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To Emma

And indeed there will be time
For the yellow smoke that slides along the street, 
Rubbing its back upon the window panes;
There will be time, there will be time 
To prepare a face to meet the faces that you meet; 
There will be time to murder and create,
And time for all the works and days of hands 
That lift and drop a question on your plate;
Time for you and time for me,
And time yet for a hundred indecisions,
And for a hundred visions and revisions,
Before the taking of a toast and tea.

T. S. Eliot
Prufrock and Other Observations
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Abstract

The Swiss National Cooperative for the Disposal of Radioactive Waste (Nagra) regularly 
performs analysis of cost estimates associated with the NPP decommissioning. For this 
purpose, Nagra has over the past ten years developed an NPP activation analysis 
methodology based on MCNP models of Swiss NPPs.

The validation of these models is accomplished using measurements from foil activation 
campaigns, in which foil samples are activated at key locations inside the NPP for the 
duration of one cycle. The measurement campaigns have already been carried out at the 
Gosgen PWR (KKG) and the Miihleberg BWR (KKM). The first validation has already been 
successfully conducted for the KKG MCNP model.

This thesis describes the efforts to validate the KKM MCNP model. This process included 
modifications, such as modeling of steam separators individually and improving the 
definition of jet pumps. Furthermore, the core definition was completely redefined, going 
from a 6-cell cylindrical model to a 940-cell model, shaped like the actual KKM core, which 
more accurately represented the void distribution.

In order to benchmark the new model, the locations of samples used during the two KKM 
foil activation campaigns were implemented into the model using the GSAM code. The 
interface between the MCNP model and GSAM was improved by creating a new energy 
group structure, optimized specifically for the activation of the three foil materials. Their 
activation was simulated the state of the art hybrid VR code ADVANTG. The calculated 
results were then compared against the measured values for each foil material separately.

The numerous improvements introduced in the 2014 model led to good agreement in many 
areas. The agreement is within the factor of two on the inner side of the bioshield, at the 
core height and above, and factor of three above the bioshield. Furthermore, distinct 
suggestion for improving the agreement in other areas was presented. This includes 
modeling of pipes extending from the RPV and going through the openings in the bioshield, 
as well as modeling of the control rods. Overall, the work described in this thesis represents 
a major step forward in KKM activation analysis accuracy.
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1. Introduction

Swiss national nuclear law states that the producers of nuclear waste are financially 
responsible for its disposal. Specifically, this is communicated through the Swiss Nuclear 
Energy Act (KEG), Nuclear Energy Ordinance (KEV), and Ordinance on Decommissioning & 
Waste Management Fund (SEFV) [33]. For nuclear power plants (NPPs), this applies to spent 
fuel, reprocessing, operational waste, and waste arising from decommissioning. 
Consequently, two funds have been set up to cover the associated costs - the 
Decommissioning and the Waste Disposal Funds.

Every five years, the cost estimates associated with these funds are revised and verified by 
ENSI, the regulator. One part of the decommissioning cost estimate is the calculation of the 
radiological inventory resulting from NPP operation, composed of both activated and 
contaminated waste. Understanding of the activity and location of activated components is 
essential for the planning of the decommissioning process, design of waste containers and 
packaging concepts, and therefore cost estimates.

To address these questions, the Swiss National Cooperative for the Disposal of Radioactive 
Waste (Nagra) regularly performs analysis of cost estimates associated with the NPP 
decommissioning and management of radioactive waste. This includes the characterization 
of the activity distribution within an NPP in order to determine the nuclear activation levels 
of various NPP components, which will affect both the dismantling procedure and the 
consequent disposal of these components as radioactive waste.

For this purpose, Nagra has over the past ten years developed an NPP activation analysis 
methodology. This methodology utilizes the nowadays ubiquitous high level of 
computational power and a Monte Carlo transport code MCNP5 (.Monte Carlo N-Particle 
transport) [44]. That is, MCNP models of Swiss NPPs were created. A more detailed 
description of the overall Nagra methodology can be found in chapter 2.

Just like for any models representing reality, validation is of paramount importance. This is 
accomplished by comparing the calculation results based on the models against foil 
activation measurements, in which foil samples have been placed in the NPP building at key 
locations for the duration of one cycle. During this time, these foils are activated by the 
neutron radiation field at their location. Afterwards, during the subsequent outage, the foils 
are removed and transported to a lab, where the activity of activation products is measured.

Such measurement campaigns have already been carried out at the Miihleberg BWR (KKM) 
and the Gosgen PWR (KKG). KKM has so far carried out two campaigns. The first took place 
during cycle 33 (2005-2006) and involved 52 samples. The second took place during cycle 
39 (2012-2013) and involved 22 samples. KKG has so far carried out one campaign during 
cycle 33 (2012-2013), using 10 samples. The campaigns for Beznau NPP (KKB) and 
Leibstadt NPP (KKL) are planned for the near future. The foil activation campaigns are 
further discussed in chapter 3.

In order to compare the results of the foil activation campaign with those of the Nagra NPP 
activation calculation, the foil activation needs to be simulated at each of the locations 
representative of the sample positions during the campaign. For this purpose “an MCNP 
Generic Sample Activation Model for Validation of the Nagra NPP Activation Methodology” 
(GSAM) tool was previously developed [45] at Nagra. The reasoning behind the need for

9



this interface tool, as well as the procedure for running the aforementioned MCNP5 
calculations, can be found in chapter 4.

Such a validation has already been conducted for the Nagra KKG MCNP model [45] [28]. 
Comparison with the foil activation campaign results identified areas of the model, which 
needed to be improved. Such improvements, which include more detailed modeling of key 
components, were carried out in the past as part of the validation of the KKG model. The 
improved model showed a sufficient agreement for the purpose of decommissioning 
planning, for the majority of the important locations within the factor of two.

Applying the activation analysis methodology to KKM is more challenging. The streaming 
paths associated with the BWR/4 [4] design are much more complex and numerous than the 
PWR streaming paths in KKG, including bioshield openings and pathways to the drywell 
(and the basin area) via the top of the bioshield. Furthermore, the BWR core is filled with 
steam of varying qualities, which varies between the individual assemblies. This makes it 
difficult to accurately calculate the effect of water on neutron shielding. In comparison, 
PWRs (like KKG) are filled with all-liquid water and structures surrounding the RPV don’t 
provide many streaming paths [28].

Previously, only preliminary validation has been carried out on the Nagra KKM MCNP 
model. Specifically, MCNP-calculated fluxes were compared against fluxes calculated from 
the foil activations. This comparison produced unsatisfactory results in many locations, 
suggesting that the model needs to be modified. Consequently, an improvement of the 
model was planned in order to reach the same level of agreement as with KKG. The major 
steps towards this improvement are the aim of this thesis. After this thesis is completed, one 
more iteration of model improvement is planned to take place, utilizing the lessons learned 
during this thesis project. The final model will then be used to update the cost estimate for 
the KKM decommissioning.

In this thesis, the existing Nagra KKM MCNP model, referred to as the 2011 model, is first 
improved and afterwards used for activation calculations, which are then compared with the 
measurements of the activation samples of two campaigns to assess the degree of agreement. 
The improvement of the model is split into three stages. Firstly, the 2011 model is verified 
and its cell structure modified. The dimensions deemed as important for neutron transport 
are verified, and redundant cell structures are unified. This is described in chapter 5. 
Secondly, parts of the 2011 model geometry believed to be important for neutron shielding 
are updated, in order to more accurately represent the neutron streaming through 
heterogeneous components. This includes the modeling of steam separators individually, 
and improving the definition of jet pumps. The description of these changes can be found in 
chapter 6. Thirdly, the active core representation has been modified to include significantly 
more detail. This involves the switch from a 6-cell representation of an active core to a 
940-cell model, reflecting the variation of core parameters in more detail. This is shown in 
chapter 7.

The resulting model, referred to as the 2014 model, is tested against the aforementioned foil 
activation campaign results. The comparison is detailed in chapter 8. Furthermore an 
analysis was made, which identified the areas possibly responsible for any remaining 
disagreement.

Finally, the conclusions drawn from this work, as well as the future outlook, can be found in 
chapter 9.



2. Nagra NPP Activation Analysis Methodology

In order to calculate the radiological inventory resulting from NPP operation, it is necessary 
to understand the activity and masses of activated, as well as contaminated, components. 
This information is then used for the purposes of the dismantling, planning, waste packaging 
concept, and estimation of the decommissioning process cost. For this purpose, Nagra 
developed a methodology for evaluating the radiological inventory of an NPP arising from 
neutron-induced component activation.

This methodology relies on a Monte Carlo simulation of the neutron flux distribution within 
the NPP, which is then validated by neutron flux measurement campaigns. The whole 
methodology can be summarized in the graphic shown as Figure 1.

Figure 1 - Nagra NPP activation analysis methodology [37]

Firstly, information is obtained about the investigated NPP. This includes technical drawings 
of the main components and their material composition (including impurities), as well as 
detailed information about the core, including power distribution, operation history, and 
void distribution (if applicable). This information is then used to build an MCNP model of 
the plant. At this point, a series of decisions have to be made about which components are 
important and should be included, and which ones should not, as well as the degree of 
detail for the model of each component. This is described in section 2.1. Once the model is 
completed, it can be used to calculate the neutron distribution within the NPP. This result
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will provide information about the neutron flux, as well as the neutron energy distribution, 
throughout the NPP. This is described in section 2.2. The flux information can then be used 
to calculate and map material activation, and finally to produce material-specific inventory 
maps. Plant-specific activation zone maps are used to refer to different parts of the NPP.
This is described in section 2.3. As explained in chapter 1, the quantification of component 
activation is essential for the planning of the decommissioning process, design of waste 
containers and packaging concepts, and therefore cost estimates.

As with all models representing reality, validation is of paramount importance, as it gives 
credibility to the simulation results. For this purpose foil activation campaigns were 
initiated. Information from these campaigns is used to benchmark and improve the NPP 
models. The reasoning behind choosing foil activation over other possible validation 
techniques can be found in section 2.4.

2.1 MCNP NPP Model
In order to build an MCNP model of an NPP, it is first necessary to collect all the required 
information about the NPP layout and component dimensions. This is accomplished mainly 
through the use of technical drawings provided by the utility (for example BKW, the 
operator of KKM, provided KKM technical drawings). These drawings are then supplemented 
by meetings with various NPP employees, who are able to clarify or explain various details 
using both internal documents and their personal experience of working at the plant. In 
some cases, measurements and photos of components of interest were taken during visits of 
controlled NPP areas during reactor outage periods.

Afterwards the material compositions of all these components will need to be described.
This step is important, as accurate representation of materials is essential for representative 
modeling of neutron shielding.

Another category of information needed to complete the NPP MCNP model is the reactor 
core parameters, such as fuel assembly (FA) power profiles, burnup information, and, for 
boiling water reactors (BWRs), void fractions (defined as fraction of the control volume 
occupied by water in the gaseous phase [34]). The relative power fraction, describing the 
power production in each FA, is also useful, as it provides information that can be used to 
construct the neutron source term. For this purpose, middle of cycle (MOC) information, 
representative of the cycle average [16], is used. That is, no variation in reactor power (or 
any other parameters) is taken into account. This is sufficient for the simulation of 
activation of Co-59, which is the main focus right now (together with two other validation 
isotopes, listed in section 2.4). Should the activation products investigated in the future 
require a more detailed modeling of the operation history, it will be implemented.

However, when such information is not available, it is possible to instead subtract the 
burnup at the end of the cycle from the burnup at the beginning of the cycle. The resulting 
value is directly proportional to the average power production during the cycle.

Once all this information is collected, a decision needs to be made about the degree of detail 
to be implemented. The drywell contains a large number of installations and components, 
some of which are at times even moved around. It is impossible (and unnecessary) to 
capture all of the details of reality. Consequently, it is essential to assess which details are 
important, and therefore should be modeled, and which details are not important, and 
therefore can be neglected in the model. It’s necessary to find a balance, and iteratively
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verify that all important components are in fact included. That is once an MCNP model of an 
NPP is used to obtain results and is compared against reality (through the validation foil- 
activation campaign), it is desirable to repeat the calculation with various model 
improvements and investigate the effect on the final results. For example, a model can be 
made more detailed (and complex) by explicit modeling of components, which were 
previously simply homogenized. Numerous such iterative investigations are performed on 
the Nagra KKM MCNP model as part of this thesis.

2.2 Neutron Flux Calculations
Once the MCNP model is completed, it can be run to calculate the neutron flux in the 
different parts of the NPP. The neutron behavior can be captured using a series of flux tallies 
and mesh tallies [44]. In theory, this can be accomplished by simply performing the MCNP5 
calculation with the aforementioned NPP model. This is referred to as an analog run. 
However, the variation in the magnitude of the neutron flux in an NPP is very large. This 
can be visualized with a neutron flux map, such as the one shown in Figure 2. There, it can 
be seen that the flux in an NPP may vary by as much as fifteen orders of magnitude.

total neutron flux
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Figure 2 - Total neutron flux map of KKM (based on the 2011 model)

Consequently, analog runs require too much computational time to achieve results of 
desirable precision, creating the need for the implementation of variance reduction (VR)
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methods. VR can be used to optimize the MCNP run for a particular calculation. For 
example, this can be a focus on a particular part of the geometry or a particular streaming 
path. This optimization greatly reduces the computational time necessary to obtain results 
with a desired precision. This need for effective VR within the Nagra methodology has 
previously been identified and documented [29] [28].

See section 4.1 for the detailed description of how VR was implemented into the KKM 
MCNP calculation of this thesis.

Once VR is implemented, the MCNP model can be used to generate flux maps, showing the 
overall neutron flux distribution in the NPP. These maps serve as a useful illustration of the 
overall behavior of neutrons leaked from the core

2.3 Activation Calculations
The aforementioned flux maps can be used to perform activation calculations. Within the 
Nagra methodology, the NPP in the model is split into a number of cells, which are then 
analyzed. See Figure 3 below for the KKM activation zone map used in the 2011 Nagra KKM 
decommissioning study.

Figure 3 - Activation zone map of KKM [36] [35]
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In the past, tallies were assigned to each of these zones (generally represented individually 
by MCNP cells), recording the 84-energy-group neutron flux. In the future, mesh tallies may 
be used instead, thus saving engineering time by removing the need to split the MCNP 
model into individual cells. The analysis also includes the calculation of reaction rates for 
isotopes of interest in various materials - either by direct MCNP reaction rate calculation or 
by using a multi-group neutron spectrum coupled with activation code calculations. For 
example, the reactions underwent by Eu-151, Co-59 and Ba-132 are investigated for 
concrete. This is then used to calculate the specific activity of the corresponding activation 
products (e.g. specific activity of Co-60 created from Co-59).

In order to accurately calculate the component activation, it is necessary to have precise 
information about the elementary composition of all component materials. These must 
include the impurities, which strongly influence the activation of the component. 
Unfortunately, this documentation isn’t always available or may not exist at all. It is 
therefore at times necessary to perform a chemical analysis of the material, or another 
similar material. For example, a chemical analysis was carried out on the concrete in KKB 
[43]. The resulting material definition may then be applied to the concrete used in KKM, if 
no other source for the composition of the KKM concrete would be available, as it was built 
around the same time as KKB and thus is likely to have used a similar concrete mixture.

These results can then be used to calculate material-specific inventory maps (altogether 
called the “activity atlas”) for the given NPP, which acts as input for packaging concept and 
decommissioning planning. Packaging calculations are necessary to decide on the type and 
number of waste packages, while decommissioning planning is used for planning of 
decommissioning procedures and safety planning. Both are relevant for the cost estimate of 
the final disposal.

2.4 Model Validation
Validation is essential for establishment of credibility for any theoretical model predicting 
reality. There are several ways that this can be accomplished.

The most straightforward way to compare the MCNP-calculated activation against reality 
would be to take samples from existing components (e.g. bioshield, RPV, drywell) and 
measure the concentration of activation products. For example, the concentration of Co-60 
can be measured with gamma spectroscopy. However, since NPPs in question are still 
operating, it is undesirable to interfere with these important components. Therefore, the 
activation must be evaluated through other means.

Material activation is a function of the impurity concentration and neutron flux distribution. 
Therefore, the evaluation of the neutron flux in different parts of the NPP would provide 
sufficient information for the validation of the Nagra MCNP NPP model. Neutron radiation 
is non-ionizing and can therefore only be measured indirectly. Consequently, the choice of 
detection techniques is rather limited.

One possible method to measure neutron radiation is a Snoopy-like neutron probe, for 
example Alnor (Studsvik) 2202 (shown in Figure 4) which delivers the count rate and the 
dose rate associated with neutron radiation [25]. These detectors use a BF3 or He-3 tube 
surrounded by a cylindrical polyethylene (PE) moderator. A Geiger-Muller (GM) detector is 
used to detect the ionizing products of the neutron reaction in the tube.
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Figure 4 - Alnor 2202D neutron monitor [17]

The fact that many such detectors are portable combined with the fact that they provide a 
real-time reading of the neutron dose rate makes these detectors a popular choice for 
radiation protection applications. However, this approach doesn’t provide any information 
about the energy distribution of the neutrons. This can be partially overcome by using 
cadmium, which cannot be penetrated by neutrons of energies lower than 0.5 eV. However, 
more information about the neutron energies above 0.5 eV is desirable. Therefore, even the 
use of two dose-rate meters, one regular and one covered in cadmium, would not provide 
sufficient information about the neutron spectrum.

The most common method for getting detailed information about the neutron spectrum uses 
Bonner spheres, which are shown in Figure 5. This method uses a Lil, BF3 or He-3 detector 
together with a set of 6-8 PE moderator spheres of varying sizes. A count is performed with 
each sphere and the ratio between the responses of individual cases is recorded. The 
spectrum is then “deconvoluted” - the results are interpreted using a computer program 
(e.g. BON) [25]. While this method provides detailed information about the neutron 
spectrum, the spatial position is significantly limited by the size of the spheres. For example, 
it is impossible to carry out the measurement in narrow gaps. In the end, only general room 
characteristics would be obtained. Moreover, the measurement requires someone to access 
the detector to exchange the spheres during the measurement. However, the measurement 
needs to be taken during the operation of the reactor, when access to areas of interest would 
be associated with a high dose, and is therefore not allowed. These reasons make this 
method undesirable for this application.
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Figure 5 - A set of Bonner Spheres [26]

Another option for the measurement of the neutron spectrum uses a ROSPEC (Rotating 
Neutron Spectrometer) [25], shown in Figure 6. It’s an alternative to Bonner spheres, which 
also provides very detailed information about the neutron spectrum, but doesn’t require any 
human action (such as exchange of the spherical moderator) to carry out the measurement 
[5]. It’s based on a series of proportional counters, filled either with varying hydrogen or 
argon-methane atmospheres, which rotate about a common axis. ROSPEC is designed for the 
50 keV - 4.5 MeV energy range, aimed at the degraded spectra found in various nuclear 
facilities. The output is analyzed with a computer program, calculating fluence and dose 
rate. ROSPEC is arguably a suitable choice for the desired application, as it provides all the 
required information and doesn’t require any human actions during reactor operation. 
However, this device is rather expensive. Therefore to measure the neutron spectrum in a 
large number of locations, it is necessary to either spend a large amount of money and 
purchase a large number of ROSPEC detectors, or move a smaller number of ROSPEC 
detectors to different locations during operations. Both of these approaches are undesirable 
- the former due to the large costs, the latter due to the dose associated with such a human 
action. Furthermore, both detectors may be too large to fit into certain key locations, such 
as narrow gaps. Therefore, the use of ROSPEC detectors, while better than the use of Bonner 
spheres, is still undesirable.
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Figure 6 - ROSPEC [5]

In order to reduce the costs associated with the measurement at many locations without the 
need for any human action, as well as to have the ability to measure the flux distribution in 
narrow spaces, the foil activation method should be considered. In this approach, (generally 
thin) foils of materials, which react with neutrons to produce radioactive activation 
products, are placed in locations of interest. After some time, typically a full cycle, these 
samples are removed and the activity of the activation products is measured. Several foils 
are used in each sample at each location, composed of different materials with different 
neutron cross section profiles. A common approach is to use at least one material whose 
activation cross section has an effective threshold. While the construction of the multi-foil 
samples and the foils themselves are generally cheap, in situations where the activation 
product activity measurement is not carried out on site, the cost of transportation to the 
measurement site, measurement equipment, or usage of the corresponding laboratory need 
to be taken into account. Overall, this method is still significantly cheaper than the other 
aforementioned methods. It is also suitable for all, even narrow, locations.

The other issue previously discussed as a problem with the other detection techniques was 
the necessary human actions (such as installation or manipulation of detectors), which 
would be associated with high dose or be altogether forbidden. In order to avoid this 
problem with the foils, it is necessary to install the foils during an outage (when the reactor 
is not in operation) and again remove them during the subsequent outage (i.e. after one 
cycle). This poses additional limitations on the choice of foil materials. In Switzerland, one 
reactor cycle is approximately one year long. Therefore, it is necessary to choose such 
materials, whose activation products have sufficiently long half-lives. Some of the areas of
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interest are expected to only be exposed to a low fluence rate. Therefore in order to get a 
satisfactory number of activations it is necessary to either use a thick foil (undesirable due 
to self-shielding effects) or materials with relatively large absorption cross sections (which 
poses additional constraints on material choice). In the end, the foil methodology approach 
using foil materials fulfilling all these criteria is the most preferable and chosen method for 
obtaining information necessary to validate the Nagra NPP activation calculation 
methodology for NPPs still in operation.

NRG (Nuclear Research & Consultancy Group) was commissioned to carry out so far the 
fabrication and the subsequent analysis for all three activation campaigns. See section 3.1 
for detailed information about the materials chosen for these campaigns. Two campaigns 
were carried out at the Miihleberg NPP (KKM), and one campaign at Gosgen NPP (KKG).
The campaign for Beznau NPP (KKB) is planned for the 2015-2016 cycle. The campaign for 
Leibstadt NPP (KKL) will also be planned in the near future.

In order to complete the validation, it is necessary to compare the foil activation determined 
experimentally and using the MCNP NPP model calculation. In the past, only a limited 
comparison with the foil activation results was carried out. Namely, the flux was compared 
between the MCNP model and the NRG calculation based on the foil activation [36]. For the 
purposes of this thesis, a more rigorous comparison was carried out. Since the foils are very 
small, only a small fraction of all neutrons born in the reactor core end up passing through 
them. This poses problems for the MCNP simulation, as it’s computationally very expensive 
to obtain good statistics for these foils. Therefore, rather than modelling the foils directly, an 
interface methodology previously developed at Nagra, called the Generic Sample Activation 
Model (GSAM), is used. It is further explained in chapter 4. The final results of the 
validation are shown in chapter 8.



3. Foil Activation Campaigns

As was discussed previously, the foil activation method was chosen for the evaluation of the 
neutron spectrum in KKM. It offers a satisfactory amount of information about the neutron 
spectrum, without requiring human access during the NPP operation (which would be 
impossible), and while keeping the project costs relatively low (compared to having to 
install expensive detectors at each location of interest).

The details of all three campaigns were published in a total of five reports. For the first KKM 
campaign, one report was published by BKW [3], detailing the sample positions. Another 
report was published by NRG [27], providing the exact specifications for each sample (such 
as accurate foil masses) and the analysis of the results. For the second KKM campaign, BKW 
[2] again published a report on the sample positions. Similarly, for the first KKG campaign, 
KKG [1] published a report on the sample positions. NRG published the calculation results 
and sample specifications for these two campaigns in one report [26].

The challenge for each campaign was to decide which locations are important and how to 
properly capture the neutron flux there. Once a location is chosen, it is necessary to choose 
the appropriate mass for the foil to be placed in this location. This is done using estimated 
neutron fluxes. Should the mass estimate be off from the optimum value, it is possible (to 
some extent) to compensate for this during activation measurement. If a sample was 
activated too little, the time of the measurement can be extended, decreasing the counting 
uncertainty. It is also possible to bring the sample closer to the detector to increase the 
count rate. Similarly, if the sample has been activated too much, it is possible to move it 
further away from the detector, decreasing dead time.

Afterwards, once then sample has been placed in the chosen location, it is crucial to 
document the sample location in detail. This documentation can then be used to implement 
these samples into the NPP MCNP model. The quality of the documentation is therefore 
directly related to the quality of the successful comparison of sample activation.

In this chapter, the NRG metrology applied to the foil activation analysis is described. 
Afterwards the method for using this analysis to validate the Nagra KKM model is explained.

3.1 Choice of Foil Material
As it is forbidden to enter certain (high dose rate) areas of the NPP during operation, a 
decision was made to carry out both of these tasks during subsequent outages, thereby 
irradiating the foils for one reactor cycle, lasting approximately one year. This decision 
places additional constraints on the choice of foil materials, as the half-life of all activation 
products to be analyzed needs to be adequately long. Furthermore, it is desirable to choose 
foil materials, whose activation products are easy to measure, preferably with gamma 
spectroscopy. Finally, the foil materials must be able to provide information about the 
energy distribution of the neutron flux. For these reasons Co-59, Ag-109 and Ni-58 were 
chosen, with Co-59 and Ag-109 providing information about the thermal and epithermal 
energy range, and Ni-58 providing information about the fast energy range. The use of Co- 
59 is particularly suitable, as Co-60 is the most important activation product for the waste 
packaging.
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The three isotopes chosen for the investigation interact with neutrons at energies mostly 
different from each other. Co-59 undergoes an (n,\) reaction with a 836 b peak at 131 eV, 
Ag-109 undergoes an (n,\) reaction with a 20500 b peak at 5.22 eV, while Ni-58 undergoes 
an (n,p) reaction with a threshold of approximately 500 keV. Figure 7 shows the cross 
section profiles for these three reactions. Consequently, the analysis of the activation of 
these three isotopes, described in section 3.4, will provide information about thermal, 
epithermal and fast neutron fluxes.

Figure 7 - Cross section profiles of the three relevant activation reactions [38]

The activation products of all three chosen isotopes provide adequate half-lives for the 
investigation. The half-life of Co-60 is 5.27 years, the half-life of Ag-llOm is 249.9 days, and 
the half-life of Co-58 is 70.8 days. That is, all three half-lives are of the same order of 
magnitude as the reactor cycle length. Furthermore it should be noted that all of these 
activation products emit gamma rays, which allow them to be identified with a
spectrometer.

3.2 Foil Design
The majority of the foils used by NRG for the purposes of the flux investigation are 
composed of the pure form of the element in question. That is cobalt, silver and nickel foils 
of natural isotopic composition are used. It should be noted that the natural compositions of 
silver and nickel contain isotopes other than the ones in question (Ag-109 and Ni-58), which 
must be taken into account. This is further discussed in section 3.4.

In regions of high flux, located close to the core, aluminum alloys with cobalt or silver were 
used instead of pure natural cobalt or silver. Namely, alloys of 99.9%w aluminum with 
0.1%w cobalt and 99%w aluminum and 1%W silver were used. This increases the foil size, 
limits the dose rates associated with transportation, simplifies manipulation, and reduces the
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relative uncertainty of the foil masses. In other regions, the foil sizes were adjusted to the 
Nagra and KKM estimated fluences, varying both the diameter (from 12 mm to 20 mm) and 
the thickness (from 0.05 mm to 1 mm). The lower the expected fluence, the higher the mass 
of the foils placed in this location. This was done to obtain better counting statistics.

Indication that this side 
should face the reactor

Figure 8 - NRG activation sample design [37]

The three foils were placed on top of each other inside an aluminum container - see Figure 
8. These aluminum containers with foils inside are referred to as samples. Not all samples 
contained all three foils, sometimes missing silver or nickel. This is based on the expected 
three group flux in the corresponding location. For example, in regions where sufficient fast 
flux was not expected, the nickel foil was not used.

3.3 Measurement Campaigns
Two separate foil-activation campaigns have been carried out at KKM. The first campaign 
took place during reactor cycle 33 (2005-2006) and involved 52 samples. The second 
campaign took place during reactor cycle 39 (2012-2013) and involved 22 samples.

In the first campaign, 30 samples were suspended on chains vertically along the bioshield - 
16 samples on the inner side and 14 samples on the outer. The top-most sample is placed 
approximately 3 cm below the top of the bioshield, with each subsequent sample being 
placed 1 m below the previous one. The rest of the samples were placed around the drywell. 
Two samples were placed outside of the bioshield, near the core-spray line pipes, 
approximately 5 m below the top of the bioshield. Seven samples are placed at various 
angular locations throughout the drywell at the + 5.0 m level, suspended from the 
ventilation ducts. Five samples were placed at various angular locations attached to the 
inner drywell wall at the -1.2 m level, and four samples at -4.22 m. Four samples were 
placed in the room underneath the RPV, which houses the control rod drive mechanisms. 
Together, these locations were believed to capture the behavior of all major neutron 
streaming paths, as well as the angular variation of the neutron flux.

In the second campaign, 17 samples were suspended from four different chains, all located 
in (and above) the bioshield-RPV ring gap at different angular positions. Individual samples 
are then attached to these chains at various heights, mostly above the bioshield. Two more 
samples were attached to a pipe located one meter above the bioshield - one near the outer 
side of the bioshield, the other further away from the bioshield. One other sample was 
attached to the staircase, three meters above the top of the bioshield. The last two samples
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cannot be used. One of them fell down during the cycle. The other sample lacks sufficient 
documentation to determine its exact location.

3.4 Analysis of the Foil Activation
For both campaigns, the samples were removed after the reactor cycle, during the refueling 
outage, and shipped to NRG. There, all foils were analyzed with a high-purity Germanium 
(HPGe) spectrometer. This data was then output to a series of computer codes in order to 
calculate the foil activities. Namely, NIAGADA was used for peak search and peak area 
determination, IDENT was used for nuclide identification, and SMURF2 was used for the 
final activity calculation. The reaction rates were then calculated using VILLA [27] [26]. 

The reaction rate (RR) in the context of the NRG investigation is defined as

TO
RR = a(E) (f>(E) dE (1)

Where c is the cross section corresponding to the given reaction (in barns), <j is the neutron 
flux (in cm'2 s"1) and E is the energy (in eV).

NRG further uses the RR output by VILLA to calculate three-energy group neutron fluxes 
using RESDET, correcting for self-shielding effects. However, that part of their analysis is 
not used for the purposes of the Nagra model validation, because this calculation is based on 
the assumption a flux shape. Instead, only the foil activity and the aforementioned RR are 
used for a direct comparison, free of any additional assumption. These values can be 
conveniently calculated with MCNP5 and GSAM.



4. MCNP and GSAM calculations

As was explained in the previous chapters, the validation of the Nagra KKM MCNP model 
will be carried out by comparing it to the NRG foil activation measurement results. To do 
this, it is necessary to use the flux distribution calculated at a given location to determine 
the corresponding sample activation.

As previously identified in section 2.2, variance reduction (VR) must be implemented in 
order to optimize the MCNP5 run and reduce the computational time of the prohibitively 
time consuming analog runs. Hybrid VR methods were used extensively for the work 
described in this thesis. This is outlined and explained in section 4.1. Afterwards, the 
parameters used for the actual run are discussed in section 4.2.

In theory, the sample activation could be done by directly modeling the sample in the KKM 
MCNP model. However, even if advanced VR methods were used, an enormous amount of 
computational time would be needed to get sufficient statistical certainty, since the samples 
are so small.

Therefore, in order to keep the computational cost reasonable, an interface between the 
Nagra NPP MCNP models and the foil activation measurements, called the Generic Sample 
Activation Model (GSAM) [45], was used. Section 4.3 explains how GSAM works. Section 
4.4 explains the development of an energy group structure for the interface between the 
NPP MCNP model and GSAM, optimized for the purposes of model validation.

4.1 Hybrid Variance Reduction with ADVANTG
VR for the work described in this thesis was carried out using the Automated Variance 
Reduction Generator (ADVANTG) software package [20], which generates space and energy 
dependent weight window meshes from 3D direct ordinates (Sn) calculations performed 
using the Denovo [12] package. This set of weight windows is then read by an unmodified 
version of MCNP5. Since deterministic calculations are required for the methods employed 
by ADVANTG, this is a hybrid VR method.

In order to generate the VR parameters, ADVANTG implements the Consistent Adjoint- 
Driven Importance Sampling (CADIS) [40] and the Forward-Weighted CADIS (FW-CADIS) 
[38] methods. The CADIS method optimizes the calculation for a specific tally, while FW- 
CADIS can optimize for multiple tallies.

4.1.1 CADIS

The aim of the CADIS method is to optimize transport calculations of single scalar 
quantities. This is done by formulating the associated adjoint transport equation, whose 
solution can be interpreted as an importance function [11]. This allows the evaluation of 
whether a particular particle trajectory will significantly contribute to the given tally or not.

First, a deterministic transport calculation is carried out to generate the importance map 
according to the aforementioned adjoint transport equation and the corresponding boundary 
conditions. The adjoint scalar flux is then used to calculate the weight targets and other VR 
parameters. It should be noted that all these parameters depend on the response of the 
selected scalar quantity, for which the optimization is being performed. Therefore, the used
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adjoint fluxes are merely estimates. However, for many problems even rough estimates are 
sufficient to generate effective VR parameters [20].

4.1.2 FW-CADIS

The goal of the FW-CADIS method is to generate VR parameters for simultaneous 
optimization of multiple tallies, proving an approximately equal statistical precision to each 
one. This is done by constructing an adjoint source, composed of weighted contributions 
from all tallies in question. This in turn requires an estimate of responses for individual 
tallies. Therefore a FW-CADIS run is composed of two deterministic calculations. The first 
calculation estimates the individual response, while the second calculation estimates the 
importance function arising from the weighted adjoint source. Afterwards, just like in 
CADIS, the importance function is used to construct a weight window map. FW-CADIS is 
therefore a method to build the adjoint source to be used with CADIS.

4.2 Final MCNP Calculation
Samples chosen for validation of the 2014 model, each represented with a spherical cell of 7 
cm diameter, were analyzed and group together based on their location. For each group a 
dedicated FW-CADIS ADVANTG run was made, creating a weight window map file 
optimized to result in similar total flux relative errors for all detectors in question. A 
separate MCNP5 run was then carried out using the corresponding map file. Each run used 
IO10 particles. Afterwards, the relative error of each energy group of each detector was 
analyzed, taking the importance of each energy group (see Table 1 in section 4.4) into 
account. If the relative error of important energy groups of any of the samples was deemed 
as too large, the run was either continued with the same weight window map, or a separate 
map was produced specifically for this sample.

According to the theory governing the weight window map generation algorithm of 
ADVANTG, the result itself should be independent of the weight map used to obtain it - 
only the efficiency of the run is affected. In order to test this, one sample (1-7, located 
opposite the core in the RPV-bioshield ring gap) was analyzed with two weight maps .The 
first map optimized the run for neutrons streaming upwards, while the second map 
optimized the run for neutrons streaming downwards in the RPV-bioshield gap. The total 
flux at the sample position differed by 1.6%, with the relative errors of the individual results 
being 1.0% and 0.5%, respectively. Furthermore, the two tally responses were compared on 
the energy group level. This was done by exporting both results into GSAM and using them 
to calculate the c/m values for the particular sample. Both tallies yielded the c/m values of 
1.5 (for Co-60), 1.1 (for Ag-llOm), and 1.0 (for Co-58). This result confirms the idea, that 
results are independent of the weight window map applied.

Both MCNP6 and MCNP5 codes were available for the purposes of this thesis. However, 
since the Nagra KKM MCNP model doesn’t use any of the features introduced in MCNP6, 
and because MCNP6 is generally more computationally expensive than MCNP5 [30],
MCNP5 was chosen for all Nagra MCNP calculations. Since all Nagra NPP MCNP models are 
compatible with both MCNP5 and MCNP6, MCNP6 may be used in the future, should its 
new features be required. For example, a spherical mesh tally [30] may be used in the 
future to segment the lower part of the drywell.



The materials cards were defined to use the newest version of ENDF cross section library. 
Most isotopes used ENDF/B-VII.l [8], the remaining ones used ENDF/B-VII.O [7].

GSAM was previously developed within Nagra [45] to provide an interface between the 
results of the Nagra MCNP NPP models and the experimentally calculated RR value.

Instead of modelling a very small sample, a larger cell is created at the location of each 
sample. These cells are then tallied, capturing the multi-group flux inside of them. This 
result is then input into the GSAM model, which models the actual sample.

The size of these cells is an important consideration. Larger cells would make it easier to 
obtain good statistics in this location, while smaller cells would more accurately capture the 
neutron flux observed by the sample (as it would be less affected by volume averaging). 
Additionally, sample size may be restricted by the location itself. For example, a sample in a 
thin channel cannot be thicker than the channel itself. Based on previous experience [45] 
[28], spheres with 7 cm diameter, centered about the sample location, were chosen.

The choice of the energy group structure to be captured by a tally and then output to GSAM 
is also very important. On one hand, it may seem reasonable to make the aforementioned 
flux tally use as many energy groups as possible, since the higher the number of the energy 
groups, the lower the error introduced by approximating the energy profile within each 
energy group. However, such a tally would require a tremendous amount of computational 
time for each energy group to record a sufficient number of histories. Furthermore, not all 
energy ranges are equally important for the purposes of Co, Ag and Ni foil activation. See 
section 4.2 for the description of the choice of the energy group structure in past Nagra 
work, as well as an investigation of the optimal energy group structure.

Only the results of these tallies are transferred from the NPP MCNP model to GSAM. Since 
type 4 tallies [44] are used, only the volume-averaged total flux within each energy group is 
recorded. That is, no information about the direction of the neutrons is kept. Moreover, the 
information about the exact variation of the flux within the energy groups is also lost. MCNP 
later interprets this data in the form of histograms. Furthermore, any relative error recorded 
by the tally cannot be transferred to the GSAM. This is potentially important for energy 
groups with bad statistics (high relative error).

GSAM takes these group flux values and uses them as a source term in an MCNP model, 
which features a detailed representation of the given sample. This is based on the NRG- 
provided sample-specific information about the size and weight of each foil. This model then 
calculates foil activation in the given sample. The output values are then treated. This 
includes normalization based on the total flux calculated by the NPP MCNP model and the 
knowledge of the NPP cycle history. Moreover, this step of the data treatment also includes 
conversion of the result to the units used by NRG, which allows direct comparison between 
the calculated and the measured activity. The comparison of activities is expressed using the 
calculated/measured (c/m) factor, defined as:

c/m=
GSAM-calculated activity 
NRG-measured activity (2)
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This factor is used throughout this thesis for the purposes of result evaluations. Note that 
while here the c/m factor is defined for activity comparison, it can also be applied to 
compare reaction rates.

The use of GSAM, while greatly reducing the computational cost of results with low 
statistical uncertainty, introduces errors associated with systematic uncertainties and 
approximations of GSAM. According to previous investigations [45], the total uncertainty 
associated with the use of GSAM is in the range of 10%. However, given the sought accuracy 
(c/m factors of 2-3 are considered satisfactory in many regions), uncertainty of this 
magnitude is acceptable. Furthermore, it should be noted that GSAM solves a crucial 
problem - the enormous computational cost necessary to obtain the neutron flux at the 
exact sample position with low statistical uncertainty. Without GSAM, the current 
representation of the samples would not be possible. Consequently, the utility of GSAM 
justifies any uncertainties that it introduces.

For a more in-depth discussion of GSAM and various sensitivity analyses, see [45] and [28].

4.4 Development of the Optimum Energy Group Structure
In the past, Nagra has used the 84-group spectrum GRS-84 as an interface between the 
MCNP model and GSAM. However, this was done mainly for historical reasons. Namely, this 
group structure was employed when the GRSAKTIV-II [15] code was used for activation 
calculations [36]. As can be seen on Figure 9, which overlays the GRS-84 energy group 
structure and the cross-sections of the three investigated reactions, GRS-84 provides a lot of 
precision in areas where such precision is not necessary for the task at hand, while covering 
other more important areas to a lesser extent. This is because this energy group structure 
was not optimized for these particular activation reactions, but was instead optimized for 
the burnup simulation of the fuel within the active core.
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Figure 9 - The relevant reaction cross sections overlaid with the GRS-84 energy group structure

In order to reduce the computational cost associated with obtaining good statistics for all 
energy groups, the decision was made to design a new group spectrum, which would still 
offer high precision in areas of great importance, such as the 5.2 eV Ag-109 peak and the 
131 eV Co-59 peak, while using less groups in less important areas. Increasingly larger 
group structures were designed, with boundaries chosen based on the shape of the three 
cross-sections. All of these energy group structures were then compared against GRS-84 
when performing GSAM calculations for several chosen cells. Furthermore, a comparison 
was made against a direct foil model (i.e. without GSAM). The corresponding comparison 
results are shown (for the newly chosen structure) further on in this section. The energy 
group structure chosen in the end, referred to as V25, is composed of 25 energy groups. V25 
is shown in Figure 10. Note that it offers narrow energy groups near the two aforementioned 
peaks. Furthermore, its group structure in high energies is virtually identical to GRS-84.
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Figure 10 - The relevant reaction cross sections overlaid with the new V25 energy group structure

As mentioned earlier, not all energy groups are equally important. In order to illustrate this 
point, the breakdown of the contribution to the reaction rate (RR) by neutrons from every 
energy group was created. The result can be seen in Table 1 below. Note that this result is a 
function of not only cross-section, but also flux profile, which makes it location dependent. 
The results shown here apply to the sample 1-1 location (top of the bioshield, inner side). 
Looking at the results, it can be seen that groups 3 and 4 are both relatively important for 
both Co and Ag. This is caused by the combination of relatively high thermal cross-sections 
and flux. Group 7, which contains the 5.2 eV Ag peak, is responsible for over 60% of the 
total contribution. Similarly, group 10, which contains the 131 eV Co peak, is responsible 
for over 70% of the total contribution. Since the Ni reaction only takes place at high 
energies (above 500 keV), only the energy groups corresponding to this range are 
contributing, with groups 19-23 particularly important, being responsible for over 80% of 
the total contribution.
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Table 1 - Breakdown of RR contribution by neutron from every V25 energy group

group Co Ag Ni
1 0.00% 0.00% 0.00%
2 0.00% 0.00% 0.00%
3 0.78% 0.47% 0.00%
4 14.27% 8.27% 0.00%
5 5.60% 3.45% 0.00%
6 2.27% 1.86% 0.00%
7 1.65% 4.74% 0.00%
8 0.72% 60.04% 0.00%
9 1.44% 0.83% 0.00%
10 1.17% 5.14% 0.00%
11 70.98% 8.63% 0.00%
12 0.46% 3.54% 0.00%
13 0.13% 0.88% 0.00%
14 0.26% 0.46% 0.00%
15 0.13% 0.98% 0.00%
16 0.10% 0.59% 0.17%
17 0.01% 0.07% 1.18%
18 0.00% 0.02% 3.38%
19 0.00% 0.01% 7.21%
20 0.00% 0.01% 14.55%
21 0.00% 0.00% 14.83%
22 0.00% 0.00% 19.02%
23 0.00% 0.00% 18.47%
24 0.00% 0.00% 14.78%
25 0.00% 0.00% 6.40%

In other locations, where the thermal flux is lower, the contribution of groups 3 and 4 is 
much lower. The high contribution of groups 7 (for Ag) and 10 (for Co) applies to all 
locations.

It is therefore essential to focus on the reported relative error in these groups, rather than 
the total relative error of the whole flux tally, when obtaining tally results to be exported to 
GSAM. The relative error in other groups, while not completely insignificant, has a 
significantly lower smaller effect on the accuracy of the final result.

In order to assess how the amount of information carried by the V25 energy group structure, 
as opposed to by GRS-84, affects the final GSAM result, a comparison run was analyzed. 
Within one run of the Nagra KKM MCNP model, two cells inside the RPV were chosen for 
flux tallies - one above the active core (top of the assemblies, just below the dome), and one 
representing the baffle. Together these two cells provide a significant amount of information 
about the neutrons leaking from the core - both radially and axially. For each of these cells 
two tallies were set up - one using GRS-84 and one using V25, leading to four tallies in 
total. A GSAM run was then created for each of these four tallies. The results obtained using 
V25 were then compared against the results which used GRS-84. If both energy group 
structures carry the same amount of information for the ensuing activation calculation, the 
difference should be zero.
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Table 2 shows the percentage difference between the reaction rates obtained using V25 and 
GRS-84. It can be seen that the error is very small for Ni and within 3.5% for Co and Ag. 
Note that once again, these results are location dependent. However, the results from these 
two cells should still illustrate the overall trend.

Table 2 - Percentage difference between the RR obtained using V25 and GRS-84

baffle above core
Co -1.34% -3.19%
Ag -2.55% -3.32%
Ni 0.09% 0.26%

However, GRS-84 does not represent the exact result. It too deviates from the actual result, 
due to the aforementioned loss of directional information and averaging within individual 
energy groups (by interpreting the data in the form of histograms). Therefore, for a 
complete comparison of V25 it is necessary to compare it against the direct foil modeling. As 
was explained in chapter 2, direct foil modeling is too expensive to be practical. To keep the 
computational cost associated with this comparison reasonable, a location very close to the 
active core was chosen. Namely, the area where steam separators are located. Here the 
neutron flux is still high enough to produce good statistics for a very small cell in a 
reasonable amount of time. At the same time, many of the neutrons reaching this location 
have undergone scattering reactions, creating thermal and intermediate energy neutrons. 
Therefore, this location enables a comparison for fast, epithermal and thermal neutrons. Into 
this area, a 5 cm diameter sphere was placed and two flux tallies were associated with it - 
one using V25 and one using GRS-84. The results from these two tallies were then exported 
to GSAM, obtaining reaction rates. For comparison, another MCNP model was created, in 
which the sphere was replaced with the exact geometry of the sample modeled in GSAM. 
That is an aluminum box with foils inside. A reaction-rate tally was then associated with 
each foil. Table 3 shows the percentage difference between the two versions of GSAM and 
the direct foil modelling.

Table 3 - Percentage difference between the RR obtained using the direct foil model and V25 or GRS-84

GRS-84 V25
Co 6.17% 6.57%
Ag 13.14% 6.99%
Ni 5.50% 5.66%

From these results it can be seen, again only for this particular location, that the deviation 
from the result caused by using GSAM (with either one of the two energy group structures) 
is significantly smaller than the accuracy of the final result (quantified using the c/m 
factors). This applies to both energy group structures used, with V25 performing as well as 
GRS-84 for Co and Ni, and even better (6.99% vs. 13.14%) for Ag. The better result for Ag is 
likely caused by the way the energy group structure is defined near the 5.2 eV peak, which 
leads to an average value more representative of reality. Overall, both energy group 
structures offer satisfactory performance, suggesting that either one of them may be used for 
the purposes of the interface between the MCNP model and GSAM. These results also show 
that GSAM only introduces a small error, while at the same time significantly reducing the 
computational costs of the calculation, therefore supporting the use of GSAM.
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It should be noted that the V25 energy group structure was only chosen for the purposes of 
the MCNP model validation, i.e. to calculate the activation of Co, Ag and Ni foils. It is not 
necessarily the energy group structure to be used for the final report and component 
activation analysis. Once the validation is finished and the model is sufficiently improved, a 
new energy group structure may be chosen, which will better fulfil the requirement of the 
following stages of Nagra component activation analysis. For example, it may be created 
with cross section profiles of important activation isotopes in mind. Alternatively, if an 
external activation code is used for the activation analysis, energy group structure preferred 
by this code may be used.

4.5 Summary of Calculation Methodology
This thesis aims to calculate the foil sample activation for the purposes of model validation. 
However, these samples are very small and given the fact that flux in an NPP varies by as 
much as fifteen orders of magnitude, the direct activation calculation of foil samples is 
prohibitively expensive. To address this problem, GSAM and hybrid VR code were used. The 
hybrid VR code was used to create weight window maps, which allow preferential sampling 
of neutrons streaming towards the detectors. GSAM allows the representation of small 
samples with larger objects - in this case spheres of 7 cm diameter. These spheres were used 
as type 4 tallies, capturing the volume-averaged neutron groups. This flux was expressed 
using an energy group structure, which was developed in the scope of this thesis, specifically 
for the purpose of this investigation.

Once the methodology was decided, the model was prepared for the activation calculation. 
Firstly, the samples from the two KKM activation campaigns were implemented into the 
model, in the form of spheres (of 7 cm diameter). These cells were then associated with type 
4 tallies, which use the new V25 energy group structure. Afterwards, the MCNP input was 
read by ADVANTG hybrid VR code, creating weight window maps for clusters of 
neighboring detectors. Finally, a separate MCNP5 run was initiated for each cluster of 
detectors, using the corresponding weight window maps.

32



5. Verification of the Existing KKM MCNP Model

An existing Nagra MCNP model of KKM, further referred to as the 2011 model, was 
provided for the purposes of this thesis. This model was previously used for KKM component 
and building structures activation calculations [36] [35]. In the past, classical MCNP 
variance reduction techniques were applied to the model. Cell splitting was used 
extensively. However, the calculations carried out for the purposes of this thesis employ 
advanced variance techniques (see section 4.1), which do not require cell splitting.
Moreover, activation zones (as shown in Figure 3 in section 2.3) were in the past generally 
represented with individual cells. In the future, most of these zones will instead be 
represented with mesh tallies. Therefore, the cell structure of the 2011 model was modified, 
combining the cells where appropriate. At the same time, dimensions of components 
considered important for neutron transport were verified. These efforts are detailed in 
section 5.1.

In order to make sure that the simplification of the cell structure didn’t introduce any new 
errors, a comparison was made between the new version and the original version. 
Furthermore, another comparison test was run to assess the impact of the minor changes 
introduced during the model verification stage. Detailed explanation and results of both 
comparisons can be found in section 5.2.

5.1 Verification and Cell Structure Modification
For quality control reasons, the 2011 model was rigorously verified. All dimensions were 
checked against the available technical drawings. Furthermore, meetings with KKM 
employees familiar with the reactor were held to confirm information such as the different 
water levels inside the RPV and the RPV-bioshield insulation configuration. Photographs 
taken during the past visits into the KKM drywell were also used. Particular attention was 
paid to the dimensions expected to have a large influence on the main neutron propagation 
and streaming paths, such as the thickness of the downcomer region and the RPV, thickness 
and location of the bioshield and its openings or any other gaps in the shielding structures, 
or the exact vertical position of the active core area as the neutron source. It should be 
noted that the presence and configuration of RPV insulation is at this point still being 
investigated. While some dimensions had to be adjusted to match the available technical 
drawings, none of the changes were larger than a few centimeters. Furthermore, none of the 
changes significantly affected any of the components believed to be important for neutron 
streaming. Therefore, no significant effect on the results was expected.

A visual inspection of the 2011 model was performed, checking for cell continuity. This 
approach caught errors such as the one shown in Figure 11. Here the definition of the 
containment steel is inconsistent. While such errors are not expected to produce significant 
effects on the validation comparison results, they will interfere with the future activation 
calculations, as well as with component mass calculations, which utilize cell volumes.
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Figure 11 - Example of a cell continuity error found during the quality control

The next step was the modification of the model cell structure. Variance reduction (VR) has 
previously included the setting of VR parameters (i.e. neutron importances values) for each 
cell segment. However, the approach to VR chosen for the purposes of this thesis does not 
utilize cell splitting. Instead, geometry-independent weight window maps are used. 
Consequently, cell splitting is redundant and can be removed, thereby simplifying the 
geometry definition. Some cells were also split in order to create tally volumes for the 
activation zones. However, since the old activation zone map of KKM may still be revised in 
the future or simply be replaced by a mesh tally, a decision was made to also remove this 
cell splitting.

Adjacent cells with the same material definition were combined in a way that simplified the 
cell definition. This approach can be illustrated by the drywell (shown in Figure 12), which 
remains split into several cells, albeit not as many as before. Each section could then be 
defined in a simpler manner, as a cylinder or a cone, rather than a union of several different 
shapes.

This simplification was primarily performed on the cells defining the drywell, bioshield, and 
the air in-between them. Additionally, cells within the RPV that were previously split for the 
purposes of variance reduction (rather than for the purposes of source or material 
definition) were also combined. All of these changes can be seen in Figure 12, which shows 
the comparison between the 2011 model cell structure and the 2014 model cell structure in 
a representative area.
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Figure 12 - KKM MCNP model cell structure: 2011 model (left) and 2014 model (right)

5.2 Analysis of Effects of the Implemented Modifications
After the aforementioned model modifications were implemented, the 2014 model was 
tested. It was possible that the model simplification introduced new errors, which corrupt 
the results or prevent the model from running altogether. Furthermore, it is desirable to 
confirm that the effect of the new model corrections doesn’t significantly influence the 
results obtained in the past with the 2011 model.

The first test performed was an MCNP void test. In this test, the materials in all cells are set 
to void (perfect vacuum with zero density), with the source definition remaining unchanged. 
The absence of any material to interact with allows a quick calculation of each particle 
history, from its birth at the isotropic source up to its leakage from the region of interest. It 
also means that all angular orientations are sampled equally. This makes it easy to find 
geometry errors caused by mistakes in cell configuration that lead to lost particles. This test 
was performed with IO10 particles, none of which were lost.

For the next stage of model verification, several cells from different regions of the 2011 
model geometry were chosen: six cells from the side of the drywell, two cells from the top of 
the drywell, and two cells from the drywell floor; all bioshield cells; and three cells from 
inside of the RPV (to test the source definition). The cells from drywell and bioshield are 
based on the original activation zone cell structure. Therefore, these do not correspond to a 
single cell in the 2014 model. To resolve this problem, cylindrical mesh tallies were used, 
replicating the original activation zone cell structure. The total flux was compared in all 
cells outside of the RPV, while 84-group flux was compared inside of the RPV.

In all cases, the difference in the result was lower than the MCNP-reported relative error. 
This suggests that the model simplification didn’t introduce any new errors, nor changed the 
previous results (as expected). Furthermore, this suggests that the few corrected dimensions 
and cell continuity errors didn’t have a significant impact on the flux. This analysis 
confirmed that the model was ready for new, more detailed, implementation of important 
components, described in chapter 6.
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6. Detailed Modeling of Important Components

The 2011 model featured many components approximated by homogeneous mixtures. For 
example, instead of modelling the steam separators individually, with steam on the inside of 
the piping and water on the outside, in the old model the whole component is represented 
as a solid cylinder, composed of a steel and water mixture defined in a way to preserve the 
total amount of each material. This property enables an easy mass balance check between 
the existing cells and various sources discussing the total mass of components.

While the homogenization approximations by definition preserve the total mass of each 
component and material, they may be not sufficiently representative of the neutron 
shielding behavior of the component, particularly if there are streaming paths available, but 
have been lost due to homogenization. Therefore, all components that could potentially 
have a significant impact on the shielding of neutrons or even provide neutron streaming 
paths must be analyzed to determine whether transforming them from a homogenized cell 
to an explicit model would significant impact on the calculation results.

This chapter details the major improvements in the modeling of some key components from 
the 2011 model. Section 6.1 describes the modification of the representation of the jet 
pumps. Section 6.2 explains the new explicit definition of the steam separator assembly, 
which replaced the original homogeneous representation. Section 6.3 describes the 
geometrical definition of the new core (used in the 2014 model), as well as the calculation 
of the associated material cards. Section 6.4 outlines the modifications carried out on top of 
the core shroud, including the detailed modeling of the core spray spargers. Finally, section 
6.5 lists other components, whose representation has not been modified in the 2014 model, 
but which may need to be modeled more explicitly in the future, should the results of the 
current investigation suggest this.

6.1 Jet Pumps
KKM is a GE-BWR/4 design reactor [4], and as such has six jet pumps [18]. The jet pump 
structure is shown in Figure 13. Each jet pump is composed of the central inlet riser, whose 
top splits into two parallel pipes, each made up of a jet pump nozzle assembly and a mixer, 
followed by a diffuser and tail pipe. The whole component is then held in place using a 
holddown assembly on the top, and restrainers and supports approximately halfway along 
the inlet riser.
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Figure 13 - BWR/4 jet pump design [9] [18]

Since jet pumps are located at the same height as the active core, it’s important to consider 
their contribution to neutron shielding towards the RPV-bioshield ring gap. In the 2011 
model, jet pumps were approximated with only three pipes of constant diameter, thereby 
ignoring the diameter change of the diffuser over its length, all structural components (i.e. 
restrainers and supports), as well as the top part which connects the three pipes. These 
components have been homogenized and mixed with the surrounding water instead. The 
resulting homogenized material mixture is referred to as ml 6. This is shown in Figure 14.

Only approximately one-sixth of the jet pump mass was contained in the modeled pipes, the 
rest was accounted for in ml 6. Note that this material fills all the cells in the downcomer 
region up to the height at which the core shroud diameter increases. Consequently, neutrons 
that in reality would be travelling above the topmost point of the jet pump or between the 
individual jet pumps would encounter the homogenized parts of the jet pumps instead of 
just water.
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Figure 14 - Partially homogenized jet pump configuration in the 2011 model

The pipe outer diameter were taken to match the corresponding parts of the jet pumps. 
However, the tail pipes were not modeled in full length, but rather cut at the same height as 
the inlet riser. As can be seen in Figure 16, tail pipes in reality end much lower than the 
inlet riser does. The total mass was conserved by modifying the material card definition of 
the surrounding water. However, once homogenized, these components affect the shielding 
of the whole cell, rather than only the areas where they are actually located.

In order to correct this, the top part (as labeled in Figure 13) was implemented into the 
model, tail pipes were extended, and the material card of the surrounding water was 
changed to pure water. This can be seen in Figure 15. The top segment was modeled as a 
homogeneous block, whose material is a weighted mixture of steel and water, including all 
the top components indicated in Figure 13 - the holddown assembly and the extra piping 
associated with the splitting of the inlet into the two pipes. The homogenization is based on 
the dimensions obtained from the technical drawings and an available mass balance for the 
KKM jet pumps (as obtained from [24]). The tail pipes were extended based on the 
information from the technical drawings. The thickness of all three pipes was adjusted to 
match their reported [24] mass. The mass balance is now achieved completely using the 
three explicitly modeled pipes and this top part. That is, the surrounding material is now 
composed solely of water, without any homogenized steel. The top part represents 25% of 
the mass, while the three pipes together represent 75% of the mass.
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Figure 15 - Jet pump representation (2014 model)

6.2 Steam Separator Assembly
In order to increase the void fraction, the BWR design features an assembly of steam 
separators. Each steam separator stems from a standpipe welded to a domed base. Steam 
separators utilize centrifugal forces to enhance steam-water separation. The rising water- 
steam mixture first impinges on the vanes, which give the flow a spin, establishing a vortex. 
The centrifugal forces cause the water to separate, exit the separator and join the 
downcomer flow. This increases the steam quality in the mixture, which then continues into 
the next section of the separator [18]. Overall, steam separators are passive components and 
therefore feature no moving parts. A typical design is shown in Figure 16.
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Figure 16 - Steam separator assembly (left) and a single steam separator (right) [31]
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In the 2011 model, these separators were completely homogenized, as shown in Figure 17. 
The mass and density of their material were calculated using the information about the total 
mass of the array, provided by [24] and the corresponding average void fraction inside the 
steam separators, not taking into account the water between the separators. The downcomer 
was modeled in two separate parts, one filled with water, the other with two-phase water 
mixture. The water level can be seen on in Figure 17.

Figure 17 - Homogenized steam separators zone in the 2011 model

Neutrons propagating from the core diagonally upwards towards the RPV wall and the 
bioshield gap pass through the steam separator assembly, which is located relatively close to 
the active core. Therefore, it’s desirable to model this component in more detail to prevent a 
systematic error for the associated shielding efficiency. For this purpose, the technical 
drawings of the steam separators assembly were obtained from KKM [23] and the assembly 
was explicitly modeled. New information was also obtained about the water level, 
surrounding the steam separators up to a certain height. This was also implemented. The 
new structure is shown in Figure 18. Note that the difference in the water level in the 
downcomer is visible when comparing Figure 17 and Figure 18.
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Figure 18 - Steam separator assembly in the 2014 model

Since previously this information about the water level was unavailable, previous 
calculations may were biased by an inaccurate representation of total water content, 
affecting the total shielding associated with this component. The water level is particularly 
important for the diagonal neutron shielding, since there is a lot of water between the steam 
separator assembly and the downcomer.

6.3 Core Shape
In the 2011 model, the active core is modeled using a cylinder split into six cells, shown in 
Figure 19. In reality, the cross sectional core shape is defined by the configuration of the 
square-shaped fuel assemblies, surrounded by their channel boxes. In the 2011 model, a 
cylinder was deemed sufficient as an approximation of the overall core shape [29]. The 
radius of the cylinder was calculated to conserve the overall volume of the core.

Figure 19 - Active core zone in the 2011 model
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Since only neutrons originating in the two outer assemblies significantly contribute to the 
radial neutron leakage from the core [28], the neutrons born in the inner part of the core 
don’t have to be considered. For this reason, the core was radially split. That is, a 31.6 cm 
thick layer (corresponding to two fuel assembly widths) was separated from the overall 
276 cm diameter core [29] (i.e. cells 1-3). Furthermore, it is necessary to account for the 
axial leakage. For this purpose, the core was split axially into three parts: four nodes 
(60.8 cm) at the top (cells 4 and 2), two nodes (30.4 cm) at the bottom (cells 5 and 3), and 
the space in between them (288.8 cm), representing 19 nodes (cells 6 and 1). The resulting 
six cell structure of the core is shown in Figure 20. In the end, only the central cell (labelled 
cell 6) is disregarded for the purposes of source definition.

Figure 20 - Cell configuration of the active core in the 2011 model [29]

The relative probabilities of neutron emission for the remaining five cells are based on the 
calculation of the power density for each cell.

Furthermore, to represent the axial power profile without having to define more cells, the 
axial power profile of a representative outer KKM FA was implemented into the source 
definition for the radially outer cells (cells 1, 2, and 3).

In order to take into account the void distribution in the core, each one of the three axial 
layers was assigned its own material card, which takes into account the void fraction 
corresponding to that particular part of the active core. The bottom layer (cells 5 and 3) was 
modeled with 0% void fraction, the middle layer (cells 6 and 1) was modeled with 44.5% 
void fraction, and the top layer (cells 4 and 2) was modeled with 65% void fraction. The 
resulting densities of the active core zone homogenized materials are 4.02 g cm'3, 3.78 g cm 
3, and 3.61 g cm3, respectively.

For more information on the 2011 model core definition, see [29].

The modification of the core configuration for the purposes of this thesis has been split into 
two stages. Firstly, the cylindrical core is converted to the actual shape of the KKM core.
This is presented in this section. Secondly, the overall core shape is split into individual cells 
based on the core data provided by KKM. This is presented together with the corresponding 
detailed source term configuration in chapter 7.
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Using the newly obtained data of the KKM core layout [16], the exact shape of the core was 
modeled. The result is shown in Figure 21. Note that in this new layout, the distance 
between the outermost assembly and the core shroud varies angularly - in some locations 
the assembly is close, in others it is significantly further away, resulting in angular variation 
of neutron shielding. Implementing this fact into the model improves the accuracy of the 
leakage from all of these positions towards the RPV, as well as the total leakage from the 
core.

Figure 21 - Shape of the core in the 2014 model

Once the core shape is defined, it is necessary to consider the material cards for the core 
cells. The material cards in the 2011 model were based on the overall core mass balance and 
the general information about the range of void fractions expected in different parts of the 
core [29]. In the 2014 model, each cell is assigned its own material card, representing a 
homogenization of the materials found in the area of the core that the cell is representing 
(as defined in chapter 7). Specifically, the relative volumes were calculated for the UO2 fuel, 
helium (in the gap), Zircaloy, steel structural components, two-phase mixture (defined by 
the void fraction) in between fuel rods, and liquid water (in water rods, surrounding the fuel 
assemblies and channel boxes). These volumes were then multiplied by corresponding 
densities to obtain partial densities for these materials, which are then used as weighting 
factors for combining the material cards of these individual materials into an overall 
material card for the whole cell (as defined in chapter 7). The density of the two-phase 
mixture reflects the void fraction corresponding to the location of the cell, associated with 
the given material card.

The material definitions for specific materials present in the mixture were obtained from a 
variety of sources. The fuel composition was based on a reported depletion calculation [6]. 
A fuel composition corresponding to a high (55 MWd/kg) FA burnup was chosen, as this is 
representative of the fuel assemblies in the outer row, which are most important for the 
overall neutron leakage. In total, 41 isotopes were chosen from the depletion calculation 
results for the purpose of material definition, including all uranium and plutonium isotopes, 
minor actinides, and fission products which either have a neutron cross section larger than 
5 barns, or which are present in significant quantities (above 0.01 %w). The complete list of 
isotopes included in the fuel material card is shown in Table 4. The Zircaloy isotopic

43



composition was taken from reported values [42]. Isotopes present in concentration lower 
than 0.02%wt were neglected, resulting in 15 isotopes being included in the definition. The 
material card used for Zircaloy is shown in Table 5. Note that, unlike the other entries, 
carbon is listed as an element, rather than being expanded into its two isotopes. This is 
because MCNP input favors this format for carbon [44] and provides newer cross section 
libraries for it than for C-12 and C-13.

Table 4 - Isotopes included in the fuel material card (based on [6])

Kr-85 Sr-90 Mo-99 Tc-99 Ru-106 Pd-107
I-129 I-131 I-135 Xe-135 Cs-133 Cs-134

Cs-137 Pm-147 Sm-149 Sm-151 Eu-155 Gd-155
Gd-157 U-234 U-235 U-238 Np-237 Pu-238
Pu-239 Pu-240 Pu-241 Pu-242 Am-241 Am-243
Cm-242 Cm-243 Cm-244 Cm-245 Cm-246 Cm-247
Cm-248 Cf-249 Cf-250 Cf-251 Cf-252

Table 5 - Material card for Zircaloy [42]

Isotope Mass fraction
C 2.70E-04

Cr-52 8.39E-04
Fe-56 1.38E-03
Zr-90 5.06E-01
Zr-91 1.10E-01
Zr-92 1.69E-01
Zr-94 1.71E-01
Zr-96 2.75E-02

Sn-116 2.11E-03
Sn-117 1.12E-03
Sn-118 3.52E-03
Sn-119 1.25E-03
Sn-120 4.73E-03
Sn-122 6.72E-04
Sn-124 8.41E-04

It should be noted that at the time when the material definitions were written, the exact 
structure of KKM fuel assemblies was not available. Therefore, the volumes had to be 
estimated based on the available information about the Leibstadt BWR (KKL) fuel assemblies 
[13] and publicly available information about modern BWR fuel assemblies [14]. This is 
believed to be representative of KKM, as these fuel assemblies are used in cores with similar 
power density and overall fuel mass. Therefore, while the exact layout may differ between 
KKM and KKL assemblies, the total volume fractions of each material are assumed to be very 
similar. Given the fact that the exact structure of FA is anyway smeared into a single 
material, this approximation is believed to be sufficiently accurate for this given application.

For a complete closure of the material definition, the void fraction of the two-phase mixture 
must be known. Since this parameter varies between individual FAs, as well as axially 
within a FA, the final material card must be calculated for each cell separately, based on the
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reported void fractions. This will also affect the total density of the homogenized material in 
the cell. To obtain these void fractions, the core was first split into different cells, each 
representing one or more nodes with similar properties (as explained in chapter 7). The void 
fraction was then calculated for each cell by averaging the void fractions of each node 
represented by the cell (in case of a multiple node cell). At the same time, all other material 
components (including heavy metal content) were assumed to be the same. With this 
information, it was then possible to complete the material definitions and calculate the 
overall density of each cell’s material (by summing up partial densities).

6.4 Top Part of the Core Shroud
The core shroud is a steel cylinder surrounding the core. At the top, it connects to a dome to 
which the steam separators are attached. Using new, more detailed, information about this 
component, which was provided together with the core data, it was possible to model the 
core shroud more accurately. Namely, the diameter of the core shroud changes several times 
in the top section, and not all of these changes were modeled in the 2011 model. Above the 
fuel assemblies, the density of the water outside the core shroud (0.75 g em'3) is different 
from the density of the steam inside the core shroud (0.27 gem"3). Therefore incorrect 
representation of the shroud diameter leads to a systematic error in the associated neutron 
shielding. Furthermore, these diameter changes are generally accompanied by horizontal 
flange-like segments. In the 2011 model, their mass was incorporated into the material card 
of the water, located on the inner side of the shroud. The modeling has been improved for 
the 2014 model. The final version can be seen in Figure 22.

Other components located in the vicinity of the top part of the core shroud are the core 
spray lines. These are two toroidal pipes filled with water, which can be sprayed onto the 
core in case of an emergency. In the 2011 model, these were also only accounted for in the 
material card of the surrounding water. In order to more accurately describe the diagonal 
neutron streaming behavior, the core spargers were explicitly modeled. This can also be 
seen in Figure 22.

Figure 22 - Top part of the core shroud and the core spray lines in the 2014 model
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6.5 Other Reactor Components
The KKM MCNP model modifications discussed in the previous sections represent the RPV 
internal components chosen as most significant to the outward neutron streaming in KKM. 
The analysis of the comparison between the foil measurements and the results of the 2014 
model calculations will show the achievement of the model improvements as well as hint on 
possible further modifications concerning the ex-RPV components beyond the scope of this 
work. This can be found in chapter 8. This section lists some of these ex-RPV components, 
which have not yet been modified, but may have an effect on the neutron streaming in 
KKM.

6.5.1 Bioshield Openings

The bioshield surrounding the RPV include many openings, which allow various pipes to 
pass through. Figure 23 shows typical openings in the KKM bioshield. It can be seen that the 
openings are significantly larger than the pipes that pass through, although most of this 
space is shielded by maintenance doors. In the past, shielding blocks were placed behind 
these doors to further increase shielding. However, this practice has been permanently 
discontinued to reduce the personal dose generated in connection with their manipulation 
during maintenance. Consequently, this extra space may act as an important neutron 
streaming path. Furthermore, some pipes are filled with steam, which has a low density 
(compared to water). Therefore, in these cases the inside of the pipe also acts as a streaming 
path. For this reason, these openings may significantly affect the neutron flux outside of the 
bioshield. However, they are not expected to significantly influence the flux inside and at 
the top of the bioshield.

Figure 23 - Photos of KKM bioshield openings and the maintenance doors [21]

6.5.2 Control Rods

Reactivity control in a BWR is in part accomplished by movable cross-shaped control rods 
located throughout the core. The rods enter from the bottom of the RPV, so that they don’t 
interfere with the steam separators and steam dryers [18]. When inserted, control rods 
change the flux distribution of the core, which may affect the nature of the neutron leakage 
from the core. However, since no control rods are located near the outermost FAs, this effect



is expected to be a minor one. When retracted, control rods certainly influence the neutron 
shielding below the active zone, but much more importantly below the RPV. This affects the 
downward neutron streaming alongside the RPV, into the control rod drive room below. 
These effects have to be investigated in the future.

Furthermore, openings in the bottom of the RPV may provide neutron streaming paths, as 
long as neutrons stay between the control rods. This would then affect the neutron flux 
below the RPV.

6.5.3 Steam Dryers

In order to further increase the void fraction of the steam coming out from the steam 
separators, BWRs are also equipped with steam dryers, mounted above the steam separator 
assembly and the shroud head [18]. The typical structure of steam dryer assembly is shown 
in Figure 24.

Figure 24 - Typical BWR steam dryer assembly [31]

Drain to 
downcomer

From this figure, it can be seen that there are no direct neutron streaming paths - every 
neutron passing through this component must necessarily pass through at least some layers 
of metal and steam. Furthermore, the steam dryer assembly is found very high up the RPV, 
far away from the active core. Consequently, the neutron flux in this area is not as high as in 
areas closer to the active core (such as the steam separator assembly). For these reasons, it is 
probably not necessary to model this component in detail for the purposes of capturing 
neutron streaming paths. Instead, a homogenized representation is sufficient. This is done in 
both, the 2011 model and the 2014 model. However, the explicit modelling of this 
component might be desirable for the exact component characterization for
decommissioning planning. This reasoning also applies to various components at the bottom 
of the RPV, below the active core.

6.6 Final Model
The 2014 model, featuring all the improvements described in this chapter, is shown as 
Figure 25. This figure has been generated using Visit, an open source, interactive, scalable,



visualization, animation and analysis tool [41]. The model shown here still lacks the 
improved core definition, described in chapter 7. However, it is otherwise identical to the 
final 2014 model.

Figure 25 - The 2014 model
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7. Core Structure and Source Term

Core structure and source term are essential for the accurate modeling of neutron leakage 
out of the RPV. Together they determine the location where neutrons are born and materials 
that neutrons must pass through in order to leak out.

As described in section 6.3, in the 2011 model the core was represented with a cylinder split 
into six cells, utilizing three material cards. In this representation, the effects of the core 
shape are lost. Furthermore, with only three material cards the void distribution had to be 
modeled in three discrete jumps. These properties make it desirable to update the 2011 
model core structure.

The cell structure of the new core design, created for the 2014 model, is described in section 
7.1. Afterwards, section 7.2 describes the source definition for this core. Once the design has 
fully been implemented, an analysis was carried out, comparing it against the 2011 model 
core design. This is shown in section 7.3. Finally, section 7.4 offers recommendations for 
future modeling of BWR cores.

7.1 Core Design
The KKM core data, supplied by the KKM reactor physics department [16], is reported on a 
nodal basis. That is, the core is split into 240 segments, each representing a single fuel 
assembly (FA). This is shown in Figure 26. Each of these FA positions is segmented into 25 
equidistant parts over its length, in the end totaling 6000 nodes over the entire active core 
zone. This nodal structure represents the spatial resolution used by the KKM reactor physics 
department for core simulation software (e.g. SIMULATE).

1 2 3 4 5 6

7 8 9 10 11 12 13 14

15 16 17 18 19 20 21 22 23 24

25 26 27 28 29 30 31 32 33 34 35 36

37 38 39 40 41 42 43 44 45 46 47 48 49 50

51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66

67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84

85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100 101 102

103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118 119 120

121 122 123 124 125 126 127 128 129 130 131 132 133 134 135 136 137 138

139 140 141 142 143 144 145 146 147 148 149 150 151 152 153 154 155 156

157 158 159 160 161 162 163 164 165 166 167 168 169 170 171 172 173 174

175 176 177 178 179 180 181 182 183 184 185 186 187 188 189 190

191 192 193 194 195 196 197 198 199 200 201 202 203 204

205 206 207 208 209 210 211 212 213 214 215 216

217 218 219 220 221 222 223 224 225 226

227 228 229 230 231 232 233 234

235 236 237 238 239 240

Figure 26 - KKM FA positions (each containing 25 nodes)

49



Void fraction, relative power, and burnup are evaluated for each node in small time steps 
from the beginning of cycle (BOC) until the end of cycle (EOC). Such a core nodal data set 
was received from KKM, showing the data taken on 2011-11-10 - i.e. middle of cycle (MOC) 
33, during which the first foil activation campaign took place. This point in time was chosen 
because MOC is roughly representative of the cycle-average values [16]. No variation in 
reactor power (or any other parameters) is taken into account. This is sufficient for the 
simulation of activation of Co-59, which is currently the main focus, together with Ag-109 
and Ni-58. Should the activation products investigated in the future require a more detailed 
modeling of the operation history, because they are short-lived or don’t reach a saturation 
point, it will be implemented. This data was analyzed and used to design the layout of the 
cell structure for the KKM MCNP core, as well as the associated source term.

As was stated previously, the neutrons born in the two outermost assemblies, but especially 
the outermost FAs, dominate the radial neutron leakage [29]. Therefore, for the inner part 
of the core where any axial (i.e. diagonal) leakage towards the RPV-bioshield gap is not 
significant, the focus was aimed only at a sufficiently realistic representation of these two 
outermost assembly rows. The nodes forming these rows were analyzed and combined into 
cells if they at the same time:

1. are horizontally adjacent to each other,
2. have a similar void fraction,
3. have a similar relative power factor.

Similar void fraction was defined as the difference between the highest and the lowest value 
being lower than 10% (percent points) of void fraction. Similar power was defined as the 
difference between the highest and the lowest power value being lower than 20% (of the 
highest value). All three criteria had to be fulfilled in order for the nodes to be combined 
into a cell. If for example three adjacent nodes had a very similar power, but a significantly 
different void fraction, they would not be combined into the same cell. For simplicity, no 
cells were combined vertically across layers.

Once nodes were combined into cells, the cell properties were defined from the nodes that 
compose it. The cell void fraction was defined as the average of the void fractions from all 
nodes. This was then used for the definition of this cell’s material card, as described in 
section 6.3. The total power of the cell was defined as the sum of the power of its nodes.

The cells created based on these criteria are shown in Figure 27. This layout applies to 
horizontal node layers 3 - 20. That is, layers 1, 2, 21-25 (counting from the bottom of the 
active core) feature a different layout, shown later on. Note that at this point only the two 
outermost assemblies were considered. All of the central assemblies have been combined 
into one cell. The properties of this one central cell are defined just like for the other cells, 
except that the power is set to zero. Although the central cell represents a substantial part of 
the active core volume and source strength, it can be neglected without significantly 
affecting the results, because neutrons born in this area are very unlikely to leave the active 
core - they would first have to pass through many mean free paths of core materials [29].

The cell structure shown in Figure 27 was applied to all horizontal node layers. That is, at 
each one of the 25 horizontal node layers the nodes that were combined into cells still fulfill 
all the criteria for cell creation (similar void, etc.) and lead to the same cell structure. This 
was verified for each horizontal node layer.



Note that the cell indexing system shown in Figure 27 is merely shown for illustration. Since 
in reality there are 25 cells at each of these cross-sectional locations, placed one under the 
other, the real indexing system used in the model utilizes more digits for each cell.

All cells shown in Figure 27 were split into 25 vertical parts. That is, no nodes were 
combined vertically.

51 61 61 61 61 52

11 81 71 71 71 71 82 12

11 91 0 0 0 0 0 0 92 12

11 31 0 0 0 0 0 0 0 0 32 12

11 31 0 0 0 0 0 0 0 0 0 0 32 12

11 31 0 0 0 0 0 0 0 0 0 0 0 0 32 12

11 21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 22 12

41 21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 22 42

41 21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 22 42

41 21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 22 42

41 21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 22 42

13 21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 22 14

13 33 0 0 0 0 0 0 0 0 0 0 0 0 34 14

13 33 0 0 0 0 0 0 0 0 0 0 34 14

13 33 0 0 0 0 0 0 0 0 34 14

13 93 0 0 0 0 0 0 94 14

13 83 72 72 72 72 84 14

■ 1 53 62 62 62 62 54

Figure 27 - Cell structure in the middle section of the core (2014 model)

In order to accurately represent the axial leakage, for the top five and the bottom two 
horizontal node levels, the nodes in the central part of the core (the cell labeled 0 in Figure 
27) were also combined, just like the two outermost rows before, according to the same 
criteria. The resulting cell structure, which again applies to all of these seven nodal layers, is 
shown in Figure 28. Again, verification was carried out to check that the same cell structure 
applies to all horizontal layers in question (i.e. 1,2, 21-25). That is, the configuration of 
nodes grouped into common cells (as shown in Figure 28) fulfills all of the aforementioned 
criteria for grouping at all seven horizontal node layers. However, it should be noted that as 
before, each cell was split vertically into different layers, and therefore no nodes were 
combined vertically across layers.

Note that in Figure 28 the two outermost rows of nodes are grayed-out. This is done solely 
for the purpose of clarity - the original cell structure from Figure 27 still remains here.
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51 61 61 61 61 52

11 81 71 71 71 71 82 12

11 91 081 081 051 051 082 082 92 12

11 31 071 081 051 051 051 051 082 072 32 12

11 31 071 071 051 051 022 022 051 051 072 072 32 12

11 31 061 071 041 041 022 014 014 022 042 042 072 062 32 12

11 21 061 061 031 041 014 014 013 013 014 014 042 032 062 062 22 12

41 21 061 031 031 021 014 013 012 012 013 014 023 032 032 062 22 42

41 21 031 031 021 014 013 012 011 011 012 013 014 023 032 032 22 42

41 21 031 031 021 014 013 012 011 011 012 013 014 023 032 032 22 42

41 21 063 031 031 021 014 013 012 012 013 014 023 032 032 064 22 42

13 21 063 063 031 043 014 014 013 013 014 014 044 032 064 064 22 14

13 33 063 073 043 043 024 014 014 024 044 044 074 064 34 14

13 33 073 073 052 052 024 024 052 052 074 074 34 14

13 33 073 083 052 052 052 052 084 074 34 14

13 93 083 083 052 052 084 084 94 14

13 83 72 72 72 72 84 14

53 62 62 62 62 54

Figure 28 - Cell structure in the top and bottom section of the core (2014 model)

In the end, 914 cells were created based on the chosen methodology, each with its own 
individual material card. The final core layout is shown in the next three figures. Figure 29 
shows the side view of the core, demonstrating the vertical cell configuration. Figure 30 
shows the cross-sectional view in a location, where the central core region is combined into 
one cell per layer, while Figure 31 shows the cross-sectional view in a location, where the 
central cells are created in accordance with the three criteria approach outlined earlier in 
this section.
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Figure 29 - Vertical cross section through the center of the core (2014 model)

Figure 30 - Horizontal cross-sectional view of the middle part of the core (2014 model)
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Figure 31 - Horizontal cross-sectional view of the top part of the core (2014 model)

It can be seen in Figure 29 that one extra layer has been added on the top of the active core, 
just above the 25 horizontal node layers. This layer represents the part of the fuel 
assemblies, above the active core, which contains no fuel but the assemblies are still 
separated by channel boxes, so no cross flows are possible. The addition of an extra layer on 
top therefore allows the preservation of the void distribution, up until the height where 
mixing can take place. The material definition of this layer is based on the material card of 
the active core, from which fuel rods have been removed.

Before the decision was made to combine nodes based on the aforementioned criteria, a 
ring-based layout was considered. This layout would combine nodes, row by row, without 
looking at their void fraction or power. This would significantly simplify the cell definition, 
particularly if it would be used in combination with the cylindrical core layout approach. 
However, as can be seen from Figure 27 and Figure 28, node properties aren’t always 
consistent for all cells of a respective row. Thus, such a row-based cell structure would lead 
to the combination of cells with significantly different properties, thereby losing the 
characteristic spatial heterogeneity of the node distribution. For this reason, the idea of a 
ring/row-based cell layout was dismissed.

Another possible cell structure that was considered involves the strict approach of the 
creation of one cell per node. Therefore, 6000 cells would have to be created, each with its 
own material card. This way the entire spatial note distribution would be completely 
conserved and no property would have to be averaged. However, due to the concerns about 
how MCNP5 would handle such a large cell structure, the potential increase in
computational time and the parallel doubts that this high level of discretization would really 
be justified for the desired application, a decision was made to not attempt a direct nodal 
cell structure. Once results have been obtained with this chosen cell structure, the
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experience with how MCNP5 can handle large cell-structures would be evaluated, allowing 
recommendations to be made for the future. Should the current approach be successful, and 
should no significant issues be encountered with MCNP5, the direct nodal cell structure 
could be considered for the future simulations. However, it should also be noted that such a 
resolution wouldn’t necessarily lead to significantly better results and would only be 
considered if the results in this thesis deliver arguments in favor of an even more detailed 
core source discretization.

7.2 Source Setup
As previously described, the power production was calculated for each cell by summing the 
power production of the corresponding nodes, which make up the cell. This power is then 
converted into the probability of a neutron being born in that particular cell, which is used 
to define the source term for the 2014 model.

Note that while the power production used to define the source comes from cycle 33 
(specifically, MOC 33), the cycle during which the first foil activation campaign took place, 
it can be shown that this data is also more or less representative of other cycles. To test this 
hypothesis, the fraction of the total power produced by the outermost row of assemblies was 
compared between MOC 33 and MOC 39 (middle of cycle during which the second 
campaign took place). These were 6.97% and 7.39%, respectively. This difference is small 
(they are within 6% of each other), indicating that the variation between the data from 
different cycles is also small, at least for similar core layout strategies.

The energy of neutrons is defined as a weighted combination of Watt spectra of U-235 
fission (35.7% probability) and Pu-239 fission (64.3% probability), corresponds to fuel with 
high burnup (50 MWd/kg). This ratio was also used to calculate the average value of \ (the 
average number of neutrons produced per fission). While this may not be accurate for some 
of the emitting cells, for example the cells in the center region, previous research [28] 
indicates that the impact of this setting is small compared to the desired accuracy of the 
results of this methodology. Moreover, the implementation of burnup-specific source spectra 
would be a complex and work-intensive task, which should only be undertaken if a 
significant improvement of the model would be likely.

7.3 Investigation of the Neutron Leakage Profiles
The 2014 core design leads to significantly different results than the 2011 core design. The 
difference for the activation samples is quantified in section 8.3. It is also important to 
separately investigate the differences between the two core designs from the point of view of 
neutron leakage profiles and gain insight into what exactly is causing the change in results.

Firstly, the material card was compared from the point of view of the zirconium and 
uranium content. The material card corresponding to the middle layer of the 2011 core was 
compared against a material card with a similar void fraction, used in the 2014 core. The 
2014 core featured 2%w less zirconium and 7%w more fuel. This difference was deemed 
acceptably low.

For this purpose two mesh tallies were implemented into both models - one was inserted 
into the core shroud (as shown in Figure 32), the other into the core (as shown in Figure 
33). In both cases, the mesh tally is composed of a thin ring (thereby averaging over all
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angles), vertically split into a number of sections. The segmentation can be seen in Figure 
33. This allows the analysis of circumferentially-averaged flux values as a function of height.

Figure 32 - Core shroud with an overlaid mesh tally (2011 model)

Figure 33 - Mesh tally in the core (left: 2011 model, right: 2014 model)

The results are shown in Figure 34 (for the core tally) and Figure 35 (for the shroud tally) 
Two differences can immediately be seen from these figures. Firstly, the flux response 
increases significantly around 315-340 cm for the 2011 core, yet this behavior cannot be 
seen in the case of the 2014 core. Secondly, the magnitudes of the fluxes are different 
between the two cases, particularly for the core shroud.
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Figure 34 - Total neutron flux profile for the core mesh tally

Figure 35 - Total neutron flux profile for the shroud mesh tally

The core properties potentially responsible for these changes are the void fraction 
(represented by the material card), the core shape (i.e. cylindrical or actual-shape), and the 
power profile. The effect of the void fraction and the core shape is further investigated in 
this section.

The second peak of flux in the 2014 model results, located 315 cm above the bottom of the 
active core, which can be seen in Figure 34, occurs in the area where the central part of the 
core begins to be modeled as active, and starts emitting neutrons. Since the core mesh tally 
is very close to this part of the core, neutrons originating from the central top area are 
detected. However, as was stated previously, these neutrons do not contribute to the radial 
leakage. This is further supported by the fact that this second flux peak is not present in 
Figure 35.
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The differences between the two mesh tallies provides hints about the effects of the core 
shape and the changes made to the power profile. The shroud mesh tally result is affected by 
the fact that some neutrons have to travel a longer distance to get from the core to the 
shroud. However, the peak for the 2011 model at 315-340 cm is present in both sets of 
results.

To further investigate how the void fraction affects the response of these two mesh tallies, 
two test cases were created. In both cases, the 2011 model was taken as the starting point. 
The first case, called 2011ml, edits the material card of the top two cells, making it 
identical to the middle two cells. Consequently, there is no jump in material definition when 
going from the central part to the top. This will test whether the sudden increase in flux is 
related to the change in void fraction between these two layers. The second case, called 
201 lm2, edits the material cards of both, the top layer and the central layer, reducing their 
void fractions. The void fraction of the top layer was reduced by 5% (percent points) of void 
fraction, the middle layer was reduced by 15% (percent points) of void fraction. These void 
fractions more closely represent the average of the data used to create the corresponding 
part of the core in the 2014 model, and thus may offer a better agreement. The effects of 
these changes are shown in Figure 36 (for the core mesh tally) and Figure 37 (for the shroud 
mesh tally).

Figure 36 - Core mesh tally response (with extra cases)
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Figure 37 - Shroud mesh tally response (with extra cases)

Looking at Figure 37, it can be seen that the modification introduced in 2011ml completely 
removed the rapid increase around 315-340 cm, while leaving the section below that 
virtually unaffected. This suggests that the peak is caused by a sudden change in material. 
Likely, this is related to the significant change in the hydrogen content between these two 
materials. Consequently, the 2014 model does not have such a sudden increase, as it has no 
sudden changes in void fraction - all changes happen gradually over 25 vertical layers.

The changes introduced in 2011 m2 do not completely remove the sudden increase segment, 
since there is still a sudden change in the void fraction. However, looking at Figure 36, this 
case does approach more closely to the 2014 core result, though there are still significant 
differences between them, potentially caused by fine, local variations of the void fraction in 
the 2014 core.

Overall, this investigation suggest that both rapid change of void fraction (in the material 
card), caused by coarse splitting of the core, and the core shape affect the nature of the 
neutron flux exiting through the core shroud. However, as suggested by the test cases, it 
may be possible to tweak the six-cell definition of the 2011 core to more closely resemble 
the 2014 core. This is discussed in the next section (7.4).

7.4 Future Core Design Recommendations
This section summarized the lessons learned from the modeling of KKM core, based on the 
results of the investigation carried out in section in 7.4. These lessons are meant to serve as 
advice for the future projects involving BWR cores.

The exact modeling of the outer core shape is important. As was shown in section 7.3, 
approximating the core with a cylinder is insufficient. This is because the distance between 
the radially outermost point of the active core and the core shroud varies circumferentially. 
Neglecting this fact leads to systematic errors.

A detailed analysis of the neutron leakage from the six-core model revealed that modeling 
BWR cores with only three material cards is insufficient to model the effect of void
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distribution. This coarse representation led to sudden increases in neutron flux, detectable 
even at the core shroud. At the same time, the difference between the 2011 model core and 
the 2014 mode core isn’t large enough to justify the recommendation to use the 940-cell 
core design. Given the response of the model to modifications of the void fraction in the 
material card, it appears that the optimum number of material cards is still much smaller 
than the 940 material cards used in the 2014 model. While a more detailed investigation is 
required before a more accurate number of materials can be recommended, based on the 
results of the current work this number is expected to be in the range of six - i.e. double of 
the number of materials used for the six-core model.

The work carried out in this thesis suggests that is also feasible to design an even more 
complex core definition (e.g. fully-nodal). However, this doesn’t necessarily mean that such 
a design is desirable. Given the recommendations made in this section, it appears to be 
possible to design a core, which would have the simplicity of the 2011 core and accuracy of 
the 2014 core. This subject will be further investigated in the future, in order to improve 
and at the same time facilitate the upcoming activation calculations of other BWRs.
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8. Results

As was explained in section 4.3, the results are reported in the form of a
calculated/measured (c/m) factor, comparing activities of samples calculated using the 
Nagra MCNP model with the measurements calculated by the NRG.

Section 8.1 reports these values for a selection of samples. Section 8.2 offers an
interpretation and evaluation of these results. The comparison of these results against the 
results obtained using the 2011 model is presented in section 8.3. Finally, the chapter 
conclusion can be found in section 8.4.

8.1 Results
The methodology described in chapter 4 was applied to the 2014 model, yielding results 
described in Table 6 and Table 7. Note that the c/m factors are listed separately for the 
three activation products.

It should be noted that the total flux and the associated relative error reported in Table 6 
and Table 7 do not sufficiently express the uncertainty of the c/m values associated with 
individual activation product activities. As described in Table 1 in section 4.4, some energy 
groups are significantly more important than other energy groups for the activation of a 
given foil materials. Therefore, if for example the fast flux is both low and has a large 
relative error, the relative error of the total flux might still be low, but the uncertainty of the 
nickel activation would be high. For this purpose, the relative errors of all important energy 
groups have been analyzed. To present the result of this analysis, the reported c/m values 
were color-coded. The green color indicates that the relative errors of all important energy 
groups were lower than 15%. The pink color indicates that the relative errors of all 
important energy groups were lower that 30%, but at least one of these groups had an error 
higher than 15%. The red color indicates that the relative errors of at least one important 
energy group were higher than 30%.

Furthermore, the c/m values associated with samples 1-5A and 1-9A are written in 
parenthesis. This is done to express the doubt in the measurement values, as explained in 
the section 8.2.1.
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Table 6 - c/m factors for the 2014 model (campaign 1 samples)

Sample
c/m total flux heigh 

t (m)

Description of 
Sample 
LocationA(Co-60) A(Ag-110m) A(Co-58) value 

(n cm-2)
relativ
e error

1-1 2.1 1.7 1.3 3.0E+7 3.2% 17.8
1-2 2.3 1.7 7.2E+7 2.4% 16.8
1-3 1.5 1.3 1.8E+8 2.6% 15.8
1-4 1.6 1.3 2.0 5.1E+8 1.0% 14.8
1-5 1.0 1.7E+9 0.9% 13.8

1-5A (2.5) (1.9) N/A 2.5E+9 0.5% 13.4
1-6 1.4 1.0 0.8 3.1E+9 0.5% 13.0
1-7 1.5 1.1 1.0 3.7E+9 0.5% 12.0 Bioshield,
1-8 1.8 1.3 1.2 3.2E+9 0.6% 11.0 inner side

1-9 2.6 1.8 3.5 1.6E+9 0.7% 10.0
1-9A (2.0) (1.5) N/A 8.0E+8 1.2% 9.5
1-10 2.0 3.3 4.1E+8 1.4% 9.0
1-11 4.4 3.4 1.4E+8 1.7% 8.0
1-12 4.8 3.6 6.9E+7 7.9% 7.0
1-13 7.0 4.9 3.8E+7 3.5% 6.0
1-14 5.6 5.4 5.9 3.1E+7 2.5% 5.1
1-15 0.9 N/A 0.8 1.4E+6 1.1% 17.8
1-16 0.4 N/A 0.4 9.5E+5 1.3% 16.8
1-17 0.3 N/A 0.3 9.0E+5 1.4% 15.8
1-18 0.2 N/A 0.7 1.1E+6 1.6% 14.8
1-19 0.3 0.2 0.9 1.6E+6 1.6% 13.8
1-20 0.4 0.4 1.0 2.5E+6 3.0% 13.0
1-21 0.6 0.6 1.4 2.7E+6 1.9% 12.0 Bioshield,
1-22 0.6 0.6 1.7 2.3E+6 2.3% 11.0 outer side

1-23 0.5 0.4 2.6 1.2E+6 2.1% 10.0
1-24 0.4 0.3 2.3 5.1E+5 3.1% 9.0
1-25 0.3 N/A 1.1 2.8E+5 4.8% 8.0
1-26 0.3 N/A 1.2 1.9E+5 5.8% 7.0
1-27 0.3 N/A 1.2 1.5E+5 5.3% 6.0

1-28 N/A 1.6 1.2E+5 5.7% 5.1
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Table 7 - c/m factors for the 2014 model (campaign 2 samples)

Sample
c/m total flux height

(m)
Description of Sample 

Location©co6o<

A(Ag-110m) A(Co-58) value 
(n cm-2)

relative
error

2-7 2.4 1.5 2.1 2.9E+7 6.8%
2-8 2.4 2.0 1.5 2.6E+7 2.8% 17.9
2-9 1.7 2.5E+7 2.6%

2-16 3.3 4.0 3.0 1.3E+7 7.5% Above bioshield gap
2-24 1.2 1.3 1.9 1.2E+7 6.7%
2-26 2.2 2.2 5.9 1.2E+7 10.0%

18.92-28 1.0 0.8 1.4 2.0E+6 0.9%

2-18 2.2 1.8 1.5 1.6E+7 9.7% Piping above and
2-27 0.8 0.9 7.1 2.6E+6 1.7% outside of the bioshield

2-21 1.6 1.7 1.4 7.9E+6 10.1%
2-22 2.0 1.7 3.1 7.6E+6 11.7% 19.9
2-23 2.5 1.8 1.9 8.6E+6 13.7%

2-15 1.3 2.2 6.5E+6 5.8%
Above bioshield gap

2-17 2.9 1.8 5.0 7.1E+6 8.2%
20.9

2-19 3.3 2.6 4.0 4.0E+6 4.6%

2-25 0.8 9.1 5.7E+6 4.1%

2-20 1.9 2.5 8.2E+6 11.7% 21.4

8.2 Evaluation and Explanation of Results
Samples 1-5A and 1-9A are two extra samples on the inner side of the bioshield, included 
for the purpose of self-shielding calculations. Reasons exist for doubting the measurements 
associated with these samples. This is detailed in subsection 8.2.1.

The discussion of the results is split based on their location. The results of the samples from 
the inner side of the bioshield are discussed in subsection 8.2.2. The results of the samples 
from the outer side of the bioshield are discussed in subsection 8.2.3. The results of the 
samples from the second campaign are discussed in subsection 8.2.4.

Finally, subsection 8.2.5 gives recommendations for decreasing the statistical uncertainty in 
the future runs.

8.2.1 Reliability of Samples 1-5A and 1-9A

Before the comparison of the results shown in Table 6, it is necessary to verify the measured 
values. Namely, during the examination of the measured values reported by NRG [27], 
values corresponding to samples 1-5A and 1-9A stood out. Their activities has been 
calculated and reported, so if this is correct, these results should be usable. However, the 
values associated with these samples do not fit into the overall trend defined by other 
samples. To represent that, the NRG-calculated fluxed [27] were plotted. The thermal flux is 
shown in Figure 38, the intermediate flux is shown in Figure 39. Since neither one of these 
samples contained a nickel foil, NRG did not calculate the fast flux at this location.
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Figure 38 - NRG-evaluated thermal flux inside RPV-bioshield ring gap (based on [27])

Figure 39 - NRG-evaluated intermediate flux inside RPV-bioshield ring gap (based on [27])

From these figures it can be seen that the flux calculated at these two locations doesn’t 
conform to the overall trend. This may be caused by the fact that samples 1-5A and 1-9A 
contain foils of different sizes that the adjacent samples. However, the foil sizes also differ 
between samples 4 and 5 (second and third point on the figures), yet the trend is consistent. 
Alternatively, this difference may be caused by the absence of the nickel foil in both sample 
1-5A and 1-9A. It is also possible that these two vertical positions are special in some way, 
and the flux does indeed exhibit this behavior. However, given the large number of samples 
available for the benchmark, a decision was made to approach these results with caution. 
Therefore, while the c/m factors corresponding to these two samples are included in the 
results table (Table 6) for reference, they will not be used for the benchmark comparison.
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8.2.2 Samples on the Inner Side of the Bioshield

The samples located on the inner side of the bioshield, in the RPV-bioshield ring gap, can be 
split into three groups: samples located above the active core height (1-1 - 1-5), samples 
located opposite the core (1-5A - 1-8), and samples located below the active core height 
(1-9-1-14).

The samples located on the inner side of bioshield above the active core height show overall 
a good agreement, with c/m factor value ranging between 1.0 and 2.0, except for Co-60 
activity in 1-1 and 1-2. The overall agreement suggests that the modeling of components 
along the corresponding streaming path, including the active core and the steam separators, 
is sufficiently representative. The quantification of improvement due to the changes to the 
model can be found in section 8.3, where these results are compared against the 
2011-model-based results. The slightly larger c/m factor value for Co-60 activity in samples 
1-1 and 1-2 are believed to be caused by non-modeled pipes. Based on the available 
technical drawings [23], there are six water-filled pipes located in this area. Implementing 
these into the model would increase the local neutron shielding, decreasing the neutron flux 
in the area, thereby reducing the c/m factor value.

The samples located on the inner side of bioshield opposite the active core also show an 
overall good agreement, with all c/m factor values below 2.0. It should be noted that the 
c/m factor for the Co-58 activity, representing fast flux activation, is 0.8 - i.e. it is 
underestimated. In fact, this is the only underestimated c/m factor value in the RPV- 
bioshield ring gap. At the same time, the c/m factor for the Co-60 activity is somewhat 
higher in this area, when compared to the c/m factor for the Ag-llOm activity. This suggests 
that the moderation experienced by neutrons traveling to this location is overestimating, 
slowing down more neutrons from the fast energy range (reducing the c/m value for Co-58 
activity) to the intermediate energy range (increasing the c/m value of Co-60 activity, and 
to a lesser extent, also the c/m value for Ag-llOm activity). For example, this could be 
caused by the representation of jet pumps, or the downcomer. Alternatively, this could be 
related to the density of water used. It would therefore be advisable to obtain more 
information about the thermodynamics in this part of the RPV, and improve the water 
density definition.

Unlike the previous two groups of samples, the samples located on the inner side of 
bioshield below the active core height exhibit large c/m factor values. These start around 
the factor of 2.0 and increase as the samples go lower down, further away from the core.
The c/m factors reach values as high as 7.0. This result suggests that neutron shielding is 
heavily underestimated all along the bioshield. In large part, this could be caused by the 
numerous water-filled pipes in this area, connected to the jet pumps. These pipes have a 
large effect on neutron shielding. They are located on four different levels, which is 
consistent with the fact that the c/m values increase gradually, rather than in a single jump. 
Furthermore, there are bioshield openings associated with these pipes. As discussed 
previously, these openings provide steaming paths for neutrons. It is therefore possible that 
this overprediction is the result of the absence of these alternative pathways for neutrons. 
This effect could be particularly significant at the bottom of the bioshield, since the neutron 
flux here is much lower than opposite the core, and therefore even a small variation may 
have a significant effect on the activation results. Another factor, which may also influence 
these results, is the modeling of the control rods. When retracted, control rods are located 
below the core. Therefore, they may stop the diagonal neutron streaming paths from the
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core, which pass through this region. Lastly, it is possible that these results are influenced by 
the presence of RPV insulation, mentioned in section 5.1. While the presence and 
configuration of this insulation is currently still being investigated, it presence would 
significantly increase the neutron shielding in the area, thereby reducing the neutron fluxes 
and therefore the c/m factor values.

8.2.3 Samples on the Outer Side of the Bioshield

The activation of samples located on the outer side of the bioshield (1-15 - 1-28) is 
generally underestimated, with the exception of nickel foils located below the active core 
height. The general underestimation suggests that the bioshield openings, described in 
section 6.5, are in fact very important for the neutron streaming. Since these are not present 
in the 2014 model, the activation of most foils in this area is underestimated. Unlike for the 
other foils, activation of the nickel foils below the active core height is overestimated. This 
is because the general overestimation caused by the absence of bioshield openings is offset 
by the previously described overestimation below the active core height. Note also that the 
c/m factor values for the top samples (1-15 and 1-16), while still below 1.0, are higher than 
the c/m values of other samples closer to the active core height. This suggests that a 
significant number of neutrons contributing to the activations at this location come around 
the top of the bioshield, rather than through the openings. This is consistent with the 
general thermal-energy neutron behavior described in [28].

8.2.4 Samples from the Second Campaign

The assessment of results of the second campaign samples is complicated by the high 
statistical uncertainty. A large number of c/m factors shown in Table 7 are labeled red, with 
the rest being mostly pink. Basing the evaluation only on green and pink values, the chosen 
samples, located above the bioshield, overall show a good agreement, with all values being 
lower than 3.0. Some of the values are below 1.0, suggesting that the aforementioned 
influence of the bioshield openings propagates not only downwards, but also upwards. 
Overall, the improvement effort in this area should be focused on calculation optimization 
and improvement of statistical uncertainty, rather than geometrical modifications of the 
actual model.

It should be noted that some of the differences between the calculation and measurement 
results may be caused by inaccurate representation of sample location in the model. Samples 
were suspended from chains starting from documented locations. However, as the chains 
continued lower down, their distances from the core varied at times, as they avoided various 
installations in the way. These deviations from the original radius have generally not been 
recorded, thereby introducing uncertainty into the sample location. An example of such a 
deviation is shown in Figure 40, showing sample 2-20. Furthermore, there are many 
installations located in this area, which were not present in the model. These installations 
may potentially act as a neutron shield, or otherwise affect the neutron flux seen by the 
sample. This can also be seen in Figure 40, where the sample is shown to be located near a 
large pipe.
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Figure 40 - Photograph of sample 2-20 position [2]

8.2.5 Recommendations for Future Optimization of VR Parameters

When looking at the relative error of the total flux, it may seem that the application of VR 
was successful. The largest relative error is 13.7%, and all but four total flux values have a 
relative error lower than 10%. However, when the statistical uncertainty represented by the 
three-color scheme is considered, it becomes clear that VR still needs to be optimized, 
particularly for the fast flux. The fact that the relative error associated with the total flux is 
reasonable suggests that the sample cluster based VR methodology is effective. However, in 
the future, the weight-window maps should be optimized for the response of all important 
energy groups rather than the total flux. For this purpose, the energy domain should be split 
into a small number of energy groups, each containing the energy ranges most important for 
a given foil material. FW-CADIS should then be set to create weight window maps, which 
lead to similar relative errors in all of these new energy groups. This setting is already 
available in ADVANTG [40].

While many of the reported samples could not be fully compared to the simulated results 
due to the large statistical uncertainty, the large number of samples already considered still 
allowed for a comprehensive benchmark, which provided a lot of information about the 
Nagra KKM MCNP model. Once the recommendations for the improvement of the VR 
application are implemented, statically uncertainty is expected to no longer be limiting.

8.3 Comparison between the 2014 Model and the 2011 Model
In order to assess the success of the modifications performed on the 2011 model (described 
in chapters 5, 6 and 7), it is useful to compare sample responses between the 2011 model 
and the 2014 model. For this purpose, the first campaign’s samples on the inner side of the 
bioshield (1-1 - 1-14) were implemented into the 2011 model and analyzed with the same 
methodology as was applied to the 2014 model (see chapter 4). The comparison of results 
can be seen in Table 8.
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Table 8 - c/m factors for the 2011 model and the 2014 model

Sample
2014 model c/m 2011 model c/m

A(Co-60) A(Ag-110m) A(Co-58) A(Co-60) A(Ag-110m) A(Co-58)
1-1 3.4 7.5 2.7
1-2 2.3 1.7 1.1 3.5 4.7 3.3
1-3 1.5 1.3 1.4 4.2 3.2 4.0
1-4 1.6 1.3 2.0 3.8 3.8 5.1
1-5 1.5 1.0 1.0 3.0 2.2 1.8

1-5A (2.5) (1.9) N/A 4.6 3.8 N/A
1-6 1.4 1.0 0.8 2.0 1.5 1.0
1-7 1.5 1.1 1.0 2.1 1.5 1.0
1-8 1.8 1.3 1.2 2.4 1.7 1.4
1-9 2.6 1.8 3.5 3.8 2.7 3.6

1-9A (2.0) (1.5) N/A 2.3 1.9 N/A
1-10 3.0 2.0 3.3 3.5 2.5 3.1
1-11 4.4 3.4 3.8 5.2 3.4 3.7
1-12 4.8 3.6 3.4 5.0 6.4 3.8
1-13 6.0 7.0 4.9 9.4 6.8 4.5
1-14 5.6 5.4 5.9 5.0 4.5 6.0

It can be seen that at all locations, the new model yields equal or better results. The samples 
located opposite and above the active core height show a significantly better agreement 
with the measured values. This suggests that the modifications of the core, jet pumps, core 
shroud, and steam separators have successfully improved the model. The samples located 
below the active core height yield similarly unsatisfactory results, suggesting that the 
reasons behind the discrepancy in this region has not been removed. This conclusion further 
supports the suggestions to the possible causes for the discrepancy outlined in section 8.2, 
i.e. control rods, numerous pipes and the associated bioshield openings, since those 
components haven’t been implemented in either model.

8.4 Implications of MCNP Limitations on Core Definition
The definition of a core structure as large as the one in the 2014 model requires many lines 
of MCNP input code to be written. In order to reduce the probability of mistakes, the 
procedure was partially automated using spreadsheet functions (using Calc from the 
LibreOffice [10] and Excel from the Microsoft Office 2010 [19] software packages). Their 
output could then be copied directly into the MCNP input file. This approach proved to be 
very useful. After the functions were defined and checked, applying them was very quick. 
The workload associated with this approach was virtually independent of the number of 
cells / materials that had to be defined. However, the data was still transferred manually 
between different stages of this semi-automated processing. If the core continues to be 
defined using a large number of cells in the future, it would be advisable to write a fully- 
automated processor, either still using spreadsheet functions, or by writing a dedicated 
program (in Python or C + + ). This way the probability of human error, as well as the time 
requirements to implement a core, will further be decreased.
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Running MCNP calculations with a simulation that contains a 940-cell active core, most of 
which were defined as neutron sources, in some ways pushed the limitations of MCNP5. The 
current versions of MCNP5 and MCNP6 restrict cell numbers, surface numbers, and tally 
numbers to eight digits, which is more than sufficient for this model. However, the numbers 
of distributions, used to define the source, are restricted to three digit numbers. In this 
model, the x, y, and z sampling distribution of the source was defined as a function of cells, 
which means that each one of the 940 cells had three distributions associated with it - one 
for each dimension. Initially, this created a problem for the source definition. However, this 
was overcome thank to the periodicity of the core. Since the cell structure was constant 
throughout different cross sections, the distributions expressing the x and y sampling 
distribution could be reused between the different cross sections. Similarly, the z sampling 
distribution was constant for all cell within an individual vertical location, and could 
therefore be used by each cells located at the same vertical location. This experience 
demonstrated that a fully-nodal definition of the core is possible from the point of view of 
MCNP input limitations.

The detailed core definition also led to an increase in computational costs. An increase in 
RAM usage was observed, but it didn’t cause any issues on a 12-thread machine with 32 GB 
of RAM. Another useful comparison is time needed to simulate a given number of histories. 
When analog simulations were run, the time requirements increased by a factor of 5 for the 
2014 model, as compared to the 2011 model. However, it should be noted that when 
ADVANTG-generated weight window maps were created for both models, the 2014 model 
calculations speeded up greatly, and the difference disappeared completely. That is, the 
computational cost difference between individual weight window maps was much higher 
than the difference between the 2014 model and the 2011 model. In the end, the most 
noticeable difference was that it took a few minutes longer to load the 110,000-line input 
file, compared to the input file of the 2011 model. Likely, similar tendency will hold true for 
cores with even more cells, such as a fully-nodal core definition.

8.5 Results Summary
Overall, these results are very promising. In some regions, the agreement is already 
satisfactory. The c/m factors are generally below 2.0 on the inner side of the bioshield, at 
the core height and above, and below 3.0 above the bioshield. In other regions, the results 
are not yet satisfactory. The c/m factors are generally below 1.0 on the outer side of the 
bioshield, and up to 7.0 on the inner side of the bioshield, below the core level. However, 
these results provide information about regions where the model itself must be modified to 
improve the agreement. The suggestions include modeling of pipes originating in the RPV 
and going through openings in the bioshield, as well as modeling of the control rods. Once 
these changes are implemented, the model is expected to show also a much better 
agreement in the area outside of the bioshield.

These results are represented visually in below. The green areas are confirmed to be in good 
agreement, blue areas are generally underestimated, while the red areas are generally 
overestimated. The striped zones represent estimates for areas, which are not explicitly 
represented by the investigated samples. The yellow areas on the bioshield indicate areas 
where water pipes and bioshield openings are located.
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Figure 41 - Visual representation of the foil comparison results for the 2014 model
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The amount of samples available for comparison was limited by the statistical uncertainty.
In order to remedy this, modification to the application of VR were proposed. These will be 
implemented in the future, together with the aforementioned geometrical improvements of 
the model.

Given the size and detail of the modeled drywell, the c/m factor of 2.0 near the core and 3.0 
further away from the core are good results. Getting the c/m factor below these values 
would be very difficult. One would have to take into account the variation of core 
parameters during the cycle, implementation of machinery and installations present inside 
the drywell, and many other parameters. This would either take a lot of time and effort to 
implement, or even be impossible to implement due to the lack of the required information. 
Furthermore, for the purposes of the decommissioning efforts, the target accuracy of c/m 
within the factor of 2 is sufficient, since the uncertainty of the concentration of impurities in 
material compositions is often exceeding the factor of ten [22]. Therefore, a very accurate 
estimation is likely to be impossible, and at the same time unnecessary for the study of a 
still-operational NPP. It should also be noted that it’s more desirable for the model to 
overpredict the activation rates instead of underpredicting them, as this is conservative from 
the safety and cost estimate point of view.
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9. Conclusion and Future Outlook

This thesis describes the efforts to improve the existing Nagra KKM MCNP model and 
validate it against the foil activation campaign results. Validated models are used to 
calculate and tally material activation, and finally to produce material-specific inventory 
maps for the decommissioning planning.

A similar validation was carried out in the past for the KKG model, finally resulting in an 
agreement with the measured values within the factor of two for the majority of the 
important locations. The modeling of neutron streaming in KKM is more challenging, as 
there are many more streaming paths in BWR/4 designs than in PWR designs. Furthermore, 
for BWRs it is necessary to capture the void distribution for an accurate representation of 
neutron shielding. Past preliminary benchmark of fluxes in the existing 2011 Nagra KKM 
MCNP model suggested at that time insufficient agreement.

In this thesis the existing model was improved, changing the definition of components, 
believed to be important for neutron shielding, to a more exact representation. This included 
the modeling of steam separators individually, and improving the definition of jet pumps. 
The core definition was completely redefined, going from a 6-cell cylindrical model to a 
940-cell model, shaped like the actual KKM core. Each cell was assigned its own
corresponding material card, based on the real core information, allowing detailed 
representation of core parameters.

An investigation of the neutron leakage profile associated with the 2011 model’s core and 
the new 2014 model’s core was carried out as part of this thesis, providing insight into the 
BWR core design relevant to the given purpose, as well as for the future modeling of BWR 
cores in activation models. These insights can be summarized in two main points. Firstly, 
the core shape has a significant effect on the neutron leakage. Representation of the core 
with a cylinder (used in the past) was revealed to be insufficient. Secondly, the 
representation of the void distribution in the core is important. In the past, the void 
distribution was only represented with three material layers. However, this led to artificial 
peaks in neutron flux and other systematic errors. Therefore, it is recommended to present 
the void distribution in a more gradual way, using a higher number of materials. While the 
exact number was not investigated, an approximate value of six material cards was 
estimated. It should be noted that each zone should feature void fraction values based on 
real core data, rather than coarse estimates of the expected void fraction at that particular 
location.

In order to benchmark the 2014 model, the locations of samples used during the two KKM 
foil activation campaigns were implemented into the model. Their activation was simulated 
using the GSAM code and the state of the art hybrid VR code ADVANTG and compared 
against the measured values for each foil material separately. This represents the first 
detailed comparison of foil activations in KKM to ever be carried out at Nagra. Furthermore, 
as part of this thesis, the application of GSAM was improved by creating a new energy group 
structure, optimized specifically for the activation of the three foil materials used during the 
KKM/KKG foil activation campaigns, which can now be used for all future NPP foil 
activation comparisons.

Overall, the work described in this thesis represents a major step forward in KKM activation 
analysis accuracy. The numerous improvements introduced in the 2014 model led to good
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agreement in many areas. The c/m factors are generally lower than 2.0 on the inner side of 
the bioshield, at the core height and above, and lower than 3.0 above the bioshield. Results 
associated with other areas, while not-yet satisfactory, provide information about regions 
that must be modified to improve the agreement with the measurements. The c/m factors on 
the outer side of the bioshield are generally lower than 1.0, while the results on the inner 
side of the bioshield, below the core level, reach values up to 7.0. The distinct suggestion for 
improving the agreement in these results includes modeling of pipes extending from the RPV 
and going through the openings in the bioshield, as well as modeling of the control rods.
The results of this thesis strongly indicate that after these changes are implemented, the 
validation of the MCNP-based KKM activation analysis model will be successful.
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