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Summary
The Digital Cherenkov Viewing Device (DCVD) is a tool used to measure the Cheren-
kov light emitted from irradiated nuclear fuel assemblies stored in water pools. It has
been approved by the IAEA for attended gross defect verification, as well as for partial
defect verification, where a fraction of the fuel material has been diverted.

In this report, we have investigated the current procedures for recording images
with the DCVD, and have looked into ways to improve these procedures. Using three
different image sets of PWR fuel assemblies, we have analysed what information and
results can be obtained using image analysis techniques.

We have investigated several error sources that distort the images, and have shown
how these errors affect the images. We have also described some of the errors mathe-
matically, and have discussed how these error sources may be compensated for, if the
character and magnitude of the errors are known.

Resulting from our investigations are a few suggestions on how to improve the
procedures and consequently the quality of the images recorded with the DCVD as
well as suggestions on how to improve the analysis of collected images. Specifically,
a few improvements that should be looked into in the short term are:

• Images should be recorded with the fuel assembly perfectly centered in the im-
age, and preferably without any tilt of the DCVD relative to the fuel in order to
obtain accurate measurements of the light intensity. Image analysis procedures
that may aid the alignment are presented.

• To compensate for the distorting effect of the water surface and possible turbu-
lence in the water, several images with short exposure time should be captured
rather than one image with long exposure time. Using image analysis proce-
dures, it is possible to sum the images resulting in a final image with less distor-
tions and improved quality.

• A reference image should be used to estimate device-related distortions, so that
these distortions are compensated for. Ideally, this procedure can also be used
to calibrate individual pixels.

• The background should be carefully taken into account in order to separate the
background level from diffuse signal components, allowing for the background
to be subtracted. Accordingly, each measurement campaign should be accom-
panied by at least one background measurement, recorded from a section in the
storage pool where no fuel assemblies are present. Furthermore, the background
level should be determined from a larger region in the image and not from one
individual pixel, as is currently done.

• A database of measurements should be set up, containing DCVD images, in-
formation about the applied DCVD settings and the conditions that the DCVD
was used in. Any partial defect verification procedure at any time could then be
tested against as much data as possible. Accordingly, a database can aid in eval-
uating and improving partial defect verification methods using DCVD image
analysis.

Based on the findings and discussions in this report, some long-term improvements
are also suggested.
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Sammanfattning
En DCVD (Digital Cherenkov Viewing Device) är ett verktyg som används för att
mäta emissionen av Tjerenkovstrålning från bestrålade kärnbränsleknippen förvarade
i pooler. Den är godkänd av IAEA att användas för s.k. gross defect verification,
där man verifierar att ett helt bränsleknippe är ett bränsleobjekt, samt för s.k. partial
defect verification, där man undersöker att delar av ett bestrålat bränsleknippe inte
har avletts. DCVD-instrumentet kan förenklat beskrivas som en digitalkamera som är
känslig för den ljusvåglängd som är karakteristiskt för Tjerenkovljus, och genom att
påvisa förekomsten av detta ljus samt mäta dess intensitet kan bränslets egenskaper
verifieras.

I den här rapporten har vi beskrivit de nuvarande procedurerna för att samla in
bilder med DCVD:n, och vi har undersökt olika metoder för att förbättra dessa pro-
cedurer. Genom att analysera tre olika serier med autentiska bilder av PWR-bränslen
har vi undersökt hur man kan applicera bildanalysmetoder för att få ut information ur
bilderna, och gett exempel på vilka resultat man kan få med dessa metoder. Vi har un-
dersökt flera felkällor som påverkar mätningar med DCVD:n, och har visat hur dessa
felkällor påverkar bilderna och deras kvalitet. Vi har också beskrivit vissa felkällor
matematiskt, och har undersökt hur man kan gå till väga för att kompensera för felkäl-
lorna, om felens storlek är känd.

Resultatet av våra undersökningar är några förslag på hur man kan förbättra bild-
tagningsproceduren och därmed kvaliteten på DCVD-bilderna, samt förslag på förbät-
tringar i analyserna som görs av dem. Några av förbättringsförslagen som kan imple-
menteras på kort sikt är:

• Bilder bör tas med bränsleknippet perfekt centrerad i bilden, och helst utan
att DCVD:n är vinklad relativt bränslet, för att få så noggranna mätningar av
Tjerenkovljusintensiteten som möjligt. Bildanalysmetoder som kan hjälpa för
att få bilden perfekt centrerad presenteras i rapporten.

• För att kompensera för störningar som orsakas av krusningar på vattenytan och
turbulens i vattnet, bör exponeringstiden för en mätning delas upp i en serie
bilder med kort exponeringstid. Med hjälp av bildanalys kan man summera
bilderna samtidigt som man reducerar störningarna, och man kan då erhålla en
summerad bild av högre kvalitet.

• En referensbild bör användas för att undersöka förvrängningar i bilden som
orsakas av hårdvaran, vilket är typiskt förekommande för digitala bildinsam-
lingssystem, så att förvrängningarna kan korrigeras. Referensbilden kan också
användas för att kalibrera de enskilda pixlarna.

• Vid bestämning av bakgrundsnivå måste hänsyn tas till att diffust ljus kommer
från det bestrålade bränsleknippet på grund av turbulens i vattnet och liknande
effekter, så att man tillser att endast bakgrund subtraheras och inte sådana diffusa
komponenter. Varje mätkampanj bör därför åtföljas av minst en bakgrundsmät-
ning, mätt i en del av poolen där det inte finns något bestrålat bränsle närvarande.
Bakgrundsnivån bör generellt även bestämmas från en större region i bilden och
inte från en enskild pixel, som det görs idag.

• En databas med mätningar samt information om mätningarna (metadata) bör
samanställas, som innehåller bilder tagna med DCVD:n, information om instru-
mentets inställningar samt förhållandena som bilderna togs under. En metod
för att upptäcka partiella defekter kan då med hjälp av databasen testas mot så
mycket data som möjligt när som helst.

Baserat på resultaten som har framkommit i den här rapporten ger vi också några
förslag för framtida förbättringar, som kräver fortsatt forskning innan de kan imple-
menteras.

3



Contents

1 Introduction 5

2 General imaging concepts 6
2.1 Pixels and the charge coupled device . . . . . . . . . . . . . . 6
2.2 The CCD response and its calibration . . . . . . . . . . . . . . 6
2.3 Dynamic range of an image . . . . . . . . . . . . . . . . . . . . 6
2.4 Image histograms and histogram equalisation . . . . . . . . . . 7
2.5 Pseudo colouring . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.6 Vignetting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.7 Deriving the photon intensity recorded by a camera from an image 8
2.8 Analysing intensity variations in an image . . . . . . . . . . . . 9

3 Cherenkov imaging of irradiated fuel assemblies 9
3.1 Properties of images of Cherenkov light from irradiated nuclear

fuel assemblies . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3.1.1 Collimation of Cherenkov light . . . . . . . . . . . . . . 9
3.1.2 Fuel storage conditions and the nearest-neighbour effect 10

3.2 Implemented analysis of DCVD images . . . . . . . . . . . . . 11
3.3 Identified measurement errors . . . . . . . . . . . . . . . . . . 11
3.4 Alignment of the DCVD . . . . . . . . . . . . . . . . . . . . . . 12
3.5 Histogram equalisation and pseudocolour in DCVD images . . 14
3.6 Calibration light source . . . . . . . . . . . . . . . . . . . . . . . 14

4 Applying image analysis concepts on DCVD images of PWR fuel 17
4.1 Characteristics of the data sets . . . . . . . . . . . . . . . . . . 17
4.2 Geometric features of PWR fuel assemblies . . . . . . . . . . . 18
4.3 DCVD alignment in the data . . . . . . . . . . . . . . . . . . . . 19
4.4 Background subtraction . . . . . . . . . . . . . . . . . . . . . . 19
4.5 Diffuse light from the irradiated fuel assemblies . . . . . . . . . 21
4.6 Analysis of guide tube intensities . . . . . . . . . . . . . . . . . 21
4.7 Influence of ripples on the water surface and turbulence . . . . 24
4.8 Mathematical description of image properties . . . . . . . . . . 28

5 Conclusions and proposals 29
5.1 General discussion . . . . . . . . . . . . . . . . . . . . . . . . . 30
5.2 Short-term suggestions for improved data collection and analysis 30
5.3 Long term suggestions . . . . . . . . . . . . . . . . . . . . . . . 31

List of figures 33

References 34

4



1 Introduction
The gamma radiation emitted from irradiated nuclear fuel assemblies stored in pools
will scatter on electrons in the water, transferring part of its energy to the electrons. If
these electrons move faster than the speed of light in the water, Cherenkov light will be
emitted. The intensity of the Cherenkov radiation produced will depend on the activity
in the fuel, and consequently the Cherenkov light will give information about the fuel
parameters of the irradiated fuel. The Digital Cherenkov Viewing Device (DCVD) is
a tool for measuring the Cherenkov radiation, and this report concerns the imaging of
irradiated fuels from Pressurised Water Reactors (PWR), including image recording
and subsequent analysis.

The typical geometry of the measurement situation is shown in figure 1, together
with a Cherenkov light image recorded of a PWR assembly. Although the DCVDmea-
sures ultraviolet light rather than visible light, it essentially operates like an ordinary
digital camera, and the images recorded with the DCVD will be of the same kind as
those from ordinary digital cameras. Thus many image analysis techniques commonly
used on optical images are applicable also to DCVD images.

The DCVD is used by authority inspectors for both attended gross defect verifi-
cation as well as partial defect verification. These verifications are done by analysing
the total Cherenkov light intensity emanating from a fuel assembly, and by analysing
characteristic light patterns of the Cherenkov light coming from the fuel.

In this report we have looked for possible improvements in the current procedures
for acquiring images with the DCVD and the subsequent analysis. As a starting point
we have used a few data sets of images of PWR assemblies acquired by DCVDs, as
well as instruction material and available reports [1,2]. The main questions have been:

• Can the process for collecting images of the Cherenkov light from irradiated
fuels be improved?

• From an imaging point of view, what is the preferred way to analyse collected
images to detect if fuel rods have been removed from a PWR assembly?

In section 2, we start with reviewing some of the basic concepts of imaging and
image analysis. We refer to [3] for more thorough explanations of image analysis
concepts.

In section 3, some considerations of imaging PWR fuels using the DCVD are pre-
sented. Sources of errors and uncertainties are discussed, and some methods for dis-
playing the data are covered. We also note some features of PWR fuels and how they
affect the measurements.

In section 4, we apply some image analysis techniques to DCVD images of irradi-
ated PWR fuels, and comment on the result we obtain using these methods. We also

(a) (b)

Figure 1: The typical measurement situation is shown in figure a), and an example of a DCVD
image is shown in b). In b), the bright spots corresponds to the so-called guide tubes of a PWR
fuel.
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comment on the effect of some error sources and how to estimate their magnitude in
order to compensate for them.

In section 5 we summarise our findings, and give some concrete suggestions for
how to improve the quality of the images recorded with the DCVD.

2 General imaging concepts
From an image analysis standpoint, the DCVD is a camera, and many general imaging
techniques and concepts are applicable to theDCVD. In this chapter, some such general
imaging considerations are presented.

2.1 Pixels and the charge coupled device
The basic unit of a camera image is the pixel, which is a value associated with the
readout from a single cell in the camera's charge coupled device (CCD) chip. Properly
calibrated, the pixel values can provide accurate measures of the number of photons
hitting the chip. This data can in turn be converted to the number of photons hitting
the objective lens, which in principle can be converted to the intensity of light emitted
from a certain region of the object that is imaged. However, such a procedure requires a
well-characterised system with well-known settings as well as a thorough knowledge
of the photon transport from the object under study to the imaging device. If this
information is not known, the data can only give a relative estimate of the absolute
photon intensity. Enhanced knowledge of the system can enable a better estimate of
the incoming photon intensity.

2.2 The CCD response and its calibration
The CCD chip is a device that converts an incoming photon intensity hitting the CCD
into free charges, that are measured and converted to a pixel value in the resulting
image. Thus, to find the photon intensity from the data, knowledge of how the CCD
works is required. This knowledge can also be used to compensate for variations in
CCD pixel efficiency, which will improve the quality of the data.

CCD sensors do in general have a linear response function and are characterised
by their quantum efficiency (QE), which is the ratio of the number of photons hitting
the CCD to the number of photons that are converted to free charges. Even though
the response is usually linear, pixels do have individual behaviour and need to be cal-
ibrated.

A standard calibration routine for the CCD sensor consists of several steps. One
important step is the dark-frame subtraction. A dark frame is an image where no light
is allowed to hit the CCD chip, and it will essentially be an image of the intrinsic noise
from the chip when capturing an image. The dark image can be subtracted from the
data to remove noise caused by "hot pixels" that give a higher-than-expected value
for all photon intensities. In addition, dead pixels that always give the same value
should be masked. This is normally done by replacing the pixel value with the average
of the neighbouring pixel's values. If the CCD response is found to be non-linear,
it should be linearised. This can be done by imaging an evenly illuminated diffuse
surface for different illumination intensities. Since all pixels are imaging the same
photon intensity in such a procedure, the pixel values can be calibrated so that all
pixels give the same value when imaging the same photon intensity.

2.3 Dynamic range of an image
The dynamic range is the difference between the lowest measurable photon intensity
(usually no photons), and the highest photon intensity that can be measured by the
camera. The dynamic range can be adjusted by changing the CCD gain, and it may
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also affected by other settings, such as the camera zoom. When zooming in, light from
a smaller region will hit the CCD, which may change the light intensity seen by the
camera. If a CCD pixel is exposed to a higher photon intensity than it can measure,
it will saturate, and give the maximum pixel value. This would cause a loss of data
since the actual intensity would be higher than the reported one. To obtain data of the
highest possible quality, the full dynamic range of the imaging device should be used,
while at the same time making sure that the pixels are not saturated.

2.4 Image histograms and histogram equalisation
An image histogram is a plot of the pixel intensity values in an image. Histograms are
useful for quickly visualising the distribution of pixel values. In image processing, the
image histogram can be used to further analyse various aspects of an image such as
finding threshold values or to select bright or dark regions in the image. A histogram
can also quickly tell how much of the dynamic range that is used.

Histogram equalisation is one method among several others to display an image
using the full dynamic range. The most straightforward way of displaying an image is
to let pixel value 0 correspond to black, and the maximum pixel value correspond to
white, while pixel values in between are shown on a grayscale.

If only a small part of the dynamic range is used, images are shown as almost
monocoloured. This makes it extremely difficult for the human eye to distinguish the
colours and see features in the image. If the data is instead "stretched", so that the
minimum measured pixel value becomes 0, and the maximum measured pixel value
becomes the maximum possible pixel value, the features of the image can be more
easily seen.

Histogram equalisation of the DCVD images makes it possible to see intensity
variations in the images more easily. However, histogram equalisation is usually
non-invertible, so that the original data can not be reconstructed using the histogram-
equalised data. For this reason, any analysis of the image should be performed on the
original data, corresponding to the non-histogram-equalised image, and the manipu-
lated image should only be used for viewing purposes.

2.5 Pseudo colouring
The human eye is not as sensitive to changes in intensity as it is to changes in colour.
Therefore showing images in false-colour can help the viewer to see additional de-
tails in the image. Pseudo colouring with the colourmap jet, where colours range from
dark blue to dark red, is a popular choice for assigning colour values to data values.
Note that no information is added to the image, the colour is added only for viewing
purposes. Also, studies have shown that this colourmap is a potential cause of misin-
terpretation of data. [4, 5].

Without going into details of this method, one can show that the combination of
histogram equalisation and pseudo colouring with the jet colourmap has the following
properties (among others):

• colouring depends on the noise level,

• colouring changes when the zoom changes,

• colouring is independent of the gain,

• changes in colour may be interpreted differently from the changes in the data
that it represents,

• it is difficult to interpret what the colours mean, and

• colouring is not directly dependent on absolute image intensity
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(a) (b)

Figure 2: Vignetting is typically seen as a darkening and blurring of an image away from the
image center. Image a) is a reference image, and in b) a severe vignetting effect has been added.
Vignetting is present in virtually any optical system to some degree.

When using false-colour to display an image, these properties should be considered
so that the viewer is not led to drawing incorrect conclusions due to the colouring. For
example, additional information about noise, zoom and gain should be stored with
the images, and a colour bar showing which colours correspond to what pixel values
could be displayed with the image to guide the viewer. Comparing two false-coloured
images should only be done if the same colour corresponds to the same pixel value in
both images.

2.6 Vignetting
Vignetting is a term that captures several degradation phenomena in an image. Typi-
cally, this type of degradation increases with the distance from the center of the image,
and is often seen as a diffuse darker area in the edge and corners of an image. The
degradation phenomenon concerns focus as well as intensity, leaving the image more
blurry and less bright far away from the center. Vignetting is usually caused by effects
in the lens, but is also due to the photons hitting the CCD chip at different angles for
different pixels. Vignetting is also present when imaging objects where the distance
from the object to the camera is not constant for different regions of the image. An
illustration of the vignetting effect is shown in figure 2.

2.7 Deriving the photon intensity recorded by a camera
from an image

When capturing an image, the camera converts a photon flux to pixel values. Due to
error sources in the conversion process, the pixel values may not directly correspond to
the physical measurement of the photon flux intensity. Since it is the physical measure-
ment that contains information of the object under study, these error sources should be
characterised so that they can be compensated for.

When the photon transport efficiency, integration time, zoom, CCD efficiency or
any other parameters are unknown, only relative measurements of the photon flux in-
tensity from the objects under study are obtained. While such images may be used to
see differences in photon intensity between different regions in the image, it is impos-
sible to find the actual total photon intensity. However, if the settings are unchanged,
intensities recorded from different objects may be compared, provided that other prop-
erties such as image background are constant.

Consider the intensity measured by the camera. Due to distortion and noise, the
image will not directly correspond to the actual intensity. A model for how the photon
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intensity Īi reaching the camera is converted to pixel values P̄ , including noise N̄ and
distortion F̄ , can be mathematically expressed as

P̄ = Īi · F̄ + N̄ (1)

From this equation, it is clear that knowledge of the distortion F̄ and the noise N̄ is
required to eliminate F̄ and to subtract N̄ , in order to determine an accurate measure
of the photon intensity Īi reaching the camera. For images obtained with the DCVD,
details on F̄ will follow in section 4.3. In addition, the background must be taken into
account, as elaborated on in section 4.4.

2.8 Analysing intensity variations in an image
In many image analysis applications, it is of interest to see how the pixel values vary in
certain regions by studying intensity gradients in the collected images. Often first or-
der derivatives are used, and sometimes higher-order derivatives are also useful when
analysing an image. One common method of obtaining first order derivatives is to use
Gaussian derivatives [3], which will be used later in this report.

3 Cherenkov imaging of irradiated fuel
assemblies

Imaging of irradiated fuel assemblies using the DCVD is performed with two main
tasks in mind; to verify the presence of irradiated fuel, so-called gross defect veri-
fication, and to detect partial defects such as removed or manipulated rods. In this
chapter, image capturing using the DCVD will be presented, error sources affecting
the measurements will be discussed, and some features of the fuels and their surround-
ings important for DCVD imaging will be investigated. This report mainly focuses
on PWR fuel assembly imaging, and considerations that are specific to PWR fuels are
presented in chapter 4.

3.1 Properties of images of Cherenkov light from irra-
diated nuclear fuel assemblies

Although there are several different types of nuclear fuel, many of them share charac-
teristics that affect the Cherenkov light intensity which is measured by the DCVD.

3.1.1 Collimation of Cherenkov light
The Cherenkov light is generated in the water around the irradiated nuclear fuel assem-
blies, and the geometry of the fuel will affect the direction of the light that exits the
fuels. There are twomain ways in which the fuel rods themselves affect the Cherenkov
light:

• The fuel rods consist mainly of uranium dioxide that strongly attenuates the
gamma radiation.

• The surface of the rods will absorb and reflect the emitted Cherenkov light to a
varying degree.

The first effect implies that gamma rays that are directed horizontally are more
likely to escape the fuel rod in which they are emitted and enter the water, but on the
other hand they will only travel a short distance in the water before they encounter
another fuel rod. More vertically directed gamma rays are absorbed to a higher degree
in the emitting fuel rod since they will travel much longer distance in the fuel material
before exiting. However the more vertically directed gamma rays, which exit the fuel,
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(a) (b)

Figure 3: Due to the collimation effect, an image of a fuel assembly will appear more intense
in the region that is directly below the DCVD during a measurement. In this synthetic example,
image a) has the DCVD perfectly centered, and in image b) the DCVD is centered over a point
in between the fuel center and the lower right corner of the fuel. It is seen that the most intense
region is the one that the DCVD is centered on.

will travel a longer distance in the water and are more likely to interact with the water
before the next rod is encountered. One can expect that the preferential direction of the
gamma rays may affect the direction of the emitted Cherenkov light to some degree.
This has not yet been investigated and will be the subject for future studies.

The second effect means that Cherenkov light that is directed mostly horizontally
is more likely to be absorbed by a fuel rod surface, and if reflected it will travel a longer
distance in the water than vertically directed light, making it more likely to be scattered
or absorbed, i.e. attenuated. Cherenkov light that is directed mostly vertically is then
more likely to escape the fuel assembly.

As a result of these two effects, Cherenkov photons exiting the fuel will predomi-
nantly be directed upwards, and light from the whole fuel length will add up to a strong,
vertical component. This is referred to as the collimation effect. Since the DCVD is
located directly above the fuel assemblies during measurements, the collimation effect
can be seen in DCVD images of irradiated fuel assemblies, and it is used as a means
to verify the presence of an irradiated item, i.e. gross defect verification. A synthetic
example of the collimating effect is presented in figure 3.

3.1.2 Fuel storage conditions and the nearest-neighbour ef-
fect

In storage pools, irradiated fuel assemblies are often stored in close proximity to each
other. As a result, there are two types of additional Cherenkov light that may contribute
to the Cherenkov light intensity seen from a specific fuel:

• The scattering of Cherenkov light generated in nearby fuel assemblies into the
DCVD line-of-sight of the fuel assembly under study.

• The transmission of gamma rays from one fuel assembly to the next, where these
gamma rays interact with electrons in the water and give rise to Cherenkov light.

These two effects are referred to as the near-neighbour effect. This effect was
studied in [6], and in the case of long-cooled fuel surrounded by very short-cooled fuel
it was found to be significant. Accordingly, this effect must be taken into account when
estimating the Cherenkov light intensity emanating from a specific fuel assembly.
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Table 1: Error sources and sources of uncertainty in the measurements. If multiple values are
presented in the cited source document [1], the maximum error is quoted. Some sources have
not been quantified, or are different for different fuels or storage pools.

Documented error sources Error magnitude

a Alignment 5 % on total intensity [1]
b Varying QE 6 % on average for UV light [1]
c Zoom 3 % on total intensity [1]
d Temperature of sensor 10% K−1 [1]

Error sources with unknown magnitude

e Non linear sensor response vs gain studied in [1]
f Vignetting depends on lens and zoom
g Water surface ripples a function of pool conditions and

integration time
h Underwater turbulence a function of pool conditions and

integration time
i Water quality can be measured
j Ambient light can be measured
k Nearest-neighbour effect a function of the surrounding fuel,

studied in [6]
l Bowed fuel assembly different for each fuel assembly
m Background subtraction depends on subtraction routine
n Vibrations depend on measurement conditions

3.2 Implemented analysis of DCVD images
The imaging procedure currently used when analysing the DCVD data is described
in [2]. For gross defect verification, the collimation effect in the fuel assembly is
investigated, as described in section 3.1.1. For partial defect verification, the total
Cherenkov light intensity is quantified according to the following procedure:

1. The fuel assembly is measured using the DCVD, resulting in an image of the
fuel assembly and its nearest surroundings which is stored for analysis.

2. A region of interest (ROI) is selected in the image. This region contains the fuel
assembly, and as little of the surrounding area as possible.

3. The background intensity is determined by finding the minimum pixel value in
the ROI.

4. This background level is subtracted from each of the pixel intensity values in
the ROI to obtain a corrected intensity.

5. These background-subtracted intensities of all the pixels in the ROI are summed
to give the Cerenkov intensity for the fuel assembly.

The Cherenkov intensity for the fuel assembly found using this procedure is com-
pared to an expected intensity obtained from simulations [7]. The expected and the
measured intensities are plotted against each other for each irradiated fuel assembly of
the same type and geometry, and a straight line is fitted to the data. The slope of the
line is used to calculate a calibrated intensity for each item. If the measured intensity
significantly deviates from the calibrated intensity, this may indicate a partial defect.
This is the procedure implemented in the the DCVD software, and one may note that it
differs slightly from the procedure described in [2], where the background is declared
as being defined as the minimum average pixel value in a 3× 3 area in the ROI. Some
suggestions for improvement of this procedure are given in section 4.4.

3.3 Identified measurement errors
A study of the performance of the DCVD is described in [1], for the purpose of char-
acterising the DCVD for quantitative studies. Tests were performed to investigate
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whether the DCVD provides reproducible results over a period of time, and if data
recorded by different instruments is comparable. These tests include for example in-
vestigating the quantum efficiency of the CCD chip over time, the electron multiplying
CCD gain, and the reproducibility of images recorded using the same instrument on
the same non-nuclear target over time.

Error sources and sources of uncertainty that were identified and estimated in [1]
are given in table 1. (An error is the difference between the measured values and the
true value, while the uncertainty gives a range where the true value is asserted to lie
within, with some degree of confidence.) Most of the error sources relate to the total
intensity, and individual pixel errors can be larger than the given values. While [1]
thoroughly investigates many error sources associated with the DCVD hardware, one
may note that a region of 50 × 50 pixels was used, and sometimes an even smaller
region. This corresponds to only about 1% of the total number of pixels (the images
comprise 512 × 512 pixels) and thus the results might not be representative for the
complete image area.

Table 1 also includes some error sources whose magnitudes have not been mea-
sured. Many of these error sources arise due to the environment of the storage pools.
Water surface ripples cause a distortion in the images, and underwater turbulence can
also adversely affect the image quality. Furthermore, Cherenkov light can be absorbed
in the water, and thus the water quality affects the measured intensity. The ambient
light and the nearest-neighbour effect have both been identified as error sources be-
fore, and these effects vary with the conditions of the storage facility. The ambient
light is different for each storage pool, and while the background subtraction routines
used intend to remove this light, the routine may also contribute to the level of uncer-
tainty in the data. The near-neighbour effect depends on the relative Cherenkov light
emission between the fuel under study and its nearest neighbours, and will be different
for each fuel storage location. One error source that is different for each fuel assembly
is that the assemblies may be bowed after being subjected to the harsh conditions in
the reactor. Due to the collimation effect, the Cherenkov light intensity seen differs for
a straight and a bowed fuel assembly. Further, the DCVD may vibrate due to people
walking on the loading bridge where the DCVD is mounted during a measurement, or
due to the operator interacting with the device. These vibrations can cause a motion
blur in the recorded images.

While the individual errors are rather small, the total error when combining all the
errors is potentially much larger. For the best possible DCVD performance, these error
sources should to the highest degree possible be compensated for when performing
measurements. This is especially important for the sensor temperature, which may
lead to a severe error if the temperature changes by a few degrees.

The DCVD software features a "best-shot" function that continuously record im-
ages, and saves the image with the highest standard deviation of the pixels in the image.
The saved image will be one that is not very affected by ripples on the water surface
and vibrations, in comparison to the other recorded images. This feature can help in
obtaining a final image with less distortion.

3.4 Alignment of the DCVD
The angle between the light source and the DCVD is important when imaging non-
isotropic objects or light sources. As an extreme case, consider imaging a laser pointer.
If the beam hits the lens, a very high intensity will be registered; otherwise almost
nothing.

The situation is similar when imaging the Cherenkov light emitted by an irradiated
nuclear fuel assembly. Due to the collimation effect, Cherenkov light from the fuel is
mainly directed upwards, and the measured intensity will be lower if it is measured at
an angle θ, see figure 4. As a consequence, the alignment of the DCVD is important.
Furthermore, vignetting complicates the situation additionally, see section 2.6.

To aid the operator in aligning the DCVD when performing measurements, an
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Figure 4: For a diffuse light source, the viewing angle will not affect the measured light intensity
at a constant distance from the source, but for a collimated light source the intensity is affected.
In a) a plot of an arbitrary relative intensity for a diffuse and collimated light sources as a function
of the viewing angle is shown, and b) shows a sketch of the measurement situation when using
the DCVD.

alignment aid is implemented in the DCVD instrument software DCView. The align-
ment aid is a tool that identifies the location of the center of a fuel assembly in the
image and marks the assembly center with a circle. The tool also analyses the image
to find a peak in light intensity, and places a cross there. Due to the collimation effect,
the peak is expected to occur straight below the DCVD, along a path parallel to the
rods in the assembly. When the DCVD is aligned, the cross will be inside the circle.
An example of what is displayed in DCView, including the circle and cross, is shown
in figure 5.

To describe the position of the DCVD in space, three coordinates (x, y, z) are re-
quired. To give a complete description of the orientation of the DCVD, three additional
coordinates are required. Alternatively a direction vector can be used to describe the
orientation, but due to how the DCVD is normally used, only the angle θ shown in
figure 4 will affect the measurements noticeably. For this reason, only the effect of θ
is considered in this report, while the other two degrees of freedom are omitted here.
In the ideal case, the DCVD is placed straight above the fuel assembly when imaging,
at x = y = 0 and z > 0 and it should be directed downwards along the z-axis, here
being defined as the angular orientation θ = 0. Fuel assemblies stored in pools may
however not be stored perfectly vertically. If this happens, the DCVD should not be
aligned with the vertical axis, but rather an axis parallel to the fuel rods, so that the
camera plane is perpendicular to this axis.

When the DCVD is perfectly centered on a fuel assembly, the DCVD position is
directly above the fuel center along an axis parallel to the fuel rods, and the image
center is also at this position. When the DCVD is moved away from this aligned
position, the fuel center and the DCVD position will be different. By tilting the DCVD,
it is possible to move the image center so that it is the same as the fuel center. However,
due to the collimation effect explained in section 3.1.1, the region with the highest
intensity will move with the DCVD, resulting in different intensity distributions in an
aligned and an unaligned image. This causes the total Cherenkov intensity from a fuel
assembly to differ for different alignments. According to estimates in [1], uncertainties
in alignment give rise to an error in total intensity of about 5%, but adequate alignment
routines can limit this error.
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Figure 5: Example of the display of the DCVD instrument software DCView during a measure-
ment. The alignment aid consists of the circle at the center of the fuel assembly, and the cross
marking an intensity peak. Due to the collimation effect, this peak is expected to appear straight
below the DCVD, along a path parallel to the fuel rods. Image courtesy by Erik Sundkvist.

3.5 Histogram equalisation and pseudocolour in DCVD
images

Histogram equalisation of the DCVD images makes it easier to see intensity variations
in the image, both for large variations as well as for small ones. Histogram equalisa-
tion, together with pseudocolouring, makes it easier for the human eye to see features
in the images, but as discussed in chapter 2, these techniques must be used with care.

A few examples of these aspects are illustrated in figure 6; image 6 a) shows a
DCVD image of a PWR fuel assembly; image 6 b) contains the same image data after
noise reduction has been applied; and image 6 c) is the same image where the edges
have been cropped. These three images contain identical information, but because of
the way colours are shown, the images look very different, and may be interpreted
differently by the human eye. This issue could be met to some extent by showing a
color scale with the image, defining which colour corresponds to which pixel value.
However, that would require that the inspector is able to judge if the pixel values are
expected or not.

Another example of image-processing effects is presented in figure 7, showing two
images, where one has twice the pixel intensity values of the other. Due to histogram
stretching, which is a histogram equalisation technique, the images are displayed iden-
tically, even though the intensity differs by a factor of 2.

In conclusion, false-colour may help the viewer to analyse an image but it must be
used with care, so that the viewer is not led to draw erroneous conclusions.

3.6 Calibration light source
To characterise the absorption of Cherenkov light in the water of a spent fuel pond, a
calibration light source has been developed [8]. The calibration light source provides
a uniform light intensity in the UV region, and by using the DCVD to measure the
light intensity from the source at different depths the absorption can be characterised.
During two field trials, the attenuation was measured to be about 30% at two different
storage sites, showing that the absorption can noticeably reduce the amount of light
from the fuel assemblies that can reach the DCVD. Using the calibration light source
to estimate the absorption at fuel storage pools is currently not a standard procedure,
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(a) (b) (c)

Figure 6: Pseudocolouring of an image with the colourmap jet in combination with some image
processing. Image a) is the input image, b) is the result after noise reduction has been applied to
the input image, and c) is a cropped version of image a), where the edges of image a) has been
removed. These three images contain the same information about the fuel assembly, and should
lead a viewer to draw the same conclusions. However the general impression of these images
differs notably.

but it is recommended to be introduced in order to map the differences in absorption
at different storage pools. Furthermore, the calibration light source could possibly be
used to measure the scattering of light in the water, as well as for investigating the
amount of turbulence in the water and the effect the turbulence will have on the data.
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Figure 7: Histogram equalisation and false-colour may lead the viewer to make incorrect con-
clusions if used improperly. Image 1 is an authentic DCVD image, whereas the intensities in all
pixels of image 2 are twice as high as they are in image 1. After histogram stretching, which is
a histogram equalisation technique, no difference is found in the histograms, and the false-colour
images are identical, despite that they represent data that differs a factor 2 in intensity.
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4 Applying image analysis concepts on
DCVD images of PWR fuel

For this report, three data sets of PWR-fuel images captured with the DCVD were
studied, as summarised in table 2. Each data set contains three images of different
fuels, data set A contains images of a normal fuel assembly, data set B contains images
of another fuel assembly where one fuel rod has been removed, and data set C contains
images of yet another fuel assembly with one missing rod. As will be shown in the
analyses, the water surface for data set C had noticeable ripples. The images were
stored as 16-bit tif files with the extension .dci, as well as 8-bit .tif files, with and
without an embedded colourmap. Furthermore, another 100 images were available in
data set B, provided as .png files.

4.1 Characteristics of the data sets
Typical image histograms for the .dci and .tif files are shown in figure 8. The dci-
files correspond to the DCVD raw data, and comprise a larger range of pixel values.

We have made a few observations based on these images:

• The 8-bit tif-files have been processed with a histogram equalisation technique.
This means that a non-invertible and information-destroying transformation has
been applied. These images look sharp to a human eye, but because of the his-
togram equalisation, qualitative measurements cannot be obtained from them,
as discussed in section 2.4. Hence only the .dci images, that contain the raw
DCVD data, are used throughout this report.

• Only aminor portion of the dynamic range of the CCD sensor is used in the .dci
images as can be seen in figure 8. This suggests that longer exposure times or
higher gain can be used without risk of saturating the CCD, before the maximal
detector value is surpassed.

• One pixel (with the linear index 245,091) yields very high values in all images
and is most likely defect. The fact that the defect is not corrected for shows that
the individual pixels are not calibrated, as discussed in section 2.2. The standard
way to deal with defect sensor elements is to remove the corresponding pixel
values and instead interpolate them from neighbouring pixels.

• The images from the three different data sets are almost identical with respect
to the total intensities and the range of the pixel values. For data set A, the min-
imum and maximum pixel values are 1000 and 2630, for data set B the numbers
are 996 and 2503, and for data set C the numbers are 1018 and 2102. The sum
of all pixel values vary within 3% between the three data sets. The lowest pos-
sible individual pixel value the DCVD can output is 0 and the highest possible
is 16383. However, this maximum value is the highest value that the A/D in
the DCVD can output, and it is possible that other hardware components will
saturate before the A/D, resulting in a maximum obtainable pixel value that is
lower.

Table 2: A summary of the data sets that were used in the report.

Data set Images in set Fuel assembly

A 3 Normal, all rods present
B 3 + 100 One rod removed
C 3 One rod removed, water surface with ripples
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Figure 8: a) Histogram for one of the 16-bit .dci-images, containing 1564 unique pixel values,
which is only a small fraction of the full dynamic range of 16383 values. b) Histogram for one of
the histogram equalised 8-bit tif-images. It only has 137 unique pixel values.

• If the background is estimated from pixels in the image, and the minimum pixel
value is about 1000, this means that the background level is very high, and per-
forming accurate background subtraction becomes important. Background sub-
traction is discussed in section 4.4.

Looking at only the image data, we interpret this as the images being recorded
with the same DCVD, using the same objective and exposure time. Looking at the
additional data provided with the images confirms that the images were obtained on
the same day with the same DCVD instrument, using similar settings. In this work we
therefore assume that the data can be compared without having to consider the effects
of different settings for the images, such as zoom and exposure time. Such assumptions
should however generally be verified experimentally.

4.2 Geometric features of PWR fuel assemblies
Although there are several types of PWR fuels, many of them share common features.
PWR fuel assemblies are typically larger than BWR fuels; a common size is 17 x 17
fuel rods in one assembly, as compared to 10 x 10, which is common for BWR fuels.
Other features of PWR fuels are:

• Guide tubes
Some positions in the quadratic configuration of fuel rods contain guide tubes,
which allow for control rods or instrumentation to be inserted into the fuel as-
sembly during operation. The fuel type that has been imaged in this report con-
tains 264 fuel rods, 24 control-rod guide tubes and 1 instrumentation guide tube.
The latter is situated in the most central position in the assembly.

• Top plate
The top plate is situated at the very top of the fuel assembly. The design is
different between manufacturers and fuel models, but most top plates do to some
degree block the Cherenkov light generated in the water around the fuel from
reaching the detector. The top plate will thus affect the light intensity that can
be detected by a DCVD. Some fuel types also have a handle at the top of the
fuel, which may block some Cherenkov light from exiting the fuel.

• Spacers
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To keep the fuel rods in place at a correct distance from each other, spacers
are used. These spacers introduce additional Cherenkov light-absorbing and
reflecting material in between the rods, which reduces the amount Cherenkov
light in the fuel. Accordingly, Cherenkov light generated at the bottom of the
fuel assembly will be less likely to reach the detector than light generated at the
top of the assembly. However, the spacers do not affect light from within the
guide tubes, since they are located outside the rods and guide tubes.

• Inserts
PWR fuels stored in pools also sometimes have a cluster of control rods called
a spider inserted into the guide tubes, or a flow stopper, referred to as a stopper.
A spider or stopper will block the Cherenkov light from exiting the fuel, leading
to a further reduction of the Cherenkov light intensity.

In the current procedure for partial-defect verification of irradiated nuclear fuel as-
semblies, the total Cherenkov light intensity emanating from an assembly is measured,
as described in section 3.2. One striking feature of the PWR fuel images analysed in
this report, where no spiders or stoppers are present, is that the measured intensity is
highest in the guide tubes. This is in part because the top plate and the spacers do not
block the guide tubes, while they may block the view of other parts of the fuel assem-
bly. For this reason, analysing the intensity from the guide tubes is expected to be a
promising way to obtain data about the fuel, and in this report we have consequently
chosen to focus on the light intensity from the guide tubes. For fuels where a spider
or stopper is present, the guide tubes will be obstructed. In this case, no Cherenkov
light will be seen from the guide tubes, and thus some of the analysis methodologies
presented here are not applicable. This report contains no such data, and accordingly
such assemblies will be covered in future work.

4.3 DCVD alignment in the data
In figure 9, a cross hair is superimposed on top of the images to display the location
of the center of the image. As can be seen, the fuel assembly is not centered in the
image which indicates that the DCVD is not centered above the fuel assembly, and/or
that the DCVD is slightly tilted. The misalignment potentially introduces a position
dependent bias in the measured intensities. Due to the collimation of the Cherenkov
light, the light is mostly directed straight upwards (see figure 4). Consequently, a guide
tube located straight below the DCVD will be relatively bright, and the light intensity
in other guide tubes will decrease with distance from this point, simply because there
is no straight path from the lower part of the fuel to the DCVD. Thus, even if the light
emission from different regions are the same, different intensities will be measured
when the position and viewing angle differs. See also sections 2.6 and 3.4.

4.4 Background subtraction
A background is an unwanted contribution to the light intensity that is unrelated to the
light intensity that is of interest. When performing measurements with a DCVD at a
storage pool, the pool lighting also emits UV-light, that can be reflected on the water
surface or on the fuel elements, and affect measurements performed with a DCVD.
Thus, the ambient light contributes to the total light intensity seen by the DCVD, al-
though only the Cherenkov light from the irradiated fuel assemblies are of interest. In
order to obtain an accurate measurement of the Cherenkov light intensity, this back-
ground must be removed.

The background estimation, described in 3.2, is currently done by first finding the
lowest pixel value in the ROI, and subtracting this value from all other pixels to obtain
a background-subtracted image. This method has a few properties which should be
considered:
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Figure 9: The center of the image marked with yellow lines. It is seen that the DCVD was not
perfectly aligned when doing those measurements.

• By applying this background subtraction method, it is implicitly assumed that
the pixel with the lowest intensity does not obtain any contribution from the light
emitted by the fuel. In the current analysis methodology, the same ROI is used
for both the background estimation and for the analysis. The ROI is selected
to cover a region just around the fuel, which means that the Cherenkov light
intensity from the fuel is very high. Accordingly, it is most likely not a correct
assumption that the contribution of light emitted by the fuel is zero for the pixel
with the lowest value, and hence an incorrect background value is found using
this methodology. This will affect the determined intensity used for the partial-
defect analysis (see section 3.2).

• The standard way of subtracting the background is to perform a dedicated mea-
surement of the background, and use this information to remove the background
from other images. This can be done by imaging an empty position in the fuel
storage pool that is far away from any irradiated fuel assemblies. This will
ensure that only the background is measured, i.e. that a negligible amount of
Cherenkov light from the fuels affect the measurements.

• The current background subtraction method is sensitive to noise and defect pix-
els since only one pixel is used to estimate the background. Estimating the
background using a larger number of pixels would produce more stable results,
in particular for images with short exposure times, which have a higher noise
level.

• It might happen that for different images of the same fuel, the background could
be estimated from different regions in the image, and different background def-
initions would thus be used despite the actual background being identical.

• Comparing the background levels for different images obtained during the same
measurement campaign may provide useful information for the partial defect
verification, by for example identifying large variations in the estimated back-
ground. It may also help in better estimating the background for the individual
images.

• Ambient light reflected by the water surface may have a different characteristic
than the ambient light reflected by the top of the fuel assembly. It may then be
difficult to accurately remove both components using the current background
subtraction routine, that only treast a total background.

The minimum pixel value in the raw data from dataset A-C is around 1000 and
the maximum is around 2500, so the background defined according to the current pro-
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cedure constitutes a large part of the data. Hence there is reason to doubt the basic
assumption that the background pixel selected does not contain any intensity from the
fuel, as discussed in the next section.

In conclusion, alternative methods to better estimate the background, which may
be looked into in the short term, are:

• Performing a dedicated background measurement for each measurement cam-
paign, where several empty positions in the pool far away from any irradiated
nuclear fuel assemblies are measured.

• Using a region larger than one pixel when deducing the background value.

Since the background level varies from one fuel assembly to the next, a background
measurement at another location may not give enough information to accurately re-
move the background. However, such a measurement can still give an indication about
the magnitude and characteristics of the background, which can be used to verify that
the background level found for an image of a fuel assembly is reasonable.

4.5 Diffuse light from the irradiated fuel assemblies
Due to turbulence and impurities in the water, the Cherenkov light exiting the fuel
assemblies may scatter before reaching the surface. Such scattered light will not have
a strong directional dependence, and will behave more like diffuse light (see figure 4).
This will cause the Cherenkov light generated by the fuels to have two components: a
collimated component, and a diffuse component. The diffuse component will behave
much like the background discussed in the previous section, although it is a signal
component, making it especially important that the actual background is estimated
correctly. If the background subtraction routine used also removes the diffuse light
component, a systematic error will be introduced. It should be investigated how large
the diffuse component is in comparison to the collimated component, and if the diffuse
component is large it must be taken into account when measuring the total Cherenkov
intensity.

Consider the images analysed in this report, which have a minimum pixel value
of about 1000. Let's say that we have one image where the average pixel value is
1100, and one where the average is 1200. Suppose the minimum pixel value of 1000
is entirely due to the diffuse component of the Cherenkov light from the fuel, and the
background is negligible. Then there is no background to subtract and we find that the
second image has an average intensity that is about 10% higher than the first one. If
the diffuse component is instead very small, and the minimum value of 1000 is entirely
due to the background, the background-subtracted average intensities become 100 and
200. In this case, the second image will have an average intensity 100% higher than
the first. Although this example represents the extreme cases of very low or very high
background, it serves to illustrate the fact that if the diffuse component is treated as
background and removed, it will adversely affect the comparisons of intensities from
different fuels. Only by carefully measuring the background, and ensuring that the
diffuse component remains in the total Cherenkov light intensity calculations, can the
intensities from different fuels be compared accurately.

In the long term, one may also consider using the calibration light source (see
section 3.6) to investigate not only the light absorption in the water, but also to what
extent collimated light turns into diffuse light due to turbulence or impurities in the
water.

4.6 Analysis of guide tube intensities
In this section, we discuss the analysis of guide tube intensities for two purposes:

• partial defect verification, and
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Figure 10: In this report, the 24 control-rod guide tubes in the PWR fuel assembly are referred
to by the numbers shown in the figure.

• alignment aid.

To be able to refer to the guide tubes in this report, each guide tube has been given
a number as shown in figure 10.

As a consequence of the collimation effect and the alignment, the intensities in
the guide tubes will decrease with an increasing distance to the point situated straight
below the DCVD along a line parallel to the fuel rods. If this point coincides with the
fuel assembly center, the guide tubes can be grouped according to their distance from
the center, and a similar light intensity should be expected from those guide tubes,
provided that the activity content is similar in the fuel rods surrounding the respec-
tive guide tubes. If the guide tubes show different intensities, it could be a sign that
some guide tubes are surrounded by fewer irradiated fuel pins than others, which may
indicate a partial defect in the fuel. If the image is not centered, such conclusions be-
come more difficult to draw, and the intensities are in addition associated with larger
uncertainties.

One way to visualise the alignment in the data is to plot the guide tube intensities
vs the distance to the center of the fuel assembly, as done in figure 11 for data set
B. If the DCVD is properly aligned above the fuel assembly, only a small spread in
the Cherenkov light intensity as measured in the guide tubes at equal distances from
the assembly center would be expected, and this spread will increase as the DCVD is
moved away from the aligned position, mainly due to the collimation effect. As shown
in figure 11, the guide-tube intensities correlate well with distance from center for the
studied image. The data has a root mean square spread of up to about 10% per distance
group, which is a measure of the precision that can be obtained in this procedure for
this level of alignment.

Three guide tubes in an image from data set A are shown magnified in figure 12. It
can be seen that the intensities inside the guide tubes are not symmetric. The deviation
from symmetry depends to a large degree on the angle fromwhich the DCVD observes
each guide tube. By analysing the Cherenkov light gradient at each guide tube, it is
thus possible to, locally, get an indication of the direction to the point which the DCVD
is centered on, and this information can be used to correct for possible misalignment
during the measurement. Here, gradients have been determined in two images from
data set A and B respectively, using Gaussian derivatives (with σ = 1, see [3] for
implementation details). The gradients are shown in figure 13. They point mainly
towards the center of the image, showing that the light emission detected from a guide
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Figure 11: Average intensity in the guide tubes over the three images in data sets B vs distance
from center of the fuel assembly for the 24 guide tubes. The guide tubes are numbered as shown
in figure 10. Due to the collimated nature of the Cherenkov light from the fuel assembly, and since
the image center is quite close to the fuel center, the guide tube intensity is expected to decrease
with an increasing distance to the fuel center. In addition, onemay expect the emitted light intensity
to be higher in the center due to the higher likelihood to get contributions from all fuel rods in the
assembly.

(a) Guide tube 2 (b) Guide tube 6 (c) Guide tube 19

Figure 12: Three arbitrarily chosen guide tubes from one of the images in data set A magnified,
exemplifying that the intensity is not symmetric in a guide tube. The gradient of the Cherenkov
light intensity seen in the tubes are due to the collimating effect in combination with the viewing
angle.
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Figure 13: The red arrows are calculated intensity gradients in the guide tubes, and the center of
the image is marked with yellow lines. Due to the collimation effect, one can expect that the gradi-
ents increase with an increased distance to the point which the DCVD is situated directly vertically
above. One can also expect the gradients to be directed towards this point. This behaviour can
be used as an alignment aid.

tube is strongly dependent on the viewing angle. However, there are also indications
in this analysis that the DCVD may be somewhat tilted, so that the image center does
not coincide with the vertical alignment center.

Analysis shows that the average gradient magnitude in the guide tubes is larger for
data set A than for data set B. This could be due to the guide tubes being smaller in
the images due to distance, zoom, or image processing. For data set A, the guide tubes
cover a radius of approximately 16 pixels, for data set B they cover approximately 17
pixels.

The first attempt at analysing the guide tubes done in this report shows that it ap-
pears to be a viable method of obtaining useful data from the images. However, to get
quantitative measures of the activity in the fuel using the guide tubes, a model should
be developed for the how the gradients in the guide tubes vary with DCVD position.
Such amodel should be investigated in future work, and by using such amodel it seems
possible to refine the alignment aid implemented by using the additional information
from the guide tubes. It should also be investigated how the intensity and the gradi-
ents change if the guide tubes are bowed, since irradiated fuel assemblies may not be
perfectly straight after being subjected to the harsh environment in the reactor.

4.7 Influence of ripples on the water surface and tur-
bulence

Ripples on the water surface, or capillary waves, cause disturbances to the images due
to the refraction of light crossing the water surface, as illustrated in figure 14. The
effect of underwater turbulence is more complex and will result in a blurring of the
image, in addition to the geometric distortion caused by the ripples on the surface.
The images analysed in this report show different distortions at different times, and
this is most likely best explained by the ripples, see figure 15 for one way to visualise
this phenomenon.

An illustration of the effect of the ripples and the turbulence on the images is is
presented in figure 16. Figure 16 a) shows the average of the 100 images of data set
B, where the guide tube edges are blurred due to the ripples and the turbulence. In 16
b) the standard deviations of each pixel value are shown, and it is clear that the intensity
varies the most towards the guide tube edges. For the type of geometrical distortion
caused by ripples, it is expected that the standard deviation over many images will be
high in regions where the intensity changes drastically. The guide tube edges are such
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Figure 14: Refraction at a water surface, illustrated in black. Blue lines denote rays in air with
refractive index n = 1. Red lines denote rays in water with n = 1.33. The refraction causes
geometrical distortion to the images, a): still surface, b): moderate ripples.

(a) (b) (c)

Figure 15: Magnification of one particular guide tube from sample data set C, captured three
times. The effect of the water ripples and turbulence in the DCVD images is seen as variations in
the Cherenkov light intensity in different regions of the image. For example, the size of the red,
high-intensity region inside the guide tube changes over the three images. The images are shown
with the colourmap 'jet', and care was taken to normalise the colour scale so that each colour
corresponds to the same pixel value in all the images.
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(a) (b)

Figure 16: These images illustrate the effect of ripples on the water surface. a) Mean value of
the 100 images in data set B. The pixel values are normalised for each of the 100 images so that 1
corresponds to the maximum pixel value in the image. b) Standard deviation of the pixel values for
each pixel of the 100 images. The standard deviation is highest at the edges of the guide tubes,
which is why the guide tubes appear as rings. This indicates that the light is bent by the ripples
and that the pixels at the outer rim of the guide tube edges sometimes register light from within
the guide tube and sometimes from outside the tube.

regions, where the intensity is high inside the tubes and much lower just outside. This
suggests that surface ripples do affect the images recorded with the DCVD.

The average standard deviation of all pixel values (i.e. the average of the standard
deviations of each of the 512 ·512 pixels over the images) within the series might be an
indication of the severity of the ripples, assuming that no other parameters are varied
within the series. The average standard deviations are 21.1, 12.7 and 15.3 for data sets
A, B and C respectively. A visual inspection of the images suggests that data set B
has the least distortions and data set C has the most severe distortions. However, three
images is too few for a proper analysis, furthermore one of the images in data set A has
pixel values noticeably higher than the other two in the set, leading to a higher average
standard deviation. For images in data set B and data set C, no such outlying image is
present.

If the ripples are caused by a source with some periodicity, there is a chance that
they are periodic as well. This might cause a worse bias than just random ripples,
since the measurement error caused by the ripples follow a pattern and may not cancel
out on average. The severity of the ripples can be estimated by analysing a series of
images captured using the same settings but at different points in time. This could
be done within the normal routines during data collection, but here we have done so
afterwards. In figure 17 one pixel value is followed through the 100 images of data
set B. One useful method for finding periodic patterns in such a signal is to look at
the autocorrelation function, which is illustrated in figure 17. The autocorrelation is
the correlation between a signal and a time-shifted copy of the signal. If the autocor-
relation takes on the value 1, this means that the signal is identical to the time-shifted
signal. If there is very little correlation then the autocorrelation takes on a value close
to 0. If there are periodic patterns to a signal, these are usually easy to see in the au-
tocorrelation, although here no obvious pattern to the changes of the pixel values with
time is seen. A periodic correlation can however not be excluded.

One way to compensate for both sensor noise as well as for the ripples while imag-
ing would be to continuously record images with relatively short exposure time. Con-
fidence intervals for the values of each pixel could then be estimated and the imaging
could be designed to stop automatically when the value has reached a selected con-
fidence threshold. An illustration of this principle, for data set A, is shown in figure
18. This would be one way to obtain a more reliable value of the total Cherenkov light
intensity, which could be used in the subsequent analysis. By capturing several images
it may be possible to use image analysis to combine these images while compensating
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Figure 17: Top: Pixel value of one pixel in a guide tube for a sequence of the 100 images of
data set B. Bottom: Autocorrelation function for the time series above, which is the correlation
between the top signal, and a time-shifted copy of the same signal. If the signal is identical to the
time-shifted signal, the autocorrelation takes on the value 1, and if there is no correlation the value
becomes 0. If there are periodic patterns in the signal this is easily found in the autocorrelation,
but here no obvious pattern to the changes of the pixel value with time are found. A periodic
correlation can however not be excluded.
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for the effect of the ripples, but at the very least it will be possible to investigate the
severity of the ripples and use that to obtain a better limit on the error caused by the
ripples.

4.8 Mathematical description of image properties
Equation 1 gives a simplified description of how the incoming light is converted to
pixel values in a camera, but amore complete description is required to account for how
the Cherenkov light from a fuel assembly propagates to the DCVD, and thus how the
Cherenkov light is converted into an image. The situation is also further complicated
by the presence of two categories of light, since both Cherenkov light from the fuel as
well as background is measured by the DCVD.

The information of relevance when verifying irradiated nuclear fuel assemblies
using a DCVD is the Cherenkov light intensity emitted by the fuel, ĪE . However,
due to various distortions and the background light, the measurements will be affected
by various factors, which must be compensated for in order to find ĪE . First of all,
the DCVD must be calibrated so that the pixels give a linear response to the photon
intensity. Without such a calibration it is difficult, if not impossible, to obtain quanti-
tative data based on the recorded images. Here, it is assumed that such calibration is
performed in the hardware so that calibrated pixel values P̄ are recorded.

Due to the alignment discussed in section 4.3, ĪE will be affected by an alignment
field Ā. In addition, when the light is transported through the water, part of it will
be absorbed by impurities in the water, and scattered by turbulence and ripples on the
water surface. Thus the light will be affected by another distortion field W̄ due to
effects in the water, before reaching the DCVD. Finally, as discussed in section 2.6,
vignetting will cause yet another distortion V̄ to the light, before it is measured. As
discussed in section 4.4, there is also a background B̄ that must be taken into account
when performing measurements with a DCVD at a storage pool. This background
light is also affected by vignetting, so a term B̄ · V̄ must be introduced. Including a
term N̄ for the random noise that is introduced by the hardware, the calibrated pixel
values P̄ measured by the DCVD are given by:

P̄ = ĪE · Ā · W̄ · V̄ + B̄ · V̄ + N̄ (2)

As can be seen from this equation, knowledge about the noise, the background
light and several distortions is required in order to accurately calculate the intensity of
Cherenkov light emitted by the fuel from the pixel values. To characterise all these
effects, and compensate for them, there are several considerations:

• To obtain any quantitative data, the DCVDmust first be calibrated. Effects such

28



as a varying quantum efficiency in individual CCD pixels, dead pixels and non-
linearities in the sensor response must be compensated for, before the data can
be analysed in a meaningful way. The effect of changes in sensor temperature
must also be considered when analysing any collected data.

• The noise N̄ is expected to be different for different devices, so eachDCVDmust
be characterised individually. The noise may also change when parameters such
as gain and chip temperature changes, which must also be taken into account.
The noise level can be characterised by looking at several dark frames, and it
can be compensated for by recording multiple images of the same object and
averaging the images.

• The vignetting V̄ will affect any light measured by the DCVD. It may also
change when the zoom level is changed. The vignetting can be characterised
by imaging an evenly illuminated, diffuse surface.

• The background should be measured at a location where there is no other light
than the background, as discussed in section 4.4. If the background is measured
near a fuel assembly, light from the fuel may be mistaken for background, which
will affect the analysis.

• The distortion caused by the water, W̄ , may be estimated using the calibration
light source. By measuring the light from the calibration light source at different
depths, it should be possible to estimate absorption and scattering (which turns
collimated light into diffuse light). It should also be possible to estimate the
severity of the effects from ripples on the water surface using the calibration
light source.

• The distortion caused by ripples, which is part of the distortion field W̄ , can be
compensated for by capturing multiple images with short exposure time of the
object under study. By using image analysis techniques, one may then com-
bine these images while reducing the severity of the distortions, as discussed in
section 4.7.

• The alignment field Ā can be estimated from simulations. Images recorded with
good alignment will require only a small correction, while misaligned images
will require a larger correction, which will also introduce a larger uncertainty in
the correction procedure.

There are additional features of the fuel assemblies and the pools they are stored
in which may also affect the Cherenkov light intensity seen by the DCVD, which are
not included in equation 2. The near neighbour effect also gives a contribution to the
light intensity if the fuel assembly under study is surrounded by other fuel assemblies.
The spacers, keeping the fuel rods in place, will reduce the amount of Cherenkov light
that escapes the fuel assembly, since they will block some of the light generated at
lower depths from reaching the top of the fuel. Further, the reflectivity of the metallic
surfaces in the fuel assembly is unknown, and it will also affect how much Cherenkov
light can escape the fuel assembly. These effects must be studied further before equa-
tion 2 can be modified to take these effects into account.

5 Conclusions and proposals
In this report we have looked for possible improvements in the current procedures for
acquiring images with the DCVD from an image analysis perspective. We have looked
at both general imaging concepts and how they apply to the DCVD, as well as specific
considerations for imaging PWR fuel assemblies. Several error sources have been
discussed, as summarised in table 1, which in combination produce a total error, and a

29



total uncertainty in the measurements. However, many of them can be compensated to
reduce the level of uncertainty. Some of these effects were described mathematically
in this report, to show their effect and how to compensate for them.

5.1 General discussion
The current procedure for verifying partial defects analyses the total intensity, and
compares this to an expected intensity, given the fuel burnup and cooling time. Since
the guide tubes are the most Cherenkov-light intense regions in the image and are
generally not obstructed by the top plate, we have focused on image analysis of the
guide tubes in this report. Studying the intensities in the guide tubes is expected to be
a simple way to obtain more information about the fuel. For fuel assemblies with a
spider or stopper, the guide tubes will not be accessible and other routines will have to
be used. This is not covered in this report, but will be subject for further studies.

Based on the available data sets that were analysed in this report, it is difficult to
asses the possibility to detect the absence of one or a few rods using image analysis
methods due to several reasons:

• Too few examples and data sets were available for analysis,

• The DCVD was not properly aligned above the irradiated nuclear fuel, which
alters the intensity measurements in individual guide tubes up to about 10%, see
figure 11.

• Several distortions, such as vignetting, ripples on the water surface and turbu-
lence are unknown or insufficiently characterised.

It is tempting to try to calibrate the system so that each pixel gives an absolute
photometric measurement, so that the photon intensity hitting the CCD can be cal-
culated from the pixel values, which require eliminating as many hardware-related
uncertainties as possible. This might however not be practically possible, especially if
the calibration depend on the settings of the device, and if these settings depends on the
conditions at the fuel ponds. Furthermore, to measure the Cherenkov light intensity
emitted from the fuel, background subtraction becomes essential and water quality,
turbulence and ripples on the water surface will also have to be considered. Never-
theless, several sources of errors and uncertainties can be compensated for, and doing
so will improve the quality of the data obtained with the DCVD, also for the case of
relative intensity measurements.

5.2 Short-term suggestions for improved data collec-
tion and analysis

Some suggestions for improved quality of the images are:

• Better alignment should be achieved in order to reduce the image artefacts which
are caused by the DCVD not being centered above the fuel assembly and aligned
with its vertical axis. There is an alignment aid in the DCView software, and
by using this aid it should be possible to obtain images with a better alignment
than those analysed in this report. The DCVD operators could also be given
some immediate alignment feedback such as lighting a green indicator when
alignment is attained. Introducing improved procedures for alignment has a cost
in time for the operator, but will increase the quality of the data. The alignment
is discussed in section 3.4.

• The background subtraction currently uses the value of only one pixel, making
it sensitive to noise and dead pixels. The background should be estimated from
a larger region that is known to contain only background. Because light from
the fuel assembly under study can be expected to contain a diffuse component,
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as discussed in section 4.5, which contributes to all pixels in the image, it may
be difficult to define the actual background level when a fuel is present in the
image. Onemethod of defining a relevant background level would be to perform
a dedicated background measurement over an empty position in the pool, that is
far away from any fuel assembly. Further studies should be performed to asses
the background in the image in order to make a correct background assessment.
Background subtraction is discussed in section 4.4.

• Variations due to ripples on the water surface are present in all the data sets
analysed in this report. It would be preferable to capture series of multiple im-
ages with short exposure time that can be averaged on-line or afterwards, rather
than one image with long exposure time. Doing so opens up the possibility of
using analysis routines to reduce the effects of the surface refraction, although
such routines must first be developed. By segmenting the data collection, it will
also be possible to estimate the severity of the disturbance caused by the ripples
based on variations in the images.

• Build a database containingmeasurements andmeasurement information (meta-
data), both for normal and manipulated fuels. Before adopting a method for par-
tial defect verification, it should be verified against as much experimental data
as possible. If a method is sparsely tested, there is a risk that it will be "tuned"
to only be useful for fuels that are very similar to the ones that it has been tested
against.

• Use light from a diffuse surface to estimate the vignetting effect. Then, the
intensity emanating from the fuel assembly can be extracted from the images
with a lower relative error. In addition, individual pixels can then be calibrated,
i.e. it is possible to find the response function F̄ in Eq. 1, and remove its effect
from the data. The vignetting effect is discussed in section 2.6

• The geometry of imaging setup, such as the distance from the DCVD to the
fuel and the water surface, should ideally be the same for all data collected with
the DCVD. In practice, the geometry will depend on the conditions at each fuel
storage pool, making measured intensities comparable only within a set of data
collected in the same storage pool. In addition, one must also expect the condi-
tions at the pool to vary over time, making it doubtful that intensities collected
in different campaigns may be compared, unless a calibration is performed. Ac-
cordingly, care must be taken to keep the geometry as identical as possible dur-
ing a measurement campaign, and preferably the inspector should collect data
from a chosen assembly multiple times using the same instrument and settings
during a campaign to control that the conditions are unchanged.

5.3 Long term suggestions
Among the actions that may be taken and further investigations that may be performed
to improve the capabilities of the DCVD in a longer term are:

• If data is collected by capturing multiple images with short exposure time, one
could add a feature in the DCVD software which estimates the confidence in-
tervals of the information of interest (such as, for example, the mean intensity
at each guide tube). The data recording can be designed to continue recording
data and stop automatically once the confidence intervals are small enough, see
figure 18. The effect of the ripples is discussed in section 4.7.

• A digital gyro or spirit-level could be added to the DCVD to measure the tilt of
the instrument and store it together with other metadata. This would remove a
few unknownswhich are described in section 3.4, which wouldmake an analysis
of the recorded data more accurate.
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• If the distance between the DCVD and the fuel is known, as well as the possible
tilt of the detector, it will be possible to calculate the angle at which each guide
tube is seen. This information can in turn be used to better estimate the intensity
inside each guide tube, which can be useful in order to solve the inverse problem
of identifying removed or replaced rods, as discussed in section 4.6. One may
also add capability to measure the distance to the water surface and to the fuel
top plate, e.g. using laser techniques.

• To use the intensity gradient seen in the tube for alignment, information about
how the gradients change with DCVD position is required, and it can be found
through simulations. Accordingly, one could perform simulations to investigate
the Cherenkov light intensity from the guide tubes, and how the intensities seen
change when moving the DCVD.

• For partial defect verification using the intensity seen in the guide tubes, one
could also perform a dedicated investigation of how the intensity in a guide tube
changes when rods around the guide tubes are removed.

• One should study if and how the reflectivity of the surfaces inside the guide
tubes and on the fuel rods change over time and how they affect the measured
Cherenkov light intensity. This is important input also to the modelling of the
Cherenkov light transport.

• A spectrometer could be used to measure the ambient light when imaging. The
information could be used to identify the background light present during mea-
surements, allowing for the background to be subtracted using a differentmethod
than the one presented in section 4.4. The information from the spectrometer
could also give a reason to ask for more light sources to be disabled during the
measurements (if possible).

• The calibration light source can be used to estimate the absorption in the water.
Alternatively, it could be possible to collect water samples and analyse them to
investigate the absorption. This will help to eliminate some sources of uncer-
tainty presented in section 3.3.

• The turbulence in the water could be estimated and characterised, and it could
also be investigated to what degree the turbulence will cause the collimated light
from the fuel to scatter, turning it into diffuse light, as discussed in section 4.5.
It could also be investigated if the diffuse component can be used to obtain in-
formation about the fuel, or if it is preferable to remove it when analysing the
images.

• The nearest-neighbour effect could be investigated further, to find the magnitude
of the effect for different irradiated fuels, and to find methods of compensating
for the effect.
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