TECHNISCHE
@ UNIVERSITAT
DRESDEN

Determination of the v-Ray-Angular
Distribution in the Inelastic Scattering of
Fast Neutrons on “YFe at NELBE

Master-Arbeit
zur Erlangung des Hochschulgrades
Master of Science (M.Sc.)
im Master-Studiengang Physik

vorgelegt von

MIRCO DIETZ B.Sc.
geboren am 02.10.1989 in Zwickau

Institut fiir Kern- und Teilchenphysik
Fachrichtung Physik
Fakultat Mathematik und Naturwissenschaften
Technische Universitat Dresden
2016

Die Master-Arbeit wurde in der Zeit von Januar 2015 bis Februar 2016 im Institut fiir
Strahlenphysik, Helmholtz-Zentrum Dresden-Rossendorf angefertigt.



Eingereicht am 18.02.2016:

1. Gutachter:

2. Gutachter:

Betreuer:

Prof. Dr. Kai Zuber

Technische Universitidt Dresden
Zuber@physik.tu-dresden.de

PD Dr. Daniel Bemmerer
Helmholtz-Zentrum Dresden-Rossendorf
d.bemmerer@hzdr.de

Dr. Arnd R. Junghans
Helmholtz-Zentrum Dresden-Rossendorf
a.junghans@hzdr.de



Contents

1. Introduction and Motivation
2. Theoretical Ideas

3. Experiment
3.1. ELBE - Center for High-Power Radiation Sources . . . .. ... ... ... ...
3.2. nELBE - Neutron Time of Flight Facility . . . . .. .. ... ... ... .....
3.2.1. Photo-Neutron Source . . . . . . .. .. .. ... ..
3.3. Angular Distribution Experiment . . . . . . .. ... Lo
3.3.1. The Setup - Target, Detectors and Fission Chambers . . . . . ... ...

4. Data Analysis

4.1. Energy and Efficiency Calibration . . . . . . .. .. .. ... ... .. ... ..

4.2. Gain Stability of Detectors . . . . . . . . . ... oo

4.3. Time-of-Flight Calibration . . . . . . . . .. .. .. ... . ... ...

4.4. Data Analysis Procedure . . . . . . . . . .. oo
4.4.1. ToF Channel Dependent Dead Time Correction . . . . . .. . ... ...
4.4.2. ~-Ray Energy to Neutron Energy Correlation . . . ... .. ... .. ..
4.4.3. ~-Ray Spectra and Peak Fitting . . . . . .. .. .. ... ... ... ...

4.5. Simulated Correction for Detection Efficiency and y-Ray Self-Absorption
4.5.1. Simulated Setup of Experiment . . . . . . . .. ... ...
4.5.2. Interaction Point of Inelastic Scattering . . . . . . .. .. ... ... ...
4.5.3. Geometric Correction for Extended Source Efficiency . . .. .. ... ..
4.5.4. ~-Ray-Self-Absorption Effect inside the Target . . . . . . . . ... .. ..

4.6. High-Resolution v-Ray Intensity Data. . . . .. .. .. ... ... ... .. ...

5. Results and Outlook
6. Summary
A. Appendix

Bibliography

10

16
16
17
18
21
21

24
26
30
31
32
34
35
36
41
41
44
45
46
48

51

61

63

70

il






Abstract

The inelastic neutron scattering reaction on °°Fe was studied at the nELBE time-of-flight facility
of HZDR. The incoming neutron energy ranges in the fast neutron spectrum from 100 keV to
10 MeV, where high precision nuclear data are needed. Regarding the recent CIELO evaluation
on 5°Fe, there is a great interest in improving the knowledge of inelastic scattering angular
distribution and increasing the resolution on the few literature data of gamma-ray-angular
distribution.

To investigate angular distributions of the emitted ~-rays, a new detector setup has been
installed. It contains five HPGe detectors and five LaBrs scintillation detectors, which can be
set under different angles. For this measurement they were positioned under 30°, 55°, 90°, 125°
and 150°, relative to the beam axis. By cyclical measurement with and without the natural
Fe-target the intrinsic and the neutron induced background from the setup, except the target,
has been subtracted. Corrections for gamma-self-absorption inside the target and extended
source efficiency were achieved using GEANT4 simulations.

The ~-ray-angular distribution data measured with the HPGe detectors are compared with data
from D. L. Smith, Argonne, 1976. Due to the much better time resolution in LaBrs detectors
high resolution data have been obtained and very interesting resonant structures have been
observed for the vy-ray-angular distribution. In the end, the influence of angular distribution
coefficient a, is demonstrated by a anisotropy correction factor for experiments, using only one
detector under an angle of 125°.



Zusammenfassung

Die inelastische Neutronenstreureaktion an °°Fe ist an der Neutronenflugzeitanlage nELBE
(HZDR) untersucht worden. Ein schnelles Neutronenspektrum im Bereich von 100 keV bis tiber
10 MeV wird genutzt, um bendtigte hoch-aufgeldsten Kerndaten in diesem Bereich zu ermitteln.
Es besteht ein grofses Interesse, mehr Kenntnisse {iber die Winkelverteilung der inelastischen
Streureaktion zu erlangen und die Auflosung der wenigen y-Winkelverteilungen in der Literatur
zu erhohen, wie die aktuelle CIELO-Evaluation nahelegt. Um die Winkelverteilungen der emit-
tierten ~’s zu bestimmen, wurde ein neuer Detektoraufbau verwendet. Fiinf HPGe Detektoren
und fiinf LaBrs Szintillations-Detektoren wurden unter 30°, 55°, 90°, 125° und 150° relativ
zur Strahlachse aufgestellt. Der intrinsische und neutroneninduzierte Untergrund des Messauf-
baus, aufser dem Target selbst, wurden mit zyklischen Messungen mit dem Target innerhalb und
aufkerhalb des Neutronenstrahls reduziert. Korrekturfaktoren fiir y-Selbstabsorption im Target
und die Effizienz einer ausgedehnten Quelle wurden mit GEANT4 simuliert. Die von HPGe-
Detektoren gemessene v-Winkelverteilung wurde mit Ergebnissen von D. L. Smith verglichen.
Aufgrund der viel besseren Zeitauflosung der LaBrs-Detektoren konnten hoch-aufgeloste -
Winkelverteilung mit sehr interessanten resonanten Strukturen gemessen werden. Letztlich
wird der Einfluss des Koeffizienten a4 durch einen Korrekturfaktor fiir Experimente mit nur
einem Detektor unter 125° gezeigt.



1. Introduction and Motivation

Neutrons are important probes for nuclear structure and for nuclear-reaction mechanisms. Stud-
ies of processes with neutrons have often suffered from the difficulty of producing sufficiently
intense neutron beams with the required energy. Nuclear reactions such as d +t — “He + n,
"Li+p — "Be+n etc. have been used to produce reasonably intense neutron beams by exploit-
ing kinematic focusing, which is especially effective in a narrow energy region. Cross section
measurements over a wide energy range have been mainly performed by using time-of-flight
tagging after the neutrons are produced from pulsed electrons (ORELA at ORNL, GELINA
at IRMM /Geel) or from protons (LANSCE at Los Alamos, nToF at CERN). According to the
flight paths of 20 to 200m and the repetition rates of 0.4 to 800 Hz realized at these installa-
tions the usable energy range goes down to some eV by using a target moderator combination
and the energy resolution is in the 1% region at 1 MeV neutron energy. At CERN nToF about
10* — 10° neutrons per s cm? are available at the target per energy decade. The CERN-nToF
collaboration has a additional flight path of 20 m, where ~ 107 neutrons arrive — however, only
with 5% energy resolution. In these four installations, the y-rays necessarily produced with the
neutrons arrive at the target some ns to us before the neutrons. The much larger instantaneous
photon flux results in a “flash" causing problems for the detection of the products from the
neutron bombardment, which often are registered in devices that are also sensitive to photons.

ELBE is the first superconducting linear accelerator worldwide also used for neutron produc-
tion. A great advantage is the permanently present radiofrequency that allows the acceleration
of nearly any pulse repetition rate delivered by the electron gun. With the repetition rate of
100kHz and a flight path of roughly 8 m, up to 2-10° o arrive at the target. At ~ 1MeV,

a resolution AE/FE of ~ 1% is reached with detectors of ~ 1 ns time resolution.

The neutron spectrum of the photoneutron source nELBE [BBE*13] is similar to the spectrum
of fission neutrons, which makes nELBE especially suited for the research of importance for
the design of nuclear power and transmutation equipment using unmoderated neutrons. First
experiments are aimed at targets of iron, which are easily available in quantities of grams and
which are important e.g. as structure materials. The inelastic neutron scattering cross section
and the total neutron cross section of fast neutrons are the most important quantities in a
transmutation facility, such as a Generation IV reactor.

In earlier neutron-scattering experiments at nELBE, the time-of-flight (ToF') signals of incoming
and inelastically scattered neutrons were detected. Energy spectra of the scattered neutrons
obtained from the ToF measurement were used to determine the (n,n'y) cross section. In a



pilot experiment, one high-purity germanium (HPGe) detector was used to measure the v-rays
emitted from excited states in *°Fe in inelastic neutron scattering. This measurement required
the determination of the time-of-flight of the incident neutrons only. The analysis of the high-
resolution gamma-ray spectra resulted in the determination of scattering cross sections for
individual excited states in ®Fe. The results were published in [BSH14]. In this experiment,
the detector was positioned at 125 degrees relative to the incident neutron beam. At this
angle, the Legendre polynomial of second order has a zero, which reduces the effect of angular
distributions of the gamma rays on the cross sections.

However, as discussed in [BSH'14|, the Legendre polynomial of fourth order may cause a
considerable deviation from isotropy at 125 degrees. This deviation affects the deduced cross
sections and needs correction. Experimental information about the angular distributions of
~v-rays following scattering of fast neutrons is scarce and inconsistent. Hence, there is also little
knowledge about the influence of angular distributions on cross sections. To obtain precise
experimental information about the angular distributions of the ~-rays, their intensities at
various angles relative to the incident beam are measured.

This thesis presents experimental results of the measured angular distributions of y-rays emitted
in the *Fe(n,n'y) reaction. For this purpose, a special detector setup has been installed at
nELBE. The setup is discussed in detail in sec. 3.3.1 and shown in fig. 3.4. It comprises five
HPGe detectors at angles of 30°, 55°, 90°, 125° and 150°, respectively. In addition, LaBrs
scintillation detectors are positioned at the identical angles in the other hemisphere. The usage
of both detector types with all the advantages and disadvantages will be explicitly outlined
with the analysed experimental spectra.

Furthermore, a closer look follows at literature detailing inelastic scattering on °Fe and its
angular distribution. Thereafter the required theoretical background and the experiment are
described. The main part delves into the data analysis and in the end, the achieved results are
shown. The references used are listed in alphabetical order at the end of this thesis.

Gamma-ray and neutron angular distribution studies from
the literature

A compilation of literature on experimental and theoretical studies of neutron inelastic scat-
tering on %°Fe and its angular distribution gives an overview of previous work:

A detailed description of the history of the investigation on the inelastic scattering reaction
from neutrons can be found in [MF63]. In the 1930s, contributions came from P. Auger, who
suggested an observed inelastic scattering reaction near his neutron source, D. Lea [Lea35]
studied the behaviour of neutrons passing through matter and thereby producing ~-rays and
Seaborg et al. [SGG37| finally proved, by observing the slowed down neutrons, that the ~-rays
were definitely caused by inelastic scattering.



In 1956, Day |[Day56| determined first yields and cross
sections of the few known states of different Fe iso-
topes at that time. Because of the structural use in
reactors, iron was studied in the second half of the last
century quite intensely. Next to investigations of the
thermal neutron region, there were many experiments
of elastic and inelastic scattering of fast neutrons (keV
- MeV) in the 1970s. The measurements of Barnard
et al. [BVE'68], Voss et al. [VCK71] and Dickens
et al. [DMP73] are still of value today, because they
either determine cross sections over a wide MeV range
(from threshold to 20 MeV) or gained high-resolution
data (which are not easily achievable although the
experimental technology is much better today). The
measurements were often carried out with one lithium
doped germanium (Ge|Li])-detector, which was set
up under 125° and partial cross sections were deter-
mined. By assumption of isotropic scattering, these
were normalised with 47 to the total cross section of
inelastic scattering. However, some groups also mea-
sured angular distributions, either from gamma rays
or the scattered neutrons:

The crucial work of D. L. Smith [Smi76] in 1976
gives ~-ray angular distributions at eleven differ-
ent incident neutron energies from 0.93 to 2.1 MeV,
each energy measured at mostly 12 different an-
gles. It pointed out significant influence of the
fourth order Legendre polynom and an energy de-
pendence of the first ~-transition. Other re-
sults are only found for neutron angular distribu-
tions for neutron energy of 1088, 1236, 1311keV
by Barnard [BVET68|, which have a close to
isotropic shape typical for elastic scattering of neu-

tron proceeding mainly through s-waves. An-
other results of Korzh et al. (1977) [KMM™*77]
at E, = 15 20, 25 and 3.0 MeV (p-t-

source) show very diverse data and the neutron
angular distributions have a maximum close to
90°.
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For higher neutron energies above 4 MeV, there are only angular distribution results of the
scattered neutrons from the 846.8keV excitation level from Kinney and Perey [KP70| and
Boschung et al. [BLS71] with 4.2 < E), <8.6MeV and from D. Schmidt et al. [SMKN94| with
9.4 < F, < 15.2MeV. In general, the angle dependence of inelastic scattering was studied up
to 25 MeV by Marcinkowski et al. [MFRP*83] in 1983.

In total, there are several experimental results over a wide range of fast neutrons, but they all
are studied with “(quasi-)monoenergetic" neutron beams, which tend to have a lower energy
resolution due to the limited intensity possible and the energy loss of the beam in the neutron-
producing target (see tab. 3.2 and sec. 3.2.1). To gain y-angular distribution data with high
energy-resolution by using a white neutron source and time-of-flight technique is one focus of
this work, which will be compared mostly with the main work of Smith for the 15 excited state
of *°Fe.

Important to mention are the most recent results on the inelastic scattering cross section.
High-resolution data from the Institute of Reference Materials and Measurements (EC-JRC-
IRMM) in Geel, Belgium, were presented by Negret et al. [NBD*14], who measured under
110° and 150° and a flight path of 200 m with the Gamma Array for Inelastic Neutron Scatter-
ing (GAINS). These data have an excellent time-of-flight resolution and result with a neutron
energy resolution in one per mill range. The results from recent experiment at HZDR were
published also in 2014 by Beyer et al. [BSH*14|. This was the pilot experiment of this work
as mentioned before.

To investigate total inelastic cross sections by only measuring under two specific angles a Gaus-
sian Method was presented in 2002 by Brune |Bru02| and it is often used at IRMM e.g. by
Negret. Pursuant to the experiments, some early theoretical works were done on “Angular
Distribution of Scattering and Reaction Cross Section" by Blatt and Biedenharn [BB52| and
“...of Nuclear Reaction Products" by G. R. Satchler [Sat56] and “...on Angular Correlation in
Inelastic Nucleon Scattering”" by E. Sheldon [She63] in the 1950s and 1960s.

In 1952 Hauser and Feshbach presented “the Inelastic Scattering of Neutrons" [HF52] and over
the years a statistical theory of compound and direct reaction with including angular distri-
butions has been developed, published by Feshbach et al. [FKK80] in 1980 and continuously
refined. The theoretical understanding of inelastic scattering is based on the statistical model
of nuclear reactions and on scattering theory of nuclear collision. Quite recent papers were
published on the random-matrix theory on compound nucleus scattering reactions by Mitchell
et al. [MRW10] in 2010 and by Kawano et al. [KTW15| in 2015. Basic concepts of them will
be discussed in sec. 2.



CIELO-Project

A considerable amount of data was measured in the past for °Fe as well as for natural iron.
Searching on EXFOR [EXF], more than 600 entries for 5°Fe can be found.

The CIELO project - Collaborative International Evaluated Library Organisation, focused on
neutron reactions of 'H, 0, 56Fe, 2352380 and #Pu [CDB* 14| - was founded to join forces and
build the first international evaluated data base. Among other things, they aimed to evaluate
that huge amount of iron data. In October of 2015, there was a [-release of their new evaluated
iron file [CIE]. This shows the current activities and ongoing interest on this *Fe-topic. In
November 2013, there was a central workshop on NEMEA and CIELO, from which the following
interesting discussions and quotations are taken.
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Figure 1.2.: The cross section in the fast neutron region for important reactions are plotted,
such as (n,el), (n,7), (n,inl), and (n,n'). Plots are taken from [HTB13].

To understand different processes in %6Fe-related experiments, the cross sections of possible



reactions are compared in fig. 1.2. Basically the cross section of elastic (n,el) and inelastic
(n,inl) scattering are at the same order of some barns and the probability of (radiative) neutron
capture (n, ) is two or three orders of magnitude lower. Moreover the inelastic scattering cross
section is dominated by the (n,n')-reaction, which means inelastic scattering with excitation of
the first state. Similiar sharp peak structures are indicators for excited states in the compound
nucleus (see sec. 2) and should be observable in every decay channel, if the resolution is sufficient.
The proceedings of Herman et al. [HTB13] pointed out two interesting things about the neu-
tron angular distributions:

“RECENTLY, A LOT OF ATTENTION HAS BEEN PAID TO ELASTIC AND INELASTIC ANGULAR
DISTRIBUTIONS SINCE, IN THE PAST, THEIR IMPACT ON THE INTEGRAL PERFORMANCE OF
THE EVALUATIONS HAS NOT BEEN PROPERLY RECOGNISED." and that “IMPROVING ELAS-
TIC AND INELASTIC ANGULAR DISTRIBUTIONS WILL BE ONE OF THE MAJOR CHALLENGES
IN THE CIELO EVALUATION". In the neutron angular distribution of elastic scattering, big
disagreements are found between data and evaluation, as shown in fig. 1.3.
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Figure 1.3.: Disagreements between evaluated and experimental data in the neutron angular
distribution of elastic scattering on *°Fe are shown.

In [II13], neutron angular distributions for inelastic scattering are found for F, = 5MeV
and E, = 14MeV for neutrons from the first excited state (see fig. 1.4). It is again pointed
out, that “THE DIVERSITY OF THE MEASURED ANGULAR DISTRIBUTIONS IS RELATIVELY
LARGE, AND THUS WE CANNOT JUDGE WHICH LIBRARIES ARE BETTER TO REPRODUCE
THE EXPERIMENTAL DATA. MUCH EXPERIMENTAL EFFORT IS NEEDED TO INCREASE THE
ACCURACY OF NUCLEAR DATA FOR THE INELASTIC SCATTERING ANGULAR DISTRIBUTIONS".
Although the quotation is about the angular distribution of scattered neutrons, a comparable
observation is made by studying the literature of y-angular distributions. For example, the
JENDL 3.3 evaluation [JEN] is based on inelastic scattering data from Voss et al. [VCKT71|



from 1971 and only on the ~-ray-angular distribution data from D. L. Smith [Smi76]. Thus
the results of the y-angular distributions can also contribute in this current ongoing evaluation,
because no high-resolution data is yet available and found in the iron-file [CIE|.
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Figure 1.4.: Some angular distribution data of inelastic scattering for high neutron energy of
E, = 5MeV and E, = 14MeV are taken from [II13].



2. Theoretical lIdeas

Angular Distribution - Part |

In nuclear spectroscopy, the analysis of angular distribution is an important tool to determine
the spins of states and the v-ray intensity. Assuming a nuclear system with two states, an
excitation with sufficient energy will populate the higher energetic state. Depending on the life
time of the state, it will de-excite into the lower state by emission of a v-ray. Both states have
certain physical properties, which are described by quantum numbers. Mainly, there are the
angular momentum l spin § and total momentum j = [+ 3. These quantum variables are not
independent and can be described by less variables - j and §. Every state has also a parity m,
which describes the reflexion symmetry of the wave function, if all spatial coordinates change
their sign. De-excitation gammas will carry the energy E, = E; — E¢, where E; and E; denote
the energies of initial and final state, respectively. The gamma radiation is described by a
multipole expansion with [ > 1 (the spherical wave with [ = 0 is forbidden). Common notation
is a dipole transition for [ = 1, a quadrupole transition for [ = 2 and for [ = 3 an octupole
one. To specify the multipole character, the angular distribution is studied, which has a typical
projection respective to a quantization axis, that is implied in the experiment by the projec-
tile beam axis. Depending on the parity changes, the transitions are also divided in electric
and magnetic transition (E1/E2 and M1/M2), which are linked to certain shapes of angular
distribution All these features of an angular distribution were used in gamma spectroscopy
to extract properties of observed transitions as one possibility to reconstruct level schemes of
nuclei often step by step from ground state. In this experiment the known 2* — 0T transi-
tion of 847 keV in 5°Fe will be studied, which is an E2-transition, but this will be discussed later.

Angular distributions are also important in the determination of cross section, because they are
the link between total and differential cross section. The cross section o defines the probability
of certain reaction between e.g. projectile a and target b (eq. 2.1). It depends on the fluence of
incoming projectiles @, hitting the target, the areal density of possible scatter centres Ny, the
amount of reactions taking place N [PRSZge, p. 44]. In this experiment most of the quantities
also depend on the time-of-flight /energy of the incoming projectile.

N(ta)

Bulta) - Ny 21)

O'b(ta) =

10



It has to be taken into account if the projectile beam and the target size are matched. As a
result of the use of detectors with a finite opening angle in the experiment the cross section is
measured mostly for certain solid angle interval, which generates the differential cross section
g—g. This often depends on the angle between the neutron beam and the detector. To draw
conclusions on the total cross section an integration over the differential cross sections is needed:

do L do
ot = —dN =2 —d(cos 6). 2.2
Otot /47r a0 77/ a0 (005 ) ( )

-1

The following expansion with Legendre polynomials gives the normalized angular distribution
W(0) [Bru02|.

do Otot

0= W(e) with (2.3)
W(0) =1+ a;Pi(cosb) (2.4)

In most nuclear physics experiments only few Legendre polynomials are requested to describe
the data sufficiently and the first P;(z = cos @) are listed here and plotted until the fourth order
in fig. 2.1.
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Figure 2.1.: Plot of the first Legendre Polynomials up to
to fourth order.
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Inelastic Scattering on °°Fe and Compound Nucleus
Reactions
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Figure 2.2.: A partial scheme of *Fe is shown - with highlighted transition energies observed
in this experiment. (taken from [BSH'14])

As laid out inelastic neutron scattering reaction on °°Fe is the central topic of this work and it
is shown in different notations:

Fe(n,n'y)* Fe

{56Fe +n — (°"Fe*) —» 5°Fe* + 1’ @7

S6Fe* 356 Fe 4~

%Fe and natural iron were studied extensively and now 21 states with energy, momentum,
parity and spin are more or less known until < 4 MeV excitation energy [NND|. By closer
look at the level scheme in fig. 2.2, it is obvious that the first transition is very important and
a significant indicator for the inelastic (n,n’y)— reaction, because it is populated also by the
decay of almost every higher state. Why should the first transition of *Fe (E., = 846.7keV)
be studied, if it is a known 2+ — 0T transition and a quadrupole transition is expected? The
reason is that the expectation will not be fulfilled in the sense of constant parameters.

D. L. Smith [Smi76] measured fluctuations in the ay and a4 coefficients with varying neutron
energy. He gained eleven escalating neutron energies £, (< 2MeV), decreasing parameter ay
and alternating a4 (see table 5.1). The interest of this work will be higher (£, + resolved
angular distribution data. A further question is what is the explanation for the discrepancies
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of non-constant parameters of the same transition, which is up to 2 MeV the only one in the
inelastic scattering channel?

Analysing of nuclear reactions theorists distinguish neutron induced reactions depending on
neutron incident energy and the resulting intermediate state.

For neutron energy (E, < 20MeV) [MRW10] a “Compound Nucleus" is formed with lifetime
7~ (107 — 1071%) s [Ber07, p. 274]. For higher neutron energies so called “direct reactions"
take place, because the lifetime would be 7 ~ 10722 s, which coincides with the time a particle
needs traveling through the dimensions of the target nucleus. Of course, this is just a model
idea. Moreover, these two extreme cases overlap or play a major or minor role in every nuclear
reaction. But the angular distribution of reaction products allows to distinguish the reaction
mechanism! Direct reactions scattered particle are forwards peaked. In Compound Nucleus
reactions there is a symmetry around 90°.

Niels Bohr, Nobel laureate in 1922, well-known for having created one of the first atomic models
based on quantum physics, hypothesized in 1936 |[Boh36|, that the projectile is captured and
forms an intermediate compound nucleus, whose decay is independent from its formation due to
its relatively long life-time. In the experiment, the compound nucleus "Fe* is formed after the
incident neutron hitted the *°Fe, which can be described as shown in fig. 2.3. In the Compound
Nucleus there is a continuum of states above the separation energy Si,.

To model this continuum of states, one says that spacing D between two adjacent states is
smaller than the width I' of the states, so that they overlap. If D >> I' discrete states above
S, can be populated and will appear as a “resonance" in the cross section - a sharp, often
high, peak. Mainly well described in elastic scattering theory in the epithermal region (eV),
one can extract information from the properties of this resonant states, e.g. s- or p-waves. This
describes the angular momentum of the incident neutron or particle with { = 0 (s) and [ = 1
(p) forming the compound nucleus.

Different population of exited or continuum states in Compound Nucleus can have an influence
on the inelastic scattering process and beyond. This could explain different angular distribution
of one transition, because the properties like [ and s of the incoming and outgoing neutron will
influence state exitation in the compound nucleus.

The compound nucleus reactions have higher impact at low energies and are often connected
with their characteristic symmetry on angular distribution about 90° due to the conservation
of parity during the reaction. This fact limits W (6) to only even terms of P;(cosf).

The resonant structures, which will also be presented in sec. 5 might result from two possibili-
ties. At low energies these structures can be explained by resolved resonances as it was indicated
before. At energies above about 1.4 MeV neutron energy the resonant structure can be inter-
preted as Ericsson fluctuations. These fluctuations were first described by T. Ericson [Eri60].
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Ericson fluctuations can be traced back to chaotic scattering in the regime of strongly overlap-
ping resonances and can be explained by random-matrix theory (e.g. [MRW10]). The recent
measurement of the inelastic scattering cross section by Negret et al. [NBD'14] at GAINS
was analyzed in terms of the level structure of the compound nucleus. Up to a neutron en-
ergy of about 1.4 MeV the spacing of the observed resonant structures in the cross section
corresponds approximately to the level spacing expected from a Backshifted Fermi-Gas Model.
Above 1.4 MeV the resonant structures in the inelastic cross section have a larger spacing than
the increasing level density predicts. Therefore, it can be assumed that the observed structures
are Ericson fluctuations in the cross section. Finally the angular distributions should show the
same fluctuations.

A+1X

Figure 2.3.: An inelastic neutron scattering reaction in compound nucleus model is shown.

14



Angular Distribution - Part Il

In a typical experiment for inelastic neutron scattering the target atoms in their ground states
(spin parity 07) are randomly oriented and a neutron beam impinges from a particular direction.
After formation of the compound nucleus the nuclei (°"Fe*) are again in a state of well defined
spin and parity, but they are not randomly oriented since the compound nucleus has been
prepared by absorption of a neutron on beam direction.

As a consequence radiation or particles emitted from the compound nucleus state will not be
isotropic but correlated with the direction of the incoming beam. The incoming neutrons and
the emitted neutrons have well defined spins and parities depending on how the intermediate
compound nucleus states can be formed, e.g. s-waves, p-waves ...

By selecting a certain v-transition, the spin parity of the residual state in the target nucleus
is fixed. The quantum mechanical laws for the addition of angular momentum determine
completely the y-ray angular distribution, which generally depends on the angular momentum
couplings possible.

For inelastic scattering to the first 2% — O"-transition of *Fe the angular correlations are
determined by:

0t L Jim 2t - ot (2.8)
As it was pointed out, the incoming neutron particle with j; is not irrelevant and to investigate

the evidence Smith published, angular distributions will be measured with great interest at
narrow incident neutron energy windows.

do N, o(E,, ALE,)
og(E,, AE,) = 0 (E,,AE,) = & (B

The differential cross section (eq. 2.9) depends on neutron energy as well as the contributions of
the number of y-rays N, ¢ under certain angle 6 and the incoming neutron fluence ®,,, which is
the number of neutrons hitting the target, depend on the neutron energy. The (areal) density
of the target atoms n,; is determined by the iron sample.
The advantage of angular distribution is its relative measurement as ratio of differential cross
sections, which will be explained in sec. 5 in detail. Relying upon the conservation of parity,
the angular distribution shortens to only even orders of P, with ay and a4 mainly and the data
will be fitted with:

(2.9)

W(0) =1+ as(FEy)Py(cos ) + as(Ey) Py(cos0). (2.10)

An expectation of the author is that the experimental results can give a motivational feedback
for the theoretical process to get a deeper understanding of the inelastic scattering reaction and
its compound nucleus states to describe the angular distribution of y-rays from exited states
with all the observed anisotropies - depending on the incident neutron energy.
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3. Experiment

In this chapter the complete facility, beamline and setup of the experiment is described in detail
with parameters and visualization.

3.1. ELBE - Center for High-Power Radiation Sources

The center for high-power radiation sources ELBE is a major multi-user facility at Helmholtz-
Zentrum Dresden-Rossendorf (HZDR). ELBE is the superconducting Electron Linac for beams
with high Brilliance and low Emittance, which can operate on constant mode of 24 hour and
7days a week. Electron bunches up to 77 pC are released by a pulsed injector with an energy
of 250keV and up to a 13 MHz repetition rate into the main accelerator. This consists of two
linacs working with superconducting Nb cavities, which are cooled with helium to 1.8 K and
have an operation frequency of 1.3 GHz. The two nine-cell radio frequency(rf) cavities with
gradient of 15 MV /m each can accelerate the electron beam up to maximum 40 MeV. Other
main beam parameters are listed in table 3.1.

The time structure will be handed to secondary radiation, which can be adjusted for different
requirements. ELBE has different beamlines for fundamental application and physics experi-
ments, which are listed on the next page:

Table 3.1.: Main parameters of the ELBE Linac. Parameters used in this work are given in a
separate column.

Parameter ELBE | this Experiment
Electron beam energy [MeV] 8 —40 30
Max. bunch charge [pC] 7 7
Max. average beam current [pA] 1000 7.7
Normalized transverse emittance [mm mrad| (rms) 20 not measured
Normalized longitudinal emittance [keV ps|(rms) 140 not measured
Micropulse duration |ps] 1-10 1-10
Micropulse repetition rate [kHz] 13000 101.325
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The electron beam can be used for detector tests especially timing resolution on the
picosecond time scale.

FELBE - Free-Electron Laser is 4—150 um coherent infrared radiation pulsed with 13 MHz
repetition rate for solid state & material research.

~vELBE - Bremsstrahlung up to 20 MeV is used in nuclear physics cave to study interesting
nuclei with high energy photons (if necessary also polarized ones).

nELBE - Neutron Time of Flight experiments to study transmission, fission and elastic
and inelastic scattering reactions.

pELBE - Positrons are used in positron spectroscopy for material research to investigate
defects in crystalline material using the ~-rays from the e*e™-annihilation.

Laser-particle acceleration (electrons or ions) is a new application investigated currently
for medical therapy uses.

The D-T-neutron Generator operated by TU Dresden uses 14 MeV neutrons for fusion
research.

n N -
optical laboratories
|
C— I ] neutron ELBE
T ‘_’ ’ H laboratory "
I r<g sl
| | l o [ree electron laser (IR) D-T-Generator
T : i R
THz facility =T
accelerator hall K. v o VUes
Vg % = %o sS° @ Laser Compton Backscattering
(Fr-pv D = = o GEED = =.é‘$ = OSEEODLS ST e=me =9 - S| [ Laser Blectron Acecleration
1, cnae? £ > a 0 Neu=
Ia— 4 3
SRF gun
| = s =iy
——1  RF generator nuclear S 424 ‘,’ Laser I
accelerator physics X-rays| positrons e i
" radiation physics 77| pos ® 100 TW Laser 150 TW Laser Acceleration
electronics - | |||
1 PW Laser

Figure 3.1.: The floor plan of the ELBE building is shown.

3.2. nELBE - Neutron Time of Flight Facility

The nELBE - Neutron Time of Flight Facility is a quite new white neutron source, established
at ELBE, HZDR. Tt’s the first photo-neutron source worldwide using an electron beam from
superconducting linear accelerator (linac). The ELBE building was expanded in 2013 and the
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Table 3.2.: The “Big Four" reactions for quasi mono-energetic neutron beams. Mostly solid
targets are used, but also gas targets are possible. E, range is an example with a 7MYV Van-
de-Graaf, which is placed at IRMM, Geel.

Reaction Reaction (short) | Q-Value [MeV] | Energy range E, [MeV]
p+Li— "Be+n Li(p,n)"Be —1.644 0—5.3
p+°*H —3He+n T(p,n)*He —0.764 0—6.2
H+2H — %He +n D(d,n)*He +3.269 1.8 -10.1
2H +3H — ‘He+n | T(d,n)'He +17.59 12.1 — 24.1

new experimental hall of 9.3x6x6m has a lower background than the old one due to the in-
creased distance to the wall. With a flight path of 5 — 11 m ToF-experiments with neutron
energies of some 100 keV up to 10 MeV are possible.

3.2.1. Photo-Neutron Source

As free neutrons decay quickly (7, = 880.0 + 0.9s according to [K.A14]), neutron beams must
be produced using nuclear or photonuclear reactions. The first method of these two possibilities
is the usage of so called “quasi" mono-energetic neutron reactions of light nuclei with protons
or deuterons, given in tab. 3.2. Fach reaction has a certain range, where the emitted neutron
energy is a single valued function of the emission angle, which depends on the reaction kine-
matics. The energy resolution of such a neutron source is mainly determined by the energy-loss
and straggling of the projectile inside the target due to its thickness, which also mainly affects
the outgoing neutron flux.

The second method uses a continuous neutron spectrum produced by an electron beam imping-
ing on a heavy target of uranium or lead. The so called “white neutron source" emits neutrons
in a large energy range, and this energy will be determined by the “Time-of-Flight"-technique
(see section 4.3).

To generate the neutron pulses, the very short electron bunches of ELBE are partly stopped
in the dense, high Z material lead. This produces bremsstrahlung and neutrons are emitted by
following (-, n)—reactions. The volume of the neutron radiator framed by a molybdenum tube
has a very small size of 1cm?, to avoid broadened neutron pulses through multiple scattering.
Almost perpendicular to the forward peaked bremsstrahlung, the isotropic emitted neutrons
are guided though a collimator in the 2.5 m heavy concrete wall. With borated polyethylen(PE)
and lead tubes, the free neutron beam is collimated to target position and the neutron/photon
ratio can be improved by different absorbers before the collimator. A berylium entrance window
ensures the separation of the vacua between ELBE-beamline (107 mbar) and neutron radiator
(1 mbar). The high power deposition of the electron beam would melt a solid target regardless
of Z, so that a liquid lead circuit driven by an electromagnetic pump and a heat exchanger was
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Figure 3.2.: Visualizations of the photo-neutron-source. (designed and constructed at HZDR)

developed. A detailed description of the liquid lead loop plus all the nessecary surroundings as
a very compact photo-neutron source is given in [ABFT07], where the figure 3.2 is taken from.

nELBE - Parameters and Comparison with other ToF-Facilities

As the currently world’s only neutron source at a superconducting electron linac, there are a
lot of benefits, such as the time structure of the accelerator and repetition rates in the order of
MHz, a great amount of bunches in a second can be used, if the electronic of experiment can also
handle the occuring data. In table 3.3, there is a comparison of neutron sources worldwide. The
resulting neutron flux and the energy resolution is a trade off between flight path, production
target plus its dimensions, the accelerator power and resulting source strength and the time
resolution of detectors (amongst others see equation 3.1).
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Table 3.4.: Overview of experimental distances of the setup. The detectors were mounted on a
circle with 30 cm radius to the front face of the detectors. The target is mounted with an angle
Otarget = 109.5° to the neutron beam axis.

Equipment distance to source [mm]|
end of vacuum beam pipe 5119
HZDR Uranium fission chamber (front) 5847
PTB (H19) Uranium fission (center) 6232
target position 8300

Table 3.5.: The natural abundances of stable iron isotopes [NND], the target is composed of.
Isotope | Abundance [%]
e 91.754 £ 0.036
YFe 5.845 4+ 0.035
>TFe 2.119 £ 0.010
%Fe 0.282 4+ 0.004

3.3. Angular Distribution Experiment

To study the angular distribution of v-rays in an efficient way, a special setup and number of
detectors is requested. In the 1970s, the group of D. L. Smith [Smi76| used only one (Lithium
doped)- Germanium detector and switched postion and neutron energy for every new setting.
It took probably some months to complete the experiment. The ANL fast neutron generator
produced quasimonoenergetic neutrons. The experiment might also have been possible at an
electron accelerator. But the "Li(p,n)"Be neutrons with their resolution of 50keV were well
suited for the use with a HPGe detector.

Today, beam times are shorter and a more efficient experiment is designed with a number of
several different detectors (see fig. 3.3 and 3.4), employing a white neutron spectrum and the
time-of-flight technology.

3.3.1. The Setup - Target, Detectors and Fission Chambers

The target forms a cylindric disk of natural iron with 79.5 mm diameter and 4.5 mm thickness
and its mass is determined as 172.103 g. In table 3.5, the isotopic abundances of iron are listed.
The v-ray angular distribution from *Fe(n,n’y) can be investigated quite well due to its high
natural abundance and an enriched target is not necessary.

At flight path s = 8300 mm, the target is positioned and in 300 mm circular distance ten de-
tectors were set up (see fig. 3.3 and 3.4). Five lanthanum bromide scintillation (LaBrs) and
five high-purity germanium (HPGe) detectors are mounted under angles of 30°, 55°, 90°, 125°
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Figure 3.3.: Floorplan of the new nELBE facility. The insets show a sideview of the liquid kead
circuit, where the photoneutron source is located, a cross section of the Mo tube, the neutron
beam collimator consisting of Pb and borated PE elements and the experimental setup for y-ray
angular distibution measurements using five HPGE and five LaBr;s scintillation detectors.

and 150°, relative to the beam axis. The scintillation detectors are very fast(At ~ 300 ps) and
read out with Hamamatsu R2059 photomultipliers. The HPGes are semiconductor detectors
and for high resolution v-spectroscopy they have to be cooled with liquid nitrogen (77K) to
reduce the leakage current and noise. At nELBE, this can be realized with an automatic filling
and observation system.

In front of the target, two fission chambers were placed (distances listed in table 3.4). Both
chambers are based on fissile *°U and can measure the absolute neutron flux to determine
energy differential cross sections for inelastic neutron scattering. H19 is a standard fission
chamber from PTB (“Physikalisch-Technische Bundesanstalt", Braunschweig), which is used as
a reference in many neutron related experiments. The other fission chamber was constructed
at HZDR with a different design and needs the reference for its absolute calibration. Due to
the fact that their data are not yet analysed in this work, they are not further discussed here,
but more information can be found in the related PhD-thesis of Toni Kogler [K16].
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Figure 3.4.: New setup to study angular distributions with LaBrs and HPGe detectors.

In a ToF experiment, the neutron energy resolution is not only dependent on the source and its
distance, but also on the detectors used. The relativistic equation (3.1) shows this connection

5 oty (3) + () n

with At &~ 1ns as time resolution of (detector + accelerator) and Ad the uncertainty of the
flight path. The flight path is a trade-off between the energy resolution and the neutron flux
at the measuring point. It was chosen in order for target size and neutron beam spot size to
match.

In the past, beam profil and size was investigated by Beyer et al. [BBE*13] for the nELBE
facility. With a well shaped profile and the linear equation (3.3), the neutron beam size of
(80 &+ 1) mm is in good agreement with the target diameter. For the analysis, it is generally
assumed that the target was homogenueous and larger than the neutron beam.

d=a+b-1 with a=—55(4)mm; b=0.103(1) % (3.2)
dpeam (! = 830 cm) = 80 + 1 mm (3.3)
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4. Data Analysis

The experiment and data acquisition was done from the 15™ to 24" of September in 2014.
Repeated measurements with target in- and outside the neutron beam were performed to de-
termine the neutron induced background through a substraction afterwards. Moreover there
were background and ~y-calibration measurements without neutron beam. The total data in list-
mode-data(lmd)-files add up to almost 300 GB. Two programmes, developed at GSI Darmstadt,
were used: MBS (Multi-Branch-System) for data acquisition, which enables fast data transfer
in self-structured lmd-files and Go4 (plus some ROOT scripts) for data analysis (Manuals are
found in [EK10] and [AMATB™15]). After removal of files with small gain shifts (sec. 4.2) 1440
Imd-files were used in the analysis, which result in the experimental periods shown in table 4.1.
The following calibrations were carried out:

1. energy calibration (sec. 4.1)

2. efficiency calibration including a simulation of the extended source geometry
(sec. 4.1 and sec. 4.5.3)

3. Test of gain stability of the detectors in data taking (sec. 4.2)
4. Time-of-Flight (ToF) calibration (sec. 4.3)
5. ToF channel dependent dead time correction (sec. 4.4.1)

After the calibrations, the correlation between v-ray energy and neutron time-of-flight (ToF)
is considered (sec. 4.4.2). With projection to different neutron energy regions, the yield of
the 847keV 7-transition is deduced by a Gaussian fit procedure (sec. 4.4.3) and the correction
for the different detection efficiencies. Furthermore, the absorption of v-rays inside the target
material is simulated for each detector and with this correction, neutron energy dependent ~-ray
intensities are calculated. Finally by a normalisation to 90° data ~y-ray-angular distributions
are achieved for different incident neutron energy resolution depending on the type of detector
(sec b).

24



Table 4.1.: Measurement periods of the used data.

Typ of measurement Times [h]
Target inside beam 103
Target outside beam 38
sources & background (without beam) 59
sources:
137Cs 2.2
0Co 2.7
88y 4.8

Table 4.2.: Energy calibration of the five lanthanum bromide detectors (LaBrs).

A linear fit function of £, = f-Q[ch] + b was used.

detector | number | factor f [*¥] | offset b [keV]
LaBrs 01 7.922 £0.035 | —414.9£6.0
02 7.546 £0.014 | —277.3£24

03 7.869 £0.013 | —340.3 £2.2

04 7.768 £0.054 | —426.4 £8.9

05 7429 £0.031 | —435.8 £5.4

Table 4.3.: Energy calibration of the five High-Purity Germanium detectors (HPGe).

A linear fit function of £, = f-Q[ch] + b was used.

detector | number | factor f [V] | offset b [keV]
HPGe 01 1.0523 £0.0004 | —76.8£0.4
02 1.0503 £ 0.0003 | —74.1£0.3

03 1.0618 £0.0003 | —89.2£0.4

04 1.0444 £0.0002 | —66.6 £0.2

05 1.0406 £0.0001 | —59.9+£0.1
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4.1. Energy and Efficiency Calibration

Gamma-ray interact with the detector material by photo-effect, compton scattering and/or
if the energy is above 1.02 MeV pair production. The electron-ion pair created in the HPGe
crystal or in the LaBrs create a charge signal or a flash of scintillation light respectively. Each
HPGe charge signal is integrated by the preamplifier and a spectroscopic amplifier and digitized
by a peak sensitive ADC charge. A fast timing amplifier is used to create a timing signal using
a constant fraction discriminator (CFD) and digitized by a multi hit multi event TDC. The fast
PMT signals of the LaBrs scintillators are splitted passively. The timing signal is also created
by constant fraction discriminator. The signals are put on a QDC and a multi hit multi event
TDC. Most of the data analysis result from the time and charge information of these converted
signals. In the first step, an energy calibration of each detector will be carried out and the
efficiency of particle detection will be determined.

Therefore, measurements with the typical v-ray calibration point sources 3"Cs, °Co and %Y
were done and the measurement periods are shown in tab. 4.1. From received v-ray spectra, the
mean channel and their uncertainty of the known ~-ray lines, which are tabulated in table 4.4,
are obtained by fitting a Gaussian peak function. The results of the linear energy calibration
can be found in table 4.2 and 4.3.

Efficiency Calibration

With the help of the calibration source measurements, the absolute photopeak efficiency can
be determined experimentally. This efficiency is required to determine the numbers of emitted
~-rays from the inelastic scattering reaction to be studied. The difference between the absolute
efficiency €., and intrinsic efficiency €, is, that the former is calculated as the ratio of the
number of recorded pulses divided by the number of v-rays emitted from the y-ray-source, while
the latter is determined from the ratio relative to the gamma-rays incident on the detector.
The relation between them is

Qae
€abs = €int * (ﬁ), (4.1)

where 24.¢is the solid angle extented by the detector. The formula for the determined experi-
mental (absolute) efficiency is shown in Eg. 4.2.

N ea. €
M(Ew) (4.2)

N. ~,source

€(E7> =

The area of a Gaussian fit of the photopeak gives the numbers of y-rays detected Npeak det- The
emitted y-rays of the source result from their activity Apeas at the time of measuring, their
half-life 71/, and the exposed time t;c.s. Knowing the numbers of decayed nuclei there are
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branching ratios d, which describe the probability of a y-ray emission of certain F,. In total
this determines the number of emitted y-rays IV, source:

tQZTStDp Tstop t
N, souree = 6+ Nuceny = 0 A(#)dt = 54, / ai(5) "
t1=Tstart Tstart
T1/2 1 tmeas
=0Ap- 1—(=z) "~ 4.3
v |- ™ (13)

An assumption of uncorrelated uncertainties between § and Ngecay leads to eq. 4.4. However,
for the calculation of numbers of decay a correlation between activity and half-life is used,
so the Gaussian uncertainty propagation is shown in eq. 4.5. The 1o uncertainty for source
activity was taken from their certifications. An overview of the results is listed in table 4.4.

A6 ANy
AN. source — N. source © | —=— T ﬂ) with 4.4
Y Y ( 6 Ndecay ( )
AAO 2 ATI/Q 2 Tmeas 2 AT1/2 2
ANgecay = + | N? — AT eas - (1/2) T2 —= 4.5
decay decay < AO ) + < T1/2 + 0 (/2) T1/2 ( )

The efficiencies (listed in tab. A.1) for the five different y-ray-energies are calculated with less
than 2% uncertainty. These results are fitted for each detector with a polynomial of 2°¢ order
(see fig. 4.1) to determine the efficiency values at the interesting E. from inelastic scattering.
Due to the fact that the first three transition in %°Fe have very similiar v-ray energy to the
calibration sources, their uncertainties were chosen with 2% from the physical point of view
instead of using the higher mathematical uncertainties from the fit parameters. The results for
E., = 847keV are shown in tab. 4.5.
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Table 4.4.: Efficiency related parameters are shown, which are described in eq. 4.3 and 4.5. T%
and 0 values are taken from NNDC [NND].

source | number T% Aot [kBq] reference date measure date Ameas [kBq]
37Cs AY 723 30.08 £0.09y 42.50 +0.57 | 01/07/93 12:00 | 23/09/14 11 : 33 | 26.06 + 0.35
50Co NU-157 | 1925.28 £0.14d | 41.90+0.63 | 01/11/05 12:00 | 23/09/14 13 :49 | 13.01 £0.20

88y 1714 — 92 | 106.63 +£0.03d | 36.81 +£0.37 | 01/04/14 12: 00 | 24/09/14 10:21 | 11.73 +0.12

source | tmeas [h] Niecay E, [keV] 0 N, source

137Cs 2.24 (2.100 £ 0.029) - 10% | 661.657 £ 0.003 0.851 + 0.002 (1.787 £ 0.029) - 10°
50Co 2.69 (1.259 +0.019) - 10® | 1173.228 +0.003 0.9985 + 0.0003 (1.257 +0.019) - 108
1332.492 + 0.004 | 0.999826 + 0.000006 | (1.259 +0.019) - 108
88y 4.81 (2.030 £ 0.020) - 108 | 898.042 + 0.003 0.937 £ 0.003 (1.902 £+ 0.025) - 108
1836.063 4+ 0.012 0.992 + 0.003 (2.014 £ 0.026) - 10®

Table 4.5.: The fitted efficiency values atthe transition energy of the 15 excited state of °Fe,
847 keV are shown. A factor of 107 has to be applied.
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HPGe | 30° | 55° | 90° | 125° | 150°
€sar | 726 | 11.77 | 10.53 | 11.52 | 11.22
Aesyr | 0.15| 024 | 0.21 | 0.23 | 0.22
LaBrs | 30° | 55° | 90° | 125° | 150°
esa7 | 4.88 [ 15.79 | 15.17 | 15.34 | 15.57
Aegy7 | 0.10 | 032 | 0.30 | 0.31 | 0.31
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Figure 4.1.: A selection of efficiency values are shown and fitted. The other detectors have very

similar effeciency as the upper curves.
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4.2. Gain Stability of Detectors

During a several day long measurement, the gain stability of scintillation detectors using PMTs
must be monitored in order to be able to use time independent gates in the accumulated his-
tograms (fig. 4.6) from the list mode data analysis. The electron capture decay of 3®La in the
LaBrj crystal leads to the emission of a 1436 keV ~-ray. Most of the time it sums up with a
32keV x-ray to 1468 keV. This intrinsic activity [NCB*07]|, together with the 1460keV from
40K decay of the environment, has been used as a marker for the gain stability of the detectors
used. The peak was analysed with amplitude, mean, width and x? of a Gaussian distribution
to every file, which accords in average to a five minutes interval.

In contrast to other experiments [Reil6], a good gain stability was found here. Through the
data taking of six days, only two short drifts in the LaBrz detector set up under 90° (see fig. 4.2)
were observed. Hence, files with a mean value outside of one width were not taken into account
of the analysis (see appendix fig. A.1). With 120 rejected compared to the 1441 used files, there
was overall a stable data taking and the strong conditions to cut instabilities shall only ensure
fixed width and no gain drifts in the data. The application of gain matching in this case would
not be worthwhile, if most of data can be analysed without it.
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Figure 4.2.: The mean value of intrinsic background peak (1460 keV) position in [ch| is recorded
for all five LaBr3 over all Imd-files for testing gain stability.
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4.3. Time-of-Flight Calibration

The kinetic energy of fast neutrons can be determined by measuring over a known flight path.
their time-of-flight using a pulsed neutron beam. In the described experiment of the ~-ray
angular distribution, the neutron time-of-flight (ToF) is determined by the timing information
deduced from the LaBrs and HPGe ~-ray detectors using a multi hit multi event TDC. The
sum of a time-of-flight is measured for a flight path of about s; = 8.3 m from the source to the
target and the known ToF of the v-rays from the target to the detector position s, = 0.3m. The
absolute scale of the ToF is determined by the measurement of the ToF of bremsstrahlung from
the photo-neutron source to the detectors. The ToF. is determined assuming a direct flight
path (s1) of the neutrons or bremsstrahlung from the source to the target and then an emission
or a scattering of y-ray to the detector (sq). It is measured relative to the radiofrequency signal
of the accelerator. The time-of-flight of the y-flash (T'0F’) is used to determine the absolute
scale and to correct for the unknown internal TDC offset and cable length(t).

S
TOF,Y:tW—i-t»yQ—th — ?14_1572_’_%
s
ToF =1t +ta+t, =ty +tyo+ (ToF, — ?1 1)

ty = ToFyq — ToF, + % (4.6)
C

The kinetic energy of neutrons is calculated by equation 4.7 with its actual time-of-flight ¢,.
It is obvious that the energy resolution is influenced by the flight path measurement and the
timing features of the detectors.

o N
1_<S_1)2

th*C

1 (4.7)

Ekin,n = myC

The ideal tool to understand the neutron time-of-flight spectrum is the LaBrs scintillator due
to its excellent time resolution of &~ 300 ps (o). The raw peak position in TDC units, depicted
in fig. 4.3, still depends on cable lengths for example and thus different detectors can not be
compared directly. However, by comparison of the TDC spectra of “target in" and “target
out" of the beam, the assumed gamma flash is found, which is sometimes separable depending
on angle of the detector. For detectors under backward angles, the difference between the
gamma flash from the assumed flight path and from the diversed path is observable. One
possibility of the diversed path would be a scattering inside one of the fission chambers. A
simple approximation based on Pythagoras is done to calculate the difference of time-of-flight
of y-rays being scattered at the center of the fission chambers and take a shortcut (s3) to the
detector without any interaction with the target (see tab. 4.6). Due to its worse time resolution,
the gamma flash in the HPGe spectra was more challenging to fit and a comparison of “target
in" and “target out" spectra is added in the appendix (fig. A.3).
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Figure 4.3.: The gamma flash of LaBr; with target in (red) and out (black) of the beam. Time
scale is in TDC units of 24.414 ps/ch, which will be further converted into ns. The differences
are shown in path length and time in table 4.6.

Table 4.6.: The peak means of the LaBrs gamma flash spectra, shown in fig. 4.3, and the
theoretical calculated different ToF (Ay,) of straggled y-rays at the center of the fission chambers
are listed. The approximation shows the same trend, which supports the understanding of the
“gamma-flash".

| 6[°] | chyi | chye | Aegp [ch] | Ay, [ch]

1| 30 | 14584 — — )
21 55 | 15189 — — 16
31 90 | 15053 | 15102 49 38
41125 | 14960 | 15054 94 62
5 | 150 | 15005 | 15107 102 76

4.4. Data Analysis Procedure

The Data Acquisition (DAQ) system was adapted to record the signals from all ten detectors
and the two fission chambers simultaneously. The schematic is shown in appendix fig. A.2. The
LaBr; and HPGe time signals are converted by a multi hit multi event TDC.

The respective energy signals are converted by a QDC(LaBrs3) with a gate length of 150 ns and
a peak sensing ADC (HPGe) with a gate of 6000ns. Each detector is allowed to trigger the
DAQ and initialize an event, so that energy and timing information from all detectors is written
to a list-mode data file. The data structure of these files is programmed by the MBS software.
In addition, scaler values of detector rates, data rate, trigger rate and real, live and dead time
were recorded to monitor the experiment and to determine the dead time correction, inter alia.
As each detector triggers the DAQ), the spectra of all other detectors that did not trigger in
the same event contain the zero value in the QDC (ADC) spectra. Moreover, coincident back-
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ground ~-ray can increase the amount of trigger hits in one event, which is avoided by allowing
only events with one trigger hit in the analysis.

Further details of the MBS data structure, the DAQ itself and electronics can be found in the
PhD thesis of the beamline scientist R. Beyer [Bey14|.

To visualize the data analysis, a (process) scheme is shown in fig. 4.4. According to the self-
defined MBS file structure, the raw data are unpacked and arr by histograms for QDC/ADC and
TDC information for every detector. The time-of-flight (ToF) signals are gained through the
accelerator reference time. After some calibration, the event correlations between the neutron
time-of-flight and the ~-ray energy in the QDC/ ADC are accumulated in 3D plots. These
are corrected with a global ToF-channel dependent dead time factor, as described in the next
section. By a subtraction of “target in" and normalized “target out" spectra, the interesting
spectra (fig. 4.6) are obtained for each detector. According to the time-of-flight technique,
~-ray spectra are projected for neutron energy windows. By analysing and fitting these, y-ray
intensities Ny(E.,, AE,) of transitions from inelastic scattering are determined depending on
the incident neutron energy.

[ Experiment with electronics ]

— MBS T~

( QDC/ADC- and TDC- raw | [

Scaler: time, rates,

data of detectors, accelerator signal, ...

L accelerator reference time

i Uncalibrated time-of-flight )

ToF,, QDC/ADC
J a; ToF-channel dep.
dead time correction

N

[ ToFvs obCiADC

Live time normalisation*

J

18Q0I©

Detector (event)

&
<€

" Projection Gamma-ray

Figure 4.4.: Data analysis scheme.
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4.4.1. ToF Channel Dependent Dead Time Correction

At the photo-neutron source nELBE, a pulsed beam of electrons produces bremsstrahlung in a
liquid lead target and at the same time neutrons by photonuclear reactions. Due to the short
flight path, the bremsstrahlung arrives after almost 28 ns at the target position. About 140ns
later, the neutrons start to arrive. After about 2 us, the slowest neutrons have arrived and the
sequence is repeated with a new electron bunch from the accelerator every 10 us. The dead time
per trigger event is approximately 15 us. As the instantaneous rate of bremsstrahlung quanta
and neutrons is not constant, the dead time correction due to data acquisition dead time per
trigger event is time-of-flight dependent and not a constant factor.

The dead time of each event is recorded in the list-mode data. Consequently the distribution
of blocked time-of-flight intervals for all accelerator periods can be derived from the list-mode
data analysis, see fig. 4.5. The ratio of possible unblocked periods to total accelator signals will
be the inverse correction factor (see eq. 4.8). A detailed concrete description of calculation of
the dead time correction factor a; for each ToF channel was first published in [BBE*13].

Nacc - Nblock,i

Nacc

3 = o -
0.9 —
= Target OUT -
0.85 :_ toa=115491s _:
0.8— -
0.75— —
— Target IN 1
= t,, = 349008 s 7
07— —
0.65— —

; | | \10\00| L \20\00| L ‘30|00‘ L ‘40|00‘ L \50\00\ L IBO‘OOI L \70\00| L ‘BO‘OOI L \90\00\

Figure 4.5.: The ToF channel dependent dead time correction factor «; is shown and is in
compliance with average livetime of 71% “target" in and 89% “target out" - calculated from the
electronic Logbook. On the x-axis the uncalibrated relative ToF is used.

In fig. 4.5 a; of every ToF channel is shown for “target in” " and “target out” " data. Lower
«; means higher rate of blocked events, because the DAQ was more busy, as it is obvious for
“target in” " measurements. A calibration of the gamma flash, which corresponds to the falling
edge, is not made, which results in the (stepped) shape from a merging of different TDC offsets
of every detector. That’s why the relative ToF was used in the analysis. The rising edge around
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5500 ns results from the end of each dead time (fgead,event = 15 is), which blocks also most of
the following accelerator period.

4.4.2. v-Ray Energy to Neutron Energy Correlation

The main part of the analysis is the measurement of the ~-ray-spectra as a function of time-
of-flight. In fig. 4.6 typical ~-ray spectra of a LaBrs scintillator and a HPGe detector are
shown.
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Figure 4.6.: 2D-spectra demonstrate the relation between detected y-ray energy and neutron
ToF /energy. The upper panel shows the spectrum from LaBrs and the lower panel one from
HPGe - both under an angle of 55°.
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First of all, the advantages of both detectors type are obvious. The LaBrs gives an excellent time
resolution, which results in a sharp vertical ridge around 28 ns, the ~-flash. This corresponds
to events triggered by the bremsstrahlung from the electron beam hitting the photo-neutron
source. The backscattering of bremsstrahlung from the beam dump forms the “after pulse" at
t, ~ b5ns. Horizontal ridges in the range of about 170 ns and 650 ns correspond to ~y-rays from
inelastic scattering of neutrons from the target. Horizontal ridges uncorrelated with time-of-
flight are caused by background or intrinsic radioactivity, in particular the “°K decay or **La
electron capture in the lanthanum bromide. Besides the limited ~y-ray energy resolution, the
intrinsic background is a downside of the LaBrj.

With higher energy resolution of the HPGe detector, more ~-ray lines from inelastic scattering
are identifiable and the detector has no intrinsic background. The disadvantage is a worse time
resolution, which broadens the gamma flash in a tremendous way.

Although the data are accumulated in histograms, the event information of the correlation
between v-ray and neutron energy is still available. To investigate that, windows are set on
the ToF and therefore on the incident neutron energy. Interested in inelastic scattering on
%Fe, neutrons from around 800 keV until 12500 keV are taken into account, which means ToF-
gate from 671 to 171ns. From 3D-spectra the y-ray spectra are projected to determine the
~-ray intensity based on certain ToF or rather F, window. In that way, the correlation will be
analysed for a 10 ns ToF-binning of the HPGe, and a 1 — 2ns binning for LaBr3 data. In the
following, the center neutron energy with its resolution will always be indicated for spectra and
angular distribution data.

4.4.3. v-Ray Spectra and Peak Fitting

The typical y-ray spectra from both detector types are shown in fig. 4.7. One can differentiate
between y-rays from excited state of iron and intrinsic or ambient radioactive decays. Especially
in the HPGe spectra, many important detectable y-ray energies are marked and most of them
can be connected with exited states of *°Fe (see level scheme in fig. 2.2). Focusing on the first
transition, the spectra of all neutron induced events are analysed to sample the photopeak. The
847 keV-peak is fitted with a Gaussian peak (area, mean and width) and a linear background
(offset pp and slope p;) in a narrow window around the peak region. Because the analysis is
done with the original QDC/ADC-spectra, they are also shown here.
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(a) QDC-spectra of the LaBrs detector under 55°. The first three exited states from °°Fe are
observable with adequate energy resolution. The background subtraction seems to overestimate the
background in the 1460 keV region. This might be attributed to a small change in the effective energy
resolution in the “target in" and “target out" measurements.

” __HPGe 2 (559
S sl 5
210° e |
© = @ = Difference

10 I g

10° E 88 2 g e

10°

- Fe-54
100 | | I Rl ..., I
1000 2000 3000 ADC /ch 4000

(b) ADC-spectra of HPGe under 55°

Figure 4.7.: For mostly all neutrons from 800 to 12500 keV, the accumulated v-ray spectra are

shown for both detector types exemplary.

37



Table 4.7.: Mean value and width (1) of Gaussian fitted 847 keV-peak for each detector.
HPGe | 30° | 55° | 90° | 125° | 150°
mean [ch] | 878.5 | 877.0 | 881.7 | 874.6 | 871.2

width [ch] | 1.55 | 1.34 | 1.42 | 1.67 | 1.76

LaBrs | 30° | 55° | 90° | 125° | 150°
mean [ch] | 159.5 | 148.3 | 150.7 | 163.9 | 172.3

width [Ch] 2.13 1.92 2.20 2.19 2.17
3 3
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Figure 4.8.: The y-ray peak of 847 keV is fitted with full counting statistics of mostly all neutron
energy from 800 to 12500keV. Left panel: LaBrs detector (55°). Right panel HPGe detector
(55°).

Peak Determination at Low Counting Statistics

With increasing neutron energy above 1 — 2MeV, the neutron flux decreases and the ~-rays
from inelastic scattering are registered with lower counting statistics. Also near threshold of
inelastic scattering and for the 90°-detector, the peak areas are determined with highest uncer-
tainties due to low yield. In order for the fitting routine to converge, the width of the Gaussian
is fixed to the respective value determined with high counting statistics (see fig. 4.8 and tab. 4.7).
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Figure 4.9.: HPGe spectra with fitted ~v-ray peak of 847keV in 10ns binning is shown. A
window on neutron ToF is set from 573 to 583 ns, which complies to F, = 982 + 16 keV. The
neutron induzed background at 834 keV from scattering on Germanium crystal is discussed.

In the analysis of HPGe spectra, an interesting angle dependent effect was observed. The
background under the 847 keV peak contains an additional peak. Neutrons, mostly elastically
scattered from the target, undergo an inelastic scattering reaction in the Ge crystal. From the
™@Ge(n,n'y) reaction y-rays with an energy of 834 keV are emitted. There is a high efficiency
to detect these reactions as they occur inside the detector. For this reason, the recoiling ?Ge
nucleus adds energy to the photopeak of the y-ray. Due to the angular dependence of the scat-
tering cross section, the 834 keV plus recoil energy form a triangular shape - typical for neutron
interactions on HPGe detectors. A more detailed description of neutron induzed background
in Germanium detector is found in [FMP96].

In fig. 4.9 HPGe spectra are shown from for- and backward angles. Although the efficiency of
the 30° detector is lower, looking at the main peak, there are almost 300 counts per channel in
the Ge-background peak. Compared to 150° with &~ 150 counts per channel, this background
phenomenon is lower under backscattered angle, which confirms its origin from elastic scattered
neutrons. Unfortunately, this effect was not studied using another target, for example Nickel,
which has similiar cross section and was used by Negret et al. at IRMM, whose spectra is
attached (fig. A.4). They did not see a major influence on the background, but measured only
under angles of 110° and 150°.
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To improve fitting of the background, the range is adjusted so that its left side handles the
peak and a broad triangle shape is assumed. The dependency of the triangle shape on neutron
energy is not covered by this routine and could be one possible explanation for some remaining
irregular occuring asymmetries.
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Figure 4.10.: LaBrs spectra with fitted y-ray peak of 847keV in 2ns binning is shown. A
window on neutron ToF is set from 527 to 529 ns, which corresponds to E, = 1166 + 4 keV.
The fluctuations are caused by spectra subtraction of “target in" and “target out" plus the high
intrinsic background of the lanthanum bromide.

For LaBrs, the fixed Gaussian width and a broader linear background handled the sometimes
fluctuating data from subtraction (see fig. 4.10). The “target out" substraction is needed due
to the instrinsic background, but results in higher statistical uncertainties. However, a similiar
systematic angle dependency could not be found. A possible inelastic neutron scattering on
aluminium would emit a vy-ray at 843 keV, but the shells of the detectors are too thin and it is
not observed in “target out" runs.

To better determine the neutron induced background, especially from target scattered events a

measurement with a Nickel or other sample is higly recommended for future experiments with
this setup.
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4.5. Simulated Correction for Detection Efficiency and
~v-Ray Self-Absorption

Simulation is an important tool in modern physics, especially for experiments in the field of
high energy physics, but also in neutron-related ones. Knowing all the physical parameters of
an involved particle in the simulation at everytime results in the possibility to study physical
processes, which are not directly accessible in the experiment, but observable in their influence
on the outcome in the end. Due to the big variety of physical parameters and understandings
numerical methods are used very often in modern times and in particular so called Monte-Carlo-
Simulations. Every simulation is of course based on the assumption of the current unterstanding
of the physical interaction and transportion processes or rather the implimantation of these
in the corresponding simulation libraries. Most programmes used are MCNP, FLUKA and
GEANT4. The following results were obtained with simulations based on GEANT4.

Two systematic effects in the measurement of the y-ray angular distribution were observed and
needed correction, which werde done by simulations:

Due to the target dimensions it has to be considered as an extended source. The photopeak
efficiency determination is based on measurements with calibrated point sources, see sec. 4.1.
Therefore, a correction factor (sec. 4.5.3) was calculated using GEANT4 for the ratio of the
efficiency for an extended source and point source:

€= (M) * €point,measured — Cext,0 * €point,measured - (49)
€point  / GEANT4

Another effect due to the extended target dimensions is the absorption of the ~-rays from
inelastic neutron scattering inside the target. As the different detectors view the target under
different angles, the path lengths inside the target of the the ~-rays hitting the detector are
different, too. This interesting effect has been illustrated in fig. 4.11, where the ~-ray intensity
is shown, only with the point source efficiency correction:

In LaBrs, the 55°-data is clearly higher than the 125° one. The opposite effect is seen in HPGe,
where also 150° have more counts than 30°. To some extend, these two are more or less the same
in LaBrs. This mirrored effect can be explained with the twisted target angle of 6, = 109.5°.
Some detectors see almost the side surface of the cylindrical target and ~-rays have a longer
way inside the target with higher possiblity of scatter and absorption effects.

4.5.1. Simulated Setup of Experiment

A simulation will always be a re-construction of the experiment with some simplifications. In
this case, sensitive volumes of the detector are used in addition to an aluminium housing, but
without the amplifying electronics. According to information from the manufacturer (Ortec,
Canberra, Saint-Gobain Crystals), the main dimensions are listed in table 4.8, which were
implemented in the geometric file of the GEANT4-simulation.
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Table 4.8.: The dimensions of the simulated setup are shown.The distance between the front
of the detector and the target center is 300 mm and the target dimensions are 79 mm diameter
and 4.5 mm thickness.

For consistency, a comparison is made from the geometric correction simulation(sec. 4.5.3) to
an analytic point source calculation with 10° Geantinos, which is the initial condition in the

simluation, too.
The names of Canberra (CB) detectors are EGC100 — 250—SEG4 N° - - -

LaBrs 30° 55° 90° 125° 150°
name SN 1631 | SN 923 | SN 2820 | SN 2821 | SN 2822
size 27 .27 3737 373 373" 373"
Tscin [ 25.4 38.1 38.1 38.1 38.1
e [0 0.5 0.5 0.5 0.5 0.5
end cap gap [mm| 2.0 2.0 2.0 2.0 2.0
FAl-housing M| | 28.75 | 41.25 | 41.25 | 41.25 | 41.25
a [mm] 302.5 302.5 302.5 302.5 302.5
Q 0.02203 | 0.04925 | 0.04925 | 0.04925 | 0.04925
calc. # 1753346 | 3919307 | 3919307 | 3919307 | 3919307
det. # 1752097 | 3917832 | 3918685 | 3921828 | 3918605
diff. [%)] —0.07 —0.04 —0.02 0.06 —0.02
HPGe 30° 95° 90° 125° 150°
name 43—N31529A | 41-N31587A | N° 73615 | 41—-N31569A | N° 73633
rel. eff. 60% (Ortec) | 100% (Ortec) | 100% (CB) | 100% (Ortec) | 100% (CB)
Terystal [MI] 34.15 39.55 38.25 39.1 38.35
lorystat [mm] 76.1 90 86.5 93.1 86.9
Finmer || 5.5 5.5 5.5 5.5 5.5
SGe—hole [mm] 8 8 8 8 8
Lot [mm] 1.0 1.0 1.0 1.0 1.0
end cap gap [mm]| 3.0 4.0 6.0 4.0 6.0
a [mm] 304 305 307 305 307
Q 0.03927 0.05217 0.04821 0.05100 0.04846
#calc. 3125270 4151434 3836237 4058642 3856091
#det. 3126347 4151721 3839117 4058399 3854337
difference [%)] 0.03 0.01 0.08 —0.01 —0.05
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Figure 4.11.: Point source efficiency corrected v-ray intensities Vg, are shown with an equidis-
tant ToF-binning of 10ns in neutron energy dependency. A discrepancy is observed for 55° and
125° or rather 30° and 150°, which is switched for both detector types (upper panel: LaBrs;
lower panel: HPGe).
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4.5.2. Interaction Point of Inelastic Scattering

In addition, the realistic geometry of the target and the detectors, including surrounding mate-
rials, the distribution of the interaction points inside the extended iron target, is of importance
for the simulation of the extended source. The intensity of neutron inelastic interactions is
decreasing because of elastic neutron scattering in the layers of target material before the in-
elastic scattering occurs. To simulate this effect, a neutron source is located in 1m distance
from the target with a beam diameter to fully irradiate the target from -z direction. Between
the normal of the target and the neutron beam is an angle of 19.5° due to the experimental
setup. Scatter effects outside the target are not considered. The position at which the inelastic
scattering happens is tracked in the simulation by detecting the starting point of the emitted

y-1ay.
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Figure 4.12.: The interaction points of inelastic scattering are simulated for different incident
neutron energies. The target is irradiated from -z direction with 10° neutrons per simulation.

Simulations are done for different neutron energies of 1 to 5MeV. To rule out any resonance
effects, a uniform distribution over a certain energy resolution is assumed. The results are shown
in fig. 4.12. For higher neutron energy, more inelastic scattering events take place because the
cross sections are higher and above 2 MeV more states can be populated. All tested neutron
energies show a similiar slope of 5% decrease of the interaction point of inelastic scattering
along the z-axis of target. The most likely reason is elastic scattering of neutrons, which is
forward peaked (example in fig. 4.13). Nevertheless the 5% decrease is implemented as an
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initial conditions to simulate the absorbtion correction of the emitted ~-rays, whose initial
positions are non trivial.

(a)

Figure 4.13.: An example of the GEANT4 simulation shows the setup and the trajectories of
100 started neutrons of E, = 1.0 & 0.1 MeV in the lower right corner. Neutrons illustrated
in green are mostly elastically scattered forward peaked and one inelastic scattering vy-ray is
tracked in red.

4.5.3. Geometric Correction for Extended Source Efficiency

The effective solid angle of the extended source geometry can be simulated in GEANT4 us-
ing “geantinos" test particles that follow straight trajectories without any interaction and are
registered in the sensitive volume of the LaBrs and HPGe crystals. In table 4.9, the ratio of
detected geantinos, either from an extended or point source, are computed (Eq. 4.10). This
ratio will be used as a correction factor for an efficiency of an extended target/source. The
uncertainties are always standard deviation.

o €extended o N, geantino,extended,0
Coxtg = | —ended = (4.10)

€point ) GEANT4 Ngeantino,pointﬁ

The simulation is tested with an analytic formula for the solid angle of each detector and
determined by how many test particles arrive from a point source. Although spherical detector
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Table 4.9.: Correction factor cex g displays the geometric effect of an extended target in com-
parison to pointlike y-ray calibration source for each detector.

HPGe | 30° | 55° | 90° | 125° | 150°
0.9979 | 1.0045 | 1.0028 | 0.9942 | 0.9893
0.0008 | 0.0007 | 0.0007 | 0.0007 | 0.0007
LaBrs | 30° | 55° | 90° | 125° | 150°
0.9945 | 0.9943 | 1.0048 | 1.0041 | 0.9989

Cext,0
A Cext,0

Cext,0

Acext,p | 0.0011 | 0.0007 | 0.0007 | 0.0007 | 0.0007

volumes are used in the simulation, the analytic calculation is comparable for a point source,
because only the first interaction counts and so the volume can be reduzed to circular shape.
The solid angle 24¢; of such a disk shaped detector surface with radius a and point source to
detector surface distance d is given by

d
Qdet =27 (1 - W) . (411)

The comparison between the simulated events (#det.) and the analytic calculated ones(#calc.),

shown in tab. 4.8, gives agreement better than one permill, showing that the geantino simulation
agrees with the analytical formula in the case of point source geometry.

4.5.4. ~y-Ray-Self-Absorption Effect inside the Target

A major effect to correct is the self-absorption of v-rays, because the mean free path of an
1MeV ~-ray inside a volume of iron is about 2.12cm. The basic of the calculation is the
Lambert-Beer-law (eq. 4.12), which describes the attentuation of light (y-rays) depending on
the material (Fe), in which it is propagating.

I
7 = expl—p- pre-d] (4.12)
0
1 1
[ = - — (4.13)
HPFe an

The ratio 1/, is often called transmission 7" and is determined by the mass attentuation factor
i, the material density pr. and distance/track length d inside the material. Eq. 4.13 gives the
connection to cross section o and number of target particle per unit volume n. Table 4.10 gives
an insight into possible attentuations length inside the target. [ is the mean free path.

In the simulation, the following ratio c.us (eq. 4.14) is determined by comparing detected ~-
rays with initial energy of e.g E, = 84T7keV. Therefore, y-rays are started isotropically from
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Table 4.10.: The attentuation inside the iron target is listed for different track lengths. The
mass attentuation factor p is taken from XCOM [BHS™98|.

E. [keV] 847 1238 1811

o [em? g 0.0652 0.0535 0.0451
dlem] | 1/1o(847keV) | 1/1,(1238keV) | 1/1,(1811keV)

0.01 0.995 0.996 0.996

0.1 0.950 0.959 0.965

0.225 0.891 0.910 0.923

0.5 0.774 0.810 0.837

1 0.598 0.656 0.701

2 0.358 0.431 0.492

3 0.214 0.283 0.345

3.95 0.132 0.190 0.246

Table 4.11.: Correction factor cuuso(E,) due to y-ray-self-absorption inside the nalFe-target is
tabulated for each detector and a ~y-ray energy of E., = 847keV. An overview of more caps g(Es)
for the first three excited state energies is shown in the appendix table A.2.

HPGe | 300 | 55° | 90° | 125° | 150°
Cabs0(847keV) | 1.1862 | 1.4599 | 1.3645 | 1.1497 | 1.1245
Acans,p(847keV) | 0.0010 | 0.0011 | 0.0011 | 0.0008 | 0.0008

LaBrs | 300 | 55° | 90° | 125° | 150°
Cabs,0(847TkeV) | 1.1246 | 1.1514 | 1.3660 | 1.4577 | 1.1861
Acans,0(847keV) | 0.0012 | 0.0009 | 0.0011 | 0.0012 | 0.0009

the extended target with a 5% decrease discussed in sec. 4.5.2 in a vacuum or an iron filled
target volume. This energy dependent factor will correct the ~-rays from inelastic scattering,
which are absorbed or scattered inside the target. The result for £, = 847keV can be found in
table 4.11.

]Vvaucuum7
Cabs,G(Efy) = NF ) ¢ (414)
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4.6. High-Resolution v-Ray Intensity Data

The two previous discussed correction factors are implemented in the analysis of the ~-ray
intensity in the following way:

Cabs,O(E'y) . NQ(E,W AEH)
Cext,0 ° Epoint,G(Ev)
The ~-ray intensity is calculated from its peak area in the fitted gamma spectra with all
corrections from simulation for vy-ray-self-absorption causg and the extended source efficiency
calibration (Cext.p - €point.0(E~)) and it is always correlated with a certain neutron energy resolu-
tion. With a fine binning of 1 ns of the LaBrs, the counting stastistic is high enough for all peak
fit to converge (see fig. 4.14). To reduce statistical uncertainties below 5% a 2ns binning was
applied for the final analysis of the y-ray angular distribution. Therefore, ~-ray intensity in the
2ns binning is shown in fig. 4.15, where interesting resonance structures, which will be further
investigated in sec. 5, are also seen, although a portion of energy resolution is forfeited. The
blue curve of the 90°-detector shows the lowest intensity and weaker amplitudes at resonance

structures. This effect is due to the anisotropy in the angular distribution.

N} (B, AB,) = (4.15)

The measured v-ray intensities can be compared with measured integrated scattering cross
section from [NBDT14| by scaling the cross section. One sees in fig. 4.14 for the 1ns binning
that the resonant structures in the cross section are at the same energies. This indicates also a
good agreement in the time-of-flight and therefore neutron energy calibration. The measured
~v-ray angular distribution thus corresponds closely to the inelastic cross section.

The inelastic scattering experiment of Negret et al. [NBD*14] at the GAINS setup used HPGe
detectors under backscattering angles of 110° and 150°, as written before. These angles are
nodes of the fourth order Legendre polynomial and allow a determination of the total inelastic
scattering cross section independent from the angular distribution for multipole order up to
three [Bru02]. As a flight path of ~ 200m is used, the HPGe detectors are allowed to reach
a high energy resolution (ToF resolution of 8ns for a 1 MeV neutron). But at the same time,
no information about the 4" order Legendre coefficient can be obtained from that experiment.
However, for the presented experiment of this work, fourth order coefficients were determined
and their influence will be discussed in the next section.
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Figure 4.14.: Corrected v-ray intensities of 1 ns LaBrs binning are shown in comparison with a
high resolution inelastic scattering cross section from Negret et al. [NBD*14] in arbitary units
due to a scaling to cross check the neutron energy calibration.
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able uncertainties in angular distribution.
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5. Results and Outlook

The normalized angular distribution data points of a certain neutron energy (+ resolution) are
calculated with the following equation 5.1, because it is a relative measurement of intensities,
if all detector can see the possible events of the same neutron spectrum at the same time. It is
fulfilled by the concurrence of this measurement with the designed setup.

oo(Ey, AE,)  N)(E,,AE,)
og0e (Ey, AE}) Nobe (Ey, AE) '

— W(6) = (5.1)

The data for 10ns of HPGe and 2ns binning of LaBry are fitted by a function (eq. 5.2) based
on progression of Legendre polynomials divided by the normalization of 90°.

W (60) = 1+ as(AEL)Pa(cos ) + ay(AE,) Py(cos )

T 14 aa(AE) - (—0.5) + ay(AE,) - 0.375 (5-2)

The measured ~v-ray angular distributions are compared to the best documented measurement
so far from D. L. Smith, 1976 [Smi76]. Fig. 5.1 and 5.2 show a selection of neutron energy
range from 930 keV to 2030 keV.

The comparison shows that the y-ray angular distribution, although measured at a very similar
neutron energy interval, depends strongly on the energy resolution of the measurement. This is
due to the resonant structures visible in the inelastic scattering that have a width of 1 — 5 keV.
The new measurements using the LaBrs scintillation detector have a sufficient time resolution
to resolve most of these structures. The resonant structures measured before in the inelastic
scattering cross sections are correlated with strongly changes in the y-ray angular distribution.

At E, =~ 930keV, the high resolution measurement with the LaBrs scintillation detectors
(AE, = £3keV) shows one of strongest anisotropic distribution. Whereas the measurements
using HPGe detectors with a lower resolution (AFE, = +£20keV) show a smaller anisotropy. It is
interesting to note that the HPGe data of this work agree with the measurement of D. L.. Smith
that had a similar neutron energy resolution.

At E, ~ 980keV, the opposite effect is observed, when the high resolution measurement of this
work (AE, = £3keV) reveals a smaller anisotropy than measurements with a lower resolution
(AE, = £20keV). From the y-ray intensity distribution as a function of neutron energy it can
be assumed, that if the resolution is good enough to resolve the resonant structures, the ~-ray
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Figure 5.1.: A selection (part I) of y-ray angular distributions measured in this work with LaBrs
scintillation detectors and HPGe detectors are compared with the measurement of D. L. Smith
(1976).

angular distributions fluctuates more strongly as if only the average over several neighbour-
ing resonances were measured. In Comparison to the data by D. L. Smith, this is the case at
930keV and 1180 keV. D. L. Smith measured positive a4 values at 1280 keV and 1380 keV, which
is confirmed in this work. This phenomenon of a4 > 0 is partly extended until 1500 keV, where
Smith did not measure or publish anything. At a higher neutron energy further away from the
threshold the resonant structures still exist, but their angular distributions become flatter. At
1865 keV, again, a stronger anisotropy is observed.

Table 5.1 shows the fitted Legendre parameters from this work in comparison with the data
from Smith. The fit procedure of Smith was verified. The fitted Legendre parameters for all
neutron energy bins from threshold to roughly 2 MeV are shown in fig. 5.3. The threshold of
the reaction is F,, ~ 862keV due to the repulsion on the Fe-nucleus. Near the threshold, the
yield is very low, hence the uncertainties of the fitted parameter are quite high, too. The high
resolution data results of LaBrs are listed in the appendix tab. A.3.
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Figure 5.2.: A selection (part IT) of y-ray angular distributions measured in this work with LaBrs
scintillation detectors and HPGe detectors are compared with the measurement of D. L. Smith

(1976).
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E, [keV] £ AE, [keV] | avtAay |  astAay | W(125°) £ AW(125°)

Smith
930 + 25 0.521 +0.030 | —0.511 4+ 0.033 1.193 £0.013
980 =+ 25 0.539 +0.013 | —0.302 4+ 0.014 1.113 £ 0.005
1080 + 25 0.435 4 0.017 | —0.144 4+ 0.019 1.053 + 0.007
1180 + 25 0.398 +0.039 | —0.331 4 0.044 1.125+0.017
1280 + 25 0.312 4 0.031 | 0.020 + 0.040 0.990 4 0.002
1380 4 25 0.396 +0.018 | 0.039 £ 0.020 0.982 4 0.008
1590 + 25 0.319 4+ 0.022 | —0.167 & 0.025 1.062 £ 0.010
1680 + 25 0.226 +0.012 | —0.155 4 0.015 1.058 £ 0.006
1850 + 25 0.245 4 0.031 | —0.089 + 0.036 1.033 £ 0.014
2030 + 25 0.190 4+ 0.018 | —0.023 + 0.021 1.008 £ 0.008

HPGe 10ns | | |

920 + 15 0.480 4 0.036 | —0.679 % 0.050 1.258 £ 0.019
982 4 16 0.459 4+ 0.024 | —0.481 4 0.033 1.182 £ 0.013
1050 + 18 0.420 4 0.020 | —0.230 4 0.027 1.086 £ 0.010
1167 4 21 0.336 4+ 0.018 | —0.473 4 0.025 1.180 £ 0.010
1304 + 25 0.319 4+ 0.016 | —0.038 4+ 0.021 1.012 £ 0.008
1355 + 26 0.338 +0.014 | —0.056 + 0.019 1.019 £ 0.007
1593 + 33 0.244 4+ 0.011 | —0.243 4 0.015 1.092 £ 0.006
1662 + 35 0.206 + 0.011 | —0.211 4 0.015 1.080 =+ 0.006
1816 4 41 0.178 £ 0.011 | —0.209 4 0.015 1.079 £ 0.006
1991 4 47 0.144 4+ 0.009 | —0.156 4+ 0.013 1.059 £ 0.005
LaBr; 2ns ‘ ‘

93243 0.591 4 0.098 | —0.956 4 0.135 1.364 £ 0.052

98143 0.411 4 0.056 | —0.152 4 0.075 1.056 £ 0.029
1079 + 4 0.488 +0.042 | —0.357 + 0.056 1.135 £ 0.022
1175 + 4 0.427 4+ 0.050 | —0.737 4 0.069 1.281 £ 0.027
1284 + 5 0.268 +0.049 | 0.061 £ 0.065 0.975 4 0.025
1376 + 5 0.384 +0.029 | 0.062 £ 0.038 0.974 4 0.015
1593 + 7 0.337 4 0.026 | —0.055 4 0.035 1.019 £ 0.013
1691 + 7 0.256 4 0.032 | —0.237 4 0.044 1.090 £ 0.017
1865 + 8 0.292 4 0.022 | —0.537 4 0.030 1.205 £ 0.011
2028 + 10 0.193 4+ 0.019 | —0.008 4 0.025 1.002 £ 0.010

Table 5.1.: Incident neutron energy, fitted parameter a; and a, and anisotropy correction factor
W(125°) are listed for the plotted angular distribution in fig. 5.1 and 5.2. By verified the fit
parameter of Smith, one discrepancy was found for F,, = 1280keV with an uncertainty of a4 of
0.040 instead of 0.004, which is set in bold.
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Figure 5.3.: Comparison of fit parameters a; and a4 for neutron energy from threshold up to
2.2MeV or 7MeV shows its devolution and flattening of the vy-ray-angular distribution at higher
neutron energies.
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Anisotropy Factor

An important result and contribution is the calculation of a correction factor for cross section
measurements as it was done in the previous experiment published in [BSHT14]. At first, the
results show clearly that there is no isotropy, except the region of 1280 keV to 1400 keV, and also
an angular distribution correction factor has to be neutron energy dependent. If the experiment
is done with one detector set up under 125° and total cross sections are aimed, the correction
factor can be derived from eq. 2.4:

do o 4T .
Otot = E(l% ) - m with (5.3)
W(0) =14 as(Ey,)Pa(cos(125°%)) + as(Eyn)Py(cos(125%)) (5.4)

I LaBr3 2ns bin

—— HPGe 10ns bin

W(125°
5: - I

D Sty

-l.

0.9

0-8 | 1 | | | | 1 1 | 1 | | 1 | | 1 | | | | 1 | | 1
1000 2000 3000 4000 5000 6000 7000
E. TkeV]

Figure 5.4.: Comparison of anisotropy factor W (125°) for neutron energy over a wide MeV
range.

I A A

Although the detector covers a certain opening angle, only the single angle of 125° is considered
for the calculation. With Py(cos(125°)) = —0.006515 and Pj(cos(125°)) = —0.385187, the
influence of a4 will be significant. In table 5.1 and A.3 the factor W (125°) is shown with
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Figure 5.5.: Comparison of anisotropy factor W (125°) for neutron energy from threshold up to
2.2 MeV.

Further Investigation on Resonant Structures

In the following paragraph the most prominent resonant structures from fig. 4.15 are further
investigated, especially compared to close-by energies. Interestingly, Smith somehow focused
his energies near these resonant structures, but his resolution was not high enough to resolve
them. He presumably intended a higher yield and acceptable acquisition times.

From changing angular distributions, one can extract how broad the resonance could be, if

the anisotropy changes very rapidly or more slowly, which probably correspond maybe with an
overlapping of some resonances very close to each other.
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Figure 5.6.: The development (part I) of high resolution angular distribution data of LaBrjs is
plotted at different energy to show its remarkable energy dependence and width of some reso-
nance structures like the one at about 1170 keV. The blue lines are from the data of D. L. Smith

at comparable energies (see tab. 5.1).
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Figure 5.7.: The development (part II) of high resolution angular distribution data of LaBrs
is plotted at different energy to show its remarkable energy dependence and how the a4 term
influence the shape. The blue lines are from the data of D. L. Smith at comparable energies
(see tab. 5.1).

Outlook

In further research the cross section can be calculated by analysing the neutron flux with all
its corrections by means of the fission chamber data. Using the analysed angular distributions,
integrated cross sections are achievable. For the angular distribution, the neutron flux is only
important if it is not measured at the same time. But the big advantage of the setup used here
is the concurrence of this measurement. Prospectively the measurement of the 1238 keV and
1811 keV ~-rays will be analysed to gain insight into angular distributions of other transitions.
In the future a correlation analysis of the measured v-ray angular distribution and the inelastic
and total cross sections measured with high resolution might allow to determine the average
width and level spacing in the energy range of a few MeV neutron energy for the compound
nucleus 7Fe.
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6. Summary

The inelastic scattering of °Fe has been investigated at the neutron time-of-flight facility
nELBE. The ~-ray angular distribution from the first excited state in °°Fe at 847keV has
been measured for different incident neutron energies in the range from threshold to 7 MeV.

The measurement was carried out using a homogeneous iron target of natural isotopic compo-
sition with a thickness of 4.5mm. The v-rays were detected in a new setup using five large
HPGe detectors located under 30°, 55°, 90°, 125° and 150° and five large LaBrs scintillation
detectors under the same angles. The experimental data were stored in list mode files, so that
the y-ray energy and time-of-flight information from each detector was recorded in coincidence.
The most important corrections to the data were made for the detection efficiencies in extended
source geometry and the self-absorption of the ~-rays inside the target material. These correc-
tions were simulated using the particle transport code GEANT4.

For the first time, high-resolution ~-ray angular distributions could be measured using a short
flight path and the excellent time resolution of the LaBrs scintillation detectors. The neutron
energy resolution amounts to typically 3kev at 1 MeV and 10keV at 2MeV. The previously
measured parameter of D. L. Smith can be spezified with higher resolution and more isolated
data of resonant like structures are available.

The resonant structure found in the vy-ray angular distribution data are very similar to the
inelastic scattering cross section. At low energies, these structures can be explained by resolved
resonances and at energies above about 1.4 MeV neutron energy, the resonant structures can
be interpreted as Ericsson fluctuations.

The angular anisotropy of the 847keV transition decreases above the threshold for the second
excited state and higher states due to the feeding through ~-ray cascade decay. With the
~v-ray angular distributions of this thesis, a correction factor was determined for the inelastic
scattering cross section measurement by Beyer et al. [BSH'14], where only one HPGe under
125° was used and isotropic emission was asssumed. It was shown, that the gamma-ray angular
distributions of 847 keV strongly depend on the incident neutron energy and that there is only
isotropy in transition very far from the threshold.
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A. Appendix

The appendix with further figure, experimental schemes and additional information complete
this work.
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Figure A.1.: The plots show the mean channel of the self activity photons (1460 keV) above the
file number and for deviations bigger than the peak width the files are not used in the analysis.
Therefore some files were cancelled and did not contribute to the analysis.
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Figure A.3.: The gamma-flash of HPGe with target in (red) and out (black) of the beam.
The peaks are broadened and it reflects the worse time resolution of the germanium detector.

Counts

835

850

I 10000}
5L [
2x10 5000 f-
T
oL 4 1 P S
835 850 865
1x10° |
Fe(n,n’)
)l Ni(n,n’), scaled
0 B — ILI. . |

865

E, (keV)

Figure A.4: At IRMM a Nickel target was used
to study the neutron induzed background on the
HPGe, because a gamma with 834 plus triangle
shape from repulsion energy would overlap the

proper *’Fe-peak. The spectra is taken from

Negret ET AL. [NBD*14].

65



8000°0 | 8000°0 | 0T00°0 | 0T00°0 | 6000°0 | | 8000°0 | 0T00°0 | 6000°0 | 8000°0 | T00°0 | (AP TTST)? 10y
GPS0°'T | 0860°T | 692 T | 8€0€'T | LFT'T | | STIGT'T | 16621 | 61FC T | S660°T | 9T80°T | (AP TI8T)¢™™™
8000°0 | 8000°0 | 0T00°0 | 0T00°0 | 0TO0°0 | | 6000°0 | TT00°0 | OTO0°0 | 8000°0 | ZT00°0 | (AP 8EET)?* 1Y
0660°T | L8TT'T | 068C°T | 6081 | 60ST'T | | ISPT'T | 689¢°T | LS6T°T | 8111 [ 800T'T |  (A9N8gg1)0™ 1™
8000°0 | 800070 | TT00°0 | TT00°0 | 0TO0°0 | | 600070 | G100°0 | TTO0°0 | 6000°0 | ZT00°0 | (A LFR)?*10V
CFCT'T | COFT'T | 96GET | GPOF'T | 988T'T CG8T'T | $ICHT | GG9€'T | TICT'T | 16CT'T (A9 LFR)051%
06T | oSTT -06 oGS 0€ 0ST | oG2T 06 Kele 0€

°DdH exge

"0 ge JO S9RIS POIIXO 98I 90IT) OYY JO

SOT3I0UL BWWIES JO 10300} UOTJ001100 UO1IdIosqe 9y} JO MOIAIOA() gV O[R],

600 | 0T°0 | 600 | OT'0 | 900 1’0 | ¢TI0 | ¢TI0 | 210 | €00 | 9%¥by
689 | G&'L | SS9 | 0SL | VIV 816 | 806 | ¥6'% | 0T'6 | IEC 98813
GT'0 | ST0 | #T°0 | STO | 600 1270 | 020 | 020 | 020 | 900 | %6%vy
00 TT | QE€'TT | ¢V 0T | IF'IT | ¥6°9 VST | 60°ST | ¥6'FT | S6' 7T | |SF 8685
GT°'0 | 9T°0 | #T°0 | 9T°0 | 0T0 8T'0 | LT°0 | 9T°0 | LT°0 | GO0 | ¢y
068 | 68 | 96°L | 88 | €T¢ 67°TT | 96°0T | 99°0T | 61T | F0°¢€ L
P10 | STO | €10 | STO | 600 610 | 8T°0 | 8T'0 | 61°0 | SO0 | ¥y
8T'6 | 096 | 058 | L¥'6 | 89°¢G €6'TT | €S'TT | OF'IT | 0021 | 0€°€ ELITS
020 | 120 | 610 | 0 | ¥1°0 620 | 620 | 620 | 050 | 010 | ™HY
LV'eT | 9L°C1 | OL'TT | STET | 6E°8 LLLT | 09°LT | 99°LT | 6F°ST | 209 1995
S0ST | oSCT | 06 | oSS -0€ o0ST | oSCT | 06 | oSS 0€
°HdH txge]

“Kgg PUR 009 ‘S0, ¢q 8901108 Juiod UOIYRIIRD WOIf SON[eA ADUSIDLIY POJRINO[ED oY) JO MIIAIAQ) ' T'Y O[qR],

66



Table A.3.: Result of 2ns binning LaBrs with parameter as and a4 for the fitted angular
distribution and the correction factor W (125°), which demonstrates the anisotropy.

E, £ AFE, [keV] | as+Aay | asEAay | W(125°) £ AW(125°)
863 + 2 —0.088 4 0.221 | —1.034 4 0.332 1.399 +0.128
869 + 3 0.518 +0.082 | —0.514 £ 0.111 1.195 £ 0.043
874 42 0.425 4+ 0.089 | —0.358 & 0.120 1.135 4 0.046
880 & 3 —0.316 £ 0.146 | —0.959 + 0.222 1.371 £ 0.085
885 4 2 0.291 +0.162 | —0.891 4 0.229 1.341 £ 0.088
891 +3 0.423 +0.265 | —0.827 & 0.365 1.316 & 0.141
896 =+ 2 0.347 4+ 0.344 | —1.224 4 0.482 1.469 + 0.186
902 + 3 0.4614+0.118 | —0.473 £0.161 1.179 £ 0.062
908 + 3 0.350 + 0.181 | —0.368 4 0.249 1.140 £ 0.096
914 +3 0.3354+0.127 | —0.374 £ 0.175 1.142 £ 0.067
920 + 3 0.019 £0.187 | —0.525 +0.275 1.202 £ 0.106
926 + 3 0.380 £ 0.131 | —0.623 4 0.182 1.238 +0.070
932+ 3 0.591 £ 0.098 | —0.956 +0.135 1.364 4 0.052
938 +3 0.343+0.126 | —0.890 + 0.175 1.341 + 0.067
944 + 3 0.6724+0.172 | —0.658 4 0.233 1.249 4 0.090
950 & 3 0.702 £ 0.278 | —0.438 + 0.368 1.164 £ 0.142
956 + 3 0.381+0.105 | 0.286 & 0.139 0.887 4 0.054
962 + 3 0.396 £ 0.113 | —0.038 4+ 0.152 1.012 £ 0.059
969 + 3 0.253 £ 0.111 | —0.652 + 0.156 1.249 + 0.060
975+ 3 0.443 £0.074 | —0.334 £ 0.100 1.126 £ 0.039
981+ 3 0.411£0.056 | —0.152 +0.075 1.056 4 0.029
988 + 3 0.349 £ 0.067 | —0.040 % 0.090 1.013 4+ 0.035
994 + 3 0.411 4 0.056 | —0.800 %+ 0.078 1.305 4 0.030
1001 £+ 3 0.453 +0.048 | —0.584 4 0.066 1.222 +0.025
1008 & 3 0.423 +0.074 | —0.380 £ 0.101 1.144 £ 0.039
1014 + 3 0.260 £ 0.073 | —0.202 % 0.100 1.076 4 0.038
1021 + 3 0.279 4 0.090 | —0.211 4 0.123 1.079 4 0.047
1028 + 3 0.343 £ 0.107 | —0.266 + 0.146 1.100 4 0.056
1035+ 3 0.3714£0.096 | —0.453 +0.132 1.172 £ 0.051
1042 + 3 0.364 £ 0.050 | 0.091 & 0.066 0.963 & 0.025
1049 + 3 0.215+0.054 | 0.097 & 0.073 0.961 & 0.028
1057 + 4 0.350 £ 0.051 | —0.132 4 0.069 1.049 4 0.027
1064 + 3 0.346 +0.043 | —0.161 4 0.058 1.060 £ 0.022
1071 +£3 0.370 £0.038 | —0.321 4 0.052 1.121 £ 0.020
1079 + 4 0.488 +0.042 | —0.357 4 0.056 1.135 £ 0.022
1087 £ 4 0.394 £ 0.064 | —0.062 % 0.086 1.021 4 0.033
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E,£AE, [keV] | as £ Aay ag £ Aay | W(125°) = AW (125°)
1094 + 3 0.339 £ 0.041 | —0.317 £ 0.055 1.120 4 0.021
1102 + 4 0.402 £0.045 | —0.134 £ 0.060 1.049 £ 0.023
1110 £ 4 0.366 4+ 0.054 | —0.091 & 0.072 1.033 £0.028
1118 £ 4 0.412 £0.051 | —0.394 £ 0.069 1.149 £ 0.027
1126 + 4 0.486 £ 0.050 | —0.460 % 0.067 1.174 £ 0.026
1134+ 4 0.523 £0.064 | —0.473 £ 0.086 1.179 £ 0.033
1142 + 4 0.373 £0.047 | —0.375 £ 0.063 1.142 4 0.024
1150 £ 4 0.218 +0.058 | —0.137 4 0.078 1.051 £ 0.030
1158 4 4 0.369 £ 0.082 | —0.747 £0.114 1.285 4 0.044
1166 + 4 0.437 +0.056 | —0.737 4 0.078 1.281 £ 0.030
1175 £ 4 0.427 +0.050 | —0.737 & 0.069 1.281 +0.027
1183 +4 0.374 £0.045 | —0.191 + 0.060 1.071 £ 0.023
1192 +4 0.236 £0.058 | —0.121 £ 0.078 1.045 £ 0.030
1201 + 4 0.292 £ 0.053 | —0.586 + 0.073 1.224 £ 0.028
1209 + 4 0.320 £0.052 | —0.433 £ 0.072 1.165 £ 0.028
1218 +£ 4 0.247 £0.041 | —0.257 £ 0.056 1.097 £ 0.022
1227 + 4 0.322 £ 0.039 | —0.083 + 0.052 1.030 £ 0.020
1236 + 4 0.417 4 0.068 | —0.426 & 0.092 1.162 4 0.036
1246 £ 5 0.178 £ 0.056 | —0.316 & 0.077 1.120 £ 0.030
1255 + 4 0.178 £ 0.063 | —0.276 4 0.086 1.105 £ 0.033
1265+ 5 0.401 +0.055 | —0.210 £ 0.075 1.078 £ 0.029
1274 + 4 0.374 £0.056 | —0.121 £ 0.074 1.044 4 0.029
1284 +5 0.268 = 0.049 | 0.061 £ 0.065 0.975 4 0.025
1294 + 5 0.302 4+ 0.036 | 0.055 4 0.048 0.977 4 0.018
1304 + 5 0.353 +0.040 | 0.277 4 0.051 0.891 4 0.020
131445 0.37540.051 | 0.066 & 0.068 0.972 4 0.026
1324+ 5 0.350 +0.043 | —0.090 £ 0.057 1.032 £ 0.022
1334+ 5 0.371 £0.041 | —0.071 £ 0.054 1.025 4 0.021
1344 £ 5 0.469 £ 0.041 | —0.065 + 0.054 1.022 4 0.021
1355+ 5 0.387 4+ 0.033 | 0.077 4 0.043 0.968 +0.017
1365+ 5 0.452 4+ 0.037 | —0.092 4 0.049 1.032 4 0.019
1376 + 5 0.384 +0.029 | 0.062 4 0.038 0.974 4+ 0.015
1387+ 5 0.356 +0.032 | 0.260 % 0.041 0.898 4 0.016
1398 + 6 0.352 4 0.042 | —0.465 & 0.057 1.177 4 0.022
1409 + 5 0.231 4 0.033 | —0.096 4 0.044 1.035 £ 0.017
1420 £ 5 0.334 4+ 0.035 | 0.080 4 0.046 0.967 4 0.018
1431+ 5 0.259 4+ 0.034 | —0.186 & 0.046 1.070 £ 0.018
1443 + 6 0.35540.030 | 0.043 4 0.039 0.981 4 0.015




E,£AE, [keV] | as £ Aay ag £ Aay | W(125°) = AW (125°)
1455 + 6 0.362 £ 0.033 | —0.278 +0.045 1.105 4 0.017
1467 + 6 0.273 +£0.036 | —0.374 & 0.049 1.142 £0.019
1479 + 6 0.3614£0.029 | 0.008 & 0.038 0.994 £ 0.015
1491 + 6 0.3344£0.025 | 0.057 £ 0.033 0.976 £ 0.013
1503 + 6 0.3174£0.031 | —0.555 +0.043 1.212 £0.016
1515+ 6 0.358 £ 0.025 | —0.234 +0.033 1.088 +0.013
1527+ 6 0.328 +£0.024 | 0.080 & 0.032 0.967 £ 0.012
1540 =6 0.323 +0.030 | —0.384 £ 0.041 1.146 £ 0.016
1553 £ 6 0.388 £0.029 | —0.317 +0.039 1.119 £0.015
1566 + 6 0.370 £0.026 | —0.138 4 0.035 1.051 4+ 0.013
1579 + 6 0.268 +0.027 | —0.197 + 0.036 1.074 +0.014
1593 £ 7 0.337 £0.026 | —0.055 4+ 0.035 1.019 +0.013
1606 & 6 0.210 £0.023 | —0.087 £ 0.031 1.032 £ 0.012
1620 £ 7 0.292 4+ 0.027 | —0.351 & 0.037 1.133 £0.014
1634 £ 7 0.363 +0.032 | —0.474 4 0.044 1.180 £ 0.017
1648 £7 0.332 £ 0.027 | —0.226 + 0.036 1.085 +0.014
1662 + 7 0.277 4+ 0.027 | —0.189 + 0.036 1.071 +£0.014
1676 £ 7 0.144 +0.029 | —0.117 £ 0.039 1.044 £0.015
1691 £ 7 0.256 &+ 0.032 | —0.237 + 0.044 1.090 4 0.017
1705+ 7 0.153 £0.027 | 0.030 & 0.036 0.988 4+ 0.014
1720 £ 7 0.08240.029 | —0.040 %+ 0.039 1.015 4+ 0.015
1736 + 8 0.170 £0.033 | —0.324 4+ 0.045 1.124 +0.017
1751 £ 7 0.233 +0.027 | —0.180 £ 0.036 1.068 + 0.014
1767 £ 8 0.155+0.026 | —0.329 % 0.036 1.126 +0.014
1783 £ 8 0.109 £ 0.027 | —0.108 4 0.037 1.041 £0.014
1799 + 8 0.1144£0.031 | —0.183 4 0.043 1.070 +0.016
1815+ 8 0.0734£0.030 | —0.209 + 0.041 1.080 4+ 0.016
1831+ 8 0.11240.027 | —0.192 % 0.036 1.073 £0.014
1848 + 8 0.235 4 0.022 | —0.061 4 0.030 1.022 £ 0.011
1865 + 8 0.292 £ 0.022 | —0.537 £ 0.030 1.205 £ 0.011
1882 + 8 0.285 4+ 0.025 | —0.400 £ 0.034 1.152 £0.013
1899 + 8 0.183 4 0.027 | —0.160 4 0.037 1.060 4+ 0.014
1917+ 9 0.205 4 0.025 | —0.135 4+ 0.034 1.051 4+ 0.013
1935+ 9 0.226 +0.021 | —0.012 4 0.028 1.003 £ 0.011
1953 £ 9 0.148 4 0.023 | —0.107 £ 0.031 1.040 £ 0.012
197149 0.214 +0.023 | —0.126 4 0.030 1.047 £ 0.012
1990 + 9 0.234 +0.021 | —0.151 4 0.028 1.057 £ 0.011
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