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NEUTRON RADIOGRAPHY WITH CYCLOTRON

E. Hiraoka
Radiation Center of Osaka Prefecture, Sakai, Osaka 593, Japan

The technique using thermal neutrons was demanded
because of its inspection ability to show hydrogeneous
material such as plastics, water, explosives or
composite materials and irradiated nuclear fuel
capsules. This paper describes some experimental
results and applications in neutron radiography by
the use of several small cyclotrons producing neutrons
by Be(p,n) reaction.

Introduction

In recent years considerable attention has been
paid to neutron radiography. The technique using
thermal neutrons was demanded because of its inspection
ability to show hydrogeneous material such as plastic,
water, explosives or composite materials and irradiated
nuclear fuel capsules. The technique is similar to
radiography with X or vy rays. The remarkable merits of
neutron radiography comes from large differences in the
absorption coefficient of element, compared with X or
y rays. The absorption coefficient varies randomly as
a function of atomic number.

Radiography with thermal neutrons has been mainly
developed by the use of high intensity neutron flux
produced by nuclear reactors. Presently, it is much
necessary to extend its applicability to various
fields. It is also important to install neutron
radiography facilities, which are more convenient and
economical than reactor based system.

To satisfy the conditions mentioned above,
accelerator based systems had been proposed for a long
time and investigated at a laboratory level by using
Van de Graaff accelerators in the energy range of a few
MeV to produce neutrons by the %Be(d, n)10B reaction.

The author and his coworkers had started the study
on neutron radiography in 1969. At first, we used
14-MeV neutrons from D-T reaction on a 1-MeV Van de
Graaff accelerator and photo-neutrons from y-n reaction
on an 18-MeV linear electron accelerator. Then we
had continued the study with the Kyoto University
Reactor (KUR) since 1975.

In the late 1970s, we were consulted by the
National Space Development Agency of Japan (NASDA) on
the application of neutron radiography. On the basis
of our experience, we examined various methods and
conditions to find best ones. We have taken note of
the following fact: The neutron flux generated by the
(d,n) and {p,n) reactions on Be increases with the
accelerator energy to the second or third power3-7
(see Fig. 1). The (p,n) reaction on Be has been
considered more useful, because the neutrons from this
reaction have lower energies4s2) and therefore higher
efficiency for thermalization.

Luckily, small cyclotrons recently developed for
medical uses produce protons of higher energies than
conventional accelerators for application purposes, and
are convenient to operate. Therefore, we have
concluded to use such cyclotrons for neutron
radiography, and constructed the system for practical
applications. The greatest advantage of the
accelerator system is that the generation of neutrons
stops when the accelerator is switched off. Other
advantages of the system consist in compactness and
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easiness of operation and maintenance.

We report here mainly the merits of the neutron
radiography system by the use of the cyclotron and some
applications of this system.

Principle of Radiographic Imaging

In neutron radiography, the penetrating nature of
neutron radiation is used to obtain information about
the internal structure of an object. Figure 2 shows
how the attenuation coefficient of element change for
thermal neutrons. A high neutron attenuation means
high contrast for small thicknesses of material. As
the comparison, the attenuation coefficient of X-ray is
also shown. A basic system of neutron radiography is
shown in Fig. 3. It consists of a neutron source, a
moderator to thermalize neutrons, a beam collimator and
an imaging detector.

Imaging is usually performed using a fine grain,
single coated X-ray film in a cassette with a Gd foil
converter contacted directiy to the fiim. The incident
thermal neutrons captured by the Gd foil produce
localized ionizing radiations (internal conversion
electrons) which expose the film.

Experimental and Results with Cyclotrons

Since 1980, we have carried out the study and
testing of neutron radiography with cyclotrons. The
cyclotrons used in the experiment are those of Japan
Steel Works, Ltd. (Baby Cyclotron BC 168), Cyclotron
Radio-Isotope Center of Tohoku University (Sumitomo and
CGR-MeV 680) and Toyo Works of Sumitomo Heavy
Industries in Ehime (Sub-Compact Cyclotron 480).

An example of experimental layout is shown in Fig.
4, This is an earlier assembly of neutron radiography
attached to a cyclotron. The accelerated protons
impinge upon a beryllium target and produce copious
quantity of fast neutrons. These fast neutrons are
slowed down to the thermal energy region with a
polyethylene moderator surrounding the target. A
fraction of the thermalized neutrons are extracted from
the target area by a collimator constructed with
polyethylene boards. A bismuth filter about 20 mm in
thickness is inserted at the inlet of the collimator to
eliminate y rays.

Table 1 shows the summary of the experiment for
the neutron radiography system of the accelerators and
the Kyoto University Research Reactor (KUR 5MW). The
thermal neutron flux was measured by activation method
with gold foils and the y-ray intensity was measured by
TLD elements.

On the basis of the experiences obtained from the
fundamental experiment, the cyclotron based neutron
radiography facilities have been installed at Japan
Steel Works, Ltd. in Hokkaido and at Toyo Works of
Sumitomo Heavy Industries, Ltd. in Ehime Prefecture.

Both the facilities have dual collimator system
for practical use. The former uses two collimators
arranged in the directions of 0 and 90 degrees, and the
Tatter in the vertical and horizontal directions with
respect to the beam line. Figure 5 shows the facility
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of Sumitomo Heavy Industries Ltd.

Figure 6 shows the curves of typical density—
exposure characteristic on the KUR and the Cyclotron
for various films with NE426, 905 (scintillation
screen) and Gd converter. Here the exposure is
expressed by total thermal neutron flux. The best
resolution is obtained by the combination of the Gd
converter and Kodak SR. In this case, the exposure
time will be about 1000 sec at film density of 2.5 in a
beam of 106 n/cmZ-sec (see Table 1).

Recently, the real time X-ray radiography has been
established for the medical field, and has been applied
for some industrial fields assisted by advance of
digital image processing and electronics. We have
tried to perform the real time neutron imaging system
with the cyclotron to observe the dynamic behavior of
fluids and plastics in hydraulic components, plastic
injectors and so on. The arrangement of the system is
shown in Fig. 7. The neutrons that passed the object
arrive on a fluorescent converter screen composed of
the granular mixture of LiF and ZnS{Ag). The
photo-image is observed by a TV camera using an RCA
silicon intensifier target (SIT) tube. The camera
provides automatic level adjustment. The video-signal
obtained from the camera can be stored in a video
recorder or be reconstructed by a set of digital image
processors. At present, the resolution of 1.0 line
pair/mm is obtained at the object-field size of 250x200
mmé.,

Application of Neutron Radiography

Figure 8 shows the neutron radiographic images of
some detonators. The pictures are the first trial ones
for the inspection requested from NASDA of explosive
devices. The detonators are the dummies filled with
sugar instead of explosive compound. As seen from the
images, some of these have the defects caused by small
pieces of aluminum embedded in the fillings. These
defects are undetectable by y- or X-ray radiography.

Other images on the picture are the ASTM*
Indicators to check neutron beam quality and
radiographic sensitivity. The inspection of the actual
explosive devices for H-1 launch vehicles have been
carried out constantly by this method.

Figures 9 and 10 are the examples of X-ray and
neutron radiographic comparison (XRT and NRT) for
ancient arts. The samples tested are as follows:

Sample (a)

An unearthed Buddhist sutras in a bronze case
(10c. A.D.) (Fig. 9): dimensions of the case; diameter
=12.1 cm, height = 29.5 cm, thickness of the wall and
the base = 1-2 mm. The bronze sutra case and the
Buddhist sutras contained were excavated from a sutra
mound. The sutras made of Japanese paper had
deteriorated under the earth during about 1000 years,
and had changed into a gray lump similar in appearance
to excrement. After excavation, they were reinforced
by impregnation with acrylic resin.

Sample (b)

A Tibetan unglazed Buddhist statue cushioned with
cloth in a copper box with a window (Fig. 10):
dimensions of the box; height = 12.7 cm, width = 10.5
cm, depth = 4.8 cm.

The results observed for these samples are as
follows:

Sample (a)

* The American Society for Testing and Materials

XRT: Part of the sutras are visible but unclear.
It cannot be recognized what they are. The corrosion
of the sutra case and its tinkered part are very clear.

NRT: The sutras in the bronze case are imaged most
clearly as if the bronze case were transparent. Even
rolled pieces of paper of sutras can be seen.

Sample (b)

XRT: The patterns of the copper box are plainly
seen. Buddhist statue can be recognized vaguely. The
cloth is not imaged.

NRT: The outline of the bronze case is clear, and
the thickness of the copper plate can be recognized.
The Buddhist statue is imaged only faintly, but folds
of cloth is very clear.

Conclusion

This paper has outlined the neutron radiography
with cyclotrons. From the experimental results, we can
conclude that the characteristics of the neutron
radiography system with the cyclotron is very useful
and is a match for that of reactor.
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Fig. 1. Neutron yields from several reactions.
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Fig. 3. Basic system for neutron radiography.
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Example of experimental layout and details of a collimator.
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Fig. 6.
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Table 1. Summary of the experimental properties of the accelerators and KUR for neutron radiography.
Neutron Flux Irradiation .
. Cd - : n/y Ratio
Organization and Neutron Sources at Object . L/D Field Size s Remarks
2. Ratio (n/cm? - mR)
(n/cm? - sec) (mm)
Rad. Center of Van de Graaff. | 1.2~9X10° 2.2 10~30 120x120 | ...
Osaka Pret. Linac. 1.5~7x10° | 3.5 | 10~30 2N B 5MeV (7,n)
Tohoku Univ. Cyclotron 4.8X10° 3.5 50 330330 1.3x10° 17MeV
(Model 680) l.5x10¢ 2.5 /" ” 0.8X 10° 30MeV
Sumitcomo Heavy Subcompact 4.5X 10 3.5 50 356X 432 1.5% 10 | 8MeV50u A
Industry Co. Cyclotron (4% 17%)
LLIX108 3.5 30 Vs 7 "
The Japan Steel Baby Cyclotron | 2-5%X10° 3.5 70 356 X932 1.5%10° 16MeV50. A
jorks L.T.D. (187 % 177)
4.4X10° " 50 " v "
Kyoto Univ. Reactor KUR .2x1et 400 100 160 ¢ 1.0X10® 5 MW E-2
Fig. 5. Layout of cyclotron-based neutron radiography facility of
Toyo Works, Sumitomo Heavy Industries Ltd.
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Fig. 7. Real-time imaging system for neutron

radiography with a cyclotron.
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Fig. 8. Neutron radiographic images of some detonators.

Photograph XRT NRT

Fig. 9. Photograph and radiographs of unearthed Buddhist sutras in the bronze case.
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Photograph XRT NRT

Fig. 10. Photograph and radiographs of Tibetan unglazed Buddhist statue.
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