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Abstract. Energy-resolved neutron transmission imaging experiment was carried out to
characterize the liquid phase of lead bismuth eutectic (LBE). The neutron transmission image
confirmed that the LBE is homogeneous in a sample vessel. The obtained neutron transmission
spectrum of the liquid LBE shows a wavy behavior in the wavelength dependence. This behavior
is attributed to neutron attenuation by the neutron diffraction of the liquid LBE, which can give
information about the atomic structure of the liquid LBE similar to Bragg edge transmission in
the crystalline solid phases.
Introduction
Lead bismuth eutectic (LBE, 44.5 mass% Pb 55.5 mass% Bi) is a candidate material of coolant
for LBE-cooled accelerator driven systems (ADS) and fast breeder reactor (FBR) [1,2].
Understanding of thermal properties and flow behavior of the LBE are crucial for design and
safety analysis of such ADS and FBR facilities. To characterize those properties of the LBE,
structural information plays a key role because it is highly related to those properties. Recently,
Ito et al. have clearly demonstrated that an energy-resolved neutron transmission imaging
experiment is useful to study the structure of the LBE [3]. The analysis of Bragg edge
transmission, which results from the neutron attenuation by neutron diffraction, provides the
structural information about crystalline solid phases of the LBE [4].
However, the structures of liquid phases in the LBE were not considered in the previous study
even though they are closely linked to the flow behavior in operation as the coolant. If the
neutron diffraction contributions caused by the liquid phases of the LBE can be detected in the
neutron transmission spectra, they probably give beneficial information about the atomic
structures in the liquid phases in the same manner as the Bragg edge transmission. Therefore, we
performed the energy-resolved neutron imaging measurements of the liquid phase of the LBE to
observe the neutron diffraction contribution of the liquid LBE in the neutron transmission
spectra.
Experiment
The experiments were carried out at the energy-resolved neutron imaging instrument BL22
RADEN and at the neutron beamline for observation and research use BL10 NOBORU in JContent from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.
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PARC [5,6]. The LBE was sealed in a rectangular sample vessel made of austenitic stainlesssteel plates with the thickness of 1 mm. The thickness of the LBE was 10 mm. The sample vessel
was then covered with glass wool and aluminum tape for thermal insulation. The temperature of
the LBE was measured using five thermocouples and controlled using cartridge heaters and
cooling fans. Details are described elsewhere [3]. A neutron gas electron multiplier (nGEM)
detector was used to obtain the neutron transmission images. The dimensions of each pixel and
the effective area of the detector were 0.8 × 0.8 mm and 100 × 100 mm, respectively. The
sample was placed just before the detector.
Results and discussion
Fig. 1 (a) shows the neutron transmission image of the LBE in the sample vessel at 220 °C
integrated between the wavelength of 0.1 and 0.6 nm. Surface of the LBE is observed at 105
pixels = 84 mm from the bottom of the vessel (shown by a white broken line). In the neutron
transmission image, five bar-shaped shadows extended from the side vessel walls are neutron
attenuation by the thermocouples. Other than these features, the neutron transmission image
shows horizontal stripe-like inhomogeneity. This is not originated by the LBE, but by the sample
vessel. Fig. 1 (b) shows the neutron transmission image of the identical sample vessel after
removing the LBE. The same horizontal stripe-like inhomogeneity is observed in the image.
Since the neutron transmission image of only the sample vessel without the thermal insulator,
i.e., only the stainless steel, exhibits flat neutron attenuation [Fig. 1 (c)], this inhomogeneity
results from the glass wool and aluminum tape horizontally wound around the vessel.

Based on the Beer-Lambert law [7], the neutron attenuation contribution of the sample vessel
can be removed by dividing the neutron transmission of the LBE in the sample vessel by that of
the empty vessel. Fig. 2 shows the divided neutron transmission image, which should be
composed of only the LBE contribution. The horizontal stripe-like inhomogeneity disappears in
the divided image. However, the white and black shadows of the thermocouples remain. This is
probably caused by the moving of the thermocouples during the removal of the LBE from the
sample vessel. Hereafter, only center parts of the neutron transmission images (shown by a white
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broken square in Fig. 2) are discussed to
avoid
unexpected
effects
of
the
thermocouples. The divided image of the
LBE shows uniform neutron attenuation in
the center parts. This reflects the uniformity
of the LBE in the sample vessel.
Fig. 3 indicates the neutron transmission
spectra averaged in the center parts of the
neutron transmission images of the LBE in
the sample vessel, the sample vessel after
removing the LBE, and the sample vessel
without the thermal insulator (= the austenitic
stainless steel). The vertical dotted line
indicates the Bragg cutoff of the austenitic
stainless steel, where the wavelength is equal
to twice the largest lattice spacing 2dmax in
corresponding crystal structure. Below the
Bragg cutoff, all the neutron transmission
spectra show the Bragg edge transmission from the austenitic stainless steel, while no Bragg
edge transmission from the crystalline LBE is observed in the spectrum of the LBE. This
indicates that the LBE is completely in the liquid phase. At the wavelength longer than the Bragg
cutoff, although the Bragg edge transmission of the austenitic stainless steel no longer occurs,
only the spectrum of the LBE curves gently. This is probably due to the liquid LBE.
To characterize the liquid LBE, the neutron transmission spectra was separated into the
contributions of the liquid LBE, the austenitic stainless steel (= the sample vessel without the
thermal insulator), and the thermal insulator. Dividing the neutron transmission of the LBE in the
sample vessel by that of the empty sample vessel gives the contribution of the liquid LBE.
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Similarly, the contribution of the thermal insulator can be obtained by dividing the neutron
transmission of the empty sample vessel by that of the austenitic stainless steel. Fig. 4 shows
these contributions of the liquid LBE, the austenitic stainless steel, and the thermal insulator in
the neutron transmission spectra. The Bragg edge transmission occurs merely in the contribution
of the austenitic stainless steel. The contribution of the thermal insulator is featureless and almost
monotonically decreases with increasing the wavelength. In contrast, the contribution of the
liquid LBE has obviously different features. In addition to the gentle curve observed in Fig. 3,
whole the spectrum shows a wavy behavior. Fig. 4 also shows an absorption contribution
calculated from the chemical composition and the density of the LBE using the database of total
cross-sections [1,7]. Since the absorption contribution is negligibly small, the wavy behavior of
the liquid LBE is attributed to the attenuation by the neutron diffraction, which reflects the
atomic structure of the liquid LBE. Therefore, the homogeneous neutron transmission image in
Fig. 2 means that the atomic structure of the liquid LBE is uniform.
A recent study has demonstrated that the neutron attenuation coefficient is proportional to the
scattering intensity integrated in all solid angles [8]. Although this study discussed only a
contribution of small-angle neutron scattering (SANS), this idea can be simply expanded to
neutron diffraction. Hence, broadened diffraction pattern of the liquid LBE [9] probably brings
about the wavy behavior instead of the sharp Bragg edge transmission, which is connected with
sharp Bragg peaks in the crystalline solid phases.
Based on the ref. [8], conventional analytical techniques for the neutron diffraction of the
liquid phases can be also applied to the neutron transmission spectra. Such application enables to
obtain the structural information about the liquid phases from the neutron transmission images.
This will be useful to study the liquid LBE in flow channels. However, contributions of
background, such as the sample vessel, have to be precisely removed to obtain meaningful
information from the neutron transmission spectra.
Summary
In this study, the energy-resolved neutron transmission imaging experiment of the liquid LBE
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was performed. The neutron transmission image shows the uniformity of the liquid LBE. The
neutron transmission spectrum of the liquid LBE was successfully extracted from the neutron
transmission spectra of the LBE in the sample vessel and the empty sample vessel. The wavy
behavior of the neutron transmission spectrum of the liquid LBE is probably resulted from the
broadened diffraction of the liquid LBE.
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