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Effect of Detector Pose Uncertainty in Localization of Radiation Sources
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ABSTRACT

For safety and certain removal of the melted down nuclear fuel debris, the localization of radiation sources
should be required. In this paper, we propose an approach to estimate the accurate localization of radiation
sources by utilizing a gamma-ray CT method with a detector mounted on a mobile robot that has a pose
uncertainty. Gamma-ray CT method aggregates measurement data obtained from the detector to localize
radiation sources. For applying gamma-ray CT method, detector’s position that the measurement data obtained
is important. In a simulation experiment, we confirmed the detector’s position errors and correlated them with
the accuracy of the localization of radiation sources.
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1. Introduction

Fukushima Daiichi nuclear power plant, which was damaged by an earthquake and tsunami in
2011, is being decommissioned. To ensure safety during decommissioning, risk management focuses
on the removal of radioactive material while preventing exterior leakage [1]. Among the removal
tasks, removing the melted-down nuclear fuel debris is the most difficult. Safety and effective
removal of the nuclear fuel debris require thorough preparation. The most important step is to localize
the fuel debris inside the reactor.

An estimation method by actual unit investigation to localize the fuel debris has been studied.
Previous research used a mobile robot in order to investigate inside the primary containment
vessel [2]. In reference [3], using imaging technology for the Fukushima Daiichi reactors with
cosmic-ray muons to estimate the location of the fuel debris was proposed. Muons have high
penetration ability even through thick concrete walls and a reactor pressure vessel. The result of a
visualization of the inside of the reactor chamber vessel indicates where most of the fuel debris is
located. Nevertheless, the specific location of the fuel debris inside the primary containment chamber,
and its properties, are still unknown.

Many studies have been developed for radiation source localization using colocated or
distributed detectors. For example, a distributed sensor network deploying many detectors mounted
on motor vehicles has performed well in low-level radiation [4—6]. These studies require
measurements from at least three detectors connected to each other to observe radiation at a specific
time. As the inside area of a nuclear power plant has a complicated and narrow shape, deploying more
than two detectors that communicate wirelessly is not realistic.

To estimate the locations of the fuel debris, which is a radiological source, we propose a novel
localization scheme based on the gamma-ray CT method [7]. In this research, because of the presence
of radiation, a mobile robot equipped with a detector performs an investigation instead of a human.
The gamma-ray CT method for localization employs measurement data from several positions
surrounding a target object. The gamma-ray CT method in the medical field uses detectors installed
with invariable poses to compute a precise estimation of the position information of radiation sources.
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On the other hand, the pose of the detector utilized in this research has uncertainty because
localization of the mobile robot cannot be conducted accurately in general. In this paper, we discuss
the effects of the localization method that resulted from uncertainties in the detector pose.

2. Localization of radiation sources
2.1. Detection of gamma ray

Emitted radiation from sources is measured by a detector consisting of scintillators that absorb
radiation. As shown in Fig. 1, collimators [8] are placed on scintillators to constrain the angle of
incident radiation in a specific direction. Output data containing coordinates of the scintillator that
detects gamma rays and the number of incident gamma rays (i.e., count rate) are obtained from the
measurement. Observable incidence angle of the gamma ray is controlled by the collimator as shown
in Fig. 1. ', 1s the maximum incident angle of the emitted gamma ray that is able to reach the
scintillator unobstructed by the collimators. In this paper, as the size of the scintillator is small (0.01 m
x 0.01 m), we consider that the range of the incident angle of the gamma ray to the scintillator (0 <
0'< 0'1ax) equals the possible angle of the gamma ray (0 < 8 < Gux).
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Fig. 1. Gamma ray detector consisting of collimators and scintillators.
2.2. Measurement using detector mounted on mobile robot

We use a gamma ray detector mounted on a mobile robot to investigate the inside high-radiation
environments. Thus, the pose information of the detector is correlated with the pose of the mobile
robot, which includes uncertainty. In general, the uncertainty of the robot pose can be represented by a
Gaussian distribution [9,10]. The location estimation of radiation sources using measurement data is
expected to contain errors.

2.3. Localization of source using image reconstruction

This subsection presents a back-projection method to localize sources by combining the
measurement data from the detector in a simulation environment. As shown in Fig. 2 (a),
measurement data is obtained from a radiation source. If we know the pose of the detector, we can
calculate a line that is perpendicular to the detector, as shown in Fig. 2 (b). The lines from the
measurement data intersect in the image plane (Fig. 2 (c)). Figure 2 (d) shows the results of a
reconstruction based on the back-projection method. The location of the radiation source is estimated
at the point of intersection. A detailed explanation of the back-projection method appears in
subsection 3.2.
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Fig. 2. Concept of back-projection method: (a) data contains incident radiation emitted source,
(b) back-projecting one piece of data obtained from detector to image reconstruction plane, (c)
reiterating back-projection with other data, and (d) source localized at overlapped
back-projected data.

3. Simulation experiment
3.1. Environment setup

In order to demonstrate the effect of the pose uncertainty on source localization results, a
simulation experiment was conducted. In this experiment, we considered that radiation sources are
located at the same height as the detector. Thus, we assumed a two-dimensional environment to
investigate the validity of performance in the simplest environment given that the proposed
methodology for neither 2D nor 3D environment does not widely change. Figure 3 (a) shows
the top view of the simulation environment, which includes an 18 m diameter circular carbon steel
wall with a thickness of 15 mm. The detector that is mounted on the mobile robot moves ina 6 m x 6
m square path inside the carbon steel wall.

Radiation sources are placed in the middle of an inner circle that has a 4.8 m diameter made of
concrete wall as shown in the Fig. 3. (b). In addition, we assume that most of the gamma rays are not
scattered by the wall. The experimental environment was built as a simulation using the Geant4
library [11,12], which is a toolkit that simulates radiation, as shown in Fig. 3 (b). The coordinate
system of the simulation has its origin at the center of the space. Radiation sources are located at .S (1
m, 1 m), S>(1 m, -1 m), S3(-1 m, -1 m), and S; (-1 m, 1 m).

The detector is composed of eight scintillators in a row array, and the size of each scintillator is
0.0lm X 0.01 m. We limited the maximum incident angle to 6,.x = 1.403°. To compute the
efficiency, we placed 15 detectors in a row instead of taking several measurements for each movement
of the detector. Here, a Gaussian distribution is used to represent the error in the detector’s location
(i.e., the pose uncertainty of the mobile robot). The variance of the Gaussian distribution is set as 1.0.
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Fig. 3. Top view of simulation environment: (a) environmental conditions and (b) results of
installed environment using Geant4.
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Fig. 4. Back-projection image processing considering the incident angle.

3.2. Localization method by back-projection

In this subsection, we describe source localization by a back-projection method using the
measurement data obtained in the simulation experiment. The data has a range of incident angle 6, as
shown in Fig. 4. At the coordiantes of the detector position (x2, »7), measurement data f{x2 ) is
obtained by observing the radiation sources. Here, n denotes the number of observations.

To apply the back-projection method using the observation data, we consider a two-dimensional
image reconstruction plane. Each pixel has a size of Ax=0.01 m and Ay =0.01 m. We assume that
the detector mounted on the mobile robot moves on its designated path on which there are no
obstacles and obtains M measurement data. Here, the incident angled between the observation
direction and vertical direction to the scintillator is defined, as follows:

6= arCCOS((y,? —yf)/J(x,-P -x,))’ + (] —y,?)z) (1)

Equation (1) converts detector’s position (x, v) and image plane pixel information (x;, ) which
denotes center coordinates of pixel (7, j) to the incident angle &. Finally, each pixel is assigned
aggregated measurement data, which is considered the maximum incident angle (€ < 6,.x) as follows:

b(x yF) = Zf(xn 2) )

where function b(-) means the aggreated measurement data which are accumulated count rates at the
coordinates of (x;”, ;) in the reconstruction image plane.

3.3. Experimental results

Figure 5 (a) shows a result for the localization of radiation sources without the pose uncertainty
of the detector. By contrast, the result shown in Fig. 5 (b) is considered the uncertainty. Images
reconstructed by the back-projection method are shown in the upper images in Figs. 5 (a) and (b).
Here, (x, y) indicates a coordinate in the reconstrution image plane and z is the aggregated
measurement data (i.e., count rate). In the image plane, the area where values of z converge indicates
the localized radiation sources. Moreover, the below of the Figs. 5 (a) and (b) respectively show the
results for localized radiation sources over 400 count rates and 200 count rates.

As shown at the upper of Fig. 5 (a) and (b), four areas of radiation sources were estimated. For
the result without the uncertainty of the pose detector, localized results indicate all positions of
radiation sources, including +0.02 m of errors. Likewise, the result that includes the uncertainty of the
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detector pose indicates all positions of sources within £0.07 m. As a consequence, the result without
the uncertainty of the pose of the detector has a more accurate localization result than that with the
uncertainty.

In addition, the converged value of z from S; to Sy is larger compared with the value of z from
Si'to S4'. This indicates that the estimated location of the radiation source in Fig. 5 (b) is less reliable
than the estimated location of the radiation source in Fig. 5 (a). Because the detector is closer to the
location of the radiation source, higher count rates are obtained. Thus, the point with the largest value
of z denotes the location of the radiation source with high possibility. Moreover, in the Fig. 5 (b), z
converges to the single point with noises generated around radiation source position. In conclusion,
we confirmed that an uncertainty in the detector pose affects the accuracy of the localization of
radiation sources.

The reason for the errors in the result without the uncertainty was the incident angle of the
detector, as shown in Figs. 6 (a) and (b). The detector does not consider the maximum incident angle
(Bnax = 0). Comparisons were conducted under the same conditions: without considering the
maximum incident angle (G,.x = 0) as shown in Fig. 6 (a) and considering the maximum incident
angle as shown in Fig. 6 (b). The former case shows the localization results in a single pixel (i.e., a red
square in Fig. 6 (a)) at the reconstruction image plane (Ax and Ay); however, the latter localizes the
position of the source for widespread pixels (Ax" and Ay").
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Fig. 5. Results of localization of radiation sources: (a) results without uncertainty in detector
and (b) results with uncertainty in detector.
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Fig. 6. Zoomed images of convergence in reconstruction image: (a) converged pixels without
considering incident angle range and (b) converged pixels considering incident angle range.

4. Conclusion

This paper proposed a novel localization scheme for radiation sources based on gamma-ray CT
using a detector mounted on a mobile robot. We considered an uncertainty in a pose of the detector
caused by the mobile robot localization, and demonstrated the results of the localization of radiation
sources in a simulation environment. The results indicated that when there is an uncertainty in a
detector pose, the estimated localization of radiation sources contains error propagation. Thus, in
order to eliminate the errors in the localization results, we plan to apply a simultaneous localization
and mapping (SLAM) scheme to estimate the accurate pose of the detector. In addition, a localization
method considering a distribution of radiation sources is required, as the fuel debris spread like lava at
the Fukushima Daiichi nuclear power plant. Moreover, inside the Fukushima Daiichi nuclear power
plant is a complex, narrow area with obstacles, as opposed to the environment that we set up.
Therefore, the investigation route for the mobile robot should be discussed further in the future. In
addition, even if it is sufficient to conduct the experiment in the two-dimensional
environment for verification of the proposed method, we will investigate the validity in more
complex environment (i.e., three-dimensional environment) which is more similar to the real
world as a future work.
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