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Abstract— This study proposes a highly accurate method for
estimating the distribution of radiation sources, using a particle
filter of the Bayesian estimation framework, which incorporates
the structural information of the reactor at the Fukushima
Daiichi Nuclear Power Plant as the prior information. From
the experimental result, unlike the maximum likelihood es-
timation method, our method performed well in an extreme
measurement environment where the detector could not reach,
and showed high accuracy in the estimation of the point-like
and the distributed radiation sources.

I. INTRODUCTION
A. Background

Distribution estimation for radioactive materials has been
widely conducted for disaster rescue and prevention. Partic-
ularly, the 2011 Fukushima Daiichi nuclear disaster attracted
worldwide attention. The situation at Fukushima Daiichi
Nuclear Power Plant after the disaster has been systemat-
ically investigated [1], and some conditions, such as internal
information of the reactor, are becoming more apparent. As
shown in Fig. 1, numerous nuclear fuels initially present in
the pressure vessel (RPV) of reactor Unit 2 melted through
the platform, which is the upper structure of the pedestal of
the primary containment vessel (PCV), during the Fukushima
Daiichi nuclear disaster, creating holes in the platform and
falling through the holes to the bottom of the pedestal,
generating debris. Figure 2 shows the actual structure [2],
the part surrounded by the red line in the lower part of
Fig. 2 is the hole created by debris. Based on the environment
and safety of residents, it is necessary to remove debris. As
the pre-process of removal work, it is important to estimate
the distribution of radioactive materials at the bottom of the
pedestal, especially radiation sources likely located below the
hole in the structure.

Before estimating the distribution of radioactive materials,
the radiation detector is often used in the investigation of
radioactive materials to measure the radiation dose rate. In
the current situation of the Fukushima Daiichi Nuclear Power
Plant Unit 2, because it is unrealistic for the operator to
measure the radiation inside the pedestal actually, unmanned
measurements are required. The proposed concept is shown
in Fig. 1, install the radiation detector in a robot arm
mechanism, and extend the robot arm to the pedestal from
the platform. To maintain the stability of the mechanism, a
large load should be applied to the structure, which limits
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Fig. 1. Schematic diagram of nuclear reactor Unit 2

Fig. 2. Actual situation of the structure above the pedestal [2], to clearly
show the location and state of the hole, we modified the figure by circling
the hole at the bottom of the diagram with a red line.

the operating range of the robot arm, and the primary
movement is in the vertical direction rather than in the
horizontal direction. However, the reactor is in a highly
complex environment, and the internal structure is disrupted
by the nuclear fuel. This complicated environment posed a
significant challenge to the survey of radiation sources in the
pedestal, especially in areas where detectors could not reach.
As shown in Fig. 3, which is the schematic top-view of the
pedestal, there is an area called the undetectable area where
the robot arm, which does not have a superior performance in
the horizontal operation, cannot actually reach. Particularly,
part of the area directly under the holes created by accident,
is an undetectable area. Therefore, the estimation of radiation
sources in the undetectable area is an important issue. In
recent years, information about inside Fukushima reactors
has been clarified, and [3] recreated the situation in which
fuel debris, including radioactive materials, goes through
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Fig. 3. Undetectable area inside the pedestal

the holes and falls. This reveals that even if the detector
cannot reach directly under the hole, it can effectively use the
information about the probable existence of radiation sources
directly under the hole and the information about the hole in
the platform, as prior information for distribution estimation
of radiation sources.

B. Related Work

Numerous studies on radiation source distribution estima-
tion have been conducted to detect radiation intensity using
two main approaches: directional or non-directional detector.
Several studies have used directional detectors, such as
Compton cameras [4], TimePix [5], and gamma cameras [6],
which can obtain the energy of the radiation and its incidence
angle to estimate the radiation source distribution. However,
it is difficult to use a directional detector in a high dose rate
environment comprising numerous radiation sources, such
as the Fukushima Daiichi Nuclear Power Plant. Therefore,
using a non-directional detector is more practical, which
can only obtain energy information, such as the dose rate
and count number. Some studies have revealed that non-
directional detectors can efficiently estimate the radiation
source distribution [7], [8], [9], [10], [11], [12]. In [7],
multi-resolution grid computation and maximum likelihood
estimation (MLE) were merged to quickly localize the radi-
ation source. In [11], the MLE and Bayesian methods were
compared. Grid-based MLE divides the area into several
grids where radiation is likely to exist, called the region
of interest (ROI), places detectors at a lot of measurement
spots at ROI, and estimates the value of each grid group
based on the obtained radiation counts. The dose distribution
determines the upper limit of the estimation performance,
because this method uses only the radiation dose distribution.
Therefore, it does not cope well with the situation where
there are undetectable areas.

In addition to using dose information, it is helpful to use
prior information, such as the structure information of the
hole above the undetectable area, as stated in Section I-A.
In this study, we propose a method for accurate radiation
source distribution estimation, even in the presence of un-
detectable areas, by using prior information. In addition to
the incorporation of prior information, we also contribute to
formulating models for two types of radiation sources: point-
like radiation sources and distributed radiation sources.

II. RADIATION SOURCE DISTRIBUTION
BAYESIAN ESTIMATION FRAMEWORK

A. Mathematical Model of Radiation Sources and Detectors

1) Point-like Radiation Source: The point-like radiation
source is the simplest case, and when the actual volume
of the radiation source is relatively small, it is convenient
and effective to treat it as a point-like radiation source.
We set ¢ = [q1,q2, - ,qi, - ,qn]T, which is the set
of radiation sources, where ¢; = [z%, m;]T, € R?® x
R*,i = [1,2,---,N], % as the location, and ; is
the intensity of the ¢ th radiation source. Further, we set
b = [by, by, -+ ,by]7T, as the count numbers obtained by
detectors at M measurement spots, where b; = [mbi , mi]T €
R? x R*,i = [1,2,---, M], % is the location of the i th
measurement spot, and m; is the value of count number. In
the measurement of radiation sources, because the measure-
ments and radiation sources follow the inverse square law, the
relationship between m;, which is the measurement at spot
1 to all radiation sources g, can be expressed as follows:
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Notably, c is the coefficient of the detector, and u is the
radiation attenuation coefficient.

2) Distributed Radiation Source: The distributed radiation
source has a certain area and cannot be easily applied to
the point-like source model introduced in Section II-A.1. It
is possible to consider a distributed radiation source that
consists of many point-like sources by using Eq. (1), but
in the estimation process, there is a risk that an ill-posed
problem may occur. Therefore, a computational difficulty
should be minimized and build a more efficient model. Here,
we used the grid-based model introduced in [11], [13] to
build the model.

We set ¢; = [q%, g%, ¢']T € R3 x R3 x R*, where ¢
is the central point, g% is the width, and ¢'* is the overall
intensity of the No.i distributed radiation source. Then, based
on g% and g%, we generated g; = [29,q%]T € R® xR*
of S equal-sized grids in the area. Here, 9 is the known
location of all grids, and g9¢ is the intensity of each grid.
If we assume that q; follows a certain distribution, the
probability density function P; can be generated. We set
q% = Pi(¢""). The relationship between the measurement
m; and grid intensity g9¢ can be written as follows:
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B. Estimation Model and Optimization Process

The Bayesian estimation framework estimates the
posterior probability with radiation sources as a variable,
and the posterior probability can be written as follows:

p(q|b) = 3)



From Eq. (3), it is difficult to calculate the integral
equation of the denominator accurately, and the particle
filter is a typical approach to solve this problem. First, the
prior distribution p(q) can be represented by N particles by
approximating it with the following Dirac delta function:

1 N
)= D _ola—d"). (4)
k

Next, we substitute the prior distribution in Eq. (3) and
write the posterior probabilities as follows:
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The count numbers measured at each spot of the detector
were regarded as independent values, and the likelihood
function p(b|q) is given by the following equation:

p(blg) = p(bi1lq)p(b2|q) - - p(bi|q) - - - p(bnlq). (6)

Because the count numbers measured by the detector were
known to follow the Poisson distribution, each probability
p(b;|q) that independently occurred is given by the following
equation:

p(q|b)
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According to Eq. (6), the likelihood function p(b|q) can
be written as follows:
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To incorporate the likelihood function more easily, it is
convenient to take the logarithm of p(b|q):

p(blg) =
Mo M

= log 1—[1m71' + log H(ml(q)
1= =1

Because the first term in Eq. (9) is constant, we should
only consider the second term, while the second term is given

by the following equation:
M M M
log [[(mi(a)) > milog mi(q)—Y_ milq)
i=1 i=1 i=1
(10)

Here, the weight of each particle can be written by normal-
izing the likelihood function using the following equation:
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Algorithm 1 Radiation source distribution estimation using
particle filter
1: Scatter N particles Qgo

> Prior information

2: for t in (1, , T) epoch do

3: for 7 in (1, ---, N) particle do

4: a:' ~ p(qitlgi_1?) > State update
5 w;® o< p(by|ql) > Weight update
6: Qqj¢ < resampling(Qyji—1, wy)

7. ¢ <_Qt\t

The posterior probabilities can be approximated as a set
of particles by substituting the weights in Eq. (5).

p(glb) = Zw a)").

Additionally, to summarize the estimation method, we
introduce the algorithm shown in Algorithm 1 for estimating
the radiation source distribution using a particle filter. First,
Qoo was scattered appropriately, which is a set of g of
particles by incorporating some prior information. Next, the
state of each particle was updated based on the state-update
function in each epoch. Because there is no state change
between measurements, we added Gaussian noise as the state
update function, and even after resampling many times, the
final result depended heavily on the initial state. Therefore,
by adding Gaussian noise after each epoch, we can reduce
the possibility that the estimated value falls into the local
maximum:

12)

p(ailgi—1") = gi_1 + N(u,o?). (13)

Next, the likelihood was calculated based on Eq. (10) of
each particle whose state has been updated and then derived
its weight. Finally, the set of particles Q|; was updated using
the weights. The radiation source distribution g is given by
the mean of the posterior probabilities Qy;.

C. Prior Information Based on Structure Information

In the first step of Algorithm 1, when determining the
initial particles, it was necessary to set the position and
intensity ranges of the particles. We introduced the process
of determining the position and intensity ranges of particles
using prior information from the survey of the Fukushima
Daiichi Nuclear Power Plan Unit 2.

We set the position range to match the size of the hole at
the platform at the top of the pedestal. According to the
investigation [14] of the top structure and the bottom of
the pedestal of Unit 2 at the Fukushima Daiichi Nuclear
Power Plant, it was confirmed that the fuel debris dissolved
through a part of grating at the pedestal platform, and
fell to the pedestal bottom. The gratings and fuel debris
mixed together to form clay-like sediments, as shown in
Fig. 4, and the sediments appeared to be a solidified molten
material. Accordingly, it is conceivable that no deformation
occurred after the sediment fell. Furthermore, because cool-
ing water was poured down at the pedestal bottom, and the



Platform
- Grating opening

Robot arm —

Detector 74,'
Supposed

Maximum ~5 radiation source

measurement spot e
— Region of Interes
Sediment €
Undetectable area

Pedestal bottom

Fig. 4. Measurement system and prior information application

estimated temperature near the bottom of the pedestal was
approximately 21°C, the sediment was maintained in a stable
cooling state by the cooling water. Therefore, based on the
investigation results, we assumed that the radiation sources
in the sediment were located just under the opening of the
grating, and the possible range in the undetectable area of
the radiation sources corresponded to the size of the opening
of the grating, and we set the possible range as the region
of interest (ROI).

Next, we set the upper limit of the intensity range to the
maximum possible intensity of the radiation source, based on
the ROI we had determined. As shown in Fig. 4, radiations
were measured at the spot closest to the ROIL. Based on the
measurements, back-calculate the intensity of the assumed
radiation source, which is located farthest from the ROI. The
intensity was set to the upper limit of the intensity range
as for the point-like radiation source. For the distributed
radiation source, apply the ROI to the determined grid size,
and set the ROI to be filled with the sources in the intensity
we back-calculated, and set the intensity of the ROI to the
upper limit of the intensity range.

III. SIMULATION SETTINGS AND RESULT

To validate the performance of the particle filter using
structural information in an undetectable area, we set the
subject to two types of radiation sources: the point-like
radiation sources and the distributed radiation sources. At the
same time, we compared particle filter and MLE [11], [13] to
validate the advantage of the particle filter by incorporating
appropriate structure information.

A. Simulation of Point-like Radiation Source

A top view of the bottom of the pedestal is shown
in Fig. 5(a), and the size is 10 m x 10 m, in positions
(5,7,0) m,(—7,—6,0) m, and (—9,2,0) m, the intensity
of 50 Bq, 20 Bq, 30 Bq, three radiation sources were
installed. We set the upper right corner of the pedestal as
an undetectable area. The detector group was placed at the
lower left of the pedestal as the detectable area, and the
height was set to 1.5 m. The number of counts measured by
the detector is shown in Fig. 5(b).

Next, as the structure information, we assumed that the
opening area of the grating was in the center (5, 7, 3.5) m
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Fig. 5. Simulation settings for point-like radiation sources

and side length 0.6 m. The ROl is the area directly under the
opening where the radiation source was likely to be located.
Because the opening size was relatively small, we assumed
that the radiation source was a point-like source. Then, the
upper limit of the intensity range is calculated using the
number of counts at the measurement spot (3, 3, 1.5) m,
as shown in Fig. 5(b), which was closest to the ROI. Based
on the structural information, we set the number of radiation
source candidates at an interval of one to three, and set the
possible position of the point-like source in an undetectable
area to the area of x € [4.7,5.3] m, y € [6.7,7.3] m, and
the intensity 7 at an interval of 1 to 300 Bq.

The results estimated by the MLE and the particle filter
are shown in Fig. 6(a) and (b), respectively. First, for the
MLE, contrasting the number of counts in fig. 5(b), it is
clear that the estimation performance strongly depends on
the count number distribution, for Source-2 and Source-
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Fig. 6. Estimation result of point-like radiation sources

3 at the detectable area, the approximate locations were
estimated, but the intensity differed significantly from the
ground truth. Source-1, which is in an undetectable area,
failed to be estimated. During the estimation of Source-1, the
optimization process started from the point with the highest
count in the upper right corner, and the arc drawn around
the point was clearly visible, indicating a local maximum.
On the other hand, the results for the particle filter shown
in Fig. 6(b) are almost consistent with the ground truth. As
for the point-like radiation source, the performance of the
particle filter using the structural information was better than
that of the conventional MLE.

B. Simulation of Distributed Radiation Source

Next, we established two distributed radiation source with
a Gaussian distribution: radiation sources in an undetectable
area: p = [5,5], & = [[4,2],[2,4]], ¢¢ = 2000 Bq, and
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Fig. 7. Simulation settings for distributed radiation sources

radiation sources in a detectable area: p = [—4,—3], ¥ =
[[2,0],[0,2]], ¢ = 1000 Bq, as shown in Fig. 7(a). The
undetectable and detectable regions were established in the
same way as for the point-like radiation source. The number
of counts is shown in Fig. 7(b).

As for the structural information, we assumed that the
opening area of the grating is in the center (5, 5, 0) m
and side length 10 m. The ROI is the area directly under
the opening where the radiation source was likely to be
located. Because the opening size was relatively large, and
the sediment was mountainous and gradually distributed
from the center to the periphery, we cannot ignore the
distribution of the radiation source, and we supposed that the
radiation source followed a Gaussian distribution. Then, the
location set po = [u;], i € [0,10], 3 = [E;5],3;; € [0,6],
q' € [1,22372] Bq was determined.
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The results of the MLE and particle filter estimations are
presented in Fig. 8(a) and (b), respectively. Figure 8(a) shows
that the MLE method strongly depends on the count number
distribution. The estimated results in the detectable area had
relatively high accuracy results, which still had an arc around
the highest count point in the undetectable area, as same as
the point-like radiation source case. This confirmed that the
MLE is not capable of estimating radiation sources in an
undetectable area. On the other hand, the particle filter, which
uses the structural information, showed comparably high
accuracy and the potential to be used to estimate radiation
sources in an undetectable area.

IV. CONCLUSION

In this study, we targeted the Fukushima Daiichi nuclear
disaster and verified that it is possible to estimate the radia-
tion source in an undetectable area using a particle filter by

incorporating structural information. Additionally, the math-
ematical models we proposed for point-like radiation sources
and distributed radiation sources accurately described the
relationship between the radiation and the detector, and were
applied well to the particle filter. Certainly, the structural
information we used is mildly optimistic, and the actual
distribution of radiation sources is more complex than what
we set. For example, dealing with irregular distributions will
be a future issue. We are currently concerned with flow-based
density estimation, which can transfer a simple distribution
to a complex distribution.
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