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FOREWORD

Prompt gamma-ray neutron activation analysis (PGNAA) has a
unique potential in bulk analysis because neither neutrons nor
gamma rays are significantly attenuated by the sample. Although
PGNAA instruments have been developed and used on a research
basis for a long time, a new generation of instruments and
applications shows an emerging promise for increased application
of the technique. Therefore it is a suitable time to review the
present status of the PGNAA instruments and their performance.

The Agency convened the advisory group meeting to prepare
this report which discusses the different features which have to
be taken into account when designing a PGNAA analyzer for a
borehole logging tool or nuclear process control instrument. In
addition some appropriate applications are described. The report
also includes six research papers presented during the meeting.
These give detailed information on design and application of
specific instruments, with emphasis on the latest developments.
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1. INTRODUCTION

Elemental analysis by prompt neutron activation analysis can be made by
measuring the energy and intensity of prompt gamma-rays (PGNAA) emitted by an
element upon capture of either a thermal or an epithermal neutron. Prompt
gamma-rays are also emitted by inelastic scattering of a neutron by an
(n.n'Y) reaction or an (n,X) reaction, where X can be a proton, deuteron,
tritium, alpha particle or 2 neutrons (PINAA).

Both prompt gamma-ray methods have a significant potential in bulk
analysis because both neutrons and gamma-ray radiation are not significantly
attenuated by the sample. The lack of absorption minimizes matrix effects and
a large statistically meaningful sample is involved in the analysis. An
additional feature of either method is the fact that the induced nuclear
reactions and the resulting gamma rays are specific to the elements enabling
spectrometric distinction between the elements.

To accomplish the prompt neutron activation analysis in the laboratory
it is relatively easy to design and control the entire process. The geometry
of measurements is always constant and neutron flux at the sample can be
measured. There is practically no restriction on size of detector or neutron
source. However, in the narrow confines of a borehole there are a number of
restrictions which must be considered. The need to minimize shielding, the
hot and dusty environment, the fast response time required in continuous
logging and the need to minimize cost, make the design of a PGNAA instrument
for borehole tool very difficult. On-line analyses, although not restricted
by space, have special problems in biological shielding, timing of detector
pulses, need for rapid analysis and sensitivity for a given element.

The purpose of this report is to discuss the different features which
have to be taken into account when designing a PGNAA analyzer for a borehole
logging tool or nuclear process control instrument. The performance
characteristics of existing instruments, the special problems, possible
solutions and the direction of the current thinking for future research are
discussed. In addition, some appropriate applications where these instruments
can be beneficially used to solve on-going problems are outlined.



2. NUCLEAR BOREHOLE LOGGING

2.1 Neutron Sources and Neutron Shields

There are two types of neutron sources generally available for borehole
use, isotopic sources and neutron generators. The most common isotopic
sources are (a,n) sources, e.g., Po-Be or Am-Be, and fission sources, such
as, Cf. The (<x,n) sources range in energy from 0 to about 10 MeV

25 2with intensity maxima at several energies. Cf neutrons range up to
14 Mev with an average energy of about 2.5 MeV. Each type of source has its
strong points and weaknesses.

Isotopic sources produce a constant fluence of neutrons over the period
of the experiment. Po-Be and Am-Be are limited in size primarily because of
heat production whereas Cf does not suffer from the same problem; very small
Cf sources can be made with a relatively large neutron output. From the point
of view of safety, isotopic sources cannot be turned off and must be stored in
specially designed shields, which are often quite large depending on the
source strength. The constant neutron output precludes the use of a pulsed
mode of operation which may be preferred for certain applications. The
generally lower neutron energy of the isotopic sources eliminate to a great
extent interferences from fast neutron reactions.

In contrast to isotopic sources, neutron generators produce neutron
fluence rates which are somewhat unstable and change over the time of an
experiment. If the neutron fluence needs to be known for the analysis,
neutron monitors must be included in the borehole tool. Neutron generators
are attractive from a health physics standpoint in that they are turned off
when above the surface. The neutron energy is high (14 MeV) and therefore for
mineral analyses fast neutrons may produce interference photopeaks from fast
neutron reactions. On the other hand, the high energy neutrons can be used to
advantage to produce characteristic gamma rays from C, 0, and N by inelastic
neutron scattering when operating the generator in a pulsed mode.

To protect the gamma-ray detectors (described below) from fast neutron
damage, it is necessary to interpose a shield between the neutron source and
the detector. The shield should be made of some metallic element which can be
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easily shaped, and which has a relatively high scattering cross section and
small capture cross-section. Elements such as Sn, Bi, Pb, or W have been used
for such an application. W has a high density but its capture cross- section
is high enough to produce a substantial interferring capture gamma-ray
spectrum. Bi has the best scattering and capture characteristics and
therefore is the preferred material.

To protect personnel from thermal neutrons and gamma rays, a different
type of shielding is required for the 'biological' shield. The borehole
logging tool must be loaded with the neutron source before logging operations
commences. Alternatively, at the end of the logging operation, the neutron
source must be disengaged from the tool and stored in a neutron source
container (biological shield). Usually, the neutron-source container is also
used to change the neutron source to the borehole tool. In practice the
container has a cylindrical shape with radius depending on the strength of the
neutron source. The primary gamma rays of the neutron source are shielded
with heavy metal inserts (U, Pb, Bi) placed close to the source. The next
layer consists of neutron-moderating and absorbing materials. This layer has
much larger thickness than the heavy metal inserts immediately around the
source. In practice paraffin or heavy density polyethylene loaded with boron
or lithium compounds are used. If boron is used, a thin external shell of Pb
or W should be added to protect against 478 keV radiation from neutron capture
by boron nuclei.

There is usually a logistic problem of how to carry on logging
operations with a high intensity neutron source, when a bulky biological
shield is required. The container should be placed as close to the borehole
as possible to avoid a radiation hazard when the logging tool is being shifted
from the shield to the borehole.

There has been a tendency in the past to use relatively large
252Cf sources (e.g., 100 yg) to obtain a high neutron fluence. To
protect the detector, such sources require relatively long shields and a
source-to- detector distance of about a meter. There are several
disadvantages of such an arrangement. In a borehole a substantial fraction of
the gamma-rays produced must travel long distances through the rock to reach
the detector and therefore they are seriously attenuated. Secondly, when a
large source-to- detector distance is used the spatial resolution down the
borehole is poor. More recent experience indicates that the use of a neutron



source with a smaller output (e.g., 1 yg), a minimum shadow shield, and a
short source to-detector distance has some desirable features. The health
physics problems are substantially reduced, smaller biological shields can be
used and the spatial resolution was markedly improved. Because a low
intensity neutron source and a short source to-detector distance (e.g., 15-20
cm) are acceptable, and even preferred, it may be timely to consider the use
of a neutron generator which utilizes a (D,D) reaction. The (D,D) reaction
yields about two orders of magnitude less neutrons than a (D,T) generator.
The neutron energy is about 2.5 MeV and in this respect is close to the

252average energy of a Cf neutron. It is therefore recommended that
borehole neutron generators using a (D,D) reaction be considered as a possible
neutron source in those cases where high energy inelastic neutron scattering
is not required.

2.2 Detectors

The most commonly used detectors are the scintillation detectors, such
as Nal(Tl), Csl and BGO. The semiconductor detectors despite much better
energy resolution are less frequently applied in borehole logging because of
their inherent low efficiency and necessity of using cryogenic cooling.
Application of high intensity neutron sources, which have been succesfully
used in on-stream applications to circumvent the problem of low efficiency, is
not always possible in borehole logging. A high intensity neutron source can
be easily shielded in bulk analysis or on-stream application, but, in a
borehole logging tool the source is practically unshielded, and causes a
radiation hazard to the operator and other personnel.

Scintillation detectors, particularly for short-spaced borehole logging
tools, permit usage of low intensity neutron sources (~1 v>g Cf ).
The size of detector is usually determined by the dimensions of a borehole
logging tool (e.g., 1-8 cm). For borehole tools with a small diameter, BGO
is more appropriate because of its greater efficiency. However, for larger
tools, larger crystals of less efficient Nal(Tl) or Csl can be used with the
equivalent efficiency of a BGO detector. As a consequence of its better
energy resolution, the gain stabilization is easier with Nal(Tl) detector than
with BGO. On the other hand, the Nal(Tl) detector becomes activated in a
neutron flux and produces gamma and beta radiation from Na and I.
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The selection of the type of detector to be used is generally dictated
by the particular application. As an example, a multi-clement analysis for a
large number of elements cannot be performed in borehole logging without using
a high resolution detector. On the other hand, a single element determination
(i.e., % Mn in manganese ore, % Fe in iron ore) does not require utilization
of a high resolution detector and can be achieved with application of
scintillation detector. For more complicated situations, e.g., ash or sulfur
in coal, analyses can be made with a scintillation detector, but a more
elaborate method of filtering the spectra is required. To reduce the
activation of the components in the detector by thermal neutrons a thin
coating of B is usually used around the detector section of the
borehole tool. The boron photopeak at 478 keV can also be used as a measure
of the thermal neutron fluence through the detector.

2.3 Tool Calibration

Because of the nature of the geometry, borehole spectrometry tools
require special techniques for calibration. Although high accuracy is
required in most laboratory applications, this is not necessarily as stringent
a condition for borehole applications. Relatively high accuracy can be
obtained by chemical analysis of a borehole core, but the sample often is not
statistically significant when applied to the core formation. Alternatively,
prompt gamma-ray analysis is made on a much larger sample and, even though the
accuracy is not as high as can be obtained in the laboratory, the results are
more representative of the rock formation.

In the laboratory one can generally provide a simulated sample with
known elemental concentrations which closely represent the unknown sample, and
calibration is therefore straightforward. To calibrate the borehole tool in
the laboratory one would ideally require a multi-ton sample of a chemically
analyzed rock formation similar to the unknown rock formation. As this is not
practical one has to make some compromises. The following techniques have
been used with varying degrees of accuracy. The choice is generally made on
the application and means available.

a. Cored Boreholes: If a core can be retrieved from a
borehole in a formation similar in rock type in the
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unknown formation, calibration can be made by comparing
the corrected photopeak intensities with the chemically
analyzed core. This is a relatively accurate method
because it closely simulates the conditions in the
unknown formation, but may be complicated by the
heterogeneity of the formation.

b. Laboratory Borehole Simulation: Simulated borehole
facilities can be built in the laboratory with stacked
cylindrical containers and a borehole casing along the
axis through the containers. Generally the containers
are filled with crushed ore or rock to simulate the
formation. Variations of this type of geometry using
loaded cement cylinders, boxes, etc. have been used for
a calibration sample. This technique is not as good as
an analyzed borehole because the crushed rock has a
lower density, the water concentration is different and
difficult to maintain, and there tends to be neutron
leakage because the samples are not Infinite in extent.

c. Field Approximation Technique: For geological
exploration and correlation studies, high analytical
accuracy is not generally required. Usually one knows
the type of rock (e.g., diabase, granite, etc.) in
which the borehole tool is placed, and therefore, the
average major element concentration is known. For
example, if aluminum is a major element, one can
estimate aluminum concentration in a granite to within
about 5 to 10 per cent. Having selected aluminum as
the calibration element, one can then calculate a
parameter, "A", which involves the photopeak intensity
and the nuclear constants for all the elements. Using
the estimated concentration for aluminum, it is
possible to calculate a mass fraction for any element
in the rock for which there is a good photopeak in the
spectrum.
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Monte Carlo Modelling: The calibration of the borehole
tool can be obtained by Monte Carlo simulation
calculations for a given set of elemental
concentrations, borehole diameter, rock density and
neutron fluence, etc. Owing to the reliability of data
for capture gamma-rays, calibration can be conducted
using the MONTE CARLO method in order to set up an
actual relationship between concentrations and
parameters which are directly open to measurements such
as borehole diameter or net peak area of H, or B (from
the shield). This technique no longer requires main-
frame computers and programs are currently available
for minicomputer computation.

2.4 Applications

The quantitative analysis of elemental concentrations in metalliferous
ores, rocks, coal, and oil and gas deposits require techniques which are
element specific and which utilizes radiation penetrating enough to overcome
mineral heterogeneity.

These requirements can be found in the application of PGNAA to borehole
logging . Because of the prompt production of thermal neutrons at depth in
ore surrounding the borehole, and the resulting high energy gamma-rays (.5 -
11 MeV), PGNAA is an ideal technique for borehole logging application.

It has been found in the laboratory research that more than 20 elements
could be detected and to a certain extent quantitatively analyzed by applying
PGNAA, PINAA, and DGKAA. Those elements are as follows: H, C, N, 0, S, Si,
Al, K, Fe, Na, Ca, Mg, Mn, Cl, Zn, B, Gd, Cd, Ge, V, Ti, Sm, As, Pb, Au. The
actual application depends on technical feasibility, mainly on sensitivity
towards a given element, level of detection, interferences from other elements
present in ore." PGNAA has an increasing importance for the evaluation
of lithology in borehole logging for oil and gas evaluation. This technique
can be used to determine the location and thickness of the coal seams, and

~ See paper by Mikesell et al., this report.
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also the ash content, the calorific value, and content of S concentration in
coal. In addition to elemental analysis, PGNAA can also be used to determine
the mineralogy down a borehole, a technique which has wide application to many
geologic problems.

Lately, PGNAA has been applied in conjunction with other nuclear logging
techniques for geochemical evaluations. Detecting levels of concentration of
certain elements like Si, Al, K, Ca, Fe, U, Th, and S leads to correlation of
geological strata.

2.5 Metalliferous Deposits

Borehole activation analysis in the mining industry can substantially
reduce drilling costs and yield an analysis which more truly represents the
ore grade statistically. This method is therefore a valuable aid both for
exploration and ore deposit evaluation.

Because of high transportations costs it is important to ship ore which
has as high a grade as possible. This is particularly true of nickel,
manganese, aluminum and iron ores. Therefore, it is important to have a good
knowledge of the ore body and to be able to delineate the extent of the
ore-goods mineralization. Such information, which can be obtained by borehole
analyses, will release the shipping of a high percentage of gangue minerals.
Chemical core analyses have been used to achieve this end, but as mentioned
earlier, core analyses are not necessarily statistically representative of the
ore body.

Nuclear borehole analysis is relatively fast (borehole probe speed is
about 10-60 m per hour) and the results are obtained in real time.

As the raw analytical results are reduced by computer the mine
management can continuously update the ore product and the knowledge of ore
reserves.
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3. ON-LINE PGNAA INSTRUMENTATION

3.1 Geometry and Sample Presentation

The best results can be achieved using a transmission geometry whereby
the sample is positioned between neutron source and gamma detector. Thus the
sample itself acts as neutron moderator - if it contains hydrogen - and the
primary and secondary gamma rays emitted by the source and the source housing
are reduced.

These advantages are not obtained with a reflection geometry where the
neutron source and the gamma detector are on the same side of the sample.
Thus this technique would increase the neutron and gamma background at the
detector position, and is not commonly used.

Because the PGNAA has its special advantages in the analysis of bulk
materials like coal, limestone, cement or glass raw mixtures, it can be used
in plants where the product streams will reach mass flows up to several
thousands of tons per hour. Therefore the problem of sampling and presenting
the sample material to the PGNAA facility has to be resolved.

Usually a relatively small sample is taken out of the main stream by
commercially available systems and is then fed via a by-pass to the instrument
with a flow rate of ~100 tons/h.

This may be done either by a small slowly moving conveyor belt or by
filling a chute. In the case of a belt conveyor some difficulties could arise
with respect to producing a well-defined geometry and a constant sample
thickness.

Depending on the particle size distribution of the material, its density
as well as the thickness of the layer on the belt, particle segregation will
be caused by the belt movement. These parameters would influence the results
of the measurement in an unfavourable manner.
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These disadvantages can be avoided by using a chute type device where
the natural gravity will provide a more uniform density of the sample and
nearly constant filling-factor. Tn fact, most commercial systems to date use
a chute geometry, with sample thicknesses of 25-30 cm ~ .

In any case, an additional mass flow meter is necessary in order to
control the flow through the PGNAA device. On a conveyor belt weigher, a
mechanical or nuclear belt may be used in combination with a density gauge.
In the case of a chute a density gauge may be sufficient if the filling volume
is kept constant.

3.2 Choice of Neutron Source

252Three main types of of neutron sources are available, namely Cf,
241 252Am/Be and 14-MeV (D-T) tubes, of which Cf is used almost
exclusively in analysers currently developed. The PGNAA technique is mainly
concerned with neutron capture reactions, which are induced by thermal
neutrons predominantly, most (n,y) cross-sections having a dependence on
neutron energy of o~E . The primary neutron source will
invariably produce fast neutrons and therefore some form of moderator will be
required, either externally to the sample or in the case of particular
hydrogenous materials, such as coal, the sample will be, at least in part, the
neutron moderator. All three types of neutron sources are suitable in this
situation as, ultimately, sources of thermal neutrons.

In addition to producing (n,y) reactions after slowing down, fast
neutrons are capable of producing y-rays from other reactions, particularly
inelastic scattering. There are situations when it is useful or even
essential to use these reactions to analyze for elements which are difficult
or impossible to measure by capture reactions. Oxygen is an example, which
has a very small capture cross-section (o~10 b). Other elements may
be accessible to both thermal and fast neutrons but not necessarily with the
same accuracy. Carbon, for example, which has a small capture cross-section
may be measured in coal by neutron capture but with arguably lower accuracy
than by using the inelastic scattering reaction.

~ See Figure 3, Marshal and Zumberge, this report.
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Where only capture reactions are being used, Cf is undoubtedly
the most suitable. It has a lower average energy (2.5 MeV) than either
Am/Be (4 MeV) or 14-MeV tube sources and its neutrons are therefore

slightly more readily moderated. There are a number of more significant
advantages. The lower neutron energy also reduces the interface in the
Y-ray spectrum from fast neutrons, though these are not entirely eliminated,
and, for example, the C (n,n'y) reaction is still useful for carbon
in coal determination provided a suitable detector is used. In other cases
(n.n'y) reactions, may still be a source of nuisance in the spectrum.

Cf is also more convenient in other respects. It is a less
24 1prolific producer of unwanted y-rays than AraBe is, which may have to

be removed by shielding between the source and detector, such as 10-15 cm of
lead. The 14-MeV tube sources are essentially free of associated y-ray
emission, though they suffer from high cost and low reliability.

252Cf is also the most compact physically of all the sources, a
8source of 10 n/s (50 vg) being of the order of 1-cm. long, whereas a

241source of AmBe of the same strength is likely to be 10 cm long and
may be difficult to mount satisfactorily with its shadow shield. 14 MeV tube
sources are also large physically, especially the associated power supplies
and control equipment, although the space occupied is not the major problem,
in view of the size of the biological shielding.

It is then perhaps not surprising that all the on-stream PGNAA based
252coal analysis available in the market use Cf as the primary neutron

source.

There are however possibilities that other neutron sources may be used
in the future. The benefits may be regarded as either in improved accuracy by
making available elements which are not currently measured, e.g., oxygen, or
perhaps in taking advantage of the facility of being able to switch off a
14-MeV source.
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3.3 Neutron Source Strength

The primary factors which determine the size of the neutron source are:

1. source to-detector spacing,
2. maximum counting rate restrictions in the y-ray detection system,
3. the size and therefore efficiency of the y-ray detector, and
4. radiological considerations.

Most PGNAA analysers use a transmission geometry and where the sample is
also the moderator (as in most coal analysers) . The choice of source to
detector spacing is then strongly dependent on the neutron slowing down length
in the sample material. The thickness of the sample and therefore the minimum
spacing is determined. Additonal separating distance will be required for
gamma ray shielding at the source and thermal neutron filtering at the
detector.

The relationship between the y-ray flux at the detector and the source
detector spacing d will approximately follow the relationship:

N e
2

Vi is an attenuation length, related to the slowing down properties of
neutrons in the sample, d being the sample thickness, N the neutron outputS
of the source.

Practical applications for process control make considerable demands to
minimize the measurement period, and, to achieve this objective, the size of
neutron source will generally be made as large as possible, consistent with
the ability of the y-ray counting system to cope with the pulse rate without
serious loss of information due to pulse pile -up. The counting system will
normally be operated near to the maximum acceptance rate. The neutron source
strength wi 11 then be determined by

,2 vdN ~ <f> d .e s ,max

<b is the maximum y-ray flux which the counting system canmax
tolerate.
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There may also be restrictions on the maximum neutron source strength
which might be regarded as acceptable from a radiological safety point of
view. This is apart from considerations of meeting dose rate requirements at
the surface of the analyser which would be met by built-in shielding or
operating procedures.

In practice it is observed that all commercially available analysers
incorporate neutron sources with total strengths of 50-200 pS of
252 fiCf (1.1 - 4.6 x 10 n/s).

3.4 Detector

The quality of a gamma-ray detector is determined by (1) its efficiency,
or ability to transform, with high probability, the energy of a gamma ray into
a measurable signal; (2) its resolution, that is, the variation in signal
output for a given energy gamma-ray, assuming that all of that energy has been
converted to the measurable signal ("full energy peak"); (3) its
susceptibility to neutron damage; and (4) issues of practicality, including
cost and operating temperature.

The three detectors which have been considered and are used by one or
more groups are (1) thallium-doped sodium iodide [Nal(Tl)], (2) bismuth-
germanate [BGO], and (3) solid-state germanium detectors. Nal(Tl) and BGO are
scintillators, materials which convert the gamma-ray energy into flashes of
visible or near-visible light, and both require a photomultiplier tube (ptut)
to convert this light into a pulse of electric current.

Because of the basic physics of solid-state devices, Ge has by far the
best resolution of the three detectors, approximately 0.1% FWHM. A good
Nal-pmt combination, on the other hand, has a resolution of about 5% at 2 MeV,
improving to about 3% at 10 MeV, and BGO is roughly a factor of two worse than
Nal.

In terms of efficiency per unit cost, however, Wal is the detector of
choice. For real-time applications where response time is critical, it is
generally agreed that the combination of fair resolution and high efficiency
offered by Nal(Tl) is preferable to the low efficiency and high resolution of
Ge. Furthermore, although all detectors respond to neutrons, neutron
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interactions in Ge will ultimately cause a permanent degradation in resolution
for which repairing or replacing is expensive. Finally, Ge detectors must he
operated at temperatures < 100 K, requiring expensive cooling systems.

In summary, conventional Nal(Tl)-pmt detectors offer excellent
efficiency and sufficient resolution to measure most of the major elements of
interest. [Because of cost and resolution, there is little to recommend BGO
over Nal(Tl).] Only in those cases where long counting times (several hours
or more) and measurements of minor elements (Na, Mg) are required might the
advantages of Ge be required in on-line PGNAA systems.

3.5 Shielding

The gamma-ray detectors have to be shielded against the fast and thermal
neutrons escaping from the sample as well as against the primary gamma rays of
the neutron source. As neutron shielding materials boron and lithium

6 1Ocompounds should be used, preferably enriched in Li or B,
6respectively. In practice Li-hydride, boron carbide or boric acid

suspended in paraffin wax or boron-loaded plastic sheets have been proven to
be valuable. Using boron an additional Pb-shielding of 3mm thickness is
recommended in order to reduce the intensity of the 478 MeV capture gamma rays.

The primary gamma rays of the source are shielded with lead and bismuth
arranged close to the source. In the case of Am/Be neutron sources an
additional shadow shield between source and sample is common.

The biological shield consists of boron-hydrogen compounds like
boron-polyethylene, or boron containing WEP (water extended polyester) and
lead. Constructing multi-layer shields could reduce both size and weight of
the facility. Also, the use of water-filled containers has proved to be
practicable. Larger amounts of paraffin wax for the biological shield should
be avoided for reasons of fire security and melting risk at higher
temperatures.

The biological shield should be designed according to the ICRP
recommendations, except if local rules may allow higher dose rates.

20



3.6 Neutron Flux Monitoring

Due to variations of the sample composition in particular considering
the hydrogen concentration the ratio of epithermal to thermal neutron flux
will be time-constant, thus influencing the yield of capture gamma rays.
Therefore the neutron flux is commonly to be monitored. This can be achieved
either with the built-in gamma detectors or by an external epithermal neutron
detector. Using a Ge-iode, the fast neutron flux can be calculated from the
area of the 693 keV peak which is excited by inelastic scattering.

If a NaI(Tl)-detector is used the iodine peak at 6.8 MeV gives the
information on the epithermal neutron flux.

However, in practice it is much more favourable to install an external
He-3 counter with Cd-shielding as a monitor for the epithermal flux, in order
to receive faster informations than from the gamma spectra.

3.7 Pulse Processing Electronics

The nature of the pulse processing system differs according to the type
of -y-ray detector being used but the general requirements are similar,
namely, to achieve the maximum pulse throughput rates without detriment to the
energy resolution in the spectrum.

Nal(Tl) scintillation detectors are most commonly used with double delay
line pulse shaping, which provides the fastest recovery after the event of the
commonly used shaping options. The input to such a shaping amplifier would
normally be an integrated pulse from a charge sensitive preamplifier at the
pmt mode. The delay line length is chosen to sample a sufficient proportion
of the photoelectron output from the photo-multiplier tube to ensure good
energy resolution. The limiting factor is the phosphor decay time which is
0.25 v for Nal(Tl). Too short a delay time leads to less complete photo
electron collection and therefore increased line broadening from photoelectron
statistics.
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For a given processing time constant (delay line period), distortion of
the spectrum occurs at higher pulse rates due to pulse pile-up, the degree of
distortion being dependent on the product of the time constant and the pulse
rate. Most of this distortion may be avoided by the use of pile-up rejection
circuitry which uses the shape of the integrated pulse from the photo multi-
plier to detect the arrival of two or more pulses within the shaping hime and
rejecting the event. Not all pile up may be detected in this way because the
finite decay constant of the scintillator and the effects of photo-electron
statistics introduced a minimum restricting time to the rejection circuitry.
Remaining pile-up distortion must be allowed for in the spectrum analysis
procedures.

Where germanium detectors are used, active filter pulse processing gives
the highest pulse throughput rates. Processing time constants are limited by
the charge collection times in the detector. Pulse pile-up rejection is
necessary to operate satisfactorily at the highest rates.

The range of pulse rates used in PGHAA analysis is in the range of
100-400 k pulses per second (pps) for Nal(Tl) detectors and 30-200 k pps for
HPGe detectors. The output rates will be lower than these values due to
pile-up rejection, analogue to digital conversion and other losses, according
to the design of the circuitry. Losses expressed as a fraction of the input
rate increase with input rate for a given processing time constant. The
output rate wi 11 normally peak at an input rate which is T where T
is the time constant, at which point the output rate will be -30% of the
input rate. For HPGe detectors it must be recognized that the neutron damage
rate is related to the rate in the detector whereas the useful events are the
output ones and it is therefore desirable to operate below the -r"1 peak.

3.8 Data Analysis and Calibration

It is important to remember that what PGNAA instruments actually measure
is the spectrum of energies deposited in the detector. An understanding of
the relationship between the composition of the sample and this measured
spectrum is therefore essential. It also important to recognize the presence
of background components in the measured spectrum, including source gamma
rays, neutron interactions in the detector, and undetected (by electronics)
pulse pile-up.

22



Among the commercial suppliers of on-line PGNAJV instrumentation,
spectral interpretation is probably the one aspect where considerable differ-
ences are to be found. Characteristics of good techniques in spectral
interpretation include reasonable insensitivity of outputs to any expected
variations in the following:

a. bulk density and particle size distribution;
b. amounts of neutron poisons, primarily boron, lithium, and chlorine;
C 252Cf source strength.

To achieve this, it requires that absolute counting rates be avoided and
some sort of normalization be used. In those applications where high counting
rates are used to achieve maximum precision, it is important also to account
for undetected pulse pile-up.

The formation of counting-rate ratios provides numbers which are
proportional to the ratio of the amounts present of the respective elements.
One method of overall normalization requires the absolute measurement of a
particular element. The use of a gamma density gauge and epithermal neutron
detector to measure absolute hydrogen is one technique that is common. A
second method divides the measured scale factor for each element by the sum of
all scale factors to provide the fraction by weight of that element. (The
denominator must include oxygen in this case. Because oxygen cannot be
measured using thermal neutrons, its amount must therefore be inferred from
the amounts of measured elements.)

Calibration consists of measuring the response of the system to samples
of known composition. Depending on the application, the number and
composition of the samples should be chosen so that the response of the system
from each major contributor can be determined independently. A suitable
amount of theory is useful in the calibration process to make sure that the
measured elemental responses make reasonable sense. Neither extreme of pure
empiricism or pure theory is very useful, but the appropriate combination of
both is necessary.

A useful commercial instrument will analyze spectra periodically
(typical periods are 10-100 s), perform the spectral interpretation algorithm
by computer, and format the results in a meaningful way for the operator.
Smoothing and integration is typically done automatically by the computer
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based on operator requirements. From the operator's point of view, the
instrument should perform automatically and reliably with essentially none of
his attention.

3.9 On-line Applications

3.9.1 The Coal Industry

By far the most common use today of PGNAA analyzers is in on-line
measurements of coal quality, with equipment available from several
manufacturers.

Existing applications include straightforward monitoring of product
quality, blending to specification, and sorting. Near-future (<1 yr)
applications include preparation-plant control and boiler control in
coal-fired generating stations.

The quantities of most interest are ash, sulfur, calorific value, and
moisture. Measurable elements generally include carbon, hydrogen, nitrogen,
chlorine, sulfur, silicon, aluminum, and iron. Depending on the amounts
present, titanium, potassium, and calcium are in some cases also measurable.
Sodium, magnesium, and phosphorous are generally not measurable, at least not
directly. Ash and calorific value (CV) are calculated quantities depending on
their correlations with measured elements. Moisture generally requires
separate equipment integrated with the PGNAA unit.

The performance of current PGNAA on-line coal analyzers will in general
depend on the application. In particular, analyzer accuracies are affected by
the average and variability of the material being measured as we] 1 as the
required response time. ("Accuracy" used herein refers to the combined
effects of statistical and systematic errors.)

The most relevant example of average and variability in PGNAA
measurements of coal is chlorine content. Although it is only a minor
constituent of coal, chlorine has an unusually large thermal neutron capture
cross section, and when it is present in amounts of only 0.3 to 0.47«>, it
dominates the spectrum, obscuring to some degree the signals from more
interesting elements. This is not to say that a well-designed and calibrated

24



instrument cannot measure ash and sulfur in the presence of high chlorine,
only that the accuracies of those measurements will be somewhat less.

Response time requirements also impact analyzer performance. Long-term
averaging allows the suppression of statistical and systematic errors, so
that, for example, 8-hour shift or- monthly averages will obviously be more
accurate than, say, 5-minute averages.

Because CV is calculated based on measured elemental composition, usually
carbon and hydrogen, the accuracy of its determination depends both on the
accuracies of the elemental measurements as well as the degree of correlation
between CV and elemental composition. In addition, only the non-moisture
component of hydrogen contributes to CV, so that the quality of the moisture
determination is also important.

Having made these qualifications in advance, a few general statements
about performance are perhaps in order. Depending on the application and
manufacturer, sulfur accuracies ranging from 0.03% absolute (one sigma) to
0.1% for measurement times from one hour to a few minutes can be expected.
(It is not necessarily the case that accuracies vary with integration time T

— 1/2as T , in that systematic errors are generally correlated in time and
are not so easily suppressed by averaging as are statistical errors.) Ash
accuracies might range from 0.37» to 1 or 2%, again, depending on the
particulars. Under favorable circumstances, a calorific value accuracy of
100 kJ/g is possible, although 200-400 kJ/g is more typical.

Perhaps the most relevant general statement about performance is that
accuracies from PGNAA on-line coal instruments are reasonably close to
conventional standards of chemical analysis. Because the results are
available in real or near-real time, however, they can, unlike conventional
techniques, be used to control processes which vary on time scales measured in
minutes.

3.9.2 The Glass Industry

For the production of glass the main components, quartz-sand, lime
stone, dolomite, and sodium carbonate, are weighed automatically and are then
fed to a mechanical mixer where some water is added. After 3 minutes the
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mixture is transported by a conveyor belt within 6 minutes to a storage silo
which feeds the melting furnace. Typical daily mass flows are 500-600 tons.

Despite the fact that the automatic weighers are working very precisely
there is great interest in continuous monitoring of the raw glass mixture
since corrections on the molten glass are not possible. In case of an error
in composition within 8 hours losses of about US$ 250,000 would be incurred.

A raw glass mixture monitor must therefore give information on silicon,
sodium and calcium within 5 to 6 minutes corresponding to the transport time
between mixer and silo. It is difficult to obtain the accuracy required by
industry.

3.9.3 The Cement Industry

Monitoring of raw materials and mixed feedstocks form an important
application area for PGNAA. Limestone, sand, shale and coal, show variability
which is usually monitored by sampling and chemical analysis. The use of the
PGNAA technique to control mixing can result in greater quality control.

Elements which are most important to the cement manufacturing process are
silicon, aluminum, calcium, iron and magnesium. With the exception of
magnesium and aluminum, these elements can be measured by PGNAA technique with
accuracies of less than 0.5% absolute. Aluminum must be derived from a
stripping operation as the line used lies under the iron peak so the time
taken to achieve the same accuracy will be larger. Magnesium, which is
important for dolomite feed, has a lower sensitivity and is very difficult to
measure.
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ON-LINE MEASUREMENTS OF BULK COAL USING
PROMPT GAMMA NEUTRON ACTIVATION ANALYSIS

J.H. MARSHALL III, J.F. ZUMBERGE
MDH-Motherwell Inc.,
Monrovia, California,
United States of America

Abstract

The application of Promt Gamma Neutron Activation Analysis to on-line measurements
of coal quality is described. Neutrons from 252Cf are thermalized and captured by coal nuclei,
and the resulting prompt gamma radiation is detected in a large Nal scintillation crystal. The
measured gamma-ray energy spectrum is interpreted through microprocessor-based signal
processing to determine the amounts of the major elements in coal together with other useful
quantities that can be derived from elemental composition. Measurements with a prototype
instrument compare very favorably with conventional laboratory analysis.

1. INTRODUCTION

The traditional methods for measuring the composition of coal involve the analysis of
samples weighing about 1 g. Not only is this process slow, tedious, and expensive if
continuous, but also the inhomogeneous nature of coal results in the average compositions of
the small samples not being precisely the same as those of the bulk material.

Therefore, a need exists for an instrument which can determine on an "on-line" basis the
amounts of the major elements in bulk materials such as coal. The analysis should be
performed continuously and automatically on samples which represent significant fractions of
mass flow rates that may exceed several hundred tonnes per hour. Accuracies should be
comparable to those currently embodied in the American Society for Testing and Materials
(ASTM) standards.

Such an instrument must operate properly and safely in industrial plants. It must tolerate
the dirty conditions, temperature extremes, and rough handling which are typical of these
plants. Regular plant personnel who are not trained to interpret complex, abstract outputs or to
adjust sophisticated instruments must use it easily. The savings in plant-operating, fuel, and
maintenance costs that the instrument permits must justify the capital and maintenance costs
of the instrument itself. Extensive downtime for repairs or calibrations will adversely affect
this justification. The instrument should respond fast enough to permit its outputs to be used
to optimize such processes as blending, material preparation, boiler operations, and control of
emissions. Response times ranging from several minutes up to daily averages are typical
requirements.

1.1 THE ELEMENTAL ANALYZER (ELAN)

This paper describes the theory of operation of a PGNAA instrument that uses the
ability of energetic gamma rays and neutrons to penetrate several tens of centimeters of coal,
oil, or other similar hydrogenous materials to make such an on-line bulk measurement. The
instrument, which we have named the Elemental Analyzer (or ELAN for short), detects
prompt gamma rays from the capture of thermal neutrons to determine elemental
composition.
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In order to relate this theory to a specific application that has been in operation for over
four years, Figure 1 shows the installation of the prototype of the Elemental Analyzer in a
coal-cleaning plant at Homer City, Pennsylvania. There washed, low-ash coal moves at a rate
of 6 to 10 tonnes h'1 from the primary cutter through a hopper and a feeder into the vertical
coal chute, which passes through a microwave moisture meter and the Sensor Assembly of
the Elemental Analyzer. The coal returns to the main flow through a feeder at the bottom of
the chute. The nuclear level meter controls the feeder in order to keep the coal chute full at all
times. For comparison purposes in this installation, a second path feeds a standard ASTM
sampler with coal from the same primary cutter as that used to feed the Elemental Analyzer.

PRIMARY SAMPLE -
CUTTER CHUTE FOR

ELEMENTAL ANALYZER

COMMON CUTTER
FOR BOTH CHUTES

PRIMARY SAMPLE
CUTTER CHUTE FOR
ASTM SYSTEM

Figure 1

Installation of Elemental Analyzer at Homer City, PA
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The Elemental Analyzer in this configuration consists of three major assemblies: (1) the
Sensor Assembly contains the 252Cf neutron source, the Nal(Tl) gamma-ray detector,
digitizing electronics, and shielding; (2) the Power and Logic Assembly provides dc voltages
and temperature control, as well as logic signals in support of the digitizing electronics; and
(3) the Display Console contains a computer and provides for instrument control and data
output.

The Power and Logic Assembly and the Sensor Assembly are located in the raw plant
environment. Their electronics are totally sealed and immersed in a temperature-stabilized
circulating dielectric fluid/The Display Console is in a control room where the environment is
more benign.

2. THE GENERATION AND DETECTION OF CAPTURE GAMMA RAYS

The photograph of Figure 2 shows the Sensor Assembly on the left and the Power and
Logic Assembly to the right, with the thermally-insulated interconnection in the center. Most
of the visible part of the Sensor Assembly is the shielding that permits personnel to work
safely in the vicinity of the Elemental Analyzer.

Figure 2

Photograph of Elemental Analyzer
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Within the Sensor Assembly, hydrogen in the coal slows the energetic neutrons from
the source to thermal energies, where the various coal elements capture them and usually
produce prompt gamma rays. Therefore, the instrument is most sensitive to those elements
that are present in relatively large quantities and that have significant cross sections for
producing prominent gamma-ray lines. For coal, these detectable elements generally include
hydrogen, carbon, nitrogen, sulfur, iron, chlorine, aluminum, silicon, potassium, and titanium.
The instrument usually cannot detect directly small quantities of sodium and calcium, and it
cannot measure oxygen or magnesium in coal by thermal-neutron capture because of their
small cross sections. The elements that cannot be measured directly can often be inferred
from the amounts of detectable elements.

A computer model that predicts neutron fluxes, the number of gamma rays per unit
energy interval, detector outputs including absolute counting rates, pulse pileup, and the
effects of drifts in the pulse-height analysis was used to optimize the geometry and choice of
materials and response times.

2.1 CONFIGURATION OF THE SENSOR ASSEMBLY

As shown in Figure 3, coal flows continuously through a 25-cm x 35-cm chute in the
center of the Sensor Assembly at a speed of about 4 cm S'1. Except for the gamma-ray
window in front of the detector, the walls of the 0.1-m3 measurement volume in the center of
the coal chute are lined with a bismuth-lead alloy, which absorbs gamma rays produced
outside of the measurement volume and reflects neutrons back into the coal.

COAL CHUTE

BORATED-POLYETHYLENE
SHIELDING MATERIAL

ELECTRICAL
AND FLUID
CONNECTIONS
TO LOGIC S
POWER ASSEMBLY

GAMMA-RAY WINDOW
6UH

COM. CHUTE

Figure 3

Schematic View of Sensor Assembly

30



Two capsules of 252Cf produce neutrons on the right side of the coal chute opposite the
detector. Each source has a nominal strength of 100 |4.g, but they may range between 65 and
120 jig because of radioactive decay. The sources are separated along the dimension not
shown in Figure 3 in order to improve measurement uniformity along that direction. They can
be withdrawn into shielded compartments above and below the plane of Figure 3 to permit
personnel to approach the ends of the empty coal chute.

Polyethylene spheres surround the sources in order to slow the neutrons somewhat
before they enter the measurement volume. This partial moderation reduces background from
inelastic scattering and shortens the average path length of the capture gamma rays to reduce
Compton scattering. The bismuth gamma-ray shield, which encloses the moderator and
sources, absorbs gamma rays from the sources and from captures in the moderator. Bismuth is
very transparent to neutrons and produces few gamma rays from the neutrons passing through
it.

The bulk of the material around the measurement volume and the gamma-ray shield
comprises the safety shield, which has two functions. First, it reduces the radiation level at 1
m from the instrument surface to below 0.7 mrem h"1 for personnel safety and licensing
requirements. Second, it prevents capture gamma rays produced in interfering structural
materials from reaching the detector. Because iron, aluminum, and silicon are important
elements in coal, most common structural materials would provide a serious interference with
the measurement of the ash content of the coal if they were present near the measurement
volume in a region of high neutron flux.

Because neutron-flux attenuation is an important function of the shield, it is comprised
of hydrogenous materials. In critical areas near the detector and in all regions of high neutron
flux, the shield uses borated polyethylene. For the majority of the bulk material required to
provide safe radiation levels, a cheaper, more-easily-handled material is required. We chose a
mixture of water and ethylene glycol in steel tanks to moderate neutrons to thermal energies.
A boron compound, which is also a base to prevent tank corrosion, captures most of the
thermal neutrons. The bulk material in the tanks absorbs most of the 0.5-MeV gamma rays
from neutron capture by boron.

Some of the capture gamma rays from the coal in the measurement volume pass through
the encapsulated 6LiH gamma-ray window and reach the detector. The 6LiH in the
gamma-ray window attenuates fast and slow neutrons while providing minimal scattering or
absorption of gamma rays. LiH must be carefully sealed from moisture, and 6Li has a large
cross section for a (n,a) reaction which does not produce gamma rays. In addition, the
hydrogen moderates the faster neutrons to energies where the 6Li absorption cross section is
higher. Finally, because 6LiH has a very low ratio of electron density to macroscopic
neutron-absorption cross section, Compton scattering in the gamma-ray window is minimal.

2.2 GAMMA-RAY DETECTOR

The detector is a 15-cm diameter by 18-cm long (6" x 7") right circular cylinder of
thallium-doped sodium iodide, which is temperature stabilized at 327 K (54°C) to obtain a
faster output pulse than that at room temperature. Resolution at 0.662 MeV is 7%, FWHM,
and at 10.828 MeV is 2.8%, FWHM. The photomultiplier tube (PMT) which views the crystal
has a 13-cm (5") photocathode and has been specially fabricated to tolerate continuous
counting rates of 400,000 s4 at 327 K for periods of many years. The sensor electronics
process the PMT outputs into digital signals which are transmitted over cables to the Logic
and Power Assembly.
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Figure 4 compares this detector with a germanium detector. Basically, we had to chose
between a high-resolution, low-efficiency Ge detector or a low-resolution, high-efficiency
Nal detector. Because we desire a fast response for sulfur, carbon, hydrogen, and the major
ash elements (Fe, Si, Al), and because these elements produce prominent lines, efficiency
became more important than resolution, leading to our choice ot a Nal detector.

Property (2 to 11 MeV) Ge Nal-PMT

Energy Resolution 0.1% 3-6%

Detection Efficiency Poor Good

Escape Peaks Double & Single Single

Neutron Damaged Yes No

Neutrons Detected Yes Yes

Temperature Control Yes Yes

Operating Temperature <100K 275-330K

Output Charge -0.06 pC/MeV ~5 pC/MeV

Figure 4

Comparison of Ge and Nal Detectors

Besides efficiency, a Ge detector has several other disadvantages compared to a large
Nal crystal. For example, the double-escape peak for energetic gamma rays is very prominent
in Ge spectra, whereas a large Nal crystal has most of its peak counts in the full-energy or
single-escape peaks, resulting in fewer lines in the spectrum.

Both detectors respond to neutrons. However, in distinction to Nal, neutron interactions
in Ge can cause a permanent degradation of energy resolution, leading to short intervals
between detector repairs, to reduced counting rates, and to increased Compton scattering from
neutron-absorbing materials in front of the detector.

Finally, the charge output from a Ge detector is nearly 100-times smaller than that from
our PMT anode. Because the principal justification for a Ge detector is an energy resolution
which requires a 50-times better signal-to-noise ratio, tolerable electronic noise levels are a
factor of 5000 less for Ge detectors. The presence of high levels of vibration and
electromagnetic interference in industrial plants complicates the achievement of these low
noise levels.

In that we are able to measure accurately most of the major elements in coal with a Nal
detector, we conclude that the problems of a costly Ge detector are not justified for most
applications. Although a single instrument could contain both detector types, this added
complexity generally is justified only for the measurement of more elements than those
presently accessible to our Elemental Analyzer.

3. SIGNAL PROCESSING

The major difficulty from having chosen a Nal detector is that the gamma-ray spectrum
contains few cleanly-resolved peaks. Because there are a very large number of lines from
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coal, even the good energy resolution of a Ge detector is not sufficient to resolve all peaks,
and the Nal spectrum becomes a complex, slowly-varying mixture of peaks and Compton
continuum. Therefore, the signal-processing techniques must contend with the fact that each
element will contribute significantly to all regions of the energy spectrum below the energy of
its most energetic gamma ray.

Figure 5 summarizes the three major steps in processing and interpreting the detector
outputs. First, components which are not proportional to the elemental composition are
removed. Then we decompose the composite spectrum into a linear combination of
component spectra. Finally, ratios of the amounts of these components are constructed to
avoid a dependence on absolute counting rates.

• Remove Nonlinear Effects
» Pileup
o Energy-scale Uncertainties
« Density Changes

• Linear Superposition
» Peaks and Continuum
° Comprehensive Library of Components

• Avoid Absolute Rates
° Source Strength
° Macroscopic Absorption Cross Section
° Neutron Escape Probability

Figure 5
Approach to Signal Processing

Three main causes of nonlinear effects are present. The pileup of several pulses at the
input to the pulse-height analyzer broadens peaks and otherwise distorts spectral shapes.
Uncertainties in the energy scale arising from drifts caused by temperature and count-rate
changes or arising from composition, pulse pileup and statistics interacting with a stabilizer
limit the accuracy of the measurement of spectral areas. Density variations change the
probability of Compton scattering and thus change the relative number of full-energy gamma
rays compared to degraded ones.

Because Nal generally does not resolve individual peaks in a coal spectrum, the
component spectra contain the Compton continuum as well as full-energy and escape peaks.
In order to have a complete set of component shapes, we include thermal-capture lines from
coal, inelastic-scattering lines from carbon and oxygen, background from the instrument
structure and from sources not related to the 252Cf, and prompt and delayed signals from
neutron interactions in the detector.

Absolute counting rates depend on effects which leave many relative rates unchanged.
The source strength can change as a result of radioactive decay or small displacements. The
number of captures by a given element is inversely proportional to the macroscopic
absorption cross section, which depends strongly on trace amounts of high-cross-section
elements, such as boron, chlorine, or lithium. Finally, the coal does not capture all of the
neutrons, and rates vary with the fraction of neutrons that escape, which in turn depends
primarily on the total density and the hydrogen density.
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3.l SENSOR, LOGIC AND POWER ASSEMBLIES

The signal processing starts at the output of the detector in the Sensor Assembly and
proceeds through the Logic Assembly, which transmits digital data over a two-wire link to the
Display Console in the control room.

Figure 6 is a block diagram of the electronics in the Sensor, Logic and Power
Assemblies. The PMT converts the light from the Nal crystal into a current pulse which
enters the amplifier chain. The slow amplifiers produce a de-coupled, 250-ns
double-delay-line-clipped output which is optimized for energy resolution. The fast amplifiers
generate a pseudo-Gaussian pulse with a width at half maximum of 53 ns that is used for
pileup rejection. Rapid statistical fluctuations in the PMT current after event arrival limit the
narrowness of the amplifier pulses.

DC VOLTAGES

FLUID AT 54°C

POWER
SUPPLY

SEQUENCE CONTROL
and

PJLEUP-REJECTION
LOGIC

EVENT-CATEGORIZATION
LOGIC and

ACCUMULATORS

TEMPERATURE
REGULATOR

110 V 60 Hz
EXTERNAL MCA

(CALIBRATION ONLY)

Figure 6

Block Diagram of Sensor, Logic, and Power Assemblies
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The fast-amplifier output enters the fast pulse-height analyzer (PHA), which is
comprised of 16 discriminators spanning an energy range from 0.4 MeV to 9.55 MeV. The
0.4-MeV discriminator triggers the sequence control to start the event analysis. The first four
discriminators define the boundaries of the four lowest energy bins and also detect multiple
pulses.

All of the discriminators aid in pileup rejection, which involves three criteria: (1) more
than one pulse is detected before the slow-amplifier pulse is analyzed; (2) the fast-amplifier
pulse is too wide; and (3) the slow-amplifier pulse has an amplitude which is too large
compared to that of the fast-amplifier pulse. The pileup-rejection logic has a resolving time of
about 25 ns, which is limited by the improper rejection of events without pileup. A theory
describing the time-dependent statistical fluctuations of the PMT pulse properly predicts this
effect.

The slow-amplifier pulses enter the slow PHA, which uses 36 discriminators to define
36 energy levels from 1.24 MeV to 11.17 MeV. These thresholds must be stable to better than
0.5 keV for accurate measurement of most coal elements.

The event-categorization logic determines the energy bin for each accepted event and
then adds a count to the appropriate accumulator. Once for each 10-s frame, the sensor
data-link logic transmits the contents of these accumulators over the two-way link to the
computer in the Display Console. Because stacked-discriminator PHAs process all thresholds
in parallel, dead time per event is only 1 fis with nominal raw rates of 400,000 s"1. The
instrument monitors its own live time.

An external multi-channel analyzer (MCA) with 1024-channel resolution and much
larger dead time can also analyze the slow pulse during instrument test and calibration. The
MCA signal is the output of a sample-and-hold circuit which stores the amplitude of the
slow-amplifier pulse at the time when the slow PHA analyzes it. Various event types,
including those in selected energy windows with or without pileup rejection and those
comprising detected pileup, can be used to gate the external MCA. MCA live time is also
measured.

Once for each 10-s frame, the sensor data-link logic receives instructions that vary the
offset voltage of the slow amplifiers and the bias voltage to the PMT. Because the PMT gain
is strongly dependent on its bias voltage, these instructions provide a scale-factor adjustment
for the fast and slow PHAs and an offset adjustment for the slow PHA.

The temperature regulator controls the heating and cooling of a dielectric fluid so that
the temperature of the crystal is near 327 K (54°C) and stays constant to better than 0.1 K for
ambient temperatures from 243 K (-30°C) to 318 K (45°C). Because the 250-ns component of
the light output from Nal changes at a rate near -1% K4, a stable crystal temperature is
required to keep the shape of the fast-amplifier pulse constant.

3.2 DISPLAY CONSOLE

A two-way, 2-kHz digital link, which may be several kilometers long, connects the
Sensor, Logic and Power Assemblies to the Display Console. With the advent of powerful
personal computers, the Display Console has evolved from just dedicated Z80-based
microprocessors to include a general-purpose IBM-AT computer. This computer can generate
a printout as shown in Figure 7, which presents the analysis results in a standard format. A
CRT screen with a keyboard is also present, and it can reproduce the printout or provide other
forms of data display such as graphics.

During each 10-s frame, the computer updates the elemental compositions using the
number of counts accumulated during the previous frame. Operator-selectable single-pole or
box-car-averaging filters smooth the outputs for the CRT and the printout. These displays
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PARAMETER AS-RECEIVED DRY BASIS Mon Mar 16, 1987 16:02:25
PROXIMATE
% Moisture (J4.wave)
% Ash
% Volatile
% Fixed Carbon
ULTIMATE
% Carbon
% Hydrogen
% Nitrogen
% Total Sulfur
% Ash
% Chlorine
% Oxygen
Heating Value (Btu/lb) 14533 14681

Emission Potential 1.92 Ibs SO2/inmBTU
Ash Fusion Temp. 2875 deg. F
Total Weight of Coal 141 tons

1.00
5.76
35.43
57.81
80.37
5.17
1.48
1.39
5.76
0.21
4.57

5
35
58
81
5
1
1
5
0
4

.82

.79

.39

.19

.22

.50

.41

.82

.21

.62

Major Elements in Ash
SiO2
A1203
Fe2O3
CaO
Na2O
K2O
Ti02
other

40.99
39.14
8.90
0.41
0.92
3.23
2.12
4.24

Status|S:8l AB:000|#:35852|A:5|V:1735|O:0150|F:0987|C:2106 IW:257422|B : 1

Figure 7

Display Console

include the heat content (BTU/lb), the emission potential (pounds of SO2 per million BTU)
and the ash-fusion temperature. The other outputs are the usual items in the ultimate and
proximate analyses, including the moisture content. The latter is derived from a separate
instrument which measures the attenuation and/or phase shift of microwaves in the coal. The
averages can be weighted by the coal flow rate, which a belt sensor converts to a 4- to 20-mA
signal for digitization in the Display Console.

Besides determining the elemental compositions using techniques to the described in
more detail later, the computer has four other functions. These functions are energy-scale
stabilization, sequence control, error detection, and data formatting for an external computer.

The computer transmits instructions to the Sensor Assembly in order to adjust the fast-
and slow-PHA scale factor and the slow-PHA offset. These adjustments provide a two-point
stabilization of the energy scale by forcing (1) the ratio of counts in two 50-keV-wide
windows centered about the 2.223-MeV hydrogen peak to be constant and (2) the counts in
the three windows which contain the 10.317-MeV and 10.828-MeV peaks from nitrogen to be
in fixed ratios to each other. The resulting gain control tracks primarily PMT variations with a
50-s response time. The offset control compensates for small drifts in the electronics with
about a 2000-s response time. These times were chosen to filter statistical variations while
allowing the stabilizer loops to follow expected drift rates.

The sequence-control functions provide automatic operation so that the operator need
not be involved in instrument startup, recovery from power failures and transients, or
recovery from the removal of the sources or of coal from the chute. Basically, the only
operator functions are to observe the elemental compositions and to supply power and coal to
the instrument.

The computer constantly checks the sensor data stream and itself for non-standard
outputs. If such a condition is detected, a front-panel indicator is illuminated, and a coded
message is placed in an error log which is accessible via the printer or over telephone lines via
a modem. Logging malfunctions of the electronics or the computer aid in repair and
maintenance. Also, non-standard operating modes, such as one or both sources removed, an
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empty coal chute, the Sensor Assembly's not being at its operating temperature, or power
failures, are all indicated.

Finally, the Display Console has a data port which can be used to transfer information
to other digital data processors. During instrument calibration and test, this port is used to
record large quantities of data on floppy disks or on a hard disk. The external calibration
computer, which manages this data recording, can also receive and record spectral data from
the external 1024-channel MCA and can give the Display Console computer a limited set of
commands. Various manual modes and error overrides are also available during calibration
and test by way of the keyboard.

3.3 PILEUP STRIPPING

Although the pileup-rejection logic is effective in eliminating most events closely
spaced in time, a typical coal spectrum still contains 5% to 15% residual pileup. The spectral
shape of the residual-pileup component can be described by weighted convolutions of the
pileup-free coal spectrum with itself. The weighting function for first-order pileup describes
the resolving time for pulses at two energies superimposing to look like a pulse at a third
energy, which can depend on the time between the two pulses. The instrument computer must
remove this nonlinear component before further processing can continue.

Because the scale factor for first-order pileup is proportional to the square of the source
strength, pileup can be measured by subtracting the sum of two single-source spectra from the
spectrum which results from both sources together. Figure 8, which arose from such a
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Figure 8 Coal Pileup Spectrum, Dual 65-ug Sources
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measurement, shows the residual -pi leup spectrum for a typical coal. The smooth curve is the
spectrum in 20-keV résolu« ! • ^om the external MCA; the superimposed histogram is the
spectrum in instrument resolution. The strong negative peak at 2.223 MeV arises from the
pileup of hydrogen events on other portions of the spectrum which causes both a net removal
of events from the hydrogen region and a degradation in the resolution of the hydrogen
full-energy peak. Pileup is negative nowhere else because more counts are added (primarily
from hydrogen) than removed.

A theory based on measured pulse shapes and the hardware pileup-rejection
mechanisms was developed to predict the residual-pileup spectrum. Parameters in the theory
were adjusted slightly to fit experiment within approximately 5%. Window-by-window
corrections were then made in instrument energy resolution so that theory and experiment
would agree exactly for one coal. For other coals at the Homer City plant, it is estimated that
this prediction of residual pileup is accurate to approximately 1% of pileup, or 0.1% of the
total spectrum.

Once for every 10-s frame, the instrument computer solves

C. . .S .S .jkl k l
k l

for the pileup-free spectrum Sj, where Nj is the raw spectrum and Cjki are the results of
experiment and theory described above. The indices range from 1 to 40 and correspond to the
instrument's forty energy windows.

3.4 SPECTRAL COMPONENTS

The composite spectrum after pileup stripping can be approximated as a linear
superposition of thermal-capture element spectra (H, Cl, C, S, Fe, Si, N, Al, Ti, Na, Ça, K, Ni,
Cr), two ineleastic-scattering spectra (from carbon and oxygen), four background spectra, and
three spectra reflecting neutron interactions in the Nal detector. Calibration of the Elemental
Analyzer consisted of deriving each of these 23 spectra from measurements of various
samples of known composition.

Thermal-capture element spectra (except for carbon and hydrogen) were deduced by
subtracting the spectra of two runs. The material for the "base" run consisted of a mixture of
nearly-pure plastics (polyethylene, polystyrene, polycarbonate), graphite, and ammonium-
nitrate, which were mixed in proportions so that density and the hydrogen, carbon, and
nitrogen weight fractions simulated those of typical Homer City coals. The "dopant"-run
material consisted of the base material plus aproximately 3% of the element whose spectral
shape was desired. The difference of the resulting spectra was the component shape of the
dopant element.

Figure 9 shows such a difference spectrum for sulfur, both in MCA and instrument
resolution. Several peaks are labeled according to energies in the literature of gamma rays
from thermal-neutron capture by sulfur. In addition to these full-energy peaks, the spectrum is
complicated by single-escape peaks and a Compton continuum. The choice of instrument
energy windows in the region between 4.6 MeV and 5.6 MeV reflects the presence of the
strong 5.42-MeV sulfur peak and its escape peak at 4.91 MeV. It should be emphasized,
however, that the instrument uses all of the information above 3 MeV in this spectrum for the
sulfur measurement. Similar measurements of other dopant mixes yielded spectral shapes for
most of the elements.
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The hydrogen, carbon, inelastic, and background spectra were derived by taking linear
combinations of several measured spectra for which the scale factors of these components
were known. The spectra from neutron interactions in the Nal(Tl) crystal resulted from the
difference of spectra at difference levels of neutron flux and from observing the decaying
spectrum after the removal of the neutron sources.

The major difficulty in this otherwise straightforward approach to deriving spectral
shapes lay in the uncertainty of the exact compositions of the various mixes. These
compositions varied between repeated measurements of the same mix as a result of random
separation of the materials in the mix. The presence of panicles with differing sizes and
compositions, instead of just size fluctuations, led to these composition variations. These
"mixing" errors meant that a dopant-minus-base spectrum could be contaminated with small
amounts of the components in the base. Multiple measurements of several "complex" plastic
mixes and coals containing varying amounts of all elements reduced the mixing-error
uncertainties through averaging. That is, a given spectral shape was allowed to be modified
by adding to it a linear combination of other shapes so that, on the average, its scale factor in
a given complex mix or coal was consistent with the known composition of that material. The
coefficients in the linear combination were also constrained to be consistent with the
magnitude of the compostion uncertainties.

Another difficulty was associated with the energy scale, which had to be kept constant
during the entire set of calibration runs. Although! the instrument itself adjusted the PMT gain
and slow-amplifier offset continually in order to fix the energy scale for a given calibration
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run, that scale changed slightly from run to run, due primarily to the evolution in our
knowledge of the spectral shapes of nitrogen and hydrogen and also to increasing
sophistication of pileup stripping. (The two-point energy-scale stabilization uses
pileup-stripped counts.) The energy resolution of the spectra which the external 1024-channel
MCA recorded in parallel with the instrument measurements during calibration was sufficent
to correct off-line the instrument data for these small shifts in the energy scale. It should be
emphasized that, other than this use for calibration, the Elemental Analyzer does not require a
high-resolution MCA.

3.5 NORMALIZED ELEMENTAL COMPOSITION

We show in Figure 10 a typical spectrum for coals at the Homer City plant. These coals
consist of approximatley 5% by weight hydrogen, 85% carbon, 1% sulfur, and 3.5% ash,
which results primarily from minerals containing silicon, aluminum, and iron. Features of the
spectrum are labeled with gamma-ray energies corresponding to major contributing
components. Above the prominent hydrogen peak at 2.223 MeV, the spectrum is dominated
by the 0.25% chlorine in the coal, because of the unusally large thermal-neutron capture cross
section of this element. That no prominent feature in this spectrum arises solely from sulfur
makes clear the necessity of determining spectral shapes for all contributing components if
the measurement of sulfur is desired when the amounts of other elements change.

Any composite spectrum, such as the one in Figure 10, can be envisioned after stripping
pileup as the linear superposition of the spectral components which were determined during
calibration. The mathematics is that of a linear vector space, an arbitrary element of which is
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Figure 10 Typical Coal Spectrum, Dual 65-u.g Sources

40



described by a unique linear combination of orthonormal basis vectors which correspond to
the library of spectral shapes. A technique similar to that used for Fourier Transforms
determines the amount of each spectral shape in the composite spectrum. That is, if AJJ
represents the contribution of the ith component to the jth instrument energy window for
"unit" concentration of component i, a set of weighting coefficients, Qy is derived such that

V Q..^^ îj A, = 5,jk ik

where oik is the Krönecker delta (6^ = 1 if i = k, otherwise 0^ = 0), and the sum is over the
instrument's energy windows. Thus, if a composite spectrum Nj consists of the linear
superposition of components A:j with scale factors Lj, then we must have

*. = y A.. L. => L. = y Q.. N. .j ' i ji i i ' J y jN. J-^ ji i i ,
i J

We have derived, based on the calibration spectra AJJ , weighting cofficients QJJ for all
non-negligible contributors to a coal spectrum. These weighting coefficients are chosen to
minimize statistical fluctuations in the measured scale factors L; by relaxing the above
orthogonality conditions slightly in a manner that is consistent with expected variations in the
amounts of each component. This characterization of a measured composite spectrum as the
linear superposition of 23 components is accurate to approximately 0.3%, rms, from 2 to 12
MeV.

After decomposing the measured composite spectrum the instrument forms a linear
combination of the resulting scale factors Lj as a normalizing number, which can represent the
total amount of coal or the heat content of the coal. Oxygen, which cannot be measured by
thermal-neutron capture because of its low cross section, is inferred from the scale factors for
the ash elements, carbon, and hydrogen. The normalizing number is divided into all scale
factors to give weight fractions and heat content that are independent of absolute counting
rates.

4. PERFORMANCE

A prototype ELAN was delivered to Pennsylvania Electric Company (Penelec) and
New York State Electric and Gas Company (NYSEG) in February 1983 to monitor the sulfur
content of washed coal at the Homer City Coal Cleaning Plant (HCCCP) in Homer City,
Pennsylvania. Penelec and NYSEG took the opportunity to evaluate ELAN performance over
a broad variety of coals, not just those output from the HCCCP.

Shown in Figurell are the results of measurements by this prototype of sulfur and ash
from a number of Eastern US coals and two coals from the UK. It is important to note that the
chlorine contents of these coals ranged from nearly zero to almost 0.6%. In addition, the ash
compositions in these coals varied substantially, with Fe2O3 contents, for example, ranging
from less than 8% to more than 30% of ash. ELAN's ability to measure ash content
independently of the ash composition is, of course, a direct consequence of the fact that each
of the mineral matter elements is measured separately, and the results are added to obtain total
ash.

The figures represent the results of both static and dynamic measurements. Because the
time average of the spectrum which results from flowing coal with varying composition is to
a very good approximation equal to the spectrum which would arise from a static sample of
the same average composition, the performance of ELAN is, as expected, equally good
whether or not the samples are flowing or fixed.
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Shown in Figure 12 is the comparison of ELAN inferences of calorific value, based
primarily on its measurements of carbon and organic hydrogen, versus laboratory
measurements for the same coals as in Figure 1. The ELAN numbers in the figure have been
adjusted based on laboratory measurements of organic oxygen to account for the widely
varying ratios of organic O/C in this data set. While varying organic oxygen limits the
accuracy with which ELAN can provide a truly generic measurement of calorific value, it is
generally the case that, for a particular application, the variation in this ratio is sufficiently
small that the ELAN measurements are quite good.

The results in Figures 11 and 12 are the average of successive 1-hour averages, and
some of the coals were measured for twenty-four hours or more. A second test performed by
Penelec/NYSEG, which assessed the feasibility of using an ELAN to measure truck-auger
samples, consisted in flowing nineteen distinct coals through the measurement volume in
succession, with a dwell time of approximately forty minutes for each one. Shown in Figure
13 are the results for sulfur and ash versus time together with the region defined by
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I y - |i i < 20, where (I is the laboratory measurement and 2c is the 95% ASTM "different
laboratory" specification. Again, the agreement shows that ELAN provides accurate
measurements in as short as five minutes.

A second ELAN has recently been delivered to a 10-Mtpy (million tonnes per year)
surface mine in the Powder River Basin of northeast Wyoming, where it will monitor the
quality of a high-volatile subbituminous coal which is loaded into silos prior to filling trains.
Shown in Figures 14 and 15 are the results of the factory calibration for this instrument. As
discussed earlier, this calibration consists of measuring three classes of samples: (1) mixtures
of pure plastics, (2) a number of additional plastic mixes, each doped with a single major
element in coal (sulfur, silicon, iron, aluminum, etc.), and (3) a number of actual coal samples
from the site.

In that the organic O/C ratio for the mixes from the three classes varies significantly, the
results in Figures 14 and 15 are normalized to an oxygen-free basis. That is, the ELAN
quantity is the measured elemental scale factor divided by the sum of all other measured scale
factors, with oxygen excluded. (Of the four elements shown in Figure 15, iron, calcium, and
aluminum each have a single point which is off the 45° line by an anomalously-large amount.
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This point is the result for the dopant-run mixture, where uncertainties in the amount of the
dopant element, indicated by the horizontal error bar, are consistent with the deviation of the
point from the 45° line.)

That ELAN is able to accurately assay nearly all of the elements in each of the
calibration mixes using a single library of component spectral shapes is evidence that our
application of PGNAA to measurements of coal quality has succeeded.

5. CONCLUSIONS

This success is not the result of any single feature of the instrument, but is instead
reflects the synergism which results when the physical design, detection system, and
mathematics of analysis all work together to solve the problem at hand. The challenge of the
1990s will be to gain an understanding of how best to use the real-time information which
heretofore has not been available to operators of mines, preparation plants, and coal-fired
generating stations.
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A DETECTOR ARRAY FOR PGNA ANALYSIS
OF INDUSTRIAL MINERALS

M.R. WORMALD
Nuclear Applications Centre,
Harwell Laboratory,
United Kingdom Atomic Energy Authority,
Harwell, United Kingdom

Abstract

A gamma ray detection system is described which is suitable for the
analysis of industrial minerals by the PGNAA technique. It consists of an
array of Nal(Tl) scintillators which are operated as a pair spectrometer.
Comparison with conventional germanium and Nal(Tl) detectors is made and the
new system is shown to have significant improvements in performance.

1. INTRODUCTION

The neutron activation technique using prompt gamma rays known as PGNAA
(see Refs [1-4]) is beginning to be applied to the routine analysis of
industrial bulk materials. The technique consists of subjecting the material
to a source of neutrons and measuring the spectrum of emitted gamma rays.
The linear dimensions of the sample of material are normally greater than the
neutron and gamma ray attenuation lengths. The method offers simplified
handling operations without loss of sampling accuracy. The oil industry has
adopted the technique for well logging and it is now being introduced into
the coal and cement industries and, depending on the degree of success, it is
likely to be taken up by other minerals based industries. Before it is more
widely accepted however, improvements in the quality of the analytical
results may be necessary. In particular overall accuracy and measurement
periods must be compatible with the users' requirements.

Elemental selectivity is achieved on the basis of recorded gamma ray
energy, though there is some scope for changing the sensitivity to certain
elements by choosing the neutron source spectrum. However the complexity of
the gamma ray spectrum is such that there are great demands on the gamma ray
detection system. A sample may contain as many as 20 different elements each
of which may emit 5-10 strong lines and several hundred weaker ones. The
gamma ray detector system is therefore critical in determining the
performance. An ideal detector would record the energy of every gamma ray
accurately, have a large sensitive area and absorb all of the radiation. All
practical detectors fall short of this ideal in some of the following
aspects:

1. they have a restricted sensitive area,
2. fail to respond at all to some incident photons,
3. only partially absorb the gamma ray energy,
4. show instrumental line broadening,
5. have limited rates of detection - require a finite time to process

an event,
Some of these defects such as rate restriction, partial absorption and

line broadening, place a lower limit on the measurement period to achieve
given statistical precision. Partially absorbed events must be subtracted
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from fully absorbed events from lower energy gamma rays, thus increasing the
statistical uncertainty in net peak areas. Accuracy limitations are also
introduced via stripping ratio uncertainties.

Detectors suitable for gamma ray spectrometry include inorganic
scintillators such as sodium iodide { Nal(Tl) } or bismuth germanate { BGO )
and germanium { Ge } semiconductor devices. In comparing Nal(Tl) and Ge,
both are found to have broadly similar pulse output rates which in practice
are about 50k pps. Higher output rates are possible at the cost of vital
energy resolution or with active pulse processing but no vast improvements
are feasible. Ge detectors produce sharper line widths but a higher
proportion of continuum events below the full energy absorption peak. The
respective resolving powers are intrinsic properties of the detector
material. The peak/total ratio is a function of the size of the detector and
its mean atomic number. The mean Z of the two types is about the same but
Nal(Tl) detectors are available in larger sizes. Both types have been used
in PGNAA based minerals analysers. Bismuth germanate is a relatively new
type of gamma ray detector which produces high peak/total ratios but poorer
energy resolution than either Nal(Tl) or Ge.

The use of compound detectors is rare in the field, though Ge detectors
surrounded with Nal(Tl) or, more common recently, BGO annular detectors are
well known in nuclear physics laboratories for Compton suppression and pair
spectrometry. However Parsignault et al. in Ref [1] have used a plastic
scintillator as an anti-Compton shield around a Nal(Tl) central detector to
good effect for a demonstration of coal analysis.

Inorganic scintillators are preferable to Ge semiconductor detectors for
industrial applications because they do not require cooling and suffer
neutron damage less readily and therefore require less frequent maintenance.
However the combination of poorer energy resolution and the still imperfect
peak/total ratios leads to spectra which, if sufficiently long counting
periods are allowed, contain less useful information than their Ge
counterparts. The difficulty lies in extracting small features in a fairly
featureless spectrum and results in poor accuracy. For the short measurement
periods of practical interest for industrial minerals analysis Nal(Tl)
detectors are to be preferred to Ge detectors because of better statistical
precision.

The use of time coincidence techniques with compound detectors can
provide clearer spectra by selecting only the more useful events and to help
to overcome the deficiencies of single scintillation detectors. Gamma rays
interact with matter through a number of distinct types of process of which
three are important in the energy range of 1-12 MeV: the photoelectric
effect, Compton scattering and pair production. The photoelectric effect is
only important as a secondary process for gamma rays degraded by the other
two types of interaction. In sodium iodide pair production and Compton
scattering are equally probable at a gamma ray energy of 4.5 MeV, above this
pair production is the greater, and below the pair cross-section decreases,
becoming zero at energies below 1.022 MeV. The initial gamma ray energy is
converted into an electron and a positron plus their kinetic energy. When
the positron comes to rest it annihilates with an electron and two gamma rays
are produced each with 511 keV and travelling in opposite directions. If the
initial production event occurs within a detector and the two quanta escape
then the remaining energy (Egamma-1.022 MeV) is left in the detector. Pair
spectrometry relies on identifying such events by coincidence and energy
discrimination techniques to remove ambiguities in identifying the original
energy of the photon. The quality of the spectrum is greatly improved
though at the expense of detection efficiency.
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This paper describes an investigation into the performance of an array
of Nal(Tl) scintillators used as a pair spectrometer and to compare the
results with those expected of a germanium and Nal(Tl) detectors.
2. DESIGN CONSIDERATIONS

Pair spectrometers conventionally use three functional detector
elements: a central one in which the primary pair creation event occurs and
two others - such as members of a split annulus - for detecting and
identifying the SllkeV annihilation quanta. It is normal to shield the outer
detectors from the gamma ray source under observation to reduce the count
rate which otherwise would be the limiting factor in the throughput of the
spectrometer because the detection efficiency is greater than that of the
central one. This is possible for a point source of gamma rays such as the
target of a nuclear accelerator or a small radioactive sample, but not for a
PGNAA sample which will invariably be an extended source.

By leaving the annular detectors unshielded but making them the same
size as the central one, all of the detectors are exposed to the same
radiation and operate at the same rate. A geometry suitable for pair
spectrometry can be achieved with a close packed array of either hexagonal
prisms or cylinders. The effectiveness of the annular ring of detectors is
reduced by this compromise but the arrangement has the scope for increasing
the overall efficiency by extending the array in two dimensions with
additional elements and using some of the elements as both central detectors
and outer detectors. Figure 1 shows a suitable arrangement with 7 elements.

Part of
Nal(Tl)
Array

ADC

Discriminators

Fig. 1: Shows the principle of the array with a gamma ray emitted at S within
the sample, producing a positron-electron pair (dotted tracks) at P in
detector B. The 511 keV f-rays are absorbed in detectors A and C. The
energy signal from B is allowed through the linear gate only if the
three signals from the energy discriminators A, B and C occur together.
A and C set windows on 511 keV, B is a lower level discriminator.
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Such an array is formed by close packing cylinders or hexagons to form a
large collecting area which is physically compatible with the shape of the
gamma ray source. The distribution of the source is due to neutron flux
distribution which causes capture gamma rays throughout a large volume of the
sample.

The array may be extended to increase detection efficiency up to the
useful area of the source which is perhaps up to 50cm diameter for coal.
This has the additional benefit of providing improved sampling of the
material under investigation. Cost and complexity may be the limiting
factors in determining the size of the array.

The pair spectrum is formed by gating energy pulses from one of several
primary elements of the array into the gamma ray spectrum, the gate being
opened only for pulses which occur simultaneously with the detection of 511
keV pulses in each of two other elements on opposite sides of and adjacent to
the primary element. Only some elements at the edge of the array may not be
primary. The elements may thus serve both purposes of containing primary
pair creation events and detecting absorption of annihilation quanta for
pairs created in other elements.

The minimum number of elements required is three, placed in a row. Only
one combination of triple coincidences is possible because if the primary
event occurs in either of the elements at the ends of the row it is
impossible to record the two annihilation quanta in the remaining two
elements since the quanta are emitted in opposite directions from the primary
interaction.

If seven identical cylindrical detectors are chosen, placed in a ring of
six plus one at the centre then there are 15 possible triple coincidence
combinations for three elements in a line or subtending 120 degrees, more
than 6 times as many per element than for the minimum of three elements.
However if one outer element is removed the number of combinations is reduced
to 9. The total efficiency of the array increases in an discontinuous
fashion as a function of number of elements and depends on their relative
positions. Peaks in the number of coincidence combinations against number of
elements occur at 7,13,19.. with corresponding numbers of combinations of
15,45,87.

The diameter and length of detector element are important parameters in
determining the efficiency and if it is required that the annihilation quanta
are fully absorbed in a single outer element, which has the same diameter as
the primary element, there will be an optimum diameter which will give the
highest detection efficiency, allowing a high probability of 511 keV photons
to escape the primary element yet with a high probability of an adjacent
element absorbing it. This diameter will be of the order of the attenuation
length of SllkeV photons in the scintillator material, which for sodium
iodide is 3cm.

It is also possible to generate Compton suppressed events by, for
example, vetoing events from an inner element in the array when a coincident
event is detected in another element. This procedure is valuable when lower
energy gamma ray lines are under investigation.

3. COMPUTER MODELLING

À computer model of the gamma ray transport process from a distributed
source to and through an array has been made primarily to determine the
optimum detector element size with a view to maximising the efficiency. A
number of standard Monte Carlo computer codes were examined, such as MCBEND
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(Winfrith) and MCNP (Los Alamos), but it was found to be easier to write a
special program rather than modify existing ones to cope with the scoring of
triple coincidences. The program MCPAIR was used which is described in
detail in Ref [5].

Individual computer runs were made for each of a range of diameters and
lengths of the detector elements. Figure 2 shows the results for the
relative number of triple coincidences recorded, for 8 MeV gamma rays for a
point source on the axis and 20 cm from the front face of the detector
element recording the primary pair production interaction. It shows the
optimum diameter to be in the range 4.5-5.0 cm and the length to be as great
as possible. When other considerations are imposed on these results - such
as the need to maintain good energy resolution and therefore light collection
and the availability from manufacturers - a choice of 5 cm diameter and 10 cm
long was made. The efficiency calculated for this choice is 0.82 times that
calculated for longest element considered calculations which was 34 cm long.

The computer model has been used to calculate the peak and total
efficiencies of a large germanium semiconductor detector for comparison.

10
L = 34 cm

L = 22.5

= 10

10
Diameter - cm

15

Fig. 2: Calculated relative efficiences of a hexagonal array of Nal(Tl)
cylinders operated as a pair spectrometer to 8 MeV f-rays as a function
of the diameter and length of the cylinders. The two 511 keV photons
are absorbed in each of two elements adjacent to the one containing the
primary event but not to each other.
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4. EXPERIMENTAL

An array of 13 Nal(Tl) detectors has been used to evaluate the
feasibility of the proposed pair spectrometry system for PGNAA applications.
Practical applications make exacting requirements on the pulse processing
electronics such as ability to operate at high output rates, high quality
gain stability and automatic operation. The use of a coincidence array places
added requirements of multiple detection channels and fast timing and
coincidence circuitry. To achieve these objectives in a cost effective way a
dedicated pulse processing system has been developed rather than attempt to
build up a system using standard nucleonics units. The large numbers of
detectors leads to advantages in designing a single pulse processing circuit
common to all the elements to gain economy of scale and to incorporate only
those functions which are required, thus avoiding the cost of redundant
functions in standard units.

The pulse processors are single width double height extended Eurocard
format which allows sufficient room to install all of the pulse processing
functions of a single detector element channel from the preamplifier output
to the ADC input on to a single module. Output rates of up to lOOkpps are
possible without significant loss of energy resolution. Triple coincidences,
double coincidences for gain stabilisation purposes singles events and
anti-Compton rejected events can be recorded simultaneously.

Figures 3-6 show spectra produced by the spectrometer for several
different coals and limestone as used as input to a cement kiln.
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Fig.3: ThePGNAA pair spectrum for a high sulphur and iron but low ash coal,
two lines at 4.4 and 4.9 MeV are seen to be of similar size-
characteristic of a low silicon coal. The sulphur line at 5.4 MeV is
large. The Fe line are also strong.
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Fig.4: PGNAA pair spectrum of a low ash, low sulphur, high chlorine coal. The
chlorine lines are very prominent.
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Fig. 5: PGNAA pair spectrum of a high ash coal. The 4.9 MeV carbon and silicon
peak is much larger than the 4.4 carbon peak, indicating high silicon
content.
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Fig.6: PGNAA pair spectrum of limestone. Calcium lines dominate the spectrum,
though carbon and iron are visible. Some of the hydrogen is due to
external moderator materials.

COMPARISON WITH GERMANIUM

The type of gamma ray detector described differs significantly from
germanium semiconductor devices in several parameters which affect their
performance as spectrometers in a PGNAA application. The most important
parameters are energy resolution, pulse output rates, peak efficiency and
peak/total ratios.

The two types of detectors have similar maximum output rates of 50-100
kpps. These rates are achieved with passive double delay line and active
time variant processing for Nal(Tl) and Ge respectively.

The peak efficiency calculated for a 19-element array and a 30%
efficient (compared to a 7.6 cm X 7.6 cm Nal(Tl) at 1.33 MeV at 25 cm) are
shown in Table 1 and are seen to be roughly comparable. The designer has a
degree of choice in this parameter according the quantity of hardware to be
used but the efficiency/cost ratio is about the same for the two systems
referred to.

Germanium detectors produce significantly narrower line widths, eg.
4 keV compared to 120 keV for Nal(Tl). This appears to give Ge detectors a
significant advantage. However other factors are at work in practical PGNAA
applications. Not least, 120 keV is generally adequate to resolve the major
lines in the spectra. Where it is not stripping procedures usually work
satisfactorily.

The presence of three peaks for each gamma ray, full energy, first and
second escape peaks frequently results in overlapping peaks and a general
raising of background or continuum levels from the many weaker branches in
capture gamma ray spectra. The pair spectrometer produces only a single peak
peak for each line.
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Ge detectors have poorer peak/total ratio as can be seen from Table 1,
which shows calculated values for three different monochromatic sources
spanning the most important energy range. Such ratios are not observed in
practice due to degradation caused by scattering in the sample, but the
contribution from the detector is as shown. The array produces nearly 100%
whereas the Ge detector only about 6%. This has a serious affect on the
ability of the Ge device to provide adequate statistical precision in the
timescales often demanded by industrial applications because of the high
level of continuum in the spectrum on which the peaks sit.

Table 1: Calculated absolute peak efficiency and peak to total ratios
for a 19-eleraent pair spectrometer array, and a 30% efficiency
germanium detector from a point source at 10 cm

Er (MeV)

4
6

8

Absolute Peak efficiency
at 10 cm

Array

0.037%
0.056%
0.075%

Ge

0.064% (f)
0.050% (f)
0.058% (1)

Peak/total ratio

Array

0.95
0.94

0.94

Ge

0.073 (f)
0.056 (ft
0.066 (1)

(f) = full energy peak
(1) = 1st escape peak

Special circumstances in some applications can be important and for coal
for example the carbon inelastic scattering peak shows up strongly in the
array spectra even with a 252-Cf neutron source. This is a valuable bonus
for carbon determination. The same line is unusable in a Ge spectrum
because of Doppler broadening, and it only adds to confusion in an important
region of the spectrum where the major carbon and silicon capture lines
occur.

6. CONCLUSIONS

The value of gamma ray pair spectrometry using an array of Nal(Tl)
scintillators for PGNAA has been demonstrated. The design is highly
compatible with the industrial requirement, the small elements being robust,
easily available and redundant in the sense that a single element failing
does not result in the system failing. The detector system provides marked
improvements compared to conventional systems in the key area of spectral
discrimination leading to better element differentiation, shorter measurement
times and greater accuracy. The complexity of the hardware is a disadvantage
but with modern microtechnology this is no major hurdle.
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PROMPT GAMMA NEUTRON ACTIVATION ANALYSIS OF
HARD COAL, RAW LIGNITE AND RAW GLASS MIXTURE

W. HERZOG
Staatliches Materialprüfungsamt
Nordrhein-Westfalen,

Dortmund, Federal Republic of Germany

Abstract

Prompt gamma neutron activation analysis (PGNAA) has proved to be a

useful technique for the multielement characterisation of bulk material such
as coal, limestone, minerals and ores. The use of isotopic neutron sources
like Cf-252 enables the construction of small irradiation facilities for
on-line analysis. Feasibility studies carried out by the Staatliches Material-

prufun&samt on PGHAA on-line analysers for hard coal, lignite and raw glass
mixtures using Cf-252 are described in this paper.

!._. _

Thermal neutron prompt gamma activation analysis (PGNAA) has pro-
ven to be a useful tool for the multi-elemental characterization of
bulk material e.g. coal, lime-stone, minerals and ores etc. The use
of isotopie neutron sources like Cf-252 allows the construction of
relatively small irradiation facilities for the on-line analysis of
large volume product streams.

During the last years the Staatliches Materialprüfungsamt has
carried out by order of industrial customers some feasibility stu-
dies concerning PGNAA on-line analyzers using Cf-252 irradiators.
The main purpose of the experiments was the investigation of para-
meters influencing the accuracy and reproducibility of analysis re-
sults. The work has been concentrated on the analysis of hard coal,
lignite and raw glass mixtures.

2.1 Neutron sources and irradiation parameters

Two Cf-252 sources with 400 ug and 5 ug respectively were avai-
lable. The larger one was mounted on top of a zircaloy rod wich can
be moved vertically in order to vary the neutron f lux on the sample
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position. The small source has been used for special set-ups, e.g.
for boron determinations where this source was shielded by hydrous
lithium acetate solutions.

In all experiments carried out we were using a transmission geo-
metry whereby the sample had been positioned between neutron source
and gamma detector. Thus the sample acts itself as neutron moderator
and the primary and secondary gamma rays emitted by the source and
the source housing are reduced.

2.2 Detectors and electronic equipment

Two detectors with following specifications have been used for
all experiments:

a) HPGe, p-type, 20 % rel. efficiency, 1.95 keV FWHM at
1.33 MeV, horizontal cryostat

b) HPGe, n-type, 20 % rel. efficiency, 1.8 keV FWHM at
1.33 MeV, portable.

After a neutron damage of the p-type diode had been occurred, on-
ly the n-type detector was in use. The detector was shielded against
fast and thermal neutrons by a paraffin wax hood containing boric
acid and lined with a decreasing-Z absorber of lead and copper.

The pulse processing electronics are plotted schematically in
fig. 1. They consisted of a built-in preamplifier, a spectroscopy
grade linear amplifier (Ortec 572) and a fast 400 Mes ADC (Silena

Fig. 1 : Block Diagram of the Gamma Spectroscopy System

58



7420/G) connected to a 16 k memory MCA (Canberra Ser. 80) . The sy-
stem could be runned at a net output pulse rate - measured at MCA -
of 20 kcs, corresponding to about 25 % dead time. The MCA was
connected to a DEC PDF 11/23 with 128 k memory for data evaluation.

2.3 Data Analysis and Calibration

After termination of data accumulation, the gamma spectrum was
transferred to the second memory half of the MCA, smoothed and then
transferred to the minicomputer. In between the first 8 k of the MCA
were cleared to start a new measurement. The spectra were evaluated
with a modified version of a commercially available software package
(Canberra Spectran F) . Modifications were necessary in order to im-
prove the deconvolution of peak multiplets and to correct automati-
cally for gain and zero point shift. A further subroutine was im-
planted which correlates the peak areas to the calibration parame-
ters .

The calibration requires the measuring of the systems response to
samples of known chemical composition for each matrix. In general a
set of 5 - 10 samples covering the range of all practically occur-
ring compositions was used. The samples were analyzed chemically, if
possible by different laboratories. In some cases synthetic samples
with pure chemicals have been produced or thé composition of a given
sample has been changed by dilution with a main component or by
spiking with trace constituents.

The result of the calibration was in most cases a linear rela-
tionship between the peak area and the corresponding element concen-
tration. Only in the presence of strong neutron absorbers like
boron, saturation effects leading to non-linear curves have been
observed.

In order to achieve the highest possible precision more than one
gamma line of each element has been used for analysis. Preferably
the areas of the three or four most intensive peaks were summed up
and correlated with the concentration values. Depending on back-
ground statistics the total error will increase with further in-
creasing of the number of peaks thus requiring a careful selection
of the optimal peak number individually. Beside this, the use of
more than one gamma peak per element will give rise to difficulties
if not all peaks of a given set will be found in the spectrum.
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Therefore it was necessary to implement an additional subroutine
into the program which calculates the missing peak area via the
known relationship of the peaks present in the spectrum.

3. Hard_CoaJl

Since the results of our experiments concerning hard coal are
described in detail in réf. 1 just a summary will be given here. For
the elements hydrogen, carbon, nitrogen, sodium, aluminum, silicon,
sulphur, chlorine, titanium and iron calibration curves have been
established. Fig. 2 a - 2 g shows a comparison between PGNAA and
chemical analysis for the elements S, Na, Al, Si, K, Ca and Fe in
five coal samples originating from Australia, UK, USA, FRG (Ruhr and
Saar). The measuring time was 1000 sec, the sample mass varied be-
tween 103 kg and 122 kg and was used for normalisation.
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Fig. 2 : Comparison between PGNAA and chemical
analysis of hard coal
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As can be seen a good agreament between chemical analysis and PGNAA
is observed.

4. The Analysis oJE Raw Lignite

4.1 General

In the Federal Republic of Germany 120 Mio tons of raw lignite
are mined annually. About 90 % of this amount are fired immediatly
in electric power stations without preparation. Therefore the know-
ledge of the elemental composition of the lignite could contribute
in improving the process control. Thus knowing the concentrations of
the ash building elements the slagging behaviour of the ash can be
calculated and slagging and fouling of the heat exchangers in the
steam generators can be prevented. Furthermore the reduction of SÛ2
emission by adding lime-stone or dolomite would be more efficient
using on-line determination of sulphur /2/.
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Another problem in utilization of raw lignite as a fuel arises from
variations of the water content in the range between 35 - 70 % thus
changing the heating value dramatically and requiring auxiliary
firing by oil or gas. This causes an annual loss of about 15 Mio DM.
By the order of a german electric power company our institute has
made a research study with the aim to test the PGNAA providing in-
formations for process controlling.

4.2 Elemental Determinations

Ten lignite samples with follwing properties have been investi-
gated.

Massrange : 86 - 124 kg
Densityrange : 0,74 - 1.00 g/cm3
particle size
distribution : 0 - 130 mm
water content : 33.0 - 57.3 wt.-%

The measuring time was again 1000 sec for each sample, chemical
analysis results were supplied by the clients laboratory, whereby
hydrogen and carbon had been determined just in five samples. Sodium
and potassium could not be detected by PGNAA within 1000 sec mea-
suring time due to their low concentrations. Beside this, the ele-
ments H, C, Al, Si, S, Ca, Ti and Fe have been determined.
A comparison between PGNAA and chemical laboratory results is shown
in figs. 3 a - 3 h. Values obviously outlying are marked by tri-

5 10
% chem.

30
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10

Carbon

10 20 30
% chem.

Fig. 3 : Comparison between PGNAA and chemicalanalysis of raw lignite
( • = runaway)
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angles and they were not used for the least-squares fitting. With
exception of the above mentioned outlying values in the case of the
aluminium and calcium determinations both methods show good agree-
ment.

63



4.3 Determination of the Ash Content

The ash content has been calculated as the sum of the oxides of
aluminum, silicon, calcium and iron. Sodium and potassium could not
be included because in the actual collective of samples a calibra-
tion was not possible due to the low concentrations. Also sulphur
was not considered since its part remaining in the ash is uncertain.
Fig. 4 contains a plot of the PGNAA ash results against the chemi-
cally determined values. Despite of some ash parts not taken into
consideration a linear dependency resulted in good approximation.

25

215CDQ_

Ash

5 15 25
% chem.

Fig. 4 : Comparison between PGNAA and chemical
ash determination of raw lignite

4.4 Determination of the Water content

Like all nuclear analytic methods also the PGNAA does not dis-
tinct between the different chemical boundings of the elements but
allows only the determination of their total amount. Therefore using
a PGNAA device for coal analysis only the total hydrogen may be de-
termined and an independent method for water determination - e.g.
microwave attenuation - will be necessary.
However, in the case of raw lignite we have used successfully just
PGNAA for the water determination. This is possible if the lignite
stems out of one geological formation what happens in the FRG where
the lignite is fired practically on site and no blending will be un-
dertaken.
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Under these conditions the ratio of carbon to organic bounded hydro-
gen should be constant allowing together with the knowledge of total
hydrogen a calculation of the water content. We have verified this
assumption by analysing five raw lignite samples; the result is lis-
ted in table 1. For the ratio C/Hor0 we found a mean value of 12.73
± 0.32.

Tab. 1: Ratio of carbon/organic hydrogen and water content of raw
lignite

Sample No

1
2
3
4

5

C/Horg

13.04
12.24
12.68
12.72
12.98

H20/wt.-%

34.16
40.60
50.98
53.96
54.25

x = 12.73 ± 0.32

With the two following equations the hydrogen water-bounded hy-
drogen can be evaluated:

1}
2)

3)

[Ha 2 o]

I Ho r aj

= (HT o t a i] - [HO r «l ;

= [HH 2 oj x 9

The values in brackets are weight-percentages

Fig. 5 shows the comparison between PGNAA and conventional water
determination by drying for 10 raw lignite samples. As can be seen,
the agreement seems to be sufficient for process control. Never-
theless it should be mentioned that an error of 1 % absolute in the
hydrogen content will cause an error of 9 % absolute in the water
content.
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5.

On behalf of a glass producer we have dealt with the rapid analy-
sis of raw glass mixture with emphasis on the determination of so-
dium, silicon and calcium. The aim of the investigation was to study
wether a PGNAA device could work as process control instrument in
the glass fabrication. Such an instrument would be desirable since
despite of detailed chemical analyses of the raw materials, e.g.
lime-stone, quartz and soda, and exact dosage by automatically
working weighers, there exists some risk for misfunction of the
weighers. For this case a PGNAA instrument mounted near the outlet
of the mechanical mixer could detect irregularities in the composi-
tion of each charge of the raw glass mixture before it will enter
the melting bath where no further corrections are possible.
For technical reasons the measuring time was limited to 6 min. The
sample size amounted to 60 kg. A comparison between the PGNAA re-
sults and the chemical analysis is shown in fig, 6 a - 6 c for SÏÛ2 ,
Naz O and CaO. Very good agreement has been achieved. However, the
absolute accuracy for the silicondioxide determination was with
0.8 % twice as required by the customer, whereas the requirements
for sodiumoxide and calciumoxide with 0.2 - 0.3 % absolute hade been
almost achieved. The only way meeting a value of 0.4 % concerning
the precision of the SiU2 determination seems to be the use of de-
tectors with higher efficiency.
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MOCA: AN ADVANCED MONTE CARLO CODE USING
A MICRO-COMPUTER FOR SPECTRAL RESPONSES
OF NEUTRON-GAMMA LOGGING TOOLS

J.L. PINAULT, C. GATEAU
Département Analyse,
Bureau de recherches géologiques et minières,
Orléans, France

Abstract

During the last consultants meeting organized by the International
Atomic Energy Agency we presented briefly the development of
B.R.G.M.'s technology in boreholes logging based on nuclear geophysics.
Recently the "in situ" analysis group has been involved in research to
improve the MOCA MONTE CARLO code to obtain directly the complete
pulse-height spectral response of neutron-gamma method for borehole
configuration.
Some comparisons with experiments are achieved and they showed a very
good agreement. Such models would be extremely useful in probe design
and in tool calibration too.

1. INTRODUCTION

The use of neutron activation techniques in boreholes for multi-element
analysis of the formation is now firmly established.

Two areas are privileged : oil-well logging and analysis of
metalliferous or other mineral deposits. A probe, containing a neutron
source (14 MeV neutron generator, Am/Be or Cf) and a detector (scintillator
or Hyperpur Germanium) is raised continuously into the borehole : the
energies and intensities of y-rays arising from neutron interactions, are
used to identify and quantify the elements which are in the surrounding
formation. The spectroscopy tools generally require design optimisation and
extensive calibration. An appropriate laboratory test rig, simulating the
expected formation for a range of parameter values, provides most of the
informations required. But, to be exhaustive, the experimentations are
complex and, consequently very expensive. Indeed, for each formation type,
some parameters as ore grade, borehole diameter, water content, density,
temperature, low concentration highly absorbing neutron poisons have to be
modified.

So, there has been a need for computational models which would
accurately predict the response of nuclear logging tools. Such models would
be extremely useful not only in probe design, but also in tool calibration
and, more generally, in log interpretation in being able to predict with a
good accuracy the response that can be expected for various environmental
conditions in and around the borehole. This results are obtained with the
MONTE CARLO method. However the application of general-purpose codes to
logging problems requires strong and large memory computers such as VAX or,
even, super computers such as CRAY XMP and they take a long time to achieve
relative standard deviation less than 5 % in certain neutron logging
problems.
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More serious are the bias which are sometimes recorded : they need some
benchmark experiments for normalisation operations to compare computational
results and experimental occurrences.

The reasons of these sources of nuisance are :
- The last event operator is often used. It is not the most suitable
operator to the spectral response of neutron-gamma tools.

- In order to empirically optimize the variance-reduction methods, a
large number of trial runs are required, especially if they are
developed in general codes for reactors.
Nevertheless, some important advancements was carried out last years :

[1,2,3]. The spectrum is obtained from the MONTE CARLO calculations. Those
allow the estimation of each peak area and their standard deviation from the
background. But the photon interactions to the detector are not introduced
in the calculations and, so, an experimental function response of the
detector is used to generate the complete pulse-height spectrum. This method
is compulsive when the behaviour of the detector has to be studied according
to its type, size and shape.

The purpose of this paper is the description of the MONTE CARLO model
we have developed. The particularities are :

- It takes into account some physical phenomenas such as anisotropy in
the center of mass either for elastic (of course !) or inelastic
scattering interactions, which is important for the simulations of
14 MeV neutron transport. The scatter of neutrons in water is described
by means of the full kernel, due. to the effect of water molecule
vibrational and rotational motions.
The bremsstrahlung emitted in the detector from ultra relativistic

electrons and positrons is taken into account to describe directly the
function response of the detector in regard to the high energy photons.

- Very efficient and powerful variance reduction methods are employed
such as the use of the collision estimator. For each neutron
collisions, the nuclei are forced to emit all the interesting gamma
rays toward the detector. This collision estimator is also utilized for
photon scattering in matter.

- It may be used on micro computers.

2. CONFIGURATION TO BE SIMULATED

The medium is described in a (r, z) space. So all bodies are
represented by conies either fitted into each other or pair-wise contiguous
and they have a common revolution axis.

Simulations are led in 3 levels :
1st level :
Neutrons which are born at the source are tracked until they are

absorbed or killed by Russian Roulette or energy cut off in case of
threshold reactions, or when they leave the outermost body. At each neutron
collision, photons are tracked in the direction of the detector where they
are forced to interact.

2nd level :
Photons that scatter outside the detector are tracked until they are

lost for the same reasons as neutrons. For all photon-collisions, a photon
is led to the detector where it is constrained to interact. Photons from the
source are also considered.

3nd level :
To estimate the amount of loss energy of photons into the detector, the

bremsstrahlung has to be considered, which involves knowledge of the entire
electron-photon cascade set up in the detector.

70



Neutron and photon transport is an analog process excepted when the SR
(splitting and Russian Roulette) method is used. Indeed the 3 dimensional
space is divided into 4 regions the interest of which is decreasing. If the
particle enters into the first region(a), it is split into 4 x WR fragments
where WR is the weight attributed to the particle.

Into the second region(b), the particle is split into 2 x WR fragments.
The Russian Roulette is applied to the third region(c) with a WR/2

survival probability and to the forth(d) with a WR/4 one.
Thus, the weight attributed to each new particle is 1/4, 1/2, 2 or 4

depending on the region. At the beginning of the history, the initial value
of WR is 1.

At every particle collision, the Russian Roulette method is applied
before tracking photon in the direction of the detector. The probability of
survival depends on the importance of the region where the collision occurs.
Equal to 1 in the first region, this probability decreases in the regions 2,
3 and 4.

The detector makes up a very particular body : when a photon is
got in, it is split according to its energy. The higher the energy is and
the more numerous are the fragments. In fact the more complex the loss
energy processes of photons are and the more difficult the sampling of
phenomena is.

3. MONTE CARLO MODEL

3.1. Neutron transport (1st level)
The neutron histories are started by random selection of the neutron

energy and emission direction from the source. The energy is selected from
experimental distribution for both Cf and Am/Be sources [4]. The Am/Be
spectrum is prolonged below 1 MeV such as the mean energy is 400 keV : 23 %
of the neutrons have their energy less than 1 MeV [5]. The emission
direction is selected isotropically. Neutron cross section data are based on
ENDF/B-V or ENDL-84 point wise data.

They are divided into 46 groups weighted by 1/E or by Maxwellian
distribution (for thermal neutrons, two groups are needed to properly weight
the cross section). The purpose of classes rather than the continuous cross
sections is double :

- Saving of computer storage.
- Reduction of variance.

But each class has to be chosen sufficiently narrow to make the errors
negligible when the neutron flux is far from a 1/E function, for example if
E is near the energy of the neutrons emitted by the source or if
0.1 eV < E < 2 eV because of the superimposition of the maxwellian and 1/E
distribution.

The nucleus is selected at every collision, then one among the 4
reaction types is chosen : elastic or inelastic scattering, (n, 2 n)
reaction in which multiplication of neutrons occurs, or absorption [capture,
(n, p), (n, a) reactions] leading to the disappearance of neutron.

When an elastic scattering occurs, the scattering angle is selected in
the center of mass (COM) system. Indeed the distribution function of the
scattered angle in the COM system is tabulated for each natural element from
the ENDL-84 NEA data bank. This angle being known, the energy after
scattering can be determined [6],

When an inelastic scattering occurs, two eventualities appear :
- A discrete level of the nucleus is excited and the scattering angle .is

sampled in the COM system as in the previous case. The distribution
function of the scattering angle in the COM system is tabulated (for
the five main levels) from the ENDL-84 NEA data bank.
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Indeed nuclei such as oxygen, carbon or B10 present a strong anisotropy
in regard to the 14 MeV neutrons : 75 % of the scattered neutrons are
emitted forward for 0 (6.4847 MeV level) and C (4.8024 MeV level) and 92 %
for B10 (2.337 MeV level).

This angle and the energy level being known, the energy of the neutron
after scattering can be determined [6],

- The nucleus is excited to the continuum region.
The energy of the scattered neutron is sampled in the laboratory
system. The distribution function is tabulated from ENDL-84 data which
differs from the evaporation model when the selected element has
several natural isotope components, such as iron or tungsten. The
emission direction is selected isotropically.
When a (n, 2n) reaction occurs, each secondary is assumed to be

independent of the other. So, only one is tracked and the neutron weight is
multiplied by 2. The energy of the scattered neutron is sampled in the
laboratory system such as the previous case. The emission direction is
selected isotropically.

In each case, the scattering angle selected in the COM system is then
converted to the laboratory system.

When the neutron is absorbed it is assumed that, eventually, charged
particle emission does not generate any y~rays*

When the energy of the incident neutron is in the thermal range
(E < 0.4134 eV), the target atom cannot be considered as stationary and a
model which considers the thermal motion of the target is required for
calculating scattered neutron energies. The thermal scattering is modelled
by the free gas kernel [6] for all the elements whose chemical binding may
be ignored except for hydrogen : in this case, the full kernel is used.
Indeed, hydrogen scattering has to be considered rigorously by sampling
directly for a and (5 (respectively the momentum transfer and the energy
transfer) from the S (ot, ß , T) scattering law ; this also includes
chemical-binding effects. The a and ß uniquely determine the kinetic energy
and scattering angle of the emerging neutron in the laboratory system. This
direct sampling of a and ß allows calculations to be made with the full
scattering kernel and requires the storage of only two-dimensional arrays
[7].

Only the distribution functions corresponding to water are tabulated.
The thermal scattering law data are computed using incoherent approximation
with experimental rotational frequency band plus two discrete vibrational
modes, for different temperatures.

The scattering cross sections of hydrogen bound in polyethylene and in
paraffin wax are almost the same as in water.

Fission cross sections are not considered in this work.

3.2. Photon transport outside the detector (2nd level)
Photon cross-section data is based on the compilation of STORN and

ISRAEL [14].
Photons can originate either from the source or from inelastic

scattering of neutrons or from capture. Whatever the emission point may be,
the photons are forced to reach and interact with the detector, either
directly or after scattering.

Unscattered photons from neutron-gamma interactions
At every neutron collision, all the important prompt y-rays from each

element are forced to be emitted at that point.
The quantity we have to estimate is (see appendix)
I (Q) = / g (p) fy (P, Q) dP where (1)
E T E n
IE (Q) is the number of impulses, corresponding to the energy E,
produced by the detector.
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r is the phase space
4> (P, Q) is the collision density at the point P of neutrons born at Q
n
g (P) = WR x A (P) x fi (P) x WT x WD x WE (E, E1, P)
E

WR is the weight associated to the SR method
X (P) is the product of the concentration of the selected element by
the partial cross section of the selected reaction and by the yield of
the selected gamma transition of energy E'
ß (P) is the solid angle of the detector seen from the point P. It is
estimated from the algorithm developed by L. WIELOPOLSKI [9]
WT = exp (- £4 u± t±) is the probability that the photon of energy E'
will be transmitted to the detector without collision. UA and t± are
the linear attenuation coefficient and path length through zone i,
respectively.
WD = 1 - exp (- uD tD) is the probability that a photon of energy E'

reaching the detector will interact in the detector. uD and tD are the
linear attenuation coefficient and path length in the detector, respec-
tively.

The next term of the product, WE (E, E1, P), is the detector
efficiency, i.e. the probability that a photon of energy E' coming from the
point P of the phase space will deposit an amount of energy equal to
E (E 4 E') if it interacts with the detector.

IE(Q) is estimated from the random walk of the neutron as it is
explained in the appendix.
For the most part of elements, the partial cross section is well known

when the selected reaction is a capture. Generally, it is equal to the
absorption cross section in regard to low energy neutrons. In this case, the
Y -ray energies and their yield are based on the catalogue of the prompt
y -rays from thermal-neutron capture in natural elements given by Lone et
al. [10], More doubtful are the inelastic cross sections. Contrary to the
capture cross sections where a single cross section is sufficient to
describe all the Y~raV yields relating to an element, a specific gamma-ray
production cross section must be assigned for each excitation level in the
inelastic scattering case, depending on the decay scheme to be used. These
gamma-ray production cross sections are known only for a few number of
natural elements.

For all the other elements, they are obtained from the inelastic
scattering cross sections to discrete states which supposes that the nucleus
energy drops on the fundamental state, without going through any
intermediate state.

Unscattered photons from the source
The distribution function of Cf and Am/Be photon emission is tabulated

from the Ingersoll and Wehring work [11].
Scattered photons from neutron-gamma interactions
The quantity to be estimated is the same as above (see 1) but now
SE(P) = / h (P1) y (P1, P) dPf where (2)

fy (P1, P) is the collision density at the point P' of photons
P born at P.
h (P1) = Wn x WR x 6 (P1) x fl1 (P1) x WT x WD x WE (E, E' P')

Wn is the weight of the initial neutron at the point P.
WR is the weight of the photon associated to the SR method.
Q (P) = os/ot is the ratio of the scattering cross section (coherent
and incoherent scattering) and the total cross section.
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fl' (P') is the probability that the photon reaches the detector if it
scatters at the point P'. This probability is described with the
Klein-Nishina law (compton effect) or the Thomson law (Thomson effect)
[12].
WT, WD and WE (E, E1 P') have the same signification as above.
gg(P) is estimated from the random walk of the photon (see appendix),
that allows an estimation ofI„(Q) [see (1)].h
The four phenomenas are intended : photoelectric effect, pair

production, coherent and incoherent scattering. In all cases, the
bremsstrahlung is ignored because, generally, the photons which ensue from
this phenomena have low energy.

If the photon is scattered, the scattering angle is sampled from the
distribution function calculated from the Klein-Nishina law or from the
Thomson law.

Photons are tracked until they are absorbed or killed by Russian
Roulette, or energy cut off or when they leave the outermost body.

In fact, the gg(P) function may be estimated according to an other
approach. Let's consider the nth collision of the photon along its random
walk. h(P') may be estimated thereby :

h(P') = Wn x WR X ß' (P') x WT x WD x WE (E, E', P').
if a non absorbing reaction occurs in P' and

h (P1) = 0 in the opposed case.
Note that now 6 (P1) = 1.
The product ft' (P1) x WT x WD represents the conditional probability

that the (n + l)th photon collision occurs into the detector if a non
absorbing reaction occurs at P1 outside the detector at the nth collision.

In these conditions, h (P!) = 0 if P1 belongs to the detector, which
constitutes a strong reduction variance technique.

3.3. Photon transport into the detector (3rd level) - Estimation of the
detector efficiency WE (E, E', P)
The model leans on the following assumption : if a photon goes outside

the detector after it interacts, then it can't come back in.
In fact, the probability of its return is very weak. If this event

occurs, the photon loses energy outside the detector and, consequently, this
hypothesis affects only the background shape.

When a photon enters into the detector, it is forced to interact : the
collision site is sampled from a truncated exponential probability density
function.

Unfortunately, the collision estimator depicted in the appendix can't
be efficiently employed to the photon transport into the detector. Indeed
accurate evaluation of the produced bremsstrahlung implies knowledge of the
entire electron photon cascade set up in the detector and so the events
can't be threaded. We prefer the last event estimator to do it.

As in the previous paragraph, four phenomenas have to be intended :
photoelectric effect, pair production, incoherent and coherent scattering.
In the three former cases, the energy transfer of photon to charged
particles induces bremsstrahlung that have to be taken into account in
regard to the possible energy transport outside the detector.

A theoretical treatment, therefore, must include the slowing down and
multiple scattering of the primary electrons as well as of the secondary
electrons that are produced in knock-on collisions and as the result of
photoelectric absorption, Compton scattering, and pair-production events ;
it must also include production, multiple Compton scattering, and absorption
of continuous bremsstrahlung, annihilation radiation, and characteristic
X-rays ! Fortunately, the model may be substantially simplified owing to the
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large size of the detector compared to the mean path length of charged
particles, X-rays and continuous bremsstrahlung below 60 keV.

Only bremsstrahlung of high energy particles (> 1.2 MeV) may emerges
from the detector as we will see farther. In the ultra relativistic range :

- Positrons and electrons have approximately the same behaviour because
the electron can't bind itself with the nuclei (no discrete states in
both cases).

- Depending on Z2, the integral cross section reaches high values in high
Z detectors and, so, the electron is supposed to be staying at the same
place during its slowing down. According to M.J. BERGER and
S.M. SELTZER [13], the mean path length (transposed to a Ge detector)
of 5 MeV electrons doesn't exceed few millimeters.

- We assume that the bremsstrahlung is emitted in the same direction as
the electron's and that the electron is not deflected during its slowing
down. Indeed, the closer the angle of emergence is to 0°, the harder is the
spectrum and the higher is the probability that the photon escapes from the
detector. Moreover energetic photons can be emitted only by electrons that
have lost little energy and have not yet been deflected much by multiple
scattering.

The photon production cross section can be divided into two parts
according to the photon energy E. If E < 60 keV all the photon energy is
absorbed by the detector. We formally include into this class the case of
electron-electron knocks, where E = 0. If E > 60 keV the photon is tracked
until it is absorbed or until it escapes, in order to estimate loss-energy.
The bremsstrahlung efficiency defined as the fraction of the kinetic energy
of the electrons converted into the form of bremsstrahlung such as E > 60
keV is defined from M.J. BERGER and S.M. SELTZER work, which concerns
bremsstrahlung on tungsten targets. It is represented by a linear
relationship in terms of electron energy between 0 and 10 MeV.

The differential photon production cross section versus photon energy
in the case of ultrarelativistic electrons is borrowed from H.A. BETHE and
W. HEITLER work [12].

Actualy, to take into account the bremsstrahlung production,
calculations are led into two stages.

- Firstly, let E be the kinetic energy of the charged particle : the
energy E of the photon is sampled. The new energy of the charged
particle is € - E.

- Thus, the existence of the photon is checked, according to the
bremsstrahlung efficiency. If it is true, the photon is tracked until
it is absorbed into the detector or until it escapes. Of course, it may
engender new energetic charged particles. If it is false, a new photon
is sampled until it gets true or until the charged particle energy is
less than the threshold (6 < 1.2 MeV) owing to the weakness of
bremsstrahlung production probability. If the charged particle is a
positron, two gammas, each of energy 0.511 MeV, appear in opposit
directions and are transported farther. The angular distribution of the
annihilation quanta is assumed to be isotropic.
We will consider now the mechanisms of production of high energy

charged particles in the ultrarelativistic range :
- Photo electric effects : the electron is emitted in the same direction

as the incident photon's. Indeed, the cross section exhibits a sharp
spike for small angles [12].

- Compton effect : the recoil electron direction is calculated according
to the conservation of momentum.

- Paire production : an electron and a positron are emitted in the same
direction as the incident photon's. Indeed, the scattering angle is
approximatelly equal to mc2/€± where me2 is the rest energy of electron
and G ± is the charged particle energy. £ ± is sampled from a
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distribution function which is established from the H.A. BETHE and
W. HEITLER'S differential cross section [12].
Thus, the knowledge of the entire charged particle-photon cascade leads

to the calculation of photon loss energy into the detector. According to the
result, this event contributes to the peak or to the background intensities.

4. COMPARISON WITH EXPERIMENTAL DATA
A comparison of peak intensities from the MONTE CARLO simulation with

the experimental data for two configurations depicted by Y. JIM, R.P.
GARDNER and K. VERGHESE [2] is shown :

- Firstly a borehole configuration consists of a right circular
cylindrical sample container and a coaxial probe. The sample medium is
a solution of NaCl (see composition in table 1).
Table 1 - The elemental composition for 1.589 W/o NaCl solution

Element Weight fraction (%)

H

0
Na
Cl

11.012
87.399
0.625
0.964

A 39 % high - purity Ge detector which has an active volume of 170 cm3
and a 10 ug Cf source of neutrons are used.

The configuration is shown in figure 1. The four regions which are
chosen for variance reduction are represented.i

h

3
$
b

10 cm
1st moment of coordinates r and z.

H Source.

cl DC U variance-reduction regions.

Figure 1 - Experimental configuration for borehole logging from [2].
(1) lead ; (2) polyethylene ; (3) polyethylene ;
(4) cadmium ; (5) lead ; (6) polyethylene ; (7) lithium
carbonate ; (8) polyethylene ; (9) sample medium ; (10) Ge
detector.
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The results of the MONTE CARLO calculations (relating to 1 neutron) are
multiplied by the factor 0.828 1011 that agree with emission of 2.3 107
neutrons during 3600 s (see table 2).

The M.C. errors are about 5 % for 1000 histories. This hight yield is
obtained through the variance reduction technique : importance of regions is
chosen accordingly to the shielding of detector : the third region(c)
included between regions a and b can't be seen by the detector.

Table 2 - Comparison of Monte Carlo predictions and experimental data
for the 1.589 W/o Na Cl solution

Element

H
Cl

Photon
energy
(MeV)

2.223
5.715
7.414
7.790
8.578

Total counts
Experiment

430 382
3 979
5 875

4 566
1 404

in peak
Monte Carlo

460 021
3 482
5 570
4 235
1 697

- Secondly a conveyor belt configuration consists of a neutron source
placed on one side of a rectangularly shaped sample box and a detector
placed on the other (in fact, in our Monte Carlo model, the sample box
is assumed to be a right circular cylinder, 42.31 cm in diameter). The
sample is a New Mexico subbituminous coal with the composition given in
table 3.

Table 3 - The elemental composition for New Mexico coal with a density of
0.78 g/cm3

Element

H

C

N

0

S

Na

Mg

Al

Si

Cl

K

Ça
Ti
Fe

Weight fraction (%)

5.276
59.100

1.605
20.2254

0.507
0.363
0.133
3.995
7.014
0.0226
0.111
0.222
0.240
1.186
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The detector and the source are the same as in the previous example.
The configuration and the four regions for variance reduction are

represented in figure 2.

© J

~l
-X5J

10 cm

ff 1st moment of coordinates r and z.
I Source.
3i D C CI variance-reduction regions.

Figure 2 - Experimental configuration for bulk media analysis from [ 2 ] ,
(1) polypropylene ; (2) par f f in wav ; (3) lithium carbonate ;
(4) lead ; (5) polyethylene ; (6) coal ; (7) para f f in wax and
lithium carbonate ; (8) Ge detector.

The multiplicative factor which is now 0.672 1011 is smaller than the
previous : this is due to increasing of pile-up owing to rate counting
augmentation (see table 4).

The Monte Carlo errors are less than 5 % for 1000 histories.

Table 4 - Comparison of Monte Carlo prediction and experimental data for New
Mexico coal

Photon Total counts in peak
Element energy

(MeV) Experiment Monte Carlo

H

C

N

.Al

Si
S

Cl
Ti
Fe

2
3

5
5

7

3

2
3

6.111
6

7.631
8

.223 1

.684

.269

.298

.724

.539

.380

.221
+ 6.109*

.418
+ 7.645
.787*

149 800

2 579

633
598

1 270

10 136
1 857
1 115

1 166

1 710
3 854
355

1 241 656
2 580

616
436

1 353

8 343

1 179
648

1 290
1 640
3 961
441

-These are single escape peaks.
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In both cases, the Monte Carlo intensities are strongly correlated : at
every neutron collision, all the caracteristic gamma rays are simultaneously
emitted toward the detector.

The total counts under the peaks are nearly equal to the experiment's,
except for S in the conveyor belt configuration, that is not yet explained.

However this disagreement can't implicate the model. In particular the
Monte Carlo results are affected neither by configurations to be simulated
nor by gamma-ray energies.

Nevertheless some comparisons between Monte Carlo calculations and
experimental results (peak and background intensities) are yet required to
check indépendance of bremsstrahlung model and detector type.

5. STUDY OF PREDICTED PROBE RESPONSE IN AN ACTUAL CASE : ANALYSIS OF Ti,
Fe, Si, Al IN BOREHOLES ON A BAUXITE DEPOSIT

We will study now the behavior of probe response in an actual case :
aluminium ore whose components are : bauxite (A1203, 2H20), göthite (Fe203,
H20), and clay minerals. This ore contains Ti02 the concentration of which
may reach 15 %. Water content may fluctuate between 26 % and more than 40 %.

The boreholes may be dry or water filled.
In the four following examples, a correlated sampling is used.
Figure 3 presents intensities of Al y~ray (7.724 MeV) versus water

content. Water in borehole affects very weakely the measure while y~ray
yield collapses when moisture increases in ore.

GO 1.0 -•
3
Q)C

0.5 -•

to
C
01

borehole water filled

empty
Correlated sample

20 30 40 WATER (%)

Figure 3 - Monte Carlo simulation of Al (7.724 MeV) capture Y-ray
intensity versus water content, in borehole - Cf. source - 2"
x 4" BGO detector - spacing source to detector : 22.4 cm -
probe diameter : 82 mm, borehole diameter : 120 mm. Sample is
bauxite with water : density =2.19 g/cm3.
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Figure 4 depicts effect of titanium on Fe and Si j-ray intensities. The
cross section of Ti reaches high values in the thermal range (6.1 barns),
which involves thermal flux decline. On the other hand, the self shielding
phenomena on Ti is weak : the calibration curve is near a straight line
(fig. 4).

H

O

C
O

3
QJ
C

O
4-1

en
C
QJ

1.5 T

îjî Ti (6.4184 MeV)

£ Fe ( 7 . 6 3 1 1 MeV)

^ Si (3.5391 MeV)

Correlated sample

1.0

0.5 - •

0.0 5.0

Figure 4 - Monte Carlo simulation of Ti, Fe, Si, capture y-ray
intensities versus Ti02 grade in borehole - configuration is
the same as figure 3 - borehole is dry - sample
componens : 15 % gb'ethite, 5.7 % Si02, Ti02 + bauxite =
79.3 % - density = 2.19 g/cm3.

On figure 5, the space density function of y~raV intensities along the
Z axis is presented for H, Si, Fe, Al, Ti. All the curves have their maximum
near the basis of detector. -ray energy has a weak effect on lenghwise
resolution. However, the peak width lightly increases when y~ray energy
reaches high values.

On figure 6, the space distribution function of detected y~raV
intensities versus radius is shown. y~ray energy has a weak effect on
radial distribution. About 85 % of the activity proceed from a layer around
the borehole whose thickness is 7.5 cm.

The object of these few examples is to prove that Monte Carlo may be
very useful to answer any actual questions about the space resolution of the
probe (what is the space response when such element is located in a very
thin layer ?) or with respect to the involved volume size around the
borehole.
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H (2.223 MeV)

Ti (6.4184 MeV), Fe (7.63)1 MeV),
Al (7.7239 MeV)

Si (3.5391 MeV)
Correlated sample

- 20.0 - 10.0

*Hf Source

-— — • r
0.0

Detector

• — i • • ——— ————————————— t
10.0 20.0 depth

(cm)

Figure 5 - Density function of y-ray intensities along the z axis.
Configuration is the same as figure 3 - sample components :
76 % bauxite, 3.34 % TiOa, 15 % goethite, 5.66 % Si02 -
density =2.19 g/cm3.

i.o ••

0.5 -•

Ti (6.4184 MeV), Fe (7.631! MeV),
Al (7.7239 MeV)
H (2.223 MeV)

Correlated sample

-1-
0.0 borehole 10.0 20.0 30.0 radius (cm)

Figure 6 - Distribution function of detected y-ray intensities versus
radius - configuration and sample components are the same as
figure 5.
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6. SUMMARY AND CONCLUSIONS

Specific Monte Carlo model which can generate the complete pulse-height
spectral response of neutron activation analyzers for different applications
has been developed.

In the simulation of neutron and photon transport outside and inside
the detector, extensive variance reduction techniques have been used. An
important one among these is the use of collision estimator combined with
the SR method. This enables the emission of y-rays from every element
simultaneously at every collision site. A powerful technique allows the
knowledge of an exhaustive description of loss energy phenomenas inside the
detector, which leads to the calculation of the spectrum (full, simple
escape and double escape peak areas, background) without any experimental
response function bound to such detector type. In addition to the neutron
capture Y-raVs. the inelastic y-rays and those emitted from the source can
also be considered.

A comparison of peak intensities from simulation with experimental data
for two configurations borrowed from Y. JIN, R.P. GARDNER and K. VERGHESE
[2] shows a very good agreement except for S in the conveyor belt scheme,
that is not yet explained. Some experiments with a BGO detector and Cf or
Am/Be sources are in progress to confirm those first results.

The Monte Carlo model developed should be very useful to answer any
actual problems such as the involved volume size and to predict influence on
measures of any parameters such as water content, neutron poison grade in
material to be analysed.
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APPENDIX

Let v|j (P)* be the collision density at the point P of the phase
space r. ip-(P) is solution of the integral equation :

\|)<P) = f K (P, P') \MP') dP1 + S (P),'r
where the kernel factor K is the probability that a particle (neutron,
photon) reaches the point P of the phase space if it leaves a collision at
P'.

S (P) is the probability that a particle reaches the point P if it
leaves the source. So, S (P) is the first collision density.

We now examine the case of a ponctuai source at the point Q. So the
collision density, noted vp (P, Q) , may be represented as :

\MP, Q) = f K (P, P') 4» (P', Q) d P' + K (P, Q)
T

We obtain the relationship :

v | j ( P ) = f < P < P . Q) P (Q) d Q'r
where u (Q) is the density of birth at the point Q.

Let I (Q) = fpg (P) ip (P, Q) d P be the integral we have to estimate,
where g (P) is a bounded function defined on the phase space.

We will consider now a process defined by the Kernel factor K and the
ponctuai source at the point Q. In some regions of the phase space, we apply
the SR method : the particle may be killed by the Russian Roulette game in
"bad" regions or split in the "good" regions to increase the efficiency of
the calculations, which is a non analog process.

We will state a corollary of the theorem 3.5 [8],

Corollary

For the process defined above the randon variable :
k i - 1

1) (P0, P!..., P*) = Z [ (P±) E c(Pj)/ g(Pj)J
i = 1 j = 1

is an unbiased estimator of I (P0). In the theorem the points P0) PL...P
represent the collision points of the random walk, which originates at P
and terminates at Pk.

(Pi) is an unbiased estimator of g (Pi) :
E [ (Pi)] = g (Pi), P4 6 F
c (Pj) is equal to' f K (Q, Pj) d Qr

"P can be written (r, E) where r is the position vector. E represents the
direction of flight : its norm is the energy of the particle.
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It's the mean number of particles after the collision at Pj in the
analog process. In a non multiplying medium, c (Pj) = Es/£t where Es and £t
are respectively the scattering and the total cross sections.

q (Pj) is the mean number of surviving particles after the collision
at Pj in the non analog process. In the SR method q (Pj) = c (Pj) x o where
a < 1 in the case of Russian Roulette and a > 1 in the case of splitting.

If the particle is forced to be staying in a phase space region, then
c (Pj) = q (Pj) x (1 - ß) where ß is the probability that the particle
escapes. This non analog process is allowed if the particle is lost when it
is outside the region.

The relationship 1 is the expression of the powerful collision
estimator we employ to scattered or unscattered photon transport.
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Abstract

Two examples of neutron-gamma borehole logging application are
described. In the quantitative application of the PGNAA technique,
research was carried out both in the laboratory and at a mine to establish
a suitable borehole logging technology for Mn-grade predictions. As an
example of qualitative application of PGNAA, use of this method has been
demonstrated for determination of lithology.

1. INTRODUCTION

Prompt-gamma neutron-activation analysis (PGNAA) is a useful technique
for determining a number of elements found in sedimentary and volcanic
rocks. Availability of an adequate strength neutron source and a high
resolution detector can make the prompt neutron-gamma method a viable
technique for analysing rock samples [1,2]. However, application of PGNAA
to borehole logging, particularly to the minerals and coal industry, still
faces important obstacles.

Firstly, a more common application of borehole logging to the minerals
and coal industry is in-situ quality control in shallow (10-20 m)
production holes drilled on benches. Portable logging, equipment which can
be mounted on a geologist's four-wheel drive vehicle is usually wanted.
Also, the minerals industry in contrast to the oil exploration industry is
more reluctant to hire a logging company utilising expensive logging
equipment based on neutron-generators and high resolution detectors
requiring cryogenic cooling. Such services, with the exception perhaps of
gold exploration, would be too costly.

Secondly, there is always strong resistance to using high activity
neutron sources (>100 ug Cf). Handling of such sources requires
special, rather bulky, source changers (containers). Quality control holes
usually have a high and wide cone of cuttings around them, which prevents
the source container from being located directly above the hole. Shifting
a logging probe (equipped with the source) from a shielded container to a
hole, even with a boom and remote control, is a radiation hazard. Usually,

* Including a contribution in Section 3.1. from collaborative research of J.F. Baron, T. Barnavon and
J. Cariou, from the Laboratoire central des ponts et chaussées (LCPC), Paris, France, and P.L. Eisler, from
the Division of Geomechanics, CSIRO, Port Melbourne, Victoria, Australia.
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the mining company wants to purchase or to lease the logging equipment. If
the proposed method requires a high activity source and/or complicated
semiconductor detectors, there is only a remote chance for commerciali-
sation of such a method.

Last but not least, there are intrinsic problems related to
quantitative interpretation of PGNAA data from boreholes. In a laboratory
application of PGNAA, the geometry is constant and the neutron flux at the
sample location can be measured. In borehole logging conditions in the
presence of cavities and mudcake and also with variable thickness of
casing, the geometry is far from constant. Also a neutron detector placed
in the probe measures the neutron flux at the probe position and not in the
surrounding rock or ore. The measured neutron flux only approximates the
neutron flux in the "sample". This approximation is better or worse
depending on the presence of strong neutron absorbers in the rocks and the
stability of the moderating properties of the logged strata.

At CSIRO, the Borehole Logging Group of the Division of Geomechanics
has for some years conducted research into prompt neutron-gamma techniques.
The research results for the coal mining industry and for salinity deter-
mination have been recently published [3] and therefore will not be dealt
with in this paper. The present paper describes two aspects of PGNAA
application to borehole logging: quantitative and qualitative. Determin-
ation of the manganese content of manganese ore has been used as an example
of the quantitative application of PGNAA to borehole logging. Research
into lithology determination, where the prompt neutron-gamma method was
used in conjunction with other nuclear logging methods, covers the
qualitative utilisation of PGNAA data.

2. QUANTITATIVE BOREHOLE LOGGING OF MANGANESE BY PROMPT NEUTRON-GAMMA
METHOD

The relative magnitude of the capture probability of the various
component nuclides of an ore sample are directly proportional to both their
chemical concentrations and their nuclear cross-sections, and inversely
proportional to their atomic weights. The gamma-ray emission rate from any
of the nuclides is thus proportional to both this probability and to the
number of photons emitted in the average capture event. (The latter is
relatively high for Mn, compared with other nuclides in a typical ore.)

The main reasons why manganese is the strongest emitter of capture
gamma rays in commercially viable manganese ores are the following:

a) The chemical concentration of manganese is always greater than any
other components in the ore.

b) Manganese has by far the largest nuclear capture cross-section (0) for
thermal neutrons (13 b), by compared with Fe (2.6 b), H (0.3 b), Al
(0.23 b)_and Si (0.16 b), where the unit of cross-section is the barn
(Ib = 10 cm ). However, the intensity of the gamma-ray emission
from the various elemental constituents is determined by their micro-
scopic cross-sections, j*o", and their relative concentrations.

The fast neutrons from the source are slowed down in the ore by
collision processes, particularly with the nuclei of elements having
low atomic weight. Hydrogen (hence water) is by far the most effective
constituent for the slowing down of neutrons. The flux of neutrons
available for capture, and therefore the intensity of gamma-ray
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emission, is strongly influenced by the concentration in the ore of
both free and chemically bound water. (We noted that among the ore
samples supplied to CSIRO, several of them were of comparable Mn
concentrations, but contained markedly different concentrations of
chemically bound water.)

The thermal neutron flux is also affected by the Mn concentration
in the ore, because Mn is an unusually strong neutron absorber over a
wide energy range. It is important therefore to combine, in the same
probe, gamma-ray measurement with a neutron measurement.

From the above considerations, certain problems therefore needed to be
resolved during the preliminary investigations; they were:

a) The extent of mutual interference between the spectra of the Mn and Fe
constituents of the ore, and how the effects of this interference could
be minimized.

b) Whether the variable water content in the ore was a problem and, if so,
how the effects could be reduced. Two problems were anticipated in
this context:
i) If the neutrons are not adequately slowed down, several forms of

gamma-ray-exciting neutron reactions, other than neutron capture,
could cause additional interference, e.g., the inelastic scat-
tering interaction with oxygen.

ii) Unless due allowance is made, the effect of neutron flux
variations would detract from the quantitative analysis of
manganese. One plausible approach is to monitor the thermal
neutron count-rate, and include it as a parameter in the
calibration equation for the probe.

2.1. Static laboratory investigations

The measurements carried out in the laboratory used ten ore samples
supplied by the Groote Eylandt Mining Company. Chemical assays of the
samples are given in Table I. The average volume of the samples was about
200 dm3. The measurements were carried out with the drum samples arranged
in a borehole configuration, of hole diameter 150 mm (the same as the hole
diameter used at the mine).

Table I. Sample analyses.

1
2
3
4
5
6
7
8
9
10

Mn

47.4
43.9
37.0
7.1

44.2
41.7
36.5
49.4
21.4
11.2

Fe
1.7
1.7
7.5
8.1
2.4
2.2
3.7
3.8
6.3
11.6

A12°3
6.4
6.1
7.9
16.1
4.3
6.4
4.1
3.4

11.2
12.9

Si02
6.2
7.0

10.3
45.4
10.2
10.7
25.2
4.0

38.4
42.1

Total
H20

6.0
11.8
7.6
10.5
7.3
9.8
4.2
3.8
*
*

* The total 1̂ 0 for samples 9 and 10 is not available.
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The probe used for the prompt neutron-gramma measurements essentially
consisted of a gamma-ray detector, a source of neutrons and an intermediate
shield fabricated from bismuth, which protects the detector from the
primary radiation of the source. The detector housing was also surrounded
by a B-coated cap, not only to provide a means of monitoring the neutron
flux, but also to protect the detector against activation by thermal
neutrons. The source of neutrons was 2 [ig of ^52Cf.

The first phase of the measurements dealt with the problems of mutual
spectral interferences between the manganese and the iron constituents in
the ore, and the significance of the moisture content.

In order to investigate the problem of spectral interference, we used
an intrinsic germanium detector (IG). The excellent resolution of these
detectors enables closely spaced spectral peaks to be identified.

The measurements using the IG detector were then supplemented by
others in which the probe was fitted with a premium grade 51 x 51 mm
Nal(Tl) scintillation detector. The spectra were recorded for all 10
samples in geometries roughly simulating dry, drained and saturated
borehole conditions. The drained borehole condition was simulated by the
paraffin sleeve surrounding both the detector and the source (see
Fig. la). The slowing down properties for neutrons in this situation
resemble the drained ore. Where the entire borehole annulus between the
probe and the wall was filled with hydrogenous material, as shown in
Fig. Ib, the slowing down properties for primary neutrons would probably
approximate those of water-saturated ore.

( a )
150 mm 0
cardboard tube

( b i

Groote Eylondl ore
Probe

Paraf f in sleeve

Scale I 12 5

150 mm 0
cardboard tube

Groote Eylandt ore

Probe

Polyethylene donuls

Scale I 12 5

Fig. 1. Preliminary thermalization tests on the Groote Eylandt samples,
using a conventional nose cone and a 10 ug Cf neutron source.
(a) Partial thermalization with a 9 mm annulus of paraffin wax.
(b) More complete thermalization with a 38 mm annulus of polythene.

The spectra which we obtained with the IG detector confirmed the
published data for energies of the Mn and Fe capture gamma rays; they also
approximately confirmed the anticipated relative intensities of the lines.
The salient observation was that 7.27 MeV is the highest energy at which
any discernible Mn capture line occurs. This is 0.37 MeV below the promi-
nent doublet at 7.64 MeV due to Fe capture. The energy resolution of the
selected scintillation detector was 7% for 137Cs gamma rays. On that
basis, the anticipated energy resolution for gamma rays between 7.5 and
8 MeV was better than 160 keV. Consequently the iron doublet should be
easily resolved from the Mn peak. Conversely, other prominent spectral
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lines due to Fe capture exist at lower energies, e.g., a moderately strong
doublet is located at about 6 MeV, and a relatively weak line is located at
7.28 MeV. There is scope therefore for minimizing the interference by Fe
peaks on the Mn capture spectrum by judiciously selecting the spectral
windows. Figures 2 and 3 show spectra recorded using both the IG detector
and the scintillation detector.

Copture gomniu - toy energy

Fig. 2. The capture gamma-ray spectrum of Groote Eylandt sample No. 4 (Mn:
7 .1%, Fe: 8 .4%), on irradiation with a 2 p.g "2Cf neutron source, and
taken with a high resolution intrinsic germanium detector (live time
1000 s).

In order to determine the spectral windows required to give a
manganese capture response with minimum iron interference, we carried out
simple numerical analyses with the scintillation spectral data. The high
energy spectral range (4-10 MeV) was subdivided into a number of narrow
windows, as defined in Table II. This table shows, for each sample
spectrum, the gamma-ray counts recorded in these narrow windows, normalized
relative to the counts in the window corresponding to the maximum photon
energies. An inspection of the table indicates that the normalized count-
rates in each window vary greatly with the Mn/Fe ratio, where the selected
normalizing channel contains the Fe doublet at 7.64 MeV, i.e., the 7.51 to
9.60 MeV spectral window. The variation of normalized counts for different
samples reflects a considerable component of the Fe interference within the
spectral window made up of all the narrow windows, i.e., from 4.86 to
9.60 MeV. However, if the normalizing sub-window is selected between 6.41
and 6.7 MeV, the ratios shown in the other sub-windows are almost invariant
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(o) (b)

C o p J u r e gornmo t o y e n e r g y C M e V } C o p l u i c g u m m o - r o y e n e r g y ( M e V )

Fig. 3. (a) The peaks of interest in a capture gamma-ray spectrum of
Groote Eylandt sample No. 4 (Mn: 7.1%, Fe: 8.4%), using a
2 p,g 252Cf neutron source and non-thermalizing geometry, and taken with
a Nal(Tl) scintillation detector crystal. The Mn and Fe capture peaks
are shown as is the 10B capture peak, which is used to monitor the
thermal neutron flux. (b) The high energy Nal(Tl) capture gamma-ray
spectrum of Groote Eylandt sample No. 4, using thermalizing geometry.

with sample composition, indicating that the entire window between 4.86 and
6.75 MeV (second escape peak) is the strongest spectral peak due to neutron
capture in Fe for the samples tested. It evidently has a much weaker
intensity than the various Mn peaks situated in the same window.

In order to minimize interference from Fe at particularly high
chemical concentrations, the spectral window for determining Mn was further
restricted to an energy range between 5.6 and 6.4 MeV.

The results of the measurements are summarized in Fig. 4, as cross-
plots of nuclear versus chemical assay for Mn content in the ore samples,
and in Table III as the analysis of variance estimated from cross-plots for
measuring the relationship between Mn content and probe responses. The
estimates of sensitivity are only approximate, owing to the clustered
nature of the data, although the value of the sensitivity shown represents
the average of three independent estimates for each operating condition.

The results indicate that, although the spectral shape between 5.6 and
6.4 MeV is largely governed by the manganese grade of the ore, the iron
content also has a small but significant effect due to the Compton
scattering component.
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Table II. Spectral interference between Mn and Fe evident from normalized count rates in
spectral energy windows (MeV).

Sample
No.

1
3
4
5
6
7
8
1
3
4
5
6
7
8
1
3
4
5
6
7
8
1
3
4
5
6
7
8

Normalized count

% Mn/% Fe

47.5/1.7
37.0/7.7
7.1/8.4
44.2/2.5
41.7/2.3
36.5/4.1
49.5/3.4
47.5/1.7
37.0/7.7
7.1/8.4
44.2/2.5
41.7/2.3
36.5/4.1
49.5/3.4
47.5/1.7
37.0/7.7
7.1/8.4
44.2/2.5
41.7/2.3
36.5/4.1
49.5/3.4
47.5/1.7
37.0/7.7
7.1/8.4
44.2/2.5
41.7/2.3
36.5/4.1
49.5/3.4

4.86-5.25
29.3
16.5
5.9

22.8
21.6
20.9
23.3
5.51
4.26
1.52
4.86
4.82
4.82
4.79
4.05
3.35
2.94
3.77
3.77
3.67
3.70
1.64
1.62
1.56
1.63
1.58
1.68
1.70

5.26-5.55
16.9
9.3
3.6

12.8
12.2
11.8
13.2
3.17
2.42
0.92
2.73
2.72
2.70
2.72
2.33
1.89
1.79
2.12
2.13
2.06
2.10
0.95
0.92
0.95
0.91
0.89
0.94
0.97

5.86-6.40
33.9
18.7
6.5

27.2
25.3
23.3
26.0
6.37
4.84
1.74
5.81
5.64
5.36
5.36
4.68
3.81
3.37
4.50
4.41
4.09
4.16
1.90
1.84
1.72
1.94
1.84
1.87
1.91

6.41-6.75
17.8
10.1
3.8

14.0
13.7
12.5
13.6
3.35
2.63
0.97
2.99
3.05
2.87
2.81
2.47
2.06
1.88
2.32
2.38
2.08
2.17
1
1
1
1
1
1
1

rates in:

6.76-7.00 7.01-7.50 7.51-9.60 •
7.2 5.3 1
4.9 3.9 1
2.0 2.2 1
6.0 4.7 1
5.7 4.5 1
5.7 4.3 1
6.3 4.9 1
1.36 1
1.27 1
0.52 1
1.29 1
1.28 1
1.31 1
1.29 1
1
1
1
1
1
1
1
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Fig. 4. The response of the capture gamma-ray techniques to Hn grade, (a)
The relative count-rate in the 5.56 to 6.64 MeV window corrected for Fe
contribution; (b) the count-rate in (a) normalized to the thermal
neutron count-rate.

Table III. Results of regression analyses applied to prompt gamma-ray
measurements of drum samples.

B A / < t >

R

s .d . (%Mn)

S (sensitivity)

0.81

9.4

0.18

0.89
7.2

0.17

0.96

4.4

0.41

0.97

4.0

0.51

A represents the count-rate in the special window between 5.6 and 6.4 MeV.
B represents A corrected for the Compton contribution of Fe 7.64 MeV

cpature gamma rays in the above window.
4> represents the thermal neutron count-rate.
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2.2. Prompt neutron-gamma logging
The neutron-gamma probe used in the field trials utilised a 51 x 51 mm

Nal(Tl) scintillation detector. The detector was separated from the source
(2 u-g 252Cf) by a space of 15 cm, which included a 5 cm length of bismuth
shielding. The probe had an overall length of 1 m.

The water content of ores, both free and bound, varies appreciably,
causing considerable variations of the thermal neutron flux. In order to
compensate partly for this effect and also to improve the definition in the
spectra, it was.necessary to design a thermalizing nose cone for the probe.
This improved nose cone (Fig. 5) was fabricated from high density poly-
ethylene, and has a diameter of 13 cm through its widest section. An outer
section will detach if the nose cone becomes wedged in the borehole, e.g.,
by stones. The probe and the inner section of the nose cone, which houses
the neutron source, can then be retracted from the hole.

Neutron source
wel l

Fini te s t r e n g t h
holding pins

De tachab le
outer section

Scale: 1:2

Fig. 5. The thermalizing high density polythene nose cone for capture
gamma-ray logging, showing the detachable section which shears off in
an emergency probe retrieval.

For the capture gamma-ray logging, the input data for regression
analyses were linear combinations of the count rates and their ratios,
which were recorded via the preset spectral windows, as listed below:

(i) Windows based on peaks:
Peak
positions (MeV) 0.48 ( 1 0B)
Window
widths (keV) 130

1.72 (H)

120

2.23 (H)

180
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(ii) Windows based on regions:
Window
limits (MeV) 2.85-3.70 4.30-5.25 5.60-6.40
Region Mn, Si Mn, Si Mn
Window
limits (MeV) 6.76-7.00 7.53-9.65
Region Mn, Fe Fe

Splits were accepted as input data for regression analyses where the
recoveries of drill cuttings were better than 2.5 kg (i.e. about 25 per
cent of the ore) and where the Mn grades exceeded 10%, i.e., mineralised
material. A subset of data representing ore-grade material (%Mn>25) was
considered separately.

The data from the preset spectral windows were used to calculate the
variables for a comprehensive investigation to establish the best
regression model. The following general expression was found to be the
most suitable for regressing the capture-gamma data.

%Mn = a0 + a1Rg/R1 + a2R6/R1 + a^-j + a^R^/Rg
where

R, represents the mean count rate observed in the window centred on
the 10B peak at 0.48 MeV

Rt represents the mean count rate observed in the Mn window between
5.60 and 6.40 MeV

RQ represents the mean count rate observed in the Fe window between
7.53 and 9.65 MeV

The accuracy of estimating Mn grades referred to below is the r.m.s.
deviation between the probe responses and the chemical assays of the
recovered drill cuttings. Consequently this estimate of accuracy includes
the errors due to the geostatistical variation between the ore surrounding
the hole and that within the hole, segregation during the recovery of drill
cuttings, sampling, and chemical assaying.

It is important to note that all accuracies quoted in this report
refer to strata having a width of 0.5 m. A better accuracy is anticipated
from the regression analysis of data from wider strata. As a general
principle, the accuracy of measurement would be expected to improve by a
factor of /n relative to the accuracy cited in the text, where the strata
have a width of n * 0.5 metre.

The results of regression analyses are shown in Table IV as goodness
of fit parameters and in Fig. 6 as cross-plots of nuclear versus chemical
assays in the two deposits.

Table IV provides a comparison between the calibration obtained using
the data taken from regions of the mine and that taken from the mine as a
whole. The superior quality of fit for the merged data representing the
mineralized material of the A and D deposits (0 = 3.4% Mn) with respect to
both the corresponding F deposit data (o = 4% Mn) and the total mine data
(a = 4% Mn) may be explained by the fact that the distribution of data
points with respect to Mn grades is most uniform in the combined A and D
deposits.
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Fig. 6. Comparison of nuclear determination of Mn garde with chemical
assays based on a four variable regression analysis of pooled data
obtained by dynamic capture gamma-ray logging. (a) F deposit (b) A and
D deposits.

Table IV. Summary of regressions for pooled and individual deposits from
capture gamma-ray logging.

Manganese content >10%

Data
Data points

Quarry
F
A/D
F/A/D

Groups
38
21
59

%Mn R2
mean value (%)

40.1
29.9
36.5

81.9
93.3
88.4

s.d.
(%Mn)

3.99
3.40
4.00

Manganese content >25%

Data
points

34
12
46

%Mn R2
mean value (%)

42.5
41.0
41.7

73.2
89.3
79.6

s.d.
(%Mn)

3.16
2.47
2.94
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The same conclusion is drawn from the regression analysis of data
representing ore grade material. Table IV also shows that by using the
data for the ore grade material, the precision of calibration is improved,
but the values of R are reduced.

3. APPLICATION OF THE PNGAA TO THE CIVIL ENINEERING INDUSTRY

This section of the paper describes the research carried out on
development of a neutron-gamma method for qualitative applications to the
Civil Engineering industry. The laboratory work (section 3.1) was carried
out at the LCPC Laboratory of Nantes, France under a collaborative research
agreement between CSIRO and LCPC. The field test data (section 3.2) come
from work carried out by the CSIRO Division of Geomechanics for the
Melbourne and Metropolitan Board of Works.

3.1. Laboratory investigations

Road construction and other civil engineering works may profoundly
effect the stability of the geological formations in the vicinity of the
works, and these may consequently affect the stability of foundations in
the engineering structures.

The most important examples of this are chemical alteration of
subsurface gypsum and erosion of unstable strata. These phenomena are
generally initiated if underground streams are diverted into the
potentially unstable zones.

In the case of chemical alteration, the potentially unstable zone is
either exposed unaltered gypsum, or the same material which is only poorly
protected from above by their layers of clay strata. Carbonated water,
which drains down through the formation after rain, would then convert the
gypsum (CaSO^) into limestone (CaCOß). In the process, cavities are formed
which may undermine the structural foundations. This problem is widespread
[4].

In the case of physical erosion, the potentially unstable zones are
generally either sandy strata located between stable clay or rock
structures, or alternatively unstable clay zones sandwiched between
unstable rock strata.

The most common unstable clays are the plastic clays which have high
contents of iron oxide and alumina, i.e. about 9% and 25% respectively.
The calcareous clays containing about 6% iron oxide and 11% alumina are
relatively stable in regard to the effects of engineering works. The
problems of erosion in strata arise most frequently at road cuttings which
disrupt the normal drainage systems of subsurface water.

Borehole logging based on neutron source techniques may contribute
effectively in indentifying particular situations of the type described
above. Significant research was carried out in this field using merely
prompt neutron gamma spectroscopy as the basis for differentiating
lithology [4]. Different types of lithology were generally identified
succesfully on the basis of spectrometric interpretation. Chemical
alteration of gypsum could also be identified by the diminution of the
sulphur capture peak at 5.42 MeV.

A research callaboration between CSIRO and LCPC which began in October
1987 and has continued to the present had the aim of investigating the bed
resolution of various configurations of neutron-gamma probes and also the
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effect of variations in water content in the matrix, borehole size and the
presence/absence of water in the hole. This was considered important
because those are the conditions which vary widely in the course of
logging.

Some results of the latter investigation are reported below.
Two probes having different geometrical configurations were used. The

first probe, which was tested more thoroughly, and under a greater range of
experimental conditions, was a probe having a source-detector separation of
26 cm, from centre of source (252Cf) to detector (51 x 102 mm BGO). The
probe housing was stainless steel, whilst the metal used for shielding the
detector was a tungsten alloy. The probe was lent by BRGM specially for
the project.

The second probe used a similar detector and source to the first
probe. However, the shielding material was a relatively thin sandwich of
lead and polyethylene, of 8 cm thickness. The source-detector separation
was therefore 12 cm and the probe housing was fabricated from polyethyl-
ene. The detectors of both probes were shielded against thermal neutrons
by a protective layer of boron.

In both cases, the probe electronics were connected to the specially
rugged and fast - amplifier multichannel - analyzer system SIROMCA,
designed by CSIRO. This in turn was interfaced to a dedicated IBM PC-AT
type computer. Spectral accumulation, output and storage were carried out
using a CSIRO menu driven software, and data analysis was carried out under
LOTUS 123. The samples investigated were the following: L-type "dirty"
siliceous sand, M-type calcareous shaly sand and C-type, almost pure,
calcareous sand. All three matrixes contained about 6% total water. In
the order of reference above, they contained the following percentage
contents of major constituent:

for silica: 79, 49 and 1,
for alumina: 9, 16 and 0.3,
for calcium oxide: 2, 9 and 52 and
for iron oxide: 1»4, 10 and 0.1.

The drums which housed the samples were more than l m in diameter and
1.7 m in height. Consequently, the samples could be regarded as infinite.

Two sizes of polyethlene casing were used:
a) external diameter 160 mm, internal diameter 131 mm and
b) external diameter 125 mm, internal diameter 100 mm.

The water content in the sample matrix was controlled by adding
polyethylene bars of s.g. 1.33 and hydrogen content (weight basis) of 1.27
relative to water. At the end of the measurements, the measurements were
repeated under water saturated conditions.

The measurements consisted of spectral accumulations for periods of
600 s, with the probe at standard depth below the sample surface. They
were carried with the borehole empty and full of water.

Detailed measurements carried out with the longer probe configuration,
generally indicated that the best form of normalization for water content
variation was simply the live time. The parameters used successfully in
mining industry applications for normalization are less successful in this
respect, i.e., the net peak areas for hydrogen and boron capture at
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2222 keV and 478 keV respectively. This is shown in Tables V and VI for L-
type and M-type materials, using normalised units. In fact, the
normalisation using hydrogen is particularly unstable in dry borehole
conditions whilst that using boron was very unstable under water-filled
conditions.

Table V. Variation of Spectrometric Parameters with Water Content -
L-type Matrix
"Long Probe"

Spectral Parameter

a) Borehole Empty

Si(Net)/Live Time
Si(Net)/Boron(Net)
Si(Net)/Hydrogen(Net)

6.4
(normal)

85
82
115

Water

8.1 9.6

92 91
88 90
113 98

Content(%)

11.1 12.6

100 98
100 98
100 89

17.7
(saturated)

106
122
95

Table VI. Variation of Spectroraetric Parameters with Water Content -
L-type Matrix
"Long Probe"

Spectral Parameter Water Content(%)

6.4 9.6 12.4 14
a) Borehole Empty

Si (Net) /Live Time
Si(Net)/B(Net)
Si(Net)/H(Net)

92
98
128

101
111
122

95
110
100

101
122
84

b) Borehole Full

Si(Net)/Live Time
Si(Net)/B(Net)
Si(Net)/H(Net)

100
90
111

100
100
105

100
101
100

93
127
89
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Table VII shows how the use of spectral parameters based on net peak
areas gives a superior differentiation between the different types of
material tested than the gross channel counts. The water content range
considered in the table is "normal" (i.e., 6.5% H20) to saturated (i.e.,
17.7% H20). The gross windows considered were SILICON, Fe and SUM
(>2.5 MeV). It appears that SILICON (NET)/SUM provides excellent
differentiation once the borehole condition is known. That condition (i.e.
Empty/Full) may be entered from the magnitude of the ratio, HYD (NET)/
BOR(NET).

Table VII. Variation of Spectral Parameter with Matrix-type.

Spectral Parameter
L-Matrix
H20 Range
Norm. Sat.

M-Matrix
H20 Range
Norm. Sat.

C-Matrix
H20 Range
Norm. Sat.

Borehole Empty
H(net)/B(net) 95 225 100 190
Si(net)/Sum(gross) 169 176 830 82
Si(gross)/Sum(gross) 555 559 489 485
Fe(gross)/Sum(gross) 189 182 283 278

40
24
497
277

180
28
495
276

Borehole Full
H(net)/B(net)
Si(net)/Sum(gross)
Si (gross )/Sum(gross)
Fe (gross )/Sum(gross)

340
176
560
180

770
177
563
175

410
87
489
281

720
85
484
274

260
27.5
497
275

690
30
496
277

Further interpretational work is currently in progress, particularly
regarding the comparison of the two probes used.
3.2. Lithology determination

Four shallow holes (35-55 m) cased with steel tubing of I.D. 76 mm
were logged to investigate correlations between responses obtained from
borehole logging and particular types of lithology. The borehole logging
responses referred to above included both logging profiles and parameters
derived from the spectral logging data. The aim of the exercise was to
distinguish between different types of rocks and soils.

PGNAA logging was one of the logging techniques employed. Others
included the spectrometric natural-gamma and gamma-gamma and also
epithermal/thermal neutron-neutron logging methods. The data from the
PGNAA logging were arranged into a number of spectral windows. The major
windows encompassed B and H neutron-capture peaks (gross and net) and also
Si and Fe areas. Experimenting with the widths of those last two windows
did not significantly improve the quality of interpretation, thus wide
windows were utilized to ensure good counting statistics. The most useful
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parameter was found to be the Si/H ratio. The values of this ratio were in
the range 1.6-2.3 for most of the sand and silt strata and 1.1 to 1.5 for
clays and clayey silts.

The logging profiles for natural-gamma, gamma-gamma and PGNAA loggings
are shown in Figures 7, 8 and 9. Distinguishing sand, gravel, silt and
clay from any one of the above profiles is impossible. However, when a
two-dimensional correlation between the PGNAA and gamma-gamma logs is
created, as shown on Fig. 10, the problem can be solved almost without
ambiguity. The differentation is even easier when a three-dimensional
correlation (including natural-gamma logs) is used. Similar correlations
to that shown on Fig. 10 have been encountered in the remaining three
boreholes.

However, at this stage, the detailed information about the lithology
desired depends on the existence of some prior generalised information
about the geology intersected by the boreholes and on the ability of the
interpreter to correlate logs. The type of generalised information desired
is whether it is likely that the boreholes will intersects sands, clays,
silts or volcanic strata. So far, the interpreter "calibrates" the probe
response on typical strata in "known" or geologically logged holes,
typifying the geology.
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Fig. 7. Natural-gamma profile of hole NWS 82.
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Fig. 8. Gamma-gamma profile of hole NWS 82.
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This procedure for interpretation should be developed into a fairly
automatic one, i.e. like an Expert System with the development of a Library
of logging informat ion - both geological and geophysical. The library
would develop naturally and progressively in the course of carrying out
fur ther logs in the general area.

ACKNOWLEDGEMENT for Work presented in Section 3.1.

The work presented in Section 3.1 results from the technical and
scientific agreement between Australia and France signed in 1985 to involve
both organisations in significant research. The participating
organisations f rom the two nations were the following:

For Australia:

The Commonwealth Scientific and Industrial Research Organisation
(CS1RO) - Divisions of Geomechanics, and Mineral and Process Engineering
(Port Melbourne Laboratory).

102



For France :
The Laboratoire Central des Ponts et Chaussées (LCPC), 58 Boulevard

Lefebre 75105 Paris.
The main goal of this research agreement is to apply research into

nuclear borehole logging to applications in mining and civil engineering.
This work was partly supported by the French Ministry for Foreign Affairs
and by the French Ministry for Research and Technology. We thank these
ministeries and their Australian counterparts for their support.

REFERENCES

[1] TITTLE, C.W., GLASCOCK, M.D., "Analysis of Boron, Samarium and
Gadolinium in rock samples by neutron capture gamma ray spectroscopy",
Current Trends in Nuclear Borehole Logging Techniques for Elemental
Analysis (Proc. Cons. Meet, 1987), IAEA-TECDOC-464, Vienna (1988), 105-
110.

[2] GOZANI, T., "Advances in bulk elemental analysis using neutron
interactions", ibidem, 123-133.

[3] CHARBUCINSKI, J., EISLER, P.L., BORSARU, M., Quantitative nuclear
borehole logging based on neutron excited gamma-reactions, Nucl.
Geophys. Vol 2, No 3 (1988), 137-150.

[4] BARON, J.P., CARIOU, J., UNVOIS, J.P., Annales de 1' ITBTP, No 464,
may 1988, series: Materiaux-68 (1988).

Next page(s) left blank 103
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Abstract

A high-resolution gamma-ray spectrometric method using a 252Cf neutron
source is employed to obtain a partial elemental analysis of an igneous rock
down a borehole without taking a core sample. The concentrations of the
elements Si, Al, Fe, Ca, Na, K, Ti, Mn, Cr, V, Ni, and B are measured in terms
of their capture gamma-ray response, using silicon as a calibration
standard. Magnesium, which is not measured directly, is calculated as a
residual. The method was tested experimentally in the Palisade Diabase, but
is applicable to any acid or basic igneous rock. The data are presented as
elemental borehole logs which can be determined in real time. Computer
programs use the elemental composition data to compute petrochemical
information, which is displayed in real time in the form of borehole logs. In
this way it is possible to make borehole loqs showing changes in alteration,
mafic and felsic indices, and normative mineral composition. Such borehole
logs can be a powerful tool for the classif icat ion and comparison of rocks.

1. INTRODUCTION

Geologic mapping, geochemical and geophysical exploration, mining
geology, and other geological investigations require good geologic data.
Obtaining such data in many areas is often contingent on the identification
and evaluation of rocks at depth. Specifically, it is often important to know
the chemical composition and the spatial distribution of chemical elements in
buried igneous rocks. In practice, the subsurface elemental information is
obtained from studies of borehole cores and cuttings by using chemical and
atomic spectrometric techniques. Direct chemical analysis of cuttings and
core samples, besides being expensive and time consuming, is often not
entirely satisfactory because of core losses and poor depth measurements of
the rock samples.
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Over the last 25 years effective methods of using in-situ delayed and
capture gamma-ray spectrometry have been developed to make quantitative
elemental analyses of over twenty chemical elements in rocks from a
borehole1 '2. Nuclear methods have been used to detect and determine the grade
of more than twelve economically important chemical elements in
rocks3~b . In most of these measurements only a partial major-element analysis
of the rock was needed. In a few cases, such as in coal, a complete major-
element analysis has been made /~9 . Initially these methods were used to
determine elemental concentrations for exploration purposes. As high-
resolution gamma-ray spectrometry allows one to make in-situ major-element
analyses of igneous rocks, many of the petrochemical quantities previously
derived from the chemical elemental analysis of rock samples can now be
derived from nuclear borehole elemental logs. These quantitities, in the form
of logs, include changes in rock alteration, the mafic and felsic indices and,
in unaltered rocks, the normative mineralogy. Thus high-resolution gamma-ray
spectrometry should be capable of telling the geologist how specif ic
petrochemical information changes with depth without the need for coring.

In anticipation of using nuclear techniques in deep sea boreholes, some
of the above methods were tested in the Palisade Sheet, a diabase rock similar
to that found under the ocean. Techniques were developed to obtain the
required information in real time and comparisons were made with known
chemical and geologic data.

A borehole tool consist ing of a 252Cf neutron source and a Ge(hp) gamma-
ray spectrometer were used to make the borehole measurements. Computer
techniques designed to process the raw data were developed to obtain elemental
concentrations and to derive petrochemical information from them. In this
paper we describe how the elemental analyses were made and discuss some of the
possible applications and results of the initial tests.

2. EXPERIMENTS

2.1. The s i te

High-resolution gamma-ray spectra were made in a borehole in the well-
studied Palisade Sheet, which lies across the New York-New Jersey border. The
Palisade Sheet is essentially a differentiated diabase sheet approximately

* The borehole spectrometer and associated equipment were supplied by
Princeton Geophysical Services, Inc.
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300 m (984 ft) thick, of early Jurassic age, that intrudes upper Triassic
rocks of the Newark basin, and is exposed along the west bank of the Hudson
River opposite New York City10'11. The northern end of the formation has also
been studied by Ratcliffe12. K. Walker11 recognized at least two intrusive
pulses, with a layer enriched in olivine, a cumulate mineral that apparently
precipitated out of the second pulse of magma while it was molten. More
recently Shirley13 reported that at least three and possibly four intrusive
pulses may have taken place. The rock is intact diabase, with relatively few
cracks or faults, and with a very low (<1%) total water content. Figure 1
shows the location of the sheet and the the borehole. The locations at which
K. Walker and Shirley collected their samples are also shown in the figure.

I I Palisades Dolerite

[•''•''•'•:''-'j Watchung Flows

HI Cretaceous 8 Younger/P^Ona ^HÎg^Jor"
,/„ „ „ Short 8 Long Clove^

Triassic ~ - ~ - - . . «n
Crystalline

Precambrian

• •lermont
I * AiP >.,, M

alisodes

Englewood
Fort Lee

Edgewater

Guttenberg
Weehawken

Union City
Hoboken

Figure 1. Geologic map of the Palisades diabase sheet, after a figure by K.
Walker*1. The location of the Lamont-2 borehole is shown at A, and the
sampling area used by both K. Walker and D. Shirley13 is shown at B.
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The borehole (Lamont-2) is located at the Lament Geological Observatory
south of Palisades, New York in the NYACK N.Y.-N.J. 1:24,000 quadrangle at
longitude 73°54'44"W, latitude 4100'28"N, at an altitude of 67 m (220 ft).
The uncased borehole (diameter = 16.5 cm or 6.5 in) extended through the
sheet, whose basal contact was at a depth of 188 m (618 ft), to the bottom of
the hole at 229 m (750 ft). The borehole is located approximately 1000 m
(3280 ft) from the bank of the Hudson River. Along the river the basal
contact of the sheet, which dips (« 13°) to the WNW, is actually above the
level of the river. Ground water was first encountered in the borehole at a
depth of about 30 m (98 ft). Despite the fact that the bottom of the borehole
was 162 m (530 ft) below the level of the brackish Hudson River, the nuclear
spectra later showed there was no measurable chlorine (<100 ppm) in the water
in the borehole. In this work measurements are expressed in terms of
vertical depth below the wellhead, so as to be compatible with borehole
logging conventions. All references to the published data of others in which
depths were originally expressed in terms of perpendicular height above the
basal plane (stratigraphie height) have been converted to depth below the
surface at Lamont-2.

2.2. The nuclear logs
The hole was first logged from 167.6 to 228.6 m (550 to 750 ft) in a

continuous passive mode with spectral windows set for potassium, uranium, and
thorium. The hole was then logged from 137.1 to 194.3 m (450 to 637.5 ft)
with the sonde in continuous motion in the active capture mode using a 52 pg
californium neutron source at a speed of 61 cm (2 ft) per min with spectral
recording made every 20 seconds. The source-to-detector distance was 49 cm
with a lead shadow shield interposed between the source and the detector. No
boron neutron shield was used.

Finally a stepwise log was made by collecting capture spectra at stations
spaced 15.2 m (50 ft) apart at depths ranging from 61 to 198 m (200 to 650
ft). These spectra were accumulated for 20 minutes each, and are the data
used for subsequent quantitative elemental analysis. The continuous spectral
logs were used to verify that there were no important abrupt anomalies between
the 15.2 m (50 ft) stations.

2.3. Spectral data reduction
The raw spectral data were first processed using a sliding auto-

correlation method, described in an earlier paper11*, in order to locate the
photopeaks, to measure peak areas, and to correct for background. At this
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point it was noted that a number of photopeaks of important elements had
interference problems with adjacent peaks. To analyze these overlapping peaks
and obtain accurate peak areas, a function consisting of two gaussian terms
plus a linear background term was fitted by a least-squares calculation over
the immediate vicinity (±25 keV) of each doublet. In most cases the doublets
could be accurately resolved into their individual photopeaks.

The photopeak areas were also corrected for detector efficiency. To
obtain a full-energy peak relative efficiency £f from each spectrum, the ratio
of the counts in each full-energy photopeak to its respective intensity was
determined for those iron lines which were free of interference. By plotting
the product of energy times this ratio, one can obtain a smooth least-squared
function, g(E) for each spectrum, and thus,

ef = g(E)/E. (1)

The efficiency for single-escape peaks, £g, can be obtained by plotting the
ratio of the counts in the single escape peaks of various elements to the
counts in their respective full energy peaks as a function of the energy of
the full peak15: a least-square fit of this function, h s (E) , is a measure of
the ratio £

s/ef Thus, eg can be determined from hg (E) and equation (1) using
the relation,

es = hs(E) - ef. (2)

The double-escape peak efficiency is determined in a similar manner. Thus,

ed = hd(E) • ef , (3)

where h c j (E) is determined from a least-squares fit of the ratio of the counts
in double-escape peaks to the counts in their respective full energy peaks.

2.4. Determination of elemental concentrations

A prompt-capture spectrum from a homogeneous mixture of elements will
yield counts in each gamma-ray photopeak that are proportional to the
concentration of the element producing that gamma ray. The mass fraction, f,
of any element is

f = k • CM = k • A (4)
ale
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where
C = the integrated number of counts in the photopeak
M = atomic weight
a = thermal capture cross section
I = intensity of the Y-ray in photons per 100 neutrons absorbed
e = the detection efficiency

and k = calibration constant.

The "A" value for any photopeak, as given in equation (4), depends only
on the mass fraction of the element emitting that gamma ray and the
calibration constant for the measurement. Thus, the "A" calculated for each
of the gamma-ray photopeaks of the same element should have approximately the
same value. The measured "A" value for each of the spectral lines (and escape
peaks) of a given element can be averaged to produce a single "A" value
characteristic of the concentration of that element. All that remains is to
determine the constant k for each spectrum. If an "A" value can be measured
for each element in the sample, a closure argument7'15"-1 ! can be used to
determine k. In the measurements described here, magnesium, an important rock
component (MgO » 8%) was not measurable, and hence the closure method could
not be used directly. However, closure was invoked to calculate MgO by
difference, by assuming the residual to be due entirely to MgO. Because the
concentration of MgO in basalts should be more than 97% of all the residual
elements, this assumption is valid without introducing undue error. It should
be noted however, that in calculating MgO by difference the errors may be
high, because the error of the MgO concentration will equal the sum of the
errors of all of the measured elements.

3. CHOICE OF PHOTOPEAKS

3.1. Synthetic spectrum
It is important to choose photopeaks of the elements of interest which do

not have spectral interferences. As an aid to making the proper choice of
photopeaks, a synthetic capture spectrum for diabase (not shown) was generated
using a library of nuclear and gamma-ray data. The value of the synthetic
spectrum lies in its ability to predict interferences between photopeaks, so
that the analyst may choose a set of photopeaks to use in measuring each
element.
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The calculation of the synthetic spectrum made use of the average composition
of the Palisades diabase at Englewood Cliffs as given by K. Walker (see Table
1), and the known photopeak energies and intensities given in Table 2. The
calculated spectrum also includes the contributions from natural radiation,
tool signature, and the presence of other elements such as chlorine and the
rare-earth elements.

Table (1). Expected elemental response of the Palisade Diabase to
high-resolution capture spectroscopy, arranged in order of
expected response. Composition of the diabase at Englewood
Cliffs derived from data of K. Walker (Table 9, column 7, in
reference 11).

Element Mass Fraction

Boron
Iron
Si licon
Titanium
Calcium
Hydrogen
Potassium
Aluminum
Sodium
Magnesium
Chromium
Oxygen
Vanadium
Nickel
Phosphorus

"f" (%)
0.005
9.0
24.47
0.959
6.68
0.1455
0.71
7.41
1.85
3.71
0.05
44.72
0.025
0.01
0.14

Expected Response
( f -0-I /A)

370.
121.
100.
89.
58.
51.
21.
18.
9.9
2.5
0.85
0.84
0.34
0.30
0.14

Table (2). The energies and intensities of photopeaks with interference data
for the measured elements. The "degree of interference" figures in
column 6 are the ratios of the areas of the interfering peaks in column 5
to the areas of the peaks in column 2. The "degree of interference"
figures assume a rock having the elemental concentrations given in Table
(1) as it would be measured by a germanium detector having typical energy
resolution and escape-peak efficiencies. Where the concentration of the
interfering element is unspecified, qualitative values are given.

Energy
Element iJceV}
Silicon 3539

3028,
2517,
4934
4423,
3912,
2093

se
de
se
de

of
of
of
of

Intensity
(r's/100 n) USED?

3539
3539
4934
4934

68
68
68
62.
62.
62.
21.

7
7
7
5

YES
YES
NO
YES
NO
YES
NO

INTERFERING DEGREE OF
LINE (keV) INTERFERENCE
CLEAR
CLEAR
Na(2518)
CLEAR
Ca(4419)
Ca(3908, se of 4419)
CLEAR t
Cl (2094, de of 3116)

12%
18%
6%
weak
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Table (2), continued

Element

Titanium

Chromium

Vanadium

Boron
Alumi num

Iron

Calcium

Energy
(keV)

1381
342
6418
5907,
5396,
6760
6249,
5738,
8884
8373,
7862,
835

7939
7428,
6917,
9720
9209,
8678,
1434
6517
478
1779
7724
7213,
6702,
7631
7120,
6609,
7645
7134,
6623,
5920
5409,
4898,
6018
5507,
4996,
1942
6420
5909,
5398,
4419
3908,
3397,

se
de

se
de

se
de

se
de
se
de

se
de

se
de
se
de

se
de
se
de

se
de
se
de

of
of

of
of

of
of

of
of
ofof

of
of

of
of
of
of

of
of
of
of

of
of
of
of

Intensity(y's/100 n)

6418
6418

6760
6760

8884
8884

7939
7939
9720
9720

7724
7724

7631
7631
7645
7645

5920
5920
6018
6018

6420
6420
4419
4419

69.08
26.3
30.1
24.1
24.1
24.1
24.1
24.1
27
27
27
26.9

12.8
12.8
12.8
11
11
11
100
17.83
100
88.2
27.4
27.4
27.4
28.5
28.5
28.5
24.1
24.1
24.1
9.02
9.02
9.02
9
9
9
75.5
38.7
38.7
38.7
14.9
14.9
14.9

USED?

YES
NO
NO
NO
NO
NO
NO

NO*
NO*
NO*
YES

NO*

NO*
NO*
NO*
YES
NO
YES
NO
YES
YES
YES
YES
YES
YES
YES
YES
YES

INTERFERING
LINE (keV)

CLEAR ft
In(1381)
CLEAR
Ca(6420)
Ca(5909,
Ca(5398,
Fe(6768,
Cl(6768,
Fe(6257,
CLEAR
CLEAR
CLEAR
CLEAR

se
de
se
de
de

of
of
of
of
of

DEGREE OF
INTERFERENCE

6420)
6420)
7279)ttt
7790)t, ttt
7279)ttt

strong
76%
76%
76%
90%)
strong
150%

CLEAR ttt
Mn(847)
Fe(847)
CLEAR
CLEAR
CLEAR
CLEAR
CLEAR
CLEAR
DECAY
Ni (6515,
CLEAR **
DECAY
Si (1779)
CLEAR
CLEAR
CLEAR
CLEAR
CLEAR
CLEAR
CLEAR
CLEAR
CLEAR t
Cl (6620)

(inel.)

de

(1

of7537)

nel. )

3500%
strong

15%

strong

strong
CLEAR ttt
Ca(5909, se of 6420) 77%
CLEAR ttt

YES
NO
NO
NO
NO
NO
NO

Ca(5398,
CLEAR
CLEAR
CLEAR
CLEAR
Al(1938,
CI (1951)
Ti(6418)
Ti(5907,
Ti(5396,
Si (4423,
Si (3912,
CLEAR

de

de
t,
se
de
se
de

of

of
ttt
of
of
of
of

6420)

2960)

6418)
6418)
4934)
4934)

150%

3%
strong
130%
130%
130%
1000%
1700%
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Table (2), continued
Energy

Element

Nickel

Manganese

Magnesium

Sodium

Potassium

(keV)

8999
8488,
7977,
8533
8022,
7511,
465
6837
6326,
5815,

847
1811
7244
6733,
6222,
7058
6547,
6036,
3917
3406,
2895,
2828
1809
585
472
6395
5884,
5373,
871
3982
3471,
2960,
2027
1461
770
5381
4870,
4359,

* not used in
** Hnnnlpr Srn;

se
de
se
de

se
de

se
de
se
de

se
de

se
de

se
de

se
de

of
of
of
of

of
of

of
of
of
of

of
of

of
of

of
of

of
of

Intensity
(Y1

8999
8999
8533
8533

6837
6837

7244
7244
7058
7058

3917
3917

6395
6395

3982
3982

5381
5381

s/100 n)

37.7
37.7
37.7
17
17
17
13
10.8
10.8
10.8
100
30
12.1
12.1
12.1

• 11.1
11.1
11.1
48.02
48.02
48.02
42.51
29.97
25.55
59.8
22.18
22.18
22.18
21.91
18.6
18.6
18.6
17.1

51.5
7.9
7.9
7.9

USED?

NO*
NO*
NO*
NO*
NO*
NO*
NO
YES
YES
YES
NO
NO
YES
YES
YES
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
MO
YES
YES
YES
NO
NO
NO
NO
NO
NO
YES
YES
YES
YES

this work because spectrum
»HonoH

INTERFERING
LINE (keV)

CLEAR
CLEAR
CLEAR
CLEAR
CLEAR
CLEAR
B (478) **
CLEAR
CLEAR
CLEAR
DECAY
Fe(847) (inel.
DECAY
Fe(1811) (inel
CLEAR
CLEAR
CLEAR
CLEAR
CLEAR
CLEAR
Si (3912, de of
Ca(3397, de of
Fe(3414) ttt
Fe(2903, se of
Fe(2832, de of
Mn(1811)
Sm(585)
B (478) **
CLEAR t
Cl (6392, de of
CLEAR
CLEAR
0(871)
Ge(868) tt
CLEAR t
Cl (3981)
CLEAR t
Al (2960)
Cl (2959, de of
Mg(2032)
NATURAL DECAY
CLEAR
CLEAR
CLEAR
CLEAR

cut off above 7.5

DEGREE OF
INTERFERENCE

very strong

) strong
. ) strong

4934) 2600%
4419) 500%

400%
3414)ttt 70%
3854)ttt 92%

strong
strong?
very strong

7414) strong

8%
strong
weak
70%

3981)t weak
6%

MeV
t interference only if salt water is present
tt interference only if interfering element is present in sonde
ttt no interference, but strong line is nearby
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3.2. Interferences
The energies and intensities of the major photopeaks for each element are

shown in Table 2. Photopeaks were chosen which were clear of interference
from adjacent peaks. As it is our intention ultimately to use this method in
marine boreholes, those peaks which have serious interferences from chlorine
were also eliminated as far as possible from the study even though the
chlorine concentration is low in the diabase. Those lines marked "YES" in the
table were used in this study, but these are not always the most favored
lines. For various reasons, as stated in the footnotes of the table, the best
lines were not always used. Some elements can be accurately measured by
logging in a decay mode. While we did not make this kind of log, we have
included information about the decay spectral lines which may be used in Table
3. In addition to the data in the tables, further comment is needed on some
of the elements, as follows.

Table (3) Energy, intensity, and half-life of the gamma rays that can be measured
by delayed gamma-ray emission.

Element

MANGANESE
MAGNESIUM
SODIUM
VANADIUM
ALUMINUM

Gamma -ray
Energy

847,1811
844
472
1434
1779

Intens.

99, 30
72
100
100
100

Isotop, abund.
X a (barns)

13.2
0.0042
0.4
4.83
0.232

T1/2
155 min
9.45 min
20 msec
3.755 min
2.246 min

Comments

Accurate to <0. 1% Mn
Very low cross section
Need pulsed accelerator
Accurate to <0.5% V

_ _ _

Aluminum; The 1779 keV Al photopeak from radioactive decay seen in a
capture spectrum suffers interference from prompt inelastic gamma-rays from
the Si(n,n') reaction. In a decay spectrum, this line may also be
contaminated by the Si(n,p) reaction. However, as the (n,p) reaction does not
become important until the neutron energies exceed about 5 MeV, this
contribution to the decay line is small when using a 252Cf neutron source.
Thus, compared to the measurement of aluminum by capture gamma rays, an
alternate and more sensitive measurement of aluminum can be made from a decay
log using 252Cf neutrons.

Calcium: Although capture gamma-ray lines with potential chlorine
interferences have been eliminated from this study, an exception was made for
the photopeak of calcium at 1942 keV which has a potentially significant
interference from the nearby chlorine line at 1951 keV. These lines are 9 keV
apart and can be separated, but in a high chlorine environment it may make the
area of the calcium line difficult to determine accurately.
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Chromium: The 835 keV peak suffers significant interference from the 847
keV decay photopeak of Mn and the photopeaks of Fe due to inelastic neutron
scattering. For this reason the high-energy lines of Cr are the best
choice. Also, because stainless steel contains chromium, the detector section
of the tool must be provided with a boron shield in order to determine
chromium accurately.

Magnesium: Magnesium in relatively low concentrations is extremely
difficult to measure, both because of its low cross-section and because all of
its principal photopeaks have strong interferences from other elements. In
this study, magnesium was determined by difference: all the measured oxides
plus MgO were assumed to sum to 100 percent. This is a fair approximation in
the Palisades diabase because the sum of the unmeasured oxides is much smaller
than the MgO concentration.

Nickel : The 465 keV line of nickel is not suitable because of the
interfering strong and broad 478 keV line of boron and the relatively strong
line of sodium at 472 keV. The high-energy capture lines are best.
Sodium: Although the strong photopeak at 472 keV cannot be resolved from

the boron line at 478 keV, the photopeak at 871 keV can be used if a boron
shield is used around the detector to suppress the activation of the germanium
crystal which emits a nearby strong capture gamma-ray at 868 keV.

Si, Ti, V, B, Fe, Mn, and K: These elements can be determined either by
capture or by decay gamma-ray analysis as indicated in Table 2 with no special
problems.

4. CALIBRATION

In most igneous rocks the silicon concentration does not vary much from
point to point within the formation, nor does it vary much from one formation
to another within a given rock type (e.g., from one granite to another)18.
Thus, if one knows only the rock type, one can estimate the silicon
concentration with reasonable accuracy19. Thus, a good estimation of the
silicon concentration and subsequent measurement of the silicon "A" value
allows one to determine the k value for the spectrum using equation (4).
Subsequently the concentration of each of the other elements can be calculated
using its respective measured "A" value. However, rather than estimate the
silicon concentration from an average concentration of silica in diabase, we
have used the average experimental value quoted by K. Walker11. From Walker's
data the silica concentration of the Palisades diabase in the Englewood Cliffs
section is 51.46 percent averaged over the same depth interval penetrated by
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our borehole, with individual values ranging from 47.41 to 52.55 percent. The
constant k in equation (4) depends on geometry and neutron fluence. The
spectra recorded here at different depth stations all were made with the same
geometry, and the neutron fluence, as evidenced by the germanium photopeaks in
the spectrum, did not vary measurably with depth. Thus, we felt justified in
assuming that each of the spectra had the same calibration constant k. The
constant k was found by averaging the silicon "A" values for each of the depth
stations, and dividing the average silicon content of the formation, as found
by Walker, by that average "A" value. The concentration of each of the
elements at each station was therefore found by multiplying the "A" value for
the respective element by the k value. Because the silicon concentration was
determined at each station by the same method, its calculated concentration
varied about the average value.

4.1. Neutron "poisons"
It is worth noting that, when the borehole probe was placed in the

sedimentary rock below the basal contact, the gamma-ray counting rate dropped
by a factor of 6 and the boron photopeak at 478 keV was significantly
enhanced. To estimate the boron concentration, we assumed the silicon
concentration of the sedimentary rock to be approximately the same as in the
diabase. In this way the elemental composition of the sedimentary rock could
be measured approximately from its elemental "A" values. The boron
concentration of the sedimentary rock was found in this way to be about 1600
ppm, a dramatic difference from the concentration in the diabase, which was
about 80 ppm. The macroscopic thermal neutron cross-section, as calculated
from these elemental compositions, was estimated to change from 31 X 10~3 cm"1
in the diabase to 252 X 10"1 cm"1 in the sedimentary rock. Thus, the
underlying sedimentary rock would be considered a "poisoned" neutron
environment, in which neutron activation measurements would be difficult20.

5. ELEMENTAL ANALYSES

5.1. Comparison with chemical and atomic spectrometric measurements
Of the common elements (>0.1%) found in igneous rocks, the nuclear method

is capable of measuring Si, Al, Fe, Ca, Na, K, Ti, Mn, Cr, V, Ni, Cl, F, C, 0,
and H. Trace elements measurable include Th, U, B, Gd, and Sm. It is usually
not feasible to measure all of these elements with the same logqing tool. For
instance, while most of these elements are measured by prompt capture, carbon
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and oxygen can be measured in most rocks only by using accelerator-produced
14 MeV neutrons, while Th, U, and K are best evaluated by passive measurements
using their natural radioactivity. Ni, Cr, and V could have been measured
accurately in these experiments, but were not. These elements are present in
the stainless steel of the logging tool. Because a boron neutron shield was
not used to prevent activation of the tool, it was felt that interference by
the tool would compromise the accuracy of the measurement of Ni, Cr, and V in
the rock.

At the time of this publication chemical major-element analyses of the
diabase were not available for the borehole we used, and we were unable to
evaluate the accuracy of the nuclear measurements of elemental composition by
direct comparison with chemistry. However, we were able to compare our
nuclear-determined elemental analyses with those of K. Walker11 calculated
from spectrometric and chemical elemental analyses made on samples from the
vicinity of Englewood Cliffs, New Jersey, about 16 km (10 mi) to the south.
K. Walker's samples were not taken from a single location. Because the
formation dips to the WNW at Englewood Cliffs, Walker was able to collect
outcrop samples along a 2 km traverse that sampled the formation from the
basal contact to 250 m above the basal contact. Figures 2 and 3 show the
elemental logs for the major elements determined by the nuclear method, and
Figures 2A and 3A show synthetic logs assembled from Walker's spectrometric
and chemical analyses of samples from the Englewood Cliffs traverse. Although
there are some differences, the trends are similar and the comparison is quite
favorable considering that the data are not from the same location in the
Palisade Sheet. It should be pointed out that the nuclear data are based on
10 uniformly-spaced stations, whereas Walker's data are based on 7 stations,
three of which are spaced over the top 122 m (400 ft) of the 188 m (618 ft)
thickness of the sheet. The density of chemical data points is therefore
greatest in the vicinity of the olivine layer. The effect is to smooth the
chemical logs over the first 122 m (400 ft) as seen in the figures.

* The Si02 analysis at each station and the FeO, MgO, and Fe203 analyses inthe olivine layer were made using chemical methods11.
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Figure 2. Major-element log of Lamont-2 borehole measured by in-situ capture
gamma-ray analysis.

Others CaO MgO FeO + Fe203 AI203 Si02

50 100 150 200 250 300 350 400 450 500 550 600 650
DEPTH (ft.)

Figure 2A. Major-element data from K. Walker's chemical and spectrographic
analyses, displayed as a log. For purposes of comparison, the depth data
have been adjusted so that the position of the basal contact of the sill
corresponds to that at Lament Borehole #1
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Figure 3. Log of the elements that were grouped together as "Others" in the
major-element log of Figure 2.

Nd20 Ti 02

9

8

7

h-6

Is
o:
£4

3

2

50 100 150 200 250 300 350 400 450 500 550 600 650
DEPTH (ft.)

Figure 3A. Log of the elements that were grouped together as "Others" in the
major-element log of Figure 2A.
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6. APPLICATIONS

6.1 Degree of alteration
The alkali elements, because of their high solubility in hydrothermal

fluids, are noted for their mobility. Variations in the concentrations of
these elements with depth within a given igneous rock might be used as a
qualitative indication that alteration has taken place. Because igneous rocks
are generally relatively uniform in composition when first solidified, spatial
variations in the concentrations of elements such as sodium and potassium may
often be interpreted as a gain or loss of these elements due to alteration
processes. As a result, such elements will show a wide range in concentration
within a given altered igneous rock unit. Gottfried21 points out that the
variability of the elements Rb, Ba, and, K is a good indicator of alteration,
while the concentrations of Th, Ti, Zr, Hf, Ta, Nb, and P vary little from
point to point. Thus, one might use the variability in the ratio of a mobile
element to a stable element as a qualitative measure of the degree of
alteration. For borehole logging, the obvious choice is the ratio of the two
naturally radioactive elements potassium and thorium. To check this
hypothesis we have examined the ratio of K to Th (R = K/Th) in several igneous
rock types. We have used the ratio of the standard deviation to the mean
(S.D./M) of R as a measure of rock alteration . West and Laughlin22 have
determined K and Th gamma-ray logs in several holes in Precambrian crystalline
rocks in northern New Mexico. As shown in Table 4, the S.D./M is relatively
high in a 9 m section of rock just below an unconformity in this formation.

Table (4) Standard deviation/mean values for the K/Th ratio measured for several rock
___ types.

Rock type Method Depth interval S.D./Mean Reference
(meters)

Borehole "EE-1. Fanton Hill. N.M.

•Top 9 m of precambn'an rock gamma 731-747 0.466 22
•15-30.5 m below top of Precambrian gamma 747-762 0.273 22
•Deep precambrian biotite granidorite gamma 2774-2804 0.189 22

Borehole CC#3, Charleston, S.C.

•Basalt chemical 236.8-313.9 0.662 21

Hand specimens, N.J.

•Pal isade diabase chemical 8.76-188.4 0.219 13

Borehole Lamont-2. Nyack, N.Y.

'Pal isade diabase gamma 168.8-188.3 0.337 This work
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Because this rock was once near the surface, it had been altered by ground
water. A section somewhat below this zone has a significantly lower S.D./M,
and very deep rocks in the same borehole had an even lower value. An altered
basalt studied by Gottfried et al.20 has a large S.D./M, as might be
expected. The data of Shirley12 for the Palisade Sill show a quite low ratio,
supporting other evidence that a minimum of alteration has occurred in this
formation. Our data on a limited section (169.9-188.3 m) of the Lamont-2
borehole also indicates relatively low values for the ratio. It appears,
therefore, that with careful interpretation, the variation in the K/Th log can
be used to qualitatively assess the degree of alteration of a given rock unit.

6.2 Fractionation indices
To compare sequences of fractionation of rocks in a given province one

can employ a fractionation index as a basis of comparison. In an igneous
formation, the principal trends of differentiation are described by the mafic
index given by

100 • (FeO + Fe203)

FeO + Fe203 +MgO
and the felsic index given by

100 • (Na20 + K20)
IF = _______________ . (6)

Na20 + Na20 + CaO

Figure 4 shows how these two indices change with depth in the Lamont-2
borehole in the Palisade Sheet, based on our nuclear measurements. Figure 4a
is the same plot based on the chemical data of K. Walker10 taken from an area
about 16 km (10 miles) distant. Despite the distance between the locations of
the two measurements, the logs of the indices agree reasonably well.

6.3 Mineralogy
Knowledge of the elemental composition of a rock is not sufficient to

determine its mineral composition without the use of additional information.
If the major minerals in a rock are known then under some circumstances a
relationship between the mineral and elemental concentrations can be
determined. In the case of unaltered igneous rocks, even if the true
mineralogy is unknown, a hypothetical mineral assemblage may be calculated
which can be used for classification or comparison of rocks.
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Figure 4. Logs of the mafic index [100-(FeO + Fe 0 )/(FeO + Fe 0 +MgO)] and
felsic index [ 1 0 0 - ( N a O + K20)/(Na20 + Na.,0 + CaO) ] derived from the in-
situ qamma-ray loos of figures 2 and 3.
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Figure 4a. Logs of the mafic index [100' (FeO + Fe 0 )/(FeO + Fe 0 +MgO)] and
felsic index [100-(Na20 + «20)/(Na 0 + Na20 -» -CaO) ] derived from the
chemical and spectrographic data of of Figures 2a and 3a.

6.3.1 Mineralogy of sedimentary rocks from nuclear logs

Attempts to infer mineralogy from nuclear measurements of elemental
composition in a borehole are a recent development. In measurements made in a
borehole in a sedimentary rock sequence in Venezuela known to have only four
dominant minerals, Herron23 was able to establish a relationship between those
minerals and elemental concentrations determined by borehole gamma-ray
spectrometry. Herron's technique used an element-to-mineral transform matrix
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to estimate the concentration of kaolinite, illite, and potassium feldspar in
terms of the concentrations of the elements aluminum, iron, and potassium
determined by borehole gamma-ray spectrometry. Quartz, the fourth mineral,
was determined by difference. The results of Herron's nuclear measurements
compared favorably with mineralogy determined by X-ray diffraction of cuttings
from the same hole. Although Herron's method worked quite well in this
particular case, many sedimentary rocks do not have such a limited suite of
minerals, nor is the suite of minerals generally known during the logging
operation. Herron points out that, despite the fact that several hundred
minerals may be found in sedimentary rocks, 95% of all sedimentary rocks can
be described in terms of the concentrations of no more than ten minerals. The
use of the chemical composition to estimate mineral abundances in sedimentary
rocks is a complex problem, and Herron's success in determining mineralogy
from nuclear logs is an important accomplishment.

6.3.2. Minerals in igneous rock calculated as norms
The system of real minerals present in unaltered igneous rock is well-

understood and somewhat simpler than that in sedimentary rocks. In unaltered
rock ground water has not appreciably altered the mineral constituents, and
thus the number of mineral species present is relatively small compared to the
number that may be present in a sedimentary or metamorphic rock. The
composition of crystalline igneous rocks ranging from rhyolic granites to
basalts and gabbros can be characterized in terms of a dozen or so major
minerals.

Solely from its chemical composition, it is possible to calculate a
hypothetical mineral composition for an unaltered igneous rock in terms of an
assemblage of standard minerals, called a norm, if one follows a set of
internally consistent rules (the CIPW method, named for its developers, Cross
et al.24) based on known minéralogie principles. The mineral assemblage
calculated by the CIPW method does not necessarily correspond with the
minerals measured by optical and x-ray crystallographic methods, but according
to Johannson25 the calculated normative mineralogy often exhibits a close
correspondence to the actual (modal) mineral composition. The method is
useful for classifying igneous rocks, particularly in those situations where
direct observation of mineralogy is difficult or impossible. However, when
interpreting the results, it is necessary to keep in mind the that normative
minerals are not necessarily real minerals and that there are limitations
imposed by possible rock alteration and by the accuracy of the elemental
analyses.
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Normative mineralogy is calculated by some authors for rocks that are
known to have been mildly altered12'21. This is done by making modifications
to the measured elemental composition to force it to conform more closely to
the composition that is assumed to have existed before alteration took place,
when the rock was fresh24. For instance, as alteration increases, Fe 0

£. 3

increases at the expense of Fed26. The original composition of the magma is
often assumed to have had a ratio of Fe203 to (Fe203 + FeO) of 0.15. The
concentrations of FeO and Fe20 assumed to have been in the rock before
alteration took place are thus calculated by applying the ratios 0.85 and
0.15, respectively, to the measured sum (Fe 0 + FeO)i2»2l»2/»28. Water of
hydration measured in the samples of altered rock is deleted from the
composition before the CIPW calculation is done. Gottfried21 points out that,
even if these modifications are made, changes in concentration of the alkali
elements sodium and potassium brought about by alteration may cause serious
errors in the calculation of the original mineral norms of the rock. Thus,
some caution is indicated when interpreting the results.

6.3.3. Modified CIPW method
Johannsen25 has presented a simplified version of the original CIPW

method and more recently Cox et al.2/ have given an outline of the method
using nine simplifications or steps. Computer methods for normative mineral
calculations, such as the program developed by Bowen29, were developed for
mainframe computers in the early 1970's. Other software programs are now
available for desk-top computers30.

If the concentration of a sufficiently large suite of the required
chemical elements can be measured accurately by gamma-ray spectrometry, then a
normative mineral calculation based on those elemental concentrations can be
made. For the diabase studied in this work the suite of elements that could
be measured accurately by high-resolution capture spectrometry was sufficient
to perform this type of normative mineral analysis. The nuclear method cannot
distinguish between FeO and Fe 0 , but measures only total iron. This is not

£. -J

a drawback, however, because as discussed above, the assumed original
concentrations of these two oxides are calculated from the total iron before
applying the CIPW method. Using the same rules and logic steps used by
Bowen31 and previous investigators, we have developed our own program for
normative analysis32 which converts the nuclear elemental analyses directly to
normative mineral concentrations, and provides a real-time mineral composition
while the borehole is being logged.
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From the gamma-ray spectral data our computer program can calculate the
elemental concentration of Si, Al, Na, K, Ti, Mg, Fe, Ça, Mg, P, Mn, Cr, Ni,
Zr, Cl, F, S, Ba, and C, most of which are expressed in terms of their
oxides. It is usually not feasible to measure all of these elements by gamma-
ray spectrometry. For instance, P, S, F, Ba, and C could not be determined in
this experiment because their concentrations in diabase are too low. The
concentration of these elements have simply been set to zero for the purpose
of calculation. Ni, Cr, and V, which are found in the stainless steel of the
tool, could have been measured accurately if a boron shield had been used over
the detector. In the Palisade Diabase the concentrations of these elements
are low and therefore their absence does not significantly affect the
normative mineral calculation. For the mineralogical calculations in this
study the concentration of these elements was also set to zero. The normative
mineral calculations are based on water-free elemental compositions.

6.3.4. Normative mineral logs
Figure 5 shows a CIPW normative mineral log based on elemental analyses

determined from the nuclear data in Figures 2 and 3, and Figure 5A shows a
similar log determined from the chemical data of Figures 2A and 3A. Again,
the results agree well. The well-known olivine-rich layer near the base of
the second intrusive pulse stands out in both logs. A second olivine-rich
layer at 91.5 m (300 ft) shown in the nuclear log was not reported by either
F. WalkeriO or K. Walker11, and may be an artifact of the normative
calculation. However, it is interesting to note that the recent study by
Shirley13 of the Palisade Sheet reveals that there were at least three and
probably four pulses of magma intruded into the Palisade Sheet. He found the
level of the fourth intrusion at 95 m from the basal contact, which
corresponds to the second olivine layer shown in Figure 5 from 84 to 122 m
(275 to 400 ft.) below the surface.

In the logs of Figures 5 and 5A the pyroxene and plagioclase minerals are
shown collectively. In Figures 6 and 6A the major pyroxene minerals in
hypersthene and clinopyroxene namely ferrosilite, enstatite, diopside, and
hedenbergite, are shown as separate logs determined by nuclear and chemical
methods, respectively. There are some differences between the two figures
which probably are real, at least in part. Logs of the orthoclase and the
plagioclase minerals anorthite and albite, as determined by both methods, -are

Text cont. on p. 128.
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Figure 5. Major mineral log (normative minerals) derived from the in-situ
capture gamma-ray elemental logs of Figures 2 and 3.
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Figure 5A. Major mineral log (normative minerals) derived from the chemical
and spectrographic data of Figures 2A and 3A.

126



Enstatite Ferrosilite Diopside Hedenbergite

90

80

70

1-60z
LU-,*,<j5O
t£
uj 40

30

20

10

50 100 150 200 250 300 350 400 450 500 550 600 650
DEPTH (ft.)

Figure 6. Constituents of pyroxene (normative minerals) derived from the in-
situ capture gamma-ray elemental logs of Figures 2 and 3. The pyroxene
plotted in Figure 4 is shown divided into the constituent minerals of
hypersthene, enstatite (MgSIO ) and ferrosilite (FeSi03), and the
clinopyroxene minerals diopsiae (CaMgSi'20 ) and hedenbergite (CaFeSi206).
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Figure 6A. Constituents of pyroxene (normative minerals) derived from the
chemical and spectrographic data of Figures 2A and 3A. The pyroxene
plotted in Fiqure 4 is shown divided into the constituent minerals of
hypersthene, enstatite (MgSIO ) and ferrosilite (FeSi03), and theclinopyroxene minerals diopsiae (CaMgSi206) and hedenberqite (CaFeSi2Ofc).
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shown in Figures 7 and 7A. Again the logs show some differences in the
mineralogy. The olivine minerals forsterite and fayalite, as determined by
the two methods, are shown in Figures 8 and 8A. In both cases the olivine is
magnesium-rich as reported by Walker11.
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Figure 7. Constituents of feldspar (normative minerals) derived from the in-
situ capture gamma-ray elemental logs of Figures 2 and 3. Orthoclase
(KAlSi-0 ) is plotted, along with the albite (NaAlSi 0 ) and anorthite
(CaAl2S12Og) components of the plagioclase that is shown in Figure 4.
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Figure 7A. Constituents of feldspar (normative minerals) derived from the
chemical and spectrographic data of Figures 2A and 3A. Orthoclase
(KAlSi 0 ) is plotted, along with the albite (NaAISi Oe) and anorthite
(CaAl Si 0 ) components of the plagioclase that is shown in Figure 4A.2 8 '
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Figure 8. Constituents of olivine (normative minerals) derived from the in-
situ capture gamma-ray elemental logs of Figures 2 and 2A. The olivine
shown in Figure 4 is broken down into its fayalite (Fe SiO ) and
forsterite (Mg2Si04) components.
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Figure 8A. Constituents of olivine (normative minerals) derived from the
chemical and spectrographic data of Figures 2A and 3A. The olivine shown
in Figure 4A is broken down into its fayalite (Fe SiO^) and forsterite
(Mg SiO ) components.
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6.3.5. Sensitivity to sodium and potassium
In the CIPW method, the concentration of sodium is used to calculate the

concentration of the mineral albite (NaAlSi3Og), and the concentration of
potassium is used to determine orthoclase (KAlSigOg). Together these two
feldspar minerals make up approximately 26 percent of the diabase studied
here. Sodium accounts for only 8.8 percent of the mass of the mineral albite
and potassium makes up only 14 percent of the mass of the mineral
orthoclase. For these reasons, the accuracy of a normative mineral analysis
is very sensitive to the accuracy with which sodium and potassium are
measured. Potassium can readily be measured by its natural decay line, but
both sodium and potassium are difficult to measure by capture gamma-ray
spectrometry (see Table 1). Thus a good criterion for whether an accurate
normative analysis can be made is that the number of counts in the photopeaks
of sodium must have adequate statistical significance. In a marine
environment, where salt water may fill the borehole, the accurate measurement
of sodium in the rock becomes somewhat more difficult. The amount of sodium
in the borehole fluid may he comparable to that contained in the minerals
within the volume of rock sampled by the nuclear measurement. However,
because it is easy to measure chlorine concentration quite accurately by
neutron capture, one approach to this problem is to correct the sodium
measurement by subtracting the sodium attributable to the sodium chloride in
the borehole fluid.

7. SUMMARY

It is shown that the major elements contained in igneous rocks can be
determined at depth in a borehole by high-resolution gamma-ray spectrometry.
Borehole logs of the elements in the Palisade Diabase show trends with depth
that are similar to those from simulated logs derived from chemically analyzed
samples of the same rock formation.

The borehole elemental data allowed the calculation of several
petrochemical quantitites of interest in the form of borehole logs.

-The ratio of a mobile to a stable element in a rock should be a reasonally
good indicator of chemical alteration. Potassium and thorium are suitable for
this purpose and both elements are easily measured by passive gamma-ray
analysis. The variation of the K/Th ratio as meaured by the standard
deviation of mean is significantly less in the Palisade Diabase compared to
other altered rocks reported in the literature.
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-Using elemental concentrations determined by the high-resolution nuclear
logs, a log of the change in the felsic index can be made, and in
circumstances where Mg can be determined by difference, the mafic index can
similarly be determined.

-Finally, a log of the hypothetical mineral concentrations expressed as
normative minerals can be derived from the nuclear elemental concentrations.
All of the above information can be obtained in real time.

Although we have not yet made tests in other kinds of unaltered igneous
rocks, we see no reason why these techniques should not work in any acid or
basic rock.
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