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    Abstract: A tomographic method for experimental investigation of the integrity of used
LWR fuel has been developed. It is based on measurements of the gamma radiation from
the fission products in the fuel rods. A reconstruction code of the algebraic type has been
written. The potential of the technique has been examined in extensive simulations
assuming a gamma-ray energy of either 0.66 MeV (137Cs) or 1.27 MeV (154Eu).The results
of the simulations for BWR fuel indicate that single fuel rods or groups of rods replaced
with water or fresh fuel can be reliably detected independent of their position in the fuel
assembly using 137Cs radiation. For PWR fuel the same result is obtained with the exception
of the most central positions. Here the more penetrable radiation from 154Eu must be used in
order to allow a water channel to be distinguished from a fuel rod.

The results of the simulations have been verified experimentally for a 8x8 BWR
fuel assembly. Special equipment has been constructed and installed at the interim storage
CLAB. The equipment allows the mapping of the radiation field around a fuel assembly
with the aid of a germanium detector fitted with a collimator with a vertical slit . The
intensities measured in 2 520 detector positions were used as input for the reconstruction
code used in the simulations. The results agreed very well with the simulations and revealed
significantly a position containing a water channel in the central part of the assembly.

Sammanfattning: En tomografisk metod har utvecklats för att experimentellt bestämma
om bränslestavar saknas i aktiverade kärnbränsleelement för lättvattenreaktorer. Metoden
bygger på mätning av gammastrålningsfältet från fissionsprodukter i bränslestavarna.
Programvara för rekonstruktion av gammakäll fördelningen har utvecklats, vilken bygger på
algebraisk rekonstruktion. Metodens möjli gheter har undersökts genom simuleringar med
strålningsenergierna 0.66 MeV (137Cs) respektive 1.27 MeV (154Eu). Simuleringarna för
BWR element visar att stavar eller grupper av stavar som ersatts med vatten eller färskt
bränsle kan detekteras med hjälp av strålningen från 137Cs. Detta gäller också för PWR
element utom för de mest centrala stavpositionerna, där den mer genomträngande
strålningen från 154Eu måste användas.

Resultaten av simuleringarna har verifierats genom experimentella mätningar.
Särskild utrustning för detta har konstruerats och installerats vid en av bassängerna i CLAB.
Denna består av en germaniumdetektor utrustad med en kollimator med vertikal spalt,
vilken kan förskjutas i sidled i förhållande till bränsleelementet. Elementet kan i sin tur
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roteras kring en vertikal axel. Detta möjli ggör en fullständig kartläggning av strålningsfältet
i ett horisontalplan kring en bränslepatron. Det med denna utrustning uppmätta
strålningsfältet i 2 520 punkter kring ett 8x8 BWR element har använts för att rekonstruera
käll fördelningen i elementet. Resultatet avslöjade tydligt en vattenkanal i bränsleelementets
centrala delar.
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1 INTRODUCTION.

A possible way of ill egal possessing of nuclear material would be to remove fuel rods from
spent nuclear fuel assemblies and possibly replace them with other material. Replacements
of fuel rods may also take place legally at some nuclear power plants for technical or
economical reasons. In all such cases there is a risk that the number of fuel rods is not
properly declared. At the back end of the fuel cycle, at the final repository, it is therefore
important to have a method to experimentally verify the composition of a fuel assembly
before it is encapsulated for final storage, see ref. 1.

A tentative method to investigate the completeness of a nuclear fuel assembly
would be to utili se the gamma radiation from the fuel rods for gamma-ray tomography. For
fuel with cooling times of up to many decades the 0.66 MeV radiation from 137Cs
(T1/2 = 30 y) may be used. For fuel with a cooling time less than about two decades also the

1.27 MeV radiation from 154Eu (T1/2 = 8.5 y) is available. The penetrabilit y of the
0.66 MeV radiation from the central fuel rods to a detector outside the assembly is only of
the order of 5 % in a BWR fuel assembly, in a PWR of the order of 1 %, which may
strongly limit the usefulness of this radiation. For the 1.27 MeV radiation the penetrabilit y
is a factor of about 5 better.

Tomography experiments have been reported earlier by Levai et al /2/, who used
gamma-rays from BWR fuel assemblies with cooling times in the range of 2 to 10 years for
reconstructions of the activity distributions.

The present report summarises the work done in Sweden during a number of years
to investigate the possibiliti es to perform tomographic experiments for the above purpose.
The investigations have been concentrated on 137Cs, since this radiation is the strongest
radiation remaining when the encapsulation is supposed to take place. A movable
collimator arrangement has been constructed and installed at the intermediate storage
CLAB. With this it is possible to measure the gamma intensity distribution in all directions
in a horizontal plane around a fuel assembly. The arrangement has been used for measuring
a BWR assembly.

A tomographic reconstruction code has been written in the computer language
Fortran90, which can be used on various platforms. This code has been used to evaluate the
measured gamma radiation pattern. It has also been extensively used for calculations using
simulated intensity distributions. In these simulations various parameters in the
reconstruction code have been varied. With the optimised code a number of configurations
of fuel rods being removed or replaced with fresh fuel in both BWR and PWR assemblies
have been simulated. Investigations have then been made on the possibiliti es of detecting
the manipulated fuel rods.

During the course of this work, two thesis for the degree of Master of Science have
been produced, /3/, /4/.
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2 TOMOGRAPHIC METHODS.

Tomography means creating a picture of a cross section of an object by using measurements
from the outside. A large number of measurements in various positions relative the object
are used in order to reconstruct such a picture of the inner parts. There are various
tomographic methods, most common is transmission tomography where the transmission of
gamma-rays through the object is measured. For objects which themselves emit gamma-
rays, such as nuclear fuel assemblies, emission tomography can be applied. A typical
feature of the technique is that large computational resources are required.

2.1 General considerations.

In Figure 2-1 we show schematically the performance of emission tomography. The object,
in this case a nuclear fuel assembly, is positioned in various angles relative a gamma-ray
detector with a collimator. This can be obtained either by moving the detector arrangement
or by rotating the object. For each angular position the detector is moved laterally in steps
of typically a few mm. At each step, the data acquisition is started and the count rate at a
certain gamma-ray energy is determined. The resulting distribution of gamma-ray
intensities is called a projection. If a number of projections, of the order of 30-100, are
measured one may calculate the source distribution within the assembly. This means that
typically a few thousand positions of the detector relative to the assembly are used in a
tomographic measurement.

Figure 2-1. Schematic view of a set-up for tomographic measurements of a fuel assembly. The
collimator and detector arrangement can be placed in various angles relative the assembly in

order to obtain various projection angles. It may also be moved laterally relative the assembly.
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The quality of the reconstructed source distribution is not only depending on the number of
detector positions used but also on the statistical uncertainty of the number of measured
counts in each position. A part of this work has been devoted to studies of the impact of the
statistical uncertainty on the quality of the reconstructions. This part of the study has been
considered important since the level of the statistical uncertainty governs the total
measuring time.

2.2 Tomographic algorithms.

There exist basically two main types of tomographic algorithms:

• Analytical algorithms

• Algebraic algorithms

The analytical methods are based on the Radon transform introduced by Radon in 1917, see
refs. 5 and 6. The analytical algorithms comprise powerful tools and have found extensive
medical applications, for example. However, a prominent feature of these algorithms is the
incapacity of treating large and highly variable gamma-ray attenuation within the object of
interest when performing emission tomography. In fact, the Radon transform is not defined
in such cases. For tomography of fuel assemblies with their pattern of highly attenuating
UO2 intervened by the much less attenuating water, analytical algorithms are not feasible.
This report therefore describes an investigation made of an algebraic algorithm, based on
the nominal geometry of the fuel assemblies.

2.2.1 The algorithms used.
The basic expression for the algorithms used in this work may be written as:

W ⋅ A = I eq. (2.1)

Here W is a matrix describing the fraction of the gamma quanta emitted from each radiating
element within a fuel assembly that theoretically reaches the detector in each position. W
depends on e.g. absorption along the way between the radiating element and the detector.
The vector A represents the unknown activity distribution and I is the measured gamma-ray
intensities.

The method developed in this work may be divided into two parts:

• The calculation of the absorption matrix W.
• The actual reconstruction using an iterative technique to solve eq. 2.1 for A.

In order to calculate W the cross section of a fuel assembly is divided into a number
of elements called pixels. In this process we make the reasonable simpli fication that only
pixels representing regions of fuel material contribute to the gamma-ray emission, other
pixels are pre-set to zero emission. Another simpli fication is that in no pixel the activity
may assume a negative value. For a specific set of measuring positions, the fraction of the
emitted gamma quanta from each pixel reaching the detector is calculated.



8

The calculated fractions, from hereon called contribution coeff icients, are
introduced as the M×N elements of the matrix W, where M is the number of measuring
positions and N is the number of pixels. It is important to note that the matrix W must be
calculated separately for each set of measuring positions and for each fuel type, including
all known information about the fuel geometry. For clarity we rewrite eq. 2.1 as:
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eq. (2.2)

where wmn = contribution coefficient of measuring position m from pixel n.
An = activity in pixel n.
Im = intensity of measuring position m.

An unique solution of eq. 2.2 is only defined if M ≥ N. Taking into account the statistical
uncertainty associated with the vector I, the number of equations M should be significantly
larger than N.

The solving of eq. 2.2 is here performed by using an iterative technique. An initial
value A0 is set to all relevant pixels. To be consistent with the measured intensities, this
value is defined as:

A

I

w

m
m

mn
m n

0 =
∑
∑

,

eq. (2.3)

The values of all activities An are then repeatedly corrected to match the measured
intensities. For each measured intensity a quantity ∆Im is calculated corresponding to the
difference between a calculated and the measured intensity. This is written as:

∆I A w Im n mn
n

m
meas= −∑ . eq. (2.4)

All activities An are corrected with factors proportional to ∆Im before the next measured
intensity Im+1 is treated. By repeating this procedure it is possible to decrease ∆Im until a
suff iciently small value is obtained. During one iteration all measured intensities Im are
treated. In order to obtain pixel activities best adapted to all measured intensities the mean
values during the last iteration can be used.

Three main approaches for correcting the pixel activities have been tested. These are
summarised in the following.
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The equal activity method (EAC):

The pixels contributing to the intensity at the detector in position m are corrected with an
equally large amount, independently of their contribution. A recursive expression may be
written as:

A new A old R
w

In n p

mn
n

m( ) ( )= −
∑

1 ∆ eq. (2.5)

Here Rp is a relaxation parameter ranging from 0 to 1 which is introduced in order to
decrease the sensitivity for the statistical uncertainty and, consequently, stabili ses the
reconstruction procedure. This method has been shown to give reasonably good results for
emission tomography of barrels containing radioactive material with a high degree of
homogeneity, according to ref. 7.

The contribution activity correction (CAC):

Here the pixels are corrected proportionally to their contribution to the measured intensity.
This may be written as:

A new A old R
w

w

In n p
mn

mn
n

m( ) ( )= −




∑

2 ∆ eq. (2.6)

The algebraic reconstruction technique (ART):

This method differs from CAC only by a scaling factor, or:

( )
A new A old R

w

w
In n p

mn

mn
n

m( ) ( )= −
∑ 2 ∆ eq. (2.7)

The reconstruction process may be described as stepping in an N-dimensional space
spanned by the M hyperplanes spanned by the measurements /5/. In cases where N > M and
where the measurements are subject for statistical fluctuations (as is the case here) it is
shown that the solution varies in an area where the hyper planes intersect or, in other words,
where the reconstructed activity values best match the measured intensity values.

2.2.2 The contribution coefficients.
The contribution coeff icients wmn, describing the fraction of the emitted gamma quanta
from pixel n reaching the detector in position m, may be structured into a geometric factor
and a factor associated with the absorption:
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Geometric factor:

A

Rmn

det

4 2π eq. (2.8)

where Adet is the detector area.
Rmn is the distance between pixel n and the detector at position m.

The geometric factor is based on that the emitting of gamma quanta is isotropic.

Absorption factor:

e
i i

i

d−∑ µ

eq. (2.9)

where µi is the linear attenuation coefficient of material i.
di is the ray-path length in material i.

The absorption factor has been calculated by using either a ray-tracing approach or by using
analytical calculations of the travel length in each material. The two approaches give similar
results. (See ref. 3.)

Combining eqs. 2.8 and 2.9 gives the contribution coefficients as:

w
A

R
emn

mn

di i
i=

−∑det

4 2π
µ

eq. (2.10)

The penumbra effect:

The fact that some pixels may irradiate only a part of the total irradiated section of the
detector has explicitl y been taken into consideration. For the investigations described in
section 5 this was done by considering five irradiated detector parts the way described in
Figure 2-2. Each detector part thus sees a limited number of pixels for which partial
contribution coeff icients are calculated. For pixels out of sight of the detector part, the
partial contribution coeff icients are set to zero. The total contribution coeff icient of each
pixel is then calculated by summing the partial contribution coeff icients. This technique
was also used in the reconstructions of the experiment described in section 7.

Collimator

Detector

1
2
3
4
5

Figure 2-2. Picture showing schematically the penumbra effect of the collimator.
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For the investigations described in sections 6 and 8 the penumbra effect was included using
a continuous treatment of the detector surface the way described in Figure 2-3. This means
that for each point studied the actual area of the detector exposed to emitted gamma quanta
is determined. The attenuation is calculated from the point of emission to the centre of the
exposed area. The effect of such a treatment is a more realistic description of the penumbra.
The small difference in the attenuation due to different ray paths to various parts of the
detector has been omitted. This approximation is valid since the relative difference is
typically 0,05 %. This method also offers faster execution times with about a factor of 5.

∆s

Coll imator

Detector

S

Point

Figure 2-3. The treatment of penumbra by using the continuous approach. The solid angle of the
detector depends on the fraction ∆s/S. The attenuation is calculated to the centre of the exposed

detector part.

Possible effects emanating from scattered gamma rays were considered negligible and have
not been considered in this study.

2.3 Special aspects of tomographic measurements on nuclear fuel.

As mentioned earlier the performance of emission tomography on nuclear fuel with its
strong and varying attenuation implies the need of using algebraic algorithms. The method
described in section 2.2 depends on detailed knowledge of the geometry of the measured
nuclear fuel assembly. The absorption matrix can be calculated from the geometrical
dimensions and attenuation constants for each material. The attenuation coeff icient µ for
different materials and energies can be found in Table 2-1 together with the average
attenuation in BWR and PWR fuel, respectively.

Energy µ(Fuel)
[m-1]

µ(Zircalloy-2)
[m-1]

µ(Zircalloy-4)
[m-1]

µ(Water)
[m-1]

µave(BWR)
[m-1]

µ ave(PWR)
[m-1]

137Cs (662 keV) 121.734 46.509 46.513 8.538 51.130 48.226
154Eu (1274 keV) 62.72 32.932 32.931 6.239 28.467 26.789

Table 2-1. Attenuation coefficients for the materials present in nuclear fuel together with the
average attenuation coefficients. The coefficients are obtained from refs. 8, 9 and 10. Zircalloy-2 is

used in cladding and boxes in BWR fuel and Zircalloy-4 is used in PWR-fuel.

If a rod is removed, the presumed absorption matrix will be incorrect. There will be less
fuel emitting gamma quanta, but the fact that the position contains water instead of fuel will
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lead to higher contributions to the measured intensities from adjacent rods. This implies
that the reconstructed activity in the position of a removed rod will be finite. If a rod is
replaced with fresh fuel or a fuel-li ke material the assumed attenuation matrix is correct and
the reconstructed activity in such a position can be expected to be close or equal to zero.

The average value of the attenuation is very high which may lead to problems of
detecting inner rods since they only contribute with a small part to the total detected
intensity. Using the values given in Table 2-1 it is possible to calculate a rough estimate of
the intensity fraction from each rod escaping the assembly using eq. 2.11.

I =  I 0 ⋅ −e dµ
eq. (2.11)

where:I is the measured intensity.
I0 is the original intensity.
µ is the attenuation constant.
d is the distance through which the attenuation takes place.

The formula can also be described as a function of rows, assuming emission in a direction
approximately perpendicular to the assembly side:

I =  I 0
(a/2+n a)⋅ − ⋅e µ

eq. (2.11’)

where:a is the distance between two rows of rods.
n is the number of rows that the radiation passes.

The results of these calculations are presented in Table 2-2 and Table 2-3.

The escape fraction for BWR fuel
[[%]]

Row number 137Cs (662 keV) 154Eu (1274 keV)
1 66.4 79.6
2 29.3 50.5
3 12.9 32.0
4 5.7 20.3
5 2.5 12.9
6 1.1 8.2
7 0.5 5.2
8 0.2 3.2

Table 2-2 The escape fraction of gamma quanta from different rows emitted approximately
perpendicular to the assembly side. BWR fuel.
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The escape fraction for PWR fuel
[[%]]

Row number 137Cs (662 keV) 154Eu (1274 keV)
1 73.8 84.5
2 40.2 60.3
3 21.9 43.0
4 11.9 30.7
5 6.7 22.2
6 3.5 15.6
7 1.9 11.1
8 1.0 8.0
9 0.6 5.7
10 0.3 4.0
11 0.2 2.9
12 0.1 2.1
13 0.1 1.5
14 0.0 1.0
15 0.0 0.8
16 0.0 0.5
17 0.0 0.4

Table 2-3 The escape fraction of gamma quanta from different rows emitted approximately
perpendicular to the assembly side. PWR fuel.

As shown in Table 2-2 and Table 2-3, the large attenuation results in very small
contributions from the inner rods. Consequently it can be expected that the activities in the
inner rods are the most diff icult to reconstruct. This is especially significant for PWR fuel.
The tables also indicate that benefits can be gained by using the higher gamma energy of
154Eu, giving larger contributions from the inner parts through its higher penetrability.
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3 PROCEDURE OF THE SIMULATIONS.

In order to obtain intensity distributions of gamma-rays from fuel assemblies without
performing time-consuming and expensive measurements, a number of simulations were
done. The three main purposes of such simulations were:

• Optimisation of the reconstruction procedure regarding parameters such as number of
pixels, collimator width, number of detector positions, etc.

• Testing the reconstruction procedure regarding speed, accuracy and stability.
• Performing a theoretical determination of the detection level of a removed or replaced

rod in the central part of an assembly.

The simulations have been made mainly for BWR fuel (sections 5 and 6), but a smaller
investigation has also been made for PWR fuel (section 8). Because cooling times of a few
decades can be expected when verification of the integrity will be made, only the radiation
from the isotopes 137Cs (662 keV) and 154Eu (1274 keV) will be significant. Therefore those
two gamma energies have been used in the simulations.

In section 5 the measuring geometry of an existing primitive equipment has been
simulated, which has also been used in the experimental part, section 7. In sections 6 and 8
a planned equipment, specially designed for tomography, has been simulated.

3.1 Simulated scenarios.

In section 5 the feasibilit y of the tomographic method for verification of the integrity of
nuclear fuel assemblies has been studied using simulated intensities from a normal BWR
fuel assembly. The abilit y of reconstructing the activity in the position of the normally
existing water channel was investigated, which should lead to a value close to zero.

In sections 6 and 8 investigations have been made of the abilit y of f inding various
configurations of manipulated rods. Two main scenarios have been considered in the
simulations:

• Rods have been replaced with fresh fuel or a fuel-like material.
• Rods have been removed, implying the presence of water in such a position.

The number of manipulated rods has been varied as well as the positions of such rods. No
knowledge about possible removed or replaced rods have been assumed in the
reconstructions.

3.2 Simulation of intensities.

In order to obtain simulated intensities the matrix multiplication of eq. 2.2 was performed.
Various configurations of rods, according to section 3.1, with assumed activity distributions
were used together with values of the contribution coeff icients wmn, calculated according to
section 2.2.2. Two basic assumptions were made concerning the activity distribution in the
present normal fuel rods:



15

• The activity was homogeneously distributed within each fuel rod. This assumption is a
simpli fication since it has been shown that especially 137Cs tends to be more
concentrated in the peripheral region of a fuel rod /11/. However, since this effect was
considered small in most cases it was omitted here.

• All fuel rods contained equal activity concentration. This assumption is more arbitrary,
but simplifies the analysis of the reconstructed activities.

During the simulations the cross section of the assembly was divided into 400×400 pixels.

3.3 Simulation of statistical noise.

The statistical variation of the intensities, inherent in all real measurements, was included in
the simulations in the following way: The Poisson distribution of recorded events may be
approximated with a normal distribution provided the number of events is large. In this
study we made the approximation that the simulated events are distributed according to a
normal distribution while the standard deviation (s.d.) was defined from the Poisson
distribution i. e. the square root of the number of events. The Box-Mueller method,
described in ref. 12, was used to generate random numbers between 0 and 1. The simulated
intensity distributions were added to a statistical term which was calculated from the
generated random numbers and the maximal number of counts obtained in the simulations.
With this procedure it was possible to normalise the simulations to the same measuring
time. We may write this as:

I i N R T
i

R T
= + ⋅( , )max

max

0 eq. (2.11)

where:
I = The simulated intensities with statistical variation added.
i = The simulated intensities without statistical variation added.
N(µ,σ) = A normal distribution with expectation value µ and standard
deviation σ.
Rmax = The maximal count rate obtained in the simulation.
T = The assumed measuring time.

Assuming Rmax to be in the order of 1000 s-1 and a measuring time in each detector position
of 10 s implies a maximum number of counts in any position of 10 000, corresponding to a
statistical uncertainty of 1 %. This has been considered as a reasonable level of statistical
noise in a measurement situation and has mostly been used in the simulations accounted
for. An investigation of the effects of various levels of statistical noise can be found in
section 8. More elaborate investigations can be found in ref. 4.
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4 PROCEDURE OF THE RECONSTRUCTIONS.

The reconstructions have been made by applying the tomographic algorithms described in
section 2.2 to intensities simulated according to section 3 in a large number of detector
positions. In the feasibilit y study in section 5 the abilit y of reconstructing an activity close
to zero in the water channel in a BWR fuel assembly was studied. This was made both
assuming the correct attenuation as well as assuming attenuation of fuel in that position. In
sections 6 and 8 various configurations of removed and replaced rods were studied. No
knowledge about the manipulations were assumed in the reconstructions.

4.1 Quality parameters.

In order to determine the quality of the reconstructions under various assumptions, three
quantities have been used:

• The s. d. of the reconstructed activities of the positions containing normal fuel rods (S).
• The ratio of the reconstructed activity in the water channel to the average of the

reconstructed activities in all other positions (R). This quantity has been used in the
feasibility study in section 5.

• The ratio of the reconstructed activity in the position of a removed or replaced rod to the
average of the reconstructed activities in all other positions (∆).This quantity has been
used in the studies in sections 6, 7 and 8.

The implication of the above definitions is that the optimal reconstruction would give
R = 0, ∆ = 0 and a small value of S. Due to statistical reasons, S can never assume a value
of zero. The goal of the reconstructions was thus to find strategies which minimise S, R and
∆. In addition, the parameters above also form a basis for a reasonable good criterion that
the reconstruction is completed since this is indicated by small changes of the values as
additional iterations are made.

In ref. 3 the conditions for detection of one removed central fuel rod is discussed,
ill ustrated by the possibiliti es of detecting the water channel without the knowledge of its
presence. It is assumed that no knowledge about the water channel results in a value of R of
about 70 %. Assuming the use of the correct attenuation matrix, a value of R close to zero
should be obtained. If an unknown removal of a rod should be detectable, the discussion in
ref. 3 leads theoretically to maximum values of S and R of 6 % each, assuming the use of
the correct attenuation matrix. It can be noted that if S exceeds the 8 % level, an unknown
replacement will be difficult to detect no matter the value of R.

4.2 Parameters varied.

In addition to the assumed level of statistical noise of the measurements described in
section 3.3, the effects of many other parameters have been investigated in this study.
Among these are:
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• The pixel pattern.
• The iteration method.
• The number of iterations.
• The value of the relaxation parameter.
• The number and positions of the removed/replaced fuel rods.
• The material present in the positions of the removed/replaced fuel rods.

These parameters are further described below. In ref. 3 there is also an investigation of
which detector positions give the most information from the inner parts of a BWR fuel
assembly. It was shown that the use of such positions improves the reconstructions.

4.2.1 The pixel pattern.
In order to decrease the computing time during reconstruction a comparatively small
number of pixels was used. Three main approaches have been tested regarding the pixel
pattern and these are displayed in Figure 4-1. The rather coarse pixel division of each fuel
rod shown in Figure 4-1, leads to a corresponding increase of the uncertainty of the
determined activity of each rod. However, the reconstructed activity in an empty position is
expected to decrease by (40 - 60) %, see ref. 3. This puts a less stringent demand on the
accuracy of the method used as compared to a situation where the actual determination of
the rod activities is of interest.

1 pixel per unit cell 16 pixels per unit cell 64 pixels per unit cell

Figure 4-1. Three different pixel patterns investigated in this study, totalling 64, 1024 and 4096
pixels. A unit cell is defined as a 16×16 mm2 square centred on a fuel rod.

4.2.2 Computational parameters.
The iteration algorithms are presented in section 2.2.1. All three algorithms have been
investigated in section 5 although the EAC method has been most frequently used. In the
calculations described in sections 6-8 the ART method has been most frequently used. The
number of iterations and the relaxation parameter have been studied for each method
separately because those parameters are affected by the iteration method.
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4.3 The reconstruction code.

The tomographic algorithms have been implemented in the reconstruction code, which is
written in the programming language Fortran90 and altogether comprises about 700 lines.
The execution time varies depending on the number of measurements, the measured fuel
type and on the reconstruction strategy (e.g. the number of pixels used). The programs have
mostly been run on VAX computers, but they could also run on PC’s. Typical execution
times on VAX computers are about 30 minutes for BWR fuel and a few hours for PWR
fuel. The main part of the execution time is needed for calculating the matrix of
contribution coeff icients, described in section 2.2.2. If penumbra effects are included by
continuous treatment of the collimator, see Figure 2-3, the execution time can be as short as
about five minutes.
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5 SIMULATIONS OF TOMOGRAPHIC MEASUREMENTS ON BWR
FUEL. A FEASIBILITY STUDY.

In order to study the feasibilit y of the tomographic method, reconstructions have been made
using simulated intensities from a BWR fuel assembly without any removed or replaced
rods. The abilit y of detecting the normally present water channel (see Figure 5-1) has been
studied, both assuming the correct attenuation as well as assuming attenuation of fuel in
that position. The reconstructions using attenuation of fuel lead to values of R of about
60 % for the 137Cs gamma energy /3/, justifying the use of the detection level discussed in
section 4.1. The detection level implied maximum values of S and R of 6 % assuming
correct attenuation. In this section only reconstructions assuming the correct attenuation are
accounted for.

5.1 The geometry of the 8×8 BWR fuel assembly.

The normal appearance of this type of fuel is shown in Figure 5-1. The 64 grid positions are
normally occupied by 63 fuel rods and one water channel.

Radii:
Fuel rods = 5.220 mm
Zircaloy tubes = 6.120 mm
Corner fuel rods = 4.970 mm
Corner zircaloy tubes = 5.875 mm
Distances:
Rod to rod = 16.30 mm
Rod to corner rod = 16.05 mm
Corner rod to corner rod = 15.80 mm

Fuel rod

Water channel

H

G

F

E

D

C

B

A

8 7 6 5 4 3 2 1

Figure 5-1. Cross section of an 8×8 BWR fuel assembly. The grey areas represent positions where
fuel is present. The surrounding zircaloy tubes are also indicated.
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The fuel rods consist of piled fuel pellets confined in tubes made of zircaloy. The water
channel normally consists of an empty zircaloy tube. Typical dimensions of the components
can also be found in Figure 5-1.

To aid the discussions in the following sections, a system of coordinates is
introduced in Figure 5-1. Consequently, the water channel has, by using this system, the
position (D,4). The system corresponds to having a control rod in the upper left corner.

5.2 Simulated tomographic measurements.

The geometry of the assumed experimental set-up corresponds to the equipment installed at
CLAB in Oskarshamn. The equipment is schematically shown in Figure 7-1 and Figure 7-2
and is further described in section 7. It represents a first generation test equipment. In
Table 5-1 is li sted the various simulated tomographic measurements used in investigations
included in this report.

Simulation Gamma-ray
energy
>>

keV
@@

Collimator
width
>>

mm
@@

Number of
angular
positions

Angle
interval
>>

°°
@@

Start angle

>>

°°
@@

Number of
lateral

positions

Lateral
interval
>>

mm
@@

1 662 2 120 3 0 120 1.5
2 662 3 120 3 0 60 3
3 662 5 120 3 0 60 3
4 662 3 24+4 15 11 40 4

Table 5-1. Simulated tomographic measurements for studies of the feasibility of the tomographic
method. Simulation 4 consists of detector positions giving large contributions from the inner parts

of the assembly, see ref. 3.The four extra angles were -7° +n*90°.

In simulations 1 to 3 the angular positions were evenly spaced between 0° and 360° and the
lateral positions were evenly spaced between about -90 mm and +90 mm. Some
reconstructions were made using various sub-sets of these simulated distributions.

In order to determine the most eff icient measurement strategy an investigation was
made in ref. 3 to find positions yielding large contributions from the inner parts of an
assembly. This investigation lead to the positions used in simulation 4. The lateral positions
were distributed between -78 mm and +78 mm.

In most cases studied in this work a maximum number of counts in any position of
10 000 was assumed (See section 3.3.), corresponding to a statistical uncertainty of 1 %. In
one case where the width of the collimator was set to 5 mm, see section 5.3.2, a maximal
number of counts of 40 000 was assumed yielding a statistical uncertainty of 0.5 %.

5.3 Investigations using the EAC method.

5.3.1 Pixel pattern.
The first step was to determine the optimal pixel pattern as this forms a basis for further
investigations. Six reconstructions were made which are shown in Table 5-2, using the
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pixel patterns described in Figure 4-1. In all cases intensities from simulation 1 were used,
i.e. simulating a 2 mm wide collimator.

Reconstruction Number of pixels
per unit cell

Number of
projections

Number of
translations

Max. number of
iterations

Relaxation
parameter Rp

1A 1×1 60 120 20 0.10
1B 1×1 60 60 20 0.10
1C 4×4 60 120 20 0.10
1D 4×4 60 60 20 0.10
1E 8×8 60 120 20 0.10
1F 8×8 60 60 20 0.10

Table 5-2. Summary of the cases studied to determine the optimal pixel pattern.

The corresponding results can be found in Table 5-3 a and b where the values of S and R
are shown as functions of the number of iterations. The reconstructions show instabiliti es
for most cases. The exception is reconstruction 1B where small values of both S and R were
obtained in addition to fast convergence to stable values. A notable result, which might be
the subject of further studies, is the unstable behaviour of reconstruction 1A, in spite of its
larger number of translations compared to reconstruction 1B. A possible reason for this
might be the spatially dense lateral positioning of the detector, implying repeated
corrections for a set of pixels before other pixels are corrected. Especially for intensities
with large relative levels of statistical noise, e.g. in detector positions with low intensities
looking straight into the gaps between the rods, this might give rise to fluctuations.

S (%)
1x1 pixel/unit cell 4x4 pixels/unit cell 8x8 pixels/unit cell

Number of
iterations

1A
60 proj.

120 transl.

1B
60 proj.

60 transl.

1C
60 proj.

120 transl.

1D
60 proj.

60 transl.

1E
60 proj.

120 transl.

1F
60 proj.

60 transl.
2 5.1 3.2 1.9 2.3 1.6 2.2
4 9.7 2.8 2.6 2.2 1.5 1.8
6 20.4 2.7 3.9 2.5 1.7 1.7
8 39.0 2.8 5.5 2.8 2.1 1.7

10 47.9 2.8 7.3 3.1 2.5 1.7
15 48.2 2.8 11.6 4.0 3.7 1.9
20 48.2 2.8 14.7 5.7 4.8 2.0

R (%)
1x1 pixel/unit cell 4x4 pixels/unit cell 8x8 pixels/unit cell

Number of
iterations

1A
60 proj.

120 transl.

1B
60 proj.

60 transl.

1C
60 proj.

120 transl.

1D
60 proj.

60 transl.

1E
60 proj.

120 transl.

1F
60 proj.

60 transl.
2 12.3 18.8 9.9 18.7 10.4 22.2
4 1.2 3.4 5.8 8.3 5.2 9.8
6 6.4 0.7 6.5 7.0 4.9 6.9
8 15.9 0.4 6.8 7.3 5.2 5.6
10 10.0 0.3 8.0 7.3 5.3 5.3
15 6.8 0.3 17.5 9.0 5.8 4.9
20 6.6 0.2 24.7 13.4 5.7 4.9

Table 5-3 a) and b). The parameters S and R as a function of number of iterations for the various
cases studied.
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It can also be noted that the reconstructions corresponding to 8×8 pixels per unit cell give
smaller values on both S and R than the reconstructions using 4×4 pixels. The reason for
this difference is not yet fully understood.

For computational reasons it is desirable to use a small number of pixels. Since the
reconstruction corresponding to case B1 indicates the possibilit y of successful
reconstructions using 1x1 pixel per unit cell , further investigations were concentrated on
that. The other cases are not ruled out, however, because they in principle are able to treat
varying activities within a fuel rod in a more accurate way. The CAC and ART algorithms
might also improve the stability, as well as other measurement strategies.

5.3.2 Collimator width.
Basing on the results above, the 1x1 pixel pattern was used for an investigation on the
effect of varying the collimator width. The simulations were performed using 2, 3 and
5 mm wide collimators, i.e. using simulations 1-3 of Table 5-1. The results using a 2 mm
collimator have already been shown in Table 5-3 a and b where the smallest values of S and
R were 2.8 % and 0.2 %, respectively, i. e. well below the criti cal values of 6 % stated in
section 4.1. The result for a reconstruction using a 3 mm wide collimator (2A) is
summarised in Table 5-4. The reconstruction was based on 40 projections and 30
translations. Here a subset of simulation 2 was used in a way introducing an off-set angle ϕ0

in order to avoid detector positions looking straight into the gaps between the fuel rods. The
off-set angle was tentatively set to 3°. Finally, a relaxation parameter of 0.05 and a maximal
number of counts of 10 000 was used.

No. of iterations S (%) R (%)
8 3.1 30.8

20 2.5 12.2
40 2.1 5.6
60 2.0 4.2
80 1.9 3.8

100 1.9 3.6

Table 5-4. Reconstruction 2A, using a 3 mm wide collimator. Values of S and R during the
iterations.

Also for this reconstruction, using a 3 mm wide collimator, the values of S and R stabili se
at values adequate for safeguard purposes i. e. S = 1.9 % and R = 3.6 %.

The following reconstructions were made using simulation 3 of Table 5-1, i.e.
simulating a collimator width of 5 mm:



23

Reconstruction Number of pixels
per unit cell

Number of
projections

Off-set angle
ϕϕ0 

>>

°°
@@

Number of
translations

Max. number of
iterations

Relaxation
parameter Rp

3A 1×1 60 3 30 40 0.05
3B 1×1 40 3 30 40 0.05
3C 1×1 60 3 20 40 0.05
3D 1×1 40 3 20 40 0.05
3E 1×1 120 0 60 40 0.05
3F 1×1 120 0 30 40 0.05
3G 1×1 60 3 15 40 0.05
3H 1×1 40 3 15 40 0.05

Table 5-5. Cases considered in the simulations using a 5 mm collimator.

The corresponding results for S and R, using a 5 mm wide collimator, are shown in
Table 5-6 a and b.

S (%)

Number of
iterations

3A
60 proj.

30 transl.
ϕϕ0 = 3°°

3B
40 proj.

30 transl.
ϕϕ0 = 3°°

3C
60 proj.

20 transl.
ϕϕ0 = 3°°

3D
40 proj.

20 transl.
ϕϕ0 = 3°°

3E
120 proj.
60 transl.

ϕϕ0 = 0°°

3F
120 proj.
30 transl.

ϕϕ0 = 0°°

3G
60 proj.

15 transl.
ϕϕ0 = 3°°

3H
40 proj.

15 transl.
ϕϕ0 = 3°°

2 3.9 3.3 3.2 2.4 4.5 4.6 4.4 3.7
6 5.3 4.8 4.6 4.1 6.2 6.0 5.5 4.9
10 5.8 5.3 5.3 4.8 7.5 6.9 6.0 5.5
20 6.7 5.7 6.5 6.1 11.9 11.1 6.8 6.3
30 8.0 6.2 7.0 7.3 17.7 17.8 7.5 7.3
40 10.3 6.8 9.4 8.8 25.7 26.9 8.2 8.3

R (%)
Number of
iterations

3A
60 proj.

30 transl.
ϕϕ0 = 3°°

3B
40 proj.

30 transl.
ϕϕ0 = 3°°

3C
60 proj.

20 transl.
ϕϕ0 = 3°°

3D
40 proj.

20 transl.
ϕϕ0 = 3°°

3E
120 proj.
60 transl.

ϕϕ0 = 0°°

3F
120 proj.
30 transl.

ϕϕ0 = 0°°

3G
60 proj.

15 transl.
ϕϕ0 = 3°°

3H
40 proj.

15 transl.
ϕϕ0 = 3°°

2 67.8 72.7 74.6 80.7 53.9 56.9 65.5 72.8
6 44.3 49.2 52.9 61.2 32.9 34.6 51.3 59.3

10 34.7 39.0 43.2 51.2 31.5 30.2 43.6 51.0
20 24.4 30.0 34.3 40.1 43.6 31.6 35.8 41.6
30 18.2 28.2 33.2 36.1 63.9 35.6 32.8 35.4
40 11.2 28.6 35.5 34.9 95.2 38.3 32.4 33.6

Table 5-6 a) and b). The parameters S and R as a function of number of iterations for the various
cases studied using a 5 mm wide collimator.

It is obvious from Table 5-6 that a 5 mm wide collimator is not applicable as S and R
assume unacceptable high values. In ref. 3 five additional simulations using a 5 mm
collimator were performed in order to investigate if other values of the relaxation parameter
could improve the performance. The level of statistical noise was also decreased from 1 %
to 0.5 % in the position with the highest count rate. However, no significant improvement
could be obtained.
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5.3.3 Relaxation parameter.
The effect of the relaxation parameter was investigated in three reconstructions using a
2 mm wide collimator. The reconstructions were made using intensities from simulation 1
of Table 5-1.

Reconstruction Number of pixels
per unit cell

Number of
projections

Number of
translations

Max. number
of iterations

Relaxation
parameter Rp

ϕϕ0 (°°)

4A 1×1 40 40 30 0.10 3
4B 1×1 40 40 30 0.05 3
4C 1×1 40 40 30 (80) 0.01 3

Table 5-7. Reconstructions studying the relaxation parameter. For 4C an extra reconstruction was
made using 80 iterations in order to reveal the anomalous result described below.

The results of this investigation are shown in Table 5-8 a and b. As expected, the
convergence was slower for reconstructions using smaller relaxation parameters. A
somewhat surprising result is that S was getting larger for the smallest value of Rp. This
might be due to a combination of a slow convergence and the relatively large activity
corrections of the positions next to the water channel.

S (%)
Number of iterations 4A

Rp=0.10
4B

Rp=0.05
4C

Rp=0.01
4 2.2 2.6 1.7
8 1.7 2.1 2.5

12 1.6 1.7 2.9
20 1.7 1.5 3.2
30 1.7 1.5 3.2

R (%)
Number of iterations 4A

Rp=0.10
4B

Rp=0.05
4C

Rp=0.01
4 14.2 33.9 78.6
8 1.4 14.5 63.5

12 0.0 6.2 52.5
20 0.0 0.1 37.8
30 0.0 0.0 25.5

Table 5-8 a) and b). The parameters S and R for various relaxation parameters.

In order to obtain values best adapted to all measured intensities, mean values of the
reconstructed activities during the last iteration were calculated, see section 2.2.1. This
yielded the following values of S and R, respectively:
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Rp = 0.10: S = 1.7 %
R = 0.6 %

Rp = 0.05: S = 1.5 %
R = 0.3 %

Rp = 0.01 (80 iterations): S = 2.7 %
R = 10.2 %

These results indicate that Rp = 0.05 was a reasonable value for the continuing investigation
of the EAC method as this value offered both fast convergence and reasonably small values
of S and R.

5.3.4 Concluding remarks on the EAC method.
In section 5.3.1 it was shown that the pixel pattern with 1x1 pixel per unit cell could be
applicable for performing tomography. The use of more pixels is not ruled out, however,
because of the possibiliti es of treating varying activity concentrations within the fuel rods in
cases where this can be expected to be important.

The reconstructions using various collimator widths showed that the use of a 2 mm
or 3 mm wide collimator leads to much better results than using a 5 mm wide collimator.
The results were found to be more coherent with the requirements formulated in ref. 3 and
section 4.1 for the first two cases. The reason why the 5 mm collimator is not applicable is
probably due to the fact that many pixels contribute in each measuring position. This yields
information that is not completely independent and causes such pixels to be adjusted
repeatedly during an iteration (Compare the discussion regarding the number of lateral
positions in section 5.3.1).

The reconstructions made from simulated intensities using a 3 mm collimator were
found to give almost as small values of S and R as the reconstructions made from
simulations using a 2 mm collimator. Since it is desirable to use a wide collimator in order
to obtain good statistics in a shorter time, most of the following reconstructions from
simulated intensities have been made using a 3 mm collimator.

The study of the relaxation parameter lead to the recommendation of using
Rp = 0.05 for reconstructions with the EAC method.

5.4 Investigations using the CAC method.

The investigations in the previous section suggest the use of 1x1 pixel per unit cell and a
collimator width of maximum 3 mm. These values have essentially been applied in the
investigations of the CAC method.

5.4.1 Relaxation parameter.
One may expect that the value of the relaxation parameter Rp is dependent on the specific
method used. Therefore Rp was varied in the investigation of the CAC method as indicated
in Table 5-9. All reconstructions were made using the simulated intensities of simulation 4
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of Table 5-1, i.e. using a 3 mm wide collimator and detector positions implying large
contributions from the inner parts of the assembly.

Reconstruction Number of pixels
per unit cell

Number of
projections

Number of
translations

Max. number of
iterations

Relaxation
parameter Rp

ϕϕ0

(°°)
5A 1×1 28 40 120 1.00 11
5B 1×1 28 40 120 0.40 11
5C 1×1 28 40 120 0.10 11

Table 5-9. Reconstructions regarding the effect of the relaxation parameter using the CAC method.

The results of this investigation are shown in Table 5-10 a and b. As expected, the
convergence is again slower for reconstructions using a smaller relaxation parameter. The
reconstruction using Rp = 0.10 has not yet stabili sed, but does not seem to give a
significantly smaller standard deviation than Rp = 0.40. Due to the slow convergence,
Rp = 0.10 does not seem to be feasible in this context.

S (%)
Number of iterations 5A

Rp=1.00
5B

Rp=0.40
5C

Rp=0.10
3 3.8 3.5 1.8
9 2.6 3.3 3.1

18 2.2 2.4 3.6
30 2.2 1.8 3.4
60 2.2 1.4 2.6
90 2.2 1.4 2.0

120 2.2 1.4 1.7

R (%)
Number of iterations 5A

Rp=1.00
5B

Rp=0.40
5C

Rp=0.10
3 26.7 48.4 80.6
9 9.1 21.9 56.5

18 3.1 11.1 37.8
30 1.1 5.7 25.8
60 0.5 1.8 13.7
90 0.5 1.0 8.6

120 0.5 0.8 5.7

Table 5-10 a) and b). Results of the investigation using the CAC method.

Calculating the mean values during the 120th iteration of each reconstruction, in order to
obtain values best adapted to all intensities, results in the following values of S and R:

Rp = 1.00: S = 1.4 %
R = 0.6 %

Rp = 0.40: S = 1.1 %
R = 0.8 %

Rp = 0.10: S = 1.6 %
R = 5.7 %
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The reconstruction using Rp = 0.40 yielded the smallest value of S, but a slightly larger
value of R than the reconstruction using Rp = 1.00. Since both reconstructions yielded
acceptable values of both S and R, but S is the parameter of most importance according to
the discussion in ref. 3, Rp = 0.40 was considered as most optimal value. However, in order
to obtain a slightly faster convergence, Rp = 0.50 may be a better choice.

5.5 Investigations using the ART method.

5.5.1 Relaxation parameter.
An investigation of the ART method concerning the optimal value of the relaxation
parameter has been made using the same simulated intensities as in section 5.4. Besides
tests with different constant values of Rp, possibiliti es of varying Rp with the number of
iterations have also been examined. Two ways of varying Rp have been considered:

• Rp = (iteration number)-1

• Rp = (ceil (0,1*iteration number))-1, where ceil (x) denotes x rounded to the nearest higher
integer.

Both methods imply Rp to be inversely proportional to the number of iterations. The
following reconstructions were made:

6A: Rp = 1.00
6B: Rp = (iteration number)-1

6C: Rp = (ceil(0,1*iteration number))-1

6D: Rp = 0.40
6E: Rp = 0.10

The results of this investigation can be found in Table 5-11 a and b.

S (%)
Number of
iterations

6A
Rp=1.00

6B
Rp=(iter.number)-1

6C
Rp=(ceil(0.1*iter.number))-1

6D
Rp=0.40

6E
Rp=0.10

3 4.4 3.4 4.4 3.6 3.9
9 3.8 2.2 3.8 2.1 3.6
18 3.8 1.8 2.1 1.8 2.6
30 3.8 1.6 1.7 1.8 1.9
60 3.8 1.4 1.3 1.9 1.2
90 3.8 1.3 1.2 1.9 1.1
120 3.8 1.3 1.1 1.9 1.1

R (%)
Number of
iterations

6A
Rp=1.00

6B
Rp=(iter.number)-1

6C
Rp=(ceil(0.1*iter.number))-1

6D
Rp=0.40

6E
Rp=0.10

3 10.0 16.3 10.0 19.9 47.4
9 0.4 9.9 0.4 6.1 24.1

18 0.4 7.2 0.6 1.7 13.7
30 0.4 5.7 0.5 0.6 7.5
60 0.4 4.2 0.3 0.5 2.3
90 0.4 3.6 0.2 0.5 0.9

120 0.4 3.2 0.2 0.5 0.5

Table 5-11 a) and b). The parameters S and R for various values of the relaxation parameter, using
the ART method.
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The convergence is again slower for smaller relaxation parameters. Calculating the mean
activity values during the 120th iteration for each reconstruction, the following values of S
and R were obtained:

Rp = 1.00: S = 2.3 %
R = 1.4 %

Rp = (iteration number)-1: S = 1.3 %
R = 3.2 %

Rp = (ceil(0,1*iteration number))-1: S = 1.1 %
R = 0.2 %

Rp = 0.40: S = 1.4 %
R = 0.8 %

Rp = 0.10: S = 1.1 %
R = 0.5 %

Using the mean activity values during the last iteration implies a substantial decrease of S
for reconstruction 6A with Rp = 1.00, although the value is still t he largest. The
reconstructions 6C (Rp = (ceil (0,1*iteration number))-1) and 6E (Rp = 0,10) yielded the
smallest values of both S and R, both fulfilli ng the demands of section 4.1. From this
results we conclude that case 6C is of specific interest since it has the advantage of faster
convergence.

5.6 Conclusions.

Various reconstructions have been made using the three different reconstruction algorithms
described in section 2.2.1. The results are quite similar for the three methods, although the
ART method has given slightly smaller values of the quality parameters than the other
methods. That has also been shown in ref. 3. Therefore that method is suggested for further
studies.

The geometry of an existing test equipment has been simulated. For that equipment
a collimator width of 5 mm implies unacceptable results while a width of smaller than
3 mm implies that the water channel can be detected even if its presence is considered
unknown. This was used to guide the experimental study described in section 7.

Three different pixel patterns have been studied. In order to minimise the
calculation times it is advisable to use a small number of pixels. The pattern with 1x1 pixel
per unit cell was proven applicable for detecting the water channel, implying the
recommendation of using that pattern. The patterns using more pixels may be useful in
cases where the activity concentration within the fuel rods is expected to vary considerably.

The studies concerning the relaxation parameter for the three methods lead to the
following recommendations:

EAC: Rp = 0.05.
CAC: Rp = 0.50.
ART: Rp = 0.10.
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For the latter method two ways of varying Rp was also studied, both implying smaller
values the more iterations that have been made. One way of varying Rp showed both small
values of the quality parameters and fast convergence;

Rp = (ceil(0,1*iteration number))-1

where ceil(x) denotes x rounded to the nearest higher integer.

Additional investigations has been made where the quality of the reconstructions
was determined as a function of:

• The measuring positions.
• The gamma-ray energy.
• The number of measurement positions.
• The uncertainty of the positioning of the fuel assembly.

A complete account for these investigations is made in ref. 3. Here we just summarise some
of the most important results and conclude that the choice of measuring positions influences
the results considerably. Especially positions where the inner parts of a fuel assembly
contribute substantially to the intensity at the detector are important to include. Another
important result was that the positioning of a fuel assembly has to be made with an accuracy
of better than 1° and 1 mm, respectively, in order to reveal a removed fuel rod. It was also
shown that the use of a higher gamma energy improves the reconstructions and that at least
about 1000 detector positions should be used in order to obtain reliable results.
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6 SIMULATIONS OF TOMOGRAPHIC MEASUREMENTS ON BWR
FUEL. VARIOUS CONFIGURATIONS OF REMOVED OR
REPLACED RODS.

This part summarises the work presented in ref. 4 which was an extension of the
investigations presented in section 5. The simulations were performed using the gamma-ray
energies 662 keV and 1274 keV corresponding to 137Cs and 154Eu, respectively. The abilit y
of the method to reveal more than one removed or replaced fuel rod was investigated. In
ref. 4 investigations can also be found concerning various numbers of detector positions and
various levels of statistical noise.

6.1 Simulated tomographic measurements.

The geometry of the simulated equipment in this study was that of an imaginary schematic
equipment, designed for tomography, see Figure 6-1. The collimator width was 2 mm.

Water
150 mm

Collimator

Detector

Translation

300 mm

Fuel
assembly

Figure 6-1. The geometry of the simulated equipment viewed from above.

Various sets of evenly distributed angular and lateral detector positions were simulated. The
simulation procedure is described in section 3.

6.2 Investigations of various configurations of removed or replaced rods.

All reconstructions have been made using the ART method, see section 2.2.1. According to
the results in section 5.5 the relaxation parameter has been chosen as:

Rp = (ceil(0,1*iteration number))-1

where ceil(x) denotes x rounded to the nearest higher integer.

The parameter ∆ defined in section 4.1 was modified in order to treat more than one
manipulated rod. This was done by defining two variants of ∆:

• ∆max defining the maximum value of ∆ for all manipulated rods.
• ∆mean defining the mean value of ∆ for all manipulated rods.
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The many possible configurations of removed or replaced rods have been systematised into
three typical cases as described in Figure 6-2.

Configuration A: Single rods.

Ten positions have been examined, indicated
by the triangle in the figure.

H

G

F

E

D

C

B

A

8    7    6    5    4    3    2    1

Configuration B: 15 rods in the inner section.

Configuration C: A chess pattern.

a) 1 rod b) 7 rods c) 17 rods

Figure 6-2. The three main configurations of manipulated rods  investigated in this study. The
cross sections are simplified in the sense that the corner rods should be smaller than the other

rods. The system of coordinates is indicated for Configuration A.

The fact that the area of the corner fuel rods are about 10 % smaller as compared to the
other rods has been taken into account by adjusting the reconstructed activity of the corner
rods according to the area.
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6.2.1 Single rods.
Gamma intensities of the 662 keV energy were simulated in 1200 measurement positions.
Statistical noise corresponding to 10 000 counts in the measurement position with the
highest intensity were added. The results of the investigations can be found in Figure 6-3.
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Figure 6-3. The parameter ∆ in the case where one fuel rod was removed (a), one fuel rod was
replaced with fresh fuel (b) and the corresponding values of S in (c) and (d).

The value of ∆ for rods replaced with fresh fuel is below 1 % for all replacements
investigated, i.e. well below the limiti ng value of 6 % as stated in section 4.1. For rods
being removed, the value of ∆ is below 70 % for all replacements, which implies a
reconstructed activity at least 15 standard deviations lower than the mean value. The results
in Figure 6-3 a indicate larger values of ∆ as the position of the removed rod gets closer to
the centre of the assembly. The standard deviation is in no single case larger than 2%.

By using the 1274 keV radiation we found that the maximum value of ∆ decreased
from about 70 % to 43 % in the case of removing a rod.
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6.2.2 The inner section.
The simulations have been performed using a gamma-ray energy of either 662 keV or
1274 keV. Figure 6-4 shows the result using the 662 keV gamma-ray energy when the fuel
rods have been removed.

Relative reconstructed activities when simulated using 137Cs.
1600 detector positions, maximum 10 000 collected counts.
15 rods in the inner section removed, i.e. positions containing water.

 s = 1.36 %
 ∆mean = 45.46 % 

 ∆max   = 52.89 %

Figure 6-4. The reconstructed activity in each rod position using simulated intensities of an
assembly where the innermost 15 rods have been removed. The gamma-ray energy used was

662 keV.

The values of ∆ are apparently smaller for a group of rods removed as in Figure 6-4
compared to the case with a single rod removed as in Figure 6-3 a. If the fuel rods are
replaced with fresh fuel the value of ∆max falls below 10 %. The value of S becomes slightly
smaller if the rods are replaced with fresh fuel.

In order to examine the effect of using the higher gamma energy of 154Eu
(1274 keV) simulations have been carried out using an identical set of detector positions for
both the 662 keV and the 1274 keV gamma energy. The same level of statistical noise was
also added. If the simulation of removed rods was carried out using the 1274 keV radiation
∆max decreased from 58 % to 37 % and ∆mean decreased from 48 % to 34 %.

6.2.3 The chess pattern.
In the case where the fuel rods were replaced with fresh fuel, the standard deviation S was
below 1 % in all three sub-cases accounted for in Figure 6-2, and no single ∆ was larger
than 1.5 % when using the 662 keV radiation. The results of the reconstructions where the
fuel rods were removed are displayed in Figure 6-5.
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Figure 6-5. The parameters S and ∆ for reconstructions using simulations where rods in a chess
pattern have been removed. The x-axis refers to Configurations C a (1 rod), b (7 rods) and

c (17 rods) in Figure 6-2.

Even in the “worst case”, i.e. 17 rods removed and using the 137Cs radiation, ∆max is smaller
than the average activity in the other rods by about 5 standard deviations, implying a very
confident detection of the removed rods. In Figure 6-6 the reconstructed activities using
137Cs for sub-case b, i.e. where seven rods have been removed, are visualised.

Relative reconstructed activities when simulated using 137Cs.
1200 detector positions, maximum 10 000 collected counts.
7 rods removed in a chess pattern.

 s = 4.11 %
 ∆mean = 56.95 % 

 ∆max   = 59.89 %

Figure 6-6. The reconstructed activity in each rod position, using simulated intensities where seven
rods have been removed in a chess pattern (sub-case b).
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The value of ∆ became about 30 % smaller when using the 1274 keV radiation, which is in
accordance with the earlier results. The values of S are about 4 % which is somewhat larger
than for the earlier results. As can be judged from Figure 6-6 this effect arises from the rods
closest to the removed ones, obtaining larger values of the reconstructed activities.

6.3 Concluding remarks.

The presented results confirm the assumption that rods being replaced with fresh fuel can
be confidently detected. This is in favour of the method because possible removal of rods
would imply a change in weight of the assemblies, which can be detected by installi ng an
equipment for weighing the assemblies. For replacements with fresh fuel no single ∆ value
has been larger than about 10 %, implying very confident detection of the replacements.

For the removal of rods detection is more diff icult. The results indicate that
confident detection can still be made, especially if the higher gamma energy of 154Eu is
used. In the comparison between the two gamma energies made in Table 6-1 nine
configurations of removed rods have been included: Five correspond to the removal of a
single rod, three a chess-like configuration and one corresponds to the removal of the inner
section of a fuel assembly.

Case considered 137Cs 154Eu 154Eu/137Cs
∆∆mean 

>>

%
@@

∆∆max 
>>

%
@@

∆∆mean 
>>

%
@@

∆∆max 
>>

%
@@

∆∆mean ∆∆max

The inner section 48.36 57.74 33.50 37.33 0.69 0.64
The chess pattern

1 rod
7 rods

17 rods

74.28
56.95
44.52

59.89
49.84

49.01
41.14
30.30

43.53
35.42

0.66
0.72
0.73

0.73
0.71

A single rod
(outer positions)

49.04
51.42

43.15
43.56

0.88
0.85

A single rod
(inner positions)

56.63
64.80
67.10

43.67
47.48
48.67

0.77
0.74
0.72

Table 6-1. Comparisons between simulations using the 154Eu and the 137Cs gamma energies.

As shown in Table 6-1, results of higher quality are obtained for reconstructions made using
the 1274 keV radiation from 154Eu, which has a higher penetrabilit y. This is especially true
for rods removed from inner positions. The reconstructed activity in the position of a
removed fuel rod is about 30 % lower when using the 1274 keV gamma-ray energy instead
of 662 keV.

The advantage of 137Cs is its higher intensity implying that a shorter measurement
time is required to obtain the same level of statistical noise. This may turn out to be a
determining factor in case a larger number of fuel assemblies must be measured in a given
amount of time. Assuming a cooling time of 30 years implies that about 8 times more of the
initial amount of 154Eu has decayed comparing to 137Cs. The count rate can be somewhat
increased by choosing an adequate measurement geometry for measurements of 154Eu.
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7 AN EXPERIMENTAL STUDY ON A SPENT BWR FUEL
ASSEMBLY.

An experimental study has been performed in order to:

• Verify simulated intensity distributions, justifying the use of simulated intensities for
investigating the method.

• Try the reconstruction algorithms on measured gamma intensities.

A tomographic measurement was performed consisting of 3 240 different detector positions
relative a BWR assembly of the 8×8 type.

7.1 The detector arrangement.

The measurement was performed using a germanium detector to record the 662 keV gamma
radiation from 137Cs. The experimental equipment used is shown in Figure 7-1 and
Figure 7-2. The equipment is installed at the interim storage CLAB in Oskarshamn,
Sweden. The equipment was originally intended for gamma scanning of nuclear fuel, see
ref. 13, but was rebuilt i n such a way that testing of tomographic techniques could be
performed, see ref. 14. Mainly two features were added to the existing equipment:

• The collimator was rebuilt so that the horizontal slit could be turned 90° into a vertical
position.

• The collimator and detector arrangement was reconstructed in such a way that it could be
moved laterally relative the measured fuel assembly.

The design and construction of the new collimator was made by ABB Atom in Västerås,
Sweden and a drawing summarising the construction is shown in Appendix 1. The
movement of the collimator was performed manually and the reading of its position was
made by connecting the collimator to the slide of an electronic ruler mounted on the wall .
The construction of the vertical collimator allows three widths to be used, namely, 1 mm,
3 mm and 5 mm. In the present experiment the collimator width was 1 mm.

In addition, the fixture holding a fuel assembly during measurements was rebuilt so
that the rotation could be performed using a stepping motor arrangement. The equipment
for this operation was supplied by Superior Electric inc. and was installed by Kohne AB,
Sweden. The stepping motor of the fixture was controlled by the data acquisition code
which was altered so that after each measurement, the code sent an ASCII string to the
driver of the stepping motor which turned the fixture into the next pre-set angular position.
Several tests were performed regarding the accuracy of the positioning and repeatabilit y.
The precision with which the collimator was positioned was measured to be 0.05 mm. The
corresponding accuracy of the rotational movement of the fixture was determined to be
0.2°.
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Water

Concrete

Air

Rotation
Air

Fuel
assembly

Detector

Translation

Collimator length 1.20 m

Distance assembly-end of collimator 2.46 m

Figure 7-1. A schematic view from above of the experimental equipment used in this study.

The experimental arrangement is shown schematically in Figure 7-1. The vertical
positioning was made using an elevator, shown in Figure 7-2. In order to perform
measurements in various projection angles, the fixture could be rotated according to the
description above. The detector and the collimator could be moved laterally to cover the
whole projection of the assembly. Between the detector end and the assembly end of the
collimator, the slit height increased from 8.2 to 23.4 cm, implying a total height of sight at
the assembly of about 55 cm.

Figure 7-2. Schematic side view of the experimental equipment.
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The detector used was a 40 % HPGE germanium detector connected to the data acquisition
system described in ref. 13.

7.2 The measured fuel assembly.

A BWR 8x8 assembly that was easily available at CLAB was used in the measurements.
The assembly had been irradiated in the Swedish power plant Ringhals 1. It was taken out
from core in 1988, after six power cycles. The construction scheme showed a normal rod
configuration with the water channel in position (D,4). However, the reconstructions
indicated that there could be more than one water channel in this particular assembly, see
Figure 7-7. This ambiguity was revealed by consulting Ringhals from which it was reported
that the fuel assembly had been reconstructed. For this particular assembly a fuel rod had
been moved from position (E,5) to position (D,1), where it replaced the existing fuel rod. In
position (E,5) there was a water channel.

The distribution of the 137Cs activity between the fuel rods has been calculated using
the reactor analysis code SIMULATE-3, see refs. 15 and 16. The results of this calculation
are given in Figure 7-3. The estimated uncertainty of the calculations was of the order of
10 %.

H 0.908 0.942 0.979 1.050 1.041 1.055 0.995 0.962

G 0.939 1.019 0.955 1.077 1.065 1.042 1.121 0.956

F 0.975 0.953 0.970 1.015 1.000 0.999 0.961 1.138

E 1.045 1.074 1.013 0.785 0.982 1.000 1.102

D 1.034 1.061 0.997 0.784 0.992 0.997 0.801

C 1.046 1.036 0.994 0.979 0.991 0.948 1.009 1.113

B 0.983 1.111 0.954 0.993 0.993 1.005 0.983 0.913

A 0.946 0.943 1.123 1.087 1.080 1.102 0.907 0.975

8 7 6 5 4 3 2 1

Figure 7-3. Calculated 137Cs distribution. The estimated uncertainties are of the order of 10 %..
From ref. 16.

As can be seen in Figure 7-3 the concentration of 137Cs of the fuel rods was calculated to be
fairly constant, except for the positions indicated, i.e. positions (D,5), (E,4) and (D,1),
showing 137Cs concentrations considerably lower than the average value. The latter position
corresponds to the fuel rod moved from position (E,5). The two water channels can be
found in positions (D,4) and (E,5).
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7.3 Positioning of the assembly.

The assembly could be moved vertically by using the elevator equipment. (See Figure 7-2.).
The assembly was positioned so that the collimator pointed at a position in between the 2nd

and 3rd spacers from the top.

The rotation angle for which one side of the assembly was perpendicular to the
collimator axis was chosen as the reference angle. At that angle the projected width of the
assembly reach its minimum. To find the reference angle the distance between the
collimator positions at each side of the assembly  where the intensity had decreased to 20 %
of the maximum value was determined. The accuracy of this positioning procedure was
estimated to be about 0.5°.

Because the centre of the measured assembly did not coincide with the rotation
centre, the assembly was moving laterally relative the detector during rotation. This was
accounted for by adjusting the values of the lateral positions for each projection. This
procedure added an estimated error of ±1 mm to the lateral positioning.

7.4 Measured gamma-ray intensities.

Gamma-ray intensity projections were recorded at 40 different, evenly spaced angles. Each
projection was made up of 81 detector positions with a lateral distance of 2 mm between
each position, i.e. totally 3 240 detector positions. The measurement time for each position
was 11 s, which together with a maximum count rate of about 500 s-1 implied a maximum
number of counts of about 5 500 in the position with the highest intensity. Two measured
projections are shown in Figure 7-4 and Figure 7-5 together with simulated intensities
without statistical noise. The simulated intensities were based on the 137Cs distribution in
Figure 7-3.

Relative gamma-ray intensities at 133 degrees rotation

-0,09 -0,07 -0,05 -0,03 -0,01 0,01 0,03 0,05 0,07 0,09

Translation [m]

Measured

Simulated

Figure 7-4. Calculated and measured intensities at 133° rotation of the assembly.
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Relative gamma-ray intensities at 178 degrees rotation

-0,09 -0,07 -0,05 -0,03 -0,01 0,01 0,03 0,05 0,07 0,09

Translation [m]

Measured

Simulated

Figure 7-5. Same as in Figure 7-4 but for 178° rotation of the assembly.

These examples show a generally good agreement between the simulated and the measured
intensities, which verifies the correctness of the simulation code. Some minor differences
can be observed: The differences in the peak heights can be explained by the uncertainties
of the rod activities given in Figure 7-3. The differences in the depths of the valleys can be
explained by the fact that the simulations assume perfect mechanical alignment, which was
not achieved in the experiment.

7.5 Reconstructed activity distribution.

The measurement positions near the edges of the assembly were found to be subject to high
levels of statistical noise due to low count rates. Therefore the reconstructions were based
only on detector translations between -62 and +62 mm, i.e. using 137Cs intensities measured
in 2 520 detector positions.

The reconstructions were made using various strategies and parameter sets
(cf. Section 5). The use of a large number of pixels generally lead to better agreement with
the calculated values in Figure 7-3. This might be due to less sensitivity to errors in the
measured intensities, such as e.g. positioning errors, because of more possibiliti es to adjust
the pixel activities within each rod.

An activity distribution, reconstructed with knowledge about the two water channels
in the centre of the assembly, can be found in Figure 7-6. The reconstruction was made
using the ART method, 8x8 pixels per unit cell , a varying relaxation parameter (Rp =
(ceil (0,05*iteration number))-1) and 2000 iterations. The values shown in Figure 7-6 a are
normalised to a mean value of 1.0 for all rods. The values indicated with bold figures (cf.
Figure 7-3) are reconstructed to slightly lower activity values, just as expected.
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Reconstructed activities

H 0,966 0,999 1,029 1,145 1,161 1,101 0,988 1,092

G 0,975 1,051 0,973 1,217 1,129 1,057 1,050 1,046

F 1,040 0,995 1,089 0,901 0,888 1,025 0,928 1,104

E 1,065 1,146 1,161 0,855 1,015 0,986 1,088

D 1,033 1,165 1,033 0,860 1,053 0,931 0,841

C 1,016 1,000 0,950 0,983 1,104 0,928 0,864 1,023

B 1,021 0,989 0,870 0,923 0,852 0,938 0,869 0,826

A 0,968 0,928 1,076 1,022 1,015 0,965 0,813 0,877

8 7 6 5 4 3 2 1

Relative deviations [%]

H 6,4 6,0 5,1 9,1 11,5 4,4 -0,7 13,5

G 3,8 3,2 1,9 13,0 6,0 1,5 -6,3 9,5

F 6,7 4,4 12,3 -11,2 -11,2 2,6 -3,4 -3,0

E 1,9 6,7 14,6 8,9 3,3 -1,4 -1,3

D -0,1 9,8 3,6 9,7 6,1 -6,6 4,9

C -2,9 -3,5 -4,4 0,4 11,4 -2,1 -14,4 -8,1

B 3,9 -11,0 -8,8 -7,0 -14,2 -6,7 -11,6 -9,5

A 2,4 -1,6 -4,2 -6,0 -6,0 -12,4 -10,4 -10,0

8 7 6 5 4 3 2 1

Figure 7-6 a) and b). In figure a the reconstructed activity distribution using the correct
attenuation matrix is displayed. In figure b deviations in percent from the calculated values in

Figure 7-3 are shown.

The comparison in Figure 7-6 b of the reconstructed distribution with the calculated one
shows a good general agreement. The relative standard deviation is 7.8 %. Considering an
estimated accuracy in the calculations of 10 %, the reconstructed distribution is in
accordance with the calculated one.

In order to test the safeguard potential of the method, we may assume that the fuel
assembly is complete, i.e. using an absorption matrix corresponding to a normal fuel
assembly. This situation would correspond to a case where a fuel rod have been removed
unnoticed and results in the reconstructed activity distribution shown in Figure 7-7. The
reconstruction has been made using the same method and parameter set as the
reconstruction accounted for in Figure 7-6.
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H 0,972 1,005 1,037 1,153 1,171 1,110 0,995 1,098

G 0,980 1,061 0,972 1,226 1,121 1,061 1,059 1,053

F 1,047 1,004 1,087 0,852 0,907 1,038 0,935 1,110

E 1,072 1,160 1,135 0,726 0,871 1,015 0,991 1,097

D 1,042 1,171 1,037 0,834 1,076 0,937 0,848

C 1,025 1,001 0,960 0,984 1,115 0,913 0,875 1,028

B 1,028 0,991 0,864 0,917 0,854 0,946 0,875 0,832

A 0,977 0,937 1,086 1,031 1,022 0,973 0,817 0,883

8 7 6 5 4 3 2 1

0,0
0,2
0,4
0,6
0,8
1,0

1,2

Reconstructed activities in 
positions H-E

Positions 8-1

0,0
0,2
0,4
0,6
0,8
1,0

1,2

Reconstructed activities in 
positions D-A

Positions 1-8

Figure 7-7. Reconstructed activity distribution if the replacement of rod (E,5) with a water channel
is considered unknown. The activity value of the replaced rod is underlined and the corresponding

bar is shaded.

The reconstructed activity in position (E,5), where the rod had been replaced with a water
channel, is here 72.6 % of the average. That value is larger than the values of 40 to 60 %
obtained in the simulation studies, see Table 6-1. This is most likely due to the fact that the
positioning of the fuel assembly could not be done exactly. If the mechanical alignment
could be improved, e.g. by using an equipment placed closer to the measured assembly,
values closer to the simulated ones would probably be achieved. An equipment placed
closer to the assembly would also yield a higher count rate, implying lower statistical
uncertainty.

In general, one can assume that no calculated activities are available for evaluation
of the reconstructed values. To judge the quality of the experimental result, the following
arguing can be applied. The standard deviation of the reconstructed activities, excluding
only the position of the ordinary water channel (D,4), is 10.2 %. This means that the activity
in position (E,5) is about 2.7 s.d. smaller than the average. Making the simpli fying
assumption that the activities are distributed according to a normal distribution, the
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probabilit y of randomly obtaining such a small value in a certain position is about 0.35 %.
In this context we want to emphasise that the assumption of a normal distribution offers a
worst case situation. This means that a more realistic distribution would yield an even
higher confidence level. The values in the other positions range between 1.8 s.d. smaller
and 2.2 s.d. larger than the average. These results indicate good possibiliti es of detecting the
removal of a rod from the inner parts of an 8x8 BWR fuel assembly.

7.6 Conclusions of the experimental investigation.

The reconstructed activity in the position of a rod replaced with a water channel observed
experimentally was larger as compared to a corresponding analysis based on simulated data.
The reconstructed activity in such a position was found to be about 73 % of the average
value, which could be compared to simulated values of 40-60 %. The probabilit y of
randomly obtaining such a small value in a certain position is about 0.35 %, assuming
normal distributed activities. The smallest reconstructed activity in a rod was 82 % of the
average value.

Further experimental work should be focused on especially the following items:

• The experimental equipment used in this study was far from ideal due to its severe
limitations in count rate and geometrical positioning.

• The assembly picked for this study was readily available at the time of measurements. It
turned later out to be an experimental assembly with a highly irregular power history.
Together with the fact that the assembly was rebuilt , this implied comparably large
uncertainties in the calculated 137Cs distribution. (See ref. 16.)

In conclusion, promising results have been obtained in this first experimental study. This
motivates further studies in order to make it useful for practical work.
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8 A PRELIMINARY INVESTIGATION OF TOMOGRAPHIC
MEASUREMENTS ON PWR FUEL.

It was shown in section 6 that the inner parts of the BWR fuel assemblies were more
diff icult to reconstruct than the outer parts, just as expected in section 2.3. One may expect
the inner parts of PWR fuel to be even more diff icult to reconstruct due to its larger size.
Therefore a preliminary study has been made in order to examine the possibiliti es of
verifying the integrity of PWR fuel. There are various types of PWR fuel with various size.
This investigation has been made on 17x17 PWR fuel, being of medium size.

8.1 The geometry of the 17×17 PWR fuel assembly.

The PWR fuel investigated consists of 264 fuel rods and 25 water channels positioned in a
17×17 grid, see Figure 8-1.

Fuel rod

Water channel

Fuel radius = 4.180 mm
Zircalloy. radius = 4.750 mm
Water channel inner radius = 5.720 mm
Water channel outer radius = 6.120 mm
Distances between rods = 12.60 mm

17

16

 1

15

14

13

12

11

10

 9

 8

 7

 6

 5

 4

 3

 2

QPA ONMLKJIHGFEDCB

Figure 8-1. The cross section of a 17×17 PWR fuel assembly. A system of coordinates, defining the
position of each rod, has been indicated in the figure.
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The larger number of fuel rods as compared to BWR fuel makes this case more diff icult.
This is especially true when inner rods are removed, because the radiation in some
measuring positions has to pass a minimum of eight fuel rods before detection. This will
make the decision of whether a certain rod is manipulated or not more diff icult and increase
the errors of the reconstructed activities. The discussion in section 2.3 indicates that
considerable benefits may be gained by using higher gamma-ray energies.

8.2 Simulated tomographic measurements.

The geometry of an imaginary schematic equipment, designed for the purpose of
tomography, was simulated, see Figure 8-2. The collimator width was 2 mm.

Water

240 mm

Collimator

Detector

Translation

300 mm

Fuel
assembly

Figure 8-2. The simulated equipment. A schematic view from above.

The simulations included 3456 detector positions, distributed on 48 angular and 72 lateral
positions. Both the angular and the lateral positions were evenly distributed. The simulation
procedure is described in section 3.

8.3 Investigations of various configurations of removed or replaced rods.

In this investigation, two types of configurations of removed or replaced rods have been
examined:

• A number of rods separated from each other. (Section 8.3.1.)
• Two small groups of neighbouring rods. (Section 8.3.2.)

As the integrity of a fuel assembly may be broken in many ways, we considered the sub-
cases where (a) the rods were removed and (b) the rods were replaced with fresh fuel.

Due to its consistent performance the ART algorithm was used for the
reconstructions throughout the PWR investigations. A suitable relaxation parameter was
found to be Rp = 0.05. (See ref. 4.) The reconstruction procedure is described in section 4.
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8.3.1 Separated fuel rods.
Two different configurations of removed or replaced separated rods have been examined.
These are shown in Figure 8-3.
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Figure 8-3. The investigated configurations of replaced separated rods in PWR fuel.

As expected from the examinations on BWR fuel the largest values of ∆ are obtained for
the innermost positions, i.e. rod H9 and rod H10. Therefore this section will be
concentrated on these two positions. In most investigations the level of statistical noise
corresponds to maximum 100 000 counts in any measurement position, but some
investigations have also been made using various levels of statistical noise.

The removal of rod H9 (Figure 8-3 a).

A small section of the reconstructed relative activities in a region near rod H9 can be found
in Figure 8-4 and Figure 8-5 for the 662 keV and the 1274 keV gamma-ray energy,
respectively.

1.04368     G8 0.94108     H8 1.00887     I8

0.90486     G9 0.90426     H9 water channel

1.03619     G10 1.01089     H10 1.03517     I10

Figure 8-4. Reconstructed activities in a region near rod H9. This rod was removed and the
gamma-ray energy used was 662 keV.
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1.02981     G8 0.98879     H8 1.00887     I8

0.98838     G9 0.64652     H9 water channel

1.01197     G10 1.03152     H10 1.03517     I10

Figure 8-5. Same as in Figure 8-4 but using the 1274 keV radiation.

The value of ∆ corresponding to the data in Figure 8-4 is about 90 % implying that it is very
diff icult to detect an inner rod replaced with water, using the 662 keV radiation. The
surrounding rods are also affected significantly. When using the 1274 keV gamma energy
the picture is substantially different, as shown in Figure 8-5. Rod H9 now gets a value of ∆
of about 65 % and the surrounding rods are almost unaffected. Using the 1274 keV
radiation also improves the standard deviation. The reconstructions showed that S
decreased from 2.5 % to 1.5 %.

The removal of rod H10 (Figure 8-3 b).

The most central manipulated rod in Figure 8-3 b is rod H10, being positioned diagonally
relative a water channel. The same investigation has been made as for rod H9, and the
reconstructed activities in a small section around rod H10 can be found in Figure 8-6 and
Figure 8-7.

1.01115     G9 0.97653     H9 water channel

0.95286     G10 0.88118     H10 0.99813     I10

1.00954     G11 0.96435     H11 0.98635     I11

Figure 8-6. Reconstructed activities in a region near rod H10. This rod was removed and the
gamma-ray energy used was 662 keV.

0.97703     G9 1.01479     H9 water channel

1.02886     G10 0.67357     H10 1.04580     I10

1.01507     G11 0.98336     H11 0.99074     I11

Figure 8-7. Same as in Figure 8-6 but using the 1274 keV radiation.

The value of ∆ of rod H10 is about the same as when investigating rod H9. The surrounding
rods are slightly less affected when a comparison is made for the 662 keV radiation. It is
still obvious, however, that the 1274 keV gamma energy has to be used in order to obtain
confident detection of the removal.



48

The effect of statistical noise.

For both configurations of removed rods shown in Figure 8-3, the values of ∆ and S are
considerably larger as compared to the investigations of BWR fuel. In order to examine to
what extent the results can be improved by increasing the number of recorded events an
investigation was made for various levels of statistical noise for the configuration in
Figure 8-3. The maximum value of ∆ (∆max) can be found in Figure 8-8 and the value of S
can be found in Figure 8-9.
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Figure 8-8. The maximum value of ∆ when removing six rods from a PWR 17×17 assembly
according to Figure 8-3 b.
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Figure 8-9. The standard deviation S when removing six rods from a PWR 17×17 assembly
according to Figure 8-3 b. Note the difference between the 137Cs and the 154Eu energies and the

improving values when the maximum number of counts is increased.
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In Figure 8-8 it is shown that the value of ∆ cannot be improved by increasing the number
of measured counts such as is the way with S, as shown in Figure 8-9.

The replacement of separated rods with fresh fuel.

When studying the reconstructed activity of separated rods being replaced with fresh fuel,
values of ∆ smaller than 10 % were obtained for both gamma energies. Such replacements
are therefore expected to be very confidently detected.

8.3.2 Groups of rods.
In this investigation, the manipulation of two groups of rods has been simulated according
to Figure 8-10. Simulations were made considering both removal of rods and replacement
with fresh fuel for the two gamma-ray energies 662 keV and 1274 keV. The level of
statistical noise corresponds to maximum 100 000 counts in any measurement position.
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Figure 8-10. Schematic picture of the two groups of manipulated rods considered in this study.

The group in the inner region consists of four rods and the outer group consists of twelve
rods. The values of ∆ when removing the rods can be found in Figure 8-11 for the inner
group and in Figure 8-12 for the outer group.
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Figure 8-11. The values of ∆ for the rods belonging to the inner group when these rods have been
removed. Note the smaller values when using the higher gamma-ray energy.
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Figure 8-12. The values of ∆ for the rods belonging to the outer group when these rods have been
removed. Note the small difference between the two gamma energies.

As expected ∆ is smaller in the outer region. For the case of replacing the rods with fresh
fuel the maximum value of ∆ is about 10 % when using the 662 keV gamma energy. The
corresponding value for the 1274 keV gamma energy is about 2 %. The values of S vary
between about 0.5 % (for measurements with the 1274 keV gamma energy and
replacements with fresh fuel) and 3 % (for measurements with the 662 keV gamma energy
and removal of the rods).
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8.4 Conclusion of the PWR study.

Rods replaced with fresh fuel can be confidently detected since the value of ∆max for such
positions was not higher than about 10 % for any of the investigated configurations.
Measurements using the 1274 keV radiation from the decay of 154Eu yielded even smaller
values of ∆.

Removed rods are evidently more diff icult to detect in a PWR assembly compared
to a BWR assembly. The diff iculty associated with PWR assemblies originates from
smaller penetrabilit y of gamma rays from the inner parts due to the larger size. It has been
shown that the 662 keV radiation offers too low penetrabilit y for the detection of a removed
rod to be confident. The measurements can be made more confident by using the higher
penetrabilit y of the 1274 keV radiation from the decay of 154Eu. If a rod in the inner parts of
a PWR fuel assembly is replaced with water, a value of ∆ of the order of 65-70 % can be
expected using the gamma radiation from 154Eu. The results indicate that an accuracy with a
s. d. of about 2 % can be expected for the normal fuel rods, implying that such a removal
should be detectable.

Assuming a cooling time of 30 years, eight times more of the original gamma
radiation from 137Cs will remain compared to 154Eu. This will im ply longer measurement
times in order to obtain the same level of statistical noise. This can be remedied by using
more detectors and/or a measurement geometry implying higher count rates from 154Eu.

The removal of rods will give rise to a change of weight of the assembly, suggesting
that an equipment for weighing the assemblies could be useful.
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9 CONCLUDING REMARKS ON THE TOMOGRAPHIC STUDY.

In the present work the potential of gamma-ray tomography for finding removed or replaced
fuel rods in spent LWR fuel assemblies has been investigated. Tomographic reconstructions
of the gamma source distributions within spent fuel assemblies have been performed using
gamma-ray intensity distributions obtained in simulations. Gamma-ray energies of
0.66 MeV (137Cs) and 1.27 MeV (154Eu) have been used. The simulations have been made
both for the case that rods have been removed as well as replaced with fresh fuel.

Several configurations of removed or replaced rods have been investigated. As a
measure of the abilit y of detecting a manipulated rod, a quality parameter ∆ has been
defined as the ratio between the source strength reconstructed in the position of the
manipulated rod and the average source strength of the remaining rods. All normal rods
were simulated with equal activity.

For spent BWR fuel the simulations have been concentrated on the 137Cs radiation.
For all cases investigated, the value of ∆ has been found to be smaller than 75 %. The
obtained standard deviation in the reconstructions have been in the order of 2-3 %, i.e. the
reconstructed activity in the position of a replaced rod is at least about 10 standard
deviations smaller than the average. The statistical probabilit y of accidentally observing
such a small value of ∆ is very small . The simulations thus indicate that tomographic
measurements have the potential of being a highly reliable general method of detecting
missing fuel rods in BWR fuel as long as the activity of 137Cs is large enough, i.e. for a time
period of the order of five or six decades.

The simulations show that the tomographic technique should be useful also to detect
missing rods in PWR fuel. Here, however, the mechanical dimensions are larger, implying
that the 137Cs radiation from the innermost part of an assembly is too strongly absorbed to
be useful. Consequently, the radiation from 154Eu must be used for reliable reconstruction.
This means that the measurements must be performed preferably after a cooling time of at
most two, possibly three decades.

The simulations were verified experimentally using equipment specially built and
installed at CLAB. The radiation pattern from a BWR assembly was measured with the aid
of a germanium detector. The assembly had one central fuel rod replaced with a water tube
(not known in advance) in addition to the normally present water channel. The
reconstructed source distribution clearly indicated the extra water channel even under the
assumption of fuel in that position. Generally good agreement was obtained between the
experimental data and the corresponding simulated data.

The work presented here suggests that tomographic measurements has the potential
of becoming a powerful method for verification of the integrity of LWR fuel assemblies,
e.g. before encapsulation and final deposition. For this a more adequate measuring
geometry than that used here should be conceived in order to minimise measuring times and
maximise sensitivity.
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Appendix 1. Drawings of the experimental equipment.
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