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Abstract

The Digital Cherenkov Viewing Device (DCVD) is a tool used to verify
irradiated nuclear fuel assemblies in wet storage by imaging the Cherenkov
light produced by the radiation emitted from the assemblies. It is fre-
quently used for partial defect verification, verifying that part of an as-
sembly has not been removed and/or replaced. In one of the verification
procedures used, the detected total Cherenkov light intensities from a set
of assemblies are compared to predicted intensities, which are calculated
using operator declarations for the assemblies.

This work presents a new, time-efficient method to simulate DCVD
images of fuel assemblies, allowing for estimations of the Cherenkov light
production, transport and detection. Qualitatively, good agreement be-
tween simulated and measured images is demonstrated. Quantitatively,
it is shown that relative intensity predictions based on simulated images
are within 0.5% of corresponding predictions based solely on the produc-
tion of Cherenkov light, neglecting light transport and detection. Conse-
quently, in most cases it is sufficient to use predictions based on produced
Cherenkov light, neglecting transport and detection, thus substantially
reducing the time needed for simulations.

In a verification campaign, assemblies are grouped according to their
type, and the relative measured and predicted intensities are compared
in a group. By determining transparency factors, describing the fraction
of Cherenkov light that is blocked by the top plate of an assembly, it is
possible to adjust predictions based on the production of Cherenkov light
to take the effect of the top plate into account. This procedure allows
assemblies of the same type bit with different top plates to be compared
with increased accuracy. The effect of using predictions adjusted with
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transparency factors were assessed experimentally on a set of Pressurized
Water Reactor 17x17 assemblies having five different top plate designs. As
a result of the adjustment, the agreement between measured and predicted
relative intensities for the whole data set was enhanced, resulting in a
reduction of an RMSE from 14.1% to 10.7%. It is expected that further
enhancements may be achieved by introducing more detailed top-plate
and spacer descriptions.

Nuclear safeguards, Geant4, Cherenkov light, DCVD, Nuclear fuel

1 Introduction

The Digital Cherenkov Viewing Device (DCVD) is an instrument used by the
International Atomic Energy Agency (IAEA) for measuring the Cherenkov light
emissions of irradiated nuclear fuel in wet storage for nuclear safeguards pur-
poses [1]. It can be used for gross defect verification, verifying that an item under
study is an irradiated nuclear fuel assembly, but it is often used for partial defect
verification, verifying that part of an assembly has not been diverted.

There are currently two methods in use for detecting partial defects with the
DCVD. The first method is based on image analysis, and can be used to detect
the removal of fuel rods from visible positions in a fuel assembly. The second
method, which is the subject for this work, is based on quantitative measure-
ments of the Cherenkov light emissions of a fuel assembly, and comparison to
predicted intensities, based on operator declarations. Earlier simulations have
found that a 50% substitution of fuel rods in an assembly with non-radioactive
ones will reduce the measured Cherenkov light intensity by at least 30% [2].
Hence, if a measured intensity is more than 30% below the predicted one in a
verification campaign, it is flagged as an outlier requiring further investigation.
For this method to work, a method to accurately predict the Cherenkov light in-
tensity of an assembly based on operator declared information is required. This
work aims at making such predictions both more general and more accurate, as
outlined in section 1.3.

1.1 Methods for predicting Cherenkov light intensities

The first method for predicting the Cherenkov light intensity of an assembly to
be put in use was based on [4]. By means of simulations, the Cherenkov light
intensity in an assembly was parametrised as a function of the assembly burnup
and cooling time. The simulations included the propagation of the Cherenkov
light to a detector position to investigate the total detected intensity, but ne-
glected the effects of structural components in the assembly. Furthermore, only
one fuel assembly type was simulated, based on a Boiling Water Reactor (BWR)
assembly, thus neglecting differences in light production properties between fuel
types. Later work [5] simulated not only the Cherenkov light intensity at a
detector position, but also the image creation using a camera model. The de-
veloped methodology was used to investigate assemblies with various partial
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defects, to quantify the impact of the defects on DCVD images, and the subse-
quent intensity measurements.

A recently developed prediction tool is described in [3] [6]. By means of
simulations, the Cherenkov light production in an assembly is parametrized as
a function of gamma and beta emission energy. The source spectrum is then
calculated based on operator declarations, and this tool can thus take into ac-
count more details about the irradiation history of the assembly as compared to
the first prediction tool. In addition, simulations are performed separately for
different assembly types, to take into account the different light production prop-
erties caused by differences in e.g. fuel rod dimensions, cladding thickness and
pitch. This tool however assumes that the measured intensity is proportional
to the produced intensity, neglecting any light transport. It is also assumed
that that the proportionality constant can be found by a least-square fit of the
measurements to the predictions. Furthermore, as the gamma emission spec-
trum of the assembly changes with cooling time, the intensity of the Cherenkov
light produced at various positions in the assembly may also change over time.
The top plate of the assembly will prevent a fraction of light from exiting the
assembly and reaching the detector, and one may expect that this fraction will
depend on the cooling time of the assembly.

1.2 Limitations to the implemented quantitative verifica-
tion methodology.

The verification procedure used is based on comparing the relative measured in-
tensities of the assemblies to predicted intensities. The measurement situation
is shown schematically in figure 1a. After the measurements and predictions for
all assemblies are available, a least-square fit is made to find the multiplicative
constant relating the predictions to the measurements. This constant can be
factored into components relating to the light transport through the fuel assem-
bly and the resulting fraction of light absorbed by structural components such
as spacers, top plate and lifting handle. The constant can be further factored
into components containing information about the fraction of light absorbed in
the water, and the detection efficiency of the DCVD.

Since a verification campaign is typically performed using one DCVD at
one facility, of these factors only the light absorbed by structural components
will vary between measurements. Consequently, one fit needs to be done per
assembly type present, to find the multiplicative constant relating predictions
to measurements for that type. As a result of using this fitting procedure, what
is actually evaluated is the relative intensity of assemblies of the same type,
to identify if any assembly has an intensity deviating from the expected one.
However, measurement campaigns may include fuel types, of which there only
exist a few items. Performing a relative evaluation of fuel assemblies in such a
small group may be difficult, and calls for a need to introduce means by which
they can be included in a larger dataset.

As a consequence of the fitting and procedure of grouping assemblies ac-
cording to their type, it is sufficient that predictions correspond to the relative
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(a) (b)

Figure 1: Left: Schematic of a DCVD measurement of nuclear fuel assemblies.
The assemblies are covered by around 10 m of water, and the DCVD is mounted
1-2 m above the water surface. Right: Schematic of a Pressurized Water Reactor
(PWR) 17x17 fuel assembly, as has been studied in this work. The schematic
shows the location of the fuel rods, the guide tubes, the central instrumenta-
tion tube and the simplified square spacer grid that has been included in the
simulations.

intensities of the assemblies in a data set. For this reason, recent prediction tools
[3] are based on the produced Cherenkov light intensity, and neglects its detec-
tion. However, if assemblies of different types are to be compared, it may be
necessary to make corrections for the light transport properties of the different
assembly types.

For assemblies of certain types, such as Pressurized Water Reactor (PWR)
with fuel rods in a square 17x17 layout, assemblies produced by different manu-
facturers should be similar enough to allow them to be grouped into one dataset,
although some notable differences in the design exist. One of the main physical
differences for PWR 17x17 assemblies is the top plate, which to some extent
prevents Cherenkov light from exiting it to be detected. Consequently, some
systematic errors will be introduced when assemblies of the same type but with
different designs are compared if these design differences are not corrected for.
Currently assemblies of the same type would be grouped together and com-
pared, and one of the goals of this work is to investigate ways of removing this
systematic error, as further described in section 1.3.

Finally, one should note that PWR assemblies are sometimes stored with
a control rod cluster inserted. These clusters block enough light that such
assemblies cannot be compared to assemblies without an insert, and they need
to be separated into their own data set in DCVD verification. However, if the
predictions were to include an adjustment for the insert, it may be possible to
compare assemblies with and without inserts.

4



1.3 Scope of this work

This work describes a simulation toolkit, based on the established simulation
code Geant4 [7], which is used to simulate the production of Cherenkov light in
a nuclear fuel assembly, its propagation to a detector position and the creation
of an image.

One of the goals of this work is to seamlessly integrate the radiation and op-
tical photon transport steps, as compared to the previously used image creation
toolkit [5]. This is intended to simplify the simulation workflow, while allowing
for more time-efficient image simulations.

A second goal is to investigate the assumption made in the prediction mod-
els of [3] [6], that the produced Cherenkov light intensity is proportional to the
detected one. By comparing image simulations with the simulated light produc-
tion, the error introduced by this assumption can be quantified. The magnitude
of the error will provide information on whether the simpler production model
can be used with sufficient precision for IAEA safeguards.

A third goal is to investigate the possibility of using image simulations to
characterize systematic differences in the detected Cherenkov light intensity for
assemblies of the same type but with different physical designs, in particular
by considering the blocking of light by structural components in the assembly
top plates. Experimental data are used to evaluate to what extent the intensity
predictions for the assemblies can be adjusted to make all assemblies compara-
ble despite physical design differences. Such a capability may be valuable when
analysing assembly populations where assemblies of some designs are too few
to be analysed separately, allowing them to be analysed together with other as-
semblies of the same basic type but of different designs with enhanced accuracy.

2 Simulation tools used in this work

To simulate a DCVD image, a three-step procedure has been adopted. In the
first step, the fuel depletion code ORIGEN [8] is used to simulate the gamma
emission spectra of the simulated assembly. In the second step, the Monte-
Carlo radiation transport code Geant4 [7] is used to simulate the transport of
radiation in a nuclear fuel assembly geometry, the Cherenkov light produced
by this radiation, and the transport of this Cherenkov light to the top of the
fuel assembly. Once a photon reaches the top of the fuel assembly it is saved,
to be used in the third step. The third step consist of modelling the DCVD
image based on the photon emissions from the top of the assembly, using a
pinhole camera model. By using this three-step procedure, it is comparably
computationally inexpensive to create DCVD images for various pinhole camera
positions, since the more expensive second step only has to be done once.

2.1 Simulating the source spectrum

The first step in the adopted methodology is to simulate the gamma emission
spectra of the assembly. In this work, ORIGEN [8] has been used for this pur-
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pose, and the irradiation history simulated has been similar to the ”standard”
histories used in the prediction model currently in use by the IAEA [4]. This
work has neglected the direct Cherenkov light contribution due to beta-decays,
though it can in principle be handled in the same way as gamma-emissions in
the methodology [3].

2.2 Monte-Carlo particle transport

The simulation code used for the second step is a further development of the
code package used in [3], which in turn is based on the code package described
in [9]. Following the methodology used in [10] and [3], the ionising radiation is
simulated to be emitted from inside the fuel material, and the simulations keep
track of the radiation interactions and subsequent production of Cherenkov
light. This work however needs to consider the full 3-D geometry in the simu-
lations with a higher level of detail, with regards to both geometry and source
distribution, and it has thus been extended to allow such simulations:

• The geometry has been extended to consider the total length of the fuel
rods, by introducing a simplified helium-filled gas plenum at the top of
the fuel rod.

• A simplified spacer structure has been implemented, where the spacers
consist of a square metal grid, as shown in figure 1b.

• A vertical source distribution has been implemented, corresponding to
a typical vertical burnup profile of the rods, which is used to distribute
the initial gamma rays along the length of the rod according to the axial
profile.

The simulations were extended compared to the previous ones in [10] and [3],
to include the propagation of the produced Cherenkov light inside the assembly.
For this reason, all assembly surfaces are modelled as diffusely reflecting, with
a user-specified reflectivity, here selected to be 10%, matching the reflectivity
used in [5]. The optical Cherenkov photons are simulated until they reach the
top of the assembly, where they are saved to file for the next step. The top
structure of the assembly, i.e. the lifting handle and top plate, are not included
in this simulation step; instead these structural components are considered in
the final image creation step.

2.3 Image creation using a pinhole camera

The creation of ta DCVD image based on the saved Cherenkov photon emission
data from the top of the fuel assembly is done in this work by modelling the
projection of the saved photons through a pinhole camera. After the camera
position is defined, the propagation direction of each saved Cherenkov photon is
compared to the direction towards the pinhole point. If the angle between the
two directions is smaller than a selected threshold angle, its direction is adjusted
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to be directed towards the pinhole, and it is then projected onto an imaging
plane. If the angle is greater than the threshold, the photon is discarded. The
angular threshold is necessary to detect any Cherenkov photons at all, since the
camera opening is modelled as an ideal point, and no photon can be expected
to hit this point exactly.

The advantage of using a pinhole camera model as compared to a more real-
istic lensed system is that it is a straight-forward geometric problem to project
photons onto an imaging plane, making this step fast to compute. However, the
model does not include effects seen in a real camera such as geometric distor-
tions, or blurring and distortions caused by lenses and a finite sized aperture.
While the pinhole camera model is considered to be sufficient for the inves-
tigations presented in this work, it would be fully possible, albeit more time-
consuming, to use a more detailed camera model including lenses and apertures.

The top of a fuel assembly normally contains structures such as a lifting
handle and a top plate to hold the rods in place, which block light from exiting
the fuel assembly. The effects of the top structures are modelled by applying
a mask to the simulated image, where the mask indicates which regions are
covered by structures so that no photons can pass, and which regions are open,
allowing the photons to pass through. The mask can either be applied when
projecting the photons, or applied afterwards to the image, and for the relatively
simple pinhole projection performed here, the two methods are equivalent.

Note that this projection procedure simplifies the situation by not taking
into account the properties of the water, water surface, air and imaging optics
of the DCVD. The most significant effect of these properties is a blurring to the
image, with can be approximated by applying a Gaussian filer to the simulated
image. In cases where more detailed modelling is desired, it would be possible in
the Geant4 framework to include additional effects regarding the light transport
to a detector, such as absorption in water, blurring, refraction, vignetting etc.

3 Simulation studies

3.1 Simulated assemblies and images

Simulations have been executed for a PWR 17x17 assembly, with dimensions
matching those found in [3]. A total of 11 spacers were distributed at equal dis-
tances along the assembly length. ORIGEN was used to assess the gamma spec-
tra of fuel assemblies with a burnup of 10 respectively 40 MWd/kgU (Megawatt-
days per tonne of Uranium) and cooling times of 2, 10 and 40 years. Due to
the computational expensiveness of the second step of the simulations, only two
burnups and three cooling times were simulated. A simplified vertical burnup
profile was assumed, which was constant along 335 cm of the assembly, and de-
creasing linearly along the last 25 cm at each end to have 15% of the maximum
intensity at the tips. This simplified vertical burnup profile captures the essen-
tial behaviour of the typical distribution, with a reduced burnup near the rod
ends. All fuel rod surfaces were modelled as 10% reflective with diffuse reflec-
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(a) (b)

Figure 2: a): An example DCVD measurement of a PWR 17x17 fuel. Using
an intensity threshold, the dark parts of the image (where the top plate blocks
the light completely) was identified. b): The mask resulting from a threshold
set at 8% of the maximum image intensity.

tions, to be representative for the strongly absorbing oxidized surfaces normally
encountered, and to correspond to the reflectivity used in [5]. Finally, the mod-
elled pinhole camera was placed 11 m above the assembly, a typical distance
encountered during a DCVD measurement.

Ideally, to create a mask representing the top plate and lifting handle, a
high-resolution photo or a drawing of the assembly top structure should be
used. Since neither of these were available in this work, the masks for each
assembly design studied were instead extracted from a DCVD measurement of
the corresponding assembly design. For each fuel design studied, a measurement
of a comparatively high-intensity assembly was selected, having the highest
contrast between dark and bright regions. An intensity threshold was then
applied to the image, to separate the dark regions covered by the top plate and
lifting handle from the bright regions that were not covered. The threshold was
subjectively set to 8% of the maximum intensity encountered in a measurement,
since this value was judged to give realistic masks. The resulting mask for one
of the PWR 17x17 assembly designs studied is shown in figure 2.

3.2 Qualitative validation of simulated images

Figure 3 shows a simulated DCVD image, together with a measured image
for comparison. The simulated image is 256x256 pixels, which is smaller but
comparable to the size of the region of interest (ROI) in the DCVD image of
350x350 pixels. It was found that applying a 3x3 pixel Gaussian filter gave
enhanced qualitative agreement between the simulated and measured images.
This blurring represents various effects which blur the image that were not
included in the simple image creation calculations, such as water turbulence.
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Qualitative features that matched in both the simulated and measured images
include:

• The shape of the intensities in the guide tubes and its variation as a
function of the distance to the image center.

• The higher intensity near the center and the intensity decrease with dis-
tance from the center.

• The spacers can vaguely be seen in the region in between the rods.

(a) (b)

Figure 3: a): An example DCVD measurement of a PWR 17x17 fuel. b): A
simulated DCVD measurement, with a top plate mask applied and a 3x3 pixel
Gaussian blur applied.

One identified difference between the measured and simulated image in figure
3 is the hole at the very center, which appears larger in the simulated image.
This is a consequence of the higher brightness in the image near the center
compared to the edges, thus more pixels near the edges of the center hole have
an intensity above the threshold, compared to a similar hole further from the
image center.

A threshold angle of 0.4◦ was selected when creating the image in figure 3,
although angles in the range 0.3 − 0.6◦ were found to give images with good
qualitative agreement compared to the measured reference image. For values of
the threshold angle larger than 0.6◦, all guide tubes were found to evenly bright
in the image with no gradients, and for values smaller than 0.3◦ the outer guide
tubes become almost completely dark, which does not match the measurement.

3.3 Correlation between produced and detected intensity

As mentioned in section 1, when using predictions based on the intensity of
Cherenkov light produced in the assembly, it is assumed that the detected in-
tensity is proportional to the produced intensity. The proportionality constant
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Figure 4: Comparison of the relative Cherenkov light intensity in a PWR 17x17
assembly, for intensities estimated based on Cherenkov light production (from
[3]), and from simulated DCVD images of the same fuel assemblies. The statis-
tical uncertainties due to the Monte-Carlo nature of the simulations are below
0.4% for the image intensities, and below 0.1% for the production intensities.

is found through a least-square fit of the predictions to the measured data. To
test this assumption, two types of predictions were made, one prediction based
on the simulated produced Cherenkov light, and one prediction based on sim-
ulated images of the assembly. The predictions were made for a PWR 17x17
assembly, for burnups of 10 and 40 MWd/kgU, and the results are shown in fig-
ure 4. Note that a least-square fit was made to find one multiplicative constant
relating the two predictions, in a way identical to how the predicted and mea-
sured intensities are scaled to be comparable in the regular DCVD verification
procedure.

The predictions of the two models in figure 4 agree to within 0.5% for the
six mutual data points. This agreement can be compared to the uncertainty in
the predicted values due to the Monte-Carlo nature of the simulations, which
was 0.4% for the image intensities and 0.1% for the production intensities. This
provides a strong indication that the produced intensity is representative for the
image intensity, although more data would be needed to validate this conclusion
more thoroughly. Considering the good agreement between the two models,
predictions based on the production of Cherenkov light may be preferred for
regular use since the simulations behind such predictions are computationally
less demanding.

As discussed in section 1.1, one may expect that the fraction of light blocked
by the top plate to vary with cooling time. However, the results show that this
fraction does not strongly depend on the cooling time of the assembly. Thus,
the fraction of light blocked by the top plate, i.e. its transparency factor, can be
estimated using a single cooling time, and this factor was found to be accurate
to within 0.6% for other cooling times. This result was found to hold for all
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assembly designs and masks studied. Furthermore, the transparency factor
changed less than 0.2% as a function of the burnup of the assembly, which was
lower than the uncertainty in the simulations. Accordingly, when calculating the
transparency factor of an assembly, it is sufficient to perform one simulation, and
the results can be applied to assemblies with any burnup and cooling time, with
a low loss of accuracy. Additionally, when verifying assemblies, these results
highlight that assemblies of the same design can be compared, and a grouping
assemblies into data sets according to burnup or cooling time is not necessary.

The results also show that the fraction of light blocked by the mask in
the simulations changes only little as a function of the threshold angle. For
a threshold angle in the range 0.3 − 0.6◦, the fraction of light blocked by the
mask changes less than 4%, and the change is systematic for all masks studied,
with the fraction of light blocked by the mask increasing with increasing thresh-
old angle. Consequently, any threshold angle in this range is acceptable when
simulating DCVD image intensities.

4 Experimental studies

As noted in section 1.2, assemblies of the same type are often grouped in the
same data set and are considered to be comparable, despite that physical differ-
ences can exist in the design of the top plate. Using image creation simulations
and top plate masks, it is possible to determine the fraction of light blocked
by the top plate, and thus determine a transparency factor for the top plate.
The predictions can then be adjusted by this transparency factor, to make the
predictions for assemblies of different designs comparable. This procedure was
applied to a set of experimentally measured assemblies of different designs, to
determine whether the adjustments to the predictions improve the accuracy of
the verification.

4.1 Measurement campaign

A measurement campaign has been performed at Clab (the Swedish central in-
terim storage facility for spent nuclear fuel) in 2017 on a set of 20 PWR 17x17
fuels with a range of burnups and cooling times (being part of the SKB50 set of
fuels selected for research involving the U.S. Department of Energy Next Gener-
ation Safeguards Initiative [11]). These assemblies were selected to represent a
wide range of fuel assembly properties, which may be encountered at safeguards
inspections. The assembly properties are summarized in table 1. A total of five
different assembly manufacturers were represented in this set, and by means
of visual inspection it was concluded that the top plates exhibited noticeable
differences between manufacturers. It was also noted that the top plate design
appeared similar for all assemblies by the same manufacturer, which was inter-
preted as only one assembly design was represented for each manufacturer. For
confidentiality reasons the designs are denoted by letters A-E in table 1.
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Table 1: Summary of the PWR 17x17 assemblies included in the SKB50 data
set, which were measured in this work.

Assembly design: A B C D E
Number of assemblies: 1 8 2 1 8
BU [MWd/kgU]: 46 28-48 47 44 19-46
CT [years]: 18 17-22 9 10 10-33

4.2 Defining top plate transparency factors

To create the masks representing the top plate for each of the five PWR 17x17
designs in the SKB50 set, one fuel assembly image recorded from each design
was selected, and an intensity threshold was applied to select the dark parts
of the image. Similar to the simulation studies described in section 3.1, the
threshold was set to 8% of the highest intensity.

To calculate the transparency factors of these five top plate designs, image
creation simulations were run for the five assembly designs, for a burnup of
40 MWd/kgU and a cooling time of 10 years. Since the fuel rod placement and
dimensions are nearly identical for all assemblies, the fuel assembly geometry
was assumed identical in the second step, thus saving considerable computing
time by only executing the second step once. For each simulated image, the
transparency factor was calculated as the fraction of light that could reach the
detector, as compared to the amount of light that could reach the detector
without any mask. The transparency factors calculated in this way are shown
in table 2.

Table 2: Top plate transparency factors for the PWR 17x17 assemblies of the
SKB50 set.

Assembly design: A B C D E
Mask transparency factor [%]: 44 48 43 45 51

4.3 Results

A comparison between the predicted and measured Cherenkov light intensities
for the assemblies measured in this work is shown in figure 5, for predictions
with and without adjustments using the transparency factors. The predictions
were made using the method of [3] [6], and the irradiation histories were made
available to the authors, courtesy of Vattenfall who operates the Swedish PWR
plants.

As can be seen in figure 5, adjusting the predictions using the transparency
factors improve the predictions. This results in a better agreement between
the predicted and measured intensities, when all assemblies are treated as part
of the same group. This can also be seen from the Root Mean Square Error
(RMSE) of the difference between prediction and measurement for the whole
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Figure 5: Comparison of the deviations between predicted and measured in-
tensities for the 20 PWR 17x17 assemblies in the SKB50 set. Predictions were
made with and without adjustments according to the top plate transparency
factors. Dashed lines indicate 30% deviations, and assemblies deviating more
than this require additional investigation [2]. Lower-case, blue letters show pre-
dictions without transparency factor adjustments, and upper-case, red letters
are predictions with the adjustment applied. The letter indicates the assembly
design, from table 1.

assembly set, which is 14.0% without adjustments and 10.7% after applying
the adjustments. While this is a significant improvement to the agreement
between measurements and predictions, there still appears to be some remaining
systematic differences between assemblies of different designs, suggesting that
the adjustment procedure may be improved further. The cause of this remaining
systematic differences may be caused by the crude intensity threshold procedure
used to obtain the masks, since smaller details regarding the top plate and are
not visible in the obtained masks. It is possible that the results could be further
improved if a better top plate description, and consequently a more accurate
mask was available.

The assemblies of design B and E are numerous enough that they can be
analysed separately, and they show a RMSE of 6.0% respectively 8.1%. Thus,
if the predictions including a transparency factor adjustment could fully com-
pensate for the systematic differences between assemblies, one may expect it to
be possible to reduce the RMSE to the same level, also when analysing the full
data set, including assemblies of different designs.

5 Conclusions and Outlook

This work has demonstrated the capabilities of simulating DCVD images with
good qualitative agreement to measured images, using a relatively simple pinhole
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camera model. Quantitatively, predictions based on simulated image intensities
of PWR assemblies with varying burnup and cooling time show excellent agree-
ment with prediction based on the production of Cherenkov light in an assembly,
and the prediction of the two models agree within about 0.5%. This justifies the
assumption made in the production-based prediction model, that the measured
intensity is proportional to the produced one [3] [6].

In [12] it was shown that there are some systematic differences between as-
semblies of the same type but of different designs, and it was suggested that
image simulations could be used to quantify these differences. This work demon-
strates the feasibility of such a procedure, showing that it is possible to obtain
top plate transparency factors using simulations of images, and applying masks
to represent the top plate. These transparency factors can then be used to adjust
predictions based on Cherenkov light production only, to correct for differences
in light transport between assembly designs. This procedure allows assemblies
of different designs to be compared with enhanced accuracy, and is especially
useful in situations where only one or a few assemblies of a certain design is
available.

The performance of the adjusted predictions were evaluated based on mea-
surements of a set of 20 PWR 17x17 assemblies of five different designs. The
agreement between prediction and measurement was improved from an RMSE
of 14.0% to 10.7%, when introducing the transparency factors, and when con-
sidering all assemblies as part of the same group. However, the procedure used
to find the masks was relatively crude, and one may expect better results if
the masks could be created using high-quality photos or design blueprints. An
alternative procedure could be to measure assemblies of various designs under
controlled conditions, to obtain experimental values of the systematic differences
between designs, and use that instead of the transparency factors.

While this work has focused on quantifying systematic differences introduced
when comparing assemblies of the same type but with different top plate de-
signs, the procedure may also be used to quantify the fraction of light blocked by
a control rod cluster inserted into a PWR assembly. Introducing similar trans-
parency factors into the intensity predictions would allow for assemblies with
an insert to be analysed in the same data set as assemblies of the same type
but without the insert. Further experimental data would however be required
to assess the accuracy of this method on such assemblies.

Another issue, which is encountered when characterizing instruments used
for partial defect verification is the lack of documented assemblies with sub-
stantial partial defects. While it is relatively easy to find assemblies with one
or a few rods removed and/or replaced, documented assemblies with more than
about 5% of the rods removed or replaced are difficult to find. Since assemblies
with more removed or replaced rods are unavailable for experimental measure-
ments, simulations are required to assess the response of a DCVD instrument
to such assemblies. This work has demonstrated the capabilities of simulating
DCVD images with a relatively simple and time-efficient pinhole camera model,
which opens up the possibility to make simulations of assemblies suffering from
various partial defects. In the long term this may allow for further development
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the partial defect detection procedure used in DCVD measurements.

Acknowledgements

This work was funded by the Swedish Radiation Safety Authority (SSM) under
agreement SSM2012-2750. The computations were performed using resources
provided by SNIC through Uppsala Multidisciplinary Center for Advanced Com-
putational Science (UPPMAX) under project p2007011.

References

[1] J. Chen, D. Parcey, A. Ferwing, B. Wilcox, R. Kosierb, M. Larsson, K. Ax-
ell, J. Dahlberg, B. Lindberg, F.Vinn̊a, and E. Sundkvist, “Spent fuel veri-
fication using a Digital Cherenkov Viewing Device,” in Institute of Nuclear
Materials Management 49th annual meeting Portland, Oregon, 2008.

[2] J. Chen, D. Parcey, A. Gerwing, P. Carlson, R. Kosierb, M. Larsson, K. Ax-
ell, J. Dahlberg, B. Lindberg, S. Jacobsson Svärd, and E. Sundkvist, “Par-
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