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Abstract

Prompt Gamma Neutron Activation Analysis (PGNAA) using slow neutrons enables

the non-destructive chemical element analysis of small samples. For large samples

the Prompt Gamma Analysis based on Inelastic Neutron Scattering (PGAINS) com-

plements PGNAA due to the higher penetration power of fast neutrons.

In this work, the PGAINS technique was studied with the FaNGaS (Fast Neutron-

induced Gamma-ray Spectrometry) instrument installed at Heinz Maier-Leibnitz

Zentrum (MLZ) in Garching.

Previously measured 
-ray spectra were analyzed to extract fast-neutron spec-

trum-averaged 
-ray production cross sections for all identi�ed prompt 
-lines aris-

ing from the interaction of fast neutrons with the elements carbon (C), oxygen

(O), chlorine (Cl), calcium (Ca), lanthanum (La), praseodymium (Pr), cerium (Ce),

neodymium (Nd), samarium (Sm), terbium (Tb) and dysprosium (Dy). Addition-

ally, relative intensities were compared to the work of Demidov et al. from 1978 and

the elemental detection limits were estimated.

Numerical Monte Carlo simulations were performed to optimize FaNGaS for the

irradiation of large samples. In order to reduce the �ux of scattered neutrons and

emitted 
s reaching the detector crystal, a �lter material must be placed into the col-

limator opening of the spectrometer. Therefore, the neutron and 
 beam attenuation

characteristics of di�erent �lters were investigated numerically and complemented

by simple analytical models.

Furthermore, an analytical model was developed to estimate neutron self-shiel-

ding and 
-ray self-absorption in large rectangular-shaped samples of unknown com-

position.

In the frame of this work, a total of 779 di�erent fast-neutron-induced prompt


-lines were evaluated. Compared to the work of Demidov et al., the measurements

resulted in 272 additional lines and identi�cation of another 92 lines unreported

in any nuclear data library adds decisive value to nuclear spectroscopy. Borated

polyethylene with 20 weight percent boron oxide is proposed as �lter material and

the developed analytical model allows to estimate neutron self-shielding and 
-ray

self-absorption in large samples with uncertainties of 2 and 1%, respectively.
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Kurzzusammenfassung

Die Prompt Gamma Neutronen Aktivierungs-Analyse (PGNAA) mit langsamen

Neutronen ermöglicht die zerstörungsfreie chemische Elementanalyse kleiner Proben.

Für groÿe Proben ergänzt die Prompt Gamma Analyse basierend auf Inelastis-

cher Neutronenstreuung (PGAINS) die PGNAA auf Grund des höheren Durch-

dringungsvermögens schneller Neutronen.

In dieser Arbeit wurde die PGAINS Methode mit dem FaNGaS (Fast Neutron-

induced Gamma-ray Spectrometry) Instrument am Heinz Maier-Leibnitz Zentrum

(MLZ) in Garching untersucht.

Zuvor gemessene 
-Spektren wurden analysiert um schnelle Neutronenspektrum-

gemittelte Wirkungsquerschnitte für die 
-Produktion aller identi�zierten prompten


-Linien aus Neutronenreaktionen mit den Elementen Kohlensto� (C), Sauersto�

(O), Chlor (Cl), Calcium (Ca), Lanthan (La), Praseodym (Pr), Cer (Ce), Neodym

(Nd), Samarium (Sm), Terbium (Tb) und Dysprosium (Dy) zu extrahieren. Zusät-

zlich wurden relative Intensitäten mit denen der Arbeit von Demidov et al. von

1978 verglichen und elementare Nachweisgrenzen geschätzt.

Numerische Monte Carlo Simulationen wurden durchgeführt um FaNGaS für

die Bestrahlung groÿer Proben zu optimieren. Um den Fluÿ gestreuter Neutronen

und emittierter 
s auf den Detektorkristall zu reduzieren muss ein Filtermaterial

in die Kollimatorö�nung des Spektrometers platziert werden. Deshalb wurden die

Neutronen- und 
-Abschwächungseigenschaften verschiedener Filter numerisch un-

tersucht und durch einfache analytische Modelle ergänzt.

Des Weiteren wurde ein analytisches Modell entwickelt mit welchem die Neutro-

nen-Selbstabschirmung und die 
-Selbstabsorption in groÿen, rechteckförmigen Pro-

ben unbekannter Zusammensetzung bestimmt werden kann.

Im Rahmen dieser Arbeit wurden insgesamt 779 verschiedene prompte 
-Linien,

induziert durch schnelle Neutronen, evaluiert. Verglichen zu der Arbeit von Demi-

dov et al. wurden 272 zusätzliche Linien entdeckt sowie 92 weitere komplett neue

Linien, was einen groÿen Mehrwert für die Kernspektroskopie bedeutet. Boriertes

Polyethylen mit 20 Massenprozent Boroxid wird als Filtermaterial vorgeschlagen

und das entwickelte analytische Modell erlaubt die Abschätzung der Neutronen-

Selbstabschirmung und der 
-Selbstabsorption mit Unsicherheiten von 2 und 1 %.
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1. Introduction

In this chapter the framework and background of this work is introduced. Fundamen-

tal physics aspects of applied methods are brie�y presented and the state-of-the-art

in this �eld is given by means of a literature review. In addition, general information

on nuclear data retrieved from the literature for comparisons is presented and the

objectives of the FaNGaS instrument are introduced within a brief historical review.

Finally, this chapter also provides information on the structure of this work.

1.1 Prompt gamma-ray analysis with neutrons

Prompt Gamma Analysis (PGA) enables the non-destructive chemical element anal-

ysis of materials based on the detection of prompt 
-rays induced by neutron nuclear

reactions within the considered sample matrix. The technique is characterized by

an immediate 
-ray emission following the neutron interaction in a time scale not

longer than pico- to femtoseconds (hence the nomenclature prompt). The term

PGA includes both PGNAA (Prompt Gamma Neutron Activation Analysis) with

slow neutrons using (n,
) radiative capture reactions and PGAINS (Prompt Gamma

Analysis based on Inelastic Neutron Scattering) with fast neutrons making use of the

(n,n'
) inelastic scattering reaction. The aforementioned processes are illustrated in

Fig. 1.1.

The most fundamental equation used in PGA is described by a double integral

depending on the volume V irradiated and the energy distribution of the neutrons.

The variables within this integral are a function of the position r in the sample and

the neutron (En) and 
-ray energy (E
), respectively [1]:

_CE
 =
PE


tc

=
NA � h

M
�
Z

V

Z 1

En=0

�(r) � �E
(En) � �0(En; r) � �0(E
; r) � dEn � dr; (1.1)

where _CE
 is the net count rate of a 
-ray with energy E
 (counts s-1), PE
 the net

peak area (counts), tc the counting (live) time (s), NA the Avogadro constant (6.022

� 1023 mol-1), h the isotopic abundance, M the molar mass (g mol-1), �(r) re�ects

the mass density of the examined element and accounts for inhomogeneity e�ects

within the sample, �E
(En) the isotopic partial 
-ray production cross section (cm2),
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1.1. Prompt gamma-ray analysis with neutrons

�0(En; r) the neutron �ux (cm-2 s-1) and �0(E
; r) the counting e�ciency. One should

be aware that �0(En; r) in Eq. (1.1) already accounts for matrix e�ects such as neu-

tron self-shielding, scattering and thermalization within the sample. The e�ciency

�0(E
; r) also accounts for 
-ray self-absorption and the geometric e�ciency.

Neutron

10-16-10-12 s

Target 

Nucleus

n ὢ ╩═ ╧ *

Compound 

Nucleus

Prompt ʴ-ray

ὢ

Delayed ʴ-ray

10-6-105 s

PGNAA DGNAA

ὢ
ʲ particle

Incoming neutron:

E0

Scattered neutron: E

Inelastic scattering angle:

inelastic

Inelastic prompt

ʴ-rays

ὢ

╩═╧
Nucleus

ὢ * (Compound Nucleus)

PGAINS

Figure 1.1: Schematic illustration of Prompt Gamma Analysis (PGA) with cold
or thermal neutrons (PGNAA, left side) and fast neutrons (PGAINS, right side).
DGNAA indicates Delayed Gamma Neutron Activation Analysis. The pictures were
taken and modi�ed from [2] (left side) and [3] (right side), respectively.

1.1.1 Cold and thermal neutrons (PGNAA)

Prompt gamma analysis using cold or thermal neutrons is called PGNAA (Prompt

Gamma Neutron Activation Analysis) and the basic principle is depicted in Fig.

1.1. A neutron of negligible kinetic energy interacts with a nucleus X of a certain

mass number A and atomic number Z (i.e. A
ZX), denoted as (n,
) reaction in

nuclear physics notation. The neutron is captured by the nucleus and the surplus

binding energy lifts it to an excited energy state, thereby creating a compound

nucleus (denoted by an asterisk �). The nucleus deexcites then by the emission

of prompt 
-rays. Since the formed nucleus has an additional neutron it is often

unstable and decays via � decay, followed by the emission of delayed 
-rays used

in DGNAA (Delayed Gamma Neutron Activation Analysis). The energy of the

released 
 radiation is characteristic for each element and isotope and hence acts as

an unique �ngerprint.

The great availability of intense thermal or cold neutron beams at facilities

world-wide as well as compact Am-Be and 252Cf neutron sources make PGNAA

a powerful and well-established tool for an accurate and non-destructive chemical

analysis in both industry and research [1, 4�8].
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1.1. Prompt gamma-ray analysis with neutrons

Figure 1.2: Detection limits for PGNAA in the cold neutron beam from NIST
(National Institute of Standards and Technology). Values were calculated assuming
matrix- and background freedom and a measurement of 24 h with 10% precision
from counting statistics. [4]

High neutron capture cross sections in the low-energy range imply unprecedented

sensitivities of this method with absolute detection limits reaching values below 0.01

�g for strong neutron absorbers such as cadmium (Cd) or gadolinium (Gd) (see

Fig. 1.2). However, the high thermal cross sections up to 216 kb for 157Gd [9]

inherently imply short pathlengths of those neutrons. Consequently, PGNAA is a

useful method for small and thin samples [1] and large objects might be investigated

only to a certain extent [10�12]. Nevertheless, the penetration power of cold and

thermal neutrons is limited and corrections for neutron and 
 beam attenuation

must be applied [12�15].

1.1.2 Fast neutrons (PGAINS)

As a consequence of the limited range of thermal and cold neutrons utilized in PG-

NAA, fast neutrons o�er a better choice in the case of large samples owing their

higher penetration power. The general feasibility to determine the elemental com-

position of thick samples by measuring fast-neutron-induced prompt 
-rays was

demonstrated already several decades ago [16�19]. In contrast to low-energy neu-

trons, high-energy neutrons induce other reactions that are mostly associated with

an energy threshold. Typical reactions are (n,n'), (n,p), (n,�) or (n,2n). The cor-

responding cross sections for the aforementioned reaction types are usually lower

compared to thermal radiative neutron capture. However, at energies around the

mean of �ssion neutrons (2 MeV) inelastic scattering reactions (n,n'
) dominate

since the intensity of (n,
) reactions follows a 1/v, with v as the neutron velocity,

trend outside nuclear resonances. With respect to Fig. 1.1, a fast neutron scatters o�

from a target nucleus, thereby creating a compound nucleus which deexcites by the

emission of prompt 
-rays. The crucial di�erence compared to PGNAA lies in the

fact that the participating nucleus remains its identity, i.e. neither the mass nor the

atomic number change in the reaction. Only (n,p), (n,�) or (n,2n) reactions induce
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1.2. Baghdad Nuclear Research Institute reactor

a low activitya. Therefore, the materials investigated with the PGAINS technique

are not signi�cantly activated in contrast to PGNAA. This facilitates the handling

of irradiated materials for further investigations or sending back (e.g. in the case of

museum samples) without the need of long storage and cooling times.

The cross sections for radiative neutron capture (n,
) and hence the correspond-

ing pathlengths of cold and thermal neutrons are observed to vary considerably de-

pending on the considered material. In contrast to this, it will be shown within this

work that the integral cross sections for fast-neutron inelastic scattering (n,n'
) are

nearly independent of the sample matrix. Although PGAINS complements PGNAA

to allow accurate chemical analysis of large samples, in the frame of this work it is

also demonstrated that PGAINS can o�er higher sensitivity also in the case of thin

samples composed of elements with very low cross sections for radiative neutron

capture, in particular carbon, oxygen and cerium [1, 20, 21].

1.2 Baghdad Nuclear Research Institute reactor

In the mid 70s of the last century considerable e�orts in the investigation of fast-

neutron inelastic scattering reactions were made from the working group of A. M.

Demidov at the Nuclear Research Institute in Baghdad (Iraq) [22�26]. The results

of these investigations were compiled and published in the "Atlas of Gamma-ray

Spectra from the Inelastic Scattering of Reactor Fast Neutrons", by Demidov et

al. in 1978. [27]. This "Atlas" contains relative intensities and peak energies for

7375 
-rays derived from irradiations at the IRT-M reactorb for 76 natural and

29 isotopically-enriched samples. The measuring angle between neutron beam and

detector was 90° and the samples were tilted by 60° relative to the incident beam

[22]. It is the only existing database in this �eld, although a relational database on

(n,n'
) data [28] based on [27] exists. Undoubtedly, the work and e�orts of Demidov

et al. are of great value but, unfortunately, they have never been validated.

Figure 1.3: Experimental set-up at the IRT-M reactor used for irradiation exper-
iments by Demidov et al. For the measurement of chlorine, also reported in this
work, the set-up was slightly modi�ed. [27]

a(n,n'
) reactions could also induce low activities if a metastable state is formed.
bThe reactor was also named "Osirak" by the French and completely destroyed by the Israeli

airforce during operation opera in 1981.
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1.2. Baghdad Nuclear Research Institute reactor

The experimental irradiation set-up at the IRT-M reactor is illustrated in Fig.

1.3. The neutron beam produced in the light-water reactor open-core pool type

was guided through a �lter made of 9 cm lead (Pb), 1 cm of boron carbide (B4C)

and 1 mm of Cd. At sample position the beam diameter was approximately 30

mm, ensuring complete irradiation of the samples mounted in a holder of 25 � 25

mm2. The utilized Ge(Li) detector had a shielding comprising of 10 cm lead (Pb),

5 cm iron (Fe), 8 cm para�n with B4C and 3 mm of 6Li. A lithium hydride (LiH)

�lter, 20 mm in diameter and 110 mm long [22], inserted into the collimator of

the Ge(Li) detector, was used to �lter scattered fast neutrons. The prompt 
-ray

spectra were recorded in the energy range of 0.12 to 3.4 MeV for most elements,

with the exception of the light elements lithium, beryllium, boron, carbon, nitrogen,

oxygen, �uorine, magnesium, silicon and calcium, whose spectra were measured up

to 7 MeV. For the measurements either a 30 cm3 (3.8 keV resolution at 1.2 MeV) or

a 40 cm3 (2 keV resolution at 1.2 MeV) Ge(Li) detector was used. The measurement

time varied between 20 and 30 h. The e�ciency of the spectrometer and the non-

linearity of the detection system were determined with calibrated standard 
-sources,

such as 75Se, 182Ta or 110Ag. Relative intensities were also corrected for 
-ray self-

absorption in the samples. Presence of 
-rays from the (n,
) reaction was veri�ed

with the "Compendium of Thermal-Neutron Capture 
-Ray Measurements" [29, 30].

Unfortunately, however, any details regarding the correction of interferences with

the capture reactions are missing in the Atlas [27]. Most elements were irradiated

purely or as an oxide with sample masses typically above 10 grams [27].

In addition to relative intensities normalized to a certain transition of the consid-

ered isotope, the reference line of every element was also normalized with respect to

the 847-keV line arising from the 56Fe(n,n'
)56Fe reaction [27]. This normalization

provides a unique reference point for every element.

1.2.1 The IRT-reactor fast-neutron spectrum

After �ltering of the neutron beam by 10 cm of Pb the shape of the spectrum

at sample position deviates from the �ssion spectrum produced in the core. A

visualization of both spectra can be found in the Atlas [27]. The �ssion neutron

spectrum can be approximated by an exponential law of the form exp(� � En). The

value of � was given as -0.75 by Demidov et al. for neutron energies of En > 1.5

MeV [27]. In an earlier publication of Demidov et al. for En > 1.5 MeV the value

of � was given as 0.72 [22]. Depending on the reactor type � can vary from -0.65 to

-0.75 [31]. However, this variation does not really change relative 
-ray intensities

emitted from levels above 0.5 MeV [27, 28] and therefore intensities from the Atlas

[27] can be considered to be universal for the case of �ssion-based neutron sources

using 235U.

According to [28] the neutron �ux �(En) of the IRT-M reactor can be described

by the following expression:
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1.2. Baghdad Nuclear Research Institute reactor

�(En) = �1(En) +

�

1 + tanh � (K � (En � 1:5))

2

�

� (�2(En) � �1(En)); (1.2)

where �1(En) is the neutron �ux in the energy region below En= 1.5 MeV and

�2(En) the neutron �ux in the high-energy region, i.e. En � 1.5 MeV. The parameter

K characterizes the in�nitely smooth hyperbolic tangent function in Eq. (1.2).

In the energy region below En= 1.5 MeV, the neutron �ux �1(En) in Eq. (1.2)

can be described by a Maxwellian distribution:

�1(En) = 2 � A1 �
s

�

En

� � kT 3

�

� exp

��En

kT

�

; (1.3)

where A1 (a.u.) and kT (MeV) represent adjustable �tting parameters.

In the high-energy region of the spectrum, i.e. En � 1.5 MeV, the neutron �ux

�2(En) can be reasonably described with an exponential of the form:

�2(En) = A2 � exp(�� � En); (1.4)

where A2 (a.u.) and � are variables optimized in the �tting procedure [28].

For the overall �t depicted in Fig. 1.4 according to Eq. (1.2) the �t parameters

were set to: K= 1, A1= 84,500, kT= 0.39 MeV in the Maxwellian region and A2=

36,600 and �= 0.76 in the exponential tail of the �t [28]. The average (�ux-weighted)

neutron energy of the IRT reactor spectrum was estimated as 0.631 MeV in [28].

Figure 1.4: The IRT-M reactor neutron �ux in arbitrary units (a.u.) as a function
of the neutron energy. Black circles are digitized data points taken from [27] and
red circles are a representative sample of these points required for �tting purposes.
The solid line represents the �t described by Eq. (1.2) and taken from [28]. [28]
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1.3. History of the FaNGaS instrument

1.3 History of the FaNGaS instrument

The FaNGaS (Fast Neutron-induced Gamma-ray Spectrometry) instrument was de-

veloped at IEK-6 (Nuclear Waste Management and Reactor Safety) at the For-

schungszentrum Jülich (FZJ) GmbH. Since 2014 it is installed at the SR10 (Strahl-

rohr 10) of the FRM II (Forschungs-Neutronenquelle Heinz Maier-Leibnitz) reactor

at the MLZ (Heinz Maier-Leibnitz Zentrum) in Garching and from 2016 until to-

day it is operated by JCNS-2 (Jülich Centre for Neutron Science). The idea of this

instrument, however, was set a few years earlier. It originated from the TANDEM

(TransActinide Nuclear Data Evaluation and Measurement) collaboration [32], ini-

tiated in 2011 by the prompt gamma activation analysis (PGAA) working groups

at FZJ, the FRM II and the MTA EK (Hungarian Academy of Sciences Centre for

Energy Research) by signing a Memorandum of Understanding (MoU). The absence

of accurate nuclear reaction data of actinides, such as nuclear capture data of long-

lived actinides like 237Np, 242Pu and 241Am, served as the major motivation for this

project [33]. Availability of such accurate data is crucial for the non-destructive

assay and safe disposal of hazardous nuclear waste, especially for Germany that

phased out nuclear energy.

The FaNGaS instrument resulted from three years successful cooperation and

experiments at the neutron beam facilities in Budapest and Garching in the frame

of TANDEM as well as �nancial support by the Bundesministerium für Bildung und

Forschung (BMBF). This unique tool enables the non-destructive chemical analysis

based on the detection of prompt 
-rays induced by fast-neutron reactions, mainly

inelastic scattering, with actinides and other elements.

The long-range target of FaNGaS, as de�ned in [32], was the development of

analytical techniques based on active neutron interrogation and 
-ray spectrometry

for the non-destructive analysis of nuclear waste and its residues from dismantling

activities. Now, the new goal is to use FaNGaS for chemical analysis of thin or large

samples complementary to PGNAA. Therefore, much e�ort is put into: (i) the val-

idation of nuclear data listed in the Atlas [27] and (ii) a continuous optimization

of the instrument to improve its sensitivity by achieving higher peak-to-background

ratios. In the frame of the aforementioned development and application of FaNGaS

the relevant task is to determine neutron-spectrum averaged (e�ective) isotopic par-

tial 
-ray production cross sections (h�E
i) for inelastic neutron scattering that are

necessary to perform quantitative chemical analysis.

For this reason, a multitude of measurements were performed with the FaNGaS

instrument at FRM II until the �rst quarter of 2020. Since then the reactor remained

out of operation due to the global Corona pandemic and subsequent technical issues

regarding the cold source and the cooling of the fuel. The measurements covered

a multitude of elements, until the start of this work the following elements were

measured: carbon (C), oxygen (O), sodium (Na), magnesium (Mg), aluminum (Al),
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chlorine (Cl), potassium (K), calcium (Ca), iron (Fe), nickel (Ni), copper (Cu),

zirconium (Zr), indium (In), lanthanum (La), cerium (Ce), praseodymium (Pr),

neodymium (Nd), samarium (Sm), terbium (Tb) and dysprosium (Dy).

The measurement of Fe, published in [34], can be considered as an important

milestone as it demonstrated that FaNGaS is a suitable tool for the investigation of

fast-neutron-induced prompt 
-ray emission to create a reliable catalogue on (n,n'
)

reactions and to perform chemical analysis of large objects. With respect to data

from Demidov et al. [27], the urgent need for a meticulous reevaluation was always

pointed out in all works that followed so far [20, 21, 35�37].

Possible applications of the PGAINS technique utilized at FaNGaS cover a wide

range of disciplines such as environmental research (e.g. nuclear waste), archaeology

(e.g. amphoras), geology (e.g. rocks), industry (e.g. detection of clogs in pipelines

[38]) and fundamental research (e.g. nuclear spectroscopy, astrophysics). From the

aforementioned applications, in particular the �eld of nuclear spectroscopy bene�ts

from measurements with FaNGaS, as incomplete decay schemes can be extended

based on obtained experimental data. A part of the ongoing work is already adopted

into the EXFOR (Experimental Nucler Reaction Data) [39] database.

1.3.1 Scope of this work

The main e�orts of this work were the thorough analyses of prompt 
-ray spectra

from the irradiation of various samples with the �ssion neutron beam at FaNGaS.

These measurements were carried out by Zeljko Ilic, a former PhD student at MLZ,

and basically include rare earth (RE) elements, i.e. La, Ce, Pr, Nd, Sm, Tb and Dy.

As these samples were not irradiated elementary with a well-de�ned geometry, the

analysis of those spectra was a demanding challenge that required the meticulous

application of several analytical and numerical correction procedures. In addition

to the aforementioned elements, also the analysis of prompt 
-ray spectra from C,

O, Cl and Ca is presented. The analysis of all those experimental measurements

was always the same and includes the calculation of relative 
-ray intensities and

e�ective isotopic partial 
-ray production cross sections. The obtained nuclear data

was compared to the work of Demidov et al. [27], particular emphasize in the

discussions is on 
-lines that were absent in one of the two measurements.

Another major task tackled in the framework of this work was the optimization

of the technical design of the instrument. Many endeavours were put into the devel-

opment of a fast-neutron �lter intended to be placed between sample and detector.

This measure is necessary to reduce the undesired signatures in the 
-ray spectra

induced by fast-neutron interactions inside the volume of the detector crystal on

the one hand and to avoid saturation of the detector preampli�er in the case of

the irradiation of large samples on the other hand. Suitable �lter materials were

studied numerically with standard Monte Carlo (MC) simulation software packages.

Analytical approaches were applied to complement this work and to facilitate it.
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1.4. Organization of this thesis

A method for the quanti�cation of large samples of any composition is also

presented, supported by numerical simulations to estimate neutron self-shielding

and 
-ray self-absorption. The limitations of this method are discussed.

1.4 Organization of this thesis

The introduction in Chapter 1 presents the background and motivation that has

initiated this thesis. Besides concise introduction of some fundamental physics con-

cepts it acts as a literature review and thereby introduces the Atlas [27] as well as

the portfolio of the FaNGaS instrument, with emphasis on the importance of the

aspects covered in this thesis.

The nuclear physics background is described in Chapter 2. Fundamental inter-

actions of neutrons and photons relevant to this work, i.e. that govern fast-neutron

induced prompt 
-ray spectrometry, are presented.

Chapter 3 provides information on applied numerical tools and methods. In

particular, the 
-ray spectrum evaluation software, the software used to process

nuclear data and numerical MC simulation codes used in this work are presented.

Chapter 4 describes the analytical methods. These concern the calculation of 
-

ray production cross sections, corrections of neutron and 
 attenuation, corrections

of interferences, comparisons of the obtained data with literature and the estimation

of elemental detection limits.

In Chapter 5 the FaNGaS instrument is described. Major focus is set to charac-

terize the path of the neutrons from its creation to the interaction with the sample

as well as the experimental con�guration of the FaNGaS spectrometer.

The analysis and interpretation of experimentally obtained 
-ray spectra is given

in Chapter 6. Apart from the description of the irradiated samples this chapter con-

tains an experimental approach for the reconstruction of the thermal and epithermal

spectrum part, as the spectrum is modi�ed by a new multi-leaf collimator. In the

frame of that, neutron self-shielding factors and moderation factors accounting for

the presence of crystal water are given for the considered neutron-energy ranges and

relevant samples.

The design of a fast-neutron �lter inserted into the collimator of the spectrome-

ter, to reduce signatures from fast-neutron inelastic scattering in the detector crystal

and to prevent saturation of the detector preampli�er in the case of large samples,

is presented in Chapter 7. After introduction of the theory suitable �lter materials

are selected based on the neutron and 
-ray performance of the considered �lters.

The development of an analytical model for the neutron and photon attenuation

corrections in large samples is presented in Chapter 8.

Chapter 9 summarizes the main outcomes and reached achievements, including

a critical review and future outlook.

9





2. Fundamental radiation interactions

In the case of the PGAINS technique, a 
-ray spectrum represents the result of

both the interactions of neutrons in a sample to produce the desired 
 radiation and

the subsequent interactions of these released 
-rays ending in the detector volume.

Therefore, correct interpretation of a spectrum for the purpose of elemental analysis

requires knowledge on the fundamental interactions of neutrons and photons in mat-

ter. This chapter intends to provide a solid physics background on basic interaction

processes necessary to understand 
-ray spectrometry, with special regard to fast

neutrons.

2.1 Neutron interactions with matter

According to the standard model (SM) of nuclear and particle physics, neutrons are

subatomic particles that carry no net electrical charge and hence only interact via

the strong short-ranged nuclear force [40]. Neutrons interact with matter through

di�erent types of interactions as illustrated in Fig. 2.1. These might be classi�ed

broadly into two categories: scattering (i) and absorption (ii).

Neutron ς nucleus interactions

f(En)

Scattering

(ˋs, ʅs)

MT= 2 + 4

Absorption

(ˋa)

MT= 27

Elastic

(ˋel, ʅel)

MT= 2

(n,n)

Inelastic

(ˋinel, ʅinel)

MT= 4

(n,n´)

Radiative capture

(ˋcap, ʅcap)

MT= 102

(ƴΣʴ)

Fission

(ˋf, ʅf)

MT= 18

(n,f)

Total

(ˋt, ʅt)

MT= 1

Charged

(ˋch, ʅch)

MT= 103 ς 117

and 600 ς 849

(n,p)

όƴΣʰύ
(n,d) 

etc.

Neutral

(ˋn, ʅn)

MT= 11 ς 91

(n,2n)

(n,3n)

(n,4n) 

etc.

Figure 2.1: Classi�cation of neutron interactions with matter. The MT number
represents the reaction type speci�ed by the evaluated nuclear data �le (ENDF)
[41]. The symbols � and � denote microscopic and macroscopic cross sections,
respectively.
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2.1. Neutron interactions with matter

Scattering (i) might be further divided into elastic and inelastic scattering.

While total kinetic energy is usually conserved in the �rst reaction type, a certain

fraction of energy is imparted to excite the nucleus in the second one. Absorption

(ii) reactions remove a neutron from the incident beam and can be divided into

radiative capture reactions, �ssion reactions and reactions with emission of a charged

or neutral particle, respectively. Generally, reaction types can be characterized by

a so-called MT number, ranging from 1 to 999. This number was introduced by

the evaluated nuclear reaction databases (or evaluated nuclear data �le, ENDF) [41]

that store nuclear data from various libraries to ensure a uniform nomenclature.

ENDF MT reaction numbers are the established standard for many nuclear data

libraries.

Each of the interactions illustrated in Fig. 2.1 might occur in one of the three

following fundamental interaction mechanisms: compound nucleus formation,

potential scattering and direct interaction.

Compound nucleus formation

Neutrons with kinetic energies less than a few MeV are most likely to interact with

all nucleons in a collective manner, i.e. with the nucleus as a whole. Absorption of a

neutron results in an energy transfer to the whole nucleus and the release of binding

energy, thereby creating a single excited state termed as compound nucleus. As the

neutron lost all energy and momentum it becomes an indistinguishable part of the

absorbing nucleus [42]. Compound nucleus reactions are binary two-step processes,

that can be illustrated in the following way [43]:

x + X ! (x + X)� ! y + Y; (2.1)

where x and y denote the light projectile and ejectile, respectively, and X and Y

represent the educt and product nucleus, respectively. The lifetime of compound

nuclei exceeds the nuclear lifetime, i.e. the time the incident neutron would need

to travel through the nucleus, by far. Consequently, the compound nucleus loses all

information on its formation and the direction of the incident particle, resulting in

an isotropic emission for all possible exit channels [43]. If, however, the compound

state has non-zero total angular momentum (J), the distribution of emitted particles

is anisotropic with symmetry to 90° relative to the incident particle beam axis [42].

Potential scattering

This type of scattering does not involve formation of a compound nucleus and it can

be seen as a classical scattering process such as scattering of one billiard ball from

another [44]. Potential scattering depends on the strong nuclear force, that in turn

strongly depends on the size and shape of the nucleus. Therefore, it is sometimes

also called shape elastic scattering.
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2.1. Neutron interactions with matter

Direct interaction

This type of nuclear reactions appears in a time scale that is comparable to the

time of transit for the neutron through the nucleus [42]. Neutrons with kinetic

energies above 40 MeV have de Broglie wavelengths comparable to single nucleons

in a nucleus. As a consequence of that, such neutrons are most likely to interact

with a single or a few nucleons only. If, for example, a neutron strikes a proton and

gets completely absorbed, then this process would be called direct interaction (n,p)

reaction. However, if the neutron would only transfer a small amount of energy just

su�cient to elevate the proton into an excited state, this process would be termed

direct interaction (n,n') reaction. This reaction type is not relevant for PGAINS.

2.1.1 Energy group classi�cation

The induced reaction channel of a neutron strongly depends on its kinetic energy

En, which is given in the classical regime as:

En =
1

2
� mn � v2

n; (2.2)

where mn and vn are the mass and velocity of the neutron, respectively. In neutron

physics it is common to classify neutrons into groups according to their kinetic

energy. A standard classi�cation system is given in [45] and it is shown in Table 2.1.

Table 2.1: Classi�cation of neutrons according to their kinetic energy after [45].

Energy range Name

0 - 0.025 eV Cold

0.025 eV Thermal

0.025 - 0.4 eV Epithermal

0.4 - 0.6 eV Cadmium

0.6 - 1.0 eV Epicadmium

1 - 10 eV Slow

10 - 300 eV Resonance

300 eV - 1 MeV Intermediate

1 - 20 MeV Fast

> 20 MeV Relativistic

The names of the energy ranges given in Table 2.1 are given with respect to the

temperature of the surrounding or speci�c nuclear reactions. A detailed description

is given in [45]. For a neutron of 20 MeV energy, the fractional speed of light is

already about 20%. For these relativistic (or ultrafast) neutrons the kinetic energy

is no longer properly described by Eq. (2.2) and a relativistic treatment becomes

necessary. The energy ranges in Table 2.1 are not strict and the groups are observed

to vary in practice from research group to research group, depending on the very
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2.1. Neutron interactions with matter

speci�c needs. In nuclear reactor physics, neutron-energy spectra are often divided

into three parts: thermal, epithermal (or resonance) and fast. The energy range of

all other groups given in Table 2.1 is mostly included in these ranges, except the

relativistic neutrons. For example, in the JANIS (Java-based nuclear information

software) book of neutron-induced cross sections [9] thermal neutrons are de�ned

with an energy range of 1 � 10-5 eV � En � 10 eV, resonance neutrons as 0.5 eV

� En � 100 keV and fast neutrons as 1 keV � En � 20 MeV. In the frame of

this work, thermal, epithermal and fast neutrons are considered with energy ranges

spanning from 10-10 MeV to 1.42 � 10-7 MeV (thermal), 1.42 � 10-7 MeV to 0.06

MeV (epithermal) and 0.06 MeV to 20 MeV (fast).

The di�erent types of reactions depicted in Fig. 2.1 depend on neutron energy

and the most fundamental quantity used to describe any type of nuclear reactions

is the microscopic cross section, denoted by the greek letter �. It has the unit of

area (cm2) and it is often given in barns (1 barn= 10-24 cm2) due to small nuclear

dimensions. It re�ects the probability of a certain reaction to occur.

2.1.2 Microscopic cross sections

The rate of a particular neutron reaction within a given material strongly depends

on the kinetic energy of the incident neutron as well as on the nature of the target

nuclei. Considering a nuclear reaction of the type X(n; y)Y (where X and Y are

the nuclei before and after the reaction, n is the incident neutron and y the ejectile)

between a parallel monoenergetic neutron beam and a target (see Fig. 2.2), then

the amount of particles emitted per unit time, I(x), will be proportional to both

the intensity of incident neutrons I0 and the number of target nuclei N .

Neutron beam

ὲ (neutrons cm-3)

Velocity ὺ (cm s-1)

Beam intensity Ὅ ὲ ὺ

Target
Scattered neutrons

Uncollided neutrons

Beam intensity Ὅ ὼ

ὔ (atoms cm-3)

Area Ὓ (cm2)

Thickness ὼ (cm)

Figure 2.2: Schematic representation of the concept of microscopic cross section.
Modi�ed from [46].

The intensity I0 is basically the product of the neutron speed v (cm s-1) and

the density of neutrons n (neutrons cm-3). The proportionality factor is denoted as

microscopic cross section � [44, 46�48]:
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2.1. Neutron interactions with matter

I(x) / I0 � N � � , � / I(x)

I0 � N
=

I(x)

n � v � N 0 � S � x
: (2.3)

The microscopic cross section � characterizes the reaction probability between a

single neutron and an individual particle or nucleus. According to Fig. 2.1, the total

reaction cross section of a single neutron (�t) is expressed as the sum of scattering

and absorption reactions:

�t = �s + �a: (2.4)

Scattering (�s) and absorption reactions (�a) are further described by the sum

of the following reactions depicted in Fig. 2.1:

�s = �el + �inel; (2.5)

and:

�a = �cap + �f + �ch + �n: (2.6)

For the case of a single nuclide and high neutron energies, the microscopic cross

section for scattering might be reasonably estimated based exclusively on the geo-

metrical area of the nucleus [46]:

�s = � � R2
n; (2.7)

where Rn is the nuclear radius given by the Fermi equation [46]:

Rn = RF � A
1

3 ; (2.8)

with RF = 1.2 fm [46] as Fermi radius.

The variation of the microscopic cross section � as a function of energy is called

excitation function. In order to illustrate some basic features in the energy de-

pendence of the most important neutron reactions, Fig. 2.3 shows the excitation

functions for a light (40Ca) and a heavy (139La) nucleus.

For both, light and heavy nuclei, the elastic scattering cross section contributes

most to the total cross section over the whole energy range. Only (n,
) neutron

capture reactions in the thermal regime and threshold reactions such as (n,n') at high

neutron energies are competitive to elastic scattering. Owing their 1/v dependence,

neutron capture cross sections are generally small for fast neutrons. The peaks in

the epithermal energy regime are so-called resonances. At these energies the neutron

energy matches exactly an excited compound nucleus state of long life time.

For light as well as heavy nuclei the relative contribution of the (n,n') reaction

to the total cross section is substantial. From Fig. 2.3 one can also recognize

that, for heavy nuclei like 139La, cross sections for (n,p) and (n,�) reactions are
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several orders of magnitude below those for (n,n') reactions. For light nuclei, such

as 40Ca, the respective cross sections might be in the same order of magnitude. This

circumstance is reasoned in the fact that the Coulomb forces of the shell electrons

are moderate in low-Z elements and hence the escape of charged particles as protons

or alpha particles is less hindered [49]. In principle, reactions involving the emission

of particles with a mass m such as (n,p) and (n,�) are endothermic and hence have

a certain reaction threshold. For some nuclei, however, as for 40Ca for the (n,�)

reaction they are exothermic without any threshold.

Figure 2.3: Discrete microscopic cross sections for 40Ca (top) and 139La (bottom)
for the most important reaction channels. Data is taken from [50] and the reactions
are denoted by the ENDF MT reaction numbers. MT= 1 is the (n,tot), MT= 2 the
(n,elastic), MT= 4 the (n,n'), MT= 16 the (n,2n), MT= 102 the (n,
), MT= 103
the (n,p) and MT= 107 the (n,�) reaction.
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Indeed, in the experimental 
-ray spectrum of calcium carbonate (CaCO3) pre-

sented within this work 
-lines from the 40Ca(n,p
)40K and 40Ca(n,�
)37Ar reactions

were observed. In contrast to that, examination of the measured lanthanum(III)

chloride heptahydrate (LaCl3�7H2O) spectrum did not reveal a single line from the
139La(n,p
)139Ba and 139La(n,�
)136Cs reactions. The (n,2n) knockout reaction has

a high energy threshold (> 10 MeV), and the neutron spectrum at sample position

of FaNGaS was not capable of inducing any single line attributed to this reaction

channel yet, which is attributed to the low neutron �ux around 10 MeV energy.

2.1.3 Macroscopic cross sections

The macroscopic cross section � (cm-1) represents the e�ective target area of all

nuclei from all elements and isotopes present in a material. It equals the probability

of a neutron interaction per centimeter traversed in the material. For a material

composed of a single nuclide the macroscopic cross section is expressed as:

� = N 0 � � =
� � NA

M
� �: (2.9)

For a mixture of several nuclides the cross section can be calculated as [51]:

� =
� � NA

M
�

n
X

i=1

�i � ni � hi = N 0 �
n
X

i=1

�i � ni � hi; (2.10)

where � is the density of the mixture (g cm-3), NA the Avogadro constant (6.022 �
1023 mol-1), M the molar mass of the mixture (g mol-1), �i the microscopic cross

section (cm2), ni the number of atoms in the mixture (e.g. for H2O, nH= 2 and

nO= 1) and hi the natural abundance of the ith nuclide.

It is noteworthy to mention that the inverse of the macroscopic cross section

equals the mean free transport pathlength, which is the average distance the neutron

has to travel through the considered material to induce a certain reaction of type j:

�tr;j =
1

�j

: (2.11)

2.1.4 Integral cross sections

In the previous sections microscopic and macroscopic cross sections were de�ned for

discrete neutron energies. Both can also be evaluated as integral/e�ective quantities

(denoted by angle brackets hi) for a certain energy range limited by a minimum

(En;min) and maximum neutron energy (En;max). Provided with an experimental

or numerical neutron-energy spectrum of n bins in energy, a so-called spectrum-

averaged or e�ective cross section (SACS) is de�ned as [34, 52, 53]:

SACS =

R En;max

En;min
�(En;i) � �(En;i) � dE

R En;max

En;min
�(En;i) � dE

; (2.12)
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2.1. Neutron interactions with matter

where �(En;i) is the di�erential neutron-�ux density and �(En;i) the microscopic

cross section at a neutron energy in the interval En;min � En;i � En;max.

The integral microscopic cross section can be determined as an approximation

of Eq. (2.12) as:

h�i =

Pn
i=1 �i(En) � �i(En)
Pn

i=1 �i(En)
; (2.13)

where �i(En) is the neutron �ux (cm-2 s-1) and �i(En) the microscopic cross section

in the considered neutron-energy bin i, respectively. Integral values of macroscopic

cross sections are simply obtained by setting h�i from Eq. (2.13) equal to �i in Eq.

(2.10):

h�i = N 0 �
n
X

i=1

h�ii � ni � hi: (2.14)

2.1.5 Reaction rates

With respect to Fig. 2.2 and Eq. (2.3) the reaction rate R (in units of s-1) in a given

volume traversed by a monoenergetic beam of free neutrons can be expressed as:

R = � � N 0 � I = � � N 0 � �; (2.15)

where the beam intensity I is called now neutron �ux � (cm-2 s-1). If the neutron-

energy spectrum is divided into di�erent neutron-energy ranges i, one can determine

an integral reaction rate hRii in units of atom-1 s-1 for every single group:

hRii =

Z En;max

En;min

�(En) � �(En) � dE = h�ii � h�ii: (2.16)

The sum of the reaction rates from all considered neutron-energy groups i must

equal the total reaction rate hRti calculated with the integral �ux covering the whole

neutron-energy range of the spectrum:

hRti =
n
X

i=1

h�ii � h�ii; (2.17)

where n might be 3 in the case of the neutron spectrum at sample position of

FaNGaS with i = 1 for thermal, i = 2 for epithermal and i = 3 for fast neutrons.

Presence of the di�erent nuclear reactions given in Fig. 2.1 and Fig. 2.3 ulti-

mately depends on the product of the cross section and the corresponding neutron

�ux available at that energy, i.e. the reaction rate.

2.1.6 Inelastic scattering (n,n'
)

Apart from direct interaction (n,n') reactions, inelastic scattering usually involves

the absorption of the neutron and formation of a compound nucleus. If the com-

18



2.1. Neutron interactions with matter

pound nucleus emits a neutron of lower energy, this process is termed as inelastic

scattering. In contrast to the process of elastic scattering the total kinetic energy

of the incident neutron is not conserved in an inelastic scattering event. As total

energy, however, is conserved the energy loss of the neutron is transferred to the

individual nucleons resulting in an excitation of the whole nucleus. Schematically,

the process can be described by [54]:

n + A
ZX ! A+1

ZX� ! A
ZX� + n0 ) A

ZX� ! A
ZX + 
: (2.18)

As Eq. (2.18) illustrates, the neutron emission is not su�cient to remove the

excitation energy completely. Rather, inelastic scattering reactions are accompanied

by the emission of 
-rays, hence denoted as (n,n'
) reactions.

Figure 2.4: Dependence of the inelastic threshold on atomic number Z. Data
points respresent elementary values averaged over naturally occuring isotopes and
were taken from the JENDL-4.0 database [55].

Inelastic scattering is a threshold reaction and the associated threshold energy

depends on the atomic number Z of the considered nucleus, as depicted in Fig. 2.4.

In light nuclei, such as carbon for example, the excitation energy for the �rst excited

state (�1) lies much higher above the ground state (g.s.) as in the case of heavy nuclei

like uranium. In addition, Fig. 2.5 emphasizes that the threshold is isotope-speci�c

and might vary considerably depending on the neutron number. Due to kinematics

of the scattering process inelastic scattering cannot be induced by neutrons that

just carry a kinetic energy equal to the energy of the �rst excited state. Rather, the

kinetic energy of neutrons in the laboratory frame is connected to �1 as [28, 44]:

El =
A + 1

A
� �1; (2.19)

where El is also known as inelastic threshold. Obviously, for nuclei with A � 1 the
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minimum energy for an inelastic scatter approaches the energy of the �rst excited

level, i.e. El � �1.
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Figure 2.5: Dependence of the inelastic threshold on proton and neutron number.
Values were taken from [55] but complemented by data from [50] when it was not
available. For the elements At, Rn, Fr, Ra, Ac and Th only isotopes that are most
abundant due to natural decay chains are depicted.

Anisotropic gamma-ray emission

In (n,
) radiative neutron capture reactions the 
-rays are emitted isotropically

(i.e. 4� solid-angle coverage). For isotropic distributions the angular-distribution

correction factor, denoted as W (�), is equal to one. In this case the result of a

measurement is independent of the angle � between neutron beam and detector and

hence no correction is necessary to deduce the reaction cross section with respect to

the di�erential cross section. Inelastic scattering of fast neutrons is anisotropic with

W (�) 6= 1. The cross section for inelastic scattering is connected to the di�erential

cross section as [28, 56]:

�inel =
d�(�)

d

� 4�

W (�)
; (2.20)

where �inel represents the angle-integrated cross section for the inelastic scattering

channel, �(�) is the di�erential inelastic scattering cross section measured under an

angle of � and 
 is the solid angle covered by the detector.

According to Grozdanov et al. [57], W (�) is de�ned as the ratio of the net count

rate measured at an angle � to the net count rate measured at an angle of 90° with

respect to the neutron beam axis for a considered 
-ray of energy E
. Therefore, it

might be qualitatively de�ned as:

W (�) =
_CE
(�)

_CE
(90�)
; (2.21)
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where _CE
(�) is the net count rate for a given 
-ray of energy E
 at a measuring

angle � and _CE
(90�) the net count rate at an angle of 90°, respectively.

In order to extract �(�) from Eq. (2.20), it can be rewritten to:

�inel �
Z 4�

0

d
 =
4�

W (�)
�
Z �(�)

0

d�(�): (2.22)

Integration of Eq. (2.22) yields:

�(�) = �inel � W (�): (2.23)

For a certain transition from J�i

i ! J
�f

f (J denotes the spin and � the parity of

the initial, i, and �nal, f , nuclear level) the angular-distribution function is properly

described by the �rst three even terms of a Legendre polynomial [57]:

W (�) = 1 +
X

j=2;4

aj � Pj (cos (�)) ; (2.24)

where aj are anisotropy coe�cients [28, 58] and Pj are the Legendre polynomials of

the order j. The polynomials are given as [28]:

P0(cos (�)) = 1; (2.25)

P2(cos (�)) =
1

2
�
�

3 � cos2 (�) � 1
�

; (2.26)

P4(cos (�)) =
1

8
�
�

35 � cos4 (�) � 30 � cos2 (�) + 3
�

: (2.27)

As the solid angle Qj subtended by the detector has an impact on the angular

distribution of 
-rays [28], Eq. (2.24) can be modi�ed to a more realistic equation:

W (�) = 1 +
X

j=2;4

aj � Qj � Pj (cos (�)) : (2.28)

For a 4� detection system Qj ! 0 and the nature of anisotropy in inelastic

scattering disappears, whereas Qj ! 1 for a point-like detector [28].

The anisotropy of inelastic scattering was investigated in the frame of the de-

termination of the e�ective isotopic partial 
-ray production cross sections of the
56Fe(n,n'
)56Fe reaction obtained with the FaNGaS instrument by irradiation of a

thin Fe foil, as described in [34]. In Fig. 2.6 the relative angular distributions for

the three strongest 
-rays from the 56Fe(n,n'
)56Fe reaction (847, 1238 and 1810

keV) are depicted. Close symbols depict values determined at a neutron energy of 4

MeV and were taken from [59], open symbols represent values derived for an angle

of �= 125° with the fast-neutron spectrum average of FaNGaS. As the open symbols

agree with the trend of the close symbols, the reliability of the FaNGaS instrument

to derive partial 
-ray production cross sections at an angle of 90° between neutron

beam axis and detector was demonstrated.
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Figure 2.6: Relative angular distri-
butions for the 847-, 1238- and 1810-
keV 
-line from the 56Fe(n,n'
)56Fe re-
action. Close symbols are experimen-
tally determined at a neutron energy
of 4 MeV and were taken from [59].
Open symbols are values calculated
for an angle of �= 125°. Dashed lines
are �ts and serve to guide the eye.

Figure 2.7: Neutron-energy dependence of the ratio of the angular distribution
factors for the three strongest 
-rays from the 56Fe(n,n'
)56Fe reaction. The data is
taken from the FaNGaS measurement of Fe [34].

In addition, Fig. 2.7 also gives the dependence of the ratio of angular distribution

factors from the three strongest Fe lines on the neutron energy. Apart from small

di�erences arising from the 
-ray energy, the anisotropy decreases with increasing

neutron energy.
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Doppler broadening

As the inelastic scattering process also results in a certain transfer of kinetic energy

to the resting nucleus involved in the (n,n'
) reaction, the excited recoil nucleus

might reach relatively high velocities of 108 up to 1010 cm s-1 [60]. If it is still

moving at the time of 
-ray emission, the 
-rays are subject to Doppler broadening.

This condition is met when the nuclear lifetime (�nuc) of the respective excited state

is smaller than the time it takes for the recoil nucleus to lose all its kinetic energy

and to come to rest (�stop), i.e. �nuc < �stop.

An established method to estimate the stopping time is provided by the com-

puter code SRIM (The Stopping and Range of Ions in Matter) [61, 62]. Doppler

broadening becomes visible in 
-ray spectra as broad peaks with a larger energy

resolution than that of the detector itself. Although the width and shape depends

on the composition and density of the absorber medium [63], it generally takes more

time for light than heavier nuclei to spend all kinetic energy to the surrounding of

the nuclei.

Figure 2.8: Doppler broadening observed in the CaCO3 spectrum recorded with
FaNGaS. The peak at 4.438 MeV from the 12C(n,n'
)12C reaction shows a broaden-
ing compared to the sharp peak at 6.13 MeV from the 16O(n,n'
)16O reaction. The
broadening is associated to the short lifetime of the excited state (42.2 fs [64]) with
respect to the time it takes the recoiled nucleus to stop.

As illustrated in Fig. 2.8, the 
-ray at 4.438 MeV from the 12C(n,n'
)12C re-

action clearly shows a broadening, in contrast to the 
-line at 6.13 MeV from the
16O(n,n'
)16O reaction. This di�erence is reasoned in the di�erent life time of the

respective states. The 2+ ! 0+ transition from the �rst excited state in 12C takes

place with �nuc= 42.2 fs [64], whereas the transition in 16O from the second excited
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2.1. Neutron interactions with matter

state from 3- ! 0+ takes 18.4 ps [65].

The additional spread in the line shape of a 
-line on top of the energy resolution

of the detector equals the energy E
0


 [66] of the 
 emitted in �ight [67]:

E
0


 =
1

2
� E � (E + 2 � m � c2)

E + m � c2
�
p

1 � �2 � 1

1 � � � cos (�)
; (2.29)

where � = v=c with v as the velocity of the recoil nucleus and c as the speed of light

(� 3 � 108 m s-1), E is the transition energy and � denotes the 
-ray emission angle

relative to the velocity vector of the moving recoil nucleus. For the case that � �
1 and E=m � c2 � 1, Eq. (2.29) can be reduced to [67]:

E
0



�= E
 � (1 + � � cos (�)) ; (2.30)

where E
 is the energy of a 
 emitted by a nucleus at rest, given as [67]:

E
 = E �
�

1 � E

2 � m � c2

�

: (2.31)

2.1.7 Moderation of fast neutrons

The slowing down of fast neutrons associated with the loss of kinetic energy in

scattering reactions with nuclei is termed as moderation. In PGA this process could

be reasonably neglected in most cases for sample thicknesses far below 1 mm, but it

might be a severe issue for larger samples. If the samples also contain elements with

small mass numbers A such as hydrogen in water, moderation can alter the shape of

a neutron spectrum. For the analysis of 
-ray spectra of hydrated rare earth (RE)

chlorides presented in this work, moderation e�ects were actually taken into account.

Therefore, a brief introduction of fundamental quantities used to characterize the

moderation process of fast neutrons is expedient.

Elastic scattering

Considering elastic scattering, the collision density is expressed in terms of lethargy

u, a dimensionless quantity de�ned as [44, 68]:

u = ln

�

E0

E

�

; (2.32)

where E0 is the inital and E the �nal neutron energy after moderation, respectively.

The change in u, i.e. �u, is de�ned as the average logarithmic energy decrement

given as [44]:

� = �u =

Z E0

�E0

ln

�

E0

E

�

� P (E0 ! E)dE = 1 +
�

1 � �
� ln (�); (2.33)
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where � is a collision parameter resulting from the kinematics of the elastic scattering

process [44]:

� =

�

A � 1

A + 1

�2

: (2.34)

The required number of elastic collisions to moderate a fast neutron from an

energy E0 to E is expressed as [44, 68]:

n =
1

�
� ln

�

E0

E

�

: (2.35)

The product of the average logarithmic energy decrement and the macroscopic

cross section for elastic scattering (�el) is called macroscopic slowing down power

(MSDP ) and it indicates how rapidly a neutron is slowed down in a material [68]:

MSDP = � � �el: (2.36)

As a small macroscopic absorption cross section (�a) is fundamental for an

e�ective moderation, the e�ciency of the moderation process is expressed by the

moderating ratio (MR) [68]:

MR = � �
�

�el

�a

�

: (2.37)

Inelastic scattering

Although elastic scattering contributes most to moderation, at very high neutron

energies heavy nuclei are more e�ective to slow neutrons down via inelastic scatter-

ing. When a nucleus is hit by a neutron of energy E the probability that a neutron

from inelastic scattering is emitted with an energy between E 0 and E 0 + dE 0 can be

approximated by [44]:

P (E ! E 0) � dE 0 =
E 0

T 2
� exp

��E 0

T

�

� dE 0; (2.38)

where T (MeV) is the nuclear temperature de�ned as [44]:

T = 3:2 �
r

E

A
: (2.39)

The average energy of an inelastically scattered neutron can then be expressed

as [44]:

E 0 =

Z 1

0

E 0 � P (E ! E 0) � dE 0 = 2 � T: (2.40)

Assuming that a 2-MeV neutron strikes a 139La nucleus in a LaCl3�7H2O sample,

the energy of the inelastically scattered neutron would be 0.77 MeV. Therefore, the
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neutron would lose more than one half of its initial energy in a single inelastic

scattering event (i.e. 1.23 MeV). As mean free transport pathlengths for elastic

scattering, however, are generally smaller than that one for inelastic scattering, this

kind of moderation can only play a signi�cant role in the case of multiple neutron

scattering in large samples.

2.2 Photon interactions with matter

According to the SM of nuclear and particle physics, photons are massless gauge

bosons (force carriers) that mediate the electromagnetic interaction between charged

particles [40]. They are quantized packages of light without physical mass and

they obey the principles of quantum mechanics [69�71]. The di�erent interaction

mechanisms of photons heavily depend on their energy and the atomic number of

the absorber material. The total reaction probability contains all relevant processes

and is expressed by the total photon cross section �t:

�t = �ph + �coh + �incoh + �pair + �trip + �ph:n:; (2.41)

where �ph is the cross section for the photoelectric e�ect, �coh the cross section for

coherent scattering, �incoh the cross section for incoherent or Compton scattering,

�pair the cross section for pair production in the electric �eld of electrons, �trip

the cross section for triplet production in the �eld of a nucleus and �ph:n: the cross

section for photonuclear reactions. Since photons emitted in the frame of atomic and

nuclear relaxation processes typically have energies between several hundreds of eV

and a few MeV, for most practical purposes as in 
-ray spectrometry the three most

relevant interaction processes of 
-rays are the photoelectric e�ect, Compton

scattering and pair production. In the following, photons are preferably termed

as 
s or 
-rays since this nomenclature corresponds to the energy range covered in

this work.

2.2.1 Photoelectric e�ect

In the photoelectric e�ect, a (
,e) reaction in nuclear physics notation, an incoming


 is completely absorbed by a bound electron, denoted as photoelectron. This e�ect

is illustrated in Fig. 2.9. Laws of momentum conservation exclude absorption by

a free electron [72]. Since the 
 energy exceeds the atomic binding energy, the

photoelectron is ejected from the atom and the kinematics of the absorption two-

body collision result in a complete transfer of the 
 excess energy into kinetic energy

of the released electron. Photoelectrons are monoenergetic, their discrete energy is

given as [71]:

Te� = E
 � Wi; (2.42)
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where Te� is the kinetic energy of the photoelectron, E
 the energy of the incident


 and Wi the work function or ionization energy of the considered shell in the atom,

i.e. the binding energy of the electron.

Figure 2.9: Schematic representation of the photoelectric e�ect. [73]

As the photelectric e�ect leaves an energetically-unfavourable vacancy in the

atomic shell structure, it is always accompanied by electron movements from outer

to inner shells in order to �ll this gap in the deexcitation process. The di�erence

in binding energy between involved shells is then either released in the form of

characteristic X-rays or Auger electrons, which might be emitted as a cascade.

Generally, the cross section of the photoelectric e�ect �ph (cm2 � atom-1) can be

approximated as [74�77]:

�ph
�= constant � Zn

E3:5



; (2.43)

where Z is the atomic number with the exponent n varying between 4 and 5 in the

energy range 0.1 MeV � E
 � 5 MeV as a function of energy [75, 76, 78]. As evident

from Eq. (2.43), the photoelectric e�ect dominates at low 
 energies E
 [79] and

for high-Z elements. If the 
 energy coincides with the binding energy of a shell

electron, the value of �ph assumes local maxima that are termed absorption edges

[80]. The nomenclature of these depends on the involved shells and they are called

K-, L1-, L2- and L3-edge for example in the case of atomic electrons participating

from the aforementioned shells. In fact, the expression for the cross section of the

photoelectric e�ect given in Eq. (2.43) strongly depends on the 
 energy with respect

to the energy of absorption edges [54, 81], and it must be corrected at energies close

to those [75].

For 
 energies E
 > EK , where EK represents the K-shell energy, the cross

section for a photoelectric e�ect with a K-shell electron near to the nucleus is highest

[73]. It is observed to decrease rapidly from inner to outer shells, i.e. �K
ph=�L

ph � 5

and �L
ph=�M

ph � 4 [82], where K, L and M denote the shell of the involved electron.

Equations for L and M shells exist [83], but they are fairly complex and uncertain.
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Strictly spoken, however, the complete cross section for the photoelectric e�ect is

the sum over all participating shells [84]:

�ph
�= �K

ph + �L
ph + �M

ph + ::: (2.44)

2.2.2 Compton scattering

If the energy of a 
 incident on an atomic shell electron is small compared to the

rest-mass-energy equivalent of that electron (i.e. E
 < me �c2), the resulting reaction

is known as Thomson elastic scattering in the Thomson energy regime [85]. For 
s

with energy E
 � me � c2, an inelastic scattering reaction with considerable energy

transfer to the involved electron, depending on the reaction kinematics, is the result.

This energy regime is called Klein-Nishina regime [85] and the process is known

as incoherent or Compton scattering, which is illustrated in Fig. 2.10. Compton

scattering dominates at intermediate 
 energies.

Figure 2.10: Schematic representation of the Compton Scattering. An incoming
photon strikes a quasi-free electron and gets de�ected by an angle �. [73]

For the kinematics of the reaction the electron is assumed to be at rest and also

to be quasi-free, which is justi�ed as the energy of the incident 
 greatly exceeds the

binding energy of the electron [86]. The energy of the scattered 
 (E
0


) is related to

its scattering angle � by the formula [74, 77, 80]:

E
0


 =
E


1 + � � (1 � cos (�))
; (2.45)

where � = E
=me � c2 is the reduced 
 energy. The energy transfer to the Compton

electron has a minimum for �= 0° (grazing collision) and a maximum for �= 180°

(
 backscattering). The transferred kinetic energy of the electron simply equals the

energy loss of the 
 due to laws of momentum conservation and assumptions made

above [84]:
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Te� = E
 � E
0


 =
E
 � � � (1 � cos (�))

1 + � � (1 � cos (�))
: (2.46)

The di�erential cross section for Compton scattering depends on the polarization

of the 
s [80, 87�89]. However, as common sources contain nuclei that are randomly

oriented, the Compton scattering of unpolarized 
s is the standard case [89]. The

di�erential cross section per electron and unit solid angle (cm2 � sr-1 � electron-1) is
expressed by the Klein-Nishina formalism [71, 74, 87]:

�

d�C

d


�

E
 ;unpol

=
r2

e

2
�
 

E
0




E


!2

�
 

�

E


E 0




�

+

 

E
0




E


!

� sin2 (�)

!

; (2.47)

where re is the classical electron radius and d
 = 2 � � � sin (�) � d� equals the solid

angle into which the 
 is scattered [89]. With increasing energy the 
 tends to be

forward-scattered and transfers less energy to the electron.

The total e�ective Compton cross section is obtained by taking all atomic elec-

trons into account and often termed as incoherent scattering cross section �incoh.

Integrating Eq. (2.47) over the whole solid angle yields [71]:

�incoh = Z �
Z




�

d�C

d


�

E
 ;unpol

� d


= Z � � � r2
e

�
�
��

1 � 2

�
� 2

�2

�

� ln (1 + 2 � �) +
1

2
+

4

�
� 1

2 � (1 + 2 � �)2

�

:

(2.48)

Although the expression for the cross section strongly depends on the polariza-

tion and relativity in a complex manner, the following expression provides general

validity and emphasizes the simple Z dependence of Compton scattering:

�C = constant � Z: (2.49)

Generally, Compton scattering depends on the number of electrons available as

targets for scattering reactions [76].

2.2.3 Pair production

Pair production, denoted as (
,e-e+) reaction, is the annihilation of a 
 in the

Coulomb �eld of a charged particle into an electron-positron pair (e-e+). As 
s are

massless, this process represents a conversion of pure radiant energy into matter.

Pair production is the dominant interaction mechanism for high-energy 
s and the

process is illustrated in Fig. 2.11.
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Thermalization

Figure 2.11: Schematic representation of pair production in the vicinity of the
electric �eld of a nucleus. Picture taken from [73] and modi�ed.

Applying conservation of energy and linear momentum, the minimum 
 energy

E
;min required to overcome the associated reaction threshold is given by [77, 80]:

E
;min � 2 � me � c2 �
�

1 +
me

Mnucleus

�

�= 2 � me � c2; (2.50)

where Mnucleus is the mass of the involved nucleus. The approximation of the reaction

threshold as twice of the electron rest-mass-energy equivalent (1.022 MeV) is actually

reasonable for all nuclei, since the ratio of proton to electron mass is mp=me � 1836.

The recoiling nucleus is required to satisfy momentum conservation. Once the

positron has deposited all its energy and comes to rest, it combines with a sur-

rounding electron to form a positronium. This positronium is unstable and it is a

hydrogen atom with a positron instead of a proton. After roughly 1.25 � 10-10 s

it decays into two 511-keV 
s (annihilation), but it might also decay into three 
s

forming a continuum [90].

No simple expression for the cross section of pair production exists as it depends

on complex e�ects such as screening of the nuclear charge. A general expression,

however, could be given as [77, 79]:

�pair = constant � Z2: (2.51)

Pair production can also take place in the electric �eld of a bound electron,

which is then termed triplet production to account for the recoiling electron as third

particle. The threshold energy is still described by Eq. (2.50) but substituting

Mnucleus by the electron mass me it follows that the threshold for this reaction is 4 �
me �c2, i.e. 2.044 MeV. As the cross section �pair / Z2 but the cross section for triplet

production �trip / Z1 [91], the ratio of triplet to pair production is �trip=�pair � 1=Z.

Therefore, triplet production can be neglected for high-Z materials.
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Figure 2.12: Predominating interaction type as a function of photon energy and
atomic number Z (top, taken from [73]) and dependence of the cross section from
various photon interactions on energy for Ge (bottom). The plotted data was taken
from the photon cross section database XCOM of NIST [92].

All processes given in Eq. (2.41), except photonuclear reactions, are plotted in

units of barns per atom as a function of the photon energy in Fig. 2.12 for Ge as

absorber material. The term coherent scattering comprises elastic scattering with a

single electron (Thomson scattering) and the whole atom (Rayleigh scattering) [77,

80] and might only play a role for low-energetic 
s with energies below 50 keV [73].

Photonuclear reactions such as (
,n), (
,p) or (
,f) require high threshold energies

above the binding energy of the least bound nucleon. Usually a minimum of 6 to 7

MeV [80] is needed where the giant dipole resonance (GDR) can be induced.
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2.2.4 Interactions in germanium detectors

The three main interactions of 
s namely photoelectric e�ect, Compton scattering

and pair production all take place in the crystal of a modern high-purity germanium

(HPGe) detector and contribute to the overall recorded 
-ray spectrum (see Fig.

2.13). Their extent and relative proportions strongly depend on the geometrical size

and arrangement of the detector crystal.
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Figure 2.13: Typical response function of an intermediate size HPGe detector
crystal. Inspired by [76].

The photoelectric e�ect is the main information carrier as it gives the complete

energy of the 
 (full-energy peak, FEP) and hence re�ects the transition energy.

The Compton e�ect results in the Compton continuum, which re�ects the energy

deposition of 
s depending on the scattering angle �. As the major component

for background in a 
-ray spectrum it therefore de�nes the detection limit. In the

case of a single backward scattering event (�= 180°) a small peak, the Compton

edge, is formed. This edge appears approximately at an energy of EC = E
�
255 keV [77] below the FEP of energy E
. Pair production results in single and

double escape peaks, depending if one or both of the created 511-keV annihilation


s escape the crystal volume. These peaks might interfer with another FEP of

interest. Additionally, if two 
s reach the detector almost simultaneously, a peak

at the sum of their energies becomes visibile in the spectrum (sum peak). In this

work such sum peaks were not observed and in fact negligible due to the moderate

counting rates and small solid angle subtended from the detector to the sample.
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The various software packages used for the analysis and interpretation of the exper-

imental data are described in this chapter.

3.1 HYPERMET-PC

The recorded 
-ray spectra were analyzed with the HYPERMET-PC software [93,

94]. The original version of this FORTRAN-based code was developed already in the

early seventies of the last century at the Naval Research Laboratory in Washington

D.C. Meanwhile it is provided by the Hungarian Institute of Isotopes [94] and it

allows the automatic and e�cient analysis of multichannel pulse-height spectra.

The shape parameters for di�erent peaks and background are found by a nonlinear

�t starting with an initial trial value. The software supports a multitude of di�erent

multichannel spectrum formats, the one used in this work corresponds to that one

from ORTEC (.chn �les).

3.1.1 Energy calibration

By default, HYPERMET-PC uses a simple two-point linear energy calibration, that

might be described by a �rst order polynomial:

E
 = y0 + y1 � x; (3.1)

where y0 is in units of keV, x in units of channels (ch) and the slope y1 has units of

keV ch-1.

The electronics of detection systems, in particular the ADC (Analog-to-Digital

Converter), are subject to nonlinearity e�ects [93, 95, 96]. Therefore, the software

o�ers to read in a nonlinearity calibration �le (.LIN �le), which can be obtained

by experimental measurements of various radioactive sources. As the nonlinearity

of the current set-up of FaNGaS was not determined and hence a corresponding

.LIN �le is missing, initially two peaks were taken for the calibration. An energy

calibration with background peaks at 140 keV from 75mGe and 7645 keV from 56Fe

according to Eq. (3.1) was observed to result in imprecise peak energies of prominent

lines lying in between. The peak energy of the 2223-keV line of of the 1H(n,
)2H

reaction was found to deviate by more than 1 keV from the nominal value.
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Therefore, the whole energy range (approximately 0 to 8 MeV) was divided

into four di�erent regions. These regions are given with their de�ning nuclides and

energies taken from HYPERMET-PC in Table 3.1.

Table 3.1: Energy intervals with corresponding nuclides de�ning the boundaries
for the linear energy calibrations according to Eq. (3.1) and the FEP energies given
in HYPERMET-PC.

Interval Nuclides Energy range (keV)

I 75mGe, 208Pb 139.680 - 2614.580

II 208Pb, 56Fe 2614.580 - 4218.270

III 56Fe, 56Fe 4218.270 - 5920.449

IV 56Fe, 56Fe 5920.449 - 7645.545

3.1.2 Doppler-broadened peaks

In the case of Doppler-broadened peaks the standard �t algorithm of HYPERMET-

PC was not able to �nd a converging solution for one single Gaussian. Instead, the

peak was �tted by several Gaussians. In principle, the sum of these individual peak

areas gives a reasonable estimate for the total peak area. However, the internal "Peak

Integration" mode was preferably used. For this mode one can de�ne the integration

limits. In a �rst run the peak area is determined, whereas the peak energy is resolved

in a second run. Doppler-broadened peaks were observed in measurements of light

elements such as C, Ca or Cl. The usefulness in using the peak integration method

is depicted in Fig. 3.1 exemplary for the 3905-keV line from the 40Ca(n,n'
)40Ca

reaction, which has a lifetime of only 35 fs [97]. Alternatively to the aforementioned

method, the variable peak width feature provided in HYPERMET-PC was used. In

this, the �t algorithm increases the width of one single �tted Gaussian as long as it

matches the distribution of measured counts with acceptable statistics.

Figure 3.1: Illustration of the peak integration method used in HYPERMET-PC
to evaluate Doppler-broadened peaks. The left picture shows the standard �t result
and the right picture shows the result using the internal peak integration method.

34



3.2. Simulation software

3.2 Simulation software

The simulation software applied in the frame of this work is described in the follow-

ing.

3.2.1 MCNP code

Processes that are governed by the random nature of radioactive decay and nuclear

reactions cannot be solved reasonably with an analytical approach. Instead, they

are routinely analyzed by the Monte Carlo (MC) method. In particular with respect

to 
-ray spectrometry, a wide variety of MC codes is applied to quantify parame-

ters such as the e�ciency of a detector or the neutron and 
 attenuation inside a

sample [15, 98�105]. MC codes rely on a stochastic approach using random num-

bers: generally, a number N (e.g. particle histories) of independent calculations are

accumulated and the desired result is obtained by taking the average.

Figure 3.2: The Monte Carlo principle of random walks in radiation transport
problems. [106]

The purpose of MC simulations is the derivation of average bulk parameters,

either of the simulated particles itself (e.g. kinetic energy or number of particles

crossing a certain surface) or of the traversed materials (e.g. deposited energy in a

material) [106]. The basic principle of the MC method is illustrated in Fig. 3.2.

The program simulates the transport of each primary particle (also called "his-

tory") individually and independently from each other as a random walk in a step-

by-step manner. Each particle can undergo di�erent interactions, which might be

termed as "events". The program decides these types of events based on nuclear

data and probability density functions (PDFs) that are both manifested in the soft-

ware. After each interaction certain parameters, such as kinetic energy for example,

are redetermined by the code and the transport continues until the particle leaves

the de�ned geometry, is absorbed or a cuto� value (e.g. in energy) is reached. In the
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case of neutrons, the event type is basically determined by the ratio of the macro-

scopic cross section of the considered reaction to the value of the total macroscopic

cross section, i.e. �t.

Regarding the statistical uncertainty of MC simulations, the standard error �

depends inversely on the square root of the number of particle histories N :

� / 1p
N

: (3.2)

From Eq. (3.2) it follows that the statistical uncertainties of a numerical MC

simulation can be reduced by a factor of 10 when the number of primary source

particles is increased by a factor of 100.

In this work, the Monte Carlo N-Particle (MCNP) code (version 6.1) [107, 108]

was used for numerical simulations. It is a general-purpose transport code quali�ed

to simulate a wide variety of nuclear processes. It is capable to transport neutrons,

photons, eletrons, ions and many other elementary particles up to an energy of 1

TeV/nucleon. It is developed and maintained by the Los Alamos National Lab-

oratory (LANL) and optimized for reactor-physical calculations involving neutron

transport. Table 3.2 gives the units used by MCNP for fundamental quantities.

Table 3.2: Basic quantities and units used in the MCNP code.

Quantity Unit

Length cm

Energy MeV

Time Shakes (10-8 s)

Temperature MeV (kT )

Atomic density Atoms b-1 cm-1

Mass density g cm-3

Cross sections b (10-24 cm2)

Heating numbers MeV collision-1

Detailed and comprehensive information on the data cards and transport op-

tions is provided in the MCNP6 user manual [108]. In addition, Appx. K contains

complete input �les for selected simulations, also including descriptive comments.

Therefore, in the following sections only some of the most relevant features used in

the simulations for this work are considered brie�y. For this purpose explanations

are done based on short illustrative code-snippets taken from Appx. K.

Input structure

The input �le (INP �le) is written in text format (ASCII) and it contains information

on the problem geometry, description of materials including cross-section libraries,

particle type and source de�nition, type of desired output (termed as tallies) and
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variance-reduction techniques for improved computing e�ciency. The code structure

can be generalized into three main blocks for any problem as:

---------------------------------------------------------------------

Message Block +

blank line delimiter {optional}

One Line Problem Title Card

Cell Cards [Block 1]

blank line delimiter

Surface cards [Block 2]

blank line delimiter

Data Cards [Block 3]

blank line terminator {optional}

---------------------------------------------------------------------

Running and geometry plotter

The run of an input �le is initiated by the execution line, which has the general

form:

---------------------------------------------------------------------

MCNP6 KEYWORD=value ... KEYWORD=value execution_option(s)

other_options TASKS=value

---------------------------------------------------------------------

where the KEYWORD represents default �le names of MCNP6 to which a speci�c

value can be assigned. The keyword INP, or just "i", indicates the user-supplied

input �le name, whereas OUT or just "o" indicates the corresponding output �le

name. Further keywords can be used to control for example the name of the cross-

section directory �le, a �le from which plot commands will be read or a �le that

contains the desired tally results. The "execution_option(s)" provides six distinct

execution models and "other_options" allows to add more �exibility by the user to

the simulation. The TASKS option was used to enable CPU threading and thereby

increasing the computing e�ciency signi�cantly. Simple simulations were usually

run on a local laptop, whereas more advanced simulations requiring a high number

of particle histories were transferred to the standard cluster of JCNS-2. Up to 12

nodes were available to submit jobs using the sinteractive command.

Typing "IP" right after "MCNP6" in the execution command line shown above

calls the geometry plotter of MCNP6. Assuming that a X server is available for

Microsoft Windows (e.g. with the software Xming) and the display variable is set

properly, this option was frequently used to verify the written geometry and to

ensure error-free input �les. The geometry plotter is useful to show cells or surfaces

and enables a quick debugging of incorrect geometries (see Fig. 3.3).
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Figure 3.3: GUI of the MCNP6 geometry plotter. The HPGe detector model of
FaNGaS is shown.

Cross-section nuclear data libraries

In order to depict physical neutron and 
 interaction processes relevant to form a


-ray spectrum properly, nuclear data libraries serve as an input for any numerical

software packages. Generally, nuclear data libraries might be categorized into two

broad sections [109]: (i) experimental nuclear data libraries and (ii) evaluated nu-

clear data libraries. The (i) experimental nuclear data library EXFOR (Experimen-

tal Nuclear Reaction Data) [39] is the most extensive compilation of experimental

nuclear data, especially with regard to neutron reaction data. It is released and

maintained by the Nuclear Data Section (NDS) of the International Atomic Energy

Agency (IAEA). Since the discovery of the neutron in 1932 by James Chadwick data

from over 20,000 experiments has been implemented. The (ii) evaluated nuclear data

libraries combine available experimental nuclear data with accepted physics-based

models to �ll the gap left empty by experimental libraries. Experienced experts from

the USA, Europe, Japan, Russia and China produce recommended libraries such as

BROND (Russian evaluated neutron library) [110], CENDL (Chinese Evaluated Nu-

clear Data Library) [111], ENDF/B (Evaluated Nuclear Data Library) [112], JEFF

(Joint Evaluated Fission and Fusion) [113] or JENDL (Japanese Evaluated Nuclear

Data Library) [114], to name a few of them. Nuclear data from all of these libraries

are compiled into ENDF (Evaluated Nuclear Data File) �les, whose information is

encoded by means of MT numbers associated to the corresponding nuclear reactions.
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Each library obtains regular updates and in the frame of this work mostly current

data from the ENDF/B library was used.

By default, version 6.1 of MCNP makes use of ENDF/B-VII.1 [115�117] cross-

section libraries for neutrons and the MCPLIB84 library for 
s [118]. The latest

version of the neutron libraries is ENDF/B-VIII.0 [112]. Although the di�erences

between these libraries were found to be minor, for some simulations the newer

libraries were used. This was possible by downloading the Lib80x library [116] of

version 6.2 of MCNP and placing it into the "xdata" folder. Cross sections from

this library were used for example for the derivation of neutron moderation factors

presented in Chapter 6. In the following, an excerpt from the �le used for the

terbium(III) chloride hexahydrate (TbCl3�6H2O) simulation is shown:

---------------------------------------------------------------------

M1 1001.00c 11.9988 1002.00c 0.0012 8016.00c 5.9856 8017.00c 0.0024 &

8018.00c 0.0120 17035.00c 2.2731 17037.00c 0.7269 65159.00c 1.0000

---------------------------------------------------------------------

In the given example above (see Appx. K.2 for the complete input �le), materials

on the M1 card are characterized by the nuclide identi�cation number "ZAID" with

the general form ZZZAAA.nnX. The part "ZZZ" is the atomic number, "AAA" the

mass number (000 for naturally-occuring elements), "nn" the cross-section identi�er

and X= c indicates the use of continuous-energy neutron tables. The value of nn=

00 indicates data evaluated at 293.6 K, i.e. room temperature.

Physics cards

The most fundamental physics treatment is set by the obligatory MODE card. This

card acts to choose the particle types that are transported. The speci�cation as:

---------------------------------------------------------------------

MODE N,P

---------------------------------------------------------------------

allows the transport of both neutrons and photons. However, if only the transport

of one particle type in�uences the tally output, then the other particle was not

transported in order to save computing time.

When no cross-section libraries are available for certain isotopes or when reac-

tions exceed the maximum energy in a given library, then MCNP6 usually interrupts

the run with a fatal error. To avoid this, model physics can be activated by:

---------------------------------------------------------------------

MPHYS ON

---------------------------------------------------------------------

Nevertheless, model physics were only used if necessary or when the computing

time was reasonable, as CPU threading fails to work when they are activated.

By default, MCNP assumes energy cuto� values of 0 MeV for neutrons and 1

keV for photons. Transport of low-energy neutrons takes longer computing times
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than needed for fast neutrons. Therefore, whenever thermal or epithermal neutron

transport was not necessary a corresponding cuto� value was set. An example is

shown for a fast-neutron �lter simulation from Chapter 7 (see also Appx. K.4):

---------------------------------------------------------------------

PHYS:N 20 $20 MeV energy upper transport limit

CUT:N 1E09 0.02 $10 s and 20 keV lower transport limit

---------------------------------------------------------------------

In the given example, neutrons above 20 MeV as well as neutrons below 20 keV

were "killed". In addition, a time cuto� was set in units of shakes (i.e. 10 s).

Geometry transformations

MCNP o�ers geometry tranformations via the TR card. The transformations can be

applied to a de�ned surface or to the mesh grid of a FMESH tally. Since some of the

samples were tilted by an angle of 45° with respect to the incident neutron beam axis,

a TR card was used sometimes. As an example, in Chapter 6 the neutron moderation

in the RE chloride samples that contain partially crystal water was investigated. For

this purpose a TR card was applied to the corresponding macrobodies and FMESH

tallies. A rotation was achieved by de�ning transformations as (see also Appx. K.2):

---------------------------------------------------------------------

*TR1 0 0 0 45 90 90 90 0 90 45 90 90 1 $45° rotation around Y-axis

*TR2 0 0 -8.5 45 90 90 90 0 90 45 90 90 1 $45° rotation around Y-axis

---------------------------------------------------------------------

The asterisk in front of TR enables to give the angles in the rotation matrix in

degrees instead of cosines.

Source de�nition

The source de�nition is done by the SDEF card with various input parameters

available in MCNP. In Chapter 7, the attenuation of the scatter-neutron spectrum

by di�erent �lter materials was investigated. The code-snippet (Appx. K.6) showing

the speci�cations of the SDEF card is shown and explained in the following:
---------------------------------------------------------------------------------

c Cone-focussed point source, longitudinal half-opening angle of ~ 4.80°

SDEF ERG=d1 POS=0 0 +71.255 PAR=1 X=0 Y=0 Z=+71.255 VEC=0 0 -1 DIR=d2

c FaNGaS neutron-energy bin structure with rel. probabilities of scatter spec.

SI1 H 6.60E-02 8.80E-02 1.10E-01 1.35E-01 1.60E-01 1.90E-01 2.20E-01 &

2.55e-01 2.90E-01 3.20E-01 3.60E-01 4.00E-01 4.50E-01 5.00E-01 5.50E-01 &

6.00e-01 6.60E-01 7.20E-01 7.80E-01 8.40E-01 9.20E-01 1.00E+00 1.20E+00 &

1.40e+00 1.60E+00 1.80E+00 2.00E+00 2.30E+00 2.60E+00 2.90E+00 3.30E+00 &

3.70e+00 4.10E+00 4.50E+00 5.00E+00 5.50E+00 6.00E+00 6.70E+00 7.40E+00 &

8.20E+00 9.00E+00 1.00E+01 1.10E+01

SP1 0.00 9.61E-03 9.19E-03 9.98E-03 1.09E-02 1.92E-02 1.37E-02 1.24E-02 &

1.16E-02 1.70E-02 1.55E-02 2.22E-02 2.53E-02 3.36E-02 2.62E-02 2.16E-02 &

2.98E-02 3.55E-02 3.97E-02 3.32E-02 2.77E-02 3.53E-02 7.88E-02 7.39E-02 &
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4.99E-02 5.40E-02 3.85E-02 4.88E-02 5.60E-02 4.16E-02 3.77E-02 1.92E-02 &

1.42E-02 7.49E-03 7.52E-03 4.80E-03 2.52E-03 2.20E-03 1.27E-03 8.84E-04 &

7.20E-04 3.59E-04 5.31E-04

SI2 0.9964994810 1.0 $Cone-shaped beam into collimator

SP2 0 1

---------------------------------------------------------------------------------

The PAR parameter de�nes the source particle type, with PAR= 1 for neutrons.

ERG speci�es the energy, with d1 indicating a distribution tagged by 1. Each

distribution requires a source information (SI) and source probability (SP) card. The

H after SI1 indicates that histogram energy boundaries follow. The POS parameter

sets the starting point in X, Y and Z of the particle, which is additionally done

with X, Y and Z (redundant). VEC is a reference vector used for DIR in vector

notation, which is another distribution (d2) and limits the particle emission to a

cone restricted by a half-opening angle of 4.80° along Z-axis, as indicated above. Z=

-1 indicates that the beam is emitted along negative Z-direction.

Tallies

The desired output is termed as a tally in MCNP and it is the equivalent to an

experimentally measured quantity. The most frequent used tallies in the frame of

this work comprise the F1, F4 and F8 tallies.

F1 tally

The F1 tally is a simple current tally, i.e. it counts the weight of the particles

crossing a certain surface. If the particles' weights equal one, then the F1 tally

output equals the absolute number of particles. In Chapter 7 simulations regarding

a fast-neutron �lter are presented. In one of these simulations, the current of fast

neutrons arriving at the detector front surface was tallied (see Appx. K.4). This

was de�ned as:
---------------------------------------------------------------------------------

F1:N 7 $Detector front surface

E1 1.90E-02 2.55E-02 3.20E-02 4.00E-02 &

5.25E-02 6.60E-02 8.80E-02 1.10E-01 1.35E-01 1.60E-01 1.90E-01 2.20E-01 &

2.55E-01 2.90E-01 3.20E-01 3.60E-01 4.00E-01 4.50E-01 5.00E-01 5.50E-01 &

6.00E-01 6.60E-01 7.20E-01 7.80E-01 8.40E-01 9.20E-01 1.00E+00 1.20E+00 &

1.40E+00 1.60E+00 1.80E+00 2.00E+00 2.30E+00 2.60E+00 2.90E+00 3.30E+00 &

3.70E+00 4.10E+00 4.50E+00 5.00E+00 5.50E+00 6.00E+00 6.70E+00 7.40E+00 &

8.20E+00 9.00E+00 1.00E+01 1.10E+01 1.20E+01 1.30E+01 1.40E+01 1.50E+01 &

1.60E+01 1.70E+01 1.80E+01 1.90E+01 2.00E+01

---------------------------------------------------------------------------------

In the example above, N indicates that neutrons are going to be scored at the

surface speci�ed by number 7. The F1 card is followed by an E1 card that provides

the information on the desired energy binning of the result. Since no special tally

treatment was applied, the F1 tally scores all neutrons, independent of the velocity

41



3.2. Simulation software

vector direction. A F2 tally works basically the same way, with the only di�erence

that MCNP divides the tally output in each bin by the area provided by the user.

F4 tally

The F4 tally is a track-length tally and the output is given in units of primary-1

cm-2. Supposing a particle of weight W and energy E makes a track length T in a

de�ned cell of volume V , then this track length makes a contribution of W � T=V

to the total �uence in the cell. In the frame of the neutron moderation simulations

presented in Chapter 6 to investigate the e�ect of bound crystal water in some of

the measured samples, the volume �ux of neutrons in tilted samples was derived

with a F4 tally. The description of this �ux is given as (see Appx. K.2):
---------------------------------------------------------------------------------

F14:N 3

E14 1.00E-10 1.00E-09 1.00E-08 2.30E-08 5.00E-08 7.60E-08 1.15E-07 1.70E-07 &

2.55E-07 3.80E-07 5.50E-07 8.40E-07 1.28E-06 1.90E-06 2.80E-06 4.25E-06 &

6.30E-06 9.20E-06 1.35E-05 2.10E-05 3.00E-05 4.50E-05 6.90E-05 1.00E-04 &

1.35E-04 1.70E-04 2.20E-04 2.80E-04 3.60E-04 4.50E-04 5.75E-04 7.60E-04 &

9.60E-04 1.28E-03 1.60E-03 2.00E-03 2.70E-03 3.40E-03 4.50E-03 5.50E-03 &

7.20E-03 9.20E-03 1.20E-02 1.50E-02 1.90E-02 2.55E-02 3.20E-02 4.00E-02 &

5.25E-02 6.60E-02 8.80E-02 1.10E-01 1.35E-01 1.60E-01 1.90E-01 2.20E-01 &

2.55E-01 2.90E-01 3.20E-01 3.60E-01 4.00E-01 4.50E-01 5.00E-01 5.50E-01 &

6.00E-01 6.60E-01 7.20E-01 7.80E-01 8.40E-01 9.20E-01 1.00E+00 1.20E+00 &

1.40E+00 1.60E+00 1.80E+00 2.00E+00 2.30E+00 2.60E+00 2.90E+00 3.30E+00 &

3.70E+00 4.10E+00 4.50E+00 5.00E+00 5.50E+00 6.00E+00 6.70E+00 7.40E+00 &

8.20E+00 9.00E+00 1.00E+01 1.10E+01 1.20E+01 1.30E+01 1.40E+01 1.50E+01 &

1.60E+01 1.70E+01 1.80E+01 1.90E+01 2.00E+01

FT14 TAG 1

FU14 -1

---------------------------------------------------------------------------------

The input is identical to the case of a F1 or F2 tally, however, in this case

an advanced tally treatment was also applied by means of a FT and FU card to

�lter for primary source neutrons only. The FT tally with the keyword TAG allows

to separate a tally into components based on how and where the scoring particles

were produced. The TAG keyword has one single parameter, which can have the

values 1, 2 and 3. For the value of a= 1 "all collided particles will lose their tag

and bremsstrahlung and annihilation photons will be included in the bin of collided

particles" [119]. The FU card with the parameter -1 sets the source particle tag

for all cells. As a result, the F14 tally above prints two outputs, i.e. total values

including contributions of secondaries and primaries only.

F8 tally

For the numerical determination of the escape peak correction curves 
-rays were

counted in MCNP6 with the F8 tally. This pulse-height tally works equivalent to a
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standard multichannel analyzer. Only photons and electrons can be tallied with a

F8 card, it cannot score neutrons due to their non-analog nature of transport. For

the escape peak correction the tally was de�ned as (see also Appx. K.1):

---------------------------------------------------------------------

F8:P 1

E8 1E-03 8000i 8.0 $ ~ 1 keV intervals

---------------------------------------------------------------------

The P indicates that photons are scored and 1 implies that this scoring is done

in cell number 1. The energy bins on the E8 card (1 keV to 8 MeV) are scored with

8000 bins of approximately 1 keV width.

3.2.2 NJOY processing modules

Nuclear data such as cross sections provided in ENDF �les of di�erent libraries is

usually represented in a form of a physics viewpoint that is incapable to serve as a

proper input for practical calculations. The NJOY nuclear data processing system

[120, 121] is a numerical tool that enables the translation of cryptic information con-

tained in ENDF �les into a form needed for applications and being easily interpreted.

The Fortran-based code was originally developed by Bob McFarlane in the 1970s at

LANL, by which it is still being developed and maintained. For neutrons, photons

and charged particles it can produce pointwise and multigroup nuclear cross sec-

tions and other quantities contained in evaluated nuclear data in the ENDF format.

NJOY is the standard tool to produce libraries for MC-based particle transport and

reactor analysis codes. In this work the version from 2016 (NJOY2016) [121] was

used, which is distributed as open-source software.

NJOY was applied to obtain average (grouped) cross sections for every energy

bin of the experimental neutron-energy spectrum. These were used to estimate neu-

tron spectrum-averaged (e�ective) reaction cross sections according to Eq. (2.13).

Module sequence

Each processing task is handled separately by the NJOY code and denoted as a

module. These modules are basically computer programs on their own and they are

linked to each other by input and output �les, respectively. In total, 24 di�erent

main modules exist, from which four were used in this work. Their meaning is

exemplary explained based on the case of 12C, for which the code is given as:
---------------------------------------------------------------------------------

-- Copy ASCII input to binary.

MODER

20 -21 / 'n/n_0625_6-C-12.zip'

--

-- Resonance reconstruction, to 0.1%.

RECONR

-21 -22 /
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'pendf tape for carbon-12 from endf/b-viii'/

0625 0 0 /

0.001 /

0 /

--

-- Doppler broaden to 300 K.

BROADR

-21 -22 -23 /

0625 1 0 0 0 /

0.001 /

300. /

0 /

--

-- Group average, 300 K with group structure.

GROUPR

-21 -23 0 91 /

0625 1 0 2 1 1 1 1 /

'6-C-12' /

300. /

1.0E10 /

100 / # of groups, energy boundaries follow:

1.000000E-4 1.000000E-3 1.000000E-2 2.300000E-2 5.000000E-2

7.600000E-2 1.150000E-1 1.700000E-1 2.550000E-1 3.800000E-1

5.500000E-1 8.400000E-1 1.275000E+0 1.900000E+0 2.800000E+0

4.250000E+0 6.300000E+0 9.200000E+0 1.350000E+1 2.100000E+1

3.000000E+1 4.500000E+1 6.900000E+1 1.000000E+2 1.350000E+2

1.700000E+2 2.200000E+2 2.800000E+2 3.600000E+2 4.500000E+2

5.750000E+2 7.600000E+2 9.600000E+2 1.275000E+3 1.600000E+3

2.000000E+3 2.700000E+3 3.400000E+3 4.500000E+3 5.500000E+3

7.200000E+3 9.200000E+3 1.200000E+4 1.500000E+4 1.900000E+4

2.550000E+4 3.200000E+4 4.000000E+4 5.250000E+4 6.600000E+4

8.800000E+4 1.100000E+5 1.350000E+5 1.600000E+5 1.900000E+5

2.200000E+5 2.550000E+5 2.900000E+5 3.200000E+5 3.600000E+5

4.000000E+5 4.500000E+5 5.000000E+5 5.500000E+5 6.000000E+5

6.600000E+5 7.200000E+5 7.800000E+5 8.400000E+5 9.200000E+5

1.000000E+6 1.200000E+6 1.400000E+6 1.600000E+6 1.800000E+6

2.000000E+6 2.300000E+6 2.600000E+6 2.900000E+6 3.300000E+6

3.700000E+6 4.100000E+6 4.500000E+6 5.000000E+6 5.500000E+6

6.000000E+6 6.700000E+6 7.400000E+6 8.200000E+6 9.000000E+6

1.000000E+7 1.100000E+7 1.200000E+7 1.300000E+7 1.400000E+7

1.500000E+7 1.600000E+7 1.700000E+7 1.800000E+7 1.900000E+7

2.000000E+7 /

3 /

0 /

0 /

stop

---------------------------------------------------------------------------------

As the starting module, MODER converts plain text �les (ASCII, 20 in the code

snippet above) into binary �les (-21), which increases the computing e�ciency. The
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RECONR module ensures that the cross sections are obtained with a certain toler-

ance by linear interpolation. Therefore, it reads the ENDF �le (-21) and produces

the union grid, which is a common energy grid for all reactions. Resonance cross

sections are reconstructed with a tolerance of 0.1%. The produced pointwise cross

sections are written into a PENDF (point-ENDF) �le, i.e. �le number -22. The

BROADR module, based on the SIGMA1 code [122], Doppler-broadens the data by

means of the accurate point-kernel method. This was done for room temperature

(300 K). As the last module, GROUPR processes the pointwise cross sections pro-

duced by all previous modules into the multigroup form determined by the binning

structure of the energy boundaries that is put in.

Grouped cross sections

Figure 3.4: GUI in JANIS 4.0 [123] for 12C.

The GROUPRmodule produces a �lle called "tape91" in the code given above (could

be also every other number between 20 and 99 not used in the previous modules).

This �le contains all the information on the grouped cross sections. Version 4.0 of

the software JANIS (Java-based Nuclear Information Software) [123] is a display

program that enables to access nuclear data processed with NJOY. It is developed

by the OECD Nuclear Energy Agency and since it is written in the JAVA language

it runs on almost all operating systems. It allows to access numerical values and

graphical representations without prior knowledge of the storage format.

The graphical user interface (GUI) of the software is depicted in Fig. 3.4 for

the case of 12C. Numerical data for the reactions of interest (identi�ed by their

corresponding ENDF MT numbers) were exported into a MS Excel sheet for post-

processing. Grouped cross sections of relevant reactions are plotted in Appx. D for

every element covered in this work.
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4. Methods

This chapter is devoted to the determination of 
-ray production cross sections.

Necessary corrections concerning 
 and neutron attenuation as well as various inter-

ferences are described. The approach to compare the obtained results with available

literature data is presented also. Futhermore, the method to derive an estimate of

the elemental detection limit is given.

4.1 Gamma-ray production cross sections

The count rate _CE
 in Eq. (1.1) can be simpli�ed in practice, assuming a homoge-

neous and regularly-shaped sample. Regardless the reaction channel and the energy

of the considered neutrons, the net peak area PE
 of a given 
-ray is generally

described as:

PE
 =
m

M
� NA � h � �E
 � h�E
i � h�i � g(tb; tc; t1=2) � fE
 � fn � fmod; (4.1)

where m (g) is the mass of the considered element, M is the molar mass (g mol-1),

NA the Avogadro constant (6.022 � 1023 mol-1), h the isotopic abundance, �E
 the

full-energy-peak (FEP) e�ciency, h�E
i the neutron spectrum-averaged (e�ective)

isotopic partial 
-ray production cross section, h�i the integral neutron �ux in the

considered energy range (cm-2 s-1), g the e�ective counting time (s), fE
 the 
-ray

self-absorption factor, fn the neutron self-shielding factor and fmod the moderation

factor required in the case of samples that contain water. If more than one isotope

is found to feed a certain 
-line (multi-isotope lines) the sum of the abundances of

all involved isotopes i is used in Eq. (4.1), i.e. h =
P

i hi.

The factor g(tb; tc; t1=2) is di�erent for prompt and delayed 
-rays. For a prompt


-ray it equals the counting live time tc, i.e. g(tb; tc; t1=2)jP rompt = tc. In the case of

delayed 
-rays the factor g(tb; tc; t1=2) in Eq. (4.1) might be described by:

g(tb; tc; t1=2)jDelayed = tc � tc � t1=2

tb � ln (2)
�
�

1 � exp

�

(ln (2) � tb)

t1=2

��

; (4.2)

where tb denotes the irradiation time (s) and t1=2 the half-life (s) of the formed

activation product.


-ray production cross sections calculated after Eq. (4.1) are denoted as iso-
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topic partial as the abundance h is considered. The e�ective cross sections for 
-ray

production h�E
i are linked to the e�ective cross section h�i of the considered re-

action for the isotope through the intensity of the 
-ray (i.e. IE
), containing the

contribution of internal conversion, as:

h�E
i = h�i � IE
 � W (�); (4.3)

where W (�) is the angular-distribution correction factor. For reactions with isotropic


-ray emission, such as radiative neutron capture (n,
), W (�)= 1. In the case of

anisotropic emissions, such as the (n,n'
) inelastic scattering reaction, however, the

value of W (�) is unequal to one, i.e. W (�) 6= 1, and can be calculated according to

Eq. 2.24.

The e�ective cross section of the considered reaction for the element h�Zi can

be obtained by connecting the e�ective cross section of the isotopes h�ii as given in

Eq. (4.3) with their abundance:

h�Zi =
n
X

i

hi � h�ii; (4.4)

where n is the number of isotopes of the considered element.

E�ective isotopic partial 
-ray production cross sections determined in this work

are given in Appx. H.1.

4.2 Attenuation corrections

Entering a material of thickness d, the intensities I of 
 and neutron beams are

attenuated exponentially as a function of the thickness. According to the Beer-

Lambert law [124], the attenuation of a parallel and monoenergetic beam of incident

intensity I0 can be expressed by:

I(d) = I0 � exp (�Z(E) � d); (4.5)

where Z(E) is the attenuation coe�cient being di�erent for 
s and neutrons. Scat-

tering reactions in the tarversed absorber medium remove particles from the initial

beam intensity. The fraction of the particles surviving a certain thickness d is called

uncollided beam intensity and it is expressed in terms of the transmission B [124]:

B =
I(d)

I0

= exp (�Z(E) � d): (4.6)

4.2.1 Attenuation of gammas

For 
-rays the factor Z(E) from Eqs. (4.5) and (4.6) equals the total linear attenu-

ation coe�cient �l (cm-1), which is de�ned as:
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�l =
�t � �

u � A
; (4.7)

where �t is the total cross section for 
-ray interactions, � the material density, u

denotes the atomic mass unit (1/12 of 1 g of 12C, i.e. 1.66 � 10-24 g) and A is the

mass number. Division of �l by the value of � yields the total mass attenutation

coe�cient �m [76]:

�m =
�l

�
: (4.8)

According to Eqs. (4.5) and (4.8) the beam intensity of 
s after passing through

a material of thickness d can be expressed as:

I(d) = I0 � exp (��m � � � d): (4.9)

Depending on the sample thickness, density and atomic number Z the 
s might

su�er substantial attenuation already within the sample matrix they are produced

in. Attenuation of 
-rays within the sample is known as 
-ray self absorption, which

is quanti�ed with the fE
 factor introduced in Eq. (4.1). In the case of slab-shaped

samples it might be given as [1, 125]:

fE
 =
1 � exp (��m � � � d)

�m � � � d
; (4.10)

where d is the thickness of the sample along the symmetry axis of the detector.

Figure 4.1: Dependence of the 
-ray self-absorption factor fE
 on the 
-ray energy
E
 for the measured CeCl3 sample. The solid line represents the �t of the data with
Eq. (4.12). The �t coe�cients are a0= -1.4201 � 0.1571, a1= 2.2959 � 0.1499, a2=
0.0197 � 0.0008, a3= 0.1008 � 0.0098 and a4= 0.0020 � 0.0003.

49



4.2. Attenuation corrections

In the case that the sample is tilted by an angle of 45° relative to the neutron

beam axis, the e�ective thickness e must be used instead of d:

e =
d

cos(45�)
: (4.11)

To correct for the 
-ray self-absorption, the values of �m were taken for sev-

eral 
-ray energies between 100 keV and 5 MeV from the Photon Cross Sections

Database XCOM from NIST [92]. The resulting data points were �tted with a

double exponential function with 5 parameters of the form:

fE
 = a0 + a1 � (1 � exp (�a2 � E
)) + a3 � (1 � exp (a4 � E
)) ; (4.12)

where a0 to a4 represent the �t parameters.

Figure 4.1 exemplary illustrates the dependence of fE
 on the 
-ray energy E


for the measured cerium(III) chloride (CeCl3) sample. For 
-rays with energies

below 100 keV the value of fE
 was calculated with Eq. (4.10) instead of (4.12).

Correction curves for other measured samples are provided in Appx. A.

4.2.1.1 Simulation of gamma-ray self-absorption

Complementary to analytical estimates, numerical simulations are frequently applied

to derive 
-ray self-absorption factors [15, 102, 103, 126]. In principle, an uniformly

distributed source over the sample volume with several discrete 
-ray energies, each

of equal emission probability, must be de�ned. At a position corresponding to the

distance between the sample and the detector (67 cm at FaNGaS) a reference volume

must be provided with a surface area equal to that one of the detector. This surface

can be used to derive the value of fE
 at di�erent energies by means of two F1

(current) tally results in the MCNP6 code as:

fE
(MCNP6) =
F1(sample)

F1(void)
; (4.13)

where F1(sample) is the F1 tally result at the detector front surface with the sample

material being present and F1(void) the result with void in the sample, i.e. zero

density. In fact, the result of F1(void) corresponds to the geometrical point source

e�ciency at a given 
-ray energy. Contributions of secondary 
s can be disregarded

by setting a narrow (i.e. 1 keV) energy binning of the F1 tallies. For this purpose,

the latter were modi�ed by corresponding FT and FU cards in addition. By default,

the MCNP6 code uses photoatomic cross sections from the MCPLIB84 library [118].

Exemplary, Fig. 4.2 shows the simulated fE
 values for the measured CeCl3
sample. A thickness of 5 mm, tilted by 45° relative to the incident neutron beam,

was simulated with a front surface area of 1.16 � 1.16 cm2. The mass of the 5 mm

thick sample equals that one irradiated experimentally (i.e. 2.66 g, see Table 6.1).
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Figure 4.2: Numerical simulation of the 
-ray self-absorption factor fE
 for a 5
mm thick CeCl3 sample with a surface area of 1.16 � 1.16 cm2 and for di�erent

-ray energies E
. The sample was tilted by 45° relative to the symmetry axis of
the detector and a total of 109 primary 
s were run.

Generally, a good agreement is observed between the analytical solution and the

simulation within an energy range between 100 keV and 5 MeV. The average value

of the relative deviation in the aforementioned energy range is 1.4%, whereas it in-

creases below 100 keV with decreasing energy of the 
s to a maximum value of about

36% at 50 keV. Since the photoatomic cross sections used in MCNP6 (MCPLIB84

library [118]) were found to be almost identical to these ones of XCOM, a faulty or

incomplete 
 transport in the simulations with the MCNP6 code was assumed. In

fact, various works in the literature suggest problems with the framework conditions

speci�ed above and hence support this assumption [127�130].

4.2.2 Attenuation of neutrons

For neutrons, the factor Z(E) from Eqs. (4.5) and (4.6) equals the total macroscopic

cross section �t. Therefore, according to the Beer-Lambert law [124], the attenuation

of a parallel and monoenergetic neutron beam of incident intensity I0 traversing a

material of thickness d can be expressed by:

I(d) = I0 � exp (��t � d): (4.14)

When a beam of free neutrons enters matter the individual particles undergo

various nuclear reactions depending on their kinetic energy and the nuclear proper-

ties of the traversed material. Besides (n,xn) reactions leading to an increase of the

net neutron-�ux density within the considered material, any other type of nuclear

reactions ultimately removes neutrons and hence results in a reduction of the initial

number of neutrons. Assuming thin samples of thicknesses much smaller than 1 mm
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and neutron energies around a few MeV, the neutron �ux averaged over the sample

thickness (�s) could be reasonably approximated by the incident neutron �ux �0.

For samples with thicknesses greater than 1 mm the sample �ux �s can be given as

[51]:

�s = �0 � fn; (4.15)

where fn is called neutron self-shielding factor.

Assuming that absorption reactions dominate over scattering processes, for a

monoenergetic and parallel beam of neutrons impinging on a slab-shaped sample

the neutron self-shielding factor can be estimated by [51]:

fn =
1 � exp (��t � d)

�t � d
; (4.16)

where d is the sample thickness along neutron beam direction.

For absorber materials where scattering is not negligible the self-shielding factor

(denoted as fn;s in this case) might be estimated with the following expression [51]:

fn;s =
fn

1 � �s

�t
� (1 � fn)

; (4.17)

where fn is calculated after Eq. (4.16) and �s corresponds to the macroscopic

scattering cross section.

4.2.2.1 Simulation of neutron self-shielding

For monoenergetic and parallel neutron beams Eqs. (4.16) and (4.17) could be used

to determine self-shielding factors, but they fail to yield reliable values in the case of

a neutron-energy distribution, i.e. a spectrum. The use of e�ective macroscopic cross

sections calculated after Eq. (2.14) in the aforementioned equations results also in

wrong values. This is reasoned in the fact that a certain fraction of neutrons with en-

ergy En that have interacted in the sample could still undergo reactions in another

neutron-energy bin at energies of E 0
n, resulting in multiple tracklength contribu-

tions per source neutron. This e�ect is not accounted for in the simple analytical

model. Additionally, for large samples multi-neutron scattering cannot be neglected.

Therefore, numerical simulations are routinely applied to derive spectrum-averaged

self-shielding factors [15, 98].

The limitations of Eqs. (4.16) and (4.17) are illustrated in Fig. 4.3 for the

case of a 2.3-MeV neutron beam and a neutron beam with the energy distribution

corresponding to fast neutrons at sample position impinging on Al samples with a

surface area of 2.5 � 2.5 cm2 and thicknesses between 0.025 and 10 cm.
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Figure 4.3: Comparison between analytical and numerical neutron self-shielding
factors obtained with the MCNP6 code for Al samples with thicknesses ranging
between 0.025 and 10 cm. The left picture gives the results for a monoenergetic
neutron beam of 2.3 MeV energy and the right picture gives the results for the fast-
neutron-energy distribution at sample position. The blue curves (fn) give analytical
self-shielding factors according to Eq. (4.16) and the red curves (fn;s) according to
Eq. (4.17). A total of 108 primary neutrons were run in the simulations.

Generally, assuming a thick and inhomogeneous sample, the self-shielding factor

for fast neutrons can be expressed as [15]:

fn =

R

V

R Emax

Emin
�r(E; �r) � �t(E) � �r(�r) � dE � d�r

R

V

R Emax

Emin
�d(E; �r) � �t(E) � �d(�r) � dE � d�r

; (4.18)

where V is the volume, � denotes the neutron �ux, �t the total microscopic cross

section, � the density and �r indicates dependence on the position within the sample

volume. The subscript r indicates a sample case with the physical density �r and

the index d indicates a diluted-sample case with a density �d � �r, respectively.

For a homogeneous sample the spatial dependence of the density in Eq. (4.18)

cancels out:

fn =

R

V

R Emax

Emin
�r(E; �r) � �t(E) � �r � dE � d�r

R

V

R Emax

Emin
�d(E; �r) � �t(E) � �d � dE � d�r

: (4.19)

As the total cross sections �t(E) are constant in each considered neutron-energy

bin, the expression for the self-shielding factor in numerical simulations might be

generally simpli�ed as [98]:

fn =

R E2

E1

dE � �s
R E2

E1

dE � �0

; (4.20)

where �0 is the �ux impinging on the sample front surface and �s the sample �ux

also described by Eq. (4.15). The volume-averaged �ux is obtained in simulations
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with the MCNP6 code by means of the F4 (volume) �ux tally, that simply divides

the track length made of a neutron (cm) in a certain energy bin by the corresponding

volume (cm3) of the given cell or voxel element. Therefore, an estimate for spectrum-

and sample-averaged self-shielding factors can be obtained as:

fn =
F4 tally(�r)

F4 tally(�d)
� F4 tally(�r)

F4 tally(void)
: (4.21)

As literature suggests to take diluted sample densities �d of 10-6 � �r [131], it

was found that it is reasonable to approximate the diluted-sample case by �lling the

sample with void, i.e. density zero, as indicated in Eq. (4.21).

4.3 Neutron moderation

Samples with an e�ective thickness above 1 mm and containing water enable neutron

moderation leading to an increase of the thermal and epithermal neutron �ux within

the sample. In contrast to the neutron self-shielding, these moderation e�ects lead to

an increase of the respective neutron-�ux values in each considered neutron-energy

range. Since some of the RE chloride samples presented within this work contain

a considerable weight fraction of water, i.e. approximately 30 wt% (see Table 6.1),

the neutron moderation was investigated numerically with the MCNP6 code.

Figure 4.4: Spatial YZX binning
(100 � 100 � 1) of thermal, ep-
ithermal and fast neutrons inside the
TbCl3�6H2O sample measured in this
work. The colour scale gives the rel-
ative neutron-�ux density normalized
to its maximum value. A total of 109

primary neutrons were run in the sim-
ulation.
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For the case of the terbium(III) chloride hexahydrate (TbCl3�6H2O) sample

measured in this work a FMESH4 tally was applied to make 100� 100 � 1 spatial

binnings of the neutron-�ux density within the sample for XYZ, XZY and YZX

binnings. The TbCl3�6H2O sample was modeled with a thickness of 6 mm and a

surface area of 0.886� 0.886 cm2 (X-axis: horizontal sample axis, Y-axis: vertical

sample axis) corresponding to the measured mass of 2.049 g (see Table 6.1). The

FMESH4 tally as well as the sample were both tilted by 45° relative to the inci-

dent neutron beam axis. The neutron source was simulated with the corresponding

neutron-energy distribution at sample position and the neutrons were emitted along

negative Z-axis to hit the complete sample front surface. The results for the YZX

binning are depicted in Fig. 4.4.

Absence of moderation would imply that the neutron-�ux density decreases as

a function of thickness for all three considered neutron-energy ranges. The fact,

however, that the highest neutron density, in contrast to fast neutrons, is not found

at the front surface of the sample in the case of thermal and epithermal neutrons is

a clear indication for relevant moderation processes.

As moderation had to be considered in the analysis of the hydrated RE chlo-

ride samples with respect to Fig. 4.4, the MCNP6 code was used to quantify the

moderation in terms of moderation factors, denoted asf mod. These factors were

determined with three simulations and neutron-energy distributions: thermal (10-10

MeV � En � 1.42 � 10-7 MeV), epithermal (1.42 � 10-7 MeV � En � 0.06 MeV)

and integral (10-10 MeV � En � 20 MeV). F4 tallies were applied to obtain the re-

spective sample �uxes� s in each neutron-energy bin. The moderation factors were

then estimated for thermal neutrons as:

f mod;th =
(� th ) integral

(� th )thermal
; (4.22)

and for epithermal neutrons, respectively, as:

f mod;epi =
(� epi) integral

(� epi)epithermal
: (4.23)

An input �le used for the TbCl 3�6H2O sample is attached in Appx. K.2. Mod-

eration factors determined according to Eqs. (4.22) and (4.23) are given for all

hydrated RE chloride samples in Table 6.5 in Chapter 6.

4.4 Interferences

Calculation of precise and accurate nuclear data from experimental
 -ray spectra

requires the application of correction procedures. Necessity of these corrections

arises if the di�erence in energy between a
 -line at energyE 
 and an interference

at an energy ofE 0

 falls below the energy resolution of the detector, i.e. the detector

cannot distinguish the individual lines from each other.
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