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Introductory remarks by the author 
The DCVD (Digital Cherenkov Viewing Device), and its predecessor the CVD (Cherenkov 
Viewing Device), has been used by the IAEA to inspect gross defects in spent fuel. The time has 
now come to also write a report on the instrument’s ability to detect partial defects at the 50% 
level. Before this report can be finalized, the capabilities of the DCVD must of course be 
investigated and quantified. Discussions have arisen within the DCVD-group how this can and 
should be done. 
 
My tasks in this group, apart from providing computer simulation results, has been to scrutinize 
the work done by the DCVD-group from a scientific point of view, and to give input that may 
help the group move forward. With the approaching deadline of the partial defect report in April 
of 2011, my task has transformed into designing a strategy for investigating the partial defect 
capabilities of the DCVD that rests on both a solid theoretical and experimental ground. This in 
turn demands a thorough plan ranging from the current status and up to the point where the 
requested results need to be delivered. Furthermore, it calls for all this work to be done.  
 
This report contains aspects, ideas and analysis examples that I consider to be important for the 
work that lies ahead. When proposing what needs to be done, I have not considered the time 
available until the report is due or the amount of work that is needed. This report contains only 
my own recommendations for what needs to be done and not a plan for how to reach this goal. I 
am aware of the risk that not all members of the DCVD group are familiar with the statistical 
tools presented, their theory or applications. Because of this I have included some introduction to 
certain concepts. Section 2 contains a discussion on the definition of partial defect and its 
detection and section 3 proceeds to mention some of the conditions that may affect the 
performance of the DCVD. Section 4 focuses on the importance of establishing a calibration 
procedure and section 5 deals with statistical terms and concepts that one should be familiar 
with. For a more thorough reasoning on this topic, the reader is referred to for example [1][2][3]. 
Section 6 explains the method of hypothesis tests and section 7 contains both a proposed “to-
do”-list of the work lying ahead of the DCVD group as well as a suggestion on how hypothesis 
testing can be applied in the specific evaluation study of partial defects. The report finishes off 
with a conclusion in section 8 and a reference list in section 9. 
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1 The digital Cherenkov viewing device 
The DCVD is a non-intrusive instrument developed for the IAEA that is used to measure the 
presence of fuel assemblies in storage pools. No movement of the fuel assemblies is needed and 
the fuel image is recorded in just a few seconds. The instrument records the ultraviolet 
Cherenkov light arising from the interaction as deexcitation photons from fission daughters in 
the fuel interacts with the surrounding water. The equipment is mounted on the railing of the 
walking bridge above the fuel pool. 
 
The DCVD light detection system consists of an electron-multiplied charged-coupled device 
(EMCCD) detector with a motor driven detector head. The 80-200 mm motor controlled zoom 
lens is constructed with a slider to allow the user to switch between seeing visible and UV light. 
A touch screen is used for image display and control. To assist with the orientation in the fuel 
pond, a laser pointer is mounted on the detector.[4] 
 
 

 
         Figure 1. The mounted DCVD instrument [4]. 

 

The ability of the instrument to see both visible and false colored images makes it suitable also 
for imaging long cooled fuel with low burnup. The target sensitivity for the DCVD was to be able 
to verify spent fuel cooled for 40 years with a burnup of 10,000 MWd/t U [4]. In visible light images, 
fuel rods are shown as dark areas while guide tubes, water channels and water gaps between the 
fuel rods show the characteristic bright blue light. 
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2 Definitions required as a basis for the evaluation 

2.1 Partial defect 
To be able to determine if the DCVD is able to determine partial defects, a proper definition of 
partial defects is mandatory. This definition should be unambiguous and agree with the term as it 
is defined and used by the IAEA, but it may have specific attributes added for the purpose of the 
evaluation study. A definition could for instance be:  
 
The term “partial defects” refers to defective fuel assemblies where 50%, or more, of the fuel 
material has been completely removed or substituted. The substitution material has in this study 
been limited to non-irradiated stainless steel having a 100% absorptive surface. 
 

2.2 Detection technique 
This information must also be easily available to the reader of the report. What is the idea behind 
the detection of Cherenkov light? Will the inspector look for the total Cherenkov light intensity, 
or is a pattern of lighter and darker areas in the image still an alternative? If so, how is this 
evaluation done? Will the evaluation be automated? Documentation on the measurement and 
detection technique as well as the software is required. 
 

2.3 Verification and report detail level 
Verification reports already handed to the IAEA by groups working on other instruments can be 
a useful source of information on what kind of documentation that is needed. The report on the 
2nd generation COMPUCEA instrument for assay of uranium concentration and enrichment in 
various samples is an example of this [3]. The COMPUCEA assay technique is covered by the 
accreditation of the Institute for Transuranium Elements (ITU) according to the DIN norm EN 
ISO/IEC 17025:2005. The description on sample preparation is documented in referenced 
working instructions. The instrument’s uncertainties are calculated in accordance with guideline 
documents established by a network of organizations in Europe working with international 
traceability of chemical measurements and the values are compared with so-called International 
Target Values (ITVs). The evaluation of uranium concentrations are described to closely 
resemble procedures described in ISO-standards. The report presents many of the aspects that are 
generally considered necessary for a well written instrumentation report documenting the 
instrument’s capabilities. This includes setup descriptions, data analysis and evaluation, 
calibration information, quality control, working ranges, impact analysis of several important 
parameters as well as documentation on counting precision and measurement reproducibility. A 
complete evaluation of performance parameters is also included and so is an estimation of the 
measurement uncertainty. 
 
For a solid investigation, the DCVD group members should investigate and, in the final report, 
define what standards are used for the DCVD-measurements and DCVD evaluation analysis. It 
would also be useful to look for guidelines similar to those used by the COMPUCEA group, 
since they may substantially facilitate the evaluation process.  
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3 Factors that influence the Cherenkov light intensity 

The Cherenkov light, seen by the DCVD, is mainly created as gamma-rays from the 
deexcitations of fission daughters interact with atoms in water via Compton scattering or the 
photoelectric effect. As the released electrons move faster than the speed of light in water, the 
bluish light appears and can be recorded by the DCVD.  
 
The Cherenkov light has a wavelength dominantly in the range of 250-350 nm [5]. Considering a 
refractive index in water of 1.34, this means that the electrons in water must travel with a kinetic 
energy of at least 0.257 MeV to give rise to Cherenkov light. 
 
The Cherenkov photons move through the water and may interact. Photon interaction with matter 
is governed by the physical processes called the photoelectric effect, Compton scattering and pair 
production (for high energies). At low and medium energies, this means that photons can be 
either absorbed or scattered and taking such effects into account when quantifying the amount of 
produced and detected Cherenkov light is therefore very important. Some parameters that 
influence the light intensity are discussed below. 
 

3.1 Fuel type 
Each fuel type has a specific geometry and this geometry influences the Cherenkov light 
intensity. The geometry can be considered to consist of the source geometry (fuel rod 
configuration) and the construction geometry (spacer grids, top plates etc) and the effects of both 
must be understood. 
 
For common hand waving arguments on how the fuel geometry influences the Cherenkov light 
intensity, the following arguments should be kept in mind. In general, fuel types with more fuel 
rods create more Cherenkov light. However, at least as important is the gamma-ray source 
concentration in the fuel rods, being dependent on fuel parameters such as burnup and cooling 
time. Furthermore, the water volume between the fuel rods also influences the intensity. On one 
hand, more water means fewer rods and thereby a lower intensity, however, more water also 
means a larger volume where gamma-ray interactions may give rise to emission of Cherenkov 
radiation. In addition, during irradiation in the reactor core, more water implies better moderation 
and thus higher power and more production of fission daughters in the surrounding rods, i.e. a 
stronger source of gamma radiation. 
 
The construction geometry may also have an effect on the transport of the produced Cherenkov 
light up towards the DCVD. More material means a higher probability for the Cherenkov 
photons to interact and “get lost” on their way to the camera. If rods are removed or substituted, 
one should consider the possibility that additional material may be introduced which may alter 
the transport of the Cherenkov light. 
 

3.2 Rod reflectivity 
The rod reflectivity, and the reflectivity of all fuel material in the storage pool for that matter, 
determines how likely it is for an impinging Cherenkov photon to be either scattered off of that 
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surface, or to be absorbed by it. Materials have reflectivities between 0% and 100%, but they do 
rarely take on any of the extreme values. It is also important to remember that material (in water) 
also undergo changes in surface reflectivity with time.  
 
For a thorough and realistic study, it is not enough to assume that a diverter substitutes actual 
fuel rods with completely black rods as this would be relatively unrealistic and easy to detect. A 
more realistic approach (which also leads to a more conservative declaration on the abilities of 
the DCVD to detect partial defects) is to measure the reflectivity of different authentic fuel rods 
in order to estimate scattering and absorption of Cherenkov light. For fuel that may have been 
tampered with different cases should ideally be considered. These cases could include e.g. 
substitution rods with reflectivities similar to that of actual fuel rods and a combination of fuel 
rods with (high) reflective and (high) absorptive surfaces. As a suggestion, one may measure the 
reflectivity of fresh fuel rods and non-irradiated cladding and use that as one base case. 
 

3.3 Water quality 
Similarly to the just mentioned effect on the Cherenkov light intensity of the fuel rod and fuel 
assembly surfaces, the water quality of the storage pool is an important factor to consider. The 
water may itself contain particles of various sizes that act as distributors or diffusers for 
Cherenkov light, causing less light to reach the DCVD. It is also known that organic compounds 
in the pool cause ultraviolet absorption and that the ultraviolet absorption itself is directly related 
to the distance the light travels in the water [6].  The water also has different temperatures in 
different parts of the pool, due to the heating effect of the fuel assemblies, and this influences the 
refraction index of the water and thereby the number of produced Cherenkov photons as a 
function of incoming photon energy [5]. Thirdly, the turbulence of the water due to circulation 
pumps and thermal heating alters the trajectories of the Cherenkov photons and hence the 
detected intensity. Dedicated and detailed studies on all three water quality factors must be 
performed in order to understand and quantify the effects of these factors on the measurements 
and to explain the obtained experimental results. As a suggestion, routines should be developed 
for calibration of the instrument where water quality may come in as one measurable factor. 
 
Because a longer distance travelled in water by the Cherenkov photons increases the probability 
for interaction with water particles, this distance must be well known. Also due to the solid angle 
effect, the total distance between the fuel assembly and the DCVD must be corrected for when 
comparing the measured values to the expected ones. 
 

3.4 Fuel materials 
One can image substitution with many different materials. Even without putting a certain surface 
layer on the substitution material or treating the surface separately, the choice of material will 
influence the light intensity because it will alter the gamma-ray transmission. Furthermore, one 
should consider whether substitution can (realistically) be masked with the use of irradiated 
materials. Some materials become activated after reciding in the core for some time (e.g. 
stainless steel), others simply decrease the neutron flux, change color or may get a more rugged 
surface after some time, which in turn affects the reflectivity and hence the light intensity.  
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3.5 Stray light contributions to the Cherenkov intensity 
The light seen by the DCVD, when looking down on one specific fuel assembly consists of 
several components. Unwanted contributions to the actual signal, or background, may for 
instance originate from overhead fluorescent lights in the pool area and from lights in the pool 
[6].  
 
For long cooled fuel with low burnup, extra light contributions may be especially unwanted since 
the actual Cherenkov signal is low as it is. It is important to quantify and minimize background 
contributions such that one can try and avoid them or, alternatively, accurately subtract them in 
the DCVD software. This is further discussed in section 3.7. 
 

3.6 Cherenkov light contribution from neighboring fuels 
Another background contribution is light such as Cherenkov glow from fuel assemblies 
elsewhere in the pool, which is to be distinguished from the “near neighbor effect” that refers to 
Cherenkov light as a result of intense gamma radiation from neighboring fuel assemblies [6]. 
Both these contributions are very difficult to quantify as they vary not only between different 
storage pools but also with location in the same storage pools. The Cherenkov light contribution 
contributions from neighboring fuel assemblies depend both on the specific burnup and cooling 
times of these fuel assemblies, as well as on their location and fuel type (i.e. source distribution 
and fuel construction geometry) and therefore a thorough exposition on this topic is of great 
interest. 
 

3.7 Background subtraction procedure 
Background that cannot be avoided during measurements must be subtracted in the analysis in 
order for the actual signal to be seen. The background subtraction procedure is therefore very 
important and must be properly documented.  
 
The current methodology of performing background subtraction in the DCVD software is to 
subtract the intensity value of the darkest pixel in the recorded image from all pixels within the 
so-called Region Of Interest (ROI). This methodology is to my knowledge not supported in any 
literature and it is unclear how useful it is. If the black pixel does not happen to exactly 
correspond to the background, parts of the background may still remain in the DCVD image after 
the subtraction and the only thing the inspector has done is to rescale the intensity values by a 
random factor. 
 
A suggestion of how to evaluate a particular background subtraction procedure could be to 
perform an experimental campaign where the Cherenkov light intensity from a fuel assembly is 
first measured in the pool. Then the fuel assembly is removed from its position and a new DCVD 
image is recorded from the position where it was located. For a proper investigation, this 
procedure has to be evaluated for a large number of fuel assemblies and a large number of 
neighboring fuel configurations. The result is a much better estimation of the light contribution 
with origin elsewhere than in the actual fuel assembly and its value will most likely be different 
to that of a “black” pixel seen with the fuel assembly in place. 
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3.8 Instrument variability 
How large is the spread of light intensity between two DCVD instruments measuring the 
Cherenkov light intensity from the same fuel assembly? This depends on the sensitivity of each 
instrument and in order to answer the question, a measurement campaign should be dedicated to 
comparing the results of different instruments. 
 
In addition, using more than one instrument would be helpful in the evaluation of the calibration 
procedure selected. This means that one could check that two instruments give equally accurate 
and linear responses for all intensities. The calibration procedure is discussed in more detail in 
section 4. 
 

3.9 Inspector effects  
The inspector operating the DCVD is responsible for aligning the device correctly above the 
fuel, for selecting a ROI within which the total light intensity is calculated and for choosing a 
certain degree of focus in the image. Depending on the eye sight of the inspector as well as 
her/his experience in performing this type of measurements, the results will differ.  
 
Another, yet more important, assignment for the inspector is to look at a certain selected fuel 
item. How probable is it that the inspector aims the DCVD at the “wrong” fuel assembly and 
hence skips one assembly or that he/she measures one assembly twice? How can this be 
avoided? 
 
In this context it may be noted that some estimations of the light intensity as a function of 
instrument misalignment and focus has been performed [8]. This is highly valuable for the 
current evaluation of the instrument capabilities. 
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4 Calibration procedure  
The DCVD, as all other instruments, needs to be calibrated. The purpose of the calibration is to 
provide a reference against which a measured value is compared. A new calibration needs to be 
performed in connection to every measurement campaign because instrument performances may 
change over time and in different environments. 
 
The calibration may be split into two parts, pre-calibration and calibration, where a pre-
calibration in a home lab environment may reduce the calibration time needed at a nuclear fuel 
site. In the pre-calibration, the DCVD response to at least two different reference intensities, 
preferably more, should be carefully studied with respect to different settings in the instrument 
and to other impact factors such as those mentioned here in section 3. The purpose is to get a 
relation between a “true” intensity and a measured one, under controlled circumstances.  
 
At the actual measurement site, the calibration can be focused on a limited number of 
measurements, delivering a new calibration factor relating these experiments to those in the lab. 
However, in the case of the DCVD there are also additional factors that affect the calibration that 
unfortunately cannot be modeled in a lab. Such factors are e.g. the water quality in the pool, the 
lights in the pool hall and neighboring fuel effects. Therefore, careful calibration measurements 
must be performed also on site. A proper calibration procedure needs to be established taking 
(among others) the following issues into account: at what distance(s) from the DCVD should the 
calibration light source be placed, what intensities of the calibration light source should be used, 
how many measurements should be performed and how often. The established routines should be 
followed for every measurement campaign. 
 
The developed calibration light source should in its present, or further developed, form be used 
for every measurement. Before fuel assembly data is taken, the calibration light source should be 
sunken into the water and measured on. This procedure should be repeated both in the end of the 
measurement campaign, every time the DCVD is turned on, every time instrument settings are 
changed and preferably also some time during data taking to ensure that the device, settings and 
environmental parameters have not changed. This also helps control or correct for possible drift 
effects and electronic noise in the device that may take place. If a second or third DCVD 
instrument is used, a new calibration should of course be performed for these devices. 
 
Another suggestion is to use the calibration light source in many different locations in a fuel pool 
in order to estimate the effect of neighboring fuel assemblies. By lowering the calibration light 
source into the water both where there are no surrounding fuel assemblies and in various 
locations with 1, 2, 3 etc neighbors with different burnup, it may be possible to estimate and also 
quantify the nearest neighbor effect. 
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5 Statistics and probabilities 
The purpose of section 5 is to provide the reader with information on one statistical tool that may 
be used for the evaluation of the partial defect abilities of the DCVD. However, in order for the 
reader to grasp the concept, a rigorous exposition on statistical theory is required. 

5.1 Terminology 
Many statistical terms are being used in very uncareful ways by both people and media, leading 
to misinterpretations of the words. The enclosed list contains some of the most common terms 
used in statistical science. 
 

 Population 
A population is a term used to describe a full collection of potential observations that can 
be conceived. It often represents the target of an investigation and the objective of the 
data collection process is to draw conclusions about the properties of the population. 
 

 Sample 
A sample is data acquired through the process of observation (e.g. experimental 
measuring). The term can be used to describe both one single individual from the 
population or a collection of such. 
 

 Error 
Difference between an observed or calculated value and the true value. If the true value is 
not known, one should use the word ”uncertainty” instead. 
 

 Uncertainty 
In a repeated measurement the results may differ. The difference is expressed as a 
discrepancy between the results and it arises because a result can only be determined with 
a given uncertainty. Uncertainties have their origin either in fluctuations in measurements 
or in causes associated with the theoretical description of the result. 
 

 Random errors or statistical errors 
Indefiniteness of the result due to the finite precision of the experiment. A measure of the 
fluctuation in the result after repeated measurements. 
 

 Systematic errors 
Reproducible inaccuracy introduced by e.g. faulty equipment, calibration etc. These types 
of errors can, in principle, be corrected for. For the DCVD, the factors mentioned in 
section 3 give contributions to this error, but there are also additional systematical 
contributions such as e.g. noise from the instrument. 
 

 Error bars  
A good practice is to include error bars in graphs to indicate the resolution of the 
measurement or setting or to display the range of the variable or a confidence interval of 
it. The text in connection to the graph must explain what the error bars represent.  
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 Accuracy 
A measure of how close the result can be repeated is to the true value (quote errors). 
 

 Precision 
A measure of how exactly the result can be repeated, i.e. how well it is determined 
without reference to any true value (quote uncertainty). 
 

5.2 Concepts 
Many of the terms in this paragraph can be specified further by applying them to specific 
probability distributions. The purpose with collecting them in general terms here is to provide the 
reader with a quick overview. 
 

 Probability model or distribution 
A function or distribution that is assumed to reflect the behavior of a variable X.  
Commonly used distributions are e.g. the binomial distribution, the poisson distribution 
and the normal distribution. However, an experimental set of data may not exhibit the 
properties of these general distributions, and its compliance with such a distribution is often 
tested using statistical methods. 
 

 Sample mean 
A representative value around which the measurements are centered are given by the 
sample mean 푥̅ of a set of n measurements. 

 
(1) 

 
 The sample variance 

Deviations from the mean value are always observed. Because the sum of all deviations 
from the sample mean by definition adds up to 0, one calculates  the sample variance s2 
as the sum of the squared deviations and divides that value by the number of degrees of 
freedom n-1 (one degree of freedom taken for the calculation of the mean).  

 
(2) 
 
 

 Standard deviation 
Because one often wants to quote the variability in the same unit as the data, the standard 
deviation is taken as the square root of the variance. 
 

 Population mean 
The population mean =E(X) is the true mean value of the population under study. 
 

 Expectation value 
The expected mean value of a random variable X, or of its probability distribution, with 
the means of random sampling can be defined as  
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(3) 
 

 Confidence interval 
This is an interval used to estimate a population parameter and will be discussed in some 
more detail in connection to hypothesis testing. Briefly it can be said to be an interval 
within which a parameter can be estimated with a certain probability. 
 
Let X1…Xn be normally distributed random samples and θ an unknown population 
parameter. A confidence interval (L,U) where L is the lower limit for θ and U the upper 
limit, is an interval computed from the sample observations. The interval is constructed 
such that, prior to the sampling, it includes the unknown true value of θ with a specified 
high probability, 1-. This can be expressed in the following way where P marks the 
probability, P(L<θ<U) = 1-, and the interval is called a 100(1- )% confidence interval 
for the parameter. (1- ) is called the level of confidence associated with the interval. 
 
A probability                                                           obtained from many measurements  
 
assert that there is a probability of 0.95 that the true distribution mean µ lies in the 

interval between the stochastic endpoints 
n

X 96.1 and
n

X 96.1 .  

 

5.3 Likelihood functions and probability distributions 
Depending on the specific situation or phenomenon that one wishes to describe, certain 
probability distributions are more appropriate than others. The probability distribution describes 
the possible outcomes for future events. In this subsection some of the most common ones will 
be described. However, it is important to keep in mind that all data sets cannot be described 
using them. Some cases may demand a completely new (experimentally described) distribution 
that the analyst must quantify in a certain interval. 
 
In an ideal case, one has access to the so-called likelihood function for a certain set of parameters 
or models. The known probability distributions for the parameters are input to the likelihood 
function, which can be described to refer to past outcomes with known probabilities. A 
likelihood function is typically used to answer the question “given the probability p and n 
observations, what is the likelihood for this outcome?”. The likelihood function describes 
everything there is to know about the behavior of a set of parameters. Due to its complexity, we 
will henceforth deal with probability distributions instead of likelihood functions, (except in 
subsection 7.2 item 2a which is included for clarification). 
 

5.3.1 Binomial distribution 
This distribution applies in the case where one has a fixed number of n trials with the 
independent success probability p in each trial. A typical example describing a case where this 
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distribution applies is if one tosses a coin 10 times and wants to know the probability of getting 
heads 4 times. The probability distribution is: 
 
            (4) 
 
 
 
with the distribution mean being 
            (5) 
 
 
and the distribution variance being 
            (6) 
 
 
When dealing with situations where this distribution applies, tables can be used to obtain 
calculated probabilities. 
 
 
5.3.2 Poisson distribution 
When the number of trials, n, is large and tables become impractical to use, the Poisson 
distribution may be used if p is small and the product np is “moderately large” (different from 
zero and much smaller than infinity). The Poisson distribution applies to discrete, independent 
events occurring within a time interval at a constant and known average rate, for instance 
radioactive decays. The Poisson distribution is described as 
 
            (7) 
 
 
with the mean value and standard deviation both being equal to , the population mean or 
expectation value. 
 

5.3.3 Normal distribution 
For even larger sample sizes and where the success probability p is neither close to 0 or 1 
(np>>1), the normal (or Gaussian) distribution is a good approximation to the poisson 
distribution (and binomial distribution). The normal distribution is, in contrast to the binomial 
and poisson distribution, a continuous distribution. It is often used as a first approximation to 
describe real-valued random variables that tend to cluster around a single mean value. Although 
the normal distribution has also been accepted by convention and experimentation to be the most 
likely distribution for most experiment [2] its validness must be verified for the particular 
application. 
 
The probability density function, normalized to 1, conveniently has the property that the best 
estimate of the mean  is the average value of the random sampling performed. The probability 
density function is defined as 
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            (8) 

 

5.3.4 Student’s t-distribution 
Gaussian, or normal, probability does not always apply. In some cases one may instead use the 
Student’s t-distribution, which has been found especially useful for describing small data sets 
where the mean and the estimate of the standard error may be poorly determined. However, also 
here one often wishes to have at least 10 observations. The reason for this is that the mean value 
and the standard deviations are otherwise too poorly determined, or too uncertain, to be 
meaningful. One single sample says almost nothing about what distribution it originates from 
(the only information obtained is if it’s positive or negative and if it has an integer or a 
continuous value); in fact, one could probably fit almost any distribution to it. It is only upon 
repeated sampling that the shape of the distribution becomes better known, and that one can 
interpret if the first sample (perhaps thought to be “representative”) actually was close to the 
expectation value or if it happened to come from the far end of the tail of some distribution. 
 
The Student’s t-distribution can be used for estimating e.g. the probability of the true mean lying 
in a calculated interval and assessing the statistical significance of the difference between two 
sample means. Visually, the probability distribution looks like a normal distribution but it has 
larger tails.  
 
 
            (9) 
 
where the -function is the factorial function n! extended to non-integral arguments and the 
variable 푡 = |푥̅ − 휇|/푠 , where s is the estimation of the standard deviation. 
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6 Hypothesis testing 
Hypothesis testing is the proposed method to determine is a certain fuel assembly is complete or 
has partial defects on the 50% level.  
 

6.1 General aspects of hypothesis testing 
The purpose of hypothesis testing is to determine if a statement about some feature of a 
population is strongly supported by information obtained from the sample data or not. The 
general approach is to consider the statement false unless the contrary is strongly supported by 
data. The plausibility of the hypothesis is to be evaluated on the basis of information obtained by 
sampling.  
 
Because there are two possible outcomes, there are two complementary hypothesis of interest: H0 
and H1. H0 is called the null hypothesis and H1 is called the alternative hypothesis. The negation 
of the assertion (no relationship between phenomena) is always the null hypothesis and the 
assertion itself is always the alternative hypothesis.  
 
When performing hypothesis testing, the analyst has two alternatives. Either the alternative 
hypothesis must be rejected if the data strongly supports the null hypothesis, or the analyst will 
fail to reject the alternative analysis which means that the null hypothesis is not strongly 
supported by data. It is important to keep in mind that if a hypothesis cannot be rejected, it does 
not necessarily mean that it is true. It only means that it cannot be rejected given the available 
data. If a larger sample is collected, the outcome could be different. 
 
The random variable used to evaluate whether the null hypothesis should be rejected or not is 
called the test statistic and its set of values for which the null hypothesis is rejected is called the 
rejection region of the test. 
 

6.2 Errors in hypothesis testing 
There are two types of errors that one can make in hypothesis testing, they are called type I 
errors and type II errors. The first type and most serious error is to reject the null hypothesis 
when it is in fact true, one will then have false positives. The second type is to not reject the null 
hypothesis when it is false, in this case one will have false negatives.  
 
The type I error probability depends on the value of p covering the range where H0 is valid, and 
is denoted (p). It is also called the power of the test at the alternative p. The type II error also 
depends on the probability p in the region where H1 is valid and is denoted (p). For a graphical 
display of the two errors, se figure 2. 
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Figure 2. The type I and type II error probabilities marked at p=0.5 and p=0.8, 
respectively, for an example hypotheses where H0 is valid below p=0.6 and H1 above. 
The two types of errors in this example amount to (p)=0.021 and (p)=0.196. 

 
 
One should be careful in selecting the rejection regions because they determine the sizes of the 
error probabilities. A larger type I error probability will give a smaller type II error probability. 
Because it is considered more serious to make a type I error, the practice is often to ensure that 
(p) is smaller than a predetermined level of tolerance and then to choose a test that gives the 
lowest possible (p). 
 
In addition to performing a hypothesis test and announcing the outcome of it, one usually talks 
about a level of significance.  Low such values are often chosen (0.01, 0.05 or 0.1). Choosing 
(p)=0.05 means that H0 is wrongly rejected in 5/100 independent tests (one will claim false 
positives).  
 

6.3 The hypothesis testing procedure 
Some steps in the hypothesis evaluation procedure are common for all cases. In very brief terms, 
the steps are: 

1. Define the null hypothesis and the alternative hypothesis. 

2. Identify the appropriate probability model. 

3. Perform the experiment. 

4. Implement the test on the data. 

5. If data cannot reject the null hypothesis, retain it and determine the level of significance. 
If data supports the alternative hypothesis, calculate the level of significance in this case. 

 

1-(p)=0.196 

(p)=0.021 

(p) 
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6.4 An example of hypothesis testing 
A simple example of hypothesis testing can be made by for instance evaluating the curing rate of 
a new medicine. The curing rate of new medicine is denoted by p and one wants to investigate if 
the new drug has a higher curing probability than the old drug, which cures 6 out of 10 patients. 
20 patients are available for the study. The type I error probability should not exceed 0.07. 
 
In analogy with the methodology in subsection 6.3 we conclude that: 
 

1. Because we want to investigate if the new medicine is better, our hypotheses become:  
H0 = the new drug is not better than standard medication i.e p0.6 and H1 = the new drug 
has p>0.6. 
 

2. Because patients are either sick or healthy (discrete distribution) and we have a limited 
(small) number of patients to observe, we determine that the binomial distribution is 
applicable. 
 

3. We perform the test and calculate the number of cured patients.  
 

4. Implement the test. 
To implement a test, we must investigate what tests that are applicable. One test is e.g. to 
investigate the probability that we have more than 15 cured patients, another is to 
calculate the probability that we have more than 18. To settle the question, we use tables 
for the binomial distribution with 20 samples and certain values of p. Since we don’t 
know the true p, we evaluate different cases to see what the type I error probabilities are. 
The level of significance is given by the maximum value of (p) for the test. In the 
binomial table we find that 
 
 
 
  
  
  
Table 1. Rejection probabilities for the tests P(X15|p), P(X16|p) and P(X17|p). 
 We see that for 16 and 17 cured patients, our maximum type I error probability (at 0.6) 
is below our tolerance level of 0.07, but for P(X15|p) it is not. 
 
 
Our largest error is at 0.6 (the upper limit of the region where H0 is valid). In table 1 we 
notice that the test P(X15|p) will be disqualified, because the maximum type I error 
(0.126) is larger than our specified tolerance (0.07). Both other tests remain candidates 
and we choose the test P(X16|p) because it has the lowest type II error of the two. The 
level of significance is P(X16|p=0.6)=0.051. 
 

p 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
P(X15) 0.000 0.002 0.021 0.126 0.416 0.804 0.989 
P(X16) 0.000 0.000 0.006 0.051 0.238 0.630 0.957 
P(X17) 0.000 0.000 0.001 0.016 0.107 0.411 0.867 
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5. If 18 cured patients are found, the null hypothesis is rejected at the 5.1% level of 
significance. If 14 patients are cured, the null hypothesis is not rejected at the 5.1% level 
of significance.  

 
The result can be interpreted as follows: there is a 5.1% risk that one will claim that the new 
medicine is not better than the old one even if the result of the observation is that 18 patients out 
of 20 are cured. If only 14 cured patients are found, one cannot draw the conclusion that the new 
drug is better than the old one, at least not on this significance level. Perhaps a larger survey 
would give different results. 
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7 Capabilities of the DCVD to detect partial defects  
This section focuses on applying the statistical tool of hypothesis tests to the evaluation 
procedure of detecting partial defects with the DCVD. However, before that can be done there 
are many things that need to be determined. Subsection 7.1 deals with items that the DCVD 
group should focus on for the time being while subsection 7.2 suggests how hypothesis tests can 
be applied once the investigation in 7.1 has been performed. 
 

7.1 Necessary evaluations before DCVD hypothesis testing can be made 
Before any exposition on the capabilities of the DCVD to detect partial defect can be done, there 
are several issues that must be clarified with respect to the measurements with the DCVD. The 
list below deals with these items. 
 

1. Define all procedures to be applied and specify the limitations of the study. 
Document all procedures related to measurements with the DCVD. This includes 
descriptions of the calibration procedure, the actual fuel assembly measurement 
procedure, a description on how to arrive at the experimental intensity value including 
background subtraction and treatment of the factors in section 3, calculations of the 
expected light intensity values etc. 
 
Regarding the limitations of the partial defect study, two obvious factors that need to be 
specified are the burnup and cooling time of the spent fuel. Within which limits are these 
parameters allowed to vary? Quantify the parameter intervals within which the DCVD 
has been, or will be, tested. It also seems appropriate to verify the DCVD’s detection 
capability with one fuel type at a time because the geometrical effects seem to play an 
important role. Similar arguments apply to the substitution material and surface 
properties such as reflectivity and other factors such as the water quality, mentioned in 
section 2. Make clear limitations on all possible factors that are believed to influence the 
intensity. Regarding the stray light effect, the Cherenkov light from surrounding fuel 
assemblies, the background subtraction procedure and the inspector effects must be 
further investigated as they are important for any type of measurements with the DCVD 
(even when measuring only one fuel type in one storage pool). 
 

2. Define and verify the theoretical expectations on the Cherenkov intensity.  
An expected light intensity value is always needed in order to determine if the fuel 
assembly is emitting the right amount of light or too little light. The expected values can 
either come from simulations, or as it has been so far, from Rolandson’s burnup- and 
cooling time curves [6]. These curves describe the light intensity as a function of burnup 
and cooling time and they are assumed to be common for all fuel types and independent 
of how the fuel has been used. The correctness of these curves must be verified with 
several different combinations of burnup and cooling time and their uncertainties (from 
burnup and cooling time estimations as well as the possible omissions of low intensity 
radioactive isotopes) determined, before they can be used for providing theoretical 
expectation values for the DCVD. 
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The “true” light intensity can come from ORIGEN simulations in combination with 
GEANT simulations where the burnup, cooling time and Cherenkov emission is 
modeled. The user of the simulation codes must also provide the programs with 
information on fuel type as well as general drift information such as the number of 
cycles, cycle length and outage time between cycles. Also the “true” Cherenkov intensity 
value will have some uncertainties attached with it, coming from both operator provided 
data which is used as input to ORIGEN and from the programs themselves. These 
uncertainties should be known and quoted. 
 
Also for this verification, a linear relation between the theoretical intensity value 
(Rolandson’s curves) and the true value is expected. If this is not the case, it is likely that 
Rolandson’s curves can be questioned since ORIGEN is an established burnup 
calculation code. 
 

3. Establish a value of the accuracy with which the intensity can be measured. 
Measuring the same fuel assembly many times (~50) with the DCVD will give an 
estimation of the (random) statistical fluctuations with this measurement technique. This 
is necessary for an estimation of the experimental accuracy, which will be used in the 
hypothesis test procedure to create a realistic experimental distribution of the calculated 
ratio of the worst-case scenario light intensity and the light intensity from an intact fuel 
assembly. 
 

4. Verify the experimentally measured Cherenkov intensity.  
Even if we know the measuring accuracy, we will not know if the resulting intensity 
distribution is centered around the “true” expectation value unless we verify it. Ideally, 
several different fuel assemblies of the same fuel type and similar burnup and cooling 
times could be measured to estimate the variability in result from measuring on the same 
type of object. To extend the verification to also other combinations of burnup and 
cooling time, the same procedure could be repeated for other fuel assemblies. 
 
This is also where the calibration light source comes in: it relates the intensity of the fuel 
assemblies to the known intensity of the calibration light source.  Ideally, the light source 
should be able to emit different intensities that are in the range of what one expects from 
fuel assemblies with different burnup and cooling time. A linear relation between the 
experimentally measured intensity and the “real” intensity should be verified. If the 
relation is not linear, there is something wrong with either the instrument or the way that 
it works. The calibration light source should be used before, after and preferably also 
during the 50 measurements of the same fuel assembly in order to monitor the stability of 
the measurements. 
 

5. Verify the stability of the measurement technique and the instrument. 
A stable measurement technique (or measuring device) gives approximately the same 
result over time. The Compucea-report included a measurement reproducibility analysis 
with repeated measurements during a period of 145 days [5], this is an excellent example 
of how it can be done.  
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All measurements described in this report assume that the same instrument is used the 
whole time. It is furthermore assumed that the response of this device is linear and that 
measurement campaigns verify this to be true. It could be a good idea to simultaneously 
measure with two different devices in order to compare their output and evaluate whether 
there is a device-dependence and whether such a dependence can be described by a 
device constant or by a function of the input data. One may e.g. expect different devices 
to respond differently to the input light intensity. 
 

6. Identify and estimate the worst-case light decrease for 50% substituted rods. 
There is an abundance of diversion scenarios that the DCVD must be able to detect. 
Identifying the worst-case scenario, i.e. the smallest light intensity decrease caused under 
these circumstances, and investigating if this decrease is at all possible for the DCVD to 
detect is of utmost importance. 
 
The worst-case fuel rod configuration may be estimated from the fuel geometry. After 
identification of this rod configuration, perform simulations and divide the light intensity 
with that of the intact fuel assembly. This will create a ratio of measured-to-simulated 
intensity which is different from 1. However, since one will never be able to measure 
exactly this ratio, it must be convoluted with the detection accuracy (the experimental 
uncertainty) as mentioned in bullet 3 above. The relation between the measured and 
expected intensities will probably be unique for each fuel type. 
 

7. Establish the threshold ratio. 
Depending on the relative locations of the two distributions (describing the measured 
intensity to expected intensity for intact fuel assemblies and the ratio of the simulated 
worst-case intensity to that of the intact fuel assembly, respectively), a threshold level for 
the ratio must be established. This threshold level determines the frequency of false 
positives and false negatives. A 2σ level has been discussed within the group. For a 
normal distribution, this corresponds to approximately 4.5% of the fuel assemblies being 
labeled false negatives. 
 

7.2 Application of hypothesis testing to the DCVD partial defect evaluation 
One can apply the general hypothesis procedures mentioned in section 4.4.3 to the example of 
evaluating the partial defect ability of the DCVD. The list below assumed that one already knows 
all the things listed in the previous subsection. 
 

1. Determine the null and alternative hypotheses. 
Regarding the construction of the null hypothesis and the alternative hypothesis, one may 
initially want the null hypothesis to say that the fuel assembly is complete, and the 
alternative hypothesis to say that at least 50% of the rods have been removed or 
substituted. However, these hypotheses are not complementary and one cannot make 
such a test. The solution to this problem is to perform two complementary hypothesis 
tests for every measurement where one first investigates if the fuel assembly is complete 
or not (is the measured intensity consistent with an expected mean value). If, at a certain 
level of significance, the assembly turns out not to be complete, one may proceed with 
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another hypothesis test to determine if  (H0)  50% of the fuel rods have been diverted, or 
if the (H1) 50 % of the fuel rods are removed/substituted.  
 
One may be misled to believe that only one hypothesis test per fuel assembly is enough 
but this is not the case. If one were to e.g. select H0 to correspond to a complete, 
untampered, fuel assembly, H1 would automatically correspond to an assembly with any 
kind of tampering. This would not be helpful when evaluating partial defects on a 50% 
level. The option to let H0 describe the case with 50% of the rods being removed or 
substituted fuel rods and H1 to the case where 50% of the fuel rods have been removed 
or diverted, is also not an option because of the limitations in time and computer capacity 
for the DCVD group as it would require plenty of simulations of all possible scenarios 
with less than 50% diversion (see example below on the likelihood function). My 
recommendation is therefore to perform two tests as described in the first solution. 
 

 
2. Identify the appropriate probability model for intact fuel assemblies. 

Regarding the distribution function, what we want is the distribution for the ratio of 
measured Cherenkov light intensities to expected Cherenkov light intensities. This may 
done by simulations and measurements of many fuel assemblies where the light intensity 
ratios (measured-to-simulated) are calculated. This distribution should, if all is correct, be 
centered around the value 1 and have a certain spread. As of today, we have no idea what 
this distribution looks like.  
 

a. This bullet describes the ideal case and is included for clarification. 
In the ideal case we would go after the likelihood function for the DCVD 
response. For simple problems, one can theoretically figure out what the latter 
looks like but for a problem as complex as to figure out the response of the 
DCVD to all kinds of stimuli, this is not possible. What one can try and do is to 
simulate “all” possible cases and to construct a likelihood function from the 
results. For the DCVD, the idea would be to simulate thousands of different 
(computer generated) diversion/substitution patterns where the number of diverted 
or substituted rods, their surface properties, the storage pond water quality etc is 
varied and the resulting Cherenkov light intensity is recorded. To simplify the 
situation, perhaps a selection of substitution cases, a limited range of water 
qualities etc could be identified. In the order of a million simulations could be 
performed to gather sufficient statistics to create intensity distributions for both 
the case of 50% or more diverted/substituted rods and the complementary case 
with less than 50% diverted/substituted rods. 
 
We now consider the null hypothesis to be that 50 % of the fuel rods are diverted 
or substituted and the alternative hypothesis to be that at least 50% is removed or 
substituted. Simulations with less than 50% removed/substituted rods would yield 
a distribution like the one shown in figure 3. A threshold intensity value Ith would 
have to be selected according to a certain tolerance level of e.g. 5%. A measured 
intensity value below Ith should be (in this case falsely) interpreted as an 
indication of removed/substituted fuel rods while higher intensity values are 
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interpreted as “ok”. 
 

 
Figure 3. Example intensity distribution from simulations with 50% removed or 
substituted rods. The threshold marks an example tolerance level below which 5% 
of the fuel assemblies are falsely interpreted as being manipulated. 
 
 
A similar distribution will also be obtained in the case of H1, i.e. simulations of 
cases where 50% or more of the fuel rods have been removed or substituted. If we 
assume that the surfaces of the substitution rods have not been manipulated to 
increase the Cherenkov light reflectivity, diversion of rods will lead to a lower 
light intensity. This means that the H1-distribution will be located to the left side 
of the H0-distribution, see figure 4. 
 

 

Figure 4. Intensity distributions for both hypotheses with the same threshold as 
earlier. In this example, 1% of the manipulated fuel assemblies will be cleared 
(false negatives) while 5% of the intact fuel assemblies will indicate diversion 
(false positives). 
 
 

In figure 4, the red region marks events called “false positives” which means that the 
inspector will interpret those assemblies as manipulated even though this is not the case. 
The fuel assemblies in the purple region are correspondingly called “false negatives” 
because in this case nuclear material has been diverted but the intensity decrease is not 
large enough for this to be detected. 

 
3. Perform the measurement of the fuel assemblies in the storage pool and calculate the ratio 

of the measured light intensity to the expected light intensity. An absolute minimum is 

Events 

Events 
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two images per fuel assembly, but it is doubtful whether this can be considered sufficient 
or not.  
 

4. Implement the test on the data. 
The assumption here is that two hypothesis tests will be conducted. The first aims at 
establishing if the calculated ratio of measured-to-simulated intensity (including 
uncertainties) is consistent with what one may expect (including uncertainties) from an 
intact fuel assembly, or not. 
 
 The test is basically a hypothesis test of a mean value and it requires a suitable test 
variable or test statistic. The form of this test variable differs, depending on which 
population distribution the samples are drawn from. If we for simplicity assume that we 
have a normal distribution but only few samples, we can make use of the Student’s t-
distribution.  The test statistic is then 
 
           (10) 
 
and can be used to create a confidence interval for the intensity I. s is the sample standard 
variation.  
 
A 100(1-)% confidence level for the expected value is 푋 − 푡 / √

,푋 + 푡 / √
, 

where t/2 is the upper /2 point of the t-distribution (can be found in a table) with the 
number of degrees of freedom being n-1. The value (1-) should be interpreted as the 
probability that, prior to the observation, the random interval will cover the true expected 
value. In a longer time frame, it corresponds to the relative frequency of having this value 
included in the intervals obtained from random sampling. 
 
If we find that our test statistic Z takes on a value in the interval above, we may proceed 
to measure the next fuel assembly because the intensity ratio does not deviate too much 
from what we expect to see. However, if our test statistic lies outside the interval, we 
must proceed to test if the ratio is consistent with 50% or more of the fuel rods being 
diverted. If we find that it is, we conclude that diversion has occurred and if we find that 
it does not, we have to label this fuel assembly “inconclusive”. 
 
In order to test if diversion on the 50% level has taken place, we must use the already 
calculated ratio of the simulated worst-case light intensity to that of the simulated “intact” 
fuel assembly as a threshold ratio. We then calculate the ratio of our detected light 
intensity to the “intact” fuel assembly light intensity. We can perform a second 
hypothesis test with a certain level of significance to test if (H0) our ratio is larger than or 
equal to the worst-case ratio, or (H1) if it is smaller. If the null hypothesis is rejected, the 
alternative hypothesis that the intensity ratio is less than or equal to the worst-case ratio is 
accepted. 
 
Possibly one could just compare the threshold value to the measured value? Investigate. 
 

ns
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It should be noted that hypothesis testing using predefined test statistic variables builds 
on the principle that the data under evaluation belongs to a certain, well known, 
distribution for which one has defined test variables and for which there are tables with 
information on probabilities and levels of significance. If this happens to not be the case, 
some other evaluation methodology will probably have to be applied, but that is beyond 
the scope of this report. 
 

5. Interpret the results.  
If the ratio of measured to expected ratio is consistent with what one may expect, the fuel 
assembly can be “cleared” and one can continue to measure the next assembly. If the 
ratio is not consistent with the expected value, and the second hypothesis test shows that 
one cannot say thatat least 50% of the fuel rods have been removed or diverted, label the 
fuel assembly as “incomplete”. If the second hypothesis test reveals that the ratio is equal 
to or smaller than the threshold ratio, conclude that partial defects on the level of 50% are 
present. 
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8 Conclusion 
The objective of this report is to provide the DCVD-group members with information on what is 
needed, from a scientific point of view, in order to determine if the DCVD will be able to verify 
partial defects on a 50% level or not. There are probably many ways to solve the problem and 
only one option is presented here, namely that of hypothesis testing. 
 
The first step is to carefully define the task and its limitations. The next step is to identify all 
parameters that may affect the outcome of the DCVD, i.e. the light intensity, which is used in the 
detection process of gross and partial defects. This means that they must be listed, studied and 
quantified (or disregarded from with a motivation) so that their influence on the result is known. 
It is also a good idea to try and rank them according to their impact factor so that one can try and 
optimize the measuring conditions and avoid the most devastating effects. 
 
For this statistical tool to be useful for the evaluation, we must identify the smallest possible light 
intensity decrease caused by diversion of 50% of the fuel rods – the so-called worst-case 
scenario. We know that the sensitivity of the instrument must be small enough to at least detect 
that amount of light decrease. It is also important to quantify the present ability of the instrument 
and of the theoretical values that are used as “expectation values” in the analysis. Both the 
experimental measurement technique and the theoretical values must be verified against a “true” 
value, in order to (in the end) be compared to each other. This implies that the sources of error 
are identified and estimated such that the comparison makes sense to do. The idea presented in 
this report is to thereafter apply a statistical hypothesis test on each measured fuel assembly and 
to test if its total Cherenkov light intensity consistent with an intact fuel assembly and if not, to 
test if it is consistent with less than 50% diverted rods or not. 
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