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ABSTRACT 

Neutron radiography (or radiology) is a diverse field that uses neutrons of various 
energies, subthermal, thermal, epithermal or fast in either steady state or pulsed mode 
to examine objects for industrial, medical, or other purposes, both microscopic and 
macroscopic. The applications include engineering design, biological studies, 
nondestructive inspection and materials evaluation. In the past decade, over 100 
different centers in some 30 countries have published reports of pioneering activities 
using reactors, accelerators and isotopic neutron sources. While film transparency and 
electronic video are most common imaging methods for static or in motion objects, 
respectively, there are other important data gathering techniques, including track etch, 
digital gauging and computed tomography. A survey of the world-wide progress 
shows the field to be gaining steadily in its diversity, its sophistication and its 
importance. 

INTRODUCTION 

It is an honor to present this invited paper reviewing neutron radiography within 
this international conference entitled Neutrons as Microscopic Probes. Most of the 
papers in the conference discuss scattering techniques to study microscopic details 
of crystal structure. Neutron radiography shares a common interest in neutron 
sources and neutron physics, but it uses the microscopically small neutron primarily 
to obtain macroscopic information. The optically enlarged image showing individual 
boron fibers in a metal composite provides an example of the small scale neutron 
radiography capability. A neutron radiograph of a full size motorcycle has been used 
to illustrate the larger scale possibilities. 

Neutron radiography depends on the ability of neutron radiation to penetrate 
certain materials (typically dense metals) more readily than enclosed elements of 
interest (typically those containing hydrogen). The techniques can sometimes provide 
important information that cannot be obtained by conventional X-radiography or 
alternative inspection methods. In most cases the spectrum of predominantly thermal 
neutrons emergent from a moderated neutron source will provide the contrast 
needed. Of course, by selection of different neutron energies, the capabilities can be 
changed significantly. 

SOURCES 

The neutron beam is usually extracted through the source shielding using a 
divergent collimator design. The neutron flux incident on the object is the flux at the 
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collimator input reduced by the square of the collimator ratio of length L to input 
diameter D. 

Neutron sources ranging from very high flux to relatively low flux each have a 
role to play in neutron radiography. At the end of this conference we shall visit the 
high flux reactor JRR-3 which has three operational neutron radiography systems, one 
for nuclear fuel studies, another for non radioactive material studies, and a cold 
neutron capability. The reactors JRR-2 (10 MW), JRR-4 (3.5 MW) and NSRR (pulsed 
reactor) at JAERI have also been applied to neutron radiography. Saclay and Petten 
are other centers that have high flux reactors with facilities designed for fuel, thermal 
and cold neutron radiography. Sandia National Laboratory in the USA has an annular 
core pulsed reactor neutron radiography capability comparable with NSRR (Table 1). 
Low cost reactors such as the 10 KW L88 solution type in the USA, the MIRENE 
reactor in France, and the 1 W reactor at Kinki University in Japan can also be useful 
for certain applications. The one watt reactor provides a neutron flux of 3x103n/cm2-s 
at L/D 22. In Taiwan the so called zero power reactor has been recently upgraded to 
30 KW specifically to meet various industrial neutron radiography demands. 

TABLE 1 
Comparable NR Systems - Approximate Figures 

NRTYPE CENTER REACTOR L:D 
' - i 

n/cm2-s 

Thermal JAERI JRR-3 170 2x10 8 Thermal 

PETTEN HFR 400 2x10 7 

Thermal 

SACLAY OSIRIS 150 6x10 7 

Thermal 

SANDIA ACPR 110 2x10 8 

Cold JAERI JRR-3 GUIDE - 2x10 8 Cold 

PETTEN HFR-FILTER 150 2x10 5 

Cold 

SACLAY ORPHEE-GUIDE - 1x10 9 

Pulsed JAERI NSRR 30,000 MW approx. Pulsed 

SANDIA ACPR 30,000 MW approx. 

Accelerators in use for neutron radiography include cyclotrons, van de graaff 
machines, and sealed tube neutron generators. In Japan, of twenty operating neutron 
radiography systems nine use accelerators. High yield D-T accelerators and special 
radio frequency quadrupole accelerators are being developed for neutron radiography 
applications in Europe and the USA. 

Also isotopic neutron sources, principally Califomium-252, are being applied. 
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The neutron beam flux of the 50 mg Cf-252 source in use for aircraft inspection is 
similar to that detailed above for the 1 Watt reactor. 

IMAGING 

Four major categories of neutron imaging technology have been developed so 
far. The direct exposure technique uses a neutron converter, such as vapor deposited 
gadolinium, held by a vacuum cassette against fine grain single emulsion radiographic 
film. A typical exposure requires 109n/cm2 and provides a resolution comparable in 
quantity to the finest grain industrial or medical X-ray film. Image quality standards 
have been developed so that film neutron radiography can provide approved quality 
control for inspections critical to the safety of systems such as aircraft, space rockets 
or nuclear reactors. 

The second category of neutron detection is the activation transfer method, 
where dysprosium or indium converter sheets enable a highly radioactive object to be 
neutron radiographed without gamma radiation reaching and fogging the film. The 
third category is track etch imaging where a neutron converter, typically boron, is 
exposed to the neutron beam together with a cellulose nitrate sheet. The sheet is later 
chemically etched. This method is also insensitive to gamma ray interference, and is 
of particular value where high precision dimensions are needed for nuclear fuel 
swelling measurements. The fourth neutron imaging category is dynamic imaging 
where a scintillator and video chain are used to provide images on a television 
monitor. Such electronic imaging lends itself to computer processing and color 
enhancement. Both film and electronic imaging techniques have been extended to 
provide neutron computed tomography for special applications. 

HISTORICAL CYCLES 

It was at a neutron scattering conference similar to this, but in London in 1961, that 
the idea of neutron radiography first occurred to this author. Dr. Bacon, author of an 
early book on neutron diffraction, described how crystal monochromators were lined 
up with reactor beams by noting the shadow on a film. Could such neutron beams 
and imaging open for medical applications a whole new field similar to X-radiography? 
After some months of experimenting, alone in Europe at that time, it was discovered 
that Kallman in Berlin and Thewlis in Harwell had previously written on the subject. 
Independently McGonnagle, Watts, and Berger were starting work in Chicago. Since 
that start to over 30 years of continuous effort there has been little overlap between 
the conference schools of neutron scattering and neutron radiography. It is 
appropriate then to return full cycle in reporting back to you. Neutron radiography and 
neutron scattering share many common interests in addition to shared utilization of 
neutron sources. 

The history of neutron radiography development is recorded in its publications. 
In the first 30 years, 1932-1962 there were relatively few publications (just five or so), 
but between 1963 and 1993 the activity expanded significantly as summarized in a 
direct mail neutron radiography newsletter'1', and in a series of topical conferences'2"8'. 
Table 2 shows the distribution of the eighty research institutes and industries in twenty 
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TABLE 2 

Centers Reporting at the Fourth World Conference 
on Neutron Radiography, May 1992 

USA JAPAN W. EUROPE OTHER 

Institute 

"Argonne National 
Laboratory 

"Cornell University 
'Massachusetts Institute 
of Technology 

The Pennsylvania State 
University 

"Sandia National 
Laboratory 

Texas A&M University 
"University of California at 
Santa Barbara 

'University of Chicago 
"University of Michigan 
"University of Virginia 

Industries 

"AccSys Technology, Inc 
"Aerotest Operations, 
Inc 

"Bettis Atomic Power 
Laboratory 

°C.W. Peters, Nuclear 
Diagnostics Systems 

"General Atomics 
"Industrial Quality, tnc 
"Lockheed • ESC 
*LTV Aerospace & 
Defense 

"Mason & Hanger Pantex 
Plant 

"McClellan AFB 
"NASA Johnson Space 
Center 

°NRE, Inc 
°P.J. Cooper, Science & 
Engineering Associates, 
Inc 

"Physitron, Inc 
"Science Applications 
International Corporation 

Institute 

"Fujita-Gakuen Health 
University 

"Japan Atomic Energy 
Research Institute 

"Kanagawa Dental 
College 

"Himeji*DokkyoUniversity 
"Kobe University 
"Kyoto University 
"Musashi Institute of 
Technology 

"Nagoya University 
"Rikkyo University 
"University of Tokyo 

Industries 

"ASK Co, Ltd 
"Japan Fine Ceramics 
Center 

"Japan Steel Works, Ltd 
"Mitsubishi Atomic Power 
Industries, Inc 

"Shin-Etsu Chemical Co., 
Ltd 

"Sumiju Examination & 
Inspection Co., Ltd 

"Sumitomo Heavy 
Industries, Ltd 

T . Sogabe, Toyo Tanso 
Co., Ltd 

"Austria Atominstitute of 
the Austrian Universities, 

"Denmark Riso National 
Laboratory 

France 
°CEA Saclay 
"CEN Grenoble 
"Centre Henri Becquerel 
"Sodern 
"Senium berger Industries 
"University of Rouen 
Germany 
"GKSS 
"Gottingen University 
Medical Center 

"HahrvMeitner Institute 
"IABG 
"Munich University 
"University of Stuttgart 
Italy 
"Bologna University 
"ENIRICERCHE 
"ENEAA-INN 
The Netherlands 
"European Space 
Agency 

"Joint Research Centre of 
the Commission of the 
European Communities 

"Netherlands Energy 
Research Foundation 

"Switzerland Paul 
Scherrer Institute 

United Kingdom 
"Rolls-Royce pic 
"University of 
Birmingham 

"Australia Australian 
Nuclear Science and 
Technology 
Organisation 

"Brazil Instituto de 
Pesquisas Energeticas e 
Nucleares 

Canada 
"Atomic Energy of 
Canada, Ltd 

"McMaster University 
"Royal Military College of 
Canada 

"Chile Chilean Air Force 
"P.R. of China Institute of 
Nuclear Physics and 
Chemistry 
Czechoslovakia 

"National Institute for 
Material Research 
T . Slone Institute for 
Research, Production & 
Application of Radio 

-isotopes 
Hungary 
"Central 
Research Institute for 
Physics 

"Institute of Nuclear 
Physics of the Hungarian 
Academy of Sciences 

"India Bhabha Atomic 
Research Centre, 

Israel 
"Ben Gurion University oi 
the Negev 

"Soreq Nuclear Research 
Centre 

"Russia I.V. Kurchatov 
Institute of Atomic 
Energy, 

"Slovenia J. Stefan 
Institute 

Taiwan Institute of 
Nuclear Energy 
Research 

Turkey Istanbul 
Technical University 
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three countries reporting in the Fourth World Conference on Neutron Radiography 
currently in the publication process. 

ENERGY APPLICATIONS 

The value of neutron radiography research and development is realized when 
it leads to application for important problems. In this review we will start with the 
contribution of neutron radiography to the field of nuclear energy. Neutron 
radiography of highly radioactive nuclear fuel specimens can be performed using 
massive shipping casks with external reactor beams or, more conveniently, 
underwater systems such as at the Saclay Osiris reactor, where fuel specimens can 
be easily moved from the core irradiation position to inspection and back. The 
importance of neutron radiography for studies of nuclear fuel before or after irradiation 
has been such that several nuclear reactors have been built especially for fuel neutron 
radiography. Examples are at Cadarache in France, and at the Argonne Hot Cell 
complex in the USA. 

Some examples on neutron radiography applications to nuclear fuel studies 
include identification of clad failure by water ingress, measurement of external fuel 
pellet dimensional changes, and examination of fuel internal changes using epithermal 
neutrons. Accident behavior studies such as loss of coolant simulations are also 
evaluated using neutron radiography. 

The plans in Japan concerning fast breeder power reactors, highlighted 
recently by a major shipment of plutonium from France, invites mention of the ability 
of neutrons for studies of plutonium fuel. The freshly manufactured mixed oxide fuel 
for the Fast Flux Test Facility at Hanford was inspected one hundred percent by a 
specially installed Triga reactor using a large area vertical collimator. This can provide 
checks against misplaced blanket pellets, unacceptable pellet voids, and 
unacceptable size of plutonium oxide agglomerations. Studies of plutonium fuel 
behavior in accident conditions provide results that can be even more dramatic. 

Technologies applicable to fast breeder reactor development include computed 
tomography of fuel bundles, and use of the fast neutron hodoscope at the Argonne 
Treat reactor to image the fission neutron pattern emerging from a fuel assembly in 
test conditions. Neutron radiography evaluation of raw zirconium required for 
manufacture of fuel rod cladding has been undertaken on a massive scale. By use of 
subthermal neutrons the crystalline zirconium is rendered relatively transparent and 
small impurities such as hafnium can be detected. A special cold neutron source 
system using liquid methane was installed on a Mark F Triga reactor at the General 
Atomics Company for this application. 

TRANSPORT APPLICATIONS 

The safety of each jet aircraft flight depends on thousands of turbine blades 
making millions of revolutions without failure. To eliminate the risk of a turbine blade 
coolant channel being blocked at manufacture, every blade is inspected using neutron 
radiography. Neutron radiography of these expensive but important turbine blades is 
a major international business involving nuclear reactors in Asia, Europe, and North 
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America. In addition to routine inspection for blockage of coolant channels, special 
interests could include hydride embrittlement of the titanium-aluminum alloy in jet 
engine fan blades. Neutron computed tomography has been indicated as a tool in 
crashed aircraft investigations involving failed jet engines. 

Because critical control panels of modem aircraft are constructed of paper thin 
aluminum, and because this aluminum can corrode if moist, maintenance inspections 
for hydrogen aluminum corrosion can be important to ensure air worthiness over 
airframe lifetimes that may exceed 20 years. The aluminum corrosion product contains 
hydrogen that can be revealed by neutron radiography. An Air Force maintenance 
center in the USA has recently constructed two neutron radiography systems, one 
using a maneuverable californium-252 neutron source together with robotics to obtain 
scans of intact aircraft, and the other a higher flux Triga reactor neutron source for 
higher sensitivity inspection of detached pads. Hidden moisture and honeycomb 
corrosion that cannot be detected by X-rays is clearly seen using this neutron 
radiography. One of the first types of aircraft inspected has been the F-15, an aircraft 
that is also of interest to the Mitsubishi aircraft maintenance division in Nagoya, Japan. 
The question of applicability of neutron radiography to commercial aircraft 
maintenance is a subject for future study. 

FOOD AND SHELTER APPLICATIONS 

Research that improves food production may rank in importance along with 
energy and transport in view of the increasing world population. Neutron radiography 
can provide agronomists and soil scientists with a unique method for sequential 
studies of undisturbed seed germination, plant root growth, and moisture uptake in 
controlled conditions such as simulation of frosts and droughts. Valuable work in this 
area has been performed recently at the University of Tokyo in collaboration with 
Rikkyo University, in addition to work in several other countries. 

Neutron radiographic methods are also being developed to improve building 
methods with porous materials such as concrete and brick. Water permeability of 
importance to dams, bridges and other building foundations has been studied this 
way in both Austria and China. Neutron radiography has been developed in Germany 
to study cement and plastic behavior inside concrete. Methods to evaluate concrete 
microcracking have been used in the USA. In Czechoslovakia neutron radiographic 
methods are officially standardized for testing water protective agents in building materials. 

HEALTH AND CONSUMER PRODUCT APPLICATIONS 

Several centers have reported the use of neutron radiographic techniques for 
research in medicine and biology. One application, for example, involved an operation 
on a person to remove sections of jaw bone containing hidden cancer. Another study 
in Japan provided information on the causes of gallstone formation. Neutron 
radiography is also being developed as a tool in dentistry research. Neutrons can, for 
example, penetrate metal crowns to reveal internal dental defects. Also, because 
neutrons penetrate relatively dense tooth material and reveal internal soft tissue, 
neutron radiography can help develop root canal and other endodontics technology. 
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radiography. One of the first types of aircraft inspected has been the F-15， an aircraft 
that is also of interest to the Mitsubishi aircraft maintenance division in Nagoya， Japan. 
The question of applicability of neutron radiography to commercial aircraft 
maintenance is a subject for future study. 
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microcracking have been used in the USA. In Czechoslovakia neutron radiographic 
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HEALTH AND CONSUMER PRODUCT APPLlCATIONS 

Several centers have reported the use of neutron radiographic techniques for 
research in medicine and biology. One application， for example， involved an operation 
on a person to remove sections of jaw bone containing hidden cancer. Another study 
in Japan provided information on the causes of gallstone formation. Neutron 
radiography is also being developed as a tool in dentistry research. Neutrons can， for 
example， penetrate metal crowns to reveal internal dental defects. Also， because 
neutrons penetrate relatively dense tooth material and reveal internal soft tissue， 
neutron radiography can help develop root canal and other endodontics technology. 
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Examples of general consumer product industry applications for neutron 
radiography include studies of solders, brazing and welding. Another example is the 
development of tennis racket technology where neutrons have the ability to see boron 
fiber delaminations in a graphite matrix. One major application for neutron radiography 
is monitoring of cigarette manufacture procedures. 

Neutron radiography techniques have been developed and applied for studies 
of archeological objects and other museum treasures. One technique for paintings is 
to image the ionizing radiation resulting from neutron capture, a method which can 
reveal hidden layers of the artists work and help differentiate forgeries. Forensic 
science and security system support to complement thermal neutron activation are 
other areas that are being considered. 

Dynamic imaging neutron radiography is being developed for numerous 
industrial applications. In England cold neutron dynamic imaging was used to study 
oil flow in operating jet aircraft engines. 

Companies in Hungary that design improved absorption and compression 
refrigerators have used neutrons to study the behavior of lubrication and cooling oil 
as pressure, temperature, flow rate and other parameters are varied. In France design 
work on hydrocarbons (HFC) to replace the stratospheric polluting chloro-fluoro-
carbons (CFC) in compressor type automotive air conditioner has relied on neutron 
radiography to evaluate problems such as non miscible oil-liquid refrigerant. The liquid 
flow, liquid evaporation, and thermal exchanges are seriously altered by any oil 
separation. Also oil accumulation in the evaporator endangers the lubrication of the 
compressor. 

The most extensive work on dynamic imaging neutron radiography is being 
carried out in Japan. Teams at Musashi Institute of Technology and the University of 
Tokyo have worked on systems development, and scientists at Kyoto University have 
studied boiling two-phase flow in narrow channels related to nuclear fusion reactor 
blanket cooling design. Some of this work has used the Nuclear Safety Research 
Reactor 'NSRR) at JAERI in pulsed mode with a video camera operable to 1000 
frames per second. Studies include gas-solid spouted beds such as are used for 
driers of food grains, and liquid solid spouted beds that have application in high heat 
transfer systems. A team at Kobe University has studied multiphase flow and void 
fraction in water-aluminum systems, and visualization of streak lines for thermal 
hydraulic design of lead-bismuth eutectic. 

HIGH TECHNOLOGY APPLICATIONS 

A typical block valve has a body of aluminum with telescoping slip rods of 
steel and a set of nylon gaskets or o-rings. Neutron radiography, unlike X-rays, can 
reliably show if a vital "o" ring is missing. All pilot ejection mechanisms in military 
aircraft are inspected using neutron radiography. One part is the explosive train 
encased in silver where any gap could cause a failure. Other critical pyrotechnical 
items are inspected for missing explosive charge. Rockets used for communications 
or military satellites can require neutron radiography on over 50 different items for 
each launch. The explosive bolts are one example were both neutron radiography and 
X radiography are needed to provide a thorough examination. The complementary 
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nature of N-ray and X-ray is also apparent for the probing of detonators and fuses. 
Automotive air bag mechanisms and commercial aircraft escape devices are examples 
of items that must work on demand, and therefore could justify both N-ray and X-ray 
inspection. For many detonators and relays a comparison of X-ray, thermal N-ray, and 
cold neutron radiograph has proven valuable. 

SUMMARY 

Neutron radiography methods that are being pioneered at the Japanese Atomic 
Energy Research Institute, and that will be visited as part of this conference, include: 
(1) thermal and epithermal neutron, gamma insensitive imaging, for development of 
power reactor nuclear fuels; (2) thermal neutron radiography for direct film imaging 
of non-radioactive objects; (3) cold neutron radiography for evaluation of non
radioactive objects; (4) pulsed reactor applications for neutron radiography requiring 
very high flux; (5) video methods of electronic imaging for dynamic studies with 
neutron radiography; (6) computed tomography methods for neutron radiography of 
either radioactive or non-radioactive objects. 

The techniques can help meet needs in fields as important and diverse as 
energy supply, transport, food and shelter, medicine, consumer products, and various 
high technologies. In each case two distinct roles should be considered: (1) 
nondestructive testing on the finished product and (2) use of neutron radiography to 
help design improved products. 
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