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This proceedings contain research reports presented in the third annual meeting
on research and application using JRR—3M neutron radiography faciity.

The JRR—3M neutron radiography facility (JRR—3M NRF) has been open to
the laboratories in JAERI and the Inter-University Joint Research Program using
the JAERI Facilities as ccllaborative studies since FY1991, Good results obtained
from the eollaborative studies have been reported in the meetings of scientific societies
or published on the scientific journals. The meeting of research and application using
JRR—3M neutron radiography facility is held annually as a technical meeting on
which researchers can report and discuss their results each other.

The third meeting was held in February 3 to 4, 1994, The 16 research reporis
were presented and the number of participants was 46 in the meeting. The growing
number of users, the proposals of applications to new research fields, and the reports
about advanced neutron radiography technigues should be emphasized as for this
meeting. Visualization of heat transfer tube in space exhaust system and visualiza-
tion on bubbles behavior in pressurized fluidized bed newly joined in the application
of neutron radiography. Neutron radiography technique was also applied to agricul-
ture, forestry and fisheries research and cultural properties on trial

The research and development of neutron radiograﬁhy technique is being ad-
vanced for thermal neutron radiography and cold neutron radiography. Develop-

ment of image processing technigue was also reported. The neutron imaging plate

This Proceedings include the resulis of Joint-Research with Tokye Univ., Nagoya Univ., Musashi
Tnst. Tech., Kobe Univ ., Kyoto Univ. and Rikkyo Unvi..
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and the high-speed neutron VTR exemplify the advanced techniques. The result
of experiment in which JRR—3M NRF was used as the irradiation field was also
reported. Besides all these, two reports about research using neutron radiography

outside Japan were presented.

The invited presentation in this meeting was ‘Research and Development of

Neutren Radiography in Institute for Atomic Energy, Rikkyo University’

Keywords: Neutron Radiography, JRR—3M, Visualization, Neutron, Imagingplate,
High-speed Neutron VTR, In Vivoe Neutron Radiography
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Table 1 Specifications of Gd-coated honeycomb collimartor

ATk 300mm W x 300mm H x 100mm L

B n=—AHL5FE | 3nn D x 100nm L

NZH LHE 7Hizw s 0.033mm T
itk 7 R X Bk Ny = LmE#ER0 o T
(LD k& 33
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Table 2 Specifications of JRR-3¥ TNRF-2 facility

EiZKL??D‘JH%F)?(JAERI-JRR*3M/fNRF-2)

Wb | JRR-3M, 20 [ N¥ ]
¥ 1.5 X 108 [ n/cn? s ]
A1 K IT ALY 130

hHF N TR 62.5 [ n/cm2uSv ]
aNA—SE 7277 [ nm ]
a2YA—-sHOE 41 [ mm ]

L .~ Db 165

BatsF (WxH) 255 x 305 [ am |
%‘m’ﬁ@ﬁﬁ#?ﬁ (WxHx t) | 400 x 400 x 500 [ mm ]
AMOBRAER 50 [ kg ]

HE T N—F sLiF—ZnS (Ag) %

OHETS AT T4 — LD BIES NPT E— LOE,
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Table 3 Neutron attenuation coefficient by various NR measurements

without PCD cooling

AL

M| Gdno2dsdbh | Gdn= sl | Gdr=h skl [Gdr=dAlL p4IS T
{10 cm} {10 cm) (1 cm) (0 cm)

F,C £1.020 4 0.049) { (0,393 £ 0.040) - {0.657 £ 0.020) | L. 1§

Db | (c.323 £ 0.005) | (0.284 & 0.005) - (0.18Z & 0.004) | 0.369

C | (0.382 £ 0.00%) {{C.363 £ 0.003)} ) (0.278 + 0.013) | (0.232 & 0.010} {0.38%

Table 4 Neutron attenuation coefficient by various NR measurements
with PCD cooling at -22°C )
SEH D
HE | Garn=dakn | Gdrn=aalil [Gdr2haidlL | Gdo=h AL | MHKE
(10 cm) {10 em) {1 em) {0 cm)
Foe | {1.050 & 0.028) | {1014 + 0.015) | (0. 768 £ 0.105) : (0. 6§59 % G.033) | L.1I3
Cu 1 {0.882 £ 0.001) ] (0.813 £ 0.024) | (0.727 & 0.059) | (0.653 & 0.01C) | 0.99
P b {0311 & 0.020) ¢ (£.284 & 0.011) [ (0.242 £ 0_.[)06) {0.231 + 0.018) | 0.3869
C {0.382 + 0.003) { (0.359 X 0.0058) | (0.301  0.027) | (0.251 &+ 0.007) | 0.385
NoioJ(L.851 4 C.L0A) | {1.847 % 0.061) ] (1.733 .4 0. 111} [ {L.733 % 0.092) | 1.98
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Table 5 Computed tomography{CT) value by with and without honeycomb collimator
at -22 C cooling of PCD device

JAERI—Conf 95—006

A Gd»~=H 4L BH Db Gdn~=H AL | BEHE
(10 ecnm?} {10 cm}
Al (0.090 * ©.015) | ¢c. 089 & ©0.030) | 0.10
P b (0.342 =+ 0.027) | (9.309 = 0.046) | 0.36%
T i (0.511 4+ 0.053) | (0.484 & 0.024) | 0.57
B S (0.616 = 0.054) | (0.589 £ 0.035) | 0.74
C u (0.832 + 0.050) | (0.758 * 0.0410) ! 0.8¢9
SUS | (0.974 £ 0.020) | (0.896 £ 0.051){ I.14
F e (1.049 = 0.030) | (0.954 £ 0.044) | 1.15
N i (1.772 £ 0.029) { {1.561 + 0.932){ 1.398
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Fig. 1 Basic setup of neutron radiography system

Fig.2 Photo of PCD device




JAERI—Conf 95—006

‘ Digital sift regyister

Yy

il

Liode

r.
I
I
‘ EJ
e
L

- 4%
\r] Switching L

—-=5 pmeo7
'
[
It
i
1
(]
1
A
by
(]
P
Rl
Pt
P!
1
lI
by
by
o
[
W
L._._._JL-——J

f o Vceo

o ;
1 Vel
s ‘s

| vz
7 W/ﬁ//i

4—A—-b—|

SiUZ

-51°7
H-51

= A=13ym, B=25pm, C=2.5mm

Fig. 3 Electronics of PCD device

o= e -
o= = -

\n’
\d

Fig.4 Geometrical configuration of

—JEE

0,

P BEIEA

image on converter and PCD element



JAERI—Conl 95—006

mEAER )b

________________ ~JVF I =
n =T
SEIK SEK

Fig.5 PCD cocling system

. . FEIET
S S

peo| BT | e—— é PCD <—~——~$

: .4 ¢k

N
MELDMT
a.N\ZHhA Y A-5EL b. N\NZHATIYA=HEFY
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Fig. 9. PCD autput of TNR¥-2 original neutron beam
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Fig. 11 Configurations of cylindrical samples for computed tomography
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Fig. 13 Temperature dependence of saturation time

of PCD element by dark current
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Fig. 14 Sensitivity curve of PCD device without cooling in JRR-3¥ TNRF-2
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Fig. 20 Correlation between neuron attenuation coefficient and

macroscopic cross section without PCD cooling
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Fig. 2: Neutron attenuation curves of iron step-wedge by using TNR
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(a) Various rods 1 (b) Various rods 2

Fig. 8: Example of NCT by using TV method 1
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*ig. 9: Example of NCT by using TV method 2
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(a) CNR-CT (b) TNR-CT

Fig. 10: Comparison between CNR-CT and TNR-CT
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Fig. 11: Projection data obtained by using filn method
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Fig. 12: NCT image by using film method

(a) Film method ~ (b) TV method

Fig. 13: Comparison of film method-NCT and TV method-NCT
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Table 1 The reaction of neutron converter elements.

1R W F o 4 L F —(MeV)
10 7 7
B(n. « ) Li ¢ T 147 Li: 0.83
"He(n. p) H 5057  H 020
" Litn. &)V H 2205 H 274
" Gdn.y ) v 10.3.0.4, 1.2
™ Gd(n. e ) e 1 0.074.0.034

Table 2 The fligt path length of secondary particles from **B,°Li and Gd in
photostimulated luminescence material,

0B Ry(1.47MeV)= 53 um
6Li  Ry2.05MeV)= 7.1um . Rr(2.74MeV)=44.8um
¢d  R{0.074MeV)=23.7um . R0.034MeV)= 5.6um

Table 4 Thermal neutron and y -ray contents when bismuth plates with several

thickness are used.

CavanEs ) | OV s F Al |y MO
0 Gd 40. 1 16.4
5 Gd 72.5 0.4
10 °Li 49.0 4,8
15 Li 53.7 4.9
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Fig. 1. Experimental configuration
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Fig. 3. The response of photostimulated luminescence (PSL) to the number of incident

neutrons,
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Fig. 4. An image profile of gap (10mm in width ) defined by LiF ceramic plates.
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transmission coefficients
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Fig. 10.The calculated neutron transmitted intensity from mouse’s viscera.
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Table 1 Major conditions for steam—water experiments

BaRHEA 10 kg/em® G
BaE AR 184 °C
BARESME 0.02 kg/s
TAKIE 0.06 kg/s
ERIAVT 4 15 ~ 65 %

T X PEIREE - 10 mm
AR—HIEAK A&k (KFETHE)
AR—YEFE 20, 30, 50 mm
AR—THE : 1 mm
ANR—YFry T 1mm

Table 2 Major conditions for air-water experiments

RES A&
AR =30
BRAZLESRE 300 £/min
MR KR E 15 £/min
FE LF LKL 550 mm
FAMRERS 782, 50 mm
7 A R EEE 66 mm

FANEHEF 7 23,83 mm
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Fig. 1 Schematic of effect of spacer on liquid film flow on fuel rod
surface’”
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Photo 1 Typicai video image from NRG steam-water
experiments

Photo 2 Typical video image from NRG air-water experiments
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(1) Nitrogen Gas Bomb @ Pressure Gauge
(@) Regulator @ Sonic Nozzle
@ Valve @ Test Section

Fig.1 Schematic diagram of experimental apparatus
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Fig. 4 (a) Appearance of the test section. (b) Appearance of the test section with thermal insulator.
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-— Vapor path
Liguid path ==

Fig. 5 (a) Image of the test section by neutron radiography. (b) Arrangement of elements on figure 5(a}).
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Fig.1 Schematic diagram of thermal neutron

radiography facility of JRR-3M
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< Supporting Layer
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< Aluminium Layer
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Composition of Fluorescent Substance Layer

Weight Ratio of ¢LiF to InS:Ag is 4 to 6.
Weight of ®LiF/ZnS:Ag is about 45 mg/cm?.
Particle size of ELiF is about 8 um.
Particle size of ZnS:Ag is about 4um.

Fig.2 Schematic diagram of scintillator,
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(¢} (d)
Fig.7 Neutron radiographs of air-water two-phase flows in a rectangular

duct with 2.4mm gap taken by a high speed video at 1000 frames/s
(a) bubbly flow, (b) slug flow, (c) churn flow, (d) annular flow

Fig.8 MNeutron radiographs of air-water two-phase flows in a rectangular
duct with 2.4mm gap taken by a high speed videc at 500 frames/s
(a) bubbly flow, {b) siug flow, (c) churn flow, (d) annular fiow
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Fig.9 Neutron radicgraphs of air-water two-phase flows 1n a rectangular
duct with 2.4mm gap taken by a high speed video at 250 frames/s
(a) bubbiy flow, (b) slug flow, {c) churn flow, {d) annular flow

Fig.10 Neutron raa‘ﬁog'raphs of air-water two-phase flows in a rectanguiar

duct with 2.4mm gap taken by a real time 1imaging s_yétem at 30 frames/s
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SROEERRGEASLEE RS,

4.2 NRGEEHER
Figs. 11-14{z . EFBHELO S OmsHOERKEGRETLE, BRIL. HSV-500%A4
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Fig.11 Consecutive frames and its processed images from a high speed video

sequence showing bubbly flow in a rectangular duct with 2.4mm gap
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Fig.12 Consecutive frames and 1ts processed images from a high speed video

sequence showing slug flow in a rectangular duct with 2.4mm gap
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Consecutive frames and its processed images from a high speed video

sequence showing churn flow in a rectangular duct with 2.4mm gap
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Fig.14 Consecutive frames and its processed images from a high speed video

sequence showing annular flow in a rectangular duct with 2.4mm gap
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Visualization of Fluid Phenomena Using a High Speed Video

Kaichiro MISHIMA, Takashi HIBIKI, Shigenori FUJINE and Kenji YONEDA

Research Reactor Institute, Kyoto University

Kumatori—cho, Sennan-gun, Osaka 580-04

ABSTRACT

Experiments on visualization of fluid phencmena in a metallic vessel were
conducted using a high-speed video with a steady thermal neutron beam. . The
Japan Research Reactor 3M, whose flux at the imaging plate is 1.5 X 108 n/cmz-s,
of Japan Atomic Energy Research Institute was used as a neutron source. The
imaging system for high frame-rate neutron radiography with the steady thermal
neutron beam consisted cof a high sensitivity scintillator, 6L1'F/Zr1S:Ag|, an image
intensifier whose gain was a factor of 100,00C at the maximum, and a high—-speed
video which could record phenomena at 1000 frames/s for 14 minutes by using an
ordinary VHS tape with the recording time of 120 minutes at the normal speed.

Visualization of air-water two-phase flows in a rectangular duct with 2.4 mm gap

and 40 mm width were successfully performed with the steady thermal neutron

beam and this imaging system at frame rates up to 1000 frames/s. The shapes and

the behavior of bubbles and ligquid films were clearly observed. The rising velcci-
ties of slug bubbles and the fiow regimes could be also measured. It was clarified
that this new technique may have significant advantages both in visualizing and

measuring high-speed phenomena when the visible Tight is not applicable.
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Figure 1. The whole body image of a mouse (44 w old) treated with HN-nitroso-

morpholine. Clear images of the lungs, the heart and the bone and the cartilage

of the tail. The exposure time 20 sec.

Figure 2. The upper body image of a mouse (44 w old) treated with N-nitroso-
morpholine. Clear images of compact bones and bone marrows in the upper extrem-

ities, the bronchi, the lungs and the heart. No disturbance with ribs, The exp-

osure time 20 sec.
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Figure 3. The lower body image of a mouse {44 w old) treated with N-nitroso-
morpholine. Clear images of compact bones, cartilages and bone marrows in the

lower extremities and the tail. The exposure time 20 sec.

Figure 4. The upper body image of a mouse (79 w old) treated with N-nitroso-

morpholine with tumors in the right lower lung. The exposure time 30 sec
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Figure 5. The lung of autopsied mouse same as in figure 4. Tumors In the right lung.

Figure 5. The upper body image of a mouse (79 w cld) treated with N-nitroso-

morpholine with tumors in the left lower lung. The exposure time 30 sec.
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Figure 7. A differential caliculated image of the upper body of the mouse (7¢ % old)
treated with N-nitrosomorpholine. <Clearer images of the bronchus, the heart and
the tugors. Treatment with the Super Eye (Hamamatsu Photonics Co. Ltd., Hama-

satsy, Japan) of the same X-ray film image as Figure 6.

Figure 8. The video image of a mouse breast (44 w old) treated with N-nitroso-

morpholine with tumor in the right lover lung.
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1. Introduction i _

The extensive ré§earch and development on.long term management Qf.high—level
radioactive waste“ﬁﬁs'been carrying out in more countries. Deép géological disposal
of vitrified waste 1s the most likely choice in this respect.  The proper selection
of the geolcgical formatlons, which will effectively isolats the waste from the
contact with the surrounding environment, is the very important. For the full scale
evaluation of relevant geological formations, many tests are required. Précise examn—
ination based on not conly in situ'festing but model testing has been carfied out too.

Neutron Transmission Analysis {(NTA) can become one of the nondestructive analyt-
fcal methods for the shear zone porosity and fracture flow structure in the laborat-
ory modelling.

The extensive research in application of NTA methed to the building industry

dealing with the analoglcdi problems has been carrled out NTA method-seems to be

the most sen51t1v method for the dlstrlbutlon of molsture and water protective

agents cn 2 laboratory scale. The neutron radiography based Standard Testing Method

for Moisture Analy81s (STMAM) was already introduced'to the building industry in

order to ewaluate the properties, functions and efflclency of hydroinsulations agents.
Experience obig;ned can be helpful in the radicactive waste storage research in

JAPAN (JAERI, PNC) and worldwide.

2. Neutrocn based technlques for the detection of lolsture or hydrogen containing
substances 1n porous material

Portable neutron gauges based on the weak neutron sources l1ke 241am- Be, enable

simple measurement of water content in the porous i_Jrlal structure The maximum
measuring depth is 2%cm, spatial resolutlon is not higher than 5Scm and accuracy of
method is reported 2%vol. of water. '

Prompt Gamma Neutron Activation Analysis (PGNAA-Fig.1) gauging technics Is prop-
osed for the measurement of moisture profiles in the 50~100c¢m thick layers of poro-

us material. This method is based on the spectroscopic detection of 2. 23MeV gammas

U —F 7 xu (FIEREE) 1993.3.~ 1994, 2
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from thermal neutron captures on hydrogen. Thermal neutrons being produced in the
slowing down of fast neutrons from suitable source, penetrate the material.

Prompt neutron activation techniques using a small neutron generator are in rou-
tine use for quantitative determination of chemical composition.

Thermal neutron radiography offers an effective tool for qualitative and gquanti-
tative determination of distribution of water and other hydrogenous substances in
porous material.

A comparison of neutron radiography and neutrcn probes with common non-nuclear

moisture measuring techniques is given in Table 1.

3. Neutron radiography and Neutron Transmission Analysis application to detection
of moisture and hydroinsulation substances in poros material

The principal factor for hydreinsulation treatment quality evaluation is the
efficiency of the water protective agents in preventing the penetration of water by
capillary action or pressure gradients. Parameters important in measuring this effi-
ciency are easily determined using the STMAM and include the profile and speed of
novement of the penetraticn front, and the concentration (relative hydrogen content
density) profile inside the penetration front of either the water protective agents
or water itself.

The principle of the STMAM can be illustrated by the following example. A porous
building material of known dimensions is treated with the ligquid protective agent.
The quality of impregnation is determined by a water penetration test. Neutron radi-
ographs of the sample are made at selected intervals during the test. The method is
the some if water penetration is being evaluated, without the water protective agents
treatment. Water or water protective zgent can easily be distinguished in the matrix
of the porous (building) materials, since thermal neutron attenuation coefficients
of water or water protective agent are 10 to 100 times higher than those comprising
the porous matrix, namely Ca, Si,Al 0.

1f the quantitative neutron radiography task is to obtain an optical mapping of
the degree of attenuation of the incident beam, NTA method is using the specific
experimental arrangement fo; it.

Optical density on radiographic images or luminance from radioscopic (electronic
radiograph) images are analyzed.

NTA method was used for the extensive I dimensional study of the water distribu-
tion in the matrix of porous material under different conditions in order to prove
or improve experimently the theoretical data.

With this method using research reactor as the strong neutron source (like 1.12

¥ 1070 e s7', 1/D=360) and filn detector (like Gd/fine grain film}, the spatial

— 187



JAERI~Conf 95—006

resolution <0.5mm can be achived. The water content in the porcous material sample in

the range 1~30%vol Hz0 with 5% measurement accuracy can be determind.

4 . Conclution

Neutron radiography and NTA application to porosity study was mainly dealing
with the building industry, the art protection and the basic research. Cooperation
with the building industry has produced the solution of number of problems. Cement
hydratation, concrete material, red brick sample, roofing tiles protection and epoxy
resin efficiency for sand stones sculpture protection, can be cited as example.

Many valuable experiences {like samples thickness, penetrating substances, dete-
ction techniques for the different experiments) were achived. These can be used in
the rockies formation studies too. 7

Resolution is the proposal to JAERI and PNC for the cooperaticn, which can even

be on the international basis.

concrete wall | N

n-generator

n—coltimutor and shield

lcollimated n beam

Fig.1 Prompt gamma neutron activation analysis (PGNAA)

— 188 -



JAERI—Conf 95—006

for the detection of moisture in building materials and atructures

Table 1 Comparison of neutron and some important non-neutron measurement techniques

Method (type) Characteristics wtatus Econ.cost
(DEM)
Neutron probe Routine field use, relative method, standard =2 104
{subsurface - 20em) Sensitive for hydrogenecus mater,
{asphalit)
Neutron radiography | Detects hydrogen and struct.mat. .
(in bulk) Laboratory method, field use feasible standard 2x10% ~10%
Qantitative (1-30% vol H,0) - NTA
NMR Less destructive {samples), quantitative ' o
(in bulk) 'Lab. method, detec. of free and in develop. | > 10°
crystal water :
Gamma ray CT Laboratory, quantitative method, in develop. | > 10°
{in bulk) Detection also of defects, structural
details
Microwaves-Transm. Less destructive (bore holes), in develop. | & 10°
(in buik) sensitive qualitative labor.method
(1% H20)
Microwaves-Reflection | Sensitive qualitative (relative) in develop. | 2-5x10°
{subsurface - few cm) | Field use feasible
Capacity maters In field, qualitative (relative) | standard  }a 10°
{subsurface - few cm)
Resistivity meter Less destructive (bore hole}, i field standard | = 10°
(surface) qualitative method '
Infrared reflectoscopy | Qualitative, relative, method in develop. | 10° — 5::105

(surface)

in field use feasible
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Fig.1 Image of Soybean and Densitometry
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{a) {(b)

Fig.2 Image of Soybean when water absorbing polymer was added

{a)

(b)

Fig.3 Image of Japanese Cypress
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Neutron radiography image of skin (pig)
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Fig.2 Neutron radiography image of corn
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Fig.3 Neutron radiography image of grass and arrowroot
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