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1 Abstract 

1.1 English 

In this study the amounts of fission products that were released from a fuel pellet, during 

oxidizing conditions at a temperature of 1350°C, were determined. The focus was on 

ruthenium, since it is released from the fuel at a much higher rate during oxidizing conditions, 

than at non-oxidizing conditions. The objective of this project was to investigate if the 

measuring methods and equipment, the latter of which was earlier exclusively used for fission 

product gas behavior analysis, are suitable for fission product aerosol measurement also. 

The study was done by heating a fuel pellet in a furnace with an air flow around it. The 

fission product gases were measured with a germanium detector as they exited the apparatus. 

The aerosol contents were obtained by measuring the fuel pellet and surrounding parts before 

and after the heating with a detector of the same type. 

The results show that no ruthenium was found outside the crucible, within which the 

fuel pellet was heated. Indications exist that ruthenium may have exited the fuel pellet, but 

stayed in the crucible. The release percentages of Kr-85 was above 80%, and for both Cs-134 

and Cs-137 it was 56%. The latter results were consistent with earlier knowledge.  

The results show that the equipment and methods are suitable for simulating this type 

of scenarios. That the ruthenium did not relocate far from the fuel pellet indicates that for 

further tests it would be interesting to change parameters, such as increase the temperature, or 

increase the time of the annealing test. 

1.2 Français 

Dans cette étude la quantité de produits de fission, libérés d'une pastille de combustible 

pendant des conditions d'oxydation à une température de 1350°C, était déterminé. L'accent a 

été mis sur le ruthénium, car, à des conditions oxydantes la température indiquée, il est 

relâché à un taux beaucoup plus important, qu’à des conditions non oxydantes. L'objectif de 

ce projet était de vérifier si les méthodes de mesure et équipements, qui étaient auparavant 

exclusivement utilisés pour l’analyse du comportement des produits de fission gazeux, sont 

également adaptés à la mesure des aérosols des produits de fission. 

L'étude a été effectuée par chauffage d'une pastille de combustible dans un four avec 

une circulation d'air autour de lui. Les produits de fission gazeux ont été mesurés avec un 

détecteur au germanium à la sortie du dispositif. Le contenu aérosol a été obtenu par la 

mesure de la pastille de combustible et les parties voisines avant et après le chauffage avec un 

détecteur au même type. 

Les résultats montrent qu'il n’a pas été trouvé de ruthénium en dehors du creuset, dans 

lequel la pastille était chauffée. Des indices permettent de supposer que le ruthénium a quitté 

la pastille de combustible mais il est resté dans le creuset. Les pourcentages de libération du     

Kr-85 étaient de 85%, et de 56% pour Cs-134 et Cs-137. Ces derniers résultats sont cohérents 

avec ce qui avait déjà été constaté. 

Les résultats montrent que le matériel et les méthodes sont adaptés pour simuler ce 

type de scenario. Le ruthénium n'a pas migré loin de la pastille de combustible, ce qui indique 

que pour d'autres essais, il serait intéressant de modifier les paramètres, tels que 

l'augmentation de la température ou de la durée de l'essai de recuit. 
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2 Introduction 

2.1 Background 

2.1.1 Definition of a severe accident 

A severe accident scenario is graded as 6 or 7 on the International Nuclear and Radiological 

Event Scale (INES), introduced in 1990 by the International Atomic Energy Agency (IAEA). 

The scale gives the definitions for the classification of different kinds of events and is 

structured as shown in Figure 2.1. 

 The definition for a serious accident is an event that happens with a very low 

frequency, lower than 10
-5

 per year and reactor, and that leads to severe core degradation. For 

the level 6 the impact on the environment is defined as, significant release of radioactive 

material likely to require implementation of planned countermeasures, and for the level 7 this 

is to lead to widespread death and even more extended countermeasures. For example, the 

Fukushima Daiichi nuclear disaster in 2011 and the Chernobyl nuclear disaster in 1986 are 

both classed as level 7 accidents. 

The reason for the severe accident is normally a human error or material failure, which 

makes it impossible to remove heat from the core at a high enough rate. This is a problem 

even if the reaction is stopped in the reactor core, due to the residual heat that is still 

produced. The overheating of the core leads to its degradation and even melting, destroying 

the confinement of the reactor that keeps the radioactive material inside the reactor.  [1, 2]  

 

 
 

Figure 2.1: Graphical display of how the INES nuclear accident scale is structured. [3] 

 

2.1.2 The air ingress scenario 

In this report the focus will be on a scenario where the essential feature is an air ingress, 

leading to an oxygen rich atmosphere around the nuclear fuel. There are two major classes of 

accidents of this kind, when the situation occurs in a nuclear power plant reactor, and when it 

happens in a spent fuel pool.  

  

Here follows a description of the considered scenario, this is to give an overview of the events 

leading to the air ingress. The steps are illustrated in Figure 2.2. 

 

1) The scenario begins with a PWR or spent fuel pool at normal conditions. 
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2) A large scale pipe breach leads to loss of coolant, the water level decreases and the fuel 

starts to be uncovered. This leads to a temperature rise in the fuel rods and their surroundings, 

and the surrounding structure starts to degrade. At this stage the water is vaporized, and 

because of this the cladding is oxidized and additional heat is produced, accelerating the 

process. The oxidation also leads to hydrogen production and fission product release from 

inside the fuel rods.  

 

3) The fuel itself and the structures surrounding the fuel begins to melt, the chemical reactions 

between the different materials accelerate the process further, and the more or less liquid mix 

between these materials called “corium” is formed. When enough of the fuel and the 

surrounding support structures have melted, the corium mass is relocated down to the bottom 

of the vessel. The corium interacts with the vessel bottom and induces a breach.  

 

4) It is assumed for this scenario that the vessel rupture also leads to air ingress into the 

vessel. Even though part of the core has melted and started to exit the vessel, the rest of the 

core is still in the vessel. The state of this later part of the core will be worsened much faster if 

the oxygen brought in by air makes the claddings oxidize faster. It is predicted that the heat 

production inside the vessel induces a chimney effect where air is sucked in from the vessel 

breach, driven through the vessel and the coolant piping until exiting through the breach. [1] 

 

 

1)  2) 

    
3) 4) 

    
 

Figure 2.2: Simple illustration of the different steps of the considered scenario. [1] 
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2.2 Ruthenium 

2.2.1 Properties 

Ruthenium is a platinum group metal with the atomic number 44. It has seven stable isotopes 

with mass numbers between 96 and 104 that can be found naturally in the earth’s crust, but is 

very rare. [4]  

In a nuclear reactor, ruthenium is one of the various fission products that are created in 

the neutron capture and heavy nuclei fission process. Ruthenium is one of the fission products 

with highest concentration in nuclear fuel [5]. As a reference, for a French PWR of model 

REP 900, the core contains approximately 140 kg of ruthenium after 3 irradiation cycles [1]. 

These are mainly Ru-103 and Ru-106 that can be found in irradiated nuclear fuel, due to the 

fact that they have longer half lives. Other isotopes are also created, but because of their 

extremely short half life they quickly decay into other elements [7].  
 

 

Ru-106 

 

Ruthenium 

 
Figure 2.3: Position of ruthenium in the fission product yield diagram to the left and the 

periodic system to the right. 

 

In the nuclear fuel, ruthenium is present in the form of metallic precipitates, as an alloy also 

including Mo, Tc, Rh and Pd [8, 9]. Metallic inclusions of this kind form spherical particles 

with a maximum size of 10µm [10], which have been found in fission gas bubbles at grain 

boundaries and at inter granular positions [11]. The proportions of the constituents of the 

inclusions change with the fuel pellet radius and time, they change as a functions of the 

irradiation history, the oxygen potential, the temperature gradient in the pellet and the burn-up 

[9, 10]. 

 

 
 

Figure 2.4: Metallic inclusion consisting of Mo, Tc, Ru, Rh and Pd, observed with a scanning 

electron microscope. [10] 
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The fission products are generally divided into 5 different categories as a function of their 

respective release rate from the fuel during a severe accident: 

 the noble gases (Ar, Kr, Xe, He, Ne), completely released, 

 volatile fission products (I, Cs, Br, Rb), very rapidly released, 

 semi-volatile fission products (Te, Sb, Sn, Ba, Mo, Rh), medium release rate, 

 fission products of low volatility (La, Sr, Ru, Ce, Eu), low to negligible release rate, 

 non-volatile fission products (Zr, Nd), not released. [12, 13] 

Ruthenium is traditionally classified as a fission product of low volatility, but in some special 

cases (i.e. air ingress into the vessel) ruthenium can be classified as a volatile fission product. 

This aspect will be discussed further in sections 2.2.3 and 2.3. 

2.2.2 Effect on humans and environment 

In case of a severe accident, volatile fission products are released into the environment. Their 

radiotoxic contribution depends on their half life, the energy at which they radiate photons, 

their susceptibility to interact with biological tissue, and its biological kinetics in the food 

chain and in humans [14].  

 The half lives of Ru-103 (39,3 days) and Ru-106 (372,6 days) are long enough not to 

decay before coming in contact with the environment, but short enough for the collection of 

radio nuclides to have a very high activity. In particular, Ru-103 will contribute to the 

immediate raise of radioactivity levels, while Ru-106 will have longer term consequences. 

The parts of the human body that will be mostly affected are the respiratory tract, the lungs 

and the colon. [1, 15, 16] 

 Ruthenium is also chemically poisonous to the human body; already at external 

contact it damages human skin [17]. Inside the human body, ruthenium is not accumulated in 

any specific area, unlike for example iodine in the thyroid gland, but is accumulated in all 

different body tissues, therefore inflicting a global damage on the body [18]. 

2.2.3 Impact of oxygen on ruthenium behavior   

As stated above, ruthenium is normally classified as a fission product of low volatility. 

Ruthenium in metallic form or in solid solution with the uranium oxide, requires a very high 

temperature to vaporize or even melt. The vaporization temperature is 4150°C and the melting 

temperature is 2334°C. This means that if the ruthenium is in this form in the nuclear fuel, for 

temperatures below this level, it will not be released in any significant quantities, and is 

therefore not a major threat to the environment. [1] 

 This is true if the fuel is stoichiometric or slightly over-stoichiometric, which is the 

case at normal operational conditions for conventional nuclear facilities. [19] 

First when the fuel is heavily oxidized, to the order of U3O8, the ruthenium starts to 

form stable oxides. The oxide RuO2 is formed first and at temperatures higher than 700 °C, 

the oxides RuO3 and RuO4 are formed. These oxides are volatile, which means that they can 

be released from the nuclear fuel easily. The oxidation process happens according to:  

 

 

22ORu RuO  (2.1) 

 

322 O5,0RuO RuO  (2.2) 

 

422 ORuO RuO  (2.3) 
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These chemical processes where the different compounds are created are happening 

continuously and dynamically changes in proportion to each other. 

 Figure 2.5 illustrates the significance of the presence of air for the nuclear accident 

situation. Without air, a very high temperature is required for the ruthenium to be released 

from the fuel. With an air atmosphere present, the fuel is oxidized and ruthenium can be 

released at relevant temperatures in large enough quantities to make it a major threat. 

Experiences indicating the dimensions of this release are discussed below. 

 

 
 

1350  

1000  

700  

2334  

4150  

T [°C]  

Ru melting temperature 

Ru vaporization temperature 

MERARG2  

Annealing test temperature 

Dominating volatile: RuO3 

Dominating volatile: RuO4 

 
Figure 2.5: Temperature map of ruthenium properties and value for the annealing test. [1] 

 

2.3 Earlier experience of ruthenium release 

Ruthenium has not been the major focus of severe accident research globally, however, some 

results has been obtained. Experiments for monitoring ruthenium release and transportation 

has been performed with different atmospheres (inert gases, air, steam and mixtures of these), 

and at different temperatures between 750-2050°C. This research has highlighted the 

importance of the state of the fuel, primarily its oxygen potential, for the release of ruthenium 

in oxide form. 

 It has been observed that at 1400°C, 78% of the ruthenium was released from U3O8 

while only 10% from UO2, with the only difference between the tests being an injection of air 

during some seconds [20]. Another test have shown a total release of ruthenium at 1327°C in 

an air atmosphere, while the release was very small at the same temperature but with a helium 

atmosphere. [21] 

Examples of projects of this kind have been performed at the Hungarian AEKI 

institute, the Finnish VTT and in France at the CEA (the VERCORS project) [20]. Tests have 
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also been done at the AECL in Canada; that there is a delay between the injection of air into 

the atmosphere and the initiation of ruthenium release has been noted [12, 22, 23, 24]. This 

delay, which has also been observed at the AEKI and VTT tests, is reduced with an increased 

temperature. The delay is shorter with an air atmosphere than with a vapor atmosphere        

[20, 1]. This is coherent with the fact that the oxidation kinetics of the fuel is faster in an 

atmosphere of air [25].   

Other Canadian tests with nuclear fuel fragments without cladding have been 

performed. Mainly the atmosphere, temperature and duration of the test are varied. A 

summary of the conditions and corresponding results are given in Table 2.1. The results 

indicate that in a steam atmosphere a temperature of at least 1800°C is required to have a 

significant release of ruthenium-106. For an air atmosphere, on the other hand, there is a 

notable release already at 1350°C. [26, 27, 28]  

 All these findings point to the conclusion that the presence of air, as well as a higher 

temperature, enhances the release of ruthenium from the fuel. It has even been observed that 

when the injection of air is stopped, the ruthenium release ceases. [1]  

 

Table 2.1: Experimental conditions and fission product release results of an ensemble of tests 

conducted at the Chalk River Laboratory in Canada. . [26, 27, 28] 
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2.4 Objective 

The Severe Accident Research Network, SARNET-2, set up by the European Commission, 

serves the purpose of uniting the research on severe accident scenarios. Two projects that 

focus on scenarios including air introduction into the core, are assigned to the institutions that 

are part of the network. The French Radioprotection and Nuclear Safety Institute (IRSN) 

develop simulation codes for the specific scenario, and at CEA Cadarache simulation 

experiments are conducted.  

 This kind of simulation experiments are performed at CEA on a setup called 

VERDON. To do the simulations with the VERODN setup is very complicated and the 

capacity is approximately two simulations per year. Another equipment, called MERARG2, is 

also used. It is a simpler setup
1
 and until this project began, only the fission product gases 

were measured. The measurements are done by gamma spectrometry. 

 The objective of the present work is to verify if it is possible to, in addition to the gas 

measurements, also perform fission product aerosol measurements on the MERARG2 setup. 

The benefits would be that the simulations could be done almost weekly, rather than yearly, 

and the costs would be decreased significantly.  

 The project includes the performing of the simulation, the fission product 

measurement and the treatment and analysis of the measurement data. This master thesis 

focuses on the treatment of the gamma spectrometry raw data, their conversion into 

qualitative and quantitative results and their analysis. A cooperation with the IRSN is also 

supposed to be initiated to provide information that can be used to improve their simulation 

codes. 

  

2.5 Project outlines 

The air ingress scenario described earlier was simulated with the MERARG2 setup. The 

replicated conditions were those of a single pellet in the still intact part of the core. 

 The radioactive nuclides are identified by gamma spectrometry. The fission products 

that are traditionally focused on are cesium and krypton. In this report the main focus was on 

ruthenium, but cesium and krypton behavior were also analyzed partly because it is 

interesting to know their behavior in the simulated conditions, but also to be able to compare 

these results with earlier observations, and in this way verify the calculations. The isotopes 

that were included in this analysis were Kr-85, Ru-106, Cs-134, Cs-137 and Eu-154. The 

reason behind the choice is explained in more detail in the experimental section 3.4 Sample 

description. 

 The choice for the temperature for the annealing test was affected mainly by two 

factors; partly by the technical limit for the MERARG2 equipment, that was 1400°C, a higher 

temperature would complicate the procedure and require modifications to parts of the 

apparatus. The second reason was that the experiments at the Chalk River Laboratory in 

Canada showed a ruthenium release of 20% at a temperature of 1352°C . [26, 27, 28], Table 

2.1, which indicates that the temperature is sufficient for an observable release of ruthenium.  

 The methods and equipment are described in further detail in the following section. 

                                                
1 Compared to the VERDON setup; the only atmospheres that are available are neutral and air, and the maximum temperature 
limit is 1400°C. 
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3 Experimental section 

3.1 Equipment 

The simulation was performed with the MERARG2 experimental equipment. The name is a 

French abbreviation for Equipment for Studies by Annealing and Analysis of Released Gas, 

and it consisted of a furnace within a circuit with a controlled atmosphere, two gamma 

spectrometers and a gas recuperation system. The gamma spectrometer that was coupled to 

the gas circuit does an on-line measurement of the released gas. There was an additional 

gamma spectrometer to make measurements of the sample itself before and after the 

annealing test. This measured the non gaseous fission products, in this case the focus was on 

ruthenium. The entire setup was located within a cell, which provided heavy biological 

protection in the form of concrete walls and lead glass. [2] 
 

Glove box 

Gas 

bottles 

Furnace 

Cell 7 

Gas 

inlet 

Filter 

Crucible 

Ge- 

detector 

Ge- detector 

Gas 

Aerosols 

Quartz glass 

tube 

 
 

Figure 3.1: Schematic of the MERARG2 experimental setup. [2] 

3.1.1 Furnace 

The furnace was of induction type, it consisted of a coil through which a high frequency 

current was passed, a metal crucible which was heated by the coil and contains the sample, 

see Figure 3.2. Between the coil and the crucible there was a quartz glass tube, the purpose of 

which was to keep the chosen atmospheric conditions around the fuel pellet. It was fed with 

the desired gas from the lower end, and was connected to the gas recuperation system at the 

upper end. 

 The crucible was made of platinum; other materials can be used, but for the air 

containing atmosphere that was used in this experiment, platinum was preferred because of its 

corrosion resistance. Inside the crucible there were two spaces, the fuel pellet was placed in 

the upper compartment. 

 To measure the temperature, a thermocouple was placed in the lower compartment of 

the crucible. The temperature level was controlled with a PID regulator called 

EUROTHERM, into which the temperature ramp and plateau can be programmed. [2] 
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Furnace 

Coil 

Filter 

 

Quartz glass tube 

   

 

Thermocouple 

 

Crucible 

Fuel pellet 

 

AIR  
Figure 3.2: Illustration of the furnace and the most relevant constituents. 

 

3.1.2 Gamma detectors 

For a basic description on gamma spectrometry and the function of gamma detectors, see 

Appendix A.  

 There are two germanium gamma detectors that are used for the MERARG2 setup. 

They are placed outside the cell to evade damage by irradiation, and to avoid having too much 

irradiation being picked up simultaneously and creating an overflow of counts, which would 

render the measurement unusable. The functionality of each detector is described below. 

3.1.2.1 Ge-detector - fission product gas 

One detector is connected to the gas outlet tubing outside the cell. During the annealing test, 

gases leak out from the sample pellet, and are driven out from the furnace by the continuous 

flow of air. The gases exit the furnace and continue out of the concrete cell through a pipe. At 

one spot on the pipe there is an expansion, this is where the gamma detector is placed, the 

setup is shown to the right in Figure 3.3. From the expansion the gases continue and end up in 

gas bottles where they are stored. The gas which is measured is Kr-85. With this setup a 

number of counts versus time diagram can be produced. [2] 

3.1.2.2 Ge-detector - fission product aerosols 

The second detector is not connected to the experimental circuit, but is used before and after 

the annealing test to measure the activity of the fuel pellet, the filter and the quartz glass tube. 

This detector is located just outside the cell wall and a hole in the wall, with a collimator at 

each end, permits it to make a measurement of objects inside the cell. The measured object is 

placed in a container which is attached to a moving mechanism, next to the pre-collimator for 

the duration of the measurement. The arrangement schematic is shown on the left hand side in 

Figure 3.3. The pre-collimator size was set to 0,8 x 25 mm for the measurement of the pellet, 

this means that for each measurement, a 0,8 mm thick slice of the sample is scanned. For each 

scan a number of counts versus energy diagram is created. A profile picture can be created in 

the following way; one energy, or a set of energies corresponding to the gamma emissions of 

a specific fission product is chosen. Then the number of counts values at these energies are 

plotted against the z-coordinate. The principle is illustrated in Figure 3.5. This diagram is 

useful in two ways; the first application is to see where the sample begins and ends, the 
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second is to see the distribution of a specific type of nuclide. To see where the sample begins 

and ends is important for the quantitative analysis; to be sure to scan the entire sample, the 

entire container is scanned, but this means that some spectrums are taken outside the sample. 

These spectrums are discarded before the total amount of atoms in the sample is calculated. 

The stainless steel container, which was used for the gamma measurement after the annealing 

test, and the crucible, are seen in Figure 3.4. [2] 
 

 

Ge-detector 

Gas 

from 

furnace 

Gas 

                  

                 
 

Pre-collimator Post-collimator 

Ge-detector 

Cell wall 

Aerosols 

Sample 

 
 

Figure 3.3: On the left hand side the gamma detector setup used for fission product aerosol is 

illustrated. On the right hand side the setup for fission product gas measurement is seen, here 

the detector is connected to the gas outlet of the furnace to make on-line measurements  

 

 
Figure 3.4: Photo of the platinum crucible and the stainless steel etui used after the annealing 

test. 
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Figure 3.5: The aerosol measurement setup; a slice of 0,8 mm is scanned at each time, the 

sample is then moved in the z-direction and a new scan is performed. One spectrum is created 

for each scan, and if one element is chosen, its number of counts profile can be plotted 

against the z-axis. 

3.2 Calibrations 

Both the temperature regulation system and the gamma detectors need to be calibrated. The 

gamma detector for the fission product gas is calibrated in another way than that for aerosols. 

These methods are described below. [2] 

3.2.1 Thermocouple 

The thermocouple is not in the same chamber of the crucible as the fuel pellet, and therefore 

the temperature difference between them needs to be obtained. This is done by applying a 

special technique developed at the CEA. [2] 

3.2.2 Ge-detector - fission product gas 

A special part in the setup exist where a chamber is attached to the gas recuperation piping. A 

glass container with a known amount of radioactive gas is put into this chamber, and crushed 

with a special mechanism. In this way an almost instantaneous release of the gas is created, 

resembling well what happens during the real annealing test. The gas is then measured and the 

measuring setup calibrated. [2] 



  17 
Master Thesis: Gamma Spectrometry Analysis - Severe Accident Research 
Kimmo Halonen [kimmoha@kth.se] 

3.2.3 Ge-detector - fission product aerosols 

The gamma detector is calibrated by first measuring the activity of a radioactive source with a 

known activity, in this case Eu-152 [2]. The method is described in section 3 Methodology. 

3.3 General procedure 

The experiment was conducted in the following way: 

 

1. Initial inventory determination 

The initial inventory was determined in two different ways, because the different 

techniques are more suitable for different fission products. 

The first way was to measure, by gamma spectrometry, the contents of the pellet. 

The second way was by calculating the burn-up of the pellet and to use it in a 

simulation code. This was done because some fission products cannot be measured 

inside the pellet, the relevant one in this case was Kr-85. 

2. Annealing test and on-line measurement of gas 

The crucible with the fuel pellet was placed in the furnace, the atmosphere was 

adjusted to contain air at atmospheric pressure and the temperature was increased at 

the rate of 0,1°C per second until the target temperature of 1350°C was obtained. This 

temperature was then kept during 60 minutes, thereafter the temperature was dropped 

rapidly. During this procedure, a continuous gamma spectrometry measurement of the 

gas exiting the furnace was done. The temperature history can be seen in the results 

section, Figure 5.1. 

3. Gamma measurement of the pellet after the annealing test 

After the annealing test the crucible was taken out of the furnace and placed in front of 

the aerosol gamma detector, and the fission product content was determined again in 

the same way, to be able to compare the contents before and after the annealing test. 

This time the fuel pellet was kept in the crucible during the measurement, because the 

pellet is normally too deteriorated to be able to be removed in one piece from the 

crucible.  

4. Gamma measurement of the filter 

To be able to know if the escaped aerosol fission products have been trapped in the 

filter, it was measured as well.  

5. Gamma measurement of the quartz tube 

The quartz tube was also measured after the annealing test to detect possible traces of 

fission products attached to its inner walls. 
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3.4 Sample description 

The sample is a UO2 fuel pellet, the standard type used in French PWRs today. It has been 

irradiated during several cycles in a French commercial electricity producing reactor; the end 

of irradiation was in 2002. 

The experimental simulation and gamma spectrometry measurements were performed 

in 2011 and 2012, which means that the time between the end of irradiation and measurement 

was approximately 9 years. Due to this fact, the only fission products that could be measured 

were the ones with a relatively long half life. This is part of the motivation behind the choice 

of which fission products were monitored, their half lives are given in Table 3.1. Furthermore, 

the three fission products Kr-85, Cs-134 and Cs-137 are well known to be released at high 

rates in the considered kind of situations. Ru-106 is in focus because of it’s hazardous 

properties if released and because it forms volatile oxides when in an oxygen rich 

environment. The Eu-154 is on the other hand known to stay in the fuel at the conditions 

regarded here; this property can be exploited in several ways, one of which is described in the 

section 4.3.5. 

 

Table 3.1: Half lives of relevant fission products. [31] 

 
Isotope Half life [years] 

Kr-85 10,75 

Ru-106 1,02 

Cs-134 2,07 

Cs-137 30,08 

Eu-154 8,60 

 



  19 
Master Thesis: Gamma Spectrometry Analysis - Severe Accident Research 
Kimmo Halonen [kimmoha@kth.se] 

4 Methodology 

4.1 Generalities 

Some general information about the methods that were used is given here. 

1. The software that were used are listed and their basic functionality described.  

2. The motivation for using a single reference date for all the measurements is given. 

3. The initial inventory calculations made with the Cesar5.1 software are explained 

shortly and surrounding calculations given. 

4.1.1 Software used 

Cesar5.1 is used to simulate the irradiation conditions and to calculate the initial quantities of 

the fission products in the sample fuel pellet. [6] 

 

LINA automates the process of positioning number of count peaks in the gamma spectrums 

and identifying which radio isotopes are present. The latter is done by sweeping through a 

library with a number of isotopes and corresponding energies for their emitted gamma rays. 

LINA can also recognize interference phenomena, separate the peaks and to some extent 

calculate the numbers of counts corresponding to each peak. Both qualitative and quantitative 

results can be obtained. 

 

STRATAGEME is a software that calculates the auto-attenuation for a given setup. The input 

consists of geometrical data, material constituents and density for the radiation source and 

surrounding material. [32] 

4.1.2 Reference date 

The number of radioactive nuclei in the sample naturally changes with time. To be able to 

compare the different results, it is thus necessary to have one reference date, to which all the 

results are recalculated. The calculation is show in equation (4.1). The reference date is 

arbitrary, and here the date at which Cesar5.1 automatically calculates its results was chosen, 

which was 25/5-2002. 

 

 
2/1

2ln
t

t

DateMDateR eNN




  (4.1) 

 

Where: 

DateRN  - number of nuclei at the reference date [unitless] 

DateMN  - number of nuclei at the measurement date [unitless] 

t  - time between the reference date and measurement date [s] 

2/1t  - half life of the isotope in question [s] 

 

4.1.3 Initial inventory calculation 

The initial inventory calculation is necessary because several fission products cannot be 

measured inside the fuel pellet; the most relevant in this case is Kr-85. This is due to the fact 

that its only peak at 514 keV is overshadowed by the massive peak at 511 keV originating 

from the positron-electron annihilation, which is always present in the fuel pellet. 
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The Cesar5.1 software has the following parameters as input: 

 Uranium vector 

 Starting date and ending date for each irradiation cycle  

 Burn-up rate for each cycle 

The exact numbers for the uranium contents cannot be given for reasons of confidentiality. 

 

4.1.3.1 Burn-up calculation 

To be able to make use of Cesar5.1 the burn-up of the pellet was required. The average burn-

up of the fuel rod was obtained from the technical reports of previous tests. To get the more 

precise value for the single pellet, the cesium-137 content was used as it is proportional to the 

burn-up.  

 

The following formula was used: 

 

AverageCs

Average

Cs

Sample

Sample BU
N

N
BU 














  

(3.1) 

 

Where:  

SampleBU  - burn-up of the sample [MWd/tU] 

AverageBU  - average burn-up of the entire fuel rod [MWd/tU] 

Cs

SampleN  - number of counts at Cs-137 peaks at the position of the sample [unitless] 

Cs

AverageN  - average number of counts at Cs-137 peaks over the entire  fuel rod [unitless] 

 

 
Figure 4.1: Profile of the cesium-137 content in entire fuel rod. 
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Sample pellet 

 
Figure 4.2: Profile of the cesium-137 content in the vicinity of the sample pellet. 

 

 

4.1.3.2 Mass conversion calculation 

In this case the calculation with the Cesar5.1 software was performed without specifying the 

mass of the fuel pellet, and the amounts of fission products were given in atoms per tonnes of 

initial heavy metal. To convert these results to the real amount of atoms in the fuel pellet, the 

following calculation was made: 

 

 tonnes105,893  g 5,893
2

6-











OU

U
SampleU

MM

M
mm  (4.2) 

 

Where:  

Um  - initial mass of uranium in the fuel pellet [g] 

Samplem  = 6,685 g - mass of the fuel pellet without cladding [g] 

UM  = 238 u - atomic mass number of uranium [u] 

OM = 16 u - atomic mass number of oxygen [u] 

 

The factor 










 OU

U

MM

M

2
 is an approximation of the mass of heavy metal over mass of 

uranium oxide. mU is finally the conversion factor between the results given by Cesar5.1 and 

the number of atoms in the fuel pellet. The calculated number of atoms can be seen in Table 

4.1 below. 
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Table 4.1: Simulated results obtained by using the Cesar5.1 software, the amounts are 

calculated at the reference date 25/05-2002. 

 
Isotope # atoms/tonnes of initial heavy metal* # atoms in the fuel pellet* 

   

Kr-85 2.53E-02 1.49E-07 

Ru-106 8.91E-02 5.25E-07 

Cs-134 1.26E-01 7.41E-07 

Cs-137 1.00E+00 5.90E-06 
 

*The number of atoms values have been normalized in relation to the largest value for 

confidentiality reasons. 

4.2 Fission product gas - transfer function 

The number of counts detected by the on-line detector has been recalculated due to the 

attenuation caused by the material between gamma emitter atoms and detector, the 

geometrical size of the detector and the detector efficiency. At this point the results give the 

number of fission product atoms passing by in the tube, but the actual amount released by the 

sample is wanted. To acquire this, a release kinetics reconstruction calculation is made where 

a transfer function is used. This calculation takes into account that after the gas is released, it 

takes some time for it to reach the detector. [16] 

 The Cesar5.1 result for the initial amount of Kr-85 is then used to calculate the relative 

amount released during the annealing test. 

4.3 Fission product aerosols 

4.3.1 Calibration with Eu-152 source 

The calibration of the detector was done by placing a gamma source with a known amount of 

atoms at the same place where the nuclear fuel sample was measured later. A measurement 

was made and the ratios between the number of counts registered at different energies, and the 

number of atoms in the source, were obtained. 

A Eu-152 sample with a known activity of 300 mCi contained in a double layer 

aluminum tube, was used as the calibration source, schematically seen in Figure 4.3. There 

are many other options when choosing material and geometry of the source used for 

calibration, but this type is one of the only ones that has a high enough activity to be of the 

same order as the irradiated fuel sample.  

The ratio between gamma rays emitted by the source and the amount of counts 

registered by the detector is energy dependent; it is therefore an advantage that the Eu-152 

emits gamma photons with many different energies, which makes it possible to carry out the 

calibration at many points in the energy versus number of counts-diagram. The profile of the 

measurement is given in Figure 4.4. In the graph, two lines that are very close to each other 

can be seen. This is because the measurement was made twice to have a backup measurement 

in case of disturbances or defects that could have been detected afterwards. The edges of the 

source can clearly be seen in the graph, and it is easy to see which spectrums are outside of it 

and have to be discarded before making the quantitative calculations. 
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Figure 4.3: Schematic of the europium source and its titanium container. The outermost 

diameter is 9,8 mm, more details are give in Appendix B. 
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Figure 4.4: Measurement of europium-152 source used for calibration. 
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The relationship between the number of counts and the number of nuclei in the source is 

given by the following formula: 

 

      tENEN iiiCounts    (4.3) 

 

 
  tE

EN
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ii

Counts
i





 (4.4) 
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2

1
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  (4.5) 

 

Where:  

 ENCounts  - number of counts under the current peak at energy E [unitless] 

i  - radioactive constant for the specific radionuclide i [s
-1

] 

iN  - amount of nuclei i [unitless] 

 E  - attenuation function at energy E [unitless] 

i  - percentage of decays when the radionuclide i sends out a gamma photon with 

energy E [unitless] 

t  - time duration of the measurement [s] 

i
t

,
2

1  - half life of the specific radionuclide  i [s] 

 

The attenuation function can in turn be divided into two parts, schematically explained by 

Figure 4.5. [32] 

 

     EDEAE   (4.6) 

 

Where: 

 EA  - auto-attenuation [unitless] 

 ED  - attenuation due to collimators and detector system [unitless] 
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Figure 4.5: The auto-attenuation function A(E) varies for the different setups, while the rest of 

the attenuation factors included in D(E) remains the same, and can be excluded in the 

calculations. 

 

The auto-attenuation function A(E) takes into account that a part of the photons created in the 

source are affected by the source itself and the casing around it. The second factor D(E) 

includes everything after the casing until the digital result that is registered by the computer, 

this includes attenuation in the pre- and post-collimators, the detector efficiency, the 

electronics of the detector system and the analogue to digital conversion. This part is exactly 

the same for the calibration source as for the irradiated fuel sample, and does not need to be 

calculated. This is shown by the following relationships:  

 

 

     EDEAE EuEu   (4.7) 

 

     EDEAE SampleSample   (4.8) 

By combining the equations (4.7) and (4.8) the following expression is obtained, where  ED  

is no longer present: 

 

 
 
 

 E
EA

EA
E Eu

Eu

Sample

Sample    (4.9) 

 

Where:  

 ESample   - attenuation function at energy E for the sample [unitless] 

 EEu  - attenuation function at energy E for the calibration source [unitless] 

 EAEu  - auto-attenuation coefficient at energy E for the calibration source [unitless] 

 EASample  - auto-attenuation coefficient at energy E for the sample [unitless] 
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And  EEu  is per definition: 
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,
  (4.10) 

 

Where: 

 EN Eumeasured,  - number of counts measured at Eu-152 peaks at energy E [unitless] 

EurealN ,  - known number of Eu-152 atoms in the calibration source [unitless] [32]  

4.3.2 Auto-attenuation calculation 

The auto-attenuation coefficients are calculated with the software STRATAGEME, where the 

conditions are simulated by defining the geometry, material constituents and density of the 

emitter material and the eventual cladding and casing. As illustrated in Figure 4.6, for every 

point in the cross section of the setup, the one dimensional equation (4.11) is used, and an 

integration over all the points in the emitter zone is then performed. 
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       EAEAEAEA materialmaterialmaterialsetup 321   (4.12) 

 

Where: 

 EAi  - partial attenuation coefficient for material i et energy E [unitless] 

 EN dtransferre  - amount of gamma rays transmitted through the obstacle [unitless] 

 EN initial  - initial amount of gamma rays reaching the surface of the obstacle [unitless] 

iT  - attenuation coefficient for material i [m
-1

] 

ix  - travelled length through material i [m] 
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Figure 4.6: Principle of the auto-attenuation disposition definition. Ti is the attenuation 

coefficient for material i, and xi is the length of the path the photon travels in this medium. 

 

 

Data about the calculation of each specific auto-attenuation are given in Appendix B. 
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4.3.3 Efficiency curve calculation 

By performing the auto-attenuation calculation, the attenuation function A(E) is obtained. To 

complete the calibration, the number of calibration source atoms NEu, the attenuation function 

for the calibration setup AEu(E) and the attenuation function for the sample setup ASample(E), 

are used to calculate NAtoms, the number of nuclei in the sample. By combining equations (4.9) 

and (4.10) the following expression is obtained: 
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Where:  

 ESample  - attenuation function at energy E for the current setup [unitless] 

 EASample  - auto-attenuation coefficient at energy E for the sample [unitless] 

 EAEu    - auto-attenuation coefficient at energy E for the calibration source [unitless] 

 EN EuMeasured,  - number of Eu-152 counts measured [unitless] 

EualN ,Re  - known number of Eu-152 atoms in the calibration source [unitless] 

 

To finally get the efficiency function, the calculated attenuation function  ESample  is put into 

equation (4.4).  

Since the calibration source doesn’t emit radiation at all possible energies, the 

complete efficiency curve is created by fitting a function to the calculated points. When this is 

done, the ratio between number of counts and number of atoms is obtained for all the energies 

needed for the spectrum analysis, schematically shown in Figure 4.7 below. 
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Figure 4.7: Schematic figure of the function that was fitted to optimally match the points given 

by the calibration. 

 

This curve is then used directly in the LINA software when doing the data extraction for the 

gamma spectra of the sample.  
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 One element can have several peaks and thus several values for the number of atoms. 

In this case the software is programmed to choose the peak that is known from earlier 

experience to best correspond to the real value, or an average over the values is used. [32] 

 

Data about the calculation of each specific efficiency curve are given in Appendix C. 

 

4.3.4 Accumulated spectrum 

During the gamma spectrometry measurement, the sample is measured piece by piece.  

 This is done partly to be able to produce a profile picture of the fission product 

content, but it is also necessary because if the collimators would be removed and the detector 

would receive radiation from the entire sample at once, there would in most cases be an 

overflow of number of counts. This means that there is a larger amount of photons interacting 

with the detector than the detector has the capacity to register. In this case the result is the 

maximum number of counts that the detector is able to detect, which is not proportional to the 

real amount of emitter nuclei. This would make it impossible to calculate the real amount of 

emitters, and the measurement is useless. 

 For the quantitative calculations of the total amounts of elements in the sample, an 

accumulated spectrum is created. This is done by adding the numbers of counts, energy by 

energy, as illustrated in Figure 4.8. This increases the statistical reliability, in comparison with 

the method of making the peak analysis for each spectrum separately and adding the resulting 

numbers of counts for each element afterwards. For this type of measurements, the size of the 

uncertainty is inversely proportional to the square root of the measurement time length.  

 

Uncertainty 
t

1
  (4.14) 

 

If the spectrums are treated separately, they all have the short measurement time, but by 

making an accumulated spectrum, it corresponds to the addition of the measurement times, 

and the error can be divided by the square root of the number of spectrums. This is correct in 

the case when each spectrum has been measured during the same amount of time. [33] 
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Figure 4.8: Schematic representation of the effect of accumulating the spectrums before peak 

identification, with a stronger statistical certainty the peak pattern is strengthened. 
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4.3.5 Eu-154 correction method 

4.3.5.1 Problem 

There are various differences between the measurements before and after heat treatment, such 

as a difference in the measurement setup and even more important; difference in physical 

properties of the pellet; degradation, change of density and possible pulverization and mixing 

with the cladding. When assumptions are made about these properties a large error is 

introduced into the number of atoms calculation after the annealing test.  

4.3.5.2 Hypothesis 

It is assumed that no Eu-154 is released from the fuel pellet during the annealing test.  

4.3.5.3 Method 

If the detected amounts of Eu-154 before and after the annealing test are not the same, the 

same error can be assumed to exist for the amounts of the other fission products as well. The 

amounts of Eu-154 that were detected are given in Table 5.2, the ratio between them was used 

to correct the values for the other fission products. 

4.3.5.4 Motivation 

There are alternative methods to make this correction also; it would for example be possible 

to use complex Monte Carlo [29] simulation techniques to simulate the material degradation. 

This would give a more precise image on which to base the assumptions for the material 

properties of the pellet after the annealing test. However these techniques would take very 

much longer time than the discussed method. 

The europium-154 method is easy to apply, and because the isotope has gamma peaks 

at many different energies it can be used for all the relevant fission products monitored here. 

The method is also motivated by the fact that the hypothesis, that no Eu-154 was released, can 

be verified by simply looking at the contents in the filter and on the quartz tube. 

 

The correction was made according to the following formula: 

 

   
 
 EuN

EuN
RuNRuN

AfterAT

BeforeAT

AfterATAfterAT

corrected 154

154

106106   (4.15) 

Where:  

 RuN AfterAT

corrected

106  - corrected number of Ru-106 atoms after the annealing test [unitless] 

 RuN AfterAT 106  - uncorrected number of Ru-106 atoms after the annealing test [unitless] 

 EuN AfterAT 154    - number of Eu-154 atoms after the annealing test [unitless] 

 EuN BeforeAT 154   - number of Eu-154 atoms before the annealing test [unitless] 
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5 Results 

5.1 Fission product gas 

The temperature profile during the annealing test can be seen in Figure 5.1. The temperature 

ramp has an inclination of 0,1°C/s and the plateau at 1350°C lasts for 60 minutes. The final 

amount of Kr-85 gas released was above 80% of the initial calculated value. The release 

profiles of Kr-85 cannot be displayed for reasons of confidentiality. 

 

 
Figure 5.1: Sample temperature during the annealing test as a function of time. 
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5.2 Fission product aerosols 

5.2.1 Profiles 

The profile pictures of the gamma spectrometry measurements are presented next.  

5.2.1.1 Pellet 

When the fuel pellet was measured before the annealing test it was in a thin walled stainless 

steel casing. During the measurement after the annealing test, it was inside the platinum 

crucible, which in turn was inside a thick walled metal casing. The general differences are 

illustrated in Figure 5.2 below. These figures represent the hypothesis that were made about 

the fuel pellet for the auto-attenuation calculations, namely that the materials were 

homogenous, that the pellet was intact and had the same material properties after the 

annealing test, as before.  
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Figure 5.2: Geometry illustration of the fuel pellet and its different containers before and after the annealing test. 

 

In the diagrams in figures Figure 5.3 and Figure 5.4 the profile pictures of the different fission 

products are shown. The negative z-direction is the physical upward direction of the pellet. 

This means that, for the measurement made before the annealing test, the bottom of the pellet 

is approximately at the 11mm position on the z-axis, and the top at about -2mm.  

 Analogously for the after annealing test profiles, the bottom of the pellet is roughly at 

the 2,5mm position. When these profiles are compared, it can be observed that the position of 

the top of the pellet differs between the Ru-106 profile and the others. According to the 

profile of Eu-154, known to stay in the fuel, the top of the pellet seems to be roughly at           

-14,5mm. The profiles of both the cesium isotopes end at the same place also, but Ru-106 was 

detected as far up as at the -16mm position.  

 



  32 
Master Thesis: Gamma Spectrometry Analysis - Severe Accident Research 
Kimmo Halonen [kimmoha@kth.se] 

5.2.1.1.1 Before annealing test 

 
Figure 5.3: Profile pictures of fission products in pellet before annealing test. 

5.2.1.1.2 After annealing test 

 
Figure 5.4 Profile pictures of fission products in pellet after annealing test. The apparent 

position for the top of the pellet is marked with the red dotted line. 
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5.2.1.2 Filter 

The filter was scanned twice, in the two different ways shown in Figure 5.5. The profile 

pictures given in Figure 5.6 correspond to the first scan shown on the left hand side in Figure 

5.5. The scan described on the right hand side was used for the quantitative results, because 

then the entire quantity of fission products in the filter is accounted for. 

 From the profile graph it can be seen that there is a higher quantity of fission products 

on one side, here the left side of the graph. 
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Figure 5.5: Illustration of how the filter was scanned. First it was scanned over the middle, 

shown on the left hand side, but since the collimator hole was not wide enough to fit the entire 

filter, another measurement was made where it is scanned twice, shown on the right. 

 

 

 
Figure 5.6: Profile pictures for cesium-134 and cesium-137 in the filter. The profile 

corresponds to the scan illustrated on the left hand side of Figure 5.5. 
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5.2.1.3 Quartz tube 

In the cesium profile pictures of the quartz glass tube below, the air flow direction is from the 

right hand side to the left. It can clearly be seen that the fission products have accumulated 

just before the filter, and after the peak the amount decreases nearly linearly with the             

z-coordinate. The crucible was located in the middle of the quartz tube. 

 
 

 
Figure 5.7: Profile image of the fission product contents on the quartz tube. The air flow 

direction in these images is from the right side to the left. 

 

Air flow direction 

Air flow direction 
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5.2.2 Quantitative results 

The quantitative results obtained from the gamma spectrometry measurements are presented 

next. 

5.2.2.1 Pellet 

5.2.2.1.1 Before annealing test 

Both the calculated values and the experimentally obtained values for the initial inventory of 

fission products in the pellet are presented in Table 5.1. For Ru-106 the results for two 

different peaks are presented, this is to explain that a manual correction had to be conducted, 

described below. 

The database in the LINA software that contains relevant elements and respective 

ensemble of gamma ray energies has a preset priority for some energies. The energies that are 

prioritized have a number of counts under the peaks that are known to best represent the real 

quantity of the corresponding element.  

 In this case the high uncertainty induced a large enough error for the prioritized peak 

for Ru-106, that the software automatically switched to a peak at another energy to base the 

number of atoms calculation. This resulted in a large difference between the number of Ru-

106 atoms calculated by the Cesar5.1 software and the measured number. The peak that was 

automatically selected was at the energy 616,20 keV, here the ratio between measured value 

and calculated value was 0,26. When manually switching to the other peak at 621,80 keV, the 

deviation was much smaller with a ratio of 1,18, and this is the value that was then used. 

 For the cesium isotopes, the calculated values and measured values deviated less than 

10 %. 

 

Table 5.1: Quantitative results for the initial inventory. Both the calculated and measured 

values are presented, as well as the ratios between measured and calculated values. For 

ruthenium-106 the result for two different peaks are displayed.  
 

Element 
Calculated  

initial inventory 
Measured  

initial inventory Peak energy  Measurement/Calculation 

 [# atoms]* [# atoms]* [keV]  

     

Ru-106 0,66 0,77 621.80 1,18 

[Ru-106 0,66 0,17 616.20 0,26] 

     

Cs-134 0,93 1,00  1,08 

Cs-137 7,39 7,50  1,01 

*The number of atoms values have been normalized in relation to the Cs-134 value for confidentiality reasons. 
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5.2.2.1.2 After annealing test 

The values for the gamma spectrometry measurement of the pellet after the annealing test are 

given in Table 5.2. First the measured initial inventory is given, to be able to clarify how the 

Eu-154 correction method was done, as explained in section 4.3.5. Then the amounts and 

release percentages are given, first without, and then with the Eu-154 correction   

 Before the Eu-154 correction is done, the amount of Ru-106 atoms is 21% higher after 

the annealing test than before. The same is valid for the amount of Eu-154 atoms with 19%. 

This is not physically possible.  

 It is assumed that no Eu-154 is released from the pellet. When the Eu-154 correction is 

done, the amounts of Eu-154 are set to be the same before and after the annealing test, (these 

values that are highlighted in black). After the correction, the amount of ruthenium in the 

pellet is only a 2% larger after than before the annealing test, which is an improvement. 

 

Table 5.2: Quantitative results for the gamma spectrometry measurement of the pellet after 

the annealing test. The initial inventory values are also given to facilitate the explanation of 

the Eu-154 correction. 

 
 Measured initial  After AT without correction After AT with correction 

Element inventory Amount Release Amount Release 

 [# atoms]* [# atoms]* [%] [# atoms]* [%] 

      

Ru-106 0,77 0,94 -21 0,79 -2 

Cs-134 1,00 0,52 48 0,44 56 

Cs-137 7,50 3,94 47 3,32 56 

Eu-154 0,13 0,16 -19 0,13 0 

*The number of atoms values have been normalized in relation to the Cs-134 value for confidentiality reasons. 

5.2.2.2 Filter and quartz tube 

The quantitative results for the gamma spectrometry measurements of the aerosol filter and 

the quartz glass tube are given in Table 5.3. The amounts are given as a percentage of the 

measured initial inventory of the fuel pellet. It can be observed that no ruthenium was 

detected, and a very small amount of Eu-154. 

 
 

Table 5.3: Gamma spectrometry measurement results for the filter and quartz tube. 

 
Element Filter Quartz tube 

 [% of measured pellet initial inventory] 

   

Ru-106 0 0 

Cs-134 24 35 

Cs-137 25 35 

Eu-154 0,1 0 
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6 Discussion 

6.1 Profiles 

On the following pages the after annealing test profile diagrams of the different fission 

products are shown in larger size. 

 The Ru-106 profile shows that there is ruthenium higher up than where the profiles for 

the other fission products indicate that the pellet top is; that is to the left of the red line. This 

indicates that there is ruthenium outside the pellet. The part the ruthenium content to the left 

of the red line represents 1,5% of the total amount. It could be considered that the fuel pellet 

is deteriorated and that the 1,5% of the ruthenium is on top of this pile.  

 When comparing the cesium profile pictures of the fuel pellet before and after the 

annealing test, it seems to still have the same height. If it would have deteriorated much, it 

should be in a pile and the height smaller than originally. This indicates that the fuel pellet is 

still reasonably intact, or at least has the same general shape, so probably the ruthenium which 

was detected above the pellet is not on top of the fuel pellet, but deposited on the inner wall of 

the crucible. The basic concept is described in Figure 6.1. 

 If this is the case, there is a possibility that there has occurred an even more extensive 

ruthenium release. Since the measurement was made from the side, it cannot be determined 

from the available profile pictures if the ruthenium is inside the fuel pellet or on the crucible 

wall next to it. To investigate this, a more detailed analysis of the crucible and fuel pellet is 

required. 

 A very rough estimation that can be done at this point is however the following; if it is 

assumed that the ruthenium deposition on the crucible wall is somewhat evenly spread out on 

the z-axis, so that it has the same level beside the fuel pellet as above it, an approximate 

calculation would give that there could be between 10-20% ruthenium outside the pellet. The 

approximation is described in Figure 6.2. 

 

Pellet 

Thermocouple 

Crucible 

Cladding 

 

 

 
Figure 6.1: Illustration of a possible ruthenium oxide deposition on the inner walls of the 

crucible. 
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Figure 6.2: Ruthenium-106 profile picture of fuel pellet after annealing test. The 1,5% of the 

ruthenium content above pellet top is marked, assumed ruthenium layer on the inner wall of 

the crucible marked in black. The layer thickness is assumed to be homogenous in the z-axis 

and its thickness to be the one seen above the pellet (to the left of the red line). 
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Figure 6.3:Cesium-134 profile picture of fuel pellet after annealing test. 
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Cs-137 - After annealing test
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Figure 6.4: Cesium-137 profile picture of fuel pellet after annealing test. 
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Figure 6.5: Europium-154 profile picture of fuel pellet after annealing test. 
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6.2 Quantitative results 

The release of above 80% of the Kr-85 fission product gas was approximately the same 

amount as has been observed in earlier experiments, which were conducted on the same setup 

[1]. This confirms that the annealing test has been performed in a correct fashion. 

 

For the initial inventory of the fuel pellet the values calculated with the Cesar5.1 code and the 

ones obtained by gamma spectrometry measurement deviated notably for some fission 

products. As seen in Table 6.1, for ruthenium the inaccuracy was 18%, while for the cesium 

isotopes it is lower. This could be due to the fact that cesium has been more in the focus of 

research in the past and that the Cesar5.1 code is better at calculating the cesium contents.  

However, when we also look at the half-life of each isotope, and consider that there is 

a time period of 9 years between the end of irradiation of the fuel pellet and the measurement, 

it seems that it could be a statistical error that matters in this case. Ruthenium has the shortest 

half life, and the relative amount of ruthenium remaining in the pellet at the time of 

measurement, compared to the initial amount just after irradiation, is the smallest. It is in fact 

almost 100 times smaller than for cesium-134 and approximately 5000 times smaller than that 

of cesium-137. This could very well explain the worse accuracy. 

 

Table 6.1: The calculated and experimentally measured values are compared. The remaining 

part is the amount of atoms present at the time of measure, divided by the amount of atoms at 

the end of irradiation. 

 

 

 

A comparison between the amounts of fission products released from the fuel pellet, and the 

amounts found in the filter and quartz tube is done in Table 6.2. The deviations between the 

amounts released and the amounts found in both the filter and the tube are all below 5%. 

When considering that the experimental error for a measurement of this kind is known to be at 

least 5% [2], the consistency seems to be good.  

 Practically no europium-154 was found either in the filter or tube. This, together with 

the overall good consistency for the other fission products, shows that the hypothesis of the 

Eu-154 correction method, that this fission product is not released, was correct. 

 

Element 
Calculated 

initial inventory 
Measured  

initial inventory 
 

Measured/calculated Half life 
 

Remaining part 

 [# atoms]* [# atoms]*  [years] [%] 

      

Ru-106 0,66 0,77 1,18 1 0,014% 

Cs-134 0,93 1,00 1,08 2 1,2% 

Cs-137 7,39 7,50 1,01 30 74% 

*The number of atoms values have been normalized in relation to the  Cs-134 value for confidentiality reasons. 
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Table 6.2: Gamma measurement results for the filter and the quartz tube, compared with the 

released amount of ruthenium-106. Values relative to the measured initial amount in the 

pellet are given. The release of Eu-154 is presumed to be zero. 

 
Element 

 
Released 

 
Detected in filter 
and quartz tube 

Deviation 
 

    

Ru-106 -2% 0% 2% 

Cs-134 56% 59% 3% 

Cs-137 56% 60% 4% 

Eu-154 0% 0,1 % 0,1% 

[% of measured initial value in the fuel pellet] 

 

6.3 Coherence with results obtained at the CRL 

Of all the tests conducted at the Chalk River Laboratory (CRL) that are listed in Table 2.1, the 

test designated CHE2-CM4 is the one with most similar conditions compared to the ones used 

for the MERARG2 experiment: same final temperature (1350°C), same temperature ramp 

(0,1°C/s) and same atmosphere (air). 

 When comparing the results of this test at the CRL with the outcome of the 

MERARG2 experiment, it can be observed that the resulting Ru-106 release percentages 

differ; at the CRL a release of 20% was observed, while the results for the MERARG2 

experiment show a release of 0% ruthenium outside the crucible. For the Cs-137 there is also 

a difference; at the CRL a higher release of 75% was detected, while the corresponding result 

for MERARG2 was 56%. The reason for the deviations could be a combination of two 

factors. 

 One significant difference is, that at the CRL tests, fragments of fuel pellets without 

claddings were used, while the pellet in the MERAGR2 test was intact and with cladding. The 

cladless fuel fragments are oxidized much faster. In the case of the intact fuel pellet, most of 

its outer surface is covered by the cladding, which has to be oxidized before the oxidation of 

the fuel inside takes place. The upper and lower ends of the pellet are not covered by 

cladding, so these are the places where the most extensive oxidation should have taken place. 

 Another difference between the two simulations is the time during which the target 

temperature was maintained. It was longer for the CRL simulation, 140 minutes, while only 

60 minutes for the MERARG2 case.  

 These two factors seem to have had the effect that a smaller part of the ruthenium was 

oxidized at MERARG2 than at the CRL. On the other hand, if the hypothesis made in section 

6.1, about released ruthenium that stayed in the crucible, and its rough estimation of a release 

of about 10-20% would turn out to be somewhat correct, the results for the Ru-106 would be 

very close to the ones obtained at the CRL. [26, 27, 28] 
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7 Conclusions 

7.1 No ruthenium released outside crucible 

It can be concluded that in this experiment no ruthenium was relocated outside the crucible, 

since no traces of it could be found in either the filter or the quartz tube. The main reason why 

this result differs from the 20% release in the experiments conducted at the Chalk River 

Laboratory in Canada, seems to be that in the latter case there was no cladding around the fuel 

pellet [26, 27, 28]. If it would be correct that there was a ruthenium release from the fuel 

pellet but that it stayed inside the crucible, the reasons why the ruthenium stayed there have to 

be considered, this would possibly include ruthenium oxide kinetics in combination with the 

design of the crucible. 

 For the measurement accuracy the amount of ruthenium-106 in the pellet has an 

impact; at the time of the experiment it was 5000 times smaller than at the end of irradiation. 

This makes it impossible to see if a very small relative amount actually was released.  

7.2 Successful use of Eu-154 correction method 

By using the correction method where the Eu-154 amount in the pellet is assumed to be 

constant, a good consistency was achieved, which indicates its correctness. The hypothesis 

was also supported by the fact that no Eu-154 was found in either the filter or the quarts glass 

tube. Both these aspects show that the correction method is useful for this kind of 

measurements.   

7.3 IRSN collaboration initiated 

This work allowed setting up collaboration with the French Radioprotection and Nuclear 

Safety Institute (IRSN), the aim of which is to use their severe accident simulation codes to 

simulate the experiment, and to validate the models used in these codes. 

7.4 Objective reached 

The overall conclusion is that the MERARG2 experimental circuit and used methodology are 

appropriate for conducting simulations with fission product aerosol measurement. It is now 

validated that this first attempt was successful and more experiments can be conducted. For 

future experiments, it would be interesting to see if there is a ruthenium release under similar 

conditions, but for example with a higher temperature during the annealing test. Another 

parameter that could be changed is the time of the temperature plateau during the annealing 

test, which could be made longer. 
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9 Appendix A 
Gamma spectrometry 

 

9.1 Physical principles 

Gamma spectrometry exploits the spontaneous emission of gamma photons from the sample 

object. A gamma photon is by definition photons with energy above 100 keV. Normally 

gamma rays are emitted in context with radioactive decay, when a new nucleus have been 

created and is in an excited state. To de-excite, it sends out the energy in the form of one or 

several gamma photons. The energy of the gamma rays corresponds to the energy difference 

between the excited level and the less-excited level of the nucleus, as illustrated in Figure 9.1. 

One type of nucleus can have several transitions with different probabilities and which lead to 

the emission of photons with different energies. Every type of nucleus has its own energy 

spectrum, and a certain time delay between the creation of the excited state and the gamma 

emission. [18] 
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Figure 9.1: Left, schematic of gamma emission after fission of a nucleus. Right, schematic of  

the energy levels of  a nucleus. 

 

The nuclei can be identified by recognizing their specific energy spectrum. Even 

though different nuclei can send out gamma rays with very similar energy, most of the time 

they have some non-coinciding peaks which reveal which nuclei are present. The task of 

identification is made easier and more efficient when databases and software for spectrum 

analysis are used. 

 The number of gamma rays sent out with certain energy, is proportional to the number 

of corresponding gamma emitters. This means that not only is it possible to detect which 

isotopes are present in the sample, but also the quantitative amounts of each emitter. This 

requires proper calibration of the equipment, to be able to account for different factors that 

attenuate the number of gamma rays registered by the detector, and finally the amount of 

counts accumulated by the computer system. These factors are the self attenuation of the 

emitting material itself, any interaction on the way to the detector and the efficiency of the 

detector system. 

 Inside the detector the photons interact with the material in several ways, most 

commonly by the photoelectric effect, the Compton Effect and pair creation. These 

interactions create electrical charges, which leads to an electric current that is registered by 
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the electronic circuit part of the detector. Thereafter the impulses of electric current are 

transformed into digital signals, which can be interpreted by a computer. Phenomena that 

disrupt the gamma spectrum are for example that, because the detector has a limited volume, 

high energetic photons may pass through the detector without or only partially transferring its 

energy. Another type of incident is when two or more photons happen to deposit their 

energies at the same time, which produces a very strong signal and is registered as a single 

photon with a very high energy. 

What one is in practical sense faced with is a spectrum in the form of an energy versus 

number of counts diagram. In the diagram several peaks are normally superimposed, the 

principle appearance is shown in Figure 9.2. To determine the types of nuclei in the sample 

the position of the peaks are analyzed. To find out the quantity of nuclei of one sort, the area 

of the peaks, that is, the number of counts that corresponds to its specific energies is verified. 

The counts at very high energies, created by the coinciding energy releases by several 

photons, are called the pile-up. [18] 
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Figure 9.2: Schematic of a gamma spectrum with the most fundamental details. 

 

9.2 Detectors 

The two most common types of detectors are scintillators and semiconductors. 

 The scintillator detectors convert the gamma rays into lower energy photons, to which 

the scintillator material itself is transparent. These photons enter a multiplier, a device in 

which the photons induce the release of electrons and in the end an electric current, 

transmitting a signal to the electric circuitry. 

 In the semiconductor detectors, the gamma rays ionize the atoms of the semiconductor 

crystal, thus creating free electrons and holes. The property of being a semiconductor makes it 

possible for the charged particles to move inside the crystal. They exit the crystal due to the 

presence of an electric field, and thus create electrical currents supplied directly to the 

electrical circuitry. [18] 

 In this work, in the MERARG2 setup, the latter type of detectors are used, more 

precisely, a hyper-pure germanium detector of type P. 
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9.3 Electronic circuitry 

When a gamma photon hits the germanium crystal, it transfers its energy to many atoms, 

releasing a cascade of electrons. The amount of electrons, the integral over the electric current 

curve, is proportional to the initial energy of the gamma photon. What the circuitry does is to 

collect this signal and store the information. 

 The electric field put over the semiconductor crystal, to make the freed charges exit, is 

called the Detector Bias. 

 The preamplifier increases the signal amplitude by implementing larger impedance on 

the input side, and a lower impedance on the output side. Impedance is the ratio of the voltage 

to the current in AC-circuits, basically how much the circuit opposes the passage of current at 

a certain voltage. 

 The amplifier further increases the signal amplitude, enough to make it possible for its 

complete analysis by the next component. 

 The multichannel analyzer sorts the signals according to their amplitude and counts 

how many signals each channel has received. One channel corresponds to an amplitude 

interval. 

 After this the signal is digitally interpreted by a computer system and the gamma 

spectrum diagram created. [18] 
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10 Appendix B 
Details for auto attenuation calculation with STRATAGEME software 

 

In this appendix the input parameters used to calculate the auto-attenuation are given. For 

each setup the geometry definition illustration is given, below it the material properties and 

geometrical boundaries are listed, and the table at the bottom gives the resulting transmission 

values for the 11 different energies, which are then used to calculate the efficiency curves. 

 

The Eu-152 source was used for calibration of all the measurements. For the filter this 

calibration was made in two steps, this means that another secondary source was calibrated by 

the first mentioned Eu-152 source, and in turn used to calibrate the filter measurement. The 

secondary source used was a piece of a fuel rod.  

 

The filter is disc shaped and was during measurement in a cylinder shaped, 1 mm thick 

stainless steel container. It was not measured in the same way as the others, from the side, but 

over its cross section. It was assumed that the fission products did not penetrate into the filter, 

but that the deposition was one side of it, on the side that was closest to the sample pellet 

during the annealing test and where the air stream came from. During the measurement, this 

side was closest to the detector. Because the setup was not cylindrically symmetric, the 

STRATAGEME software could not be used, and the calculation was set up manually. 

 

The quartz tube was measured without any container. What had to be accounted for on the 

other hand is that the fission products are on the inside of the tube. That means the gamma 

photons have to go through the tube, so an auto-attenuation calculation was made for this. The 

layer of fission products was assumed to be very thin. 

 

The setup information is given in the following order: 

 

1. Calibration with Eu-152 source for measurement of the sample pellet and secondary 

source. 

 

2. Measurement of the sample pellet before the annealing test. 

 

3. Measurement of the sample pellet after the annealing test. 

 

4. Measurement of the fuel secondary source, the same setup is used for the calibration 

of the filter measurement. 

 

5. Measurement of the filter. 

 

6. Measurement of the quartz tube. 
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1. Calibration with Eu-152 source for measurement of the sample pellet. 

 
 

 

Eu-152 source 

 

Titanium 

 

Stainless Steel 304L 

 

Titanium 

 

 
Figure 10.1: Geometry definition for the STRATAGEME auto-attenuation calculation, Eu-152 

source. 

 

 

Table 10.1: Definition of zones for the calibration setup. 

 

Material name 
Density 
[g/cm3] 

Composition 
[mass fraction] 

Int. Diameter 
[mm] 

Ext. Diameter 
[mm] 

            

Eu-203 2,37 Eu 0,21950 0 6,3 

  O 0,03470   

  Al 0,74580   

            

Titanium 4,51   6,3 7,55 

            

Titanium 4,51   8,25 9,6 

            

SS 304L 7,9 Fe 0,72000 10 12 

  Cr 0,18000   

  Ni 0,10000   

 

 

Table 10.2: Transmission coefficients for different energies for calibration setup. 
 

Energy [keV] Transmission 

121,78 0,51593691 

244,7 0,75370497 

344,28 0,80054265 

411,11 0,81816769 

443,98 0,82496554 

778,91 0,8655352 

867,39 0,87214828 

964,13 0,87841177 

1085,91 0,88521034 

1299,12 0,89477032 

1408,01 0,89876127 
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2. Measurement of the sample pellet before the annealing test. 

 
 

 

UO2 fuel 

 

Stainless Steel 304L 

M5 cladding 

 

 
Figure 10.2: Geometry definition for the STRATAGEME auto-attenuation calculation, pellet 

before the annealing test. 

 

Table 10.3: Definition of zones for the measure setup before the annealing test. Information 

replaced by * is confidential. 
 

Material name 
Density 
[g/cm3] 

Composition 
[mass fraction] 

Int. Diameter 
[mm] 

Ext. Diameter 
[mm] 

      

UO2 * * * 0 8,09 

  * *   

      

M5 cladding * * * 8,25 9,5 

  * *   

  * *   

      

SS 304L 7,9 Fe 0,72000 13 14 

  Cr 0,18000   

  Ni 0,10000   

 

Table 10.4: Transmission coefficients for corresponding energies for setup before the 

annealing test. 
 

Energy [keV] Transmission 

121,78 0,02591935 

244,7 0,17423284 

344,28 0,33426875 

411,11 0,42512235 

443,98 0,46277273 

778,91 0,67113918 

867,39 0,69826251 

964,13 0,72180957 

1085,91 0,74515408 

1299,12 0,77389592 

1408,01 0,78407538 
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3. Measurement of the sample pellet after the annealing test. 
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M5 cladding 

 

 
Figure 10.3: Geometry definition for the STRATAGEME auto-attenuation calculation, pellet 

after the annealing test. 

 

Table 10.5: Definition of zones for the measure setup after the annealing test. Information 

replaced by * is confidential. 
 

Material name 
Density 
[g/cm3] 

Composition 
[mass fraction] 

Int. Diameter 
[mm] 

Ext. Diameter 
[mm] 

            

UO2 * * * 0 8,09 

  * *   

            

M5 cladding * * * 8,25 9,5 

  * *   

  * *   

            

Platinum etui 21,450001 Pt 0,80 16 19 

  Rh 0,20   

            

SS 304L 7,9 Fe 0,72000 27,67 32,66 

  Cr 0,18000   

  Ni 0,10000   

 

Table 10.6: Transmission coefficients for corresponding energies for setup after the 

annealing test. 
 

Energy [keV] Transmission 

121,78 0,0000006 

244,7 0,02213744 

344,28 0,11334243 

411,11 0,18755937 

443,98 0,22221455 

778,91 0,45206699 

867,39 0,48693299 

964,13 0,5183605 

1085,91 0,55073535 

1299,12 0,59226006 

1408,01 0,60758835 
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4. Measurement of the secondary source, the same setup is used for the calibration of the 

filter measurement. 

 
Figure 10.4: Geometry definition for the STRATAGEME auto-attenuation calculation, 

secondary source. 

 

Table 10.7: Definition of zones for the calibration setup. Information replaced by * is 

confidential. 

 

Material 
name Density [g/cm3] 

Composition [mass 
fraction] 

Int. 
Diameter 

[mm] 

Ext. 
Diameter 

[mm] 

            

Fuel * * * 0 8,19 

  * *   

  * *   

            

M5 
cladding * * * 8,36 9,5 

  * *   

  * *   

            

SS 304L 7,9 Fe 0,72 9,8 13 

  Cr 0,18   

  Ni 0,10   

 

Table 10.8: Transmission coefficients for different energies for the calibration setup. 
 

Energy [keV] Transmission 

121,78 0,02040459 

244,7 0,14598142 

344,28 0,28948838 

411,11 0,37430426 

443,98 0,41018385 

778,91 0,61766607 

867,39 0,64606607 

964,13 0,67108583 

1085,91 0,69626558 

1299,12 0,72794306 

1408,01 0,73943895 

 



  53 
Master Thesis: Gamma Spectrometry Analysis - Severe Accident Research 
Kimmo Halonen [kimmoha@kth.se] 

5. Measurement of the filter. 
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Figure 10.5: Illustration of the measurement setup for the aerosol filter. 

 

 

 

 

 

Table 10.9: Definition of zones for the filter measurement setup. 

 
Material 
name Density [g/cm3] 

Composition [mass 
fraction] 

Thickness 
[mm] 

          

SS 304L 7,9 Fe 0,72 1 

  Cr 0,18  

  Ni 0,10  

 

 

Table 10.10: Transmission coefficients for different energies for the filter measurement setup. 
 

Energy [keV] Transmission 

121,78 0,8133506 

244,7 0,9060190 

344,28 0,9228072 

411,11 0,9293582 

443,98 0,9319305 

778,91 0,9477533 

867,39 0,9503737 

964,13 0,9528631 

1085,91 0,9555741 

1299,12 0,9593647 

1408,01 0,9609432 
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6. Measurement of the quartz tube. 

 

 
 

 

Quartz 

Thin layer of fission products 

 
Figure 10.6: Definition of zones for the quartz tube setup. 

 

 

 

 

Table 10.11: Definition of zones for the quartz tube measurement setup. 

 

Material 
name 

Density 
[g/cm3] 

Int. 
Diameter 

[mm] 

Ext. 
Diameter 

[mm] 

        

Quartz 2,65 54 60 

    

 

 

Table 10.12: Transmission coefficients for different energies for calibration setup. 
 

Energy [keV] Transmission 

121,78 0,79306775 

244,7 0,84027141 

344,28 0,85876495 

411,11 0,86787218 

443,98 0,87172872 

778,91 0,89831865 

867,39 0,90308261 

964,13 0,90765285 

1085,91 0,91265303 

1299,12 0,91990131 

1408,01 0,9229995 
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11 Appendix C 
Details for efficiency curve calculation 

 

The efficiency curves were calculated for the fuel pellet before and after the annealing test, 

for the secondary calibration source and the quartz tube. Here the efficiency curves for each 

case are given, followed by the calculation details. In the details the yellow areas contain 

numbers inserted from the STRATAGEME auto-attenuation calculations and the number of 

atoms of the europium-152 source given at different energies. The purple areas contain the 

coefficient for the third degree logarithm polynomial function that is fitted to the measured 

points. 

 

The efficiency curve and table of parameters are given for the following cases: 

 

1. Pellet before the annealing test. 

 

2. Pellet after the annealing test. 

 

3. Secondary source. 

 

4. Quartz tube. 
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1. Pellet before the annealing test. 

 

Efficiency curve - Pellet before the annealing test
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Figure 11.1: Efficiency curve for the setup used before annealing test, the measured values 

are shown as pink dots and the values of the adapted third degree polynomial are shown as a 

blue curve. 

 

 
 

Figure 11.2: Table of parameters for the efficiency curve calculation for the pellet before the 

annealing test. 
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2. Pellet after the annealing test. 

 

Efficiency curve - Pellet after the annealing test
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Figure 11.3: Efficiency curve for the setup used after annealing test, the measured values are 

shown as pink dots and the values of the adapted third degree polynomial are shown as a blue 

curve. 

 

 
 

Figure 11.4: Table of parameters for the efficiency curve calculation for the pellet after the 

annealing test. 
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3. Secondary source. 

 

Efficiency curve - Secondary source
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Figure 11.5: Efficiency curve for the setup used for the secondary source, the measured 

values are shown as pink dots and the values of the adapted third degree polynomial are 

shown as a blue curve. 

 

 
 

Figure 11.6: Table of parameters for the efficiency curve calculation for the secondary 

source. 
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4. Quartz tube 

 

Efficiency curve - Quartz tube
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Figure 11.7: Efficiency curve for the setup used for the quartz tube, the measured values are 

shown as pink dots and the values of the adapted third degree polynomial are shown as a blue 

curve. 

 

 
 

Figure 11.8: Table of parameters for the efficiency curve calculation for the quartz tube. 


