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PREFACE 

This work was carried out under the Finnish Support Programme to the International 
Atomic Energy Agency (IAEA) Safeguards in cooperation with the Technical University 
of Budapest (TU Budapest), the Finnish Centre for Radiation and Nuclear Safety (STUK) 
and the IAEA. The Hungarian contribution to this work was partially supported by the 
Hungarian Atomic Energy Commission. The measurements were carried out by STUK and 
IAEA at the spent fuel storage (TVO KPA-STCRE) of TVO Nuclear Power Company in 
Finland. The theoretical preparations and data processing were made by TU Budapest. 

The authors wish to express their gratitude to the TVO Power Company for the possibility 
to cany out the measurements. The technical assistance of the STUK metal workshop, 
especially Mr. Myyryläinen in preparing the equipment, is also greatly appreciated. 
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ABSTRACT 
Feasibility studies were made for tomographic reconstruction of a cross-sectional activity 
distribution of a spent nuclear fuel assembly. The purpose was to determine the number of 
fuel rods (pins) and localize the positions where pins are missing. The activity distribution 
map showing the locations of fuel rods in the assembly was reconstructed. 

The theoretical part of this work consists of simulation of image reconstruction based on 
theoretically calculated data from a reference assembly model. Evaluation of different 
image reconstruction techniques was made. 

Measurements were made in real facility conditions. Gamma radiation from an irradiated 
8 x 8 - 1 BWil fuel assembly was measured through a narrow custom made collimator 
from different angles and positions. The measured data set was used as projections for 
reconstructing the activity profile of the assembly in cross-sectional plane. 
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1 INTRODUCTION 

Safeguards are a technical means of verifying compliance by states which have entered 
into safeguards agreements with the International Atomic Acency (IAEA) or other states, 
the safeguards obligation undertaken in these agreements. In pursuing the attainment of 
this objective the IAEA endeavors to ensure that it first provides all member states with 
adequate evidence from which they may draw conslusions regarding the assurance of 
non-diversion, and secondly it assists individual states or groups of states to demonstrate 
their compliance with their safeguards commitments. 

In the case of spent nuclear fuel, some types of fuel assemblies can be easily dismantled 
ano reassembled and rod exchange operations performed. In connection with this, the 
possibility for diversion of nuclear material exists. 

The goal of the project is to develop a non destructive assay (NDA) method for detecting 
anomalies, (e.g. missing rods) within a spent fuel assembly. 

Gamma emission tomography is a method for reconstructing a cross sectional activity 
profile of an object by processing data from several individual gamma measurements made 
at different angles and positions of an object Tomography is in common use in medicine. 
It was seen to be a potential method for studying also the internal structure and activity 
distribution of a nuclear fuel assembly for safeguards purposes. 
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2 PRINCIPLES OF THE METHOD 

2.1 Emission Projections (Ray Integrals) 

The emission projections are assumed to be due to photons which have been emitted along 
rays perpendicular to the detector by radioactive nuclei that lie in die transverse section 
and which were not absorbed or scattered by the material between the source and the 
detector. This fonnulation assumes a perfect geometric response and no detection of 
scattered photons (Fig. 1). 

Figure 1. Definition of projection. 
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A general mathematical description of the model takes the following form for UK 
projection: 

P(L<p) = Jp(x,y)dsexp[-Jn(x,y)ds] 
L L 

where P is the measured value of the projection along line L, p and \i are the activity 
concentration and linear attenuation coefficient. 

The area (section of the assembly) of interest is discretized by a grid of M square pixels 
(Fig. 2). The activity concentration and the attenuation coefficient are the average values 
within the pixel. 

2.2 Image Reconstruction from Projections 

2.2.1 General 

One important reason for extra complication and difficulty in this type of emission imaging 
is that measured emitted radiation reflects both the distribution of the emitter and the 
attenuation of the radiation within the object Several methods for attenuation correction 
have been proposed. Some require a complete a priori estimate of the attenuation 
coefficients, or may be assumed uniform through the object. Other methods require either 

L 

1 

^X. 

M 

Detector 

/ 
Collimator 

Figure 2. The pixel by pixel image model. 
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reprocessing the projection data or correcting the reconstructed but uncorrected transverse 
section using a correction matrix based on phantom studies. 

Another important complication is, that the reconstruction of a high quality image requires 
a large number of measured projections (views). In an image with M pixels, there are 2M 
unknown parameters ( p and \i in each pixel). When the number of measured values is 
smaller than this, the well known limited-view problem appears, the image is grossly 
undetermined and will be unsatisfactory. One way to overcome this difficulty is to use a 
priori information of the object to be reconstructed. 

2.2.2 Analytic Image Reconstruction Technique 

Analytic reconstruction techniques are well developed for transmission imaging. Its main 
advantages are high accuracy and fast reconstruction. This last feature is of high 
importance if the image matrix is large. An image reconstruction time is typically few 
seconds while it may be several hours for an iterative algorithm. Analytic techniques arc 
effective only for reconstruction with several (15 or more) measured views, and in cases 
of low attenuation coefficients. 

2.2.3 Use of a priori Infoni ation 

The incomplete data problem refers to die task of reconstructing an image from a less than 
full set of projections. 

This limited data problem has been and continues to be extensively studied. Some of the 
most powerful recovery techniques that use prior knowledge to offset the lack of full data 
are deterministic methods and statistical methods. Among the former, the method of 
projections onto convex sets (1) can make full use of prior knowledge provided mat this 
knowledge can be associated with convex sets. 

Every known property of die unknown image constraints it to lie in some set. Then for m 
known properties, there arc m sets. The Uicory of convex projections uses all the constraints 
one by one in an iterative manner. The following constraints arc used in our work: 

a) Ray Sum (projection) Constraint 

Unlike the analytic methods, the iterative methods rely on the ability to adjust the 
parameters (reconstructed pixel values) such diat when these values arc projected the 
resulting projections arc as close as possible to uV measured data. 

The method of simultaneous calculation of attenuation and activity concentration 
coefficients proposed by Censor (2) is applied with some modification. It eliminates the 
nccu to rely on any approximate attenuation correction method. 

b) Amplitude Limit Constraint 

Attenuation and activity concentration of the pixel values must lie within some ranges. 
They should not be negative and should not exceed certain limit values. In our case an 
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energy averaged maximal value of attenuation coefficient can be assumed over the fuel 
containing part of the image. 

c) Spatial Limit Constraint 

The image vanishes outside a region. In this work an outer zero value frame can be 
assumed. 

d) Reference Image Constraint 

The image to Iz reconstructed deviates by a known percentage from a similar known 
reference image. In our case the reference image is a section image of a complete assembly 
(no missing pins). Care should be taken in choosing the a priori percentage difference. 
The smaller this difference, the tighter is the constraint imposed on the set of feasible 
solution, but the possibility to have no solution at all also increases. If the difference is too 
large, it represents a feeble constraint and may have no effect at all. 

e) Binary Image Reconstruction 

For the goal of detecting missing pins by section imaging a fuel assembly, the presence (or 
absence) of fuel pins convey the information regarding the shape and size of the pins. Thus, 
it is sufficient to make a binary decision by examining the reconstructed image (though the 
actual activity distribution function is not binary). 
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SIMULATION 

3.1 Fuel Model 

In order to test the reconstruction technique with limited number of views and to develop 
a feasible solution for the problem, a computer simulation is done. 

Test objects aic produced for simulating an 8 x 8 fuel assembly. Two objects are created. 
One is a full 8 x 8 fuel assembly (reference), the other is the same, but 2 pins are missing. 
The image matrix has 93 x 93 pixels (Pig. 3). 
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Figure 3. Fuel models used for simulation calculation. 
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3.2 Calculated Projections 

Assuming a parallel beam, scanning projections are calculated at several angles of view. 
In Figure 4a) projection at q> = 0° (side view) can be seen for 2 MeV gammas with perfect 
width collimation (infinitely thin lines). The effect of Gaussian shape collimation with (full 
with of half maximum) FWHM = 4 units (unit = pixel size) can be seen in the case of the 
same side projection in Figure 4b). 

An estimate of the effect of 2 missing pins on the measured projection is calculated as a 
function of angle of views and gamma photon energy (different absorption). A corner 
projection ( 9 = 45°) for the case of 2 missing pins, the projection of a full fuel assembly 
and the difference between these two can be seen in Figures 5a), b) and c), respectively. 

These effects, difference for 2 MeV photon energy and FWHM = 4 units collimation, for 
3 angles of view can be seen in Figures 6a), b), c). The effect is the smallest at side view 
and largest between side-corner views. This is in connection with the path length of the 
gamma photon inside the fuel before reaching the detector. The smaller the path length, 
the larger the effect 

Another important parameter is the effect of the gamma photon energy. The lower the 
gamma energy, the higher the absorption, and the smaller the percentage change in the 
measured projections. The results of calculation are summarized in Table I for three 
gamma energies and for three angles of view. These percentage changes determine the 
accuracy requirement for measuring projections. 

Table I. Percent Changes of Projections as a Function of Photon Energy and Angle of 
View due to one missing inner pin. 

Angle of View 

9 = 0 ° (side) 

9 = 22.5° 

9 = 45° (comer) 

Prl44 
2.186 MeV 

2.8 

8.5 

2.8 

Gamma Photon 
Kul54 
1.274 MeV 

1.2 

5.3 

0.92 

Csl37 
662 keV 

0.33 

1.7 

0.31 
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Figure 4a). Calculated projection <p = 0 "(side view) for 8x8 fuel at 2 MeV photon 
energy using parallel scanning and perfect collimation. 
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a) 2 pins are missing 

b) Full fuel assembly 

1 1 1 
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c) Difference between a) and b) 

Figure 5. Calculated corner projection (<p =4?): a) 2 pins are missing, b) Full fuel 
assembly, c) Difference between a) and b). 
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Figure 6. The effect of 2 missing pins on the calculated projection at different views: 
a) <r = 0° (side view), b)y = 22.5°, c)y = 45°(corner view). 
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33 Reconstructed Images 

3.3.1 Analytic Image Reconstruction 

Binary images reconstructed from 12,16,32,48 views can be seen in Figures 7 and 8 for 
2 MeV photon energy. The image density (activity) distribution along tines crossing die 
missing pin can be seen in Figures 9 and 10. At the position of the missing pin a certain 
level of image density (activity) is always created. This is caused by the algorithm due to 
the insufficient number of views. The larger the number of views, the smaller the artifact 

A binary image is reconstructed by selecting an image density (activity) threshold level. 
Image points above this level are black (max), below this level are white (min). A unique 
definition of ihis threshold is of primary importance for reliable detection. 

•* I W % * 1 

1 f « - 9 • 

* » f » < 
* • P » * 

* » • • I I 

a) from 12 view. b)from 16 views 

Figure 7. Binary images reconstructed during simulation by analytic algorithm for 2 
MeV photon energy: a) from 12 views, b)from 16 views. 

MfMM 

• # * # - • * 

• + * * + # » 

• • • M i » 

• • • « 

• * • • • 

* * » • • • 

a) from 32 views b)from 48 views 

Figure 8. Binary images reconstructed during simulation by analytic algorithm for 2 
MeV photon energy} a) from 32 views, b)from 48 views. 
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F/g«rt 9. /mag* <fe/w//)> (activity) distribution along a line crossing the inner missing 
pin as reconstructed from: a) 12 views, b) 16 views. 
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Figure JO. Image density (activity) distribution along a line crossing the inner missing 
pin as reconstructed from: a) 32 views, b) 48 views. 
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3.3.2 Requirements for Reliable Detection of a Single Inner Pin 

There are two parameters of p.ictical importance: 

> photon energy which determines the absorption and thus the magnitude of the effect of 
a single missing pin on the measured projection; 

• the number of measured projections which is necessary to decrease artifacts in the 
image. 

In order to reach a quantitative criteria for reliable detection we formulate the minimum 
requirement as it is the case of image from 12 views for Pr 144 gamma line. 

Calculations are maJe for other gamma lines in order to determine the minimum number 
of views which provide the same effect for the inner missing pin. ResulLs are summarized 
in Table II. For the Eu 154 two, for Cs 137 six times as many views are required as for the 
case of Pr 144. 

For a minimum signal to noise ratio of three, the required minimum accuracy (one sigma) 
for measuring projections is also summarized in the table. This is an estimate, but it 
provides some insight into the feasibility of the problem. 

Table II. Comparison of requirements for detection of a missing single inner pin (inside 
an 8x8-1 assembly) when only measured projections are used for image construction. 

Detected 
gamma energy 

Prl44 

(2.186 MeV) 

Eul54 

(1.274 MeV) 

Csl37 

(662 keV) 

Minimum number of 
projections (views) 

12 

24 

72 

Required accuracy for 
measurins projections (%) 

1 

0.3 

0.1 
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3.3 J Iterative Image Reconstruction 

If the number of measured views is smaller than the requirement formulated in Table II, 
the probability of false detection becomes higher due to the artifact produced. The use of 
a priori constraints could be effective in problems of this type. An image reconstructed 
from 8 views using an iterative algorithm and constraints defined in paragraph 2.2.3 can 
be seen in Figure 11a). 

An important question in practice is how to construct a reference image. No a priori 
knowledge can be used in practical cases, because 'here is no information of the location 
of the pins on the image matrix to be reconstructed. In these experiments 4 measured side 
projections are used for reconstruction of a gross image. Due to the insufficient number of 
views this type of algorithm produces artifact on the location of missing pins (if only a few 
are missing). It reconstructs a full 8 x 8 assembly and the location of pins is correct in the 
matrix. This full image is used as a reference (Fig. 1 lb). 

Several computations should be necessary to searching one, two or more missing pins if 
such a reference image constraint is used. 

3.4 Conclusion from Simulation Results 

Two missing pins were modeled in this calculation. The effect of an outer missing pin is 
much higher on the projection, than the effect of an inner missing pin. The difficulty lies 
in the detection of a missing inner pin. 

Because of artifacts in the reconstructed image due to the insufficient number of views, a 
larger number of views is required for reliable detection. An estimate of the number of 
required views is given in Tabic II. 

4 ' i * -• * • # 
* * - - 9 * • 

* * t : 1 • « 
MM Ml 

* f • 1 » • » » 
i Figure I la). Simulation image 
reconstructed from 8 views by iterativ 
algorithm using a priori information. 

• « + + + • « * 
• • * • » * « • 
+ • • • • • • • 
# # » • • * « • 

# « • * # • * • 

# « # # * • • * 
Figure lit). Image reconstructed from 4 
side views was used as a reference image 
for simulation. 
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Measuring projection by detecting high energy gammas (as the Pr 144 2.186 MeV line), 
12-16 views seems to be a feasible solution. Lower energy gammas need many more views 
and a higher accuracy of measuring projections which at present is not a feasible solution. 

A priori information can be incorporated in an iterative algorithm to produce a better image 
than that produced by analytic algorithm if the number of views is less than 12-15. 

An improvement can be achieved if the angles of view are selected in order to obtain the 
largest effect of an inner m issing pin. An experimental demonstration is necessary because 
geometrical accuracy may cause problems in practice. 

Another possibility tc increase reliability of detection is to use more than one type of 
algorithm. The drawback of this solution is, that for large matrices the computing time for 
the iterative algorithm can be very long, and the evaluation of the measured data requires 
a long time. Data manipulation includes also some manual work for producing reference 
images. 
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EXPERIMENTAL 

4.1 Facility Hardware 

The measurements were performed at the spent fuel interim storage (TVO XPA-STORE) 
of the TVO power company in Finland. TheTVO KPA-STORE has a permanently installed 
gamma measuring tube which goes through the wall of the spent fuel pool. The assembly 
can be positioned into a so-called gamma wagon which is fixed to the pool wall in front of 
the gamma measuring tube (Fig. 12). Details of the facility hardware are described 
elsewhere (5). 

9 
to 

os 

Water basin 

Fuel assembly 

O 200 

3 * 

Concrete 
wall 

-Gamma measuring 
rube 

•Collimator 
slit 

-Slir rotational 
axis n__ Detector 

MEASUREMENT POSITION 

Figure 12, Geometry and dimensions of the gamma measurement position at the TVO 
KPA-STORE. 
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4.2 Rotating Slit Collimator 

The custom made collimator system is made of stainless steel (see Figures 13 and 14). It 
consists of a rotatable vertical collimator slit and a massive cylindrical block which exactly 
fits into the outer end of the gamma measuring tube. The block acts as radiation shield and 
base for supporting the rotatable slit assembly. The slit has the following dimensions: width 
1 mm, height 30 mm and length 400 mm. 

Supporting block 
and radiation shield 

Gamma Measuring \ 
tub 

ii^ki 
Range for attaching 

the collimator 
Precision 

micrometer 

<»W www x m 

Concrete "wall "* s* 286,6 (nm 

1 
Figure 13. Horizontal cross section of the rotatable collimator system. 

Concrete wall 
' \ 1 ""• * , 

V . ' • •>* 

~^A 
Slit 

, ; > /[< ..' ».., . / t o 

Bearing 

Gamma measuring 
tube 

Precision 
micrometer 

* Flange 

Supporting block 
and radiation shield 

Figure N.Vertical cross section of the rotatable collimator system. 
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The collimator slit can be turned around a vertical axis. The angle is adjusted by means of 
a precision micrometer (Mitutoyo). The precision of linear movement is 1/1000 mm. The 
perpendicular distance between the micrometer arm and the pivot axis of the collimator is 
selected to be 286.6 mm. Thus a linear movement of S mm corresponds an angle of 1 
degree. The minimal play in bearings and joints due to manufacturing tolerances is the 
main source of error. The inaccuracy in the angle setting is estimated to be less than 
0.01 degrees, which causes an error of 0.35 mm at the distance of the assembly. 

4.3 Assembly and Measurement Orientations 

The BWR fuel assembly, made by ABB-Atom, Sweden, was measured without a fuel 
channel. It has a mean burnup of 24.196 MWd/kgU and a cooling time of 1400 days during 
measurements. Figure 15 shows the measurement geometry and a cross section of this fuel. 
This assembly consists of 63 fuel rods and one special water Filled rod (water rod). Rods 
are arranged in a square pattern by means of six evenly distributed spacer g^ids and bottom 
and top tie plates. Some of the main characteristics of the fuel are given in Table III. 

Table III. Characteristics ofABB-Atom 8x8-1 fuel assemblies. 

Active fuel length 

Enrichment of separate fuel rods 

Typical average enrichment 

Gross weight 

U per assembly 

Fuel density (UO2) 

Fuel rod external diameter 

Pellet external diameter 

External dimensions of fuel channel 

Cladding material 

Fuel channel material 

3 680 mm 

1.1-3.8% 

2 - 3 % 

297.5 kg 

180 kg 

10.47 g/cm3 

12.25 or 11.75 mm 

10.5 or 10 mm 

139 x139 mm 

Zirc alloy 

Ztrcalloy 
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measured rays (No 1-53) 

'p+nr 

Measurement geometry 

Figure IS. Cross section of the BWRfue! assembly showing measured sides and 
corners. 
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4.4 Electronics and Course of Measurements 

A conventional gamma spectrometric measuring system was used including a 
HPGe-detector (Canberra), a HV-power supply (Canberra 3105), a linear amplifier 
(Canberra 2020), a fast ADC (Canberra 8077) and a multichannel analyzer card (Canberra 
S-100) connected to a portable computer (Toshiba 3200). Measurements were made at 
two sides (side 2 and 4), at two full corners (corners 3 and S) and at one half corner (corner 
1), (Fig. 15). The total number of measurements was 225, each with 300 sec live time. The 
spectra were stored on a hard disk and data analysis was performed on line using the peak 
search software of S100. Peak areas versus measurement position were stored into a 
Symphony spread-sheet for later handling. 
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5 ANALYSIS 

5.1 Analysis of Input Data 

For reconstructing a section image, all sides and all comers should be measured. Because 
all views could not be measured, some symmetry is assumed in data handling. Axial 
symmetry assumes an axis of symmetry through the line between two comers (Fig. 16). 
Central symmetry means, that a symmetry is estimated through the central point of the fuel. 
All these assumptions limit the accuracy of the evaluation. 

For reconstruction of the image the measured total counts above the treshold of 1.5 MeV 
were used. The geometrical accuracy of the side measurements (Figures 18 and 20) is 
within the requirement. The only problem, which is not obvious, is that measured peaks 
of the projections are increasing towards one corner. It may be caused by increasing 
activity or by some geometrical misalignment. Filtering of the projection during data 
handling could compensate this increase of average level (high pass filtering). Statistical 
fluctuations should be smoothed out (by low pass filtering) otherwise the image is noisy, 
and information can not be extracted. This smoothing can cause, however, degradation 
of the geometrical resolution of the image. A compromise should be found between these 
two parameters. 

All the comer measurements (Figures 17,19 and 21), however, were not measured exactly 
at comer positions. This deviation is not large at comer 3 (5-6°) but it is larger at the others. 
Many trials were necessary to find the best position for data analysis because the visual 
alignment of the assembly during measurements was too rough. 
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Figure 16. Measured views and assumed symmetries of the assembly. 
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5.2 Reconstructed Section Images 

Considering the many uncertainties in the input parameters many trials were made. All 
parameters were optimized to find the location of a minimal peak values in order to find 
the location of possibly missing pins. 

Figure 22a) shows an image assuming axial symmetry with the same difference in all angles 
of view values. Figures 22b) and c) show images assuming central symmetry and different 
angle of view values during measurements. 

Figure 23 shows another trial where the input side files are band-pass filtered. This means, 
that the average level is put to zero to compensate the shift seen in Figures 18 and 20. Also 
the statistical fluctuation is smoothed out by a Gaussian filter. 

Further trials have been made by using smoothed projection files for analytic type 
algorithms. These give distorted images, but due to filtering, show location of clear 
minima. Two such images can be seen in Figures 24 and 25. 

The higher the FWHM of the Gaussian filter, the larger the sensitivity to detect minima, 
but at the same time we loose details of the image. An interesting result has been obtained 
in Figure 25. In this case the diameter of the averaging area is the elementary cell size of 
the fuel assembly. It means, that on this area there is only one pin. If any of the pins is 
missing, this averaged image shows a definite minimum on this location. This gives an 
idea of some sort of automation that could be considered to find minima on the image. 

A few projections are usually not enough for analytic algorithm. Therefore the results 
obtained by analytic algorithm should be evaluated also with iterative algorithms. 
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Figure 22. Reconstructed images assuming axial symmetry (a) and central symmetry (b 
andc). 
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Figure 23. Reconstructed image after 
filtering input data. 
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Figure 24. An image reconstructed using analytic algorithm. 

Figure 25. Same image as in Fig. 24 but using different filtering. 
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6. DISCUSSION 

The objective of this work was to make a feasibility study of using an emission section 
imaging method for detection of a single missing pin inside an 8 x 8 irradiated BWR 
assembly. A mathematical simulation and measurements were made. Conclusions of this 
study are summarized as follows: 

• Emission imaging requires measuring emitted gamma radiation by scanning along 
lines. Several fuel orientations need to be measure. Images can be reconstructed by 
algorithms developed. Absorption of gamma photons inside the fuel requires high 
measurement accuracy and a large number of views in order to use it for practical work. 

• One of the most important parameters in practical work is the number of views which 
should be measured. Using the highest energy gammas of Fission products, e.g. 
2.186 MeV of Prl44, a minimum number of 8 views will produce a small effect on the 
image caused by an inner missing pins. This effect, however, is small and for an 
unknown assembly the probability of false detection is high. For reliable detection a 
minimum of 12 or 16 views is needed. 

• At gamma energies lower than 2 MeV a practical solution is not feasible, unless very 
high precision of scanning can be made. For example, for Csl 37 (662 keV) more than 
70 geometrically accurate views would be needed with a measurement accuracy of 
better than 0.1 % according to the estimate. 

• Two algorithms are developed. Each is using a different approach for image 
reconstruction from projections. The reliability of detection is improved if both 
algorithms are used. 

For further proof of the results obtained some of the necessary additional steps arc 
summaiized as follows: 

• The distance between the detector and the assembly should be shorter. This is why 
instrumentation is needed for underwater measurement of emitted gamma radiation at 
several views of a BWR assembly. This can be arranged using a single detector with 
mechanical scanning or an array of detectors. 

• For a further development more experimental data are necessary to handle e.g. the 
inhomogencity inside an assembly, (he amount scattered and background radiation in 
a pool environment and the geometrical accuracy if several views are measured. 

• The algorithm can be developed in two directions. For the analytic type algorithm a 
belter absorption compensation is needed in the code. For the iterative type algorithm 
additional a priori information should be incorporated. 

• As a result of this study, it is belived, that the absorption problem can be compensated 
for to a certain degree by measuring more views and accurate data. The price to pay 
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for it is the highly sophisticated measurement system which might be an economic 
problem. An alternative way can be the detection of emitted neutrons, which in a water 
pool can, however, face other problems like scattering and low sensitivity. 
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