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RESUMEN

En estos últimos años, más d© cincuenta grupos de especialistas
que disponen de reactores de investigación han iniciado programas de
radiografía neutrónica. Se trata de una técnica relativamente nueva,
comparable en ciertos aspectos a la radiografía con rayos X? pero que
ofrece diferencias fundamentales e importantes, una y otra permiten
obtener información de muy distinta naturaleza. Queda mucha labor por
hacer en los laboratorios de investigación, por lo que respecta a sus
posibles aplicaciones tanto en la industria como en la medicina»

Estos estudios pueden efectuarse con reactores pequeños de inves-
tigación, de una potencia del orden de 1 kW, especialmente ventajosos
porque son de pequeñas dimensiones y relativamente baratos. Se están
utilizando también con éxito reactoren grandes de investigación, con
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flujos máximos de 10 n/cm y superiores. Tanto los haces radiales
como los tangenciales y los de las columnas térmicas ofrecen cada uno
su interés particular. Puede operarse igualmente bien con haces hori-
zontales o bien verticales. En algunas instalaciones, se exponen los
objetos en el exterior del blindaje del reactor, mientras que otros se
disponen para este fin en puntos especiales situados dentro de la misma
piscina del reactor. Hasta ahora, casi todos loa trabajos se han efec-
tuado con haces integrados principalmente por neutrones térmicos, sin
filtrar, pero existe interés por utilizar haces de neutrones subtérmícos,
de resonancia y rápidos.

Se examinan las aplicaciones actuales de la radiografía con neu-
trones, las técnicas que hoy se emplean y las posibilidades de investi-
gación previsibles utiliaando reactores de investigación de pequeña y
mediana potencia.

355



Research Reactor Utilization in Developing Countries

- Neutron Radiography Possibilities

J. P. Barton

Oregon State University

Corvaliis, Oregon U.S.A.

ABSTRACT

Within the last few years over fifty research reactor groups have started

programs in neutron radiography. This is a relatively new technique, comparable

in some ways to x-radiography but with fundamental and important differences.

Neutron radiography and x-radiography can provide quite different information.

Much pioneering work awaits to be done in the research laboratory both for

industrial and medical potentialities.

Small research reactors in the range of I Kw may be used for this research.

They are of interest specifically because they are small and relatively cheap.
13 2Larger research reactors/ providing peak fluxes of 10 n/cm sec and above,

are also being used to advantage. Radial tangential and thermal column beams

are each of individual interest. Either horizontal and vertical beam extraction

may be used. Some facilities operate with exposure positions outside the reac-

tor shield, others have exposure positions, submerged within a reactor pool.

Most work to date has been with unfiltered beams of predominantly thermal

neutrons, but there is interest in using sub-thermal, resonance, and fast neu-

tron beams.

Present applications for neutron radiography, present techniques, and fore-

seeable research possibilities utilizing low and medium power research reactors

will be discussed.
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Introduction

Last month the 1971 winter meeting of the American Nuclear Society took
place in Miami Beach, Florida. Outside the hotel one saw the wealth of some
U.S. citizens; inside the hotel were presented as many as 28 papers on recent
progress in the field of neutron radiography. {1-2) The two comments are not
unrelated, and we shall consider this question of overall perspective in the con-
cluding section.

In the region of Latin America there are seven countries that now have
reactors suitable for neutron radiography. What is the case for research in
this new field? Simple neutron radiography facilities can be extremely cheap
to set up; the work can be challenging, and directly useful.

This is the first time that neutron radiography has been treated for these
IAEA meetings in Latin America. We shall therefore start from the beginning
by considering the principles of neutron radiography, then proceed to sugges-
tions of specific research topics. This written survey will not go into detail;
but references will be presented, and there will be time in the allocated sessions
to discuss in more depth those topics of particular interest to you.

Principle of Neutron. Radiography

Neutron radiography is comparable with x-radiography. A beam of pene-
trating radiation is passed through the object and a shadowgraph is formed on
an imaging screen. (See Fig. 1) Whereas x-rays interact with the orbital elec-
trons in matter, the neutrons freely penetrate this electron cloud and neutron
radiography thereby "sees" the actual nucleus of the atoms. Neutron radiography
is able to convey information about the object that is fundamentally different
from that information revealed by x-rays. The two techniques — x-radiography
and neutron radiography — are therefore complementary rather than competitive.

Neutron Radiography Newsletter, Editor, J. P. Barton et al., issued by the
American Society for Nondestructive Testing, 914 Chicago Avenue, Evanston
Illinois, U.S.A. Editions 10, 11, and 12 contain references to over 200
recent reports on progress in neutron radiography.
Transactions of th~ American Nuclear Society, Vol. 14, No. 2, pp 516-539,
October 1971.
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For thermal neutrons, Fig. 2 shows how the attenuation coefficients of the
elements change abruptly from one to another — sometimes by several orders of
magnitude. A high neutron attenuation means high contrast for small thicknesses
of material. Low neutron attenuation means that large thicknesses can
be more easily penetrated. When using neutrons of different energies, the cross
sections and therefore the contrasts between elements, will be different.
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The foreseeable types of application for neutron radiography may be classi-
fied as follows:

Penetration of Dense Materials

Dense materials that are difficult to penetrate using x-rays may be satis-
factorily examined using neutrons because of higher penetration and lower
scattering factors. Lead, bismuth and uranium (nuclear fuel elements) are
examples of metals that may be inspected with neutron radiography.

Contrast of Light Materials Enveloped in Denser Materiales

X-rays are rapidly absorbed by dense materials, and are therefore unable
to ieveal details of light materials enclosed within the dense casing. Neutron
radiography can reverse the relative order of the attenuation coefficients. For
example, neutrons can reveal details of plastic, oil, or water, enveloped inside
steel lead. Details of 0.5 mm of hydrogenous material have been revealed in
the middle of 30 cm of lead by using simple neutron radiography technique.

Contrast Between Elements of ̂ Similar Atomic Weight

Materials of similar atomic weight are difficult to distinguish using x-rays,
but may be well contrasted using neutrons. Important applications have been
found in metallurigical studies and in mechanical engineering. Metal brazings
often contain cadmium, silver and other elements which contrast well under
neutron radiography,

Contrast Between Isotopes of the Same Element

Not only can neutrons distinguish between elements of similar electron
density, but they can provide contrast between different isotopes of the same
element. One example is the study of the transformation of 5 ̂ Cd to l^Cd by
neutron capture after usage of a reactor control plate. Figure 3 shows a neutron
radiograph of a fuel pin supposedly loaded with depleted-uraniurn (238u) pellets

for breeding. It was found on examination to contain one isolated enriched-ur-
anium (235.u) pellet'which had accidentally been mixed with the breeder material.
The enriched pellet stands out clearly as a dark shadow, opaque to thermal
neutrons.

Insensitivity to Gamma, Radiation

Certain objects, such as radioactive sources, reactor fuel elements, or other
irradiated samples, may emit such an intensity of gamma radiation that this would
interfere very seriously with an x-radiograph. In neutron radiography this inter-
ference may be avoided by using a detector sensitive to neutrons and insensitive
to electromagnetic radiation. The activation transfer technique is one such
method. A foil is activated to record the neutron intensity pattern, and this
pattern is later transferred to film in a situation remote from any gamma radia-
tion. Figure 4 is a neutron radiograph of an experimental arrangement for in-
pile irradiation that needed examination at intervals throughout the irradiation.
The object had a gamma, activity of the order of 10$ Ci.
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Fig. 3
(courtesy Argonne National Laboratory, U.S.A.)

Fig. 4
(courtesy C.E.N. Saclay, France)

Convenience and Practicality

In some cases neutron radiography is simply more convenient (and less
expensive) than x-radiography. In a typical open-core swimming pool materials
testing reactor, repeated inspection of objects under irradiation is necessary.
The reactor core itself provides the source of neutrons for neutron radiography,
and the objects may be conveniently extracted from the core at frequent time
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Fig. 5

intervals and radiographed without removing them from the shielding water. (3)
Figure 5 illustrates this principle.

Biomedical Applications

Neutron radiography might eventually have some advantages for biomedical
applications. For example, whereas the dose delivered by a narrow beam of
x-rays is concentrated mainly in the path of the beam, the dose due to thermal
neutrons results mainly from the final capture after many scattering collisions
and is therefore well spread out. However, in vivo thermal neutron radiography
is restricted by the low penetration of hydrogenous tissue. Clinical applica-
tions (as opposed to pathalogical applications) will therefore be difficult.
Studies of soft tissue formations inside bone, and studies of relative 02$ absorp-
tion rates are two areas that have attracted research interest. (4) (5)

J. P. Barton, J. P. Perves, "Underwater Radiography using a Conical
Collimator" , British Journal, Non-Destructive Testing, J3, 79 (1966).
M. Brown, "Medical and Dental Neutron Radiography: A Status Report" ,
Proceedings Amer. Nuc. Soc. Meeting "Neutron Sources and Applications" ,
CONF-710402 (1971).
P. J. Boyne, W. L. Whittemore, "Neutron Radiography of Osseous Tumors",
OralSurg., Oral Med., and Oral Path., 3J_, 152-156, Feb. 1971.
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Commonly Used Techniques

The majority of neutron radiography facilities in operation for industrial
applications use the simple techniques proposed by Kallmann (6) and Thewiis
(7) in ther initial work. These methods,which are described in a book on neu-
tron radiography by Berger (8),are based on:

(1) thermal neutrons from a reactor source

(2) beam extraction through a beam tube, and

(3) neutron imaging using standard photographic emulsions held next to a
neutron converter of gadolinium foil (direct exposure) or indium foil
(activation transfer exposure).

The Figures 6 and 7 demonstrate the techniques of beam collimation and
neutron imaging.
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FAST NEUTRON RADIOGRAPHY

(b)
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6. H. Kallman, "Neutron Radiography" Research, \_, 245 (1948).
7. J. Thewlis, Neutron Radiography" British Journal of Applied Physics, 7_

345 (1956).
8. H. Berger, Neutron Radiography, Elsevier Publishing Co., Amsterdam,

Holland, 1965.
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Later developments that have been widely adopted are as follows:

(1) Dysprosium has been introduced as an alternative to indium converter
for activation transfer neutron radiography. Dysprosium is a more effi-
cient converter and, because it is rigid in thin sheets, can be used
for double film exposures without attachment to support plates.

(2) A concept of divergent beam col lunation has been introduced as an
alternative to the single tubes or Soller slit systems that are designed
to render the beam parallel. The divergent collimator can conveniently
provide a uniform exposure over a large field with the possibility of
controlled collimator ratio. It also produces minimum distortion of the
flux at the effective neutron source region, (3, 9, 10}

(3) Large single sheets of gadolinium, indium, and dysprosium are now
available in forms suitable for neutron radiography. Converter sheets
of gadolinium and dysprosium are also available as thin deposits on
flat, polished surfaces. This may have thin sapphire coatings to pre-
vent oxidation. Screens of metal oxides are also available for neutron
radiography. (1)

(4) Vacuum cassettes are frequently recommended to hold the converter foil
in good contact with the f i lm.

9. W. L. Whittemore, et al. , "A flexible Neutron Radiography Facility using a
TRIGA Reactor Source", Materials Evaluation, May (1971).

10. K. O. Kok, "Evaluation of Neutron Beams Using Geometrical Optics" , Trans-
actions American Nuclear Society, 14, 2 , 526 (1971).
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Typical Characteristics

A convenient exposure time is a few minutes. To obtain a very
high quality neutron radiograph with a relatively low intensity neutron
source simply use long exposure times. The quality will be related
to (1) the collimation ratio (input diameter to length), (2) the characteristics
of the converter foil, (3) the resolution of the film, and (4) the proportion
of interference radiation such as scattered fast neutrons and gamma rays.

The exposure speed will be related to (1) the neutron flux at the
input end of the collimator, (2) the collimator ratio and (3) the i maging
system efficiency. Beam attenuation will be another factor if the object
examined is thick. Typical reactor facility parameters are presented in
Table 1.

Table 1

Typical Parameters for Neutron Radiography Facilities

Neutron Thermal
Flux at Collimator
Input
(n/cm^-sec)

1012

!0U

Collimat or
Ratio
Input Diameter

Length

1:300

1:100

Neutron Flux
at object

(n/cm2-sec)

!06

io6

Neutron to
Gamma
Ratio

(n/cm2-mr)

3xl06

3xl06

Exposure
Method
and
Exposure
Time

Gadolinum
Fine-Grain
Him
(20 min.)

Gadolinium
Fine-Grain
Film
(20 min.)
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Small Reactors Especially for

Neutron Radiography

There are several small, relatively inexpensive reactors that designers
will optimise and supply specially for neutron radiography. Five such
reactors will be mentioned briefly.

1. The Mini TRIGA

This reactor is based on fully enriched zirconium hydride fuel and
the core is therefore more compact than the standard TRIGA reactor.
It is designed to operate at 100 kw for short periods and will provide a
flux of 3,5 x 10*2n/cm2 sec at the collimator input. Estimated cost,
exculstve of pool and building.ls about $175, 000. Inquiries to Gulf
General Atomic, San Diego, USA.

2. The Neutron Radiography Reactor

This reactor is designed by Nuclear Technology Corporation, in
New York, USA. It is based on fully enriched MTR type fuel elements,
operated at 100 kw steady state, and provides a peak thermal flux about
3 x 1012 n/cm2 sec.

3. The L88 Reactor for Neutron Radiography

The reactor is based on uranyl sulfate solution (CJC^SO^) with fully
enriched uranium. A condenser-type gas recombiner is built in as an
integral component and allows steady state operation at 10 kw power.
The reactor, which provides a thermal neutron flux of 5 x 10*1 n/cm2t
is illustrated in Fig. 8. Inquiries to Atomics International, Canoga
Park, California, USA.

Fig. 8
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4. The Slow poke-2 Reactor

The reactor is based on 5 mm diameter fuel pins of fully enriched
uranium - aluminum alloy. The design power is 5 kw with cooling by
natural convection of the water moderator. The flux is about 2.5 x ICr*
n/cm^ Sec. Further inquiries to Atomic Energy of Canada Limited.

5. Small Burst Reactor for Neutron Radiography

This reactor is designed by the CEA in France, and one has re-
cently been installed for neutron radiography at the French Cadarache
nuclear center. The design (see Fig. 9) is based on fully enriched
uranyl nitrate solution, which when madecritical bymovement of the
BeO reflector, gives a burst of neutrons over a period of minutes before
shutting itself down.

Fig. 9
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Some Research Areas pi .Immediate. Interest

a. Special Imaging Techniques

High Resolutton

One research area of interest concerns methods to provide ultra high
resolution neutron radiograph images. Detail resolution of the order of
l|ji is being attempted by means of very thin layers of gadolinium and
very thin sheets of fine grain film. Methods for prediction and measure-
ment of resolution have formed the subject of theoretical neutron radio-
graphy studies by research workers at several centers. (11,12).

Scintillator Systems

Scintillator converters could provide an alternative to metal converters
particulary where visible light display, high efficiency or high gamma
discrimination are of importance. At present the resolution of scintillator
imaging systems is relatively poor, but the use of fiber optics and other
techniques might improve this aspect. (13,14).

Motion Radiography

Image intensifier systems have been developed by several centers
so that a neutron radiograph of a moving object can be displayed on a
television screen or motion film. (15). In general the limitation on the
information in the radiograph is controlled by statistical uncertainties
resulting from the small number of neutron signals that go to make up
each individual picture. Some interesting research could be done on the
quantitative relationships between neutron radiographic information and
neutron statistics.

11. A. A. Harms, M. H. Younis, "Beam Divergence Contribution to Image
Spread in Neutron Radiography, " Trans. Amer. Nuc. Soc. 14 2. ,
p. 526 (1971).

12. W. L. Parker, ét al., "Inherent Resolution Limit for Neutron Micro-
radiography, " Trans. Amer. Nuc. Soc. 14. 2, p 530 (1971).

13. M. R. Hawksworth, "Some Measurements of the Resolving Power of
the Intensifying Beams of Thermal Neutrons," J. Phys. E. (London)
3, p. 851 (1970).

14. K. L. Swinth, "Developments in Low-Flux Neutron Radiography
at Battelle-Northwest," Trans. Amer. Nuc. Soc. 14_ 2, p. 516 (1971).

15. H. Berger, "Recent Progress in Neutron Imaging, " British Journal
Nondestructive Testing, 10, p. 26 (1968).
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Track Etch Detectors

The track etch method of neutron imaging is another research area of
interest. The incident neutron pattern falls on a neutron capturing mat-
erial and the resulting ioni2ing radiations sensitize tracks in an adjacent
sheet of cellulose nitrate. The tracks are then etched to become visible
small holes. The method could provide an important alternative to the
foil activation transfer method, since there can be perfect gamma dis-
crimination without saturation effects for long exposure times. (16,17).

Proportional Counters

Multi-wire proportional chambers might also be of interest to neutron
radiography research workers. A recent study (18) showed that using
natural boron for a converter a resolution of 2 mm could be achieved with
0.5 percent detection efficiency.

B. Selected Neutron Energies

Most industrial applications of neutron radiography use neutron beams
of thermal energy because elements have a variety of cross sections at
this energy and many materials may be usefully contrasted. Also, ther-
mal neutron beams are relatively easy to obtain and efficient converter
materials are available. However, some applications for neutron radio-
graphy require other energy neutrons.

Fast Neutron Radiography

Fast neutron radiography using neutrons directly from an accelerator
or isotopic source has been demonstrated. A simple imaging technique
is based on neutron-proton collisions in a scintillator screen held ad-
jacent to a light-sensitive film. The range of contrasts is limited because
most materials hax'e about the same crops section for fast neutrons, but
the techniques have been useful where very large objects have to be
penetrated. (19)

16. J. Barbier, "Contrast Improvement of Images Obtained in Cellulose
Nitrate Film by Track-Etch Methods, " Trans. Amer. Nuc. Soc. 13..
p. 530 (1970).

17. J. A. Morley, "An Investigation of Track-Etch Techniques for Neu-
tron Radiography, " Thesis, Univ. of Toledo, USA (1971).

18. K. Valentine, et al.} "The Adaption of Multi-Wire Proportional
Chambers with Delay-Line Readouts for Neutron Radiography, "
Report UCRL-20840, Univ. of Calif., Berkeley, USA (1971).

19. H. Berger, "Some Experiments in Fast Neutron Radiography," Mat-
erials Evaluation^?, p . 245 (1969).
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Resonance Neutron Radiography

Epithermal or resonance energy neutron radiography has been per-
formed in several ways. The simplest and earliest approach was to place
a thin sheet of cadmium in the path of a beam from a reactor source and
perform the neutron imaging using an indium converter. The cadmium
absorbs virtually all thermal neutrons, and the indium detects mainly
the neutrons of about 1.4-eV energy, for which it has a high resonance
cross section. (See Figure 10). This technique has proved useful in
penetrating enriched reactor fuel elements.

I

INDIUM

IO
0,01 0.1 1.0

NEUTRON ENERGY (ev)

Fig. 10

A second epithermal technique has been demonstrated using a special
crystal monochromator to provide a monoenergetlc neutron beam by Bragg
reflection. The energy may be selected to coincide with a resonance
energy in either the object or the detector material. A third approach has
been to obtain an effectively mo noenergetic beam from a reactor source
by means of compound filters. This does not have the continuously vari-
able control, but can provide energies different from those obtained with
a crystal monochromator. A fourth alternative has been to use time-of-
flight techniques with a burst of incidence neutrons. These four methods
of neutron radiography each have their own advantages and disadvantages,
and each may lead to a group of applications. (20,21)

20. J. P. Barton, "Neutron Radiography Using a Crystal Momochromator, "
J. Sci. Instr. 42, p. 540 (1965).

21. A. R. Spowart, "The Advantages of Epicadmium Neutron Beams in
Neutron Radiography, " Nondes. Testing!, p. 151 (1968).
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Cold Neutron Ited logra phv

Cold neutron radiography has been performed by providing a beryl-
lium-bismuth filter in a reactor neutron beam (Fig. 11). The method can
be particularly useful for penetrating large thicknesses of steel, and can
provide excellent sensitivity to hydrogenous materials within steel ob-
jects. (22,23)

wu> SEyntOH RADIOGRAPHY
ION OF IB-PILE SECTIOH

Hater Souri
(Rot Cooled)

Tangential Bean
to 5 Mw ttertid Be«etoc

K«actor Face
(Cooled. Liquid nitrogen}

Fig. 11

C. Other Novel Ideas

Pin Hole Neutron Imaging

One interesting technique consists of placing the object to be exam-
ined in a high intensity of relatively uncollimated thermal neutrons near
a reactor core, and then imaging the pattern of scattered neutrons using
the pin hole camera technique. This is rather like looking at an object
with visible light except that the neutrons penetrate well below the sur-
face. The first paper on this approach was presented only last month,
(24), and there appears to be attractive possibilities for further study.

22. J. P. Barton, "Radiographlc Examination Through Steel Using Cold
Neutrons," Brit. J. Appl. Phys. 16., p. 1833 (1965).

23. J. P. Perves, "Neutron Radiography with Thermal and Cold Neutron
Beams," Sixth International Conf. Nondestructive Testing (1970).

24. D. S. Harmer, J. J. Alien, "Imaging with Scattered Neutrons, "
Trans. Amer. Nuc. Soc. 14 2, p. 534 (1971).
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Hydrogen Energy Degradation

Sensitivity to very small amounts of hydrogen within metal is of
wide engineering importance. An interesting modification of jpr-'tron rad-
iography makes use of the hydrogen scattered neutrons as the positive
signal. In normal neutron radiography scattered neutrons are essentially
removed from the beam much as absorbed neutrons. In the modified tech-
nique the Incident beam is filtered to remove all neutrons in .and below
indium resonance energy. Then by using indium Itself as the detector
it is possible to image neutrons that are scattered by hydrogen and there-
fore degraded In energy into the sensitive region. (25)

Anti-Soatter Grids

In normal neutron radiography applications the scattered neutrons
are a severe hindrance. They detract from the quality of information
obtainable, and limit the thickness of object that can be examined.
Antt-scatter grids placed between the object and the imaging screen can
significantly reduce the Interference. The study of improved grid systems
could lend Itself to considerable theoretical and mechanical Ingenuity. (26}

Quantitative Standards

The neutron radiography of reactor fuel is becoming increasingly
widespread. There are Important applications for reactor development
experiments, operational reactor examinations, and fissile materials
safeguards. However, much research work waits to be done to perfect
the neutron radiography techniques. For example, a physical diameter
of a fuel rod may be needed from the neutron radiograph at various stages
in the fuel burn-up. However, the neutron radiograph provides a so-
called neutron diameter rather than the precise physical diameter of the
fuel Inside the can. Research on how the neutron diameter relates to the
physical diameter would be of great interest. Perhaps through suitable
development it may be possible to take three or four neutron radiographs
of a fuel element using different techniques and analyze the results to
provide information on fuel dimension, fuel density and isotopic compos-
ition.

25. H. D. Kosanke, "Hydrogen Sensitive Neutron Radiography, " Trans.
Amer. Nuc. Soc. 14 2, p. 533 (1971).

26. I. A. Rau, W. L. Parker, "Measurement of Anlt-Scatter Grid Effect-
iveness in Thermal-Neutron Radiography," Trans. Amer, Nuc. Sec.
14. 2, p. 533 (1971).
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Dt sou s s ion - Genera i Pers pect i ve s

The guidelines given by the International Atomic Energy Agency state
that invited authors for this meeting "should bear in mind the needs and
conditions of developing countries. " The recent 'explosion' of Interest
in neutron radiography has arisen mainly in the technologically intense
countries of North America and Western Europe. Are there any general
lessons or perspectives that may be of value to individual centers in
developing countries? The decision on whether or not to establish a
capability in neutron radiography will be, of course, for you to make.
The following comments are made in the hope that they will helpfully
stimulate your thoughts. To this end some comments will certainly be
more provocative than the full and complete picture.

How Much Neutron Radiography Activity Has Started?

There are about 140 research reactors in North America and about 130
in Western Europe. Probably nearly one half of these reactor groups have
been active to some extent in neutron radiography within the past two years.
In North America, during 1971, this writer would estimate that about 200
man years have been occupied by neutron radiography. Of this, between
20 and 40 man years have been occupied in direct application work and
the rest has been divided about equally between development projects
for fairly specific applications and long range research work. In Western
Europe, the amount of direct application work is significantly lower.

The largest volume of early applications both in North America and
in Europe has been in three industries: nuclear reactor development,
military weapons development, and aero-space technology.

Three countries in the North American and Western European regions
appear to have devoted a comparatively high proportion of their resources
to neutron radiography» These countries are Britain, France, and the
USA, and there may be some relationship with the proportion of these
countries' resources devoted to the three industries mentioned above.

Neutron radiography is, however, rapidly finding applications in
many other industries. Fig. 12 shows the growth curve for neutron rad-
iography activity of all types in all countries over the period 1960 to 1968.
Since that time it has been difficult to keep track of the growth, but
all signs are that the activity continues to increase rapidly.
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THE GROWTH OF NEUTRON RADIOGRAPHY

62 63 64 65 66 67 631957 58

Fig. 12

How Does This Relate to South America ?

An attempt has been made to relate some pertinent data in Table 2.
It Is, of course, evident that the present neutron radiography programs
are predominantly in the richer countries. However, the richer coun-
tries also have more research reactors than most developing countries.
If half the 140 research reactor groups in the USA have some occasional
involvement with neutron radiography, should about half of the 10 research
reactor groups in South America also find the topic of value? This simple
comparison suggests that about five reactor groups in South America
would be occasionally involved and one or two groups would be consid-
ering a full time program in this field.

However, this is only a very simplified view. Clearly different
countries will have different needs and priorities.
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Table 2

Regions Western
Europe

North
America

Middle
&

South
America

Population
(Very Approx.)

400 M 200 M 150 M

Average Income
per Person
(Very Approx.
Arbitrary Units)*

10

Total Wealth of
Region, Arbitrary
Units

13

Number of Research
Reactors 130 140 10

Reactor Groups Per-
forming Occasional
Neutron Radiography

60 70

Reactor Groups Per-
forming Major (Full
Time) Neutron Radi-
ography Projects

20 20

*The relative income {or wealth) of populations in different countries can
be defined in numerous ways. The values presented in this table may
well be wrong, but may easily be changed if others are preferred. For
example, several references state that the population of North America
enjoys over 70 percent of the total material income for all peoples in the
world. This assumption would make the differentials in line 2 of the
table larger. The selected differentials in line 2 happen to lead to close
correlation between total wealth (line 3) and 'reactor wealth' (line 4}
of the three regions.
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Some Overall Views on Research Reactor Interests

I wish to draw here on the experience of colleagues that have been able
to discuss recently with people from developing countries.

Dr. B. I. Spinrad has had several years recent experience of inter-
national research reactor utilization from the vantage point of the Inter-
national Atomic Energy Agency Headquarters. In a survey presented
a few months ago he explained,

"There are a lot of small research reactors in the world,
and some of them are in rather unlikely places—the bulk

of these reactors have been put into their locations as
a result of a donorship competition between the USA and
the USSR. In almost every case, the donation was made
under the misconception of both the granter and the grant-
ee that the reactor would serve the scientific development
of the recipient country. In a few cases, where the react-
or was sought and bought (Congo and Iran, for example)
this same misconception was promoted.—First point: the
performance of basic research is completely irrelevant
to national development.—Second point: with some very
small exceptions, in biological and solid state science,
a small reactor is a very poor tool for basic research."

The author went on to stress the merits of applied work using reactors.
He also stressed educational programs for technologists inspired by
applied results.

Representatives of reactor centers from developing countries reported
very recently at the 1971 Geneva Conference. W. R. Kimel summed up
after the conference with the concluding statement,

"There seemed to be unanimous agreement that research
reactors are important in developing nations, and such
investments are protected because good radiation facilities
and research reactors will not become obsolete. Research
reactor scientists and engineers at US universities have
only recently realized how important it is that their work
be industry and technology oriented. Developing count-
ries can well afford to accept this lesson now. "

These two quotations lead to this point: Beam utilization for neutron
radiography would be certainly more "applied* than, say, a neutron dif-
fraction experiment. The neutron radiography choice would help attract
and train Individuals more devoted to engineering and technology than
to pure science.
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Summary

To summarize, here are points which you may wish to consider.

(1) A neutron radiography capability can be very cheaply obtained.

(2) The topic can quickly provide visually interesting results with
a certain education valué for engineers.

(3) At the present time, one cannot point to large quantities of
specific direct application work for neutron radiography in devel-
oping countries; however, there does seem to be a case, for having
a facility available for occasional applications.

(4) An interesting research program might be to determine exactly
how the existing techniques of neutron radiography may be of
use for needs within your particular country.

(5) Neutron radiography technique research could be of value by
providing stimulating topics for thesis students. Because most
applications for neutron radiography are in the technologically
intense countries (reactor development, weapons development,
aerospace technology) the results of any successful research
on fundamental techniques would probably not be of primary value
to a developing country.

(6) Neutron radiography technique research topics that might be
preferentially considered are those related to specific applica-
tions such as agriculture, forestry, oceanography, and biomed-
ical progress. Nations contemplating a nuclear power industry
for electricity generation or desalination would do well to consider
neutron radiography for evaluation of reactor components.

To conclude, if you have a research reactor, if you wish to keep
conversant with developing fields, if you have available beam tubes and
are wondering what experiments to conduct, then I would say: "Yes..
consider neutron radiogrpahy. " And when you have considered the pos-
sibilities, I would not be surprised if you decide to become involved to
some extent in this new and exciting field,
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