
                                                                 
Unterschrift des Betreuers 

                                                                                                                              

D I P L O M A R B E I T

Implementation, improvement and comparison of different calibration methods
of high purity germanium detectors for gamma-ray spectrometry and exemplary

application in radionuclide metrology

Ausgeführt am 

Atominstitut der Technischen Universität Wien, 
 im

Labor Radioaktivität des Bundesamts für Eich- und Vermessungswesen
und im 

Low-Level Counting Laboratory Arsenal der Universität für Bodenkultur Wien

unter der Anleitung von Univ. Prof. DI Dr. techn. Franz Josef Maringer

durch

Hannah Moser, BSc
0726598

________________________________ _______________________________
   Datum         Unterschrift (Student)

Die approbierte Originalversion dieser Diplom-/ 
Masterarbeit ist in der Hauptbibliothek der Tech-
nischen Universität Wien aufgestellt und zugänglich. 
 

http://www.ub.tuwien.ac.at 
 
 
 
 

The approved original version of this diploma or 
master thesis is available at the main library of the 
Vienna University of Technology. 
 

http://www.ub.tuwien.ac.at/eng 
 



ii



Erklärung zur Verfassung der Arbeit

Hiermit erkläre ich, dass ich diese Arbeit selbständig verfasst habe, dass ich die verwende-

ten Quellen und Hilfsmittel vollständig angegeben habe und dass ich die Stellen der Arbeit,

einschlieÿlich Tabellen, Karten und Abbildungen, die anderen Werken oder dem Internet im

Wortlaut oder dem Sinn nach entnommen sind, auf jeden Fall unter Angabe der Quelle als

Entlehnung kenntlich gemacht habe.

I declare that I have authored this thesis independently, that I have not used other than

the declared sources/resources and that I have explicitly marked all material which has been

quoted either literally or by content from the used sources.

Wien, am

(Hannah Moser)

iii



iv



Abstract

γ-ray spectrometry is a highly sophisticated process of measuring and evaluating sample

activity. The results of this technique are only as good as the procedures applied. In order

to obtain signi�cant data, it is necessary to use a detector properly calibrated according to

its application and use the correct reference materials and standards. The Joint Research

Project MetroMETAL Ionising Radiation Metrology for the Metallurgical Industry (Euro-

pean Metrology Research Programme EMRP) has the goal to create "reference standards for

composite steel, cast steel, slag and fume dust containing a known activity of some radionu-

clides (60Co, 137Cs, 192Ir, 226Ra and 241Am) considered as potential contaminants" that are

"prepared in geometries/matrices that match the industrial environments for which they are

designed". [1]

Prototypes of those standards are sent to the participating partners for evaluation. Part of

the tasks of this project is the comparison of Monte Carlo codes for e�ciency and activity

simulation in order to gain insight into their respective strengths and weaknesses. In that

respect it is necessary to design a detector image for the use of Monte Carlo codes in radiation

transport.

In the course of this work a functioning and validated detector model has been created and

tested by comparing simulated peak e�ciencies to the experimentally found values of the

participating laboratories. The results of the intercomparisons are presented in this work.

The goal of MetroMETAL is to provide recommendations on future measurement protocols,

standards and methods in the metallurgical industry.

Another application, where a properly calibrated detector is necessary, is the monitoring of

environmental radiation levels. In that respect sediment samples taken at two hydroelectric

power plants located on the Danube river are evaluated. Ongoing measurements establish a

baseline for present and future reference. This is particularly relevant for assessment of ra-

diation levels after accidents and understanding of environmental transport and distribution

of radioactive material.

v





Zusammenfassung

Gammaspektrometrie ist ein hochspezialisierter Prozess der Aktivitätsbestimmung einer

Probe über die Messung der Anzahl und Energie der von der Probe emittierten Photo-

nen. Die Resultate sind jedoch nur so gut, wie die angewandten Methoden. Die korrekte

und sorgfältige Kalibrierung der Messgeräte - in diesem Fall ein hochreiner Germaniumde-

tektor - ist daher von besonderer Bedeutung. Im Zuge dieser Arbeit werden Methoden zur

Kalibrierung aufgezeigt.

Des Weiteren wurde im Rahmen des European Metrology Research Programme (EMRP)

MetroMETAL ein Detektormodell erstellt, validiert und getestet. Ziel von MetroMETAL ist

unter anderem die Entwicklung von Referenzstandards für die in der Metallindustrie anfal-

lenden Materialien wie Metall, Schlacke und Asche, die mit bekannten Aktivitäten üblicher

Verunreinigungen wie 60Co, 137Cs, 192Ir, 226Ra und 241Am versetzt sind sowie die Evaluierung

von Stärken und Schwächen unterschiedlicher Monte Carlo Codes. Prototypen der entwick-

elten Standards werden in den teilnehmenden Laboratorien vermessen und evaluiert. Die

Resultate dieses Vergleichs �nden sich im hinteren Teil dieser Arbeit. [1]

Eine besonders wichtige Anwendung für Gammaspektrometrie ist die Vermessung und Über-

wachung der natürlichen Strahlenbelastung in der Umwelt. Gerade bei der Vermessung

von schwach aktiven Umweltproben ist die Verwendung gut kalibrierter Messgeräte essen-

tiell. Im Zuge dieser Diplomarbeit wurden Donausedimentproben zweier österreichischer

Wasserkraftwerke ausgewertet. Die laufende Ermittlung der Aktivität der Umwelt liefert

notwendige Daten für das Verständnis natürlicher Transportprozesse und die Verteilung ra-

dioaktiven Materials und kann auch als Nulllinie im Katastrophenfall dienen.
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εT Total e�ciency

εP Peak e�ciency

relative e�ciency E�ciency relative to a 3 x 3 inch NaI scintillation detector

ν Frequency

ps Point source

Table 1.: Commonly used abbreviations and symbols
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1. Introduction

This work focuses on the use of the Monte Carlo code PENELOPE 2011 used for the

simulation of radiation transport in radionuclide metrology. In the course of Bundesamt

für Eich- und Vermessungswesen's participation in the European Metrology Research Pro-

gramme IND04 MetroMetal, a virtual detector image of a high-purity germanium detector

had to be devised and calibrated as a basis for the code. One of the objectives of the project

is to devise reference materials spiked with a known activity of radionuclides typically found

in metallurgical industry. Prototypes of those newly devised standards were then used to

partake in intercomparisons of the involved laboratories in order to test some of the most

commonly used Monte Carlo codes for their applicability in that area. This work shows the

results of the analysis of these samples conducted using PENELOPE 2011.

Additionally, sediment samples of two Austrian hydro-electric power plants located on the

Danube were taken and analysed using Canberra Industries Genie 2000 software. The ob-

jective of the project is to monitor the radioactivity of the Danube river over the course of

years. Samples from November 2013 to August 2014 were analysed and evaluated.
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2. Structure of the atom

An atom is a small unit of matter composed of neutrons, protons and electrons. According

to Niels Bohr, the neutrons and protons form the nucleus of the atom where most of its mass

is located with the electrons revolving around the nucleus on prede�ned closed orbits. Bohr

assumed that electrons only emit electromagnetic radiation when jumping between those

orbits. The orbit nearest the nucleus is called K-shell, the one next to it L-shell and so on.

According to this nomenclature, radiation emitted by an electron jumping to the K-shell is

called a K-line, radiation by an electron jumping to the L-shell is called L-line etc.pp. The

radiation emitted when an electron �lls a vacancy in a lower energy state is characteristic

for a particular atom. The electrons on the orbit farthest away from the nucleus are called

valence electrons.

Even though Bohr's model is not accurate and a very simpli�ed version of the actual structure

of an atom it is su�cient for the purpose of explaining the basic physical e�ects relevant to

gamma ray spectrometry.

The number of protons Z and number of neutrons N make up the mass number A.

A = Z + N (2.1)

A common way to write the properties of an atom is

A
Z XN (2.2)

where X is a place holder for an elemental symbol (e.g. H for hydrogen, Na for sodium, etc.).
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3. Radioactivity

3.1. Activity

Radioactivity is the process in which an unstable nucleus spontaneously transforms into a

stable nucleus by emitting particles and/or radiation. Such unstable nuclei exist in nature

but can also be man-made through nuclear �ssion and nuclear reactions.

Such transformations - also called radioactive decay - are only possible when the bond energy

of the initial state is higher than the bond energy of the �nal state. It can be achieved by a

variety of processes described in the following subsection.

Radioactivity is a statistical process that can be described by a Poisson distribution. The

resulting decays per second in a sample - the expected value of the distribution - is called

activity A. It's unit is s−1 speci�cally called Becquerel Bq

[A] = 1 s−1 =̂ 1 Bq (3.1)

The massic activity a - the activity in reference to the sample's mass - therefore is measured

in Bq/kg.

For all nuclei of the same kind the probability for decay is the same. It is important to note

that all decay events are spontaneous and independent of each other. It is impossible to

tell which nuclei will decay, only that by a certain time a certain number of nuclei will have

decayed. The probability for decay is de�ned by the decay constant λ

λ =
dP
dt

=
ln(2)

t1/2
(3.2)

where t1/2 is the half life that de�nes the time after which only half of the original nuclei N0

still exist or - in other words - half of the nuclei have transformed. The half life depends on

the nuclide in question [2, p. 39].

The activity can then be determined by the number of transformed particles (expected value

dN∗) per time

A = −dN
∗

dt
= λ ·N (3.3)
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3. Radioactivity

where N is the number of nuclei of one kind at a given moment. Integration leads to the law

of decay

N = N0 · e−λ·t (3.4)

or

A = A0 · e−λ·t (3.5)

Activity can be measured by detecting the particles released in the process of decay or de-

excitation of a nucleus. The number of released particles is an indicator for the activity

of the sample. Since there are di�erent ways for a nucleus to obtain stability, the emitted

particles and their number vary from element to element. One way is to measure the number

and energy of emitted γ-rays. This method is called γ-ray spectrometry.

3.2. Forms of radioactivity

The stability of a nucleus is de�ned by the ratio of protons to neutrons. In light-weight atoms

the ratio is about 1:1. As the atom gets heavier the number of protons rises, causing the

Coulomb repulsion to become stronger. More neutrons are needed in order to compensate

the repulsion and create stability, amounting to about 50 % more neutrons than protons

in atoms with an atomic number of about 200 [3, p. 80]. Therefore, in unstable nuclei

reactions occur that change the ratio of protons to neutrons in order to obtain a stable state.

In addition to that, the nucleus wants to reach the lowest possible energy state, therefore

emitting energy if possible. It is important to note that the atom before and after the decay

are not necessarily of the same element.

3.2.1. α-decay

α-decay is a form of radioactive decay where the parent nucleus emits a 4
2He nucleus - also

called α-particle.
A
Z X −→A−4

Z−2 X +4
2 He (3.6)

The daughter nucleus remains with a reduced number of protons and electrons. The potential

energy is converted to kinetic energy and divided between the α-particle and the daughter

nucleus according to their masses. Since four elemental components of the nucleus are

involved in an α-decay this form of decay occurs primarily in heavy nuclei where the number

of particles in the nucleus is high and therefore the probability to create an α-particle is

higher than in lighter nuclei. Figure 3.1 shows the process.
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3.2. Forms of radioactivity

Figure 3.1.: Alpha decay example [4]

3.2.2. β-decay

β−-decay

Using the mechanism of the β−-decay, an excess neutron can transform into a proton, thus

shifting the balance in favour of the protons. This process is only possible if the neutron can

occupy a vacant proton level lower than the one it was occupying before (Pauli exclusion

principle), hence minimising the overall energy of the nucleus. Figure 3.2 shows that principle

schematically.

Figure 3.2.: Depiction of β-transition. Lower and vacant energy levels are occupied by transformation of a)
a neutron into a proton (β−-decay) and b) vice versa (β+-decay). In order to maintain charge a
charged particle (e+ or e−) leaves the nucleus [2, p. 49]

As charge and angular momentum have to be conserved an electron and an electron antineu-

trino leave the nucleus additionally.

n −→ p + e− + ν̄e (3.7)
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3. Radioactivity

Figure 3.3.: Examples of β-decay, a) β−-decay, b) β+-decay [5]

A
Z X −→A

Z+1 X + e− + ν̄e (3.8)

Figure 3.3a shows the process.

β+-decay

β+-decay follows the same principle as β−-decay, but a proton is converted into a neutron

instead. Therefore, a positron and an electron neutrino are emitted from the nucleus. Figure

3.3b shows the process.

p −→ n + e+ + νe (3.9)

A
Z X −→A

Z−1 X + e+ + νe (3.10)

3.2.3. Electron capture

Electrons occupying an atom's 1s orbital (K-shell) have the highest probability density |
ψ(r) |2 in the centre of the nucleus (r=0). During the electron's presence in the nucleus

it can be "captured" by a proton, thereby transforming into a neutron. Again, since the

angular momentum is conserved, an electron neutrino also leaves the nucleus.

e− + p −→ n + νe (3.11)

The thereby fulminating vacancy in the K-shell is �lled by an electron of a higher energy

10



3.2. Forms of radioactivity

level whose excess energy is released as characteristic x-ray radiation of the energy hν.

Electron capture is sometimes also called ε-decay or EC. It is in direct competition with

β+-decay. The energy freed by the conversion is 1022 keV (=̂ 2 mec2), thus making EC more

attractive than β+-decay. The energy can either be transferred to the electron neutrino as

kinetic energy, or transformed into excitation energy of the nucleus. Figure 3.4 shows the

process.

Figure 3.4.: Electron capture example [6]

3.2.4. γ-radiation

A preceding α- or β-decay leaves the daughter nucleus in an excited state. Such a nucleus

can emit its excitation energy by releasing it as electromagnetic radiation

A
Z X∗ −→A

Z X + γ (3.12)

The de-excitation of the nucleus works completely analogous to the de-excitation of electrons.

The energy released by that process is

h · ν = Ei − Ek (3.13)

where Ek is the energy of the excited state and Ei the energy of the �nal state. Figure 3.5

shows the process.
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3. Radioactivity

Figure 3.5.: De-excitation of a nucleus by emitting a γ-quantum [7]

3.2.5. Inner conversion

In addition to γ-ray emission, a nucleus can de-excite by transferring its excitation energy

directly to an electron:
A
Z X∗ −→A

Z X+ + e− (3.14)

The electron in question is usually of the 1s orbital, since the wave functions of 1s electrons

and the nucleus overlap signi�cantly. The excited electron can now leave the compound,

leaving a positively charged atom behind. Inner conversion is sometimes referred to as inner

photoelectric e�ect.

Often more than one transition is necessary for the nucleus to reach a stable state. A series

of decays and transitions takes place before the �nal state is obtained. This process is called

a decay chain. Figure 3.6 shows the natural uranium-radium decay chain.
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3.2. Forms of radioactivity

Figure 3.6.: Uranium radium decay chain [8, p. 24]
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4. X- and γ-rays

X- and γ-rays are de�ned as highly penetrating electromagnetic radiation of wave lengths

in the range of 10−7 to 10−11 cm and, therefore, frequencies of 1017 to 1021 s−1. X-rays are

stated between 1019 and 1021 s−1 (10−9 to 10−11 cm) while γ-rays are stated between 1017

and 1019 s−1 (or 10−7 to 10−9 cm), thus only representing a small part of the electromagnetic

spectrum [9, p. 2].

Phenomena like discrete atomic spectra, photoelectric emission and wavelength shift of radi-

ation scattered by electrons cannot be explained assuming a wave nature of the radiation. As

a solution, Max Planck suggested that a body cannot absorb or emit energy in a continuous

way, but only as whole-number multiples of a given energy - a quantum [9, p. 2].

Around 1914 James Franck and Gustav Hertz proved the postulated existence of discrete

energy levels in atoms. In 1927 Arthur Compton received the Nobel Prize for observing a

wavelength shift and unexpected distribution of scattering angles in x-rays scattered by free

electrons that could not be explained by classical electromagnetism. He demonstrated that

the wavelength shift was similar to the shift observed in elastic collisions of particles [10, p.

82]. Thus, emission and scattering could be explained by assuming that radiation propagates

through space as discrete quanta, or photons. Each photon is a charge-free and massless

particle whose energy is given by

E = hν =
hc
λ

(4.1)

where h is the Planck constant, c the velocity of light, ν the frequency and λ the wavelength

of the radiation. Photon energies are usually measured in electron volts (eV). 1 eV is the

equivalent of an electron (i.e. a particle of e0 elementary charge) being accelerated by a

potential of 1 V, therefore

1 eV = 1.602 · 10−19 kg ·m2

s2
(4.2)

Following this de�nition, radiation up to approximately 40 keV is considered x-rays and

radiation between 40 keV and 4 MeV are γ-rays. [9, p. 2]

The above mentioned de�nition of x- and γ-rays by range of wavelength or frequency is very

general. Therefore, x- and γ-rays are often di�erentiated by their point of origin. X-rays

are electromagnetic radiation that is emitted when an atomic electron transitions between

di�erent states of the atom, whereas γ-rays are emitted when the nucleus transitions from
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4. X- and γ-rays

an excited state to a lower state. This leads to an overlap in energy range where γ-rays as

low as a few keV, as well as x-rays from transuranium elements with energies as high as 140

keV have been reported. [9, p. 2�]

16



5. Interaction of photons with matter

There are various di�erent ways for photons to interact with matter. The most important

e�ects for radiation measurements being photoelectric absorption, Compton scattering and

pair production. In all three processes photon energy is partially or completely transferred

to electrons. The photon is either absorbed completely or scattered from its path. Electrons

are freed from their respective atomic compounds and subsequently interact with matter,

creating electron-ion or electron-hole pairs. [11, p. 29f] [12, p. 50]

Figure 5.1 shows the main interaction processes of photons in matter according to energy.

Figure 5.1.: Photon interaction processes [13]

5.1. Photoelectric absorption

Photoelectric absorption is the process where a photon interacts with, and is completely

absorbed by, an absorber atom. As a result, an energetic photoelectron is ejected from

the compound. Since momentum and energy need to be conserved, the interaction has to

take place with the atom as a whole and is not possible with free electrons. Photoelectric

absorption is most likely with a K-shell electron if the incident photon has enough energy to

free it. The kinetic energy of the photoelectron is given by

Ee− = hν − Eb (5.1)
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5. Interaction of photons with matter

where hν is the energy of the photon and Eb the energy of the electron's bond.

The ejected electron leaves a vacancy in the atom's shell that is quickly �lled by either an

electron from one of the other shells, or capture of an electron from the medium. Therefore,

characteristic x-ray photons may follow the interaction. In some cases the release of an

Auger electron can substitute the characteristic radiation. The ejected particles' energy will

be absorbed in the neighbouring material and trigger interactions there.

The interaction cross section for photoelectric absorption is a complicated function of photon

energy Eγ and atomic number Z of the absorber material and can be depicted in a simpli�ed

way by

τ = constant · Z
n

Esγ
(5.2)

where n varies between 4 and 5 and s varies between -4 and -3 depending on the energy [14,

p. 76]. That strong dependence on Z and Eγ is the reason why photoelectric absorption

takes place mainly in high-Z materials at low photon energies and becomes negligible at

higher energies (see �gure 5.1). Furthermore, the equation shows that high-Z materials are

very e�ective in absorbing photons, which makes them very popular materials for shielding

purposes (e.g. lead). [12, p. 50f] [11, p. 31]

5.2. Compton scattering

Compton scattering is the predominant interaction process for energies common in γ-ray

spectrometry. The incoming photon is scattered on an electron of the absorber material and

de�ected at an angle Θ in respect to its original direction (see �gure 5.2). In that process

a part of its energy is passed on to the electron. The portion of energy that is transferred

depends strongly on the scattering angle and can vary from zero to very large portions but

never all energy is transferred. The distribution of scattering angles can be predicted by the

Klein-Nishina formula

dσ
dΩ

= Z r2
0

(
1

1 + α(1− cosΘ)

)2
(

1 + cos2Θ

2

)(
1 +

α2(1− cosΘ)2

(1 + cos2Θ)[1 + α(1− cosΘ)]

)
(5.3)

where

α =
h · ν
mo · c2

(5.4)

and r0 is the classical electron radius [12, p. 53].

High-energy photons undergo a series of such scattering events, distributing their energies

over a large volume before their energies are low enough for photoelectric absorption.
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5.3. Pair production

Figure 5.2.: Compton scattering of photons

The Compton cross section is approximately

η = constant · Et (5.5)

where t varies between -0.5 and -1 [14, p. 76]. At about 150 keV the cross sections for pho-

toelectric absorption and Compton scattering become comparable but Compton scattering

quickly predominates with increasing photon energies [11, p. 35].

5.3. Pair production

Pair production is the primary interaction process for high-energy photons of a few MeV. It

becomes possible when a photon's energy exceeds twice the rest-mass energy of an electron

(1022 keV) although the possibility for this kind of interaction remains very low until energies

of several MeV are reached [12, p. 53f].

In the nuclear Coulomb �eld the energy of such photons is used to generate an electron-

positron pair (therefore 2mec
2). The rest of the energy goes into kinetic energy of the newly

formed particles. Both will be slowed down in the neighbouring medium and eventually the

positron with nearly zero energy will annihilate with an electron, generating two photons

of slightly less than 511 keV each that are emitted in nearly opposite directions in order to

conserve momentum. The rest of the energy and momentum goes to the atom in which the

electron was bound. The two resulting photons will carry their energy away from their point

of origin and interact with matter by Compton scattering and photoelectric absorption.
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5. Interaction of photons with matter

The cross section for pair production is very complicated but as an approximation

κ ∼ Z · log(E) (5.6)

can be given. [11, p. 36] [14, p. 76]

5.4. Attenuation of γ-rays

When a monoenergetic collimated beam of photons is incident on a layer of absorber material

each of the aforementioned interaction processes removes photons from the incident beam,

either by absorption or scattering away from the detector direction. If the absorber material

is thin enough for the photons to pass through, a number of photons and electrons of di�erent

energies will emerge on the other side of the layer. The attenuation is a simple exponential

function given by

N = N0 · e−µl·d (5.7)

where N is the number of transmitted photons, N0 the original number of photons incident

on the absorber, d the thickness of the absorber material and µl the linear attenuation

coe�cient [11, p. 37].

The probability of occurrence of either of the interaction processes can be given per unit path

length and depends on the density of the material. The total linear attenuation coe�cient

is the sum of the partial attenuation coe�cients of the main interaction for each interaction

process:

µl = µτ + µη + µκ (5.8)

The partial attenuation coe�cients can be obtained by multiplying the interaction cross

section of the process by ρ ·NA/M , where ρ is the density of the material, NA the Avogadro

constant andM the molar mass. Since the linear attenuation coe�cient varies proportionally

with the density of the absorber, the mass attenuation coe�cient

µm =
µl
ρ

(5.9)

is more widely used. It is independent of the speci�c material and the state the material is

in (e.g. solid or liquid) [12, p. 55].

When using voluminous sources for γ-ray spectrometry the same principle applies, since the

radiation can originate at any possible point inside the source. Therefore, attenuation of the

photons by the source material itself has to be considered.
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6. Monte Carlo simulation

Monte Carlo simulation is a stochastic method for simulating the behaviour of mathematical

and physical systems using random numbers. Statistical sampling has been known for a long

time but only with the introduction of the �rst electronic digital computers (around 1948)

it became an easily applied tool [15]. Nowadays, with the availability of fast and a�ordable

(desktop) computers and memory, Monte Carlo simulation has become an integral tool in

radiation physics. Especially where numerical methods fail or become too complex Monte

Carlo simulation is a useful option. [16]

In Monte Carlo simulation, the same experiment is repeated very often under identical cir-

cumstances using pseudo-random numbers. Applied to radiation transport physics that

means that a computer creates and tracks millions of particle histories. Those histories can

be viewed as a random sequence of free �ights that end with an interaction event in which the

particle loses energy and changes its direction of movement. Sometimes secundary particles

are generated and eventually the original particle is absorbed. In order to simulate those

histories, an interaction model is needed. It consists of a set of di�erential cross sections for

the relevant interaction mechanisms that are used to determine the probability distribution

functions of the random variables used to characterise the track. The path of a particle

depends on the variables for free path between interaction points, the kind of interaction

taking place, energy loss and angular de�ection [17]. This large number of random particles

is then used to estimate average particle behaviour. Parameters such as scattering cross

section, emission probability, absorption energies, etc. stay the same for every generated

particle of the same energy. Also this method allows to predict the statistical uncertainty

of the averaged result. Due to the easily available computing power, it is often very low

and becomes negligible in comparison to the uncertainties of the used input data, source

de�nition, etc. [18]

For the application in radiation transport physics many di�erent codes exist. Some of the

most widely used codes for e�ciency and activity calculations in radionuclide metrology are

MCNP, GEANT, GESPECOR and PENELOPE. The simulations shown in this work were

performed using PENELOPE 2011. More information on this code will be provided in the

"Materials & Methods" section.
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7. Statistics

In order to process and interpret the collected data correctly it is necessary to work with

statistics. Since radioactivity is a random process, the measured data is subject to some de-

gree of statistical �uctuation [12, p. 65]. Since the quantities of interest in γ-ray spectrometry

can usually not be measured directly, it is necessary to engage some kind of statistical inter-

pretation of the data in order to assess the signi�cance of a quantity and make predictions

about the outcome. The true value of quantities, such as activity of a source and energy of

a γ-ray, cannot possibly be known and has to be calculated. Therefore, the signi�cance and

uncertainty of all involved quantities have to be assessed in order to derive the true value of

the quantity in question. [11, p.39]

7.1. The binomial distribution

The binomial distribution is a discrete probability distribution. It is used to describe the

number of successes in a series of n identical but independent experiments. The only state-

ment that can be made is "did a certain event take place", yes or no. The probability of a

success is p. Therefore the predicted probability of counting x successes can be given by

P (x) =
n!

(n− x)! x!
px (1− p)n−x (7.1)

where n and x can only assume integer values.

The binomial distribution is a normalized distribution

n∑
x=0

P (x) = 1 (7.2)

with a mean value of

x̄ =
n∑
x=0

xP (x) (7.3)

Application of 7.1 and 7.2 and carrying out the summation leads to

x̄ = p n (7.4)
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7. Statistics

giving the mean value of the distribution as the number of trials multiplied by the probability

of one trial being a success. The mean value is used as an estimate of the unknown true

value of the quantity in question.

In order to make an assessment of the signi�cance of a quantity, it is necessary to assign a

standard deviation σ to it. The standard deviation signi�es the spread of the individual data

points around the mean value and therefore is a means to describe the �uctuation predicted

by a given distribution. It can be read by the width of the distribution and is also sometimes

called an uncertainty.

For any set of data the predicted variance σ2 can be given as

σ2 =
n∑
x=0

(x− x̄)2 P (x) (7.5)

Since 7.1 and 7.7 apply, the variance σ2 and standard deviation σ of the binomial distribution

can be given by

σ2 = x̄(1− p) (7.6)

σ =
√
x̄(1− p) (7.7)

7.2. Transition to Poisson distribution

In case of a large number of trials (n → ∞) and a small chance for success (p → 0) the

binomial distribution gives way to the Poisson distribution. This is the case for radioactive

samples, where in respect to the total number of atoms in the sample only relatively few

nuclei decay.

In other words, only relatively few counts are recorded in comparison to the total number of

radionuclides. This especially applies, if the half-life is long in respect to the total measuring

time and the probability of a success reduces to

P (x) =
(pn)xe−pn

x!
or P (x) =

(x̄)xe−x̄

x!
(7.8)

The main simpli�cation achieved through the application of the Poisson distribution is the

fact that now neither the individual success probability p nor the number of trials n has to be

known individually but only their product pn. Therefore, the only signi�cant parameter for

the Poisson distribution is the mean value x̄. Using 7.5 and 7.8, the variance and standard

deviation of the Poisson distribution can be given by

σ2 = x̄ −→ σ =
√
x̄ (7.9)
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7.3. Approximation by Gaussian distribution

The following example shows the in�uence the size of pn has on the standard deviation and

therefore the importance of a long measuring time. Assuming the same measurement is

checked twice: once after 100 counts have been recorded and once after 1000 counts have

been recorded, the product pn varies only with n, since the probability for decay stays the

same.

If, for example, n=100 counts have been recorded in a full energy peak, the relative statistical

uncertainty is
σ(n)

n
=

√
100

100
= 10 % (7.10)

With 1000 recorded counts it is only

σ(n)

n
=

√
1000

1000
= 3.2 % (7.11)

This shows that the more pulses are recorded, the smaller the statistical uncertainty and,

therefore, the better the signi�cance of the obtained quantity.

7.3. Approximation by Gaussian distribution

If now, in addition to a large number of trials and low chance for success, the mean value x̄

of the distribution is large, the Poisson distribution can be approximated by the Gaussian

distribution [19, p. 190]. It is also a normalised distribution with

P (x) =
1√
2πx̄

exp

(
−(x− x̄)2

2x̄

)
(7.12)

With those assumptions, the predicted variance σ2 and standard deviation σ are equal to

those of the Poisson distribution shown in 7.9.

Since the standard deviation is only known by measurement of a �nite number of events,

instead of the full population, deviations from the Gaussian distribution (a continuous distri-

bution) still occur. These depend largely on the number of events measured and, therefore,

the measuring time. Deviations from the Gaussian distribution are taken into account by

introducing the so-called Student factor

t =
deviation of the mean value from the expected value

�actuation of the mean value
(7.13)

in order to de�ne the con�dence interval [20, p. 4 - 16]. The con�dence interval is an

interval used to determine the range in which a certain parameter moves when conducting

an experiment in�nitely often. It is used to measure the reliability of an estimated value.
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7. Statistics

The Student distribution is very similar to the Gaussian distribution and transitions into the

Gaussian distribution for n →∞.

7.4. Propagation of uncertainties

In γ-ray spectrometry the quantities of interest are usually not measured directly but deter-

mined indirectly through the measurement of other quantities and more or less complicated

calculation of the quantity of interest through addition, multiplication, etc. When there are

two or more quantities involved in the calculation, each of them with their own standard

deviation and probably with di�erent in�uence on the outcome, their uncertainties do not

propagate linearly. Therefore, a propagation of uncertainty has to be conducted in order to

obtain a realistic uncertainty value.

In case of Y, a function of unrelated and normally distributed quantities X1, X2, X3 ,...

Y = f(X1, X2, X3, ...) (7.14)

propagation of uncertainties can be conducted as

σ2(Ȳ ) =
∑
i

(
∂f(X̄1, X̄2, X̄3, ...)

Xi

)2

· σ2(X̄i) (7.15)

The resultant quantity Y is also normally distributed. [12, p. 87f]
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8. Metrological dictionary

Metrology and the associated vocabulary play a major role when conducting γ-ray spectrom-

etry. Therfore, it makes sense to de�ne a few commonly used terms.

The publication "International Vocabulary of Metrology - Basic and General Concepts and

Associated Terms" compiled by the Joint Committee for Guides in Metrology de�nes cal-

ibration as an "operation that, under speci�ed conditions, in a �rst step, establishes a

relation between the quantity values with measurement uncertainties provided by measure-

ment standards and corresponding indications with associated measurement uncertainties

and, in a second step, uses this information to establish a relation for obtaining a mea-

surement result from an indication". It also states that the "calibration may be expressed

by a statement, calibration function, calibration diagram, calibration curve, or calibration

table" [21].

That means, that basically a calibration is a comparison between measurements - one made

with a device that is known to be showing the "correct" or agreed upon values and one

that was obtained with another device in the same manner. That �rst device is called a

standard. A calibration function is then generated and applied to make the results of the

tested device match the standard.

In order to make measurements comparable, traceability must be ensured. This means that

the measurement result can be "related to a reference through a documented unbroken chain

of calibrations, each contributing to the measurement uncertainty" [21]. Those references

are national or international standards - so-called etalons - held by the national metrology

institutes.

In this work certi�ed standard point sources were used as calibration sources. Those point

sources were tested against a national primary standard and issued with a certi�cate stating

the activity and standard uncertainty at the production time. That makes them traceable

and certi�ed secondary standards.
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9. γ-ray spectrometry

9.1. Detector development

Studies in the �eld of radiation began around 1900 when Wilhelm Conrad Röntgen �rst

observed that radiation from his gas-discharge tubes produced �uorescence on a paper screen

coated with platinum barium cyanide (1895) [22] and Antoine Henri Becquerel discovered

natural radioactivity using uranium salts and photographic plates (1896). In 1900 Paul Ulrich

Villard discovered that in addition to α- and β-particles discovered by Ernest Rutherford in

1899, natural radiation contains a third kind of "particles" which cannot easily be stopped

and whose paths cannot be averted by magnetic �elds. He named those particles γ-rays [11, p.

8]

Those �rst methods only provided the possibility to prove the existence of x- and γ-rays but

no way to count or otherwise analyse the observed radiation.

Advances in radiation dosimetry were made with the development of proportional counters

that allowed for a better quantitative measurement of radiation, as well as instantaneous

detection. Proportional counters produce a signal proportional to the radiation energy if

the particles deposit their full energy in the gas. As this works only for x- and γ-rays with

energies low enough to interact primarily by photoelectric e�ect (approximately 100 keV or

less), these counters are generally only used to measure the number of events, not the energy

of the photons involved. [11, p. 8]

A major improvement to measurement instrumentation was made with the invention of

the NaI(Tl) scintillation detectors. These detectors make use of the fact that scintillating

materials emit photons in response to incident radiaton. Those photons can be converted

into an electric signal using a photomultiplier. After some developing it became possible

to produce scintillation crystals large enough to allow a high absorption rate of photons up

to, and above, 1 MeV with relatively good resolution (7.5-8.5 % for the 662 keV γ-ray from
137Cs in a crystal with 3 inches in diameter and length) and e�ciency due to the high atomic

number of iodine and good chemical stability. [11, p. 9]

The improvement of the ionisation chamber with higher density materials �nally lead to the

development of semiconductor detectors in 1962. Semiconductor detectors provide excellent
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resolution of less than 2 keV at 1332 keV, which is an improvement of more than a factor 10

over the resolution of NaI(Tl) detectors. [11, p. 10f]

Semiconductor detector take advantage of the p-n-junction and the resultant electrical �eld

also used in diodes [23]. As there are many di�erent designs for semiconductor detectors

with di�erent areas of application. This description focuses on the detector type used in this

work - the Standard Electrode Coaxial Germanium Detector (SEGe). See �gures 9.1 and

9.2 for di�erent detector types. SEGe are often referred to as Pure Ge, HPGe, Intrinsic Ge

or Hyperpure Ge Detectors. In contrast to the earlier lithium drifted germanium detectors

(Ge(Li)) where lithium acts as an interstitial donor impurity compensating acceptor impuri-

ties with three valence electrons, such as boron, aluminium, gallium or indium and, therefore,

creating an intrinsic region. The intrinsic region in a high purity germanium detector can

be accomplished directly without compensation by creating a diode structure [11, p. 76]

(see �gure 9.3). Figure 9.4 shows the di�erence in the histogram of a Ge(Li) and a HPGe

detector. The term relative e�ciency refers to the detector e�ciency relative to a 3 x 3

inch NaI scintillation detector. It can be seen that the HPGe detector o�ers much better

resolution.

Figure 9.1.: Di�ernt detector geometries: a) open-end coaxial Ge(Li), b) closed-end coaxial of p-type material,
c) closed-end coaxial of n-type material, d) well detector [11, p. 81]

Basically, the SEGe detector is a cylindrical high-purity semiconductor crystal with an axial

hole at the bottom (closed-ended coaxial detector). The electrodes are di�used lithium

(n-type contact) on the exterior and implanted boron on the surface of the well (p-type

contact). Impurities of only 1010 atoms/cm3 allow for a depletion of the entire volume, using
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9.1. Detector development

Figure 9.2.: Cross sections of most common detector types [12, p. 391]

Figure 9.3.: a) Ge(Li) detector (planar), b) p-type high purity Ge detector (planar) [11, p. 77]

only a moderate reverse bias and causing an electric �eld across the active region. Photon

interaction within the depleted region leads to freeing of charge carriers that migrate to

their respective collecting electrodes. The resultant charge is converted to a voltage pulse

proportional to the energy deposited by the incident photon by a preampli�er. To e�ciently

collect the secondary charge (secondary electrons) all semiconductor detectors have to be

made of a single crystal. [25]

The main problem of the earlier Ge(Li) detectors was that they had to be cooled all the

time to avoid destruction of the intrinsic region due to signi�cant lithium di�usion at room

temperature. The great advantage of high-purity Ge detectors in respect to other detectors

is, that they only have to be kept cold while in operation. This reduces thermal charge

generation which makes an impact on the recorded spectra [11, p. 11], [25]. A standard
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Figure 9.4.: Spectrum of 57Co taken with a) a Ge(Li) detector (12.5 % relative e�ciency), b) an n-type
high-purity germanium detector (25 % relative e�ciency) 1 cm above the end cap [24, p. 57]

medium for cooling is liquid nitrogen as it is low in cost and boils at 77 K, which is su�cient

to suppresses thermal noise in the detector. Tough many di�erent semiconductor materials

have been tested only silicon and germanium are used at the moment since the di�cult

manufacturing process of relatively large high-purity crystals is very well established in these

materials. Whilst germanium detectors can be used over a wide range of energy, silicon
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detectors can only be used for photons of low energy because of silicon's low atomic number.

9.2. Full energy peak and total e�ciency

9.2.1. Full energy peak,

The full energy peak is the peak in a γ-spectrum in which photons of a certain energy E that

deposit their whole energy in the detector material, are counted. It is sometimes also called

total absorption peak or photo peak. It is used for activity calculations.

9.2.2. Total e�ciency

The total e�ciency is de�ned as the ratio of the number of pulses recorded in the spectrum

to the number of photons emitted from the source

εT =
number of pulses recorded

number of photons emitted from the source
(9.1)

In other words: The total e�ciency is the probability of a γ-ray being recorded anywhere

in the spectrum [26]. It is important for the calculation of coincidence summing correction

factors, since the loss of counts in one full energy peak is proportional to the total e�ciencies

of the coincident photon line. The total e�ciency can be obtained either by solving a

numerical integral or experimentally. Since the total e�ciency is not only a function of the

detector itself, but of the measurement geometry as a whole, the experimentally obtained

total e�ciency is more precise as the mathematical approach has to neglect e�ects like

photons scattered into the detector by surrounding materials. [11, p. 245f]

For an experimental determination of the total e�ciency single-line photon emitters are used.

Most radionuclides emit more than one γ-ray or additionally emit x-rays but a small number

of single-line emitters exists. Some nuclides have a contribution of low-energy particles to a

distinct line. Usually it can be subtracted quite easily, making 241Am, 109Cd, 139Ce, 51Cr,
85Sr, 137Cs, 54Mn suitable calibration nuclides. The total e�ciency εT can then be obtained

by

εT =
Nt

A · p
(9.2)

where Nt is the total count rate, A the activity of the sample and p the γ-ray emission prob-

ability. It is recommended to record a pulse height spectrum with more than one calibration

source in order to safely be able to extrapolate to zero pulse height as well as verify that only

photons of one energy are detected. The e�ciency-function is generated by least-squares
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approximation using the measurement points [27, p. 19]. Figure 9.5 shows such an e�ciency

curve.

The ratio of full energy peak to total e�ciency is referred to as peak-to-total ratio r. It is

used to correct for losses from peak areas due to coincidence summing.

Figure 9.5.: Total e�ciency curve taken with a Ge(Li) detector (12.5 % relative e�ciency) with the source
mounted directly on the detector window [11, p. 247]

9.3. The pulse height spectrum

As mentioned above, every photon that interacts with the semiconductor detector material

inside the intrinsic zone will generate charge carriers that are moved to their respective

electrodes by the electric �eld. The number of liberated particles depends on the energy

of the incident photon. Software manages the translation of the number of particles into a

count in the associated energy bin of the γ-spectrum. If the photon deposits all of its energy

inside the detector material, it is added as a count in the full energy peak (e.g. 661.7 keV

for 137Cs or either 1173.2 keV or 1332.5 keV for 60Co). If the photon only deposits a fraction

of its energy and then leaves the detector, it will show as a count in a lower energy bin in

the spectrum and add to the Compton continuum. The maximum energy transferred to the

electron by Compton scattering Ee can be calculated using

Ee = E ·
(

1− 1

1 + α(1− cosΘ)

)
(9.3)
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The residual energy of the photon is given by

E′ = E · [1 + α(1− cosΘ)] (9.4)

As can be deduced from formula 9.4, the highest energy is transferred at an angle of 180◦

(head-on collision), determining an upper energy limit for the Compton continuum and

resulting in the so-called Compton edge. In addition, a photon can also be Compton scattered

before it enters the detector material, for example on the shielding or container material.

It can be shown that scattering angles of over 110-120◦ result in backscattered photons of

nearly the same energy (see �gure 9.6) In the spectrum this results in a backscatter peak at

0.2-0.25 MeV [12, p. 301].

Figure 9.6.: Variation of scattered γ-ray energy with scattering angle [12, p. 301]

Other e�ects are sum peaks and escape peaks. The sum peak develops if more than one

photon deposits its energy at the �same time� i.e. in the same resolution window of the

detector. Basically, the detector cannot di�erentiate between the particles and perceives

them as one particle of the totalled energy of the individual particles. That leads to a

count in a higher energy bin. Since these photons are not counted into their according

full energy peak bins, that e�ect falsi�es the measured e�ciencies and in the following any

activity calculation, which makes the use of correction factors necessary. This e�ect will be

explained in more detail in the section dealing with coincidence summing correction.

Escape peaks develop when one of the photons created in electron positron annihilation

escapes from the detector material with all of its energy. That leads to a count in an energy

bin that is reduced by 511 keV (single escape peak). The escape of both photons without
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Figure 9.7.: Pulse height spectrum of a) 137Cs and b) 88Y [11, p. 153]

depositing their energy leads to a reduction of 1022 keV in respect to the original photon

energy and, therefore, to a count in an energy bin reduced by that number (double escape

peak). Since this e�ect occurs particularly with higher photon energies of several MeV it can

be disregarded when working with environmental samples.

Figure 9.7 shows two spectra taken with a 12 % Ge(Li) detector denominating the above

mentioned e�ects.
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9.4. Activity calculation

9.4. Activity calculation

The activity of a nuclide can be calculated using the formula

A =
N(E) · fcorr
t · ε(E) · p(E)

=
r · fcorr

ε(E) · p(E)
(9.5)

where N(E) is the number of net counts in a photo peak corresponding to the energy E,

t the measurement time, r = N(E)
t the count rate, ε(E) the peak e�ciency of the γ-ray

spectrometer, p the emission probability of a γ-ray of energy E and fcorr a coincidence

summing correction factor that will be commented on in the next section. Self attenuation

of the γ-rays can either be considered by means of an additional correction factor or in the

simulation of the spectrometer e�ciency. [28]

The emission probabilities of nuclei have been studied intensively and can be looked up in

various tables, e.g. the Decay Data Evaluation Project [29].

9.5. Coincidence summing correction

After a radioactive decay, the daughter nuclide usually runs through many energy levels of

the decay scheme. Since the life-time of the intermediate states is generally very short, the

emitted photons are emitted in coincidence (in a matter of picoseconds). Figure 9.8 illustrates

the process. Depending on the measurement geometry, there is a chance that some of those

particles interact with the detector material at the same time. Since the resolution time

of a standard germanium detector is in the range of microseconds, those photons cannot be

distinguished and are perceived as one particle of the total energy of all the incident photons.

A new photo peak with the totalled energy appears in the spectrum, while the other photo

peaks are missing counts. That leads to a wrong calculation of the overall activity of a

sample.

For example, 60Co emits two photons in one decay, one of 1332.5 keV and one of 1173.2 keV.

When those two photons interact with the detector material in the same resolution window

and both of them deposit all of their energy, they are perceived by the detector as one particle

of 2505.7 keV. This adds one count to the 2505.7 keV photo peak while the 1332.5 keV and

1173.2 keV photo peak are each missing one count. The same principle applies when one or

both photons only deposit part of their energies.

The chance for coincidence summing depends highly on the distance between sample and

detector, the geometry and material of sample, detector and shielding and the resolution time

of the detector [27, p. 22]. For typical measurement geometries and energies of environmental
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Figure 9.8.: Decay scheme of 60Co [29]

samples necessary corrections can be in the range of 10 % - 50 % (fcorr = 1.1− 1.5) [24, p.

37 - 52].

Since the physical parameters of sample and detector are usually a given that cannot be

changed, the most e�ective way to prevent coincidence summing is the source-detector ge-

ometry that can be altered by the user. Figure 9.9 shows the histogram of two measurements

of 60Co taken at di�erent distances from the detector end cap. The height of the sum-peak

at 2505.7 keV changes signi�cantly with the sample-detector-distance.

Every line emitted by a nuclide has to be corrected separately. For 60Co - a nuclide that

decays emitting only two lines - the coincidence summing correction is relatively simple and

can be given by

fcorr,1173 =
1

1− εT,1332
and fcorr,1332 =

1

1− εT,1173
(9.6)

where εT,E is the total e�ciency of the denoted line. [24, p. 11]

Correction factors have been widely studied and can be looked up in tables. For example

in [30].
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9.5. Coincidence summing correction

Figure 9.9.: Spectrum of 60Co taken with an n-type HPGe detector (25 % relative e�ciency) at a) 20 cm, b)
1 cm above the detector end cap [24, p. 8]

The chance for a summation of photons not originating from the same decay process (e.g.

from di�erent nuclides or the decay of di�erent nuclei) is only relevant with very high count

rates of more than 1000 counts per second. That resulting e�ect is called random coincidence

summing while the previously mentioned e�ect is called true coincidence summing. As an

example, it becomes possible that two 661.7 keV photons from two di�erent 137Cs nuclei

(137Cs is a single-line emitter!) deposit their energy within the same resolution window of
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the detector, creating a sum peak 1323.4 keV. The only relevant parameters for random

coincidence summing are count rate and resolution time. [27, p. 23], [12, p. 304]

Figure 9.10 shows the di�erence between true and random coincidence summing.

Figure 9.10.: Di�erence between a) true and b) random coincidence summing [24, p. 6]
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10.1. Detector

10.1.1. BEV activity laboratory Seibersdorf

One of the detectors used in this diploma thesis is a Canberra Industries standard electrode

coaxial germanium detector (SEGe) with an automated liquid nitrogen cooling system. It

will be referred to as the Seibersdorf detector owing to its location. Figure 10.1 shows

photographs of the detector assembly.

The Seibersdorf detector has been repaired in 2007 due to increased crystal leakage current.

Canberra Industries stated that the "crystal has been re-implanted, re-etched and remounted.

Vacuum has been reconditioned and checked after a cycle" [31].

The speci�cations taken from the original detector data sheet compiled by Canberra In-

dustries in 1995 and the Canberra Industries information sheet on SEGe detectors [25], as

well as the informations provided by the manufacturer after repair are shown in table 10.1.

Originally, the detector also had a thin beryllium window that was removed while at repair.

The data sheets can be looked up in the annex.

The term dead layer refers to a layer of inactive germanium on the surface of the germanium

crystal that does not add to the active detector volume [32]. It acts as an attenuating layer

and especially low-energy photons are a�ected by it. For higher-energy photons, like those

emitted by a 60Co nucleus, the e�ect is almost negligible.

In addition to the dead layer, a so-called transition zone exists. It is only a partially active

layer with low collection e�ciency. Photons counted in that zone only contribute to the

Compton continuum but not to the full energy peak. Therefore, it can be viewed as an

attenuation layer in respect to the detector e�ciency. Since it is di�cult to estimate the

thickness of the transition zone, the e�ective thickness of the inactive germanium layer is

not well known. [32], [33].

The size of the inactive germanium layer a�ects the size of the active volume of the detector.

The larger it gets, the smaller the active volume gets, resulting in a reduction of the detector
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Figure 10.1.: Detector assembly of the Seibersdorf detector with liquid nitrogen container, dewar and timer
for the automated cooling system

e�ciency. The size of the e�ective dead layer depends on the manufacturing process, the

age of the detector and, foremost, on the temperature at which the detector is kept. If the

detector is kept warm most of the time, the outer dead layer growth causes the e�ciency for

low energies (e.g. photons emitted by 241Am at 59.54 keV) to drop by 10 % every 6-9 months.

For medium-high energies the e�ciency reduction amounts to 2-3 % per year [34]. Low-energy

photons are much more a�ected by the size of the dead layer, as their energy is not high
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1995 (new detector) 2007 (after repair)

Model GC3020 GC3020

Relative e�ciency 30.2 25.6 %

FWHM at 122 keV (57Co) 0.931 keV 0.867 keV

FWHM 1332 keV (60Co ) 1.78 keV 1.77 keV

FWTM at 1.332 MeV (60Co) 3.35 keV 3.28 keV

Peak to Compton ratio (P/C) 60.8:1 60.8:1

Peak shape 2.00 2.00

Crystal diameter 56.5 mm * 56.5 mm *

Crystal Length 55 mm * 55 mm *

Endcap diameter 76 mm * 76 mm *

Crystal to endcap distance 5 mm * 5 mm *

Cryostat model 7935SL-7 7935SL-7

Preampli�er model 2001CSL 2001CSL

Outer dead layer 0.5 mm * 1 mm *

Dead layer hole 0.3 µm * 0.3 µm *

Table 10.1.: Detector dimensions provided by the manufacturer in 1995 and 2007. *nominal value speci�ed
by manufacturer. No further measurements were conducted to obtain those values

enough to penetrate a thick attenuating layers. In most cases the thickness and sensitivity

of the dead layer is not homogeneous over the detector surface, adding another challenge

[35], [36]. In the course of this work it is assumed that the dead layer is a homogeneous

layer of �xed thickness in order to simplify the already very complex simulation and reduce

simulation time.

10.1.2. BOKU/TU Low-level Counting Laboratory Arsenal

The second detector used to make measurements will be referred to as the Arsenal detector.

It is a Baltic Scienti�c Instruments automated low-background gamma-ray spectrometry

system based on a high-purity germanium detector. Table 10.2 shows the relevant detector

information.
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Model GCD-50195X

relative e�ciency > 50 %

FWHM at 122 keV (57Co) < 750 eV

FWHM 1332 keV (60Co) < 1950 eV

FWTM/FWHM < 1.9

Peak to Compton ratio (P/C) 60:1

Crystal diameter 80 mm *

Crystal Length 40 mm *

Thickness of carbon epoxy input window 0.8 mm *

Front dead layer 0.3 µm *

Table 10.2.: Detector dimensions provided by the manufacturer in 2007. *nominal value speci�ed by manu-
facturer

10.2. Shielding

In order to minimize signals generated by photons not emitted from the source a shield is

used. Mostly those, for the purposes of γ-ray spectrometry, unwanted photons come from

decay processes in surrounding material and air as well as cosmic radiation. Usually, lead is

used due to its very high density and the resultant compactness of the shielding. The higher

the density of the material the greater its stopping power for photons. Other materials such

as concrete could be used but thicker shieldings would be needed.

The shield used for the experiments in with the Seibersdorf detector is made from a 10 cm

thick lead cylinder put around the detector. The lower part has a hole in it to connect the

detector to the rest of the hardware. The upper part is rotatable in order to allow comfortable

source positioning. To minimize the e�ect of x-rays generated by photon scattering in the

lead the inside of the shielding is lined with 1 mm cadmium and 1 mm copper on top of that.

The inside diameter of the shielding is 28 cm in order to reduce backscattering of photons

from the source. Figure 10.2 shows photographs of the opened and closed detector shield and

an inside view of the inner copper lining and stainless steel end cap. The source is positioned

centred on top of the end cap.

The shielding of the Arsenal detector is of similar design. It consists of 10 cm thick lead with

a 1.25 mm thick stainless steel lining on the outside. On the inside another 2 cm of very pure

lead are attached. On top of that is 1 mm of tin lining. The inside surface is made of 1.5

mm thick electrolytic copper. The inside diameter of the shielding is 17.5 cm. Figure 10.3

shows the schematics of the Arsenal shielding. In addition, the Arsenal detector is located in

a room shielded by 1.6 m of concrete lined with 3 cm of lead and 0.6 cm of steel. Combined
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Figure 10.2.: Seibersdorf detector shield

with a specialised air �ltering system that reduces the amount of radon the laboratory design

leads to very low background count rates that is especially bene�cial when dealing with low-

activity environmental samples. [37] Unfortunately, due to necessary repairs on the detector

the Arsenal detector could not be used for more than a few preliminary measurements.

10.3. GenieTM2000 γ-ray spectrometry software

Genie 2000 is the γ-ray spectrometry software used in this work. It is developed and sold by

detector manufacturer Canberra Industries Inc. Genie 2000 or sometimes Genie2k is a very

commonly used tool in radiation physics due to its versatility. It collects data and displays it

47



10. Laboratory equipment

Figure 10.3.: Schematics of Arsenal shield [38]

in near real-time on the computer screen. The so gained spectrum can be analysed directly

by the software.

A user programming environment for custom development exists but there are many pre-

de�ned analysis routines. The user can de�ne analysis sequences using these packages and

insert sample information. Among other things it is possible to identify the peak areas of

the measured full energy peaks and match them and their energies to the respective nuclide,

perform background subtraction, etc. To gain proper data energy, e�ciency and peak-

to-total calibrations have to be performed in order to generate the necessary connections

between the detector channel and the software as well as allow for corrections of the measured

spectrum due to the imperfections of the detector crystal and setup (e.g. see coincidence

summing correction).

With the additional package of ISOCSTM/LabSOCSTM it becomes possible to de�ne source

geometries and use them as a virtual e�ciency calibration. The virtual e�ciency calibration

replaces the real e�ciency calibration. This is very useful since a real e�ciency calibration

48



10.3. GenieTM2000 γ-ray spectrometry software

has to be done using the exact same geometry and material as the unknown sample. Es-

pecially when measuring many di�erent sample types this procedure becomes tedious and

calibration standards are expensive and often not available in the necessary geometries. The

built-in geometry composer allows to generate many di�erent sample types and geometries.

The program then calculates e�ciency data points with which the calibration �le can be

written. Genie 2000 can then correct the measured spectrum and e�ciencies considering

self-attenuation e�ects of the source and calculate the activity of the sample. Together with

a detector characterisation performed by Canberra Industries that takes into account the

detector speci�c characteristics like distances between the components, attenuating layers,

etc. it becomes possible to use the virtual e�ciency calibration to calculate the activity of

the sample.

10.3.1. Energy calibration

The energy calibration is not a real calibration in the metrological sense but in the colloquial

sense of the word. It establishes a connection between the channels of the spectrum and

their corresponding energies. First, the spectrum of a nuclide is being recorded. Then the

user inserts the energies of the known photo peaks of the nuclide in question. This can either

be done manually or using a prede�ned calibration �le. Genie 2000 then calculates a curve

of the form

E = A + B ∗ ch+ C ∗ ch2 + ... (10.1)

between the peaks (ch gives the channel number) that is used to match each channel to an

energy [39, p. 24].

To include changes in the crystal stemming from temperature changes and dead layer growth

the energy calibration should be repeated routinely.

For the energy calibration done in this work 152Eu was used. The energies for the peaks used

for the manual input where delivered with the sample by the manufacturer (see Appendix).

Due to its many peaks over the whole energy range usually used in γ-ray spectrometry 152Eu

is a commonly used nuclide for energy calibration.

10.3.2. E�ciency calibration

The e�ciency calibration is used in order to determine the activity of a sample and correct for

material speci�c properties of sample and detector as well as taking source-detector-distance

into account. The e�ciency of a detection system depends on many factors including
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• the energy of the incident γ-ray,

• the purity and alignment of the molecules in the crystal,

• the material surrounding the crystal,

• sample-detector geometry,

• self-attenuation in the sample matrix.

In order to correct for e�ects caused by either of those points it is necessary to conduct

an e�ciency calibration. It can be determined by experimentally measuring calibrations

standards with a known activity. Since it is necessary to calibrate for each sample form,

sample-detector geometry and nuclide individually this process becomes very costly and

time consuming if one wants or needs to use many di�erent sample geometries. Therefore,

systems like the Genie 2000 add-on ISOCS/LabSOCS are very interesting for those users.

10.3.3. Peak-to-Total calibration

In order to calculate coincidence summing corrections via Genie 2000 the peak-to-total ratio

(P/T ratio) at all energies has to be known. That is the ratio of peak e�ciency to total

e�ciency of a certain energy or the number of observed counts in a full energy peak over the

counts generated by that energy over the whole spectrum. Canberra Industries recommends

to take measurements of six "single"-line nuclides, 109Cd, 57Co, 113Sn, 137Cs, 54Mn and 65Zn

for the generation of the peak-to-total calibration curve. If it is available, 241Am is also

a viable addition. After running a peak analysis a chi-squared minimization technique is

applied to �t the main energies of the nuclides by a logarithmic function

ln(P/T ) = a · lnEγ + c · (lnEγ)2 +
d
Eng

(10.2)

gaining the total e�ciency of the detector as a funciton of γ-ray energy.

Since 57Co, 113Sn, and 65Zn are not really single-line nuclides and the full energy peaks of

their main energy are surrounded by (much smaller) satellite peaks an iterative process is

applied to reduce the in�uence of the satellite peaks in those spectra. The peak-to-total ratio

at a satellite peak energy is used to calculate how many of the counts in the continuum stem

from that satellite peak energy. That number of counts is then subtracted from the number

of total counts in the spectrum.
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10.3. GenieTM2000 γ-ray spectrometry software

Ncontinuum = Nsatellite ·
[

1

P/T
− 1

]
(10.3)

Using the corrected total number of counts a new P/T ratio for the main energy peak can

be calculated and the curve can be �tted again. Each new iteration improves the correction.

Canberra Industries recommends using 10 iterations in order to ensure convergence for all

cases. Using the values calculated in the �nal iteration step the calibration curve can be

calculated and extrapolated to channel 0. A polynomial of the second order is used for the

�t of the higher energies in order to provide a linear extrapolation in the log-log scale. The

cross-over energy of the curve can be set by the user but is 122 keV by default (57Co). [40, p.

268f]

10.3.4. ISOCSTM/LabSOCSTM

ISOCS/LabSOCS is a mathematical calibration software and an add-on for Genie 2000. The

abbreviations stand for In-Situ Object Calibration Software/Laboratory Sourceless Calibra-

tion Software. As mentioned before it can be used to eliminate all traditional calibration

sources from the analysis and calibration process. In place of the measurement with an

actual calibration source to calibrate and perform an e�ciency correction the user only has

to de�ne a few properties of the source and the source-detector geometry. Pre-de�ned tem-

plates can be chosen that match the source geometry - e.g. Marinelli beaker, point source,

cylindrical source, etc.

The parameters the user has to specify are:

• geometrical information and material of various parts of the sample and sample holder,

e.g. thickness and material of bottom/side wall, sample diameter/height/etc, sample

composition, etc. The amount of information necessary depends on the chosen template

and therefore on the complexity of the sample design,

• source-detector distance (end cap to underside of the source),

• thickness and material of any attenuating layers between the end cap and the source

(e.g. air/acrylic glass when using a sample holder),

• the detector characterisation of the detector used for the measurement.

In order to specify the above mentioned parameters a program called "Geometry Composer"

comes with ISOCS/LabSOCS. It provides a graphical user interface in which the user can

input the necessary data. To de�ne the materials a library of pre-de�ned common substances

which the user can modify and add to is incorporated into the program.
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10. Laboratory equipment

Opposed to other mathematical calibration software the user using ISOCS/LabSOCS can not

specify any detector information. This information can be incorporated into the calculation

by selecting the detector characterisation of the detector the measurement was done with

from a drop-down list. The characterisation has been done by the manufacturer before

shipping. In the process traceable standard sources and the Monte Carlo code MCNP are

used to create a radiation response pro�le of the actual crystal built into the system in

question. [41]

10.4. PENELOPE 2011

Although many di�erent Monte Carlo codes exist and many of those are speci�cally designed

for the use in radiation physics this work concentrates on the use of the code PENELOPE.

The version used is PENELOPE 2011.

PENELOPE was devised at the university of Barcelona with the �rst version published in

1996. PENELOPE is an acronym that stands for "penetration and energy loss of positrons

and electrons�. It was initially designed to describe the energy loss of electrons and positrons

following interaction events in matter. The part dealing with photon interaction was added

at a later point.

PENELOPE 2011 is able to simulate and evaluate electron and photon transport and calcu-

late all kinds of interactions in the energy range of 50 keV to 1 GeV. No speci�c knowledge

of the underlying scattering and transport mechanisms have to be known to the user. One

thing PENELOPE assumes is that the mass of the atom is concentrated in the nucleus.

Since it is much larger than the electron mass the nucleus is regarded as having in�nite

mass. This validates the assumption that the nucleus can absorb any amount of recoil mo-

mentum without absorbing energy. Excitation and de-excitation of the nuclear energy levels

can be disregarded, simplifying the calculation of cross sections and therefore reducing the

time required for the simulation. [16]

The user gets a package with the Fortran source code. First the various subroutines have to

be linked. After that the user gets a main program which performs the actual calculations

and a material library that includes all the chemical elements as well as some commonly used

materials (e.g. glass, water, etc.). The material library can also be used to build any material

of a speci�c composition. That can either be done by input of the stoichiometric formula or

fraction of weight percentage. The program then calculates the material-speci�c parameters

such as mean excitation energy, cross sections, relaxation time, etc. Those materials can then

be used to build an image of the actual detector and source used in the experiment. This

should be done as detailed as possible as every di�erence in geometry results in a di�erence

in e�ciency. The geometry of the image is de�ned by homogeneous bodies that are limited
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10.4. PENELOPE 2011

by quadric surfaces. This allows for many di�erent shapes and forms.

In order to check the geometry the source code package comes with two programs - gview2d.exe

and gview3d.exe - that visualise the coded geometry on the computer screen.

To provide the parameters of the simulation a steering program (hereafter called an input

�le or in-�le) has to be written. It assigns the necessary variables like primary particle, what

part(s) of the detector and source image emits radiation, energy, source position, energy bin

width, material �les used, simulation time, cut-o� energies, etc. to the main program.

The most basic options for a voluminous sample in a container on a holder 4.55 cm above

the detector end cap can be seen in the code listing below (Figure 10.4).

The �rst part de�nes the source parameters: type of primary particle, photon energy, source

position, active body and direction of radiation.

The second part de�nes material data and simulation parameters, it states the material �les

used and links them to the material data used in the geometry �le and the respective electron

and photon cut-o� energies.

The third part lists the geometry �le containing the detector and source image.

The fourth part is used to de�ne the detector properties such as simulated energy range,

energy bin width, name of the output �le and the bodies used for detection.

The �fth part de�nes job properties such as dump-�les that allow to continue the simulation

in case it is interrupted, the interval in which information is written into the dump �le and

the number of simulated particle histories. Additionally or instead a simulation time can be

de�ned. The simulation stops whenever the �rst of the two parameters is reached.

After the simulation has successfully run PENELOPE generates several output �les that con-

tain the information to calculate full energy peak and total e�ciencies. Additionally, the user

receives information about absorption e�ciencies and absorbed energy in the surrounding

bodies, number of histories as well as some general information about the simulation.
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10. Laboratory equipment

Figure 10.4.: In-�le listing of MetroMETAL 226Ra_HSlag13 sample
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11. Monte Carlo simulation using

PENELOPE 2011

In order to simulate the e�ciency of samples a detector model has to be created �rst. This

was done using the Monte Carlo code PENELOPE 2011. The aim is to obtain less than 5 %

deviation from the e�ciency calculated by LabSOCS or using a physical calibration source.

In the course of this work it emerged that the nominal values provided by the detector

manufacturer are insu�cient for a precise simulation. The consultation of papers issued

in the �eld of e�ciency calibration using Monte Carlo simulation like Hurtado et al. [42],

Padilla Cabal et al. [43] and Hardy et al. [44] has lead to the belief that strong deviations

between the real physical parameters of the detector and the parameters provided by the

manufacturer of up to a few mm are the norm.

Therefore, a method similar to the one described by J. C. Helmer et al. [44] has been used

to obtain a more precise model.

Firstly, 241Am,57Co and 109Cd point sources were measured at 0 and 4.55 mm distance from

the detector end cap. The ratios of the full energy peak areas at di�erent distances of each

nuclide where used to determine the distance of the detector crystal from the end cap.

Secondly, the comparison of the simulated peak e�ciencies at 4.55 cm of both point sources

was used to determine the front and side dead layer of the crystal surface.

A measurement of 137Cs was used to determine the length and radius of the hole. A mea-

surement of 60Co was used to determine the length of the crystal.

Lastly, a comparison of the e�ciencies of 137Cs and 60Co was used to determine the size of

the dead layer on the hole.

It is important to note that the size of the dead layer in the simulation does not necessarily

re�ect its real size. Due to the aforementioned transition zone beneath the dead layer whose

thickness is unknown it is impossible to separate the two of them. Additionally, the simulated

dead layer also compensates for the impurities, defects and imperfect charge collection of the

real crystal. [44]

Figures 11.1 and 11.2 show 2d detector images of the Seibersdorf and Arsenal detectors.
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Figure 11.1.: Detector image of Seibersdorf detector

Figure 11.3 shows 3d images.

The listing below (Figure 11.4) shows a typical PENELOPE 2011 output �le. It is taken

from the simulation of a 241Am point source positioned 4.55 cm above the detector end

cap. 105 particle histories were tracked. It can be used to calculate the detector e�ciency.

Those e�ciencies can then be compared to the e�ciency computed by LabSOCS or - when

no coincidence summing occurs - hand. Together with each lines yield, the measured count

rate of the full energy peak and computed coincidence correction factors it is possible to

calculate the activity of the sample. The exact energies of the photons and their yield

involved in each simulation and calculation where taken from Monographie BIPM-5 - "Table

of Radionuclides" [45]. This monograph is issued by the Bureau International des Poids et

Mesures and contains the �ndings of the Decay Data Evaluation Project [29].



Figure 11.2.: Detector image of Arsenal detector including sample holder and point source in a PS3 container
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11. Monte Carlo simulation using PENELOPE 2011

Figure 11.3.: 3d detector image of a) Seibersdorf, b) Arsenal detector
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As can be seen PENELOPE 2011 lists the energy bins and the according probability density

and uncertainty. It is necessary to note that the uncertainty PENELOPE computes is a

merely statistical uncertainty that does not take any uncertainties in the knowledge of the

physical parameters into account. In order to calculate peak and total e�ciencies those

probabilities and uncertainties have to be multiplied by the bin width.
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11. Monte Carlo simulation using PENELOPE 2011

Figure 11.4.: Output �le listing of a simulation of an 241Am point source
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12. Radioactive sources

12.1. Activity reference sources

The point source used for energy calibration is a 152Eu point source. It was manufactured by

Physikalisch-Technische Prüfanstalt (PTB) in Germany. It is a traceable secondary standard.

The sources used for establishing the detector parameters are also calibrated and traceable

secondary standards manufactured by PTB. The certi�cates are shown in the annex. Figure

12.1 shows a photograph of some of the used point sources.

Figure 12.1.: Point sources used for energy calibration and establishing the detector parameters

For the peak-to-total calibration a peak-to-total calibration source set was purchased from

Canberra Industries. It contains 109Cd, 57Co, 113Sn, 137Cs, 54Mn and 65Zn point sources.

It was manufactured by Spectrum Techniques. Figure 12.2 shows a photograph of the used

peak-to-total calibration sources. For these sources, traceability is not necessary as they are

only used to perform relative measurements.

For the e�ciency calibrations the virtual calibration software ISOCS/LabSOCS was used.
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12. Radioactive sources

Figure 12.2.: Peak-to-total calibration source set

Geometry composer reports are given in the annex.

12.2. EMRP MetroMETAL Sources

12.2.1. VUHZ No. 002

The sample VUHZ No. 002 is a homogeneous cast steel cylinder without cover or container.

Figure 12.3 shows a photograph of the sample. The elemental composition of VUHZ No.

002 is shown in table 12.1.

Source parameters:

• mass 75.25 g

• radius 1.743 cm

• height 1.003 cm

• density 7.745 g/cm3
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12.2. EMRP MetroMETAL Sources

Element Weight fraction (%) Element Weight fraction (%)

Al 0.04 Mn 0.30

C 0.16 Ni 0.16

Cr 0.20 Mo 0.03

Cu 0.20 P 0.02

Co 0.01 S 0.05

Fe 98.62 Si 0.21

Table 12.1.: Elemental composition of stainless steel used in VUHZ Nr. 002 [46]

Figure 12.3.: VUHZ No. 002 sample

12.2.2. SK hFD ID03

The sample SK hFD ID03 is made from a homogeneous cylinder of pressed fume dust inside

a container. Figure 12.4 shows a photograph of the sample. The elemental composition of

the fume dust sample is shown in table 12.2.

Source parameters:

• mass 50.20 g

• height in the container 1.872 cm

• density 0.707 g/cm3
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12. Radioactive sources

Container parameters:

• outer radius 3.575 cm

• side wall thickness 0.100 cm

• total outer height 4.650 cm

• bottom thickness 0.100 cm

• top thickness 0.100 cm

• container material polypropylene (C3H6x)

• density container material 0.90 g/cm3

Element Weight fraction (%) Element Weight fraction (%)

Al 0.05 Ni 0.0083

Br 0.33 O 22.587

C 1.52 P 0.0043

Ca 0.013 Pb 0.6

Cd 0.027 Sb 0.053

Cl 0.2 Si 0.083

Fe 1.5 Zn 73

Mn 0.024

Table 12.2.: Elemental composition of fume dust used in SK hFD ID03 [46]

12.2.3. 226Ra_HSlag13

The sample 226Ra_HSlag13 is made from a homogeneous cylinder of pressed slag inside a

container. Figure 12.5 shows a photograph of the sample. The elemental composition of the

fume dust sample is shown in table 12.3.

Source parameters:

• mass 160.60 g

• height in the container 1.805 cm
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12.2. EMRP MetroMETAL Sources

Figure 12.4.: Fume dust sample SK hFD ID03

• density 2.185 g/cm3

Container parameters:

• outer radius 3.770 cm

• side wall thickness 0.170 cm

• total outer height 3.000 cm

• bottom thickness 0.116 cm

• top thickness 0.116 cm

• container material polypropylene (C3H6x)

• density container material 0.90 g/cm3
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12. Radioactive sources

Element Weight fraction (%) Element Weight fraction (%)

Al 3.15 Mn 5.62

C 0.34 Mg 0.97

Ca 12.75 O 37.28

Cr 1.94 Ti 0.75

H 0.52 Si 6.90

Fe 29.78

Table 12.3.: Elemental composition of slag used in 226Ra_HSlag13 [46]

Figure 12.5.: Slag sample 226Ra_HSlag13
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12.3. Environmental Samples

12.3. Environmental Samples

Ongoing measurements of environmental samples are necessary in order to establish a base-

line of typical radionuclide concentration. This baseline can be used to compare results to

after a radiation accident, understand natural processes, etc. The concentration values may

still vary depending on rainfall, �ooding or drought but usually only within a certain range.

In the period of November 2013 to August 2014 sediment samples were taken from the

hydroelectric power plants Wallsee-Mitterkirchen (located on the border between Upper and

Lower Austria) and Ottensheim-Wilhering (Upper Austria). Figure 12.6 shows both places

on the map. Both power plants are located on the Danube river and provide part of Austria's

electricity. The sediments were collected from the �ltering reservoir located upstream of the

turbines. Figures 12.7 and 12.8 show schematic views of the power plants.

Figure 12.6.: Positions of hydroelectric power plants Wallsee-Mitterkirchen (left) and Ottensheim-Wilhering
(right) [47]

Table 12.4 shows the calculation of the elemental composition of the sediment determined

using composition data provided by Kralik and Augustin-Gyurits [48] and information on

the geological structures collected by the RRUFF project [49]. Kralik and Augustin-Gyurits

mention a fraction of 3.4 % organic material. This share was included using the composition

of the IAEA ICRU sphere.
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12. Radioactive sources

Figure 12.7.: Schematic view of hydroelectric powerplant Wallsee-Mitterkirchen [50]

Figure 12.8.: Schematic view of hydroelectric powerplant Ottensheim-Wilhering [51]
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12.3. Environmental Samples

Element Weight fraction (%) Element Weight fraction (%)

O 46.75 Ba 2.38

Si 19.02 Mg 2.56

Ca 7.70 Sr 1.63

Al 7.24 H 0.88

Fe 4.93 Na 0.43

C 3.13 N 0.35

K 2.79 B 0.20

Table 12.4.: Calculated average elemental composition of Danube sediments in Austria
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Part III.

Results & discussion
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13. Detector calibration

This section shows the results of the detector calibration as described above.

Energy calibration was performed measuring a 152Eu point source positioned in the centre

of the end cap. The resulting energy calibration curve is shown in �gure 13.1.

Figure 13.1.: Energy calibration curve of Seibersdorf detector

In order to �gure out the in�uence of attenuating material between the calibration sources

and the end cap peak-to-total calibration has been performed without any attenuating layers

and with 1 cm high cylinders made from steel, aluminium and brass. Measurements were

performed with the cylinder or point source positioned on axis and directly on as well 4.55

cm above the end cap.
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13. Detector calibration

Cylinder characterization

Steel cylinder

• Height: 1 cm

• Diameter: 4.1 cm

Aluminium cylinder

• Height: 1 cm

• Diameter: 4.0 cm

Brass cylinder

• Height: 1 cm

• Diameter: 4.0 cm

Figures 13.2, 13.3, 13.4 13.5 and 13.6 show the peak-to-total e�ciency calibration curves of

the Seibersdorf detector using the set of single-line emitters described above. The sources

and attenuators were positioned on axis and directly on top of or 4.55 cm above the end cap

respectively.

Figure 13.2.: Peak-to-total e�ciency calibration curve of Seibersdorf detector using single-line emitters posi-
tioned on axis and directly on top of the end cap. No additional attenuating material was used.
Left: linear calibration curve, right: log calibration curve
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Figure 13.3.: Peak-to-total e�ciency calibration curve of Seibersdorf detector using single-line emitters po-
sitioned on axis and directly on top of the end cap. Attenuator: Aluminium cylinder. Left:
linear calibration curve, right: log calibration curve

Figure 13.4.: Peak-to-total e�ciency calibration curve of Seibersdorf detector using single-line emitters posi-
tioned on axis and 4.55 cm above the end cap. Attenuator: Aluminium cylinder. Left: linear
calibration curve, right: log calibration curve

Figure 13.5.: Peak-to-total e�ciency calibration curve of Seibersdorf detector using single-line emitters po-
sitioned on axis and directly on top of the end cap. Attenuator: Steel cylinder. Left: linear
calibration curve, right: log calibration curve
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13. Detector calibration

Figure 13.6.: Peak-to-total e�ciency calibration curve of Seibersdorf detector using single-line emitters po-
sitioned on axis and 4.55 cm above the end cap. Attenuator: Steel cylinder. Left: linear
calibration curve, right: log calibration curve

Comparison of the curves shows that the variation of attenuation material causes massive

change in the peak-to-total e�ciency calibration curve while the source positioning along the

z-axis causes only minimal changes. This is expected as air is of very low density. Therefore,

the amount of air between the sample and the detector impacts the resulting calibration

curve only minimally compared to higher-density materials such as various metals.

The result of the measurement using the brass cylinder is not shown in here since no usable

results could be obtained even after a long measuring time as brass, due to its high density

of approximately 8.5 g/cm3 is a highly e�ective attenuator.

76



14. Detector image calibration

The following tables show the calibration results of the detector image. As stated in the

"materials & methods" section in the course of this work it became obvious that the physical

dimensions of the detector provided by the manufacturer are inadequate for the purposes

of Monte Carlo simulation. Table 14.1 and table 14.2 show the results of the Seibersdorf

and Arsenal detectors obtained using manufacturer data only. The results of the Arsenal

detector were obtained with the nearest possible position to the detector end cap. The results

of the Seibersdorf detector were obtained with a sample-to-end cap distance of 4.55 cm. The

errors are quoted at k=1. In both cases traceable point sources were used. The relatively

high uncertainty values at the Seibersdorf detector can be explained by the low detection

e�ciency created by the used detector-sample geometry.

Since it was de�ned that only deviations in activity or peak e�ciency of under 5 % are viewed

as adequate it is obvious that the information provided by the manufacturer is not accurate

enough.

Table 14.3 shows the results of simulations using the adapted detector properties of the

Seibersdorf detector obtained by deploying the method described in the "materials & meth-

ods" section.

Parameters such as crystal diameter and length, distance of crystal to end cap, front and side

dead layer thickness proved to have a signi�cant impact on the simulation results whereas

dimensions of the hole, hole dead layer thickness of the aluminium end cap, physical dimen-

sions of the mounting had less impact on the simulation and where therefore kept at the

nominal value or neglected completely.

As can be seen the results have improved drastically. Table 14.4 shows the adapted physical

properties used in the simulation.
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A Arsenal detector
(Bq)

∆A/A Arsenal
detector (%)

A source certi�cate
(Bq)

∆A/A source
certi�cate (%)

di�erence (%) certi�cate
vs. simulation

241Am 1666.60 0.73 958.33 1.02 73.91

137Cs 14004.14 0.42 16824.39 0.58 -16.76

60Co 2150.53 0.86 1251.96 0.39 71.77

Table 14.1.: Results of simulation of Arsenal detector using physical dimensions provided by the manufacturer

A Seibersdorf
detector (Bq)

∆A/A Seibersdorf
detector (%)

A source certi�cate
(Bq)

∆A/A source
certi�cate (%)

di�erence (%) certi�cate
vs. simulation

241Am 27523.23 2.57 42725.59 0.58 -35.58

137Cs 12642.30 8.20 16699.71 0.58 -24.30

60Co 54169.65 17.48 37224.85 0.23 45.52

Table 14.2.: Results of simulation of Seibersdorf detector using physical dimensions provided by the manufacturer
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A Seibersdorf
detector (Bq)

∆A/A Seibersdorf
detector (%)

A source
certi�cate (Bq)

∆A/A source
certi�cate (%)

di�erence (%) certi�cate
vs. simulation

241Am 42064.67 3.16 42721.98 0.58 -1.54

57Co 100993.82 2.03 97081.17 0.57 4.03

109Cd 263.03 7.86 272.87 0.85 -3.61

137Cs 16292.31 3.67 16699.71 0.58 -2.44

60Co 37162.19 4.85 37224.85 0.27 -0.17

Table 14.3.: Results of simulation of Seibersdorf detector using adapted physical dimensions
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14. Detector image calibration

Nominal value Adapted value

Distance end cap to crystal 5.00 mm 9.40 mm

Crystal diameter 56.00 mm 55.84 mm

Crystal length 54.00 mm 52.92 mm

Dead layer front 1.00 mm 1.30 mm

Dead layer side 1.00 mm 1.60 mm

Hole diameter 10.50 mm 10.50 mm

Hole length 38.00 mm 36.92 mm

Dead layer hole 0.30 µm 0.00 µm

Table 14.4.: Physical dimensions of the Seibersdorf detector provided by the manufacturer vs. adapted
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15. Results for MetroMETAL samples

Since the detector image was calibrated using only point sources the voluminous MetroMETAL

sources were used to test the model and evaluate the use of the code for samples with non-

negligible self absorption as found in real-life samples.

As stated in the summary report for Project IND04 MetroMETAL Ionising Radiation Metrol-

ogy for the Metallurgical Industry the "development of reference standards for composite

steel, cast steel, slag and fume dust containing a known activity of some radionuclides (60Co,
137Cs, 192Ir, 226Ra and 241Am) considered as potential contaminants" that are "prepared in

geometries/matrices that match the industrial environments for which they are designed" is

a goal. [1] Prototypes of those standards were sent to the participating partners for evalua-

tion. Part of the tasks was to simulate peak e�ciency and compare it to the experimentally

found values.

The results of the laboratory comparisons were submitted to Radiation Physics and Chem-

istry. The manuscript on fume dust can be found in the annex. [52]

The results show good agreement with the values of the intercomparison (see table 15.1).

Comparison of peak e�ciencies calculated by LabSOCS and PENELOPE (see table 15.2)

also show good agreement except a larger discrepancy of about 6 % at the 226Ra sample. This

goes hand in hand with the fact that LabSOCS understated the a activity of 226Ra in the

sample by approximately 5 %. The reason for this could be a combination of insu�cient data

regarding the knowledge of the physical values of the source and limits to the input options

of the geometry composer. Figure 15.1 shows the results of the participating laboratories.
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a simulation
(Bq/g)

∆a/a simulation
(%)

a intercomparison
(Bq/g)

∆a/a
intercomparison

(%)

di�erence (%)
intercomparison vs.

simulation

VUHZ Nr. 002
(60Co)

1.50 1.13 1.48 1.48 1.35

SK hFD ID03
(137Cs)

9.59 4.84 9.58 1.46 0.10

226Ra_HSlag13
(226Ra)

9.91 5.83 9.72 0.90 1.29

Table 15.1.: Results of simulation of Seibersdorf detector using adapted physical dimensions
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ε PENELOPE
2011

∆ε/ε
PENELOPE
2011 (%)

ε LABSOCS
∆ε/ε LABSOCS

(%)

di�erence (%)
LABSOCS vs.

PENELOPE 2011

VUHZ Nr. 002
1173 keV (60Co)

3.39E-3 5.42 3.39E-3 3.01 0.00

VUHZ Nr. 002
1332 keV (60Co)

2.99E-3 5.77 3.11E-3 3.10 -3.86

SK hFD ID03
(137Cs)

5.23E-3 4.36 5.12E-3 3.55 2.15

226Ra_HSlag13
(226Ra)

1.28E-2 0.00 1.21E-2 5.86 6.12

Table 15.2.: Results of simulation of Seibersdorf detector using adapted physical dimensions
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15. Results for MetroMETAL samples

Figure 15.1.: Laboratory results for 137Cs concentration in fume dust samples. BEV's results were obtained
using LabSOCS only [52]
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16. Results of Environmental samples

The Danube sediment samples were measured using the Seibersdorf detector and evaluated

using LabSOCS.

Tables 16.1 - 16.5 show the results of the Danube power plant Wallsee-Mitterkirchen sediment

samples for 40K, 137Cs, 228Th, 226Ra and 228Ra. Due to the advanced age of the detector,

limited measuring time and low γ-ray energy it was not possible to consistently analyse
210Pb.

Tables Tables 16.6 - 16.10 show the results for the Danube power plant Ottensheim-Wilhering

sediment samples.

Figures 16.1 - 16.10 show the development of the individual radionuclides over the course of

the evaluation period.

In case of �ooding more than one sample per month was taken. Some months there was no

or not enough material to analyse due to environmental or maintenance processes.

The results show very high statistical uncertainties. The photo peaks barely rise above the

Compton continuum. Some radionuclides, such as 210Pb could not be identi�ed in most of

the samples. This is due to the fact that only poor shielding and little measuring time of ap-

proximately three days per sample was available at the Seibersdorf laboratory. Additionally,

the relatively thick dead layer prevents the detection of low-energy photons. Still, the results

are consistent with those of previous years, especially considering the assigned uncertainties.

The concentrations of 228Ra and 22Th mirror each other which is not surprising since 228Th

is a daughter of 228Ra.
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Sample acquisition date Sample code Nuclide Activity (Bq/kg) uncertainty (Bq/kg)

14.11.2013 B-010185 40K 5.81E2 4.46E1

11.12.2013 B-010187 40K 5.77E2 5.12E1

14.01.2014 B-010183 40K 5.34E2 5.21E1

11.02.2014 B-010189 40K 5.53E2 9.34E1

11.03.2014 B-010188 40K 5.69E2 5.95E1

15.04.2014 B-010190 40K 5.74E2 4.53E1

13.05.2014 B-010186 40K 4.74E2 2.21E1

16.05.2014 B-010179 40K 6.74E2 1.41E2

28.05.2014 B-010181 40K 6.07E2 7.93E1

11.06.2014 B-010178 40K 5.07E2 6.32E1

15.07.2014 B-010195 40K not enough material for evaluation available

31.07.2014 B-010192 40K 5.82E2 4.18E1

12.08.2014 B-010193 40K 6.91E2 4.54E1

21.08.2014 B-010182 40K 6.85E2 4.38E1

Table 16.1.: Results for 40K of sediments taken in hydroelectric power plant Wallsee-Mitterkirchen in 2013/2014
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Sample acquisition date Sample code Nuclide Activity (Bq/kg) uncertainty (Bq/kg)

14.11.2013 B-010185 137Cs 4.11E1 3.26E0

11.12.2013 B-010187 137Cs 3.96E1 4.23E0

14.01.2014 B-010183 137Cs 4.02E1 2.41E0

11.02.2014 B-010189 137Cs 4.26E1 2.37E0

11.03.2014 B-010188 137Cs 3.54E1 1.68E0

15.04.2014 B-010190 137Cs 3.31E1 1.36E0

13.05.2014 B-010186 137Cs 3.54E1 1.80E0

16.05.2014 B-010179 137Cs 3.23E1 3.05E0

28.05.2014 B-010181 137Cs 3.11E1 7.56E0

11.06.2014 B-010178 137Cs 3.36E1 1.87E0

15.07.2014 B-010195 137Cs not enough material for evaluation available

31.07.2014 B-010192 137Cs 3.03E1 2.92E0

12.08.2014 B-010193 137Cs 2.49E1 1.26E0

21.08.2014 B-010182 137Cs 1.7E1 9.13E-1

Table 16.2.: Results for 137Cs of sediments taken in hydroelectric power plant Wallsee-Mitterkirchen
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Sample acquisition date Sample code Nuclide Activity (Bq/kg) uncertainty (Bq/kg)

14.11.2013 B-010185 228Th 4.36E1 4.29E0

11.12.2013 B-010187 228Th 4.77E1 6.92E0

14.01.2014 B-010183 228Th 6.60E1 1.04E1

11.02.2014 B-010189 228Th 5.75E1 1.14E1

11.03.2014 B-010188 228Th 4.87E1 7.94E0

15.04.2014 B-010190 228Th 3.92E1 4.42E0

13.05.2014 B-010186 228Th 4.86E1 6.85E0

16.05.2014 B-010179 228Th 5.86E1 1.66E1

28.05.2014 B-010181 228Th 5.08E1 3.25E0

11.06.2014 B-010178 228Th 4.18E1 6.69E0

15.07.2014 B-010195 228Th not enough material for evaluation available

31.07.2014 B-010192 228Th 3.70E1 3.66E0

12.08.2014 B-010193 228Th 5.68E1 6.30E0

21.08.2014 B-010182 228Th 5.27E1 3.87E0

Table 16.3.: Results for 228Th of sediments taken in hydroelectric power plant Wallsee-Mitterkirchen in 2013/2014
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Sample acquisition date Sample code Nuclide Activity (Bq/kg) uncertainty (Bq/kg)

14.11.2013 B-010185 226Ra 5.01E1 4.31E0

11.12.2013 B-010187 226Ra 4.48E1 3.59E0

14.01.2014 B-010183 226Ra 3.43E1 8.86E0

11.02.2014 B-010189 226Ra 3.65E1 1.01E1

11.03.2014 B-010188 226Ra 3.54E1 5.92E0

15.04.2014 B-010190 226Ra 4.06E1 4.88E0

13.05.2014 B-010186 226Ra 4.39E1 8.39E0

16.05.2014 B-010179 226Ra 2.05E1 1.30E1

28.05.2014 B-010181 226Ra 5.39E1 8.19E0

11.06.2014 B-010178 226Ra 2.66E1 5.85E0

15.07.2014 B-010195 226Ra not enough material for evaluation available

31.07.2014 B-010192 226Ra 4.71E1 3.53E0

12.08.2014 B-010193 226Ra 4.88E1 2.98E0

21.08.2014 B-010182 226Ra 4.59E1 9.30E0

Table 16.4.: Results for 226Ra of sediments taken in hydroelectric power plant Wallsee-Mitterkirchen in 2013/2014
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Sample acquisition date Sample code Nuclide Activity (Bq/kg) uncertainty (Bq/kg)

14.11.2013 B-010185 228Ra 3.68E1 4.34E0

11.12.2013 B-010187 228Ra 4.22E1 5.28E0

14.01.2014 B-010183 228Ra 5.87E1 7.87E0

11.02.2014 B-010189 228Ra 5.63E1 1.90E1

11.03.2014 B-010188 228Ra 5.37E1 5.35E0

15.04.2014 B-010190 228Ra 3.56E1 3.33E0

13.05.2014 B-010186 228Ra 5.21E1 4.83E0

16.05.2014 B-010179 228Ra 3.93E1 1.16E1

28.05.2014 B-010181 228Ra 5.27E1 1.48E1

11.06.2014 B-010178 228Ra 3.55E1 6.75E0

15.07.2014 B-010195 228Ra not enough material for evaluation available

31.07.2014 B-010192 228Ra 4.014E1 2.72E0

12.08.2014 B-010193 228Ra 4.61E1 5.12E0

21.08.2014 B-010182 228Ra 5.12E1 4.04E0

Table 16.5.: Results for 228Ra of sediments taken in hydroelectric power plant Wallsee-Mitterkirchen in 2013/2014
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Sample acquisition date Sample code Nuclide Activity (Bq/kg) uncertainty (Bq/kg)

14.11.2013 B-01077 40K 4.75E2 3.73E1

18.12.2013 B-01076 40K 4.74E2 2.21E1

14.01.2014 - 40K no material to collect

13.02.2014 - 40K no material to collect

13.03.2014 - 40K no material to collect

14.04.2014 - 40K no material to collect

14.05.2014 B-010184 40K 4.80E2 3.52E1

16.06.2014 B-010191 40K 4.98E2 8.45E1

14.07.2014 B-010180 40K 4.95E2 2.77E1

13.08.2014 B-010194 40K 5.57E2 3.58E1

Table 16.6.: Results for 40K of sediments taken in hydroelectric power plant Ottensheim-Wilhering in 2013/2014
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Sample acquisition date Sample code Nuclide Activity (Bq/kg) uncertainty (Bq/kg)

14.11.2013 B-01077 137Cs 8.60E0 6.74E-1

18.12.2013 B-01076 137Cs 1.05E1 1.77E0

14.01.2014 - 137Cs no material to collect

13.02.2014 - 137Cs no material to collect

13.03.2014 - 137Cs no material to collect

14.04.2014 - 137Cs no material to collect

14.05.2014 B-010184 137Cs 1.53E1 8.55E-1

16.06.2014 B-010191 137Cs 1.21E1 4.34E0

14.07.2014 B-010180 137Cs 1.15E1 7.58E-1

13.08.2014 B-010194 137Cs 1.34E1 7.42E-1

Table 16.7.: Results for 137Cs of sediments taken in hydroelectric power plant Ottenheim-Wilhering in 2013/2014
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Sample acquisition date Sample code Nuclide Activity (Bq/kg) uncertainty (Bq/kg)

14.11.2013 B-01077 228Th 4.66E1 3.77E0

18.12.2013 B-01076 228Th 4.97E1 4.70E0

14.01.2014 - 228Th no material to collect

13.02.2014 - 228Th no material to collect

13.03.2014 - 228Th no material to collect

14.04.2014 - 228Th no material to collect

14.05.2014 B-010184 228Th 4.09E1 3.69E0

16.06.2014 B-010191 228Th 3.65E1 3.83E0

14.07.2014 B-010180 228Th 5.04E1 5.29E0

13.08.2014 B-010194 228Th 4.57E1 3.18E0

Table 16.8.: Results for 228Th of sediments taken in hydroelectric power plant Ottensheim-Wilhering in 2013/2014
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Sample acquisition date Sample code Nuclide Activity (Bq/kg) uncertainty (Bq/kg)

14.11.2013 B-01077 226Ra 3.77E1 2.69E0

18.12.2013 B-01076 226Ra 3.78E1 3.78E0

14.01.2014 - 226Ra no material to collect

13.02.2014 - 226Ra no material to collect

13.03.2014 - 226Ra no material to collect

14.04.2014 - 226Ra no material to collect

14.05.2014 B-010184 226Ra 3.64E1 2.20E0

16.06.2014 B-010191 226Ra 3.64E1 5.41E0

14.07.2014 B-010180 226Ra 4.03E1 2.86E0

13.08.2014 B-010194 226Ra 4.20E1 2.23E0

Table 16.9.: Results for 226Ra of sediments taken in hydroelectric power plant Ottensheim-Wilhering in 2013/2014
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Sample acquisition date Sample code Nuclide Activity (Bq/kg) uncertainty (Bq/kg)

14.11.2013 B-01077 228Ra 3.76E1 3.17E0

18.12.2013 B-01076 228Ra 4.09E1 2.63E0

14.01.2014 - 228Ra no material to collect

13.02.2014 - 228Ra no material to collect

13.03.2014 - 228Ra no material to collect

14.04.2014 - 228Ra no material to collect

14.05.2014 B-010184 228Ra 4.18E1 2.83E0

16.06.2014 B-010191 228Ra 5.12E1 8.49E0

14.07.2014 B-010180 228Ra 4.66E1 4.98E0

13.08.2014 B-010194 228Ra 3.63E1 2.92E0

Table 16.10.: Results for 228Ra of sediments taken in hydroelectric power plant Ottensheim-Wilhering in 2013/2014
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16. Results of Environmental samples

Figure 16.1.: Development of 40K in Danube sediment samples taken at hydroelectric power plant Wallsee-
Mitterkirchen in 2013/2014

Figure 16.2.: Development of 40K in Danube sediment samples taken at hydroelectric power plant
Ottensheim-Wilhering in 2013/2014
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Figure 16.3.: Development of 137Cs in Danube sediment samples taken at hydroelectric power plant Wallsee-
Mitterkirchen in 2013/2014

Figure 16.4.: Development of137Cs in Danube sediment samples taken at hydroelectric power plant
Ottensheim-Wilhering in 2013/2014
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16. Results of Environmental samples

Figure 16.5.: Development of 228Th in Danube sediment samples taken at hydroelectric power plant Wallsee-
Mitterkirchen in 2013/2014

Figure 16.6.: Development of 228Th in Danube sediment samples taken at hydroelectric power plant
Ottensheim-Wilhering in 2013/2014
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Figure 16.7.: Development of 226Ra in Danube sediment samples taken at hydroelectric power plant Wallsee-
Mitterkirchen in 2013/2014

Figure 16.8.: Development of 226Ra in Danube sediment samples taken at hydroelectric power plant
Ottensheim-Wilhering in 2013/2014
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16. Results of Environmental samples

Figure 16.9.: Development of 228Ra in Danube sediment samples taken at hydroelectric power plant Wallsee-
Mitterkirchen in 2013/2014

Figure 16.10.: Development of 228Ra in Danube sediment samples taken at hydroelectric power plant
Ottensheim-Wilhering in 2013/2014
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17. Conclusions

In the course of this work a functioning and validated detector model has been created and

tested by comparing simulated peak e�ciencies and activities to the experimentally found

values of the participating laboratories. The goal of reaching less than 5 % deviation from

the experimentally found values could be reached.

Both detectors used in this diploma thesis are from di�erent manufacturers. The big discrep-

ancy of the simulation results of both detectors and the reference samples seems to suggest

that generally the detector parameters provided by the manufacturer are less than adequate

in order to perform Monte Carlo simulations of radiation transport.

In this work, some of the physical dimensions were kept at the nominal value and others

were varied to obtain acceptable results, therefore, it is not possible to gauge if or which of

the provided parameters are reliable. The user has to resort to di�erent methods in order to

get an acceptable result. One of the methods is described and applied in this work. It can be

said with certainty, that the two main parameters in�uencing the simulation are dead layer

thickness and source-to-end cap distance.

It is the opinion of the author that measuring the samples used to determine the dead layer

at larger distances from the detector end cap (limited by the shielding) would enhance the

applicability of the simulation to a more variable source positioning and improve the overall

certainty of the model.

Since wiring and screws are used as little as possible and mostly on the back end of the

detector where their impact is not as signi�cant it is possible to neglect their in�uence on

the simulation. That leaves only the dimension of the hole and the dead layers unknown,

reducing the number of variables to be �gured out signi�cantly.

An important improvement to that procedure would be to obtain reliable data by conducting

a radiography of the detector and calculation of the physical properties from the image. Using

this method it is the belief of the author that the now obtained deviation of approximately

3 % could be reduced further.

Improved approaches have been shown by other authors but most procedures require a

radiography and detailed measurements on every accessible part of the detector end cap
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17. Conclusions

in order to �gure out the behaviour of the dead layer. This approach is not feasible for

small laboratories with limited resources and/or laboratories with immobile or heavily used

detectors.

Comparison of the activity and e�ciency values obtained using LabSOCS and PENELOPE

2011 are generally in good agreement. The use of LabSOCS is very convenient and user-

friendly but limited in the accuracy with which composition data and sample geometry can

be inserted while those parameters can be chosen freely in PENELOPE 2011.

The use of a properly calibrated detector is especially important when measuring low-activity

environmental samples. In that respect sediment samples taken at two hydroelectric power

plants located on the Danube river are evaluated. The ongoing measurement of environmen-

tal samples is necessary to establish a baseline for the amount of activity in nature. This

is relevant for many purposes, such as radioecology, dose evaluation, the study of natural

processes and the establishment of emergency procedures. For the measurement of environ-

mental sources it is necessary to note the importance of reference standards and shielding.

The density and matrix composition of the material is a very relevant factor in the eval-

uation of the spectra. Discrepancies in the source composition of reference standard and

sample can lead to serious over- or underestimation of activity and. Furthermore, 10 cm of

lead are insu�cient to suppress the background as needed for environmental sources. Long

measurement times of approximately three days still lead to high uncertainties.

The relatively high quoted uncertainties could be lowered signi�cantly by a combination of

longer measurement time, longer simulation time and better detector shielding.
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Abstract-. A comparison was conducted, between 11 European National Metrology Institutes and EC-JRC, on measurement 

of 137Cs activity concentration in fume dust. As comparison material an activity standard produced from real contaminated 

fume dust was used. The standard material consisted of 13 samples of compressed fume dust, each of 50 g mass and of well-

defined cylindrical geometry (diameter 69.5 mm and height 18.7 mm). The material contained 137Cs and 60Co of reference 

activity concentrations of (9.72 ± 0.10) Bq/g and (0.450 ± 0.018) Bq/g, respectively, determined using the comparison results. 

The organisation and results of the intercomparison, as well as the process of obtaining reliable reference values are presented. 

Key Words: metrology; ionising radiation measurements; interlaboratory comparisons; fume dust 
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1. Introduction 

More than one half of the yearly steel production in the 

European Union (EU) comes from recycling of metal scrap 

[1]. Radioactive 'orphan' sources may pass undetected 

through the radioactivity controls at the entrance of the metal 

works, and eventually be incorporated into the steel and/or its 

by-products. The dominating radionuclides occurring in 

melting incidents are 137Cs and 60Co [1]. They mainly 

originate from radioactive sources used in medical (e.g. from 

teletherapy units) and/or industrial applications and follow 

different routes in the steel production chain. The physical 

and chemical properties of 137Cs favors its passing into the 

fumes and, after cooling, to the off-gas/fume dust of the 

melting process. The 60Co is mostly trapped in the melt with 

a small fraction possible to be found in fume dust [2]. 

Together with slag, fume dust is one of the two main by-

products of metal works. Samples of fume dust may be 

monitored for radioactivity using the same measurement 

system that is used for metal. 

In 2011 the 'MetroMetal’ (Ionising Radiation Metrology 

for the Metallurgical Industry) project, was launched in the 

framework of EMRP (European Metrology Research 

Programme) organized by Euramet and in which 13 

European National Metrology Institutes (NMIs) participated. 

A main aim was to address the issue of reliable radioactivity 

monitoring in the steel industry. First, the current status of 

radioactivity monitoring in European Metal foundries was 

established concluding, among other facts, that there is a lack 

of traceable calibration standards for radioactivity 

measurement in cast steel, slag and fume dust matrices. The 

project responded to the identified needs by developing 

optimized radioactivity measurement systems and traceable 

calibration standards of these three matrices, which were also 

used to validate the proposed calibration methods of such 

systems [3]. In this context an interlaboratory comparison 

(ILC) was conducted for the determination of the 137Cs 

activity concentration in the fume dust standard. This ILC 

was of particular importance, as it also tested the 

performance of the methods developed in the MetroMetal 

project for determining activity, which will be suggested as a 

standard for end-users. The methods are based on high 

resolution gamma-ray spectrometry using HPGe-detectors [4] 

and a well-defined geometry with pre-calculated correction 

factors for coincidence summing, geometry and sample 

composition. A key feature is calculation of detection 

efficiencies by Monte Carlo (MC) simulations using 

validated detector models [5]. The ILC participants employed 

in total 8 different MC codes and 2 numerical calculation 

approaches combined with experimental efficiencies for 



 

determination of detection efficiency and various corrections 
(e.g. for coincidence summing). 

The ILC further served as a means of characterization of 

the activity concentrations in the fume dust material. For this 

purpose, a second phase took place aiming to improve the 

analysis procedure, by correcting for deviations of the source 

shape from a perfect cylinder considered in MC simulations, 

and to extend the activity standardisation to include 60Co. 

2. Experimental 

2.1. Organisation 

The ILC was organized in two phases. Phase I included: 

 Preparation of adequate number of samples and 

homogeneity testing (PTB) and composition analysis 

(JRC, CIEMAT). 

 Distribution of samples, technical protocol and reporting 

template to participants. 

 Measurements of samples at partners' laboratories and 

reporting results for 137Cs activity concentrations to JRC. 

 Final comparison and evaluation of 137Cs results. 

The ILC Phase II was agreed after the results of Phase I were 

disclosed and discussed among partners. The aim of Phase II 

was to improve the analytical procedure in order to reach a 

reliable reference value for the 137Cs activity concentration in 

the fume dust standard and to extend the reporting to include 
60Co and establish a reference value for this additional 

radionuclide in the fume dust standard. The improved 

procedure in Phase II consisted on correcting the 137Cs 

reported values for the slight curvature of container bottom. 

Each of the 12 ILC-participants was provided one sample, 

and associated detailed information (sample mass, 

dimensions and elemental composition including container 

data). They were recommended to determine the 137Cs 

activity concentration, for a reference date of 1 June 2013, by 

using gamma-ray spectrometry and without altering the 

provided sample geometry. 

2.2. Samples 

The raw fume dust material containing 137Cs and 60Co was 

provided by the Siempelkamp Nukleartechnik GmbH melting 

plant for radioactively contaminated residual substances in 

Krefeld, Germany [6].  

The homogeneity testing and preparation of the 

intercomparison samples was realized at PTB. The total 

number of samples produced was 13. In order to achieve a 

fixed sample geometry, the fume dust of (50.20  0.01) g was 

compressed to 54 % of its initial volume, using 3 inner plastic 

discs, in a hermetically closed polyethylene container 

(diameter 6.95 cm, height 1.87 cm, wall thickness 0.10 cm) 

(see Fig. 1). In such manner the reproducibility of the 

analysis, in terms of mathematical efficiency calibration, was 

estimated to be of better than 2 %. 

For the elemental composition analysis (Table 1) of the 

fume dust, X-ray Fluorescence Analysis (XRF) was applied 

at CIEMAT using pellets of the same material prepared at 

JRC-IRMM (Fig. 2). The pressing of the pellet was applied at 

250 kN using Fluxana Vaneox -25 t and 32 mm die and the 

mass was determined gravimetrically. The carbon content 

(Table 1) was obtained using Elemental Combustion 

Analysis (ECA).  

 

 
Fig. 1. (from left) Fume dust source contaminated with 137Cs and 
60Co in the container, fixing inner discs and lid. 

 

The homogeneity testing of the material was carried out 

using relative gamma-ray spectrometry measurements of all 

13 samples performed under same measurement conditions 

and position on the PTB detector. The results of the count 

rates, normalized to sample mass, for the peaks of 137Cs and 
60Co are shown in Fig. 3 in which homogeneity between 

samples is demonstrated with respect to the measurement 

uncertainties. The standard relative deviations of the results 

for 137Cs and 60Co, of 0.35 % and 3.74 %, respectively, were 

taken conservatively as homogeneity indicators. The higher 

inhomogeneity component of 60Co as compared to the one of 
137Cs partially reflects the poorer counting statistics due to the 

lower activity concentration of this radionuclide.  

Uncertainty due to material instability was disregarded 

based on the sample preparation procedure which did not 

allow changes with time or transport. The assumption was 

verified at JRC by repeating the measurement of one test 

sample after a period of 9 months which resulted in the same 

activity concentration for 137Cs and 60Co as the first analysis. 

 
Table 1 

Elemental composition of fume dust as determined by XRF and 

ECA performed on a fume dust pellet1 
Element Weight 

fraction, % 

Element Weight 

fraction, % 

Zn 73(1) Sb 0.05(3) 

O1 23(1) Al 0.050(6) 

C 1.5(1) Cd 0.027(4) 

Fe 1.5(1) Mn 0.024(5) 

Pb 0.60(6) Ca 0.013(1) 

Br 0.33(4) Ni 0.008(3) 

Cl 0.20(2) P 0.0043(4) 

Si 0.083(6)   
1 The oxygen content was calculated by difference 

 

    
Fig. 2. Fume dust pellet (top and side views) of mass (6.6  0.1) g in 

32 mm × 7.9 mm Al cup, produced for XRF analysis. 



 

 
Fig. 3. Counts rate per unit mass for 137Cs (662 keV) and 60Co (1173 

keV) peaks measured at the same position on PTB detector. The 

error bars correspond to counting statistical uncertainty and red lines 

to the mean   1 s. 

2.3. Analysis methods 

The participants analyzed the ILC samples applying the 

methods developed for end-users within the MetroMetal 

project [5]. More specifically, they used high resolution 

gamma-ray spectrometry and different calibration methods 

(experimental, mathematical and combined ones) to 

determine the activity concentration of 137Cs. In total 8 

different MC and 2 numerical codes were used to calculate 

the detection efficiencies and True Coincidence Summing 

(TCS) corrections, where applicable. Two partners applied 

absolute efficiency calibration using their validated MC 

detector models and the others applied efficiency corrections 

to the experimental efficiencies for standard sources 

(efficiency transfer approach). The distances from the 

detector end-cap to the bottom of the sample ranged from in-

contact to 17 cm. The nuclear decay data was obtained from 

Monographie BIPM-5, which is identical to the DDEP 

(Decay Data Evaluation Project) data [7,8]. Participants 

reported their results of activity concentrations, Alab, in Bq/g 

with the associated combined standard uncertainty, ulab. 

2.4. Evaluation parameters 

The participants' results were evaluated against the ILC 

reference values, Aref, for each nuclide. Aref represented the 

ILC consensus value derived as the power moderated mean 

(pmm) [9] of all reported activity concentrations, Alab, for 

each nuclide. The standard uncertainty of Aref for each 

nuclide, uref, combined the uncertainty components from 

characterisation, upmm, and homogeneity, uhom, as following: 

22 uuu
hompmmref  .    (1) 

Performance statistics were calculated including relative 

deviations from the reference values, Drel: 
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where 𝑈(𝑑𝑖) = 𝑘 u(𝑑𝑖)  is the expanded uncertainty of the 

difference di = 𝐴𝑙𝑎𝑏 − 𝐴𝑟𝑒𝑓 and ζ the zeta-score for the lab i 

for coverage factor k = 2. Since 𝐴𝑙𝑎𝑏  and 𝐴𝑟𝑒𝑓 are correlated 

u(𝑑𝑖) is calculated using the following equation [9,11]:  

222 u)w21()(u
refiii ud     (4) 

where wi are the normalized weights used in the calculation 

of the pmm and upmm [9]. The En values |𝐸n| ≤ 1, |𝐸n| > 1, 

and |𝐸n| > 1.5, were interpreted as showing compatibility, 

significant difference from 𝐴𝑟𝑒𝑓 , or need for investigation 

(action signal), respectively, at 95 % confidence level. 

3. Results and discussion 

All 12 participants reported results for activity concentrations 

of 137Cs (Phase I) and 60Co (Phase II).  

The reported results for 137Cs of Phase I, are shown in 

Fig.4. They were obtained considering cylindrical source 

shape in a container of flat bottom. Exceptions were PTB and 

POLATOM (NCBJ) who took into consideration the slight 

curvature of the container bottom, by using a calibration 

standard in identical container as the ILC sample. After the 

disclosure of the results it was agreed for POLATOM to 

apply a correction of +3.2 %, to compensate for the 

difference in density between their standard (0.65 gcm-3) and 

the ILC sample (0.707 gcm-3), which was not included 

initially. From the 12 reported results for 137Cs, 9 deviated by 

<5 % from the reference value, 2 in the range between 5 % 

and 10 % and 1 by >10 %. The latter deviation (POLATOM) 

was associated with the instability of the one of two detectors 

used in the measurements at the specific laboratory. 

 
Fig. 4. Laboratory results (Phase I) for 137Cs activity concentration 

in fume dust (ref. date 1 June 2013). Error bars represent 𝑈𝑙𝑎𝑏 , 
calculated from the reported combined standard uncertainties, for k 

= 2 and red lines the 𝐴𝑟𝑒𝑓 ± 𝑈𝑟𝑒𝑓 (k = 2). 

 

The results of 60Co activity concentrations (see Fig. 5) 

were analyzed and reported during the Phase II of the ILC. 

The participants applied the improved analytical method by 

accounting for the container curvature which in turn biases 

the geometry of the source. Of the 12 60Co reported results, 9 

deviated by  <5 % from the reference value, 2 in the range 

between 5 % and 10 % and 1 by >10 %. The latter 

corresponds to the sample (number 13) showing the higher 

deviation, of 8 %, from the mean during the homogeneity 

measurements (Fig. 3). A comparison between the two plots 

a) the reported 60Co values vs sample number (not shown 

here) and b) homogeneity plot (Fig. 3), revealed a similar 

pattern. Plotting the independent participant values as a 

function of homogeneity measurements indicates possible 

linear correlation for 60Co. The apparent inhomogeneity of 
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60Co was accounted for in the uncertainty of its reference 

value (Eq. 1). During conducting the same test for 137Cs, no 

correlation was observed. 
 

 
Fig. 5. Laboratory results (Phase II) for 60Co activity concentration 

in Siempelkamp Fume Dust (ref. date 1 June 2013). Error bars and 

red lines as in Fig.4. 

 

 

The improved analytical procedure (taking into account 

the curved container bottom) of ILC Phase II resulted in an 

effect on the calculated detection efficiencies for 137Cs which 

ranged between 0 % and 7 % depending on the detector type 

and measurement distance used by each participant. In Table 

2 the evaluation parameters and the reduced observed -

values of the ILC are summarized for both phases of the ILC 

and 137Cs and 60Co nuclides. No 'action signal' was recorded 

with respect to En statistics, which indicates the validity of 

uncertainty estimations by the participants. The values of the 

evaluation parameters shown in Table 2 are improved for 
137Cs Phase II as compared to the ones of Phase I, reflecting 

the optimisation of efficiency calculations with respect to 

container/source shape definition. En compatibility of 100 % 

is observed for the case of 60Co. 

The results of Phase II, were used to derive the reference 

activity concentrations in the fume dust standard of (9.72 ± 

0.10) Bq/g and (0.450 ± 0.018) Bq/g, respectively, for the 

reference date of 1 June 2013. It is noted that the value for 
60Co is not altered if the reported results are corrected for 

inhomogeneity (case 60Co-IIb in Table 2) although the spread 

of the results is improved in this case. 
 

Table 2 

Summary of ILC evaluation parameters  

Nuclide-

Phase1 
𝐴𝑟𝑒𝑓 

Bq g-1 

 No of labs with 

relD  |𝐸n| 

≤5% >5% & 

≤10% 

>10

% 

≤1 >1& 

≤1.5 
137Cs-I 9.58(14) 1.40 9 2 1 9 3 
137Cs-II 9.72(10) 1.04 10 1 1 11 1 
60Co-II 0.450(18) 1.26 9 2 1 12 - 

60Co-IIb2 0.450(18) 0.82 11 - 1 11 1 
1 137Cs results reported in ILC Phase I and II and 60Co only in Phase II. 
2 60Co results of Phase II after applying corrections for inhomogeneity. 

 
 

 

 

4. Conclusion 

This ILC was part of the MetroMetal research project. It did 

not aim at testing the proficiency of the participants, but at 

assisting the development of a reference procedure and a 

standard for radioactivity monitoring in metal foundries. The 

ILC results demonstrated the validity of the proposed 

methods for the measurement of 137Cs and 60Co in fume dust. 

The validated MC detector models proved to be an important 

tool assisting the improvement of the analysis. The ILC 

results were further used to determine the reference activity 

concentrations in the material.  

The availability of tested methods and of the new fume 

dust activity standard will contribute in ensuring reliable 

measurements of radioactivity in the EU metal industry. The 

study can be further projected to production of a certified 

reference material (CRM) of fume dust with 137Cs and 60Co. 

Following this exercise it is now possible to better design a 

larger scale undertaking for production of such a material. 
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B. Seibersdorf Detector (BEV)
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MCNP (v5) calculations to estimate the effect of steel composition on the FEP efficiency

Detector: Ge5 

Position: Sample on Ge5 end cup

Calculations were performed by changing the steel composition of the disk and keeping the density constant. The simulated compositions are given bellow.

steel composition
elemental weight fraction %

Mn Mo Ni C Si S P Cu Al Co Nb Pb Sn V
100

IJS 99.30 0.28 0.37 0.014
S275 97.61 1.6 0.25 0.5 0.05 0.04
S355 97.63 1.6 0.2 0.55 0.025 0.025

70.00 20 10
IJS+C4% 95.33 0.269 0.355 0.01344 4
IJS+C8% 91.36 0.258 0.340 0.01288 8
IJS+C16% 83.41 0.235 0.311 0.01176 16

VUHZ 98.623 0.2 0.3 0.03 0.16 0.16 0.21 0.049 0.018 0.2 0.04 0.01
CIEMAT - Full 95.747 0.19 0.349 0.0213 0.107 3.1 0.339 0.058 0.0165 0.107 0.011 0.012 0.0378 0.0019 0.0048 0.00562 0.0039

composition

0.027824 0.0019 0.00005
IJS 0.027827 0.0019 0.00005
S275 0.027825 0.0019 0.00005
S355 0.027826 0.0019 0.00005

0.027819 0.0019 0.00005
IJS+C4% 0.027807 0.0019 0.00005
IJS+C8% 0.027785 0.0059 0.00016
IJS+C16% 0.027754 0.0059 0.00016
VUHZ-S355 0.027829 0.0059 0.000164

0.027811 0.0019 0.00005

Sample: Siempelkamp cast steel disk (r=1.74 cm h=0.98 cm ρ=7.55 g/cm3)

The three last rows of the table correspond to IJS reported composition (normalised) with additional carbon content (of 4, 8 and 16 %).

Fe Cr Zn
Fe

high Cr steel

Results 1.17 MeV

FEP eff/ 
per gamma

relErr
FEP eff

Err eff /
 per 
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D. Geometry view of detector images
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D. Geometry view of detector images

Figure D.1.: 3d detector overview, above: Seibersdorf detector, below: Arsenal detector
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D.1. Arsenal detector

D.1. Arsenal detector

Figure D.2.: Arsenal detector 2d
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D. Geometry view of detector images

Figure D.3.: Close-up Arsenal detector 2d
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D.1. Arsenal detector

Figure D.4.: Arsenal detector 3d
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D. Geometry view of detector images

Figure D.5.: Close-up Arsenal detector 3d
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D.2. Seibersdorf detector

D.2. Seibersdorf detector

Figure D.6.: Seibersdorf detector 2d
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D. Geometry view of detector images

Figure D.7.: Close-up Seibersdorf detector 2d
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D.2. Seibersdorf detector

Figure D.8.: Seibersdorf detector 3d
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D. Geometry view of detector images

Figure D.9.: Close-up Seibersdorf detector 3d
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E. PENELOPE 2011 sample in-�les

TITLE MetroMETAL fume dust sample , Cs -137 PQ, Seibersdorf

.

>>>>>>>> Source definition.

SKPAR 2 [Primary particles: 1=electron , 2=photon , 3= positron]

SPECTR 6.6166 e5 8.499e-1 [E bin: lower -end and total probability]

SPECTR 6.6166 e5 -1.0e0 [E bin: lower -end and total probability]

SPOSIT 0 0 6.336

SBOX 6.95 6.95 1.872

SBODY 19

SCONE 0 0 180

.

>>>>>>>> Material data and simulation parameters.

MFNAME Ge.mat [Material file , up to 20 chars]

MSIMPA 6.6E3 6.6E2 6.6E3 0.1 0.1 6.6E3 6.6E2 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME GeINAC.mat [Material file , up to 20 chars]

MSIMPA 6.6E3 6.6E2 6.6E3 0.1 0.1 6.6E3 6.6E2 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME POLYSTYRENE.mat [Material file , up to 20 chars]

MSIMPA 6.6E3 6.6E2 6.6E3 0.1 0.1 6.6E3 6.6E2 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME Cu.mat [Material file , up to 20 chars]

MSIMPA 6.6E3 6.6E2 6.6E3 0.1 0.1 6.6E3 6.6E2 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME Be.mat [Material file , up to 20 chars]

MSIMPA 6.6E3 6.6E2 6.6E3 0.1 0.1 6.6E3 6.6E2 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME Al.mat [Material file , up to 20 chars]

MSIMPA 6.6E3 6.6E2 6.6E3 0.1 0.1 6.6E3 6.6E2 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME Cd.mat [Material file , up to 20 chars]

MSIMPA 6.6E3 6.6E2 6.6E3 0.1 0.1 6.6E3 6.6E2 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME Air.mat [Material file , up to 20 chars]

MSIMPA 6.6E3 6.6E2 6.6E3 0.1 0.1 6.6E3 6.6E2 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME Pb.mat [Material file , up to 20 chars]

MSIMPA 6.6E3 6.6E2 6.6E3 0.1 0.1 6.6E3 6.6E2 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME fumedust.mat [Material file , up to 20 chars]

MSIMPA 6.6E3 6.6E2 6.6E3 0.1 0.1 6.6E3 6.6E2 [M,EABS ,C1,C2 ,WCC ,WCR]

.

>>>>>>>> Geometry definition file.

GEOMFN PQneu100.geo [Geometry file , up to 20 chars]

.

>>>>>>>> Energy deposition detectors (up to 25).

ENDETC 0 6.6166 e5 440 [Energy window and number of bins]

EDSPC spc -enddet -001. dat

EDBODY 2 [Active body; one line for each body]

EDBODY 3

.

>>>>>>>> Job properties

RESUME dump0.dmp [Resume from this dump file , 20 chars]

DUMPTO dump0.dmp [Generate this dump file , 20 chars]

DUMPP 60 [Dumping period , in sec]

.

NSIMSH 1.0e9 [Desired number of simulated showers , max =2*31 -1]

.

END [Ends the reading of input data]
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TITLE MetroMETAL slag sample , 226Ra HSlag13 , 186 keV , Seibersdorf

.

>>>>>>>> Source definition.

SKPAR 2 [Primary particles: 1=electron , 2=photon , 3= positron]

SPECTR 1.86211 e5 1 [E bin: lower -end and total probability]

SPECTR 1.86211 e5 -1.0e0 [E bin: lower -end and total probability]

SPOSIT 0 0 6.3185

SBOX 7.2 7.2 1.805

SBODY 19

SCONE 0 0 180

.

>>>>>>>> Material data and simulation parameters.

MFNAME Ge.mat [Material file , up to 20 chars]

MSIMPA 1.9E3 1.9E2 1.9E3 0.1 0.1 1.9E3 1.9E2 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME GeINAC.mat [Material file , up to 20 chars]

MSIMPA 1.9E3 1.9E2 1.9E3 0.1 0.1 1.9E3 1.9E2 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME POLYSTYRENE.mat [Material file , up to 20 chars]

MSIMPA 1.9E3 1.9E2 1.9E3 0.1 0.1 1.9E3 1.9E2 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME Cu.mat [Material file , up to 20 chars]

MSIMPA 1.9E3 1.9E2 1.9E3 0.1 0.1 1.9E3 1.9E2 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME Be.mat [Material file , up to 20 chars]

MSIMPA 1.9E3 1.9E2 1.9E3 0.1 0.1 1.9E3 1.9E2 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME Al.mat [Material file , up to 20 chars]

MSIMPA 1.9E3 1.9E2 1.9E3 0.1 0.1 1.9E3 1.9E2 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME Cd.mat [Material file , up to 20 chars]

MSIMPA 1.9E3 1.9E2 1.9E3 0.1 0.1 1.9E3 1.9E2 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME Air.mat [Material file , up to 20 chars]

MSIMPA 1.9E3 1.9E2 1.9E3 0.1 0.1 1.9E3 1.9E2 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME Pb.mat [Material file , up to 20 chars]

MSIMPA 1.9E3 1.9E2 1.9E3 0.1 0.1 1.9E3 1.9E2 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME slag.mat [Material file , up to 20 chars]

MSIMPA 1.9E3 1.9E2 1.9E3 0.1 0.1 1.9E3 1.9E2 [M,EABS ,C1,C2 ,WCC ,WCR]

.

>>>>>>>> Geometry definition file.

GEOMFN PQneu100.geo [Geometry file , up to 20 chars]

.

>>>>>>>> Energy deposition detectors (up to 25).

ENDETC 0 1.86211 e5 124 [Energy window and number of bins]

EDSPC spc -enddet -001. dat

EDBODY 2 [Active body; one line for each body]

EDBODY 3

.

>>>>>>>> Job properties

RESUME dump0.dmp [Resume from this dump file , 20 chars]

DUMPTO dump0.dmp [Generate this dump file , 20 chars]

DUMPP 60 [Dumping period , in sec]

.

NSIMSH 1.0e9 [Desired number of simulated showers]

.

END [Ends the reading of input data]
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E. PENELOPE 2011 sample in-�les

TITLE MetroMETAL steel disk sample , Co -60, 1173 keV , Seibersdorf

.

>>>>>>>> Source definition.

SKPAR 2 [Primary particles: 1=electron , 2=photon , 3= positron]

SPECTR 1.1732 e6 1 [E bin: lower -end and total probability]

SPECTR 1.1732 e6 -1.0e0 [E bin: lower -end and total probability]

SPOSIT 0 0 5.7015

SBOX 3.506 3.506 1.003

SBODY 19

SCONE 0 0 180

.

>>>>>>>> Material data and simulation parameters.

MFNAME Ge.mat [Material file , up to 20 chars]

MSIMPA 1.2E4 1.2E3 1.2E4 0.1 0.1 1.2E4 1.2E3 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME GeINAC.mat [Material file , up to 20 chars]

MSIMPA 1.2E4 1.2E3 1.2E4 0.1 0.1 1.2E4 1.2E3 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME POLYSTYRENE.mat [Material file , up to 20 chars]

MSIMPA 1.2E4 1.2E3 1.2E4 0.1 0.1 1.2E4 1.2E3 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME Cu.mat [Material file , up to 20 chars]

MSIMPA 1.2E4 1.2E3 1.2E4 0.1 0.1 1.2E4 1.2E3 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME Be.mat [Material file , up to 20 chars]

MSIMPA 1.2E4 1.2E3 1.2E4 0.1 0.1 1.2E4 1.2E3 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME Al.mat [Material file , up to 20 chars]

MSIMPA 1.2E4 1.2E3 1.2E4 0.1 0.1 1.2E4 1.2E3 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME Cd.mat [Material file , up to 20 chars]

MSIMPA 1.2E4 1.2E3 1.2E4 0.1 0.1 1.2E4 1.2E3 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME Air.mat [Material file , up to 20 chars]

MSIMPA 1.2E4 1.2E3 1.2E4 0.1 0.1 1.2E4 1.2E3 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME Pb.mat [Material file , up to 20 chars]

MSIMPA 1.2E4 1.2E3 1.2E4 0.1 0.1 1.2E4 1.2E3 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME VUHZ.mat [Material file , up to 20 chars]

MSIMPA 1.2E4 1.2E3 1.2E4 0.1 0.1 1.2E4 1.2E3 [M,EABS ,C1,C2 ,WCC ,WCR]

.

>>>>>>>> Geometry definition file.

GEOMFN PQneu100.geo [Geometry file , up to 20 chars]

.

>>>>>>>> Energy deposition detectors (up to 25).

ENDETC 0 1.1732 e6 782 [Energy window and number of bins]

EDSPC spc -enddet -001. dat

EDBODY 2 [Active body; one line for each body]

EDBODY 3

.

>>>>>>>> Job properties

RESUME dump0.dmp [Resume from this dump file , 20 chars]

DUMPTO dump0.dmp [Generate this dump file , 20 chars]

DUMPP 60 [Dumping period , in sec]

.

NSIMSH 1.0e9 [Desired number of simulated showers , max =2*31 -1]

.

END [Ends the reading of input data]
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TITLE MetroMETAL steel disk sample , Co -60, 1332 keV , Seibersdorf

.

>>>>>>>> Source definition.

SKPAR 2 [Primary particles: 1=electron , 2=photon , 3= positron]

SPECTR 1.3325 e6 1 [E bin: lower -end and total probability]

SPECTR 1.3325 e6 -1.0e0 [E bin: lower -end and total probability]

SPOSIT 0 0 5.7015

SBOX 3.506 3.506 1.003

SBODY 19

SCONE 0 0 180

.

>>>>>>>> Material data and simulation parameters.

MFNAME Ge.mat [Material file , up to 20 chars]

MSIMPA 1.3E4 1.3E3 1.3E4 0.1 0.1 1.3E4 1.3E3 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME GeINAC.mat [Material file , up to 20 chars]

MSIMPA 1.3E4 1.3E3 1.3E4 0.1 0.1 1.3E4 1.3E3 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME POLYSTYRENE.mat [Material file , up to 20 chars]

MSIMPA 1.3E4 1.3E3 1.3E4 0.1 0.1 1.3E4 1.3E3 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME Cu.mat [Material file , up to 20 chars]

MSIMPA 1.3E4 1.3E3 1.3E4 0.1 0.1 1.3E4 1.3E3 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME Be.mat [Material file , up to 20 chars]

MSIMPA 1.3E4 1.3E3 1.3E4 0.1 0.1 1.3E4 1.3E3 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME Al.mat [Material file , up to 20 chars]

MSIMPA 1.3E4 1.3E3 1.3E4 0.1 0.1 1.3E4 1.3E3 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME Cd.mat [Material file , up to 20 chars]

MSIMPA 1.3E4 1.3E3 1.3E4 0.1 0.1 1.3E4 1.3E3 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME Air.mat [Material file , up to 20 chars]

MSIMPA 1.3E4 1.3E3 1.3E4 0.1 0.1 1.3E4 1.3E3 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME Pb.mat [Material file , up to 20 chars]

MSIMPA 1.3E4 1.3E3 1.3E4 0.1 0.1 1.3E4 1.3E3 [M,EABS ,C1,C2 ,WCC ,WCR]

MFNAME VUHZ.mat [Material file , up to 20 chars]

MSIMPA 1.3E4 1.3E3 1.3E4 0.1 0.1 1.3E4 1.3E3 [M,EABS ,C1,C2 ,WCC ,WCR]

.

>>>>>>>> Geometry definition file.

GEOMFN PQneu100.geo [Geometry file , up to 20 chars]

.

>>>>>>>> Energy deposition detectors (up to 25).

ENDETC 0 1.3325 e6 888 [Energy window and number of bins]

EDSPC spc -enddet -001. dat

EDBODY 2 [Active body; one line for each body]

EDBODY 3

.

>>>>>>>> Job properties

RESUME dump1.dmp [Resume from this dump file , 20 chars]

DUMPTO dump0.dmp [Generate this dump file , 20 chars]

DUMPP 60 [Dumping period , in sec]

.

NSIMSH 1.0e9 [Desired number of simulated showers , max =2*31 -1]

.

END [Ends the reading of input data]
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F. Geometry composer �les
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Geometry Composer Report
Date:          Wednesday, December 10, 2014
Description:   Stahlzylinder_VUHZ
Comment:       Stahlzylinder_VUHZ
File Name:     C:\GENIE2K\isocs\data\GEOMETRY\Laboratory\CYLINDER_DISK_AND_POINT\
               getestet\Stahlzylinder\PTB\vuhz.geo
Software:      LabSOCS
Template:      CYLINDER_DISK_AND_POINT, Version: cylinder
Detector:      B94028
Environment:   Temperature=  22 C, Pressure= 760 mmHg, Rel.Humidity=  30%
Integration:   Convergence= 1.00%, MDRPN= 2^(4) CRPN= 2^(44)

                                   Dimensions (cm):
# Geometry Compon.   d1     d2     d3     d4     d5     d6   Material  D(g/cm3) R.Conc.

1  Side Walls        3.51 none      
2  Bottom Wall     none      
3  Sample            1.00 csteel     7.74
4  Absorber1         4.35 dryair     0.00
5  Absorber2         0.20 plexigls   1.18
6  Source-Detector   4.55           

List of energies for efficiency curve generation:

100.0 150.0 200.0 300.0 500.0 700.0 1000.0 1400.0 2000.0 



Geometry Composer Report
Date:          Wednesday, December 10, 2014
Description:   226-Ra_HSlag13
Comment:       Schlacke
File Name:     C:\GENIE2K\isocs\data\GEOMETRY\Laboratory\CYLINDER_DISK_AND_POINT\
               226-ra_hslag13_pq_ptb.geo
Software:      LabSOCS
Template:      CYLINDER_DISK_AND_POINT, Version: cylinder
Detector:      B94028
Environment:   Temperature=  22 C, Pressure= 760 mmHg, Rel.Humidity=  30%
Integration:   Convergence= 1.00%, MDRPN= 2^(4) CRPN= 2^(44)

                                   Dimensions (cm):
# Geometry Compon.   d1     d2     d3     d4     d5     d6   Material  D(g/cm3) R.Conc.

1  Side Walls        0.17   7.20 polyprop   0.90
2  Bottom Wall       0.12 polyprop   0.90
3  Sample            1.80 slag_new   2.18
4  Absorber1         4.55 dryair     0.00
5  Absorber2         0.20 plexigls   1.18
6  Source-Detector   4.75           

List of energies for efficiency curve generation:

100.0 150.0 200.0 300.0 500.0 700.0 1000.0 1400.0 2000.0 



Geometry Composer Report
Date:          Wednesday, December 10, 2014
Description:   SK_hFD_ID03
Comment:       Fume_Dust
File Name:     C:\GENIE2K\isocs\data\GEOMETRY\Laboratory\CYLINDER_DISK_AND_POINT\
               getestet\Sk hFD ID03\Sk hFD ID03_1.geo
Software:      LabSOCS
Template:      CYLINDER_DISK_AND_POINT, Version: cylinder
Detector:      B94028
Environment:   Temperature=  22 C, Pressure= 760 mmHg, Rel.Humidity=  30%
Integration:   Convergence= 1.00%, MDRPN= 2^(4) CRPN= 2^(44)

                                   Dimensions (cm):
# Geometry Compon.   d1     d2     d3     d4     d5     d6   Material  D(g/cm3) R.Conc.

1  Side Walls        0.10   6.95 polyprop   0.90
2  Bottom Wall       0.10 polyprop   0.90
3  Sample            1.87 fumedust   0.71
4  Absorber1         4.45 dryair     0.00
5  Absorber2         0.20 plexigls   1.18
6  Source-Detector   4.65           

List of energies for efficiency curve generation:

100.0 150.0 200.0 300.0 500.0 700.0 1000.0 1400.0 2000.0 


