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ABSTRACT

The JRR-3M thermal neutron radiography facility (JRR-3M TNRF) was completed in the
JRR-3M of the Japan Atomic Energy Research Institute in 1991 and has been utilized as
research tools for various kinds of research fields such as thermal hydraulic researches,
agricultural researches, medical researches, archaeological researches and so on. High
performance of the JRR-3M TNRF such as high neutron flux, high collimator ratio and wide
radiographing field has enabled advanced researches and stimulated developments of advanced
neutron radiography (NR) systems for higher spatial resolution and for higher temporal
resolution. Static NR systems using neutron imaging plates or a cooled CCD camera with high
spatial resolution, a real-time NR system using a silicon intensifier target tube camera and a
high-frame-rate NR system using a combination of an image intensifier and a high speed digital
video camera with high temporal resolution have been developed to fill the requirements from
researchers.

1. INTRODUCTION

The JRR-3M thermal neutron radiography facility (JRR-3M TNRF) was completed in the
JRR-3M of the Japan Atomic Energy Research Institute (JAERI) in 1991!) and has been
utilized as research tools for various kinds of research fields such as thermal hydraulic
researches, agricultural researches, medical researches, archaeological researches and so on.2)

The confirmed high performances such as high neutron flux over 108 n/cm2s and high
collimator ratio larger than 100 have enabled advancement of neutron radiography (NR)
technique. Before the advent of the JRR-3M TNRF, most applied imaging systems were film
method in which a combination of a gadolinium screen and a X-ray film was used and a
television method in which a combination of a fluorescent converter and a high sensitive
television camera was used.

Developments of NR systems have been conducted for higher spatial resolution and higher
temporal resolution in response to users' demands. Higher spatial resolution is hardly
compatible with higher temporal resolution. Therefore, NR systems in the JRR-3M TNRF are
prepared for static NR, real-time NR, high-frame-rate NR, respectively and are selected
dependent on the purpose of the experiment. Real-time NR is a compromised system as for
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spatial resolution and temporal resolution and was initially introduced to the facility.

2. STATIC NR SYSTEMS

2.1 Neutron imaging plate
An imaging plate (IP) was first developed for two dimensional detectors for ionizing

radiation such as X-, f$-, y-rays. Introducing converter materials such as gadolinium or lithium
into the IP enabled practical utilization of IPs for NR applications.^ A neutron IP (NIP) is
currently available as BAS-ND supplied by Fuji Photo Film Co., Ltd. After NIPs were on the
market, the use of NIPs have extended and are taking place of a film method for capturing NR
images of static samples. Although the film method still is considered to be superior to the
NIP in spatial resolution, distinctive features of the NIP such as wide dynamic range and
digital image data storing increases the number of use of the NIP. Typical exposure time is less
than 1 s in TNRF-2 (No.2 room of the JRR-3M TNRF) and less than 1/20 of the exposure
time for the film method. Therefore, this system is especially suited for inspections of
materials in which lower neutron exposure is highly required, such as inspections of
archaeological objects.

The NIP was applied to take the NR image of the haft which was excavated with a harness
and others at Nakane-Kasaya tumulus in Ibaraki prefecture.4) As shown in Fig. la, the outside
was made of a gilt bronze and a thin silver film. The inner layout, materials and shape of the
sample were confirmed by the comparison of images obtained using the NIP and the IP which
was just set behind the NIP with close contact. The image from the IP was mostly formed by
y ray in the thermal neutron beam and gave similar information to X-ray radiography.

a b
Fig. 1 JtaspectioR of the haft with the NIP and the IF. photograph: a, image by the

NIP: b, image by the IF: c,

2.2 High resolution static imaging system
For capturing consecutive NR images with high resolution, a combination of a fluorescent

converter and a cooled charge coupled device (C-CCD) camera is used.5) This imaging system
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consists of the ZnS(Ag) with 6LiF fluorescent converter made by Kasei Optonix Ltd., two
quartz glass mirrors, the lens (Micro NIKKOR f 105mm or f55mm), and the C-CCD camera
(C4880 made by Hamamatsu photonics K.K.). These are optically connected to each other in
a light tight box as shown in Fig. 2. 10 cm thick polyethylene and 10 cm thick lead shield the
CCD chip from neutrons and gamma rays. Single pixel area in the NR image corresponds to 80
H-m x 80 |im on the converter for the fl05 mm lens, and 160 |im x 160 \im for the f55mm lens.

For higher spatial
resolution, developments of
a fluorescent converter were
inevitable, because the
spatial resolution of the
aforementioned fluorescent
converter was expected to
be about, 100 |im which is
larger than corresponding
size of one pixel of the CCD
chip on the converter in case
of the fl05 mm lens. To
improve spatial resolution,
thinner type fluorescent
converters were fabricated
and examined.6) The
specifications and measured

spread functions of

Fttst mirror
(quartz glass mirror)

Light tight box

'olyethylene

Second mirror
(quartz glass mirror)

Lead

Fig. 2 Schematic view of the high resolution static
imaging system

converters are shown in Table 1. Thinner the converter provides higher spatial resolution.
Because of poor light output efficiency, however, almost twice exposure time is needed for the
JN-10 converter compared with the NRC95 converter to obtain same digital counts.

Table 1 Specification and edge spread function for available fluorescent
converters

Name

JN-10
JN-30

JN-50
NRC95*

Manufacturer

Nichia Chemical
Industries, Ltd.

Kasei Optonix Ltd.

Composition

6LiF/ZnS(Ag)

(4:6 in weight)

Particle size
mean diameter

(^m)

6LiF : 4.0

ZnS(Ag): 2.7
6LiF : 4.0
ZnS(Ag): 8.0

Coating weight
(mg/cm2)

14.7
31.3

43.6

45

Edge spread function
(Urn)

57
88
85

139

*NRC95 is identical to the ZnS(Ag) with 6LiF fluorescent converter mentioned in system configuration.

The C-CCD system is mostly used for taking projection images of three dimensional (3d)
computed tomography (CT) with computer controlled turn table installed in the TNRF-2.7)

Capturing a projection image and rotating the sample at the defined angle are repeated.
Although only 4 s exposure is enough for capturing a projection image with a combination of
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Computed tomograms

Projection image

Three dimensioBal computed tomography
of a lily trad

the NRC95 converter and a
flO5mm lens, the turn table
control and the image data
transferring and storing in the
computer hard disk take more than
10 s. Therefore, capturing 180
projection images for half rotation
takes about 45 min. Inevitable
noises in projection images due to
radiation are corrected with the
intelligent filter reported in ref. [5].
One of the applications using the
system was 3d CTs of plants such
as a lily bud as shown in Fig. 3.
The detail inside a bud which was
hardly recognized by the
projection image was clearly
observed by the computed pig. 3
tomograms. This result supported
application of the system to plant
research. 3d CTs of a carnation flower were conducted before and after drying treatment and
brought the information that the water in stem and upper part of the stem was decreased
drastically by drying treatment.^

3. REAL-TIME NR SYSTEM

Advantage of high neutron flux in TNRF-2 makes real-time NR possible. For real-time NR,
the silicon intensifier target tube (SIT: C1000-68 made by Hamamatsu photonics K.K.)
camera is used instead of the C-CCD camera The SIT camera with the zooming lens (VI0 x
18R made by Canon) is set at the position of the second mirror in the light tight box shown in
Fig. 2. This system was initially introduced into the JRR-3M TNRF and was used extensively
for various scientific fields, particularly thermal hydraulic research9' 10), its application was
strictly limited to measurement of time-averaged void fraction or to visualization of relatively
slow phenomena.

4. HIGH FRAME RATE NR SYSTEM

The real-time NR has been applied to visualization and measurements of relatively slow
phenomena so far. Because the temporal resolution of the real-time NR is limited to be 30
frames/s, rapid transient phenomena such as simulated steam explosion of nuclear reactor and
melted metal-water interaction could not be observed by the system. Kyoto university -
JAERI joint research group conducted experiments on visualization of fluid phenomena in a
metallic vessel using a high-frame-rate video camera and confirmed that high-frame-rate
NR(HFRNR) have significant advantages both in visualizing and measuring high-speed
phenomena when the visible light is not applicable.11'12)
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A HFRNR system has been developed with evaluation of the experimental results and
become available in TNRF-2. The block diagram of the HFRNR system is shown in Fig. 4.
NRC95 type fluorescent converter is selected among available fluorescent converters
mentioned before, because of high light output efficiency and rapid decay of scintillation.
Visible light from the converter is reflected by two quartz glass mirrors and focused on the
photocathode of the image intensifier through the lens. The weak light is intensified by the
image intensifier (C6276MOD made by Photron Ltd.), in which a proximity focused image
intensifier with double microchannel plates and an inverter type image intensifier are optically
connected, and transferred to the high speed digital video camera (FASTCAM ultima-UVS
made by Photron Ltd.) thorough the L shaped relay lens. Recording speed can be selected
dependent on the purpose of the experiment. Shuttering speed can be determined by changing
the gate time of the image intensifier. The digital image data on the RAM of the camera
controller are transferred to the PC via GPIB connection or recorded on the laser disc as NTSC
format through a digital-analog converter.

The HFRNR were applied to visualization of simulated molten-fuel behavior in the
pressure vessel lower head related to lower head behavior during TMI accident13),
visualization and void fraction measurement of subcooled boiling water flow in a narrow
rectangular channel related to developments of a solid target of the spallation neutron source in
a high-intensity proton accelerator and plasma-facing components of a fusion reactor14^,
visualization of study of molten metal-water interaction related to safety evaluation on severe
accident15\

Neutron
beam Laser video disc recorder

Video Signal (NTSC)

Distal data (GPIB)

Fluorescent
converter

Fig. 4 Block diagram of a high-frame-rate neutron radiography system

5. CONCLUDING REMARK

High performance of the JRR-3M TNRF such as high neutron flux, high collimator ratio
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and wide radiographing field enabled advanced NR systems for higher spatial resolution and
for higher temporal resolution. The static NR systems using NIPs or a C-CCD camera with
high spatial resolution, the real-time NR system and the HFRNR system with high temporal
resolution have been developed to fill the requirements from researchers. The static NR
system using NIPs was applied to inspect the archaeological object and confirmed to be
effective for inspections of samples in which lower neutron exposure is highly required. The
other static NR system using the C-CCD camera was applied to obtain projection images for
3d CTs of a lily bud. The reconstructed CTs showed the structure inside a bud in detail and
applicability of the system to plant research was suggested. The HFRNR system made
visualization and measurements of high speed fluid phenomena which are almost impossible in
other NR facilities possible. Advanced NR systems in JRR-3M TNRF will extend applicable
research fields and prompt progression of studies which are being conducted in the facility.
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