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NEUTRON RADTOGRAPHY - A NEW DIMENSION IN RADIOGRAPEY
by

Harold Berger

ABSTRACT

In keeping with the metals technology theme of the Pacific
Northwest Metals Conference, this discuésion will stress the poten-
tial advantages of neutron radiographic inspecﬁion methods for
metals. Primarily these advanteges are associated with the rele-
tive differences in the absorption of materials for neutrons as
compared to gamma or X-radiation. These absorption differences
can be used in many cases to obtain improved discrimination between
several méterials which méy be present in an object ﬁnder inspection.
In addition, because of the higher transmission of thermal neutrons
through most heavy metals, there are advantages to be gained in
employlng neutron techniques for the inspéction of such materials.
A comparison of neutron and other radiographic inspection methods
for the inspection of uranium, in particular, is given. It is
shown, using available neutron sources, both radioactive and ac-
celerator, that significant gains in exposure time can be achieved
over most other radiographic equipment. Using a reactor neutron
source, the speed of the neutron inspection method would surpass
that of a 22 MEV betatron for uranium radiography. It is also
shown that these gains can be achieved while maintaining high
image quality, since contrast sensitivities in the order of 1 to

2% have been obtained.
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INTROQUCTION

The technical literature for the yéars prior to 1960 contains relatively
few publications on the subject of neutron radiography.l-h Although the advan-
tages of fﬁe use of neutron radiographic inspection techniques were known and
demonstrated during those early years, the fact that neutron sources suitable"
for such work were not easy to obtain imposed a severe limitation on extended
work in that field. More recently, an increasing number of organizations have
expressed interest in neutron radiography and are contributing to improved
knowledge concerning many of it's characteristics and capabilities.s-l3 This
increased activity in the field of neutron radiography has probably been brought
about by the increased availability of neutron sources, and by the knowledge
that difficult current and future inspection problemé will require new and un-
usual inspection methods.

The advantages of neutron radiographic methods for inspection have been

extensively discussed previously.l’:a’h’s’lh

Primarily, the advantages are as-
sociated with the fact that the relative absorption of materials is different
for neutrons than it is for X-radiation. Such absorption differences can be
used in many cases to obtain improved detection discrimination between mater-
ials. Another advantage is that, because of the relatively low absorption of
thermal neutrons in most heavy materials, neutron radiography of large thick-
nesses of such materialsvfrequentlj offers the prospect of substantial exposure
time reductions over other available techniques. It is primarily with this

last advantage that this paper will be concerned.

METHODS FOR NEUTRON RADIOGRAFHY

The experimental procedures employed in the study described here are the

8,24 The neutron beam being used is ob-

15

same as have been reported previously.

tained from & crystal spectrometer used primarily for neutron diffraction
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studies at Argotine's CP-5 reactor. The barallel neutron beam is essentially
monochromatic, with a wavelength of_l;bS"A, and is relatively free of gamma rad-

iationis’lu The neutron intensity Has been determined by gold foil activation-

p)

methods to be 3 x 10 neutrons/cmé-sec. This meximum intensity is obtained only
over a relétiveiy small central, oval shaped area, approximately 1" x 1/2".
The beam size for radiographic purposes is in the order of 3" in diameter.

The detection techniques employ conventional X-ray fiim used with materials
vhich emit photographically detectable radiation upon neutron bombardment. Two
distinctly separate detection methods, called the direct exposure and transfer
methods, have'been utilized. The direct exposure method can be used with all
of the materials which have proved useful for photographic detection of neutrons
because the film and screens are exposed to the neutron image together. There-
fore the film is present to record any prompt radiation from the screens and is
also present to record radioactive decay radiation, including that from short
half-life activities.

The transfer technique eméloys a screen of some material which becomes
conveniently radioactive when exposed to neutrons. Gold, indium, and more
" recently dysprosium}6 have been particularly useful in our studies. The screen,
carrying a radioactive imsge after neutron exposure, is placed on photographic
film and the exposure takes place using only thé radiocactive decay radiation
from the screen. This technique is generally slower than the direct exposure
method but it does have the advantages that radiographs having improved image
sharpness and contrast8 can usually be obtained and that the resultant radio-
graph will not be influenced by radiation other than neutrons which may be

either in the beam, or introduced into the beam by the radiographic object.lh
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A number of materials which appea# useful for photographic neutron detection
methods have been studied. As a result of these studies,8’16 several detection
methods haQe been recommended for use w%th neutron radiography.lh These recom-
mendations for direct exposure neutron %adiographic‘detectors are repeated in
Table I. A few revizions have been madé in these methods, on the basis of in-
formation obtained since the previous recommendations. Fof applications requir-
ing good image sharpness, the gadolinium screen method is particularly useful
since the radiographs obtained using gadolinium have yielded the best image
sharpness qualities of ény method used-in this investigation thus far.

Results obtained with many of these detection methods, both direct exposure
and transfer, will be further discussed later in this report.

Before closing this section on methods for neutron radiography, some other
techniques which appear potentially useful, shouid be mentioned. A number of
detection methods which may be regarded as nonphotographic have been proposed
and studied. A review of several of these, including solid state detectors and
spark counters, has been given by Watts.22 A number of suggestions for neutron
sensitive pick-up tubes have also been given, particularly in the patent litera-
ture.23 Still another detection method, namely the use of a sensitive scintil-
lator as a fluoroscopic screen has been suggested.9 It is difficult to predict
at the present time how useful these methods may be for general neutron inspec-
tion applications. However they should be considered in setting up a neutron
inspection facility.

As far as neutron sources are concerned, it is usually true fhat neutron
radiographic equipment is shown next to a nuclear reactor. Although a reactor
has much to recommend it, other sources can be useful. The low neutfon yield
limitation imposed by most available radioactive sources may no longer be a

valid objection to the use of such sources, now that a high yield antimony-
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TABLE 1

Recommended Photographic Detection Methods for Direct Exposure
Thermal Neutron Radiography '

Method Characteristics

Scintillatora and type F or similar This ié a very high speed method. Detec-
X-ray film, or Polaroid film, ‘ table images'b have been reported with

thermal neutron exposures in the order of
400 neutrons/mm?, The disedvantages of
this method are that images are relatively
grainy and that reciprocity-law failure
responses® limit the latitude which can
.be obtained. A third disadvantage is that
contrast sensitivity capabilities appear
to be in the order of 6 to 10%.

Metal screen methods using 0.0005" Slower speed methods® which yield improved
gadolinium as a back screena or imege sharpness and contrast sensitivity
double metal screen methods™ using are given in order of decreasing ability
gadolinium (0.5-2) screens, rhodium for image sharpness. '

front and gadolinium back screens
(10-2), or rhodium (10-10) screens.

8 Scinmtillators used are B-10 and Li-6 loaded. See references 8, 9, 17, 18, 19,
and 21.

Reported neutron exposure was for a film density of O.5. See reference 9.

The speed of response of the scintillator-film detector tends to decrease as
the neutron intensity is lowered beyond a certain limit. See references 20
and 21. ' ‘

Numbers after double screens refer to thicknesses of front and back screens
respectively in thousandths of an inch. The rhodium-gadolinium screen com-
bination is the fastest metal screen configuration studied in our tests. ©See
reference 21.

The speed of these methods will depend upon Ehe film used. For type KK film,
total exposures in the order of 3 to 10 x 107 thermal neutrons/A are needed

for a film density of 0.5.
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2k Further improvements in radio-

beryllium source has been aescribed by‘HEnnelly.
active sources, employing transuranic élements,22 holé additional promise for the
future. A number of accelerators also apéear potentially useful as sources for |
neutron radiography and several investigations of neutron radiography using

such sources have been,l’2 and are being made.6’l6 A review of available
sources, including neutron yields and approximate installation costs has been
given by Burrill and MacGregor.25 A number of the accelerators listed are cap-

T

able of supplying a thermal neutron flux in the order of 10 neutrons/cm?-sec.
within a moderator. An external thermal neutron beam useful for neutron radio-
graphy should be available from such a source. The installed costs listed for
a number of these sources are in the order of 20 to 30 thousand dollars which
puts them in a price range competitive with high voltage X-ray equipment. For
the particular task of ‘inspecting heavy metals, it will be seen that the accel-
erator neutron source would have an exposure time edvantage for many heavy »
‘metal inspection situations. A final comment concerning néuﬁron sources for
rédiography of heavy metals should be made which involves gamma radiation in
the imeging beam. It has been previously pointed out8’lh that gamma radiation
in the imaging beam cen present problems for general neutron radiographic in-
'spection. If one were attempting to observe hydrogen concentrations within
metals, for example, a gamma image superimposed on & neutron image would pro-
bably obliterate the desired information. The information could be obtained
in this case by employing transfer exposure methods. For the specific problem
of inspecting heavy metals however, gamma radiation in the imaging beam may not
be a problem, even fbr direct exposure neutron radiographic methods. The gamma

radiation in the neutron beam may even contribute to further exposure time re-

ductions. This is one additional reason why accelerator and radioactive neutron




sources can be recommended for this application. The gamma radiation which re-
sults from moderation, and other neutron bombarded objects in the beam, need

present no serious problem for heavy metal inspection.

NEUTRON RADIOGRAPHY OF HEAVY METALS
Radiographic inspection of heavy metals frequently involves long exposures

26,27 In extreme cases, involving large thick-

using X- or gemma ray equipment.
nesses and/or equipment limitations, tbe inspection capability is limited by
excessive scatter.28 Both these problems are much reduced, if thermal neutrons
are employed for the radiographic inspection, because of the appreéiable increase
in transmission of the radiation beam through tﬁe oﬁject under inspection. A
Acomparison of radiation transmission through natural uranium for a number.of
different radiations, is shown in Figure 1. Note the relatively high transmis-
sion of thermal neutrons through uranium, a rather typical characteristic of
thermal neutrons and most heavy metals. Similar comparisons could be made for
materials such as lead and bismuth in which the :elatively high transmission

of thermal neutrons would be apparent. This low absorption of thermal neutrons
in many heavy metals makes the use of neutron radiography attractive as an |
inspection technique.

In spite of this high transmission of thermal neutrons through ﬁeavy
metals, one is inclined to feel that, comparing acﬁually available equipments,
the exposure advantage for neutrons would be slight because of low neutron
yields of available neutron sources. In the author's opinion, this is not the
case, and the exposure information contained in Figure 2 helps to illustrate
this.

Shown in this figure are exposures versus natural uranium thicknesses for

a number of X~ and gamms ray sources and for several neutron radiographic
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FIGURE 1

Shown in this graph are the percentages of radiation from various
sources which will be transmitted through different thicknesses of
natural uranium. Gamma and X-ray data were obtained from reference
26, A half-value thickness of 0.5 inches was used for the neutron
data. This value is in reasonable sgreement with the absorption
date given by Thewlis3s* and as determined by Argonne experiments.
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FIGURE 2

Exposure times versus natural uranium thicknesses are shown for a number of
radiation sources and for several neutron techniques. The radiation source
data were obtained from reference 26 and were adjusted for Type AA film
(using & speed factor increase of 2 times over Type A film). All data shown
are for Type AA film except the scintillator technique, where Type F £film is
indicated on the curve. The cobalt-60 source was 25 curies used at a dis-
tance of 30 inches. A GE X-Ray 1000 KVP unit was used with the transmitted
beam, 3 ma, 72 inches distance. The betatron was operated at an output of
100 R/min. at a meter and at a distance of T2 inches. The thermal neutron
intensity used for all the neutron data was 3 x 10 n/cnf-sec.
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methods. The fieutron data were all taken at a thermal neutron intensity of

5

3 x 10 neutroné/cm?-sec. Thermal neutron intensities in the order of los/cm?-

sec should be available from sources having fast neutron yields in the order of
10

10" neutrons/sec. A radioactive source having this output has been described

in the literature,eh and a number of accelerator sources25 having such yields

are commercially ayailable. For those who may be fortunate enough to have a

reactor available as & neutron source, thermal meutron intensities in the order
- of 107/cm?-sec should be possible. Intensities such as this, of course, would

decrease the neutron exposures shown in Figure 2 by a factor in the order of

30 times, and would put them far ahead of most other available equipment.

As far as comparisons of inspection quality are concerned, the neutron
techniques described in Table I and shown in Figure 2 are capable of detecting
thickness variations in the order of 1 to 2%. This is true for all the methods
discussed except the scintillator technique for which contrast sensitivities
in the order of 6 to 10% were found. A neutron radiograph of a 3 inch thick
natural uranium sample, approximately 2 inches square is shown in Figure 3.

A thickness variation in the order of 1% was easily detected on the original
radiograph. !

Before progressing too far from the_expdsure information shown in Figure
2, however, there are a number of comments concerning the neutron detection

 methods, which should be made. Starting with the two slower neutron techniques
shown, the transfer methods, it can be seen that the exposure curve for the
dysprosium transfer exposure begins to curve upward for thicker uranium ex-
posures. This occurs because once the dysprosium has been irradiated in a
given neutron intensity for three half-lives, fufthér exposure time produces

little additional ectivity in the material. The half-life of dysprosium-165,
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FIGURE 3

This is a reproduction of a neutron radiograph of a 3 inch thick natural
uranium sample. The radiograph was taken by a direct exposure technique
using gadolinium screens (0.5-1) and AA film. The neutron exposure was

2 hours. The uranium test slsb visible in the shadow of the uranium sample
is 0.065" thick. The contrast sensitivity shown is 2.17%. On the original
radiograph a thickness change of 0.033", representing a contrast sensitivity
of 1.1% could be seen. This is a negative print, as are all the radiographs
shown in this report. DIark areas are areas of high neutron exposure.
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the isotope responsible for most of the dysprosium activity, is 2.3 hours.
Therefore there is little to be gained in using dysprosium transfer exposures
longer than about 7 hours. The-curve.for gold would eventually curve upward
also, but this point is beyond the scale used in Figure 2. The half-life of
gold-198 is 2.7 days. .

The exposures for the direct exposure techniques are theoretically capable
of being extended .in a linear manner to accomodate whatever material thickness
may be involved. This is essentially trué, except for an inspection material
such as uranium, which is radioactive26 and emits radiation which will fog the
£11m.2629 With type AA £ilm and gadolinium screens, and with the natural
uranium sample in contact with the cassette, exposures should be limited to
about 8 hours to avoid excessive film background. If longer exposures seem to
bé required, lead screens can be used to lessen this effect.29

The other neutron exposure technique shown in Figure 2, the B-10 loaded
scintillator, also involves a peculiarity which should be mentioned. Note
thét the exposure versﬁs thickness curve for this technique changes slope in
the region of 1 to 1.5 inches., Beyond & thickness of l.5 inches, fhe exposure
curve should continually curve upward slightly for increasing uranium thick-
nesses, although the straight Liné shown approximates the actual exposuré situa-
tions. This change occurs because of a reciprocity-law feilure response for
the scintillator - F film detector.21 The speed of response of this detector
decreases beyond a certain intensity limit. The magnitude of this decrease is
such that, irradiating the detector with the same total exposure at 3 x 105
neutrons/cﬁ?-sec; and at a neutron intensity reduced.by 100 times, a relative
film‘exposﬁre reduction in the order of 8 times will be found at the lower in-

tensity. Aside from somewhat complicating exposure calculations,30 the in-

fluence of this reciprocity-law failure response is to decrease the latitude




of the inépeétion. If an exposure ogian object containing a number of dif-
ferent thicknesdes were set to recordbthe thinnest section, for example, the
neutrorn inhtehsity transmitted through the thicker portion of the object might
not be sufficient t§ be recorded, because of the decreased response of the
detector for that intensity. Further studies of this aspect of neutron radio-
graphic inspection are planned. Generally speaking however, the latitude for
neutron radiographic inspection of a material such as uranium will probably be
fairly high because of the large thickness for a half-value layer.

An example of a heavy metal inspection problem which was recently en-
countered in the author's Laboratory, is shown in Figures 4 and 5. The
radiographic object is a pressed uranium'oxide cylinder, 1 inéh in diameter
and approximately 2 1/2 inches high, containing a wax filled central cavity.
The cylinder was prepared for use as a pycnometer.3l

The object of the inspection was to locate the internal cavity so that a
hole could be accurately drilled through the upper sloping wall to the top
ofAthe cavity. Of the radiographic equipment available for this inspection,
a 250 KVP X-ray generator, a 5 curie cobalt-60 source and the neutron inspec-
tion facility, the information shown in Figures 1 and 2 indicates the éuper-
iority of the neutron radiographic method. The high contrast between the wax
and uranium made the inspection relatively simple by neutron radiography.
Satisfactory results could be obtained using either gadolinium screens
(Figure 4) or the faster scintillator method (Figure 5).

CONCLUSIONS

The case for neutron radiographic techniques in the inspection of heavy
metals is, in the author's opinion, a strong one. The problems of scatter
and long exposure times which are frequently'encountered in radiographic in-

spections of large thicknesses of heavy metals are much reduced using neutron
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FIGURE 4

The neutron radiograph shows a pressed uranium oxide cylinder containing
a wax filled central cavity. Note the high neutron absorption of the hy-
drogen containing wax, and the relatively low neutron absorption of the
1 inch dismeter uranium oxide. The nonuniformities of the uranium oxide
mixture are also apparent. A 15 minute neutron exposure, using a direct
exposure method with gadolinium screens and AA film was used for the
radiograph.
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FIGURE 5

This neutron radiograph, taken using a B-10 loaded scintillator
with Type F X-ray film, shows the same object pictured in Figure
4. The neutron exposure time was 8 seconds.




- 16 -

.radlégraihy because of the increased transmission of thermal neutrons, as
compared to X-rays, through materials such as uranium, lead and bismuth.
This increased transmission of thermal neutrons through these materials does
result in exposure time gains using readily available sources of neutrons and
comparing the exposures to other existing radiographic equipment. Several ac-
celerator neutron sources and at least one.radioactive neutron source have
been shown to be capable of supplying thermal neutron intensities sufficient
for such inspections. The demonstrated contrast sensitivity in the order of
l to 2%'for neutron radiographic inspection of uranium, is indicative of the
high quality of inspection possible using neutron radiography.

Results such as these, along with the large number of other application

possibilities for neutron radiogra.phy3’u’]',4’22 inspired the title for this

32 The potential usefulness of neutron radiography for heavy metals

report.
inspection, the location of materials such as hydrogen, lithium or boron
within materials or assemblies, the inspection of hydrogen containing mater-
ials such as wood, paper, ‘rubber,adhesives, and, for the same reason, in bio-
logical studies, as well as for untold other applications, truly makes neutron
radiography a new dimension in radiography. The complimentary techniques of

neutron and X-radiography greatly broaden the scope of radiographié inspection.
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