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ABSTRACT

Neutron induced-particle-autoradiography can be used to indicate the
abundance, localization and distribution of lithium and boron in geologic
hand-size samples. Neutron radiography is also used to graphically illustrate
neutron absorption and scattering in these and other elements as they occur in
thick, sawed sections of rocks and mineral specimens. Black and white
photographic and x-ray type film, Polaroid and color films are used in
addition to the new plastic polymer CR-39 that has recently become available
for particle track recording. Neutron-induced autoradiographs are produced
both from particle exposure and from luminescence of lithium-bearing
phenocrysts in the spodumene specimen. Use of color film with various
particle absorption techniques including foil, screens, and film-backing
plastic have helped resolve and illustrate the luminescence of the phenocrysts
as a separate phenomenon in addition to particle autoradiography. Collimated
neutrons from a reactor beam-port and uncollimated fast and thermal neutrons
from a portable californium-252 neutron source have been used to produce
lithium and boron autoradiographs, neutron radiographs and neutron induced
luminescence in these studies.

INTRODUCTION

The future need of lithium for new energy related uses has prompted a
reappraisal of the geologic occurrence of lithium (Vine, 1976), its resource
potential, and research for new methods of detection and analysis. The need
and use for boron are expected to rise in the future although present
resources are believed to be adequate for several centuries (Smith et al.,
1973). Although the chemical and physical properties of these two elements do
not provide a simple means to determine their elemental distribution, neutron
induced autoradiographs and radiographs can be used to illustrate their
abundance and localization in geologic specimens. Applications of induced-
particle autoradiography to lithium distribution in geologic specimens have
been reported by Dooley (1979) and Dooley, et al. (1979).

Neutrons, because of their lack of electric charge readily pass through
thick solid objects. After moderation by scattering, some neutrons are
captured by absorption in the rocks and minerals. From the prompt nuclear
reactions ®Li(n,a)?H in lithium-bearing minerals and !°B(n,a)’Li in boron-
bearing minerals, the low energy alpha and triton particles along with the ’Li
recoil nuclei can be used to produce photographic darkening and a particle
track image for autoradiography. Unlike most radioactive decay that takes
place after neutron activation, these particular prompt nuclear reactions for
lithium and boron have to be recorded during the neutron irradiation in order
to obtain a permanent autoradiographic record. The photographically exposed
areas in the autoradiographs show the lithium and boron distribution in the
geologic specimens. Such neutron-induced autoradiographs are analogous to
autoradiographs produced by the natural radioactive decay in uranium and
thorium bearing minerals. The alpha particles produced by radiocactive decay
are simply recorded by a photographic film in contact with the surface of the
specimen,



In contrast, a neutron radiograph is similar to an x-ray photograph.
Neutrons pass through a thick object similar to x-rays, but their attenuation .
is a function of the neutron absorption and scattering characteristics of the -
nuclei rather than atomic density of the object. However, neutrons will show .
little reaction with a photographic film. To detect the neutrons emerging
from the object, they must be converted into some type of radiation which will
be recorded by the film. For this reason a thin metallic foil, such as
gadolinium which has a high neutron cross section and an electron capture mode
of rapid radioactive decay, is placed next to the film detector. If the foil
and film are placed in close contact there is little loss in resolution and a
good neutron radiograph can be obtained.

Neutron radiographs of a relatively thick geologic specimens containing
lithium and boron will differ in detail from neutron-induced particle
autoradiographs. Particle autoradiographs will record only that lithium and
boron which is situated close to the surface and in contact with the film. A
neutron radiograph will be affected by the presence of these elements
throughout the depth of the samples and to various degrees by other nuclei in
the specimen.

Neutron-induced luminescence as it occurs during irradiation, can be
recorded by contact color photography and can be resolved from particle
produced autoradiography. Depending upon the situation and the intention of
the illustration, such luminescence as fluorescence and phosphorescence may or -
may not be considered as interference with lithium and boron neutron-induced
autoradiography. The luminescence of minerals and other material has been
photographed for many years but we feel that this method of recording:
luminescence as it is actually taking place in a neutron beam is unique and
exclusive. The usual means of exiting luminescence in minerals, rocks and
other material is by irradiation with ultra violet light, x-rays, cathode
rays, and other copuscular irradiation which also exposes photographic film.
Once the electromagnetic radiation or particle beam has been shut off only the
phosphorescent component can be photographed. In contrast neutron-induced
techniques used with color film and coupled with the proper reflector-foil,
intensifying-screen and particle absorbing foil or screens may be used to
differentiate the several sources of film- darkening used in illustrating
luminescence and autoradiography.

In summary, there are four distinct ways one can use neutrons to produce
an autoradiographic or radiographic image of a rock or mineral specimen. They
are from (1) radioactivation produced radioactivity; (2) neutron-induced
particle emission; (3) neutron-induced luminescence; and (4) in addition to
autoradiographic images, a radiographic image can be formed by neutron
absorption (neutron radiography) in the sample, similar to an x-ray
radiograph. This study is primarily concerned with neutron-induced particle
autoradiography, neutron radiography and neutron-induced phosphorescence and
fluorescence produced in selected geologic specimens containing lithium and
boron.



Historical Background

Shortly after the discovery of the neutron by Chadwick (1932),
laboratories throughout the world noted that the interaction of these new-
found particles with stable elements resulted in induced radioactivity.
Because of the great penetrating power of neutrons, Kallman and Kuhn (1937)
found that neutrons could be used in neutron radiography. Neutron radiography
has found popularity as a method of inspection similar to the radiographic
method developed for x-rays during the preceding half century. Early
techniques used a special phosphor screen to convert the neutron interactions
to light in order to make a neutron radiograph on the slow speed photographic
film available at that time. Generally, lithium and boron were mixed with
zinc sulfide phosphor and the scintillations of visible light produced by
alpha particles in the phosphor produced an intensified photographic image.
Later methods with reactor-produced neutrons made use of metallic foils, such
as gold, silver or gadolinium, which all have a high neutron capture cross
section. After transmission through the object the neutrons produced local
areas of radioactivity (e.g. electron capture in gadolinium) which varied in
intensity in accord with the total neutron absorption of the object. Upon
termination of the neutron exposure, the film was developed if a gadolinium
foil was used. If the radioactivated foil emits beta and gamma radiation with
measurable decay times (e.g. gold or silver), the foil was transferred to a
photographic film for a short radiographic exposure. The result was a
relatively high resolution neutron radiograph. Further descriptions of the
early research and recent developments in neutron radiography are given by
Peter (1946), Kallman (1947), Thewlis (1956), Berger and McGonnagle (1962),
and Berger (1971).

- Another early application to the study of lithium by neutron-induced
particle tracks was made by Picciotto and Van Styvendael (1951). By ;
microscopically determining particle-track lengths in special photographic
emulsions, they could distinguish the alpha and triton tracks of lithium by
their short length from the alpha tracks of longer length produced from
natural radioactive decay and transuranic elements. They were able to
determine minute amounts (10 *°gm) of lithium in liquid samples and geologic
minerals. More recent geologic applications have been described for the
microscopic localization of particle tracks from boron and lithium in
tourmaline by Berman and Stolyarova, (1977), boron distribution in scarn
minerals (Berzina, et al., 1974), the distribution of boron in mollusc shells
(Furst, et al., 1976), boron in mineral specimens from Mendip Hills in
southwest England (Din and Henderson, 1982) and boron in chert (Truscott and
Shaw, 1984). Potts (1984) reports platinum-group metals and other long-lived
~ beta emitting radioisotopes have been selectively autoradiographed in granitic
rocks six months to two years after radioactivation.

Method

This investigation has been mainly directed to a photographic method
using commercially available film, and large hand-sized geologic specimens.
The large size commercial film was used to make multiple radiographs of
several specimens simultaneously when the large beam port (20 x 25 cm) of the



quarter-megawatt TRIGA reactor at the General Atomic Corporation was used for
the irradiation. This reactor provided a well collimated thermal neutron
beam. In addition to the reactor neutron experiments, californium-252 also
was used as a point source of neutrons. In the latter case, the flux
consisted of fast and thermal neutrons which were not well collimated. No
neutron radiography experiments were performed with the californium-252 source
because, after collimation, the number of neutrons available for radiography
would be too small for practical application.

Depending on the experiment, Kodak Commercial 6127, DuPont x-ray NDT-75,
Vericolor 1I, Ektachrome and Polaroid film were used. In addition to the use
of photographic film, we have used a new plastic polymer (CR-39) that has
recently become available for particle track recording (Cartwright, et al.,
1978; Ahlen, et al., 1981). The polyester (allyl diglyco carbonate)
commercially marketed under the trade name Homelite* has unique qualities of
sensitivity and resolution for almost the complete charged particle energy
spectrum as well as excellent optical properties.

Typical neutron reactor exposures vary from 10 to 40 minutes depending
upon the experiment. Reactor power adjustments were made so the total neutron
fluence was within the range of 107 to 10° nyt for various experiments. About
60 pgm (35 mCi) of californium-252 which has a 2.6 year half-life also was
used for the experiments.. The useful thermal neutron fluence from this source
for induced-particle autoradiography is within the range of 10% to 10° nvt
(calculated at the source) and thus required exposure times of hours to
several days. Larger californium-252 sources are available but the shielding
required for personnel protection reduces the mobility and therefore the
usefulness of the equipment for portable application.

Four hand-size geologic specimens were selected for this study. Two were
lithium bearing; one containing the -mineral spodumene, and the other the '
mineral amblygonite. The other two specimens contained boron; one was a
specimen of colmanite, and the other contained borax and tincalconites. The
samples were sawed, and lightly polished to obtain a flat surface required for
good resolution and high quality photographs. A parallel double cut at a
thickness of about 1 cm was made on those specimens that were to be used for
neutron radiography.

EXPERIMENTAL CONFIGURATION

The different configurations we have used for neutron irradiation from a
reactor beam port and the use of a portable californium-252 source are shown
diagramatically in Figures 1, 2, and 3. The arrangement for neutron-induced
particle autoradiography (Figs. 1 and 2) show the film or plastic particle
detector being placed between the source of neutrons and the geologic
specimen. This prevents "shadowing" the detector and reducing the intensity
of the neutron beam by absorption from the high cross-section elements in the
geologic sample itself; especially in the boron and lithium minerals.

*¥Use of commercial names is for identification purposes only and does not
imply government endorsement.



The configuration for neutron radiography (Fig. 3) allows the neutron
beam to first pass through a geologic specimen about 1 em thick. By the
shadowing from lithium, boron, and other high cross-section elements in
addition to neutron scattering from the lighter elements, a neutron
radiographic image is produced upon the adjacent film. Using a converter foil
to produce detectable radioactivity gives a picture analogous to an X-ray
radiograph which uses atomic density and bulk density as the shadowing
mechanism. The direct effect of neutrons upon the film and the detector
package itself can be shown to be slight in experiments where the geologic
specimen is removed from the detector package.












of radioisotopes (Buckaloo and Cohn, 1956); (Shindo, et al., 1968) and
(Bodemann and Von Erichsen, 1973) but we have not been able to find reference
to the use of color film as a means of resolving various sources of neutron-
induced fluroescence and phosphorescene,

Neutron-Induced Particle Autoradiography

Different types and arrangements of absorber foils, phosphor screens and
converter foils have been used in our application of neutron-induced particle
autoradiography.  In most of the experiments, a silver activated zinc sulfide
intensifying screen, adapted from earlier work with the radioluxograph )
(Dooley, 1958), was used to amplify the photographic detection of the alpha
particles. The phosphor coated side of the screen is carefully placed in
contact with the flat geologic specimen and the film so as to avoid
tribolumnescence. Depending on the experiments, very thin aluminum-on-mylar
reflector foils, 1.5 um in thickness, were used. The first objective of this
multi-purpose foil was to use the opaque metal coating to prevent the
luminescent light proudced in the mineral phenocrysts from reaching the
photographic film. Next, the very thin nature of the foil should allow most
alpha particles, tritons and some recoil nuclei to penetrate the foil; this in
turn, allows only the induced-particles from just the lithium and boron in the
geologic specimen to produce scintillations on the adjacent phosphor screen
and cause film darkening. In addition, thé mirror-like quality of the
aluminum coating intensifies-the particle-produced scintillations by back -
reflection. The reflector foil should be Kept as thin as pessible because of
the energy-attenuation loss of the alpha and recoil particles passing through
the foil., - This loss is somewhat compensated for by scintillations enhanced by
back reflection and from increased ionization at the end of the alpha particle
path within the phosphor screen itself caused by range straggling at the end
of the Bragg alpha particle ionization curve.

Activation of the specimen, the film, intensifier screen, reflector foil
and other parts of the detector package during the neutron exposure does
produce some beta particle emission due to induced ratioactivity which in turn
-produced a low level fogging of the film. The relector foil and phosphor
screen tend to shield some of the beta emission from the sample itself, but
they do not completely eliminate beta fogging. Tests with minerals containing
known intense beta-emitting isotopes show that the effect of beta fogging is
minimal for the relatively short neutron irradiations.

Neutron-Induced Luminescence

The more troublesome source of interference with induced particle
autoradiography is fluorescence from the minerals in the geologic specimen.
To some extent this problem can be anticipated by inspection of the geologic
specimen with an ultra-violet lamp prior to making an autoradiograph in order
to localize the fluorescent minerals (Gleason, 1972). Although a foil will
essentially block all the fluorescence interference from the sample, it will
not eliminate the fluorescence originating in the intensifier screen or the
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SUMMARY

The photographs in the preceeding figures illustrate the applications we
have described using neutrons to study the occurrence and distribution of
lithium and boron in geologic material. The techniques of neutron-induced
particle autoradiography and neutron-induced luminescence are unique and
new, We hope these will find continued application and lead to development of
other methods in the study of geologic material. In addition we have
described a use of neutron radiography for the study rocks, minerals, and
other geologic specimens, and hope that this application will find continued
use.
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