
simulated HPGe spectrum for three different photon energies (511 keV, 2000 keV
and 5000 keV). The change in the shape of the detector response function can be
seen clearly. For each simulated spectrum the counts registered in the full energy
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peak were counted and divided by the number of simulated photons to calculate
the detector efficiency. The simulation results are shown in Fig 4.7 together with
the measured data. To take into account the effect of a finite detector thresh-
old the simulated efficiency curve was truncated at the threshold energy Eg,, by
weighting it with a washed-out step function with a variable diffuse parameter
d:

1
[ €sim(Ei) . (49)
l—e a

€sim,thr ( Ei ) -

The two parameters Ey, and d were fitted using iteratively scanning the param-
eter space and minimising x*. Due to the good accuracy of the simulation the
measured efficiency was reproduced very well. Deviations from the measured
efficiency could be attributed to the measurement uncertainty for the distance of
the detectors from the target.

41.4 Event selection

The list mode data acquired with the MBS system allows for selecting subsets
of the recorded events by requiring restrictive conditions (often called ‘cuts’)
for an event. The condition can extend to any of the recorded energies, times,
and additional information. Two selections are particularly useful in the current
analysis, namely the trigger selection as well as the detector timing selection.

Trigger selection Trigger selection involves constraining the recorded trigger
pattern (TPAT) to all values that include the wanted trigger condition. If for
example only those events with a coincidence between LaBr;:Ce and HPGe de-
tectors are of interest, then TPAT is constrained to all values where the second
bit is set to logic ‘1. This is done efficiently by testing whether or not this bit is
set using a bit-wise AND operation:

(TPAT&4) == 4. (4.10)

In the ROOT framework the resulting event numbers that satisfy this selection
can be easily saved to disk as an EntryList using the TTree: :Draw method. In
subsequent analysis passes over the same data the list of entries can be reloaded
and applied to the same TTree again using the TTree: :SetEntryList method.

Detector Timing selection In addition to trigger selection it is also possible
to put constraints on the relative timing between detector signals. This cre-
ates a proper coincidence condition yielding in a reduced amount of random
background radiation or intrinsic radiation from the LaBr;:Ce detectors. Also
a selection of a proper timing relation to the beam pickup monitor allows to
select events in coincidence to the incoming photon beam (i.e. with a cut on the
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Figure 4.9: Energy spectra of LaBr3 resulting from different conditions on the beam
pickup time spectrum for this detector (tppy — tiap3)- The respective ranges are marked
in the inset. Top: Cuts on the prominent coincidence peaks yield the events stemming
from reactions of the beam with the target. Bottom: Several sources of background can
be identified with cuts on other parts of the time spectrum: (Green) Compton scattered
photons from the reaction, (Red) Scattered photons from surrounding geometry, (Blue)
Natural background.
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Figure 4.10: Time difference spectra for an HPGe and an LaBrs:Ce detector with respect
to the time measured in the LaBr3.

“prompt” peak in the spectrum). The inverse condition on the other hand pro-
duces a spectrum containing mainly background radiation and only a very small
amount of beam related events. This effect is shown in the spectra in Figure 4.9.
The top part shows the recorded **S data (2013, run 150) for one of the LaBr;:Ce
detectors (LaBr3), while the lower part shows the same data with complemen-
tary conditions. These allow to identify several different sources of background
in the ungated spectra. Unfortunately, due to a failure in the electronics, the
BPM signal was not available for the '*°Ce measurement and this kind of selec-
tion is not possible in the current analysis. The failure was discovered shortly
after the °Ce measurement and the BPM signal is present in all data recorded
afterwards.

A coincidence between two detectors is defined by using the time differ-
ence spectrum between the signals of the corresponding detectors (LaBr4 and
HPGe3). Figure 4.10 shows a timing histogram for two detectors with respect to
LaBr3. The detector times are plotted with respect to the time of the LaBr3 detec-
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Figure 4.11: Natural background energy spectrum as measured with the LaBrs:Ce and
HPGe detectors over the course of 24 h.

tor. In both cases the prompt peak containing the coincidences is well separated
from the peaks stemming from random coincidences of adjacent beam bunches.
Applying a condition that only selects the main peak avoids bunch mixing and
suppresses random coincidences.

4.1.5 Background estimation

Contributions in the recorded spectra which do not stem from the NRF reaction
are typically regarded as ‘background’ radiation. The most prominent types
of background encountered in the measurements are discussed here and are
treated as part of the analysis.

Natural random background radiation First the background radiation orig-
inating from the immediate surrounding of the y* setup is considered. Fig-
ure 4.11 shows an energy spectrum of the background radiation recorded over
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Figure 4.12: Simulation of the non-resonantly scattered radiation for four different beam
energies. The shape of the beam profile has been taken into account.

the course of 24 h in logarithmic scale (Top: HPGe, bottom: LaBr;:Ce). The most
prominent peaks are labelled with the corresponding isotope. Due to the limited
resolution and the large contribution of intrinsic radiation in the LaBr;:Ce spec-
trum most of the peaks visible in the HPGe spectrum can not be distinguished.
The approximate energy of the CFD thresholds are marked with an arrow in
both cases. The intrinsic background radiation in LaBrs;:Ce is due to the de-
cay of the isotope '*®*La with a natural abundance of 0.09 % via electron capture
and beta decay [101]. Additional contribution to the background at higher en-
ergies is due to the decay of ?*Ac impurities in the crystal [102]. At energies
above 2.7MeV the spectra contain only events due to interaction of cosmic ra-
diation with the detectors. This background contribution is only important in
singles spectra, because a coincidence condition very effectively suppresses nat-
ural background.

Non-resonant beam background The second important source of background
radiation is the photon beam itself. Since only a small amount of the pho-
tons passing through the target participate in the NRF reaction, the fraction of
photons which are scattered in the target by means of non-resonant processes
(Thomson or Compton scattering) is quite substantial and constitutes a large
percentage of the events in the recorded spectrum. Since this type of back-
ground is correlated to the photon beam and is stemming from the target, it
cannot be distinguished from the photons emitted in the NRF reaction. How-
ever, with the help of GEANT4 it is possible to simulate exclusively this sort of
background contribution. Examples are shown in Figure 4.12 for four different
energies (5.2MeV, 6.1MeV, 7.15MeV and 8.3MeV). The simulations take into
account the spectral distribution of incident photons and the detector geometry
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of the y3-setup. From these examples it is apparent that the main contribution
from non-resonant background is located at low energies and extends in an ex-
ponential manner up to slightly below the energy of the beam energy.

Fully synthetic spectrum When all considered sources of background are taken
into account and all other sources are comparatively less relevant, it should be
possible to fully reconstruct the measured spectrum. In this procedure for each
of the known states the simulated detector response is added up in accordance
with Equ. 2.8 including the transition strength, the number of target nuclei, the
detector efficiency and the measurement time. This spectrum is folded with a
Gaussian distribution of variable width corresponding to the detector resolution
that was determined as described in Section 4.1.2. To this spectrum the dif-
ferent background contributions are added. The natural background is scaled
according to the measurement time. The non-resonant background scales with
the photon flux. Figure 4.13 shows the measured spectrum in the top part, the
synthetic spectrum in the middle part together with all constituents, and the
relative difference between the two in the bottom part. The difference is usu-
ally below 15 % for an energy above the threshold at 1 MeV, which means that
all major features in the spectrum can be explained and have been taken into
account for the reconstruction. This shows convincingly that other sources of
background must be small. They have been reduced to a minimum by proper
beam collimation, detector shielding, and the evacuation of the beam pipe as
shown in Section 3.2.1.

4.1.6 Determination of the photon flux

The number of photons available for a reaction during the experiment is typ-
ically called the photon flux N,. Equation 2.8 requires the knowledge of the
photon flux in order to determine absolute cross-sections. In NRF experiments
with a photon beam produced via bremsstrahlung the photon flux can usually
be measured directly using a calibration standard such as ''B as a secondary
target (see e.g. [29, 103]). At the HIyS facility this procedure is not possible,
because in most cases the nuclear levels used for calibration are not excited with
the same energy setting that is used for the measurement. Thus, other ways for
obtaining the photon flux have to be pursued. These methods have already been
mentioned before in Section 3.4.1. Here the analysis is described in detail, and
the results that are used for the *°Ce experiment are determined.

Several techniques to determine the photon flux can be employed. The sim-
plest method is applicable, if the ground-state transition strengths of the promi-
nent states in the measured energy region and the energy profile of the beam are
already known to a good precision. In this case the beam profile can be fitted to
the measured peak areas, weighted by the known strengths. The resulting scal-
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Figure 4.13: Spectrum reconstruction. Top: Measured LaBr3:Ce energy spectrum at
5.2MeV. Middle: Reconstructed spectrum (black) and its constituents (red, blue, and
grey). See text for details. Bottom: Relative difference between measured and recon-
structed spectrum.

65



4.1. Experimental procedure Chapter 4. Data Analysis

r 5.2 MeV - 7.7 MeV ;
100 | 4 120r ]
g0 | ] 100 i 7
5 60 F 13 i
o L © 60 7
o 40 F i o A
I 40 .
20 - 20 N -
0 M 1 M 1 1 0 M 1 M 1 M L
44 46 48 50 52 54 56 70 72 74 76 78 80 82 84
Energy [MeV] Energy [MeV]

Figure 4.14: Unfolded beam shape (black) together with the fitted model function (red).
The beam shape for the lowest and the highest energy are shown. Data points for the
normalisation are displayed in blue.

ing factor represents the photon flux. The second method uses the information
from the first method, but allows to extend the energy range to regions where
no strengths are known beforehand. The beam intensity is measured behind
the collimator using a thin (2mm) plastic scintillator paddle. From the count
rate on the paddle and the energy dependent energy loss it is possible to deter-
mine a relative scaling factor for two different beam energy settings. Care must
be taken at higher intensities where the count rate on the paddle approaches
200kHz, since then pile-up effects start to play a role and artificially decrease
the measured count rate. The last method is based on the fact that only a neg-
ligible fraction of the photons in the beam participate in a reaction in the target
material, while the rest continues until the end of the beam line. A 1mm thick
Cu plate is placed in the beam at a distance of 110 cm behind the target. The
elastically scattered photons from this plate are then detected by an HPGe detec-
tor placed at a scattering angle of 7°. With the help of Monte Carlo simulations
it is possible to derive the absolute photon flux of the incident beam from the
number of scattered photons. This method can be used as a cross-check for the
other two methods, however this analysis it was not used.

Normalisation to known transitions

As described in Section 3.4.1 the energy distribution of the incoming photon
beam can be determined using the zero degree detector (ZDD). If the integrated
cross-section for at least one transition in the measured spectrum is known, the
normalisation can be performed. To obtain an absolute normalisation of the
photon flux, the energy distribution is scaled to this cross-section. In the case of
140Ce this is possible in the energy range from 3.6 MeV to 7.7 MeV, where tabu-
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lated values from experiments with bremsstrahlung are available [63, 104]. The
normalisation procedure is as follows: The spectral shape of the photon beam
is measured using the ZDD and unfolded using the DET_RESP_CORR program
to yield the pure beam spectrum (see Section 3.4.1). For further calculations a
model function is fitted to the unfolded beam shape, in order to have a suit-
able analytic description for a fitting procedure. This function is expressed as
the sum of two Gaussian distributions with similar width separated by a small
energy difference. Figure 4.14 shows the unfolded beam shape (black) together
with the fitted model (red) for the lowest (5.2MeV) and the highest (7.7 MeV)
energy setting where experimental data are available. It is clear that the chosen
model represents the data very well independent of beam energy. The model
beam shape is normalised, such that the area under the Gaussians is unity. This
allows to separate the photon flux into a scaling factor N, , and an energy de-
pendent shape:

N, =N, -n,(E) (4.11)

For each energy setting all tabulated values for known cross-sections I; within
the beam energy range are selected. The corresponding peak areas A; in the
measured spectra are used to determine the scaling factor for the specific beam
energy setting via least-squares optimisation:

Ny -y (Ey) = (4.12)

Ii - e(Ei) - Nt
Using this technique the photon flux at the beam energy settings from 5.2 MeV to
7.7MeV is determined. The resulting values for the photon flux for all energies
are summarised in Table 4.2.

Normalisation to the incoming photon beam

As mentioned in Sec. 4.1.6, a thin scintillator paddle is placed in the photon beam
behind the collimator. The total count rate observed in this detector is therefore
proportional to the integrated photon flux. However, in order to provide an
absolute calibration, the proportionality factor has to be determined. This is
done using the values for the absolute photon flux at lower energies, determined
via known cross-sections as explained above and extrapolate this calibration to
higher energies. Figure 4.15 shows the measured paddle counts as a function of
the beam energy and also the ratio of the counts over the flux N, ( as determined
from known transitions. Data from [63] as well as from [104] have been used.
Fitting a linear function to the two data sets allows to extrapolate to higher
energies. From the figure it is clear, that a systematic difference between the two
data sets exists. Using the extrapolation it is possible to determine the photon
flux in the complete energy range. The result is shown in the lower part of
Fig. 4.15. Filled squares mark the values determined from [63], and open squares
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Figure 4.15: Top: Measured counts from the paddle scintillator as a function of the beam
energy. Middle: Ratio of paddle counts and N, o from known transitions. Solid (open)
squares indicate that data from [63] ([104]) was used. The lines show the result of a
linear fit to the data points. Bottom: Determined scaling factor N, o. The data points
at high energy (marked in Table. 4.2) are determined by extrapolation. An additional
uncertainty of 20% has been assigned.
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Table 4.2: Determined values for the photon flux N, o for each energy setting. Values
have been calculated using known cross-sections from [63] and [104]. Values at high
energy (as indicated) have been extrapolated as described in Sec.4.1.6.

Ebeam [MeV] Ny o [T 10"%y]" Ny o [1 % 10"%y]°

5.2 31.8(6) 43.6(17)
5.4 18.1(16) 25.8(5)
5.6 44.4(21) 57.7(19)
5.9 41.4(52) 68.8(53)
6.1 46.2(18) 69.2(22)
6.3 47.6(26) 76.0(16)
6.5 55.8(20) 95.1(18)
6.8 42.4(56) 85.7(27)
7.15 30.6(76) 79.8(32)
7.4 25.7(46) 42.1(17)
7.7 44.6(92) 84.9(91)
8.0 36.0(105)¢ 66.8(134)
83 46.7(97) 88.7(213)

2 Determined with data from S. Volz [63]
b Determined with data from C. Romig [104]

¢ Extrapolated values

indicate the values extrapolated from [104]. Since the data from [104] extends to
slightly higher energies, and includes more transitions in the full energy range,
they will be used for the photon flux in the following analysis.

4.2 Singles spectra

Singles spectra for the HPGe detectors were recorded with the GENIE data ac-
quisition. In addition, LaBr;:Ce singles spectra are produced from the recorded
MBS list mode data. They have been used for the determination of the ground
state branching ratio, and for energy calibration of these detectors.

4.2.1 Angular distributions

In Chapter 2 the analytic description for angular distribution of a y-ray emitted
from a nuclear state was introduced. To be able to sum up spectra from different
detectors and to obtain parities and total cross-sections, the angular distributions
have to be taken into account. The probability to detect a photon v, in the direc-
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tion (04, ¢,) from an excited state J, is given by Equation (2.16). This equation
can be simplified for the transitions that occur during the analysis:

Woi 1v 500 (8, @) _1+T2 [(3-cos?0—1) +cos2¢-3- (1—cos’0)]  (4.13)
Wor1-—0+(0,9) =1+ % [(3-cos®0—1) —cos2¢-3- (1 —cos’0)]  (4.14)
Wos L1t 0+ (0, 9) = 1+ %[(3 cos’®@—1) +cos2¢ -3 (1—cos’0)]  (4.15)
Wi 1 0r (0, @) = % [(3-cos?0 —1) —cos2¢ -3+ (1—cos?0)]  (4.16)

Attenuation factors Q- (see below in Section 4.3.2) have been introduced to take
into account the finite opening angle of the detector. It is clear from the equations
that the angular distribution in the case of a decay to an excited 2" state is much
more isotropic compared to the case of a decay to the ground state or an excited
0* state. This fact can be useful in the analysis, when separating the decays to
the 05 and the 2{ state, which have an energy difference of only 307 keV.

4.2.2 Extraction of cross-sections

The energy integrated cross-sections I; for each investigated transition are ob-
tained directly from Equ. (2.8), when the detection efficiency is determined as
described in Section 4.1.3, the number of photons as shown in Section 4.1.6, and
the angular correlation is taken from Section 4.2.1. The number of target nu-
clei Ny is determined from the target thickness shown in Table 4.1. The energy
integrated cross-section is determined according to:

Aq
Nt - €rot(Ei) - Ny - Wegt(0, 0, AQ)

In addition it is possible to determine the total photo-absorption cross-section
from the HPGe singles data, when the sum of all integrated cross-sections deter-
mined from individual states is calculated:

o(E) _ L > I(E) (4.18)

Lok (E) = (4.17)

The sum is normalised by dividing by the energy interval AE that contains the
states that have been taken into account for the sum. For each particular beam
energy setting, one value for o is determined.

4.2.3 Parity measurement

A standard technique for parity measurement involves measuring the emitted
radiation from several different angles. It is clear from equations 4.14 and 4.13,
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that measuring the emitted radiation from the two angles (0, ¢) of (7,0) and
(7t, ) is sufficient to distinguish between positive (07 — 17 — 07) and negative
parity (07 — 1~ — 07) for the excited state. The respective angular distributions
are displayed in the top row of Figure 2.2. The experimental asymmetry

_ Nu—Ny

€= ——M—
Ny + Ny

(4.19)

with the efficiency corrected peak areas from the horizontal (Ny) and the ver-
tical (Ny/) detectors is an optimal discriminator for the two cases. For the two
positions mentioned before the asymmetry is +£1 for J™ = 1* states in case of
infinitesimally small detectors at (7,0) and (7, 7). In the y* setup the detec-
tors were positioned at different angles for the two different beam times in 2012
and 2013 as illustrated in Figure 3.4. The placement of the HPGe detectors at
backward angles (0 = 2m) reduces the asymmetry from +1 to +1/3. The finite
opening angle of the detectors (Q, > 1) further reduces the the asymmetry to

40.70 for the 2013 data and +£0.3 for the data from 2012.

4.2.4 Branching ratios to excited states

From the singles spectra it is not only possible to investigate direct transitions
back to the ground state (shown in red in Fig. 4.16), but in addition the fraction
of inelastic transitions, which populate the low-lying excited states (shown in
blue in Fig. 4.16), can be determined. The extraction of branching ratios for in-
dividual states is difficult, because the sensitivity for these transitions is usually
not sufficient in the singles data. The low-lying excited states show a strong
population, even though they are not directly excited in the HIyS experiments.
In most cases these states themselves decay with a high probability to the 2
state. Therefore, the population intensity of the 2] can be used to measure the
average branching ratio from the excitation energy region to other excited states.
In recent experiments [30, 32, 66] this method was used to determine the inelas-
tic part of the photo-absorption cross-section. The average branching ratios to
excited states are determined from the peak areas of the decays of the low-lying
excited 2" states. The obtained numbers can only be an estimate, because these
2" states need not necessarily be populated directly from the initial state, but can
also be part of a multi-step cascade. This leads to systematically higher values
for the obtained average branching ratios.

4.3 Analysis of y-y coincidence data

From the MBS list mode data it is possible to select only events that satisfy
the coincidence condition (see Section 4.1.4) and create 2D energy histograms
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(or coincidence matrices) for any pair of detectors. Combinations of the type
HPGe-HPGe, HPGe-LaBr, and LaBr-LaBr are possible. Figure 4.17 shows such
matrices for the sum of coincidences between any HPGe detector and any LaBr
detector on the left, and the corresponding matrices for coincidences between
any two LaBr detectors. The beam energy progresses from 5.2 MeV to 8.3 MeV.
These energies will serve as an example to illustrate the following analysis steps,
which have been performed in an analogue manner with all measured energies.
In the 8.3 MeV energy setting the CFD thresholds at about 500 keV for the HPGe
detectors and at 1 MeV for the LaBr detectors suppress the low-energy signals.
Concentrations of events are visible as vertical and horizontal lines in the matrix.
These usually correspond to the decay of a low-lying state in coincidence with
the detection of a primary photon emitted from a state in the excitation region.
The most prominent lines are at an energy of 1.596 MeV, i.e. the energy of the
2 state (see Fig. 4.16 for reference). In the direction of the x-axis the lines
are thinner compared to those in the direction of the y-axis, which is due to
the different energy resolution of the two detector types. The main differences
in the LaBr-LaBr matrices compared to the HPGe-LaBr case are directly visible:
The energy resolution of the LaBr;:Ce detectors is much lower resulting in broad
lines in both directions. On the other hand the high detection efficiency results in
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Figure 4.17: Matrices containing coincident events between any HPGe and LaBr detector
(left) and between LaBr and LaBr detectors (right). The beam energy is 5.2MeV (top),
6.5MeV (middle), and 8.3 MeV (bottom).
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better statistics, especially at higher photon energies. At higher beam energies,
this leads to a better visibility of many more lines that correspond to the decay
from other low-lying (27") states.
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Figure 4.18: Projections of the coincidence matrix from Fig. 4.17 at 8.3 MeV on the y-axis
(HPGe, Top), and on the x-axis (LaBr, Bottom). Singles spectra are shown in grey as a
reference. A few of the transitions from low-lying states to the ground state are visible.

4.3.1 Projected spectra

From the data in the coincidence matrix a slice is projected out into a new
energy-gated spectrum. If the matrices from Fig. 4.17 are considered, two possi-
ble projections are meaningful: At first the projection can be done over the com-
plete x- or y-axis, thus summing up all the entries in the matrix, and producing
the spectra shown in Fig. 4.18. In comparison to the singles spectra (drawn in
grey colour), the peaks from elastic decays are suppressed and the continuous
background contribution is greatly reduced. In the HPGe spectrum some low-
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Figure 4.19: Energy gated spectra from a cut on the decay of the first 27 in the coinci-
dence matrices at a beam energy of 5200 keV. The resulting spectrum after the cut (black)
and the spectrum with a cut in the background region next to the peak are shown (grey).
The inset shows the two different cut ranges to produce the spectrum corresponding to
the coincidence (shaded), and the background spectrum (solid grey).

energy transitions are visible that were indistinguishable from the background
in the singles spectrum.

A projection on the y-axis (HPGe) over only a small energy interval in the
x-direction (LaBr) acts as a more restrictive condition on the energy that was de-
tected in the LaBr detector. The same can be done for the HPGe detector. If the
selected energy range corresponds to the energy of a low-energy transition, such
as for example from the first 2 excited state, the projected spectrum contains
almost exclusively peaks at energies corresponding to the transitions that popu-
late this specific low-energy state. Such projected spectra are shown in Figs. 4.19
and 4.20. The energy selection was done by selecting all events in a 20 region
around the mean energy of the first 2* state in the HPGe-LaBr matrix and the
LaBr-LaBr matrix, respectively. The black spectra are the result of the cut, and
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Figure 4.20: Energy gated spectra from a cut on the decay of the first 2* in the co-
incidence matrices at a beam energy of 8300 keV. The resulting spectrum after the cut
(black) and the spectrum with a cut in the background region next to the peak are shown

(grey).

the grey spectra are the result of a cut on the background. The background cut
was done with an additional energy cut on the same matrix, but 4 higher in
energy, next to the 2* peak (see inset in Fig. 4.19 to see the different cut ranges).
Low energy events are suppressed using a CFD threshold at about 1.6 MeV in
the LaBrs;:Ce spectrum in the lower part of Fig. 4.20, leading to a different struc-
ture in the low-energy part of the energy-gated spectrum. From the figures it is
apparent that the background contribution in the excitation region is very small
compared to the contribution from the primary decays into the low-lying excited
states. The spectra contain mainly the primary decays including the detector re-
sponse. In Fig 4.19 the structure of the detector response with a full-energy peak
and single-escape peak is clearly visible. Due to the high level density and low
statistics, single states can only be resolved in a few cases, even in the HPGe
spectra. Average values are determined otherwise.
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Figure 4.21: Unfolded energy gated spectra for the beam energy 5.2 MeV. Top: Measured
spectrum (grey) shown together with unfolded spectrum using the Top-Down method
(black) and the beam shape (red,dashed) shifted by the energy of the first 2" state.
Bottom: Same spectrum, but unfolded using the Gold method.

To be able to integrate the full-energy peak region in the energy gated spectra,
the detector response has to be removed by spectrum unfolding. The appropri-
ate methods were already described in Section 4.1.1. After applying the two
different unfolding methods to the LaBr;:Ce spectra from Fig. 4.19, the result-
ing unfolded spectra are shown together with the measured spectra in Fig. 4.21.
The red dashed line indicates the energy profile of the photon beam, shifted by
the energy of the first 2*. A clear peak at the energy corresponding to the en-
ergy of the primary transitions (marked with blue arrows in Fig. 4.16) is visible.
From these unfolded spectra the integrated cross-section for the decay to the
first 27, averaged over the excitation energy region, is determined by integrat-
ing this peak. For this purpose the spectra are integrated in the region marked
in Fig. 4.21 with the red dashed line. The resulting peak areas are in this case
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321(36) for the Top-Down unfolded spectrum, and 270(34) for the Gold unfolded
spectrum.

4.3.2 Angular correlation

In Chapter 2 the analytic description for angular correlations of two y-rays emit-
ted from the same nuclear state was introduced. To obtain branching ratios and
cross-sections for the inelastic decays, the angular correlations have to be taken
into account. The probability to detect a photon vy, in the direction (64, ¢;) from
an excited state J, is given by Equ. (2.16). However, in the case of coincidence
measurements, the directional distribution of the second photon vy, emitted in a
cascade strongly depends on the emission direction of the primary photon (as il-
lustrated in Fig. 2.2). Therefore the angular correlation function from Equ. (2.19)
must be used. For each pair of detectors at the angles (0, ;) and (02, @2) a
value for the angular correlation is calculated and used in the analysis. To take
into account the finite solid angle of the detectors, the angular correlation is
attenuated using the formalism adopted from [76] (Chapter 14, Section 2). At-
tenuation coefficients Q,, are introduced in the angular correlation (Equ. (2.19)),
which leads to

dQ,dQ
W(01910292) = ———— Y (=12 + 1)2p)2 (Jo) AR (v1)Qa,

47t
AoqoA1q1Az2q2
7\1,7\2:even

Ay A A _
X Ax, (v2)Qu, (qz 0" q) (202 +1)7*Y2, 4, (0191) Vaoq, (022).
(4.20)
The attenuation coefficients are calculated according to
Qxr =Ta/Jo (4.21)

where the coefficients ], depend on the maximum angle v of a photon that
enters the detector with respect to the detector axis:

Jo = (1 —cosvy) (4.22)
1

Jo = 5 cosy(1 — cos?y) (4.23)
1

Ja= §(_3 cosy + 10 cos3y — 7 cos’ Y) (4.24)

Table A.3 in Appendix A.2 summarises the calculated values for all detector
combinations for the transitions (0¥ - 17~ - 27" - 07) and (0" — 17 — 27 —
0™).

78



Chapter 4. Data Analysis 4.3. Analysis of y-y coincidence data

4.3.3 Extraction of branching ratios

The ratio of the radiation width I} for the decay to a final excited state J; to the
total radiation width T" of a state at energy E (abbreviated simply as branching
ratio) is defined for single states as

nonE  nnyT
rrhe 3y . nh/T

bi(Js, B) = (4.25)

Only the relative radiation widths I3 /T" are experimentally accessible, such that
the branching ratio has to be expressed in terms of these quantities. Since the
energy integrated cross-section is proportional to the relative radiation width
Ioli/T, by can be expressed in terms of these cross-sections as well:

IinelastiC ( Jf ) E )
Itotal ( E )

If the detector resolution does not allow separating peaks belonging to single
transitions, only average branching ratios can be extracted. This applies for
example to the projected LaBr;:Ce spectra. In this case the average branching
ratio over an energy interval AE represents the ratio of the sum of the relative
radiation widths, and also the ratio of the averaged inelastic and total integrated
cross-section:

bi(Js, B) = (4.26)

<r0rj/r>AE _ ZEiEAE rovirj»i/ri _ <Iinelastic(lf7E)>AE
<F>AE ZEiEAE ri <It0tal(E)>AE

This quantity can not be determined directly from the singles data. Only the
average integrated cross-section to the ground state (I,(E)) is determined either
from the unfolded LaBr;:Ce singles spectra (see e.g. Fig. 4.1) or from the HPGe
singles data. The average integrated cross-section to excited states (Iinelastic(E))
can be estimated from the decay of low-lying excited states (see Sec.4.2.4). This
allows to determine the average total integrated cross-section to the ground state
(Liotal(E)) from the sum of the former two quantities. Together with the inelastic
part the average ground state branching ratio

<Igs(E)>
(Tgs(E)) 4 (Tinelastic (E))

(bi(Jr, E))ap = (4.27)

(bo) =

(4.28)

is determined.

From the coincidence data it is possible to directly determine branching ratios
of the states in the excitation region to individual low-lying states, and investi-
gate the decay behaviour of these states. The quantity

<Iine1astic(lf> E))AE
<Itotal(E)>AE

(bi(Jr, E)) ap = (4.29)
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is directly accessible. The average integrated cross-section to individual excited
states (Linelastic(J 1, E)) is determined from the unfolded energy-gated spectra (see
Fig. 4.19).

80



Chapter 5

Experimental results for >°S

In this chapter the results from the analysis of the *?S data are presented. Using
the data set recorded during the commissioning beam times in 2012 and 2013 it
was possible to determine the branching ratio of the 1" state at 8.125MeV in a
direct way and to unprecedented precision. The results from both measurements
can be compared, to check that the analysis has been carried out in a consistent
way.

The branching ratio is determined in a number of ways, due to the use
of different detector types and the comparatively large amount of data col-
lected. Comparison of the determined values from different detector combi-
nations yields important information about the performance of the y* setup and
shows in addition which level of sensitivity can be expected in the investigation
of other nuclei.

5.1 Branching ratio

At first the branching ratio of the 1* state at 8.125 MeV can be determined di-
rectly from the singles spectra, since the 1* state shows a rather strong branch-
ing transition to the 2{ state [106]. A simplified level scheme for S is shown in
Fig. 5.1, which illustrates the important transitions: The nucleus is excited with
a beam energy of 8.125MeV to the 1" state. It can then decay either directly
back to the ground state, or with a probability of 14 % via a cascade through the
first excited state (17 — 27 — 07). The decay via the 05 state and higher excited
states is less probable. Figure 5.2 shows the recorded HPGe spectrum in the top
part, and the peaks corresponding to the transitions of interest are marked. Since
the transition energies are well-separated, the singles spectra from the LaBr;:Ce
detectors (top part of Fig. 5.3) can be analysed in a similar way. As a measure
for the branching ratio b the intensity of the transition to the 2] state relative to
the strongest transition to the ground state was determined. Taking into account
the detector efficiency and the angular correlation of the emitted radiation, the
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81254 1"

8124.1 |4347.0 |5894.3

37784 188 0z Figure 5.1: Simplified level scheme of 32,
2230.6 2f showing the important transitions which
22305 are discussed. Energies are displayed in
o+ keV.
325

Table 5.1: Values for the branching ratio for the transition 17 — 2{ in 325 determined
from singles spectra and coincidences from the data taken in 2012 and 2013. Values are
given relative to the intensity of the ground state transition. The errors in brackets are
of pure statistical nature.

b [%] E, [keV] 2012 2013  Babilon et al. ENSDF
HPGe Singles 5894 17.5(13) 16.8(6) 16(4) 18(6)
LaBr;:Ce Singles 5894 17.1(3) 16.4(7)

HPGe-LaBr Coinc 5894 - 18.0(3)

LaBr-LaBr Coinc 5894 16.6(10) 22.7(5)

values for the relative branching ratio b in Table 5.1 are determined according
to:

A(5894) €(8125)W(0, @,1" — 07)
A(8125) €(5894) W(6, @, 1+ — 2)

b= 6.1)
These values agree with each other within their statistical error margins, such
that any systematical uncertainties seem to play only a minor role. As a com-
parison the values determined by Babilon et al. [106] and from the evaluated
nuclear structure data file (ENSDF) [107] are also shown in the table.

The determination of the branching ratio from singles spectra is in many cases
not feasible, because the involved transition probabilities are much smaller than
for this test case. In addition, a higher level density in the energy range, where
the nucleus is excited, leads to a higher background from the detector response
in the energy range of the inelastic transitions. Therefore the experimental sen-
sitivity for measuring the inelastic transitions in singles spectra is usually not
sufficient.

The method of y-y coincidences increases the experimental sensitivity, be-
cause ground state transitions are removed from the spectrum and background
contributions are strongly suppressed. In the y* experimental setup three dif-
ferent detector configurations for coincidence measurements are possible: Co-
incidences between any two LaBr;:Ce detectors, or between any two HPGe de-
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Figure 5.2: HPGe detector energy spectra of 32S at a beam energy of 8.125MeV. Top:

Measured HPGe singles spectrum with 329 target. Bottom: Coincidence spectrum
(HPGe-LaBr) with energy gate condition on the transition 2 — 07 .

tectors, or using any combination of LaBr;:Ce and HPGe detectors. The coinci-
dence requirement is such, that the energy of one of the detected photons must
equal the energy difference of the 2] — 0] transition. The resulting HPGe and
LaBr;:Ce spectra are shown in the bottom part of the Figs. 5.2 and 5.3. These
are almost background free spectra, showing exclusively the decay from the 1"
to the 27". In addition, both energy gated spectra show another transition that
was invisible in the singles spectra because of the large background contribu-
tion. This transition at an energy of 1.548 MeV corresponds to the decay of the
05 level to the 27 state. A small peak at the energy of the 2 is still visible in the
energy gated spectra, because a certain amount of background is present within
the energy gate below the peak. Those events are mainly part of the Compton
continuum of transitions at higher energies, which are in coincidence with the
decay of the 2. The values for the branching ratio determined from coincidence
data are also summarised in Table 5.1. The results from the measurements in
2012 and 2013 are comparable within their statistical errors, which shows that
the analysis has been performed in a consistent way. This fact is important for
the analysis of the *°Ce data, because the final result is based on data from both
experimental campaigns.
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Figure 5.3: LaBr;:Ce detector energy spectra of 32S at a beam energy of 8.125MeV. Top:
Measured LaBrs:Ce singles spectrum with 32g target. Bottom: Coincidence spectrum
(LaBr-LaBr) with energy gate condition on the transition 2" — 07 .

5.2 Angular distributions

The angular distribution of the emitted photons in a specific transition is directly
measured from the ratio of the efficiency corrected peak areas in the spectra.
Taking any two detectors i and j, the ratio R is defined as

R WL A g (5.2)

W(Gj, (p]) Aj €i

with the peak areas A; and full-energy peak efficiency €;. The measured ratio
is compared to the theoretical ratio that is expected for the transition and the
positions of the two detectors. In Fig. 5.4 the ratio R is plotted over the polar
angle of the second detector ¢ for 5 different cases encountered in the singles
spectra from 2012. The upper row shows the ratio measured with the backwards
(HPGe) detectors at an angle 6 = 7t/4. The data for the transition at 8.125MeV is
shown in (a), for the one at 5.894 MeV in (b), and for the transition at 2.230 MeV
in (c). The lower row shows the ratio for the LaBr;:Ce detectors at 6 = 7/2 for
the first two transitions. Here the transition at 2.230 MeV (2] — 0{) was not
analysed, because of the large background contribution in the spectra in this
energy range. In each of the five cases the corresponding theoretical ratio of the
angular distribution for the transition is shown as a solid line (see also Fig. 2.2).
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Figure 5.4: Measured angular distribution of emitted photons from 325 in singles spec-
tra. Shown is the ratio R = W;/W; over the angle ¢ between the two detectors. (a), (b)
and (c) show R for azimuthal angle 6 = 7t/4, while (e) and (f) show R for 6 = 7/2.

This analysis shows, that the using the data from the backwards detectors the
three different angular distributions can be distinguished, while the LaBr;:Ce
detectors were positioned in such a way that the data fits any of the distributions.

The availability of y-y coincidences allows a more in-depth study of the an-
gular correlations of two emitted photons in a cascade. As shown in Sec. 2.2.3,
the angular distribution of the second photon depends strongly on the direction
of the primary photon (see panels (e) and (f) in Fig. 2.2). This effect can now be
studied by investigating the (0] — 17 — 2] — 07) transition in the coincidence
spectra. The direction of the first photon from the transition (17 — 27) is deter-
mined by observing it in one of the detectors at © = 71/2. In the analysis this is
done by creating an energy gate condition for the energy corresponding to this
transition (5.894 MeV). Four cases are discussed here, namely the detection of
the first photon at an angle ¢ = 0 or at ¢ = 71/2, and the detection of the second
photon either at 6 = 7t/2 or at ® = /4. The secondary transitions (27 — 07)
observed in the energy-gated spectra of the other detectors reflect the angular
correlation. The efficiency corrected peak areas corresponding to this transition
are used to determine the angular correlation. In Fig. 5.5 the resulting value
of the angular distribution W for these cases is shown. The solid line indicates
the theoretical calculation according to Equ. 2.19. For the measured values the
energy gate was done with the LaBr3 and LaBr4 detectors, observing the pri-
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Figure 5.5: Measured angular distribution of emitted photons from 32S in coincidence
spectra, with the condition that the primary photon was detected at (6, ¢) = (7/2,0) and
(0, @) = (t/2,7t/2). Shown is the angular distribution W(01, @1, 02, @2) as a function of
the polar angle ¢ of the second detector.

mary transition (0, ¢,) at an angle of ¢; = 0 (left column) and at an angle of
@1 = m/2 (right column), while the secondary transition was observed in the
HPGe detectors (03, @2) at an angle of 6, = 71/2 (top row) and at an angle of
0, = /4 (bottom row). Even though only two data points were determined for
each case, a clear difference is observed. In addition, the resulting values are
close to the expected value from the theoretical calculation. The investigation
of the coincidence data shows, that it is necessary to take angular correlations
of the emitted photons into account. However, this is only feasible, if sufficient
statistics are accumulated in coincidence spectra.
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Chapter 6

Experimental results for 1*'Ce

The experimental results presented in this chapter are based on the measure-
ments carried out during the y* campaigns in 2012 and 2013. At the HIyS facil-
ity the 2.3 g 1*°Ce target was irradiated with photons at 13 different beam energy
settings covering an energy range from 5.2 MeV to 8.3 MeV. Singles data as well
as coincidence data were recorded with the y? setup as described in Chapter 3.
The analysis performed on the data to yield the results below is described in
detail in Chapter 4. This chapter first focuses on the results from the singles
data. New electric dipole states have been discovered throughout the complete
energy range due to the increased sensitivity and the comparatively long mea-
surement time. Parities for most of these states and B(E1) strengths have been
determined. The coincidence data allows to extract discrete as well as average
branching ratios for the transitions to low-lying excited states.

6.1 Nuclear levels

In the analysis of the singles data from the GENIE data acquisition system
ground state transitions from a total of 210 distinct ] = 1 states were measured.
So far, 42 of these states were already known and are published in [63]. Table A.1
in Appendix A.1 lists all states in detail. Figure 6.1 shows the individual B(E1)
strengths in comparison to the values from Volz et al. [63] as a function of the
excitation energy. As described in Sec. 4.1.6, the known values of [104] are used
in the present analysis for the absolute normalisation. In Tab. A.1 the states used
for the normalisation are marked. The total B(E1) transition strength is calcu-
lated according to Equ. 2.9 as the sum of the B(E1) strengths of the individual
transitions:

> B(E1) 1=421(5) x 10 *e’fm?, 6.1)

corresponding to 0.57 % of the energy-weighted sum rule (EWSR) for isovector
dipole excitations [108], if a branching ratio to excited states is neglected (i.e.
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Figure 6.1: B(E1) strength determined for the dipole excited states in '°Ce. The figure
shows the data from this work in the upper half, and the known strengths from [63] in
the lower half. The black line marks the sensitivity limit.

I[o/T = 1). This assumption was used for many experiments in the past, be-
cause it was not possible to directly measure the branching ratio. It is shown
below that with the new y? setup such measurements are now possible and
have a considerable impact on the magnitude of the B(E1) transition strength.
The summed B(E1) strength in the energy range from 3 MeV to 8.5MeV can be
compared to the previously measured value of 308(59) x 1073 e? fm? from [63].
The newly determined value includes only statistical uncertainties. Systematic
errors introduced by the photon flux calibration amount to 20 % for the states
above 7.5MeV, i.e. 21 x 1073 e* fm?. Figure 6.2 compares the B(E1) strength to
the values predicted by a QPM calculation [65]. The distribution of the levels
is very similar, and the magnitude of the strength is also comparable. The cal-
culation predicts a summed B(E1) strength of 797 x 1073 e fm?, which is about
90 % more than what was measured. The amount of missing strength can be
attributed to the fact that peaks below the sensitivity limit could not be taken
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Figure 6.2: The B(E1) strength determined for the dipole excited states in 14°Ce shown
together with the values predicted by a QPM calculation from V.Yu. Ponomarev [65].
The red lines show the accumulated strength as a function of the energy.

into account. Also the branching ratio to excited states was neglected. The accu-
mulated strength as a function of the energy (red lines in Fig. 6.2) indicates that
the strength distribution predicted by the QPM is also shifted to higher energy.

6.2 Parity measurements

Parity measurements of the investigated states can be performed with the help
of the experimental asymmetry e (Equ. 4.2.3) introduced in Section 4.2.3. Fig-
ure 6.3 shows the measured asymmetries for all investigated states above the
sensitivity limit. The finite opening angle for the detectors has been taken into
account in the asymmetry, such that a value of —0.3 (+0.3) indicates negative
(positive) parity for the data from 2012. In 2013 the different geometry increased
the experimental asymmetry to 0.75. Prior to this measurement only few pari-
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Figure 6.3: Asymmetry for investigated states in 1“°Ce and parity assignments. Due to
the difference in detector geometry different values for the asymmetry are expected for
the 2012 and 2013 data. Parity assignments are indicated by the colour: E1 transitions
are black, M1 transitions blue. Ambiguous results are marked in red.

ties were known from Compton-polarimetry measurements [109]. No M1 states
have been identified previously. To assign a parity, the determined value for
the asymmetry must be closer than 20 to the theoretical value, as well as 20
away from the value for the opposite parity. For most of the investigated states
negative parity was assigned (black points), five states were assigned positive
parity (blue), but for some states (shown in red) no unambiguous assignment
was possible. This is likely due to the fact that overlapping peaks could not be
resolved. This result shows that the strength located in this energy region is
mostly electric dipole strength, and thus can be attributed to the Pygmy Dipole
Resonance.
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6.3 Branching ratios from singles data

In Figure 4.16 a simplified level scheme for *°Ce is shown, emphasising the dis-
tribution of the low-energy levels, which play a role in the following discussion.
Due to the narrow energy distribution of the photon beam the low-lying levels
were not directly excited, but instead are populated by the inelastic decay of the
states in the excitation energy range (feeding effect). The low-lying states in turn
mostly decay to the 2. Therefore it is possible to derive from the population of
the 2] an average branching ratio of the states in the excitation energy range to
other excited states. Since no information about the populating transition (the
primary decay) is available, it is impossible to determine the exact decay pattern
using this method. However, contributions from the decay of all states, particu-
larly from weakly excited states (with a small radiation width I}), are included
in the population of the 2{. The resulting value is a good approximation for
the average ground state branching ratio (by). From the singles data the total
strength from all transitions that populate the low-lying states up to the 27 state
at 3320 keV are determined. These are shown relative to the ground state tran-
sition strength in the top part of Fig. 6.4. The decay of the 2} at an energy of
3.001 MeV was never observed in the data. Judging from [105], this state should
either decay to the 2] or to the 03, but neither of these transitions has been
observed. In Fig. 6.4 it can be seen, that the probability for inelastic transitions
to take place increases strongly with increasing excitation energy. The strongest
component is the decay of the 2", because it is the lowest excited state and other
excited states decay via the 2] state. Higher excited states are populated with
successively decreasing probability. This pattern is especially noticeable above
an excitation energy of 6.5 MeV, indicating that below this energy either the sen-
sitivity is too low to observe the transitions, or that structural effects have an
influence on the population probabilities.

The lower part of Fig. 6.4 shows the photo-absorption cross-section deter-
mined for '°Ce. The elastic cross-section 0., is directly determined from the
sum of the energy-integrated cross-sections at each beam energy setting. Each
integrated cross-section is proportional to the peak areas A; of the transitions to
the ground state. Combining Equations 2.6, 2.7 and 2.8 yields

ey A
v NV : NT i €¢ 'Wi(67 (p7AQ) .

(6.2)

The inelastic part of the cross-section as a function of the excitation energy is
determined from the amount of feeding transitions to the 2] state. As discussed
above the population probability the 2] is a measure for the amount of inelas-
tic transitions in comparison to direct ground state transitions. The average
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Figure 6.4: Top: Feeding intensity of low-lying excited states in '°Ce determined from
singles spectra as a function of excitation energy. The different colours indicate the
different excited states. Values are shown relative to the ground state decay intensity.
Bottom: Elastic (o), inelastic (o), and total (o) photo-absorption cross-section as a
function of the energy in the PDR region in 4°Ce.

branching ratio of the states in the excitation energy range to other excited states
is defined as:
1 A21+

)= : 6.3
vy N‘y Nt €2f Wl(e7(paAQ) ( )

Since the populating state for the 2i is not known, the angular distribution is
assumed to be 1 (isotropic). The total cross-section is just the sum of the elastic
and the inelastic part

OT = Oyy + Oyyr. (6.4)

The the centre of mass and the magnitude of the photo-absorption cross-section
as well as the ratio of the inelastic to the elastic cross-section are similar to the
results from other nuclei in the same region (see [30, 32, 66]).
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Figure 6.5: Top: Summed HPGe singles spectrum at a beam energy of 5.6 MeV in the
region of the decays to the 2] state. The shifted grey spectrum shows the ground state
transitions as a reference. Bottom: HPGe coincidence spectrum with an energy gate
on the transition from the 2] state, selecting the primary inelastic transitions. The red
spectrum shows the background obtained from an energy gate next to the peak.

6.4 Branching ratios for single states

The determination of the decay branching ratio of single ] = 1~ states in the
PDR region with energy E; to low-lying excited states with energy E; is only
possible using the singles data in combination with the coincidence data. The
branching ratio is determined according to

Aij €i-0(Ei)
Aio €155 (B — E5) - €510(E;)

bi(Bi) = (6.5)

The summed spectra are used in the analysis, which requires that also the
summed efficiency are used in €. In the singles spectra the peak to background
ratio is too small to allow for proper investigation of the peak area, except for
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Figure 6.6: Top: Summed HPGe singles spectrum at a beam energy of 6.5MeV in the
region of the decays to the 2] state. The shifted grey spectrum shows the ground state
transitions as a reference. Bottom: HPGe coincidence spectrum with an energy gate on
the transition from the 2] state, selecting the primary inelastic transitions.

very few cases. The upper part of Fig. 6.5 shows a summed HPGe spectrum at
5.6 MeV beam energy in the energy range where the transitions to the first 2"
state are expected. The grey spectrum shows the ground state transitions as a
reference, shifted by the energy of the 2{ transition. The presence of peaks in
that region of the spectrum is clear, but the analysis of singles peaks difficult,
because of the small peak to background ratio. The HPGe-LaBr coincidence ma-
trices allow to select events corresponding to two-step decays that take place via
one of the low-lying states. The lower part of Fig. 6.5 shows such an HPGe spec-
trum in coincidence with the detection of a photon with the energy of the first 2™
state in one of the LaBr;:Ce detectors. The comparison to the upper part shows
that the number of events is drastically reduced when the coincidence condition
is used, but the peak to background ratio is strongly improved, resulting in a
nearly background-free spectrum. The background indicated by the red spec-
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Table 6.1: Values for the branching ratio for the transition 17 — 2 in '%Ce deter-
mined from singles spectra and HPGe-LaBr coincidences. Values are given relative to
the intensity of the ground state transition. The errors in brackets are of pure statistical
nature.

E, [keV] E, [keV] by | E,[keV] E, [keV] by

5537 3938 0.33(13) 6206 4606  0.05(2)
5574 3981 0.042(18) | 6219 4620 0.07(2)

5622 4024 0.11(4) 6245 4646  0.030(15)
5660 4063 0.013(3) 6329 4733 0.040(13)
5721 4126 0.29(13) 6363 4764 0.020(8)
5870 4271 0.14(8) 6424 4826  0.015(13)
5902 4303 0.13(8) 6441 4844 0.013(6)
5920 4324 0.40(19) 6491 4891 0.023(15)
5999 4395 0.04(3) 6524 4921 0.042(14)
6016 4413 0.09(8 6574 4977 0.014(7

)
)| 6617 5023 0.026(10)

6038 4443 0.019(14
0)| 6716 5122 0.6(4)
4

(
6133 4534 0.031(
6165 4565 0.028(

trum is obtained by selecting an energy gate 20 above the peak from the decay
of the 27. The coincidence spectrum allows to directly determine the branching
ratios for single states, even with the available limited statistics in the spectra.
For the given example the analysis of the largest peak at 4.06 MeV (correspond-
ing to a ground state transition of 5.660 MeV) via Equ. (6.4) yields a branching
ratio of 1.3(3) %. This proves the excellent sensitivity of the method. However,
even with this highly improved sensitivity, only for a few ] = 1~ states a transi-
tion to the 2] state was observed, i.e. for most strongly excited states this decay
branch must be very small. These are marked with dotted lines in Figs. 6.5 and
6.6. Figure 6.6 shows the same spectra for the higher excitation energy range
of 6.5MeV. Here the background contribution in the coincidence spectrum is
slightly more pronounced, and the level density is higher. This makes the as-
signment of the corresponding peaks in the two spectra more difficult. At higher
energy a one-to-one assignment is not possible for single states. Figure 6.6 also
shows examples for transitions that decay only weakly to the ground state, but
instead rather strongly to the 2] (see e.g. at 5.122MeV). In Table 6.1 the tran-
sitions with the determined branching ratios are listed. The smallest branching
ratio was measured for the already mentioned state with the ground state tran-
sition of 5.660 MeV. For a few states that decay weakly to the ground state, such
as the the one at an excitation energy of 5.537 MeV, the branching to the excited
state is substantially higher.
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6.5 Averaged branching ratios

While the observation of the 2" — 0; transition provides a good approximation
of the average ground state branching b (see Section 6.3), the clear advantage
of the coincidence data is the definite identification of the decay path from a
primary excited state, via an intermediate low-lying state, back to the ground
state. The singles data do not contain this complete information, and the branch-
ing ratio determined from singles data additionally contains the strength of all
possible transitions that populate the 2] state. Therefore, the branching ratios
determined using singles data are enhanced. The drawback of using the co-
incidence method is the strongly reduced amount of statistics, due to the fact
that two photons have to be detected in different detectors. However, the LaBr-
LaBr coincidences are best suited to determine the average branching ratios.
The superior energy resolution of the HPGe detectors is sacrificed in favour of
improved detection efficiency provided by the LaBrs;:Ce detectors. The average
branching ratios are determined from unfolded singles and coincidence spec-
tra. The two unfolding methods discussed in Sec. 4.1.1 have been applied to the
measured spectra according to the procedure described in Sec. 4.3.1 in order to
allow proper integration of the full-energy peak range. In Figs. 6.7 and 6.8 the
projected spectra obtained from the LaBr-LaBr coincidence matrices are shown
after unfolding for four different excitation energies (5.2 MeV,6.5MeV,7.15MeV,
and 8.3MeV). The decay of the 2] state is selected with the energy gate. The
top row shows the result after unfolding with the Top-Down method, while the
bottom row shows the result after application of the Gold unfolding method. In
addition, the top row displays the original spectra in grey colour. The energy
range corresponding to the energies of primary decays is marked with the red
dashed line. This range has the same width as the excitation energy region,
shifted towards lower energy by the energy of the 2{ state. In the progression
from low to high excitation energy the low-energy contributions in the unfolded
spectra increase as well. The black arrows indicate energies corresponding to
primary transitions in coincidence with the low-lying excited states (such as
271, 05, 23, 25 ,...). The low-energy contributions in the unfolded spectra can
be attributed to some of these coincidences. As seen above in the singles spec-
tra (see Fig. 6.4) the branching ratio to higher excited states increases strongly
with increasing excitation energy. The same pattern is now also visible in the
coincidences.

From these unfolded coincidence spectra the averaged branching ratio to the
first two excited 27 states is determined. In this case no enhancement is present,
because the coincidence condition does not allow any other decay channels, be-
sides the selected two-step cascade. As discussed in Sec. 4.2.1, the angular dis-
tribution of the primary decay allows in principle to distinguish between the
transitions (1~ — 03) and (1~ — 27) which are very close in energy (307 keV),
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Figure 6.7: Unfolded energy gated spectra for the beam energies 5.2 MeV and 6.5 MeV.
Black arrows indicate energies corresponding to transitions to excited states. Top: Mea-
sured spectrum (grey) shown together with unfolded spectrum using the Top-Down
method (black) and the beam shape (red,dashed). Bottom: Same spectrum, but unfolded
using the Gold method.

but due to the low amount of statistics no significant difference was found.
Therefore a possible admixture of the (1~ — 03) transition might be present
in the results shown in Figs. 6.9 and 6.10. The data in Fig. 6.9 is obtained from
Top-Down unfolded spectra, while the data in Fig. 6.10 is obtained from Gold
unfolded spectra. The solid line represents results for the branching ratio to the
27 state from a QPM calculation [65] taking into account coupling to complex
configurations of up to three phonons. As already observed in Sec. 6.1, the QPM
calculation results are shifted to higher energy. The results after Gold unfolding
are systematically lower by about 10 % in comparison to the Top-Down unfolded
results, but show the same pattern.

Comparison of the experimental findings to the QPM calculation (indicated in
the figure as a solid line) shows a good agreement over the whole energy range
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Figure 6.8: Unfolded energy gated spectra for the beam energies 7.15MeV and 8.3 MeV.
Black arrows indicate energies corresponding to transitions to excited states. Top: Mea-
sured spectrum (grey) shown together with unfolded spectrum using the Top-Down
method (black) and the beam shape (red,dashed). Bottom: Same spectrum, but unfolded
using the Gold method.

of the PDR. This is a clear indication that the coupling to complex configurations
in the QPM leads not only to an adequate description of the strength fragmenta-
tion, but in addition describes the transition probabilities to excited states with
high accuracy.

98



Chapter 6. Experimental results for 1*°Ce 6.5. Averaged branching ratios

—— 2? / gs (LaBr-LaBr) TOp—Down 10Ce |
—=— 27 /gs (LaBr-LaBr) Top-Down
2 [— 2{/gs QPM
]
L] 015
o
ft 0.1
N
0.05
0.0 . L L 1 . 1 s 1 . 1 . N . .

5000 5500 6000 6500 7000 7500 8000 8500
Energy [keV]

Figure 6.9: Averaged branching ratios to the first excited states in *°Ce obtained after
unfolding with the Top-Down method. Values from the QPM calculation were folded

with a Lorentzian distribution of 300 keV width. The resulting distribution is shown as
a solid line.
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Figure 6.10: Averaged branching ratios to the first excited states in *°Ce obtained after
unfolding with the Gold method. Values from the QPM calculation were folded with a

Lorentzian distribution of 300 keV width. The resulting distribution is shown as a solid
line.
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Chapter 7

Summary and Outlook

Within the scope of this thesis two main points have been addressed: A new
experimental setup, the y® setup, was installed at the HIyS facility, that per-
mits for the first time the study of NRF reactions with y-y-coincidence decay
spectroscopy. Using this new setup, the decay pattern of the Pygmy Dipole Res-
onance was investigated for the first time in the nucleus '*°Ce using the (y,vy'y")

coincidence method.

The new experimental setup consists of high-resolution high-purity Germa-
nium detectors and highly efficient LaBr;:Ce scintillation detectors. In combi-
nation with the linearly polarised quasi-monochromatic photon beam, which
allows for the highly selective excitation of ] = 1 states in a narrow energy
band, it is possible to significantly increase the experimental sensitivity for weak
transitions. Compared to earlier experiments with pure singles readout, a new
domain of observables is now accessible in the NRF reaction: The direct and non-
ambiguous measurement of two-step y-cascades from the decay of | = 1 states is
possible with this new installation. The decay pattern of dipole excited states be-
low the particle separation threshold can be measured in a model-independent
way and with high precision. The experimental data shows, that the new setup
is sensitive enough to measure branching ratios to excited states of only a few
percent for discrete transitions, and with a sensitivity better than 1% for average
branching ratios.

Two experimental campaigns in 2012 and 2013 have successfully used the y?
setup to investigate the dipole response of neutron-rich nuclei in the medium
and heavy mass region. Of particular interest was the decay pattern of the
states participating in the Pygmy Dipole Resonance, the fragmentation of the M1
scissors mode, and the structure of the 2-phonon state. In the commissioning
phase for the experimental setup the nucleus **S was investigated to test the
experiment, measure important properties, such as the detector efficiency, and
to investigate the best practices for suppressing background radiation.
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The nucleus *°Ce was investigated as part of the experimental campaigns.
The main focus was the study of the decay pattern of the dipole excited states,
to measure parities and the total B(E1) strength with higher accuracy, and to
extend the energy range. The high intensity of the photon beam paired with
the relatively long measurement time of 8 h per beam energy setting allowed to
increase the sensitivity for weak ground state transitions.

The analysis of singles spectra allowed to determine the population proba-
bilities of low-lying excited states from the excitation energy range. From these
values a good approximation of the total photo-absorption cross-section of '*°Ce
was possible. The branching ratios of the states in the PDR region to the first
excited 27" states were determined in a direct and model-independent way from
coincidence data. Comparison of the results to QPM calculations show a strik-
ing similarity over the whole energy range of the PDR. This is a clear indication
that the coupling to complex configurations in the QPM leads not only to an ad-
equate description of the strength fragmentation, but in addition describes the
transition probabilities to excited states with high accuracy. This is especially
important for a nucleus such as '*°Ce in the transition region, where neither
methods based purely on single-particle excitations nor purely statistical meth-
ods provide an accurate description. The similarity in the increase of the branch-
ing ratio to either of the low-lying excited states as a function of the energy of the
emitted photon might be an indication for the validity of the Brink-Axel hypoth-
esis. At excitation energies above 6 MeV the increase in the level density leads
to a transition region, where a description of the decay pattern in the context of
the statistical model might be applicable.

7.1 Future experiments

So far a number of different nuclei, — light and heavy, spherical as well as de-
formed — have been investigated at the y® setup, but data analysis has not yet
caught up with all of them. Especially the investigation of '?*Te will be of inter-
est, which is an ideal candidate to be treated within the context of the statistical
model, because of the high level density.

The v?* setup an the HIyS facility is an ideal location for future measurement
campaigns. The investigation of stable nuclei with y-y-coincidence measure-
ments has proven to be feasible and should be extended in a systematical way
to many more isotopes. Especially experiments that have been performed in
the past either with poor statistics or under inadequate experimental conditions
should be repeated. Also complementary measurements of nuclei previously
investigated only with other probes will yield new information. The Sn isotopic
chain in combination with the Mo or Zr chain are ideal candidates to study the
evolution of the decay behaviour of the dipole excited states across a large part
of the nuclear chart.
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The planned future facility for anti-proton and ion research (FAIR) in Darm-
stadt as well as the extreme light infrastructure for nuclear physics (ELI-NP) in
Bucharest will provide interesting new experimental conditions for the study of
stable and exotic isotopes. At FAIR [110] higher energies and new production
mechanisms will push back the driplines and allow the investigation of highly-
exotic radioactive ion beams in inverse kinematics. The LCB photon source at
ELI-NP [111] increases the instantaneous photon flux available at the target to
new dimensions, and in combination with the next generation of the y* detec-
tor setup will allow the investigation of stable targets in greater detail than it is
possible today.
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Appendix A

Experimental data

A.1 Levels of *Ce

Table A.1: Results from the analysis of the *°Ce singles data. Listed are the energy
of the emitted photon E,, the assigned spin and parity J™, the determined branching
product of ground state transition width and branching ratio to the ground state I2/T,
as well as the reduced transition strengths B(E1)T for an electric dipole transition or
B(M1)? for a magnetic dipole transition.

E, [keV] J7 T2/T [meV] B(ET[1073e2fm?] BMI)T [12,]
5158.25 1= 142(9) 3.0(2) -
5191.432 - 189(8) 3.9(2) -
5212.192 1= 101(6) 2.04(12) -
5244.92 1 62(5) 1.23(10) 0.110(9)
5278.6 1 21(4) 0.41(8) 0.040(8)
5330.02 1= 101(9) 1.9(2) -
5338.43° - 222(13) 4.4(3) -
5371.35 1= 45(7) 0.7(2) -
5469.4 1 52(6) 0.92(11) 0.080(10)
5492.9 - 23(5) 0.40(9) -
5537.4 - 33(8) 0.50(14) -
5548.95 1-  454(16) 6.6(4) -
5574.59 1= 220(11) 3.8(2) -
5621.99 1 96(9) 1.55(14) 0.140(12)
5628.52 1 83(8) 1.33(12) 0.120(11)
563846 1 55(6) 0.88(9) 0.080(8)
5660.17° 1-  1375(20) 21.7(3) -
5721.19 - 77(7) 1.21(11) _
5758.65 1 34(8) 0.9(3) 0.08(3)
5779.5 - 30(15) 0.5(2) -




A.1. Levels of 1"°Ce

Appendix A. Experimental data

Table A.1 — Results from '“°Ce continued

E, [keV] J* T2/T[meV] B(EL)T[10-%e2m?] BMIL)T [1d]
5808.26° 1 176(14) 2.6(2) 0.23(2)
5822.29° 1 149(13) 2.2(2) 0.20(2)
5870.51 - 22(5) 0.31(7) -
5894.4 1= 10(4) 0.14(5) -
5902.75 1+ 11(5) - 0.010(6)
5928.81° 1 172(15) 0.7(2) 0.07(2)
5938.42 1= 104(7) 2.2(5) -
5999.04 - 21(5) 0.4(2) -
6030.71 1= 113(9) 1.39(12) -
6037.8° 1= 144(11) 1.73(14) -
6065.35 1= 20(6) 0.34(10) -
6120.81° 1-  505(15) 5.2(4) -
6132.78° 1+ 258(12) - 0.26(6)
6164.86 1-  174(15) 1.2(2) -
6189.9 1= 41(7) 0.6(3) -
6198.33 - 85(9) 1.02(11) -
6205.95° 1= 69(9) 0.81(11) -
6219.3 1= 42(8) 0.48(9) -
6226.89 1= 119(11) 1.37(13) -
6244.9 1= 160(13) 1.9(2) -
6255.04° -  252(16) 2.8(2) -
6275.37° 1-  314(16) 5.8(13) _
6297160 1 803(21) 10.7(10) 0.97(9)
6315.09 1= 41(12) 0.47(13) -
6329.07° - 213(12) 2.6(5) -
6344.06° - 475(17) 6.0(5) -
6356.01 1 300(38) 3.1(4) 0.28(4)
6363.39 - 207(17) 2.5(5) -
6370.28 1= 109(14) 1.2(5) -
6390.05 1 203(24) 2.0(7) 8(6)
6398.74° 1 1235(34) 12.6(7) 4(7)
6412.03 - 108(12) 1.0(2)

6424 1= 35(10) 0.38(11) -
6441.112 1= 415(22) 1.5(3) -
6450.91° 1-  315(19) 3.2(2) -
6459.252 - 309(18) 3.2(2) -
6483.95 - 295(19) 3.1(2) -
6491.25 - 191(22) 1.9(2) _
6498.3 1= 1033(29) 10.8(3) -
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Table A.1 — Results from '“°Ce continued

E, [keV] J© T/T[meV] B(EL)[10-%e*m?®] B(ML)T [u3]

6504.4 - 137(57) 1.4(6) _
6524.33 - 148(10) 1.53(11) -
6529.7 1= 194(50) 2.0(5) -
6536.65 1-  1434(23) 14.7(2) -
6549.69 - 274(12) 2.79(12) -
6574.33° - 273(14) 2.76(15) -
6581.91° 1= 101(12) 1.02(12) -
6597.64° 1 109(12) 1.06(12) 0.100(11)
6606.08° 1 348(16) 3.4(2) 0.300(15)
6617322 1 301 (16) 2.9(2) 0.260(14)
6625.7 1 98(12) 0.95(12) 0.090(11)
6639.33 1 102(12) 1.2(5) 0.11(5)
6649.85 - 59(14) 0.47(13) -
6658.53° 1- 190(19) 1.7(2) -
6669.55 - 49(13) 1.2(4) -
6686.77 1- 168(19) 1.3(2) -
6698.4 - 77(28) 0.7(3) -

6716 - 86(24) 0.8(2) -
6727.3 -  51(23) 0.5(2) -
6737.73 1- 258(26) 2.4(2) -
6749.2 - 82(20) 0.8(2) -
6759.4 1= 108(20) 1.0(2) _
6776.94 1= 140(21) 1.3(2) -
6783.74 1- 289(23) 2.6(2) -
6791.3 - 70(17) 0.6(2) -
6836.5 - 86(17) 0.8(2) -
6844.32 1 41 1(24) 3.7(2) 0.33(2)
6855.4 - 91(16) 0.81(15) -
686458 1 1364(32) 12.1(3) 1.09(3)
6880.58 - 280(28) 2.5(2) -
6886.8 - 172(21) 1.5(2) -
6896.83° - 254(18) 2.2(2) -
6906.63° - 304(29) 2.6(3) -
6924.8° 1-  429(48) 3.7(4) -
6930.9 - 309(63) 2.7(5) -
6936.5 1 343(105) 3.0(9) 0.27(8)
6951.09 1 178(38) 1.0(5) 0.09(4)
6961.14 - 206(21) 3.8(6) -
6973.75° - 169(33) 1.6(3) -
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Table A.1 — Results from '“°Ce continued

E, [keV] J© T/T[meV] B(EL)[10-%e*m?®] B(ML)T [u3]

6985.15 1 64(22) 1.0(4) 0.09(3)
7001.05 1-  327(40) 4.8(4) -
7009.8° 1= 410(49) 4.2(4) -
7025.5 - 114(37) 0.9(3) -
7035.76 -  227(36) 1.9(3) -
7043.66 -  251(34) 2.1(3) -
7058.55° 1 383(37) 3.1(3) 0.28(3)
7065 - 143(32) 1.2(3) -
7070.69° 1-  443(34) 3.6(3) -
7096.642 - 318(28) 2.5(2) -
7105.3 - 178(44) 1.4(4) -
7110.9 1 262(46) 2.1(4) 0.19(3)
7131.1 1 62(21) 0.5(2) 0.040(15)
7142.8 - 131(21) 1.0(2) -
7148.9 - 135(21) 1.1(2) -
7160.73 - 78(17) 0.61(14) -
7175.4 1= 145(35) 0.9(3) -
7184.42° 1-  356(33) 2.8(3) -
7215.96° - 646(72) 4.9(6) -
7235.1 1= 55(15) 0.42(12) -
7243.6 - 33(15) 0.25(12) -
7252.32 1= 205(21) 1.5(2) _
7259.4 - 73(21) 0.6(2) -
7265.01° - 185(28) 1.4(2) -
7281.74 1= 194(35) 1.3(3) -
7289.25 - 116(42) 1.0(4) -
7295.9 1= 124(34) 1.8(4) -
7301.5 - 72(33) 0.5(2) -
7307.6 1= 120(24) 1.1(3) -
7317.38 - 209(25) 1.4(2) -
7325.05 - 87(33) 0.9(3) -
7332.8 1t 146(41) - 0.13(3)
7341.07° - 394(42) 2.8(3) -
7347.55 - 147(32) 1.1(3) -
7353.7 - 73(32) 0.5(2) -
7367.4 1= 109(44) 0.8(3) -
7377.93 - 333(76) 2.8(7) -
7392.45 - 129(31) 1.0(2) _
7405.45 1= 144(30) 1.0(4) -
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Table A.1 — Results from '“°Ce continued

E, [keV] J© T/T[meV] B(EL)[10-%e*m?®] B(ML)T [u3]

7416.71 1= 493(75) 3.6(5) -
7422.35 1-  543(79) 3.8(6) -
7449.1 1-  154(25) 1.1(2) -
7460.03 - 237(26) 1.6(2) -
7469.85 - 264(28) 1.8(2) -
7478.8 1= 53(20) 0.37(14) -
7496.82° 1-  266(26) 1.8(2) -
7508.07 1-  429(33) 3.6(12) -
7517.4 - 96(25) 0.6(2) -
7538.3 - 156(42) 1.2(3) -
7551.9 - 252(34) 1.2(3) -
7564.92 - 192(33) 1.5(2) -
7587.64° - 442(57) 3.5(4) -
7601.55 1= 110(36) 1.1(3) -
7617.7 -  118(36) 0.6(2) -
7643.5 1= 195(38) 1.6(4) -
7665.01° 1= 357(61) 2.4(6) _
7673.76 1-  206(36) 1.7(6) -
7691.4 - 217(28) 1.4(2) -
7709.7 - 178(74) 1.1(5) -
7715.53° - 956(192) 6.0(12) -
7732.3 1= 169(69) 1.1(4) _
7750.17 - 321(84) 2.0(5) -
7757.25 1-  748(88) 4.6(5) -
7769.93 - 321(42) 2.0(3) -
7785.9 1= 63(22) 0.38(13) -
7796.7 1= 114(48) 0.7(3) -
7804 1-  385(108) 2.3(7) -
7822.6 - 77(37) 0.5(2) -
7833.5 - 159(73) 0.9(4) -
7859.6 - 69(25) 0.41(15) -
7898.81 - 126(26) 2.7(4) -
7904 - 267(64) 1.6(4) -
7943.5 - 181(58) 1.0(3) -
7962 - 146(52) 0.8(3) -
7971.3 1+ 202(73) - 0.10(4)
7976.7 1-  255(47) 1.4(3) -
8012.1 1= 165(41) 0.9(2) _
8024.08 1= 421(43) 2.3(2) -
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Table A.1 — Results from '“°Ce continued

E, [keV] J© T/T[meV] B(EL)[10-%e*m?®] B(ML)T [u3]

8042.9 - 71(27) 0.39(15) -
8049.5 - 243(30) 1.3(2) -
8060.3 1= 151(29) 0.8(2) -
8066.1 1 131(30) 0.7(2) 0.06(2)
8073.13 1 138(28) 0.8(2) 0.070(14)
8101.72 - 126(26) 0.68(14) -
8108.15 1 238(30) 1.3(2) 0.120(14)
8115.48 1= 112(23) 0.60(13) -
8132.45 1 109(32) 0.8(2) 0.07(2)
8148.1 - 141(33) 0.8(2) -
8156.1 - 270(35) 1.4(2) -
8165.88 - 471(38) 2.5(2) -
8175.99 1-  312(35) 1.6(2) -
8189.4 - 242(36) 1.3(2) -
8199.18 1t 164(67) - 0.06(3)
8206.26 1 262(50) 3.0(9) 0.27(9)
8213.78 1= 142(39) 1.1(4) _
8235.15 - 80(29) 0.4(2) -
8248.45 - 144(40) 0.8(2) -
8258.17 1-  215(42) 1.1(2) -
8277.26 - 170(48) 0.8(2) -
8291.76 1-  205(35) 1.1(2) _
8305.07 1= 149(31) 0.8(2) -
8318.6 1-  240(70) 1.2(3) -
8327 - 130(32) 0.7(2) -
8335.56 1-  314(37) 1.6(2) -
8346.1 - 148(46) 0.7(2) -
8355.6 - 257(64) 1.3(3) -
8368.57 - 123(27) 0.60(13) -
8382.48 - 242(49) 1.2(2) -
8390.49 - 439(67) 2.1(3) -
8407.3 1= 199(54) 1.0(3) -
8419.2 - 138(58) 0.7(3) -
8426.6 - 129(35) 0.6(2) -

aUsed for normalisation
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A.2 Angular distributions

Tables A.2 and A.3 show the calculated values for the angular distribution
coefficients W(]™, 0, @) for all detector combinations that are important for the
analysis of the HPGe-LaBr and LaBr-LaBr coincidence data from the 2012 and
2013 beam times. Values are calculated using Equ. 2.19.

Table A.2: Angular correlations encountered in the y3 setup for the excitation of a
J™ = 17 state and the subsequent decay through a 2" state. The values are given for
all combinations of detectors encountered in the 2012 setup. The finite detector size has
been taken into account for detector distances of d = 6 cm, d = 10 cm, and d = oo (point
detector). The detector radius is 4 cm in all cases.

Setup Detl  Det?2 W(T=1%) W(T=1")
(01, 01) (02, @2) oo 10ecm 6cm 00 10cm 6cm

2012 LaBrl LaBr2 1.158 1.152 1.136 1.158 1.152 1.136
LaBr3 1.158 1.088 1.033 1.158 1.088 1.033

LaBr4 1.158 1.152 1.136 1.158 1.152 1.136

LaBr2 LaBrl 1.158 1.152 1.136 1.158 1.152 1.136
LaBr3 1.158 1.152 1.136 1.158 1.152 1.136

LaBr4 1.158 1.088 1.033 1.158 1.088 1.033

LaBr3 LaBrl 1.158 1.088 1.033 1.158 1.088 1.033
LaBr2 1.158 1.152 1.136 1.158 1.152 1.136

LaBr4 1.158 1.152 1.136 1.158 1.152 1.136

LaBr4 LaBrl 1.158 1.152 1.136 1.158 1.152 1.136
LaBr2 1.158 1.088 1.033 1.158 1.088 1.033

LaBr3 1.158 1.152 1.136 1.158 1.152 1.136

HPGel LaBrl 1.342 1.248 1.161 0.867 0.967 1.045
LaBr2 1.342 1248 1.161 0.867 0967 1.045
LaBr3 1342 1.248 1.161 0.867 0967 1.045
LaBr4 1342 1.248 1.161 0.867 0967 1.045
HPGe2 LaBrl 0.867 0967 1.045 1.342 1248 1.161
LaBr2 0.867 0967 1.045 1342 1.248 1.161
LaBr3 0.867 0967 1.045 1342 1.248 1.161
LaBr4 0.867 0967 1.045 1342 1.248 1.161
HPGe3 LaBrl 1.342 1.248 1.161 0.867 0.967 1.045
LaBr2 1342 1.248 1.161 0.867 0967 1.045
LaBr3 1342 1.248 1.161 0.867 0.967 1.045
LaBr4 1342 1.248 1.161 0.867 0967 1.045
HPGe4 LaBrl 0.867 0967 1.045 1.342 1248 1.161
LaBr2 0.867 0967 1.045 1342 1.248 1.161
LaBr3 0.867 0967 1.045 1342 1.248 1.161
LaBr4 0.867 0.967 1.045 1342 1.248 1.161
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Table A.3: Angular correlations encountered in the vy setup for the excitation of a
J® = 1% state and the subsequent decay through a 2* state. The values are given for
all combinations of detectors encountered in the 2013 setup. The finite detector size has
been taken into account for detector distances of d = 6 cm, d = 10 cm, and d = oo (point
detector). The detector radius is 4 cm in all cases.

Setup Det1 Det 2 W(T=1%) W(F=1")
(01, 91) (B2,02) o0 10ecm 6cm oo 10cm 6cm

2013 LaBrl LaBr2 0.881 0925 0964 1.113 1.056 1.009
LaBr3 0.881 0.890 0902 1.391 1.386 1.359

LaBr4 1469 1470 1.442 0.835 0.839 0.850

LaBr2 LaBrl 0.881 0925 0964 1.113 1.056 1.009
LaBr3 0.881 0.890 0.902 1.391 1.386 1.359

LaBr4 1469 1470 1.442 0.835 0.839 0.850

LaBr3 LaBrl 1.003 1.039 1.008 0.628 0.762 0.879
LaBr2 1.003 1.039 1.008 0.628 0.762 0.879

LaBr4 1.003 1.202 1.288 1.255 1.094 0.965

LaBr4 LaBrl 0502 0.762 0.879 1.075 1.039 1.008
LaBr2 0502 0.762 0.879 1.075 1.039 1.008

LaBr3 1.003 1.094 0965 1.075 1.202 1.288

HPGel LaBrl 1.003 1.039 1.008 0.628 0.762 0.879
LaBr2 1.003 1.039 1.008 0.628 0.762 0.879
LaBr3 0.000 0.308 0.590 2510 2.029 1.604
LaBr4 1.003 1.202 1.288 1.255 1.094 0.965
HPGe2 LaBrl 0502 0.762 0.879 1.075 1.039 1.008
LaBr2 0502 0.762 0.879 1.075 1.039 1.008
LaBr3 1.003 1.094 0965 1.075 1.202 1.288
LaBr4 2006 1767 1.427 0.000 0.268 0.525
HPGe3 LaBrl 0.881 0.925 0964 1.113 1.056 1.009
LaBr2 0.881 0925 0964 0.835 0.871 0.909
LaBr3 0.881 0.890 0.902 1.391 1.386 1.359
LaBr4 1469 1470 1.442 0.835 0.839 0.850
HPGe4 LaBrl 0.881 0925 0964 0.835 0.871 0.909
LaBr2 0.881 0925 0964 1.113 1.056 1.009
LaBr3 0.881 0.890 0902 1.391 1.386 1.359
LaBr4 1469 1470 1.442 0.835 0.839 0.850
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Appendix B

Experimental supplement

B.1 Trigger generation matrices

The trigger generation matrices for the Trigger Logic (TrLoll) that were used
in the configuration for the experimental setups in 2012 and 2013 are shown
in tables B.1 and B.2, respectively. Due to the additional three small LaBr;:Ce
detectors in 2012, more trigger combinations were needed.
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Table B.1: Trigger generation matrix for the experiments in 2012.

8 3" LaBr M2 High
7 3" LaBr M2 Low
6 HPGe OR High

5 HPGe OR Low
4 1.5" LaBr OR High

11 RF / BPU

10 HPGe 0°

9 HPGe M2

3 1.5" LaBr OR Low
2 3" LaBr OR High

12 Pulser

Output

1 Singles LaBr
2 Singles HPGe
3 Coincidence Low-Low X

4 LaBr M2 Low X X
5 HPGe M2 X

6 0° X

7 Pulser X

8 Coincidence Low-High X

9 Singles 1.5" LaBr High X

10 Singles 3" LaBr Low
11 Singles HPGe Low X

12 Coincidence HPGe Low X
13 Singles 1.5" LaBr Low
14 Coincidence 1.5" LaBr-HPGe X X

15 Coincidence High-Low X X

X
X

X
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Table B.2: Trigger generation matrix for the experiments in 2013.

< <
2 2% 2 25 :
L 2 = &6 - 4 = ©
2, O Y
H < S 359 90 0O ¥ «
g & s © = =2 » o O O
2 = O 0 2 = 0O 0 =2 M
£ BT £ & B RE g 8 12
N 4 5 I BT A a2 L& T oA A
Output — = = O 0 N O I <+t O N
1 Singles LaBr X
2 Singles HPGe X
3 Coincidence Low-Low X
4 Coincidence Low-High X X
5 LaBr M2 High X X
6 HPGe M2 High X X
7 0° X
8 Pulser X
9 Singles LaBr Low X
10 Singles HPGe Low X
11 coincidence Low-High X X
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B.2 GHOST - Gamma Histogramming and Online
Spectra Tool

To allow for monitoring of the data quality during the recording phase of the
experiment it is useful to have the ability to quickly unpack, analyse and visu-
alise the currently accumulated data. As described above, unpacking is handled
by the ucesB unpacker, which cannot only read from already stored LMD files,
but just as well read directly from a network stream provided by the data ac-
quisition system. This was used to produce a temporary ROOT file containing
the data that was currently being recorded. To read, analyse and display these
files, the Gamma Histogramming and Online Spectra Tool (GHOST) was written as
a ROOT program. This program, when invoked without any special options,
opens up a window on the desktop showing the current status of the recorded
data in ROOT histograms. Whenever new data is written to the temporary file,
GHOST updates the content of the histograms automatically, leading to a near-
realtime view of the data. Each detector of the y® setup is represented with two
energy (uncalibrated and calibrated) and two timing (raw and with respect to
a reference detector) histograms. Additionally, it is possible to specify filtering
conditions (e.g. timing constraints) for a special set of energy histograms. The
main feature of the visualisation is the possibility to directly produce summed
energy histograms of all detectors of each type and also two-dimensional ma-
trices showing the energies of two coincident detector hits. Occasionally it was
necessary to also monitor the gain stability of the HPGe detectors. For this
reason histograms were added to show the time evolution of the HPGe energy
histograms. Figure 3.10 shows two screen shots of the running application. In
the top screen shot the energy spectra are shown for the LaBr;:Ce detectors, and
the bottom picture shows the view containing the summed energy spectra and
the coincidence matrices. The concept of ROOT’s friend trees has been used to
efficiently store calibrated data without duplicating the parts of the tree that do
not need any calibration. Filtering of the tree can be done using the special
branch TPAT containing the trigger pattern. Instead of storing separate filtered
trees according to the different TPAT selections, the concept of entry lists has been
employed for the selection. This mechanism allows to write the list of entries in
the tree that satisfy a specific condition (in this case a constraint on the values of
TPAT) to a file. When analysing the entries in a tree, this file can be used as an
additional input to skip unwanted events during processing. Depending on the
condition this can constitute a significant speedup.
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B.3 Backup strategies

Data recorded in nuclear physics experiments are valuable goods and should be
treated as such. This includes not only the careful preparation and analysis, but
extends to data handling and storage as well. In the y* experimental campaigns
of 2012 and 2013 about 5 TB of LMD files have been recorded during more than
1500 h of beam on target. Any data loss should be actively avoided by the exper-
imenters at any point in time by employing reasonable data backup strategies,
since the probability to either recover lost data or to be able to redo an experi-
ment is surprisingly small. Data from the GENIE acquisition was written to disk
every two hours and then copied to a local file server. This strategy ensured that
never more than two hours worth of singles spectra could get lost. The MBS
data was recorded on the readout PC, and directly mirrored using the RsyNC
command to a locally mounted second hard drive as well as to the local file
server. Additionally, all data was securely transmitted to the file storage at GSI
in Germany on a daily basis, to serve as an off-site backup. Using RsyNC ensures
that both copies of the data are identical by comparing MD5 hashes generated
from the data. The data acquisition and related programs (such as the unpacker,
GHOST and various maintenance scripts) were kept under version control us-
ing 1T and were also backed up on- and off-site. In case of fatal failure of the
readout PC, the time to replace it would have included installing the operating
system and copying over the files from the backup. This could have been done
within a few hours, which was considered an appropriate time frame.
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