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Summary 
This report presents recent progress in a project on tomographic measurements of thermal power in 
nuclear fuel rods, carried out at Uppsala University and funded via the Swedish Centre for Nuclear 
Technology, KTC. The project is executed in three stages, of which this report describes a set of studies 
made during the second stage. 

Experimental studies have been performed using a laboratory mock-up, modelling a fuel assembly of 
the BWR8x8 type, in which tomographic data collection is made using BGO scintillator detectors and a 
data-acquisition system based on single-channel analysers. Gamma-ray scattering has been identified as 
a major contributor to systematic errors in the measurement of relative activity contents in the 63 rods 
of the mock-up assembly. Since scattering causes build-up of radiation at lower energies, it may be 
taken into account in the tomographic analyses by introducing a so-called effective attenuation 
coefficient in the reconstruction models, being slightly lower than the theoretical coefficient. Studies 
show that this approach may enhance the precision in the measurement of relative rod-activity contents 
from about 3-4% down to about 1.2-1.4%. 

Data collection has also been performed using a separate, spectroscopic data-acquisition system, in a 
set of measurements where inactive rods have been used to introduce scattering in order to analyse its 
effects on the collected data. The results indicate that most of the adverse effects of scattering may be 
eliminated by deploying a spectroscopic system with peak analysis including background subtraction. 
Consequently, such a system should be considered for Stage 3 of this project. 

Simulation studies have also been executed to analyse the measurement uncertainties introduced by 
geometric deviations from the nominal positions of the four sections of a SVEA-64 fuel assembly. It 
was found that the standard deviation of relative rod activities caused by the largest displacements 
allowed by the nominal gaps enclosing each section was about 0.5%, which may be considered 
acceptable. 
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1. BACKGROUND AND OBJECTIVES. 
Uppsala University is together with the nuclear power industry in Sweden, including ABB Atom and 
SKI, and TVO in Finland, carrying out a research project for verification of modern core analysis codes 
by performing tomographic measurements on nuclear fuel assemblies. The objective is to determine 
experimentally the radioactive source concentration in single rods with an accuracy of 1 % (1 S.D.). 
The progress of the work has been reported in refs. [1], [2] and [3]. 

Measurements on a fuel model in laboratory environment have resulted in reconstructed rod 
activities with accuracy of typically of 3-4 % (ref. [3]). It has been shown that stochastic noise limits 
the accuracy to about 0.4 %, implying that most of the inaccuracy is due to systematic effects. The 
exclusion of scattering in the reconstruction model has been identified as the main contribution to these 
effects. One main goal with this part of the project has been to examine this further and to show that 
accuracy down to 1 % is achievable.  

Earlier work has been concentrated on fuel types with simple geometry, such as BWR 8x8 and 
GE12S. It is of interest to show that more complicated fuel types such as SVEA, consisting of four 
sections that can be slightly dislocated relative to each other, also can be measured with accuracy down 
to 1 %. Therefore simulations have been performed on the SVEA 64 fuel geometry. 

2. PROGRESS IN ACCURACY FOR LABORATORY MEASUREMENTS. 
It was shown in ref. /3/ that stochastic noise implies an uncertainty in the order of 0.4 % to the 
reconstructed activity in each rod, using the laboratory equipment. However, the relative standard 
deviation from actual activities has been typically 3-4 %, implying that most of the errors are 
systematic. A large contributor to the systematic error was identified in ref. /3/ as gamma-ray scattering 
into the detector, so far not included in the reconstruction model. There are several ways of treating this 
shortage in the model, as described in this chapter. 

2.1. Build-up. 
Part of the gamma-ray scattering into the detector can be included in the model by using a so called 
build-up factor or an effective attenuation coefficient. This concerns scattering that is relatively forward 
directed. The build-up will be dependent on the lower level of the discriminator, since more low-
energetic scattered quanta will be included the lower the level is. The build-up results in a lower 
effective value of the attenuation coefficient. It is thus important to notice that the value of the effective 
attenuation coefficient depends particularly on the lower discriminator level. 

An evaluation of how much the accuracy can be improved by including build-up has been 
performed, i.e. using an effective attenuation coefficient with a lower value than when not including 
build-up. The attenuation coefficient for the fuel material (in the laboratory equipment the fuel material 
corresponds to granulated copper) has been varied. The investigation has been performed for two 
different tomographic measurements. The variation in the relative standard deviation and the maximum 
relative deviation can be found in figure 1 for one of the measurements. The value of the attenuation 
coefficient when not including build-up is 0.37 cm-1. 
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Figure 1. Relative accuracy when performing reconstructions using various values of the effective 

attenuation coefficient in a tomographic measurement using the laboratory equipment. 

The figure shows how the accuracy is improved when using a lower value of the attenuation 
coefficient, just as expected. The lowest value of the standard deviation was 1.2 %, obtained for a value 
of the effective attenuation coefficient of 0.25 cm-1. The second set of measured intensities gave similar 
results. Here the lowest value of the standard deviation was 1.4 %, obtained for a value of the effective 
attenuation coefficient of 0.29 cm-1. The difference is most likely due to that two different settings of 
the lower discriminator level have been used. So far the value of the effective attenuation in the 
cladding material has not been varied. In the laboratory equipment the cladding is made of titanium. 

In order to determine effective attenuation coefficients, appropriate measurements must be 
performed with a well-known lower discriminator level. 

2.2. Gamma-ray scattering. 
Gamma-ray scattering into the detector is non-negligible for scattering angles up to about 90°, 
according to ref. /3/. The build-up considerations in section 2.1 takes into account scattering in 
approximately forward direction. To obtain even better accuracy, scattering in angles up to 90° should 
also be included in the calculations. This can be done by calculating the “Klein-Nishina” cross section, 
according to the Addendum in ref. /3/. 

Some measurements have been performed using the laboratory equipment and an MCA, i.e. a 
multi-channel (spectral) analyser. A schematic view of the scattering measurements can be found in 
Figure 2. A non-active rod, B, was placed in front of the collimator and an active rod, A, at 30 cm 
distance from rod B. The scattering angle, θ, was varied. The measurements were also performed 
without rod B present, i.e. without scattering into the detector. Subtracting the second set of 
measurements from the first could thus isolate events emanating from scattering. 
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Figure 2. Scattering experiments using the laboratory equipment. 

A spectrum with an active rod in front of the collimator can be found in Figure 3. A typical lower 
discriminator level, normally applied in the tomographic measurements using a single-channel analyser 
and a counting card, has been indicated at 500 keV in the figure. The total count rate above the 
discriminator level is approximately 1000 cps. 
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Figure 3. A typical spectrum in the laboratory equipment, having one active rod in front of the 

collimator. A lower discriminator level at 500 keV has been indicated in the figure. 

Spectra collected in scattering angles 30° and 45° are shown in Figures 4 and 5 respectively. The 
figures include spectra recorded both with respectively without the scattering rod B. 
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Figure 4. Collected spectra for a scattering angle of 30° in measurements with respectively without a 

scattering rod present. 

Scattering angle 45 degrees
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Figure 5. Collected spectra for a scattering angle of 45° in measurements with respectively without a 

scattering rod present. 

The indicated typical discriminator level gives information about the influence from scattered gamma 
quanta when using a single-channel discriminator and a counting card, as has been done in the 
tomographic measurements so far. When the scattering angle is 30° (Figure 4), the total count rate 
above the discriminator level that originates from scattering is 1.6 % of the count rate for an active rod 
in front of the collimator (Figure 3). The corresponding ratio for a scattering angle of 45° is 0.6 %. This 
is in accordance with calculations that have been performed using the “Klein-Nishina” scattering cross 
section, indicating an ability to calculate the scattering. 
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2.3. Spectral analysis. 
Scattered gamma quanta generally loose energy in the scattering process. In the extent these events 
appear in the full-energy peak, they will therefore appear in the low-energy part, as illustrated in the 
spectra in Figures 4 and 5. So far a single-channel discriminator has been used in the tomographic 
measurements for counting the events in the full-energy peak. Recently new electronic devices that are 
able to collect spectra under high count rates have entered the market. With the use of spectral data 
collection and analysis, scattering into the detector may be eliminated in the measurements, so that the 
model will be correct. 

To investigate the feasibility of spectral analysis, one can study the spectra in section 2.2. 
Spectral analysis includes the subtraction of a background, determined using the number of counts in 
channels with slightly lower respectively higher energies than the peak. Such a procedure would most 
likely result in appropriate subtraction of scattered events. Spectral analysis may thus be very useful in 
tomographic measurements. 

3. SIMULATIONS ON THE SVEA 64 FUEL TYPE. 

3.1. The SVEA 64 geometry. 
The SVEA types of fuel consist of four sections. A gap between the box and the spacers admits 
possibilities of small dislocations of each section. Detailed knowledge of the measured geometry is 
used in the tomographic reconstruction procedure. Tomographic measurements on these fuel types may 
thus be complicated. For the SVEA 64 type, each section can be laterally dislocated maximum 0.4 mm 
in two dimensions. Distortions within these limits can also give rise to an angular dislocation of 
maximum 0.7°. A slightly simplified figure of the SVEA 64 geometry is shown in Figure 6. 

Fuel rods, inner radius = 5.325 mm
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Figure 6. The simulated SVEA 64 geometry. The water cross of the box is slightly simplified. 
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3.2. Simulations. 
Simulations have been performed in order to investigate the influence from possible dislocations of fuel 
sections on the tomographic reconstructions. The nominal geometry used in the simulations is 
visualised in Figure 6. The box geometry was slightly simplified. 

The investigations were performed by simulating the gamma-ray field around an assembly 
with one or several sections dislocated within the limits stated in section 2.1. Reconstructions were then 
performed using the nominal geometry. No information about the dislocations was assumed in order to 
study the effect of unknown dislocations on the reconstructed activities. No statistic noise was added to 
the simulated intensities in order to isolate the influence from the dislocations. 

3.3. Results. 
One section with maximum lateral displacement. 
The simulations of an assembly with a single dislocated section, with maximum lateral displacements 
in two dimensions, resulted in a reconstructed distribution according to Figure 7. The figure shows 
relative deviations from simulated activities in percent. 

H -0.2 0.0 0.1 -0.2 0.0 0.1 0.0 0.0 

G 0.0 0.2 0.1 0.7 0.5 0.4 0.0 -0.1 

F 0.2 0.1 0.3 0.3 0.8 0.2 -0.1 -0.1 

E 0.2 0.0 0.2 -0.1 0.2 -0.1 -0.2 -0.1 

D -0.2 -0.4 -0.7 0.2 0.0 -0.4 0.0 -0.1 

C -0.2 -0.3 -0.1 0.3 0.4 -0.1 -0.1 -0.1 

B -0.1 -0.1 -0.1 0.0 -0.1 -0.1 -0.1 -0.1 

A -0.1 -0.1 -0.1 0.0 -0.1 -0.1 -0.1 -0.1 

 8 7 6 5 4 3 2 1 

Figure 7. Relative deviations between reconstructed and simulated activities for a simulated assembly 
with maximum lateral displacement of the section in the upper left corner, marked in the figure. The 

deviations are given in percent. 

The figure shows relatively small deviations from simulated activities, with a relative standard 
deviation of 0.2 % and a maximum deviation of 0.8 %. It is shown that rods in the border between the 
dislocated and normal sections are affected the most. 

The goal with the method is to reach an accuracy down 1 % (1 S.D.). The influence shown 
above does not interfere with that goal. The collective displacement may also be detected using 
position analysis the way described in ref. /1/ for all rods in the dislocated section. The information can 
then be used in a new reconstruction using the correct geometry. 

One section with maximum angular displacement. 
The simulations of an assembly having one section with maximum angular displacement, resulted in a 
reconstructed distribution according to Figure 8. The figure shows relative deviations from simulated 
activities in percent. 
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Figure 8. Relative deviations between reconstructed and simulated activities for a simulated assembly 
with maximum angular displacement of the section in the upper left corner, marked in the figure. The 

deviations are given in percent. 

Again the figure shows relatively small deviations from simulated activities. The relative standard 
deviation is 0.2 % and the maximum deviation of 0.7 %. In this case the rods in the dislocated section 
are affected the most. The dislocation does not give rise to deviations large enough to risk the 1 % goal. 
Positioning analysis may also be performed in order to detect the dislocation and adapt to it. 

All sections displaced. 
A few simulations have also been done where all four sections have been displaced in angular or lateral 
position. All rods were then more or less affected. The standard deviation was maximum 0.5 % and the 
largest relative deviation was 1.4 %. The goal of not exceeding an uncertainty of 1 % (1 S.D.) can thus 
still be kept. It was also noted that a position analysis clearly showed each dislocation. The dislocations 
may thus be adapted to. 

4. CONCLUSIONS. 
The present work describes how the treatment of scattering in terms of build-up and effective 
attenuation can improve the accuracy substantially. However, more work has to be done in order to 
determine the effective attenuation coefficients in various materials as functions of the lower 
discriminator level. The combination of effective attenuation coefficients and inclusion of gamma-ray 
scattering into the detector will most likely lead to even better results. Another way of handling 
gamma-ray scattering is to perform spectral data collection and analysis. This way contributions from 
scattered gamma quanta may be excluded in the data collection procedure, making inclusion of 
gamma-ray scattering into the detector needless. 

Simulations on the SVEA 64 fuel geometry has shown that the current reconstruction 
algorithm is capable of handling possible displacements of the four assembly sections, within the limit 
given by the gap between spacers and box. According to the simulations, such displacements will not 
give rise to inaccuracies threatening the goal of one percent relative precision in the reconstructed 
activities (1 S.D.). 
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