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Zusammenfassung

In der vorliegenden Arbeit werden Dipolstirkeverteilungen in *>Mo, %Mo und '"°Mo mit der Methode
der Kernresonanzfluoreszenz untersucht. Die Experimente wurden am Dynamitron Bechleuniger der
Universitéit Stuttgart und am ELBE Beschleuniger des Forschungszentrums Rossendorf durchgefiihrt.
Photonen wurden wéahrend des Beschusses metallischer Strahlungskonverter mit Elektronen in Form
von Bremsstrahlung erzeugt. Die am Target gestreuten Photonen wurden mit hochreinen Germanium-
Detektoren gemessen, die Effektivitdten von 100 % relativ zu einem 3” x3” NaJ Szintillationsdetektor
hatten.

Niedrigliegende Dipolanregungen in den Nukliden ??Mo, **Mo und Mo wurden in Photonenstreu-
ungs-Experimenten am ELBE Beschleuniger bei einer Elektronenenergie von 6 MeV und am Dyna-
mitron bei Elektronenenergien von 3.2 bis 3.8 MeV untersucht. Die Kombination verschiedener Elek-
tronenenergien in den Experimenten zu **Mo and %Mo erméglichte die Identifizierung von inelasti-
schen Ubergéngen zu niedrigliegenden angeregten Zustinden. In diesen Experimenten wurden fiinf
Zustinde mit Spin J=1 im Mo and 14 im Mo im Energiebereich von 2 bis 4 MeV erstma-
lig beobachtet. Die experimentell gefundenen Anregungsenergien und Ubergangsstirken wurden mit
Vorhersagen des Schalenmodells und der sogenannten Quasiparticle-Random-Phase-Approximation
(QRPA) in einer deformierten Basis verglichen. Letztere zeigen, dass Isovektor-Orbital-und Isovektor-
Spin-Vibrationen etwa gleichermafien zur magnetischen Dipolstarke (M 1-Stérke) bis 4 MeV beitragen.
Die QRPA-Rechnungen reproduzieren das Anwachsen der M 1-Stérke mit wachsender Neutronenzahl.
Ein besonderes Merkmal des “*Mo und des '°Mo ist die Abregung eines J=1 Zustands sowohl zum
0" Grundzustand als auch zum ersten angeregten 0™ Zustand. Die Existenz dieser Abregungen weist
auf eine Mischung zweier Konfigurationen in den 0™ Zustinden hin, die in Standard-Kernmodellen
nicht beschrieben werden kann. Ein von Dr. F. Doénau und Prof. S. Frauendorf entwickeltes Modell
erlaubt es, die Mischungskoeffizienten fiir die zwei in den formisomeren 0" Zustinden enthaltenen
Konfigurationen aus dem experimentellen Verhéltnis der Ubergangsstérken vom J=1 Zustand zu den
zwei 0T Zustidnden zu berechnen. Die Beobachtung der Abregungen zu den zwei 0 Zustinden liefert
in Verbindung mit dem entwickelten Modell eine neue Methode zur Untersuchung der Struktur von
0" Formisomeren.

Als Bestandteil dieser Arbeit wurden zahlreiche GEANT Simulationsrechnungen durchgefiihrt, die der
Optimierung des experimentellen Aufbaus fiir die Experimente mit Bremsstrahlung am ELBE Beschle-
uniger dienten, z.B. beim Entwurf der Kollimatoren und der Abschirmungen fiir die Germanium-
Detektoren, bei der Wahl des Materials fiir das Strahlrohr und beim Entwurf des Photonen-Strahl-
fingers. Mit dem nun vorliegenden Aufbau wurde ein Detektionslimit von B(E1)T~ 0.15x 1073 €?fm?
fiir die Messungen in dieser Arbeit erreicht. Monte-Carlo-Simulationen wurden ebenfalls in der
Auswertung der Daten benutzt, so z.B. zur Bestimmung der Nachweisempfindlichkeiten der Detek-
toren, des durch einen Strahlhdrter aus Aluminium modifizierten Bremsstrahlungsspektrums und
zur Bestimmung der Endpunktsenergien aus den mit Si-Detektoren gemessenen Spektren der beim
Deuteronenaufbruch emittierten Protonen bzw. aus den mit einem NaJ-Detektor gemessenen Spek-
tren am Target gestreuter Photonen.

Am ELBE Beschleuniger wurden Dipolstérkeverteilungen in den Nukliden ??Mo, Mo and Mo bis
zu den Neutronenseparationsenergien untersucht. Die Photonenstreuungs-Experimente fiir die drei
Isotope wurden unter gleichen experimentellen Bedingungen bei einer Elektronenenergie von 13.2 MeV
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durchgefiihrt, die oberhalb der Neutronenseparationsenergien liegt. Um mdgliche Ubergéinge in Nach-
barkernen zu identifizieren, die iiber die (7,n) Reaktion erzeugt wurden, wurden zusétzlich Messungen
bei Elektronenenergien unterhalb der Neutronenseparationsenergie, bei 7.8 und 8.4 MeV, fiir *®Mo
and Mo durchgefiihrt. Den Isotopen “2Mo, %Mo und '“°Mo wurden 340, 485 bzw. 499 Ubergéinge
zugeordnet, deren Mehrzahl Dipoliibergdnge sind. Eine Analyse der statistischen Eigenschaften der
Ubergéinge zeigt, dass die Verteilung der Abstdnde néchst benachbarter Ubergéinge einer Wigner-
Verteilung entspricht, die das quantenchaotische Verhalten eines Gaufischen orthogonalen Ensembles
beschreibt. Die Verteilung der partiellen Breiten der Ubergénge entspricht einer Porter-Thomas-
Verteilung.

Die Porter-Thomas-Fluktuationen der Niveaubreiten fithren dazu, dass bei hohen Energien eine grofle
Zahl der Ubergénge nicht als prominente Peaks im Spektrum erscheinen. Die hohe Niveaudichte
oberhalb 5 MeV und die endliche Energieauflosung der Detektoren resultiert in einem Kontinuum
iiberlappender Peaks. Ein Vergleich der fiir “*Mo und Mo erhaltenen Spektren zeigt, dass nahe
der Neutronenseparationsenergie des **Mo die Stirke im Kontinuum zweimal gréfer als die in den
diskreten Peaks enthaltene ist. Mit Hilfe von GEANT-Simulationen wurde der nicht-resonante, aus
atomaren Prozessen stammende Untergrund in den Spektren bestimmt. Dieser wurde von den Spek-
tren abgezogen. Die resultierenden Kontinuumsspektren enthalten sowohl Grundzustandsiibergange
als auch Ubergéinge zu niedrigliegenden Niveaus und deren Abregungen.

Im Rahmen dieser Arbeit wurde ein Monte-Carlo-Programm entwickelt, das Kaskaden von Gamma-
iibergéngen simuliert. Diese Simulationen erlauben es, (i) die Intensitdtsverteilung der Grundzus-
tandsiibergénge aus dem Kontinuum und damit den Wirkungsquerschnitt fiir die elastische Streuung
zu bestimmen und (ii) die Verzweigungsverhéltnisse der Grundzustandsiibergéinge und damit den Pho-
toabsorptionsquerschnitt abzuleiten. Die resultierenden Absorptionsquerschnitte fiir >Mo, **Mo and
100Mo schlieBen glatt an gemessene Wirkungsquerschnitte fiir die (7,n) Reaktion an. Das zeigt, dass
diese Methode neuartige Informationen {iber die niederenergetischen Auslaufer der Riesendipolreso-
nanzen unterhalb der Neutronenseparationsenergien erbringt.

Die erhaltenen Dipolstirkeverteilungen fiir *?Mo, %Mo und Mo zeigen, dass die Stdrke mit der
Neutronenzahl steigt. QRPA-Rechnungen in einer deformierten Basis beschreiben diesen Anstieg als
eine Folge der ansteigenden Kerndeformation.



Summary

Investigations of the dipole-strength distributions in 2Mo, “*Mo and '°*Mo were carried out by means
of the method of nuclear resonance fluorescence. The experiments included in this work were per-
formed at the Dynamitron accelerator of the Universitit Stuttgart and at the ELBE accelerator of
the Forschungszentrum Rossendorf. The photon beams were produced by deceleration of electrons in
a metallic radiation converter. The photons scattered from the target were measured with high purity
germanium detectors with efficiencies of 100 % relative to a 3” x3” Nal scintillation detector.

The low-lying excitations in the nuclides ?>Mo, ®Mo and '°°Mo have been studied in photon-scattering
experiments at an electron energy of 6 MeV at the ELBE accelerator and at electron energies from 3.2
to 3.8 MeV at the Dynamitron accelerator. Five levels were observed in ??Mo. Various electron-beam
energies were used in the experiments on **Mo and ““Mo in order to resolve branching transitions.
Five levels in Mo and 14 in Mo were identified for the first time in the energy range from 2 to
4 MeV. The experimental results are compared with predictions of the shell model and with predic-
tions of the quasiparticle random-phase approximation (QRPA) in a deformed basis. The latter show
significant contributions of the isovector-orbital and isovector-spin vibration to the dipole strength
below 4 MeV. The QRPA calculations reproduce the growing M1 strength with increasing neutron
number.

A specific feature of Mo and Mo is the deexcitation of one state with spin J=1 to the 0 ground
state as well as to the first excited 0T states, which cannot be explained in standard models. The
existence of decay branches from J=1 to the two 07 states indicates a mixture of the configurations
in the two 0" states. A model developed by Dr. F. Dénau and Prof. S. Frauendorf allowed us to
deduce the mixing coefficients for the two 0 shape-isomeric states from the experimental ratios of
the transition strengths from the J = 1 state to the 0T ground state and to the 0T excited state. The
observation of decay branches to excited 0" states combined with the present model provides a new
means to investigate the structure of 07 shape isomers.

As part of this work, numerous GEANT simulations were performed in order to optimize the design of
the components of the bremsstrahlung facility at the ELBE accelerator and to reduce background radi-
ation. The lead collimators and the lead shields of the detectors were designed by performing GEANT
simulations. The photon-beam dump and the material of the photon-beam pipe were optimized to
provide less photons scattered to the detectors. A detection sensitivity of B(E1)T~ 0.15 x 103 e?fm?
was achieved in the presented photon-scattering experiments. A discussion on the origin of the back-
ground in the measured spectrum is presented. Monte Carlo simulations are applied in the analysis
of the data for determination of the detector efficiency, the bremsstrahlung spectrum modified by an
aluminum hardener and the determination of its end-point energy from spectra of protons emitted
during the photodisintegration of the deuteron or the spectra of scattered +-rays from the target and
detected with an Nal detector.

Dipole-strength distributions up to the neutron-separation energies in the nuclides Mo, %Mo and
100Mo have been investigated at the ELBE accelerator. The photon-scattering experiments were car-
ried out at identical conditions and at an electron energy of 13.2 MeV such that the energy region
around the neutron-separation energies in the three nuclides could be studied. Because of the possible
observation of transitions in the neighboring nuclei produced via (v,n) reaction, additional measure-
ments at electron energies of 8.4 and 7.8 MeV, below the neutron-separation energy, were performed
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on %Mo and Mo, respectively. The number of transitions assigned to “2Mo, %Mo and Mo is
340, 485 and 499, respectively, the main part of them being dipole transitions. Statistical properties
of the observed transitions are obtained. The distributions of the nearest-neighbor spacings and the
transition widths do closely resemble Wigner and Porter-Thomas distributions, respectively, indicat-
ing a quantum chaotical behavior as predicted for a Gaussian orthogonal ensemble.

Because of the Porter-Thomas fluctuations of the level widths the most of the levels do not appear
as prominent peaks in the experimental spectra. Due to the high level density above 5 MeV and the
finite resolution of the detectors these weakly populated levels produce a continuum of overlapping
peaks. It is shown from a comparison of the spectra of **Mo and Mo that close to the neutron-
separation energy of %Mo the strength in the continuum is two times higher than the strength in the
peaks. GEANT simulations were applied to determine the non-resonant background in the measured
spectra, i.e. the counts in the spectrum which do not result from deexcitation of nuclear levels, and
thus to extract the continuum. The continuum contains the ground-state transitions as well as the
branching transitions to the low-lying levels and the subsequent deexcitations of these levels.

In this work, a Monte Carlo code for 7-ray cascade simulations was developed which allows us (i) to
deconvolute the intensity distribution of the ground-state transitions from the continuum and thus
to determine the cross section for elastic scattering and (ii) to calculate the branching ratios for de-
excitations to the ground state and to obtain the photoabsorption cross section. Since the obtained
photoabsorption cross sections for “2Mo, %*Mo and %Mo match with the measured cross sections for
the (y,n) reaction the method allows us to determine the tail of the Giant Dipole Resonance below
the neutron-separation energy.

The obtained dipole-strength distributions for *?Mo, *®Mo and '°“Mo show that the strength increases
with the neutron number. The experimental results are discussed in the frame of QRPA calculations
in a deformed basis which describe the increasing strength as a result of the increasing deformation.
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Chapter 1

Introduction and motivation

Since the early days of subatomic research experimental studies of the response of atomic nuclei to
electromagnetic radiation have delivered important information on many nuclear properties. The
atomic nuclei are composite quantum systems which exhibit excited states. Their properties such
as excitation energies, angular momenta and decay widths to the ground state or to other low-lying
levels are test ground for the existing theoretical approaches. Photon scattering, frequently called
nuclear-resonance-fluorescence (NRF), refers to the resonant excitation of a level by absorption of a
real photon and the subsequent decay of this level by emission of radiation. The principal advantage of
this method is that both the excitation and deexcitation processes take place via the best understood
interaction in physics, the electromagnetic interaction. The NRF with bremsstrahlung provides a
sensitive probe for the excitation of states with dominantly spin J = 1 and possibly J = 2 in even-
even nuclei, and allows the determination of level lifetimes in the order of 107 s. An overview of the
method can be found, e.g. in Refs. [Metz59, Knei96].

A systematic investigation of the dipole-strength distributions in dependence on the deformation or on
the neutron-to-proton ratio N/Z is of importance for comparison with nuclear models. The chain of
stable molybdenum isotopes with Z = 42 provides a good example for a study of the dipole-strength
distributions at the onset of deformation. Since a permanent ground-state deformation was observed
in the heavier 1Mo and Mo isotopes [Chei70] and the lightest “2Mo is a closed-shell nucleus,
the intermediate isotopes ®Mo and °°Mo are expected to show characteristics of transitional nuclei.
The deformation around mass A = 100 was studied in the framework of Hartree-Fock-Bogoliubov
model by P. Federman and S. Pittel [Fede78, Fede79] and, with enlarged valence space, by E. Kirchuk
et al. [Kirc93]. They showed that the deformation is strongly correlated to the polarization of valence
neutrons and protons into the spin-orbit partner orbitals g7/5 and gg/o, respectively, resulting from
the strong neutron-proton interaction. A sharp fall of the g-factors of the 27 states [Mant01] between
the closed neutron shell nucleus >Mo and Mo with two valence neutrons was suggested as result
of weak coupling of the proton and neutron valence spaces. P. Regan et al. [Rega03] showed that
the increasing deformation causes an evolution from vibrational to rotational shapes along the yrast
line using a new empirical approach E-GOS (E-Gamma Over Spin) based on the connection between
transition energy and spin.

In the transitional Mo isotopes the excited 0; states are found close to the 2f states indicating the
coexistence of different shapes. In an early work by H. Taketani et al. [Take71] on the stable even-mass
Mo isotopes with two neutron transfer reactions it was observed that the excited 0; states behave
like ground states. The intruder 0T states in the Sr-Zr-Mo nuclei were studied in the framework of
the shell model by K. Heyde et al. [Heyd87]. It was concluded that the appearance of 07 intruder
states in the Z = 40 region is a combined effect of the extra quadrupole proton-neutron binding
energy and the large monopole shift, effectively causing the disappearance of the proton 2p/o-1gg /o
gap at N = 60. The shape of “Mo [Ziel02] and Y%19%Mo [Ziel05] was recently investigated by means of
Coulomb excitation. It was found that the shapes of the considered Mo isotopes are soft and, moreover,
the coexistence of different shapes shows up in the occurrence of low-lying 0 states. Observation of
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states with spin J = 1 in %Mo and %Mo which decay to the 07 ground state as well as to the first
excited 05 states within the present work allowed the extraction of the shape mixing coefficients from
the measured branching ratios [Ruse05]. Therefore, the properties of the chain of stable Mo isotopes
are dominated by deformation. The response of the stable Mo isotopes to electromagnetic radiation
provides an interesting test ground for the influence of the proton-neutron interaction on the nuclear
structure in the onset of the deformation. The photon-scattering experiments included in this work are
performed with bremsstrahlung. Due to the dominant dipole fraction of the bremsstrahlung mainly
states with spin J = 1 are populated which allows a study of magnetic-dipole (M1) and electric-dipole
(E1) excitations in the nucleus.

The origin and the strength of the M1 radiation emitted from excited nuclear states has been the
subject of various experimental and theoretical investigations. In even-even nuclei there are basically
two sources for the generation of M1 radiation [Bohr75]. Firstly, based on large nucleonic g factors,
considerable M1 strength can be produced by spin-flip transitions arising from particle excitations
between spin-orbit partner states with j = [+ 1/2. Secondly, substantial M1 strength can be formed
in deformed nuclei by orbital-magnetic transitions between states in which high-j proton and high-j
neutron orbits are reoriented. According to this possibility the existence of a particular isovector
excitation with spin and parity 17 was predicted within a semiclassical two-rotor model [Lolu78] and
observed a few years later first in electron-scattering experiments [Bohl84]. This so-called scissors mode
is caused by a rotational oscillation of the neutron system against the proton system which manifests as
a group of 17 states around 3 MeV with a summed transition strength of up to > B(M1,0" — 11) ~
3 ,u%\,. Such 17 states have been studied systematically in numerous photon-scattering experiments on
rare-earth nuclei. Overviews about these experiments are given, e.g., in Refs. [Rich95, Knei96].

The present work aims to study the magnetic dipole strength in the isotopic chain of the stable even-
mass isotopes from ?>Mo to 1“Mo.

It is found that in all nuclei, the absorption cross section exhibits a strong maximum in the energy
region from 10 to 25 MeV, depending on the mass number. This excitation mode, called giant dipole
resonance (GDR), has E1 isovector character. Microscopically the GDR consists of particle-hole
excitations across one major shell. The residual interaction shifts the energy to the GDR region. The
F'1 strength distribution below the neutron separation energy is dominated by the isovector giant
dipole resonance but still part of the strength of the particle-hole excitations remains around 1/w
region and it can be observed as narrow resonances in high resolution experiments [Zilg02]. In the
early work on the investigation of the strength function below the GDR was found that some nuclei
exhibit a concentration of strength around 5.5 MeV. The strength function can be represented by
a smooth tail of the GDR with a “pygmy resonance” superimposed on it at 5.5 MeV. A further
investigation of the properties of the bump at 5.5 MeV turned out that the y-rays in the bump are
predominantly direct E1 transitions. An overview of this early work is given in Ref. [Bart72].

The aim of the present work is to study the dipole-strength distributions in ??Mo, **Mo and '"“Mo
below the neutron separation energy. The investigation of the dipole-strength distributions below
the GDR in dependence on the shell-structure and the neutron-to-proton ratio N/Z is important for
understanding of the collective and single-particle motion in quantum many-body systems.

Results of from photon-scattering experiments up to the neutron threshold have consequences for the
description of the nucleonsynthesis since they cover the energy range for photon induced reactions
in explosive stellar scenarios and can provide an important information for the interplay between
(7,7’) and (y,n), (v,p) or (v,«) reactions. The response of nuclei to dipole radiation is of importance
for understanding the synthesis of approximately 30 — 40 neutron-deficient nuclei which can not be
produced in neutron capture. The so-called p-nuclei may be produced from photo-disintegration of
previously formed heavier ones in the thermal photon bath. As shown previously [Gori98], details
of the dipole strength (now in n-rich nuclei) may as well have large consequences for the r-process
path and also s-process branchings are influenced by nuclear excitations [Kapp89] induced by thermal
photons.

For the understanding and the modeling of the astrophysical processes the photoabsorption cross



section o, up to and near the particle thresholds has to be known accurately [Gori02]. This part
of the cross section determines essentially the critical stellar temperatures (Gamov peak) at which
in a photonic heat bath the neutron production is starting. The energy region around the neutron
threshold belongs to the tail of the giant dipole resonance containing only a few percents of the
large total cross section of the GDR. Concerning the measurement of o, in the threshold region one
is in the following dilemma. Below the neutron threshold o, can be measured via 7 rays emitted
after photo-excitation. However, the increasing level density of nuclear states towards the threshold
leads to complex deexcitation patterns that include not only the deexcitation to the ground state but
also the deexcitation to many intermediate states. Hence, generally the intensity of the detectable
gamma radiation falls rapidly towards higher energies. The statistical Porter-Thomas fluctuations of
the widths of the levels lead to observation of small part of the nuclear excitations as peaks. Both
problems make the extraction of desired transition strength near the threshold to rather demanding
task. Above the threshold o, is measured by detecting emitted neutrons after photo-excitation.
Apparently, the cross-section is low near the opening of the neutron emission channel making a precise
measurement problematic. The theoretical prediction of the distribution of the dipole transition
strength around the neutron emission threshold is also a highly challenging task. A fair description
of the qualitative features of the GDR has been achieved by in terms of empirical and microscopic
models. However, the quantitative calculation of the width, in particular the spreading part, is
missing such that extrapolations of the GDR distributions towards lower energies are not reliable.
Summarizing, there is a lack of both nuclear data and nuclear theory impact for a better prediction
of the photoabsorption cross section in the critical threshold region.

In this work, statistical methods are applied in order to correct the high-resolution spectra for the
intensities of branching and feeding transitions and, hence, to deduce the dipole-strength distributions
and about the continuation of the photoabsorption cross section below the threshold, i.e., the low-
energy tail of the GDR.

In the next Chapters of this thesis, the NRF method will be presented (Chapter 2). In Chapter 3
the bremsstrahlung facility at the ELBE accelerator is described with respect to the performed Monte
Carlo simulations for optimization and background reduction. The used methods for analysis of the
data are presented in Chapter 4. An overview on the experimental results is given in Chapter 5. The
results are discussed on the basis of QRPA calculations which were done in a deformed basis. The
final conclusions and remarks are given in Chapter 6.
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Chapter 2

Nuclear Resonance Fluorescence

The nuclear-resonance-fluorescence technique (NRF) will be briefly presented in this Chapter. The
summary concentrates only on the case of even-even nuclei because such nuclei are the subject of
investigation in this thesis. Detailed descriptions and applications of NRF can be found in review
articles [Metz59, Knei96].

Usage of bremsstrahlung allows us in principle to excite simultaneously all low-spin (J = 1,2) levels
in the investigated nucleus. Due to the low transfer of momentum of real photons mainly states with
spin J = 1 are populated. The following quantities can be extracted in a model independent way from
NRF experiments on even-even nuclei:

e the excitation energies Fy;

e the spins of the excited states J;

e the parities of the excited states m;

e the widths I';

e the branching ratios I'¢/T;

e the reduced transition probabilities B(m, L).

2.1 Cross section for photon scattering

Following Bohr, the nuclear reaction proceeds through a compound nucleus. The process can be
described as follows: a particle A (e.g. a charged or neutral particle, or a photon) impinges on
an initial nucleus B in its ground state and a compound nucleus C' is formed. This nucleus then
emits a particle D and a residual nucleus F is left that may or may not be in an excited state,
A+B—-C— D+ E.

The nuclear resonance fluorescence represents an absorption and reemission of real photons. This
leads to the transformation: A +~v — C — ~' + A. The process of photon scattering is shown in
Fig. 2.1. An excited level is populated via resonant absorption of a real photon and it decays via
emission of a photon. The residual nucleus may be in its ground state J§. In this case the process
of photon scattering is called elastic scattering. It is inelastic when the excited level JT decays to an
intermediate J{ level.

The cross section for resonance fluorescence was derived by H.A. Bethe and G. Placzek [Beth37] from
Dirac radiation theory. In the case of pure resonance fluorescence where the deexcitation of a level Fy
to the ground state is only possible mode the cross section is given [Metz59]:

2] +1 2 W(0)
A2 : . 2.1
T 202Jo+1) (E—Ex)?+1ir2 ar’ (2.1)

oy (E,0) =

where Jy and Jy are the angular momenta of the excited state and the ground state, respectively, Fy
is the resonance energy and W (#) is the angular correlation function between the incident and the
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Figure 2.1: Resonance fluorescence on a nucleus with a ground state JJ. An excited level JT is
populated via resonance absorption of a photon. It can decay to the g.s. J§ (elastic scattering) or to
one or more intermediate states JI (inelastic scattering).

scattered photons, X = hc/E is the wavelength of the photon. The width of the excited level T' is
connected to the lifetime 7 of the level via the Heisenberg uncertainty relation: I' - 7 = h.

In the general case of photon scattering the level with energy Fy may decay to the ground state or
to one or more intermediate states Ff. If the absorbed energy is larger than the separation energy
for protons or neutrons then the decay width for particle emission I', has to be taken in to account.
Finally the total width of the excited level is a superposition of the partial widths for decay to the
ground state I'g, to the intermediate states I't and for particle emission I',:

=T+ » Ie+Th (2.2)
f

The radiative decay is the only one considered in NRF. The decay width for particle emission is I';, = 0.
The cross section for an excitation of the level Jy and its subsequent deexcitation to the level Jy is:
9 2Jx+1 Toly W ()

E0)=7X . . 2.3

Summing o~-,(E, ) over all possible modes of deexcitation and integrating over all scattering angles
6, one obtains the total cross section for resonance absorption o~ (F) of photons of energy FE:
4o 2Jx+1 o’

A E) =N ) (E — Ey)? + 112 (24)

The cross section for elastic photon scattering, i.e. the deexcitation is to the ground state J§, is related
to the photoabsorption cross section:

01(E) = 20 -0 (E) = By 04(E), (2.5)

where By =T’/ is the branching ratio for a ground-state transition.

The thermal moving of the nuclei leads to a Doppler broadening of the absorption lines given by
Eq. (2.4). According to the Doppler effect, if a nucleus is moving with velocity v and emits a ~-ray
with an energy F, then the observed radiation energy is shifted to:

E(l1+%
E':MQEQ—&—E) for v < ¢, (2.6)
c

VI- (22
where c is the velocity of the light. A Maxwellian distribution may be assumed for the nuclear velocities
v

w(v)dv = (M/2xkT)"? exp(—Mv? /2kT)dv (2.7)
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where M is the mass of the nucleus, ¥ Boltzmann’s constant and T the absolute temperature of the
absorber. Combining Egs. (2.6) and (2.7), the distribution of the ~-ray energies is expressed as:

w(E")dE' = (1/Ax'?)exp{—|(E' — E)/A]*}dE', (2.8)

where A = (E/c)(2kT/M)/? is called the Doppler width.
In order to obtain the effective absorption cross section for gamma rays of energy FE, the expression
(2.4) has to be averaged over all possible values E’ of the v-ray energy:

UE(E) = /UV(E/)w(E')dE/ = 0y (x,1) (2.9)

with o =2(F — Ey)/T; t=(A/T)?

22Jy+1) T
O'maX:ﬂ'AQ( +) _0

v 2J0+1 T

1 ® exp|—(z — y)2/4t
0.0 = g [ O (210)

y=2(E — Ey)/T
For large ¢ values (z < t) the 1(x,t) is well approximated by:

Y(x,t) = (7112 /2t1/2) exp(—a? /4t) (2.11)

D

+ (E) has a “Doppler form”, it can

This means that for A > I the effective absorption cross section o
be written as:

oD (E) = o™(I'r'/? /2A) exp{—[(E — Ex)/AJ*} (2.12)

Considering Eq. (2.9) and the fact that / Y(x,t)dr = 7 independently of ¢, it is clear that the

integrated absorption cross section

o0 2 + 1
/ oD (B, t)dE = ol = Zx
0

232
— AT 9.13
TN T o1 o (2.13)

does not depend on the relative size of the natural width and the Doppler form. For the case of pure
resonance fluorescence, Eq. (2.13) takes the form:

o0 2] + 1
I, = DAE = 22X~ —22)°T. 2.14
s /0 Ty 2o+ 1" (2.14)

For the case of non-pure resonance fluorescence and deexcitation to the ground state.

o0 2J. +1 (7whe 212
I,= B Dap = =2 ) =9, 2.15
; 0/0 7 2J0+1<EX> T (2.15)
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2.2 Spin determination

If a nucleus emits in a rapid succession two ~y-rays v; and o the angular distribution of 2 with respect
to 71 is the relative probability W (0)dS2 [Sieg65] that 79 is emitted into the solid angle d2 at an angle
0 with respect to the direction of v;. The formalism describing the angular distributions in NRF is
equivalent to the theory of (v — =) angular correlations. In case of NRF ~; is the absorbed photon
and -5 the emitted one.

The measurement of the angular distribution of the scattered photons with respect to the incoming
photon beam allows a spin assignment of the excited states. The angular correlation function W(6)
of the scattered photons for the case L, < 2, can be written as:

W(0) = Y Ba(m)Ax(y2)Px(cos0) (2.16)

A even

where the expansion coefficients Ay and B) are given in the Krane-Steffen phase convention [Kran75]:

F\(L1LyJ1Jo) 4 (=1) 1528, By (Ly Ly J1 Jy) + 62 F\ (L4 L 1 Jo)

B = 2.17
Ay(12) = Fy\(LaLoJsJo) + 209 F\(Lo Ly J3Jo) + 65 Fy\ (L LY J3J2)
1+ 63
(2.18)
The mixing ratio is defined by the reduced matrix elements to:
5 (RILU o (i) 210
(2| L]|J1) (Jsl|L2]|T2)"

where L} = Ly + 1 and L), = Ly + 1. The F-coefficients are defined as [Hage68]:

L L' A Jy Jo A
1-1 o)'{L L’Jl}'(2'20)

In the general case, one or more intermediate transitions may occur before the ~-ray of interest
is observed. Those intermediate transitions may lead to a redistribution of the population of the
substates, and may be taken into account by including appropriate coefficients Uy in Eq. (2.16). The
angular distribution function has the general form [Hami75]:

F\(LL' JiJo) = (=120 /(20 + 1) (2L 4+ 1)(2A 4+ 1)(2J2 + 1) - <

W(0) = > Ba(y)Ux(11) - Ur(vn) Ax(72) Pa(cos 0), (2:21)

A even
where

Ux(L) + 03U (L)

Ua(y) = 702 (2.22)
Un(L) = (—1)5 ML /(27 1 1)(20; + 1){:}1i j; 2} (2.23)

The ground state of even-even nuclei is 0. States with spins 1 or 2 are mainly excited in NRF
experiments with bremsstrahlung. The angular distribution for photons scattered from even-even
nuclei is shown on Fig. 2.2 for pure dipole and quadrupole transitions. For these transitions the
angular distribution (2.16) has a form:

W (0)dipole = Z(l + cos? 0) (2.24)
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photon
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Figure 2.2: Angular distribution for photons scattered from even-even nuclei with respect to the
direction of the incident photon beam. The distributions are labeled with the spin sequence Jg s —

Jx - Jg.s.-

W (8)quadrupole = 2(1 —3cos? 0 + 4cos’ 6). (2.25)
As can be seen from Fig. 2.2 there are two important observation angles 90° and 127° with respect to
the beam (the small angles are discarded because of the high background in the measured spectra).
At 127° the quadrupole radiation angular distribution has a minimal value, and at 90° it has a local
maximum. In contrast to the quadrupole radiation the dipole radiation shows a quite flat angular
distribution. Therefore a ratio of W (90°)/W (127°) will give most differing values for the two multipole
orders of radiation. From Eqgs. (2.24) and (2.25) the expectation values for the ratio W (90°)/W (127°)
can be specified, which are 0.737 and 2.28 for dipole and quadrupole transitions, respectively. These
values are reduced due to the finite solid angles of the detectors and the size of the target.

2.3 Transition probabilities

The partial width for decay to the ground state I'g is proportional to the reduced transition probabil-
ities B(ILL, E,) T (Il is E or M) [Ring80]:

N (L4 1)(By /he) L 205 +1
- : B(IIL,E 2.2
Lo 8”H;1 LRL+)E 24 p 1ML BT (2:26)

For dipole and quadrupole transitions in even-even nuclei:

r
B(E1) 1= 2.866-10—3E—g e?fm? (2.27)

v
B(M1) 1= 0259825 4k (2.28)

vy

Lo 9. 4
B(E2) 1= 620125 *fm’*, (2.29)
ol

where E., is taken in MeV and I'g in meV. The reduced transition probabilities B(IIL, Jy — Jx) =
B(IIL) 1 and B(IIL, Jx — Jo) = B(IIL) | are connected by the following relation:
2Jy +1

B(IL) 1= 37 BOIL) L. (2.30)
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2.4 Parity determination

Parity assignments are of crucial importance for the interpretation of the NRF experiments. Model
independent parity assignments in photon scattering can be achieved by measuring the linear polar-
ization of 7 rays. There are two principle experimental possibilities: (i) the usage of linearly polarized
photons in the entrance channel and (ii) the measurement of the linear polarization via the Compton
scattering of photons. A review of the used methods is given in [Faggh9].

2.4.1 Usage of linearly polarized photon beam

A measurement of the azimuthal asymmetry of the resonantly scattered photons is used for parity
determination in the NRF experiments with polarized photon beams. A schematic depiction of a NRF
experimental setup using polarized off-axis bremsstrahlung beam is shown in Fig. 2.3. The electron
beam hits a thin radiator under an angle relative to the axis of the collimator. The electric field vector
E is tangential to the bremsstrahlung intensity cone. The collimator separates a small part of the
bremsstrahlung cone where a certain direction of E dominates. The degree of polarization is about
30 — 40 % and depends strongly on the energy of the photons (see subsection 3.2.1). The angular
distribution of scattered photons from the NRF target then depends on the polar angle 6 and the
azimuthal angle ¢ (i.e. the angle between the electric field vector E of the incoming photon beam and
the scattering plane):

W(0,0) = W(O0)+ (£)1; > Bi(11)Ax(y2) P (cos ) cos 2 (2.31)
A=2,4
where
1
B\(m) = <1—2>{ — kx(L1L1)Fx(L1 Ly JoJ) +
+ 07

W (#) is the angular distribution for the unpolarized photon beam (see Eq. (2.16)) and A,(2) is given
in Eq. (2.17). The factors (&), are +1 and -1 for electric and magnetic transitions L), respectively.
ky(Ly, L,) are polarization coefficients [Fagg59].

The measured azimuthal asymmetry (¢, E,) is the product of the degree of polarization of the in-
coming photon beam P, (E,) and the analyzing power () of the (v,~’) reaction:

N — N,
e(0,E,) = 1 I _

“ NI - P,(E,)%(6) (2.33)

where N and N are the measured counting rates perpendicular and parallel to the polarization
plane. The analyzing power X() is defined as a normalized difference of the angular distributions for
the scattering plane perpendicular and parallel to the polarization plane:

W(‘97 ¥ = 900) — W(Q, Y = Oo)
W(‘97 ¥ = 900) + W(Q, Y= Oo)

2(0) = (2.34)

The analyzing power has a maximum under a scattering angle of § = 90° for dipole and quadrupole
transitions and values of:

+1 : El
(0 =90°) = { -1 : Ml } — radiation (2.35)
-1 : E2

The production of off-axis bremsstrahlung polarized beams requires [Gova94]:
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Figure 2.3: Schematic drawing for usage of linearly polarized photons for parity determination.
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e a high intensity electron beam for sufficiently high count rates;

e a high pulse repetition rate to avoid pile-up;

e stable energy and position of the electron beam;

e a well defined and reproducible angle of incidence;

Facilities using off-axis bremsstrahlung polarized beams were in operation at Gieen [Berg87] and Gent
[Gova94]|. The new facility at Forschungszentrum Rossendorf also has been designed for production
of polarized beams [Schw05]. Another technique using the back-angle Compton scattering of a laser
light on an electron beam provides 100 % polarized photon beams. Facilities using such a method is
in operation at Duke University [Piet02] and at the AIST, Tsukuba [Utsu05].

2.4.2 Usage of Compton polarimeter

Measurements of the linear polarization of resonantly scattered photons using Compton polarimeter
allows model independent parity assignments. In the case of a polarization sensitive detector the
angular distribution function depends additionally on the angle ¢ between the electric field vector E
of the scattered photon and the reaction plane defined by the incoming and scattered photons:

W(0,0) = W () + (£)1;, Y Br(11)A\(72) P (cos 0) cos 2¢ (2.36)
A=2,4
where
AL (y9) = (ﬁ){ ~ hn(LoLo) F(LoLoJiJ) +
+201kx (L2 Ly) Fa(La Ly Jp J) + 5%k>\(L12L/2)F>\(L/2L/2JfJ)} (2.37)

Here the factors (%) 1, are also +1 and —1 for electric and magnetic transitions L, respectively. The
degree of linear polarization P, (#) can be defined by the relative difference of the scattering resulting
in radiation with the electric field vector E parallel and perpendicular to the reaction plane:

W(Hv $ = 900) — W(07§0 - OO)

P,(0) = 2.38

") = W0, 0= 900) + W(B, o = 07) (238)

The degree of polarization has a maximum under a scattering angle of § = 90° for dipole and
quadrupole transitions in even-even nuclei and values:
-1 : FEl

P,(6 =90°) = { +1 : M } — radiation (2.39)
+1 : E2
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Figure 2.4: Kinematics of Compton scattering a) and schematic depiction of a Compton polarimeter
setup b). The figures are taken from [Schl94].

The classical process, sensitive to the linear polarization of photons, is the Compton scattering.
Fig. 2.4 a) shows the kinematics of the Compton scattering process. The Compton-scattering plane is
defined by the momentum vectors k and k' of the incident and scattered photons, respectively. The
scattering angle is denoted as 1. The polarization plane is defined by the directions of the electric
field vector E of the incoming and its momentum vector k. The angle between the scattering and
polarization planes is denoted as ¢. The differential cross section for Compton scattering is given by
the Klein-Nishina formula:

do 1 ,B%(E, E ,
9= 57’(2] Ej?/ <E1 + E—::/ — 2sin? 9 cos? ¢> (2.40)
where 19 = €?/moc? is the classical electron radius, E, = E,/(1 + mE012 (1 — cos?)) is the energy of
the scattered photon. As can be seen the Compton scattering predominantly takes place in a plane
perpendicular to the electric field vector E corresponding to ¢ = 90° (Eq. (2.40)).

To measure the linear polarization of photons one has to determine the count rates N and N, of
Compton scattering events parallel and perpendicular to the reaction plane to which the polarization
P, is defined. A schematic depiction of Compton polarimeter setup is shown in Fig. 2.4 b). The
experimentally accessible quantity of the azimuthal asymmetry (6, E,) is defined as the relative
difference of the count rates IV, I and N :

N, — N
£(0, E,) = WN:' = Q(E,)P,(0) (2.41)

the factor Q(E,) is the polarization sensitivity of the polarimeter.

A setup for polarization measurements using two four-fold sectored Compton polarimeters [Knei92]
was in operation in Stuttgart. The detector setup in Rossendorf also contains two four-fold sectored
HPGe detectors (see Section 3.3) and allows for measurements of the linear polarization of the scattered
photons.

2.5 K-quantum number assignments

In the case when an excited level can decay to the ground state and to intermediate levels in the NRF
experiments the following ratio may be deduced:

r; EX, B
2w BU =) (2.42)

Rex = 5
P Ty E3, " B(J—J)

for the case of pure dipole cascade. When a direct parity assignment is not performed some valuable
information on the spin of the excited level is given by the Alaga rules [Alagh5] stating that nuclear
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Figure 2.5: Angular momentum quantum numbers for a strongly axial deformed nucleus. The coupling
scheme is characterized by the three constants of motion: the total angular momentum f, its projection,
M, on an axis z fixed in space, and its projection, K, on the nuclear symmetry axis z’. The figure is
taken from [Alagh5].

states with K = 1 have parity m = +1 and states with K = 0 have # = —1. For axially deformed
nuclei, in the rotational limit, the branching ratio Ripeo is given by:

2
V2T T 1, Kp, L K — K¢|J, K)
v2Jy + 1<J0, Ko, L, K — KQ’J, K>

Riheo = (2.43)

where K is the projection of the total angular momentum I on the nuclear symmetry axis z’ (cf.
Fig. 2.5). Relation (2.43) allows K-quantum number assignments.

For even-even nuclei, the excited state has spin 1 and it can decay to the ground state (J(]:Of) or to
the first exited 2] state. The K-quantum number can be assigned by comparison of the experimental
branching ratio Ry, and the predictions of Alaga rule

B(nl;J =11 — Jy = 20)
. . 2.44
RAlaga( ) B(’]T]_ J=11 — Jy = 00) -0 ( )
B(nl;J =19 — Jf = 20)
K- = 2.
RAlaga( 0) B(’]T]_ J=1y— Jy= 00) ’

Here, the states with K = 1 have parity m = +1 and with K=0 parity = = —1.
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Chapter 3

The bremsstrahlung facility at the
ELBE accelerator

The photon-scattering experiments in this work were performed at the bremsstrahlung facilities at the
ELBE accelerator of the Forschungszentrum Rossendorf, Dresden and at the Dynamitron accelerator
of the Institut fiir Strahlenphysik, Universitat Stuttgart. Bremsstrahlung produced by deceleration
of electrons in a radiation converter has the advantage that the continuous bremsstrahlung spectrum
allows as to excite simultaneously all levels in the investigated nucleus. However, the non-resonantly
scattered bremsstrahlung photons from the NRF target lead to continuous increasing background in
the measured spectra. An investigation of the background radiation is presented in Section 3.4. Several
solutions to the problem of reduction of the background were found using Monte Carlo simulations and
applied for the setup in Rossendorf. The results of the simulations are compared with methodological
measurements in the cases when such comparison is possible.

In this Chapter the main parts of the bremsstrahlung facility at the ELBE accelerator, the detector
setup for NRF experiments and the data acquisition will be discussed. The investigation of the
background radiation and the corresponding Monte Carlo simulations are reported.

3.1 The ELBE accelerator

A new superconducting electron linear accelerator of high brilliance and low emittance (ELBE) was
built at the Forschungszentrum Rossendorf in order to deliver continuous wave electron beams with
a maximum energy of 40 MeV at a maximum average current of 1 mA [Gabr00]. Electrons are pre-
accelerated in a 250 keV-thermionic DC electron-gun and pre-bunched in a two RF-buncher section.
Main acceleration is accomplished in two 20 MeV-superconducting linear accelerator modules operated
at 1.3 GHz. Each accelerator module uses standing wave RF cavities designed for the TESLA test
facility at DESY. Two 9-cell superconducting niobium cavities are operated in a cryo-module with
superfluid liquid helium at 1.8 K. A schematic diagram of a cryostat with the niobium cavities is
shown in Fig. 3.1. Each cavity is driven by a 10 kW klystron amplifier. The maximum accelerating
gradient is 15 MV /m.

Parameters of the ELBE accelerator used for experiments with bremsstrahlung are presented in the
following:

e Electron beam energy: 6 — 18 MeV e Micropulse duration: 2 ps
e Max. bunch charge: 77 pC e Micropulse repetition rate: 26 MHz
e Max. average beam current: 1 mA e Macropulse duration: 0.1 — 40 ms / cw

e Macropulse repetition rate: 1 — 25 Hz
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Figure 3.1: The ELBE cryogenic accelerator module.

3.2 The bremsstrahlung facility at the ELBE accelerator

The first module of the accelerator is used for production of photon beams with energies up to 18 MeV.
A lay-out of the bremsstrahlung facility is shown in Fig. 3.2. The electron beam is deflected by 45°
from the main beam line to the experimental area by a non-dispersive system of two dipole magnets
and one quadrupole magnet. The bremsstrahlung is produced by a radiator [Wagn99] consisting of a
thin niobium foil [Schi03a] which converts only a small fraction of the electron beam. The remaining
fraction of the beam is deflected by a 45° purging magnet [Schi03c] to an electron-beam dump (cf.
Fig. 3.2). The bremsstrahlung cone is collimated to a narrow photon beam by a collimator [Schi02a]
made of pure aluminum (99.5 % Al). A hardener [Schi02b] placed in front of the collimator modifies
the bremsstrahlung spectrum. The photon beam irradiates an NRF target and is finally absorbed in
a photon-beam dump [WagnOla]. The photon flux is monitored by Nal detector [Wagn02] placed at
25° relative to the beam. The detector setup [Schw03] shown in Fig. 3.2 is used for NRF experiments
and is described in the next section.

The facility allows the production of polarized photon beams [Wagn01b] using off-axis bremsstrahlung.
Two steerer magnets [Schi03b] are installed in front of the radiator to tilt the bremsstrahlung cone

electron-beam concrete 1m
dump shielding

purging magnet

\
steering i \

magnets radiator HPGe + BGO

Blectron
beam

hardener

Figure 3.2: The bremsstrahlung facility at the ELBE accelerator.
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under a certain angle relative to the collimator axis thus selecting a fraction of the bremsstrahlung
cone with a defined polarization (cf. Fig. 2.3). The degree of polarization is measured by a polarization
monitor [Schw02] placed behind the collimator (cf. Fig. 3.2).

The bremsstrahlung facility at the ELBE accelerator is presented in Refs. [Ruse04a], [Schw05] and
[Wagn0b5a].

In this section the radiator, beam hardener, the beam collimator and the photon-beam dump will be
described in more details. A possible application of the Nal detector [Ruse04b] for reconstruction of
the bremsstrahlung spectrum and determination of its end-point energy is reported.

3.2.1 Radiator and bremsstrahlung production

The bremsstrahlung target (radiator) has a key position in the bremsstrahlung facility at the ELBE
accelerator. It converts the kinetic energy of the electrons into electromagnetic radiation. Because of
the possibility to produce polarized off-axis bremsstrahlung it has to be a thin foil, preventing multiple
scattering of the electrons inside the radiator which reduces the degree of polarization. The smaller
photon-beam intensity as compared with a thick radiator can be compensated by the high electron
current offered by the accelerator. Simulations regarding the choice of optimum radiator materials
have been performed [Wagn0la]. The used radiator thickness range is from 3 x 10™* to 10~3 times
the radiation length X for radiators made of niobium. The metallic radiator foil is embedded in a
water-cooled holder [Schi02b] with six radiator positions. A video camera for continuous observation
of the electron-beam spot on the radiator and a pyrometer for measurement of the temperature of the
radiator are installed.

Production of bremsstrahlung

According to the electrodynamics, an electron is in general deflected if it passes through the field
of a nucleus (or atom). Since this deflection always causes a certain acceleration, radiation has to
be emitted. The cross section for bremsstrahlung is proportional to Z2 [Heit84]. It makes high Z
materials preferential for bremsstrahlung targets.

The dependence of the bremsstrahlung intensity on the radiator thickness was investigated in the
present work performing Monte Carlo simulations. The program package GEANT4 contains all pro-
cesses of electron interactions with matter. Results of the simulations for an electron beam en-
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Figure 3.3: Simulations for the bremsstrahlung production a) and the angular distribution b) in
dependence on the thickness of Nb radiators for a kinetic electron energy of 12 MeV.
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ergy of 12 MeV and niobium radiators are presented in Fig. 3.3. Fig. 3.3 a) shows the number of
bremsstrahlung photons in an opening angle of 5 mrad, the opening angle of the photon-beam col-
limator, for different radiator thicknesses. It can be seen that the intensity saturates at a certain
radiator thickness. Two orders of magnitude change in radiator thickness lead to one order of magni-
tude higher intensity. A quasi-saturation occurs above 100 pm thickness. The curves corresponding
to low-energy photons (< 5 MeV) and to the high energy photons (> 5 MeV) are parallel. The
bremsstrahlung spectrum is not modified by the radiator thickness in the considered thickness range.
An effect of hardening of low energy photons which could make the thick radiator more preferential
is insignificant.

The angular distribution of the produced bremsstrahlung photons is presented in Fig. 3.3 b) for three
radiator thicknesses of 2, 20 and 200 ym. The bremsstrahlung quanta are spread over a large angle
range for a thick radiator in comparison with a thin one. From a background-reduction point of
view the thin radiator is more favorable because the produced radiation is concentrated at forward
angles and smaller amount of radiation has to be attenuated in the concrete wall and the collimator
in comparison with a thick radiator.

Production of polarized photons

The bremsstrahlung produced from electrons with kinetic energy F. is partially polarized with a
maximum degree of polarization at an angle of u/FE, where p is the rest energy of the electron.
The most favored direction of polarization is perpendicular to the plane of observation defined from
the incident electron and emitted photon [Heit84]. M. May and G. Wick [May51] have derived an
expression for the bremsstrahlung cross section based on Weizsécker’s analysis [Weiz34] of the radiative
collision between an electron and a nucleus. The cross section [May51] for production of photons
polarized at an angle ¢ to the plane of observation can be simplified to:

do = A[B + sin? 0 cos? ¢] sin 6d#, (3.1)

where 6 is the angle between the electron and the emitted photon and A and B are constants depending
on K., Z and 6.

The kinematics of electron scattering given by GEANT3 was combined with the cross section (3.1)
in order to obtain the degree of polarization taking into account the thickness of the radiator, the
electron-beam structure and the opening angle of the photon-beam collimator. A random generator
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Figure 3.4: Results from simulations a) for the degree of polarization for 14 MeV electron beam and
b) a cut at an angle of # = 35 mrad. The data points are determined from analyzed proton spectra
(see subsection 3.2.4) measured at Fe = 14 MeV.
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Figure 3.5: Simulations of the energy distribution of the incident photon-beam flux a) at the NRF-
target position. The electron beam is considered with an energy of 15 MeV and a current of 500 pA.
The radiator is a Nb foil with a thickness of 4 um. Comparison of ~-ray spectra b) corresponding to
measurements with and without used hardener.

based on Eq. (3.1) was used to assign an angle of polarization ¢ to the individual bremsstrahlung
quanta generated from GEANT. Results for the degree of polarization of bremsstrahlung produced
from 15 MeV electrons in a 4 um thick Nb radiator in a 5 mrad opening angle are presented in
Fig. 3.4. A cut at § = 35 mrad is shown in Fig. 3.4 b). The simulations were performed for 10'°
incident electrons for every angle 8 varied in steps of 5 mrad.

3.2.2 Beam hardener

The bremsstrahlung has a continuum spectrum with an end-point energy equal to the kinetic energy
of the incident electrons. At low energy it has a high intensity, which leads to a huge background
in the measured spectra and limits the counting rates of the HPGe detectors. The shape of the
bremsstrahlung spectrum can be modified by using a spectrum hardener, a cylindrical absorber made
of aluminum with a length of 10 cm. Placed into the photon beam, it absorbs mainly low energy
photons. Results of GEANT3 simulations for the photon flux at the NRF target position are shown
in Fig. 3.5 a) for a 4 um thick Nb radiator and an electron current of 500 pA without and with using
the aluminum hardener. The influence of the Al hardener on the measured spectra can be seen in the
comparison presented in Fig. 3.5 b). The spectra were measured for about 7 hours, they are efficiency
corrected and normalized to the measuring time and the electron-beam current.

The hardener device [Schi02b] contains three cylinders of 10 cm length and 10 cm diameter which can
be placed separately in the beam. One of them consists of TRIAMET!, a composite material with a
density of 18 g/cm? made of 95 % W and 5 % Ni and Cu. It is used as a beam shutter and prevents
the experimental cave from radiation inside the accelerator hall. The other two ones are aluminum
hardeners. One of those hardeners is made entirely from Al while the other one consists of a 0.9 cm
diameter Al cylinder surrounded by a 10 cm diameter TRIAMET.

3.2.3 Beam collimator

The bremsstrahlung produced by the radiator is collimated to a narrow beam by a collimator of 2.6 m
length and an opening angle of 5 mrad [Schi02a]. It is made of pure Al (99.5 %) because of its high
neutron separation energy (S, = 13 MeV). The aluminum has a photon attenuation effect similar to

!Bayerische Metallwerke GmbH, Leitenweg 5, 85221 Dachau, Germany
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Figure 3.6: Cross section of the photon-beam spot along the horizontal axis obtained a) from GEANT3
simulations and b) from scanned X-ray film.

the surrounding concrete walls. Monte-Carlo simulations were performed in order to investigate the
properties of the collimator and the structure of the photon-beam spot at the NRF target position.
Photons were emitted from the place of radiator with an energy [Schi51] and an angular [Lanz51]
distribution corresponding to the real bremsstrahlung. A screen was defined at the place of the NRF
target perpendicular to the photon beam. The position of the photons on the screen was recorded.
The result of the simulations is shown in Fig. 3.6 a). The photon-beam spot shows a homogeneous
distribution over a circle with a diameter of 2 cm. A target diameter of 2 cm (cf. Fig. 3.6 a) was
selected in order to use optimally the intensity of the photon beam.

X-ray films are used for monitoring the photon-beam position. The beam-intensity distribution can
be extracted by scanning an irradiated and developed film with a He-Ne laser and a photo diode.
The beam intensity along the horizontal axis is shown in Fig. 3.6 b). The comparison between the
simulated and measured results for the structure of the beam spot shows good agreement.

3.2.4 Polarization monitor

Usage of polarized beams requires a monitor of the degree of polarization of the photons. A polariza-
tion monitor was developed using the process of photodisintegration of the deuteron. Because of the
predominant E'1 absorption in this process the protons and neutrons are emitted preferentially in the
direction of the electric field vector of the polarized bremsstrahlung. The degree of polarization can
be deduced by measuring the azimuthal asymmetries of the protons.

The polarization monitoring setup [Schw02] consists of four silicon detectors positioned perpendicular
to the photon beam at azimuthal angles of 0°, 90°,180° and 270° in a cylindrical reaction chamber.
The detectors have a thickness of 300 ym and an area of 600 mm?2. A CDs foil of 40 ym thickness is
used as a target. The distance between the detectors and the target is 11 cm. Example proton spectra
measured with the silicon detectors at different electron-beam energies are shown in Fig. 3.7 a). A
spectrum of a mixed 23?Pu-?4' Am-?**Cm a-particle source used for energy calibration is presented in
Fig. 3.7 b).

Because the energies of the incident photons correlate with the measured proton energies the proton
spectra can be used for determination of the bremsstrahlung end-point energy. The spectral distribu-
tion of the incident photon beam can also be extracted from the proton spectra. An analysis of the
proton spectra is presented in Section 4.4.
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Figure 3.7: Measured proton spectra a) at different electron-beam energies. A spectrum b) of a mixed
239P -2 Am-24Cm a-particle source.

3.2.5 Photon-beam dump

In order to minimize the background from scattered photons the photon beam has to be dumped after
passing the NRF target. A photon-beam dump was developed [WagnOla] made of polyethylene (PE)
and shielded with 2 mm thick cadmium foil and 10 cm thick lead walls. The front lead wall has a
thickness of 20 cm.

The beam dump has an entrance hole of 11 cm in diameter. Because of the Compton back-scattering
and the rather big entrance hole the beam dump does not absorb fully the photon beam. A hole in
the PE block was suggested in order to reduce the back-scattered radiation. The hole moves away
the beginning of the PE block and the scattering process starts deep inside the beam dump. From
geometrical considerations the beginning of the PE block sees the entrance of the beam dump under
a small opening angle (see the drawing in Fig. 3.8) and thus reduces the intensity of the radiation
outgoing from the beam dump. Monte Carlo simulations were performed to investigate the influence

Pb shield

beam

"

Cd shield PE

10 20 30 40 50 60 70
Hole depth / cm

Figure 3.8: Simulations for the dependence of back scattered photons through the entrance hole of
the photon-beam dump on the depth of the hole in the polyethylene block.
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of the depth of the hole on the properties of the beam dump. Monoenergetic photon beams were
assumed with energies of 5, 10, 15 and 20 MeV and the number of the photons back-scattered and
penetrating the beam dump was counted. Results of the simulations for the fraction of the beam
intensity of the scattered back from the photon-beam dump are shown in Fig. 3.8. A hole of 15 cm
depth was drilled into the PE block.

3.2.6 Reconstruction of the bremsstrahlung spectrum using an Nal detector

At the bremsstrahlung facility of the ELBE accelerator a large Nal detector [Rick88] is used for photon-
beam-flux monitoring. The Nal crystal has a size of 10” x 10”. The detector is placed at 25° relative
to the beam and shielded with a 10 cm thick lead housing with a collimator hole of 4 ¢cm in diameter
(cf. Fig. 3.2). A spectrum measured with the Nal detector was analyzed in order to reconstruct the
spectral distribution of the incident photon beam using simulations for the response of the detector.

Monte-Carlo simulations including the experimental setup of a photon-scattering experiment on *®Mo
at E, = 8.5 MeV were performed for a photon beam with uniform energy distribution. The beam
energy range from 0 to 10 MeV was divided into 40 bins with a width of 250 keV. The simulations were
performed for 10 photons/bin using the code GEANT3. A response spectrum S; of the deposited
energy in the Nal crystal includes the probability for y-scattering from the target and the response
of the detector. Fig. 3.9 b) shows an example response spectrum of the detector from a quasi-
monoenergetic photon beam with energies (cf. Fig 3.9 a) between 9.75 and 10 MeV. The measured
Nal-spectrum Seyp, is approximated with a linear combination of such simulated response spectra Si:

Sexp = Z aiSi, (32)

where the coeflicients a; are free positive definite parameters of the fit, which correspond to the inten-
sity of the incident photon beam in the energy range of bin i.

Applying the method, an Nal spectrum measured for 2 hours from the photon-scattering experiment
on %Mo at an electron energy of about 8.5 MeV is used. The initial bremsstrahlung spectrum recon-
structed from the measured Nal spectrum is shown in Fig. 3.10 a). It is compared with GEANT3
simulations of the photon flux including the radiator and the beam hardener (cf. e.g. Fig. 3.5).
Fig. 3.10 a) shows that the unfolded spectrum reproduces well the slope of the beam-intensity dis-
tribution. The presented simulations are used in the inverse way in order to obtain the end-point
energy of the bremsstrahlung spectrum more precisely. The measured Nal spectrum is compared with
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Figure 3.9: Simulations for the response of the Nal detector b) at a photon beam with uniform energy
distribution a) between 9.75 and 10 MeV.
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Figure 3.10: a) results for the reconstructed bremsstrahlung spectrum used in the %Mo (v,7) experi-
ment presented with a histogram and compared with simulations of the photon flux; b) determination
of the bremsstrahlung end-point energy (see text);

simulated spectra corresponding to different electron-beam energies. The spectra were normalized in
the energy range from 1 to 2 MeV. The squared difference between measured and predicted spectra
for the Nal detector is plotted in Fig. 3.10 b). The minimum in Fig. 3.10 b) gives the end-point energy
located at about 8.3 MeV. Of crucial importance for precise end-point energy determination is the
energy calibration of the Nal detector and the knowledge of the angle of the detector relative to the
beam.

The presented method reproduces rather well the spectral distribution of the incident beam spectrum.
The end-point energy of the bremsstrahlung distribution can be determined. The method can be
applied for on-line monitoring of the incident beam using a high efficient Nal detector and spectra
measured for a short time.

3.3 Detector setup for NRF experiments at ELBE

Nuclear-structure investigations using the nuclear-resonance-fluorescence technique require an efficient
setup of high-purity germanium (HPGe) detectors [Schw03]. The setup of HPGe detectors for NRF
experiments is shown in Fig. 3.2. It consists of four n-type HPGe detectors with 100 % efficiency rel-
ative to a 3”7 x 3” Nal detector. Specifications of the used HPGe detectors are presented in Table 3.1.
Two of them are fourfold segmented detectors, placed vertically at 90° relative to the beam. The
other two HPGe detectors are placed horizontally at an angular range from 90° to 127° relative to the
beam. This flexibility allows a measurement of the angular distributions of the « rays scattered from

Table 3.1: Specifications of the HPGe detectors.

detector crystal crystal operating polar distance

diameter / mm length / mm  bias / V angle  to target / mm
#1 Ortec 41-N31587A 79.1 90 -4500 127°/90° 320/280
#2 Eurisys 73615 76.5 86.9 +4500 90° 280
#3 Ortec 41-N31569A 78.2 93.1 -4800 127°/90° 320/280
#4 Eurisys 73633 76.7 86.9 +5000 90° 280
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Figure 3.11: Normalized spectra to the photon flux deduced from the 5020 keV 'B line measured at
90° from the *?Mo (v,7’) experiment at E, = 6 MeV. The spectra are measured with and without
BGO suppression a) and with and without pile-up rejection b) but with BGO suppression.

even-even nuclei at 90° and 127° and the parity determination using polarized beams when all four
detectors are placed on 90°. In addition, a Euroball cluster detector has been installed at 145° relative
to the beam and at 480 mm distance to the target to increase the efficiency of the detector setup. The
HPGe detectors are shielded with escape-suppression shields of bismuth germanate (BGO) scintillation
detectors in order to reduce the background in the measured spectra. A comparison between measured
spectra from the detectors at 90° with and without BGO suppression is shown in Fig. 3.11 a). The
spectra are normalized to the photon flux deduced from the 5020 keV B line. Additional reduction
of the background is performed by including a pile-up rejection (PUR). The PUR allows a work of
the detectors at high count rates (10 — 15 kHz) without a significant influence to the background.
Normalized spectra measured with and without PUR are compared in Fig. 3.11 b).

The active BGO shields have to be protected from the direct radiation from the target by using lead
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Figure 3.12: Normalized ratio of photo-peak to background a) and photo peak area b) versus the
entrance (abscissa) and the exit diameter (ordinate) of the lead collimator. The cross marks the
chosen diameters.
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Figure 3.13: Dependence of the count rates in the BGO shield a) on the lead shield thickness. The
absence of a shield is denoted with a thickness of 0 cm. Comparison b) between spectra measured

with different Ph shield thicknesses. The spectra are normalized to the photon flux deduced from the
5020 keV transition in ''B.

collimator and from the background radiation by using lead shields. The lead collimator [Ruse03] and
the lead shield were designed by performing GEANT3 simulations described in the follow paragraphs.

Pb collimators

In order to optimize the collimators of the detectors, GEANT3 simulations were performed within the
present work. A realistic geometry of the HPGe detector and the BGO shield has been implemented
in the simulations. Monoenergetic «-rays with energies of 7, 10, 13 and 16 MeV were generated from
the surface of the NRF target. A histogram of the energy deposited in the HPGe crystal was collected
when there is no energy deposition in the BGO shield for varying entrance and exit diameters of
the lead collimator. Two competing criteria were used in order to obtain the optimum geometry of
the collimator. The first criterion is to maximize the ratio of full-energy peak to total background
(FE-to-Total). Fig. 3.12 a) shows this ratio versus the entrance and exit diameters of the collimator
cone. The ratio shows a flat distribution with a maximum at small diameters. The second criterion
is to get a large full-energy-peak (FE-peak) area. Fig. 3.12 b) shows the FE-peak area versus the two
collimator diameters. This quantity increases with increasing opening angle of the collimator. A good
compromise is a point in the flat part of the ratio FE-to-Total for which the FE-peak area is as big
as possible. The entrance and exit diameters of the collimator were selected to 30 mm and 50 mm,
respectively. This point is marked with a cross in Fig. 3.12.

Pb shields

A lead shield surrounding the BGO detector is used to reduce the background radiation from outside.
The probability for the scattering of direct radiation from the NRF target inside the shield increases
with the volume of the shield, since the shield itself acts as a secondary source of radiation. Therefore
the usage of a thick shield is not desired. Monte Carlo simulations were performed in order to
optimize the thickness of the lead shield with respect to minimum count rates in the BGO shield. In
the simulations monoenergetic photon beams irradiate a lead target with a mass of 3 g. The photons
scattered from the target may scatter again in the beam-pipe back to the detector or scatter in the lead
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Figure 3.14: Simulations a) for the ratio of the full energy peak to the single escape one (FE-to-SE)
and b) the ratio of the FE peak to the total counts in the spectrum (FE-to-Total) for different absorber
thicknesses d.

shield. The simulations were performed for four beam energies of 5, 10, 15, and 20 MeV, respectively.
The results of averaging over the different beam energies for the count rates of the BGO detector are
presented in Fig. 3.13 a) for several thicknesses of the lead shield. The count rates show a minimum
at 2 cm and slowly grow up with increasing thickness of the shield. A comparison between HPGe
spectra with 1 cm and 2 cm lead shields is shown in Fig. 3.13 b). The spectra are normalized to the
same photon flux deduced from the 5020 keV transition in 'B. Lead shields with thickness of 2 cm
were installed at all four HPGe detectors according to the presented results.

3.4 Investigation of background in the measured spectra

The background in the measured spectra can be divided into three parts with respect to the origin of
the background particles. The photons which are non resonantly scattered from the NRF target lead
to a continuous background in the measured spectra called here a “target background”. Part of them
may scatter again in structure material close to the detector. The background events from outside-
photons is called “room background”. The background due to incomplete absorption of photons in the
detector is called “detector background”. In this Section the three contributions to the background
in the measured spectra are discussed. Simulations are compared with results of measurements. The
Section ends with a summary of achieved results for the reduction of the background.

3.4.1 “Detector background”

In nuclear spectroscopy high-purity germanium detectors (HPGe) are used for high-resolution ~-ray
detection. The HPGe detectors have a rather small detection efficiency at high ~-ray energies because
of the strong energy dependence of the photo effect. The processes of pair creation and Compton
scattering play a dominant role at high energies and produce a background in the measured spectra
called “detector background”. An escape-suppression shield of bismuth germanate (BGO) scintillation
detectors is used in order to reduce the background events (cf. Fig. 3.11 a). Within the present work
GEANT3 simulations were performed in order to investigate the influence of the escape-suppression
shield to the background in the spectrum and for a verification of the detector-setup performance.
The real HPGe detector and BGO shield geometry was implemented in the present simulations.
Monoenergetic y-rays with varying energies from 0 to 20 MeV were generated at the place of the NRF
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Figure 3.15: Comparison between a measured spectrum at 90° from the 2°®Pb (v,y) experiment at
E., = 17 MeV and a simulated one for the same experimental conditions.

target. The ratio of the full-energy peak (FE) to the single escape one (SE) was extracted from the
simulated spectra. Fig. 3.14 a) shows a comparison between the experimentally deduced FE-to-SE
ratio and the one obtained from the simulations (the solid lines) with and without including a veto
from the BGO shield. From the comparison a significant reduction of the background by usage of an
active escape-suppression shield is visible.

A lead absorber is placed in front of the HPGe detector in order to reduce the amount of detected
low-energy photons scattered from the NRF target. The usage of absorbers is necessary because the
low-energy photons produce high count rates in the detector and limit its work. The simulations
mentioned above were performed for different absorbers and with active BGO shield. Results for
the ratio of full-energy peak to the total background in the simulated spectrum (FE-to-Total) are
presented in Fig. 3.14 b). The results show that the usage of thick absorber has two negative features:
(i) a reduction of the detector efficiency and (ii) an increase of the background in the spectra due to
scattering inside the absorber which result in a reduction of the FE-to-Total ratio at high energy.

3.4.2 “Target background”

The scattering processes of photons in the NRF target are investigated in the present work with Monte
Carlo simulations using the program package GEANT3. The complete geometry of the detector setup
was implemented in the simulations including the HPGe detectors, BGO shields, the detector lead
shields and collimators and the beam pipe. The NRF target and absorbers correspond to ones used
in performed NRF measurements. A photon beam was generated with uniform energy distribution
from 0 to 20 MeV. The energy of the incident photon and the deposited energies in the HPGe crystals
and the BGO shields were recorded in an event by event file. The uniform energy distribution of the
incident photons was folded with a bremsstrahlung spectrum and spectra were sorted for all detectors
with BGO-veto in an off-line analysis. This kind of simulations provides enough statistics at high
energy in the simulated spectra and gives a possibility for a sort of spectra at different conditions as
bremsstrahlung end-point energy, for instance. An example of the comparison between simulated and
measured spectra at 90° is shown in Fig. 3.15 for the case of 2 g 2°Pb target and E, = 17 MeV. The
simulations were performed for 10'! incident photons. The NRF spectra are characterized by two
features: (i) a huge 511 keV peak and (ii) a continuous background extended up to Fe. Simulations
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Figure 3.16: Places of annihilation at a plane along the photon-beam axis a). The vertical Y range is
taken from -2.5 ¢cm to 2.5 cm. A projection of figure a) on the Z-axis is presented on the right panel
b).

showing the places where annihilation happens were performed in order to localize the source of
511 keV rays. The complete geometry of the experimental cave (cf. Fig. 3.2) was implemented in the
GEANT3 simulations including the detector setup, the Nal detector, the photon-beam dump and the
concrete walls. Results of the simulations for a 2 g Pb target and a 10 MeV monoenergetic photon
beam are presented in Fig. 3.16. Fig. 3.16 a) shows the places where an annihilation happens at a
horizontal plane along the photon beam. A quantitative estimate of the annihilation is presented in
Fig. 3.16 b) where only the z-component of the position is counted. Two main sources of 511 keV rays
can be localized as result of the simulations - the NRF target and the photon-beam dump. Because
the PE block of the photon-beam dump is shielded with a thick lead wall and the HPGe detectors are
well shielded against the backscattered radiation from the photon-beam dump the observed 511 keV
in the measured spectra is mainly due to the positron annihilation in the NRF target.

The second characteristic of the NRF spectra, the extended background, was investigated on the base
of decomposition of the background to different scattering processes which take place in the NRF
target. Simulations were performed for 10'° incident photons and 3 g ™Mo target according to the
procedure described above. A histogram called “All processes” contains the detected photons without
applied restrictions to the process of interaction of the beam photons with the target matter. The
other two histograms called “Compton scattering” and “Pair creation” were collected when the first
process of photon interaction with the target is a Compton scattering or a pair creation, respectively.
These histograms also do not contain events with subsequent bremsstrahlung from produced charged
particles. The comparison in Fig. 3.18 shows that the contribution of the “pure” Compton scattering
or pair creation is negligible. The way of selecting a process does not exclude combinations between
Compton scattering and pair creation. The high-energy background in the histogram “Compton
scattering” can, however, be explained by subsequent pair creation and the low-energy background in
the histogram “Pair creation” can be explained by subsequent Compton scattering. The histogram
called “Bremsstrahlung” contains events with subsequent bremsstrahlung produced in the target.
Fig. 3.18 shows that “All processes” and “Bremsstrahlung” are almost identical. The bremsstrahlung
production from the electrons and positrons from Compton scattering or pair creation cause the high-
energy background in the measured spectra. Additional simulations were performed to show the
energy and angular distribution of electrons and positrons produced in the target. The same "**Mo
target has been defined and the beam was monoenergetic with energy of 10 MeV. Fig. 3.17 shows
the number of electrons (Fig. 3.17 a) and positrons (Fig. 3.17 b) with respect of their energy and
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Figure 3.17: Results from GEANT3 simulations for the energy and angular distribution of produced
electrons a) and positrons b) in 3 g ™Mo target from monoenergetic photon beam with energy of
10 MeV.

momentum direction with respect of the photon beam. It is visible that electrons or positrons exist
with energies close to the beam energy emitted even under 90°. From the bremsstrahlung angular
distribution (cf. Fig. 3.3 b) it is clear that background photons can be observed even under 127°.
Knowing that the background in the spectra is a result of bremsstrahlung in the target and that its
cross section is proportional to Z2 one can expect that the background does not depend linearly of
the mass of the target. Measurements and simulations were performed for E, = 12 MeV and "*Mo
targets with different masses 1 g and 3 g, respectively. The spectra are normalized to the mass, i.e.
the spectrum of 3 g "*Mo target is multiplied to the ratio 1/3. The results of the measurement and
the simulations are presented in Fig. 3.19 a) and Fig. 3.19 b), respectively.

An other effect of the bremsstrahlung produced in the target is that the background in the spectra
depends on the orientation of the target. In order to reduce the self absorption the target is tilted
under 45° with respect to the beam. That leads to bigger background in the spectra collected from
detector #4 against #2. The reason for this is that the electrons or positrons emitted downward cross
more target matter with respect to ones which move upward. In Fig. 3.20 a comparison is shown
between measured and simulated spectra for 22Pb experiment at F, = 17 MeV from detectors #2
and #4 and a given orientation of the target. The opposite effect is observed if the target is tilted to
the other direction. In this case detector #2 exhibits large background.

3.4.3 “Room background”

As “room background” the radiation from outside of the detector is considered. The ”room back-
ground” can be divided to three parts with respect to the sources of radiation: (i) the electron-beam
dump and radiator, (i) the photon-beam dump and (iii) the photons scattered from the NRF target.
A source for such “room background” radiation is the bremsstrahlung produced by the radiator. Part
of the bremsstrahlung is collimated to a narrow photon beam and the rest has to be attenuated in
the collimator and the concrete wall. Another source of radiation is the electron beam dump where
the electron beam is stopped completely. The detector setup is shielded with a 1.6 m thick heavy
concrete wall against the radiation from the accelerator hall. In addition one lead wall with thickness
of 10 cm was installed in the accelerator hall between the electron beam dump and the concrete wall
and another two walls with thicknesses of 20 cm each in the experimental cave (cf. Fig. 3.2). The last
segment of the aluminum photon-beam collimator was exchanged with one made of TRIAMET.

A second source of “room background” is the photon-beam dump providing photons scattered back
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Figure 3.20: Comparison between spectra a) measured at 90° up (#2) and down (#4) in the 2%°Pb
(7,Y') Ee = 17 MeV experiment and simulated ones b) at the same conditions. The orientation of the
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to the detector setup (cf. Fig. 3.8). The shields of lead walls and the heavy concrete wall and the
optimized photon-beam dump should provide conditions with low background. A measurement with
a photon beam but without NRF target was performed to prove the quality of the experimental setup.
A spectrum collected at 90° for 8 hours at E, = 9 MeV is shown in Fig. 3.21 a). A background spec-
trum without beam is presented in Fig. 3.21 b) for comparison. The two spectra are normalized to
the measuring time. The comparison shows that the background with beam is about two times bigger
than the natural background and extended to about 6 MeV. A third source of “room background”
are the photons scattered from the NRF target which may scatter in the surrounding material back
to the detectors. The contributions to the background from photons scattered from different parts of
the setup were investigated by performing Monte-Carlo simulations with GEANT3 program package.
Elements of the setup were the aluminum beam pipe, the front wall of the photon-beam dump, the
photon-beam dump and the concrete walls. The simulations were performed for monoenergetic photon
beams with three different energies of 5, 10 and 15 MeV and the number of the photons which hit
the detector setup was counted. An example for the results at 10 MeV photon-beam energy is shown
on Fig. 3.22 a). The arrows show the possible tracks and the relative amount of scattered photons to
the detectors. The biggest contribution to the background is given by the beam pipe. The radiation
scattered from the beam pipe can be reduced by using a tube made of a low Z material. The same
simulations were performed for a polyethylene (PE) beam pipe which produces by a factor of two less
background compared with the aluminum one. According to these results the Al pipe was exchanged
with a PE one. A comparison of experimental spectra from Mo at E, = 9 MeV with PE and
Al beam tube is given in Fig. 3.22 b). The spectra are normalized the the same photon-flux. The
exchange of the Al beam tube with a PE one yielded to about 25 — 30 % background reduction in the
measured spectra.

The achieved results for reduction of the background in the measured spectra are summarized in the
following:
e The radiation from the accelerator-hall side has to be minimized. A heavy concrete wall with a
thickness of 1.6 m and three lead walls with a total thickness of 50 ¢cm are used to absorb the pho-
tons from the electron-beam dump and the radiator which do not pass the hole of the photon-beam
collimator. The last segment of the photon-beam collimator was replaced with one made of tungsten
composite to prevent the not absorbed photons in the collimator from reaching the Si and HPGe
detectors [Schi04].
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e The photon-beam dump was designed [WagnOla] to remove the photons after passing the NRF
target. It was additionally optimized to reduce the back-scattered photons (cf. Fig. 3.8).

e All materials surrounding the NRF target have to be made of low Z elements because they become
secondary sources of radiation (cf. Fig. 3.22 a). The exchange of the aluminum beam pipe by a
polyethylene one yielded about 25-30 % reduction of the background in the measured spectra (cf.
Fig. 3.22 b). In a related subject the photon-beam dump has to be placed as far as possible from the
detector setup.

e According to the previous point the thickness of the lead shield of the detectors was optimized in
order to not generate extra radiation (cf. Fig. 3.13).

e The usage of thin absorber increase the efficiency of the detector and the ratio FE-to-Total in the
measured spectrum (cf. Fig. 3.14 b). The high count rates of the detector can be reduced by using a
thick hardener or one made of high Z material.

e To be efficient, the BGO shield has to be protected from the photons scattered from the NRF target.
A lead collimator was designed for this purpose with a conical hole optimized to provide a high ratio
FE-to-Total (cf. Fig. 3.12 a) and a high FE-peak area (cf. Fig. 3.12 b) in the measured spectra.

e As was shown the background radiation in the spectra depends strongly on the thickness of the NRF
target (cf. Fig. 3.19). The background can be reduced by selecting a thin target and increasing the
duration of the NRF experiment.

3.5 Data acquisition

The NRF setup used in experiments presented in this work consists of four 100 % HPGe detectors with
BGO escape-suppression shields, four Si detectors and one cylindrical Nal detector of 25.4 cm diame-
ter and 25.4 cm length (10” x 10”). A schematic diagram of the data acquisition system is presented
in Fig. 3.23. In the following the separate electronics channels, marked with dashed lines in Fig. 3.23,
are briefly described. The signals from the HPGe detector are amplified by a preamplifier mounted
close to the Ge crystal. The first stage of the preamplifier is cooled by liquid nitrogen together with
the Ge crystal for reduction of electronic noise. The electric signal is transported through a 40 m long
shielded coaxial cable (RS223) to a separate air conditioned room (electronics room). The signal is
amplified by a Main Amplifier (MA, Ortec? 671) and digitized by a 14 bit Analog to Digital Converter
(ACD, Silena?® 7423 UHS-S). The digital number corresponds to an address in a 24 bit memory buffer
(Swistec* L&S) with length of 16 K in which the value of addressed memory sell is incremented.
The time signals are amplified by the Timing Filter Amplifier (TFA, Ortec 474). The Constant Frac-
tion Discriminator (CFD, Ortec 584) converts the signals from the TFA’s into a logic pulse. The logic
pulses from all detectors are sent to a coincidence scheme (LeCroy® 4516) which generates gates to
the memory buffers if a veto from the corresponding BGO is absent. The anti-coincidence with the
BGO signal is with resolution of 15 ns for high-rate capability of the veto and low suppression due to
false coincidences.

Each BGO shield consists of 8 crystals with individual photo-multiplier tubes (PMT) and preamplifier.
The analog signals from the crystals of one BGO shield are summed up and transported to the elec-
tronics room by shielded 50 €2 cables. The logical signal is produced by Leading Edge Discriminator
(LeCroy 4608C) and sent to the coincidence unit.

The signals from the 7 PMT of the Nal detector are also summed and transported to the electronics
room. They are digitized by 13 bit ADC (Ortec AD413A).

The signals from the Si detectors are preamplified (Canberra® 2003BT) and transported to the electron-
ics room. There they are amplified (Silena 761F) and digitized (Ortec AD413A). All Ortec AD413A

20Ortec, 801 South Illinois Avenue, Oak Ridge, TN 37839, U.S.A.

3SILENA, Via Firenze 3-20063 Cernusco s/Naviglio, Italy.

4Swistec GmbH, Graue Burg StraBe 24-26, 53332 Bornheim, Germany.

5LeCroy, 700 Chestnut Ridge Road, Chestnut Ridge, NY 10977-6499 U.S.A.
SCanberra Industries Inc., 800 Research Parkway, Meriden, Connecticut, 06450 U.S.A.
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Figure 3.23: The data acquisition used in the photon-scattering experiments.

ADC’s increment a memory buffer (Ortec HM413). Information from the AD413A are stored into a
memory buffer by FERA bus.

The high voltage for the HPGe detectors and the PMT’s is supplied by a multichannel power supply
system (CAEN SY527). A 4-fold supply (Ortec 710) provides the bias of 25 V for the 300 pm thick
Si detectors.

The information stored in the memory cards is read by a front-end computer CES” RIO2 (Power PC
CPU, 200 MHz, 64 MB RAM) using the real-time operation system Lynx OS. A data acquisition
program MBS (Multi Branch System) [Bart00] controls the read-out and stores the information to
tape or disk and sends it to a remote events server via the net. The read-out of the CAMAC modules
is performed by VME-CAMAC interface (Wiener® VC32-CC32)

The on-line control to the acquisition is done on a separate computer, where the events are collected
in individual histograms using the program LEA (Lean Easy Analysis) [Esse02]| which takes the infor-
mation transferred from the front-end computer.

For on-line and off-line monitoring purpose of slow control parameters a data exchange path based on
an OPC (open connectivity) client-server model has been installed [Wagn05b]. Data from the accelera-

"CES, CH-1212 Grand-Lancy 1, Switzerland.
SW-IE-NE-R, Plein & Baus GmbH, Miillersbaum 20, 51399 Burscheid, Germany.
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Figure 3.24: Comparison of measured spectrum with ?26Ra source and pulser a) with simulated
spectrum with included pile-up effect b). The measured and the simulated spectra were at 10 kHz
rate of the 22Ra source and 50 Hz rate of the pulser. The simulated spectrum is folded with the
experimental resolution given in Fig.4.1 b).

tor control are inserted into the data stream with a frequency of 10 Hz. The monitored parameters are:

e Electric field gradient of accelerator e Electron current in the e-gun

e Micropulse and macropulse duration e Electric current in the dump

e Beam-position-monitor information e Radiator and hardener position

e Currents of steerer and purging magnets e Count rates of the HPGe and BGO detectors

The measured spectra are modified by the effect of pile-up which happens in the preamplifier or the
main amplifier. It is a pure effect of the electronics of summing of two pulses which come in a short
time interval. An estimate of the pile-up can be obtained in a source measurement with included a
pulser signal to the “test” input of the detector. An example spectrum of a ??6Ra source with pulser
is presented in Fig. 3.24 a). The superposition of the pulser signal and the signal from the detector
gives a signal at energy higher than the amplitude of the pulser. In this work the quantity pile-up
(PU) is used in sense of relative amount of the counts removed from the peak due to the pile-up effect:

PU =

Aw.g. - Apulser APU 2 o 1 Aw.g. + Apulser 3.3
’ A (3.3)

Aw.g. PU w.g. (Aw.g. - Apulser)27

where Ay, ¢ is the area of a wide gate including the pulser peak and Apyjser is the area of the pulser
peak. Measurements of the pile-up for various rates of the ?26Ra source and various amplitudes of
the pulser are presented in Fig. 3.25 a) and b), respectively. The main amplifier provides a veto
signal when pile-up occurs. Measurements with and without pile-up rejection (PUR) are presented
in Fig. 3.25. The usage of PUR rejection brings a reductions of 1.8 times the pile-up events. The
experiments included in this work were performed with PUR.

A simple model of the pile-up is applied in order to reproduce the redistribution of the counts in the
spectrum caused by the pile-up effect. The time-interval distribution between two signals is given by:

f(At) = Nexp (—AAL), (3.4)
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Figure 3.25: Dependence of the pile-up effect on the counting rate a) and on the amplitude of the
pulser b) for 10 kHz rate of the source presented as data points. Results of simulations are shown as
solid line.

where A is the counting rate of the detector and At is the time interval. A pile-up is supposed to
happen when the time interval At is smaller than some maximum time t;,,¢. An information about
the typical counting rates of the HPGe, BGO and the Si detectors is presented in Table 3.2.
GEANT3 simulations were performed in order to determine the time .. The geometry of the HPGe
detector, the BGO shield and the lead collimator were implemented in the simulations. Gamma rays
with energy and intensity distributions corresponding to the ?26Ra source were emitted from the place
of the target. A spectrum of energy deposited in the HPGe was collected when there was no veto
from the BGO detector. A time interval At was assigned after every event in the simulations. If At
was smaller than t,,,x the deposited energy in the HPGe from the present event and the previous one
are added. The appearance of the pulser signal was included as a random generator after every event
which satisfies the ratio of the rates of the pulser to the source. The time t,,.x Wwas varied till the
simulated pile-up reproduces the measurement. Results for ¢,,,x = 10.5 us are presented in Fig. 3.25 a)
as a line. An example spectrum from the simulations is shown in Fig. 3.24 b). It is additionally folded
with the experimental resolution (cf. Fig. 4.1 b). The pulse shape of the main amplifier has to be
included in the simulations for better agreement with the measured spectrum.

Table 3.2: Typical counting rates of the HPGe, BGO and the Si detectors.

experiment HPGe BGO Si
(1000*s)~!  (1000*s)~%  (1000*s)~!
92Mo at E, = 13.2 MeV 9.3 18.3 3.6
92Mo at F, = 6 MeV 5.0 7.6 0.4
%Mo at F, = 13.2 MeV 10.4 17.6 3.9
1000\fo at E, = 13.2 MeV 11.2 19.7 3.5

100\ o at E, = 8.0 MeV 1.6 2.9 0.3




Chapter 4

Data analysis

In this Chapter, the analysis of the measured spectra and the determination of the experimental
observables are described. The determination of the efficiency function of the HPGe detectors at
higher energies than the one provided from the transitions of the calibration sources is discussed
in the frame of performed Monte-Carlo simulations. An analysis of the measured proton spectra is
performed in order to determine precisely the spectral distribution of the beam photons as well as
the bremsstrahlung end-point energy and the energy spread of the electron beam. A method for
determination of the resonant continuum based on GEANT3 simulations for the detector response
and for the distribution of the photons scattered from the target is described. A Monte Carlo code
for v-ray cascade simulations was developed as a tool in the analysis of the continuum and corrections
for branching and feedings.

4.1 Determination of peak energy

The small cross sections for the (v,7)-reaction required measurements with long durations separated
into several runs. Spectra of different runs were energy calibrated and then added up in order to prevent
possible shifts in the positions of the peaks caused by instabilities in the electronic measuring chain.
The known transitions of !B and of 13C and 27Al (see Appendix A) were used for energy calibration
in the experiments. Since the y-rays are emitted from a recoiling nucleus their energy is shifted with
respect to the transition energy due to the recoil energy and the Doppler shift. Expressions for Doppler
shift and recoil energy are derived from the momentum and energy conservation laws. Considering the
decay of a nucleus of mass M at rest, from an initial excited state F; to a final state Ff, Fy = E; — E¥,
then the recoil corrected «-ray energy E, is given by the expression:

(Bx)?
2M 2

E, >~ By (4.1)

If the y-rays are emitted under angles different than 90° then their energies change due to the Doppler
shift:

E,=E,(1+ ]5;/2 cos ) (4.2)
where 6 is the angle of the detector relative to the beam. The calibration-transition energy is trans-
formed to y-ray energy according to Eqs. (4.1) and (4.2) and used for energy calibration of the measured
spectra.

The used ADCs (SILENA 7423/UHS-S) have high differential linearity and an integral non-linearity
less than 0.02 %. Therefore a polynomial of first degree is used for the fit of the experimental points:
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Figure 4.1: Residuum plot a) between linear energy calibration and peak energies for one of the
detectors (#1) used in NRF setup at the ELBE accelerator and dependence b) of FWHM (Full Width
at a Half Maximum) on the energy (solid line) for the sum spectrum of the two detectors at 127° (#1
and #3).

where z is the channel number and E(z) is the corresponding energy. A residuum plot between the
linear fit and the centroid of the calibration peaks for one of the used detectors (#1) in the NRF
setup at ELBE accelerator is shown in Fig. 4.1 a). The energy resolution of the detector is presented
in Fig. 4.1 b). It is worse than in the laboratory measured of 2.75 keV at 1.33 MeV and binning of
0.2 keV /channel because of the used high compression of 1.3 keV /channel which is used to obtain a
dynamic range from 0-20 MeV.

The obtained energies of the observed peaks have to be transformed back to the transition energy via
the reverse to the relations (4.1) and (4.2):

E
El = E,(1— M—Z2 cos ), (4.4)
E/2
E.=F' it 4.
vt 2M 2 (4.5)

The NRF spectra are measured at different angles for spin assignment purpose. A weighted average
E over all detectors is calculated in order to be reduced the systematic uncertainty of determination
of the transition energy:

2 E ) 2 1 -1 2 1 —1
E. = x| _ AE, — _ 46

where the sum is over the number of detectors at different angles.
The programs “tv” [Theu90] and “gf3” [Radf95] were used for the analysis of the measured spectra.

4.2 Detector efficiency

The photo-peak efficiency function €(E,,f) depends on the solid angle of a detector placed at an
angle 0 with respect to the beam axis and on the probability for detection of v-rays with energy E,
with photo-effect. The efficiency e(E,0) of each detector can be obtained from the measurement
of transitions of a standard source with known activities. The absolute efficiency for a given source
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Figure 4.2: Comparison a) between measured and simulated (the solid line) absolute efficiency for
detector # 1 and one particular set of absorbers. Correlation b) between measured and simulated
efficiency for detector #2 obtained using different sets of absorbers. The solid line is a linear fit of the
obtained points while the dotted line represents €measured = Esimulated-

transition with energy £, and intensity Ny(Eq/) is deduced from the expression:

2 2 ooy 2
e(E,,0) = ﬂ <5> = <l> + <A.N’Y> (4.7)
Ny(Ey) € A Ny

where A is the full-energy-peak area collected during the time t)j.. The ~-ray intensity N,Y(E,Y) is
defined as the number of y-rays with energy F. emitted isotropically from the source per unit of time.
A set of sources from Amersham! was used for absolute efficiency calibration of the HPGe detector
setup at Rossendorf. The set consists of ?3Ba, ¥7Cs, 22Na and %°Co sources with certified activities
with uncertainty of 4 % (3¢). The highest available y-ray energy is the 1332.5 keV transition in %°Co.
A relative efficiency deduced from %6Co and ??6Ra sources is used for the extension of the efficiency
function up to 3.5 MeV. The %6Co source has been produced by the *Fe(p,n) reaction at the Rossendorf
cyclotron “CYCLONE 18/9” [Preu05]. Since the efficiency function can not be determined for energies
higher than 3.5 MeV from source measurements a simulated efficiency was used in the analysis of the
experiments performed at the ELBE accelerator. A realistic detector geometry including the HPGe
crystal, the aluminum end-cup, the lead and copper absorbers and the polyethylene beam pipe was
implemented in the GEANT3 simulations. Monoenergetic ~-rays were generated isotropically from
the place of NRF target. The y-ray energy was varied from 0 to 20 MeV and spectra of the deposited
energy in the HPGe crystal collected for 10% generated v-rays. The absolute efficiency is calculated
as photo-peak area over 108. The program “effit” from the RadWare package [Radf95] has been used
for interpolation of the simulated efficiency points. The program fits the low- and high-energy range
separately using the follow formula:

In(e(Ey,0) =[(A+B-2+C-22) C+[(D+E-y+F-y*) e (4.8)

where A — G are parameters of the fit, x = In(F,/100) and y = In(£,/1000) and the y-ray energy is in
keV. Fig. 4.2 a) shows a comparison between the simulated absolute efficiency, depicted with a solid
line, and the measured one (bullets) for detector #1 used in the NRF setup at the ELBE accelerator.
The relative efficiency obtained from **Co and ??°Ra sources shows that the simulations represent the

'AEA Technology QSA GmbH, Gieselweg 1, 38110 Braunschweig, Germany
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shape of the efficiency function correctly. Because of the detector performance and the geometry of
the HPGe crystal the simulated and the measured efficiency differ slightly by a constant factor. A
sequence of source measurements was performed to obtain the normalization factor for the simulated
efficiency. The detector efficiency was changed from almost zero to its maximal value by selecting
different absorbers and by measurements without absorbers. Simulations were performed for every
absorber set and compared with the measured values. Results of this investigation for detector #2
are presented in Fig. 4.2 b). The points are approximated with a linear fit depicted with a solid line.
Assuming that the dependence between the simulated and measured efficiency will keep the same at
high energies such procedure of correcting the results from simulations allows determination of the
absolute efficiency over the energy range of observed transitions.

4.3 Spin assignment

It was shown in Section 2.2 that the resonantly scattered y-rays have a certain angular distribution
depending on the transition multipole order (see Eq. (2.16)). The transition multipole order can
be obtained from a comparison of the efficiency and dead-time corrected ~-ray intensities I, at two
different scattering angles, 90° and 127°:

L,(90°) _ A(90°)/(€(90°) - tiive(90°))

L,(127°)  A(127°)/((127°) - tive(127°)) e

A normalization factor C' can be introduced in Eq. (4.9) such that the ratio of the expected angular-
distribution ratio and the measured I,(90°)/1,(127°) one for known transitions of the calibration
standard 'B is equal to unity. Such normalization factor removes the dependence of measuring time
and a possible asymmetry in the detector setup. Then the Eq. (4.9) can be rewritten as:

I,(90°) A(90°)/€e(90°)

= 1,(127°) ~ A(127°)/e(127°) G (4.10)

C = <W(900)/W(127o) > cal.transition

A(90°)/€(90°)
A(127°)/€(127°)

The uncertainty of the ratio Eq. (4.10) assuming statistical independence is given by:

RN\? O A©90°) \? L (A2 2 L ((€90) 2 L (e2r) 2 (C 2 (4.11)

AR) — \(AA(90°) AA(127°) Ae(90°) Ae(127°) AC '
An assignment of the multipole order of the transition is made when one theoretical angular distribu-
tion ratio was within two standard deviations of the measured value and the other theoretical ratio

was excluded by at least three standard deviations. If one of these two criteria was violated, the spin
assignment is assigned tentatively.

4.4 Photon flux

The nuclear resonance fluorescence represents the resonant absorption of a real photon exciting a
nuclear level and its subsequent decay by reemission of a photon. The photon scattering cross section
can be obtained from the general definition for reaction cross section [Kran88]:
R, (E
o= M, (4.12)
q)v(E“/)N T

where ®,(E,) is the number of incident photons with energy E. per unit time, Nt is the number of
target nuclei per area unit and R (F,) is the rate of outgoing v-rays. The number of 7-rays scattered
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at an angle 0 in a solid angle Q is R, (E,,?) = R, (EV)W(H)%, where Wr(0) is the angular correlation

function. If a detector with a solid angle €2 is placed at angle 6 then the number of y-rays C(FE, 0, tiive)
detected at an energy E,, a scattering angle  and a detector live time ty;y, is related to Rfy (E5,Q):

e(E,0 Q
Cr(Ey, 0, tive) = Ry(E,) ( o )WT(H)Etlive, (4.13)

in

where €(F,, §) is the detector efficiency, defined in Section 4.2. The counts Ct(E, 6, tive) correspond-
ing to an energy interval dE can be obtained from Egs. (4.12) and (4.13) and assuming a Doppler
shape of the absorption cross section op 1(E,) (see Section 2.1):

CT(E'y, 0, t]ive)dE = (I)'y(E'y)f(E'yy H)NTO'D7T(E,Y)W(9)thvedE (414)

The detector resolution (cf. Fig. 4.1 b) is in order of 10° times larger than the typical width of a
narrow resonance (in the order of meV). Only the total peak area Ar(0,t;ve) can be obtained by
energy integrating Eq. (4.14) over a single resonance:

+00o
At (0, tiive) = ; Cr(Ey, 0, tiive) dE = ©(E, )e(Ey, 0) NrIs W () tiive (4.15)
where Is T is the integrated scattering cross section.
The NRF target is combined with an additional target of an isotope with known transition energy
and strengths for vy scattering (see Appendix A) for photon flux calibration. The spectral distribution
of the incident photon beam can be obtained from Eq. (4.15) by using the known quantities of the
calibration target labeled with “cal”:

A0, iy 1
ooI(E,) — T 1( A o) _ (4.16)
K €(Ey, Q)N ISLW (0)tiiveS s-€V-cm
The number of target nuclei is given by:
Mcal NA Mcal 1 1
N§! = = =06022 — = — 4.17
! misg S mesy S em? (17

where M and m® are the mass and the molar mass of the calibration target, respectively. The
projected area of the target in cm? on a plane perpendicular to the beam is marked with S, note
that the beam diameter is bigger than the diameter of the target and has a homogeneous intensity
distribution over a circle with diameter of 2 cm (cf. Fig. 3.6). At the NRF setup at the ELBE
accelerator the target is a disk with diameter of 2 cm tilted under 45° relative to the beam.

4.4.1 Approximation of the bremsstrahlung spectrum

The first relativistic calculation of the bremsstrahlung spectrum has been performed by H. A. Bethe
and W. Heitler (BH) [Heit84] in 1934 based on quantum electro-dynamics. L. Schiff has integrated
the cross section for bremsstrahlung given by BH over the azimuthal angle and derived an analyt-
ical expression [Schi51] known as “Schiff formula”. In general the Schiff formula overestimates the
bremsstrahlung end-point energy. This discrepancy becomes significant at electron energies lower
than 10 MeV. Several approximations were derived from the BH theory including different correc-
tions. Some of them are compared in Fig. 4.3 a) for an electron kinetic energy of 10 MeV. Realistic
calculations including corrections for the screening effect and for the Coulomb effect were performed
by S. M. Seltzer and M. J. Berger (SB) [Selt85]. The correction for the screening effect takes in to
account the screening of the charge of the nucleus by the electron cloud of the atom which leads to
a reduction of the cross section for bremsstrahlung at lower photon energies. The correction for the
Coulomb effect result in a rise of the cross section at high photon energies close to the end-point energy.
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Figure 4.3: Comparison between the calculations for the bremsstrahlung spectrum from electrons with
E. = 10 MeV in a thin radiator with Z = 41 performed by Seltzer and Berger [Selt85] shown as points
in both figures with a) the analytical approximations given by Bethe and Heitler [Heit84], Al-Beteri
and Raeside [AlBe89] and Roche [Roch72] and with b) the results from performed simulations for
4 pm thin Nb radiator using GEANT3, GEANT4 and MCNP.

A comparison between the cross sections given by HB and SB is presented in Fig. 4.3 a). An analytic
expression of the spectral distribution of the bremsstrahlung quanta is given by A. A. Al-Beteri and
D.E. Reaside [AlBe89]. They implement correction functions to the BH cross section and achieve
good agreement to the shape of SB points and to the end-point energy, but in an absolute scale it
underestimates the bremsstrahlung cross section (cf. Fig. 4.3 a). Nevertheless the Al-Beteri formula
gives a good opportunity for implementation in a Monte Carlo code. Another approximation for the
bremsstrahlung spectrum has been developed by G. Roche et al. [Roch72]. It includes corrections for
the screening and for the Coulomb effect and agrees well with the SB calculations (cf. Fig. 4.3 a). The
Monte Carlo programs as GEANT3, GEANT4 and MCNP use a fit to the SB data for generation of
bremsstrahlung quanta. A comparison between SB data and performed simulations? for 4 pm thick
Nb radiator and F, = 10 MeV is shown in Fig. 4.3 b). The MCNP code shows good agreement with
the SB calculations while the GEANT3 and GEANT4 (version 4.4.0) disagree in the beginning of the
spectrum and at the end, respectively. The reason for the big disagreement between GEANT3 and SB
calculations may be that the fit of the SB data is the optimized for high electron energies (~GeV). The
random generator which defines the spectral distribution of the bremsstrahlung quanta in GEANT3
was exchanged with another one based on the Al-Beteri formula. The reason for that was to use the
fast transport mechanism of GEANT3 and to have a correct approximation if the bremsstrahlung
spectrum. The modified GEANT3 was used for simulation of the photon flux for the experiments
performed at Stuttgart Dynamitron accelerator. There the photon beam is produced from a 4 mm
thick Au radiator and the theoretical approximations can not be applied directly neglecting the other
processes of interaction of the electrons with the radiator matter. The results of the simulations are
compared in Fig. 4.4 a) with the photon flux deduced from transitions in *C and 27 Al and with a fit
of the experimental points with the Schiff formula. From the comparison in Fig. 4.4 a) it is visible that
the Schiff formula gives a good approximation of the bremsstrahlung spectrum from thick radiator
in the range above 1.5 MeV. Fits of the data points with Schiff formula were used in the analysis of
the experiments performed in Stuttgart. In the fit the end-point energy was a free parameter. A thin
Nb radiator is used at ELBE and the bremsstrahlung spectrum is calculated from the approximation
of Roche. A program written by Prof. E. Haug according to Ref. [Roch72] is used in calculations

2The simulations with the MCNP code were performed by Dr. J. Klug.
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Figure 4.4: Comparison between a) the photon flux deduced from transitions from 27Al and '3C for
4 mm thick Au radiator with simulations with GEANT3 with included Al-Beteri formula (see text)
and Schiff formula and b) between the photon flux deduced from transitions of ''B for 4 ym thin Nb
radiator with the approximation of Roche modified by the absorption in the Al hardener.

for the bremsstrahlung spectrum. The aluminum hardener modifies the bremsstrahlung spectrum.
Simulations with GEANT3 are performed in order to obtain the spectral distribution of the photon
beam radiating the NRF target. The geometry of the aluminum hardener and Al beam collimator
were implemented in the simulation. A screen with a shape disk was placed at the NRF target po-
sition y-rays are generated from the position of the radiator with energy distribution given from the
approximation of Roche and a spectrum of them which hit the screen is collected. A comparison of
the simulated photon flux with the flux deduced from the transitions in !B is presented in Fig. 4.4 b).

4.4.2 Determination of the electron-beam energy

The photo-disintegration of the deuteron is used as a tool for the determination of the degree of polar-
ization of a polarized beam (see Section 3.2.4). The dependence of the proton energy on the photon
energy F, is also used for determination of the end-point energy of the bremsstrahlung spectrum. If
0 is the angle between the direction of the incident photon and the emitted proton, the conservation
of momentum and energy determines the kinetic energy of the proton to:

E, = %[E,Y (1 - %) + EV% cose], (4.18)
where M, and V|, are the mass and velocity of the proton. The energy of the proton varies with
0 symmetrically around 6§ = /2. The energy distribution of protons is parabolic due to the finite
solid angle of the Si detector. The angular distribution of the protons varies as sin?# (see Refs.
[Beth50, Faggh9]) for non-polarized photon beam. The width of the parabola depends on the solid
angle of the detector and the size of the photon-beam spot on the PE foil. An example for the influence
of the geometrical conditions to the shape of the spectrum is shown in Fig. 4.5 for the simplified case
of photo-disintegration of deuteron from monoenergetic photons with £, = 10 MeV. The geometry of
the polarization chamber used in the setup in Rossendorf and the Si detectors were implemented in
GEANT3 simulations. Protons were emitted with the described energy and angular distributions and
a common spectrum of the deposited energy in the four Si detectors was collected. The simplest case
of a point source is presented in Fig. 4.5 a), as was mentioned above the spectrum is a parabola with
width depending on the solid angle of the Si detectors. The case of protons emitted from a rectangle
surface, which correspond to the cross section of the photon beam and the PE foil, is presented in
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Figure 4.5: Simulated spectra of protons (see text) from photo-disintegration of the deuteron from
monoenergetic photons with energy of 10 MeV. The protons are emitted a) from point source and b)
from the photon-beam spot on the deuterized PE target without and with defined PE foil.

Fig. 4.5 b) the histogram “without PE foil”. The spectrum becomes broader in comparison with
the point source due to the increased effective solid angle of the Si detectors. The realistic case
of protons emitted inside the PE foil with space distribution corresponding to the overlap of the
photon beam and the PE foil is presented in Fig. 4.5 b) the histogram “with PE foil”. The spectrum
is much broader than the spectrum from the previous case because the protons scatter inside the
foil. The measured proton spectrum is a convolution of the bremsstrahlung spectrum from electrons
with Gaussian energy distribution with dispersion o, modified by the aluminum hardener and such
predicted proton spectra (cf. Fig. 4.5 b) corresponding to photo-disintegration of the deuteron from
monoenergetic photons. Three predicted proton spectra corresponding to different approximations of
the bremsstrahlung spectrum are compared with a measured one for £, = 13.2 MeV and o, = 60 keV
in Fig. 4.6 a. The comparison shows that the approximations given by G. Roche et al. [RochT72]
represent correctly the bremsstrahlung spectrum.

A procedure for fitting the measured proton spectrum with predicted ones is used to determine the
electron-beam energy FE, as well as the electron-beam spread o,. The simulations described above were
performed for uniform energy distribution of the photons and the results were recorded in an event-
by-event file containing the photon energy and the deposited energy in the Si detector. Additional
simulations were performed for the attenuation of the photons in the Al hardener. Photons with
uniform energy distribution were emitted from the radiator and those which penetrate the hardener
and reach the PE foil were counted. The results of the simulations were recorded in a spectrum
containing the ratio of the penetrated-to-incident photons. Predicted proton spectra are prepared for
various F. and o, and compared with the measured spectrum in the following procedure:

1) Select an electron energy F, and electron beam spread o;

2) Calculate the bremsstrahlung spectrum using the approximation of Roche and fold with Gaussian
distribution with og;

3) Fold the bremsstrahlung spectrum with the attenuation of the hardener and thus obtaining the
spectral distribution of the photon beam ®.;

4) Calculate the proton flux as a product of ®, and the cross section for photo-disintegration of the
deuteron [Beth50];

5) Calculate a predicted proton spectrum using the simulations described above. The spectrum is
normalized to the measured one to minimize 2.

The values of x? are plotted in the plane (Ee,0.) in Fig. 4.6 b). The minimal x? correspond to the
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Figure 4.6: Comparison between measured proton spectrum for F, = 13.2 MeV and o, = 60 keV with
a) predicted proton spectra using the approximations of Bethe and Heitler, Al-Beteri and Raeside
and Roche and b) predicted proton spectra using the Roche approximation for various E, and o, the
darkness correspond to the minimized 2.

end-point energy. The method is not sensitive to determine the electron-beam spread because of the
dominant effect of the kinematics of the photo-disintegration which requires further reduction of the
solid angle of the Si detectors.

4.5 Energy-integrated scattering cross section Ig

The energy-integrated-scattering cross section Ig can be deduced directly from Eq. (4.15) knowing
the absolute values of the detector efficiency and photon flux. This requires a precise measurement
of the live time of the data acquisition and efficiency calibration. Another possibility is to determine
Ig relatively to the known cross section of a transition from a calibration standard (see Appendix A).
For this purpose the Eq. (4.15) is applied for the calibration transition and for the one from the
investigating target, labeled “cal” and “target”, respectively.

A(Q) target - A(G) cal
<n¢yqﬁxenwx0ﬂg> _'<n¢WdEL0ﬂW19ﬂg> (4.19)

which leads to:

cal target
Is = Ncal ) <(I>’Y€(E7 9()W(0)IS> . ( A(G) > (420)

Ntarget

The uncertainty is calculated as:
<AIS>2 B <AAT>2 N (AAca1>2 N <A6T>2 N <Aecal>2 N
Is At Acal €T €cal
AN, 1\? (AN, ca\® [Algea’
< 7,T> + < 'y,cal> + ( S,cal> (421)
Nf%T ny,cal IS,cal
The scattered -rays are measured at different angles for spin assignment purpose. The total scattering

cross section can be deduced independently for every angle. A weighted average cross section Is over
all scattering angles is used in order to reduce the systematic uncertainty.
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The level widths and the reduced transition probabilities are calculated from Egs. (2.15) and (2.26).
A level can decay to the ground state or to an intermediate state. The branching ratio for a given
transition deexciting a level is defined in this work as a fraction of the intensity of the ground-state
transition from the total deexcitation intensity:

B — I'o To  In  Ag/(ecWo)
0= — ™ T n ~  n
Zri Zfi ZAi/(GiVVi)
i—1 i—1 i—1

r
The branching ratios for the not ground-state transitions are calculated according to the definition:

(4.23)

r r
By = — :?f (4.24)

L

i=1

4.6 Detection limits

In the investigation of the total dipole strength and its fragmentation, the detection limits are of
crucial importance. The detection limits for a peak are defined by setting a threshold that the counts
in the peak must exceed to claim detection. Analysis of the detection limits defining a confidence limit
of 95 % is followed in this work according to the derivation given in Ref. [Jenk95]. A region of interest
of width np is marked on Fig. 4.7 a). The total integrated area Nt of that region is a superposition
of the background counts B and the net peak counts P:

Nr=P+B (4.25)
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Figure 4.7: Definitions a) for the used quantities and b) the used detection limits.
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Figure 4.8: Determination of the background below the peaks a) and the derived determination limits
b) expressed in terms of reduced widths.

The background counts can be estimated by the integrated counts Ny, and Np, of two regions of
width /2 one from left and the other from right of the peak (cf. Fig. 4.7 a). The background counts
under the peak of interest become:

P
Mg = 2 (Ng, + Np,) ~ B (4.26)
B
with a standard deviation:
oy ~ 2\ /Ng, + Np, ~ 2. /B (4.27)
B BV 7B

The net peak counts can be estimated by subtracting the background counts:

P=Nr-B (4.28)

op = /0%, + Ohp, A \/P+ (1+ Z—Z)B (4.29)

Determination of the detection limits in the presence of background requires to use statistical confi-
dence limits. A Gaussian probability distribution with 5 % and 95 % confidence limits are shown in
Fig. 4.7 b), where z = (N — p)/o and p is the mean value of the distribution. The 5 % confidence
limit occurs at z = —1.6449 because the area of the Gaussian to the left of this value is 5 % of the
total area. Similarly, the 95 % confidence limit occurs at z = 1.6449. In terms of N, the 5 % and
95 % confidence limits are:

with a standard deviation:

Ny o, = o — 1.64490 (4.30)
Nos o = pt + 1.64490 (4.31)

To claim detection, the net peak counts must exceed a threshold value set at Np. The convention
is to set this threshold high enough that there is only a 5 % probability of the background counts
exceeding the threshold if the peak truly is not present. From Eq. (4.29), the standard deviation in
the net peak counts when the backgrounds are zero is:

o0 = \/P 1+ Z—E)B (4.32)
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Figure 4.9: a) Comparison between measured spectrum from "*C at 127° with a simulated spectrum
for £, = 15.1 MeV. The simulated spectrum is normalized to the area of the peak at 15.1 MeV. b)
The same comparison showing the Compton background from 15.1 MeV peak.

Therefore, the threshold for 5 % false positive detection is obtained from Eq. (4.30):

Np =0+ 1.6449\/P +(1+ 2B (4.33)
B

When the peak is present at the detection limit, Ppr,, the conventional definition of the detection limit
requires a 95 % probability of claiming a true positive. For this case the detection threshold Np is:

Np = Ppy, — 1.6449\/13 +(1+ BB (4.34)
B

Setting the detection thresholds equal between Egs. (4.33) and (4.34) and using the fact that Pp;, < B

to eliminate Ppy, from the square root leads to the detection limit:

Por = 1.6449, /(1 + B (4.35)
1B
In order to deduce detection limits for an energy range of resonance peaks the background in the whole
measured spectrum is extracted by the program “gf3” from the RadWare [?] package. An example
of the deduced background is shown in Fig. 4.8 a). The area B is calculated from the background
spectrum using the dependence of FWHM on the 7-ray energy (cf. Fig. 4.1 b).

4.7 Determination of the resonant continuum

The measured photon-scattering spectra do not contain information on all excitations as narrow peaks.
Because of the high level density above Ex = 4 MeV and the Porter-Thomas fluctuations of the decay
widths many of the excitations are so weak that they only can be observed as a continuum. The
continuum can be extracted from the measured spectrum if there is a knowledge about the detector
response and the fraction of the non-resonant background in the experimental spectrum. In this
work, GEANT3 simulations are performed in order to correct the measured spectrum for the detector
response and to determine the non-resonant background.

It was shown that the simulations with GEANT3 for the detector efficiency and for the ratio of the
full-energy peak to the single escape (FE-to-SE) (cf. Fig. 3.14 a) agree well with the measurement.
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Figure 4.10: Photon-scattering spectrum from '°°Mo with a) the observed peak at 10195 keV and b)
the simulated spectrum from the decay of this level (see text).

An important ingredient in the simulations of the detector response is the BGO escape-suppression
shield which cancels an event if there is an energy deposition in the BGO crystal. The threshold
of the constant-fraction discriminator (CFD) of the BGO detector was measured to be 75 keV. The
CFD threshold was included in the simulations for the ratio of FE-to-SE presented in Fig. 3.14 a)
(the curve “with BGO”) which agree with the measured ratio of FE-to-SE from the !B transitions.
If the CFD threshold is set to infinity, i.e. no veto from the BGO detector, the ratio of FE-to-
SE drops down (cf. the curve “without BGO” in Fig. 3.14 a). Therefore the CFD threshold has
a big influence to the detector response and the good agreement shown in Fig. 3.14 a) proves the
consistency of the simulations and the measurement. Another comparison showing the quality of the
simulations is presented in Fig. 4.9. A measurement on 2765.5 mg "**C (graphite) was performed
with bremsstrahlung of an end-point energy of 17 MeV. The natural carbon contains 98.90 % of 2C
which exhibit only a few strong excitations (see Appendix A). The spectrum measured for 8 hours
is compared in Fig. 4.9 with a simulated detector-response spectrum for 15.1 MeV ~-rays emitted
from the target. The full-energy peak in the simulated spectrum is normalized to the area of the
peak at 15.1 MeV in the experimental spectrum. Two conclusions can be drawn from the comparison
in Fig. 4.9: (i) the non-resonant background ends at 12 MeV (cf. Fig. 4.9 a), note, it depends also
on the target material, and (ii) the Compton background from the transition at 15.1 MeV is well
approximated by the simulations (cf. Fig. 4.9 b).

The second type of simulations are done to estimate the non-resonant background in the experimental
spectrum. Such simulations are presented in Fig. 3.15 for the measurement on 2°8Pb at E, = 17 MeV.
The GEANT3 simulations with modified distribution of the bremsstrahlung (see Subsection 4.4.1)
reproduce correctly the slope of the background in the measured spectrum.

The determination of the resonant continuum is presented in two steps (i) the measured spectrum is
corrected for the detector response and for the detector efficiency and (ii) compared with the simulated
non-resonant background. The procedure of determination of the resonant continuum is performed in
the following:

1) At an electron-beam energy higher than the neutron separation energy the production of neutrons
from the target or from the surrounding materials is possible. The neutrons can be thermalised
by inelastic scattering in the experimental hall and capture in the crystal of the HPGe detector.
Indications for this process are observed as peaks corresponding to thermal neutron capture in different
stable germanium isotopes in measurements with photon beams and neutron sources. A list of the most
prominent peaks due to neutron capture in the Ge isotopes is presented in Table 4.1. The populated
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Figure 4.11: Simulated response of the HPGe detector a) for monoenergetic y-rays with energy of
6 MeV and comparison b) between the measured and response corrected spectra.

levels in the AT'Ge nucleus by neutron capture mainly decay via v-ray cascades and with small
probability for decay to the ground state. The observed prominent peaks are results of summing of the
cascade 7-rays since the germanium crystal plays the role of a target and a detector simultaneously. An
example for such a summed peak is the decay of the 10195 keV level in "“Ge for which no ground-state
transition is known. Due to summing a strong peak is observed at 10195 keV (see Fig. 4.10 a). Since
the neutron capture can happen randomly in the volume of the crystal the efficiency of the detector is
reduced and high Compton background is produced. GEANT3 simulations were performed in order
to obtain a response spectrum from the decay of a level populated by neutron capture. The geometry
of the HPGe detector and the BGO shield were defined. A point in the Ge crystal was randomly
selected and ~y-rays were emitted corresponding to two step cascade to the ground state with random
energy of the intermediate level and isotropic directions of the two y-rays. A spectrum of the energy
deposited in the Ge crystal was collected when there is no veto from the BGO detector. A simulated
spectrum for the level at 10195 keV in "Ge is presented in Fig. 4.10 b). The simulated spectrum was
normalized to the sum peak in the measured spectrum and subtracted from it. The same simulations
were performed for all germanium isotopes listed in Table 4.1.

The thermal-neutron capture in the materials surrounding the detectors produce individual peaks in
the spectrum. These peaks are removed from the spectrum without the need of additional simulations.
The natural background also counts in the photon-scattering spectra. Separate measurements without
beam were performed after every experiment in order to collect a spectrum of the natural background
at the same experimental conditions (see e.g. Fig. 3.21). The natural background was subtracted from
the experimental spectrum after normalization to the live time of the corresponding detector.

The counts from neutron-capture ~-rays and from the natural background in the measured spectrum
form 1.4 - 1072 % and 6.1 - 1072 %, respectively, from all counts in the spectrum.

2) The measured spectrum contains a background due to incomplete absorption of photons in the HPGe
crystal, the so called “detector background”, discussed in Section 3.4. Simulations for the response of
the detector were performed in order to remove the “detector background”. The simulations are the
same as those for the detector efficiency (see Section 4.2) but for a uniform energy distribution of the
emitted ~-rays in intervals of 10 keV to cover the range of the measured spectrum. An example of a
simulated detector-response spectrum is given in Fig. 4.11 a). The full-energy peak of every simulated
spectrum is normalized to the counts at the same energy in the measured one and the background
counts are subtracted. The procedure of removal of the “detector background” starts from the end
of the measured spectrum and continues to the beginning. A comparison of the measured and the
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Figure 4.12: Detector background a) calculated as a ratio of the residuum spectrum from the experi-
mental and response corrected spectrum (cf. Fig. 4.11b) to the response corrected spectrum. b) ratio
of the FE peak to the total counts in the spectrum (FE-to-Total) from GEANT3 simulations for a
detector at 127°.

detector-response corrected spectrum is shown in Fig 4.11 b).

Because of the high efficiency of the HPGe detectors and as result of the good escape suppression
by the BGO shields the response correction could be performed without introducing large statistical
uncertainties. The ratio of the not fully absorbed ~-rays to the ~-rays detected with full energy is
presented in Fig. 4.12a). It is in strong dependence on the ratio of the FE-to-total shown in Fig. 4.12b)
for detector at 127° and identical absorbers as in the experiments.

3) The measured spectrum contains several peaks from the resonant scattering from B used for
calibration of the photon flux. The areas of the ''B peaks are subtracted from the spectrum.

4) After the corrections 1, 2 and 3 the spectrum contains only resonantly and non-resonantly scattered
photons from the target detected with photo-effect. The spectrum is divided by the absolute full-
energy peak efficiency in order to determine the spectrum of photons scattered in the solid angle
of the detector. The spectrum is corrected for the live time to obtain a more convenient quantity:
photons/(10 keV*s*sr).

5) A spectrum of non-resonantly scattered photons was simulated with GEANT3. Only the target
was implemented in the simulations. Four screens were defined with a shape of a disk such that the
solid angles of the screens and the detectors are the same. Photons with uniform distribution in the
energy interval from 0 to 15 MeV were emitted in a parallel beam with a profile of an ellipse such
that all photons hit the target. This is of importance for further normalization to the absolute photon

Table 4.1: Energies of the levels populated in thermal neutron capture experimentally observed in the
photon-scattering experiments at F, = 13.2 MeV.

E, | keV reaction E, | keV reaction
6505 ™Ge(n,y)®Ge 7630 %Fe(n,y)° Fe
6683  ™Ge(n,y)™Ge | 7646 %6Fe(n,y)? Fe
7366  3Ge(n,y)™Ge | 7723 2TAl(n,y)?8 Al

(n,y) (n,y)
(n,7)

7415 Ge(n,y) Ge 7915 63Cu(n,y)%Cu
10195  "3Ge(n,y)™Ge
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Figure 4.13: Comparison of the measured spectrum from “*Mo at E, = 13.2 MeV with a) the simulated
background and b) with the background with included pile-up effect.

flux. The energies of the incident photons and those scattered from the target to the screen were
recorded in an event-by-event file for every screen (detector). The uniform distribution of the incident
photons was folded with the absolute flux (see Section 4.4) in an off-line analysis and a spectrum of
non-resonantly scattered photons from the target produced for every detector. This spectrum still
can not be compared with the experimental one because the measured spectrum contains counts
resulting from the pile-up effect. The Monte Carlo program for simulations of the pile-up effect (see
Section 3.5) was used to modify the simulated background spectrum. A comparison between the
experimental spectrum from %Mo at E. = 13.2 MeV with the simulated non-resonant background is
shown in Fig. 4.13 a). The effect of the correction for pile-up is presented in Fig. 4.13 b).

The resonant continuum is determined by subtraction of the simulated non-resonant background from
the measured spectrum.

4.8 A Monte Carlo code for y-ray cascade simulations in photon-
induced reactions

Photon-induced reactions are considered to proceed through a compound nucleus with a cross section
proportional to the product of the excitation width I'y and the decay width I't. Once excited by an
absorption of a real photon, the level can decay by emission of a y-ray or a particle (proton or neutron).
The total absorption cross section for a level Ey becomes a superposition of the cross sections of all
possible channels of the reaction:

™ h202 Porf O'pFOFp
oy = — - + 4.36
R R T LA N =

Since the probability for the deexcitation of a given level by a y-ray transition to the ground state, to
an intermediate level, or by emission of a particle may be analogous a Monte Carlo code for simulations
of y-ray cascades was developed [Ruse06] in this work as a tool in the analysis of photon-scattering
and photon-dissociation experiments.

The program is based on the nuclear statistical model. The assumed approximations are presented in
the following:
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1) The level density is given by the back-shifted Fermi gas model:

p(Ey, J) = f(J)e2VeE—E) 112\/20a (B, — Ey)/%) (4.37)
f(J) = e /20" e UFD /208 (4.38)

1+ /1+4a(Ex — Fy)
2a

o= \/0.0146A5/3

where the functions f(J) and o determine the spin dependence of the level density. The level-density
parameter a and the back-shift energy F7 are taken from a recent systematics performed by T. von
Egidy and D. Bucurescu [Egid05].

2) The densities of levels with positive parity and with negative parity are assumed to be equal (see
Ref. [AlQu03]).

3) The Wigner distribution (Eq. (4.40)) is used for the fluctuations of the nearest-neighbour spacings
of levels with the same spin. Optionally in the program, the distribution can be changed to the Poisson
distribution (Eq. (4.41))

1
P(z) = iﬂ-xe*(”/‘l)ﬂ (Wigner distribution) (4.40)

P(z) = e * (Poisson distribution) (4.41)
4) Tt is assumed the validity of the Brink-Axel hipothesys [Axel62] and that the excitation and the
deexcitation strength functions can be described with the same Lorentzian function.

A priori known strength functions ffL (Ey) for E1, M1 and E2 transitions are used to calculate the
average decay widths of the levels:

I 2041 ffL(EW)

I'iy=(Fi— FE 4.42
= B BB ) )
The strength functions for M1 and E2 transitions are derived from a standard Lorentzian:
2Jo+1 1 1 o0 E2I3
FHE) = 20T SRl (4.43)

T 2% +1 (vhe)? gL (E2 - E})? + E2T3

The parameters oy, Ey and 'y are taken from the global parameterization of the M1 spin-flip giant
resonance and the E2 isoscalar giant resonance provided by the “Reference Parameter Input Library”
RIPL-2 [RIPL-2]. The parameterization of the M1 giant resonance is:

Ey = 41A7Y3 MeV

Ty =4 MeV (4.44)
E1l

oo in mb, adjusted to % = 0.0588A4°87 at 7 MeV,
¥

and the parameters for the F2 giant resonance are:

Ey = 63A7 Y3 MeV
Iy =6.11 — 0.0214 MeV (4.45)
~0.0001422 Ey

o9 = AT, mb

The strength function for E'1 transitions is derived from a Lorentzian fit to the photo-absorption cross

section [Beil74] after subtraction of fM!(E,) and f¥?(E,).
5)The Porter-Thomas distribution [Port56] is used for the fluctuations of the decay widths of the
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levels. The widths of the individual levels are assigned according to 'yt = y;¢L's¢, where ;¢ follows the
x? distribution with zero degrees of freedom:

1
\2my

6) Calculated cross sections for (v,p) and (v, «) reactions by T. Rauscher and F.-K. Thielemann
[Raus04] are used for the simulation of the particle emission.

A Dblock diagram of the algorithm of the program is presented in Fig. 4.14. The simulations start with
the creation of level schemes containing levels with spin J = 0, 1 and 2 according to the assumed
level density and level-spacings distribution. Levels with spin higher than J = 2 are not considered of
importance for the photon-induced reactions with bremsstrahlung. The parity of the levels is assigned
randomly such to keep the same density of the levels with positive and negative parity. The three
level schemes are merged to one common scheme according to the energy of the levels. Since it is
impossible to store the information of all partial decay widths a pseudo-random-generator [Becv98]
is used. The idea of the method is to assign precursors to all levels of the scheme. The precursors
are used to set the seed of the random generator of the Porter-Thomas distribution such that every
time when a given level Ej is populated the same sequence of y;; values is generated to determine
always the same partial decay widths. The created level scheme with assigned spins and parities to
the levels together with the assigned partial decay widths for every level is called in this work “nuclear
realization”. Every event of the simulations starts with the excitation of a level F; with spin J =1
according to the photoabsorption cross section which is proportional to I'g/E2. The emission of a
particle is selected randomly such to keep the ratio of a radiative decay of a level F; to a decay via
emission of a particle the same as the ratio of the corresponding cross sections. If a particle is emitted
the event is terminated and the simulations continue with a selection of a new excited level. The
radiative deexcitation is selected according to the partial decay widths. If the decay is not to the
ground state then the populated level is considered as an excited level and a new decay is performed
till the ground state is reached.

The program provides the energy, the spin and the parity of the initial and final levels as well as the
multipole order of the transition. The angular distribution of the transitions is calculated according to
Eq. (2.21) for pure dipole or quadrupole transition®. Since one nuclear realization does not represent
completely the properties of the nucleus, but is only a guess, the cascade simulations have to be run for
many nuclear realizations. The mean value of a given quantity within the deviation is representable
for the real nucleus. The mean value T and the deviation o are calculated according to [Bevi03]:

T = %Zx (4.47)
o’ = %Z(l‘l —f)2

Some tests of the program are presented in Figs. 4.15 and 4.16 for the case of “®*Mo. Simulations for
1000 nuclear realizations were performed. Fig. 4.15 shows the result from the analysis of the created
level schemes for the level density (Fig. 4.15 a) of levels with J = 1 and the nearest neighbor spacings
(Fig. 4.15 b), the histograms are compared with the defined distributions (solid lines).

P(y) = e v/ (4.46)

3A program written by Dr. R. Schwengner for calculation of the angular distribution of cascade transitions was
implemented in the code.
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Chapter 5

Experimental results

In this Chapter, the experimental results of eleven photon-scattering experiments on *>Mo, *Mo and
100Mo are presented. The measurements were carried out at the bremsstrahlung facilities at the Dy-
namitron accelerator of the Universitat Stuttgart and the superconducting electron accelerator ELBE
of Forschungszentrum Rossendorf, Dresden. The Chapter is divided into two sections according to the
energy range of excitation of the nuclear states. Branching transitions observed in the measurements
on Mo and '"'Mo at E, = 3.8 MeV were resolved by performing experiments at lower energies. A
discussion on the problem with the inelastic photon scattering in the experiments at E, = 13.2 MeV
is given by means of performed simulations of ~-cascade decay of the nuclear levels. A method for
reconstruction of the measured strength distribution is presented. It allows a determination of the
total radiative strength below the neutron separations energy S,. The results for the absorption cross
section obtained from the photon-scattering experiments at E, = 13.2 MeV are compared with the
cross section for (y,n) reaction above Sy, [Beil74].

5.1 Low-lying dipole excitations in Mo, “*Mo and '“"Mo

The low-lying excitations in *?Mo were investigated with bremsstrahlung of an end-point energy of
6 MeV. The photon-scattering experiment was carried out at the superconducting electron accelerator
ELBE at Rossendorf. The bremsstrahlung was produced by irradiating a 4 um thick niobium radiator
with a continuous-wave electron beam of a kinetic energy of £, = 6 MeV and an average beam current
of 300 uA. A hardener was not used in the measurement. The target consisted of 2035.7 mg %Mo
with an enrichment of 97.31 %. The molybdenum target was combined with ''B enriched to 99.52 %
with a mass of 455.5 mg for the calibration of the photon flux. The relative photon flux determined
from 'B was interpolated by using the approximation of the bremsstrahlung spectrum given by G.
Roche [Roch72] (cf. Fig. 4.3 a). Gamma rays scattered from the target were detected with four 100 %
HPGe detectors two of them placed at 90° and the other two at 127° relative to the photon beam.
All detectors were equipped with escape-suppression shields made of BGO scintillation detectors (cf.
Fig. 3.2). The detector efficiency has been simulated with GEANT3 as was described in Section 4.2.
Spectra of scattered photons measured at 90° and 127° for 72 hours are shown in Fig. 5.1. Six
transitions were observed in *?Mo which are listed in Appendix B. The results of the levels at 3091.4,
3925.8, 3944.0 and 4633.7 keV are consistent with the ones obtained in previous work [Metz77]. In
addition, a transition at 4494.7 keV was observed in the spectrum at 90° (cf. Fig. 5.1) and J = (2) was
tentively assigned to the corresponding level. A level at 4493.9 keV had also been observed in electron-
scattering experiments [Bagl00] with an assignment of J™ = 2%. For the additional levels proposed
on the basis of previous photon-scattering experiments at F, = 8 and 10 MeV [Bagl00, Bauw00], we
assume that the corresponding ~ rays are transitions from levels with energies greater than 6 MeV to
low-lying levels.

The ratios I,(E,,90°)/I,(E,,127°) and the level scheme of %Mo deduced in the present photon-
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Figure 5.1: Parts of spectra of photons scattered from ?2Mo, measured at 127° (top) and 90° (bottom)
relative to the beam at E, = 6 MeV. The transitions assigned to “?Mo are labeled with their energies
in keV. SE marks single-escape peaks.

scattering experiment are shown in Fig. 5.2.

Excited levels in *Mo and Mo were investigated up to 3.8 MeV in nuclear resonance fluorescence
experiments performed at the Dynamitron accelerator of the Universitiat Stuttgart [Knei96]. The
experiments were carried out at electron-beam energies of 3.3 and 3.8 MeV for “*Mo and of 3.2, 3.4
and 3.8 MeV for %Mo and an average electron current of 250 pA. Samples of highly enriched *®Mo
and %Mo were used as targets in the experiments. The targets were combined with 2”Al and 3C
for photon flux calibration. Information about the targets and electron beam energies used in the
measurements is summarized in Table 5.1.

Gamma rays scattered from the target were detected with three 100 % HPGe detectors placed at
90°, 127° and 150° relative to the incident photon beam, respectively. The detectors were shielded
with lead against background radiation. In addition the detector at 127° was surrounded by an
escape-suppression shield consisting of four BGO detectors. Spectra from the individual detectors
were recorded for 90 hours in the experiments at E, = 3.8 MeV and for 60 hours in the measurements
at smaller electron-beam energies. Experimental spectra measured at 150° are shown in Fig. 5.3 for
98Mo and in Fig. 5.4 for °°Mo.

The relative photon flux was deduced from the transitions in 27 Al with known cross section for photon
scattering. The used NRF standards are given in Appendix A. An additional '3C target was used
in the experiments at 3.8 MeV in order to extend the experimentally deduced flux closer to the
bremsstrahlung end-point energy. The obtained points for the photon flux from 27Al and '3C were
normalized to the number of nuclei in the calibration targets and to measurement time and averaged
over all detectors. As was discussed in Section 4.4 the Schiff formula gives a good approximation of
the photon flux from a thick radiator in the range of the observed transitions (cf. Fig. 4.4 a). A
fit with the Schiff formula was used for a spectral distribution of the bremsstrahlung photons. The
bremsstrahlung end-point energy was a free parameter of the fit.

Six transitions were observed in %*Mo for the first time in the experiment at F, = 3.8 MeV. The
spectrum measured at 150° is shown in Fig. 5.3. The newly observed transitions are labeled with their
energies. The angular distribution indicates dipole character for the transitions in *®Mo. The ratio
I,(E,,90°)/1,(E,,127°) is presented in Fig. 5.5. The transition at 2816.9 keV fits well the energy
spacing between the dipole state at 3551.2 keV and the second 07 state. An additional measurement
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Figure 5.2: Left: ratios of y-ray intensities in ?>Mo at 90° and 127° relative to the beam. The
expected values for pure dipole (0.74) and quadrupole (2.28) transitions in even-even nuclei are shown
with dashed lines. Right: Level scheme of Mo deduced in the present photon-scattering experiment
at Ee = 6 MeV. The parities of the levels were taken from Ref. [Bagl00].

at F, = 3.3 MeV was carried out in order to resolve the origin of the transition at 2816.9 keV.
The electron-beam energy of 3.3 MeV has been selected such that a state at 2816.9 keV is directly
excited. Based on the transition strength deduced for the 2816.9 keV transition from the spectrum
at B, = 3.8 MeV, this transition should have been observed in the spectrum at E, = 3.3 MeV as
a peak containing about 200 counts (cf. Fig. 5.3), i.e. eight times more than the detection limit
(see open circle in Fig. 5.7 a), if it was a ground state transition.If the transition at 2816.9 keV is a
branching transition from the 3551.2 keV state to the second 07 state a peak should not be observed.
The comparison of the spectra measured at different electron energies (cf. Fig. 5.3) reveals that the
transition at 2816.9 keV is not a ground-state transition. The deduced level scheme of **Mo is shown
in Fig. 5.6. The experimental results are presented in Appendix B.

Nineteen transition were observed in '“°Mo for the first time in the experiment at E, = 3.8 MeV
which are given in Appendix B. Parts of y-ray spectra measured at 150° are shown in Fig. 5.4 for
E. = 3.2, 34, and 3.8 MeV. The ratios I,(E,,90°)/I,(E,,127°) shown in Fig. 5.5 indicate dipole
character for all transitions. The comparison of the spectra measured at different electron-beam en-
ergies allowed us to distinguish between ground-state transitions and transitions populating low-lying
levels as described above for ®Mo. In the following the determination of the branching transitions
will be described in detail:

The 3290.1 keV level: The transitions at 2595.2 and 2754.7 keV fit the energy spacings between this

Table 5.1: Targets and electron beam energies used in the experiments at the bremsstrahlung facility
at the Dynamitron accelerator.

nucleus mass / mg 27Al /mg '3C /mg FE./ MeV

9BMo 1969 750 102 3.8
%Mo 1969 750 0 3.3
1000\[o 1621 750 102 3.8
1000\[o 1983 750 0 3.4

1000\ [ 1983 750 0 3.2
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and at F, = 3.8 MeV (top) and E, = 3.3 MeV (bottom). The peaks labeled with their energies in
keV correspond to dipole transitions assigned to “®*Mo. SE marks the single-escape peaks.
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Figure 5.4: Comparison of partial spectra of photons scattered from Mo at 150° relative to the
beam axis for different electron energies. The peaks labeled with their energies in keV correspond to
dipole transitions assigned to '%°Mo. SE marks the single-escape peaks.
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Figure 5.5: Ratio of y-ray intensities observed at 90° and 127° relative to the beam for the transitions
in %Mo and 1°°Mo. The expected values for pure dipole (0.74) and quadrupole (2.28) transitions in
even-even nuclei are shown with dashed lines.
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Figure 5.6: Level schemes of **Mo (left panel) and '°°Mo (right panel) including the dipole states
found in this work (left) and the known low-lying levels (right). The used electron-beam energies are
indicated by dashed lines.
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Figure 5.7: Comparison of the partial widths Iy of ground-state transitions (filled circles) and branch-
ing transitions (open circles), see text, with the detection limits obtained from the spectra measured
at 150° and for all used electron-beam energies.

level and the O;r state at 695.1 keV and the 2IL state at 535.6 keV, respectively, known from previous
work [Sing97]. These transitions were not observed in the measurement at E. = 3.2 MeV (cf. Fig. 5.4).
If the transitions at 2595.2 keV and 2754.7 keV were ground-state transitions they should occur in the
spectrum at E, = 3.2 MeV as peaks with areas of about 140 and 330 counts, respectively, which is 8
and 12 times more than the respective detection limits (cf. Fig. 5.7). Therefore, they are considered
as branches from the 3290.1 keV level to the 0; an 2f states. Positive parity is proposed for this state
on the basis of the Alaga rules (cf. Eq. (2.44)).

The 3483.4 keV level: The transitions at 2948.2 and 2419.8 keV are neither observed in the measure-
ment at F, = 3.4 MeV nor in the one at E, = 3.2 MeV. Assuming that these transitions are ground-
state transitions and using the scattering cross section determined from the spectrum at £, = 3.8 MeV
they should occur in the spectra measured at E, = 3.2 MeV as peaks with areas of 190 and 240 counts,
respectively, and at E, = 3.4 MeV as peaks with 350 and 340 counts, respectively, which is not the
case. These areas are 6 and 10 times higher than the respective detection limits for the spectrum
at F, = 3.2 MeV, and 8 and 15 times higher than the respective detection limits in the spectrum at
E. = 3.4 MeV. As the 2948.2 and 2419.8 keV transitions fit the respective energy spacings between the
3483.4 keV level and the 2IL and 2; states they are assigned as branches to these states. Tentatively
positive parity is assigned to this state based on the Alaga rules.

The 3658.8 keV level: The transition at 2595.2 keV fits the energy spacing between this level and the
27 state. However, it was also assigned as a branch from the level at 3290.1 keV to the 05 state. In
the measurement at F, = 3.8 MeV the peak at 2595.2 keV is observed with about twice the intensity
observed at E, = 3.4 MeV, where the level at 3658.8 keV is not excited. This proves that the two
transitions depopulating the 3290.1 and 3658.8 keV levels, respectively, exist with nearly equal inten-
sities. Thus, the 2595.2 keV transition is also assigned as populating the 3658.8 keV level to the 2;
state. Positive parity is tentatively assigned to this state on the basis of the Alaga rules.

The level scheme of 1Mo deduced from the present experiments is shown in Fig. 5.6.
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Table 5.2: Targets, electron-beam energies and measurement times used in the experiments at the
bremsstrahlung facility at the ELBE accelerator.

nucleus mass / mg UB / mg Ee / MeV  tpeas / hours
Mo 2036 (97.31 %) 340 (99.52 %) 13.2 57
%BMo 2953 (98.55 %) 340 (99.52 %) 13.2 64
%BMo 2953 (98.55 %) 321 (99.52 %) 8.5 114
100Mo 2917 (99.27 %) 340 (99.52 %) 13.2 64
10Mo 2917 (99.27 %) 340 (99.52 %) 8.0 80

5.2 Dipole excitations in Mo, Mo and '“’Mo up to the (v,n)
threshold

The investigation of ?>Mo, %Mo and '"“Mo presented in the previous Section was extended up to
the neutron separation energy in experiments at the bremsstrahlung facility at the Rossendorf ELBE
accelerator. Photon-scattering experiments were performed on the three molybdenum isotopes at an
electron-beam energy of 13.2 MeV above the neutron separation energies of “2Mo (S, = 12.67 MeV),
%Mo (S, = 8.64 MeV) and %Mo (S, = 8.29 MeV). Because of possible observation of transitions
in the neighboring nuclei produced via (7y,n) reaction additional measurements at E, = 8.4 MeV and
E. = 7.8 MeV were performed on %Mo and Mo, respectively. The bremsstrahlung was produced
by irradiating a 7 pgm thick niobium foil with continuous-wave electron beams with average currents of
600 pA. The low-energy tail of the bremsstrahlung spectrum was suppressed by usage of an aluminum
hardener. The photon beam irradiates the target placed in an evacuated pipe. Isotopically enriched
materials were used as targets in the experiments. The molybdenum targets were pressed into a form
of a pill with diameter of 2 cm and packed in a thin polyethylene foil (PE). The targets were combined
with elementary "'B for photon flux calibration. The 'B powder was “glued” to a PE foil in a shape
of a pill with diameter of 2 c¢cm using poly-vinyl alcohol. Photographs of used targets are shown in
Fig. 5.8. Information about the beam energies, weights of the targets and times of measurement is
summarized in Table 5.2.

The ~y-rays scattered from the target were detected with four 100 % HPGe detectors (see Section 3.3),
two of them placed at 90° and the other two at 127° relative to the incident photon beam. All detectors
were equipped with BGO escape-suppression shields. Stacks of absorbers consisting of slices of copper
with thicknesses of 3 mm and lead with thicknesses of 15 mm and 8 mm were placed in front of the

Figure 5.8: Photographs of used targets in the photon-scattering experiments at the ELBE accelerator.



64 Experimental results

*Mo (y,) E, = 13.2 MeV

S

A

> e
2 *Mo (1.7') E, = 13.2 MeV
© 11B
AN
2
[
3 st
R L
10t Mo (v.v) E, = 13.2 MeV
103%—
10°F
101;— A
100E . ! . ! . ! . ! . ! . \Sn‘ ! .
2 3 4 5 6 7 8 9 10 11 12 13 14
Ey/MeV

Figure 5.9: Comparison of spectra measured at 127° relative to the photon beam for *>Mo, *Mo and
100Mo for the electron-beam energy of 13.2 MeV.

detectors at 90° and 127°, respectively. Spectra of y-rays scattered at 127° from the three molybdenum
isotopes are presented in Fig. 5.9. The spectra are collected in experiments with the same electron-
beam energy of 13.2 MeV. The spectrum from Mo contains prominent peaks while the other isotopes
show a large number of weak excitations. The spectra are characterized with a decrease of intensity at
the neutron separation energy. Since the (y,p) channel in *2Mo opens at Sp = 7.46 MeV the intensity
decreases more smoothly. Peaks corresponding to transitions in the neighboring nuclei produced via
(v,n), (7,p) or (n,y) reactions were discarded from the analysis. Transitions which do not belong to the
investigated molybdenum isotopes were identified by comparison with spectra measured at electron-
beam energy lower than the neutron separation energy and using the information from NNDC. The
number of transitions assigned to ?2Mo, Mo and %Mo is 340, 485 and 499, respectively. The results
of the analysis of the experiments at F, = 13.2 MeV are given in Appendix C. The multipole order of
the observed transitions was obtained by comparing the ratios of the «-ray intensities at 90° and 127°
with the expected values of 0.73 and 2.28 for dipole and quadrupole radiation, respectively. The results
for the ratio I,(£,,90°)/1,(E,,127°) are presented in Fig. 5.10. The spin assignment is performed
as described in Section 4.3. From the comparison in Fig. 5.10 it is visible that most of the transitions
have dipole character. Detection limits were determined from the spectra measured at 127° in order
to prove whether a peak can be accepted as a transition. Decay widths I'g were calculated under the
assumption that the observed transitions are deexcitations to the ground state. They are compared
with the detection limits corresponding to 95 % confidence limits (20) in Fig. 5.11. The results given
in Appendix C contain only the transitions above the detection limits.

Part of the observed transitions are deexcitations to intermediate levels. An indication for branching
transitions is the large number of observed peaks in the spectra at E, = 13.2 MeV in the range below
4 MeV in strong contrast to the low-energy experiments discussed in the previous Section. A possible
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Figure 5.11: Comparison of the decay widths, deduced under the assumption that all transitions are
ground-state transitions, with the determined detection limits. The points marked with open circles
are considered below the detection limits.
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Figure 5.13: Results from the y-ray cascade simulations for 1Mo for a) branching ratios for ground-
state transitions and b) the average relative intensity of a branching transition deexciting a level with
energy Fx.

way to resolve the branchings is to apply the Ritz principle and select combinations of transitions which
satisfy two, three or more step cascades. Such attempts lead to thousands of combinations assuming
two step cascades where the major part of them are random combinations due to the limited energy
resolution of the experimental data. Other ways to find the possible branchings are measurements at
many different electron energies analogous to the investigation of **Mo and Mo at the Dynamitron
accelerator. Here, it is practically impossible to resolve the branchings because the high level density
above 4 MeV requires measurements with small step in the electron-beam energy and long duration to
gain sufficient statistical accuracy. In this work the problem of the branchings is discussed in the frame
of v-ray cascade simulations. The Monte Carlo code for v-ray cascade simulations (see Section 4.8)
was used to obtain an estimate for the ratio R of the intensity of the ground-state transitions with
a given energy E, to the intensity of all transitions with the same energy E,. The simulations were
performed using the photon-flux spectrum from the experiment (cf. Fig. 4.4 b). Two spectra of ~-
ray transitions to the ground state and of all transitions were collected with a binning of 100 keV.
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Figure 5.14: Ratio of the integrated cross section determined from the experiments at £, = 13.2 MeV
versus the cross section from the measurements at F, = 6 MeV and E, = 3.8 MeV on ?2Mo and
100Mo, respectively.

The deexcitations of fed levels to the ground state are also considered as ground-state transitions
which reflects the situation in a real photon-scattering experiment. The ratio R gives an estimate of
the fraction of the intensity of the ground-state transitions relative to the total y-ray intensity in a
given energy bin. Examples of the dependence of this ratio on the transition energy are presented in
Fig. 5.12 a) and b) for the cases of “2Mo and '°°Mo, respectively. Apparently, the observed peaks
close to the neutron separation energy correspond only to deexcitations to the ground state. In the
comparison, many branchings are expected at y-ray energies around 2—4 MeV and the ratio presented
in Fig. 5.12 is small.

An important question is the origin of the branching transitions around 2 — 4 MeV since in the
experiments at F, = 13.2 MeV hundreds transitions were observed in this energy range. The branching
ratios for decay to the ground state By can be determined from the same cascade simulations. The
dependence of By on the excitation energy is presented in Fig. 5.13 for the case of °“Mo. The ratios
By define an average probability for the decay of levels to the ground state. The average probability
for decay to an intermediate transition then is (1 — Bo)/Ni, where N; = [, p(E)dE is the number of
intermediate levels with energy from 0 to Ey. The area of the peaks corresponding to the branching
transitions depend on the product of the photon flux at Fy and the average probability (1 — Bg)/N;.
An estimate for the intensity of the branching transitions in dependence on the energy of the excited
level E, is presented in Fig. 5.13 b) for the case of 1Mo. From Fig. 5.13 b) it is visible that the
levels close to the neutron threshold “produce” many but weak branchings while the levels around
4 — 5 MeV can decay to the intermediate levels via few but strong branching transitions. Note, that
the cascade simulations do not include nuclear structure effects and consider the nucleus in terms of
the random matrix theory.

According to these estimates the transitions observed as peaks can be divided to three groups according
to the transition energy E,:

1) 0 MeV < E, < 4 MeV - these transitions are mainly branching transitions from excited levels
around 4 — 6 MeV to low-lying levels.

2) 3 MeV < E, < 6 MeV - are deexcitations with mixed origin - ground state transitions and
branchings.

3) 5 MeV < E, < Sy, MeV - are mainly ground-state transitions.

Such division of the y-ray spectrum nevertheless can not be made with precise limits.

A branching to an intermediate level means that this level is fed and the measured intensity of the
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Figure 5.15: Left panel: the nearest-neighbor-spacings distributions of isolated narrow resonances
above 5 MeV in “2Mo, Mo and '®°Mo. The drawn line represent the Wigner distribution. Right
panel: distribution of the transition widths for the isolated narrow resonances above 5 MeV in Mo,
98Mo and °Mo. The solid lines represent the Porter-Thomas distribution.

deexciting ground-state transition is much stronger than if this level was populated only via photon
absorption. The determined photon-scattering cross sections of such fed levels is bigger than if they
were not fed. The influence of the feedings is shown in Fig. 5.14 where the integrated photon-scattering
cross section of the low-lying levels in ??Mo and °°Mo are compared with the cross sections determined
from the experiments at F, = 13.2 MeV. The cascade simulations can be used to determine the average
enhancement of the photon-scattering cross section due to the feedings. Since the feedings means a
transfer of intensity from an exited level to some intermediate one the cascade simulations have to be
performed with included photon flux determined from the experiments at E, = 13.2 MeV.

5.2.1 Statistical properties of the observed resonances

The random-matrix-theory treatment of the nucleus as a system of interacting fermions predicts
distributions of the level spacings and of the level widths. The level-spacings distribution is a measure
for the fluctuations of the level distances around a uniform (equidistant) level scheme. This distribution
has two extremes of no level repulsion - the Poisson distribution (Eq. (4.41)) and of strong repulsion -
the Wigner one (Eq. (4.40)). The level widths show fluctuations around an average value T'g as well.
If the amplitudes of the transition matrix elements are assumed to form Gaussian ensemble, then
the width distribution is well described by a y? distribution with zero degree of freedom, known as
Porter-Thomas distribution [Port56] (Eq. (4.46)).

These distributions are evident of thermal neutron-scattering experiments right at the neutron sep-
aration energy and by results of S—decay spectroscopy in the range close to the ground state. The
photon-scattering experiments performed with continuum bremsstrahlung allow a simultaneous exci-
tation of all levels with spin J = 1 and they are a good tool to investigate the statistical properties of
the nuclear levels in the intermediate excitation range. The analysis suffers from unresolved branch-
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ings which appear at the low energy part of the spectrum and, moreover, by the insufficient detector
resolution to resolve all resonances at high energy close to the neutron threshold.

The results from the photon-scattering experiments on “2Mo, **Mo and Mo at E, = 13.2 MeV
are used to derive the distributions of the nearest neighbor spacings and of the transition widths.
According to the discussion above for the origin of the observed resonances, only the transitions with
energies larger than 5 MeV are included in the analysis of the statistical properties of the isolated
resonances. The resonances were collected in groups of 50 transitions each according to their energy.
An average spacing and average width was determined for each group and a histogram was created.
The histograms of the individual groups were averaged and normalized to unity. The obtained distri-
butions for the nearest neighbor spacings and for the transition widths are presented in Fig. 5.15.
The comparisons in Fig. 5.15 show that the Mo data do closely resemble Wigner and Porter-Thomas
distributions indicating a quantum chaotical behavior as predicted for Gaussian orthogonal ensemble.

5.2.2 Determination of the total strength

The high level density and the Porter-Thomas fluctuations of the decay widths yield to many weak
transitions which can not be observed as isolated peaks. In addition, as it was discussed above every
level can decay to many intermediate levels via weak transitions. Therefore not all of the information
is contained in peaks. Many of the transitions are so weak that their superposition is observed as
a continuum of unresolved strength. An estimate for the intensity of resonant scattering “hidden”
in the continuum can be obtained from a comparison of spectra of ~-rays scattered from different
isotopes measured at the same conditions. The spectra measured at 127° from the photon-scattering
experiments on **Mo and 1Mo at E, = 13.2 MeV are shown in Fig. 5.16 a). The spectrum of 1°°Mo
is normalized to the photon flux and to the target mass relative to **Mo. The spectra were collected at
identical experimental conditions. The two spectra are characterized by a decrease of intensity beyond
the neutron separation energy caused by the dominant emission of neutrons. Above S, the spectrum
contains non-resonant background (see Section 3.4) because the deexcitation of the levels is dominated
by emission of neutrons. Using the different neutron separation energies in **Mo (S, = 8.64 MeV) and
100Mo (S, = 8.3 MeV) one finds a range between 8.3 and 8.6 MeV in the spectrum of ®*Mo for which
the non-resonant background is defined from the spectrum from '°°Mo. The residuum spectrum will
contain the intensity of the resonant y-rays of “*Mo. The ratio of the integrated area in the mentioned
range to the area of the identified peaks is about three which shows that only 30 % of the intensity
are obtained from analysis of the peaks. This ratio depends on the resolution of the detectors and
the number of levels with sufficient high widths I'g. The level density of states with J=1 is shown
in Fig. 5.17a) for the three Mo isotopes. The ratio D/I'g of the average level spacings to the average
widths Iy is an estimate for the overlap of the levels. The ratio D/T'g is presented in Fig. 5.17b),
here the average widths I'y are calculated from the photoabsorption cross section o (cf. Eq. 5.1 and
Fig. 5.23).

It is desired to extend the estimate of the non-resonant background (cf. Fig. 5.16 a) in the measured
spectrum at lower energies. In this work, GEANTS3 simulations were performed in order to determine
the non-resonant background in the measured spectra. An example for a comparison of simulated
non-resonant background and the spectra of photons scattered from Mo and °°Mo is presented in
Fig. 5.16 b). The determination of the non-resonant background and the performed simulations are
discussed in detail in Section 4.7.

The continuum is defined as the residuum of the measured spectrum after subtraction of the non-
resonant background. Comparisons between the measured spectra and the simulated non-resonant
backgrounds are shown in the left panel of Fig. 5.18 for *>Mo, %®*Mo and '°Mo. The continuum con-
tains the ground-state transitions (elastic scattering) and in addition, transitions to low-lying excited
states (branching transitions) as well as transitions from these states to the ground state (cascade
transitions) which cannot be clearly distinguished. The first step of the analysis of the continuum is
a removal of all branching and cascade transitions. This removal is performed in a similar way as the
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Figure 5.16: Comparison a) of the experimental spectra from Mo and Mo measured at E, =
13.2 MeV and b) the simulated non-resonant background with the efficiency corrected spectra.
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Figure 5.17: Dependence of the level density a) of states with J=1 and the ratio of the averaged level
spacing to the averaged width b) on the excitation energy for the investigated molybdenum isotopes.

removal of the “detector background” described in Section 4.7. Cascade simulations were performed
for the investigated molybdenum isotopes. Spectra of deexcitation ~y-rays were collected for every
bin of 100 keV range of excited levels. Example of such deexcitation spectrum from levels located
at 9.7 MeV in ??Mo is presented in Fig. 5.19. The intensity of the ground-state transitions in the
simulated spectrum is normalized to the intensity of the continuum in the considered energy bin and
the counts of the branching transitions are subtracted from the continuum. The procedure of correc-
tion for branching and feedings starts at the highest energy bin close to the neutron threshold and
continues to lower energies. As a result of this correction the continuum contains only the intensity
of the ground-state transitions which corresponds to elastic photon scattering. Comparison between
the continuum and the distribution of the ground-state transitions is shown in the right panel of
Fig. 5.18 for all investigated Mo isotopes. The cross section for elastic scattering can be determined
from the corrected continuum and the photon flux for every bin individually according to Eq. (4.20).
According to Eq. (2.5) the photoabsorption cross section is related to the cross section for elastic
scattering: o = 0,,/By. The branching ratios for transition to the ground state are determined from
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Right: a spectrum of 7-rays scattered from °Zr irradiated with tagged photons with energy of
E.=9.68 MeV, the figure is taken from [Alar87].
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Figure 5.21: Analysis of the results from the photon-scattering experiment on Mo with a constant
strength function a) and with a Gaussian strength function b) included in the simulations of v-cascades.
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Figure 5.22: Comparison of determined photoabsorption cross section from the photon-scattering
experiments on 92Mo, %Mo, ®"Mo at E, = 13.2 MeV with the measured cross section for (v,n)
reaction [Beil74]. In the case of ?Mo, the calculated [Raus04] and measured [Shod75] cross sections
for (,p) reaction are depicted with light green and dark green points, respectively. The cross section
deduced from the continuum without any corrections is presented with opened circles.

the same cascade simulations according Eq. 4.23, they are presented in the left panel of Fig. 5.20.
The values for the ratios By are listed in Appendix D for the three investigated molybdenum isotopes.
The determined photoabsorption cross sections o are presented in the right panel of Fig. 5.20. They
are compared with absorption cross section used in the cascade simulations. Since the result of the
analysis determines the absorption cross section, which defines the strength function, and the input of
the cascade simulations is the same strength function then the simulations have to be performed for
various input strength function till it converges with the result of the analysis. This procedure was
applied only to the analysis of the °>Mo experiment, in the case of *Mo and '°°Mo the input strength
function is bigger by a constant factor of 1.5 and 2.7, respectively, than the result of the analysis.
An example of analysis of the %Mo experiment with two extreme strength functions is presented in
Fig. 5.21. The usage of a constant strength function (cf. Fig. 5.21 a) leads to small branching ratios
for ground-state transitions By and over correction for the photoabsorption cross section. In contrast,
the usage of rapidly increasing strength function (Gaussian function) leads to big ratios By and under-
correction for o (cf. Fig. 5.21 b). The comparisons in Fig. 5.21 show that there is no agreements
between the strength function included in the cascade simulations, expressed as cross section, and the
result of the analysis.

The results for the photoabsorption cross section for *?Mo, %Mo, Mo from the present experi-
ments at F. = 13.2 MeV are compared with the measurement of the (y,n) cross sections [Beil74] in
Fig. 5.22. In the case of “2Mo, the calculated [Raus04] and the measured [Shod75] cross sections for
the (,p) reaction are additionally depicted in Fig. 5.22. Since the calculated (v,p) cross sections end
at 14.8 MeV, they are extended with calculations using the Monte Carlo code “TALYS” [Koni04] up



74 Experimental results

10? 92“A0 " —'gtﬂﬂwﬁ*" B

10’

10° —i
107

o /' mb
vl

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
E_ | MeV

N
o

Figure 5.23: Comparison of determined photoabsorption cross section from the photon-scattering
experiments on “>Mo, %Mo, %Mo at E, = 13.2 MeV (filled circles) and the measured cross section
for (v,n) reaction [Beil74] (open circles) with the fit of the Giant Dipole Resonance (solid line). In the
case of 92Mo, the calculated cross sections for (y,p) reaction are summed up. The fit is a superposition
of three Lorentzian functions depicted with dash lines.

to 20 MeV. The cross section o, deduced from the continuum is presented in Fig. 5.22 with open
circles to show the effect of the applied corrections.

It is of importance to have a parameterization of the GDR connecting the peak area of the GDR with
the tail. The phenomenological interpretation of the GDR represents it as a result of vibrations of
the neutron system against the proton system. The GDR of axially deformed nuclei is understood
as superposition of independent vibrations along every axis of the ellipsoid such that the strength
of this vibrations is conserved. A parameterization of the GDR, proposed by Prof. E. Grosse and
presented in Eq. (5.1), is used for the interpolation of the data points obtained from the photon-
scattering experiments and the measurements of (y,n) cross sections. The photoabsorption cross
section is represented as a superposition of three Lorentzian functions with integrated cross sections
equal to 1/3 of the E1 sum rule Strx = [;° 04(E)dE = 60NZ/A mb MeV [Ring80], known as
Thomas-Reiche-Kuhn sum rule:

3 3
2a - S E?T;(Ey
Z‘W = IRK E: 2 2X21( )2 ) (5.1)
i1 3w = (Bf — EY)? + BRI (Ex)

The width of the Lorentzian function is assumed to depend on the energy: I'y = I'o(Ey/E;)°, where
Iy is set to 4.0 MeV according to the systematics of the GDR widths [Carl74]. The energies E; are
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Figure 5.24: Residuum plot of the experimentally determined photoabsorption cross section o, and

the fit of the Giant Dipole Resonance presented in Fig. 5.23.

obtained from the deformation parameters £ and « according to the Nilsson model [Nils95]:

2
FE1 = Ey [1 — gacos <

2
FEy = Ey [1 — gacos <

us
T+

5))
)|

2
FEs = Ey [1 — gscosv].

3

2
v

3

(5.2)

The deformation parameters ¢ and 7 are calculated using the Nilsson-Strutinsky method [Nils95]
and are presented in Table 6.1. The results of the best fit are presented in Table 5.3 and Fig. 5.23.
The parameter 0 was obtained to be ¢ = 0.0(3), i.e. the GDR in the investigated Mo isotopes can
be parameterized with a Lorentzian shape properly adjusted to the ground-state deformation with

energy independent width.

Table 5.3: Results of the best fit of the Giant Dipole Resonance in 92Mo, *Mo and '°°Mo according

to the expression presented in Eq. (5.1).

nucleus Ey / MeV o'
92Mo 16.7(3)  1.19(12) 3)
BMo  15.92(13)  0.94(13) 2)
10Mo  15.8(3)  0.91(4) 2)
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The comparison of the photoabsorption cross section and the fit of the GDR (cf. Fig. 5.23) shows
a slight enhancement of the strength at about 9 MeV. A residuum plot, presented in Fig. 5.24, of
the experimental cross section and the fit shows irregularities despite large statistical uncertainties.
Similar structures in the photoabsorption data are frequently assigned as “pygmy” resonances, see e.g.
Refs. [Bart72] and [Adri05].



Chapter 6

Discussion

In this Chapter, the determined dipole-strength distributions are compared with predictions of the
quasiparticle-random-phase approximation (QRPA). An QRPA code for deformed nuclei was devel-
oped by F. Donau based on Nilsson-like single-particle wave functions and separable interaction terms
[Doen0ba]. The present version of the QRPA code is using the quasiparticle wave functions as obtained
from the Rossendorf Tilted-Axis-Cranking (TAC) code [Frau93, Jenk01] which allows the treatment
of quadrupole-deformed shapes, a monopole-pair potential as well as a rotational cranking term. The
available TAC code enables the selfconsistent calculation of the equilibrium shapes by means of the
shell-correction method. Using the strength-function method [Nest02] the code yields the strength
distribution of transitions, E1 or M1, between the ground state and the vibrational states.

The observed de-excitations in **Mo and Mo of states with spin J = 1 to both the 0% ground state
and to the first excited 07 state is quantitatively discussed. A model based on one-particle-one-hole
excitations has been developed by F. Donau and S. Frauendorf which estimates the mixing of the two
0" shape isomers from the experimental transition strength.

6.1 Systematics of magnetic dipole strength in the stable even-mass
Mo isotopes

In the following, the systematic behavior of the M1 strength in the chain of even-mass Mo isotopes from
92Mo (N = 50) to %Mo (N = 58) will be discussed in comparison with predictions of the standard
quasiparticle-random-phase approximation (QRPA) [Ring80, Solo97] and, in addition, with predictions
of the shell model. The results of the present experiments (see Section 5.1) are complemented by the
ones of previous work on Mo [Piet99, Fran03] and Mo [Fran04]. In %Mo and Mo also one and
two 17 states, respectively, were identified, which are considered as the 1~ members of the 2T ® 3~
quintuplet and include about 13% and 30%, respectively, of the total dipole strength in the considered
energy region [Fran03, Fran04]. In the following discussion, positive parity is assumed for all J =
1 states up to 4 MeV in ®Mo and Mo but it should be kept in mind that a few of the observed
states may have negative parity as well. The systematics of the low-lying 1T excitations as well as the
cumulative M1 strengths in the chain of Mo isotopes are presented in Fig. 6.2.

6.1.1 QRPA calculations

The structure of the ground states is known to change from a spherical shape at A = 92 to a de-
formed one at A = 100 (cf. Ref. [Moel86]) which is expected to influence the strength distribution
of the dipole excitations in the Mo isotopic chain with A = 92 — 100. As a necessary ingredient of
the QRPA calculations the equilibrium shapes of the ground states have been determined by using
the Nilsson-Strutinsky method [Nils95] including pairing properties with the gap parameters given in
Ref. [Mant01]. The resulting potential-energy surfaces (PES) are shown in Fig. 6.2. They reflect the
shape change from the nearly spherical nuclei %>?*Mo to relatively soft PES with triaxial minima in
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98,100Mo. The deformation parameters of the minima are given in Table 6.1.

It should be mentioned that the exact location and strength of the dipole transitions cannot be pre-
dicted in detail, because for deformed nuclei an advanced QRPA code, in which all input quantities
could be calculated fully selfconsistently with realistic residual interactions, is hitherto not available.
The empirical Nilsson model and phenomenological residual interactions were used in order to make
the QRPA approach applicable for deformed nuclei. Another problem is that in the standard QRPA
aiming at the calculation of dipole states the coupling with states of other multipolarities is neglected.
These missing couplings lead to shifts of the states and redistributions of the strengths. Their approx-
imate treatment in terms of a phonon-phonon approach [Solo97, LoIu01] may improve the description
but in detail the discrepancy to the individual data remains. In spite of the above simplifications
the QRPA is the appropriate tool to describe the gross features of M 1-strength distributions such as
the summed strength and its dependence on nucleon numbers and on the shapes of the nuclei. The
following questions will be discussed :

(i) Is the QRPA, which includes the change of the deformation in the series A = 92 — 100, able to
describe the observed summed dipole strength in the energy range of ¥ =~ 2.5 — 4 MeV and what M1
strength is predicted at higher energy?

(ii) What can be learned about the structure of the excitation modes and the residual interaction?
The QRPA calculations use a mixture of separable multipole-multipole residual interactions with the
strength parameters described below. As a helpful tool for analyzing the calculated QRPA spectra the
method of mode suppression [Doen05] is applied which enables the complete elimination of spurious
modes and, moreover, can be used to characterize the types of the excitations in terms of the different
interactions.

The following discussion will be restricted only on M1 excitations because the QRPA gives practically
no strength for the electric-dipole states below 4 MeV (see Fig. 6.5). States with J™ = 17 in the
range up to 4 MeV as found in *Mo [Fran03] and “*Mo [Fran04] are likely to be two-phonon states
formed by a coupling of collective octupole and quadrupole phonons, which are outside the QRPA
description. Generally, the QRPA calculations predict substantial E1 strength above 6 MeV which is
the average shell gap between the shells of different parities in nuclei around A = 100.

The QRPA calculations for the 17 excitations shall be described in more detail. The following Hamil-
tonian was used in the QRPA calculations:

1 1
CIRRTASES S D S o
t=0,1 t=0,1

The term hyp in Eq. (6.1) includes the Nilsson mean field plus monopole pairing using the equilibrium
deformation derived before. The following terms J* - J* (jj) and S*-S* (ss) are interaction terms
composed of the isoscalar (¢ = 0) and isovector (¢ = 1) parts of the total angular momentum operator
J =L + S and the spin operator S, i.e. J*=0! = J™ 4 (—1)'J" and S*=0! = S™ + (—1)*S” where 7 and
v stand for proton and neutron, respectively. The actual strength of the interaction terms is tuned
by the values of the parameters /@}3 and s in Eq. (6.1). A quadrupole-quadrupole interaction term
turned out to be not important for the dipole states under study.

The suppression method [Doen05] for the removal of the spurious oscillations of the total angular
momentum J is considered below. The quadratic term x;J - J in the QRPA Hamiltonian (Eq. (6.1))
acts like an oscillator spring force for the angular momentum J with the tunable stiffness parameter ;.
Hence, by choosing the stiffness parameter r; rather large the frequency of the unwanted oscillations
of J contributing to the QRPA spectrum can be shifted up to any high energy such that this spurious
motion becomes frozen, i.e., this mode gets too “hard” to be excited within the considered energy
range. With the same method the oscillatory motion of any other selected operator can be eliminated.
This technique is used to analyze the structure of the phonon excitations.

The M1 transition operator can be expressed by the same operators J* and S' determining the
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Figure 6.1: Potential energy surfaces (left) and M 1-strength distributions in the even-mass Mo isotopes
presented as individual-level plots (middle) and as a cumulative plot (right). Experimental values are
given as data points. RPA calculations are presented as bars or solid lines. Note that the values for
98Mo and Mo are based on the assumption of positive parity for all J = 1 states observed in the
present experiments.
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interaction terms in Eq. (6.1):

M1 = \/E(L’r +gIS™ + g¥S") = % (%Jtz0 + %Jtzl + 97080 4 g5 (6.2)
With the usual gyromagnetic factors g7 and g7 and an attenuation factor of 0.7 one obtains the val-
ues gt=% = 0.12 puy and g'=! = 2.79 uy for the strengths of the isoscalar and isovector-spin parts,
respectively, of the M1 transition operator. From the above decomposition (6.2) the following gen-
eral conclusions can be drawn for the M1 transition matrix elements. The term proportional to the
total angular momentum (~ J*=Y = J) should not contribute at all, since for an exact calculation
the relation (17]J|0) = 0 holds automatically. However, the QRPA for the deformed case does not
satisfy angular-momentum conservation. Therefore, it is a necessary requirement for an accurate
QRPA treatment of deformed nuclei to make sure that the transition amplitudes (ph|J|0) vanish for
all phonon excitations |ph) to the QRPA ground state |0). This is achieved by the suppression of the
spurious motion from J.

The isovector-orbital term (~ J*=! = J™ — J¥) is known to generate proton-neutron contrarotational
1T states [Lolu78] which, in principle, can attract a large part of the available M1 strength below
5 MeV [Rich95]. Such an isovector-jj contribution is expected to be large when high-j proton and
neutron orbits get excited because of their sizeable angular-momentum content. The isoscalar-spin
contribution (~ S*=0) is strongly quenched by the factor of 0.12, whereas the isovector-spin contribu-
tion (~ S*™1) is the largely favored term because of the factor of 2.79. Hence, the total M1 transition
strength is determined practically from the isovector-jj term and the isovector-ss term only. The
particular distribution of the M1 strength on the energy (i.e. the spectral distribution) depends, of
course, also on the occupation and quantum numbers of the deformed orbits involved in the QRPA
phonon excitations. As mentioned above the QRPA calculations started with the elimination of the
spurious angular-momentum contributions. For this purpose the isoscalar-jj interaction term is taken
with a sufficiently large strength of /{}ZO > 10% MeV /h? which is strong enough to achieve (ph|J|0) = 0
[Doen05] for all resulting QRPA phonon states.

For the spin-spin interaction there is no unique choice for the isoscalar and isovector strength param-
eters to be directly applied. The compilation given in Ref. [Faes90] offers a whole set of values used

in the literature. The parameter x!=0 = 0 was chosen since the M1 strength is not sensitive against

S

the isoscalar-ss interaction. The constant x!=! = —1 MeV/h? taken for the repulsive isovector-ss
interaction is a favorable value to move the main part of the spin-magnetic strength to about 8 MeV
which is the suggested energy region of the isovector-spin contribution [Zawi90, Sarr93].

Contrary to the ss interaction the isovector-jj term in Eq. (6.1) can not be derived from an effective
two-body interaction. Therefore, this term was exclusively used to analyze the M1 strength with
respect to the isovector-orbital contribution. A zero value of (ph|J*=Y|0) is obtained by using a large
constant /{}Zl > 102 MeV/R? for the isovector-jj term, i.e., the contribution of this mode to the cal-
culated M1 strength is suppressed. The comparison of the result with the transition strength without
such a suppression allows us to estimate the contribution of the isovector-orbital mode. As expected
there is practically no such contribution to the low-lying M1 strength for the nearly spherical cases
92,9496 Mo, whereas in the deformed isotopes %¥Mo and '““Mo the isovector-orbital mode exhausts
53 % and 56 %, respectively, of the summed M1 strength. Similarly, the contributions from the
isovector-spin amplitudes (ph|S*=%1|0) to the M1 strength were determined by choosing large values

of k{1 > 10% MeV/h? such that this contribution is suppressed.

6.1.2 Shell-model calculations

Shell-model calculations! were performed using a model space including the active proton orbits

7T(0f5/2,1p3/2,1p1/2,0g9/2) and neutron orbits V(Ogg/2,1d5/2,097/2) relative to a hypothetic ®®Ni core.
Since an empirical set of effective interactions for this model space is not available up to now, various

'The shell-model calculations were performed by Dr. R. Schwengner.
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Table 6.1: Deformation parameters of the ground states and summed M1 strengths up to 4 MeV for
the even-even Mo isotopes. The experimental values (Exp) are compared with predictions from the
shell model (SM) and the quasiparticle-random-phase approximation (QRPA).

A e 4 > B(M1) T [
Exp SM QRPA
92 00 - 0.15(2) — 006

)

94 002 - 0.67(7) 1.01 0.06

96 0.10 60° 0.47(2) 050 0.19

98 0.18 37° 0.74(6) 0.39  0.45
9)

100 0.21 32° 0.83(9) 081 0.54

empirical interactions have been combined with results of schematic nuclear interactions applying the
surface delta interaction. Details of this procedure are described in Refs. [Wint93, Wint94]. The
single-particle energies relative to the ®Ni core have been derived from the single-particle energies
of the proton orbits given in Ref. [Ji88] with respect to the "®Ni core and from the neutron single-
hole energies of the 0gg/2,0g7/2 orbits [Gros76]. The transformation of these single-particle energies
to those relative to the %Ni core has been performed [Blom85] on the basis of the effective residual
interactions given in, e.g., Refs. [Wint93, Wint94]. The obtained values are €0y = —9-806 MeV,
671Tp3/2 = —9.733 MeV, 671rp1/2 = —7.427 MeV, 6699/2 = —1.227 MeV, 6699/2 = —6.582 MeV, ETdS/Q =
—4.395 MeV, 6697/2 = —0.623 MeV. M1 transition strengths were calculated with effective g factors of

gseﬂ = 0.7g£ree. To make the calculations feasible a truncation of the occupation numbers was applied.
Two protons were allowed to be lifted from the 1p; /5 orbit to the Ogg o orbit. One Ogg/, neutron could
be lifted over the shell gap either to the 1ds/, or to the Og7/; orbit. For %Mo and Mo a maximum of
two neutrons could be excited from the 1ds/; to the Ogy/, orbit. With these restrictions configuration
spaces with dimensions of up to 3000 were obtained for the 17 states. The calculations were carried
out with the code RITSSCHIL [Zwar85].

6.1.3 Comparison of experimental and calculated M1 strengths

The cumulative M1 strengths versus the excitation energy obtained from the shell-model and QRPA
calculations are shown in Fig. 6.2 together with the experimental values. There is no one-to-one cor-
respondence between the calculated and the experimental M 1-strength distributions.

The shell-model calculations predict an increase of the number of 17 states with increasing neutron
number above the N = 50 shell closure. While there is no 17 state in the considered energy range
up to 4 MeV in ??Mo, there are three 11 states in **Mo and Mo, 10 in ®®*Mo and 12 in %“Mo.
The summed M1 strengths predicted by the shell-model calculations are shown in Fig. 6.2 and Ta-
ble 6.1. The large summed strength in **Mo is dominated by one state with the main configuration
W(Ogg/z)y(ldg/z), which has a strength of B(M1,0" — 1) = 0.90u3;. This special four-particle con-
figuration corresponds to a two-phonon state, which cannot be described in the QRPA calculations.
The calculated summed M1 strengths in “Mo and Mo agree with the experimental values, while
the value predicted for **Mo is too small. The calculated summed strength in %Mo is dominated by
the value of B(M1,0T — 17) = 0.36u3% of a state with the four-particle configuration W(OgS/Q)V(Ogg/Q)
that is analogous to the case of **Mo.

The QRPA calculations reproduce the fact that the M1 strength is distributed over only few states
in the spherical nuclei *>%*Mo while there are many states with smaller individual B(M1) values in
the deformed nuclei %Mo (cf. Fig. 6.1). This tendency of an increasing spread of the strength
is a direct consequence of the increasing splitting of the orbit energies with increasing deformation.
As shown in Fig. 6.2 and Table 6.1 the summed M1 strengths obtained from the QRPA calculations
underestimate the experimental ones. However, the increase of the summed M1 strengths with in-



82 Discussion

creasing neutron number is reproduced. The discrepancy between the calculated and experimental
summed M1 strength in “*Mo is caused by the fact that the dominant M1 strength is generated by
a special four-particle configuration (see above). Summarizing, the results of the QRPA calculations
show that the deformation causes a spread of the M1-strength distribution and an increase of the
summed M1 strength. The spread is a direct consequence of the energetical spread of the quasiparti-
cle states for a deformed system. As a result of the QRPA calculations we found the M1 strengths in
the nearly spherical nuclei to be generated by isovector-spin vibrations only while the M1 strengths
in the deformed nuclei are a combination of isovector-orbital vibrations and isovector-spin vibrations.
The absence of a pure isovector-orbital character of the 17 excitations is possibly due to the fact that
there are no proton and neutron deformation-aligned high—j orbits in the Mo isotopes with A = 92
— 100 which create the favored situation for the isovector angle rotation.

6.1.4 M1 strength predicted at high energy

In addition to the energy range covered by the present experiments we have performed QRPA cal-
culations up to an excitation energy of 10 MeV. The predicted M 1-strength distributions are shown
in Fig. 6.3. The summed M1 strengths in this extended energy range reach values of > B(M1) T~
3—4 ,u?v which is the maximum expected from particle-hole excitations for the N = 3, 4 shell. In the
QRPA calculations it turns out that practically all the transition strength of the isovector-orbital type
(=~ 0.5 ,u%\, in the deformed nuclei) is concentrated below 4 MeV excitation energy while the bump
of M1 transitions predicted above 4 MeV with a large summed strength of about > B(M1) ~ 3 u%
is exclusively caused by isovector-spin vibrations. The contributions of isovector-orbital vibrations to
the total M1 strengths in the spherical Mo and the deformed Mo are depicted in Fig. 6.3. In
addition, the M1 strength predicted for the neutron-rich isotope Mo is plotted. The equilibrium
deformation parameters obtained for this nuclide are €5 = 0.23 and v = 60°.

Shell-model calculations carried out for the spherical 2Mo up to about 8.5 MeV predict a 11 state with
a large strength of B(M1) 1= 4.8 u%; at 8.2 MeV which is dominated by the spin-flip configuration
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Figure 6.2: Comparison of the observed summed M1 strengths up to 4 MeV (filled circles) with the
predictions of QRPA calculations (a) and the shell-model calculations (b). The contribution of the
mixed-symmetry state in *Mo, which is not described in the present calculations, to the summed M1
strength is 0.48(3) ,u?v. The open circle represents the value without this contribution.
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Figure 6.3: Contributions of different types of vibrations to the M1-strength distributions in ?2Mo
(a) and Mo (b). The solid lines represent the total strength while the dashed lines show the
isovector-orbital contributions.

6.2 Shape coexistence in Mo and '""Mo

The appearance of low-lying 01 states in even-even nuclei is even-even nuclei is interpreted as the
manifestation of the coexistence of different shapes in nuclei [Wood92, Andr00]. The shape of the
coexisting configurations can be studied by analyzing FE2 transition strength via, e.g. Coulomb ex-
citations. More information on the shape coexistence can be obtained by measuring the electric
monopole (E0) transition strength between low-lying 07 states [Wood99]. The nuclides “*Mo and
100Mo, studied in photon-scattering experiments with bremsstrahlung up to E, = 3.8 MeV (see Sec-
tion 5.1), show a specific feature - de-excitation of one state with spin J = 1 to both the 0% ground
state and to excited 0 state. Transitions from J = 1 states to excited 0" states were previously
observed in ""2Ge [Jung95], 92Zr [Wern02], **Mo [Fran03], and ®®Cd [Gade03]. Such peculiar tran-
sitions from J = 1 to excited 07 states have not been quantitatively discussed so far because common
interpretation like two-phonon mixed-symmetry states in terms of Interacting Boson Approximation
(IBA) or the interpretation in terms of the Random Phase Approximation (RPA) do not take shape
coexistence into account. A model based on one-particle-one-hole (1plh) excitations has been devel-
oped which allows to determine the mixing of the two intrinsic configurations of the 0T states from
the experimental transition strengths. The present experiments do not allow parity assignments for
the observed .J = 1 states found in **Mo and '°Mo. Based on systematics of the neighboring nuclei
927r [Wern02, Fran04] and Mo [Fran03] positive parity is assumed. However, the model developed
in the following applies for 1~ states in an analogous way.

The total energy as a function of the quadrupole deformation parameter €5 and of the triaxiality
parameter v was calculated by means of the shell-correction method (for details see Ref. [Frau00])
without BCS pairing field in order to search for coexisting shapes in ?810Mo and to identify their
single-particle configurations. The pairing interaction will be taken into account explicitly in our
derivation for the mixing coefficients (see discussion below). The resulting energy surface for %Mo is
shown in Fig. 6.4. The lowest minimum (a) corresponds to €2 = 0.19 and v = 16° and the second
minimum (b) to g2 = 0.22 and v = 0°. A similar energy surface is obtained for °°Mo. The reason for
the shape coexistence can be understood from the plot of the proton single-particle energies along a
deformation path between the two minima as shown in Fig. 6.4. The shape change is caused by the
reoccupation of the last pair of protons from an (fp) orbital to a gq /2 orbital, which drives into the
second minimum at a larger €9 and a smaller v. These findings are consistent with the results of a
recent Coulomb-excitation study [Ziel02].
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Figure 6.4: Total energy E(e,) for Mo a) as a function of the deformation parameters 5 and . The
triaxial and prolate equilibrium shapes are marked by a and b, respectively. Deformed single-particle
energies b) of the proton orbitals along the dashed path in the E(e,~) surface. The circles illustrate
the occupation of the relevant configurations a and b, respectively. The possible pair transfer between
the crossing orbitals a; and bg, respectively, is responsible for the configuration mixing.

The pairing interaction scatters the last proton pair between the crossing orbitals a ; and by (cf. bot-
tom part of Fig. 6.4) which leads to a mixing of the two configurations signaled by the decay to the
second 0T state. In order to study this mixing in connection with the M1 excitations the mixed states
0{2 are written in terms of the pure configurations a and b according to the frequently used two-level
model [Wood92, Wood99:

0) = cosala)+ sina|b)
03) = —sinala) + cosa|b) (6.3)

The slight modification of the individual orbitals with the deformation change a — b can be neglected.
Their occupation plays the decisive role. Furthermore, it is known from RPA studies [Hama84, Zawi91,
Noja90] that the low-lying magnetic-dipole excitations are not very collective. In fact, the lowest RPA
states contain usually more than 75% of one of the lowest 1plh proton excitations. Based on this
experience it is assumed that the 1 states can be approximated by a simple 1plh excitation from the
ground state.

The majority of the 17 states is generated by 1plh excitations involving any empty proton or neutron
orbitals, p and any filled ones, h, except one of the crossing levels a¢ or bs. The M1 transition strength
is then given by

(ITIM(MD)[075) = (pIM(MD)|R) (07[0F5) (6.4)

which means that it is essentially determined by the single-particle transition h — p which is not
very much influenced by the 2p2h configuration change a « b. Apparently, the transition 17 — 0;’
becomes suppressed in this “spectator” case due to the orthogonality (0705 ) = 0. A branching to the
excited state 0;’ is possible for the minor group of 11 states which involve one of the crossing proton
orbitals in the 1plh excitation. For example, an excitation that lifts a proton from as to some empty
level p is only possible for the component in the ground state with the configuration a. Likewise, an
excitation that lifts a proton from b to p is only possible for the component with the configuration b.
These two 17 states remain pure. Pair scattering cannot mix them, because the Pauli principle does
not allow a pair on ag or by (blocking effect). The transition matrix element for the 17 state of a-type,
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which is the lower one, is
(I M(MD)]07 ) ~ (pIM(M1)[ag) (a]07,) (6.5)

An analogous argument holds for lifting a proton from a level h to as or bs. Using Egs. (6.3) and (6.5)
the desired relation between the mixing coefficients and the B(M1) values becomes

B(M1,1" —0f) [sinoz]2

— 6.6
B(M1,1+ — 0]) (6.6)

COS &

Note that the unknown matrix elements (p|M(M1)|as) cancel in the ratio. Hence, the branching ratio
is a direct measure of the relative contributions sin? o and cos? a to the configurations a and b in each
of the two 0T states. In addition, the known relation

Vap = [E(0F) — E(07)] sin a cos a (6.7)

enables us to estimate the interaction matrix element Vg, for the two-level mixing (Eq. (6.3)) from the
experimental energy difference and the mixing coefficients determined above.

The experimental intensities of the 2816.9 and 3551.2 keV transitions in **Mo result in 0.28(5) for
the ratio in Eq. (6.6) which yields the mixing coefficients sin?a = 0.22(3) and cos?a = 0.78(3).
In the case of ®Mo the intensities of the 2595.2 and 3290.1 keV transitions lead to B(M1,1] —
05)/B(M1,1{ — 0]) = 0.45(13). The obtained mixing coefficients are sin? a« = 0.31(6) and cos? o =
0.69(6). The interaction matrix elements obtained from Eq. (6.7) for Mo and °°Mo are 326 keV and
321 keV, respectively. Its constancy is expected since it is related to the same proton configuration in
the two nuclides.

The EO transition strength between the 0% states is given by the quantity p? = [sin a cos ozARQC]2 (cf.
e.g. Ref. [Wood99]). The difference ARZ, between the squares of the charge radii (in units of (1.2
fm AY/ 3)2) of the unmixed states a and b is determined by the difference between the radii of the pf
and g orbitals and the difference between the deformations of a and b. The values p?(**Mo) = 0.033
and p?(1%Mo) = 0.075 were obtained using the same estimates that lead in the case sin® a = 0.5 to
Egs. (14) and (47) in Ref. [Wood99] and the mixing coefficients, which are to be compared with
the experimental values of 0.027(2) and 0.042(6), respectively. The larger value for °°Mo reflects to
some extent the larger mixing coefficient, but is mainly due to the larger deformation of the second
minimum (g5 = 0.26,y = 46°). The EO0 transition strength depends on both the mixing coefficients
and (ARZ)?, which is sensitive to the deformation and the radial profile of the single-particle wave
functions. Our method, which is based on the Pauli principle, gives the mixing coefficients directly. It
only presumes that the two unmixed 07 states are related to the transfer of one nucleon pair between
two Nilsson orbitals. It does not matter whether the two unmixed states have a different shape or
not. For the considered cases of *1%0Mo, the calculations and the measurements [Ziel02] indicate
a difference between the shapes. The present method cannot be used if the two unmixed states are
related to the transfer of two or more pairs. However, this case should be a small effect of higher
order.

6.3 Dipole-strength distributions in *?Mo, “*Mo and '“"Mo

The method of analysis of the photon-scattering experiments, presented in Subsection 5.2.2, allowed us
determination of the photoabsorption cross section below the neutron separation energy. The dipole-
strength distributions in *2Mo, Mo and '°°Mo were obtained combining the results from the (v,7’)
and (y,n) [Beil74] experiments (cf. Fig. 5.22). In order to examine the behavior of the dipole-strength
distributions we apply QRPA calculations in a deformed basis. Analogous QRPA calculations and the
used deformation parameters were given in the study of the magnetic-dipole strength up to 4 MeV
in the even-mass Mo isotopes with A = 92 — 100 (cf. Table 6.1). The QRPA calculations for the
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Figure 6.5: Calculated excitation strength of dipole states in the stable even-mass Mo isotopes. The
distributions of the M1 and F1 transitions are depicted with red and black, respectively. The distri-
butions are smeared with Lorentzian function with a width of 20 keV.
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Figure 6.6: a) Cumulative plot of the integrated photoabsorption cross section for “>Mo, Mo and
100Mo obtained from the photon-scattering experiments and the (y,n) measurements [Beil74]. b)
the same plot compared with predictions from the QRPA. The calculated strength is smeared with
Lorentzian function with a width of 0.5 MeV.

17 excitations shall be described in more detail. The following Hamiltonian was used in the QRPA
calculations:

t=0,1 t=0,1
RPA 1 1
Hgl = hvr — 5 Z Kﬁp@ip@ifu - 5 Z Kququgﬁu' (68)
p=—1+1 p==—3,+3

The term hyp in Eq. (6.8) includes the Nilsson mean field plus monopole pairing using the equilibrium
deformation derived before (cf. Section 6.1). The following terms denote the isoscalar (¢ = 0) and
isovector (¢t = 1) part of the dipole-dipole interaction (A = 1) and octupole-octupole interaction (A = 3)
defining the multipole operators by Qg\# = [r*Y\,J™ + (=)' [r*Y),])Y. The E1 transition operator is
given by:

El = e[rYy,]". (6.9)

The excitation energies and the E1 transition strengths of J™ = 1~ states were calculated using the
QRPA with doubly stretched coordinates [Saka89]. It is important to take the deformation degree of
freedom in the QRPA calculations into account because the nuclear shape changes from the spherical
isotope ?2Mosg to a triaxial shape in the isotopes %®*Mosg and “°Mosg [Moel86]. The QRPA code is
based on a Nilsson-like deformed basis which enables us to apply the nuclear selfconsistency approach
[Saka89] and separable dipole-plus-octupole interactions. The isoscalar constants I{g\il were chosen to
be large enough to eliminate the spurious center of mass motion according to the suppression method
[Doen05]. A comparison of calculated spectra for M1 and E1 excitations for all stable even-mass Mo
isotopes is presented in Fig. 6.5. For calculating the E'1 strength the only strength parameter which
is not determined by the selfconsistency condition is the relative strength of the isovector interaction
term. This parameter has been adapted to the position of the maximum of the GDR. In order to
examine the behavior of the dipole-strength distributions we calculated the cumulative integrated cross
section X = ZOE * 0,(F) AE with the QRPA. In Fig. 6.6 the cumulative integrated cross sections are
displayed for the three studied isotopes and compared with the experimental data. One sees that X
increases from ?2Mo to ?®109Mo by about a factor of two at 8 MeV, close to the neutron thresholds
of 98’1001\/[0.

The QRPA calculations reproduce in particular the relative increase of the ¥ with increasing N/Z.
An increase of the dipole strength with the neutron number N is usually attributed to the so called
Pygmy Dipole Resonance (PDR)(cf. [Zilg02, Hart04]), a concentration of electric-dipole (E1) strength
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Figure 6.7: Comparison of the calculated cumulative integrated cross sections for ??Mo, Mo and
100Mo for the case of a) deformed Nilson wave functions and b) spherical Nilson wave functions. The
calculated strength is smeared with Lorentzian function with a width of 0.5 MeV.

in the energy range between 6 and 10 MeV, which is considered as an out-of-phase oscillation of a
neutron skin against an inert core. The properties of the PDR are therefore expected to depend
strongly on the ratio of neutron number to proton number N/Z. The distributions in Fig. 6.6 have
a smooth energy dependence and do not indicate a strong PDR structure. The enlargement of X
with increasing N/Z seems to be related to the influence of the increasing deformation. This has
been proven by performing QRPA calculations with a spherical shape for Mo and ““Mo, shown
in Fig. 6.7, that predict ¥ resembling the one of the spherical Mo and, thus, being smaller than
the one obtained with a deformed shape for Mo and °°Mo, respectively. In fact, the effect of the
deformation as the reason of an enlargement of the photoabsorption cross section is plausible. It is
well known that the width of GDR gets considerably broadened by deformation [Bohr75] which leads
to a lift of strength in the tail because the total value of the photoabsorption cross section is limited
by the energy-weighted sum rule.



Chapter 7

Summary and conclusions

The dipole-strength distributions in the nuclides Mo, %Mo and Mo were investigated in photon-
scattering experiments with bremsstrahlung. The method of the nuclear resonance fluorescence was
applied to determine the excitation energies, spins and widths of levels up to the neutron threshold.
The photon-scattering experiments were carried out at the Dynamitron accelerator of the Universitét
Stuttgart and at the ELBE accelerator of the Forschungszentrum Rossendorf. The photons scattered
from the target were measured with high purity germanium detectors with efficiencies of 100 % relative
to a 3" x3” Nal scintillation detector.

Various electron-beam energies from 3.2 to 3.8 MeV were used in the low-energy experiments on Mo
and Mo at the Dynamitron accelerator in order to resolve branching transitions. Five J = 1 states
up to Ey = 4 MeV in %Mo and 14 in 1%°Mo were observed for the first time. Five levels were observed
in 92Mo in the experiment at the ELBE accelerator at E. = 6 MeV, one of them at Fy = 4498.4 keV
for the first time in photon-scattering experiment. The transition strengths deduced from the present
low-energy experiments for %>Mo, Mo, and Mo together with known values for **Mo and Mo
allowed us to study the systematics of the low-lying magnetic dipole excitations in the chain of stable
even-even Mo isotopes.

The experimental results for the M1 strength were compared with predictions of QRPA approxima-
tion in a deformed basis, and with predictions of the shell model. The QRPA calculations reproduce
the growing and the spread of the M1 strength with increasing neutron number. The substantial M1
strength observed in the deformed isotopes **Mo and '®*Mo can be explained in the QRPA calculations
by a combination of the isovector-spin and isovector-orbital vibrations. The shell-model calculations
especially reproduce the large M1 strength in ?*Mo as caused by a special four-particle configuration
that is outside the scope of the QRPA.

States with J = 1 which decay to both the 0% ground state and the first excited 0" state were observed
in %Mo and '°Mo. The existence of decay branches from J = 1 to the two 0T states indicates that
the two coexisting configurations are mixed in the 0T states. Performed mean-field calculations sug-
gest that the unmixed configurations are related to the transfer of a proton pair between two Nilsson
states, which causes a moderate deformation change. Assuming that the decaying J=1 state has a
dominant 1plh component, it is shown that the ratio of the squared mixing coefficients is directly
proportional to the measured branching ratio. The derived coefficients indicate strong mixing and are
consistent with the measured strengths of E0 decay. The observation of decay branches to excited 0
states combined with the present model provides a new means to investigate the structure of isomeric
07" states.

As part of this work, numerous GEANT simulations were performed in order to optimize the design of
the components of the bremsstrahlung facility at the ELBE accelerator and to reduce background radi-
ation. The lead collimators and the lead shields of the detectors were designed by performing GEANT
simulations. The photon-beam dump and the material of the photon-beam pipe were optimized to
provide less photons scattered to the detectors. A detection sensitivity of B(E1)T~ 0.15 x 103 e*fm?
was achieved in the presented photon-scattering experiments. A discussion on the origin of the back-
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ground in the measured spectrum is presented. Monte Carlo simulations are applied in the analysis
of the data for determination of the detector efficiency, the bremsstrahlung spectrum modified by an
aluminum hardener and the determination of its end-point energy from spectra of protons emitted
during the photodisintegration of the deuteron or the spectra of scattered ~-rays from the target and
detected with an Nal detector.

Dipole-strength distributions up to the neutron-separation energies in the nuclides *?Mo, **Mo and
100Mo have been investigated at the ELBE accelerator. The photon-scattering experiments were car-
ried out at identical conditions and at an electron energy of 13.2 MeV such that the energy region
around the neutron-separation energies in the three nuclides could be studied. Because of the possible
observation of transitions in the neighboring nuclei produced via (7,n) reaction, additional measure-
ments at electron energies of 8.4 and 7.8 MeV, below the neutron-separation energy, were performed
on %Mo and Mo, respectively. The number of transitions assigned to “2Mo, %Mo and Mo is
340, 485 and 499, respectively, the main part of them being dipole transitions. Statistical properties
of the observed transitions are obtained. The distributions of the nearest-neighbor spacings and the
transition widths do closely resemble Wigner and Porter-Thomas distributions, respectively, indicat-
ing a quantum chaotical behavior as predicted for a Gaussian orthogonal ensemble.

Because of the Porter-Thomas fluctuations of the level widths the most of the levels do not appear
as prominent peaks in the experimental spectra. Due to the high level density above 5 MeV and the
finite resolution of the detectors these weakly populated levels produce a continuum of overlapping
peaks. It is shown from a comparison of the spectra of **Mo and Mo that close to the neutron-
separation energy of Mo the strength in the continuum is two times higher than the strength in
the peaks. GEANT simulations were applied to determine the non-resonant background in the mea-
sured spectra, i.e. the counts in the spectrum which do not result from deexcitation of nuclear levels,
and thus to extract the continuum. The continuum contains the ground-state transitions as well as
the branching transitions to the low-lying levels and the subsequent deexcitations of these levels. In
this work, a Monte Carlo code for «-ray cascade simulations was developed which allows us (i) to
deconvolute the intensity distribution of the ground-state transitions from the continuum and thus
to determine the cross section for elastic scattering and (ii) to calculate the branching ratios for de-
excitations to the ground state and to obtain the photoabsorption cross section. Since the obtained
photoabsorption cross sections for “2Mo, %*Mo and %Mo match with the measured cross sections for
the (y,n) reaction the method allows us to determine the tail of the Giant Dipole Resonance below
the neutron-separation energy. The obtained dipole-strength distributions for *2Mo, %Mo and Mo
show that the strength increases with the neutron number. The experimental results are discussed in
the frame of QRPA calculations in a deformed basis which describe the increasing strength as a result
of the increasing deformation.



Appendix A

NRF calibration standards

Properties of the levels in ''B, 13C and 2?7Al used as calibration standards. The information about
the level energy FEy, the angular mometum J7, the level width I' and the branching ratio for decay to
the ground state By are taken from [Ajze90], [More93] and [Piet95].

E, Jr T By Ig
keV eV % eVb
UB Jy =3/2

2124.69(3) 1/2=  0.120(9) 100 51(4)
4444.9(5) 5/27  0.56(2) 100 164(6)
5020.3(3) 3/2=  1.68(6)  85.6(6) 219(8)
7285.5(4) 5/2t 1. 00(7) 87(2) 95(7)
8920(2) 5/27  4.2(2) 95(1) 286(14)
BC Jp=1/2"

3089.44(2) 1/27  0.54(4) 100 216(17)

3684.507(19) 3/27  0.40(3) 99(4) 224(86)
ZTAl Jy =5/2F

2212.01(10) 7/2% 0.0172(3) 100 18.0(3)
2734.9(7) 5/2F 0.051(7) 22.1(10)  1.3(2)
2982.00(5) 3/2F  0.117(3)  97.4(5)  31.9(8)
3004.2(8) 9/2t 0.0077(5) 88.6(11)  4.3(3)
3956.8(4) 3/2F 0.177(11) 84.4(17) 21.1(17)
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NRF calibration standards

Properties of the calibrations transitions. The mixing ratio ¢ is given in Krane-Steffen phase conven-

tion.

E-,(90°) W(90°) | E,(127°)  W(127°) 5 L
keV keV

11B

2124.47(3) 1.000 2124.21(3) 1.000 M1
4443.9(5) 1.000 4442.8(5) 1.000 —|—0.19(3) M1+ E2
5019.1(3) 0.938 | 5017.6(3) 1.005 | -0.03(5) M1
7282.9(4) 0931 | 7279.8(4) 1.006 E1
8916(2) 0.987 8912(2) 1.001 | +0.11(4) M1+ E2
13C

3089.05(2) 1.000 | 3088.58(2) 1.000 El
3683.951(19) 0.944 | 3083.281(19) 1.004 +0.094(9) M1+ E2
27A1

2211.91(10)  0.895 | 2211.80(10)  1.004 | +0.468(9) M1+ E2
2734.8(7) 0.828 | 2734.6(7) 1.014 | +0.19(3) M1+ E2
2081.82(5) 0.996 2081.61(5) 1.000 -0.01(1) M1+ E2
3004.0(8) 0.934 | 3003.8(8) 0.930 ~0.0  E2+ M3
3956.5(4) 1.000 | 3956.1(4) 1.000




Appendix B

Low-lying excitations in Mo, ®*Mo
and 1""Mo

Assigned low-lying excitations to ?>Mo, Mo and '“°Mo from the photon-scattering experiments
described in Section 5.1.

Table B.1: Excitations assigned to *>Mo

E, oo J B g s I  BELT BMI)T B(E2)1]
keV % eVb meV 1073e2fm? 107343, e fm*
1509.8(1) 2% oF

3091.4(2) 2+ 0t 822> 1.9(5)  27(3)  20(3) 362(44)
3025.8(2) 2+ 0t 65(5)° 1.9(7)  22(4)  42(8) 183(33)
3944.0(2) 1 0t 100" 1.0(2)  27(3)  36(5) 1.7(2) 153(19)

4494.8(6) 2+t* 0t 100" 8.7(15)  8.2(14) 29(55)
4633.7(1) 102 0t 59(19)> 0.72(7) 43(3) 231(106) 3.93(13)  356(117)

& Parity taken from Ref. [Bagl00].
b Branching ratio taken from Ref. [Metz77].

Table B.2: Excitations assigned to %*Mo

Ey E, Jo Jp B sk I  BFELDT B(MI)1
keV keV % eVb  meV  1073e*fm? 107343
3257.8(1) 3257.8(1) 1 0F 100  0.71(8) 4.5(4) 4.1(3) 0.34(3) 31(3)
3405.0(1) 3405.0(1) 1 0 100  0.68(3) 44(3) 44(3) 3.2(2) 289(19)
3457.1(1) 3457.0(1) 1 0F 100  0.70(3)  34(2) 35(2) 2.45(16) 222(15)
3551.2(1) 3551.2(1) 1 0t 87.7(14) 0.78(8) 28(2) 35(2) 0.65(6) 58(6)°

2816.9(2) 1 0F 12.3(14) 0.71(19) 0.18(4)° 17(3)°
3703.9(2) 3703.9(2) 1 0t 100  0.72(18) 3.5(5) 4.2(6) 0.23(3) 21(3)

¢ Reduced transition strength B(E1) | or B(M1) |.
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Table B.3: Excitations assigned to 1Mo

B, E, A I r BB BMI
keV keV % eVb meV 107 3e?fm? 10*3 w3
2633.3(1) 2633.2(1) 1 0F 100  0.6(3) 1.5(3)  0.90(18) 0.14(3) 13(3)
2901.2(1)  2901.2(1) 1 0F 100  0.73(20) 2.0(2) 1.43(17) 0.17(2) 15.2(18)
2906.4(1) 2906.3(1) 1 0t 100 0.95(19) 1.70(18) 1.25(13) 0.15(2) 13.2(14)
3065.9(1)  3065.9(1) 1 0F 100  0.62(9)  2.8(3)  2.2(2) 0.22(2) 20.2(19)
3199.0(2) 3199.0(2) 1 0t 100  0.66(17) 2.2(3)  2.0(3) 0.17(2) 15.7(20)
3242.5(1) 3242.5(1) 1 0F 100  0.70(10)  3.6(4)  3.3(4) 0.28(3) 25(3)
32900.1(1) 3290.1(1) 104 ot 70(4)  0.72(7)  7.6(6) 10.7(15) 0.20(4)° 18(4)°

2754.7(2) 1Hd 2F  15(3)  0.79(19) 0.07(3)° 7(2)°

2595.2(1) 104 0F  15(4)  0.74(20) 0.09(3)¢ 8(3)°
3342.1(1) 3342.0(1) 1 0t 100 0.69(13) 2.7(3)  2.6(3) 0.20(2) 18(2)
3483.4(1) 3483.4(1) 1M ot 80.9(16) 0.68(7)  43(3) 55(5)  1.02(12)° 91(10)°

2948.2(1) 1(Hd 2F  10(1)  0.72(13) 0.21(4)° 18(3)¢

2419.8(1) 1M 27 9(1)  0.62(12) 0.34(7)° 31(6)°
3570.3(1) 3570.3(1) 1 0 100  0.75(10) 21.9(18) 24.2(19) 1.52(12) 138(11)
3599.9(2) 3599.8(2) 1 0t 100  1.0(4) 2.3(4)  2.5(4)  0.16(2) 14(2)
3614.8(1) 3614.7(1) 1 0t 100  0.64(15) 7.3(7)  8.2(8)  0.50(5) 45(5)
3627.9(1) 3627.8(1) 1 0 100  0.71(12) 12.6(12) 14.4(14) 0.86(8) 78(8)
3658.8(1) 3658.7(1) 1(HDd 0t 83(4)  0.65(14) 20.7(19)  25(4)  0.41(8)° 36(7)°

2505.2(1) 1(Hd 27 17(4)  0.74(20) 0.23(9)° 20(8)°

¢ Reduced transition strength B(E1) | or B(M1) |.
d Parity assigned according to the Alaga rules.



Appendix C

Transitions in "*Mo, ®®Mo and ""Mo
up to the (7,n) threshold

Properties of the observed transitions in the photon-scattering experiments on *>Mo, Mo and "“Mo
at B, = 13.2 MeV described in Section 5.2.

Table C.1: Observed transitions in 2Mo

7,(90°)

~

I

3

L Lo

v I,(127°) T v I, (127°) T
keV eVb meV | keV eVb meV
774.5(1) (1) 251(18) 13.0(9) | 3091.2(1) (1) 284(19) 236( 6)
1121.7(3) (1) 28(5) 3.1(5) | 3143.7(7) (1) 4.8(12) ( 0)
1340.9(1) (1) 184(13) 29(2) | 3192.8(1) (1) 26(2) 23(2)
1510.1(1) (2) 2416(160)  478(32) | 3249.5(8) (1) 5.9(13) 5.4(12)
1764.2(1) (1) 32(3) 8.7(7) | 3262.8(11) (1) 4.7(13) 4.4(12)
1848.8(5) (1) 9(3) 2.7(9) | 3281.1(5) (1) 10.3(14) ( 3)
2113.2(3) (1) 17(2) 6.6(7) | 3383.5(1) (1) 28(2) 28(2)
2179.5(1) (1) 86(6) 35(2) | 3427.6(12) (1) 7(2) 8(2)
2209.8(10) (1) 5.4(17) 2.3(7) | 3440(2) (1) 4(2) 4(2)
2221.6(5) (1) 11.4(19) 4.9(8) | 3493.2(1) (1) 0.94(9) 31(2) 33(2)
2227.7(6) (1) 10.1(19) 4.3(8) | 3541.4(1) (1) 0.96(10) 26.6(18) 29(2)
2305.1(1) (1) 31(3) 14.1(11) | 3567.3(1) 1 097(12) 23.1(16) 25.5(18)
2416.3(1) (1) 57(4) 29(2) | 3651.0(2) (1) 1.12(18) 16.7(15) 19.3(18)
2453.6(2) (1) 19(2) 10.1(10) | 3818.7(2) 1 0.62(13) 11.8(13) 14.9(17)
2462.0(7) (1) 6.1(15) 3.2(8) | 3838.1(4) (1) 0.43(14) 8.3(12) 10.6(16)
2467.4(6) (1) 7.2(15) 3.8(8) | 3890.3(3) 1 1.0(2) 12.0(12) 15.7(16)
2638.0(1) (1) 27(2) 16.0(13) | 3908.5(4) (1)  1.4(3) 8.6(11) 11. 4(15)
2797.6(1) (1) 49(4) 33(2) | 3925.6(1) (1) 1.14(4) 140(7) 188(9)
2831.3(10) (1) 8(3) 5(2) | 3935.0(2) (1) 1.11(16) 17.4(14) 23.4(19)
2835.1(6) (1) 13(3) 9(2) | 3944.0(1) (1) 0.97(3) 184(9) 248(12)
2919.8(5) (1) 9.1(15) 6.7(11) | 3963.6(5) 1 0.4(3) 6.3(11) 8.6(15)
3063.3(11) (1) 37(3) 30(2) | 3980.4(4) 1 0.7(2) 9.5(11) 13. 0(16)




Transitions in *?Mo, **Mo and '“’Mo up to the (vy,n) threshold

Table C.1: Observed transitions in 2Mo (continued)

o b 7| B L i L 7
eVb meV | keV eVb meV

1.0(2) 10.7(11)  15.2(16) | 6300.7(1) 1 0.76(4) 90(5) 308(16)

1.1(3) 10.5(13) 15(2) | 6377.9(1) 1 0.75(2)  251(12) 886(41)

0.9(5) 14.9(18) 22(3) | 6439.6(9) (1) 1.2(5) 10.2(18) 37(7)

8.5(18) 12(3) | 6455.8(7) 1 0.8(2) 11.0(15) 40(6)

0.4(3) 6.4(11) 9.5(16) | 6481.2(2) 1 0.89(9) 35(2) 127(9)

1.00(6) 59(3) 88(5) | 6496.2(3) 1 1.03(14) 24(2) 89(7)
0.55(18)  7.6(11) 11.9(18) | 6506.1(7) 1 0.3(2) 11.6(18) 43(7)
0.8(2) 7.8(11)  12.4(18) | 6524.5(1) 1 0.75(3) 196(9)  723(35)

1.4(7) 5.1(12) 9(2) | 6561.1(4) 1 0.79(16) 15.9(17) 59(6)

1.13(10)  27.3(17) 48(3) | 6588.1(3) 1 0.68(12) 18.7(18) 71(7)
0.76(8) 24.6(16) 45(3) | 6607.0(1) 1 0.75(3) 132(6)  499(24)
0.90(3) 99(5) 184(9) | 6621.9(11) (1) 1.1(5) 5.9(14) 22(6)
1.11(11)  25.2(16) 48(3) | 6644.7(1) 1 0.80(7) 45(3) 172(11)
1.3(3) 11.9(14) 24(3) | 6667.6(9) (1) 0.37(16) 9.6(18) 37(7)

0.8(3) 9.3(13) 19(3) | 6677.0(6) 1 0.9(2) 13.2(19) 51(8)

0.6(3) 5.9(10) 12(2) | 6700.1(2) 1 0.80(9) 32(2) 124(9)

0.9(3) 8.7(12) 18(3) | 6720.0(2) 1 0.73(9) 39(3) 153(12)

0.84(8) 32(2) 68(4) | 6761.5(1) 1 0.70(5) 65(4) 259(15)
1.0(3) 8.4(11) 18(2) | 6818.5(1) 1 0.69(4) 71(4) 286(16)

1.15(8) 35(2) 77(5) | 6845.2(6) 1 0.8(2) 13.1(17) 53(7)
0.69(17) 18.7(17) 47(5) | 6874.1(2) 1 0.79(10) 29(2) 120(9)
0.7(3) 9.8(14) 25(4) | 6883.2(1) 1 0.84(5) 74(4) 304(17)

0.71(10) 22.7(17) 59(5) | 6912.6(2) (1) 1.06(13) 27(2) 112(9)
0.7(2) 8.5(12) 23(3) | 6996.5(1) 1 0.73(2)  230(11) 979(46)

0.82(9) 29(2) 79(5) | 7031.8(1) 1 0.73(2) 181(9)  777(37)
0.74(15) 14.6(14) 39(4) | 7070.3(1) 1 0.77(3) 174(8)  752(36)
0.60(12) 16.7(15) 46(4) | 7172.8(6) 1 0.77(19) 13.6(17) 61(8)
0.31(15) 10.3(14) 29(4) | 7201.0(6) 1 0.8(2) 13.5(18) 61(8)
0.6(3) 7.2(12) 20(4) | 7212.5(5) 1 0.65(13) 23(2) 105(11)

0.89(9) 30(2) 84(6) | 7221.4(5) 1 0.84(17) 22(2) 100(11)
0.73(5) 53(3) 155(9) | 7239.9(3) 1 0.96(13) 26(2) 117(10)
0.83(10) 25.3(19) 74(5) | 7259.8(6) 1 0.9(2) 13.3(17) 61(8)
1.13(14) 25(2) 75(6) | 7346.9(4) 1 0.78(12) 24(2) 112(10)
0.69(11) 19.7(16) 59(5) | 7369.4(6) 1 1.0(2) 14.5(19) 68(9)
0.58(17) 11.0(14) 33(4) | 7384.9(1) 1 0.82(6) 68(4) 322(18)
0.58(9) 21.1(17) 64(5) | 7396.7(2) 1 0.76(6) 53(3) 251(16)
0.56(10) 17.7(16) 54(5) | 7421.5(6) 1 0.46(18) 31(4) 149(21)
0.54(14) 13.2(15) 41(5) | 7435.8(6) 1 1.2(3) 16(2) 76(10)
0.69(6) 38(2) 119(7) | 7447.9(2) 1 0.66(8) 37(3) 178(13)
0.77(13) 17.8(16) 57(5) | 7469.9(1) 1 0.78(5) 81(4) 394(21)
0.68(8) 27(2) 89(7) | 7487.1(1) 1 0.81(3) 139(7)  674(33)
0.75(2)  211(10)  687(32) | 7519.0(1) 1 0.79(4) 125(6)  611(31)
0.88(11) 23.9(18) 78(6) | 7555.2(5) 1 0.81(15) 21(2) 104(11)
1.00(13) 22.0(17) 73(6) | 7567.1(4) (1) 1.18(18) 25(2) 126(12)
0.72(3) 131(6) 436(21) | 7584.5(5) 1 1.1(2) 18(2) 92(10)
0.8(4) 7.3(15) 25(5) | 7622.4(5) 1 0.85(14) 28(3) 141(14)

0.6(2) 10.6(15) 36(5) | 7632.9(5) 1 0.88(16) 25(3) 126(13)

0.94(10) 30(2) 103(7) | 7658.4(2) 1 0.92(10) 40(3) 203(15)
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Table C.1: Observed transitions in 2Mo (continued)

7,(90%)

1,(90°)

—~
I© N

E, T,(1279) Iy T,(127°) L T
keV eVb eVb meV
7681.0(1) 0.73(4)  107(6) 1 0.73(4) 178(9) 1155(60)
7703.8(7) 0.54(16)  21(3) 1 0.81(9)  46(3) 300(23)
7713.7(2) 0.86(7) 77(5) 1 0.79(9)  48(4) 313(23)
7732.0(1) 0.77(2)  256(12) 1 0.77(5) 118(7)  787(45)
7750.6(9) 0.9(3) 12(2) 1 0.84(5) 149(8)  995(54)
7783.6(2) 0.85(7) 59(4) 1 0.69(13) 29(3) 195(20)
7809.9(2) 0.89(9) 49(3) 1 0.90(13) 40(4) 273(24)
7839.9(8) 1.5(4) 19(3) 1 0.42(8)  36(3) 245(24)
7856.1(1) 0.78(5)  82(5) 1 081(5) 166(9) 1142(62)
7881.7(1) 0.72(5) 79(5) 1 0.75(15) 35(4) 244(28)
7892.4(2) 0.89(8) 59(4) 1 0.81(7)  85(6) 588(39)
7912.3(5) 0.71(14)  22(2) 1 0.53(8)  39(3) 270(24)
7933.8(2) 0.79(9) 41(3) 1 0.87(9)  56(4) 391(28)
7950.4(1) 0.68(4) 92(5) 1 0.60(6)  82(6) 575(39)
7965.0(5) 0.60(10)  32(3) 1 0.64(11) 47(4) 334(30)
7989.2(3) 0.84(12)  31(3) 1 0.71(9)  48(4) 338(26)
8006.9(1) 0.72(4) 89(5) 1 0.84(19) 30(4) 213(26)
8043.1(1) 0.78(5) 89(5) 1 0.65(4) 154(8) 1106(61)
8062.9(2) 0.65(6) 55(4) 1 0.82(10) 49(4) 352(27)
8078.0(4) 0.70(15)  43(4) 1 0.54(16) 21(3) 153(22)
8086.3(4) 0.78(10)  64(5) 1 0.71(12) 38(4) 280(27)
8096.8(1) 0.77(4)  127(7) 1 0.76(4) 151(8) 1106(59)
8117.6(4) 0.78(14)  25(3) 1 0.67(5)  97(6) 716(43)
8151.0(4) 0.75(13)  26(3) 1 0.61(12) 46(5) 339(35)
8169.0(1) 0.74(3)  212(10 1 0.67(8)  83(6) 611(44)
8184.2(2) 0.68(7) 46(3) 1 0.60(10) 42(4) 313(29)
8210.2(2) 0.67(9) 85(6) 1 0.69(19) 37(5) 272(39)
8217.8(4) 0.80(17)  48(5) 1 0.81(16) 49(6) 364(41)
8229.8(1) 0.67(4)  119(6) 1 0.63(14) 44(5) 332(39)
8242.3(3) 0.72(9)  42(3) 1 15(4)  116(31)
8252.7(6) 0.65(17)  21(3) 1 0.82(8)  94(6) 708(48)
8264.6(3) 0.84(11)  36(3) 1 0.68(8)  79(6) 598(44)
8282.1(3) 0.48(7) 34(3) 1 0.86(7) 106(6)  807(48)
8311.4(8) 0.51(19)  42(8) 1) 03(2) 17(3)  131(26)
8318.6(4) 0.81(16)  85(9) 1 0.65(12) 40(4) 306(31)
8346(2) 0.5(8) 15(6) 1 0.56(15) 32(5) 246(35)
8354.2(8) 0.8(3) 40(7) 1 0.68(8)  80(6) 612(46)
8383.7(2) 0.64(6) 64(4) 1 0.74(7)  87(6) 676(43)
8407.6(5) 1.9(4) 46(4) 1 0.53(13) 30(4) 233(28)
8422.5(1) 0.70(4)  142(8) 1 053(13) 34(4)  264(31)
8488.4(2) 0.82(7) 74(5) 1 0.65(5) 116(7)  905(55)
8500.4(3) 0.78(8) 56(4) 1 0.67(10) 45(4) 352(32)
8513.8(10 0.49(19) 14(3) 1 0.65(6) 108(7)  855(55)
8569.6(3) 0.67(8) 64(5) 1 0.74(9)  68(5) 541(43)
8579.0(3) 0.82(10)  63(5) 1 0.69(10) 111(9)  885(75)
8610.1(5) 1.0(2)  24(3) 1 1.0(4) 336) 262(51)
8632.6(2) 0.89(10)  49(4) 1 0.7(3) 23(5) 183(37)
8650.4(3) 0.70(8) 58(4) 1 0.8(4) 18(4) 140(33)
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Table C.1: Observed transitions in 2Mo (continued)

E, L % I FT(% E, L 1?((1920700)) I FT%
keV eVb meV | keV eVb meV
9638.9(8) 1 0.9(3) 50(8) 405(61) | 10667.6(6) 1 0.80(13) 50(5) 498(47)
9646.5(8) 1 0.51(17)  42(8) 342(62) | 10706(3) (2) 17(4) 102(26)
9670.3(9) 1 0.57(19) 19(3) 154(25) | 10726.6(8) 1 0.6(2) 26(4) 262(39)
9687.2(7) 1 0.80(19) 36(4) 291(36) | 10760.6(6) 1 0.82(15) 41(4) 409(42)
9696.2(7) (1) 0.40(12)  36(5) 293(37) | 10794.8(5) 1 0.80(13) 47(4) 478(45)
9713.2(3) 1 0.72(8) 95(7) 776(57) | 10839.9(15) 1 0.4(2) 17(3) 176(35)
9723.3(9) 1 0.66(16) 39(5) 318(41) | 10860.7(12) 1  0.45(16) 21(3) 218(35)
9734.6(7) 1 0.78(16) 38(4) 315(34) | 10884.7(4) 1 0.71(9)  77(6) 794(60)
9747.5(4) 1 0.73(10) 57(5) 468(39) | 10902.0(10) 1  0.68(17) 32(4) 331(42)
9759.0(6) 1 0.63(13) 35(4) 286(33) | 10923.9(5) 1 0.80(11) 58(5) 604(51)
9786.3(3) 1 0.69(8) 75(5) 624(44) | 10941.7(10) (1) 0.44(12) 30(4) 312(41)
9800.6(4) 1 0.74(9) 82(6) 680(52) | 10962.7(12) (1) 0.38(15) 21(3) 214(36)
9813.4(11) 1 043(17)  36(5) 208(45) | 11042.8(7) (1) 0.41(11) 28(4) 296(38)
9826.1(1) 1 0.74(4) 276(14) 2314(120) | 11064.6(4) 1 0.68(9) 70(6) 747(62)
9840.3(4) 1 0.71(8) 72(5) 605(45) | 11078.6(10) 1 0.9(2) 31(4) 330(44)
9858.4(6) 1 0.85(14) 46(4) 388(37) | 11094.3(9) 1 0.9(3) 25(4) 263(38)
9871.2(3) 1 0.84(9) 77(6) 648(47) | 11132.5(12) 1 0.69(17) 39(5) 423(55)
9907.7(4) 1 0.92(15)  59(6) 502(48) | 11149.7(8) 1 0.79(15)  55(6) 588(61)
9916.4(7) 1 0.65(14)  42(5) 355(43) | 11178.6(5) 1 0.68(8)  76(6) 825(62)
9929.8(8) 1 0.53(18)  52(9) 443(74) | 11206.2(7) 1 0.81(13) 51(5) 559(52)
9937.0(4) 1 0.89(15) 105(10) 901(88) | 11240.7(6) 1 0.81(11) 60(5) 653(56)
9952.9(4) 1 0.74(10)  51(4) 437(36) | 11270.5(9) 1 0.70(14) 40(4) 435(48)
9964.7(6) 1 0.94(19) 31(4) 265(30) | 11296.7(6) 1 0.93(14) 55(5) 612(54)
10007.4(8) 1 1.0(3) 50(7) 435(64) | 11353.1(3) 1 0.79(7) 112(7) 1247(80)
10016.6(7) 1 0.57(14)  59(8) 512(66) | 11385.6(8) 1 1.06(19) 44(5) 497(51)
10042.9(13) (1) 1.1(4) 16(3) 136(28) | 11410.6(5) 1 0.75(9)  80(6) 899(68)
10064.7(3) 1 0.74(7) 83(6) 733(48) | 11436.5(19) 1 0.9(3) 21(4) 234(45)
10098.0(4) 1 0.84(10)  58(4) 511(40) | 11458.1(5) 1 0.76(9)  84(6) 953(71)
10122.5(2) 1 0.73(5) 140(8) 1245(72) | 11486(4) 1 0.2(4) 11(5) 121(52)
10138.1(15) 1 0.5(3) 37(8) 332(70) | 11502(2) (2) 1.8(10) 18(5) 125(32)
10147.6(7) 1 0.63(17)  70(9) 620(80) | 11552.0(8) 1 0.8(2) 28(4) 328(44)
10229.9(16) 1 0.7(2) 35(6) 316(56) | 11571.4(7) 1 0.50(13) 29(4) 335(45)
10246.0(9) (1) 0.50(8) 112(10) 1017(90) | 11593.2(18) (1)  0.8(5) 26(8) 298(94)
10261.3(9) 1 0.77(13) 103(10) 945(87) | 11633.5(6) 1 0.70(14) 48(5) 568(60)
10280.7(12) 1  0.69(17)  36(5) 334(44) | 11655.4(10) 1  0.40(18) 34(5) 396(57)
10319(3) 1 0.6(5) 37(14) 344(127) | 11672.8(9) 1 0.9(2) 41(5) 479(58)
10329.4(17) 1 0.7(3) 58(14) 535(129) | 11701.9(5) 1 0.73(11) 60(5) 706(64)
10354(2) (1) 29(5) 265(51) | 11728.0(16) (1) 25(5) 296(62)
10461.9(4) 1 0.67(9) 66(5) 630(51) | 11743.1(12) (1) 31(6) 366(68)
10480(2) 1 0.5(3) 17(4) 158(41) | 11769.3(17) 1 0.6(3) 17(4) 203(45)
10493.1(10) 1  0.64(18)  30(4) 282(42) | 11789.3(18) 1 0.9(4) 20(4) 237(50)
10528.4(3) 1 0.88(10)  72(5) 688(51) | 11805.8(7) 1 0.75(14) 49(5) 590(62)
10553.4(6) 1 0.83(17) 90(9) 864(91) | 11838.2(13) 1 0.9(3) 20(4) 246(44)
10563.5(12) 1 0.8(3) 42(8) 407(80) | 11864.0(8) 1 0.79(19) 34(4) 416(52)
10585.3(4) 1 0.70(9) 66(5) 644(49) | 11893.7(12) 1 0.8(3) 24(4) 288(45)
10606.0(2) 1 0.76(6) 128(8) 1244(74) | 11960(3) 1 0.6(3) 23(5) 283(63)
10629.4(7) 1 0.62(13) 35(4) 345(38) | 11990(5) (1)  1.0(6) 20(6) 251(77)
10653.0(7) 1 0.73(13)  45(5) 447(46) | 12017.8(14) 1 0.86(17) 67(7) 838(91)




Table C.1: Observed transitions in *>Mo (continued)

E, L 7 b = e L 7 b -

keV eVb meV | keV eVb meV

12067.8(15) 1 0.77(17) 46(5) 581(69) | 12256.5(12) 1 0.79(15) 59(6) 763(79)

12114.8(12) 1 0.90(16) 59(6) 753(76) | 12301(2) 1 1.1(3)  35(5) 458(66)

12166(3) 1 0.6(3) 31(6) 400(72) | 12374(2) 1 0.8(2)  33(5) 442(69)

12195.9(19) (2) 1.7(4)  48(6) 369(49)

Table C.2: Observed transitions in **Mo

E, L IIJ((19207 )) I FT(Z) E, L % I FT(Z)
keV eVb meV | keV eVb meV
646.3(1) (1) 404(26) 14.7(9) | 1759.2(3) (1) 34(4) 9.2(11)
838.5(1) (1) 307(20) 18. 7(12) 1774.2(1) (1) 119(8) 33(2)
897.4(1) (1) 132(9) 9.2(6) | 1785.4(1) (1) 90(6) 24.9(17)
971.2(1) (1) 104(8) 8. 5(6) 1823.4(1) (1) 38(3) 11.0(9)
1102.6(2) (1) 29(3) 3.0(3) | 1832.6(1) (1) 37(3) 10.7(9)
1143.5(2) (1) 65(6) 7.3(6) | 1856.2(1) (1) 33(3) 9.7(8)
1162.5(4) (1) 41(5) 4.8(5) | 1870.1(2) (1) 26(3) 7.7(8)
1175.7(1) (1) 60(5) 7.2(5) | 1875.0(2) (1) 26(3) 8.0(8)
1230.7(1) (1) 34(3) 4.5(4) | 1889.2(1) (1) 47(4) 14.5(11)
1301.3(2) (1) 23(3) 3.3(4) | 1912.4(1) (1) 57(4) 18.1(13)
1306.1(1) (1) 45(4) 6.6(5) | 1932.1(1) (1) 37(3) 12.0(10)
1317.9(1) (1) 57(4) 8.5(6) | 1944.7(1) (1) 50(4) 16.5(12)
1367.7(1) (1) 48(4) 7.8(6) | 1972.1(2) (1) 29(3) 9.7(9)
1379.2(5) (1) 16(3) 2.7(4) | 1979.6(6) (1) 17(4) 5.9(12)
1388.8(2) (1) 35(4) 5.8(6) | 1983.9(5) (1) 20(4) 6.7(12)
1419.7(1) (1) 129(8) 22.5(14) | 1991.7(8) (1) 9(2) 3.0(7)
1432.5(1) (1) 277(17) 49(3) | 1998.0(5) (1) 13(2) 4.6(7)
1448.7(2) (1) 25(3) 4.6(5) | 2016.6(1) (1) 74(5) 26.1(17)
1471.5(4) (1) 13(2) 2.4(4) | 2024.2(1) (1) 55(4) 19.5(13)
1491.4(1) (1) 35(3) 6.8(6) | 2043.5(2) (1) 24(3) 8.7(9)
1524.1(2) (1) 22(3) 4.4(5) | 2073.0(1) (1) 66(4) 24.5(16)
1546.3(1) (1) 102(7)  21.1(14) | 2081.6(2) (1) 24(2) 9.1(9)
1551.3(1) (1) 97(7)  20.3(13) | 2139.2(3) (1) 18(2) 7.0(8)
1558.6(2) (1) 33(3) 7.0(6) | 2160.8(2) (1) 33(3) 13.1(11)
1573.8(6) (1) 10(2) 2.2(5) | 2166.7(3) (1) 20(2) 7.9(9)
1594.4(1) (1) 47(4) 10.3(8) | 2222.2(1) (1) 132(9) 57(4)
1608.6(3) (1) 14(2) 3.2(5) | 2228.6(3) (1) 23(2) 9.8(10)
1615.1(3) (1) 15(2) 3.4(5) | 2254.1(4) (1) 15(2) 6.8(10)
1646.5(8) (1) 10(3) 2.2(6) | 2259.5(3) (1) 19(2) 8.5(10)
1652.6(2) (1) 31(3) 7.3(7) | 2287.0(7) (1) 6.4(17) 2.9(8)
1659.4(4) (1) 12(2) 3.0(5) | 2303.0(2) (1) 19(2) 8.6(9)
1679.6(1) (1) 43(4) 10.5(8) | 2315.9(4) (1) 12.3(18) 5.7(8)
1686.5(2) (1) 31(3) 7.7(7) | 2338.0(2) (1) 25(2) 11.9(11)
1693.8(1) (1) 39(3) 9.7(8) | 2350.6(7) (1) 7.1(18) 3.4(8)
1740.6(1) (1) 53(4) 13.9(10) | 2358.8(2) (1) 18(2) 8.8(10)
1748.5(6) (1) 9(2) 2.3(5) | 2371.2(4) (1) 15(2) 7.1(11)
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Table C.2: Observed transitions in **Mo (continued)

E, L 1?((192070)) I 2| B L 1?((192070)) I P
keV eVb meV | keV eVb meV
2390.1(7) (1) 7.2(18) 35(9) | 3065.1(4) (1) 10.0(16)  8.2(13)
2403.9(6) (1) 10(2)  4.9(10) | 3074.8(2) (1) 16.3(18) 13.4(15)
2423.1(1) (1) 37(3)  18.4(14) | 3081.1(5) (1) 8.2(15)  6.8(12)
2451.0(1) (1) 29(3)  14.9(13) | 3090.0(1) (1) 53(4) 44(3)
2466.0(4) (1) 11.6(18)  6.1(9) | 3099.4(5) (1) 8.5(15)  7.1(13)
2471.7(5) (1) 11.9(19)  6.3(10) | 3105.2(8) (1) 7.0(17)  5.9(14)
2477.3(1) (1) 43(3)  22.8(17) | 3110.2(12) (1) 45(17)  3.8(14)
2487.1(1) (1) 23(2)  12.4(11) | 3119.0(3) (1) 12.2(16)  10.3(13)
2525.8(2) (1) 32(3)  17.8(15) | 3120.6(9) (1) 43(14)  3.6(12)
2538.1(2) (1) 45(3)  24.9(19) | 3142.5(2) (1) 15.7(18)  13.5(15)
2551.2(2) (1) 73(5) 41(3) | 3149.4(4) (1) 11.5(16)  9.9(13)
2558.2(3) (1) 41(4) 23(2) | 3157.6(8) (1) 5.4(14)  4.7(12)
2589.2(1) (1) 34(3)  19.5(15) | 3166.3(3) (1) 12.0(17)  10.4(14)
2597.4(1) (1) 25(2)  14.5(12) | 3184.0(3) (1) 11.4(16)  10.0(14)
2608.5(1) (1) 53(4) 32(2) | 31925(3) (1) 11.2(15)  9.9(13)
2633.1(1) (1) 13(2)  7.6(13) | 3199.5(6) (1) 6.2(14)  5.5(12)
2641.1(8) (1) 11(2)  6.5(12) | 3210.2(9) (1) 4.4(14)  3.9(12)
2675.3(4) (1) 19(2)  11.6(13) | 3218.5(5) (1) 6.8(14)  6.1(12)
2683.0(3) (1) 23(2)  14.3(14) | 3234.0(7) (1) 75(15)  6.8(14)
2691.8(3) (1) 21(2)  13.4(14) | 3244.2(4) (1) 19(2) 17(2)
2699.8(2) (1) 39(3)  24.3(19) | 3249.9(7) (1) 11(2)  10.4(19)
2708.3(1) (1) 45(3) 29(2) | 3257.9(1) (1) 32(3) 30(2)
2732.6(7) (1) 23(6) 15(4) | 3266.6(4) (1) 11.1(15)  10.2(14)
2746.5(2) (1) 32(3) 21(2) | 3276.4(6) (1) 9.8(17)  9.1(16)
2756.7(4) (1) 16.2(19) 10.7(13) | 3282.9(5) (1) 11.1(17)  10.4(16)
2766.0(2) (1) 31(3) 20.5(17) | 3305.6(7) (1) 10.2(19)  9.6(18)
2791.8(6) (1) 14(5) 9(3) | 3311.8(6) (1) 12(2) 12(2)
2806.9(9) (1) 4.9(15)  3.4(10) | 3328.5(2) (1) 20(2) 19(2)
2816.0(8) (1) 14.5(18) 10.0(13) | 3347.7(12) (1) 42(15)  4.1(14)
2821.6(3) (1) 18(2)  12.1(14) | 3354.3(11) (1) 4.8(14)  4.7(14)
2844.5(8) (1) 21(3)  14.5(19) | 3365.2(7) (1) 58(14)  5.7(13)
2851.4(3) (1) 51(4) 36(3) | 3377.7(9) (1) 5.5(14) 5.4(14)
2858.8(2) (1) 41(3) 29(2) | 3384.1(3) (1) 14.1(19)  14.0(19)
2873.6(3) (1) 20(2)  14.1(16) | 3405.0(1) (1) 67(4) 67(4)
2916.9(5) (1) 8.2(15)  6.1(11) | 3413.9(5) (1) 9.1(14)  9.2(14)
2925.4(1) (1) 54(4) 40(3) | 3434.4(2) (1) 14.5(15)  14.9(16)
2931.5(4) (1) 15.3(19) 11.4(14) | 3450.9(4) (1) 9.0(14)  9.3(14)
2936.7(5) (1) 11.3(18)  8.4(13) | 3457.2(7) (1) 57(4) 59(4)
2946.4(2) (1) 19.1(19) 14.4(14) | 3467.6(3) (1) 9.2(13)  9.6(14)
2962.0(2) (1) 17.8(19) 13.6(14) | 3522.6(6) (1) 11.9(18)  12.8(19)
2978.3(2) (1) 18.9(19) 14.5(15) | 3531.1(8) (1) 10.7(19) 12(2)
2992.9(6) (1) 12(3) 9(2) | 3551.6(1) (1) 42(3) 46(3)
3008.3(5) (1) 7.8(15) 6.1(12) | 3564.7(7) (1) 4.8(12) 5.3(14)
3015.5(2) (1) 21(2) 16.3(16) | 3572.9(6) (1) 6.0(13) 6.6(15)
3030.1(8) (1) 52(15)  4.1(12) | 3587.8(5) (1) 11.4(16) 12.7(18)
3035.1(6) (1) 6.9(15) 5.5(12) | 3599.2(5) (1) 13.6(19) 15(2)
3043.2(2) (1) 16.8(18) 13.5(14) | 3606.6(7) (1) 11.4(18) 13(2)
3051.2(4) (1) 7.9(14)  6.4(11) | 3615.8(5) (1) 12.3(17)  14.0(19)
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Table C.2: Observed transitions in **Mo (continued)

keV eVb meV | keV eVb meV
3625.5(17) (1) 3.6(15) 4.1(17) | 4410.1(1) 1 0.76(7) 34(2) 57(3)
3639.6(8) (1) 7.3(16) 8.4(18) | 4488.0(2) 1 0.84(17) 15.0(13) 26(2)
3653.0(7) (1) 8.9(16) 10.3(19) | 4518.8(2) 1 1.1(2) 12.8(12) 23(2)
3662.1(13) (1) 4.9(14) 5.7(17) | 4538.2(6) 1 0.7(3) 9.8(18) 18(3)
3678.5(5) 1 1.1(3) 9.5(14) 11.2(16) | 4543.2(2) 1 0.81(14) 25(2) 46(4)
3703.8(2) 1 0.77(15) 18.2(16) 21.7(19) | 4564.6(7) (1) 0.8(5) 5.0(10) 9.0(19)
3714.9(9) 1 0.1(4) 4.8(13) 5.8(15) | 4581.5(7) (1) 1.0(5) 5.1(11) 9(2)
3752.5(5) (1) 1.3(4) 9.6(13) 11.7(16) | 4590.5(1) 1 0.75(9) 31(2) 57(4)
3762.9(3) (1) 1.3(2) 16.3(15) 20.0(19) | 4599.2(5) 1 0.7(4) 6.8(11) 12(2)
3806.0(2) 1 0.99(15) 20.2(16) 25(2) | 4616.1(5) 1 0.9(3) 9.4(13) 17(3)
3816.0(7) 1 0.8(4) 7.5(13) 9.4(16) | 4654.2(4) (1) 1.5(3) 12.2(15) 23(3)
3836.9(1) 1 0.83(9) 31(2) 40(3) | 4660.5(12) (1) 6.8(16) 13(3)
3848.3(5) 1 1.0(3) 10.7(14) 13.8(18) | 4673.3(14) (1)  0.9(8) 3.5(11) 7(2)
3857.6(1) 1 0.89(7) 44(3) 57(3) | 4688.8(5) 1 1.1(3) 11.8(15) 23(3)
3902.8(3) 1 1.2(3) 11.2(13) 14.8(17) | 4697(2) (1) 1.0(9) 3.2(13) 6(3)
3915.6(2) 1 1.0(2) 13.8(13) 18.3(18) | 4719.2(4) (1)  1.4(3) 10.6(13) 21(3)
3937.0(1) 1 0.81(4) 88(4) 118(6) | 4731.0(5) (2) 1.5(4) 10.1(15) 11.8(17)
3944.0(1) (1) 1.07(11) 29.2(19) 39(3) | 4752.6(7) 1 1.1(4) 8.1(13) 16(3)
3954.0(3) 1 0.9(3) 10.0(12) 13.5(17) | 4760.7(4) 1 1.1(2) 13.7(15) 27(3)
3981.6(3) (1) 1.4(3) 10.9(13) 15.0(17) | 4779.2(10) (1)  1.1(6) 5.1(11) 10(2)
3991.9(2) 1 0.90(16) 16.5(14) 23(2) | 4788.6(10) (1)  1.4(7) 4.5(11) 9(2)
4020.5(5) (2) 1.5(4) 14.1(19) 11.9(16) | 4804.1(5) 1 0.9(3) 9.5(13) 19(3)
4034.2(2) (2) 6(3) 5(2) | 4812.6(2) 1 0.88(10) 27.5(19) 55(4)
4041.5(9) (1) 1.2(6) 6.4(14) 9.1(19) | 4824.7(11) (1)  1.0(6) 4.6(11) 9(2)
4059.4(10) (2) 2.7(12)  8.1(17) 6.9(14) | 4837.4(1) 1 0.90(10) 28(18) 57(4)
4069.9(17)  (2) 7(2) 6(2) | 4847.7(3) 1 0.96(16) 17.0(14) 35(3)
4079.7(4) 1 1.2(2) 15.2(16) 22(2) | 4868.4(4) 1 0.7(2) 9.8(12) 20(3)
4102.2(5) (2) 2.7(7) 14.6(18) 12.7(16) | 4887.0(6) (2)  1.9(8) 7.5(15) 9.3(18)
4170.7(8) 1 0.7(4) 6.0(12) 9.0(19) | 4902.7(1) 1 0.91(12) 23.9(17) 50(4)
4179.8(2) (1) 1.2(2) 18.7(16) 28(2) | 4914.3(4) 1 1.2(3) 10.0(12) 21(3)
4191.7(11) (1) 4.7(12) 7.1(19) | 4933.5(5) 1 1.0(4) 6.8(11) 15(2)
4198.1(17) (2) 7(2) 7(2) | 4944.5(4) 1 1.2(3) 8.6(12) 18(3)
4204.2(5) 1 0.6(3) 8.6(13) 13(2) | 4953.8(10) (1) 1.3(8) 3.5(11) 8(2)
4215.9(9) 1 0.3(7) 4.9(12) 7.9(19) | 4967.4(3) 1 1.03(19) 13.8(13) 30(3)
4231.0(4) 1 1.0(3) 14.6(16) 23(3) | 4985.2(9) 1 0.7(5) 4.3(11) 9(2)
4240.2(8) (2) 1.7(7) 8.2(16) 7.6(15) | 5008.5(3) 1 0.76(18) 14.4(14) 31(3)
4252.5(12) (1) 1.0(7) 6.0(18) 9(3) | 5028.5(2) 1 0.80(16) 14.7(13) 32(3)
4258.7(5) 1 0.8(2) 15.2(19) 24(3) | 5050.2(1) 1 0.81(6) 40(2) 83(5)
4267.8(2) 1 1.00(16) 20.5(17) 32(3) | 5081.6(2) 1 0.85(13) 17.5(14) 39(3)
4277.3(10) (1) 5.3(13) 9(2) | 5112.3(9) (2) 1.7(6) 8.7(16) 12(2)
4295.3(1) (1) 1.12(14) 26.4(19) 42(3) | 5121.3(3) 1 0.80(13) 22.9(19) 52(4)
4309.0(6) 1 1.0(4) 7.4(12) 12(2) | 5134.0(11) (1) 6.1(13) 14(3)
4322.6(9) (2) 1.8(9) 7.1(16) 6.9(16) | 5141.5(13) (2) 8(2) 12(3)
4332.4(4) 1 0.9(3) 11.2(14) 18(2) | 5147.5(3) 1 0.67(15) 20.7(17) 48(4)
4339.3(6) (2) 1.6(4) 13.2(18) 12.9(18) | 5165.0(2) 1 0.96(13) 30(2) 69(5)
4346.9(4) (1) 1.4(3) 10.7(14) 18(2) | 5174.5(12) (2)  1.5(8) 7(2) 10(2)
4361.7(1) (1) 0.92(5) 67(3) 111(6) | 5195.4(4) 1 1.0(3) 9.5(12) 22(3)
4391.1(1) (1) 1.01(10) 28.8(18) 48(3) | 5214.9(5) (2) 1.8(5) 11.4(15) 16(2)
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Table C.2: Observed transitions in **Mo (continued)

E, L 1?((1920700)) I FT(% E, L 1?((1920700)) I FT%
keV eVb meV | keV eVb meV
5225.4(7) (1) 1.1(4) 7.0(11) 17( ) | 5844.4(15) (2) 2.4(17) 7(2) 12(4)
5235.9(9) 1 0.5(5) 5.1(11) 12(3) | 5856.7(3) 1 0.54(16) 29(3) 86(8)
5244.4(2) (1) 1.24(18) 20.1(16) 48(4) | 5869.1(8) (1)  1.5(6) 6.0(12) 18(4)
5267.5(6) (2)  2.0(7) 8.3(14) 12(2) | 5889.2(6) 1 0.7(3) 7.9(12) 24(4)
5312.4(3) 1 0.8(2) 10.0(11) 24. 4(3) 5906.4(7) 1 1.0(4) 7.7(12) 23(4)
5323.8(5) (1)  1.3(4) 6.9(11) 17(3) | 5916.8(2) 1 0.87(13) 20.5(16) 62(5)
5346.5(2) 1 0.75(11) 21.3(16) 53(4) | 5949.7(7) 1 0.6(2) 9.5(14) 29(4)
5354.5(2) 1 0.89(13) 18.5(14) 46(4) | 5959.6(2) 1 0.75(7) 34(2) 104(7)
5362.5(8) (1)  1.3(6) 4.5(10) 11(3) | 5972.6(2) 1 0.79(10) 24.8(18) 77(6)
5386.1(2) 1 0.91(14) 16.9(14) 43(4) | 5983.9(2) 1 0.88(10) 31(2) 95(7)
5397.3(1) 1 0.5(5) 3 7(10) 9(3) | 5992.8(8) (1) 1.0(6) 17(3) 52(8)
5412.4(4) 1 0.7(2) 9.1(11) 23(3) | 5999.5(8) (1)  0.6(6) 17(3) 53(8)
5432.7(6) 1 0.8(3) 6.6(11) 17(3) | 6008.4(7) 1 1.0(3) 10.8(15) 34(5)
5442.0(6) 1 0.3(3) 6.3(11) 16(3) | 6021.9(2) 1 0.95(12) 24.0(17) 75(6)
5450.3(4) 1 1.2(3) 9.8(12) 25(3) | 6031.7(1) 1 0.76(5) 54(3) 169(9)
5458.0(5) 1 1.1(3) 8.7(12) 22(3) | 6046.1(4) 1 0.59(15) 13.3(14) 42(4)
5482.2(1) 1 0.76(7) 33(2) 86(5) | 6065.5(1) 1 0.78(6) 47(3) 150(9)
5492.2(3) (1)  1.2(2) 12.3(13) 32(3) | 6076.5(7) (1)  1.3(5) 14(2) 46(7)
5499.6(7) (2)  1.6(7) 6.3(13) 10(2) | 6088(2) (1) 1.0(11) 5(2) 17(8)
5508.7(3) 1 0.98(19) 12.2(12) 32(3) | 6101.4(4) 1 0.80(15) 19.8(18) 64(6)
5518.9(7) 1 0.7(4) 5.1(10) 13(3) | 6110.0(1) (1) 0.87(6) 65(3) 210(11)
5528.0(4) 1 0.8(2) 9.3(11) 25(3) | 6120.3(2) (1) 0.93(9) 35(2) 113(7)
5543.9(18) (1) 1.4(10)  3.7(13) 10(4) | 6144.9(18) 1 0.6(5) 6.1(16) 20(5)
5552.5(8) (1) 1.1(4) 8.5(14) 23(4) | 6172(3) 1 0.6(4) 8(3) 25(10)
5563.1(2) 1 0.87(13) 21.0(16) 56(5) | 6183.0(8) (1) 1.2(4) 27(4) 90(13)
5579.0(4) 1 0.95(17) 17.7(16) 48(5) | 6219.9(11) (1) 9.7(17) 33(6)
5588.2(15) (1)  1.4(7) 7.4(19) 20(5) | 6234.3(10) (1) 12.4(19) 42(7)
5595.4(10) 1 1.0(4) 11(2) 29(5) | 6246.9(3) (1) 38(3) 129(11)
5603.8(15) (1) 5.1(15) 14(4) | 6265.8(7) (1) 13.7(18) 47(6)
5615.1(12) 1 0.4(4) 4.8(12) 13(3) | 6315.7(3) 1 0.85(10) 28(2) 96(7)
5625.9(4) 1 0.93(19) 13.5(14) 37(4) | 6330.1(2) 1 0.89(8) 41(3) 143(9)
5637.9(1) 1 0.89(9) 33(2) 91(6) | 6367.2(4) 1 1.02(18) 18.2(17) 64(6)
5654.2(2) 1 0.74(9) 27.4(19) 76(5) | 6379.0(8) 1 1.0(3) 13.9(19) 49(7)
5664.4(3) 1 0.67(14) 17.1(15) 48(4) | 6388.1(7) 1 0.75(17) 19(2) 69(7)
5678.6(14) (2) 1.6(11)  6.4(19) 11(3) | 6397.7(5) 1 1.1(2) 18(2) 65(7)
5686.7(2) 1 0 76(15) 26(2) 73(6) | 6419.7(11) 1 0.4(4) 11(2) 39(9)
5708.0(6) 1 0.6(2) 11.3(16) 32(5) | 6438.5(10) 1 1.0(4) 9.1(16) 33(6)
5715.9(4) 1 1. 02( 5) 22.6(19) 64(6) | 6451.0(2) (1) 0.98(10) 34(2) 123(8)
5725.4(5) 1 0.84(17) 17.7(19) 50(5) | 6465.6(6) 1 1.0(3) 20(3) 71(10)
5732.7(6) 1 0.9(2) 16.6(19) 47(6) | 6473.2(3) 1 0.77(13) 37(3) 133(12)
5741.3(1) 1 0.72(6) 51(3) 147(9) 6491.6(6) 1 0.6(3) 19(3) 68(9)
5753.9(9) 1 0.9(4) 6.6(12) 19(4) | 6511.4(11) (1) 1.1(4) 12(2) 42(8)
5764.5(3) 1 0.83(15) 16.5(15) 48(4) | 6522.1(10) (1)  1.3(5) 13(2) 46(8)
5775.8(2) 1 0.86(10) 26.7(18) 77(5) | 6530.4(6) 1 0.6(3) 15.1(18) 56(7)
5791.6(5) 1 0.54(18) 11.7(14) 34(4) | 6543.2(2) 1 0.79(13) 41(3) 152(11)
5801.2(3) 1 0.92(15) 17.4(15) 51(5) | 6566.5(10) (1)  1.4(5) 8.6(15) 32(6)
5811.2(2) 1 0.81(9) 27.2(18) 80(6) | 6577.1(10) 1 1.0(3) 15(2) 57(9)
5828.4(2) 1 0.80(12) 19.2(15) 57(5) | 6586.0(3) 1 0.83(9) 49(3) 184(13)
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Table C.2: Observed transitions in **Mo (continued)

L s b ¥ oy kb $
eVb meV eVb meV

0.73(11) 28(2) 107(8) 1 0.83(11) 25.2(19) 120(9)
0.4(3) 21(5) 81(19) 1 0.84(17) 14.4(15) 69(7)
1.1(5) 11.0(19) 42(7) 1 0.8(4) 6.1(13) 29(6)
1.1(9) 11(3) 41(13) 1 0.8(3) 7.9(13) 38(6)
1.2(5) 25(4) 95(16) 1 0.84(14) 17.3(16) 84(8)
1.4(18) 10(6) 37(21) (2) 7.1(18) 21(5)
0.8(11) 8(5) 32(21) (2) 1.6(3) 17.5(18) 52(5)
0.7(2) 11.3(15) 44(6) (1) 0.7(6) 7(3) 36(16)
0.88(8) 60(4) 238(15) (2) 1.7(11) 10(3) 30(8)
0.86(16) 27(3) 107(11) 1 0.75(19) 16(2) 80(11)
1.3(8) 7.1(18) 28(8) 1 0.79(11) 33(3) 166(14)
1.1(3) 17(2) 70(9) 1 0.68(16) 14.6(17) 73(9)
1.4(3) 14.0(15) 57(6) 1 0.90(19) 16.2(18) 83(9)
0.66(16) 20(2) 80(10) 1 0.58(12) 27(3) 139(14)
1.8(3) 29(3) 71(6) (1) 1.0(6) 6.7(19) 35(10)
1.5(2)  21.7(19) 53(5) 1 0.95(18) 21(2) 109(12)
3.1(22)  6.3(15) 16(4) 1 0.78(9) 39(3) 205(15)
1.0(3) 13.9(16) 57(7) 1 0.62(10) 24(2) 126(11)
1.06(13) 37(3) 154(11) 1 0.63(12) 20.7(19) 109(10)
0.9(3) 8.5(13) 36(6) 1 0.54(17) 13.3(18)  70(10)
1.6(4) 12.4(16) 31(4) (1)  1.2(4) 11.8(19)  63(10)
1.4(4) 11.6(18) 49(8) 1 0.95(18) 21(2) 113(12)
0.6(3) 9.9(18) 42(8) 1 0.70(15) 16.8(18)  91(10)
0.7(2) 10.5(13) 44(6) 1 0.70(16) 18(2) 97(11)
0.68(10) 23.5(18) 100(8) (2)  1.8(9) 7.9(18) 26(6)
0.66(10) 24.2(19) 104(8) 1 0.3(4) 4.4(15) 24(8)
0.9(2) 15.0(17) 65(8) 1 0.9(3) 9.7(14) 53(8)
0.82(11) 26(2) 113(9) (1) 6(3) 33(15)
0.9(2) 13.4(16) 58(7) (2) 8(2) 25(8)
0.6(3) 6.7(13) 29(6) 1 0.7(3) 10.9(15) 60(9)
0.6(6) 6.1(15) 27(7) 1 0.8(2) 10.8(15) 60(8)
0.66(16) 22(2) 95(9) 1 1.06(18) 20.7(19) 115(11)
0.9(3) 11.7(16) 52(7) 1 0.9(3) 12.6(18)  70(10)
0.78(8) 33(2) 144(10) (1) 1.1(8) 6.4(17) 36(10)
0.76(10) 27(2) 120(9) 1 0.8(4) 12.1(19)  68(11)
0.63(13) 17.4(17) 77(8) (1)  0.9(6) 7.2(14) 40(8)
0.69(9) 31(2) 139(10) (2) 7(3) 24(11)
0.6(2) 12.5(18) 56(8) (1) 0.32(19) 12.1(16) 69(9)
0.92(17) 27(3) 120(12) (1) 1.02(12) 29(2) 163(12)
0.9(3) 8.2(13) 37(6) 1 0.5(2) 8.8(14) 50(8)
1.1(2) 22(2) 99(10) 1 1.1(2) 13.9(15) 80(9)
0.8(3) 7.6(13) 35(6) 1 0.9(3) 13(2) 76(13)
1.0(4) 6.1(12) 28(6) 1 1.0(3) 17(2) 96(12)
1.0(2) 13.1(15) 61(7) 1 0.7(2) 26(2) 152(14)
0.93(11) 28(2) 129(9) 1 0.69(12) 18.8(17) 109(10)
1.1(4) 6.4(12) 30(6) (2 1.7(6) 8.3(15) 29(5)
1.1(5) 6.4(14) 30(7) 1 0.8(3) 12(2) 72(12)
0.7(2) 9.7(15) 46(7) (1 1.2(4) 13(2) 78(12)
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Table C.2: Observed transitions in ®*Mo (continued)

E, L 1{7((1920700)) I F_Fg E, L IIJ((l9 207o )) I FT(Z)
keV eVb meV | keV eVb meV
8265.8(19) (1) 1.2(8) 8(2) 49(14) | 8512.7(11) 1 0.9(4) 11(2) 68(13)
8276.6(4) 1 0.78(15) 36(3) 214(18) | 8526.9(10) 1 0.6(3) 8.7(15) 55(10)
8289.1(21) 1 0.7(5) 9(3) 53(15) | 8537.1(7) 1 1.0(3) 13.2(17) 84(11)
8298.0(13) (1) 1.2(4) 13(2) 77(14) | 8562.4(9) 1 0.6(3) 10.7(17) 68(11)
8309.7(9) 1 1.1(3) 11.6(17) 70(11) | 8579.8(15) (2) 6.6(16) 25(6)
8330.8(9) (1) 1.4(4) 8.2(14) 50(8) | 8589.7(9) 1 0.6(3) 6.7(13) 43(8)
8357.1(11) (2) 2.7(16) 7.6(15) 28(5) | 8601.9(6) 1 0.70(17) 11.9(15) 76(10)
8370.1(5) 1 0.65(12) 21(2) 127(13) | 8612.7(5) 1 1.2(4) 21(3) 136(17)
8393(2) 1 0.5(3) 9(3) 56(17) | 8619.8(7) 1 0.8(2) 19(3) 120(17)
8429.1(9) (2) 1.6(5) 8.4(14) 31(5) | 8627.4(7) 1 0.58(13) 17.0(19) 110(12)
8444.0(7) 1 1.0(3) 10.6(14) 66(9) | 8636.1(5) 1 1.1(2) 14.6(17) 94(11)
8459.2(7) 1 0.8(2) 10.8(14) 67(9) | 8649.9(6) 1 1.1(3) 7.3(11) 48(7)
8471.7(4) 1 0.79(12) 21.4(18) 133(12) | 8662.3(5) 1 0.75(16) 11.3(12) 73(8)
8491.3(9) 1 1.0(3) 9.4(16) 59(10) | 8673.9(10) 1 0.6(3) 5.6(11) 37(8)
8503.5(5) 1 0.99(17) 26(3) 165(16)
Table C.3: Observed transitions in 1%9Mo

E, L IIJ((1920700)) I FT(Z) E, L 1{7((1920700)) I FT(Z)

keV eVb meV | keV eVb meV

537.2(1) (1) 2770(168) 69(4) | 1221.2(1) (1) 86(6) 11.1(8)

696.1(1) (1) 860(53) 36(2) | 1226.4(4) (1) 23(3) 3.0(4)

741.0(1) (1) 457(28) 21.8(13) | 1254.6(1) (1) 142(9) 19.4(12)

769.9(1) (1) 399(25) 20.5(12) | 1266.6(13) (1) 12(5) 1.6(6)

838.0(1) (1) 256(17) 15.6(10) | 1271.7(6) (1) 32(5) 4.4(6)

928.8(1) (1) 370(23) 27.6(17) | 1277.6(3) (1) 43(5) 6.1(6)

1000.9(2) (1) 29(4) 2.5(3) | 1285.2(1) (1) 84(7) 12.0(9)

1004.4(2) (1) 22(3) 1.9(2) | 1294.4(6) (1) 27(5) 3.9(7)

1042.1(1) (1) 68(5) 6.4(5) | 1299.7(3) (1) 48(5) 7.1(7)

1047.8(1) (1) 89(8) 8.4(7) | 1306.9(2) (1) 51(5) 7.6(6)

1051.7(5) (1) 23(5) 2.2(5) | 1317.7(2) (1) 46(4) 6.9(6)

1064.1(1) (1) 267(17) 26(2) | 1326.6(1) (1) 63(5) 9.6(7)

1070.8(1) (1) 200(13) 19.9(12) | 1359.4(1) (1) 85(6) 13.6(9)

1081.1(1) (1) 75(6) 7.6(6) | 1396.1(3) (1) 12(3) 2.0(4)

1092.4(1) (1) 153(10) 15.8(10) | 1435.5(1) (1) 32(3) 5.8(5)

1119.1(4) (1) 22(4) 2.4(4) | 1442.8(1) (1) 130(8) 23.5(15)

1135.0(3) (1) 13(3) 1.5(3) | 1449.0(1) (1) 37(3) 6.8(6)

1138.7(1) (1) 29(4) 3.3(3) | 1488.0(3) (1) 11(2) 2.1(4)

1160.2(1) (1) 36(4) 4.2(4) | 1492.1(2) (1) 16(2) 3.0(4)

1182.1(1) (1) 49(4) 5.9(5) | 1502.7(1) (1) 75(6)  14.6(10)

1185.5(1) (1) 41(4) 5.1(4) | 1507.8(1) (1) 27(3) 5.4(6)

1195.8(1) (1) 27(3) 3.4(4) | 1518.6(3) (1) 19(3) 3.8(5)

1206.2(3) (1) 30(4) 3.7(5) | 1523.9(8) (1) 8(3) 1.6(5)

1210.8(3) (1) 45(5) 5.7(5) | 1532.4(1) (1) 61(5) 12.3(9)

1215.6(1) (1) 66(5) 8.5(6) | 1541.7(3) (1) 25(3) 5.2(6)
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Table C.3: Observed transitions in **Mo (continued)
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Table C.3: Observed transitions in **Mo (continued)

E, L 1?((1920700)) I FT(% E, L 1?((19 o )) I FT(%
keV eVb meV | keV eVb meV
2872.1(4) (1) 22(3)  15.6(18) | 3600.3(2) 1 0.57(19) 20.1(19) 23(2)
2883.7(3) 1 0.8(2) 13.0(16) 9.4(11) | 3615.5(2) 1  0.67(14) 15.9(15) 18.0(17)
2901.0(1) (1) 1.22(12)  40(3)  28.9(19) | 3627.2(3) (1) 0.36(12) 13.8(15) 15.8(17)
2905.7(1) (1) 1.19(12) 36(3) 26.6(18) | 3653.2(7) 1 0.6(3) 6.8(14) 7.8(17)
2942.4(5) (1) 10.8(18)  8.1(13) | 3658.7(3) 1 0.8(2) 22(3) 25(3)
2947.1(3) (1) 15(2)  10.9(15) | 3662.8(4) (1) 1.2(6)  15(3) 17(3)
2962.0(1) (1) 40(3) 30(2) | 3752.9(3) (2) 2.0(5) 14.9(18) 10.9(13)
2970.6(6) (1) 10.5(17)  8.0(13) | 3759.0(8) (1)  1.4(8) 4.3(11) 5.2(14)
2979.6(8) (1) 6.6(16)  5.1(12) | 3767.8(5) (1) 1.4(5)  6.4(11)  7.9(14)
2990.1(3) (1) 16.7(19) 13.0(14) | 3788.2(3) 1  1.1(4)  6.5(10)  8.1(13)
3001.1(4) (1) 13.8(18) 10.8(14) | 3798.0(3) 1  1.1(4)  6.7(10)  8.3(13)
3010.8(7) (1) 74(16)  5.9(13) | 3819.5(3) 1 0.9(2) 14.3(15) 18.1(19)
3036.1(4) (1) 13.6(19) 10.9(15) | 3833.5(4)  (2) 1.5(4) 10.5(16)  8.0(12)
3045.2(5) (1) 11.7(18)  9.4(14) | 3848.3(4) 1 0.8(3)  9.8(13) 12.6(17)
3066.2(2) (1) 14(2)  11.0(18) | 3860.6(3) 1  0.7(2) 12.2(14) 15.8(18)
3079.3(3) (1) 16.2(19) 13.3(16) | 3870.2(6) (1) 1.1(4)  6.7(12)  8.8(16)
3106.3(7) (1) 7.0(16)  5.8(14) | 3887.9(1) 1  0.91(12) 21.2(15) 28(2)
3112.9(5) (1) 8.0(15) 6.7(12) | 3896.6(1) (1) 0.89(7) 46(3) 61(3)
3117.7(5) (1) 6.9(14) 5.8(12) | 3903.6(7) 1 0.8(4) 5.8(12) 7.7(16)
3124.9(4) (1) 8.4(14)  7.1(12) | 3915.2(4) 1  0.8(2) 10.5(12) 13.9(17)
3140.6(2) (1) 48(11)  4.1(9) | 3925.9(1) (1) 1.12(13) 25.0(17) 34(2)
3175.6(3) (1) 7.6(14)  6.7(13) | 3941.3(4) 1 1.1(3) 11.4(14) 15.4(18)
3182.2(4) (1) 6.0(13)  5.3(12) | 3948.7(7) 1 0.7(4)  6.0(12)  8.2(16)
3194.0(3) (1) 11(2)  9.7(19) | 3963.1(12) 1 0.7(5)  4.9(16) 7(2)
3198.3(4) (1) 9(2) 7.6(17) | 3968.5(5) (2) 1.6(5) 11.9(17) 9.8(14)
3220.3(8) 1 0.3(3) 7.3(15) 6.6(14) | 3997.8(3) 1 1.0(4) 5.6(10) 7.8(14)
3228.8(5) (1) 1.1(5)  19(3) 17(3) | 4007.2(4) 1 0.9(4)  5.1(10)  7.0(14)
3233.1(8) 1 02(6)  12(3) 11(3) | 4023.6(3) 1 1.0(3)  6.2(10)  8.7(15)
3242.7(1) 1 0.91(12)  32(2) 29(2) | 4034.48) 1 0.4(5)  3.8(11)  5.3(15)
3290.1(1) (1) 1.08(12)  32(2) 30(2) | 4042.4(10) (1) 0.7(5)  4.0(13)  5.7(18)
3297.7(3) (1) 1.4(3)  12.9(14) 12.2(13) | 4048.4(4) 1  1.1(3) 10.0(13) 14.2(19)
3311.7(4) (1)  14(4) 10.1(13)  9.6(13) | 4053.2(9) (1) 6.0(14) 9(2)
3376.2(4) (1) 18(2) 18(2) | 4059.0(3) 1  0.86(19) 12.4(13) 17.7(19)
3399.9(4) (1) 17(2) 17(2) | 4066.9(7) (1) 4.9(11) 7.0(17)
3417.1(11) (1) 7.0(16)  7.1(17) | 4074.0(4) 1 04(2)  8.4(11) 12.1(17)
3428.5(6) (1) 11.6(18) 11.9(18) | 4081.5(1) 1  0.78(10) 25.2(17)  37(3)
34452(5) 1 0.8(3)  9.9(16) 10.2(16) | 4106.1(9) (1)  0.8(6)  4.0(10)  5.9(16)
3450.6(2) (1) 1.12(18) 19.6(18) 20.2(18) | 4124.9(2) 1 1.00(17) 17.8(15)  26(2)
3483.9(1) (1) 0.94(7) 55(3) 58(3) | 4145.9(3) (2) 1.5(4) 13.7(17) 12.3(15)
3465.2(3) 1 1.1(2) 17.2(17) 17.9(18) | 4152.9(5) (2) 2.6(15)  15(2) 13(2)
3512.3(3) (1)  1.5(4) 10.9(13) 11.6(14) | 4156.4(3) 1  0.61(13)  26(3) 39(5)
3520.1(5) 1 0.7(4)  6.3(12)  6.8(13) | 4177.3(4) 1 0.8(3)  6.2(11)  9.3(17)
3545.1(5) (1) 1.0(11) 7.8(14)  85(15) | 4187.8(5) (1) 1.1(4)  5.3(11)  8.0(17)
3551.2(11) (2) 1.7(15)  6(2) 3.9(13) | 4192.5(2) 1 0.82(17) 12.4(13) 19(2)
3563.5(7) (1)  1.3(5) 6.7(13) 7.3(14) | 4217.5(1) 1 0.91(9) 32(2) 50(3)
3570.7(1) (1) 0.96(10) 33(2) 36(2) | 4232.0(2) (1) 0.99(12) 22.9(16) 36(2)
3578.1(3) 1 0.59(16) 13.5(14) 15.0(15) | 4253.6(4)  (2) 2.6(7) 12.2(16) 11.5(15)
3591.4(5) 1 0.4(2) 82(13)  9.2(14) | 4260.8(6) (2) 22(7)  9.0(15)  8.5(14)




Table C.3: Observed transitions in **Mo (continued)

keV eVb meV | keV eVb eV
4266.5(5) (1) 5.5(11) 8.7(18) | 4911.1(3) 1 0.64(14) 13.3(14) )
4273.8(12) (2) 7.4(19) 7. 0(18) 4918.4(9) 1 0.8(4) 5.8(12) )
4300.4(4) 1 1.2(3) 10.5(12) 17(2) | 4925.9(6) 1 0.8(2) 9.0(13) )
4310.1(4) 1 0.9(2) 11.5(13) 19(2) | 4932.3(9) (1) 1.0(5) 5.4(12) )
4322.1(12) 1 0.5(4) 4.7(13) 8(2) | 4944.4(4) 1 1.0(2) 11.3(14) )
4329.8(2) 1 0.92(13) 21.8(18) 36(3) | 4951.1(5) 1 0.4(2) 8.9(13) )
4339.2(12) (1) 1.5(9) 3.6(12) 6(2) | 4965.7(6) 1 0.9(4) 6.2(11) )
4353.8(5) (1) 1.2(4) 6.8(12) 11(2) | 4989.5(2) 1 0.6(2) 34(6) )
4368.1(7) 1 0.5(3) 5.5(11) (19) 5007.2(2) 1 0.7(3)  21.6(18) )
4391.0(6) 1 0.3(2) 6.3(12) 11(2) | 5034.4(2) 1 0.8(3) 32(5) )
4402.4(8) 1 0.8(4) 4.7(11) 7.8(19) | 5062.8(3) (2) 1.8(4) 12.3(13) )
4420.1(3) (1) 1.4(5) 7.6(11) 12 9(19) 5071.1(2) (1)  1.4(2) 13.9(12) )
4431.3(4) 1 0.8(4) 7.7(11) 13(2) | 5101.2(6) 1 0.7(4) 5.4(10) )
4462.3(4) (2) 1.7(5) 8.6(12) (13) 5109.2(9) (1)  0.6(6) 3.6(10) )
4516.7(1) 1 0.77(6) 41(2) 72(4) | 5123.7(9) (1) 6.2(13) )
4526.0(7) (1) 1.1(5) 4.8(10) 8.4(19) | 5135.9(1) (1) 1.04(11) 26.5(17) )
4537.7(8) (2) 1.7(8) 5.4(13) (14) 5150.0(12) 1 0.8(5) 5.1(13) )
4544.2(3) 1 0.64(14) 14.3(13) 26(3) | 5158.2(3) 1 0.71(12) 17.7(16) )
4559.4(3) 1 1.1(2)  15.5(16) 28(3) | 5169.5(3) 1 0.65(14) 13.8(13) )
4565.4(1) 1 0.71(6) 50(3) 89(5) | 5181.7(3) 1 0.68(11) 19.6(16) )
4576.9(4) 1 1.0(3) 10.9(14) 20(3) | 5190.3(5) 1 0.70(18) 11.8(13) )
4583.0(1) 1 0.72(6) 51(3) 93(5) | 5204.5(4) (1) 0.31(16) 11.1(13) )
4594.8(1) 1 0.73(8) 36(3) 67(5) | 5215.9(8) (1) 7.0(13) )
4600.5(16) (1)  0.7(7) 3.7(16) 7(3) | 5229.6(9) 1 0.4(3) 5.3(11) )
4622.7(6) 1 1.1(4) 7.6(12) 14(2) | 5241.2(6) 1 0.5(2) 7.7(12) )
4631.0(4) (2) 1.5(3) 13.0(15) 14. 5( 7) | 5264.2(6) 1 0.7(3) 9.2(14) )
4645.3(9) (1) 1.0(9) 9(2) 17(4) | 5271.1(6) 1 0.7(3) 9.4(14) )
4650.8(14) (1) 0.8(13) 7(2) 12(4) | 5277.5(3) 1 1.0(2) 14.4(14) )
4672.9(11) 1 0.5(4) 4.6(12) 9(2) | 5289.0(6) 1 1.0(4) 5.8(10) )
4680.9(6) (1) 1.4(3) 10.1(13) 19(3) | 5310.3(4) 1 0.65(16) 13.1(13) )
4688.9(1) 1 0.86(9) 4(2) 64(4) | 5324.0(3) 1 0.73(15) 15.3(14) )
4713.7(7) (1) 1.0(5) .8(11) 11(2) | 5335.5(2) 1 0.67(9) 23.4(17) )
4724.3(9) (1) 1.1(5) 7.4(18) 14(4) | 5347.7(1) 1 0.87(8) 34(2) )
4730.2(2) 1 0.89(12) 1(2) 60(5) | 5359.6(3) 1 0.60(12) 17.6(15) )
4743.3(5) (1) 1.3(4) 8.6(13) 17(3) | 5369.4(6) 1 0.5(2) 9.6(13) )
4750.0(4) 1 1.0(2) 12.0(14) 24(3) | 5382.3(10) 1 0.5(4) 7.5(16) )
4767.0(2) 1 1.03(16) 17.7(15) 35(3) | 5390.1(6) 1 1.1(3) 13.2(16) )
4781.5(8) (1) 4.9(12) 10(2) | 5402.1(1) 1 0.75(8) 37(2) )
4789.3(4) (1) 8.6(13) 17(3) | 5412.4(8) 1 0.4(3) 7.0(13) )
4800.1(4) 1 0.8(2) 10.9(14) 22(3) | 5435.3(6) 1 0.9(3) 9.0(13) )
4805.9(3) 1 0.65(13) 18.8(16) 38(3) | 5442.7(6) 1 1.0(3) 11.8(15) )
4812.7(2) 1 0.94(17) 15.9(14) 32(3) | 5449.4(6) (1) 1.3(4) 8.5(14) )
4822.7(5) 1 0.9(4) 6.7(11) 14(2) | 5467.0(3) 1 0.86(18) 12.8(13) )
4830.4(6) (1) 1.0(4) 5.6(11) 11(2) | 5502.5(4) 1 1.0(2) 12.3(13) )
4844.1(7) 1 0.8(3) 7.5(12) 15(3) | 5510.3(13) (2) 2.0(11)  5.6(14) )
4853.8(5) 1 0.8(2) 9.6(13) 20(3) | 5519.2(4) 1 0.76(13) 16.7(15) )
4865.9(3) (1) 1.22(19) 15.8(14) 33(3) | 5532.0(5) 1 0.81(17) 12.8(13) )
4878.1(3) 1 0.79(13) 17.5(15) 36(3) | 5547.7(3) 1 0.85(13) 18.8(15) )
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Table C.3: Observed transitions in **Mo (continued)

E, L 1?((1920700)) I FT% E, L 1?((1920700)) I F_g
keV eVb meV | keV eVb meV
5554.2(11) 1 0.4(3) 5.6(13) 15(4) | 6270.3(8) 1 0.7(3) 6.8(13) 23(4)
5584.7(4) 1 1.1(3)  10.4(12)  28(3) | 6278.5(1) 1 0.79(7)  33(2)  114(7)
5596.6(7) 1 1.1(3)  7.8(13)  21(4) | 6292.9(4) 1 0.77(17) 11.5(12)  40(4)
5604.5(12) 1 0.5(3) 6.1(13) 17(4) | 6310.1(15) (1)  0.9(6) 4.7(13) 16(5)
5612.5(1) 1 1.0(4)  15(3)  41(7) | 6321.0(9) 1  0.8(3)  18(3)  64(12)
5618.4(3) 1 0.84(18) 29(3) 80(9) | 6327.4(9) 1 1.1(3) 20(3) 70(12)
5656.3(5) (2)  1.9(6) 8.2(12) 14(2) | 6337.3(4) 1 0.9(2)  20.1(19) 70(7)
5670.5(1) 1 0.75(9) 25.3(18)  71(5) | 6354.1(2) 1 0.82(10) 27(2) 96(7)
5680.7(7) (1)  1.5(6) 8.7(17) 24(5) | 6365.4(19) (1)  0.8(6) 4.7(15) 17(5)
5686.3(5) 1 0.62(12) 18.2(18) 51(5) | 6375.4(5) 1 1.05(19) 16.1(16) 57(6)
5715.7(3) 1 0.89(18) 12.0(12)  34(4) | 6401.8(8) 1  0.8(4)  5.6(11)  20(4)
5725.1(3) 1 0.82(14) 15.3(14)  44(4) | 6414.1(4) 1 0.46(15)  19(2) 68(8)
5732.7(3) 1 0.82(13) 17.6(15) 50(4) | 6421.2(6) 1 0.70(19) 19(2) 68(7)
5742.4(7) 1 0.9(4)  5.9(11)  17(3) | 6426.4(9) (1) 1.2(5) 10.7(18)  38(7)
5754.9(12) 1 0.3(5)  3.8(11)  11(3) | 6433.9(5) 1  1.1(3) 10.1(14)  36(5)
5763.8(15) (1) 0.3(11)  4.9(17) 14(5) | 6458.8(6) 1 1.1(3) 9.9(13) 36(5)
5770.2(4) 1 0.5(4) 15(2) 43(6) | 6473.3(6) 1 0.49(14) 16(2) 58(7)
5784.5(10) 1 0.5(5) 3.7(11) 11(3) | 6483(2) (1) 1.1(7) 5.3(17) 19(6)
5798.0(3) 1 0.82(17) 12.6(12) 37(4) | 6497.4(6) 1 0.9(2) 10.6(14) 39(5)
5808.8(1) 1 0.78(7) 34(2) 99(6) | 6518.9(5) 1 0.75(17) 14.4(17) 53(7)
5819.5(15) (1) 54(17)  16(5) | 6526.4(3) 1  1.01(14)  26(2) 96(8)
5826.3(6)  (2) 1.5(5)  85(14)  15(3) | 6537.3(12) (1) 0.8(5)  4.4(11)  16(4)
5840.5(6) 1 0.92(28) 9.9(14) 29(4) | 6556.6(8) (1)  1.4(5) 5.4(11) 20(4)
5858.7(5) 1 0.52(18) 11.1(13)  33(4) | 6570.0(4) 1  1.0(2) 11.1(12)  42(5)
5879.2(2) 1 0.89(19) 22.8(18) 68(6) | 6596.8(4) (2) 1.8(4) 11.9(14) 27(3)
5900.8(6) 1 0.8(3) 8.1(12) 25(4) | 6612.3(17) (1) 3.4(12) 13(5)
5913.5(10) (1)  1.3(6)  5.7(12)  17(4) | 6622.1(4) (1) 0.47(12) 17.1(17)  65(7)
5920.9(8) 1 0.6(3) 6.9(12) 21(4) | 6628.1(5) (2) 1.7(4) 16.1(18) 37(4)
5947.6(2) 1 0.92(11) 20.9(15) 64(5) | 6640.8(3) 1 0.93(16) 15.1(14) 58(6)
5957.0(6) 1 0.8(3) 9.2(15) 28(5) | 6658.0(4) 1 0.80(13) 21.9(19) 84(7)
5963.8(6) 1 0.9(3) 9.3(15) 29(5) | 6668.9(2) 1 0.70(6) 47(3) 180(11)
5972.8(2) 1 0.77(13) 15.6(13)  49(4) | 6685.1(4) 1 0.93(13) 20.7(16) 80(7)
5988.7(4) 1 1.1(2)  11.4(13)  36(4) | 6699.1(11) 1 0.9(3) 7.7(13) 30(5)
6009.4(4) 1 0.838(19) 26(3) 82(9) | 6763.9(8) 1 0.9(4) 12(2) 46(8)
6019.3(11) (1)  1.2(5) 8.2(17) 26(6) | 6772.5(8) 1 0.9(3) 14(2) 57(8)
6035.3(8) 1 1.0(3) 7.3(12) 23(4) | 6790.4(10) 1 0.9(3) 20(3) 81(13)
6061.1(9) (2) 4(3) 6.9(17) 13(3) | 6797.3(9) (1) 1.3(10) 17(3) 67(14)
6065.7(7) 1 0.9(3) 13.4(19) 43(6) | 6807.7(10) (2) 2.5(22) 5.9(14) 14(3)
6071.9(12) 1  0.5(5) 7(2) 23(7) | 6829.2(3) (1) 1.07(14) 25.4(19)  103(8)
6082.7(3) 1 0.90(15)  21(2)  67(7) | 6844.3(11) (2) 1.6(6)  12(2) 28(5)
6089.1(4) 1 0.65(13) 18.5(19) 60(6) | 6851.0(15) 1 0.6(4) 7(2) 30(9)
6122.3(5) 1 0.58(17) 11.4(13) 37(5) | 6869.7(8) (1) 1.4(6)  4.8(11)  20(5)
6133.4(7) 1 0.43(18) 9.2(13) 30(4) | 6886.2(8) 1 0.9(4) 6.3(12) 26(5)
6146.9(9) 1  0.7(3)  5.8(12)  19(4) | 6892.9(4) 1 0.56(15) 12.4(14)  51(6)
6173.8(5) 1 0.71(19) 10.3(13)  34(4) | 6905.8(6) 1 0.7(2) 9.3(14) 39(6)
6194.3(1) (1) 0.58(5)  37(2)  124(8) | 6912.6(11) (1) 1.0(8)  12(3)  50(11)
6249.2(5) 1 0.69(18) 11.2(13) 38(5) | 6919.2(13) 1 0.6(3) 13(3) 55(12)
6257.4(2) 1 0.84(9) 27.7(19)  94(7) | 6924.6(10) (1) 1.4(10)  11(3)  48(13)
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Table C.3: Observed transitions in °*Mo (continued)

E, L 1?((1920700)) I FT(% E, L 1?((19 20;0)) I FT%
keV eVb meV | keV eVb meV
6933.9(12) (1) 6.1(16) 26(7) | 7525.8(6) 1 0.9(2) 13.6(15) 66(8)
6949.6(11) 1 0.6(4) 5.8(16) 24(7) | 7546(2) 1 0.8(5) 4.9(15) 24(8)
6957.4(11) (2)  1.7(9) 6.3(14) 16(4) | 7558.8(15) (1)  1.1(6) 6.2(15) 31(8)
6973.9(8) 1 0.7(4) 8.7(19) 37(8) | 7576.9(9) 1 0.8(3) 8.8(14) 44(7)
6980.8(12) (2) 2.2(13) 8(2) 20(5) | 7606.6(4) 1 0.56(10) 18.0(16) 91(8)
6994.2(5) (2) 1.7(4) 17(2) 43(5) | 7744.2(8) 1 0.8(2) 11.3(14) 59(8)
7000.9(5) 1 0.5(3) 11.2(15) 48(7) | 7758.1(10) (1) 1.4(4) 8.9(14) 46(7)
7018.0(6) 1 0.9(3) 8.2(12) 35(5) | 7771.2(12) 1 0.9(4) 7.0(13) 37(7)
7031.8(5) 1 0.6(3) 10.6(16) 45(7) | 7796.6(14) 1 0.6(4) 4.9(12) 26(6)
7037.5(10) (1)  1.0(6) 5.2(14) 23(6) | 7830.9(8) 1 0.7(2) 8.3(12) 44(7)
7059.9(11) 1 0.6(4) 3.6(10) 15(5) | 7862.8(7) (1) 0.44(13) 12.0(15) 64(8)
7067.8(3) 1 0.88(19) 11.7(13) 51(6) | 7875.1(6) 1 0.56(12) 19.9(19) 107(10)
7095.1(5) 1 0.6(3) 6.6(11) 29(5) | 7886.9(10) 1 0.8(2) 12.4(16) 67(9)
7103.2(7) (1) 1.1(4) 5.1(10) 22(5) | 7935.4(10) 1 0.7(3) 7.0(11) 38(6)
7115.0(3) 1 0.8(2) 9.9(12) 44(5) | 7955.4(6) 1 0.66(16) 11.1(13) 61(7)
7136.3(5) 1 0.8(3) 6.4(11) 28(5) | 7987.7(7) 1 0.65(16) 12.0(13) 66(8)
7171.4(7) (1)  1.4(5) 7.1(12) 32(6) | 8001.7(6) 1 0.51(13) 11.9(13) 66(8)
7181.2(9) (1) 1.0(5) 5.4(12) 24(5) | 8033.2(8) 1 0.61(16) 10.2(13) 57(8)
7194.1(3) 1 0.97(19) 15.3(15) 69(7) | 8051.9(6) 1 0.67(13) 17.0(18)  96(10)
7203.7(7) 1 0.5(3) 7.3(12) 33(6) | 8063.4(9) 1 0.8(2) 11.6(16)  65(10)
7219.1(9) (2)  1.5(7) 10(2) 28(6) | 8082.9(16) 1 0.5(2) 6.7(14) 38(8)
7225.1(13) (1)  0.7(8) 5.0(15) 23(7) | 8095.5(11) 1  0.55(18) 12(2) 68(11)
7299.3(5) 1 0.56(17) 10.2(13) 47(6) | 8107.7(12) 1 0.6(3) 8.7(18) 50(11)
7312.0(3) 1 0.67(10) 19.3(15) 90(7) | 8127.3(10) 1 0.7(2) 7.7(12) 44(7)
7330.5(3) 1 0.58(11) 15.6(14) 73(7) | 8194.0(9) 1 0.9(3) 9.2(13) 53(8)
7357.4(6) 1 0.70(19) 10.9(14) 51(7) | 8208.4(6) 1 0.80(13) 19.6(18) 115(11)
7380.0(7) (1) 1.3(4) 9.0(13) 43(6) | 8217.8(6) (1) 0.48(10) 17.0(18) 100(11)
7403.0(8) 1 0.7(2) 9.3(13) 44(7) | 8238.2(9) 1 0.58(19) 7.6(11) 45(7)
7450.3(10) 1 0.6(2) 7.8(14) 38(7) | 8256.7(14) 1 0.7(3) 6.0(13) 36(8)
7470.7(4) 1 1.01(17) 17.3(16) 84(8) | 8269.2(6) 1 091(17) 15.9(16)  95(10)
7486.9(7) 1 0.47(17) 26(4) 125(17) | 8283.2(6) 1 0.84(16) 17.1(17) 102(11)
7494.5(11) (1)  1.3(3) 20(3) 98(14) | 8294.1(13) (1) 1.2(7) 6.9(16) 41(10)
7503.2(12) (2)  1.9(8) 11(2) 31(7)
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Appendix D

Photoabsorption cross sections up to
the (v,n) treshold

Photoabsorption cross sections o, up to the neutron-separation energy in 92Mo, %Mo and '°Mo
obtained from the analysis described in Subsection 5.2.2 of the photon-scattering experiments at F.

= 13.2 MeV.

Ey  0,(%Mo) 0,(®Mo) o,(1%Mo) | Ex o,("*Mo) o,(®Mo) o, (*""Mo)
MeV mb mb mb MeV mb mb mb
4.1 1.7(10) 8.7 8(9)
43 1.6(10) 1.8(9) 89  10(10)
45 0.9(10) 2.1(9) 9.1 9(9)
4.7 0.5(11) 1.9(9) 9.3 15(8)
4.9 1.7(13) 2.4(10) 9.5 17(8)
5.1 1.8(13)  24(10) | 9.7 13(7)
5.3 1.6(13) 2.5(10) 9.9 20(7)
5.5 25(15)  2.6(11) | 101 15(6)
5.7 3.9(16)  3.3(12) | 103 14(6)
5.9 3.3(16)  3.2(12) | 105  15(5)
6.1 2(3) 4.6(18) 3.9(13) 10.7 15(6)
6.3 1(3) 47(18)  4.2(14) | 109 11(5)
6.5 1(3) 59(19)  37(14) | 111 15(5)
6.7 1(5) 3.7(18)  4.1(15) | 113 18(5)
6.9 2(5) 5(2) 52(17) | 115 19(5)
7.1 6(2) 51(17) | 117 18(6)
7.3 6(2) 5.6(17) 11.9 15(5)
7.5 2(6) 5(2) 6.7(15) | 121 18(6)
7.7 3(7) 7(2) 5.5(12) 12.3 18(6)
7.9 2(8) 6(2) 6.0(11) | 125  16(7)
8.1 7(8) 8(2) 6.5(11)
8.3 6(9) 9.3(18)
8.5 2(9) 9.7(11)
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Branching ratios By for transitions to the ground state result from ~-ray simulations for “2Mo, Mo
and Mo up to the neutron-separation energy.

EX B0(92M0) BO (QBMO) BO (1OOMO) EX BQ (QQMO) BQ (QBMO) BQ (1OOMO)

MeV %0 %0 %0 MeV %o %0 %0
405 66(28) 70(23) 78(19) | 845  35(8) 21(2)
415 72(27) 74(19) 78(17) | 855  35(8) 19.6(19)
425  67(29) 75(20) 78(15) | 865  34(8) 19(2)
435 67(26) 72(17) 78(15) | 8.75  35(5)
445  64(26) 74(16) 77(16) | 885  33(5)
455  68(24) 74(16) 76(14) | 8.95  33(5)
465  63(24) 73(13) 76(13) | 9.05  33(5)
475 65(25) 74(13) 76(11) | 9.15  32(5)
485  68(23) 71(13) 74(12) | 9.25  31(4)
495  66(23) 72(11) 73(11) | 935  32(4)
505  65(23) 71(11) 72(11) | 945  32(4)
515  66(20) 69(10) 71(10) | 955  31(4)
525  66(23) 69(11) 69(9) 9.65  31(4)
535 64(19) 67(11) 68(10) | 9.75  30(4)
545  62(19) 66(10) 67(9) 9.85  30(4)
555  68(18) 65(10) 64(9) 9.95  30(3)
565  61(19) 63(9) 62(8) | 10.05  29(3)
575 63(19) 62(9) 62(9) | 10.15  29(3)
585  61(16) 60(8) 59(8) | 1025  28(3)
595  62(16) 58(8) 59(7) | 1035  27(3)
6.05  62(16) 57(8) 57(7) | 1045  26(3)
6.15  60(16) 54(7) 55(6) | 10.55  25(3)
6.25  60(14) 54(7) 53(7) | 10.65  24(3)
6.35  59(14) 53(6) 51(6) | 1075  23(2)
6.45  53(15) 51(6) 48(6) | 10.85  22(2)
6.55  57(12) 48(6) 46(6) | 1095  21(2)
6.65  53(13) 46(6) 45(6) | 11.05  20(2)
6.75  52(13) 44(5) 42(5) | 1115 19.4(18)
6.85  53(13) 42(5) 41(5) 11.25  18.2(19)
6.95  52(13) 41(5) 38(5) | 11.35 17.3(18)
7.05  51(11) 39(4) 37(4) | 1145  16.4(18)
715  50(11) 37(5) 35(4) | 11.55  15.3(15)
7.25  48(10) 36(4) 33(4) 11.65  14.5(13)
7.35  47(10) 34(4) 31(3) | 1175 14.0(14)
745  47(11) 32(4) 30(3) 11.85  13.2(14)
7.55  44(10) 31(3) 28(3) 11.95  12.2(12)
7.65  43(10) 29(3) 26(3) | 12.05 12.1(12)
775 43(9) 28(3) 25(2) 1215 11.2(9)
785 41(9) 27(3) 24(2) | 12.25  10.4(9)
7.95  40(8) 26(3) 22(2) | 1235 10.3(9)
8.05  39(8) 24(2) 21(2) | 1245  9.5(10)
8.15  38(8) 23.1(19) 20(17) | 1255  8.8(8)
825  37(8) 22(2) 18.8(18) | 12.65  8.9(8)
8.35  36(7) 21(2)
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