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Abstract

Genom historen har tv̊a olyckor vid kärnkrafverk lett till betydande utsläpp
av radioaktiva ämnen ut i miljön. Utifall att en s̊adan olycka skulle ske i Sverige
finns bilburna detektorsystem redo för att karlägga spridningen av radionuk-
lider i nedfallsdrabbade omr̊aden. Att analysera resultat fr̊an bilburna detek-
tormätningar är dock inte trivialt. För att undersöka hur detektorsystemet
reagerar p̊a diverse radionukliddepositioner och saneringsförsök implementer-
ades en fullskalig model av ett svenskt bostadsomr̊ade i partikeltransportkoden
SERPENT2. Inom denna model implementerades bil- och detektorgeometrier
för att upskatta detektorresultat vid olika sanerings̊atgärder efter en initial 100
kBq/m2 markdeposition av fissionsprodukten 137Cs.

Historically, two nuclear power plant incidents have led to major releases of
radioactive isotopes into the environment. In the unfortunate event that such
an incident would occur in Sweden, the national emergency preparedness has
set-up carborne detector systems which can be used to map radionuclides in
fallout affected areas. However, analysing the carborne measurments is not
trivial. To investigate how these detector systems behave, a full scale model
of a Swedish suburban neighborhood was constructed in the particle transport
code SERPENT2. Within this model, detector and car geometries where de-
fined to obtain an estimate of the measurement one would obtain efter different
cleanup scenarios with an initial 100 kBq/m2 ground deposition of the fission
product 137Cs.
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Tv̊a olyckor har lett till stora utsläpp av radioaktiva ämnen ut i miljön, tjernobyloly-
ckan i Ukraina 1986 och Fukushimaolyckan i Japan 2011. Utifall att en s̊adan olycka
skulle ske i Sverige finns bilburna detektorsystem redo för att kartlägga spridningen
av radionuklider i nedfallsdrabbade omr̊aden. Att analysera resultat fr̊an bilburna
detektormätningar är dock inte trivialt utan m̊aste undersökas. Att återskapa en
miljö som kan representera den som uppst̊ar efter en kärnkraftsolycka är kostsamt.
Därför användes simuleringskoden SERPENT2 i denna rapport för att simulera hur
den bilburna detektorn beter sig i denna typ av miljö. Detta till̊ater detektorns be-
teende i ett nedfallsdrabbat omr̊ade innan och efter diverse saneringsscenarior.

Radioaktiva ämnen tar olika l̊ang tid att sönderfalla och frigöra radioaktiv str̊alning,
vilket beskrivs utav deras s̊a kallade halveringstid. För denna rapport l̊ag fokusen p̊a
gammastr̊alning som uppgörs av fotoner. De radioaktiva ämnen som släpps ut i dessa
typer av olyckor är fissionsprodukter med varierande halveringstider. Fissionspro-
dukter med kortare halveringstid kommer endast att bidra till str̊alningsdoser direkt
efter olyckan inträffat. 137Cs är en fissionsprodukt som bidrar till en betydlig mängd
av str̊alning, b̊ade direkt efter olyckan och under en längre period efter. Denna isotop
användes som utg̊angspunkt för att simulera detektorns beteende i denna rapport.

Simuleringkoden SERPENT2 användes för att skapa ett virituellt bostadsomr̊ade
med 15 hus. Radioaktiva källor med utg̊angspunkt i topplagret av marken, gatan,
och taken användes för att simulera 100 miljoner fotoners propagerande genom bo-
standsomr̊adet. Under dessa simuleringar implementerades en virituell bil p̊a speci-
fika platser för att sedan kunna sammanställa de simulerade detektormätningarna
till en uppskattning av en full genomkörning av det nedfallsdrabbade omr̊adet. Simu-
leringarna upprepades sedan för tre olika saneringssenarior. För det första scenariot
togs de radioaktiva källorna p̊a taket bort och för det andra togs de endast bort fr̊an
vägen. För ett extremfall togs de radioaktiva källorna fr̊an b̊ade taket och vägen
bort i det tredje scenariot, samt hälften av de radioaktiva källorna i marken.

Jämförelsen av de fyra olika genomkörningarna visade p̊a betydande skillnader i
uppskattningen för de bilburna detektormätningarna.
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1 Introduction

Two nuclear power plant incidents have led to major radionuclide releases into the
environment, the Chernobyl accident in Ukraine in 1986 and Fukushima Daiichi
meltdown in Japan in 2011. After such an incident, several measurement techniques
can be employed to map the affected area, be it by hand-borne radiometry, from a
car, airplane or drone. In the unfortunate event that such an incident would occur
in Sweden several carborne detectors are ready for use in the efforts of mapping the
spread of radionuclides [1]. However, interpreting detector spectra gathered while
driving through a fallout afflicted area is not trivial.

The radionuclides released from these types of incidents are fission products with
varying half-lives. Some radionuclides such as 131I has a relatively short half-life
and poses an immediate risk to humans as it can concentrate in the thyroid after
inhalation, leading to an internal radiation dose which increases the risk of thyroid
cancer [2]. Radioluclides with a longer half-life pose a different threat of lasting ex-
ternal radiation doses in fallout afflicted areas. Among the long lived radionuclides,
137Cs will make a measurable contribution to the fallout gamma spectrum from the
moment of release and will become the most prominent peak as time passes, while
also having a photon energy in the mid range of this gamma spectrum [3]. These
properties make 137Cs a good starting point when evaluating the effect of nuclear
fallout after a nuclear incident.

It has been shown that Monte-Carlo simulations can be used to accurately estimate
results of gamma spectroscopy measurements [4]. Such simulations can therefor be
useful to estimate the correlation between mobile detector responses and fallout de-
position in a Swedish neighborhood, since investigating this relation experimentally
is impractical. The Monte-Carlo code SERPENT2 was used to construct a model
neighborhood which approximates a real residential area in Sweden, as well as a
carborne 123% relative efficiency HPGe detector crystal. In the code this is accom-
plished using boolean geometry to define materials in specific shapes to model the
ground, street and houses. Then, coordinates within the model which one would ex-
pect to have a significant radionuclide deposition were defined as source points. From
these source points, a large number of virtual photons were simulated until their en-
ergy falls below a certain energy threshold, the default threshold being 1 keV. For
this thesis, a lower limit of 660 keV was used to save simulation time and focus
the result on the full energy peak counts in the detector. While simulating these
particles, a number of carborne detectors were defined which could then be used
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to estimate the full energy peak count measured while driving through the virtual
environment with a predetermined radionuclide deposition. This process can then
be repeated for several cleanup scenarios with radionuclides removed from certain
surfaces to evaluate the response of the detector to such cleanup efforts.

2 Background

2.1 Nuclear fallout

Nuclear fuel inside a Light Water Reactor (LWR) initially contain a mix of long lived
radioactive uranium isotopes, or in the case for Mixed Oxide (MOX) fuel uranium
and plutonium isotopes. As this fuel is burnt inside a nuclear reactor, short lived
fission product are created. Several barriers are designed to contain these fission
products inside the reactor confinement such that the general population and envi-
ronment will not be negatively effected by their existence. In the event that these
barriers fail in the aftermath of an incident at a nuclear power plant, immediate
evacuation of areas affected by the resulting nuclear fallout is required. When ra-
dionuclides are released into the atmosphere the fallout is spread in the form of a
radioactive plume. The radioactive dose which humans, animals and plants may ab-
sorb originate from the external doses from the gamma emitters in the passing plume
(referred to as cloud-shine), internal exposures from inhalation of radionuclides in
the passing plume, and from the external exposure of radionuclides deposited on the
ground in the wake of the plume. In addition, these radionuclides may be transferred
into the local ecosystems, contaminating crops, pasture and freshwater, that in turn
results in internal exposure of humans to contaminated foodstuff [1]. Initially, the
majority of the external radiation dose is caused by short-lived radionuclides. As
time passes, the short-lived radionuclides in the fallout will decay resulting in a de-
crease in radiation being emitted, and long-lived radionuclides such as 137Cs and
134Cs will dominate the radiation spectrum. This is one of the reasons the initial re-
sponse post evacuation is to wait until cleanup can be pursued in a safer environment.

The physicochemical composition of the nuclear fallout varies depending on the type
of accident. The steam explosion following the power surge at the Chernobyl power
plant released a larger variety of radionuclides compared to the release following the
Fukushima Daiichi accident [5]. Out of these accidents the Fukushima Daiichi ac-
cident is more likely to resemble that of a potential accident at a Swedish nuclear
power plant, since a loss-of-coolant like in Fukushima is deemed to be more likely to
occur than a power-surge accident like in Chernobyl.
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To decontaminate areas after a major radionuclide release, it is important to ac-
curately map the deposited fallout in effected areas. An accurate mapping allows for
prioritization of cleaning areas which would otherwise contribute to the majority of
the dose given to potential future residents. Fallout deposition varies depending on
type of surface, be it soil, asphalt, concrete, foliage, e.t.c, and whether the deposi-
tion is dry or wet. For this report, simulations were defined assuming wet deposition
occurred using the ratios determined by Isaksson and Rääf [1].

2.2 SERPENT2

SERPENT2 is a Monte Carlo particle transport code, initially designed for neutron
simulations in a nuclear reactor environment [6]. It has since its release been updated
to allow for photon simulations. The general structure of a particle transport code
defines material within specific coordinates of a model in which source points can
then be defined. The source points are then randomly sampled as the point of origin
of the particles which one wishes to simulate. Each material is defined by the mass
fractions or atomic fractions of the isotopes it consists of, as well as the density of
the material. This allows the code to access the appropriate data libraries of reaction
cross sections and calculate the probabilities for reactions to occur as particle paths
are simulated within the final model. For photon transport simulations, the specific
isotopes have no impact on reaction cross sections, since photon reactions mostly
occur when photons interact with electron shells and not the nucleus.

The geometry of the model is constructed using boolean geometry. Geometric sur-
faces such as planes, cuboids, cylinders, spheres, e.t.c. are defined at specific coordi-
nates within the model. Material is then assigned to regions formed by the union of
one or several sides of surfaces, be it inside or outside, while one may subtract the
sides other surfaces.

3 Method

3.1 Neighborhood geometry

The neighborhood model which was constructed for this report was based upon the
work of Hinrichsen et al. [7]. In this previous work, shielding factors of two different
houses were investigated, one wooden house and a brick house. The house used in
this report was a wood house with the outer walls, ceiling and roof designed according
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to the specifications laid out by Hinrichsen Y et al.. The material used and their
thickness can be found in Table 1. The detailed inner walls, windows and doors
used in the previous work were left out of the model developed in this report, due
to time constraints and that the effect of implementing this extra geometry would
most likely lead to effects on the detector response much smaller than the simulation
uncertainy.

External walls
2.2 cm wood, 4 cm air, 0.9 cm gypsum, 26 cm mineral wool,
2.8 cm air, 1.1 cm wood, 1.3 cm gypsum

Roof 5.4 cm concrete, 2.7 cm wood
Ceiling 1.3 cm gypsum, 2.8 cm air, 40 cm mineral wool

Table 1: Materials and thickness used to model the house.

The atomic composition of each material used must be known for the code to calcu-
late the transport of the gamma photons as they are simulated in the final model.
The composition of the more complex materials, such as wood or mineral wool, were
taken from [7], while the detector and car geometry are assumed to be made up of
pure germanium and lead respectively. A breakdown of the materials used can be
seen in Table 2.

Material Atomic composition Density (kg/m3)

Air 0.02% C, 78.44% N, 21.07% O 0.47% Ar 0.001205

Concrete
8.47% H, 60.41% O, 1.25% Na, 2.48% Al, 24.19% Si,

2.25
2.72% Ca, 0.47% Fe

Gypsum 33.33% H, 50.00% O, 8.33% S, 8.33% Ca 2.32

Mineral wool
42.50% O, 1.70% Na, 5.40% Mg, 10.60% Al, 18.20% Si,

0.166667
1.90% K, 14.30% Ca, 0.50% Mn, 4.90% Fe

Soil 31.69% H, 50.16% O, 4.00% Al, 14.16% Si 1.52

Wood
46.24% H, 32.34% C, 0.28% N, 20.88% O, 0.06% Mg,

0.64
0.12% S, 0.04% K, 0.04% Ca

Asphalt 86.77% C, 10.94% H, 1.1% N, 0.99% S, 0.2% O 2.35
Germanium 100% Ge 5.323
Lead 100% Pb 11.34

Table 2: Atomic composition, expressed as mass fractions, of the materials used in
the particle transport code.

Each house in the final model is identical with a width of 10 m and a length of 15
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m. The outer walls of the buildings reach a height of 2.94 m. On top of the walls
there is an inclined roof which reaches its highest point at 4.94 m. A cross section
of the house geometry can be seen in Figure 1.

Figure 1: Cross section of one of the houses within the SERPENT2 model.

While Hinrichsen et al. had a schematic overview of a full neighborhood including
15 houses, see Figure 2a, exact measures of street width, distances between houses
e.t.c. could not be found. An approximation of their model was created by making
a number of assumptions. The street width was set to 6 meters, obtained from
measuring images on google maps, and the street depth was set to 18 cm.The distance
between each house and the street was set to 5 m. The central square was set to
a width and length of 60 m with two rounded corners with a radius of 3 m for the
inner edge of the street. An overview of the final model can be seen in Figure 2b.
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(a) Image from the work of Hinrichsen et al. (b) The developed SERPENT2 model.

Figure 2: Overview of the previously developed model and the 140 × 140 m2 SER-
PENT2 model.

The deposition depth of radionuclides in different materials is important when as-
signing source points to the SERPENT2 model. The source material option was
used and a separate material of source soil, source asphalt and source concrete were
defined with the same properties as their normal counterparts, but with the ability
to assign these new materials to areas where particles will be emitted in the model.
A 5 cm deep layer of source soil was defined as the top layer of all soil, with the
exception of the areas beneath the 15 houses. The simulated particles origins are
sampled randomly within this source slab. A 0.5 cm deep layer of source asphalt was
defined as the top of the street and a 0.1 cm layer of source concrete was defined for
each of the inclined roofs of the houses.

Not only deposition depth varies between the different materials, but also the amount
of deposited radionuclides. The difference in deposition depends on whether the en-
vironment is dry or wet in the moment of deposition. For this report, wet deposition
was assumed which results in the street and roofs having 50% and 40% less deposited
radionuclides compared to the soil respectively. The boundary conditions in the x
and y directions were set to periodic such that when a particle reaches the edge of
the model, it is transported to the opposite edge of the model where the transport
simulation continues. This allows for these particles to be considered the a contri-
bution from areas outside the modeled neighborhood, assuming that the immediate
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environment outside of the model is an exact copy of the modeled environment. By
plotting an area larger than the implemented geometry in SERPENT2, the code
automatically copies the geometry to give an image of a repeating neighborhood
geometry. Such a plot can be seen in Figure 3b. After running a simulation, each
particle path can be projected onto the x and y plane of the simulated model. A
high number of overlapping paths is displayed in a more deep red color while fewer
overlapping paths are displayed in a more blue color, leading to an overview of how
the fluence varies within the model. Such an overview can be seen i Figure 3a.

(a) A projection of particle paths throughout the mod-
eled geometry.

(b) SERPENT2 plot set to cover a 420×420
m area around the modeled geometry.

Figure 3: An overview of the particle paths projected in the modeled geometry and
a wide plot of the geometry showing the periodic boundary condition.

3.2 Car geometry

The detector in this simulation study was modeled from a High Purity Germanium
(HPGe) detector (manufactured by OrtecTM), with a relative efficiency of 123%.
Here, the relative efficiency refers to the industry standard measure where a detectors
full energy peak efficiency is compared to the absolute full energy peak efficiency of
a NaI(Ti) crystal of 7.6 cm height and diameter. The source used in the comparison
is the 1.33 MeV photon from a 60Co source placed 25 cm from the detector [9]. The
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car surrounding the HPGe detector will result in a reduction in detector efficiency
when compared to a free standing detector. The total counting efficiency, defined as
the count rate of full energy pulses from 137Cs (661.6 keV) divided by the number of
impinging full energy gamma quanta from 137Cs of the carborne detector has been
measured experimentally such that a model mimicking it can be developed [8]. The
overall reduction can be simplified as an equal reduction in all angles around the
detector, with the exception from a drastic decrease in the forward direction of the
car caused by the storage space, seats, and engine block. As such, a simple geometry
which can give rise to this total counting efficiency is a lead cylinder with a thickness
of 7 mm and a 10 cm thick block spanning 90 degrees in the forward direction. A
cross section of the implemented car geometry can be seen in Figure 4.

Figure 4: Cross section of the implemented car geometry. In the center in gray is the
germanium detector crystal. Surrounding the crystal in purple is the lead cylinder
with a thicker slab of lead in the forward direction.

By simulating 10 × 10 cm wide a particle beam aimed at the center of the car in
10 degree intervals around it, the simulated angular dependence of the relative effi-
ciency can be obtained and compared to the experimentally obtained total counting
efficiency relative to that obtained at 0◦ incidence angle. efficiency. This comparison
can be seen in Figure 5, where the plotted data is normalized to the 320◦ data point.
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Figure 5: Comparison of the experimental and simulated angular dependence of the
total counting efficiency.

3.3 Detectors and simulations

There are various ways to define tallies, or detectors as they are called in SERPENT2.
For this project two separate types were used, a detector made to mimic a pulse
height detector and a mesh detector measuring the flux of photons traveling through
voxels. While adding the full car geometry into a point of interest and using the
pulse height detector within the detector crystal will give the most reliable results,
doing so leads to the need of a high number of time consuming simulations. One
simulation of the full neighborhood geometry with 109 particles takes 27 hours to
complete on a 64 core computer cluster. If it would be possible to accurately predict
the result one would obtain in a pulse height detector by mapping the flux of a large
area of the full neighborhood model, one may be able to achieve reliable results in
a shorter time frame. For this reason simulations were run in an attempt to obtain
such a relation between the two detector types. Figure 6 shows an example of a
result from the mesh detector when implemented over the car geometry.
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Figure 6: Result of a mesh detector implemented over the car geometry.

A smaller model containing the ground and a straight road was used to implement
several cars of different thicknesses to induce different amount of photon flux within
each, see Figure 7. A mesh detector was then implemented over the entire street and
pulse height detectors in each car.

If a relation between the two detector types is established, a filter function can
be implemented to reduce the flux in an area without any implemented car geome-
try such that an estimate of theoretical pulse height detector can be made. When
deciding what number of voxels should be considered when analysing the results, a
decision was made to include enough voxels to cover the entire car geometry. While
an argument can be made that only the voxels covering the detector crystal would
be sufficient, the directionality of the car would be lost opening up for insufficient
shielding in a more complicated geometry where radiation for particular directions
becomes more important.
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Figure 7: The model used to establish the relation between mesh detectors and pulse
height detectors.

When the carborne detector system performs a measurement, it uses a one second
acquisition time for the pulse height spectrum. Assuming that the car drives with
a constant 30 km/h speed, this would give a travel length of 8.33 m for each pulse
height acquisition by the carborne HPGe detector. To make an estimate of the total
amount of full energy counts recorded by the detector after one drive through the
neighborhood, points with 8.33 m distance from each other can be used as an average
of the detector response while the car drives past these points.

To simulate a full drive through with the pulse height detector such that an es-
timate of the full energy peak count can be made for a 100 kBq/m2 soil deposition,
50 kBq/m2 street deposition, and 40 kBq/m2 roof deposition as well as different
cleanup scenarios, each of the points needed were mapped out and divided into 6
sets, such that 6 separate simulations could be run with the implemented car geome-
tries at sufficient distances from each other as to not greatly interfere with the results
of the other detectors. The coordinates of the points of interest and an example of
one set of implemented cars can be seen in Figure 8.
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(a) Coordinates of the points of interest for simulating
a full drive through.

(b) Activity overview with one set of cars im-
plemented.

Figure 8: The points of interests and one set of 8 car geometry used in the simulations.

3.4 Data analysis

To establish the relation between the mesh detectors and the pulse height detector
a 10× 10 matrix of voxels covering the car geometry was chosen to have the results
represent all changes in fluence which may effect the pulse height detector. An exam-
ple of this matrix can be seen in Figure 6. The fluences recorded in each voxel were
summed together to obtain a measure of the fluence present in the entirety of the car.
The sum of fluences was then compared to the counts per second (cps) recorded in
the detector crystal in the center of the car to form a linear relation between the two.

When performing Monte-Carlo simulations there will always be a statistical uncer-
tainty, u, in the obtained results. To calculate these uncertainties one makes use of
the relative stochastic uncertainty in counting statistics [10],

u =
1√
N
, (1)

where N is the total number of events recorded in the detectors. When calculating N
for SERPENT2 mesh detector, a question arose whether SERPENT2 took the voxel
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volume into consideration by default. This question lead to a test being devised,
which is fully detailed in the appendix. The result of the test indicated that the
mesh detectors do not take voxel volume into consideration by default.

4 Results

4.1 Mesh detector pulse height relation

Figure 9: Voxels covering three car geometries of varying thickness.

Geometry of 12 cars with varying thickness, one of them being a free standing detec-
tor crystal, were implemented in sets of 3 to establish a relation between the mesh
detector and gamma spectrometer. An example of the result in the mesh detector is
seen in Figure 9. The sum of the voxels around each car was fitted to the result in
the pulse height detectors. The fitted relation to the pulse height detector data can
be seen in Figure 10.

Once a function has been fitted to the pulse height detector results, a filter function,
F , can be defined by comparing the fluence in the voxels in the simulations with the
desired car geometry, φCar, to voxels which does not cover any car geometry, φNoCar,

F =
φCar

φNoCar

. (2)

F was applied to voxels in the model including the full neighborhood to make a pre-
diction of the number of full energy counts in a gamma spectrometer if implemented
in the full model.
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Figure 10: Plot showing the linear relationship between the mesh detectors and the
full energy counts of 661 keV photons in the 123% HPGe detector.

Figure 11: Plot showing a comparison between implemented pulse height detectors
and the prediction.

the geometry of 9 cars and pulse height detectors were implemented in the full
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neighborhood model to measure the validity of the predictions made. The result of
these simulations can be seen in Figure 11 and table 3.

Car number Prediction (cps) Result (cps) Difference (cps)
1 30.36±29.11 61.90±9.55 31.54±30.63
2 37.05±28.80 58.95±9.32 30.63±30.27
3 50.81±28.21 69.27±10.10 18.46±29.96
4 51.42±28.18 48.64±8.47 2.78±29.43
5 47.90±28.33 89.90±11.51 42.00±30.58
6 47.74±28.33 79.59±10.83 31.85±30.33
7 44.18±28.48 61.90±9.55 17.72±30.04
8 42.81±28.54 70.74±10.21 27.93±30.31
9 46.40±28.39 70.74±10.21 24.34±30.17

Table 3: Tabulated values for the predicted detector results and simulated detector
results.

4.2 Drive through simulations

The 6 sets of 8 cars implemented in the full neighborhood model were simulated with
varying amounts of cleanup. The amount of removed radionuclides in each cleanup
scenario is detailed in Table 4.

Cleanup scenario Ground Street Roof
0 0% 0% 0%
1 0% 0% 100%
2 0% 100% 0%
3 50% 100% 100%

Table 4: Tabulated values of amount of removed radionuclides for each cleanup
scenario.

The simulated counts per second in each implemented coordinate can be seen in
Figure 12.
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Figure 12: Simulated cps for a carborne 123% HPGe-detector passing an area with
about 100 kBq/m2 Cs-137 initial deposition.

Assuming each data point is Poisson distributed, a total estimate can be made for
the full energy peak counts obtained after the car-borne system has passed through
the streets in the simulated neighborhood. The final estimate of the average full
energy peak count rate for each cleanup scenario can be seen in Table 5.

Cleanup scenario Average full energy peak count rate (cps)(± 1 SD)
0 69.1±1.5
1 63.9±1.4
2 31.9±1.0
3 13.9±0.4

Table 5: Tabulated values of the estimated average full energy peak count rates while
driving through the neighborhood model.
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5 Discussion

The investigated method of using mesh detectors to predict the result of the pulse
height detector was not ultimately used to calculate an estimate for the full energy
peak count rate of 661.6 keV gamma photons one would obtain after driving through
the 137Cs contaminated neighborhood. This decision was made due to the failure for
the predictions to match the results of implemented pulse height detectors, which
can be seen in Table 3. The spatial variance in the fluence along the street in the full
neighborhood was lower than expected which made further calculations for this rela-
tionship irrelevant for the study at hand. While such an approach may be useful in
an environment with more varied geometry and radionuclide depositions, the result
ended up being unrepresentative of the developed neighborhood model. Attempts
in the future to improve the achievable statistics within a reasonable time frame can
be made with other techniques, such as global variance reduction.

To make it possible to obtain results in a reasonable time frame, 8 cars were im-
plemented in the same neighborhood model for each simulation, such that 6 separate
simulations would yield results which cover one full drive along the streets of the
neighborhood. Each car was placed such that it would not be in a close proximity of
another car. While the effect of having several cars in one simulation when consid-
ering the detectors was not investigated, it can be reasoned that the difference this
decision may have caused will not be a major contributing factor when comparing
simulated results to reality. In a real neighborhood affected by nuclear fallout, the
streets will most likely not be bare, but contain a number of parked cars left behind
by previous residents.

While it may be difficult to observe a difference in detector results when compar-
ing cleanup 1 and 2 in Figure 12, the final estimate of the full energy peak count
rates after driving through a neighborhood with each of these two scenarios suggests
that there would be a statistically significant difference when performing measure-
ments in the two different scenarios. One should however be careful before making
the assumption that this result will apply to a real neighborhood affected by nu-
clear fallout as the radionuclide deposition will not be evenly distributed over each
surface as it is in the simulation. Cleanup scenario 3 and 4 result in a full energy
peak count estimates and cps measures which can be clearly distinguished from the
pre-decontamination of cleanup scenario 0.
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6 Conclusion

A full scale model of a Swedish neighborhood was implemented in SERPENT2 to
investigate how a carborne detector system reacts to a 100 kBq/m2 137Cs ground
deposition and different cleanup scenarios. To achieve an estimate of the full energy
peak count rates obtained after one drive through of the neighborhood, a method
for using a mesh detector to predict the results in an implemented carborne detector
geometry was investigated, but was unable to give reliable predictions. A different
method was used where 48 coordinates, which each represent a 1 second distance
the car would have traveled, were mapped out and divided into 6 sets of 8. This
allowed for 8 car geometries to be implemented and 6 simulations were repeated for
4 different cleanup scenarios to achieve a measure of the counts per second in each
coordinate for the different scenarios. This data was then summed together to make
an estimate of the full energy peak count after a full drive through the neighborhood.
A relation was established between an untreated 100 kBq/m2 ground deposition of
137Cs and a 0.6912±0.0146 cps/(kBq m2) pulse.
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8 Appendix

When using SERPENT2 to simulate the photon flux through specified areas in a
model, mesh detectors can be a very useful tool. A mesh detector is defined by the
det card

det NAME dx XMIN XMAX NX YMIN YMAX NY ZMIN ZMAX NZ .

SERPENT2 uses the collision estimate for calculating the reaction rates of user
defined reactions [6] .

R =
1

V

∫
V

∫ Ei

Ei+1

f(r, E)φ(r, E)d2rdE (3)

where V is the volume of the detector, f(r, E) is the response function with respect
to position and energy, and φ(r, E) is the flux with respect to position and energy.
As a default setting V is set to unity. However, it is unclear whether this default
setting extends to mesh detectors, or if the code normalizes the result to the volume
of each voxel in the mesh. To answer this question a small test was devised.

An environment of pure air was defined within the SERPENT2 code, with a separate
air cell of volume 50 ∗ 50 ∗ 50 cm3 in the center. Then a 50 cm wide square photon
beam was defined at 1 m from the center aiming at the air cell.

mat M1 -0.00123

7014.03c -79.000

8016.03c -21.000

surf OUT cuboid -1000 1000 -1000 1000 -1000 1000

surf Square cuboid -25 25 -25 25 -25 25

cell OUTSIDE 0 outside OUT

cell SQUARE 0 M1 -Square

cell AIR 0 M1 -OUT Square

src Source p sx 100 100 sy -25 25 sz -25 25 sd -1 0 0 se 1

set nps 100000 1
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Three separate detectors were defined for the air cell. One using the dc part of the
det card, which is known to use a unit volume as default, one using the mesh card
structure, and one using both the dc part and the dv part of the det card, where the
dv part allows the user to specify the volume of the detector.

det DCell dc SQUARE

det DMesh dx -25 25 1 dy -25 25 1 dz -25 25 1

det DCellVol dc SQUARE dv 125000

If DCell=DMesh, this would suggest that the mesh detectors do use unit volume as
default. If DMesh=DCellVol, this would suggest that the mesh detector does nor-
malize the result to the volume of the voxels in the mesh.

The simulation gave:
DCell = 49.6184

DMesh = 49.6184

DCellVol = 3.98931 ∗ 10−4

It would seem like the mesh detectors do not normalize with respect to the voxel
volume.
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