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Abstract
Lead-cooled fast reactors are considered the next generation of nuclear reactors.
One of the main challenges in developing lead-based fast reactors is the
corrosion of structural materials by the liquid lead-bismuth coolant, as well
as the formation of oxide particulates. It is an urgent need to develop a
high-resolution non-destructive testing method for the detection of oxides and
corrosion in pipelines of liquid lead-bismuth coolant. This paper investigates
the feasibility of passive gamma emission tomography (PGET), a technique that
utilizes gamma rays emitted by the lead-bismuth coolant, which is activated
by neutrons in the reactor core, to inspect corrosion in lead-bismuth coolant
pipelines. A simulation model of the PGET system was developed, including
the test pipeline, collimator, and detector array. Projection data were obtained
using the Geant4 Monte Carlo method. Image reconstruction was performed
using the Algebraic Reconstruction Technique (ART), Maximum-Likelihood
Expectation-Maximization (MLEM), and Ordered-Subsets Expectation-
Maximization (OSEM), and an edge extraction method is proposed. With a
collimator length of 90 mm and hole diameter of 1.1 mm, the reconstructed
images achieved a resolution of 1.5 mm.
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in liquid lead-bismuth coolant pipelines. This paper investigates the feasibil-
ity of passive gamma emission tomography (PGET), a technique that utilizes
gamma rays emitted by lead-bismuth coolant activated by neutrons in the re-
actor core to inspect pipeline corrosion. A simulation model of the PGET
system was developed, including the test pipeline, collimator, and detector ar-
ray. Projection data were obtained using the Geant4 Monte Carlo method.
Image reconstruction was performed using the Algebraic Reconstruction Tech-
nique (ART), Maximum-Likelihood Expectation-Maximization (MLEM), and
Ordered-Subsets Expectation-Maximization (OSEM), and an edge extraction
method is proposed. With a collimator length of 90 mm and hole diameter of
1.1 mm, the reconstructed images achieved a resolution of 1.5 mm.

Keywords: Lead-bismuth coolant; Corrosion; Passive gamma emission tomog-
raphy

1. Introduction
Lead-cooled fast reactors (LFRs) have been extensively researched in several
countries [1–5] and are recognized as one of the most promising reactor types
by the Generation IV International Forum [6]. Lead-bismuth eutectic (LBE),
known for its high safety, economic advantages, and favorable neutron proper-
ties, is a key coolant choice for fast reactors. However, the use of LBE tech-
nology faces several challenges, one of which is its corrosive nature, which can
compromise the integrity of structural materials [7]. Corrosion studies show that
structural steel in direct contact with high-temperature, high-flow liquid LBE
can corrode at rates of up to 1 mm/year for common stainless steels [8,9]. An
effective and economical method to mitigate corrosion is to maintain a protec-
tive oxide layer on the surface of the structural steel, which requires controlling
the oxygen concentration in the LBE within a specific range. When the oxygen
concentration is high, prolonged exposure (over 5000 hours) to LBE can lead
to thickening of the oxide layer. However, at high temperatures (above 500°C)
and high flow rates, the flow-accelerated corrosion (FAC) effect can cause the
oxide layer to detach due to erosion. The detached oxide then flows with the
LBE, leading to further erosion of the structural steel. More seriously, this
can block narrow channels in the reactor, potentially affecting safe operation
[10]. Therefore, it is essential to develop a non-destructive testing method for
corrosion assessment of lead-bismuth coolant pipelines.

Non-destructive testing (NDT) refers to techniques used to evaluate defects, the
extent of damage, and the location of issues in an object without compromising
its integrity. Common NDT methods for pipelines include ultrasonic testing
[11], eddy current testing [12], and industrial computed tomography (ICT) [13].
However, due to the high density of lead-bismuth material, ultrasonic testing has
low resolution. Eddy current testing is also less effective for detecting internal
defects in thick components. Among these methods, ICT is the most promising
non-invasive approach for revealing defects on the inner walls of pipelines. Yet,
due to the high absorption of lead-bismuth, this method requires high-energy
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X-rays or neutron sources. In addition, it is difficult to rotate the lead-bismuth
coolant around the central axis.

Based on ICT testing methods, this paper proposes the use of passive gamma
emission tomography (PGET) to inspect lead-bismuth coolant pipelines. As
LBE flows through the reactor core, the elements Pb and Bi may be activated by
neutrons. Activated nuclides in LBE can emit gamma rays. We may establish
PGET detector arrays outside the pipeline to obtain activity images of the
LBE in the pipeline. These images can provide detailed information about the
contact surface between the pipeline and the LBE. If the pipeline is corroded
by the coolant, the LBE will fill the corroded areas, leading to changes in the
activity image that reflect the corrosion. In contrast to ICT, the PGET method
does not require the use of an external radioactive source or the rotation of the
source around its axis.

The PGET method was first proposed by Levai et al. [14], and its feasibility
was subsequently studied. With support from the International Atomic Energy
Agency, the European Commission established a PGET system for nondestruc-
tive testing of spent fuel assemblies [15]. This system was later upgraded with
new detectors and electronics [16] and has since been used for data measure-
ment at the VVER-440/213 reactor at the Loviisa nuclear power plant and the
SVEA-96 reactor at the Olkiluoto nuclear power plant [17]. Similar systems for
testing spent fuel components have also been developed in countries such as Ko-
rea, Sweden, and Norway [18–20]. However, to date, no reports have been found
regarding the application of this method to test lead-bismuth coolant pipelines.

This paper investigates the feasibility of using the PGET method for NDT of
corrosion in lead-bismuth coolant pipelines. Using the Geant4 Monte Carlo
method, we obtain projection data and reconstruct images through algorithms.
Through image quality analysis, we identify better algorithms and collimator
parameters. We hope that this work can provide a reference for the development
of PGET systems for LBE.

2.1 PGET Setup
As shown in Figure 1 [Figure 1: see original paper], the PGET setup in Geant4
consists of a lead-bismuth coolant pipeline, two collimators, and two detector
arrays. The LBE is composed of 55.5% bismuth and 44.5% lead [21]. The
structural material of the pipeline is 316L steel, with an outer diameter of 70
mm and an inner diameter of 60 mm. To simulate corrosion in the pipeline, eight
spherical defects are introduced along the contact surface between the pipeline
and the LBE. The radii of the defects are 4.5 mm, 4.0 mm, 3.5 mm, 3.0 mm,
2.5 mm, 2.0 mm, 1.5 mm, and 1.0 mm, respectively.

The tungsten-copper collimator features a hole-type structure, with a 10 mm
spacing between adjacent holes. The length of holes is lc and the diameter
d. The collimator is positioned 70 mm from the center of the object. To increase
the amount of projection data, the two detector arrays are offset by 1 mm.
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Each detector array consists of 10 Bismuth Germanate (BGO) detectors, with
a diameter of 6 mm and a length of 10 mm. The BGO detectors are shielded
by a 2 mm layer of tungsten-copper alloy.

2.2 Radiation Source
The main gamma-emitters in the coolant during LFR operation are radionu-
clides of: 207mPb, 204mPb, and 203Pb [22]. Due to its short half-life of 0.806
s, 207mPb can be neglected. The primary radionuclides used for simulation
are 204mPb and 203Pb, as summarized in Table 1 . These radionuclides are
assumed to be uniformly distributed in the LBE.

2.3 Monte Carlo Simulation
In the Monte Carlo simulation, the object can rotate 360° around its center
with a step size of 1°. At each angle, projection data is obtained by simulation.
When the object has rotated 360°, we move the collimators 2 mm perpendicular
to the collimator hole and repeat the process. We then move the collimators
in steps of 2 mm, four times total, repeating the previous steps. Thus, we can
obtain 1800 projection data points. For each projection dataset, we simulate 1
× 10^9 gamma photons emitting from the LBE. The energy resolution of the
BGO detectors is not good [23]; therefore, only the total events for the detector
within the full energy window are recorded.

3.1 Image Reconstruction
The image reconstruction method of PGET is similar to that of single-photon
emission computed tomography (SPECT) [18], aiming to obtain the activity
image of the object. The commonly used algorithms for tomographic image
reconstruction are classified into analytical and iterative methods. The analyt-
ical method relies on inverse solving formulas, making it simple to implement
and fast to compute. The iterative method is based on solving linear equations
and is particularly suited for scenarios where attenuation distribution must
be considered, so it is employed in this paper. Common iterative algorithms
include the algebraic reconstruction technique (ART) [24], maximum-likelihood
expectation-maximization (MLEM) [25], and ordered-subsets expectation-
maximization (OSEM) [26]. For iterative algorithms, the iteration count has a
significant impact on the quality of the reconstructed image. Figure 2 [Figure
2: see original paper] shows the reconstructed images obtained using three
iterative algorithms at different iteration counts. The reconstructed image has
a resolution of 200 × 200 pixels, with each pixel measuring 0.5 mm × 0.5 mm.

3.2 Edge Extraction and Image Quality Assessment
We focus on the corroded interface between LBE and the 316L pipeline; there-
fore, we investigate a method for extracting edges from activity images. As
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shown in Figure 3 Figure 3: see original paper, the red line passes through the
center of the reconstructed image. If the value of the pixel point exceeds the pre-
set threshold t, the pixel point value is considered as LBE. The center-to-edge
distance of LBE for each angle can be obtained by rotating counterclockwise in
1° increments from the red line, as shown in the following equation: where D(�)
represents the center-to-edge distance at angle �, R�(j) represents the length of
the j-th pixel point at angle �, F�(j) represents the value of the j-th pixel point
at angle �, and t represents the threshold.

Similarly, the center-to-edge distance of the standard image can be obtained
using the Monte Carlo model. A comparison of the center-to-edge distances
between the standard image and the reconstructed image with different t is
shown in Figure 3(b). It is evident that the threshold t significantly influences
the results of edge extraction.

To determine the optimal threshold and assess image quality, a quantitative
analysis of the edges in the reconstructed image is necessary. The Mean Squared
Error (MSE) [27] is used to evaluate the similarity in the center-to-edge distance
between the reconstructed image and the standard image, and is calculated as
follows: MSE = where M and N represent the length and width of the image,
x and y represent pixel point positions of the image, Is represents the center-
to-edge distance of the standard image, and Ir represents the center-to-edge
distance of the reconstructed image. The smaller the MSE, the better the image
quality.

The optimal threshold is determined by minimizing the MSE of the image. Once
the optimal threshold is found, the edge pixels at each angle are highlighted using
this threshold, resulting in the edge-extracted image, as shown in Figure 4 Figure
4: see original paper. A comparison of the standard image and reconstructed
image with optimal threshold is shown in Figure 4(b).

3.3 Effect of Algorithms on Image Quality
The edge-extraction images of three iterative algorithms with different iteration
times are shown in Figure 5 [Figure 5: see original paper]. The reconstructed
image from the MLEM method exhibits relatively poorer edge information after
the same iteration times compared to ART and OSEM. With the same iteration
times, ART produces more image artifacts and the minimum resolution of the
image is poor, while OSEM produces better image quality.

The effect of ART, MLEM, and OSEM with different iteration times on the
MSE is shown in Figure 6 [Figure 6: see original paper]. Clearly, at the same
iteration times, the images reconstructed using OSEM converge more quickly
and are more similar to the standard image. Therefore, we conclude that OSEM
provides the best image reconstruction results in this study. Given that the MSE
after 5 iterations with OSEM is relatively stable, we use OSEM with 5 iterations
for subsequent reconstructions.
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3.4 Effect of Collimator Geometry on Image Quality
Once the spacing between the holes of the collimator is determined, the image
quality is primarily influenced by the collimator length and hole diameter. A
longer collimator and smaller hole diameter result in higher spatial resolution.
The MSE of reconstructed images with seven different collimator lengths and
eight different collimator hole diameters are shown in Figure 7 [Figure 7: see
original paper].

As the collimator length increases, the number of scattered particles detected
decreases, leading to reduced image noise and improved image quality. When the
collimator length increases, the MSE shows a downward trend, stabilizing once
the length exceeds 90 mm. Therefore, a collimator length of 90 mm is considered
optimal. A smaller collimator hole diameter results in lower detection efficiency,
while a larger hole diameter reduces spatial resolution, both of which contribute
to a higher MSE. Since the MSE reached its minimum value at a collimator hole
diameter of 1.1 mm, a hole diameter of 1.1 mm is considered optimal.

By analyzing the effect of collimator geometry parameters on image quality, we
optimized the collimator to a length of 90 mm and a hole diameter of 1.1 mm.
After optimization, the reconstruction image and edge-extraction image using
OSEM are shown in Figure 8 [Figure 8: see original paper], while the center-
to-edge distance of the standard and reconstructed images is shown in Figure 9
[Figure 9: see original paper]. The reconstructed image exhibits fewer artifacts,
better noise resistance, and a minimum resolution of 1.5 mm. Considering the
absolute error between the reconstructed image and the standard image, the
error is less than 1.0 mm at locations without corrosion. The error at corroded
locations is less than 1.5 mm, with only a few exceptions. This indicates that
the positional resolution of the image is below 1.5 mm.

4. Conclusion
In this paper, we investigate the feasibility of using the PGET method for corro-
sion detection in lead-bismuth coolant pipelines, employing the Geant4 Monte
Carlo method. An edge extraction method is proposed, and the reconstruction
results effectively highlight corrosion in the pipeline. The OSEM method pro-
duces better image quality compared to ART and MLEM. By comparing the
quality of the reconstructed images, we optimized the collimator parameters to a
length of 90 mm and a hole diameter of 1.1 mm. With the optimized collimator,
the image resolution is improved to below 1.5 mm.

Next, we will enhance both the device and algorithms to further improve im-
age resolution. We also plan to use the optimized collimator parameters in the
construction of the PGET device. We anticipate that this PGET-based testing
method will significantly improve the efficiency and resolution for detecting cor-
rosion in lead-bismuth coolant pipelines compared to traditional NDT methods.
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