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ABSTRACT 

Experiments made for the confirmation of the measurement geometry of the Spent Fuel Attribute 
Tester (SFAT), performed in December 1992, are reported and analysed. The measurement 
geometry to be chosen for a commercial prototype can be confirmed to be close enough to the 
optimum and to give a satisfactory signal-to-noise ratio. The problems encountered during the 
determination of the signal-to-noise ratio of 137Cs peaks rise to recommendation of developing new 
algorithms for processing NaI(Tl) detector spectra. 
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1 INTRODUCTION 

Detection of the Cerenkov glow emitted by 
strongly radioactive objects under water has 
been so far a method widely used by the IAEA 
Safeguards for verification of spent light water 
reactor (LWR) fuel. However, as fuel assem
blies with relatively long cooling time, i.e. 
about 10 years or more, or low bumup are 
concerned, the Cerenkov Viewing Devices 
(CVD) no longer manage to distinguish irradi
ated fissile material from irradiated metal struc
tures. This is because by means of the CVD it 
is not possible to soecify the energy of the 
gamma rays detected and thus to identify the 
actual source of the radiation. 

In ordvr to be able to measure spent fuel speci
fic radiation a SFAT (Spent Fuel Attribute 
Tester) task has been initiated by the IAEA in 
1991. The principle of SFAT is based on meas
uring the signals from the gamma rays emitted 
by fission products. The most important of 
these fission products for safeguards inspection 
measurement.' are 1J7Cs for the fuel with a long 
storage time and I44Ce (,44Pr) for low bumup 
fuel with a short cooling time. 

SFAT is a device which monitors the radiation 
emitted by the irradiated fuel assemblies stored 
in water-filled storage ponds. SFAT will be 
submerged into water and placed directly above 
the fuel assembly under inspection as close to 
the upper end of the fuel bundle as possible. It 
is equipped with an air-filled collimator pipe 
which enhances the transport of the gamma rays 
emitted from the irradiated fuel to the detector 
situated on the upper end of the collimator pipe. 
Photons detected by a NaI(Tl) scintillation 
detector are sorted according to their energy by 
a multichannel analyser. The detector is sur
rounded by a lead shield which also forms a 
collimator with a small aperture in front of the 

detector. The function of the collimator pipe 
and the lead-shield is to allow the radiation 
emitted by the fuel bundle under inspection to 
enter the detector and simultaneously to prevent 
the direct radiation emitted by the adjacent fuel 
assemblies in the storage pond from entering 
the detector. The detection of a specific fission 
product photopeak in the spectrum indicates the 
presence of that fission product in the fuel 
assembly, which proves that the assembly con
tains irradiated fissile material. The signal is 
further enhanced by placing in front of the 
detector a min filter made of some suitable 
material for filtering out the scattered low-
energy gamma rays without affecting too much 
to the photopeak intensities of the fission-prod
uct gammas. The basic geometry and the main 
components affecting the measurement effi
ciency of a SFAT device are displayed in Fig
ure 10. 

The use of the SFAT device will not require 
movements of the fuel assemblies. The device 
is maneuvered by means of the fuel handling 
machine. This Units somewhat the accuracy of 
positioning of the collimator tube of the device. 
SFAT contains an autonomous vertical position
ing facility, which is operated from its own 
control panel. 

A TVO BWR fuel assembly contains a square 
array (8*8-1 or 9*9-1) of fuel rods tied together 
with the upper and lower tie plates made of 
stainless steel. Above the upper tie plate there is 
a diagonal stainless steel handle for lifting the 
assembly by the fuel handling machine. The 
irradiated upper structures of the fuel assembly 
are acting as a shield which weakens the fission 
product signal coming from the upper part of 
the fuel rods. On the other hand they form a 
strongly interfering "Co source. 

5 



FINNISH CENTRE FOR RADIATION 
AND NUCLEAR SAFETY STUK-YTO-TR 55 

The SFAT is intended for detecting a gross 
defect, i.e. to reveal a whole assembly missing 
or replaced by a dummy. 

The development of the SFAT device has pro
ceeded in several phases. The first SFAT device 
was built in the frame of Task FIN A416 of the 
Finnish Support Programme (FINSP) [I]. After 
that the SFAT procedure was developed and 
accepted for inspection use by the IAEA [2]. In 
the next phase two parallel tasks, one for the 
development of a commercial SFAT prototype 
(FIN A563)(3J and the other for the 
optimization of the SFAT measurement 
geometry by model calculations (USA A524), 
were initiated [4]. The first of these two tasks is 
run by the Finnish Centre for Radiation and 
Nuclear Safety (STUK) and the second by the 
Sandia National Laboratcrics (SNL), USA. As 
part of Task FIN A563, the results and recom
mendations of the optimization calculations by 

the SNL were experimentally verified by meas
urements performed at the »"VO AFR Storage 
(KPA-STORE) in December 1992. In this 
report these measurements 3rc reported and the 
results obtained therein are analysed. 

The main results of the measurement geometry 
optimization calculations by the SNL are briefly 
reviewed in Chapter 2. A short description of 
the experimental part of this work is given in 
Chapter 3. Chapter 4 gives a description of the 
analysis of the spectra. In Chapter 4 are also 
given the algorithms and equations used for the 
peak fitting. The results are presented in Chap
ter 5, and finally, in Chapter 6, the results 
obtained arc discussed and conclusions arc 
drawn about the expected performance of the 
measurement geometry and some suggestions 
arc given for the further development of the 
peak fitting algorithms. 
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2 REVIEW OF THE OPTIMIZATION CALCULATIONS 

The optimization calculations of the SNL [4] 
employed a one-dimensional code (XRDN) for 
calculating the unperturbed background gamma 
flux above the fuel assemblies. The resulted 
background flux was used as the source for a 
three-dimensional transport code (MORSE) for 
calculrting the background photon flux incident 
on the detector. The same three-dimensional 
code was used for calculating the uncollided 
photon flux incident on the detector from the 
fission product and activation sources of the 
fuel assemblies. From these fluxes the pulse-
height spectrum seen by a Nal scintillation 
detector was calculated using the detector 
response model developed at the SNL 
(GADRAS). 

The model calculations started from the design 
of the first generation SFAT [1J. The main 
parameters influencing the measurement effi
ciency were perturbed in order to find a combi
nation of geometrical parameters, which could 
produce the best signal-to-noise ratio (S/N) for 
the 137Cs photopeak. The main interfering signal 
of "Co has been taken into account The para
meters perturbed were the collimator pipe inner 
diameter and its wall thickness, the length of 
the collimator pipe, the dimensions of the lead 
collimator in front of the de.ee tor, the thickness 
of the filter material in front of the detector and 
the detector crystal dimensions. Adding extra 
lead collars with aperture equal to that of the 
lead collimator was also tested, but it did not 
give improvement to the S/N ratio. 

The main results of the calculations of the SNL 
are summarized as follows. 

For the filtering material, a low-Z material was 
recommended instead of lead used in the first 
generation SFAT. Iron was suggested as the 

best material for filtering, because it should 
give the best filtering efficiency for the scat
tered low-energy photons without impairing the 
Cs-to-Co peak efficiency ratio. It was con
sidered that a filter in front of the lead 
collimator would be more efficient than one 
directly attached to the detector entrance, 
because the photons scattered by the former 
filter would be efficiently captured by the lead 
collimator, whereas all photons scattered by the 
latter one into direction less than 90 degrees 
from their original direction would enter the 
detector. The optimal filter thickness was not 
determined in the study. 

The calculations did not give unambiguous 
answer to the question of the optimal pipe 
length. Instead it was recommended that a 
series of different pipe lengths between 1 m and 
2 m should be tested. The calculations revealed 
two sources of background having essentially 
different behaviour versus pipe length. The 
local background field decreases strongly when 
the pipe length is increased, i. e. the detector is 
brought farther away from the fuel assemblies. 
The second background component is the radi
ation scattered from water below the entrance 
window of the pipe. For a 2 m pipe length the 
calculations revealed that approximately 90 % 
of the background is coming through the 
entrance window whereas for 1.5 m these two 
background components are approximately 
equal. In the report of Laub and 3upree [4] two 
different definitions to the S/N ratio were given, 
one of them was sensitive to the count rate, i. e. 
to the activity level of the source, whereas the 
other was independent of the count rate. The 
S/N versus pipe length curves were quite shal
low, especially the count-rate independent S/N. 
It was not less than 75 % of its maximum value 
(at 1.3 m) within the range 1.0 m to 1.75 m. 
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The pipe walls should be as thick as possible, at 
least S mm, to minimize the background pen
etrating into the air-filled collimator pipe from 
the side. The increase of the pipe inner diameter 
was not recommended, its decrease was not 
studied. There were no calculations reported 
about a dummy assembly surrounded by irradi
ated fuel assemblies. This is, however, a very 
important case for studying because only that 
case can reveal whether the collimator system 
shields completely out the direct radiation from 
the neighbouring fuel assemblies. 

The reduction of the massive lead collimator 
with a 10 mm aperture in front of the detector 
was recommended. The original diameter of tne 
lead collimator was 125 mm and its length 
200 mm. It was recommended that the diameter 

of the lead collimator could be reduced to 
80 mm for the first 100 mn in length. Thus 
about 9 k^ of weight could be savcu. 

The size and shape of the Nal crystal should 
have only a small effect to the photopcak effi
ciency. It was recommended that due to the 
highly collimatcd full-energy radiation the dia
meter of the crystal could be reduced to 1.5 
inch. The crystal should not be chosen thinner 
than 1 inch. The crystal thickness beyond 2 
inches should not provide any improvement in 
the 137Cs photopcak efficiency. It was recom
mended that maybe a 1.5-inch diameter and 2-
inch thick crystal would be optimal, but small 
deviations from these dimensions would have 
only a minor effect. 
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3 EXPERIMENTAL 

FOi the experiments the SFAT device, originally 
introduced in ref. [1], was modified in order to 
be able to test the measurement geometry 
options chosen for testing. 

The gamma spectrum of a fuel bundle was 
measured in various measurement geometries 
and at three positions relative to the bundle. 
The three positions above the fuel bundle 
chosen for measurement were 

position 1: in the middle of the bundle right 
above the stainless steel handle; 

position 2: in the middle of the triangle defined 
by the diagonal fuel handle and two sides of a 
fuel bundle and 

position 3: over the gap between two fuel 
bundles. 

In position 1 the "Co-signal is expected to be 
strong and the fuel handle shadows the 137Cs-
signal. In position 2 the '"Cs-signal is supposed 
to be at its maximum. In position 3 the 137Cs-
signal should vanish so as to be sure that ^ach 
bundle is individually seen without interference 
from the neighbouring bundles. In all positions 
the level of the collimator tube end window 
was kept constant, 50 mm above the handle. A 
schematic map of the measurement positions is 
drawn in Figure 1. 

The spectra obtained with different measure
ment geometries were compared to each other 
to find the optimal geometry for the device. The 
main indicator in the spectrum was the 662 keV 
gamma [5] emitted by l37Cs. 137Cs is a fission 
product with a considerably long half-life, 
30.0 a. Thus its relative fraction of the spent 
fuel activity increases with cooling time. Only 
one fuel assembly with a 8.5-year storage time 

was used in the comparisons of the different 
geometries. Due to the short half-life, 285 d, of 
the mother fission product of the luPr nuclide, 
only 137Cs could be detected. The analysis of 
the spectra has been concentrated on the I37Cs-
signal due to its great importance for the verifi
cation of long-term stored fuel assemblies. 

As the measurements were initially planned to 
be performed in one work day, some assump
tions about the geometry had to be made befo
rehand to limit the number of measurements 
needed. Also it was impossible to prepare a 
large variety of collimator tubes with different 
lengths. Therefore two collimator lengths were 
chosen. The longer collimator of 1520 mm in 
length was ready, and a shorter one, with 
1250 mm in length was specially prepared for 
the experiment. These collimator pipes gave 
distances 1720 mm and 1450 mm from the pipe 
entrance window to the detector surface. Later 
in this study the term "tube length" signifies 
they distances. The inner diameter of the tubes 
was 27 mm and the wall thickness 9 mm. 

Since the effect of a smaller tube diameter had 
not been considered in the SNL study, it was 
decided to make a tube with a smaller inner 
diameter by inserting a smaller tube inside the 
collimator pipe. This way a collimator pipe of 
20 mm in diameter could be easily prepared 
and tested. 

Furthermore a set of lead collars with 10 mm 
apertures were manufactured to be placed inside 
the collimator pipe as explained in the SNL 
report although the SNL calculations did not 
show any improvement from these collars. 

The detector used was a ?. inch by 2 inch Nal 
scintillation detector covered by a 2 mm copper 
tube with a 2 mm copper end window at the 
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beam entrance. This end window was further 
enhanced by a 3 mm iron filter so as to make a 
filter approximately equivalent to 5 mm of iron. 
Additional filters of iron were manufactured, 
5 mm each to be placed in front of the lead 
collimator. 

The shortage of measurement time allowed only 
one measurement geometry with the longer of 
the two optional collimator tubes to be tested as 
the shorter tube was readily found to give better 
results. Also only one collar was tested instead 
of two or all three ones in the collimator pipe, 
because it did not give a clear improvement in 
the S/N level, it merely reduced the total count 

rate of the detector. 

Testing of three different collimator positions 
above the bundle was first considered to satisfy 
the purpose of the experiment. However, during 
the measurements it was found out that all 
measurements performed above the gap did not 
give a spectrum with the triCs photopcak van
ished. In order to distinguish whether this phe
nomenon was due to inaccurate horizontal posi
tioning or the fact that above the gap SFAT 
could sec direct radiation from two adjacent 
fuel assemblies simultaneously, it was found 
necessary to perform a scan over one pitch 
length of the array of stored fuel assemblies and 

4,34—-(.* < 

134 mm 
165 mm 

gap 

Figure 1. Collimator positions: 
1. at the centre of a fuel bundle, above the handle; 
2. at the centre of the triangle (place of the maximum signal); 
3. above the gap between the fuel bundles. 
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it was decided to use one more day for the 
experiment. The line of the scan is shown in 
Figure 1. The scan was performed from right K> 
left and the origin of the scale of the scan was 
position 2. 

A total of 58 spectra were measured. The meas
urement time for the spectra used for the 
geometry comparison was 240 s (live) and for 

the scan 180 s Give) The spectra were collected 
and stored using a Canberra S100 multichannel 
analyser (MCA) system interfaced to a PC. The 
spectra were stored into the hard disk of the PC 
in Canberra S100 format. As an example, two 
typical spectra, measured with the same 
geometry in positions 2 and 3. are presented in 
Figure 2. The spectrum with higher peaks is the 
one measured a! position 2. 

1 Aonn -. 
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10000 -

„ 8000 -

lo
un

ts
 

6000 -

4000 -

2000 -

n -
u 

( 
) 200 

662 keV 

400 

Channel 

1173 keV 

1333 keV 

600 800 

number 

1000 

Figure 2. Example of two spectra measured in positions 2 and 3. 
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4 ANALYSIS OF THE MEASURED SPECTRA 

4.1 General considerations 

The main task in data analysis is to determine 
on which terms one can state that there is a 
137Cs-signal in a spectrum or there is no such 
signal. Curves of Gaussian form were first fitted 
into experimental data using a curve fit pro
cedure. Then the net peak area and its standard 
deviation were calculated from the curve para
meters and their standard deviations. In this 
analysis, as in the study of Laub and Duprce 
[4], the signal-to-noise ratio is used as the fig
ure-of-mcrit for describing how clearly a peak 
can be distinguished. As mentioned by Laub 
and Dupree, the definition of the S/N ratio is 
application specific. As the data analysis gives 
an estimate to the standard deviation of the 
peak area, the "noise" of the peak area is here 
defined as three times its standard deviation 
obtained from the fit. The definition used in this 
analysis gives a convenient normalization to the 
S/N ratio: when this ratio exceeds unity, it can 
be said that the signal is detected at a better 
than 99 % confidence level [6]. The algorithms 
used in the curve fitting are described more 
precisely in Section 4.2. 

From the point of view of the spent fuel verifi
cation, it is essential to know which one of the 
geometries is the most sensitive according to 
137Cs detection, that is, gives the highest S/N 
ratio. Another important thing is to find out 
how the S/N ratio of 137Cs varies as a function 
of the horizontal position of the detection 
device. Above the gap between the fuel assem
blies the 137Cs-signal should disappear in order 
to be sure that the device sees only one fuel 
bundle at a time. 

Unfortunately, peak report procedures of stan
dard MCA programs, also used by the Canberra 
S100 system, are far from being applicable for 

the wide peaks characteristic for the Nal scintil
lation detector. Therefore special procedures 
had to be developed for analysing the spectra. 
Another feature in the spectra, which makes the 
fitting complicated, is the high background level 
from the scattered photons. This high back
ground level, can be seen clearly by comparing 
Figures 2 and 3. In Figure 3 the spectrum from 
137Cs and *°Co calibration sources placed next to 
the detector of SFAT in air is displayed. Des
pite the poor statistics of the spectrum due to 
the short measurement time and weak calibra
tion sources, it can be clearly seen that the 137Cs 
peak is more pronounced and the background 
level from the scattered photons is significantly 
lower than in the case of a fuel verification 
measurement. 

4.2 Calculation methods and 
programs used for curve 
fitting 

All analysis was done with a PC (i486 DX, 
33 MHz, 8 MB memory). The program chosen 
for obtaining calculation.'! results from the 
measurement data and for producing graphical 
presentations of the results was the DOS ver
sion of the commercial computer program 
SigmaPlot [7]. SigmaPlot was considered practi
cal because it combined a relatively smooth 
transport of numerical data from a file to 
another, mathematical tools for curve fitting and 
graphics for visualising the results by means of 
diagrams. SigmaPlot was not chosen primarily 
for its curve fitting abilities, as the curve para
meters could have been obtained faster and 
easier by means of a curve fit program specially 
written for that purpose. Actually, it was found 
convenient during the analysis first to use a 
self-written special curve fit program to gener
ate the parameters, and then give them as initial 
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Figure 3. The gamma spectrum of "7Cs and "Co calibration sources as measured with the 
detector of SFAT. 

values for the SigmaPlot curve fit procedure. 
Then SigmaPlot calculated the final curve para
meters, their standard deviations and the value 
of the fitted function at each channel. The curve 
fit functions could be compared to the original 
data by plotting them both versus channel num
ber in the same graph. SigmaPlot functions 
were written to calculate the peak areas, their 
deviations and their signal-to-noise ratios. The 
self-written supporting programs were written in 
TurboPascal version 6.0. 

Curves of the form described below were fitted 
into experimental data by an algorithm written 
and run in SigmaPlot. The Gaussian peak func

tion P is expressed as 

/»^•exrf-^L (1) 

2r 
where 
a - amplitude of the peak, 
d, = x-c, 
x = channel number, 
c = centroid of the peak, 
$ = width of the peak. 

The background function used is of the form of 
a second-degree polynomial, 
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JNVV+V 2 ' (2) 

where d = x • m. m denotes the mid-point of 
the interval of the fit, bQ, b, and b2 arc the coef
ficients of the polynomial. 

The function to be fitted into the data is the 
sum of the peak and the background 

The parameters of the fit were peak amplitude 
(a), peak width (s), peak centroid (c) and the 
three coefficients of the background polynomial. 
The FWHM normally used as the measure of 
the width of an experimental peak is for a 
Gaussian peak 

FWHM=2fi\iä*s. (4) 

be on the same position and have the same 
width as the 137Cs-pcaks with a well defined 
area in other fits. The standard deviation of the 
area of such a weak peak depended thus only 
on the standard deviation of its amplitude, not 
of its width (see Eq. (6)). 

In Appendix 1 an example of the output of the 
self-written program generating the initial 
values is presented. The program does not only 
calculate the curve parameters, but it also pro
duces a correctly formulated SigmaPlot curve 
fit file provided with good initial guesses. Thus 
Appendix 1 is also an example of a SigmaPlot 
curve fit procedure. In Appendix 2 there is 
another curve fit file with constant values for 
the peak width and peak position. 

4.3 The procedure of curve 
fitting 

The peak area A is expressed as 

A=asfiZ. (5) 

The standard deviation of the area can be 
obtained from 

oA=A 
N £•*?+&?. (6) 

a s 

where o, denotes the standard deviation of the 
peak amplitude and o, denotes the standard 
deviation of the peak width. 

In the case SigmaPlot could not find a 137Cs-
peak, two of the curve parameters, peak 
ccntroid (c) and peak width (s), were fixed in 
the fit procedure. In all cases, when these para
meters were fixed, the value c = 318 was used 
for the measurements performed on the first day 
and c = 310 was used for those performed on 
the second measurement day as these values 
corresponded to the average peak positions. For 
the peak width the value s = 10, was used for 
all measurements. The values were obtained by 
demanding that the peak, if there is one, should 

Each spectrum consisted of 2048 channels. The 
FWHM, according to Canberra S100 peak 
reports, was for 137Cs-pcaks around 40 channels 
and for ""Co-peaks around 50 to 60 channels. 
To make the files easier to handle, the number 
of channels was reduced to 1024 by pairwisc 
summing of two adjacent channels. This did not 
only save computer time during the curve fit
ting, but it also reduced the random fluctuations 
in each of the remaining channels. The reduc
tion of the deviations was considered more 
remarkable than the loss of information due to 
a reduced number of channels. 

The next step in the analysing process was to 
fit Eq. (3) into the peaks of the srxctra. An 
interval of one hundred channels of width 
around the 137Cs-pcak was taken into the fit. For 
the two ^Co-peaks, which were located close 
enough to each other to be considered as a 
double peak, the number of channels taken into 
the fit was two hundred. The number of chan
nels of the interval could not be increased 
freely to improve the background fit, because 
the validity interval of the second order poly
nomial background was limited. Broadening the 
fitting interval would have called for revising 
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the background model with new free parame
ters. This would have more than compensated 
the advantage from taking a broader interval 
into the fit. 

After having obtained good values for the para
meters with a fast self-written program, the 
final values and their standard deviations were 
calculated by SigmaPloL 

The algorithms used in this analysis failed in 
many cases to find any peak. In such cases the 
algorithms were revised, e.g. the peak centroid 
or the peak width or both were fixed. The 
initial guesses for the parameters had to be 
chosen with care in order to prevent divergence 
of the curve fit function for those fits with a 
small or vanishing 137Cs peak. Giving the right 
initial values was especially essential for the 
error SigmaPlol estimated to its own curve fit 
results and hence for the S/N ratio obtained. 

One of the problems was to quantitatively iden
tify a case of no-peak. In cases where there was 
no 137Cs peak visible, the centroid and width of 
the peak were fixed and only one parameter 
was allowed for the peak. In a successful fit of 
a no peak case the peak amplitude should be 
zero within the statistical error limits. 

Table I. Parameters obtained in the fits of 
Figure 4 and Figure 5. In Figure 5 s and c 
were he f4 fixed. 

Parameter 

a 

s 

c 

\ 

b, 

b. 

A 

Figure 4 

1351.6 

10.32 

319.0 

8293.2 

-39.94 

0.0946 

34948 

Figure 5 

203.9 

10 

310 

6431.5 

-26.20 

0.0506 

5111 

The success of the fit could be best evaluated 
from the graphical plot of the fit with both the 
curve, Eq. (3), and the background, Eq. (2), dis
played. Figure 4 shows the result of a typical fit 
to a large and clear l37Cs photopenic, whereas 
Figure 5 displays the result of a fr g to a very 
small l37Cs peak with the centroid and width 
fixed. 

Figure 4. Example of a fit, large peak. The 
background line is drawn below the fitted 
curve. 

Figure 5. Example of a fit, a small peak. The 
background line is drawn below the fitted 
curve. 
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5 RESULTS 

The geometries tested in the measurements are 
listed in Table II. In each measurement there 
was a filter made of 2 mm copper and 3 mm 
iron immediately in front of the detector. Table 
II gives the thickness of the additional iron 
filter placed in front of the lead collimator. 

The signal-to-noise ratios measured for five 
different geometries are presented graphically in 
Figure 6. The numeric values can be found in 
Table III. Some of the measurements were 
repeated, and from those measurements die 
average value, indicated in the last column of 
Table III, was used for the graphics of Figure 6. 
All these measurements were performed in posi
tion 2. The different measurement positions 
have been explained on page 9 in Chapter 3 
and illustrated in Figure 1. 

Geometry d denotes the measurement with one 
lead collar in the collimator tube. The collar 
used was the uppermost of those tested in the 

S 4 -
S 

I 
f 3 -
s 

h-

0 I 1 I I—l—i—1—1—1—I—I—1—I—I—i—l 
e b c d • 

Figure 6. mCs- signal-to-noise ratios in five 
different geometries as described in Table I. 
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calculations of SNL. It was placed at 171 mm 
below the lead collimator. However, it was 
found immediately, from the Canberra S100 
peak report, that even one collar weakened the 
signal by 65 %. Therefore it was decided not to 
do any further experiments with the collars. 
The result of closer analysis made afterwards 
shows that die signal intensity was reduced only 
by 18 %, and had only a minor effect to die 
S/N ratio as can be seen in Figure 6 (geometry 
d versus geometry c). This result strongly em
phasizes the importance of die use of a good 
data analysis program instead of simple peak 
report facility of a commercial MCA system. 

An example of the comparison of die S/N ratios 
measured in tiiree different positions is pres
ented in Figure 7k The corresponding numerical 
values are given in Table IV. In each measure
ment die tube lengdi was 1450 mm, tube inner 
diameter was 20 mm and diere was a 10 mm 
iron filter in front of die lead collimator 

Table II. Measurement geometries in Fig
ure 6. 

Geo
metry 

a 

b 

c 

d 

e 

Tube 
length 
(mm) 

1720 

1450 

1450 

1450 

1450 

Tube in
ner dia

meter 
(mm) 

27 

27 

20 

20 

20 

iron 
filter 

(mm) 

5 

5 

5 

5 

10 

lead 
col
lar 

no 

no 

no 

yes 

no 
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Table HI. Signal and noise value and S/N ratio of the "7Cs peaks used for geometry comparison 
in Figure 6. 

Geometry 

a 

b 

c 

c repeated 

c repeated 

d 

e 

e repeated 

Signal (Peak area) 

21016 

34964 

25976 

22584 

23143 

21247 

17632 

18915 

Noise (3o) 

4294 

6492 

4821 

4338 

5170 

4580 

4565 

4855 

S/N 

4.89 

5.39 

5.39 

5.21 

4.48 

4.64 

3.86 

3.89 

Average S/N 

5.02 

3.88 

(geometry e). In all geometries the S/N ratio at 
the three positions behaved approximately in 
the same way. In position 2 the l,7Cs-signal has, 
as expected, its maximum. In position 3 the 
137Cs-signal-to-noise ratio falls below unity. 
To verify that the I37Cs-signal coming from the 
fuel disappears, when the collimator tube passes 
the gap, a scan, also mentioned in Chapter 3, 
was performed. When scanning along the 
dashed line in Figure 1, the presumed optimum 
geometry, geometry b, was used. The results of 
the behaviour of the 137Cs phoiopeak S/N ratio 
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n
o
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o 7 T» . "thf m, % rat 

during the scan are presented in Figure 8. In 
Figure 8 the bumup of both assemblies was 
26000 MWd/t The cooling time was 8.5 years 
for the left bundle and 7.5 years for the right 
one. The numerical values forming the basis of 
Figure 8 are given in Table V. 

Figure 9 illustrates the S/N ratios of the "Co-
peaks obtained in the same scan. The overall 
shape of the *°Co scanning curves is similar to 
the shape of the I37Cs curve. The differences arc 
due to the two signals originating from different 
physical places. The actual fuel with the fission 
products starts about 400 mm below the stain
less steel upper tie plate. This different origin of 

Table TV. Signal and noise value and SIN 
ratio of the l37Cs peaks used for position com
parison in Figure 7. 

collimator positions 

Position 

1 

2 

3 

Signal 

11489 

17632 

8720 

Noise 

4481 

4565 

8927 

S/N 

2.56 

3.86 

0.97 

17 
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Figure 8. mCs photopeak signal-to-noise ratio on a scan over one pitch length (165 mm) of the 
array of fuel assemblies. 
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Figure 9. "'Co photopeak S/N ratio on the scan. The closed triangles represent the values of the 
1.33 MeV peak and the open ones the values of the 1.17 MeV peak. 
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the signals is displayed in the position of the 
maximum of each curve. "Co has the maximum 
at the position of the handle (100-120 mm), 
where 137Cs has its local minimum. The maxi
mum of the ll,1Cs curve falls just after the 
handle (130 mm) where SFAT sees 
unshadowed the maximal signal from the fuel 
rods. The absolute minimum of both the I37Cs 
and the "Co signal falls into the gap between 
the adjacent fuel bundles. The gap width is 31 
mm in the TVO KPA storage pond. The l37Cs 
signal vanishes totally at the gap (S/N falls 
below unity) whereas the wCo signal is clearly 
significant all over the scan. This reflects the 
better collimation of the 137Cs signal coming 
about half a metre below the source of the *°Co 
signal. The width of the gap is only a little 
larger than the diameter of the collimator pipe 
(27 mm), which explains why the 117Cs signal 
disappears only on one point in the scan. 

Table V. Signal and noise value and SIN ratio 
of the ,37Cs peaks measured during the scan. 

Position 
(mm) 

-20 

-10 

0 

10 

20 

30 

40 

50 

60 

70 

90 

100 

110 

120 

130 

140 

150 

160 

170 

Signal 

23062 

24966 

228/8 

25554 

13410 

5724 

939 

2906 

15329 

17306 

26008 

18136 

\8731 

22250 

20511 

21734 

28956 

25317 

26668 

Noise 

3942 

3862 

4757 

4472 

4425 

2328 

1976 

1967 

6438 

5263 

5454 

4425 

5451 

5789 

2565 

3487 

4938 

4136 

4896 

S/N 

5.85 

6.46 

4.81 

5.71 

3.03 

2.46 

0.48 

1.48 

2.38 

3.29 

4.77 

4.10 

3.44 

3.84 

8.00 

6.23 

5.86 

6.12 

5.45 
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6 DISCUSSION ON RESULTS AND CONCLUSIONS 

As it can be seen from Figure 7, the signal-to-
noise ratio of I37Cs is at its best when measured 
at position 2. Hence a clear signal is most likely 
to be found near position 2. The required accu
racy for horizontal positioning can be estimated 
from the width of the high S/N signal in 'he 
scan. This width is about 40 mm, which sets 
the horizontal positioning accuracy requirement 
to ± 20 mm. 

In general, the differences in the S/N ratios 
obtained for different geometries are not very 
large. This indicates that the performance of the 
SFAT device is not very critical to small vari
ations of the geometty. This is a very good 
result, because die obtainment of the absolute 
optimal measurement geometry, either experi
mentally or through model calculations, is a 
very tedious and time-consuming task due to so 
many parameters in the optimization. 

The measurement geometry chosen for the 
prototype, geometry b, seems according to the 
rcsujc to be the best of the geometries tested. 
When positioned above the measurement posi
tion 2, its S/N ratio exceeds five. Thus it is 
good enough for distinguishing a clear signal. 
The measurement geometry b is visually charac
terized in Figure 10. 

Partly due to the wide peaks of a scintillation 
detector, the obtainment of quantitative results 
was complicated in practice. This was most 
probably due to die fact that there were too 
little channels in the fit where only background 
could be seen as compared to the total width of 
the peak. This made the determination of the 
background parameters somewhat unreliable 
and induced correlation between the peak and 
background parameters. For instance, if the 
second degree coefficient of the background 
resulted too large, it increased the amplitude of 

the peak, too. Testing of wider interval for the 
fit did not help because die second-degree poly
nomial mode! could not be extended arbitrarily. 
After a long tedious analysis physically rea
sonable and reliable peak areas were finally 
obtained even for the smallest and totally van
ishing peaks. 

Also the repeatability of die measurements 
seems not very good accordirq to the few repe
ated measurements. Three spectra were 
measured with the measurement geometry c; 
one separately during die first measurement 
day, and two right after each other during the 
second measurement day. The S/N ratios in die 
respective order, and their average values are 
presented in Figure 11. On the other hand, two 
spectra were measured with measurement 
geometry e, and their S/N ratios differed from 
each other only by 0.9 %. 

The strong correlation f die S/N r«»uO of 137Cs 
with die position of die device above the fuel 
assemblies during die scan, and especially the 
disappearance of die signal above die gap, show 
that die detectability of 662 keV photons is a 
good indicator for spent fuel inspection. 

The general problem of quantitatively verifying 
a no-peak case widi a certain statistical confi
dence level remains unsolved. However, it is 
believed diat it is possible to automatize die 
peak detection routine so that there could be a 
computer program, which in most of die cases 
would give an indisputable verification of die 
fission product 137Cs, and only very few fuel 
assemblies would call for a closer inspection. 
The first approach in the closer inspection 
would be a longer measurement time over an 
unverified assembly. Only if this fails Uiere 
would be a need of taking the fuel assembly out 
of its storage position. 
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Ffcwr* 10. The optimum geometry of the SFAT-device. 
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Developing better calculation algorithms is 
recommended as a means of getting the best out 
of the SFAT device. This might, however, not 
be an easy task, as the peak parameters in the 
case of a small peak become strongly corre
lated. In the extreme case of no peak, it is 
evident that the position of such a "no-peak" 
can be anywhere in the spectrum and it can 
have an arbitrary width as long as its amplitude 
is zero. One way to overcome the problem of 
correlated parameters in the case of a small or 
totally vanishing peak is to fit the peak of a 
calibration source and use the peak position and 
width obtained therein as fixed parameters, and 
let only the peak amplitude be a variable para
meter. 

Figure II. Repeatability of the signal-to-noise 
ratio obtained using the same geometry. Ave 
indicates the average value. 

Note. This report was referenced in the paper "Commercial Prototype Spent Fuel Attribute Tester (SFAT) for 
LWR Fuel Verification" by M. Tarvainen, A. Tiitta, M. Paakkunainen and R. Aril presented at the 15* 
ESARDA Symposium on Safeguards and Nuclear Material Management in Rome, Italy, 11-13. May, 1993. 
Figures 2 and 3 of that paper were based on preliminary results of the work presented in this report, and differ 
somewhat from the final results presented in Figures 6 and 8 of this report, respectively. 
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APPENDIX 1: AN EXAMPLE 
FITTING FILE 

jsv4R 

[Parameters] 
A=582.982 
s=8.699 
c=313.271 
b0=6802.527 
bl=-27.7770 
b2=-0.0309 

[Variables] 
x=col(1,275,375) 
y=col(2,275,375) 
w=1.0/y 

[Equations] 
d=x-0.5*(275+375) 
dl=x-c 
d2=dl*dl 
s2=s*s 
Bkg=b0+bl*d+b2*d*d 
Peak=A*exp (-0,5*d2/s2) 
f=Bkg+Peak 
fit f to y with weight w 

[Constraints] 

[Options] 

OF THE SIGMAPLOT CURVE 
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APPENDIX 2: A SIGMAPLOT CURVE FITTING HLE WITH 
FIXED CENTROID AND PEAK WIDTH 

jsv4R 

[Parameters] 

A=2807.664 
b0=9373.644 
bl=-20.383 
b2=-0.0262 

[Variables] 

x=col(1,275,375) 
y--col (2, 275,375) 
w=1.0/y 

[Equations] 

s=10 
c=310 
d=x-0.5*(275+315) 
dl=x-c 
d2=dl*dl 
s2=s*s 
Bkg=b0+bl*d+b2*d*d 
Peak=A*exp(-0.5*d2/s2) 
f=Bkg+Peak 
fit f to y with weight w 

[Constraints] 

[Options] 

26 


