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DISCLAIMERS 

The information provided in this publication is subject to the following provisions and any use of 
the information will constitute acceptance of these provisions. 

The Canadian Nuclear Safety Commission and Swedish Nuclear Power Inspectorate are not 
responsible for the accuracy of the statements made nor the opinions expressed in this 
publication, and neither the Commission, Inspectorate nor the authors nor their contractors, 
subcontractors, consultants, and agents assume any liability with respect to any damage or loss of 
any kind incurred as a result of the use or disclosure of the information contained in this 
publication whether based on contract, tort including negligence, strict liability, or otherwise. 

The Canadian Nuclear Safety Commission, Swedish Nuclear Power Inspectorate and its 
contractors, subcontractors, consultants, and agents make no warranties in connection with the 
information provided in this publication, and all merchantability, fitness for purpose, freedom 
from the infringement of patents or other privately held rights and including any warranties as to 
the accuracy, completeness, or usefulness, or the use or the results of the use of any of the 
information provided in this publication. 

 



DCVD Measurements at the Laguna Verde NPP 
 

Version 1.1 iii 
 

 

 

 

 

 

 

ABSTRACT 
A new digital Cerenkov viewing device (DCVD) with high ultraviolet light sensitivity has been 
developed. Field measurements on BWR spent fuel at Laguna Verde Nuclear Power Plant Unit 2 
resulted in new Cerenkov information on GE9 and GE12 spent fuel assemblies. Off-alignment 
measurements show: quantitative differences in the degree of light collimation from between the 
fuel rods; lack of light collimation from water rods; and decreased light collimation from partial-
length rod positions. Hidden rods could also be detected in off-angle views. The results indicate 
that it may be possible to detect missing partial-length fuel rods in GE12 fuel assemblies. The 
new DCVD was able to verify low burnup, long-cooled, natural uranium GE6 fuel assemblies. 
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2. INTRODUCTION 
Field measurements were carried out at Laguna Verde Nuclear Power Plant Unit 2, Mexico, in 
2005 January on boiling water reactor (BWR) spent fuel using the digital Cerenkov viewing 
device (DCVD). The objectives of the measurements were: (1) assess the compatibility of the 
DCVD with the reactor bridge railing and fuelling machine, (2) assess the ease of use of the 
DCVD at the facility, (3) assess the performance of a new version of the DCVD, (4) to obtain 
Cerenkov characteristics of the stored spent fuel assemblies, (5) verify the low burnup, natural 
uranium, 8.5-years-cooled spent fuel, and (6) to instruct International Atomic Energy Agency 
(IAEA) inspectors on the use of the DCVD. 

There are three types of fuel assemblies stored in the reactor fuel bay, all manufactured by 
General Electric. The three types are: the original 8x8 BWR fuel design, an 8x8 design with a 
central water rod, and a 10x10 assembly with 14 partial-length fuel rods and two water rods. 

The development and testing and the assessment of verification techniques for the DCVD are a 
joint effort of the Canadian and Swedish Support Programs for the IAEA. 

3. INSTRUMENTATION 
Two DCVDs were used in this field test. One was an IAEA instrument (DCVD-1) that uses an 
Andor Technology DV865 camera. The detector is a 288x576-pixel, lumogen-coated, electron-
multiplied, charge-coupled device (EMCCD) that is 8.5 percent efficient in the UV. The 
description of this instrument has been published in a previous report [1]. DCVD-ES (for 
enhanced sensitivity) uses a new detector that is approximately three times more efficient (about 
30 percent) than DCVD-1. The 512x512-pixel EMCCD is back-thinned and lumogen-coated for 
UV sensitivity. Pixel size is 16x16 µm. The camera can operate at 10 MHz, yielding frame rates 
of over 30 frames per second. 

The railing bracket for DCVD-ES was improved by reducing the weight of the frame and camera 
table by 9 kg and increasing the tilt capability from two degrees to ten degrees (Figure 1a). The 
DCVD-ES computer is a tablet HP Compaq TC 1100, incorporating an Intel Pentium M, 1 GHz 
processor with 512 MB of memory. The hard drive has 40 GB of storage capacity and the 
operating system is Microsoft Windows XP Tablet Edition. The computer is shown assembled 
with the rest of the system in Figure 1b. 

   
 (a) Modified railing bracket and table (b) New computer on modified railing bracket 

Figure 1: DCVD-ES 
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4. FUEL BAY AND BRIDGE 
The bridge/fuelling machine is shown in Figure 2. The DCVD was mounted on the fuelling 
machine, Figure 2(a), which has full movement along the bridge to allow viewing the columns of 
assemblies. The bridge is moved to access rows. Illumination of the fuel bay is provided by 
overhead lighting, which is fairly subdued, making individual assemblies difficult to see. 
Supplementary underwater lighting permitted visual viewing. The fuel bay has a total storage 
capacity of about 3,200 spent fuel assemblies but contained near 800. The reactor has operated 
with three types of General Electric/Global Nuclear designed fuel: GE6 (8x8), GE9 (8x8) and 
GE12 (10x10). The viewing distance from the DCVD to the top of the fuel assemblies is about 
10 meters and the storage pitch (distance from the centre of one assembly to the centre of the 
neighbouring assembly) in the fuel bay is 16.1 cm. The width of each assembly is about 14 cm. 

The DCVDs mounted easily on the fuelling machine (Figure 2a), which moved smoothly and 
precisely. Limited positions were available on the back railing of the bridge (Figure 2b) because 
not all the fuel was accessible from the back railing. Thus, all measurements were taken from the 
fuelling machine. 

The water in the fuel bay was initially very turbulent. Attempts to image fuel assemblies under 
these conditions were unsuccessful. The operator was subsequently able to shut off the 
circulation pumps to permit use of the DCVD for imaging spent fuel. 

   
 (a) Fuelling machine/front side of bridge (b) Rear view of the bridge 

Figure 2: Bridge in Unit 2 

5. MEASUREMENT RESULTS 

The DCVD images in this report have been scaled to show optimum brightness and contrast for 
printing. This is possible because of the digital nature of the images. Therefore, care must be 
taken when comparing images. A long-cooled fuel can look as bright as a short-cooled one even 
though the long-cooled fuel has less intensity (fewer counts). The only valid measure of glow 
intensity is the actual counts in the original file. 

All fuel images in this report were taken with the DCVD-ES instrument. 
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5.1 Cerenkov images of BWR spent fuel 

5.1.1 GE6, 8x8 fuel assembly 

The GE6 8x8 fuel assembly contains 62 fuel rods and two water rods. The arrangement of these 
rods is illustrated in Figure 3. The two water rods replace two normal fuel rods. The lifting 
handle of the fuel assembly blocks the view of these two water rods. 

  
Figure 3: Fuel rod arrangement in a GE6 fuel assembly 

 

    
 Grey-scale image False-colour image 

Figure 4: Image of a GE6, 8x8 fuel assembly 

The grey-scale and false-colour images, Figure 41, show the characteristic Cerenkov image of a 
GE6 8x8 fuel assembly (in this case, 3,480 MWd/t U, 8.5 years cooled). The lifting handle does 
not extend to the corners of the assembly, a design feature different from 8x8 assemblies imaged 
in Swedish facilities. The false-colour image clearly shows that the DCVD was aligned slightly 

                                                 
1 A colour intensity scale is shown to the right of the false-colour image. Dark blue to black indicates low light 
intensity and yellows to white indicated high intensity. The scale applies to but is not shown for all false colour 
images in this report. 
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to the left side of the fuel assembly. The corner braces are unusual and further design 
information is needed to explain the feature. 

5.1.2 GE9, 8x8 fuel assembly 

The arrangement of the fuel rods for GE9 fuel assemblies is shown in Figure 5. This 8x8-fuel 
contains 60 fuel rods. One water rod is located in the centre of the fuel assembly and occupies 
the area of four fuel rods. 

  
Figure 5: Top view of fuel rod arrangements in a GE9 fuel assembly 

   
 Grey-scale image False-colour image 

Figure 6: Image of a GE9 fuel assembly 

The Cerenkov image (Figure 6, grey-scale image) shows the distinctive dark central water rod 
with four darker water gaps around the water rod. The darker water gaps are attributed to the fact 
that the water rod contains no fuel and does not emit a significant number of high-energy gamma 
rays. The false-colour image clearly shows the variation in Cerenkov glow within the fuel 
assembly. The light from between the fuel rods between the outer and the adjacent row of fuel 
rods shows the lowest intensity. Farther towards the centre of the fuel, the light intensity is the 
highest, indicating proper alignment. 
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The central water rod makes the Cerenkov image of GE9 fuels quite unique. Design data is 
required to fully explain the darker water gaps surrounding the water rod. 

5.1.3 GE12, 10x10 fuel assembly 

The GE12 10x10 fuel assembly contains 78 full-length fuel rods, 14 partial-length fuel rods and 
two water rods. The arrangement of these rods is illustrated in Figure 7. The two water rods 
occupy the area of eight fuel rods. Full-length rods are about 3.9 m long, while the partial-length 
rods are about 2.29 m. 

  
Figure 7: Fuel rod arrangement in a GE12 fuel assembly 

   
 Grey-scale image False-colour image 

Figure 8: Image of a GE12 fuel assembly 

The grey-scale image, Figure 8, of the GE12 fuel assembly (39 735 MWd/t U, 0.28 years cooled) 
clearly shows the bright Cerenkov light from the area of the partial-length rods. This light is very 
intense and is the dominant feature of these assemblies. The area around the water rods is lower 
in intensity because they contain no fuel. The view of the water rods is partially blocked by the 
diagonal lifting handle of the assembly. There are two partial-length fuel rods located between 
the two water rods (Figure 7). Both the grey-scale and false-colour images show that the light 
intensity above these two partial rods is considerably lower than the light from the other partial-
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rod locations. This was unexpected and may be due to the presence of the two water rods or 
partial blocking by the lifting handle. Design data on the assembly may help to explain this 
unexpected characteristic. 

5.2 Off-angle viewing 
This study was initiated because previous work [2] indicated additional Cerenkov light 
characteristics of a fuel assembly could be detected using off-angle techniques. Off-angle 
viewing is defined as moving some distance off alignment and then tilting the DCVD camera 
head to bring the image back into the centre of the field of view. 

Due to fuel bay time constraints, off-angle viewing of GE6 fuel was not done. 

5.2.1 GE9 fuel 

Off-angle to the right 

The DCVD was moved incrementally to the right from the aligned position to 13.3 cm off 
alignment. Selected images are shown in Figure 9 in grey scale and false colour. A small, 4.2-cm 
movement to the right shows that the light from this fuel assembly is highly collimated. The left 
side dims noticeably and the light intensity from the fuel assembly continues to decrease as the 
camera is moved progressively to the right. 

     
 Aligned Right 4.2 cm Right 7.2 cm Right 13.3 cm 
 Grey-scale images 

     
 Aligned Right 4.2 cm Right 7.2 cm Right 13.3 cm 
 False-colour images 

Figure 9: GE 9 fuel: off-angle images to the right 
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MATLAB analysis 

The above images and an additional two that were taken farther to the right were analyzed using 
MATLAB. Three areas from the image were selected for off-angle analysis, shown in Figure 10. 
Two were from areas of high intensity and one was adjacent to the water rod that showed lower 
light intensity. One dark area (Location 4 in the lower right corner brace region) was used for 
background subtraction. The pixel data are graphed in Figure 10. At 4.2 cm off-alignment, the 
light intensity of the two bright areas had already decreased significantly, indicating that the light 
is highly collimated between the fuel rods. The drop in intensity was as high as 45 percent. The 
selected area of low light intensity adjacent to the water rod does not behave in the same manner. 
There is almost no change in light intensity in the off-alignment position, indicating that the 
Cerenkov light generated in the area next to the water rod is not highly collimated. This is a 
characteristic feature of this fuel. 
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Figure 10: Intensities of the indicated selected areas, moving right 

Off-angle diagonal above and below 

Images of GE9 fuel (Figure 11) were obtained from an aligned position, then diagonally left and 
above, and then diagonally right and below. The diagonal above image shows brighter areas 
between the fuel rods at the top and left side of the assembly. However, the water rod cannot be 
seen, which is surprising. A similar result was obtained from the opposite diagonal position. A 
possible explanation is that the large central water rod is shorter than the fuel rods and below the 
level of the fuel rods. Design data on the top plate is required and additional studies are needed 
on this type of fuel assembly. 

A number of fuel rods hidden under the handle in the aligned view can be detected in the off-
angle view. Fuel rods #22 and 39 (see Figure 5) are now visible (left above off-angle). These 
same hidden fuel rods are also partially visible from the other off angle view (right below off-
angle). This is the first time hidden rods have been positively identified. 
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 22.8 cm diagonally left above  Aligned 22.8 cm diagonally right below 

Figure 11: GE9 fuel: off-angle diagonal views of an 8x8 assembly 

5.2.2 GE12 fuel 

Off-angle to the left 

The DCVD was moved incrementally to the left from the aligned position to 15.2 cm off 
alignment. Selected images from this scan are shown in Figure 12 in grey scale and false colour. 
In the aligned image in grey scale, the light between the fuel rods is generally bright. A 6.1-cm 
movement to the left shows a large drop in light intensity between the fuel rods indicating that 
this light is highly collimated. The light from the partial-length rods on the right side of the 
assembly also decreases in intensity but not to the same degree as the light from between the fuel 
rods. 

     
 Left 15.2 cm Left 12.2 cm Left 6.1 cm Aligned 
 Grey-scale images 

     
 Left 15.2 cm Left 12.2 cm Left 6.1 cm Aligned 
 False-colour images 

Figure 12: GE12: off-angle left views 

Rod 39 
Rod 22 
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MATLAB analysis 

Images from the above scan were analyzed using MATLAB. In one series five areas from 
between the fuel rods were analyzed. In another series, ten areas were analyzed. 

Cerenkov glow from between the fuel rods 
The selected areas are shown in Figure 13. Two areas are located in the bottom left hand side and 
three areas are located in the top right hand side of the assembly. One dark area (Location 6 in 
the upper right corner brace) was used for background subtraction. 

The MATLAB analysis confirms that the Cerenkov light from between the fuel rods is highly 
collimated. The decrease in light intensity with a 6.1-cm movement to the left results in a 
decrease in light intensity as high as 60 percent. This is the first time quantitative data has been 
obtained from a GE12 10x10 fuel assembly. 

  
-2 0 2 4 6 8 10 12 14 16

0

500

1000

1500

2000

2500

3000

3500

4000

Distance from Alignment (cm)

N
et
 In
te
ns
it
y 
(co
un
ts
/s
)

Location 1
Location 2
Location 3
Location 4
Location 5

 
Figure 13: Intensities of indicated areas between fuel rods, moving left 

Cerenkov glow above the partial-length rods 
Ten selected areas are shown in Figure 14. Eight of these were from partial-length rod areas and 
two were from the centre area close to the two water rods. One dark area (Location 11) was used 
for background subtraction. 

The MATLAB results are plotted from the aligned position to 15.2 cm off alignment in 
Figure 14. The data indicate that there is not a large decrease in light intensity compared to the 
light from between the fuel rods. Data from the 6.1-cm image are variable. The light intensity 
generally decreases within a range from 14 to 40 percent. However, one light area increased in 
intensity. The reason for this is not understood. Obviously the light intensity above the partial-
length rods is sensitive to alignment. The general nature of the plots indicates that there is not a 
rapid drop in light intensity when moving off alignment compared to the light from between the 
fuel rods (Figure 13). This means that the light above the partial-length rods is not highly 
collimated. The two positions located in the centre of the fuel assembly are much lower in 
intensity and do not show much decrease in light intensity at 6.1 cm. This is possibly due to these 
positions being adjacent to the two water rods. 
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Figure 14: Intensities of indicated areas above partial-length fuel rods, moving left 

Comparison of light intensities 
The light intensities are summarized in Table 1 for GE12 fuel. The light intensity from the 
partial-length fuel rods adjacent to the water rods is the lowest, the light intensity from between 
the fuel rods is 50 percent higher and the light intensity from the partial-length rods is almost 
100 percent higher. 

Table 1: Cerenkov light intensities from GE12 spent fuel 
 Partial-length rods 

adjacent to water rods
Light between 

fuel rods Partial-length rods 

Counts1 20822 32053 40304 
Ratio 1 1.5 1.9 

 1Background subtracted, 2two values, 3five values, 4eight values 
 
The higher light intensity from the partial-length rods may be due to the larger water volume 
above the fuel rod compared to the water volume between fuel rods. 

Unpublished modelling studies of fuel assemblies with partial-length fuel rods showed that a 
three-quarter-length fuel rod produced a shadow in the region of the partial-length rods. The 
(modelled) shadow disappeared when the fractional length of the partial rod was reduced to the 
actual value of two-thirds. Thus, a missing partial-length fuel rod or a shortened, replaced rod 
could be identified from the higher Cerenkov light intensity. The data in Table 1 shows that the 
light from the partial-length fuel rods is 26 percent higher than the light from between the fuel 
rods. If a measurement of an assembly produced a result where the light from the partial rod area 
is significantly more than 26 percent higher than the light from between fuel rods, then one may 
assume that the partial rod is missing or a shorter rod has been substituted. However, more 
studies are required to confirm this observation. 

Off-angle diagonal below and above 

The views from a position aligned over a fuel assembly diagonally left and below and the 
opposite diagonal are shown in Figure 15. These images show the presence of one partial-length 
fuel rod adjacent to the central water rods that cannot be seen clearly in an aligned image (the 
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off-aligned image shows a larger and brighter area.) There is also a small shift in intensity in the 
two areas alongside the handle in the upper left corner of the assembly due to the partial-length 
rod under the handle. 

   
 22.8 cm diagonally below left 22.8 cm diagonally above right 
 Grey-scale images 

   
 22.8 cm diagonally below left 22.8 cm diagonally above right 
 False-colour images 

Figure 15: Off-aligned, diagonal views of a GE12 fuel assembly 

5.3 Long-cooled fuel 
The best signal-to-noise images using the DCVD-ES were obtained at the highest gain and 
lowest CCD temperature settings. Problems were encountered with the Andor software which 
resulted in less-than-optimum conditions for imaging. The Cerenkov images shown below were 
taken at 0°C instead of the set temperature of –40°C. Despite this problem, satisfactory images 
were taken of the low-burnup, long-cooled spent fuel. Figure 16 shows an image of a natural 
uranium spent fuel assembly with a burnup of 3 480 MWd/t U and a cooling time of 8.5 years. 
An image was also taken 6 cm off alignment and it can be seen that light from the fuel assembly 
is collimated because the light intensity decreases on the right side of the fuel assembly. This 
characteristic verifies that the assembly is a spent fuel assembly. These Cerenkov characteristics 
are clearly seen in the false-colour images. 

An even lower burnup fuel, 2 487 MWd/t U, 8.5 years cooled, was imaged (see Figure 17). 
These images have more noise, making the assembly more difficult to verify. However, the 
collimation effect was still detected in the images to confirm that the assembly is a spent fuel 
assembly. 

Central partial-
length-rod region

Corner partial-
length-rod region
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 6 cm left Aligned 
 Grey-scale images 

   
 6 cm left Aligned 
 False-colour images 

Figure 16: Long-cooled fuel, 3 480 MWd/t U, 8.5 years cooled 
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6. DISCUSSION 

DCVD ergonomics 

The DCVD mounted easily on the front left side of the fuelling machine. The last two columns 
of fuel on the right side of the fuel bay were inaccessible from this position. To access these 
columns the DCVD would have had to be moved and mounted on the bridge to the right of the 
fuelling machine. Fortunately, no fuel assemblies of interest were located in these inaccessible 
locations. The fuelling-machine side of the bridge had only a few positions suitable for mounting 
the DCVD due to interference from structural components. The back railing of the bridge was 
ideal for mounting the DCVD because the DCVD could be moved, without hindrance, the full 
length of the bridge. This position, however, could not be used for viewing many assemblies 
because the bridge width and limited movement restricted back-railing access to fuel locations. 
The storage locations of the spent fuel necessarily favour the location of the fuelling machine. 

DCVD-1 failed early in the exercise due to damage to the PC-Card slot during an unidentified 
operation. The IAEA personnel recommended that this system be made more robust to prevent a 
reoccurrence. It was also felt that there were too many cables, the number of which should be 
minimized for simplicity, ease of decontamination and reduced risk of cable failure. 

   
 6 cm left Aligned 
 Grey-scale images 

   
 6 cm left Aligned 
 False-colour images 

Figure 17: Long-cooled fuel, 2 487 MWd/t U, 8.5 years cooled 
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Ease of use of the DCVD at the facility 

Entering and leaving the reactor facility required radiation surveys of all instrumentation to 
ensure that there was no detectable contamination. Because the DCVD is made up of a number 
of parts, this procedure required significant time to survey all the parts. This exercise indicated 
that for future DCVDs the number of parts should be decreased to minimize the survey time 
required. Additionally, every attempt should be made to make possible the ability to 
decontaminate the instrument should that become necessary. 

Comparison of DCVD-1 with DCVD-ES 

A detailed side-by-side comparison between the two instruments was not possible because of the 
malfunction of DCVD-1. Despite this, some qualitative observations were made. DCVD-ES 
appeared to have higher signal-to-noise performance. Using DCVD-ES, the long-cooled fuel was 
easier to image and required shorter exposure times. These results were achieved even with 
detector temperatures of 0ºC rather than the set point temperature of –40ºC. Significantly better 
results would be expected at the lower temperature. 

Spent fuel Cerenkov characteristics 

GE9 (8x8) and GE12 (10x10) spent fuel assemblies were analyzed using the DCVD. The 
MATLAB results show that for the GE9 spent fuel, the Cerenkov light from between the fuel 
rods decreases by as much as 40 percent when the DCVD is 4.2 cm off alignment. This is 
contrasted with the lack of collimation from the area of the water rods at the centre of the 
assembly. Diagonal views of this type of assembly indicate that a number of fuel rods hidden 
under the lifting can be detected. 

Analysis of GE12 fuel assemblies shows that the Cerenkov light from between the fuel rods is 
also highly collimated. The decrease in light intensity is as high as 60 percent when the DCVD is 
6.1 cm off alignment. The Cerenkov light from the area of the partial-length rods is less 
collimated and the intensity is higher than the light from between the fuel rods by approximately 
26 percent. Diagonal views of this fuel assembly show that the Cerenkov light from the two 
partial-length rods adjacent to the central water rods (hidden under the handle) can be detected. It 
may also be possible to detect the presence of the corner partial-length rods. Theoretical 
calculations showed that three-quarter-length rods have a lower light intensity than two-thirds-
length partial rods (the actual length). Therefore, it may be possible to detect missing fuel rods or 
shorter substituted rods by their relative increase in light intensity. 

The GE12 fuel assemblies examined were less than ideal because of the short 0.28-year cooling 
time. The surface temperature of the fuel rods is high, which results in image distortions from 
thermal currents in the water. Additionally, the high intensity of Cerenkov light causes a “cloud 
of light” above the fuel that makes details of the fuel assembly somewhat more difficult to 
assess. Spent fuels cooled for two to three years would be better candidates for characterizing the 
Cerenkov light characteristics. 

Verification of low-burnup long-cooled spent fuel 

Despite less than optimal camera operating conditions, the very low burnup natural uranium fuel 
(GE6, 8x8, 2 487 MWd/t U, 8.5 years cooling time) was verified using the DCVD. 
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IAEA inspector instruction 

Limited instruction was given to the IAEA inspectors. However, they were able to operate the 
DCVD independently to verify fuel assemblies. The instruction was incomplete because of the 
failure of DCVD-1 during the field test. 

7. CONCLUSIONS 

• Field tests were successfully carried out at the Laguna Verde Nuclear Power plant. 
• GE6, GE9 and GE12 spent fuel assemblies have several unique Cerenkov characteristics 

and it may be possible to detect missing or non-standard partial-length fuel rods from the 
light intensity above the partial-length fuel rods. 

• The long-cooled low-burnup spent fuel was easily verified using the DCVD-ES. 
• The DCVD functioned well on the reactor fuelling machine. 
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