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Abstract

Some of the basic aspects of neutron radiography are
revieWed with particular émphasis on the physics of this non-

destructive testing method.

The results of an experimental evaluation program are

.presented which show conclusively that'isotopic,antimonyn

beryllium photoneutron sources can. be used for neutron
radiographic applications. This program provided valuable
new information regarding neutron moderation and beam colli-

mationtfequifements;

Based on this experimeéntal evidence, & portable device
has been designed and is de&cribed herein. The device employs
a portable radiographic camera, with an antimony-beryllium
photoneutron source, in conjunction with a ne&tron moderator
and béam'collimator configuration. This development makes
available, for the first time, a means of obtaining economi-

cal inspection neutron radiographa in field application usage.
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I. Introduction

The employment of penetrating radiation to obtain radio-

graphic images has become a widely accepted part of non-

_ destructive testing investigétions° However, the potential

usefulness of neutrons in the field of nondestructive testing

has only begun to be investigated. Neutron radiography is

-8till in the advanced developmental stage but the pace of this

devélbpment is quickening. The possible uses of neutrdn radi-
ography are many and varied. The existencéAof altérnate ap-
proaches, such as fast versus thermal neutron and direct versus
transfer image techniques, leaves open a large afea of comple;
mentary development within the overall field of neutron
radiography. In the opinion of the author neutron radiography
should be viewed from two standpoints:
| a, As an alternative or supplement to X and gamma

radiography for specialized cases where these more

conventional'methodé either fail or are only bossible

with much difficulty. One very important example of

thislis the case of radiography in high radiation fields

which is a real problem in work involving nuclear reactor

power plants°

b. As a new dimension in radiography which is capable

of carrying radiographic investigations into totally new

areas, This latter aspect is due to the peculiar nature

of the neutron as a particle and the behavioral pattern

of neutrons in transmission through various materials,



Although 1t is not new from a theoretical standpoint,
e.g;D References (1) and (2), neutron radiography is quite new
as regards technological development. Recent wdrk in the field
has demonstrated the tremendous potential use of neéutrons for
_ radiographic work (References (3) through (8)). However, no
‘econoﬁical device has been deveioped which offers.the'portau
bility required for field applications, Until such time as
devices of this nature become commercially available, a true.
understanding of the import of neutron radiography will not
be'forthcomingo

A brief review of the physics of thermal and fast heutron :4
fadiography 1s presented. The effects of neutron jimage for-
mation, neutron moderation, and beam collimation from an
' antimony-beryllium (Sb-~Be) source were evaluated experi-
mentally and the results obtained are described in come
detéilo A portabié radiographic deﬁice has béen désigned
. which reflects the experience gained in'this.gxperiment&1 
program, This device is described herein. A‘number'of
areas of appiicability are dis;uﬁsed with particular empha-
sis on those things which are best suited to the employment
of siow energy neulrons,

II. Some Aspects of the Phvsics_of Neutron Radioeraphy
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There are two distinct %ypes of neutron radiography as

classed according to the neutron veliocity: (or energy)
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involved, i.e., thermal and fast neutron radiography. This
is quite different from the case of gamma radiography, where
increasing energy simply means increasing penetrability with

an incumbént loss of image sharpness in most cases®. The
p .
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4The degraded image is -due to the increase in the scattered
component in the emergent radiation beam. This is a result

of compton scéttering collisions within the object under

investigation.,

cross sectional dependence of various materials on neutron
energy makes energy differences of paramount importance in

applications involving heutronsob For this reason, the first
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A cross section is the probability of an interaction of a
specific type between an incoming particle (e.g., neutron 6r_

gamma ray) and the atoms (or nuclei) of a target material.
Any number of interactions could take place; however, we are
interested principally in absorption and scattering inter-
actions in radiographic applications. Some absorptioné lead
‘to aétivation of the materials in question., This aspect is

important in neutron radiography. |
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type, thermal neutron radiography, relies on the employment
. of very slow neutrons in the energy range from zero to several

electron volts (ev).



The second major type, fast neutron radiography, relies
on neutrons of a very high velocity, associated with energies
in the 14 mev range., These high energy neutrons are pro-

. duced- by machines freauently caliéd neutron géneratoré or
neutron accelerators, The differences between thermal and
fast neutron radiography are someﬁhat analogous to the differ-
ences between thermal and fast nuclear reactors., 'Ihe physics
aspects of the two are dissimilar in several important aspects,

some of which are discussed briefly below:

A, Thermal Neutron Radiography

| A, radiographic image éan be obtained by eprsing
an X-ray film coupled with a neutron sensitive screen
of converter in what is known as the direct exposure
technique. An alternative appfoach is»to expose a
neutron sensitive foil to obtain an image on the foil
formed by neutron activation; this image is then trans=4
ferred to standard X-ray film in a radiographic
cassettes type device., This latter apbfoach, known
as the transfer technique, offers one very great ad-
vantage in that it is independent of the amount: of
gamma radiation preseﬁta_ Therefore, it is quite useful
for radiographic work in gamma radiation areas or'for
work on radioacpive component.s,
| .'Although thefmal or low energy neutrons do not

penetrate matter as readily as fast neutrons, they have the
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advantage that detrector materials are available which

have very high cross sections® for thermal neutron

activation,

increases rapidly with decreasing energy.

shows how the neutron cross

dysprosium, and cadmium compare,

As a general rule, the cross=section

Figure (1)
sections of indium,

The peak areas on

the indium and dysprosium curves are known as reso-

nance regions. These occur

aspects of the relationship

coming neutrons. It can be
sorption rates are high for
RO

peaks occur. If the energy

due to the nucleaf phfsicém
of tvarget nuclei to in-
seen that neutron ab-

the energies.where these

spectrum of the neutrons,

emerging from the test piece, is not in the thermal

range, then the existence of these

for image detection of activations

higher energy neutrons,

Indium is

peaks is important
causged by these

a better image

detector than dysprosium for such a spectrum of high

energy neutrons bty nature of its high resonance

regions,

Several different sources are available and can

be used for thermal neutron radiography.
phy

The image

formation and transfeir techniques are virtually the

same in any case.

The choice of a source of neutrons,

.on the other hand, varies widely and is one of the.
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most important aspects of neutron radiography. Three

ma jor sources of thermal neutrons are presently available

for such applications. They are nuclear reactors, moder-

ated neutron generators, and radioisotopes in combination |

with beryllium.

1. Nuclear Reactor Sources

Beam holes and thermal columns, which.alldw
neutrons to leak out from operating reactors,
offer very high yields of thermal neutrons. One
"such beam hole, at the CP-5 reactor at Argonne
National Laboratory, was used in conjunction with
a neutron spectrometer in order to‘obtain a nearly
paréllei béam of neutrons with insignificant gamma
ray inclusion. . Reference (3) describes that deviée.
References (5) and (8) describe the employment of
thermal columns with almost no physical modification,
such as the crystal diffraction apparatus of Refer-
ence (3), A great deal of sucéess has been achieved
with reactor sources but they are seriously limited
by lack of portability. However, they will be useful
even when portable devices become available because
of the high neutron flux level obtainable (i.e.,

6

10~ to 108 n/cm2 sec. at the image detector location),.
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2. Moderated Neutron Generator Sources

A number of neutron generators are com-
mercially available (References (9) and (10)).
These generators produce high energy neutrons
by bombardment of target nuclei (such as Ti-H3)
Wwith ions accelerated in magnetic fields (usually.
deuterium ions, i.e., d, t reaction),

In ordér to be used for thermal neutron radi-
ography, these neutrons must be moderated, or |
slowed down,'by means of successive scattering
collisions., Some good moderating materials are
graphite, paraffin, polyethylene, and water,
Thermal neutron fluxes in the order of

8

2 x 10 n/cm2 sec. are obtainable from less
portable versions of these devices (Reference
(10)). However, they are only portable insofar
as they can be moved from place to place wipﬁ
considerable difficulty and must be shielded by
several feet of neutron shielding material.
These devices employ a console unit located
somewhat removed from the shooting area. The
cost of such devices ranges from $20,000 to

$1,000,000 (Reference (9)). Although, admittedly

more economical than buying a nuclear reactor,
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these sources are not nearly economically
competitive with isotopic éources of»neutrons,
such as the device described herein, or of
isotopic gamma ray‘sources iﬁcluding remotely
operated camera devices;' They have serioﬁs
limitatidns for field usage, but offer higher
fluxes than are obtainable from iéotopic
sources and are therefore useful provided
heavily shielded shoot rooms are available.

3. Isotopic Sources

Several isotopes yield alpha or gamma radi-
ations which are capable of producing neutrons
when surrounded byicertain materials such as
beryllium, .Several such.sburcés in combination
_are mentioned in Reference (11). They are
americium-béryllium, californium-befyllium,'
polonium-beryllium, plutonium-beryllium, radium=
beryllium, and antimony-beryllium.. The first two
.cannop'bé cohsidered for neutron.radiography
at the present time because they are not com-
merciélly available, They are a theoretical
possibility for the time when such materials
are economicélly available in quantity. They

could serve as sources for a second generation



-10-

of isotopic neutron radiography devices. The
next two (polonium-beryllium and plutonium-
beryllium) are not promising because they are
not available in amounts greater than 100 curies
(unless a number of sources are grouped and the
coét becomes prohibitive)., They emit a spectrum
of neutrons which averages in the neighborhood
of 4 mev., These fast neutrons must then be moder-
ated, or slowed down to the thermal range, with
subsequent loss in flux during the moderating
" process. - These restrictions make them unattractive
for thermal neutron radiography. Radium-beryllium
sources are too costly for the fluxes required in
neutron radiographic applications. |
Finally, the last of the sources mentioned
above, antimony-beryllium, (Sb-Be) is, in fact,
capable of providing a sufficiently high yield
of thermal neutrons to make it usefﬁl‘in thermal
neutron radiography. This fact has been recently
experimentally established and is reported in this
article, Little loss in flux is éxperienced due
to moderation because only a small amount of
moderator is required. This is due to the low
energy spectrum of neutrons emitted from this

source. The average energy is in the area of
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20,000 electron volts (20 kev) from this
source. See References (12) through (15).
Source strengths in the order of 1,000 curies
have been reported (Reference (12)) for Sb-Be
source combinations. Reference (15) describes
-theiessential aspects of Sb-Be as well as other

photoneutron sources,®

— e ar e e am e e e e ew e wm e m e am am wm am e e s w» ma

CThe yields of neutron sources are expressed in

terms of neutrons emitted per unit time (n/sec).
:This yield, in turn, is based on the source
strength of the radioisotope initiating the
neutron release reactions. In the case of

Sb-Be photoneutron sources, the radioisotope

is Sb-124. The source strength can be quoted

in terms df disintegrations per second (dps) or
curies where.one curie is that quantity of radio-

active material which results in 3.7 x 1010

B. Fast Neutron Radiography

The neutron generators described in the preceding
section can be used without a moderator thus emitting
a beam of 14 Mev neutrons. This beam cén be used in

conjunction with either the direct exposure or foil
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transfer technicues. However, the choice of detector
materials must be predicated\on.their cross sections
for higﬁ energy neutrons,

Due to'the Highly penetrating nature of 14 MeQ
neutrons, ﬁhe shielding and radiation hazards problems
are more complicated for applications involving neutron
generators. Another very difficult problem associated
with the use bf such devices,'for fast neutron radi-
ography, is the fact that the ion target life is very
short (i.e., measured in hours of continuous usage).
The-target life of the generator described in Refer-
ence (10) is twenty-six hours of continuous operating
time, |

The shielding aspects of neutron generator. source
usage make fast neutron radiography moré expensive
than the thermal neutron radiographié application of
the same device, when used with a moderator, as dis-
cussed above, since the moderator also plays an im-
portant shielding role.

The great penetrating power of high energy
neutrons make fast neuﬁron radiography particularly
attractive for specialized applications, éspecially
where large thicknessesAof high density materials are

involved, e.g., steel in excess of five inches thick.
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However, the safety precautions and neutron shielding
aspects of the employment of fast neutron radiography -
will most certainly limit field usage.

C. Radiation Attenuation Characteristics

Neutrons are attenuated, in traveling through a
material, by either absorption or scattering processes
in which the neutrons interact with the nuclei of the
materials atoms. Gamma rays and X-rays, however, are
attenuated‘by interactions with the electrons which
surround the nuclei of these atoms, The amount of
orbital electrons present in a material (the electron
density) is determined by the atomic number (or ma-

terial density)d. As a result, the probability for

- e wm me wm em e e e ms ek am em em e ey e e en e e am @ e = m

The density of a material is the combination of the
number of electrons (electron dénsity) and the number
of protons and neutrons (in the nucleus) for a unit-
volume. The atomic number (i.e., the number of protons
in the nucleus) is the principal influencing facﬁor in

determining a materials density.

interaction (i.e., the cross section) increases with
increasing material density for the case of X-rays

and gamma rays. Neutron attenuation is influenced
only by the properties of the nuclei of the materials
atoms. The physics of the atomic nucleus is such that

material density is only one of many factors affecting
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neutron attenuation. The attenuation of thermal
neutrons is quite different and, in fact, is almost
the reverse of the attenuation found with increasing
density fof gamma and X-rays. That is to say, most
light materials are good attenuators of neutrons,
whereas neutrons can penetrate highly dense materials
much more readily than X or gamma rays. This nearly
‘reversed effect is obvious in a number of radiographie¢
applications where areas of the film which are dark
for X-rays are 1light for neutrons, etc.

II1I. Experimentation with Antimony-Bervyllium Sources

A high yield photoneutron source was described by Hennelly
. in Reference‘(IZ). This type of source represents a high enough
neutron'yield to make isotopic neutron radiography a real practi-
cality. Based on this realization, our laboratory recently ex-
perimented with tﬁis antimony-beryllium source in order to obtain
the first reported radiographs employing an isotopic neutron source
and the.first reported knownruse of antimony-beryllium in the field
of neutron radiography.

Several test objects were radiographed with a combination
moderator and collimator device constructed of polyethylene and
cadmium. Figure (2) shows a typical test arrangement employed in
obtaining these radiographs. In this figure, a twelve incﬁ;di-
ameter pipg section is shown suspended over a collimatdr-moderator
arrangement which was designed to fit around a stationary source
tube., The source tube contains a beryllium cylindrical shell that

serves as a receptacle for a cylindrical antimony source which is
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inserted and retracted to a shield cask by a remotely operated
drive mechanism. The Antimony 124 cylinder is only a gamma
ray emitter and no neutrons are available until this source
enters the beryllium receptacle,

‘The combination moderator-collimator device was constructed
from nine inch diameter polyethylene disks, one inch thick. The
polyethylene surrounding and backing up‘the source tube served

®  The flat disks in between

as a moderator and back-scatterer,

~ ©A source of this nature is effectively an isotropic (or 4 77

solid angle) emitter. Some of the neutrons directed away from
the test piece can be saved fram being lost to the system by
'providing a layer of polyethylene to scatter them back into

the beam.

the source and test object were necessary for moderation of the
low energy spectrum of Sb-Be neutrons to the even lower thermal
energy range. Finaliy, the top disks with the center hole formed
a beam collimator. The entire arrangement was surrounded by |

20 mi1f cadmium except in way of the beam hole. This thickness

_ m e A o Em e @ ER e % e e ®e we e Am e e e e em em m @ e am ey mm e o e
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of cadmium serves to effectively absorb the thermal neutrons which
would otherwise leak out thereby distorting the image cuality of

the radiographs. The beam hole was also lined with cadmium.
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Four major aspects ol these experiments - image
formation, neutron moderation, beam collimation, and radio-

graphic results are discussed in turn below.

A, Image Formation

NS Since antiﬁonyoberyilium sources emit a %péat
ameunt of gamma radiation which is not used iﬁ the
phoﬁpneutron reédti@n39 the gamma ray dose rate near

a high yield Sb-Be source is therefore very high.,

A 1,000 curie source, as was usedlin these experiments,
results in an gnshielded'gémma ray dose rate of roughly

1,500 r/hr at one meter. The average gamma ray energy -
15-1,69 mev as'compared to the Cobalt 60 average of
1025'mevo |

'As‘a:fesult of these gamma ray emissions, the

transfer foil technique must be used with an Sb-Be

" source, in m®st'cases» since this'techniquénis inde-
pendent of the amouﬁt of gamma fadiation present,
However, if a lead shield were designed to surround
such a source arrangement, with gamma rays being "
allowed to escape only in the neutron beam hole, then
the direct exposure technique could veéry well be used.
The effect would be ﬁo have_é combined neutron and
gamma ray rédiograph“ The exposure time for such
radiographs would be extremecly short (i.e., a few

secends).,
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During the experimenial program recently complieted, -
only the transfer merthod of image Tormation was employed.
In this method, indium or dysprosium foils were exposed
to the neutron beam after it had traveled through the
“test objects. An image of the transmission effecﬁs bf
‘the test objects was obtained by neuirpn activation re-
actions in the foils. In the case of indium, this in-
duced activity decays a factor of two every fiftymfour
minutes (i.e., a fifty-four minute half I_lif‘e)° -Dys-~
prosium, on the other hand, has a two and one-half aour
‘half life.

| During this series of tests, 10 mil thick indium
and dysprosium foils were used exclusively for image
formations. This choice was based on the work reported
by Berger in References (3) and {6)., A number of othar
activation foils may be employed with Sb-Be sources;
however, time did not allow for evaluation or these at
this time. Fcils of this thickness are sufTiciently thin
to allow transfer of the induced Imgge to two X-ray films
simultaneously, with one Jlocated on either side of the
foil in a film cassette, Thg photographic images thus
obtained are not distinguishable as regarué the side of
the foil from which the film was transferred., The foils
used in these experiments were ive i{nches wide and

seven inches long,
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B. Neutron Moderation

The photcneutrons emitted from Sb-Be sources have
energieé which range up to siightly greater than 25 kev.,
It is necessary to moderate or slow these neutrons down
to the range where they can more readily be aBsorbed by
the detecting foils, The cross sections for activation
are generally highest for thermal energies but resonances
exist in the cross section curves of both indium and
dysprosium as shown in Figure {1}, One means of fiﬁdiné
the optimum amount of moderating maverials required for
neutron radiography work is to expose the foils with
varying thicknesses of moderator and measure the gamma
ray dose rate due to activation., This was done for
indium foils in this ekpefimentn The dose rates were
measured roughly two minutes aftgr each exposure with
a "cutie pie" ionization chamber detector, |

The center of deteccion was located three inches
from the foil surface for each contact reading, The
results of this investigation are shown graphically in 4
Figure (3). It can be seen from the figure that slightly
greater than rthree-quarters of an inch of polyethylene
was optimum in that this thickness of moderator results
in the highest amount of induccd activity, Time did not
permit s similar evaluaticn for dysprosium, but the data

of Figure (4) would indicate that a slight increase in
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polyethylene thickness would be advantageous for
dysprosium due to the higher cross section at thermal
energies and the relative relationship between the
thermal and resonance cross séctions of indium and
dysprosium. No experimental evaluation has been made
to date of the effects of other moderators, such as
graphite. No discernible film density changes could
be obtained for an unmoderated source with .either
dysprosium or indium foils. This showed conclusively
that some moderation is necessary in order to make
Sb-Be sources adaﬁtable to neutron radiographic

applicatidns.

C. Beam Collimation

| Since a neutron moderator is required for the use
of Sb-Be sources, the geometry of the neutron sources
then effectively becomes that of the moderator due to
the fact that slow neutrons are emitted throughout the

moderator, .Such a geometric distribution is quite un-
desirable for neutron radiographic work. As a result,
'some type of collimator or aperture &evice must be em-
ployed. Three techniques were attémpted during these
tests (see Figure (4)). The first involved a two inch
diameter hole in a cadmium wrapped polyethylene moderator.
The second involved a similar arrangement but with a

second cadmium disk, with a two inch hole, spaced two

inches away with the two holes lined up to form an
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"effective" collimator, ,

A third type of collimator, a "bean' hole" type was .
confirmed to be the bést means of obtaining the highest
possible amount of parallel component iﬁ the neutron

' beam. In this case a tube waé construéteq of 20 ﬁil -
cadmium, with a diameter of two inches and a length of
threeAinches. This tube was surrounded by polyethylene
and the entire configuration was wrapped with cadmium. -

A major factor in the decision to test a beam hole

deviée, surrounded by polyethylene, was the result ob-

tained in a neutron flux measurement for the second
device shown in Figure (4). In this measurement two
small gold foils were positioned at the test‘objeéy
location, one on either side of the second cadmiu@

dis§ cutout hole. One of these foils was put;in a

cadmium jacket; or cover, while the other was ieft baré.

The.actiVity induced in these foilsvwas counted and a

determination was'made‘df the equivalent thermal neutron
flug. . The flux at these locations was roughly

L x 106 n/cm2 sec for heutfons below the cadmium

cutoff point, i.e., thermal neutrons. |

However, a cadmium ratiof® of only slightly more

- es e e ws ep e @y ms wm ms e M e e e W em A e s 2w = = e W™ = o =

g .
The cadmium ratio is simply the ratio of the induced

activity of the bare foil to that of the cadmium covered

one. A cadmium ratio of ten means that for every neutron
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activation reaction in the cadmium covered foil, there
were nine taking place in the bare foil. (See Figure (1)

for further information concerning energy ranges. )

- - - e e e s e - - - - - - - - B - - - = .

than one was obtained. This meant that an almost
equivalent flux of epithermal (or above thermal)

neutrons was pre\sento In cher words, the cadmium
wrappihg was not dbing its job.effectivgly, not because

it failed to absorb thermal neutrons wﬁich would otherwisse
“leak out, but bécause not enough polyethylene was pro~
'vided_to moderate these neutrons so that they could be
absorbed by the cadmium. (Reference (16) provides
further information on this measuremént technique.)

The third type of device, the beam hole type de-
scribed in Figure (4), was designed to correct phis
very deficiency before the exberiment was undertaken,
The experimental confirmation was noteworthy,

By employing a beam collimating device, a parallel
component results in the field of neutrons impingiﬁg'
on'Phe test object. This is an important factor in
. improving contrast éensitivify° Flux losses are en-

countered in this collimation but the remaining flux
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proved to be sufficienctly high for most applications,
The loss of flux encountered in radiographing thick
objects caﬁ be compensated for by the use of faster
-f£ilm for the transfer of the induced image. However,
this feature has its natural limitations. These limits
_were not evaluated during this set of experiments. -

D. Photographic Neutron Image Devection Results

Figure (5) is a radiograph of a 20 mil thick. cadmium
:disk with holes drilled from the center out 3/16" apart,
The hole diameters were 16, 20, 24, 32, LO, 42, L7, 59,
and 70 mils. A 10 mii indium foil was exposéd for
twenty-five minutes adjacent to the test piece, with

a 2" diameter pin hole dewice. The test piece was

one inch above the aperture. The induzed image was
transferred for forty-five minutes to Kodak AA film,

A radiograph of a 1" diamecver 0.229" thick pipe
section is reproduced in Figure (6). This object was
1dcated‘1/a"\ffom a 1" diameter pin hole aperture. A
lOimil 1nd1um foil was mounted on two polyethylene rings
S0 as to rest on the vop of the pipe section., It was ex-
posed for fifty-four minutes and the induced image was
allowed to transfer to type AA film for {ifty-four minutes,
- The center weld is clgarly'visible in this shot., The
cylindrical objects in this radiograph are the polyethylene
rings which were used for support. The ildentiflication
label "IN-21" shows how a 30 mil masking tape thickness

is observable in this technique,
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Figure (5) Radiographic reproduction of 20 mil cadmium
test piece obtained by the indium transfer method with
a 2" diameter pin hole camera device.
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Figure (6) Radiographic reproduction of a 1" diameter
pipe section obtained by the indium transfer method
with a 1" diameter pin hole camera device.
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The employment of an isotopic source of neutrons means that
a continuous emission sourgé isAmade available for neutron
radiographic work. This is not the case for reactor beam
holes which are subject to power changes and shutdown times-
due to reactor operations. Nor is it possible to obtain
continuous emission from a neutron generator source.

A source intensity of 100 curies of antimony would suffice
tfor radiographic inspection of many objects. However a 500 curie
source would be required for big jobs such as the radiégraphy of
the ﬁwelve'inchAdiameter pipe section described in the preceding
section, A source of this nature could be used routinely within
‘the compartment shielding of a nuclear reactor installation,
Shoot room appiications could be accomplished in a concrete
shielded room which would not be of unusual design, as compared
to the shielding recuirements for high yield gamma radidgraphy.
Sb-Be shielding requirements are essentially a gamma_shielding
problem since the neutron energy spectrum is low. The half
life of Antimony 124 is sixty days. This comparés to a value<‘
of seventy-eight déys for Iridium 192, which has been found to
be an acceptable decay rate for routine gamma radiography appli-
cations,

IV, Description of Portable Device for Field Use

A remotely operated portable device which is capable
of obtaining neutron radiographs in field usage has recently

been designed and is presently under development. Figure (7)
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shows the basic features of this device. The device employs
a standard radiographic camera method of remotely cranking out
an antimony gamma ray source from a shielded container. The
differences lie in the fact that the end of the standard
teleflex cable is fitted with a beryllium receptacle. Thié
beryllium absorbs the emitted gamma rays and consequently
gives off a high yield of photoneutrons. The beryllium thickness
is determined such that optimum photoneutron production is realized.
Thé beryllium receptacle is surrounded by varying thicknesses of |
polyethylene with a cadmium lined hole. The entire arrangement
is surrounded by a cadmium wrapping 30 mils thick, except in
way of the beam hole, whiéh-ranges from one to three inches in
diameter, depending on the application.

The collimated beam hole is pointed toward the object
to be radiographed. A neutron sensitive image detector(is
located on the opposite side of the object under investigation,
much in the same manner that an X-ray film is located in X or
gamma radiography. This image detector is either indiuﬁ or
‘dysprosium depending upon the application, Some use of éuropium
and/or fissionable material foils (e.g., UOQ) is expected at a
later date. In most cases the neutron sensitive foil will be
approximately 10 mils thick and will be followed by a cadmium
foil 20 mils thick to prevent any effects of backscattered

neutrons.
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The image picked up by the detector foils is then
transferred to standard X-ray fiilm in an area removed from

the source exposure location so that additional exposures may

be continued while the results of the previous exposure are

being transferred to film. Kodak type AA, KK, and M films
each has been found to be suitable for various film transfers,

However, any number of X-ray type films may be used with this

~device..

The radiographic remote crankout tool (camera) feature
is not new., What is new in this regard is that no such camera
has been made to employ an antimony source in connection with
a beryllium receptacle to form a portable radiographic nueﬁron

source, Gamma radiography is the only known use to which

‘these comparable devices have been put to date.

A major feature of this approach is that as ldng as the

antimony is separated from the beryllium no source of neutrons -

exists. This was also the case of the source of Reference (12),
Fér this reason, a relatively small (i.e., approximately
twenty inch diameter) lead shield can be used for the camera
device. An entirely different shield would be required'if
the source were to be permanently attached to the beryllium.
This would be needed due to the creation of gamma sources due
to neutron captures. Local shielding can be used, around the
object to be radiographed, if it is not located in a shielded

shoot room or within the compartment shield of a nuclear
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reactor. Distance has the same effect inlreducing shielding
requirements as it has for gamma radiography. |
A device similar to the one described above would cost
only a fraction of the cost of a portable neutron generator
designed to supply the ecuivalent thermal neutron flux at the
image detector location. There is no economic comparison

“between this device and a nuclear reactor source of neutrons,

V. Applications of Neutron Radiography

As was stated initially in this discussion, neutron
radiography could be viewed from two aspects:

a. Those applications where it can supplant gamma and

X radiography when they fail to give the desired results,

b. Those applications which result directly from the

unique nature and behavior of neﬁtrons as regards

transmission through, and identification of), vafious

materials,

. The following lists of applications of neutron radiography

are categorizedbéccording to these two aspects, These listings
include some applications already suggested by Watts in Refer-

ence (4) and Berger in References (3) and (6).
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Table I

Applications of Neutron Radiography As a Supplement -
To or Replacement for X and Gamma Radiography

Radiography in high radiation fields or of components which
are themselves radioactive or contain radioactive materials
such as crud deposits; (Berger has recently demonstrated
that highly radioactive spent reactor fuel elements can
routinely be neutron radiographed with the beam hole at
Argonne National Laboratory's Juggernaut Reactor (Refer-
ence (18)).

Nondestructive testing of metal castings and forgings.
Inspection radiography of weldments.

Inspection‘of.very large thicknesses of heavy metals where
excessive scatter and transmission losses make X and gamma
radiography very difficult, or impossible.

Examination of spot welds in steel enclosures of thick uranium

"and tungsten configurations which present very difficult

problems for X and gamma ray radiography.

Inspection of new {(or unirradiated) reactor fuel elements
and reactor control rods. The affinity of fuel and poison
materials for neutrons makes neutron radiography an ideal
replacement for X and gamma radiography in these areas.
Provided an appreciable parallel component exists in the
neutron beam, neutron radiogréphy can improve the image
sharpness and contrast obtainable for certain materials

with X and gammaAray devices, e.g., for crystalline

structure evaluations in metallagraphic applications.



~34-
Table II

Applications of Neutron Radiography Based on the Unique Nature
: of the_Neutron and Neutron Attenuation Characteristics

Studies of inclusions in metals where there are cross

sectional differences due to the materials in question.

Evaluation of hydrogen content in various materials.
Nondesﬁructive testing of assembled components to ascertain
the location and condition of rubber "O" rings and gaskets.
The cross sections of both hydrogen and carbon in'hydro-
cérbons such as rubber make these materials easily identi-
fiable with neutron transmission techniques.

Inspection of hollow portions of metal objects such as turbine
blades. The hollow portions are filled with a hydrogenous
material prior to the inspection. This material then acts as
an almost opaaue object to the neutron beam.

Examination of a combination of material which are close in
density (therefore, barely discernible with gamma or X-rays),
but have different neutron cross sections making them readily
definable with néutrons. One such example of this is a combi-
hation of tantalum and tungsten.

Inspection of plastic and rubber materials such as electrical
insulation for flaws and defects.

Biological and medical studies of such specimens as plant or
animal tissues can be accomplished with greater contrast than
with X-rays in those cases where highly absorbing materials

are present (e.g., boron or barium).
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| The above listings are nét intended to be exhaustive
but are fepresentative of the variety of applicable areas of
investigation that can benefit from further development and
application of neutron radicgraphy. In general, tﬁe_tabuu
lations apply mere to thermal'neutron radiography. Fast
neutron radiography would be very useful in such areas as the
nondestructive testing of such things as large thicknesses of
cast solid rocket. fuel for the existencze of cracks or
fissures.

The nwnber and varlety of applicatiohs will obviously

‘be increased as the operation of a quantity of devices in

field use are realized. ‘
VI. Conclusions

One of the major onstacies in the development of
practical and' economical newiron radicgraphy has been thes
lack of a#ailable low-cost neutron sourceyg, With‘the experi.
mental verificaticn of the applicability of Sb-Be sources
and the subsgeguent description of a portable device, as rém
ported. in chis‘paper, it is concluded that neutron radiography
chould now advance. even mere rapidly chan has been the case
to date,

The work reporited here on the moderation and beam
collimation of Sb-Be neunron source emissions shouid prove

valuable to other investigavors. Roughly 7/8 inch of
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polyethylene moderator wés found to be optimum for indium
transfers., The high rate of leakage of epicadﬁium energy
neutrons, in the disk collimator approach, was clear evidence
that a beam hole collimator must be surrounded by sufficient
mbderator to allow the configuration's cadmium wrapping to.
be most effective. This demonstrated the advantages of the
cadmium lined beam hole type of collimator.

The'reproducﬁions of photographic neutfon image de-
tections represent the first such reporting of the use of
an iSotopic neutron source for neutron radiography. Additiohal
‘experimentation is desirable, ih the areas discussed in this
“éaper, in order to refine some of the features of thé portable
radiographic dévice. Refinements in such things as beam
collimation will improve photographic image sensitivity.
Further experimentation will also demonstrate that exposure
times can be substantially reduced with the expanded use of
- fast X-ray and beta sensitive film. We plan to conduct experi-
ments of this nature in the near future in conjunction with
Monte Carlo computer code analyses of the neutron moderator -

and collimator configurations.
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