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1 Abstract - english 
After decades of nuclear power use with hardly any attention for the issue of radioactive waste, 

time has come for countries to face the challenge. As sea disposal was abandoned in the 80’s, 

international consensus seems to exist about the option of land disposal, geological or shallow. 

Disposal site operators will require detailed information regarding physical, chemical and 

radiological characteristics of the waste being disposed. 

As this information was not in focus during the time this waste was generated, merely poor data of 

this so-called historical waste are available. That is the reason why considerable effort nowadays is 

being spent by the producers of radioactive waste on the radiological characterization of historical 

waste. Due to the fact that the vast majority of the historical waste is already in a conditioned form, 

non-destructive assay methods are the only option to gain data keeping the effort at a reasonable 

level. The main non-destructive method for radiological characterization of historical waste is 

gamma-spectrometry. 

The result of a gamma-spectrometry measurement is dependent on the position of the radioactivity 

inside the container of conditioned waste. Without further information on the spatial distribution of 

the radioactivity inside the container, most calibrations assume a homogeneous radioactivity 

distribution. In reality however, most of the historical waste exhibits heterogeneous radioactivity 

distributions. Next to matrix and density heterogeneities, activity heterogeneity is a major source of 

possible deviations between measured and true value of the radioactive content in the radioactive 

waste container. With the exact position of the source unknown, this deviation has to be accounted 

for in the uncertainty. 

This thesis’ goal is to determine the uncertainty in the measurement of radioactivity by gamma-

spectrometry due to heterogeneous radioactivity distribution. 

The result of a gamma-spectrometry measurement depends both on the spatial position of the 

radioactive source as on the shielding (caused by the container and its contents) between source 

and detector. The spatial distribution is determined for an unshielded source in a 3D space, covering 

the possible locations of the radioactive content of a waste container. The shielding is calculated for 

different types of commonly used waste containers (e.g. drums, boxes, etc.). These two 

components combined together result in the so-called peak efficiency and are addressed separately 

in this thesis. 

A FORTRAN routine was written in order to determine the response of the detector, dependent of 

the spatial position of the unshielded source. This response is saved in a so-called detector 

characterization file (DCF). Another FORTRAN routine uses this DCF in order to determine the peak 

efficiency of the source in the container. 

The latter FORTRAN routine uses adaptive integration in order to achieve the accuracy demanded 

by the user. The peak efficiency results are stored in a matrix data file containing peak efficiency as 

a function of position inside the waste container. This matrix data file contains all necessary data for 

the calculation of the efficiency uncertainty. 
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This uncertainty will be valuable information for disposal site operators, who impose acceptance 

criteria for the waste, including maximum activity inventory or activity concentrations. 

Two detectors and 4 geometries are discussed: the laboratory detector with the sample beaker on 

the one side and the in-situ detector with 2 types of drums and a stacking box on the other side. 
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2 Abstract - Deutsch 
Nachdem viele Kernkraftbetreiber das Thema des radioaktiven Abfalls und dessen Endlagerung 

Jahrzehnte hinaus gezögert haben, gilt es jetzt sich dieser Herausforderung zu stellen. Da die 

Meereslagerung Ende der 80-er Jahre international verboten wurde, scheint es internationale 

Übereinstimmung zu geben, dass die Abfälle am Land gelagert werden sollen, sei es in 

oberflächennahen oder in tiefen geologischen Endlagern. Betreiber dieser Endlager werden 

zweifelsohne detaillierte Angaben bzgl. der radiologischen, chemischen und physikalischen 

Charakteristika des einzulagernden Abfalls fordern. 

Da diese Informationen in der Vergangenheit niemals wirklich von Interesse waren, sind nur 

lückenhafte Daten von diesen sogenannten historischen Abfällen vorhanden. Deswegen werden 

heutzutage durch die Abfallverursacher umfangreiche Ressourcen in die radiologische 

Charakterisierung investiert. Weil der Großteil der historischen Abfälle bereits in konditionierter 

Form vorliegt, ist der einzig vernünftige Weg zur Datengewinnung die zerstörungsfreie Messung der 

konditionierten Gebinde. Die meist verwendete und einfachste zerstörungsfreie Methode für die 

radiologische Charakterisierung ist die Gammaspektrometrie. 

Das Messergebnis einer gammaspektrometrischen Messung ist abhängig von der Position der 

Radioaktivität im Gebinde. Ohne weitere Informationen bzgl. der räumlichen Aktivitätsverteilung 

innerhalb des Gebindes, wird bei der Auswertung generell die homogene Aktivitätsverteilung 

angenommen. In der Realität wird die tatsächliche Aktivitätsverteilung eher eine heterogene sein. 

Neben Matrix- und Dichteheterogenitäten ist Aktivitätsheterogenität ein wichtiger Faktor in der 

Abweichung gemessene-echte Aktivität. Wenn die Position der Aktivität im Gebinde unbekannt ist – 

und das ist in faktisch 100% der Fälle der Fall – muss diese Abweichung in die Unsicherheit 

berücksichtigt werden. 

Das Ziel dieser Dissertation ist die Berechnung der der heterogenen Aktivitätsverteilung 

zuzuschreibende Unsicherheit in der Aktivitätsbestimmung durch Gammspektrometrie. 

Das Messergebnis hängt ab von sowohl der räumlichen Position der Quelle wie auch von der 

Abschirmung (durch das Material im Abfallgebinde) zwischen Quelle und Detektor. 

Erstens wird das räumliche Dektoransprechverhalten der unabgeschirmten Quelle in einem 3D 

Raum berechnet, wobei alle mögliche Positionen der Quelle im Gebinde abgedeckt werden. 

Anschließend wird die Abschirmung für unterschiedliche üblich verwendete Gebindetypen (Kisten, 

Fässer z.B.) berechnet. 

Diese zwei Elemente zusammen ergeben die sogenannte Peakeffizienz. 

Eine Routine wurde in FORTRAN geschrieben um das räumliche Detektoransprechverhalten zu 

berechnen. Die Daten zu diesem Ansprechverhalten werden in einer sogenannten Detektor 

Charakterisierungsdatei (DCF) gespeichert. Die andere FORTRAN Routine berechnet die 

Abschirmung durch das Gebinde und, unter Berücksichtigung der Daten in der DCF, die 

Peakeffizienz. 

Diese Routine verwendet adaptive Integration um die vom Benutzer geforderte Genauigkeit so 

schnell wie möglich zu erreichen. 
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Die berechnete Peakeffizienzen der einzelnen Punkte im Gebinde werden in einer Matrixdatei 

gespeichert. Diese Matrixdatei enthält alle erforderlichen Daten für die Berechnung der 

Unsicherheit der Peakeffizienz und damit der Aktivitätsbestimmung. 

Diese Unsicherheit ist eine wichtige und wertvolle Information für die Endlagerbetreiber, die den 

Abfallverursachern Akzeptanzkriterien auferlegen werden. Diese Akzeptanzkriterien beinhalten 

unter anderen die maximal zulässige Aktivitätskonzentration sowie auch deren Unsicherheit. 

Insgesamt zwei Detektoren und vier Geometrien werden behandelt: der Laboratoriumdetektor mit 

Probenbechern auf der einen Seite und ein in-situ Detektor mit zwei Arten von Fässern und einer 

Stapelbox auf der anderen Seite. 
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3 Introduction 

3.1 Background 

Countries with nuclear facilities throughout the world, experience the challenge of radioactive 

waste characterization. Radioactive waste characterization is defined as the process of obtaining a 

thorough and accurate assessment of the physical, chemical and radiological characteristics of the 

waste [1]. The scope of this PhD is limited to the radiological characteristics. 

Waste can be characterized in different stages of its originating: 

- Before waste arises through computer codes modeling radiation-matter interaction, material 

characteristics, chemical behavior, etc. E.g. activation of construction materials. 

- Before treatment or conditioning through sampling, chemical separation, radiological 

measurement, etc. E.g. primary water impurities. 

- After conditioning only the radiological measurement of the entire waste package is feasible, 

keeping the effort reasonable. In this case, several radionuclides are hard to 

measure (alpha/beta emitters, low energy gamma emitters) and the use of a so-called 

“radionuclide fingerprint” or “vector” comes into play. A vector can be compiled using data of 

the two steps above. 

Special care needs to be taken for the radionuclides having an element number beyond the one of 

Actinium, often called actinides, e.g. U, Np, Pu, Am isotopes. As they have all but a few considerably 

long half-lives, their activities account for a large share in the long term radiotoxicity and dose to 

the public in the case of final disposal. Tragically enough, the only radionuclide in the actinides’ 

series being easy to measure by gamma-spectrometry, is Am-241, exhibiting a fairly low energy 

gamma of 60 keV. As will be shown further on, low gamma energies are easily shielded and hence 

are very susceptible to heterogeneous activity distribution. 

In the best case, the information of the characterization steps listed above is archived for the waste 

conditioned in the past and stored in interim storage facilities nowadays. Due to the poor 

documentation or archiving however, the available data of historic waste often don’t meet the 

acceptance criteria of disposal sites as they are currently defined [2]. Therefore many operators of 

interim storage facilities undertake large programs of non-destructive assay (NDA) of historic waste 

containers. The most widely used NDA technique is gamma-spectrometry. 
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3.2 Existing technologies in gamma-spectrometry 

Due to the diversity of the waste packages in the radioactive waste scene over the world or even in 

one and the same country, very different gamma-spectrometry waste assessment systems have 

been developed: 

1. Simple one-detector system, calibrated with same-of-a-kind waste packages loaded with 

calibration sources: 

a. + cost effective, easy to operate, fast implementation 

b. – no flexibility regarding waste package geometry, no information on radionuclides 

which are not contained in the calibration sources, very sensitive to heterogeneous 

activity distribution 

2. Like above, software calibration: the calibration is performed by software using Monte Carlo 

codes, eliminating the need for dedicated calibration waste packages 

a. + calibration fast, cheap and easy 

b. – uncertainties introduced by inaccuracies while modeling the waste package in the 

calibration software 

3. Systems with waste package on a rotary table 

a. + reduced sensitivity to heterogeneous activity distribution 

b. – not feasible for large and heavy waste packages 

4. Multiple detector system 

a. + reduces sensitivity to heterogeneous activity distribution without the need for a 

rotary table, reduced measurement time to achieve required accuracy 

b. – addition of spectra not straightforward, skilled operators needed 

5. Segmented Gamma Scanning system (SGS)[3]: the detector moves from bottom to top of the 

waste package during the measurement, scanning segments. The total waste package spectrum 

is the addition of the different segment spectra. 

a. + reduces sensitivity to heterogeneous activity distribution along the z-axis even 

though this is the smaller component of heterogeneous activity distribution 

uncertainty 

b. – more complicated set-up, moving unit for detector needed 

6. SGS with transmission source intended to correct for density variations. A transmission source 

is moved together with the detector, on the opposite side of the waste package. Recording the 

transmission of the source photons through the waste package, an image of its density 

distribution is made. This density distribution can then be used in order to correct for shielding 

during SGS. 

a. + best possible correction for density variation 

b. – complicated software, although supplied by specialized 

companies (CANBERRA e.g.), still no correction for heterogeneous activity 

distribution 
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7. Tomography: this technique intends to make an image of the activity distribution in the waste 

package. It needs compulsorily a rotary table or multiple detectors in order to get a spatial 

image of the activity distribution 

a. + supplies necessary data for heterogeneous activity distribution corrections 

b. – complicated invertor algorithms, extracting a 3D activity distribution image from 

spectral data 

3.3 Unknown factor activity uncertainty for disposal sites 

Whereas most of the disposal sites, even if they are still in the planning stage, have criteria for the 

maximum allowed activity concentration or total activity per container, specified for different 

radionuclides or radionuclide groups, rarely a criterion for the maximum uncertainty is specified. 

The uncertainty of a given activity measurement in a waste container is an important parameter 

however in the acceptance decision process. An uncertainty acceptance criterion can be put on the 

level of one single container as well as on the total activity in the disposal site. The issue of activity 

assessment uncertainty, together with other sources of uncertainty, has been addressed in the 

past [4][5]. Internationally, consensus seems to exist, that rather than fixed acceptance criteria for 

uncertainties, the propagation of the uncertainty through the model of the disposal site should be 

assessed. In most cases, this model will calculate the dose exposure caused by the disposal site, 

hence higher uncertainties can be accepted for radionuclides with lower dose relevance. 

Uncertainty sources in a NDA gamma-spectrometry measurement can be of various kinds: container 

dimensions (wall thickness, diameter, height), waste weight and density, matrix composition, 

geometry factors like detector-container distance, height difference, angle etc. The most important 

source, especially for low gamma energies, is the heterogeneous distribution of the activity inside 

the container. 

Therefore this PhD elaborates the determination of the uncertainty due to the heterogeneous 

activity distribution inside the waste containers. 
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4 Layout 
The efficiency of a point source in a detector-container geometry is the product of the efficiency of 

an unshielded point source D (D for “Detector”) and the shielding due to the material between 

point source and detector MM (Matrix Material inside the container, container wall, in some case 

shielding and collimators). 

The efficiency of the unshielded point source D is dependent on energy, detector, distance and 

angle between the connecting line source-detector and the detector’s symmetry axis. Its 

elaboration for different kind of detectors (Laboratory detector of ORTEC and ISOCS detector of 

CANBERRA) is explained in Chapter 6. For both detectors the theoretically calculated efficiencies are 

validated by experimental data. 

The shielding by the matrix material depends on the position of the point source in the matrix as 

well as on the matrix’ material. This shielding is calculated for different geometries in Chapters 7 

and 8 (Cylinder having its axis perpendicular to the detector’s axis), Chapter 9 (Cylinder having its 

axis parallel to the detector’s axis), Chapter 10 (cuboid). 

The absolute efficiency is the simple product of D (spherical coordinates system) and 

MM (Cartesian coordinates system): 

𝜀(𝐸) = 𝜀𝐷(𝑟, 𝜃, 𝜑, 𝐸) ∙ 𝜀𝑀𝑀(𝑥, 𝑦, 𝑧, 𝐸) 

As a first step the efficiencies of an unshielded point source 𝜀𝐷(𝑟, 𝜃, 𝜑, 𝐸) are theoretically 

calculated, using FORTRAN. The results are stored in a so called Detector Characterization 

File DCF (Chap. 6). 

 

The results are validated for the 2 detectors mentioned above, using detector characterization 

devices (DCD). 

 

The layout of chapters 7-10 is uniform: the efficiencies in the matrix material 𝜀𝑀𝑀(𝑥, 𝑦, 𝑧, 𝐸) are 

calculated theoretically for a point source in Chap. x.1. Efficiencies for the homogeneous 

distribution are calculated in different steps, each of them being explained in a subchapter 

numbered Chap. x.2 – Chap. x.5. 

 

The calculations were performed in FORTRAN and gave rise to some challenges in numerical 

programming and convergence speed, further details are to be found in the respective chapters. 

 

As a final step, these theoretically calculated efficiencies are validated by measurements using 

calibration sources. 

 

The algorithms for the calculation of the efficiencies for the different activity distributions allow an 

elegant calculation method for the efficiency of the homogeneous activity distribution. This is 

discussed in the one but last subchapter of each geometry. 
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The last subchapter of each geometry deals with the calculation of the uncertainty due to the 

heterogeneous activity distribution. 
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5 Literature 

5.1 Detectorcharacterization 

A neat and simple FORTRAN program EFFTRAN was written by Tim Vidmar [7]. It allows the user to 

input the data for detector and sample geometry through a MS EXCEL file in order to obtain the 

efficiency for a particular geometry and a particular detector. This code allows the calculation of the 

efficiency for the sample as-a-whole having homogeneous activity distributions. 

This program uses a Monte Carlo logic, sampling positions inside the sample geometry and inside 

the detector. The convergence criterion is set by an uncertainty parameter in the MS EXCEL file. 

This program goes quite a way in the direction of this PhD and is written in a compact and appealing 

FORTRAN code. The program written for the purpose of this PhD is different in the following 

aspects: 

- It allows for collimators of more complex shape than the absorber in EFFTRAN 

- It allows for slightly more flexibility for the cup holder and the entrance window 

- It uses deterministic integration with adaptive step size instead of Monte Carlo 

- It allows determining a detector efficiency grid in space, without having the limit of axially 

symmetrical setups. This is what this program was designed for and is key to determine 

uncertainty in a heterogeneous activity distribution. 

The added value of the FORTRAN code lies in the creation of the so-called uncertainty 

matrix (s. Chap. 7.7), which is key in the calculation of the uncertainty due to heterogeneous activity 

distributions. 

 

So-called characterized detectors are available on the market (CANBERRA). They are sold with a 

detector characterization file containing the response of the detector in a circular symmetrical 2-D 

grid for a common energy spectrum. The file itself is binary and protected, the methodology using 

Monte Carlo simulations is copyright protected, limiting the usability of the provided 

characterization in specialized cases or for the determination of uncertainty. This PhD develops a 

deterministic methodology for the characterization of all kinds of circular symmetrical detectors, 

with several kinds of collimators. Some of these collimators are pre-installed, the software however 

allows the user to define tailored collimators. 

5.2 Geometry efficiency 

CANBERRA became the world leader in gamma-spectrometry measurement systems, partly due to 

the success of their In-Situ Object Counting System (ISOCS). The ISOCS consists of a characterized 

detector (see Chap. 6) and a software package called “Geometry Composer” [8]. Geometry 

Composer provides the possibility for the user to model any geometry using built-in templates like 

cylinders, cuboids, planes, spheres, etc. The range is fairly wide and geometries are divided in 

laboratory geometry (so-called LABSOCS geometries) and in-situ geometries (so-called ISOCS 

geometries). E.g. a cylinder with the axis parallel to the detector’s axis is part of the LABSOCS 

geometries, representing a typical laboratory set-up with the sample standing upon the detector. 

A similar set-up can be found in Chap. 9. A cylinder having its axis perpendicular to the detector’s 
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axis is part of the ISOCS-geometries being equivalent to a drum in front of an in-situ detector like it 

is presented in Chap. 7 and Chap. 8. 

5.3 Uncertainty 

CANBERRA developed an extension of the so called ISOCS Software [8] “ISOCS Uncertainty 

Estimator” that is capable of calculating the efficiencies of a series of geometries while varying a set 

of input parameters like dimensions, densities, material compositions, etc. The output consists of an 

average value and an uncertainty, calculated as a simple standard deviation of the obtained values 

in the geometries. This software uses a kind of Monte Carlo approach, calculating the standard 

deviation of the series of calculated efficiencies, and doesn’t offer a calculation of the uncertainty in 

a closed form. It allows however to account for multiple parameters at once, of which the 

heterogeneous activity distribution is certainly the most important one. 

A recent technique, aiming to reduce the uncertainty due to heterogeneous activity distribution, is 

the so-called tomography scanning. Briefly, this technique tries to locate the source(s) inside the 

waste container using algorithms which calculate an image on basis of count rates linked to the 

turning table’s angle of the rotating waste container. Very often, a transmission source is used as 

well in order to enable shielding correction due to heterogeneous matrix distribution [6]. If the 

location of the sources is accurate, this method can reduce the uncertainty due to heterogeneous 

activity distribution dramatically. 

Further on, many authors have used Monte Carlo techniques to model peak efficiencies in waste 

container measurement geometries. A representative article for the modeling of homogeneous 

activity distributions in drums is given in [9]. In order to validate the peak efficiencies calculated by 

the means of the Monte Carlo code GESPECOR, the authors used a 200L calibration drum filled with 

Portland cement and 6 hollow tubes for reference source positioning. The same kind of drum can be 

found in chapter 7.6, having 13 hollow tubes and filled with potassium fertilizer in order to simulate 

a homogeneous activity distribution. The authors used a liquid Eu-152 reference source covering 

the entire height of the 200L drum, this PhD however uses 4 point sources (Co-60, Cs-137, Eu-152 

and Am-241). 

The conclusions of this article are twofold: 

- The GESPECOR software is able to reliably calculate peak efficiencies for homogeneous 

activity distributions 

- The experimental results using the 200L calibration drum validate the calculated 

efficiencies. 

A few more publications, all dealing with homogeneous activity distributions are listed in the 

references’ chapter [10]-[12]. 

Dan Parvin and Sean Clarke wrote an interesting article [13] about the Particle Swarm Imaging 

Method (PSIM). This computational method takes the data recorded by multiple detectors located 

around the waste container as a starting point. Using the count rates recorded by each one of these 

detectors together with the geometry information, possible activity distributions inside the waste 
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container are simulated using MCNP code. 

The activity distributions are simulated by a random number of sources of random activity. Some of 

the distributions will match the recorded count rates better than others. The quality of match is set 

by a least-square criterion. 

An iterative algorithm rejects the “bad” solutions and stores the best solutions. Typically a few 

thousand “candidate solutions” will be used for the final result. The method reminds a bit of the so-

called “annealing” methodology in computational simulations. 

When the candidate solutions from above are depicted graphically, an image with a swarm of point 

sources arises, hence the name of this method. 

Out of these candidate solutions, a histogram of the total activity (=activity of all point sources 

summed up) is created and an uncertainty is calculated. 

The big advantage of this method lies in the use of particular measurement data (contrary to the 

work in this thesis) and the guided computational process towards the most probable activity 

distributions. This guidance avoids considering activity distributions that are incompatible with the 

record data and geometry information. Thanks to this guidance, the PSIM yields a closer match to 

the true activity and reduces the uncertainty due to heterogeneous unknown activity distribution. 

The disadvantage of PSIM is its need for multiple detectors, or, alternatively, multiple 

measurements of the waste container in different positions. Multiple measurements take time, 

time which could be invested in longer measurement time for a waste container in a fixed position. 

Especially for waste containers with low activity concentrations, longer measurement times reduce 

uncertainties as well. 

Altogether the PSIM is an innovative method, heavily relying on computational methods and 

requiring a certain investment in measurement setup. For operators with higher level waste and a 

sound budget for waste characterization and uncertainty reduction, PSIM is surely an interesting 

methodology. 

The article dealing with heterogeneous activity and matrix distributions in a rotating 200L drum is 

listed in [14]. Briefly summarized, the authors ran a large number of Monte Carlo runs having the 

source activity in different positions inside the 200L drum. 

Based on the results of these Monte Carlo runs, histograms of so-called “correction factors” are 

shown in the article. Correction factors are energy-dependent dimensionless numbers for which the 

activity has to be corrected for if homogeneous distribution is assumed. They are inversely 

proportional to the peak efficiency. Two examples are given, one with a 0,25 g/cm³ and one with a 

1 g/cm³ density, both assuming three Cs-137 point sources randomly distributed in a 220 L drum . 

Not surprisingly, the histogram of the lower density is close to symmetrical and has shorter tails 

compared to the one with the higher density which is more skewed and has longer tails. The 

correction factors for lower gamma energies will behave like larger densities and vice-versa. 

Contrary to the work performed in this PhD, the simulations modeled n =3 and n = 10 Cs-137 point 

sources in the drum instead of one single point source. On the other hand, uncertainties for the 

linear attenuation coefficient, the detector-wall distance, the detector height, the drum radius, the 

waste height and the drum wall thickness were taken into account. A brief comparison of the results 
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of this article with the results in this PhD is given in chapter 7.7. 

Further on, two techniques for measurement uncertainty reduction are proposed: 

1. Optimizing the container geometry: not applicable in the case of existing conditioned waste 

2. Measuring groups of waste containers: interesting for the acceptance criterion “uncertainty 

of the total activity” in the disposal site. Equivalent to the expression 𝜎(�̅�) =  √
∑ (𝜎2(𝑥𝑖))
𝑁
𝑖=1

𝑁−1
 

The methodology in this PhD is different in that  

- a deterministic approach is chosen (s. above), 

- the calculation code (FORTRAN) is self-developed for both detector as for drum 

characterization, 

- lower energies (especially Am-241) were taken into account and 

- geometries were extended to 600L Boxes (ISOCS detector, Chap 10) and to 

D45 Beakers (laboratory detector, Chap. 9). 
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6 Detectorcharacterization 

6.1 Theoretical approach 

Cylindrical symmetry is assumed. Hence, the characterization of the detector narrows down to 

2 dimensions x and z. 

 

Figure 1: (x,z) coordinates‘ system for the position of the source
 

In a spherical coordinate system the STQ coordinates are expressed by: 

 𝑥𝑆𝑇𝑄 = 𝑟𝑆𝑇𝑄 ∙ sin (𝜃) 

 𝑦𝑆𝑇𝑄 = 0 

 𝑧𝑆𝑇𝑄 = 𝑟𝑆𝑇𝑄 ∙ cos (𝜃) 

In order to avoid confusion with the cylindrical coordinate system inside the detector (see below), 

the Cartesian one is used for the position of the source. 

The positive z-direction is the forward detector’s direction, along its symmetry axis. 

6.1.1 Assumptions (Figure 2 and Figure 3) 

1. The detector crystal is cylindrical, diameter DD, thickness LD. Symbol “D” 

2. The detector crystal is held by a crystal holder, consisting of one and the same material, 

with no gap between detector and crystal holder. Thickness 𝑡𝐶𝐻
𝑠𝑖𝑑𝑒 , inside diameter 𝐷𝐶𝐻

𝑖𝑛 , 

outside diameter 𝐷𝐶𝐻
𝑜𝑢𝑡. Symbol “CH” 

3. A cylindrical endcap serves as mechanical protection of the detector crystal and crystal 

holder assembly. Thickness at the front 𝑡𝐸𝐶
𝑓𝑟𝑜𝑛𝑡

, thickness side surface 𝑡𝐸𝐶
𝑠𝑖𝑑𝑒, inside 

diameter 𝐷𝐸𝐶
𝑖𝑛 , outside diameter 𝐷𝐸𝐶

𝑜𝑢𝑡. Symbol “EC” 

4. A part of the front of the endcap is remarkably thinner, the so-called “cryostat window”. 

The thickness is reduced in order to minimize shielding losses, especially for low-energy 

photons. Thickness 𝑡𝐶𝑊, diameter 𝐷𝐶𝑊.Symbol “CW” 

5. The volume between crystal holder and endcap consists of a vacuum. 

x 

z 

Detector 

(xSTQ, zSTQ) 

xSTQ 

zSTQ 



22/89 

6. The detector can be optionally shielded by a collimator. The collimator geometry is a 

combination of cylinder and cone. The volume between endcap and collimator consists 

of air. Thickness at the front 𝑡𝐶
𝑓𝑟𝑜𝑛𝑡

, thickness side surface 𝑡𝐶
𝑠𝑖𝑑𝑒, inside diameter 𝐷𝐶

𝑖𝑛, 

outside diameter 𝐷𝐶
𝑜𝑢𝑡, aperture angle 𝛼𝐶, aperture diameter 𝐷𝐶 . Symbol “C” 

In Figure 2 and Figure 3 the detector crystal is depicted blue, the crystal holder orange, 

the endcap and the cryostat window green and the collimator blue. 

The assumptions above represent a simplified model of the physical detector layouts, see 

chap. 6.2.1 and chap. 6.3.1 for further details. 

7. The detector „looks“ forward in the z-direction. The origin is located on the center of the 

front surface of the detector crystal. 

6.1.2 Calculation of the efficiency of a point source (xSTQ, zSTQ) for a point inside the 

detector (xD, yD, zD) 

The equations needed for the efficiency calculation are dependent on the complexity of the 

detector assembly: 

- Crystal holder, endcap, collimator 

- thickness and material of the assembly components 

In order to determine the path length covered by the photon through the several shielding layers in 

the detector assembly, the intersections of the connecting straight between the point source (xSTQ, 

ySTQ, zSTQ) and the detector point (xD, yD, zD) with: (s. Figure 2 and Figure 3) 

- collimator 

- endcap 

- cryostat window 

- crystal holder 

- detector crystal 

need to be calculated. 

The collimator is confined by 

- a cylinder with diameter 𝐷𝐶
𝑖𝑛 

- a cylinder with diameter 𝐷𝐶
𝑜𝑢𝑡 

- a plane with 𝑧 =  𝑡𝐶
𝑓𝑟𝑜𝑛𝑡

 

- a plane with 𝑧 =  𝑡𝑎𝑖𝑟
𝑓𝑟𝑜𝑛𝑡

+ 𝑡𝐶𝑊 + 𝑡𝑉𝑎𝑘𝑢𝑢𝑚
𝑓𝑟𝑜𝑛𝑡

 (see Figure 3) 

- a cone with angle 𝛼𝐶  and intersection at 𝑧 =  𝑡𝑎𝑖𝑟
𝑓𝑟𝑜𝑛𝑡

+ 𝑡𝐶𝑊 + 𝑡𝑉𝑎𝑘𝑢𝑢𝑚
𝑓𝑟𝑜𝑛𝑡

−𝐷𝐶 ∙

tan(𝛼𝐶) (see Figure 3) 

The endcap is confined by 

- a cylinder with diameter 𝐷𝐸𝐶
𝑖𝑛  

- a cylinder with diameter 𝐷𝐸𝐶
𝑜𝑢𝑡 

- a plane with 𝑧 =  𝑡𝑉𝑎𝑘𝑢𝑢𝑚
𝑓𝑟𝑜𝑛𝑡

+ 𝑡𝐶𝑊 

- a plane with 𝑧 =  𝑡𝑉𝑎𝑘𝑢𝑢𝑚
𝑓𝑟𝑜𝑛𝑡

+ 𝑡𝐶𝑊 − 𝑡𝐸𝐶
𝑓𝑟𝑜𝑛𝑡

 for 𝐷𝐶𝑊
2
< 𝑥2 + 𝑦2 < 𝐷𝐸𝐶

𝑜𝑢𝑡2  (see Figure 3 – 

cryostat window) 

- a plane with 𝑧 =  𝑡𝑉𝑎𝑘𝑢𝑢𝑚
𝑓𝑟𝑜𝑛𝑡

  for 𝑥2 + 𝑦2 < 𝐷𝐶𝑊
2
  (see Figure 3 – cryostat window) 
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The crystal holder is confined by 

- a cylinder with diameter 𝐷𝐶𝐻
𝑖𝑛  

- a cylinder with diameter 𝐷𝐶𝐻
𝑜𝑢𝑡 

- a plane with 𝑧 =  −𝑡𝐶𝐻
𝑓𝑟𝑜𝑛𝑡

 

 

The algorithm is programmed in FORTRAN. The intersections with cylinders, planes and cones are 

programmed in separate subroutines. 

Depending on where the connecting straight between the point source (xSTQ, ySTQ, zSTQ) and the 

detector point (xD, yD, zD) intersects with the detector assembly components above, the attenuation 

of the respective component is accounted for. 

 

E.g. let ISCHout be the intersection with the outer cylinder surface of the crystal holder and ISCHin be 

the intersection with the inner cylinder surface. If 𝑧𝐼𝑆𝐶𝐻𝑜𝑢𝑡 < −𝑡𝐶𝐻
𝑓𝑟𝑜𝑛𝑡

 and 𝑧𝐼𝑆𝐶𝐻𝑖𝑛 < −𝑡𝐶𝐻
𝑓𝑟𝑜𝑛𝑡

, the 

distance through the crystal holder covered by the 

photon (√(𝑥𝐼𝑆𝐻𝐶𝑜𝑢𝑡 − 𝑥𝐼𝑆𝐻𝐶𝑖𝑛)2 + (𝑦𝐼𝑆𝐻𝐶𝑜𝑢𝑡 − 𝑦𝐼𝑆𝐻𝐶𝑖𝑛)2 + (𝑧𝐼𝑆𝐻𝐶𝑜𝑢𝑡 − 𝑧𝐼𝑆𝐻𝐶𝑖𝑛)2) will be accounted for in the attenuation by 

the crystal holder’s material. If however 𝑧𝐼𝑆𝐶𝐻𝑜𝑢𝑡 > −𝑡𝐶𝐻
𝑓𝑟𝑜𝑛𝑡

 and 𝑧𝐼𝑆𝐶𝐻𝑖𝑛 > −𝑡𝐶𝐻
𝑓𝑟𝑜𝑛𝑡

, the photon 

doesn’t intersect with the crystal holder and no attenuation will be taken into account. 

The distance covered (“path length”) by the photon in a certain component is abbreviated by 

𝑃𝐿𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡, e.g. 𝑃𝐿𝐶𝐻 

Inside the detector crystal a cylinder coordinates system is used: 

 xD = rD cos(θD) 

 yD = rD sin(θD) 

 zD = zD 
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Figure 2: Layout of a typical detector assembly 

 

Figure 3: Layout of a typical detector assembly - zoom 
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The efficiency of a point source (xSTQ, ySTQ, zSTQ) in a detector point (xD, yD, zD) is calculated as 

follows: 

𝜀(𝑥𝑆𝑇𝑄, 𝑦𝑆𝑇𝑄, 𝑧𝑆𝑇𝑄 , 𝑥𝐷, 𝑦𝐷, 𝑧𝐷) =
exp (−µ𝐷 ∙ 𝑃𝐿𝐷 − µ𝐶𝐻 ∙ 𝑃𝐿𝐶𝐻 − µ𝐶𝑊 ∙ 𝑃𝐿𝐶𝑊 − µ𝐸𝐶 ∙ 𝑃𝐿𝐸𝐶 − µ𝐶 ∙ 𝑃𝐿𝐶)

(𝑥𝑆𝑇𝑄−𝑥𝐷)
2
+ (𝑦𝑆𝑇𝑄−𝑦𝐷)

2
+ (𝑧𝑆𝑇𝑄−𝑧𝐷)

2  

The different µ’s being the linear attenuation coefficients (m-1) for the considered material and 

photon energy. The data for the linear attenuation coefficients are taken from the NIST data 

set [19]. Some more words how the linear attenuation coefficients for different materials were 

implemented in the software are spent in chap. 11. 

The numerator represents the attenuation by the different components of the detector assembly. 

The denominator expresses the inverse-square law. 

6.1.3 Iteration algorithm 

The detector efficiency of an unshielded source is calculated using a three-step iteration algorithm: 

first step integration in dimension 𝜃𝐷, 2nd in dimension 𝑟𝐷 and finally in 𝑧𝐷. 

Dimension 𝜃𝐷 

𝜀(𝑟𝐷 , 𝑧𝐷 , 𝑥𝑆𝑇𝑄 , 𝑦𝑆𝑇𝑄 , 𝑧𝑆𝑇𝑄) =  
1

2𝜋
∫ 𝜀(𝑟𝐷, 𝜃𝐷 , 𝑧𝐷 , 𝑥𝑆𝑇𝑄 , 𝑦𝑆𝑇𝑄 , 𝑧𝑆𝑇𝑄)𝑑𝜃𝐷
2𝜋

0
 (28) 

The integral is calculated numerically. The  algorithm uses the trapezium rule with adaptive step 

size: 

- Step 0: data points: 𝜃𝐷 = 0, 𝜃𝐷 = /2, 𝜃𝐷 = , 𝜃𝐷 = 3/2

𝐼0 =
1

4
(𝜀(𝑟𝐷 , 0, 𝑧𝐷 , 𝑥𝑆𝑇𝑄 , 𝑦𝑆𝑇𝑄 , 𝑧𝑆𝑇𝑄) + 𝜀(𝑟𝐷 , 𝜋 2⁄ , 𝑧𝐷 , 𝑥𝑆𝑇𝑄 , 𝑦𝑆𝑇𝑄 , 𝑧𝑆𝑇𝑄)

+ 𝜀(𝑟𝐷 , 𝜋, 𝑧𝐷 , 𝑥𝑆𝑇𝑄 , 𝑦𝑆𝑇𝑄 , 𝑧𝑆𝑇𝑄) + 𝜀(𝑟𝐷 , 3𝜋 2⁄ , 𝑧𝐷 , 𝑥𝑆𝑇𝑄 , 𝑦𝑆𝑇𝑄 , 𝑧𝑆𝑇𝑄)) 

- Step i with Ni data points: if the additional data point 
𝜃𝐷
𝑗
+𝜃𝐷

𝑗+1

2
  between 𝜃𝐷

𝑗
   and 𝜃𝐷

𝑗+1
 results 

in sufficient accuracy gain (defined by the convergence criterion 𝐶𝐶𝜃𝐷): 

(

 
 
 
 

(

  
 
 𝜀 (𝑟𝐷, 𝜃𝐷

𝑗
, 𝑧𝐷, 𝑥𝑆𝑇𝑄, 𝑦𝑆𝑇𝑄, 𝑧𝑆𝑇𝑄) + 2𝜀 (𝑟𝐷,

𝜃𝐷
𝑗
+𝜃𝐷

𝑗+1

2
, 𝑧𝐷, 𝑥𝑆𝑇𝑄, 𝑦𝑆𝑇𝑄, 𝑧𝑆𝑇𝑄) + 𝜀 (𝑟𝐷, 𝜃𝐷

𝑗+1
, 𝑧𝐷, 𝑥𝑆𝑇𝑄, 𝑦𝑆𝑇𝑄, 𝑧𝑆𝑇𝑄)

4

)

  
 

−(
 𝜀 (𝑟𝐷, 𝜃𝐷

𝑗
, 𝑧𝐷, 𝑥𝑆𝑇𝑄, 𝑦𝑆𝑇𝑄, 𝑧𝑆𝑇𝑄) + 𝜀 (𝑟𝐷, 𝜃𝐷

𝑗+1
, 𝑧𝐷, 𝑥𝑆𝑇𝑄, 𝑦𝑆𝑇𝑄, 𝑧𝑆𝑇𝑄)

2
)

)

 
 
 
 

> 𝐶𝐶𝜃𝐷 ∙  𝐼𝑖 

𝜃𝐷
𝑗
+𝜃𝐷

𝑗+1

2
 is added to the data point set in step i+1. 

- The algorithm ends if |1 −
𝐼𝑖

𝐼𝑖+1
| < 𝐶𝐶 or if no additional data points are added according to 

the convergence criterion 𝐶𝐶𝜃𝐷 above. 
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Dimension 𝑟𝐷 

The 𝜀(𝑟𝐷 , 𝑧𝐷 , 𝑥𝑆𝑇𝑄 , 𝑦𝑆𝑇𝑄 , 𝑧𝑆𝑇𝑄)  calculated by the numerical integral above is now integrated in the 

𝑟𝐷 dimension: 

𝜀(𝑧𝐷 , 𝑥𝑆𝑇𝑄 , 𝑦𝑆𝑇𝑄 , 𝑧𝑆𝑇𝑄) =  
4

𝜋𝐷𝐷
2 ∫ 𝜀(𝑟𝐷 , 𝑧𝐷 , 𝑥𝑆𝑇𝑄 , 𝑦𝑆𝑇𝑄 , 𝑧𝑆𝑇𝑄)2𝜋𝑟𝐷𝑑𝑟𝐷

𝐷𝐷 2⁄

0
 (29) 

- Step 0: data points: 𝑟𝐷 = 0, 𝑟𝐷 = 𝐷𝐷/2 

I0 =
1

2
(ε(0, zD, xSTQ, ySTQ, zSTQ) + ε(DD 2⁄ , zD, xSTQ, ySTQ, zSTQ)) 

- The convergence test is identical to the one for 𝜃𝐷, the convergence criterion being 𝐶𝐶𝑟𝐷. 

The additional data point however is √
(𝑟𝐷
𝑗
)
2
+(𝑟𝐷

𝑗+1
)
2

2
, so that the new data point divides the 

area between j and j+1 in 2 equal parts. 

The numerical integral in the 𝑟𝐷 dimension calls in each step the numerical integral in the 𝜃𝐷 

dimension. 

Dimension 𝑧𝐷 

 𝜀(𝑥𝑆𝑇𝑄 , 𝑦𝑆𝑇𝑄 , 𝑧𝑆𝑇𝑄) =  
1

𝐿𝐷
∫ 𝜀(𝑧𝐷 , 𝑥𝑆𝑇𝑄 , 𝑦𝑆𝑇𝑄 , 𝑧𝑆𝑇𝑄)𝑑𝑧𝐷
𝐿𝐷

0
 (30) 

I0 =
1

2
(ε(0, xSTQ, ySTQ, zSTQ) + ε(−LD, xSTQ, ySTQ, zSTQ)) 

Identical to above. The algorithm is run until the convergence criterion 𝐶𝐶𝑧𝐷 is met. The numerical 

integral in the 𝑧𝐷 dimension calls in each step the numerical integral in the 𝑟𝐷 dimension. 
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Figure 4: cylindrical coordinates system 

 

Executing this algorithm leads to a grid of detector efficiencies in (x,y,z) which is stored in a so-called 

Detector Characterization File (DCF). The DCF is determined for a particular detector once and can 

be used independent of the geometry. 

6.1.4 Validation of the calculation of the intersection points 

The algorithm is validated using the example case of the ISOCS Detector (see Figure 5). 

 

Figure 5: ISOCS crystal, crystal holder, endcap and cryostat window 

Endcap 

(aluminium) 

Crystal holder 

(copper) 

Detector 

(Germanium) 
Cryostat Window 

(carbon epoxy) 

Vacuum 

z 

x 
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Lay-out of the ISOCS detector: 

 Air between collimator and endcap – air 

o 𝑡𝑎𝑖𝑟𝑠𝑖𝑑𝑒= 5 mm 

o 𝑡𝑎𝑖𝑟
𝑓𝑟𝑜𝑛𝑡

 = 2 mm 

 Endcap (EC) – aluminium 

o 𝑡𝐸𝐶
𝑓𝑟𝑜𝑛𝑡

 = 𝑡𝐸𝐶
𝑠𝑖𝑑𝑒  = 1.5 mm 

 Cryostat Window (CW) – carbon epoxy 

o 𝐷𝐶𝑊 = 𝐷𝐷 = 71 mm 

o 𝑡𝐶𝑊 = 0.5 mm 

 Vakuum 

o 𝑡𝑣𝑎𝑘𝑢𝑢𝑚
𝑓𝑟𝑜𝑛𝑡

 = 𝑡𝑣𝑎𝑘𝑢𝑢𝑚
𝑠𝑖𝑑𝑒  = 5 mm 

 Crystal holder (CH) – copper 

o 𝑡𝐶𝐻 = 2.2 mm (simplification of the real layout - Figure 5) 

o 𝐿𝐶𝐻 = 1.5 mm (length where the CH doesn’t surround the detector crystal) 

 Detector crystal (D) – Germanium 

o 𝐷𝐷 = 71 mm 

o 𝐿𝐷 = 27.5 mm 

 

Figure 6: Collimator "50d90new" of the ISOCS detector 

 

 Collimator – lead (Figure 6) 

o 𝑡𝑐𝑜𝑙𝑙𝑖𝑚𝑎𝑡𝑜𝑟
𝑓𝑟𝑜𝑛𝑡

= = 𝑡𝑐𝑜𝑙𝑙𝑖𝑚𝑎𝑡𝑜𝑟
𝑠𝑖𝑑𝑒  = 50 mm 

o C = 45° 

The validation of the FORTRAN algorithm is performed by varying xSTQ between -105 mm and 

-8.83 mm (s. Table 1) in order to achieve different intersections with collimator, air gap, endcap, 

vacuum, crystal holder and detector. 

ySTQ = 0; 

zSTQ = 60 mm. 

Table 1 summarizes the results calculated by the FORTRAN code. Manual calculation of the 

intersection points yields the same values. 
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x_STQ (mm) -105 -76.3 -76.1 -60.5 -55.5 -44 -36.8 -35.4 -8.83 

IP-C(x) -99.2 
collimator 
cylinder 
outside 

-75.02 
collimator 

plane 
front 

-74.79 collimator 
cone 

-
53.214 collimator 

cone 
-48.508 collimator 

cone 
-40.03 collimator 

cone 
-35.919 collimator 

cone 
-35.201 collimator 

cone 
- - 

IP-C(z) 52.9571 57.5 57.29 35.714 31.008 22.53 18.419 17.701 - 

EP-C(x) = IP-air(x) -49.2 
collimator 
cylinder 
inside 

-49.2 
collimator 
cylinder 
inside 

-49.2 
collimator 
cylinder 
inside 

-44.75 
collimator 
plane close 
to endcap 

-42.838 
collimator 

plane close 
to endcap 

-38.44 
collimator 
plane close 
to endcap 

-35.688 
collimator 
plane close 
to endcap 

-35.153 
collimator 
plane close 
to endcap 

- 
- 

EP-C(x) = IP-air(z) -7.7571 4.275 4.3674 7.5 7.5 7.5 7.5 7.5 - 

EP-air(x) = IP-EC(x) -44.2 EC 
cylinder 

-44.2 EC 
cylinder 

-44.2 EC 
cylinder 

-44.15 EC plane 
front 

-42.356 EC plane 
front 

-38.23 EC plane 
front 

-35.646 EC plane 
front 

- EC plane 
front 

- 
EC 

plane 
front EP-air(z) = IP-EC(z) -13.829 -6.033 -5.973 5.5 5.5 5.5 5.5 - - 

EP-EC(x) = IP-vak(x) -42.7 EC 
cylinder 

-42.7 EC 
cylinder 

-42.7 EC 
cylinder 

-42.7 
EC cylinder 

-41.99 EC plane 
front 

-38.07 EC plane 
front 

-35.614 EC plane 
front 

- EC plane 
front 

- 
EC 

plane 
front EP-EC(z) = IP-vak(z) -15.65 -9.126 -9.075 -6.667 4 4 4 - - 

EP-air(x) = IP-
CW(x) - - - - - - - - - - - - - - -35.144 CW -25.610 CW 

EP-air(z) = IP-CW(z) - - - - - - - 5.5 5.5 

EP-CW(x) = IP-
vak(x) - 

- 
- 

- 
- 

- 
- 

- 
- 

- 
- 

- 
- 

- 
-35.141 

CW 
-25.764 

CW 
EP-CW(z) = IP-
vak(z) - - - - - - - 5 5 

EP-vak(x) = IP-
CH(x) -37.7 CH 

cylinder 

-37.7 CH 
cylinder 

-37.7 CH 
cylinder 

-37.7 
CH cylinder 

-37.7 
CH cylinder 

-37.49 CH plane 
frontal 

- 
- 

- 
- 

- 
- 

EP-vak(z) = IP-
CH(z) -21.72 -19.43 -19.416 -16 -13.805 -1.5 - - - 

EP-CH(x) = IP-D(x) -35.5 CH 
cylinder 

-35.5 CH 
cylinder 

-35.5 CH 
cylinder 

-35.5 
CH cylinder 

-35.5 
CH cylinder 

-35.5 
CH cylinder 

- 
- 

- 
- 

- 
- 

EP-CH(z) = IP-D(z) -24.93 -23.97 -23.966 -23.33 -22.927 -20.28 - - - 

EP-vak(x) = IP-D(x) - 
- 

- 
- 

- 
- 

- 
- 

- 
- 

- 
- 

-35.5 D cylinder 
side surface 

-35.118 D plane 
front 

-27.30 
D 

plane 
front EP-vak(z) = IP-D(z) - - - - - - -1,3889 0 0 

Table 1: intersection points for different xSTQ, ySTQ, zSTQ positions for the validation of the DCF algorithm for the ISOCS detector
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In chap. 6.2 the algorithm explained above is used to calculate the DCF (Detector Characterization 

File) for the so-called laboratory detector (ORTEC) and in Chap. 6.3 for the so-called In-Situ 

Detector (ISOCS, CANBERRA). The results are validated experimentally (chap. 6.2.5 for the ORTEC 

laboratory detector, chap. 6.3.4 for the CANBERRA ISOCS detector, respectively). 

6.2 Laboratory detector (ORTEC) 

6.2.1 Technical data 

The detector which is discussed in this chapter, is a High purity Germanium (HpGe) BEGe (Broad 

Energy Germanium) Detector, Model GEM-FX7025-S, SN 47-P50295C [15]. The terminology is the 

same as in Figure 2 and Figure 3. For details on dimensions see Figure 7. 

Lay-out of the ORTEC laboratory detector: 

 Endcap (EC) side – carbon fiber - “L” in Figure 7 

o 𝑡𝐸𝐶𝑠𝑖𝑑𝑒  = 1.6 mm 

 Cryostat Window (CW) – carbon fiber - “I” in Figure 7 

o 𝐷𝐶𝑊 = = 84 mm 

o 𝑡𝐶𝑊 = 0.76 mm 

 Vakuum – “G” in Figure 7 

o 𝑡𝑣𝑎𝑘𝑢𝑢𝑚
𝑓𝑟𝑜𝑛𝑡

 = 𝑡𝑣𝑎𝑘𝑢𝑢𝑚
𝑠𝑖𝑑𝑒  = 4 mm 

 Crystal holder (CH) – copper – “K” in Figure 7 

o 𝑡𝐶𝐻 = 1.5 mm 

 Detector crystal (D) – Germanium (*) 

o 𝐷𝐷 = 71 mm 

o 𝐿𝐷 = 27.5 mm 

 Cooled by liquid nitrogen – Dewar 

 HV = 4300 VDC 

 
(*) due to its small volume and due to the fact, the highest photon-detector interaction density 

occurs in the front volume of the detector, the hole for the cooling pin is neglected in the model. 

The dead layers are also neglected as they are very thin and their shielding effect is minimal. As 

shown in chap. 6.2.5, the effect of these approximations lie within the uncertainty range of the 

detector measurements and cannot be discerned in form of a bias in the experimental validation 

in chap. 6.2.5. 
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Figure 7: Detector layout ORTEC Lab detector Model GEM-FX7025-S, SN 47-P50295C 

 

Figure 8: laboratory detector (ORTEC) 

6.2.2 Iteration algorithm 

The iteration algorithm used to determine the efficiencies of the ORTEC Labor Detector is explained 

in chap. 6.1.3. The FORTRAN routine provides the possibility to define the grid in a Cartesian (x,z) or 

in a spherical (r,) coordinate system. 

6.2.3 Results of the theoretical approach 

The technical data of the detector can be found in Ch. 6.2.1. The copper shielding shroud is 

approximated as a collimator with thickness tK = 0,001 m, material copper and opening C = 90°. 
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The results, stored in the so-called detector characterization file DCF, are summarized (Cartesian) in 

Table 2 (Energy = 59,54 keV): 

zSTQ (m) 
x S

TQ
 (

m
) 

 0.014 0.0153 0.0192 0.0257 0.0348 0.0465 0.0608 0.0777 0.0972 0.1193 0.144 

0.00E+00 2.71E+01 2.59E+01 2.25E+01 1.78E+01 1.28E+01 8.75E+00 5.79E+00 3.84E+00 2.58E+00 1.77E+00 1.24E+00 

5.31E-03 2.66E+01 2.55E+01 2.23E+01 1.75E+01 1.26E+01 8.66E+00 5.75E+00 3.82E+00 2.57E+00 1.76E+00 1.24E+00 

1.04E-02 2.58E+01 2.47E+01 2.14E+01 1.68E+01 1.22E+01 8.42E+00 5.63E+00 3.76E+00 2.54E+00 1.75E+00 1.23E+00 

1.54E-02 2.31E+01 2.26E+01 2.00E+01 1.58E+01 1.16E+01 8.05E+00 5.45E+00 3.67E+00 2.50E+00 1.73E+00 1.22E+00 

2.02E-02 2.24E+01 2.13E+01 1.82E+01 1.44E+01 1.07E+01 7.58E+00 5.21E+00 3.56E+00 2.44E+00 1.70E+00 1.20E+00 

2.48E-02 2.00E+01 1.90E+01 1.64E+01 1.30E+01 9.77E+00 7.06E+00 4.95E+00 3.43E+00 2.38E+00 1.67E+00 1.19E+00 

2.92E-02 1.70E+01 1.62E+01 1.41E+01 1.15E+01 8.80E+00 6.51E+00 4.66E+00 3.28E+00 2.31E+00 1.63E+00 1.17E+00 

3.34E-02 1.36E+01 1.31E+01 1.18E+01 9.87E+00 7.83E+00 5.96E+00 4.37E+00 3.13E+00 2.23E+00 1.59E+00 1.15E+00 

3.74E-02 1.02E+01 1.00E+01 9.44E+00 8.34E+00 6.90E+00 5.42E+00 4.08E+00 2.98E+00 2.15E+00 1.55E+00 1.13E+00 

4.13E-02 7.41E+00 7.49E+00 7.44E+00 6.97E+00 6.04E+00 4.91E+00 3.79E+00 2.83E+00 2.07E+00 1.51E+00 1.11E+00 

4.50E-02 5.40E+00 5.59E+00 5.86E+00 5.79E+00 5.27E+00 4.43E+00 3.52E+00 2.68E+00 1.99E+00 1.47E+00 1.08E+00 

4.85E-02 4.04E+00 4.23E+00 4.64E+00 4.83E+00 4.61E+00 4.01E+00 3.27E+00 2.54E+00 1.91E+00 1.43E+00 1.06E+00 

5.18E-02 2.89E+00 3.15E+00 3.72E+00 4.06E+00 4.04E+00 3.64E+00 3.04E+00 2.40E+00 1.84E+00 1.38E+00 1.04E+00 

5.50E-02 2.23E+00 2.47E+00 3.01E+00 3.45E+00 3.55E+00 3.31E+00 2.83E+00 2.28E+00 1.77E+00 1.35E+00 1.01E+00 

5.80E-02 1.67E+00 1.92E+00 2.41E+00 2.95E+00 3.15E+00 3.02E+00 2.64E+00 2.17E+00 1.70E+00 1.31E+00 9.94E-01 

6.08E-02 1.22E+00 1.50E+00 2.03E+00 2.55E+00 2.81E+00 2.76E+00 2.47E+00 2.06E+00 1.64E+00 1.27E+00 9.73E-01 

6.34E-02 1.03E+00 1.15E+00 1.72E+00 2.20E+00 2.53E+00 2.54E+00 2.32E+00 1.96E+00 1.58E+00 1.24E+00 9.54E-01 

6.58E-02 8.31E-01 9.87E-01 1.47E+00 1.93E+00 2.29E+00 2.35E+00 2.19E+00 1.88E+00 1.53E+00 1.21E+00 9.36E-01 

6.80E-02 6.82E-01 8.39E-01 1.25E+00 1.76E+00 2.09E+00 2.19E+00 2.07E+00 1.80E+00 1.48E+00 1.18E+00 9.19E-01 

7.01E-02 5.65E-01 7.14E-01 1.05E+00 1.59E+00 1.92E+00 2.05E+00 1.97E+00 1.73E+00 1.44E+00 1.15E+00 9.04E-01 

7.20E-02 4.87E-01 6.09E-01 9.35E-01 1.43E+00 1.77E+00 1.93E+00 1.88E+00 1.67E+00 1.40E+00 1.13E+00 8.89E-01 

7.37E-02 4.31E-01 5.37E-01 8.51E-01 1.31E+00 1.64E+00 1.83E+00 1.80E+00 1.62E+00 1.37E+00 1.11E+00 8.76E-01 

7.52E-02 3.85E-01 4.82E-01 7.88E-01 1.22E+00 1.54E+00 1.74E+00 1.73E+00 1.57E+00 1.34E+00 1.09E+00 8.65E-01 

7.66E-02 3.37E-01 4.36E-01 7.24E-01 1.14E+00 1.46E+00 1.67E+00 1.67E+00 1.53E+00 1.31E+00 1.07E+00 8.55E-01 

7.78E-02 3.07E-01 4.04E-01 6.76E-01 1.08E+00 1.41E+00 1.61E+00 1.63E+00 1.49E+00 1.29E+00 1.06E+00 8.46E-01 

7.88E-02 2.92E-01 3.78E-01 6.36E-01 1.01E+00 1.36E+00 1.56E+00 1.59E+00 1.47E+00 1.27E+00 1.05E+00 8.39E-01 

7.96E-02 2.82E-01 3.60E-01 6.08E-01 9.71E-01 1.33E+00 1.52E+00 1.55E+00 1.44E+00 1.25E+00 1.04E+00 8.33E-01 

8.02E-02 2.71E-01 3.43E-01 5.86E-01 9.37E-01 1.30E+00 1.49E+00 1.53E+00 1.43E+00 1.24E+00 1.03E+00 8.28E-01 

8.06E-02 2.65E-01 3.32E-01 5.77E-01 9.16E-01 1.28E+00 1.47E+00 1.51E+00 1.41E+00 1.23E+00 1.02E+00 8.25E-01 

8.09E-02 2.57E-01 3.24E-01 5.65E-01 9.00E-01 1.27E+00 1.46E+00 1.50E+00 1.41E+00 1.23E+00 1.02E+00 8.23E-01 

8.10E-02 2.56E-01 3.22E-01 5.62E-01 8.96E-01 1.26E+00 1.45E+00 1.50E+00 1.40E+00 1.22E+00 1.02E+00 8.22E-01 

Table 2: detector characterization file ORTEC detector 

The x-dimension ranges from x = 0 to x = 0.05m, which is the maximum radius of sample beakers 

measured by this detector. The grid gets denser at the edge (x = 0.05m) because the volume of the 

beaker increases by x² (Figure 9). The influence of the copper shroud makes the efficiency fall 

sharply for x > 0.03m (detector’s radius = 0.0348m) (Figure 10). 
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A similar behavior is to be expected for the z-dimension: for higher z, efficiency tends to be lower 

due to the larger distance to the detector. The grid density is decreased accordingly (Figure 11). 

 

Figure 9: grid definition ORTEC detector characterization file 

 

Figure 10: Detector characterization file ORTEC – 
z = 0,0257 m – E = 60 keV 

 

Figure 11: Detector characterization filxe ORTEC – x = 0,00m 
– E = 60 keV 

The DCF value for an arbitrary point in the covered space is obtained by linear interpolation. 

6.2.4 Experimental verification using a detector characterization device (DCD)  

Calibration sources with an appropriate activity (Co-60, Cs-137, Am-241) are measured using a so-

called detector characterization device (DCD), Figure 12: 

 Co-60: Nr. AY840, 438 kBq at 01.05.1992; 1173 and 1333 keV 

 Cs-137: Nr. DO-933, 47.9 kBq at 01.01.1994; 662 keV 

 Am-241: Nr. DO-931, 35.5 kBq at 01.01.1994; 60 keV 

The DCD consists of 3 pillars, on which a ring can be attached in different heights (Figure 14). This 

ring serves as a supporting surface for a circular lid (Figure 13). This circular lid has a cut-out notch 

in which a calibration source can be mounted (cellar tape) in such a way that there is no shielding 
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between source and detector. 15° angles and 10 mm interspaced circles were marked on the lid. 

The DCD allows the positioning of a calibration source in any (x,y,z)-coordinate inside the detector’s 

lead castle. 

Although circular symmetry for the detector is assumed, 4 angles  (spherical coordinates) are 

measured by turning the circular lid: /2, , 3/2, 2. 

A summed peak correction, dependent on the source-detector distance, was applied for the 

1173 keV and the 1332 keV peaks of the Co-60 source (data calculated with EFFTRAN [7]): 

Distance source-
detector (m) 

Correction 
factor (-) 

0.024 1.07 

0.044 1.04 

0.064 1.02 

0.104 1.01 

0.144 1.01 
Table 3: summed peak correction factors for 1173 and 1332 keV peaks of Co-60 

.

 

Figure 12: calibration sources for the ORTEC DCD 

 

Figure 13: Lid ORTEC DCD 

 

Figure 14: Pillars ORTEC DCV 

 

Figure 15: ORTEC DCD assembly 
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6.2.5 Comparison experimental data and theoretical detector characterization 

In order to compare the experimental data with the results of the theoretical detector 

characterization, a DCF is put together using the spherical coordinate system (s. Chap. 6.2.2): 

 𝜀(𝑟, 𝜃) = ∑
𝑎𝑖(𝜃)

𝑟𝑖
6
𝑖=0  (31) 

The coefficients 𝑎𝑖(𝜃) depend on  and on the energy. Four energies were calculated: 60 keV (Am-

241); 662 keV (Cs-137), 1173 keV (Co-60) and 1333 keV (Co-60). Results, including the regression 

coefficient R², are summarized in Table 4.  ranges from 0 to 1.41. This value was chosen slightly 

beyond the maximum  reached in the experiment. 

The efficiency at an arbitrary value of  between two of the  (say - and +) listed in Table 4 is 

obtained by linear interpolation: 

 𝜀(𝑟, 𝜃) =
𝜃−𝜃−

(𝜃+−𝜃−)
(𝜀(𝑟, 𝜃+) − 𝜀(𝑟, 𝜃−)) + 𝜀(𝑟, 𝜃−) (32) 

STQ a6 [m6] a5 [m5] a4 [m4] a3 [m3] a2 [m2] a1 [m1] a0 [-] R² [-] 

59.54 keV        
 

0.00E+00 -1.10E-11 2.83E-09 -2.91E-07 1.52E-05 -4.21E-04 5.32E-03 3.54E-01 0.9999986 

2.82E-01 -1.60E-12 4.62E-10 -5.45E-08 3.33E-06 -1.05E-04 1.07E-03 2.48E-02 0.9999999 

5.65E-01 3.09E-12 -7.34E-10 6.55E-08 -2.61E-06 4.13E-05 -4.13E-04 2.72E-02 0.9999990 

8.47E-01 -3.70E-13 -4.20E-11 1.77E-08 -1.37E-06 3.24E-05 -2.11E-04 2.08E-02 0.9999988 

1.13E+00 -9.28E-12 1.73E-09 -1.02E-07 1.54E-06 3.06E-05 -4.73E-04 1.48E-02 0.9999728 

1.41E+00 -1.37E-10 3.08E-08 -2.61E-06 1.04E-04 -1.98E-03 1.75E-02 -5.23E-02 0.9986448 

661.57 keV         

0.00E+00 8.81E-09 -2.58E-06 3.15E-04 -2.04E-02 6.65E-01 -3.42E-01 8.14E-01 0.9999999 

2.82E-01 3.33E-08 -7.90E-06 7.60E-04 -3.86E-02 1.04E+00 -3.24E+00 7.59E+00 0.9999996 

5.65E-01 5.98E-09 -2.24E-06 3.29E-04 -2.45E-02 8.81E-01 -2.91E+00 8.22E+00 0.9999962 

8.47E-01 -4.91E-08 1.02E-05 -7.22E-04 1.60E-02 2.13E-01 1.67E+00 -3.96E+00 0.9999971 

1.13E+00 -1.62E-07 3.54E-05 -2.82E-03 9.43E-02 -1.00E+00 9.07E+00 -2.21E+01 0.9999989 

1.41E+00 -6.01E-07 1.41E-04 -1.24E-02 4.94E-01 -8.58E+00 6.77E+01 -1.81E+02 0.9998183 

1173.45 keV         

0.00E+00 5.24E-09 -2.03E-06 2.92E-04 -2.06E-02 7.01E-01 -3.72E-02 -2.90E-02 0.9999999 

2.82E-01 4.19E-08 -9.92E-06 9.44E-04 -4.69E-02 1.24E+00 -4.33E+00 1.08E+01 0.9999999 

5.65E-01 -1.65E-08 2.35E-06 -1.93E-05 -1.25E-02 7.07E-01 -1.00E+00 3.27E+00 0.9999997 

8.47E-01 -5.72E-08 1.18E-05 -8.35E-04 1.88E-02 2.16E-01 2.30E+00 -5.43E+00 0.9999982 

1.13E+00 -1.48E-07 3.23E-05 -2.57E-03 8.35E-02 -7.52E-01 7.95E+00 -1.92E+01 0.9999995 

1.41E+00 -5.38E-07 1.27E-04 -1.11E-02 4.37E-01 -7.30E+00 5.75E+01 -1.52E+02 0.9999288 

1332.86 keV         

0.00E+00 6.93E-09 -2.42E-06 3.27E-04 -2.21E-02 7.35E-01 -1.77E-01 3.12E-01 1.0000000 

2.82E-01 2.85E-08 -7.28E-06 7.49E-04 -4.01E-02 1.12E+00 -3.32E+00 8.04E+00 0.9999998 

5.65E-01 -9.11E-09 5.36E-07 1.51E-04 -2.01E-02 8.75E-01 -2.38E+00 7.51E+00 0.9999993 

8.47E-01 -6.06E-08 1.27E-05 -9.26E-04 2.27E-02 1.44E-01 3.02E+00 -7.32E+00 0.9999994 

1.13E+00 -1.61E-07 3.49E-05 -2.75E-03 8.99E-02 -8.51E-01 8.93E+00 -2.19E+01 0.9999991 

1.41E+00 -5.35E-07 1.26E-04 -1.11E-02 4.36E-01 -7.26E+00 5.74E+01 -1.52E+02 0.9999300 

Table 4: coefficients 𝒂𝒊(𝜽) for the ORTEC Labor Detector 
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Using the data in Table 4 and the linear interpolation for , the theoretical efficiencies in the DCF 

are compared to the experimental ones, recorded using the DCD. 

 

Figure 16: comparison experiment-theory lab detector 
60 keV 

 

Figure 17: comparison experiment-theory lab detector 
662 keV 

 

Figure 18: comparison experiment-theory lab detector 
1173 keV 

 

Figure 19: comparison experiment-theory lab detector 
1333 keV

The deviations remain below ±10%. As the deviation between the measurements having the same r 

and the same  at 4 angles  (s. above) appears to be in the same order, these results are accepted 

to be the validation of the detector characterization methodology. 

Deviations can be due to counting statistics (from 1% up to 5% especially for higher ), positioning 

inaccuracy (e.g. for  = 1 rad a positioning inaccuracy of 1 mm leads to a deviation of 3 %), 

algorithms in the analysis software, etc. 

6.3 In-Situ detector CANBERRA (ISOCS) 

The detector which is discussed in this chapter, is a High purity Germanium (HpGe) BEGe detector, 

SN B13060 [16]. 

6.3.1 Technical data 

See chapter 6.1.4 for dimensions. 

 Cooled by liquid nitrogen – Dewar 

 HV = 4150 VDC 
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6.3.2 Results of the theoretical approach 

As the distances between detector and the measured object in the case of the in-situ detector are 

much larger than the detector size, a 2nd order fit for the efficiency is opted for: 

 𝜀𝐷(𝑟, 𝜃) = 𝑚0(𝜃) +
𝑚2(𝜃)

𝑟2
; 𝑟 > 0.285 𝑚 (33) 

The coefficients m are a function of  and are listed together with the regression coefficient R² in 

Table 5 (for the example of 59.54 keV). 

𝜃 (rad) m0 (-) m2 (m2) R² (-) 

0.0000E+00 2.33E-04 1.54E-02 9.9999E-01 

2.1055E-01 -5.35E-04 1.48E-02 9.9999E-01 

4.2109E-01 -2.08E-04 1.31E-02 9.9999E-01 

6.3164E-01 2.36E-04 1.10E-02 9.9987E-01 

8.4218E-01 -6.53E-04 9.17E-03 9.9979E-01 

1.0527E+00 1.31E-03 -1.06E-05 5.0084E-01 
Table 5: coefficients 𝒎𝟎(𝜽).  𝒎𝟐(𝜽) and R² for the ISOCS detector with collimator at 59.54 keV 

From 𝜃 > 1 the fit quality decreases because of the influence of the collimator, which is very 

pronounced at 59.54 keV. At larger distances r,  being constant, the collimator’s shielding influence 

decreases. For this reason and for the fact that in practice all measured activity is positioned in such 

a way that the collimator doesn’t interfere, the experimental validation (see chapter 6.3.3) is limited 

to  ≈ 0.8 ≈ /4. 

6.3.3 Experimental results using the detector characterization device (DCD)  

The calibration nuclides used are identical to the ones in Chap. 6.2.4, with the addition of Eu-152. 

The DCD consists of a wooden box (ca. 1 m x 1 m x 1 m), into which a wooden board (1 m x 1 m) can 

be inserted. Aluminium racks on the side walls every 10 cm assure accurate positioning of the 

sources (Figure 20 and Figure 21). 

 Co-60: STQ LM-163, 404 kBq on 01.03.2003: 

o 1173 and 1333 keV 

 Cs-137: STQ LM-165, 404 kBq on 01.03.2003: 

o 662 keV 

 Eu-152: STQ KF-624, 409 kBq on 01.12.2001: 

o 122, 344, 779, 964, 1086, 1112 and 1408 keV 

 Am-241: STQ LM-168, 373 kBq on 01.03.2003: 

o 60 keV 
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Figure 20: DCD front – wooden board 

 

Figure 21: DCD top view aluminium racks

 

Although circular symmetry is assumed for the detector, all 

4 positions ((𝑥𝑆𝑇𝑄 , 0); (0, 𝑦𝑆𝑇𝑄); (−𝑥𝑆𝑇𝑄 , 0); (0, −𝑦𝑆𝑇𝑄) being  𝑥𝑆𝑇𝑄 = 𝑦𝑆𝑇𝑄) on the wooden board 

were measured. The positions measured are listed in Table 6 (only 𝑥𝑆𝑇𝑄 listed): 

𝑧𝑆𝑇𝑄 (m) 𝑥𝑆𝑇𝑄 (m) - 

(𝑥𝑆𝑇𝑄 , 0); (0, 𝑦𝑆𝑇𝑄); (−𝑥𝑆𝑇𝑄 , 0); (0, −𝑦𝑆𝑇𝑄) 

0.285 0; 0.1; 0.2; 0.3 

0.385 0; 0.1; 0.2; 0.3; 0.4 

0.585 0.1; 0.4 

0.785 0 

0.985 0 

1.185 0; 0.5 
Table 6: Measurement positions ISOCS DCD 

The measurement time was adjusted in such a way, that the statistical (counting) 

uncertainty (1) < 1%. 

6.3.4 Comparison experimental results and theoretical detector characterization 

In Figure 22 the experimental results using the DCD are compared to the theoretical 

characterization, showing the results for energy = 59,54 keV.
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Figure 22: comparison experimental results and theoretical detector characterization – plotted vs.  

The theoretical approach differs up to 10% from the experimental data, tending to be larger at 

higher , due to the influence of the collimator. The differences between the four 

measurements (s. above) at constant  are larger than the difference between theoretical and 

experimental results. The differences between the four measurements at constant  are due to 

inaccurate positioning of the DCD as they don’t seem to be dependent on 𝑥𝑆𝑇𝑄 or 𝑦𝑆𝑇𝑄. 
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7 200L Drum (F2) 
The 200L Drum (F2) is by far the most used container for bigger quantities of waste (e.g. excavated 

soil, debris from decommissioned facilities, etc.) at Nuclear Engineering Seibersdorf GmbH (NES). 

The approach explained below is independent of particular dimensions and sizes. It can be extended 

to any cylindrical geometry having its symmetry axis perpendicular to the detector’s symmetry axis. 

7.1 Technical data 

Dimensions: 

Internal radius R = 28 cm; Diameter D = 56 cm 

Wall thickness t = 0.15 cm 

Height of contents H = 81 cm (corresponding to 200L) 

Height of the drum = 92.3 cm (incl. lid) 

 

Figure 23: 200L Drum A200 

The drum is made of carbon steel. Tara weight (incl. lid) = 57 kg. The lid is mounted by 10 screws 

and closes by a seal on the drum. Further details are provided in the technical drawing in Appendix 

1. 

This chapter‘s layout: 

7.2 Theoretical calculation of the efficiency of a point source in the drum (r,,z). 

7.3 By integrating (r,,z), 𝜀(r, z) =
1

2𝜋
∫ 𝜀(r, 𝜃, z)dθ
2𝜋

0
 is determined. This efficiency is the one 

needed for the point source in a drum on a rotary table. 

7.4 One more integration leads to 𝜀(z) =
1

𝜋𝑅2
∫ 𝜀(r, z)2𝜋𝑟dr
𝑅

0
 

7.5 In order to obtain the efficiency for a drum with homogeneous activity distribution, we need 

𝜀 =
1

𝐻
∫ 𝜀(z)dz
𝐻
2⁄

−𝐻
2⁄
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7.2 Theoretical approach efficiency of a point source in the F2 𝜺𝑭𝟐(𝒓, 𝜽, 𝒛) 

The point source STQ can be anywhere inside the F2 volume: 

𝑥𝑆𝑇𝑄 =  𝑟𝑆𝑇𝑄 ∙ sin(𝜔𝑆𝑇𝑄) 

𝑦𝑆𝑇𝑄 =  𝑟𝑆𝑇𝑄 ∙ cos (𝜔𝑆𝑇𝑄)  

𝑧𝑆𝑇𝑄 =  𝑧𝑆𝑇𝑄 

 

Figure 24: top view of F2 

The F2 has a classical cylindrical coordinate system. Mind that the z-axis of the detector system is 

perpendicular to the z-axis in the F2 system. In the laboratory system (chap. 9) the z-axes of 

detector and beaker will be parallel. 

kADM is the smallest distance between detector and active material. 

The point source is assumed to have dimensions small enough to consider it a geometric point. The 

F2 is filled with a matrix material (KCl in the experimental validation). 

The approach to determine the efficiency of a point source in the F2 ε(r,,z) is similar to the 

techniques used in chap. 6.1.2. 

The intersections with the inner and the outer drum wall are calculated: ISF2in; ISF2out 



42/89 

The path length through the matrix material 

 PLmat = √(𝑥𝑆𝑇𝑄 − 𝑥𝐼𝑆𝐹2𝑖𝑛)
2 + (𝑦𝑆𝑇𝑄 − 𝑦𝐼𝑆𝐹2𝑖𝑛)

2 + (𝑧𝑆𝑇𝑄 − 𝑧𝐼𝑆𝐹2𝑖𝑛)
2)  (34) 

Similarly for the path length through the F2’s wall: 

 PLwall = √(𝑥𝐼𝑆𝐹2𝑜𝑢𝑡 − 𝑥𝐼𝑆𝐹2𝑖𝑛)
2 + (𝑦𝐼𝑆𝐹2𝑜𝑢𝑡 − 𝑦𝐼𝑆𝐹2𝑖𝑛)

2 + (𝑧𝐼𝑆𝐹2𝑜𝑢𝑡 − 𝑧𝐼𝑆𝐹2𝑖𝑛)
2 (35) 

Hence the efficiency of a point source in the F2: 

 𝜀𝐹2(𝑟, 𝜔, 𝑧) = exp (−𝜇𝑚𝑎𝑡𝑃𝐿𝑚𝑎𝑡) ∙ exp (−𝜇𝑤𝑎𝑙𝑙𝑃𝐿𝑤𝑎𝑙𝑙) (36) 

7.3 Calculation of 𝜺(𝒓, 𝒛) 

7.3.1 Algorithm 

The efficiency 𝜀(𝑟, 𝑧) is the weighted integral for 0 ≤  𝜔 ≤ 2𝜋: 

 𝜀(𝑟, 𝑧) =  
1

2𝜋
∫ 𝜀(𝑟, 𝜔, 𝑧)𝑑𝜔
2𝜋

0
 (37) 

Due to the cylindrical symmetry it simplifies to: 

 𝜀(𝑟, 𝑧) =  
1

𝜋
∫ 𝜀(𝑟, 𝜔, 𝑧)𝑑𝜔
𝜋

0
 (38) 

 

In Figure 25 the efficiency 𝜀(𝑟, 𝜔, 𝑧) in a F2 at r = 0.28 m and z = 0.000625 m is plotted as a function 

of  at an energy of 59.54 keV. Figure 25 shows that the algorithm can take a coarser grid for  at 

higher , without jeopardizing the accuracy. This is due to the far lower contribution to the 

efficiency for  being high (strong shielding for a photon traveling through the matrix in the drum). 

The integration algorithm uses the trapezium rule, dividing the grid size by two, if the finer grid 

contributes significantly (convergence criterion CC) to better accuracy. The convergence criterion 

CC is set to 0.01. 

Algorithm (cf. chap. 6.1.3): 

- step 0:  = 0,  = (r,0,z), (r,,z) - (r,z) = 
1

𝜋

𝜀(𝑟,0,𝑧)+𝜀(𝑟,𝜋,𝑧)

2
 

- step i: for 𝜔𝑖
𝑗=0

= 0 to 𝜔𝑖
𝑁𝑖 = 𝜋:  𝜔𝑖

𝑗
, 𝜔𝑖

𝑗+1
  

if  

(

  
 

(

 
 
 𝜀(𝑟, 𝜔𝑖

𝑗
, 𝑧) + 2𝜀 (𝑟,

𝜔𝑖
𝑗
+ 𝜔𝑖

𝑗+1

2
, 𝑧) + 𝜀(𝑟, 𝜔𝑖

𝑗+1
, 𝑧)

4

)

 
 
− (

 𝜀(𝑟, 𝜔𝑖
𝑗
, 𝑧) + 𝜀(𝑟, 𝜔𝑖

𝑗+1
, 𝑧)

2
)

)

  
 

 𝜀𝑖(𝑟, 𝑧)
> 𝐶𝐶𝜔 

𝜔𝑖
𝑗
+𝜔𝑖

𝑗+1

2
 will be an extra grid point for step i+1. 
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- Algorithm ends if |1 −
𝜀𝑖(𝑟,𝑧)

𝜀𝑖+1(𝑟,𝑧)
| < 𝐶𝐶, CC being the overall convergence criterion. This may 

lead to aborting the algorithm after the overall convergence criterion CC is met, even if in 

some parts of the grid, CC is not yet met. 

 

Figure 25 shows an example of the adapted grid size, in function of the contribution to the 

final integral: for 𝜔 >
𝜋

2
  the grid size is 4 times bigger than for 𝜔 <

𝜋

2
. 

 

Figure 25: Efficiency 𝜺(𝒓,𝝎, 𝒛) at r = 0.28 m and z = 0.000625 m – E = 59.54 keV 

 

Figure 26: Data output for r = 0.28 m and z = 0.000625 m 
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Figure 26 shows the data output of the algorithm for r = 0.28 m and z = 0.000625 m: 

- 1st column: 1.0 or -1.0: -1.0 means that a finer grid in  is not necessary, i.e. CC is met. 

- 2nd column: 𝜔𝑗 

- 3rd column: 𝜀(𝑟, 𝜔𝑗 , 𝑧) 

- Second to last row: efficiency 𝜀(𝑟, 𝑧) =  
1

𝜋
∫ 𝜀(𝑟, 𝜔, 𝑧)𝑑𝜔
𝜋

0
 

- Last row: convergence |1 − 𝜀𝑖+1(𝑟,𝑧)

𝜀𝑖(𝑟,𝑧)
| 

Figure 26 shows clearly that a finer grid for  in many integrating points would be necessary 

according to CC. The overall convergence criterion 𝜀(𝑟, 𝑧) = 0.01 however was 

met (convergence = 0.0051) and hence the iteration was aborted. 

 

Figure 27: Convergence efficiency 𝜺(𝒓, 𝒛) after 4 steps r = 0.28 m and z = 0.000625 m 

 

Figure 28: Data output for r = 0.28 m and z = 0.000625 m after 4 steps 

Figure 27 and Figure 28 show the convergence of the efficiency 𝜀(𝑟, 𝑧). 

7.4 Determination of 𝜺(𝒛) 

7.4.1 Algorithm 

The efficiency 𝜀(𝑧) is the weighted integral for 0 ≤  𝑟 ≤  𝑅: 

 𝜀(𝑧) =  
1

𝜋𝑅2
∫ 𝜀(𝑟, 𝑧) ∙ 2𝜋𝑟 ∙ 𝑑𝑟
𝑅

0
 (39) 

Where 𝜀(𝑟, 𝑧) is determined as described in chap. 7.3. 
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7.4.2 Results 

 

Figure 29: Integration points r for the determination of 𝜺(𝒛), 𝜺(𝒓, 𝒛) is shown at z = 0.000625 m, Energy = 59.54 keV 

In Figure 29 an exponential dependence of the efficiency (log-scale plot) on the radius could be 

recognized. Numerically, the algorithm would converge faster if the integration would be executed 

using exponential fitting functions instead of the linear ones using the trapezium formula. 

This variant was tried out for the case of z = 0.000625 m and energy = 59.54 keV. 

 𝜀(𝑟, 𝑧) = 𝑏𝑖 ∙ exp(𝑎𝑖 ∙ 𝑟) für 𝑟𝑖 < 𝑟 < 𝑟𝑖+1 (40) 

 𝑎𝑖 =
ln (

𝜀(𝑟𝑖+1,𝑧)

𝜀(𝑟𝑖,𝑧)
)

𝑟𝑖+1−𝑟𝑖
 (41) 

 𝑏𝑖 = 𝜀(𝑟𝑖, 𝑧) ∙ exp(−𝑎𝑖 ∙ 𝑟𝑖) (42) 

Result: instead of 32 integrating points for the trapezium formula, 85 are needed for the 

exponential fitting functions. 

 Trapezoid Exponential 

# points 32 85 

Convergence 0.0024 0.0028 

Efficiency 2.057E-04 2.0499E-04 
Table 7: Comparison convergence 𝜺(𝒓, 𝒛) – trapezium rule vs. exponential fitting functions 

The reason for this result is the non-exponential behavior for higher radii. In Figure 30 a cut-out of 

𝜀(𝑟, 𝑧) for 0.24 < r 0.28 is shown. The figure shows in blue the calculated efficiency points and in red 

the exponential fit through the original 32 integration points in the trapezium algorithm. It is clearly 

seen that an exponential fit tends to underestimate the “real” calculated efficiencies. As the 

trapezium rule is very robust and a more developed interpolation doesn’t bring advantages, the 

trapezium rule is kept for all cases. 



46/89 

 

Figure 30: 𝜺(𝒓, 𝒛) for 0.24 < r 0.28 – Algorithm and exponential fit 

 

Figure 31: Data output for z = 0.000625 m, Energy = 59.54 keV 
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Figure 31 shows the data output of the algorithm for z = 0.000625 m. Cf. Figure 26. 

- 1st column: 1.0 or -1.0: -1.0 means that a finer grid in r is not necessary, i.e. CCr is met. 

- 2nd column: 𝑟𝑗 

- 3rd column: 𝜀(𝑟𝑗, 𝑧) 

- Second to last row: efficiency 𝜀(𝑧) =  
1

𝜋𝑅2
∫ 𝜀(𝑟, 𝑧) ∙ 2𝜋𝑟 ∙ 𝑑𝑟
𝑅

0
 

- Last row: Convergence |1 − 𝜀𝑖+1(𝑧)

𝜀𝑖(𝑧)
| 

Figure 31 shows clearly that a finer grid for 0.2625 <  r < 0.28 would be necessary according to 

CCr. 

The overall convergence criterion for 𝜀(𝑧) = 0.01 however was met before (convergence = 0.0038) 

and hence the iteration was aborted. 

In Figure 32 and Figure 34 a comparison is shown of 2 runs: one with the convergence criterion 

CCr = 0.01 and the other with CCr = 0.001. The latter run takes one more step, due to the higher 

accuracy desired. The results however differ by less than 0.2%. Therefore the convergence criterion 

CCr = 0.01 is kept. 

 

Figure 32: Convergence 𝜺(𝒛) CCr = 0.01 

  

 

Figure 33: Convergence 𝜺(𝒛) CCr = 0.01 

 

 

Figure 34 : Convergence 𝜺(𝒛) CCr = 0.001  

 

Figure 35: Convergence 𝜺(𝒛) CCr = 0.001 
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7.5 Determination of 𝜺 

7.5.1 Algorithm 

The efficiency 𝜀 is the weighted integral for 
−𝐻

2
 ≤  𝑧 ≤  

𝐻

2
: 

 𝜀 =  
1

𝐻
∫ 𝜀(𝑧)𝑑𝑧
𝐻

2
−𝐻

2

 (43) 

Where 𝜀(𝑧) is determined as described in chap. 7.4. 

7.5.2 Results 

 

Figure 36: Integration points z for the determination of 𝜺, showing 𝜺(𝒛) at energy = 59.54 keV 

 

 

Figure 37: Data output for energy = 59.54 keV 

Figure 37 shows the data output of the algorithm for the entire F2, energy = 59.54 keV, cf. Figure 26 

and Figure 31. The height z (2nd column) is not symmetrical around z = 0 (-0.455 < z < 0.355), as the 
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ISOCS set-up doesn’t allow lower heights and hence the lowest possible position of the ISOCS 

detector center lies 5 cm above the center of the drum F2. 

- 1. column: 1.0 or -1.0: -1.0 means that a finer grid in z is not necessary, i.e. CCz is met. 

- 2. column: 𝑧𝑗 

- 3. column: 𝜀(𝑧𝑗) 

- Second to last row: efficiency 𝜀 =   
1

𝐻
∫ 𝜀(𝑧)𝑑𝑧
𝐻

2
−𝐻

2

 

- Last row: convergence |1 − 𝜀𝑖+1

𝜀𝑖
| 

 

Figure 38: Convergence for energy = 59.54 keV 

 

7.6 Validation of the efficiencies through measurements 

7.6.1 F2 homogeneous activity distribution 

In order to measure the efficiency of a drum with homogeneous activity distribution, a F2 was filled 

with KCl fertilizer (Kali 60 – 95.4 wt% KCl [17]). 

Potassium has a radioactive isotope 40K (isotopic abundance 𝜂𝑖𝑠𝑜 = 0.0117%), having a half-life 

𝑇1
2

( 𝐾40 ) of 1.25 E+09 a. While decaying, K-40 emits a 1461 keV gamma with a 𝜂1461 = 10.66 % 

yield. 

The total mass of Kali 60 fertilizer filled in the drum was 𝑚𝐾𝑎𝑙𝑖 = 200 kg. The activity of 40K equals 

then: 

 𝐴( 𝐾40 ) = 0.954 ∙ 𝜂𝑖𝑠𝑜 ∙
𝑙𝑛(2)

𝑇1
2

( 𝐾40 )
∙ 𝑚𝐾𝑎𝑙𝑖 ∙

𝑁𝐴

𝐴40
∙

𝐴𝐾

𝐴𝐾+𝐴𝐶𝑙
= 3.0971 106 𝐵𝑞 (44) 

Where: 

 𝑁𝐴 Avogrado number = 6.022 1023 mol-1 

 𝐴40 molar mass of 40K = 39.964 g/mol 

 𝐴𝐾  molar mass of K = 39.098 g/mol 

 𝐴𝐶𝑙  molar mass of Cl = 35.453 g/mol 

The data output file of the F2 with homogeneous activity distribution at 1461 keV is shown in Figure 

39. The data structure is the same as in Figure 37, the 2nd column being the z-coordinate. The 

efficiency averaged over the entire drum equals 0.2483. The filling height equals 0.81 m. 
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Figure 39: Data output F2 with homogeneous activity distribution at 1461 keV 

In order to obtain the “real” efficiency [
𝑐𝑝𝑠 𝑁𝑃𝐴

𝐵𝑞
], the sensitivity of the detector SOD as a function of 

the energy has to be determined. In order to do so, the count rates (𝑁𝑃𝐴𝐸𝛾) measured during the 

characterization’s validation of the ISOCS detector (chap. 6.3.3) were divided by the certified 

activities (𝐴𝑐𝑒𝑟𝑡) of the calibration sources and by the DCF efficiencies (𝐷𝐶𝐹𝐸𝛾): 

 𝑆𝑂𝐷𝐸𝛾 =
𝑁𝑃𝐴𝐸𝛾  (𝑐𝑝𝑠)

𝐴𝑐𝑒𝑟𝑡∙𝜂𝐸𝛾∙𝐷𝐶𝐹𝐸𝛾
 (45) 

resulting in Table 8 and Figure 40:

Energy 
(keV) 𝑆𝑂𝐷𝐸𝛾  

344 2.50E-04 

662 1.04E-04 

779 8.60E-05 

964 6.81E-05 

1173 5.89E-05 

1332 5.10E-05 

1408 4.29E-05 
Table 8: sensitivity of detector SOD for different energies 

 

Figure 40: SOD for ISOCS B13060

The SOD data can be fitted with an exponential fit (Figure 40) 

𝑆𝑂𝐷𝐸𝛾 = 𝑎 (𝐸𝛾)
𝑏
; 𝑎 = 0.2489; 𝑏 = −1.1897 

An extrapolation for 𝐸𝛾 = 1461 𝑘𝑒𝑉 yields 𝑆𝑂𝐷𝐸𝛾 = 4.28 10
−5 𝑐𝑝𝑠/𝐵𝑞. Using the formula above, the 

activity 40K measured in the F2 equals: 

 𝐴( 𝐾40 ) =
𝑁𝑃𝐴𝐸𝛾  (𝑐𝑝𝑠)

𝑆𝑂𝐷𝐸𝛾 ∙𝜂𝐸𝛾∙𝐷𝐶𝐹𝐸𝛾
=

3.56 𝑐𝑝𝑠

(4.28 10−5 
𝑐𝑝𝑠

𝐵𝑞
)∙(0.1066)∙(0.2483)

= 3.142 106𝐵𝑞 (46) 

The deviation between the theoretical model of the F2 with homogeneous activity distribution and 

the actual activity in the fertilizer is less than 1.5% (3.0971 106 vs. 3.142 106). 
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7.6.2 F2 with point sources on a rotary table 𝜺(𝒓, 𝒛) 

A dedicated device was designed in order to allow positioning of calibration sources (chap. 6.3.3) in 

defined positions in the F2. The device consists of 13 tubes, one in the center and 12 more dividing 

the cross-section of the F2 in equal parts (Figure 41). The F2 can be filled with an additional matrix 

material, as was done effectively with Kali-60 (chap 7.6.1). 

 

Figure 41: source positioning device F2 – top view 
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Figure 42: F2 on the rotary table, with the ISOCS detector in 
position 

 

 

Figure 43: F2 on the rotary table – top view 

 

The calibration sources were positioned in the center plane of the F2. As the ISOCS detector could 

not be positioned low enough (Figure 43), the level difference between the detector and the center 

plane equals 5 cm. This level difference was accounted for in the model. 

Due to the high shielding for Am-241 (60 keV), this calibration source was positioned in the 4 outer 

tubes (R10-R13) only. 

Energy (keV) Radionuclide R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 
59.54 Am-241          0.894 0.876 1.011 1.114 

121.78 Eu-152  1.113 1.043 0.929 0.990 1.071 1.016 0.967 0.958 0.965 0.935 1.006  

344.28 Eu-152 1.093 0.923 0.975 0.967 0.974 1.038 1.058 0.967 0.994 0.996 0.989 1.027  

661.61 Cs-137 0.963  0.974   0.993 1.000 0.988 0.996 1.006 1.002 1.039 1.046 

778.90 Eu-152 0.904 0.973 0.997 0.963 1.004 1.048 1.000 1.066 1.017 1.008 0.997 1.034  

964.06 Eu-152 1.043 0.967 0.890 0.982 0.988 1.058 1.029 0.986 0.981 1.013 1.030 1.030  

1112.08 Eu-152 0.964 0.988 1.046 0.987 0.998 1.037 1.045 0.977 1.021 0.982 0.962 0.993  

1173.3 Co-60 0.951 0.975   0.971 1.029 1.015 0.978 0.985 1.027 1.005 1.029 1.038 

1332.4 Co-60 0.985 0.975   0.976 1.022 1.001 0.976 0.990 1.015 0.999 1.020 1.041 

1408.01 Eu-152 1.050 0.930 0.932 0.967 0.989 1.020 1.019 0.976 0.998 1.031 1.043 1.047 
 

Table 9: Ratio Measurements/Model ISOCS F2 on the rotary table Co-60, Cs-137, Eu-152 and Am-241 

The data in Table 9 show a good to very good agreement between measurement and model results. 

Only for the lower energetic nuclides, the deviation exceeds 10%. As the measurement data 

themselves show an uncertainty of 5% (1), the data in Table 9 validate the modeling of chap. 7.3. 

7.7 Uncertainty due to heterogeneous activity distribution for F2 on a rotary 

table 

In order to determine the uncertainty of the efficiency in a F2 on a rotary table, a so called 

uncertainty matrix is developed. This uncertainty matrix comprises all efficiencies calculated by the 

algorithm of chap. 7.3-7.5. 

E.g. for 964 keV the uncertainty matrix is displayed in Figure 44. The first row shows the 

z-coordinates (-0.455 to 0.355 m). The first column shows the radii (0 to 0.28 m). 
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Figure 44: uncertainty matrix for F2 on a rotary table – E = 964 keV 

The average efficiency is calculated as (VF2 symbolizes the volume of the F2): 

 𝜀̅ =
1

𝑉𝐹2
∑ ∑ 𝜋(𝑟𝑖+1

2 − 𝑟𝑖
2)(𝑧𝑗+1 − 𝑧𝑗) (

𝜀(𝑟𝑖+1,𝑧𝑗+1)+𝜀(𝑟𝑖+1,𝑧𝑗)+𝜀(𝑟𝑖,𝑧𝑗+1)+𝜀(𝑟𝑖,𝑧𝑗)

4
)

𝑧+
𝑧−

𝑟𝑛= 𝑅𝐹2
𝑟0

 (47) 

The variance and standard deviation as: 

 𝜎2 =
1

𝑉𝐹2
∑ ∑ 𝜋(𝑟𝑖+1

2 − 𝑟𝑖
2)(𝑧𝑗+1 − 𝑧𝑗) (𝜀̅ −

𝜀(𝑟𝑖+1,𝑧𝑗+1)+𝜀(𝑟𝑖+1,𝑧𝑗)+𝜀(𝑟𝑖,𝑧𝑗+1)+𝜀(𝑟𝑖,𝑧𝑗)

4
)
2

𝑧+
𝑧−

𝑟𝑛= 𝑅𝐹2
𝑟0

 (48) 

Results of these summations for the F2 on the rotary table are shown for selected energies in Figure 

45. 

 

Figure 45: Results of the F2 on a rotary table 

In order to validate these calculations based on the uncertainty matrix, an approximation using a fit 

in r and z is used. This (continuous) approximation is then used to determine the efficiency 𝜀  ̅and 

the variance 𝜎�̅�
2. The results of the approximation (Table 10) are compared to the results of the 

uncertainty matrix (Figure 45). 

Due to the rotational nature of the efficiency, it is hard to express the efficiency in analytical 

functions. After some trial and error with exponential and polynomial functions, a combination of a 

1st degree polynomial in z and an exponential function in r is chosen: 

 𝜀(𝑟, 𝑧) = (𝑎 + 𝑏|𝑧|) ∙ exp (𝑚𝑟) (49) 

The efficiency 𝜀  ̅in the case of a homogeneous activity distribution would be: 

 𝜀̅ =
1

𝑉𝐹2
∬ 𝜀(𝑟, 𝑧) ∙ 2𝜋𝑟𝑑𝑟 ∙ 𝑑𝑧
𝑟=𝑅𝐹2; 𝑧=

𝐻𝐹2
2

𝑟=0; 𝑧=−
𝐻𝐹2
2

 (50) 
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For the purpose of this calculation a symmetrical setup is chosen – in reality the ISOCS detector is 

positioned 5 cm above the center plane of the F2. 

 𝜀̅ =
2∙2𝜋

𝑉𝐹2
∬ (𝑎 + 𝑏𝑧) ∙ exp(𝑚𝑟) ∙ 𝑟𝑑𝑟 ∙ 𝑑𝑧
𝑟=𝑅𝐹2; 𝑧=

𝐻𝐹2
2

𝑟=0;  𝑧=0
 (51) 

 𝜀̅ =
4𝜋

𝑉𝐹2
∫ exp(𝑚𝑟) ∙ 𝑟𝑑𝑟
𝑟=𝑅𝐹2

𝑟=0
∫ (𝑎 + 𝑏𝑧) ∙ 𝑑𝑧
𝑧=

𝐻𝐹2
2

𝑧=0
 (52) 

 ∫ exp(𝑚 ∙ 𝑟) ∙ 𝑟𝑑𝑟 =
1

𝑚
exp(𝑚 ∙ 𝑟) ∙ (𝑟 −

1

𝑚
) + 𝑐 (53) 

(53) and evaluation of the integral: 

 𝜀̅ =
4𝜋

𝑉𝐹2
[
1

𝑚
exp(𝑚𝑅𝐹2) (𝑅𝐹2 −

1

𝑚
) + (

1

𝑚
)
2

] [𝑎
𝐻𝐹2

2
+
𝑏

2
(
𝐻𝐹2

2
)
2

] (54) 

The variance 𝜎�̅�
2 in the case of a point source heterogeneous activity distribution would be: 

 𝜎�̅�
2 =

1

𝑉𝐹2
∬ (𝜀(𝑟, 𝑧) − 𝜀)̅2 ∙ 2𝜋𝑟𝑑𝑟 ∙ 𝑑𝑧
𝑟=𝑅𝐹2; 𝑧=

𝐻𝐹2
2

𝑟=0; 𝑧=−
𝐻𝐹2
2

 (55) 

 𝜎�̅�
2 =

4𝜋

𝑉𝐹2
∬ (𝜀(𝑟, 𝑧)2 − 2 ∙ 𝜀(𝑟, 𝑧) ∙ 𝜀 ̅ + 𝜀̅2) ∙ 𝑟𝑑𝑟 ∙ 𝑑𝑧
𝑟=𝑅𝐹2; 𝑧=

𝐻𝐹2
2

𝑟=0; 𝑧=0
 (56) 

 𝜎�̅�
2 =

4𝜋

𝑉𝐹2
∬ (𝜀(𝑟, 𝑧)2 − 𝜀̅2) ∙ 𝑟𝑑𝑟 ∙ 𝑑𝑧
𝑟=𝑅𝐹2; 𝑧=

𝐻𝐹2
2

𝑟=0; 𝑧=0
 (57) 

 𝜎�̅�
2 =

4𝜋

𝑉𝐹2
(∫ (a + bz)2 ∙ 𝑑𝑧

𝑧=
𝐻𝐹2
2

𝑧=0
∫ exp(2𝑚𝑟) ∙ 𝑟𝑑𝑟
𝑟=𝑅𝐹2

𝑟=0
) − 𝜀̅2 (58) 

 𝜎�̅�
2 =

4𝜋

𝑉𝐹2
[𝑎2 ∙

𝐻𝐹2

2
+ 𝑎𝑏 (

𝐻𝐹2

2
)
2

+
𝑏2

3
(
𝐻𝐹2

2
)
3

] [
1

2𝑚
exp(2𝑚𝑅𝐹2) (𝑅𝐹2 −

1

2𝑚
) + (

1

2𝑚
)
2

] − 𝜀̅2 (59) 

The results of the integrals above are shown in Table 10. 

 

Table 10: fit parameters, efficiencies and standard deviations for a F2 on the rotary table 

As can be seen in Table 10, the differences between a symmetrical setup and a 5 cm offset are 

below 1%. 

The fit parameter b in the linear fit in z for E = 59.54 keV is remarkably small, as only the outer shells 

of the F2 contribute to the efficiency and the shielding is not very dependent on the z-coordinate. 

Energy (keV) a b (m-1) m (m-1)   symm   setup  symm  setup

59,54 7,85E-10 -1,69E-09 5,29E+01 1,50E-04 1,48E-04 2,98E-04 2,98E-04

344,28 1,44E-02 -1,91E-02 8,95E+00 6,53E-02 6,50E-02 3,62E-02 3,63E-02

661,57 4,99E-02 -5,95E-02 6,22E+00 1,30E-01 1,30E-01 5,42E-02 5,45E-02

778,90 6,45E-02 -7,48E-02 5,66E+00 1,51E-01 1,51E-01 5,83E-02 5,87E-02

964,06 8,76E-02 -1,03E-01 4,99E+00 1,79E-01 1,78E-01 6,32E-02 6,38E-02

1173,45 1,12E-01 -1,27E-01 4,42E+00 2,06E-01 2,05E-01 6,63E-02 6,70E-02

1332,86 1,31E-01 -1,48E-01 4,35E+00 2,37E-01 2,36E-01 7,54E-02 7,62E-02

1408,01 1,41E-01 -1,47E-01 4,23E+00 2,53E-01 2,52E-01 7,69E-02 7,76E-02
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The fit parameter m in the exponential fit in r may be surprisingly positive, which again indicates 

that the biggest share in the efficiency is contributed by the outer shells and mainly there where the 

point source is closest to the detector. 

There is a very good agreement between the efficiencies in Table 10 and Figure 45. The standard 

deviations however seem to be underestimated by the fits. Closer examination of the data revealed 

that the efficiencies in the higher range tend to be underestimated by the exponential 

fit (compare Figure 30). 

The article [14] cited in the literature study (Chapter 5) calculated the same kind of uncertainty, 

using 3 Cs-137 sources and taking into account several more input uncertainties. Table 2 in the 

article lists the results for different values of the linear attenuation coefficient µ [cm-1]. The value in 

Table 2 [14] best fitting the results for Cs-137 (661,57 keV) in Figure 45 of this PhD is: 

𝜎(𝜀)

𝜀
= 40.0% ; 𝜇 = 0.0780 𝑐𝑚−1 

Compared to the value in Figure 45 of this PhD: 

𝜎(𝜀)

𝜀
=
0.06818

0.1325
= 51.4% ; 𝜇 = 0.0827 𝑐𝑚−1 

The slightly higher standard deviation is very likely due to 

- Activity concentration in one point instead of 3 

- Higher linear attenuation coefficient µ 

On the other hand, the article [14] takes more input uncertainties into account (s. chapter 5). 

Therefore the comparison is not straightforward, nonetheless the deviation being around 25% gives 

an indication for the correctness of both methodologies. 
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8 100L Drum (F1) 
The 100L Drum (F1) is a typical container for operational intermediate storage and transport. 

Smaller quantities of solid waste are collected in the 100L drum during operation. When the drum is 

filled, the drum is characterized by the ISOCS gamma-spectrometry system (Chap. 6.3) before it is 

transported to the next conditioning step (incineration or supercompaction). 

The chapter is very similar to Chap. 7, apart from the dimensions. Hence, only subchapters 

containing relevant differences will be discussed. 

8.1 Technical data 

Dimensions (see Appendix 2): 

Internal radius R = 22,5 cm; Diameter D = 45 cm 

Wall thickness t = 0.1 cm (erroneously displayed as 0.2 cm in Appendix 2) 

Height of contents H = 62.9 cm (corresponding to 100L) 

Height of the drum = 74.7 cm (incl. lid) 

 

 

Figure 46: 100L Drum F1 

The drum is made of carbon steel. Tara weight (incl. lid) = 12 kg. The lid is fixated by a clamping ring 

which closes by a seal on the drum. Further details are provided in the technical drawing in 

Appendix 2. 

The chapter‘s layout is identical to the one of Chap. 7. 

The detector is in the same set-up as for the 200L drum. Because of the lower height of the 100L 

drum, the height difference between detector and middle plane of the 100L drum equals 14 cm (see 

also chap. 7.5.2). 
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Unlike in Chap. 7, no extra calibration drum was constructed. The methodology is already validated 

using the 200L calibration drum in Chap. 7.6. 

8.2 Determination of 𝜺 

8.2.1 Results 

The graphic in Figure 47 is similar to chap. 7.5.2. The energy is 121,78 keV. Because of the 14 cm 

height difference between detector and the 100 L drum’s middle plan, most of the material lies 

lower than the detector. Leveling this difference out would have a beneficial effect on the average 

efficiency of the 100L drum. 

 

Figure 47: Integration points z for the determination of ε, ε(z) is shown at Energy = 121.78 keV 

8.3 Uncertainty due to heterogeneous activity distribution for F1 on a rotary 

table 

The same kind of uncertainty matrix like in chap. 7.7 is calculated. 

E.g. for 121.78 keV the uncertainty matrix is displayed in Figure 48. The first row shows the 

z-coordinates (-0.4545 to 0.1745 m). The first column shows the radii (0 to 0.225 m). 

 

Figure 48: uncertainty matrix for F1 on a rotary table – E = 121.78 keV 



58/89 

Results of these summations for the F1 on the rotary table are shown for selected energies in Figure 

49. 

 

Figure 49: Results of the F1 on a rotary table 

 

8.4 Comparison of the results for the 100 L and the 200 L drum 

If we compare the results of the 100L drum (Figure 49) to the ones of the 200L drum (Figure 45), it is 

obvious that the relative standard deviation compared to the average efficiency is lower for the 

100L drum than for the 200L drum. This is due to the smaller diameter of the 100L drum which 

leads to smaller “shielding extremes” than in the 200L drum. 

The shielding extremes are the locations of radioactivity where they are shielded by the matrix least 

and most, respectively. In the case of a rotating drum, the location of weakest shielding is in the 

periphery, on the border between matrix material and drum liner. The location of the strongest 

shielding is in the drum center line. The difference in shielding between these 2 extremes is 

dependent on the drum diameter. The bigger the diameter, the bigger the difference. 

In the case the drum is not being rotated, this difference gets even bigger, as the shielding 

extremes’ locations then lie between drum liner and matrix material closest to the detector on the 

one hand, and furthest from the detector on the other hand. The shielding difference in that case is 

caused by the diameter of the drum and not by the radius as is the case for a rotating drum. 

This effect is most clearly shown by the results at 59.54 keV (Am-241) where the ratio 
𝜎

𝜀
 for the 

200 L drum equals roughly 2 and for the 100 L drum equals roughly 0.6, which is a reduction of a 

factor of 3! 
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This conclusion explains why it is so important to measure the drums while they are rotating. The 

bigger the deviation between maximal and minimal possible shielding gets, the higher the 

uncertainty. This is especially true for low gamma energies like the 60 keV of Am-241. 

For the same reason, no simulations were run for non-rotating drums. The turning table has 

become an international standard for measurements of radioactive waste drums which have not 

been proven to be 100% homogeneous in their activity distribution. 
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9 450ml Beaker D45 
The 450ml beaker is often used for large scale sampling of soil on the premises of Nuclear 

Engineering Seibersdorf GmbH. 

9.1 Technical data 

Dimensions: 

Radius RD45 = 4.925 cm; Diameter DD45 = 9.85 cm 

Wall thickness tD45 = 1 mm 

Filling Height HD45 = 6.15 cm (corresponds to 450 ml) 

Total Height = 8.55 cm 

Wall material:  HDPE 

Tarra weight  (450 ml beaker without lid) = 25 g. 

Further details are to be found in Appendix 3. 

Figure 50 shows the 2 beaker sizes used in NES: 450 ml and 1000 ml. They only differ in filling 

height. The methodology for the 450 ml beaker can be easily extended to other beaker sizes. 

The methodology used here is similar to the one for the F2 (chap. 7). Only the relevant differences 

will be discussed. 

 

 

Figure 50: 450 ml and 1000 ml beaker 
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9.2 Theoretical determination of the efficiency of a point source in a 

450 ml beaker 

9.2.1 Sketch and definitions 

 

Figure 51: Sketch 450 ml beaker and the laboratory detector 

 DD45: inner diameter of the 450 ml beaker 

 HD45: filling height of the 450 ml beaker 

 t: wall thickness of the 450 ml beaker, constant 

 t1, t2, t3: thicknesses of eventual absorbers (not used) 

The point source STQ can be anywhere inside the 450 ml beaker’s volume: 

𝑥𝑆𝑇𝑄 =  𝑟𝑆𝑇𝑄 ∙ cos(𝜃𝑆𝑇𝑄) 

𝑦𝑆𝑇𝑄 =  𝑟𝑆𝑇𝑄 ∙ sin(𝜃𝑆𝑇𝑄)  

𝑧𝑆𝑇𝑄 =  𝑧𝑆𝑇𝑄 
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9.3 Calculation of 𝜺(𝒓, 𝒛) 

9.3.1 Algorithm 

As this lay-out exhibits cylindrical symmetry, 𝜃𝑆𝑇𝑄 =
𝜋
2⁄  reduces the setup to a 2D problem: 

 𝑥𝑆𝑇𝑄 =  0 

 𝑦𝑆𝑇𝑄 =  𝑟𝑆𝑇𝑄   

 𝑧𝑆𝑇𝑄 =  𝑧𝑆𝑇𝑄 

The intersections with the inner and the outer beaker’s wall are calculated: ISD45in; ISD45out 

The path length through the matrix material 

 PLmat = √(𝑦𝑆𝑇𝑄 − 𝑦𝐼𝑆𝐷45𝑖𝑛)
2 + (𝑧𝑆𝑇𝑄 − 𝑧𝐼𝑆𝐷45𝑖𝑛)

2)  (60) 

Similarly for the path length through the beaker’s wall: 

 PLwall = √(𝑦𝐼𝑆𝐷45𝑜𝑢𝑡 − 𝑦𝐼𝑆𝐷45𝑖𝑛)
2 + (𝑧𝐼𝑆𝐷45𝑜𝑢𝑡 − 𝑧𝐼𝑆𝐷45𝑖𝑛)

2 (61) 

Hence the efficiency of a point source in the beaker: 

 𝜀𝐷45(𝑟, 𝑧) = exp(−𝜇𝑚𝑎𝑡𝑃𝐿𝑚𝑎𝑡) ∙ exp(−𝜇𝑤𝑎𝑙𝑙𝑃𝐿𝑤𝑎𝑙𝑙) (62) 

9.4 Determination of 𝜺(𝒛) 

9.4.1 Algorithm 

The efficiency 𝜀(𝑧) is the weighted integral for 0 ≤  𝑟 ≤  𝑅: 

 𝜀(𝑧) =  
1

𝜋𝑅2
∫ 𝜀(𝑟, 𝑧) ∙ 2𝜋𝑟 ∙ 𝑑𝑟
𝑅

0
 (63) 

Where 𝜀(𝑟, 𝑧) is determined as described in chap. 9.3. 

9.4.2 Results 

Figure 52 shows the efficiencies (a.u.) for the the 450ml Beaker D45 on the laboratory detector. 

Z = 0.02 m – E = 60 keV. Z = 0.02 m corresponds to the bottom of the 450ml Beaker D45. The 

influence of the collimator is easy to notice, like in Figure 10. 
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Figure 52: Efficiencies in the 450ml Beaker D45 on the laboratory detector – z = 0.02 m – E = 59.54 keV 

 

9.5 Determination of 𝜺 

9.5.1 Algorithm 

The efficiency 𝜀 is the weighted integral for 𝑘𝐴𝐷𝑀 ≤  𝑧 ≤  𝑘𝐴𝐷𝑀 + 𝐻𝐷45: 

 𝜀 =  
1

𝐻𝐷45
∫ 𝜀(𝑧)𝑑𝑧
𝑘𝐴𝐷𝑀+𝐻𝐷45

𝑘𝐴𝐷𝑀
 (64) 

Where 𝜀(𝑧) is determined as described in chap. 9.4. 

9.5.2 Results 

Figure 53 shows the efficiencies (a.u.) for the the 450ml Beaker D45 on the laboratory detector. 

E = 60 keV. The algorithm adapts the mesh according to the relative contribution to the total 

efficiency: the grid is remarkably less dense for higher z. 



64/89 

 

Figure 53: Efficiencies in the 450ml Beaker D45 on the laboratory detector – E = 60 keV 

The results for all energies are listed in Figure 54. 

 

Figure 54: Efficiencies D45 laboratory detector for different energies 

9.6 Validation of the efficiencies through measurements 

9.6.1 D45 homogeneous activity distribution 

In order to measure the efficiency of a beaker with homogeneous activity distribution, a D45 was 

filled with KCl fertilizer. Using the same calculation method as in chap. 7.6.1 a filling of 500 g KCl 

yields 7,743 103 Bq. 
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In order to obtain the “real” efficiency [
𝑐𝑝𝑠 𝑁𝑃𝐴

𝐵𝑞
], the sensitivity of the detector SOD as a function of 

the energy has to be determined. In order to do so, the count rates (𝑁𝑃𝐴𝐸𝛾) measured during the 

characterization’s validation of the ORTEC Laboratory detector (chap. 6.2.3) were divided by the 

certified activities (𝐴𝑐𝑒𝑟𝑡) of the calibration sources and by the DCF efficiencies (𝐷𝐶𝐹𝐸𝛾): 

 𝑆𝑂𝐷𝐸𝛾 =
𝑁𝑃𝐴𝐸𝛾  (𝑐𝑝𝑠)

𝐴𝑐𝑒𝑟𝑡∙𝜂𝐸𝛾∙𝐷𝐶𝐹𝐸𝛾
 (45) 

resulting in Table 11 and Figure 55:

Energy 
(keV) 𝑆𝑂𝐷𝐸𝛾  

662 7.94E-05 

1173 4.51E-05 

1332 3.98E-05 
Table 11: sensitivity of ORTEC Laboratory detector SOD for 

different energies 

 

Figure 55: SOD for ORTEC Laboratory detector

The Eu-152 source was not used in the ORTEC laboratory detector characterization as its activity led 

to unreasonably high dead times (>70%). 

The SOD data can be fitted with an exponential fit (Figure 55) 

 𝑆𝑂𝐷𝐸𝛾 = 𝑎 (𝐸𝛾)
𝑏
; 𝑎 = 0.0476; 𝑏 = −0.985 (65) 

An extrapolation for 𝐸𝛾 = 1461 𝑘𝑒𝑉 yields 𝑆𝑂𝐷𝐸𝛾 = 3,63 10
−5 𝑐𝑝𝑠/𝐵𝑞. Using the formula above, the 

activity 40K measured in the D45 equals: 

 𝐴( 𝐾40 ) =
𝑁𝑃𝐴𝐸𝛾  (𝑐𝑝𝑠)

𝑆𝑂𝐷𝐸𝛾 ∙𝜂𝐸𝛾∙𝐷𝐶𝐹𝐸𝛾
=

3.38 𝑐𝑝𝑠

(3.63 10−5 
𝑐𝑝𝑠

𝐵𝑞
)∙(0.1066)∙(111.8)

= 7.813 103𝐵𝑞 (66) 

The deviation between the theoretical model of the D45 with homogeneous activity distribution 

and the actual activity in the fertilizer is under 1%. 

 

9.6.2 D45 with point sources on a positioning device 𝜺(𝒓, 𝒛) 

A dedicated device (s. Figure 58 - Figure 59) was designed and machined in order to allow 

positioning of calibration sources (chap. 6.3.3) in defined positions in the D45. The device consists of 

a rod with attached to it a disc where up to 3 sources can be positioned. The device is mounted on 

the hook that is used for moving samples during normal operation of the sample changer.
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Figure 56: positioning device 

 

Figure 57: positioning device with calibration sources 

 

Figure 58: positioning device for the D45 beaker in the 
laboratory detector 

 

Figure 59: positioning device top view

The D45 can be additionally filled with a matrix material, as was done effectively with Kali-

60 (chap 9.6.1). The experimental validation was started with a filling of approx. 10 mm of Kali-60, 

having the sources positioned slightly above it. Subsequently the beaker was filled up by repeatedly 

adding layers of approx. 5 mm of Kali-60 while having the sources positioned slightly above. This 

filling and positioning procedure was repeated 9 times, resulting in the end in a D45 with a filling 

height of 55 mm of Kali-60. 

The experiments were extended to a filling height in order to get validation results for the 1000 ml 

geometry (chap. 9.1) The filling height was increased in 10 mm steps up to 95 mm and in a 20 mm 

step up to 115 mm. As required measurement times increased with filling height, a higher step size 

was chosen. 
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Am-241 was used only up to 45 mm filling height as shielding became so strong that required 

counting statistics (1%) led to unreasonably long measurement times. Eu-152 was used instead for 

higher filling heights.

 

Figure 60: comparison experiment~theory D45 60 keV 

 

Figure 61: comparison experiment~theory D45 122 keV 

 

Figure 62: comparison experiment~theory D45 662 keV 

 

Figure 63: comparison experiment~theory D45 1408 keV 

Figure 60 to Figure 63 show the agreement between theory and experiment for the modeling of the 

D45 in the laboratory detector. Deviations are within ±10%, apart from Am-241 (60 keV). This might 

be due to nonhomogeneous shielding by the KCl fertilizer due to its relatively high grain size. 

Using the same arguments as for the F2 (chap. 7.6.2) these results can be accepted as a validation 

for the theoretical modeling of the D45. 

9.7 Uncertainty due to heterogeneous activity distribution for D45 

Using the same methodology as for the F2 (chap. 7.7) an uncertainty matrix is developed and the 

uncertainty is calculated (Figure 64). 
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Figure 64: efficiencies and uncertainties for D45 on the laboratory detector 

9.8 Uncertainty due to heterogeneous activity distribution for D45_n_v 

In order to overcome the high standard deviation for 59.54 keV, which is the only routinely used 

gamma line for the determination of Am-241, a new concept is introduced. In routine 

measurements in NES, the D45 beaker is once measured standing upward, once standing 

downward (lid down, bottom up). 

As far as the model is concerned, this geometry equals a D45 with 50% filling and is called 

“D45_n_v”. Results in Figure 65. 
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Figure 65: efficiencies and uncertainties for D45_n_v on the laboratory detector 
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10 Cuboid 
The 600 l stacking box (Figure 66) is used for interim storage of material waiting for being free 

released. These boxes are measured with the ISOCS detector. 

10.1 Technical data 

Dimensions: 

B600 = 110 cm; L600 = = 71 cm; H600 = 70 cm 

Wall thickness t600 = 2 mm 

 

Figure 66: 600L stacking box 



71/89 

10.2 Theoretical determination of the efficiency of a point source in a 600l 

stacking box 

10.2.1 Sketch and definitions 

 

Figure 67: cuboid 

The cuboid’s center is the center of the x,y,z coordinate system. The cuboid is hence defined by: 

 -B600/2 < xSTQ < B600/2 

 -L600/2 < ySTQ < L600/2 

 -H600/2 < zSTQ < H600/2 

The detector (ISOCS) looks in the positive y-direction. 

10.3 Calculation of 𝜺(𝒙, 𝒚, 𝒛) 

10.3.1 Algorithm 

See chap. 9.3, extended to 3 dimensions and in a Cartesian coordinate system. 

The path length through the matrix material 

 PLmat = √(𝑥𝑆𝑇𝑄 − 𝑥𝐼𝑆600𝑖𝑛)
2 + (𝑦𝑆𝑇𝑄 − 𝑦𝐼𝑆600𝑖𝑛)

2 + (𝑧𝑆𝑇𝑄 − 𝑧𝐼𝑆600𝑖𝑛)
2)  (67) 

The path length through the box’s wall: 

 PLwall = √(𝑥𝐼𝑆600𝑖𝑛 − 𝑥𝐼𝑆600𝑜𝑢𝑡)
2 + (𝑦𝐼𝑆600𝑖𝑛 − 𝑦𝐼𝑆600𝑜𝑢𝑡)

2 + (𝑧𝐼𝑆600𝑖𝑛 − 𝑧𝐼𝑆600𝑜𝑢𝑡)
2)  (68) 

Hence the efficiency of a point source in the box: 

 𝜀600(𝑥, 𝑦, 𝑧) = exp(−𝜇𝑚𝑎𝑡𝑃𝐿𝑚𝑎𝑡) ∙ exp(−𝜇𝑤𝑎𝑙𝑙𝑃𝐿𝑤𝑎𝑙𝑙) (69) 
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10.4 Determination of 𝜺(𝒚) 

10.4.1 Algorithm 

As the numerical challenge lies in the y-dimension of the cuboid, in a first step the efficiency 𝜀(𝑦) is 

determined. 

 𝜀(𝑦) =
1

𝐵

1

𝐻
∬ 𝜀(𝑥, 𝑦, 𝑧)𝑑𝑥𝑑𝑧
𝑥=

𝐵

2
;𝑧=

𝐻

2

𝑥=−
𝐵

2
;𝑧=−

𝐻

2

 (70) 

Using symmetry: 

 𝜀(𝑦) =
1
𝐵
2⁄

1
𝐻
2⁄
∬ 𝜀(𝑥, 𝑦, 𝑧)𝑑𝑥𝑑𝑧
𝑥=

𝐵

2
;𝑧=

𝐻

2
𝑥=0;𝑧=0

 (71) 

Using the same algorithm as in the previous chapters, a grid in the (x,z) plane is calculated. This 

same grid is then used to iterate in the y-dimension (chap. 10.5). An example for 60 keV is shown 

in Figure 68. 

 

Figure 68: x,z grid for 60 keV 

As can be seen in Figure 68, the grid mesh is constant in the x- as well as in the z-dimension. This is 

because efficiencies don’t vary dramatically in the (x,z) plane for constant y. 

10.4.2 Results 

Figure 69 shows the efficiency curve of the 600L Box as a function of y, in the case of 60 keV. Note 

the logarithmic scale and the variation of grid density in order to optimize computing time for 

accuracy. 
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Figure 69: Efficiencies in the 600L Box at 60 keV 

10.5 Determination of 𝜺 

10.5.1 Algorithm 

 𝜀 =
1

𝐿
∫ 𝜀(𝑦)𝑑𝑦
𝑦=

𝐿

2

𝑦=−
𝐿

2

 (72) 
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10.5.2 Results 

 

 

Figure 70: Efficiencies 600L Box for different energies 

10.6 Validation of the efficiencies through measurements 

10.6.1 600L Box  homogeneous activity distribution 

In order to measure the efficiency of a 600L Box with homogeneous activity distribution, a 600L Box 

was filled with KCl fertilizer. Using the same calculation method as in chap. 7.6.1 a filling of 600 kg 

KCl yields 9,29 106 Bq. Using the same formula like in chap. 7.6.1: 

 𝐴( 𝐾40 ) =
𝑁𝑃𝐴𝐸𝛾  (𝑐𝑝𝑠)

𝑆𝑂𝐷𝐸𝛾 ∙𝜂𝐸𝛾∙𝐷𝐶𝐹𝐸𝛾
=

6,67 𝑐𝑝𝑠

(4,28 10−5 
𝑐𝑝𝑠

𝐵𝑞
)∙(0,1066)∙(0,160922)

= 9,08 106𝐵𝑞 (73) 

The deviation between the theoretical model of the 600L Box with homogeneous activity 

distribution and the actual activity in the fertilizer is under 3%. 
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10.6.2 600L ox with point sources 

 

 

 

Figure 73: Positions of cylindrical tubes for calibration source positioning 

Seven cylindrical tubes (s. Figure 71 - Figure 73), similar to the ones used for the F2 (chap. 7.6.2), 

were introduced in the 600L Box. They allow positioning of calibration sources (chap. 6.3.3) in 

defined positions in the 600L Box. The Am-241 source was not used, as the shielding effect for the 

60 keV was too strong in order to achieve the required accuracy within reasonable measurement 

times. 

The sources can be lowered down in the tubes at any possible height. For the sake of simplicity, the 

middle plane of the box was opted for and the middle plane of the detector was positioned in the 

same height as the sources. The 600L Box was filled with fertilizer during all measurements. 

Figure 72: 600L Box with ISOCS 
detector 

Figure 71: tubes for the positioning of calibration sources 
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Figure 74: comparison experiment~theory 600L Box 344 keV 

 

Figure 75: comparison experiment~theory 600L Box 662 keV 

 

Figure 76: comparison experiment~theory 600L Box 
1085 keV 

 

Figure 77: comparison experiment~theory 600L Box 
1173 keV 

Figure 74 to Figure 77 show the agreement between theory and experiment for the modeling of the 

D45 in the laboratory detector. Deviations are within ±10%. Some positions were measured 

multiple times, showing deviations of up to 10% as well (e.g. Tube 5 for 1085 keV). 

Using the same arguments as for the F2 (chap. 7.6.2) these results can be accepted as a validation 

for the theoretical modeling of the 600L Box. 

10.7 Uncertainty due to heterogeneous activity distribution for 600L Box 

Using the same methodology as for the F2 (chap. 7.7) an uncertainty matrix is developed and the 

uncertainty is calculated (Figure 78). 
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Figure 78: efficiencies and uncertainties for the 600L Box 

As was clearly visible in the previous chapters, the standard deviation decreases as the energy of 

the gamma radiation increases. 

10.8 Uncertainty due to heterogeneous activity distribution for a 600L Box 

measured from both sides (“600LBox_n_v”) 

Due to practical reasons, there is no possibility for the 600 L to be installed on a turning table. A part 

of the uncertainty could be eliminated however by measuring the box from both sides. The end 

result is calculated averaging all measured spectra. 

As an example, this strategy of measuring was simulated by calculating the 600L Box having the 

same dimensions like in 10.7, apart from the container length, which is the dimension parallel to the 

axis of the detector. 

The results are printed in Figure 79 and show a reduction of the 
𝜎

𝜀
 ratio of ca. 30% compared to the 

one-sided measurement of chap. 10.7. 
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Figure 79: results of a 600L Box measured from both sides 

Theoretically four-sided measurements are possible as well. Taking the geometry of the 600L Box 

into account however, two additional measurements on the front side of the 600L Box will reduce 

uncertainty less as half the 600L Box’s width (55 cm) is not dramatically smaller than the 600L Box’s 

length (71 cm). This measurement methodology would go into the direction of the methodology 

explained in [13]. 
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11 Determination of the attenuation coefficient µ 

Values for µ/ are taken from the NIST database [19]. 

A 6-degree polynomial fit was laid through the µ/ data of the NIST database between 45 keV and 

2000 keV: 

 ln(
𝜇
𝜌⁄ ) = ∑ 𝑎𝑖 ∙ (ln (𝐸𝛾))

𝑖9
𝑖=1  (74) 

- µ/: mass attenuation coefficient [m-1] 

- E: gamma energy [keV] 

- ai: fit coefficients 

Having this fit, it is easy to calculate the mass attenuation coefficient for an arbitrary energy. 

The attenuation coefficient µ (cm-1) is the simple multiplication of the mass attenuation coefficient 

µ/ with the density . 

Examples for pure elements are listed in Table 12: 

Element a9 a8 a7 a6 a5 a4 a3 a2 a1 a0 

Z = 19 

Potassium -1,04E-03 -1,17E-02 -4,61E-02 -7,11E-02 -1,81E-02 6,95E-02 5,25E-02 -3,79E-02 -4,99E-01 -2,78E+00 

Z = 8 Oxygen 4,05E-05 5,39E-04 2,59E-03 7,34E-03 1,32E-02 1,29E-02 2,40E-03 -5,16E-02 -4,89E-01 -2,75E+00 

Table 12: ai coefficients for the ln(µ/) fit 

An example for the compound KCl ( = 1,1 g/cm³) can be found in Table 13 as well as in Figure 80. 

Compound a9 a8 a7 a6 a5 a4 a3 a2 a1 a0 

KCl 
-8,28E-04 -9,59E-03 -3,89E-02 -6,10E-02 -1,48E-02 6,30E-02 4,72E-02 -3,99E-02 -4,98E-01 

-

2,79E+00 

Table 13: ai coefficients for the ln(µ/) fit 

 

Figure 80: Linear attenuation coefficient fit for KCl  = 1,1 g/cm³ 
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12 How to deal with uncertainties? 
“No measured value without uncertainty” should be the Leitmotiv of every scientific analyst. It is his 

task to determine the uncertainty as accurately and as comprehensively as possible. So far nothing 

really exciting. 

In the case of radioactive waste, the playing field is not exclusively staffed with scientists having a 

thorough understanding of measurement techniques and uncertainties. Some regret, 

others (including myself) are happy about it. A fact is that uncertainty makes people feel 

uncomfortable. 

On the crossing of radioactive waste repositories and decision makers (politics) are standing: 

- The radioactive waste producer, who tries to assess the inventory of his waste at minimum 

cost, leaving the uncertainty behind 

- The waste repository operator, not yet existing, who will be very interested in the exact 

inventory of the waste, including its uncertainty 

- The politician, the decision maker, who is not eager to make the decision and, if he has to, 

will do everything he can in order to defend himself against press, environmental pressure 

groups, local protesters, etc. 

Some opinion makers state that a 4th group of players (or stakeholders) is the public. I personally 

think that in a representative democracy, it is the task of politicians to represent and defend the 

public’s interests. Leaving emotions and polemic aside, politicians and public can be expected to 

have the same interests, acting in the same direction in public debate. That’s why the public is not 

listed above. The reasoning or the conclusion of this chapter would not be different if it were. 

If final repositories ever want to go in effective operation, these 3 players will have to meet and 

agree somewhere. Narrowed down on the subject matter of uncertainty in radiological inventory of 

waste packages, several outcomes are possible: 

- Forget about uncertainty altogether. This cannot be a serious option for the repository 

operator, nor for the decision makers. 

- Deal with uncertainty in a conservative way. This could e.g. mean that all activity values are 

increased by an uncertainty value. In the case of a normal probability distribution and a 95% 

confidence interval, this would mean an increase of ca. 2 x uncertainty. 

For sure no radioactive waste producer will happily agree on this, he might accept however 

if it means a fast and cheap way of having his waste transported away. 

Politicians would tend to favor this approach as it gives them a defensive argument in the 

public debate. 

I personally believe there is no worse approach than the conservative one. First of all 

because it simply is scientific nonsense. Second because we risk waste not be accepted in a 

repository, not because its best-estimate activity is too high, but because its uncertainty is. 

A repository should assess the waste it accepts with regard to its burden to the 

environment. One important criterion, although not the only one, is the dose to the public. 

The dose to the public, calculated using complicated models and computer codes, depends 

naturally on the source term: the activity inventory. This inventory would be highly 
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overestimated if each and every waste package’s inventory was to be calculated with the 

conservative uncertainty approach. The truth is that the total uncertainty of the 

repository’s inventory is of course the root of the sum of squares of each uncertainty. Any 

basic statistics’ text book or even common sense (“Law of large numbers”) will tell you this 

will result in a largely lower upper boundary for the total activity than the conservative 

approach. Ignoring the “law of large numbers” would limit the acceptance capacity of the 

repository in a statistically unsound manner. 

- Best-estimate approach with a sound uncertainty assessment and propagation. 

Practically, this approach is equivalent to the sum-of-squares method mentioned above. 

This is in my opinion the favorable option and at the same time, international consensus [5] 

is growing this should be the way forward. 
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13 Conclusion and outlook 
An unresolved issue in nuclear energy is the one of radioactive waste. Public opinion and hence 

political decision makers heavily debate this topic, often emotionally. Scientifically, consensus 

seems to exist about the fact that the solution should be final and minimize the burden for the 

environment, in this case principally the dose to the public. 

Possible final disposal sites for radioactive waste have been under investigation in many countries, 

only a few of which have started operation. A final disposal site for highly radioactive long-lived 

waste, typically spent nuclear fuel, hasn’t started operation yet in any country. 

Notwithstanding that, many authorities have been brainstorming about acceptance criteria for the 

radioactive waste in their disposal sites. One key criterion, next to chemical and physical properties, 

is the activity of specified radionuclides. 

As a consequence, producers of radioactive waste like power plants, research centers, fuel 

production plants, etc. are forced to invest a lot of effort in the radiological characterization of their 

waste. Whereas characterization possibilities, techniques and methodologies are plentiful for 

unconditioned waste, in the case of conditioned waste no more than a few options exist. 

Gamma-spectrometry of conditioned waste packages, with the possibility of automated 

measurement processes, provides a fast, cheap and comprehensive method of characterizing the 

radiological inventory of conditioned waste packages. Like in every operative process, practical 

obstacles have to be addressed: handling of waste packages, identification, dose minimization for 

the workforce, data management and archiving, scope of radionuclides to be identified, historical 

information about the waste’s origin, etc. 

One of these obstacles, which hasn’t been highlighted very much so far in the peer literature of final 

disposal, is the uncertainty of the radiological inventory of the waste package(s) being sent to the 

final repository. 

The assessment of activity measurement uncertainties allows stakeholders (nuclear site operators, 

radioactive waste management facilities, authorities, disposal site operators, etc.) to get an idea 

between which boundaries the estimated activity can be, taking heterogeneous activity distribution 

into account. 

The code and methodology developed are applicable to all kinds of containers, all kinds of detectors 

and for all gamma energies. The low energy gammas (e.g. 60 keV of Am-241) are very susceptible to 

heterogeneity, Am-241 being at the same time the reference nuclide for Pu-isotopes in gamma 

spectrometry. 

The uncertainty for larger containers with higher density is unpractically high for lower 

gamma energies. Summed together for a series of containers however, the relative uncertainty for 

the total activity should not necessarily pose impeding problems for radioactive waste disposal 

sites. 

The current state of the computer code is rough and usable for experienced FORTRAN users only. 

Further development for a more user-friendly version with an operable graphic interface would be a 
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gain for all institutions faced with the challenge of characterizing waste containers through gamma-

spectrometry. 

Another step to be taken internationally is working out a methodology how to deal with 

uncertainties for the activity inventory of conditioned waste packages for final disposal. Especially if 

the idea is adopted to have a multinational disposal site, international agreement has to exist and 

international acceptance criteria as well as methodologies have to be established. A multinational 

disposal site would be operated by more than one country, similar to the operation of the 

NPP Krsko which is operated by Slovenia and Croatia together. For countries with small quantities 

and low activity inventory of radioactive waste, such as Austria, a multinational disposal site would 

be technically and financially absolutely reasonable. 

The coordinating role in bringing countries together and establishing international standards could 

be assumed perfectly by the International Atomic Energy Agency (IAEA). The IAEA has performed a 

lot of work so far and could enhance its efforts into this direction. 

The main problem of a multinational site is of course the location. It is difficult enough already for 

governments to decide upon a location for national radioactive waste, let alone for foreign 

radioactive waste. Looking at the political atmosphere at the moment, little hope exists a 

multinational disposal site will become reality anytime soon.  
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15 Appendices 
Appendix 1 Verpackung A200 Rev. 4 – Abfallfass; MS-0000-4-109731 Rev. 4 

Appendix 2 Fa. Hemeyer (115l) Rollsickenfass; LH-07-TB-10.061 

Appendix 3 Artikelspezifikation Schraubdeckeldose 500ml 
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Appendix 1 – technical data 200L Drum F2 
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Appendix 2 – technical data 100L Drum F1 
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Appendix 3 – technical data 450 ml beaker 

 


