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Abstract

Passive Gamma Emission Tomography (PGET) has been developed for verification of
spent nuclear fuel. To reliably detect missing or substituted fuel pins, verification pro-
cesses with advanced image reconstruction and classification algorithms are developed.
High-fidelity PGET simulations could provide valuable information for the develop-
ment, and they need accurate modelling of spent nuclear fuel, gamma-radiation, and
detector response. This thesis studies the viability of Monte Carlo particle transport
code Serpent for PGET modelling, and the objective is to evaluate the viability of
gamma-radiation transport in this application.

A two-phased analog photon transport was used to simulate flux sinograms. To
meet the available time-frame, the transport was divided into two consequent phases
and it was benchmarked against a normal one-phased photon transport. The method
was consistent with the reference calculation and an efficiency improvement of several
factors was obtained. Results were visualized as flux sinograms, from which filtered
back projection reconstructions were performed. Simulated reconstructed images were
compared to experimental data to qualitatively estimate the performance of the simu-
lation.

Results of the simulations were physically sensible, but the framework has to be
developed further. To have a fully capable simulation framework, the performance of
the radiation transport has to be further increased to make it suitable for simulations
of large populations of flux sinograms. The detector response was not simulated in
this study, and it has to be implemented to obtain realistic results. Furthermore, once
the framework is ready, the simulation has to be validated against other codes or
experimental data.
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1 Introduction

Passive gamma emission tomography (PGET) has been developed for verification
of spent nuclear fuel [1–3], and it has been recently approved by International
Atomic Energy Agency (IAEA) for safeguard use. The objective of PGET is to
deter the diversion of nuclear material from peaceful use by detecting missing or
substituted fuel pins from spent nuclear fuel assemblies. It has a proven capability
to detect pin-level deviations [2, 3], and enhanced methods for the verification
process are currently studied [4,5].

High-fidelity simulations could provide valuable data for PGET research. Sim-
ulations could be used to provide realistic data for image reconstruction and fuel
classification algorithms used in the verification process [5]. Various fuel diver-
sion scenarios could be studied, that would be otherwise impractical with physi-
cal experiments. In terms of gamma emission tomography (GET), Monte Carlo
(MC) particle transport codes have been used for detailed modelling, both in fields
of nuclear engineering [6, 7] and medicine [8]. In this thesis, the applicability of
continuous-energy Monte Carlo reactor physics burnup calculation code Serpent [9]
for PGET research is studied.

Accurate simulation of PGET requires multiple detailed consequent calcula-
tions. Spent nuclear fuel, radiation transport, and detector response have to be
modelled in detail. Nuclear fuel burnup calculation capability of Serpent has been
validated against experimental data [10] and multiple other codes in various ap-
plications [11–18]. It has been used to study source term of spent nuclear fuel [19]
and to simulate large libraries of spent nuclear fuel assemblies as training data for
multivariate statistical analysis [20]. Besides, photon transport has been recently
developed for Serpent [21, 22] making it suitable for gamma-radiation transport
in PGET device. Together with support for computer-aided design (CAD) -based
geometry [23], burnup capability, and photon transport, Serpent is an attractive
option for PGET simulations.

The goal of this thesis is to study gamma-radiation transport of Serpent in
PGET simulations. The capability to use a simulated spent nuclear fuel assembly
as a photon source is demonstrated, and options for detector response simulations
are briefly discussed. The focus is on radiation transport, as it is the prerequisite
phase before detector response simulation. An optimized two-phased analog game
is used for radiation transport to calculate preliminary results, which are qual-
itatively compared to measured data by using a filtered back projection (FBP)
reconstruction. The performance of the simulation is benchmarked to an analog
game and further variance reduction methods are discussed.
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2 Background

In the next three sections, the background of this work is briefly discussed. First,
a description of the PGET instrument is given. Second, the photon transport
physics model of Serpent is briefly described without going into details. Finally,
some similar work in GET research using Monte Carlo particle transport codes is
presented.

2.1 PGET device

Details of the PGET instrument have been altered slightly during the development,
but the main principles considering its functionalities have remained the same.
A description of the first prototype can be found from [2], and the most recent
detailed description of the device is from a refurbished version of the prototype [3].
The device has two collimated detector heads with each 87 cadmium zinc telluride
gamma-ray detectors arranged in a linear array. Detector elements and collimator
slits have a spacing of 4 mm with a slit width of 1.5 mm and a height of 5 mm at
the detector end. Slits are conically shaped resulting in an approximately 20 cm
field of view. Detector heads are mounted on a rotational plate and enclosed in a
torus-shaped sealed stainless steel housing. The modelled device in this thesis is
the most recent version of the instrument, which was used during a measurement
campaign in Loviisa nuclear power plant in 2020 [5]. The new instrument is more
compact than the former and it has slightly optimized collimators [5].

Imaging is conducted by rotating detector heads 360 degrees around a spent
nuclear fuel assembly, which is kept stationary in the center of the device. Gamma-
radiation intensity is measured in four broad energy windows with one-degree
spacing. Heads have an offset of 2 mm, and when data from both arrays are
interleaved properly, an imaging resolution of 2 mm is achieved. Measured data
is usually represented as a sinogram, which visualizes the measured intensity of
each detector pixel as a function of rotation. Sinograms are used for cross-section
image reconstructions, which are further used for fuel rod classification. Recon-
struction techniques and classification techniques vary and they are a subject of
active research [4,5].

2.2 Serpent photon transport

Photon transport was included in Serpent in 2015 [21] and transport physics are
described in detail in [22]. The model includes all four major interaction meth-
ods: photo-electric effect, Rayleigh scattering, Compton scattering, and positron-
electron pair production. Secondary photons are also generated from positron-
electron annihilation, atomic relaxation, and bremsstrahlung of charged particles
originated from photon interactions. However, the current version of the code does
not support the transport of charged particles and their interactions are modelled
locally. The approximation is good for photon transport in general [22], but in
high-detailed smaller-scale simulations, it might not be valid.
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The photon transport can be used together with a radioactive decay source
mode for modelling gamma-radiation of decaying material. Photons are sampled
from regions containing the material and the emission spectrum is calculated from
the isotope composition by using line emission decay data. Besides, the mode can
be conveniently used together with an activation or burnup calculation, which is
used to calculate the composition of burnt or activated material for the transport.
This coupling enables realistic modelling of irradiated nuclear fuel and it has been
validated in dose rate calculations of pressurized water reactor fuel assemblies [24].

Serpent has a weigh-window based variance reduction scheme with a built-in
importance solver developed for radiation shielding applications [25]. The method
supports various types of meshes that can be optimized for various responses in
multiple energy windows. The scheme also contains an iterative global variance
reduction method which can be used to minimize the variance in the whole ge-
ometry of a simulation. The method can also be used together with self-adaptive
mesh to subdivide importance mesh cells in dense regions [26].

2.3 Related studies

The most closely related study for this thesis is ”A Viability Study of Gamma
Emission Tomography for Spent Fuel Verification” [6] by IAEA in 2016. The goal
of the study was to identify verification objectives of spent nuclear fuel assemblies
in the context of safeguards and to evaluate the viability of gamma emission to-
mography to meet these goals. The study heavily relied on Monte Carlo simulated
fuel assemblies, radiation transport, and detector response. A model of univer-
sal gamma emission tomographer was designed to meet the identified verification
objectives and it was compared to a PGET instrument, which was modelled and
analyzed with the same modelling and analysis framework. The framework itself
utilized multiple different MC transport and burnup codes for calculations.

The calculation chain used to model PGET in this thesis has a high resemblance
with the IAEA GET viability study. Thus, an effort is also used to have a consistent
terminology. This thesis mainly focuses on the radiation transport phase of the
framework by using Serpent for the calculations. The source term for the transport
is also provided by a Serpent burnup calculation. Besides, the most recent version
of PGET is modelled instead of the idealized prototype in the IAEA’s study.

Two studies [7, 8] using MC particle transport codes outside the context of
safeguards suggest that the approach is viable for GET research. In the study [7],
MC radiation transport code MCNPX 2.5 was used to study a new detector design
for a tomographer with high spatial imaging resolution. In terms of medical imag-
ing, MC based simulation has been used for single photon computed tomography
(SPECT) [8]. In the study, MC particle transport was made efficient enough to
make it viable for clinical applications in scatter correction.
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3 Methods

A general overview of the calculation chain used in this thesis is described in
figure 1. The first part of the chain contains the source term generation with
desired specifications such as fuel type, composition, burnup, and cooling time.
The second phase contains the gamma-radiation transport simulation in the PGET
device. The third phase is not implemented, but it is discussed in section 5. The
latest version of Monte Carlo particle transport code Serpent 2.1.32 is used for all
calculations. All the implemented parts of the simulation were calculated with the
same program without major modifications to the source code.

Figure 1: General overview of the calculation chain. Results from previous phases are
used as input data for the consequent phases. Detector response is not simulated in this
thesis, but it would be necessary for realistic simulations.

3.1 Source term

A relatively simple model of a spent nuclear fuel assembly was used as a source
term in the radiation transport. The goal was to demonstrate the capability to
use a Serpent-simulated source for the radiation transport and to provide a more
realistic source for a flux sinogram simulation. The modelled source was a fully
burnt and long-cooled VVER-440 fuel assembly and cross-section images of the
assembly together with the device can be seen in figures 2b and 2c. The geometry
of the assembly was modelled with constructive solid geometry and the final nuclide
composition of the fuel was calculated by a two-dimensional burnup calculation
using an infinite reactor core approximation. The fuel had initial enrichment of 3.6
wt-% 235U and final burnup of 50 MWd/kgU. After the irradiation, the fuel was
cooled for 25 years. The final composition of the fuel contains the whole inventory
from the calculations.

The gamma-ray source term is calculated based on JEFF-3.1.1 decay data and
the nuclide composition of the fuel. The main emitting nuclides are 137Cs and
154Eu with half-lives of 30 and 8.6 years respectively. The dominant emitter is the
former with an emission rate of one order of magnitude higher than the latter.
Analogous to the real measurement, the simulated assembly is positioned at the
center of the modelled PGET device. However, instead of rotating detector heads,
the fuel assembly is rotated around its axis for sake of simplicity. The spectrum
of the incident radiation on the PGET housing inner surface is seen in figure 3.
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(a) (b)

(c)

Figure 2: Partial CAD-model of the PGET device (a) and cross-section images of the
radiation transport geometry (b) and (c) implemented in Serpent. The length of the
vertical dimension in the cross-section image (b) is 72 cm long and the horizontal is 40
cm long. The axial dimension is 22 cm long, aligned symmetrically with the opening of
the collimators. Due to the axial limit, the central cylinder is slightly clipped outside the
geometry from both axial directions. The spent nuclear fuel assembly is rotated around
its axis to simulate tomographic imaging.

3.2 Radiation transport

The geometry of the PGET device was implemented by using a CAD model of the
most recent instrument, which was provided by the Finnish Radiation and Nuclear
Safety Authority STUK. The model is highly detailed, but only collimators and
the central parts of the housing were included in the simulation. The included
parts of the instrument are shown in figure 2a. The position where fuel assemblies
are assayed is filled with water to replicate an underwater measurement as seen in
figure 2b. The rest of the device is filled with regular air and the components are
either steel or tungsten according to the composition of the real device.

The radiation transport contains 120 independent calculations with evenly
spaced rotations of the radiation source. The real device measures photon counts
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Figure 3: Incident photon current spectrum on the inner surface of the PGET device
housing with an energy bin width of 5 keV. Typical energy window boundaries at 400
keV, 600 keV, 700 keV, and 1500 keV are illustrated with red dashed lines. The dominant
emission peak from 137Cs at 662 keV is distinguishable along with other major peaks from
154Eu for instance at 725 keV, 875 keV, 1000 keV (two lines), and 1275 keV. Spectrum
is limited at 400 keV due to photon cut-off energy used in the simulations for efficiency
improvement.

with a one-degree sampling ratio over a whole revolution resulting in a sinogram
with 360 samples. However, the reconstruction of cross-section image is usually
done from 120 uniformly spaced samples [5]. To reduce the computational de-
mand, only the required amount of samples for reconstruction are simulated with
three-degree spacing.

The goal of the radiation transport is to form a flux sinogram. It is a visual
representation of the incident photon flux intensity on the face of the gamma-
ray detector elements, and it is the intermediate step before simulating detector
response. In the simulation, photon flux is tallied by a surface current detector
right behind collimator slits. Both detector heads have their detector surfaces
with identical specifications, and for simplicity, their descriptions are treated as
one. The detector surface is 5.2 mm high and 368 mm wide, large enough to
cover all collimator slit openings. To separate data measured at slits from the rest,
tallies are divided horizontally to 0.25 mm wide bins, resulting in 1472 0.25 mm x
5.2 mm sized bins in a row. Data points behind shielded areas of the collimator
are discarded and consecutive points in each slit are summed for a single result
for one detector pixel. At this point the 2 mm offset and positions of heads have
to be taken into account. In addition to spatial binning, data is binned by the
energy of the incident photons to four energy windows ranging from 400 to 600
keV, 600 to 700 keV, 700 to 1500 keV, and 1500 to 4000 keV. Error estimates for
the pixel-wise values are obtained from the average of the results contributing to
the specific detector pixel.
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3.3 Variance reduction

The radiation transport is computationally intensive due to the high activity of
the source and the relatively low number of measured photon counts at detec-
tors. There are few reasons for the phenomenon: first, the source itself is strongly
self-attenuating, second, the collimation of the gamma-radiation, and third, the
small size of the detector elements combined with the distance to the source. For
example, the over 400 keV photon current on the shroud tube of the VVER-440
assembly is one order of magnitude lower and the incident photon current on one
detector element is eight orders of magnitude lower than the photon emission rate.

In order to optimize the simulation, few simple methods were used to reduce
the computation time. Tracking of photons with energy lower than the limit of
detectors can be stopped without affecting results, thus lower cut-off energy of 400
keV was used. The geometry of the simulation includes only the necessary parts
as described in the previous section. However, the main optimization comes from
the exploitation of rotational symmetry of calculations with different rotations of
the source.

Instead of calculating full photon histories for all measurements from different
angles, the simulation was divided into two phases. First, the photon transport
is conducted inside the cylindrical region containing the fuel assembly and water
surrounding it. The boundary of the simulation is set right at the interface of
water and the central cylinder. Photons crossing the boundary are terminated and
written to a source file, referred to as a mid-source to distinguish it from the original
source term. Second, the calculation is continued by using the mid-source, thus
continuing the histories terminated in the previous phase at the boundary. The
performance gain is obtained by observing that the first phase of the simulation has
to be run only once in the whole transport. Due to symmetry, the mid-source can
be rotated together with the fuel assembly without losing accuracy in consequent
simulations, which is validated in section 4.1. The downside of the approach is
the large size of the mid-source file and potential inefficiency due to frequent disk
operations. The reading pattern of the file is linear, and if the end of the file is
reached during the second phase, the reading of the file is started over from the
beginning.
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4 Results

The first phase of the photon transport had a photon population of 2.5 · 1010

resulting in a mid-source file with a size of 95 GB. In flux sinogram simulation,
the consequent phase had one magnitude smaller population: 2.5 · 109 photons
per calculation. However, for validation calculation, a population of 1.25 · 1011

was simulated. The reference calculation had a population of 5.0 · 1011 photons.
All simulations were run in batches of one million photons. Simulations were run
on computer nodes with Intel(R) Xeon(R) Gold 6248 CPU @ 2.50 GHz using 40
threads.

4.1 Validation of the two-phased radiation transport

Results from one detector head and energy bin 600-700 keV were used for efficiency
comparison. Orientation chosen for the spent nuclear fuel assembly is shown in
figure 2b. The reference simulation was an analog calculation with a 400 keV cut-off

(a) Reference calculation

(b) Two-phased calculation

Figure 4: Performance comparison of a reference calculation and a two-phased calcula-
tion. The average figure of merits and relative errors are calculated from detector pixels
ranging from 20 to 70, which are marked with black dashed lines. Running times of the
simulations were 4.5 and 3.9 days, respectively.
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limit. The efficiency of a two-phased simulation and the reference were evaluated
and compared by using an average figure of merit (FOM) of detector pixels. The
pixel-wise FOM is calculated by the inverse of the product of running time and
the square of relative statistical error. The two-phased simulation, however, does
not include the running time needed for the first phase of the simulation. Due
to collimation, the photon flux intensity is higher near the center of the detector
array. To get a more suitable value for comparison, FOM was calculated from
pixels ranging from 20 to 70 pixels.

To compare the radiation fields of the simulations, photon flux was tallied in a
900x500 mesh grid spanning the whole geometry. The axial dimension of the mesh
was limited from -5 to 5 cm in order to exclude the radiation above and below the
collimators. Bin-wise estimates were subtracted from each other and the estimate
from the reference calculation was used to normalize the difference. Results of the
comparison are visualised in figure 5.

It is concluded from figure 4 that the two-phased simulation is more efficient
than the reference and form figure 5 that the radiation field is consistent in general.
The efficiency of the optimized simulation is approximately a factor of six larger
than the reference if the first phase of the simulation is ignored. The running
time of the first phase is only a small fraction compared to the computing time

Figure 5: Comparison of the two-phased simulation flux Φ2 against the reference flux
Φ1. Spent nuclear fuel assemblies are rotated in both simulations by 21 degrees, and
the two-phased simulation uses a rotated mid-source as a photon source. The two-
phased simulation underestimates the flux inside the central cylinder as expected, but
the difference in the rest of the device is approximately the same order as the relative
error in the reference simulation.
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needed to simulate the 120 calculations for the flux sinogram. Thus it is a good
assumption to ignore the running time of the first phase. Excluding the area inside
the central cylinder, the differences in the radiation field are due to the stochastic
nature of the calculations.

Even though the radiation field in general is consistent, it can be seen that the
results of photon flux in 4a and 4b do not agree. The two-phased simulation has a
lower average relative error, but the statistics seem to be lower. It is assumed that
the phenomenon is due to the statistical error of the first phase of the transport and
it can be eliminated by increasing statistics of the mid-source generation. In this
case, the first phase had one magnitude smaller population than the consequent
simulation and it causes a notable error in the second phase. It is not concluded
how large the population should be to avoid this error, but it has to be large
enough to make it negligible.

It should be noted that the efficiency might be affected by the size of the
mid-source data file. Frequent disk operations cause a minor bottleneck in the
simulation, which is observed as lower average CPU-utilization. In these simula-
tions, the mid-source file size was small enough to fit in the main memory of the
system. If it is not the case, the efficiency is expected to be lower. In conclusion,
the two-phased simulation is several factors more efficient than the reference, but
the simulation is more prone to limitations caused by frequent disk operations and
file storage capacity.

4.2 Flux Sinograms

The radiation transport had a total of 120 samples with three-degree spacing and
they were run on five computer nodes with specifications described at the beginning
of section 4. Energy windows were set from 400 to 600 keV, 600 to 700 keV, 700 to
1500 keV, and 1500 to 4000 keV. Photon populations of second-phase calculations
were one order of magnitude lower than the first phase, thus it is assumed that
the main statistical error is due to the second phase. The total running time of
calculations was approximately 48 hours.

Measured flux sinograms shown in figure 6 are in a good agreement with the
radiation spectrum in figure 3. Characteristics of the first two energy windows
emerge from the dominant emitter 137Cs. The second window contains mainly
unscattered rays from the radionuclide, and sine-shaped curves typical to a sino-
gram are distinguishable. Contrarily, the first window contains photons with the
same initial energy but they have undergone Compton scattering and hence the
sinogram is more broad and blurred. The remaining two windows, number three
and four have lower flux intensity as expected and worse statistics than the former
two which is a feature of an analog game. The shape of the flux sinogram in the
third window is consistent with the second window, but the sine-shaped curves are
not observable.

10



Figure 6: Flux sinograms of one detector head from all four energy windows. Samples
have source rotation with three-degree spacing, resulting in a full revolution. Results
from another detector head are similar and not presented.

4.3 Image reconstruction

To evaluate the quality of simulated flux sinograms, FBP image reconstructions
were performed from each window and compared to experimental data. Before
reconstructions, data from both detector heads were interleaved properly to gain
improved image resolution, as it is done with a real measurement. Experimental
data and corresponding FBP reconstructions were provided by STUK. When com-
paring the results, it should be taken into account that the reconstruction from a
flux sinogram does not correspond to the measured data as the detector response
is not simulated. The reference data was from a measurement campaign at Loviisa
nuclear power plant in 2018 as part of the study [5]. The imaged spent nuclear
fuel assembly had burnup of 38 MWd/kgU and cool-down time of 24.6 years. Re-
constructions were conducted by Riina Virta from STUK and they are presented
in figures 7 and 8.
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Image reconstruction from simulated data is the most successful from the sec-
ond window seen in figure 7c. The hexagonal geometry of the VVER-440 fuel
assembly is distinguishable and the locations of fuel pins can be seen in the two
outermost rows. However, the inner parts of the fuel assembly are blurred and
fuel pins are not distinguishable, even though a pattern can be recognized. The
shape of the fuel assembly is observable in the third window in figure 8a, which is
perhaps surprising if the quality of the corresponding flux sinogram is considered.
The first and the fourth windows in figures 7a and 8c do not have distinguishable
geometry typical to the source, the former due to scattered rays and the latter,
unsurprisingly, due to low statistics.

The radiation transport has to be improved to meet comparable results with
physical experiments. A flux sinogram represents the response of perfect detectors,
which can detect every single incident photon and its energy, thus it is not a limit
for imaging quality. The best reconstruction from a flux sinogram using long-cooled
fuel should be from the second window, as it contains the peak of unscattered 662
keV photons from 137Cs, which is in agreement with simulated results. Despite the
perfect detector response of the simulation, the quality of the reconstruction in the
second window is significantly lower than the experimental images in all windows
except the last. It can be also assumed that a detector response simulation would
not improve reconstruction, as the goal of the simulation is to gain more realistic
or imperfect results.

It is suggested that the radiation transport should be improved by increasing
statistics. Based on the data, it cannot be fully concluded is the bad quality due to
poor statistics or inaccurate modelling, or both. However, the reconstructions in all
windows represent phenomena typical to the corresponding energy range, and non-
physical behaviour is not detected. Successful reconstruction in the second window
and the sine-shaped pattern in the corresponding flux-sinogram suggest that the
modelling of gamma-ray collimation is accurate. This statement is supported by
the observation that the image in the first window is ill-shaped and wider than the
successful reconstruction. Due to Compton scattering, gamma-rays are detected
on detector pixels that do not have a straight projection from the source in the first
window, and the overall image quality is low. Even though the statistics in the
third window are low, the shape of the source is reconstructed correctly as high-
energy rays are more likely to penetrate the medium without scattering. Besides,
the photon flux estimates have a fairly high relative error, typically around 10%
at the center of the detector array. Based on these observations, it is concluded
that poor statistics are the main reason for the low quality of flux sinograms.
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(a) Simulation window 1: 400-600 keV (b) Experimental window 1: 400-600 keV

(c) Simulation window 2: 600-700 keV (d) Experimental window 2: 600-700 keV

Figure 7: FBP reconstruction from windows 400 to 600 keV and 600 to 700 keV by
Riina Virta, STUK. In experiments, unscattered photons from 662 keV line emission
peak of 137Cs contribute to both windows, because the energy of incident rays are not
fully deposited to the detector. In the simulation, the unscattered rays are observed only
in the second window as expected.
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(a) Simulation window 3: 700-1500 keV (b) Experimental window 3: 700-1500 keV

(c) Simulation window 4: over 1500 keV (d) Experimental window4: over 1500 keV

Figure 8: FBP reconstruction from windows 700 to 1500 keV and over 1500 keV by Riina
Virta, STUK. Statistics are too low in the third window of simulation to distinguish
locations of fuel pins, but the shape of the assembly is observable.

14



5 Discussion

To increase the validity of the radiation transport, results should be quantitatively
compared to experimental data or cross-validated with other codes. Comparison
with experimental data would need a consequent phase in the calculation simulat-
ing a detector response. Cross-validation could be conducted by comparing flux
sinograms. Either way, the statistics of the results have to be increased. Despite
optimization used in the simulation, the efficiency is still relatively poor and sets
limits for further research.

The current radiation transport is more efficient than a normal analog game
when calculating flux sinograms, but the efficiency improvement is not magnificent.
Thus the transport is still a demanding and time-consuming task. The quality
of simulations in this study was relatively low compared to the measured data
and lower variance is needed. It is possible to allocate more computing resources
for the task and larger photon populations can be simulated to obtain better
statistics. Thus it is proposed that current radiation transport could be used for
single simulations in a viable time frame for instance in validation purposes or
single case studies, but it is impractical for simulating large populations of flux
sinograms.

Further variance reduction methods could be implemented for the radiation
transport. During this study, different approaches with the Serpent weight window
technique were experimented with, but the performance compared to an analog
game was worse or improvements were negligible. The two-phased analog game
used in this study had better performance than attempted implicit games. Despite
the trials, the possibility to gain a major performance improvement with available
variance reduction methods is not excluded. However, alternative variance reduc-
tion methods have been used successfully in [6] and [8], which are currently not
available in Serpent.

On top of the performance improvements, the second challenge is to simulate
a realistic detector response. Two viable options are proposed for further develop-
ment. Both approaches contain the source term generation and radiation transport
with Serpent, but the final sinogram simulation would be conducted with either
Serpent or another Monte Carlo particle transport code. Incident photons on the
detector faces can be written into a file similarly as was done in the mid-source
generation, the first phase of the transport. In this way, the detector response can
be simulated by using the data corresponding to the flux sinogram. However, re-
alistic detector response simulations require more detailed models and simulations
to obtain realistic results.

The closest approximation with Serpent would contain modelling the detector
crystals with appropriate material composition and scoring incident photons with
pulse height tally. The tally calculates the total deposited energy of the incident
particle and secondary particles caused by it. The current version of Serpent
does not include transport of charged particles and their interactions are modelled
locally. In larger-scale simulations this approximation is valid, but the leakage of
secondary charged particles from a detector crystal might be a notable phenomenon
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making the approximation inaccurate for this application. The effect of it should
be studied and results validated before simulating final sinograms. If the photon
physics model is not accurate enough with Serpent, another code could be used to
simulate the detector response.

6 Summary

Radiation transport of PGET was successfully simulated with Serpent, although
with low statistics. Flux sinograms and corresponding FBP reconstructions show
physically sensible results. The two-phased analog simulation used for calculation
is more efficient than a normal analog game making the transport suitable for
single studies in a reasonable time frame.

To implement a fully capable framework for PGET simulations with Serpent,
detector response simulations have to be studied and implemented. If the physics
model of Serpent is not sufficient for accurate detector response modelling, an-
other code could be used for the consequent phase. The second challenge is to
further improve the performance of the radiation transport, in order to simulate
large populations of sinograms for image reconstruction and fuel rod classification
analysis.

If the challenges considering radiation transport and detector response simula-
tions are solved, Serpent burnup simulations can be used for realistic source term
simulations. The usage of a simulated spent nuclear fuel assembly as a gamma
source was demonstrated in this thesis and it is a straightforward task. Once the
calculation chain contains all required phases, the framework has to be validated
to prove results reliable enough for research in the context of nuclear material
verification and safeguards.
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[16] T. Lötsch, “Fuel assembly burnup calculations for VVER fuel assemblies with
the MONTE CARLO code SERPENT,”Kerntechnik, vol. 79, no. 4, pp. 295–
302, 2014.

[17] L. Mercatali, A. Venturini, M. Daeubler, and V. Sanchez, “SCALE and SER-
PENT solutions of the OECD VVER-1000 LEU and MOX burnup computa-
tional benchmark,” Annals of Nuclear Energy, vol. 83, pp. 328–341, 2015.

[18] K. Suyama, Y. Uchida, T. Kashima, T. Ito, and T. Miyaji, “Burn-up Credit
Criticality Safety Benchmark Phase III-C.,” tech. rep., Organisation for Eco-
nomic Co-Operation and Development, 2016.
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[20] M. Åberg Lindell, P. Andersson, S. Grape, C. Hellesen, A. H̊akansson, and
M. Thulin, “Discrimination of irradiated MOX fuel from UOX fuel by multi-
variate statistical analysis of simulated activities of gamma-emitting isotopes,”
Nuclear Instruments and Methods in Physics Research Section A: Accelera-
tors, Spectrometers, Detectors and Associated Equipment, vol. 885, pp. 67–78,
2018.

[21] T. Kaltiaisenaho, “Implementing a photon physics model in Serpent 2.” Mas-
ter’s thesis, Aalto University, Department of Applied Physics, 2016.

[22] T. Kaltiaisenaho, “Photon transport physics in Serpent 2 Monte Carlo code,”
Computer Physics Communications, vol. 252, pp. 107–143, 2020.

18



[23] J. Leppänen, “CAD-based geometry type in Serpent 2 - Application in fusion
neutronics.,” in ANS MC2015 - Joint International Conference on Mathemat-
ics and Computation (M&C), Supercomputing in Nuclear Applications (SNA)
and the Monte Carlo (MC) Method, (Nashville, Tennessee), April 2015.

[24] R. Eschbach, B. Feng, B. Vezzoni, F. Gabrielli, F. Alvarez-Velarde, V. Leger,
F. Rocchi, G. Edwards, B. Dixon, Y. Peneliau, et al., “Verification of dose rate
calculations for PWR spent fuel assemblies,” in GLOBAL 2017-International
Nuclear Fuel Cycle Conference, 2017.

[25] J. Leppänen, “Response Matrix Method–Based Importance Solver and Vari-
ance Reduction Scheme in the Serpent 2 Monte Carlo Code,” Nuclear Tech-
nology, vol. 205, no. 11, pp. 1416–1432, 2019.

[26] J. Leppänen and M. Jokipii, “Global variance reduction scheme with self-
adaptive weight-window mesh in the Serpent 2 Monte Carlo Code,” in Inter-
national Conference on Mathematics and Computational Methods Applied to
Nuclear Science and Engineering, M and C 2019, (United States), pp. 85–95,
American Nuclear Society (ANS), 2019.

19


	Introduction
	Background
	PGET device
	Serpent photon transport
	Related studies

	Methods
	Source term
	Radiation transport
	Variance reduction

	Results
	Validation of the two-phased radiation transport
	Flux Sinograms
	Image reconstruction

	Discussion
	Summary
	References

