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FOREWORD 

This report was prepared by Princeton Gamma-Tech, Inc., 
1200 State Road, Princeton, New Jersey 08540, under USBM 
Contract No. H0262045. The contract was initiated under the 
Advancing Mining Technology Metal and Nonmetal Program of the 
Bureau of Mines. It was administered under the technical 
direction of the Denver Mining Research Center with George 
Schneider acting as the Technical Project Officer . B.G. 
Horton was the Contract Administrator for the Bureau of Mines. 
This report is a summary of work completed during the period 
September 28, 1976 August 1, 1980. This report was first 
submitted on November 11, 1980. It contains no patentable 
features. 
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A BOREHOLE PROBE FOR IN-SITU 

NEUTRON ACTIVATION ANALYSIS 

ABSTRACT 

A ~rototype borehole probe for ore grade determinations by 
means of in-situ neutron activation analysis was designed, 
built, and tested in a two-phase program . Phase I dealt with 
the design and fabrication of a borehole logging system for 
operation in 7.6 cm (3 in.) diameter or larger boreholes. It 
consisted of a 5.06 cm (2 in.) diameter borehole probe 
containing an intrinsic germanium detector, a canister-type 
solid cryogen cooling system, cooled FE! preamplifier, linear 
amplifier, high voltage supply, analog-to-digital converter, 
microprocessor-based multichannel analyzer, buffer memory, 
bi-directional cable link, power supplies, and a 
Californium-252 neutron source. A surface support vehicle was 
designed and outfitted. A minicomputer system was constructed 
and software developed and tested. 

In Phase II the system was field tested at several mine 
sites. The system was calibrated, tested, improved, and 
demonstrated in a variety of applications. Tests were 
performed at sites pertinent to uranium, iron, coal, copper, 
silver and gold. Technical feasibility was demonstrated for 
all these applications except gold; the gold results were 
inconclusive. In-situ neutron activation analysis using high 
resolution gamma ray spectrometry was found to be a potentially 
viable logging method for are grade analysis under certain 
conditions. 
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INTRODUCTION 

Purpose 

A major purpose of this project was to develop and test a 
field-worthy borehole spectrometer based on high-resolution 
germanium detector technology, and investigate its 
applicability in selected in-situ analytical situations. In 
principle, better resolution ought to reduce interferences 
among gamma-ray peaks that have nearly the same photon energies 
(peak overlaps) and would improve peak-to-background 
(signal-to-noise) ratios. The hoped-for results would be 
lowered detectability limits of elements, improved accuracy, 
and increased speed of analysis. 

This work was confined to a study of neutron-induced and 
natural gamma activity. These techniques were judged to have 
several properties appropriate to the borehole situation 
(13,23). Fast neutrons penetrate matter to a moderate degree 
and,-after slowing, react with many isotopes. Gamma rays of 
energy in the range 0.2 MeV to 7 MeV also penetrate centimeters 
or tens of centimeters of matter. Furthermore, neutron sources 
of small physical size are available for borehole work. 

Background 

Nuclear techniques were first applied to the exploration 
of minerals in the mid-1950's (23). Although neutron and gamma 
ray logs are now quite familiar-ro mineral exploration and oine 
development geologists, most of these logs represent indirect 
measurements of gross physical or chemical characteristics of 
the fonnations penetrated by the drillhole. 

It has long been recognized that gamma-ray spectroscopy 
has the potential to be a powerful technique for in-situ 
elemental analysis. Ideally, the identification and 
quantification of elements can be inferred from the intensities 
of specific gamma-ray energies that are emitted by 
naturally-occurring and neutron-activated radioisotopes. 

The technical literature contains numerous reports on 
various tools for in-situ gamma-ray spectroscopy. The 
interested reader is referred to several excellent review 
art icles (28, :}ill • There have been two maj or problems. The 
gamma ray sources have (often) low intensities, and the 
long-standard sodium iodide scintillation detectors have poor 
energy resolution. As a result the applicability of the method 
has been severely limited. Improvements in either or both of 
these problem areas would greatly expand the potential of the 
method. 

At the present time elemental analysis for delineation of 
ore deposits is accomplished primarily by chemical analysis of 
samples obtained from holes drilled for that purpose. 
Drilling-and-assaying methods have the advantages of being 
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relatively simple to perform and to understand. The chemical 
analyses are normally performed in an assay laboratory by means 
of accepted techniques, which may be gravimetric or 
instrumental. Also, the confidence of field geologists is 
usually enhanced when they physically see, handle and select 
the samples that eome out of the drillhole. 

Nevertheless, the various types of drilling and sampling 
methods have problems. All samples removed by drilling suffer 
the disadvantage of having a relatively small volume. Samples 
may not be representative of the average local are grade, 
especially in heterogeneous deposits. The ideal situation 
occurs if the analytical sample truly represents the average 
composition of the formation at depth. Departure from the 
ideal is called "sampling error". Here are brief descriptions 
of the more common sample-gathering methods: 

(1) Rotary or percussive drilling-chips or slimes. 
tvlud, brought out of the drillhole as drilling 
continues, is sampled at the surface. The main 
problem here is that the depth of origin of the 
sample is not accurately known; also, muds from 
different depths can, to a degree, mix in the 
drillhole. 

(2) Rotary or percussive drilling for a number of feet 
followed by washing out the hole. The collected 
drilling chips or slimes come from the differential 
depth drilled and constitute the mother sample, 
which represents the average are grade of the removed 
material in an accurately known depth interval. 

(3) Coring. A hollow drill is used to physically 
remove, with a minimum of mechanical disturbance, 
a long cylindrical sample, called a "core", 
frolO the pene tr a ted rock. Id eally, the dis tur­
bance is nil and the depth pertaining to any 
portion of the core is accurately known. Core 
diameters are typically about half those of 
rotary or percussive drillholes; that is, they 
range from 5 cm diameter to about 12 cm diameter 
in surface drilling operations. Smaller sizes 
are typical of underground drilling and some 
exploration drilling. Consequently. the part 
of the sampling error that comes from the size 
of the sample is increased. Cores from unconsolidated 
fonnations can be lost because they can fallout 
of the core barrel before recovery, resulting 
in gaps in the data. Cores can be mishandled 
or mislabeled. Clayey cores can swell. Although 
core drilling is relatively expensive, it is 
the preferred drilling method whenever 
depth accuracy is important and the mineral 
of interest is relatively evenly distributed 
in the orebody. Because of the expense and 
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delays of coring and analysis, exploration 
companies that use it sometimes make decisions 
based on insufficient data and possibly carry 
out exploration programs tllat are suboptimal. 
As a result, marginal resources may remain 
undeveloped or may be inefficiently developed. 
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IN-SITU NEUTRON ACTIVATION ANALYSIS 

The neutron activation procedure for in-situ analysis 
consists of irradiating the borehole surroundinp,s with 
energetic neutrons which are slowed by, and react with, nuclei 
present in the fonnation and in the borehole. This technology 
is based on the analysis of gamma rays emitted as a result of 
the neutron interactions. The two main kinds of neutron 
interactions of concern here are, 1) inelastic scattering of 
fast neutrons, and 2) nuclear capture of neutrons that have 
been slowed to speeds characteristic of the local temperature 
(thennal n eu trans) • Of the two, neut ron capture is the more 
prevalent; it occurs to a greater or lesser degree in the vast 
majority of the natural isotopes. ~mitted gamma rays are 
classified as prompt or delayed depending on how soon they are 
emitted after the neutron interaction. Prompt gammas are 
emitted immediately, as the stimulated product isotope 
de-excites to a stable or metastable state. If the state is 
metastable, a further transition occurs, usually by means of 
betta decay. Depopulation of the metastable states by beta 
decay is a relatively slow process. The activity diminishes 
exponentially in time with a characteristic half-life that 
varies from isotope to isotope. Gamma rays emitted following 
the beta decay constitute the delayed gammas. 

Prompt and delayed gammas have energies, or energy 
"spectra," that are characteristic of the isotopes that are 
prese~t in the fonnation. Prompt gammas typically have 
energles less than 10 MeV. Spectral data for many elements 
have been tabulated (21,36). Delayed gammas usually have less 
than 3 MeV energy. Compilations of neutron activation tables 
and spectra have been publi s hed (2,10,14). 

Delayed gamma rays are emitted following neutron-induced 
radioactivity by neutron capture, neutron inelastic scattering 
or other neutron reaction. The product radioisotope from the 
reaction has a unique half-life that, to be useful for borehole 
logging must have a value between several seconds and several 
hours. There is a delay between the end of the activation 
period and the start of the counting period. During the delay 
the prompt radiation and much of the shorter-lived activity die 
away, reducing some of the unwanted background and interfering 
peaks in the detected spectrum. However, should the delay be 
too long, useful activity would be wasted; so a compromise 
must be struck. Physical constraints put a lower limit on the 
delay. The optimum periods for irradiation, delay, and 
counting vary from isotope to isotope. 

Prompt gammas are emitted immediately following neutron 
capture or neutron inelastic scattering. Most of the stable 
isotopes found in nature will capture neutrons that have been 
slowed to thennal energies as a result of collisions. 
Consequently, an in-situ prompt gamma-ray spectrum contains 
informa t io n about many of the element s in the rock surround i ng 
the neutron source. 
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Ideally, prompt gamma spectroscopy offers a method for 
simultaneous, multi-elemental analysis, but complicating 
factors intervene. Many of the gamma rays are of relatively 
high energy-up to 10 MeV-and there can be many different gamma 
rays within the recorded spectrum. The pulse-height spectrum 
of even a simple, monoenergetic gamma-ray emitter is not itself 
simple. It is complex because of the physics of gamma ray 
absorption and energy loss processes within the detector. 
Aside from the full - energy peak, the spectrum contains escape 
peaks, Compton edges, the Compton continuum. 

In a typical gamma ray analysis each individual isotope 
may emi t a number of d if fe ren t-energy gamma rays, wi th some 
characteristic relative abundance. There may be any number of 
d ifferen t isotope s presen t. Fur thermore, in the proces s of 
traversing the fonnation from emitting nucleus to detector the 
gammas may be scattered, thus having their energies altered. 
The end result of all this is an analysis that may be completed 
with relatively poor detection limits and poor analytical 
precision. 

On the other hand, research on the applicability of prompt 
gamma-ray spectroscopy in borehole assays has to date been 
relatively limited. Our work on this project included 
proJ.lpt-gamma analyses of one element, gold, which is of 
commercial interest in trace amounts, one element, copper, of 
interest at moderate levels, and a third element, iron, of 
interest in greater concentrations. In the coal work prompt 
gammas were used to determine ash content, ash composition, and 
heat of combustion. The prompt gamma ray frOTil hydrogen was 
used directly in the coal tests and indirectly in other tests 
to monitor the health of the sonde and to help compensate for 
the effect of water on the neutron flux. 

Natural gammas from long-lived gamma-emitting 
radioisotopes and their radio- active daughter products occur 
in rocks. There are three parent isotopes: Uranium 238, 
Thorium 232, and Potassium 40. Of these, uranium is 
commercially valuable. 

Traditional "natural gamma" or "gross gamma" logging tools 
used in uranium mining simply count all gamma rays above a 
threshold energy. A relatively high gamma count usually comes 
from the presence of Bismuth-2l4, which is a distant daughter 
isotope of U-238; a high gamma count normally signals the 
presence of uranium in the vicinity. It is often employed as a 
quantitative in-situ assay. This "gross gamma" assay may be 
unreliable in certain situations. For example, the presence of 
relatively high thorium levels will cause errors. A second 
more subtle problem occurs if, over time. natural water has 
transported uranium as a result of geochemical processes of 
dissolution and reprecipitation. If the uranium has been 
mobile in an area within the past million years, then the 
Bi-214 may not exist in secular equilibrium with the U-238 and 
so will not provide a true indication. On the other hand, 
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Past NAA work with moderate-resolution detectors has met 
with limited applicability because ot actual or potential 
in terfe rence s. 

In high resolution gamma ray spectroscopy the key 
component is the detector. The best "State-of-the-Art" 
detector for gamma ray spectroscopy in the photon energy range 
from 0.1 heV to 10 MeV is the germanium detector. Its 
resolution is ahout 30 times better than the thallium-activated 
sodium iodide scintillator, the most commonly used gamma ray 
detector. The efficiency of a germanium detector is 
substantially lower than that of a sodium iodide scintillation 
counter. 

In general, the tradeoff between detector resolution and 
efficiency, implied by the choice of detector, means that the 
germanium detector is better in dealing with complex spectra 
and NaI(Tl) is better with simple spectra. NAA work in rock 
fOrl/la tions usually resul ts in compl ex s pectr a. Cobalt - 60 
spectra from these two types of detectors are compared in 
Figure 1. 

At the beginning of the present work in 1978 no 
fieldworthy, integrated, germanium detector logging probe was 
available, although research probes had been constructed and 
used in laboratory and shallow borehole studies (28,29). 

Technical Concepts 

Germanium detector. 

The relatively large germanium detectors required for 
borehole logging are cylinders of single crystal germanium. 
Because gennanium is a semiconductor, it can be prepared as a 
solid state ionization chamber for gamma ray detection. It is 
the best semiconductor material currently available for that 
purpose. The size of a typical detector is SOmm diameter x 
SOmm long. Such a detector has an efficiency of about 20% 
relative to that of a 76mm diameter x 76mm NaI(T1) scintillator 
(measured at 1.332 MeV energy using a Co-60 source spaced 2Scm 
from the detector). Its computed relative efficiency curve is 
presented in Figure 2.(1j0 

The germanium detector works by converting the energy of 
individual gamma ray photons into a small electronic signals 
that are amplified and analyzed by the electronics in the 
sonde. When a gamma ray is absorbed in the detector, 
electrical charges are freed within the detector as a result of 
interactions with atoms in the crystal. The charge is 
collected at the electrodes, forming an electric impulse. The 
higher the energy of the incident gamma ray, the greater the 
charge created, and the greater the size of the electrical 
pulse. The electronic circuits filter, shape, amplify and 
finally convert the signal into a digital number which is 
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proportional to the energy of the absorbed gamma ray. It is 
often referred to as the "channel number" in a mul tichannel 
analyzer. The accumulated information is stored in a computer 
as a statistical distribution, the gamma-ray spectrum. A graph 
of a spectrum, with channel number or gamma- ray energy as the 
horizontal axis and frequency or intensity of detected events 
as the vertical axis, reveals a series of narrow peaks sitting 
on a relatively featureless background. The peaks correspond 
to the va rious emi t ted gamma ray energ i es wh ich serve to 
identify the emitting isotopes. Their intensities are 
correlated with the chemical abundance of the emitter. A 
spectrum of naturally radioactive uranium ore is shown in 
Figures 3a-d. The principles of gamma ray spectroscopy with 
germanium detectors have been extensively treated in the 
litera ture. (1) 

Ore grade determination. 

Ore grade is determined from the net 
(peak-minus-background) intensities of pertinent peaks, upon 
application of calibration and correction factors. Ideally, 
one can optimize results for each ore and host rock combination 
by optimizing the controllable factors: 

-Type and strength of neutron source 
-Source-to-detector spacing 
-Detector material, resolution and efficiency 
-Logging speed 
-Irradiation time, delay time, and counting time 
-Selected analytical peaks 
-Algorithm for detennining net intensity of analytical 

peaks 
-Calibration and correction algorithms. 

Borehole conditions affect the data and must be taken into 
account. These include hole diameter, drilling fluid, and 
casing, if any. Finally, there are effects of the formation, 
through its physical and chemical properties: density, 
porosity, composition, water content, and distribution of ore. 

Theoretically, if the properties of the formation were 
sufficiently well known, analysis could be carried out based on 
first principles. Because there are so many unknowns in that 
approach, empirical methods have been employed in this 
investigation. The simplest relationship is: 

Hi) = k(i) C(i) 
(1) 

or 

C(i) = I(i)/k(i) (2) 
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where 1(i) is the net intensity of gamma rays pertinent 
to element i. 
C(i) is the concentration of element i, 
k(i) is the calibration constant, or sensitivity 
for element i. 

Equation 2 is appropriate for low or moderate 
concentrations in a uniform formation and uniform borehole. 
The physics of the entire process is lumped into the constant 
k. One factor that has a strong effect on k in neutron capture 
work is the amount of hydrogen in the formation. Hydrogen, 
more than any other element, helps slow, or thennalize, 
neutrons and thereby affects the neutron spatial distribution 
and energy distribution. It is present mainly as bound or 
unbound water. The presence of hydrogen can be monitored by 
the gennanium detector by means of the observed intensity of 
the 2.223 MeV gamma ray from the reaction: 

neutron + proton 4 deuteron + gamma ray photon (2.223 HeV). 

It has been shown that if equation 2 is rewritten as: 

C(i) = I(i)/k'(i) II(H) 

where k'(i) = k(i)//I(H) and I(H) is the net intensity 
of the 2.223 HeV gamma ray, then k' is relatively 
insensitive to the water content in dry, low-
porosity rocks. This is because l(i) stays nearly 
proportional to I(H) if just the water content 
varies (26) 

(3) 

The analytical capability of ore grade detennination by 
spectroscopy is characterized by two parameters: the 
sensitivity k, and the zero-grade background counts I(B), at 
the position in the spectrum where the analytical peaks 
normally appear. These two parameters vary with the 
controllable and uncontrollable logging factors and govern the 
lowest detectable ore grade as well as the precision of 
measurement at any ore grade. If other things are equal there 
is a tradeoff between the precision of the detennination and 
the logging speed. Slower speeds will buy improved precision. 
The lowest detectable ore grade (LDOG) may be expressed: 

LDOG = 2 II(B)/k(i) (4) 

(95% confidence or 2 level) and the absolute statistical 
precision of element i is given by 

P(i) = 2 II(i)+I(B)/k(i) (5) 

(95% confidence level) and in percent relative terms by 

RP(i) = 100 P(i)/C(i) (6 ) 
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where RP(i) is the relative precision (2 ) of element i 
expressed as a percent of the concentration of the 
element. 
Equation 6 combined with equations 2 and 5 becomes 

RP(i) = 200 II(i)+I(B)/I(i) 

RP(i) 200 Il+I(B)/I(i) 
II (i) 

at the 95% confidence level. 

(7) 

(8) 

Equation 8 shows that RP(i) decreases as the ratio 
I(B)/I(i) decreases and as I({) increases, in a square root 
relationship. Since a smaller RP(i) means better relative 
precision, changes that increase l(i) and/or decrease I(B)/I(i) 
will improve the analytical precision. For example, an 
increase of source strength or detection efficiency will 
increase l(i) but leave I(B)/I(i) unchanged. Better detector 
resolution means a lower I(B)/I(i) ratio. Slowing the logging 
speed in prompt gamma and natural gamma ray work will provide 
more counts within a given interval of depth and so will 
improve the precision of ore grade determination. 

There are several major limitations that affect the 
accumulated number of useful counts in a given period of time. 
First, there is a limit on the total acceptable counting rate. 
As the counting rate increases above some tens of thousands of 
counts per second the analog electronics becomes too busy, 
resulting in excessive dead time. Second, in order to keep the 
rate of damage to the detector from fast neutron interactions 
at a safely low level, the source-to-detector distance must not 
be too short. Third, the source strength is limited to that 
which can safely be handled in the field. Fourth, the detector 
has size limitations imposed by the diameter of the sonde and 
available detector manufacturing capability. Fifth~ the 
logging speed should not be impractically slow. These 
limitations mean that although in principle it is possible to 
optimize the logging variables for any given sought element, 
there is no guarantee that the element can usefully be assayed 
in-situ by this method. In most cases reported here our 
evaluations indicate that most industry requirements can be 
met. 
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PHASE I 

The objective of Phase I of this contract was the 
development of a borehole logging system based on high 
resolution neutron activation analysis or neutron capture gamma 
ray spectroscopy. The logging system consisted of the 
following subunits: 

-Intrinsic (high-purity) germanium gamma ray detector 
-Replaceable solid cryogen canister for maintaining 

the detector at low temperature 
-Downhole electronics 
-Uphole electronics, including a computer, for analysis 

and control 
-Californium-252 neutron-emitting radioisotope source 
-Shielding and safe handling facilities for the neutron 
source 

-Surface support vehicle, or logging truck. 

A block diagram of the logging system is shown in Figure 4. 

Borehole Probe 

A prototype high resolution gamma ray spectroscopy 
borehole probe was designed, built and tested, along with 
support hardware and software. A 5.1 cm (2 in.) diameter, 
fieldworthy probe, based on germanium detector technology, was 
constructed. 

The borehole probe was constructed in two sections: the 
detector section and the electronics section. The sections 
could quickly be joined together for logging and decoupled for 
maintenance and service. The physical layout of the probe is 
shown schematically in Figure 5. 

Detector Section 

The detector section, called- the cryosonde, had the 
following design goals: 

-Maximum diameter, 5.1 crn (2 inches). 
-Continuously operable for 8 hours, 
minimum, between servicings. 

-Detector to operate without appreciable 
loss of resolution. 

-System resolution better than 2.5 KeV 
FWHM (full width of peak, measured at 
half maximum amplitude) determined at 
1.33 HeV. 
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The detector section was designed and constructed during 
the first half of Phase I. It measured 5.1 cm (2 in.) diameter 
by 122 cm (48 in.) long. The outer casing was 1.6 mm (0.062 
in) thick stainless steel. It housed the germanium detector, 
the field-effect transistor input stage of the preamplifier, 
and the cryogen canister. The germanium detector was of the 
p-type, closed-end coaxial configuration and had an efficiency 
of 9 percent relative to a 7.6 cm x 7.6 cm NaI(Tl) scintillator 
at 1.33 MeV gamma-ray energy. 

In designing the downhole cryogenic system we investigated 
two basic approaches. One used a solid cryogen that melted at 
a suitable cryogenic temperature, and the other used a large 
thermal mass (or copper) which had enough thermal inertia to 
allow sufficiently long operation in the borehole. 

A major technical decision involved the choice of cryogen. 
The cryogen acted as a heat sink to keep the detector cold 
enough for high-resolution spectroscopy. Liquid nitrogen, a 
commonly used cryogen in the laboratory for cooling gennanium 
detectors, could not be used in deep boreholes because of 
problems associated with venting the evolved nitrogen gas 
against hydrostatic pressure if the borehole contained water or 
mud. 

Several different cryogens that relied on the 
solid-to-liquid heat of fusion were evaluated. An acceptable 
cryogen had to meet the following basic requirements: 1) melt 
at a sufficiently low temperature to permi t successful 
operation of the intrinsic germanium detector and 2) freeze at 
a higher temperature than 77°K (the boiling point of liquid 
nitrogen), so that liquid nitrogen could be conveniently used 
to refreeze the cryogen during uphole servicing. 

Propane was tested first. It had the advantage of low 
melting point (only a few degrees above LN temperature), but 
had the disadvantages of being flammable and having a 
relatively high gas-liquid equilibrium pressure at room 
temperature. Isopentane, freon, and solid copper were also 
tested. Isopentane, a liquid at room temperature, had the 
unfortunate ability to supercool at ~70K without freezing. Its 
melting point, 115 0 K, was relatively high. The fluorocarbon 
R-12 proved to be a nearly ideal cryogen since it exerted a 
pressure of only 80 pounds per square inch when in equilibrium 
with the liquid phase at room temperature. Its melting point 
of 106 0 K although below that of isopentane, always froze if 
cooled to 77°K. It had the highest heat of fusion per cubic 
centimeter of all the cryogens we tested. 

The single phase system 
elaborate mechanical support 
thermal insulation, and did not 
comparable to the melting solid 

(the copper rna ss) requi red 
to permit ruggedness and good 
yield holding times that were 
systems. 
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We were able to meet our design goal of 8 hours 
time using either of two readily available cryogens: 
and R-12. 

Table 1 

Holding (working) times of cryogen cannisters in probe. 

Time to Reach 

ho ldi ng 
propane, 

Melting Detector Temperature Time at Total Holding 

Point Temp. ; Plateau, Plateau, Time, 

Cryogen degrees K degrees K hrs. hrs. hrs. 

Propane 85 92 1-1.5 5-5.5 6.5-8.5 

R-12 112 119 3-3.5 5.5 8.5-9.5 
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In the second half of Phase I the germanium detector was 
fabricated, mounted, and tested in the cryosonde. The holding 
times were not noticeably affected by the addition of the 
detector and FET stage. The detector resolution in the probe 
was about 2 KeV FWHM at 1.33 MeV energy for a detector that had 
measured 1.8 KeV FWHM in a laboratory cryostat. 

Electronics Section 

The electronics section formed the upper compartment of 
the probe in its vertical position. It had the same oute r 
diameter as the detector section, 5.1 cm, and was 1.8 m (6 ft.) 
long. Major design goals included: 

-Maintenance of high-resolution capability at 
depths of 1830 m (6000 ft.) or less, at count 
rates exceeding 60,000 counts per second. 

-Minimal spectral drifts during normal field 
operation 

-Reliability in field operation 
-Hoderate power consumption 
-Size constraints dictated by the 5.1 ern 
diameter casing. 

The following functional subassemblies were included in 
the electronics section: pulse preamplifier, spectroscopy 
grade linear amplifier with base line restoration and pole-zero 
cancellation, 0 to 3000 volts detector bias supply, 
successive-approximation analog-to-digital converter, 
microprocessor with buffer memory, read-only memory (ROM) for 
the program, cable transceivers, and low-voltage power 
supplies. These subassemblies are described in detail below, 
but first we shall tell how the design goals and other 
motivations influenced some of the engineering decisions. 

We wanted to be able to look at the in-situ gamma-ray 
spectra at the surface in order to examine the data and control 
the means by which it would be processed. One way to 
accumulate a spectrum at the surface would have been to 
transmit the analog output signals from the amplifier over a 
long coaxial cable extending from the sonde to a multichannel 
analyzer at the surface. We knew from experience that this 
approach had two serious drawbacks. First, upon transmission 
of the analog signal over a few thousand feet of coaxial cable 
the ene0~y resolution would become degraded. Second, we wanted 
to use only 4-H-0 cable, a 4.Bmm (3/16 in) diameter 4-\vire 
armored cable commonly used in the logging industry. by 
contrast, if we were to have used coaxial cable it would not 
only have been more expensive and less fieldworthy, but it 
would also have imposed an undesirable uniqueness on the entire 
system. Such a sonde would have had the disadvantage that it 
could have been used only with a specially outfitted truck. 
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Our decision to use a single 4-H-O cable made it necessary 
to transmit digital information at a rate of no more than 
32,000 bits per second. This in turn meant that the sonde had 
to house the multichannel analyzer, consisting of an 
analog-to-digital converter and a microprocessor-based data 
storage retrieval, and transmission system. 

The analog-to-digital converter (ADC) had to meet the 
following requirements: 1) approximately 4000 channels 
resolution, 2) spectroscopy-grade specifications, including 
good differential nonlinearity, and 3) small enough in size to 
fit into the sonde. The wilkinson type of ADC, frequently 
employed in nuclear spectroscopy laboratories, had the 
requisite differential nonlinearity, but would have been 
difficult to fit into the confines of the sonde and would have 
imposed limits on high counting rate performance. We chose to 
employ the successive-approximation type of ADC, which is 
physically small and has a pulse~processing ("conversion") time 
that is short and independent of pulse amplitude. 

In the 
spectrum was 
truck-mounted 
processing. 
was typically 

system the accumulated 3968-channel digitized 
sent up the cable every few seconds to the 

computer, where the data was held for further 
The overall system resolution at the 1.3 MeV line 
about 2 keY FWHM. 

All the low-voltage power supplies in the sonde 
pulse-width-modulated DC-to-DC converters because of 
characteristically low power consumption of that type 
design. 

were 
the 
of 

The computer not only stored and processed the spectra but 
also controlled the drawworks. The system could perform 
continuous logging at computer-controlled optimal speed and 
discontinuous (stepped) logging, depending ,on instructions. 
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Sonde Electronics 

Figure 6 shows the functional block diagram for the sonde. 
Included are some signal names along with timing infonnation. 
First, overall signal processing is discussed, followed by 
d escri pt ions of ind i vidual PC boards includ ing HAIN At-'lP /PREAMP , 
DMA/PUR ADC CHANNEL THRESHOLD, AVERAGING ADC, and 
MICROPROCESSOR Boards. 

Here is a list of abbreviations we shall use. 

ACIA 

ADC 
AMP 
D/A 
DEC 
DHA 
EPROM 
FET 
PC 
PIA 
PREAHP 
PTM 
PUR 
RAM 

Asynchronous communications interface adapter 
(Motorola Corp.) 

Analog-to-digital converter 
Ampl ifier 
Digital-to-analog converter 
Digital Equipment Corporation 
Direct memory access 
Electrically programmable read - only memory 
Field-effect transistor 
Printer circuit 
Parallel interface adapter (Motorola Corp.) 
Preamplifier 
Programmable timer module (Motorola Corp.) 
Pul se pileup rej ector 
Random access memory 

Detector signals are processed on the Main Amp/Preamp 
Board where they are shaped with a 2 ~sec time constant and 
routed to the ADC for analysis. The pulses are also routed to 
the DMA/PUH ADC Channel Threshold Board from a point prior to 
integration by the shaping circuits to provide FAST CHANNEL and 
Fast Discriminator signals. FAST CHANNEL is used by the ADC 
threshold detector, while the fast discriminator triggers a 
counter on the Microprocessor Board which keeps a total pulse 
count. Also on the DNA/PUR Board is a pile-up rejector which 
prevents the ADC from processing a pulse which has been 
distorted by another pulse trailing too closely behind it. 

The Averaging ADC converts analog pulse signals to digital 
signals which can be processed by the Microprocessor Board. 
There are 4096 RAM memory locations corresponding to 4096 ADC 
channels. Channel addresses are incremented through DNA each 
time a pulse falls in a particular channel. 

Channel data are transferred uphole to a computer over an 
asynchronous serial communications line at 31.2K baud. Data is 
read out sequent- ially, then cleared following readout. The 
uphole computers were either D.E.C. LSI 11/2 or computer 
automation LSl-2. 
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Preamplifier: 

The preamplifier is charge-sensitive -- the voltage output 
is proportional to the charge input regardless of the input 
capacitance. Discrete components are used to meet requirements 
for low noise and high speed. The detector is DC coupled to 
the input FET of the preamplifier. 

The relatively fast leading edges of the preamplifier 
output pulses contain all the radiation energy information. 
The amplitude of the voltage "step" at the leading edge of the 
output pulse is directly proportional to the absorbed energy of 
the gamma ray photon striking the detector. The relatively 
slow trailing edges of the preamplifier output pulses are a 
result of circuit properties. 

The preamplifier contains an RC differentiator having a 
1.8 )J sec. time constant. This stage removes the DC offset 
from the preamplifier signal and shortens the trailing edges of 
the pulses, thus permitting higher count rates. 

The preamplifier also contains a differential amplifier 
with a single stage of gain. Here again discrete components 
are used for low noise and high speed. 

Shaping Amplifier: 

The shaping amplifier is 
amplifier employing RC shaping to 
of 2 )J sec nominal time cons tant. 
approximately 10 ~sec. 

a two-stage active filter 
provide Gaussian output pulse 
The output pulse width is 

Baseline Restorer: 

A gated asymmetric baseline restorer is used immediately 
following the shaping amplifier. Negative restoration is 
"hard" while positive restoration is "soft" in order to avoid 
interference with positive pulse signals. 

Output Driver: 

The output driver consists of an operational amplifier and 
transistor push-pull pair. Although it feeds the nearby ADC, 
it is capable of driving up to 15m (50 ft.) of 100 ohm coaxial 
cable. 

Fast Channel: 

A fast amplifier/discriminator section is provided for 
baseline inspection and pulse pileup rejection. The "fast 
channel" includes the following stages: 
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Differentiator: 

The differentiator limits the width of the amplifier 
pulses, which must be kept narrow to prevent degradation of the 
pulse pair resolving time (1 ~sec). 

Fast Discriminator: 

The fast discriminator is used to determine the total 
pulse count. It sends a one-shot pulse to the microprocessor 
when triggered by a fast channel event just ahove the 
electronic noise. The total output of the fast discriminator 
indicates total gamma ray counting rate. 

There are two fast channels on the circuit board. The 
second one is routed to the ADC and is discussed in the section 
below on Fast Channel Shaping Amplifier. 

Baseline Restorer: 

The fast channel baseline restorer removes any DC offset 
on the trailing edges of pulses corning from the differentiator. 
It is a relatively soft restorer, havin8 a time constant of 440 
wsec, and will remove a slowly varying DC component without 
affecting pulse shape. 

Pile-Up ~ejector: 

Upon pulse detection by the fast discriminator, a 6.S wsec 
one-shot is activated in the pile-up rejector. If a second 
pulse occurs within the 6.S ]Jsec window, the PILE-UP REJECT 
signal is sent to the ADC to prevent processing of the first 
pulse. Since the time between threshold and peak of a main 
amplifier pulse is about 6 ]Jsec, a pulse occuring within 6 wsec 
of a previous pulse will distort the previous pulse. The 
pile-up rejector prevents the processing of such distorted 
pulses. The pile-up rejector is triggered by the fast channel 
so that PILE-UP REJECT is imposed before an ADC conversion 
takes place. 

Shaping Amplifier: 

A 1 ]Jsec shaping amplifier adds integration to the fast 
channel to filter the pulse signal before it is sent to the ADC 
for threshold detection. Since threshold detection is very 
sensitive to noise, the additional shaping is necessary, 
although it is done at the expense of widening the pulse. This 
signal to the ADC is called ADC FAST CHANNEL. 
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Analog-Digital Convertor (ADC) 

The rilain ftmctional parts of the ADC subassembly are shown 
in the block diagram of Figure 7. 

Threshold Detector: 

The threshold detector starts the ADC process by 
triggering on the leading edge of An incoming pulse when a 
threshold level is exceeded. Triggering is done on a "fast 
channel" pulse from the mIA/PUR ADC Channel Thresho ld Board. 
Narrow pulses reduce the problem of threshold time walk. They 
result in triggering at a relatively constant time relationship 
with respect to the peak of the pulse. Use of fast, narrow 
trigger pulses permits sufficient time between threshold and 
peak, even for smaller amplitude pulses, for the ADC holding 
capac i to r to become charged to full peak value. 

Upon threshold detection of a pul se , the peak detector ic 
enabled, and upon peak detection the ADC is activated. 
Conversely, resetting the threshold detector resets the peak 
detector, which in turn inhibits ADC processing. The threshold 
detector can be reset either by a CLEAR THRESHOLD signal from 
the microprocessor or a PILE-UP REJECT signal from the DMA/PUR 
ADC Channel Threshold Board. CLEAR THRESHOLD is used to 
initialize the ADC at system start up and following an ADC 
conversion, while PILE-UP REJECT inhibits conversion in the 
event of pulse pileup. 

Peak De tecto r: 

The peak detector is enabled by the threshold detector 
when a pulse crosses threshold. Once enabled, it will start an 
ADC conversion sequence upon detection of the peak of a sonde 
main amplifier pulse. 

The threshold detector activates the pulse stretcher and 
the averaging circuit. About 4 ~sec later, the time necessary 
for the ADC circuitry to settle, a START CONVERSION signal is 
sent to the ADC. 

Stretcher: 

The pulse stretcher holds the peak value of a main 
amplifier pulse on a holding capacitor so that the value can be 
sampled by the ADC. 

1 2- Bi t ADC: 

The ADC is a successive approximation type, with a 
conversion time of 10 ~sec. Fast conversion speed permits high 
throughput. The fixed conversion time makes dead-time 
calculations easier. 
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The ADC provides 12-bit resolution, or 4096 channels. 
Gain and offset errors can be zeroed during calibration. 

Gain and Offset Adjustments: 

ADC gain and offset adjustments were under the control of 
the microprocessor through two DIAls. The microprocessor 
periodically fed the DIAls following calibration updates. 

Microprocessor 

The Microprocessor board is based on the Motorola 6800 
Microprocessor, which runs at a clock frequency of 2 I1Hz. 
Figure 9 shows the block diagram of this board. On-board 
support chips include a Peripheral Interface Adapter (PIA) 
which is used to control ADC offset and gain adjustment DIAls, 
a Programmable Timer Module (PTM) which is used to count fast 
discriminator pulses, and an Asynchronous Communications 
Interface Adapter (ACIA), which controls asynchronous 
communications with the LSI-11 at 31 .8K baud. 

System memory consists of 5K bytes of static RAJ:.1 plus 2K 
bytes of EPROt-'l. Data acquisition from the ADC is through a Dt1A 
controller, which automatically updates ADC data in RAM. When 
an ADC digital value is received upon CONVERSION COHPLETE from 
the ADC, the contents of the location in RAM corresponding to 
that channel is automatically incremented, i.e., for each one 
of 4096 ADC channels, a channel address in memory keeps a 
running total of all conversions received for that channel. 
Periodically, normally every 2 or 3 seconds the entire spectrum 
is sent uphole and the RAM zeroed. If an overflow occurs at a 
particular channel address during data accumulation, an 
interrupt to the process or is initiated and the operator is 
alerted. Overflow occurs when channel count reaches 256 (8 
bits). 

After the Dt1A memory update, a CLEAR THRESHOLD is issued 
to the ADC so that another pulse can be processed. If an 
overflow occurs, CLEAR THRESHOLD is delayed so that the 
processor can process the Overflow Interrupt. 

Schematic Diagrams 

Figures 10 through 16 are interconnection and 
schematic diagrams for the logging system. 

Data Processing System 

electronics 

The design goal was a computer-based data processing 
system mounted in the logging truck. It had to be capable of 
accepting data in serial fonn over the logging cable and, in 
the initial stage, processing the data into a semiquantitative 
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FIGURE 12. SCHEMATIC DIAGRAM OF DIRECT MEMORY ACCESS, 
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ore grade analysis. It was intended that further software 
development would provide accurate quantitative analysis, 
corrected for the lithology of the formation. In addition, the 
computer was to analyze the data continuously to develop gain 
and offset control signals for the downhole microprocessor and 
was to control the microprocessor. 

The appropriate surface electronics for processing data 
were mounted in the logging truck. 

The block diagram of the components of the truck system is 
presented in Figure 17. After preliminary processing in the 
sonde, the signals are sent up the cable and distributed 
according to energy in a 3968 channel field (or spectrum) and 
stored in the crnnputer. In order to maintain energy 
calibration, three peaks in the spectrum are chosen by the 
operator and checked by the computer at one or two minute 
intervals during each logging run. These peaks are selected 
from prominent peaks always present in the spectrum. They are 
chosen to span as much of the spectrum as possible. For 
instance, in an iron formation the stabilization peaks might be 
at 0.511 MeV, (annihilation radiation), 2.223 MeV (hydrogen) 
and the 7.632/7.646 MeV doublet (iron). The three peaks are 
used both to provide a redundency check and to diminish the 
effects of low statistics on the offset and gain calculations. 
Their centroids are calculated and the gain and zero offset of 
the downhole system are calculated. If the gain and offset 
differ from their initial values, the computer calculates 
corrections and sends the information to the downhole 
mi croproces sor. 

Using this procedure we were able to maintain the energy 
calibration over a relatively wide temperature range. It 
should be noted that the system drifts were primarily caused by 
the warming up of the detector during a logging run, not by 
electronic instabilities. The stabilization and recalibration 
procedures worked extremely well. 

A second program consisted of locating, identifying and 
summing all significant peaks in the spectrum. This was done 
in three steps. The first step was background subtraction. 
This step started with the application of a second derivative 
digital filter. Since the background was relatively flat, the 
doubly differentiated background regions were nearly zero, 
peaks showed up as central positive excursions with negative 
side wings. Background regions were located on both sides of 
significant peaks. The background under each peak wa s 
estimated by a level representing the weighted average of t. 
two side regions. 

After the pE: a~: s were located, backgrounds subtracted, and 
centroids calculated, they were identified by comparison with a 
table of gamma ray energies. The peak areas and statistical 
uncertainties were provided to the operator along with the 
isotopic or elemental identity. 
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The third step was to convert the 
elemental concentrations. This conversion 
analysis was done during the Phase II field 
software was refined as Phase II progressed. 

peak areas into 
to quantitative 
tests, and the 

We emphasize what we stated in our original analysis of 
this program: there is no theoretical path available that can 
take us directly from measured gamma ray intensities to 
quantitative analysis. The development of standards (either 
laboratory standards or field coreholes having core analyses) 
for the purpose of calibrating the probe was one of the major 
tasks of Phase II. 

Neutron Source 

Californium-252 

Californium 252 was the neutron source used in all our 
neutron activation work. It is a man-made isotope which decays 
spontaneously, producing both alpha particles and neutrons. 
Only the neutrons penetrate the source capsule. The 
Californium source was selected for several reasons. It was 
readily available and relatively inexpensive. It was safer to 
use and easier to license than other radioisotope neutron 
sources such as plutonium-beryllium. The average energy of 
neutrons produced by Californium-252 is 2.35 MeV, which is 
significantly lower than that of a plutonium-beryllium source 
or an accelerator. In neutron capture work it is advantageous 
to start with neutrons having relatively low energies because 
gamma ray backgrounds are lower, thermalized neutrons are 
concentrated in a smaller volume nearer to the detector, and 
the detector which is subject to damage by energetic neutrons 
can be safely located closer to the source. 

On the other hand, there are 
accelerator to generate neutrons. 
easier to handle. finally, several 
require energetic neutrons. 

Table 2 lists 
Californium-252. (37) 

the major 
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Table 2 

Nuclear Properties of Ca1ifornium-252. 

Effective half-life 

Alpha decay half-life 

Spontaneous fission half-life 

Average neutron energy 

Average alpha particle energy 

Gamma emission rate 

Decay heat 
(51.1% from fission, 
48.9% from alpha decay) 

2.646 +0.004 years 

2.731 +0 .007 years 

85.5 ±O.5 years 

2.348 million electron volts 

6.117 million electron volts 

1.3 x 1013 photons per second per 
gram 

38.5 watts per gram 

Neutrons per spontaneous fission 3.76 neutrons 

Specific neutron activity 

Neutron emission rate 

Summary 

4.4 x 109 neutrons per second per 
curie 

2.34 x 1012 neutrons per second per 
gram 

The logging system met all of its design goals. The next step 
was to transfer it to the logging truck prior to Phase II. 
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Source Design 

The neutron source was to be strong enough to yield an 
acceptable data rate. It was to be made by a certified 
supplier to meet NRC regulations. Its storage container had to 
pernlit wasy and safe attachment to the sonde without radiation 
exposure of personnel or risk of losing the source downhole. 

The source supplier was Monsanto. With their consultation 
we designed a container that will be used for shipment by 
common carrier and for transport to field sites in the surface 
support vehicle. It is about 30 inches in diameter and 36 
inches high. The source was designed to be mounted in a 
rotatable shutter having a chain and sprocket linkage that 
permitted it to be screwed into the sonde from outside the 
shield. Only after the source was attached to the sonde the 
shutter could be released and rotated to a position that 
permitted the sonde to be lowered into t he bo rehole . 

The source size was chosen to be 25 micrograms of 
Californium-252. This size was selected from consideration of 
maximizing safety in handling, minimizing the potential 
radiation damage to the detector, maintaining adequate 
analytical sensitivity, and retaining detector resolution. The 
theoretical and experimental procedures describing the 
optimization process have been reported. (27) 

We ordered two Cf-252 sources from Monsanto. One was the 
25 microgram source for use in most of the field tests. The 
second source was 2.5 micrograms. It was used in preliminary 
tests to troubleshoot the system and to get most of the 
borehole standards data. These data aided the extraction of 
quantitative data from the field logs. 

Phase I Performance Tests 

The entire system was tested for holding time, system 
resolution, proper logical functioning of the microprocessor, 
including its control of gain and offset of the ADC, quality of 
transmission over 3000 feet of 4-H-O cable, and full two-way 
communication with the computer at the surface. 

The cryosonde (detector, cryostat and first stage of FEr 
preamplifier) was tested with laboratory electronics (last 
stages of preamplifier, main amplifier, HV supply, ADC et c . ) , 
The resolution was 2.1 keV for 1.33 r1eV gamma rays. Then t. fl L 

downhole electronics package in its entirety was tested using a 
laboratory germanium detector. The resolution, observed with 
the PGT-1000 surface ~omputer connected through 3000 feet of 
4-H-O cable was between 2.0 and 2.1 keV at 1.33 MeV. Finally, 
the completely assembled system exhibited about the same 
resolution, 2.1 keV F\-JHtvI at 1.33 MeV. 
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The autocalibration system, which provided gain and offset 
corrections to compensate for drifts as described above was 
found to work well. Little or no electronic drift was observed 
(as evidenced by little change in the offset and gain 
correction signals) when the detector was maintained at 
constant tempera~ure. During a typical warmup the co~rection 
signals changed in a continuous pattern that was related 
directly to the changing detector temperature. (Note: As the 
germanium crystal warms up, the energy bandgap decr-eases 
slightly. This increases the number of electron-hole pairs 
produced by the gamma rays, tending to shift the photopeak 
slowly toward higher energy if not corrected). 

The microprocessor performed its function as intended. 
Incoming ADC events were processed with priority, and the 
buffer memory was systematically interrogated during ADC idle 
time. 

~o losses were encountered during transmission over the 
logging cable up to the maximum specified data rate of 31.8K 
baud per second. 
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PI-lASE 1 I 

Field Tests 

Summary of Goals and Accomplishments 

The primary objectives of the field tests were: 1) to 
test and improve the performance and reliability of hardware 
and software, 2) to observe the characteristics of various 
neutron-induced gamma ray spectral techniques using the Cf-252 
source and germanium sonde, and 3) to quantify the capabilities 
of the germanium sonde pertinent to the following ores and 
minerals of commercial interest: uranium, iron, coal, copper, 
silver and gold. 

By t he end of the proj ec tag rea t amoun t of exper ience had 
been gained in all phases of the work. Some of the main 
objectives were reached but not all. Most successful was the 
progress made in hardware and software development, the 
identification of an immediately useful application (uranium 
logging), and the acquisition of basic data pertinent to 
neutron-stimulated gamma ray logging for the ores and minerals 
studied. 

The uranium logging technology that was developed, in 
part, under this project was considered by the contractor to 
have significant advantages over other methods. After 
completion of the field test, the contractor initiated a 
commercial uranium logging service based on it. 

The iron and coal results were considered to be 
technically successful but of little immediate value to the 
mining industry. The method was not judged by the authors to 
be currently cost competitive with other methods available in 
both iron and coal work. Moreover, the method could not 
distinguishbetween the different valence states of iron, 
between different types of ores such as magnetite (Fe304) and 
hematite (Fe203). Knowledge about the type of ore is essential 
to the indus try, since mining and process ing cos t s are 
ore-dependent. 

Results for silver, gold, and copper were incomplet e fo r 
various reasons. Of the three, the delayed-gamma-ray data on 
borehole neutron activation of silver showed a great deal of 
promise but had large uncertainties because of unreliable 
chemical assays of borehole material. The proInpt--gamma 1fJOrk o' 
gold revealed that the method had unusably low sc .u..> . 
There were other problems in the gold study: an importanL 
gold-bearing zone that should have been logged was not logged 
because of erronc; o . .!s chemical assays. The investigation of 
copper suffered fr~n the absence of a more active source. 
Because of that, no delayed-gamma work was attempted on copper. 
Theoretically, the delayed - gamma method was expected to be more 
sensitive than the prompt-gamma method. 
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Field Test Procedures 

Our experimental procedures were developed over the 
duration of this research. Calibration, data collection, and 
data reduction procedures became efficiently automated. A 
typical field test consisted of setup, calibration, passive 
(natural gamma ray) logging, prompt gamma-ray' neutron 
activation, and in a few cases delayed-gamma-ray neutron 
activation. 

Two vehicles were generally used in the field tests that 
employed neutron sources. One was the mobile laboratory 
housing the sonde, computers, drawworks, generators, and 
associated electronic systems. Figure 18 pictures the logging 
vehicle used in this work. The other a truck with californium 
252 sources in their casks. In use the cask holding the 
stronger source was placed astride the borehole. The sonde was 
connected to the source through a port that pennitted logging 
through the cask. That is, the so nde and cab le cou 1 d pa ss 
through the cask. When the second smaller source was used, its 
cask and shielding was set up near the borehole. Then the 
sonde was coupled to the source and the sonde/source assembly 
rapidly moved to the borehole. The assembly was controlled by 
guy lines manipulated by operators who were positioned about 10 
to 20 fee t from the sour ce. Rad ia t ion measur ing ins trumen ts 
and personal dosimeters were employed to verify that exposures 
of personnel to radiation were within allowable limits. 

In a typical field test the area was roped off and posted 
as a radioactive safety zone. The whole setup was monitored 
according to Nuclear Regulatory Commission (NRC) regulations, 
confonning to appropriate safe standards for such an operation. 
The detector was calibrated on the surface with a cobalt-60 
source prior to lowering the sonde into the borehole. 

The detector energy resolution, when the sonde was in 
operation, was monitored by observing one of the prominent 
gamma-ray lines commonly present. Often the aluminum 1779 keV 
line or the prompt 2223 keV line of hydrogen was used. 
Degradation of the resolution indicated incipient detector 
warmup and signalled that it was time to raise the sonde to the 
surface and replace the cooling canister. 

The gain and threshold of the 
analog-to-digital converter (ADC) were set to 
range, 200 keV to 3560 keV, in delayed (n, y ) 
prompt-gamma mode of operation the values were 
energy range of 150 keV to 9750 keV. 

4000 channel 
cover the energy 
studies. In the 
&djusted f01' 

Typically. pas [ i "e logs were fi rs t run at approxima tely 
one foot per minute in the borehole to detennine baseline 
levels of natural radioisotopes. This was done because 
,activi ty from the decay produc ts of naturally occurring 
potassium, thorium and uranium formed part of the background in 
activation spectra. The passive counting situation in the 

55 



· 
! ". 

. 
..... 



borehole is schematically illustrated in Figure 19. 

Prompt (n, y ) logging required the determination of the 
appropriate spacer length separating the source from the 
detector. The spacer protected the detector from damage by 
fas t neutrons in two ways. Firs t, its tungs ten shad'ow shield 
scattered neutrons coming directly from the source. Second, it 
put the detector at the optimum distance from t he source so 
that adequate gamma-ray count rates were achieved without 
appreciable neutron damage to the detector. The optimum 
spacing depended on the source strength and the neutron 
scattering properties of the formation. Since the presence of 
hydrogen in the formation (in bound or unbound water or in 
organic matter) had a powerful slowing effect on neutrons, 
shorter spacers were used in porous rock formations and longer 
spacers in hard rock. 

Neutron captur e is the most prevalent interaction that 
results in characteristic gamma rays useful in neutron 
activation analysis. Fast neutrons such as those produced by 
californium-252 are slowed in the fonnation to thermal 
energies, approximately 0.025 eV, prior to capture. The mean 
slowing down time and the mean free path to first collision are 
functions of the composition of the formation and the original 
energy of the neutron. In granite the mean slowing down time 
is about 300 usec wi th mean free pa th of 6.5 cm. In wa ter the 
mean slowing down time is only about 4 ~sec. Therefore the 
amount of water in and around the borehole significantly 
affects the calibration of the probe and the quality of 
resul ts. 

Four factors are particularly significant in the delayed 
activation mode: the source-to-detector distance, the period 
of activation, the delay before counting and the counting 
period. The source-to-detector distance can be optimized by 
maximizing the gamma flux subject to limits on the allowable 
fast neutron flux at the detector (16). For example, if damage 
is established in a germanium crystal after neutrons per 
square centimeter have struck the detector,and a lifetime of 
1400 hours is acceptable, then no more than 20 fast neutrons 
per square centimeter per second are allowed. 

The period of activation was chosen, if convenient, to be 
one to three times the half life of the pertinent radioisotope. 
Delay time could not be less than the time to move the detector 
to the point of activation, but it was sometimes made long 
enough to reduce interferences from shorter lived 
radioisotopes. 

Extraction of the desired net counts from each spectrum 
was accomplished by means of a computer subroutine contained 
within the logging program. This subroutine performed a least 
,squares fit of the data to a mathematical function that 
represented a Gaussian peak shape superimposed on a linear 
background. The program was capable of fitting three 
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preselected peaks per pass through a spectruffi. Of these, two 
peaks were used by the program to calibrate the spectrum. The 
third peak was the peak to be analyzed. 

The experimental data were then compared to core assays or 
other reference standards, from which calibration factors were 
developed. Finally, limits of detectability were estimated 
from the statistical uncertainties associated with photon 
counting, and so represent the best attainable results for the 
system under the stated logging conditions. Actual 
uncertainties were worse by unknown amounts because they 
included the combined effects of all sources of error, some of 
which were inestimable from the limited data. 

We now describe the field tests pertinent to the various 
ores and minerals. These are organized not in chronological 
order, but are rather grouped by logging technology: passive 
logging (uranium), prompt gamma rays (iron, coal, copper), 
prolilpt and delayed gamma rays (silver, gold). 
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Iron: Reston New Jers 

Objectives 

main object s of t iron tests was to fi d test the 
equi t for the first time with the Cf-252 neutron source. 
Iron are ov a materi r this purpose. We 
expected the character st s from iron in iron are to be 
readily and unmistakably seen cause 1) commerci ly important 
iron ore grades were h iron content, 2) the neutron 
capture cross sect ( of neutron interaction) was 
relativel high. and 3) the res ting prompt gamma s ctrurn 
of iron ibited a r ily discernable doublet structure. We 
felt that on ore would be an excellent test material upon 
whi to examine various exper tal parameters, such as the 
effect of source-to-detector spacing on sig intensity. 
backg intensi sample volume. 

The reaction 
56 written 

interest is that of thermal neutron capture by 
lic ly as: 

Natural iron is 91.8% Fe-56. -56 iso has a 
thermal neutron capture cross section of 2.6 barns. n 

-57 promptly emits gamma s. About 22% of the 
c tures r t in gamma emiss at 7.646 ~eV and about 
27% at 7.632 MeV (17). The resulti s ctrurn from each of 
these rays contains, in dition to the full-energy 
single- and double-esca The last two represent 
irretri loss of one two O.511-MeV annihilation 
photons, respectively. emit fall ng t pair production 
interaction within the detector. There is also a 
Compton-scattering continuum, esenti inelastic photon 
collisions th electrons detector. A tion a 
spectrum h lighting the ful esc of the 
Fe-56 daub ts is shown 

libration st Pits, Reston, Vi ia 

This portion of the investigation was carried out in close 
tion wi Frank Senftle and his group at the U.S. 

ical Survey at their test ts in stan, Virginia. The 
was to test ef cts of the source-to-detector 

and to calibrate sonde in preparation for field 

st 
existing 
an overhe 

les were construct in the 11 
89cm (35 inch) diameter pit were s 

crane, five cylindrical iron ore s 
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top of another. Each standard had dimensions 76cm (30 inch) 
diameter x 76cm high and had a 13cm (5 inch) axial open core. 
A 13cm diameter ABS plastic pipe passed through the cores of 
the stack to form an inside liner; it was sealed to the pit at 
the bottom. Standards were prepared: six containing 12% fe, 
six with 27% Fe, and six with 49% Fe. Individual standards 
we ighed Ie s s than 1050 kg (2300 I b) • The stack fo rmed a 
simulated borehole. Variety was achieved by rearrangements of 
the ordering of the standards in the 380 cm (150 inch) high 
stack. 

The standards were prepared as iron-ore-loaded castings. 
Concentrated iron ore from Dover, N.J., the site of the field 
tests to come, was thoroughly mixed with Portland cement, sand, 
and the least amount of water necessary to achieve a good solid 
casting, in order to keep the hydrogen content to a minimum. 
Steel lifting cables were cast into each piece . The castings 
were steam-cured, then sealed with silicone to stabilize the 
hydrogen content. 

Table 3 lists the calculated 
ore-grades standards for the 
hydrogen and oxygen. 

compositions 
major elements 

of the three 
exclusive of 

Table 3 

Lab Analysis of simulated iron-ore standards. 

Co~position,(wt %) 

GRADE 
ELEMENT LOW MEDIUM HIGH 

Fe 12.0 27.0 49.0 

Ca 8.0 8.0 7.0 

Si 19.0 11.0 4.0 

l1g 2.3 1 .8 0.8 

Al 4.5 2.8 0.9 

The following elements were present in concentrations lower 
than 0.1%: 

Cu, Cr, Mn, Ni, Ba, Mo, CI, Na, V. 

In all tests the borehole model was filled with water. 
Depth was measured from the top of the s tack to the de tector 
position. For calibration purposes, a 600-second spectrum was 
first collected at the center of each ore grade stack. Then 
the stack was logged point-by-point through the ore grade 
interfaces in 30 second periods of data acquisition per point. 
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We next investigated the interrelationship among the 
source strength, source-to-detector spacing, and relative 
sensitivity. We tested a variety of source strengths, ranging 
between 0.3 ug and 100 ug of Cf-252 (7 x 10 and 2.3 x 10 
neutrons/sec, respectively), in combination with spacings that 
gave total counting rates of about 3000 counts/sec. and total 
neutron fluxes at the detector of 20 neutrons per sq. cm per 
second or less. This insured low rates of neutron damage to 
the detector. We found that the analytical sensitivity to iron 
varied only by a factor of 2 under these conditions, even 
though the source strength varied by a factor of 300. 

Field tests, Dover, New Jersey 

The iron-ore field tests were carried out at the Halecrest 
Co. mine in Dover, N.J. In the first tests our objectives 
were to check the reproduc ibi 1 i ty of the sys tern, to es tab 1 ish 
procedures for safe handling of the sources in the field, and 
to collect spectra pertaining to a wide range of ore grades. 

In order to study the reproducibility of the system, 
spectra were collected from six successive depths in the 
borehole, 10 minutes at each depth. The depth intervals were 
6.1 ill (20 ft). A 0.3 ug Cf-252 source was used, spaced 29 cm 
(11.3 in) from the detector. After spectra from all the depths 
were recorded, the sonde was pulled up and the sequence was 
repeated two more times. In each spectrum the three pairs of 
iron doublets, the full-energy peaks at 7.646 MeV and 7.632 MeV 
and their single- and double-escape peaks, were readily 
discernible. A double-Gaussian peak-fitting procedure was 
applied to extract the double-escape peaks at 6.624 MeV and 
6.610 MeV from background. The hydrogen line at 2.223 MeV was 
also counted. Net intensities of these spectra are presented 
in Table 4. From the data of Table 4 we judged that the 
reproducibility was consistant with statistical counting 
errors. 
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Table 4 

Ten-minute net counts of iron and hydrogen capture. 

IRON DOUBLET AT 6.610 MeV 

Depth RUN 1 RUN 2 RUN 3 
(it) Net Cts. +%Stat Net Cts. +%Stat Net Cts. +%Stat 

- - - Error Error Error 

168 115 + 35 pet 42 + 96 pet 177 + 23 pet 
148 731 + 7 704 "+ 7 717 + 7 
128 741 + 7 797 + 7 863"+ 6 
108 575 + 9 582 + 8 485 + 10 -

88 560 + 9 557 + 9 456 + 11 
68 569 + 9 485 + 10 606 + 8 

- - -

IRON DOUBLET AT 7.121 MeV 

168 99 + 29 89 + 33 49 + 60 
148 369 + 10 328 + 12 406 + 9 
128 398 "+ 10 471 + 9 470 + 9 
108 302 + 12 374 + 10 299 + 12 

88 312 "+ 12 367 + 10 314 + 12 
68 347 "+ II 336 + 11 339 + 11 - -

IRON DOUBLET AT 7.632 MeV 

168 78 + 27 28 + 71 19 + 103 
148 203 + 13 198 + 13 167 + 14 
128 270 + 10 232 + 11 178 + 14 
108 124 + 18 96 + 24 140 "+ 17 

88 168 "+ 14 106 "+ 21 146 "+ 16 
68 104 "+ 23 132 + 17 

-
152 + 16 

- - -

HYDROGEN PEAK AT 2.223 MeV 

168 12429 + 1 12246 + 1 12443 + 1 
148 11606 "+ 1 10763 "+ 1 11294 + 1 
128 12780 + 1 12446 + 1 12142 "+ 1 
108 12008 + 1 11625 + 1 12187 + 1 

88 10913 + 1 11132 + 1 10816 + 1 
68 13030 + 1 12534 "+ 1 12444 + 1 

- - -
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These tests provided our first information on the 
reliability of the sonde in the field. Data were collected 
without interruption during a 6-hour period. In that time we 
observed no significant electronic drift and no significant 
degradation of resolution. 

Later, another series of measurements were carried out at 
this site. A hole was cored and logged to a depth of 18.3 m 
(60 ft.). The core was sampled according to protocol in order 
to get the best local value of iron in each 30.5cm (one-foot) 
interval from 5.2m (17 ft.) depth to 17.4m (57 ft.). The 
samples were analyzed for iron by X-ray fluorescence 
spectrometry at Princeton University. Throughout the core the 
rock type was layered metamorphic rock with the layering 
sharply angled to the core axis. The iron appeared as 
magnetite in thin layers between thicker layers of 
quartz-feldspar-biotite gneiss. Pro~pt-gamma-ray logs were 
obtained from 30-second spectra obtained at successive 30.Scm 
(one-foot) intervals. Net intensities and backgrounds for the 
full-energy doublet were again extracted by means of Gaussian 
peak-fitting and straight-line background-fitting. Hydrogen 
counts were also routinely monitored because Senftle had found 
in dense rock that better correlations with chemical analysis 
were obtained when prompt gamma ray net intensities were 
ratioed to the square root of the hydrogen counts than when 
they we re not rat ioed • (26) 

Comparisons between the prompt-gamma data and the core 
analyses have been analyzed for the ratioed and unratioed iron 
gamma ray intensities. These comparisons exhibit good 
qualitative correlations. Considering the uncertainties of 
counting, sampling and depth measurement it is impossible to 
draw any conclusions regarding the relative merits of ratioed 
and unratioed presentations. 

The sensitivity of the system for prompt gamma analysis or 
iron was approximately 0.2 net iron counts at the double-escape 
doublet per second per weight percent iron. The 2-sigma 
uncertainty resulting from counting statistics in a 30-second 
count was about ±6 weight percent Fe at the 20 weight percent 
level. A slightly improved statistical error would have been 
obtained if data from the single-escape and full energy peaks 
had been combined with those from the full energy peaks; we 
estimated the 2-sigma error would have been about ±5 percent 
instead. Our esttmate of the 2-sigma error for a hypothetical 
30-second count for an ore grade of 50% Fe is approximately +6 
wt. pct. Fe, or +12% relative. 
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Uranium: Kennedy, Texas 

Objective 

The primary objectives in the early field tests of the 
borehole probe were to test the durability of the 
ins trumen ta t ion and to obs erve correIa t ions between signals 
from the germaniuIll detector and chemical analyses of core 
samples. Spectroscopic analysis of natural gamma rays from 
uranium-238 decay products held special attraction because of 
its technical and operational simplicity. since stimulation by 
neutrons was not involved. 

Background 

Three naturally radioactive parent isotopes are commonly 
found in rocks: Uranium-238 (U-238). Thorium-232 (Th-232) and 
Potassium-40 (K-40). Various daughter isotopes of U-233 and 
Th-232 are also radioactive. The daughter products from 
uranium decay provide a nuuber of gamma ray emission energies 
extending up to 2.5 MeV. A typical high-resolution gamma ray 
spectrum of uranium ore. taken with a gennanium detector is 
ShO~l in Figure 3a-d. in which the peaks are labelled by their 
~nitting isotopes. 

The principal members of the U-238 decay chain are shown 
in figure 21. In a geochemically stable environment, the 
daughter products of U-238 are in equilibrium with the parent 
isotope. In that case a measure of the total activity-that is, 
the gross gamma count-can be a good indicator of uranium 
content provided that the thorium and potassium emissions are 
negligible. In many fonnations. however, a dynamic geochemical 
system has existed in recent geological history. Some of the 
decay products have markedly different chemical mobilities 
compared to the parent uranium. At least four isotopes have 
been identified in the uranium decay chain where fractionation 
of the daughter product nuclides can be expected to occur as a 
result of differential leaching in wet, or temporarily wet, 
environments. If such leaching has occurred wi thin the last 
240.000 years, then a degree of radiochemical disequilibrium 
will be found. In that situation conventional gross gamma 
measurements will give wrong assays. 

Flowi ng ground \Va ter in sands tone ore depos its typically 
produces a crescent-shaped zone of oxidation. if looked at in a 
vertical cross section cut along the direction of flow. In 
surficial geological environments. this action removes one or 
more members of the uranium decay chain. The whole deposit may 
be dynamic. Such conditions of disequilibrium are often found 
in. for example, roll-front deposits that commonly occur in 
South Texas and Wyoming. 
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depth measurement associated with core drilling and with the 
early drawworks mechanism. The borehole sonde assays and the 
core assays were finally plotted so that major features were 
forced to line up, eliminating depth discrepancies. When this 
was done and the ore grade depth profiles compared with the 
1.001 tvleV galllma ray count rate, excellent correlation was seen. 
From these data a value for the calibration constant, k, was 
obtained in the equation, 

Ore grade Ilk, 

where 1 intensity, or count rate of the gamma-ray line. 

The value of k was found to be approximately 7 counts per 
weight percent U-238. 

figures 22(a) and 22(b) show several assay logs, corehole 
assays and gross gamma logs plotted together. As noted above, 
precise correlation was not to be expected because of 
differences in the sample volumes and because of imprecisions 
inherent in gamma counting and chemical analysis. 

Gross gamma, or "natural gamma", measurements were derived 
froQ the spectra of the borehole sonde and compared with 
independent natural gamma logs obtained by means of a 
traditional gamma logging tool. Natural gamma log data were 
supplied by Conoco. The gamma tool was sensitive to gamma ray 
activity but had no energy discrimination. we derived 
equivalent data from the gennanium borehole sonde in two ways. 
One way was to record the count rate of all detected events the 
signal of which exceeded an electronic threshold. The second 
way was to record individual intensities of the major peaks in 
the spectrum belonging to Bi-214. The two methods correlated 
well with each other and with the gamma log. the 
"counts-above-threshold" method had three advantages over using 
spectral information: 1) it was simpler to implement; 2) it 
provided better precision; and 3) its basic information was 
more akin to that of the natural gamma tool, being unselective 
of the uranium, thorium and potassium gamma rays. 

After the system had been calibrated, the natural gamma 
count yielded the "equivalent" ore grade in weight percent u:J,Os 
or " EU 3 0 S ". This reflected what the ore grade would have bee.n 
under equilibrium conditions. The ratio of EU 30 S to the true 
assay value, called the disequilibrium factor (DEF) was readily 
computed from the germanium borehole sonde data. This factor 
was judged useful to the geologist interested in past 
geochemical movements of the uranium. Most of the holes logged 
in this investigation exhibited disequilibrium to a significant 
degree. 
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We concluded that the gernfanium probe using gamma ray 
spectroscopy tor the 1.001 MeV line of Pa-234 was a direct 
and etticient means of in-situ uranium ore grade determin­
ation, and bad particular value in ore bodies exhibiting 
disequilibriuul. Logging speeds averaged about 4.6m (15 ft) 
per hour in ore zones and 305m (1000 tt) per hour in barren 
zones. 
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Coal: Graysville. Pennsylvania 

The coal field tests were performed in cooperation with 
the U.S. Steel Corporation at the minesite in Graysville, 
Pennsylvania. The work reported below covers the same 
investigation that has been documented by tvlikesell, et al (19) 
and substantially follows their account. 

Objectives 

Our main objectives in the coal tests were to gain further 
experience with 1) the logging equipment that had been 
developed up to that time, 2) neutron-induced prrnnpt gamma-ray 
logging procedures in general, and 3) the application of prompt 
gamma-ray logging procedures to coal, an important 
energy-related mineral. The objective of the U.S.G.S. was to 
extend their previous research in this application (24), in 
particular to examine the effects of increased borehole 
diameter on the quality of results. 

Summary of Conclusions 

All the technical objectives were achieved. The depth and 
the width of the coal seam and its partings were determined 
from the aluminum and potassium logs. From spectral data we 
obtained ash content and elemental analysis. The increased 
ratio of borehole diameter to probe diameter degraded the 
analytical precision by a moderate amount, owing to the effects 
of water in the hole. 

Background 

Coal is an abundant mineral in the U.S. and an important 
source of energy. Although coal strata can be identified and 
located by means of conventional logging tools. the chemical 
and physical properties of coal are usually detennined from 
core samples. Some of the logging service companies offer 
in-situ determinations of BTU and ash content using 
resistivity. self-potential, and neutron logs. Impurity levels 
of sulfur and other undesirable elements are of great interest 
to the coal mining industry. No logging tools of sufficient 
specificity now exist for in-situ assays of those elements. 

Neutron-induced gamma-ray spectroscopy possibly could 
provide specific, simultaneous analysis for a number of 
elements. Senftle, et al (24) has found that the BTU content 
and the ash content could be quantitatively inferred from the 
gamma-ray spectrum, if reasonable assumptions are made about 
the unobserved oxygen content. These determinations were 
achieved by means of simple, empirical fonnulas. That 
investigation was carried out with a germanium detector and a 
Cf-252 source in a close-fitting borehole. In field work, 
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boreholes are not likely to c e-fitting, and are usually 
full of water. The response of the sonde was expect to be 
sensitive to the boreho diameter because the hydrogen in 
water strongly a cts neutron f , e ct I reducing 
the sample s However, the magnitude is ef ct in coal 
had not been empirically detennined. 

eld sts 

b Ie, in Pittsburgh seam, 
County, 
detector 
diameter 
spacers. 

Pennsylvania. 
section of the 

122cm (48 in) 1 

a diameter 25.4cm (10 in). 
had dimensions 5.lcm (2 

• exclusive neutron source 

A short phenolic lastic section containing a 6.35 cm 1 
shadow shi d was stened to t bot tom of sonde. 

lic and/or ny cers were scr to t bottom of 
this section to the source-to- tector distance. 
source sect ion. wh ld an addi t 10.6 cm ad shadow 
shield directly above the Cf-252 source, was plac below the 
s r located farthest from the tector. Four sources of 
d t sizes (0.23, 2.7, 25 and 96 252) were us in 
the riments; the source-to-detector distances used are 

was 

Table 5. 
le 5 

The sQurce-to-dectector distances used with different 252-Cf 
sources. 

0.23 
2.7 

25 
25 
96 

* Used for 
**Used for 

On 
bo 

day 
to 

Source-to-Detector of Pb 
Shadow Shield 

19.9 
50.2 
73.8* 
61.0* 
74.3 

in the coal seam. 

re ex r nts were 
a depth of about 9m below t 
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coal seam, which extended from 225.5 to 227.4m below the 
surface. About 7.5m south of the main borehole, a 4cm diameter 
exploratory borehole (No. F-31) was bored to a depth just 
below the coal se am. The part of the core from thi s ho Ie that 
intersected the seam was used for the chemical analysis of the 
coal. As shown in Figure 23, pyrite and carbonate rocks were 
noted both above and below the main bench of the coal seam . 

Depth and Lithology Measurements 

Before operating the sonde with a neutron source, natural 
gamma-ray spectra were collected every 0.3m starting just above 
the roof coal. At each location, a complete spectrum was made 
in a collection time that varied from 1 to 5 minutes. The 
total count-rate data shown in Figure 23 were useful to 
determine the depth of the coal, and the full width at 
half-maximum of the count depression in the seam was a fairly 
g00d measure of the width of the seam. The only spectral peak 
in the spectrum that could be used for the same purpose was the 
1461 keY line of K-40. Bi-214 activity from parent U-238 and 
Tl-208 activity from parent Th-232 were also observed but they 
did not mark the coal boundaries as well as did the K-40 log. 
For instance, the activity of Hi-214, although low in the coal, 
was high at the top and bottom of the main bench, and that of 
Tl-208 was highest in the shale just below the coal. 

Later, the same section of the hole was logged, using a 25 
~g Cf-252 neutron source and a source-to-detector distance of 
73.8cm, while the sonde was drawn upwards. A spectrum was 
accwnulated for 60 seconds at each station. The hydrogen 
capture-gamma-ray line at 2223 keY and the aluminum 
decay-gamma-ray line at 1779 keY marked the coal seam 
reasonably well, as was shown by Senftle et ale (24) The 
alurainurn log showed the presence of a narrow clay parting (not 
shown in the geologic log) almost in the center of the main 
bench. Although the counting statistics in 60 seconds were 
rather poor for the silicon, iron, and sulfur lines, some 
useful info rrna t ion . wa s 0 bt ained . S im i lar to the resul ts of 
Nargolwalla et al (20), the 3539 keY line of silicon was 
noticeably absent ~n the upper and lower benches of the coal. 
The iron and sulfur lines at 7632 and 5420 keY respectively, 
although less intense in the coal, showed anomalies that 
corresponded to pyrite horizons. 

The earlier report (24) pointed out that the hydrogen 
anomaly occurs slightly above the coal, but that the aluminum 
anomaly corresponds very well with the location of the coal 
seam. This difference was entirely explicable in terms of the 
different gamma ray energies, which affected the apparent 
depth. The largest number of hydrogen gamma rays were produced 
when the source was at the center of the seam. Because of 
their relatively high energy, the gamma rays readily penetrated 
the coal, and arrived at the detector, which was above the 
center ot the irradiated volume by the amount of the 
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source-ta-detector distance. However, the aluminum gamma rays 
having a lower energy than those of hydrogen, originated from a 
smaller volume near the source so that the depression in the 
aluminum activi ty corresponded nlore closely to the center of 
the coal seam. Because the sonde was moving upward in the 
hole, there was no residual decay-gamma activity from 
previously-irradiated points in the hole. The depression in 
the silicon log, which was based on the 3539-keV gamma-ray, was 
displaced even further than the hydrogen anomaly, an expected 
result of the still higher energy (3539 keY) of the silicon 
gamma-ray. These effects were particularly noticeable in the 
upper, narrower bench of the coal. 

Consequently, to determine the 
recommend use of the low-energy 
aluminum. 

depth of 
gamma-lines 

the seam, we 
ot K-40 or of 

Spectral Analysis of Coal 

Individual spectral analyses in the coal seam were 
obtained with the 0.23-, 2.7-, 25-, and 96- ~g Cf-252 neutron 
sources. The spectrum obtained with the 2.7 ~g source appeared 
to be in error and was discarded. The counting statistics were 
best when the 0.23 ~g source was used because of the 
correspondingly short source-to-detector distance. All spectra 
were accuQulated for 3600 seconds. The quantitative analysis 
of the coal was made from the spectral data by the method 
described in reference 24. Because some important changes were 
made in the method of calculation, we briefly describe the 
technique again. 

Method of Calculation 

The gram fraction, f, of any element in the coal is given 
by the expression, 

f NW/acjJMLgElt 

where 

N number of counts in a given peak 
W atomic weight 
a = the total elemental capture cross-section 

in barns 
cjJ the termal neutron flux in the sample in 

neutrons/cIn2sec 
M mass of the sample in grams 
L Avogadro's number 
g geometric factor 
E relative system efficiency 
I intensity of the gamma ray in number per 

neutron capture 

(9) 

t irradiation or data accuInulation time in seconds 
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Further, it was previously shown ~,24), that for j elements in 
the the coal matrix 

NW 
f - OTI 

E J J -
[ 

N.W. ] -1 A 
0.£.1. - EA . 

J J J J 

(10) 

where the A-factor for each element is the appropriate ratio, 
N\~/(m::I). Equation 10 is thus an expression for the mass 
fraction of any element in the coal; the expression is 
independent of the neutron the sample size, the geometry, and 
the spectral accumulation time. If one could evaluate the 
denominator, E Aj ,in equation la, one could calculate the mass 
fraction of any element for which an A-factor can be 
deterrni ned. 

An "ultimate analysis" of coal specifies percentages of 
five elements plus the ash concentration, the sum of which is 
100 percent. Thus, if an A-factor can be detennined for these 
six components of the coal, their mass fractions can be 
expressed as functions of L:Aj, sUlr.med, and the sum equated to 
1. As the factors for five of the six components that make up 
ultimate analysis can be evaluated from the capture gamma-ray 
spectrum, the values of Aj can be evaluated and then used to 
determine the mass fraction of any other element for which an 
A-factor can be determined. 

The ash tenD in equation 10 includes all the minor and 
trace elements in the coal, some of which are below the 
detection threshold and therefore cannot be calculated 
directly. However, the major cation elements in coal ash are 
aluminum, silicon, and iron, all of which have relatively 
intense lines in the capture gamma-ray spectrum. Several 
empirical equations are reported in the literature (LUL40) 
showing the relationship between aluminum, silicon, or the sum 
of these two elements, and the ash content in coal. Senftle, 
et al used a relation suggested by Laska and Gorski (1]J that 
gave the ash content as a function of the sum of the 
percentages of alumina plus silica. Mikesell, et al found that 
including the percent Fe20s in the relationship gave 
consistently better results (24). However, because of the 
large amount of iron in the construction material of the sonde, 
the number of counts in the iron peaks tended to be higher than 
that expected frol,l the formation, particularly when short 
source-to-detector distances were used. This situation made 
the true iron level difficult to determine accurately. To 
eX~line the ash relationship further advantage was taken of the 
large number of ash analyses in the literature for many coal 
seams. Thirteen analyses for the Pittsburgh coal seam within a 
lOa-mile radius of the area in which we were working were used 
to find the relationship between total ash and the sum of the 
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alumina and silica concentrations (41). A simple proportion 
gave a good fit, allowing the ash term in equation 10 to be 
evaluated as follows: 

f(ash) ( 1 1 ) 

where f is the mass fraction. 

The only important term in equa tion 10 that could not be 
evaluated directly from the capture gamma-ray spectrum was the 
oxygen tenn. Oxygen did not yield any observable capture 
gamma-ray 1 ines because of its rela t ive 1 y small the rmal-neut ron 
capture cross section. Therefore, it was necessary to employ 
an indirect technique to obtain the mass fraction of oxygen. 
An attempt was made to study the analyses of Pittsburgh seam 
coal in order to find a relationship between oxygen and one or 
more elements in the coal for which there existed a measurable 
line in the capture gamma-ray spectrum. Such a relationship 
could not be found. Finally, simply the average oxygen content 
in the literature was used. As previously shown, the error was 
distributed over all the terms in equation 10; therefore, this 
procedure did not introduce undue error into the calculated 
components of the coal. The average of 13 oxygen analyses 
pertaining to the above-mentioned Pittsburgh seam samples (41) 
were employed here. 

It should be pointed out that the analyses shown in the 
literature give oxygen-by-difference, which is not the true 
value of oxygen in the coal (9) • However, the 
oxygen-by-difference should be used in equation 10 if the 
analyses of the other elements are to conform to the ultimate 
analyses reported by coal chemists. If oxygen were measured 
directly, for example by fast neutron reaction with 14-MeV 
neutrons, then the value of the other elements would be biased 
away from the chemists' values and would require correction. 

Calculation of System Efficiency 

The efficiency term in our equation 9 was obtained 
expe~imentally in reference 24 from borehole spectra and 
normalized to published point-source efficiency curves for 
laboratory gennanium detectors of a size and geometry similar 
to those of the detector in the sonde. It was assumed that, 
because only high-energy spectral lines were used, the 
attenuation coefficient in the ore would be essentially 
independent of energy. In this work lower energy spectral 
lines have been included, and the assumption became less valid 
because the lower energy gamma rays suffered greater 
attenuation than those of higher energy. Also, the problem was 
complicated by the fact that the borehole sample was an 
extended source rather than a point source. As a result, we 
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dealt with the "system efficiency"; that is, the applicable 
efficiency curves could differ markedly from the point source 
efficiency curves. Consequently, the system efficiency in the 
coal seam was inferred from the multiplicity of chlorine lines 
in the borehole spectrum and their known relative intensities. 
( 34) 

Chlorine has a substantial number of well documented lines 
spread across the energy range of interest, as shown in Ta ble 
6, and so can conveniently be used to determine a full-energy 
peak system efficiency curve as shown in Table 6. In a 
high-resolution spectrum these peaks are free of significant 
interference from the full-energy, single-escape, and 
double-escape peaks from other elements in coal. Except for 
the 6111-keV line, they are also free of interference from 
other chlorine peaks. The counts in 6111-keV line were 
corrected for the single-escape peak at 6109 keY. Also shown 
in Table 6 are intensity values reported by Spits and Kopecky 
(34). These were used to calculate the sys tem full-energy peak 
relative efficiency curve shown in figure 24. 

Table 6 

Selected interference-free chlorine lines in coal. 

Line Intensities, gamma rays/lOO 

Full Energy, keV neutrons absorbed (Spits & Kopecky, 1976) 

789 15.0 
1165 25.7 
1951 18.7 
1958 12.1 
2865 6.0 
4980 3.53 
5716 5.14 
6111* 19.7 
7790 8.61 

*Doublet of 6lll-keV full-energy and 6l09-keV single-escape 
peaks of chlorine. 
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To determine the single-escape and double-escape 
efficiency curves, the ratio of the peak areas of the 
single-escape-to-full-energy and double-escape-to-full-energy 
peaks as a function of the full-peak energy was plotted as 
illustrated in figure 25. These curves were similar to those 
obtained ,by Seyfarth et al (ill. A polynominal fit was made to 
each set of data and the appropriate excape peak efficiencies 
were calculated by nonnalization to the data in figure 25. 
These efficiencies were then used in the calculation of the 
A-factor for the elements. 

Results and Discussion 

In reference 24, a specific peak in the spectrum was used 
for each element. The given peak was chosen on the basis of 
its intensity and lack of potential interference from other 
peaks. In the present experiments, the counting statistics 
were rela tively poor. I t was assumed that a better 
determination could be obtained if as many peaks as possile for 
each element were used to obtain an average A-value. 

For exa~ple, Table 7 lists the spectral peaks used for 
each element analyzed, and the A-value obtained with the 96 ~g 
source. Table 8 shows the elemental analyses of the coal. The 
chemical analyses shown were made on core samples from the test 
hole located near the main borehole. The average oxygen 
concentration of 13 coals in the region, as noted above, were 
employed for the analyses of data collected using three 
differenct californium sources. The results were better than 
one might have expected, considering the unfavorable geometry, 
uncertain centering of the sonde in the hole, and the fact that 
the chemical anaylses were detennined from coal samples out of 
a hole 7.5 m away. The results got progressively better as the 
source size increased from 0.23 ug to 96 ~g Cf-252, but were 
not as good as those obtained in a close-fitting hole (24). 
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Table 7 

Full(f), Single(s), and Double Escape(d) Peak Energies 
and Calculated A Factor for Data Obtained 

with the 96 ~g 252-Cf source. 

Element Peak Energies (keV) A Factor 

Carbon 3684(f), 3l73(s), 2662(d) 1239.5 
4944(f), 4433(s), 3922(d) 

Hydrogen 2223 (f) , l712(s), l20l(d) 101.4 

Sulfur 5420 (f) , 4909 (s) , 4398(d) 25.78 

Nitrogen 4508 (f) , 3486(d) 59.6 
5267(f), 5568(d) 

Aluminium 7212 (s) 21.47 
1779 (decay line) 

Silicon 3539(f), 3028(s), 25l7(d) 17.74 

Table 8 

Elemental Analyses of a Coal Seam from Capture Gamma-Ray Spectra using 
252-Cf Neutron Sources of Different Sizes in an 

Oversize Borehole. 

Capture Gamma-Ray Analyses (%) Chemical Analysis 
Element 0. 23l:!g 25l:!g 96]dg as received (%) 

Carbon 62.0 68.0 71.9 75.9 
Hydrogen 7.1 6.2 5.9 5.45 
Sulfur 0.7 1.3 1.5 1.39 
Nitrogen 3.8 4.1 3.5 1.54 
Oxygen 9.3 9.3 9.3 7.73 
Aluminum 3.3 1.0 1.2 1.01 
Silicon 1.7 2.1 1.0 2.02 
Ash 17.1 11.0 7.9 7.98 
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Copper: Kearney. Arizona 

Objective 

The purpose of the copper field test was to obtain basic 
data and to investigate the applicability of the germaniuln tool 
to neutron activation logging of copper ore in a major deposit 
in southwestern U.S. 

This objective was not fully realized because only one 
method was tried, that of prompt gamma rays following neutron 
capture. A second method, involving the 5.1-minute delayed 
gamma rays of neutron activation of Cu-65, was not attempted, 
because a sufficiently strong Cf-252 source was not available 
at the scheduled time of the test, as a result of delayed 
delivery. Therefore, we considered our results, while valid as 
far as they went, to be incomplete, since laboratory studies by 
others and theoretical calculations indicated that the 
delayed-gamma method ought to be superior to the prompt-gamma 
method for in-situ detenllinations of copper (l2,20J.1). 

Background 

The copper mining industry utilizes core drilling 
extensively for orebody delineation and exploration. Because 
of the sampling problem with coring, in-situ borehole analysis 
has been thoroughly investigated by the copper industry 
(11,15). The larger volume sampled by in-situ neutron 
activation procedures. 0.1 to 1.0 cubic meters. depending on 
photon energy and rock density, is more representative of t~e 
orebody matrix than are core samples. which are much slJIaller. 
An effective neutron activation logging procedure could 
therefore represent a considerable cost saving for copper 
exploration. improve the efficiency of exploration, and be less 
subject to sampling errors, cOQpared to core analysis. 

Activated copper emits several prompt gamma rays that are 
usable for gamma-ray logging. The most prominent prompt 
gamma-ray energies in keV. ordered by decreasing sensitivity of 
the system. are: 278. 7915. 7637, 609 and 385 keV. The 
reaction is: 

Cu + n~Cu + y ( 1 2) 

Activated copper produces a delayed gamma ray at 1039 keV 
with a 5~1 minute half-life, a consequence of the reactions, 

Cu65 (n,y) Cu66~ Zn66 + y(1.039 MeV) (8%) (13) 
S,5m. 

Use of prompt and delayed gamma rays has been investigated 
in the laboratory pertinent to logging copper ores (15). That 
study concluded that prompt garmna-ray analysis does not have 
the sensitivity to detect concentrations of copper in the 0.1 
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to 1.0 weight percent range as desired for logging. On the 
other hand, their delayed gamma-ray studies indicated that 
enough statistically significant counts were present in the 
peak to achieve adequate precision. Working with a laboratory 
model consisting of sand penetrated by copper wires, Jensen et 
al concluded not only that the 5.1-minute activity should be 
exploited, but also that a sodium iodide scintillator probably 
would provide better detection limits and accuracy than a 
germanium de tector Cl..i). 

Yield Tests and Analysis 

At Kearney Arizona, spectra were acquired in two holes 
that had been cored, Borehole Nos. 1128 and 1129. A 
2.4-microgram Cf-252 neutron source (5.~ K 10 neutrons/sec) 
was used in all the tests. The source-to-detector spacing was 
30cm (12 inches), resulting in a total count rate of 
approximately 1500 counts per second. The following 
information was extracted from the spectral data: 1) net 
copper counts in the 7Y15-keV peak, 2) net hydrogen counts in 
the 2223-keV peak, and 3) total counts (gross gamma). ~et 
counts in the peaks were determined by applications of a 
peak-and-background-fitting computer program, a procedure 
necessitated by the relatively weak signal. Two other 
prolilinent prompt gamma rays of copper were also evaluated in 
this work: the lines at 609 keV and 270 keV. However, each 
gave results that were poorer than those of the 7915-keV line 
because of interferences and background levels. 

Since the prompt gamma-ray signal was weak, spectra were 
accumulated over rather long periods of time. First, two 
one-hour calibration neasurements were carried out at the 16.2m 
(53 ft) and 19.2m (63 ft) depths in Borehole 1129. Next, in 
borehole 1129 spectra were acquired at regular depths in 5-foot 
increnents, over the cored region from 15.2m to 33.5m (50 to 
110 ft.) The procedure was a little different in Borehole 1128. 
There, two spectra were accumulated. Each represented one hour 
of data acquisition, an assemblage of ten 6-minute counts at 
successive 30cm (one foot) intervals; so that a 3.0m (10 ft) 
section was sampled. "This was done for the l5.2m to l8.3m (50 
to 60 ft) interval and the l8.3n to 21.3m (60 to 70 ft) 
interval. Corresponding laboratory analyses of the cored 
sections were provided to us by the Kennecott Copper 
Corporation for tool calibration and evaluation. 

In analyzing the data we followed the reasoning of Senftle 
et al (26) that if hydrogen (present in free or bound water) is 
the principal agent for slowing neutrons, then the ratio of the 
analyte signal to the square root of the hydrogen signal is 
approximately proportional to the concentration of the analyte. 
This is expressed, for copper (eu), by application of equations 
(1) and (3): 
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C(Cu) I(Cu) 
K(Cu) 

1 
K 1 (CU) 

I(Cu) 

h(H) 

where CeCu) is the copper concentration in weight 
percent, 
reCu) is the net counts pe r unit time of the 
cop pe r signal, 
I(h) is the net counts per unit time of the 
hydrogen signal, and K and K are calibration 
constants. 

From equation 14 we get 

K I (Cu) 
I(Cu) 

C (Cu) II (H) 

( 14) 

( 1 5) 

which we used to detennine the calibration constant based on 
chemical analyses of core samples. 

\-,Ie simply took the calibration constant, k' (Cu), to be the 
average value found from applying equation 15 to the 
calibration measurement at 63 ft. in Borehole 1129 using the 
core assay's C(Cu) value. This gave k' (Cu) = 0.30, which was 
then applied to the rest of the prompt gamma data to yield our 
results for CeCu). 

The results are summarized in Table 9 and plotted in 
figures 26a, b. We observe in Fig. 26 that the prompt-gamma 
results correspond fairly well to the core analyses at most, 
but not all, depths. The largest discrepancy was at the 28.7m 
(94 ft) depths in Borehole 1129. We do not know the cause. 
Significant discrepancies may have been flukes or perhaps were 
related to sampling errors associated with small core samples. 
Gross gamma counts were used only to monitor the consistency of 
the data, to make sure the equipment was not experiencing 
problems. None of our datum points showed any unexpected 
behavior in the gross gamma counts. Consequently, we had no 
reason to question our derived copper concentration results at 
any depth. 
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Table 9 

In-situ prompt gamma ray calibration and logging data for copper determination. 

1 

Depth 
ft. 

2 

Core 
Assay 

(Wt % Cu) 

3 
Data 

Collection 
Time 

(sec) 

4 5 

I(cu) (7915 KeV) I(H) 
(Net cts/hr) (cts/hr)1/2 

"CALIBRATION" MEASUREMENTS 

6 

I(Cu) 
I(H) 

7 
Prompt Gamma 
Analysis assuming 

k' = 0.30 
(Wt % Cu) 

8 

Cu 
Core-gamma 
(Wt % Cu) 

\D 
o 

Borehole 1129 
53.0 0.60 
62.9 2.90 

47- 58 0.60 
58- 67 2.90 
68- 77 
77- 87 1.50 
87-100 0.87 

100-110 0.24 

3600 
3600 

3600 
1200 
1800 
1800 
2700 
3600 

44.4 + 18.2 156.6 + 0.6 0.284 + 0.117 
132.5 + 16.7 153.8 + 0.6 0.862 + 0.112 

"LOGGING" MEASUREMENTS 

45.3 + 16.2 154.7 + 0.6 0.293 + 0.107 
137.4 + 16.4 155.7 + 0.6 0.882 + 0.111 

52.6 + 12.8 190.1 + 0.5 0.277 + 0.069 
87.0 + 12.9 210.3 + 0.5 0.414 + 0.063 
14.5 + 9.5 216.5 + 0.5 0.067 + 0.044 
21.0 + 12.0 214.4 + 0.5 0.098 + 0.056- -

0.95 + 0.37 
2.87 + 0.37 -

0.98 + 0.36 
2.94 + 0.37 

-

1.16 + 0.15 -

0.22 + 0.15 
0.33 + 0.19 -

+0.35 
-0.03 

+0.38 
+0.04 

-0.34 

-0.65 
+0.09 



Comparison of columns 7 and I) of Table 9 gives a quick 
check on the consistency of the prompt gamma assays with the 
lab assays. Column 8 is the absolute difference between the 
two assays. Column 7 contains the plus-or-minus one sigma 
uncertainty owing to statistical errors in gamma counting. 
Qualitatively, for the prompt gamma and chemical assays to be 
considered consistent with each other, the absolute values of 
the numben; in colunln 8 ought to be less than twice the error 
t igures in column 7 j and co lurnn 8 ough t to exh i bit rand omly 
distributed positive and negative values. The first criterion 
iss a tis f i ed a t TIl 0 s t d a tum poi n t s • Be c au s e 0 f the lim i ted 
amount of data, no conclusion can be reached on the 
distribution of deviations. Finally, looking at the two depths 
(53 ft and 63 ft) in borehole 1129 where proJilpt gamrlla 
measurements were repeated, we note that the data reproduced 
we 11. 

Uncertainties 

Under the assumption that the terms k' (Cu) and II(H) in 
Equation 14 were approximately constant, which was probably 
val i d , a t lea s t wit h ina n y g i v e n form a t ion, t 11 en the 
uncertainty in C(Cu) was directly related to the uncertainty in 
the net copper counts, N(Cu), which is equal to I(Cu)t, where t 
is the duration of the measurement. If equation 14 is 
expressed as a difference equation and if it is assumed that 
k' (eu) and I(H) are constants, then 

6C(Cu) 
6I (Cu) 

K 

Dividing by equation 14, we get 

6C(Cu) = M(Cu) 
CCCU) I(Cu) 

M(Cu) t 
I(Cu)t 

6N(Cu) 
I(Cu)t 

(1 6) 

( 1 7) 

If we further assume that the 
cOllies from counting statistiGs, and 
with this uncertainty, where N(b) 
under the Cu peak, then 

principal error in NeCu) 
we associate /N(Cu) + N(b) 
is the background counts 

6N(Cu) hHCu) + N(b) I HCu) + Hb) t ( 18) 
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Substituting equation (18) into equation (17) leads to 

. t.C(Cu) C(Cu) Ir(cu) + reb) 
r(cu) ~ 

Ir(cu) + reb) 
K(Cu)rt (19) 

where l(b) is the background count rate at the copper peak. 
Equation 19 shows that the relative uncertainty in the copper 
concentration decreases inversely with the square root of the 
measurement duration. Extending the counting time improves the 
answer. liut there will be a practical lower limit on the 
logging speed. It must not be unacceptably slow. From 
equation 19 we rewrite t.C(Cu) as follows: 

t.C(Cu) 
lr(b)R(pb) 
K(Cu)~ 

(20) 

where K(pb) is the peak-to-background ratio of raw (peak plus 
background) count rate to background count rate under the peak. 

we define the lowest detectable amount (LDA) of Cu to be 
that computed at the 2-sigma level if only background counts 
are present; that is, when R(pb) = 1. It follows that 

2 Ir(b) 
LDA(Cu) = K(Cu)~ (21) 

In this work K(Cu) was between 45 and 95 counts per hour 
per wt% Cu. 
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The quality of the results presented here could readily be 
improved by a factor of 3 to 5 simply by using a source that is 
stronger by a factor of 9 to 25. As equation 7 shows, LDA (Cu) 
decreases inversely as the square root of the source strength 
because K and I(b) are diectly proportional to the source 
strength. Counting rates of 25 x 1500 = 37,500 counts/second 
are within tfle capabilities of this system. Table 10 lists 
some expected LDA's for a variety of logging speeds and 
measurement times (depth intervals for which the analysis will 
provide average values), under the assumption that the source 
activity would be 9 times that used in these tests, or 21.6 ~g 
of Cf-252. 

Table 10 

Estimated lowest detectable amounts of copper by means 
of in-situ prompt gamma ray analysis.* 

Logging Speed, Depth Averaging LDA 
ft/hr. Interval! ft. Wt % Cu 

20 10 0.35 
20 5 0.50 
20 2.5 0.70 
10 10 0.25 
10 5 0.35 
10 2.5 0.50 

5 10 0.17 
5 5 0.25 
5 2.5 0.35 

*The following conditions are assumed: 21.6 g Cf-252 source, 
10%, 3 KeV FWHM Ge detector, 30 em source-to-detector spacing, 
13,500 cps total counting rate, analysis of 7915-KeV copper 
line, and peak shape fitting for obtaining net intensity. 
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We emphasize that in-situ quantitative assays are 
complicated by variations in the matriX. The neutron flux at 
any point depends on the neutron slowing-down properties of the 
medium. The absorption of radiation in the rock is also 
matrix-dependent. The results presented in this section are 
merely indicative of the capabilities of prompt gamma ray 
spectroscopy for copper logging. 

We concluded from the data that the prompt gamma method 
using a Cf-252 neutron source and germanium spectrometer would 
only be of marginal value in copper-ore logging because it is 
not fast enough at the desired level of precision. 

Technically, delayed gamma ray spectroscopy remains a 
promising method for in-situ copper ore analysis. Future work 
ought to include extensive field tests using delayed gammas. 
The question of which detector, germanium or sodium iodide, 
would ultimately provide the best analysis in actual boreholes 
remains to be answered. Indeed, the answer may depend on the 
type of orebody being examined. For example, the 9.5 minute, 
1014-keV gamma ray from neutron ac t iva t ion at al uminum wi 11 
interfere with the 5.1 minute, 1039-keV gamma ray from copper 
much Dare in a NaI(Tl)-detector system than in aGe-detector 
system. A comparative study of different types of detectors in 
a variety of boreholes would provide needed answers. 
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Silver: Crede, Colorado 

Objective 

Our main objective was to field-test the applicability of 
the germanium spectroscopic probe for borehole analysis of 
silver ore through the use of prompt and delayed gamma rays 
following neutron capture. Other objectives were to evaluate 
the new cask design for the 22-microgram Cf-252 source and to 
evaluate newly developed hardware and software for automated 
logging. 

Background 

In the last few years silver has received a great deal of 
puLlicity and economic interest because of rapid changes in 
market price. 

Silver is not only a precious metal but is also a 
strategic material. It has favorable technical properties for 
neutron activation. Senftle et al Cl.l.) have suggested a 
neutron activation procedure for in-situ detennination of 
silver, based on the 658-KeV delayed gamma ray that is emitted 
in the following sequence of reactions: 

Ag 109 (n,y) Ag110 ___ > Cd110 + y(658 keV) 
8.24s. 

In addition, several prompt gamma rays belonging to the 
neutron capture process seemed to be good candidates for 
evaluation because of their photo energies and emission 
probabilities. Consequently, we investigated the suitability 
of prompt and delayed gamma rays for silver logging. 

Field Tests: Procedures and Results 

Delayed Gamma-Ray Tests 

In the delayed gamma-ray tests a 22-rnicrogram Cf-252 
source (5.1 x 10 7

) neutrons per second) was attached to the 
bottom of the sonde at the end of a 152cm. (S ft.) nylon 
spacer, so that the source-to-detector distance was about 
162cm. (5.3 ft.). The gamma ray of interest was the 24.2-sec, 
658 keV line. 

The logging sequence was as follows. The sonde was held 
at a given depth and the source was allowed to irradiate the 
borehole surround for 60 seconds. Then the sonde was lowered 
152cm (5 tt.) so that the detector was now positioned in the 
center of the previously irradiated volume. Starting at about 
10 sec. after the end of the irradiation, the systera counted 
delayed gamma rays for 60 seconds. The source was irrauiat:i.ng 
a location 152cm further down hole during this time. 
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Repetition of the cycle gave a series of assays in 152cm steps 
dovm the hole. After the sonde reached the lowest desired 
depth it was raised back uphole to a point 30cm (1 ft) below 
the starting point of the previous series and another 
152cm-stepped series of counts performed. After 5 such series, 
each offset 30cm from the next one, we had collected 60-second 
spectra at 30cm (1 ft.) intervals over the whole assayed zone. 

Spectrum callbratlon was important in all our tests 
because the ratios of net counts to background counts for the 
gamma-ray peaks of interest were relativey small, often much 
less than 1. Peak-fitting computer programs were employed to 
glean the best possible net count rate data from each spectrum. 
It was crucial in this procedure for the computer to know the 
exact location of the analyzed peak in the spectrum. 

The photon energy scale 
spectra was calibrated on 
appeared in all the spectra, 
and the 1778-KeV peak from 
host rock. 

of each of the delayed-gamma-ray 
two of the outstanding peaks that 

the 511-KeV annihilation photons 
the activation of aluminium .in the 

Cuttings from the test borehole were chemically assayed 
for silver in 5-foot sections. The assays were performed by 
the assay laboratory of Chevron Resources. 

Comparison of the experimental data with the assays of the 
cuttings follovled the usual procedure: 1) calibration of the 
tool against the assay data and 2) computing in-situ probe 
assays based on this calibration. The tool was calibrated by 
averaging the foot-by-foot probe data over 5-foot intervals 
that matched the intervals from which the cuttings were sampled 
and analyzed. Data from selected intervals were used to obtain 
the calibration constants in the expression, 

I(Ag) 
C(Ag) = K'/l(R) (22) 

where C(Ag) is the silver assay in Troy ounces per short ton. 
I(Ag) is the average net count rate of the silver gamma rays, 
I(H) is the average count rate of the prompt 2223 KeV Hydrogen 
gamma ray, and k' is the calibration constant for the section. 

The criterion for selection was that ICAg) had to be 
greater than or equal to two times the estimated statistical 
counting error. Only sections having sufficiently high silver 
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counts were considered in the analysis. As mentioned earlier 
in this report, the ICH) factor corrected, to a degree, for 
count rate variations in the silver counts that were caused, 
not by variation of the silver levels, but indirectly through 
variations in the neutron distribution that resulted from 
changes in the amoun t of water presen t. The prompt gamma- ray 
data for hydrogen were obtained in the later, prompt-gamma-ray 
series of measurements, described below. 

Results of the delayed gamma-ray tests are presented in 
Table 11 and sho\m graphically in Figure 27. There may have 
been a small depth discrepancy between our data and the 
cuttings, which probably resulted from tbe usual uncertainties 
regarding assigned depths. In the test borehole the factor 
ICH), expressed as net counts per 120 sec, varied from a low of 
26 to a high of 49, roughly a factor of 2. This indicates that 
the concentration of water varied with depth to a significant 
degree. 
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Table 11 

Comparison between silver in-situ de1ayed--garruna neutron activation assays and 
chemical assays in the test borehole 

Net Counts 
Depth per station 
ft. (5-ft. avg.) 

30- 35 9.3 
35- 40 7.0 
40- 45 10.3 
45- 50 11.8 
50- 55 15.5 
55- 60 23.0 
60- 65 8 .0 
65- 70 13.0 
70- 75 7.6 
75- 80 15.0 
80- 85 12.3 
85- 90 18.8 
90- 95 17.8 
95-100 9.0 

100-105 7.8 
105-110 11.5 
110-115 13 , 8 
115-120 13.3 
120-125 11.5 
125-130 9.7 
130-135 9.7 
135-140 6.4 
140-145 12.8 
145-150 7.0 
150-155 10.5 
155-160 17.0 
160-165 13.5 
165-170 14.2 
170-175 12.5 
175-180 22.3 
180-185 21.0 
185-190 41.2 
190-195 16.8 
195-200 10.3 

*Computed: Assay 
(oz/ton) 

+ 1 Error *In-Situ 
-

in net I(Ag) 1 assay, 
counts I(H) Error oz/ton 

--

7.5 0.235 0.190 -0.24 
7.3 0.176 0.183 -1.18 
7.5 0.269 0.196 0.30 
5.4 0.296 0.136 0.73 
7.4 0.432 0.206 2.91 
6.0 0.623 0.163 5.96 
5.9 0.173 0.127 -1. 23 
7.5 0.333 0.192 1.33 
5.7 0.174 0.130 -1. 21 
9.2 0.386 0.237 2.17 
7.5 0.354 0.216 1.66 
5.8 0.410 0.127 2.56 
5.9 0.363 0.120 1.81 
5.6 0.230 0 . 143 -0.32 
5.9 0.184 0.139 -1.05 
6.5 0 . 283 0.160 -0 . 53 
5 . 7 0.371 0.153 1.93 
7.5 0.380 0.214 2 . 08 
6.1 0.303 0.161 0.85 
7.3 0.260 0.196 0.16 
7.3 0.272 0.205 0.35 
5.5 0.195 0.167 -0.88 
6.4 0.363 0.181 1. 79 
6.6 0.201 0.190 -0.78 
6.4 0.349 0.213 1.58 
7.5 0.592 0.261 5.46 
8.8 0.429 0.279 2.86 
5.6 0.434 0.178 2.94 
6.4 0.389 0.199 2.22 
7.9 0.693 0.245 7.08 
9.5 0.705 0.319 7.27 
6.6 1.329 0.213 17.24 
6.8 0.636 0.258 6.16 
7.1 0.373 0.257 1.96 

I(Ag) 
( I(H) -0.25)/.0625 

99 

Chemical 
assay, 

oz/ton 

0.09 
0.11 
0.33 
1.04 
5.25 
0.50 
2.38 
0.53 
0.52 
0.99 
0.75 
1.08 
5.14 
1.01 
0.40 
0.29 
0.18 
0.08 
0.10 
0.27 
0.17 
0.16 
0.21 
0.24 
0.37 
0.78 
0.77 
0.44 
2.41 
0.60 

19.11 
7.52 
5.44 
1. SO 



The effect of the water correction showed up in the 
relative amplititudes among data groupings near the 50 ft., 90 
ft., and 180 ft. depths. Table 12 compares the average 
chemical assays in these three regions with the corresponding 
logging values. Note that the logging-to-chemical assay ratios 
that are based on the I(H)-nonnalized intensities exhibit 
tighter grouping among themselves then do the correspondin~ 
ratios based on the unnonnalized intensities. This comparison 
provides qualitative experimental verification of the validity 
of using the I(H) factor in the analysis. 

Table 12 

Comparisons between silver in-situ results that do and do not explicitly contain 
the 1/ I(H) water-correction factor. 

ore Zone *Chemical *In-Situ Assay Ratio, In-Situ/Chemical 
Depth interval, Assay +unnormalized, ++normalized, unnormalized 

ft. oz/ton oz/ton oz/ton 

45- 60 6.79 8.2 7.5 1.2 
85- 95 6.22 8.2 5.9 1.3 

165-190 30.08 26.7 29.7 0.9 

* All assay results represent averages over the depth interval. 
+ Unnormalized results are based on assumption C(Ag) = I(Ag)/k. 
++Normalized results are based on assumption C(Ag) = I(Ag) 

k I I (H) 

100 

normalized 

1.1 
1.0 
1.0 



The sensitivity of the delayed-gamma procedure was found 
to be approximately 0.04 counts per sec. per oz/ton. For a 
one minute activation-and-data-accumulation duration per point, 
this sensitivity implied a lower limit of detectability of 
about 1.6 oz/ton at the 95% confidence level under the 
conditions of the present test. The above detectability limit 
could be improved, since it varies inversely with the square 
root of the count rate. The count rate is proportional to the 
source strength and detection efficiency, It can be increased 
by a factor of 24 (6 for the source and 4 for the detector), 
giving a practical detectability limit of about 0.4 oz/ton, 
with a Cf-252 neutron source. Approximately the same figure 
will hold for the precision of measurement for in-situ assays: 
about +2.2 oz/ton at the 30 oz/ton level with the system used 
in these tests, and about +0.44 02/ton at the 30 oz/ton for the 
hypothetical higher count rate system. These precisions 
pertain to each measurement point (each foot in this 
experiment) • This corresponds to an average logg i ng spe ed of 
about 50 ft/hr at one-foot spacing between stations. 
Individual errors will fluctuate positively and negatively in a 
randoQ fashion so that averages over several depths will 
improve precision further. Accuracy will be worse than the 
precision figure and will depend in part on the assumed 
calibration factor at each depth. 

Loss and ~ecovery of Cf-252 Source 

In the course of the delayed gamma work the 22-ug Cf-252 
source was accidentally dropped down Borehole CkC-17. After 
several months and mUltiple efforts at recovery by contractors, 
the source was finally fished out of the hole. The recovery 
operation damaged the source encapsulation but did not break 
it. There was no leakage of radioactivity. Ultimately, the 
source was returned to the supplier for evaluation and burial. 
Throughout this effort all the procedures and reportage 
required by the NRC were adhered to. The loss of the source 
forced curtailment of the delayed gamma work with silver. Its 
absence also affected the amount of delayed gamma work later 
carried out in the gold ore boreholes. 

Prompt-Camma-kay Tests 

Of the several prompt gamma-ray lines associated with 
silver during neutron capture the line at 5700 keY photon 
energy was chosen as the most suitable for this investigation. 
The total neutron emission rate from the 2 microgram Cf-252 
source was about 5x10 neutrons/second, the source-to-detector 
spacing was 30cm (1 ft) and the total counting rate was about 
3000 counts/sec. at the detector. 

We lowered the sonde 
bottom of the region to 
depth for 120 seconds. The 
another 120 second count 
repeated at successive 30cm 

with its attached source to the 
be logged and counted at the fixed 

sonde was raised 30cm (1 ft) and 
accumulated. This procedure was 

intervals until the entire depth 
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range of interest was logged. We ended up with a 120-second 
gamma-ray spectrum for each point. 

The photon-energy scale of the gamma-ray spectra was 
calibrated on the strong, always-present 3539-keV prompt 
gamma-ray line of silicon from the reaction 

The same general procedure of data reduction was used to 
obtain the assays based on prompt gamma emission as that used 
for the delayed gamma work: calibration of the tool followed 
by the application ot the calibration constant to 
spectrur,l-fitted net intensities to yield the assays. Data was 
averaged over 5-foot sections and the 1/ I(H) factor was 
employed to compensate for the effects of hydrogen on the 
neutron flux. The results of this analysis were tabulated and 
plotted. However, these results were so erratic, because of 
large statistical fluctuations in the net intensity, that the 
tool could not be calibrated. Little, if any, correlation was 
found between the net counts and the chemical assays. It was 
considered that the poor results could have been due to 
interference of the 5700 keY silver line by the nearby 5956 keY 
line of potassium, so the intensity data was corrected for that 
interference in the following way. The measured total net 
intensity at 5700 keY was assumed to be the sum of the net 
silver counts and a fraction, a, of the net potassium counts: 

1(5700 keV) = 1(Ag,5700 keV) + a1 (K,1460 keV) (23) 

where I(K,1460 keY) is the net counts in the intense, isolated, 
potassium peak at 1460 keY 

1(Ag,5700) = 1(5700) - a1 (K,1460) (24) 

The coefficient, a, was empirically determined to be 
(3.98 + 3.31)xl0-2

• In this way I(Ag) was determined, 
notwithitanding the large error in a. Unfortunately, after the 
effects of the interfering line had been removed, the results 
still exhibited no correlation between the net intensities ann 
the chemical assays. 

figure 28 shows the behavior of the prompt gamma results, 
plotted as net counts in the 5700-keV peak vs. depth. This is 
to be compared to the chemical assay plot in figure 27. We 
note that none of the prompt gamma data was statistically 
significant. This implies that the detectable amount (LOA), 
although undetermined, was greater than 40 oz/ton for a 
120-sec. measurement. More specifically, it implies that LDA 
is greater than 40 oz/ton at a logging speed of 46m (150 ft)/hr 
if the data is averaged over 1.Sm (5 ft) intervals, or that, at 
3m (10 ft)/hr, LDA is greater than 10 oz/ton. 

we concluded that practical in-situ assays of silver could 
be achieved with neutron-induced delayed gamma rays (neutron 
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activation analysis), but that adequate silver assays were not 
obtainable at practical logging speeds when prompt gamma rays 
of silver were used. Our conclusion about the prompt gammas 
was based on one line, at 57UO keV, but we believe our 
conclusion will be qualitatively valid if any other prompt 
silver line or combination of prompt silver lines were used 
ins tead • 

The quality and speed of in-situ logging for silver could 
probably be improved if a pulsed neutron generator were to 
replace the Cf-252 source. If this were done, several benefits 
would ensue: 1) better radiation safety and/or less cumbersome 
shielding for the source of neutrons, 2) availability of 
continuous and stepped logging, 3) 25% less loss of data by 
elimination of the approximately 10-second delay between the 
end of irradiation and the start of counting, which was 
necessitated by the relocation time of the sonde, and 4) 
increase in intensity as a result of ongoing technological 
improvements in downhole accelerators. 
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Gold: Cripple Creek, Colorado 

Obj ective 

Our objective was to conduct in-field tests of gold 
logging by means of high-resolution gamma-ray spectroscopy with 
the developed equipment. The study liJas to include 
neutron-induced prompt and delayed galnma ·ray emissions so that 
the two could be compared, in order to evaluate their relative 
merits. 

Background 

In the United States gold occurs in some re~ions as 
concentrated veiny deposits, but the major deposits are 
low-grade, highly dispersed. Deposits of the latter are found 
in areas of the western U.S., including the lef,ion in the 
vicinity ot Cripple Creek, Colorado. Dispersed gold deposits 
have average ore grades as high as a few tenths of an ounce per 
ton in some locations. Today, 0.03 oz (Troy) gold per short 
ton 0 r 1. 2 ppm by we i g h t, i s con sid ere dec 0 nom i call y min a b 1 e 
under favorable conditions if the price of refined gold is 
above $400 an ounce. Many gold deposits are found in hard rock 
where core drilling for assay samples can ' be relatively costly. 
An instrumented gold logging technique might have advantages of 
lowe r cos t and fas ter repo rt ing of resul ts, Cor,l pared to cor i ng 
and assaying. The required accuracy for direct detennination 
of gold in low grade ores is about +0.005 02 per ton, or 0.2 
ppm. To satisfy that requirement an in-situ nuclear technique 
would have to be extremely sensitive. This implies relatively 
high costs because of the nonllal trade-off between the data 
collection tinJe and the associated precision of measureoent. 

Procedures and Result 

We collected data in two boreholes in the Cripple Creek 
district, where gold occurred as dispersed free gold or gold 
tellurides. It was relatively homogeneously distributed in 
hard rock. Delayed gamma-ray emissions as well as prrnnpt 
gamma-ray emi ssions were obse rved fo llowi ng n eu tron- induced 
activation of the borehole surround, in separate series of 
measurements. One of the holes had been rotary drilled and the 
other had been cored. Chemical analyses of the drill chips and 
core samples were carried out by the U.S. Bureau of Mines, 
Reno Research Center, Reno, Nevada, two commercial 
laboratories, and Texas Gulf Golden Cycle Mining Company. 
Samples were chemically analyzed for gold by fire assay. 
Several other elements were determined by emission 
spectrography. 
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The field test results turned out to be inconclusive because of 
errors in laboratory assays, etc., and suggested the need for 
further work. 

Natural Gamma Ray Loss 

First R passive spectral log (naturally-emitted gamma 
rays, no neutron source) was obtained for the zones of interest 
in each hole, in order to measure the baseline background 
radiation frolll the naturally radioactive isotope of potassium, 
uranium and thorium. we encountered no significant background 
radiation that might interfere with activation analysis. 

De layed Galnma kays 

Gold, if activated by means of high-energy neutron 
inelastic collision, elliits a 279-keV gamma ray having a 
7 . 2-second half-life . It activated by thermal neutron capture, 
gold elilits a 412-keV galilma ray with a half life of 2.()96 days. 
These processes are expressed in the following reactions: 

Au 197 (n,ny) Au197m~ Au197 + y(279 keV) 
(3,78. 

Au 197 (n,y) Au198~ Hg198 + y(412 keV) 
S,2.7d. 

(25) 

(26) 

Using a probe containing a Cf-252 neutron source and a 
germanium detector, we looked for each of these two gamma ray 
lines, as described below. The results were inconclusive, but 
tended to indicate the following: 1) optimal use could not be 
made of the 7.2-second half-life radiation in this 
investigation for two reasons; (a) the 66 microgram Cf-252 
source did not provide a high enough neutron flux of adequate 
energy, and (b) many of the 7.2-second, 279-keV gamma rays were 
lost during the time it took to move the detector to the 
irradiated zone. 2) The 2.697-day activity, while observed, 
seemed impractical to work into a fieldworthy logging schedule. 
It would take too long to log a hole, even if the borehole were 
to be irradiated on one day and counted during the following 
day. We concluded that the best chance for in-situ neutron 
activation analysis of gold would be a system that would 
include a pulsed accelerator and would employ the 7.2-second 
activity. 

The activation procedure for evaluating the use of the 
7.2-second half-life decay utilized the 66 microgram 
californium-252 source with a five foot nylon spacer. In this 
procedure, after 20 seconds of irradiation (approximately 2.6 
times the half-life) the sonde was lowered by five feet, 
thereby positioning the detector in the activated region. 
After a delay of 25 seconds, including the time to move the 
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sonde, a spectrum was collected for eight seconds. The 
procedure optimized the data collection from gold activation 
while minimizing the accumulation of background from the decay 
of activated aluminum produced in the following reactions: 

A127 (n,p) Mg27 

Mg27~ A127 + y(1014 and 844 keV) 
B,9m. 

(27) 

27 28 28 
Al (n,y) Al ~ Si + y(1778.8 keV) 

B,2m. (28) 

The sonde was then lowered by t ive feet 
repeated. Subsequently, logging sequences 
were offset by a foot trom the previous one; 
up with foot-by-foot activation data for 
holes. 

and the process 
in the same ho le 

so that we ended 
portions of both 

The data analysis for the 7.2-second half-life decay, 
using the 279-keV line under the stated measuring conditions, 
was such that the statistical uncertainties limited the 
conclusions that could be drawn. Of the 285 data points for 
the 279-keV line in the rotary hole, integrated peak counts at 
only 5 locations were greater than two times the square root of 
the background counts, i.e., exceeded the two sigma value of 
the counting statistics. Contributing to the uncertainty of 
the quantitative results was the fact that the average ore 
grade was rather low, about 0.05 oz. per ton. Had it been 
significantly greater, we might have been able to collect 
enough coun ts to de tenn ine the sens i t i vi ty of our procedure fo r 
the 7.2-second activity. 

In order to investigate the 2.697-day, 412-keV delayed 
gamma ray, we irradiated two locations in the rotary borehole, 
at 336 and 341 feet with the 66-~g Cf-252 source for 10 and 20 
minutes, respectively. These locations were counted for 30 
minutes the next day. The two spectra showed recognizable 
peaks at 412 keV, confirming the presence of gamma rays from 
gold activation, since interfering activation peaks would have 
died away by then. However, the chemical fire assays for these 
and other depths were not repeatable and were considered 
unreliable. As a result, no calibration of counts vs. gold 
assay was achieved. Figure 29 shows the vicinity of the gold 
peak at 412 keV in a spectrum obtained in the rotary hole. 

A series of activation mesurements were made in the rotary 
hole with ten minute activation, three hour delay, and ten 
minute counting times, at 14 depths spaced 5 feet apart, 
between 82.3m (270 ft) and 103.7m (340 ft). The three-hour 
delay was chosen as sufficient to allow the activated aluminum 
to decay to the point where the aluminum-dependent background 
was substantially reduced. Ten minutes activation and counting 
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was considered the slowest tolerable speed. However, the 
presence of indium, with a relatively intense 54-minute 
half-life, 417-keV, gamma ray interfered with the sought 
412-keV line. The interference could not be adequately 
compensated by tracking the 1293-keV line of activated indium 
and subtracting a proportional number of counts frrnn the 
combined gold and indiulll lines near 412-keV. The indium was 
present in sonde construction. The obvious cure was not to use 
indium in sondes destined for gold analysis, but we did not try 
it in this investigation because of time constraints. 
Naturally occurring actinium-288, a daughter product in thorium 
decay, has a line at 409 keY. We found this not to be a 
significant interference in our tests. Of the fourteen data 
points that we obtained pertinent to the 2.696-day delayed 
gamma rays in the rotary hole, not one of the "peaks" in the 
vicinity of 410 keY turned out to have statisticH.l 
significance. This fact, coupled with the uncertain lab 
assays, did not allow us to achieve any quantitative results 
for the 10 min. activation, 3 hr. delay, 10 min. count 
protocol. 

Prompt Gamma Rays 

Activated gold emits a number of prompt gamma rays, the 
more intense of which occur at 215, 248, 261, 1202, 2391, and 
6252 keY. Some of the high- energy prompt gamma rays encounter 
interferences from gamma rays emitted by other activated 
elements in the borehole. The 1203-keV double-escape peak of 
the strong H(2223-keV) gamma ray interferes with the Au 
1202-keV line. Potassium emits a 2390 keY line which 
interferes with the Au 2391-keV gamma ray. The 6252-keV gamma 
ray was unresolved from the 6250-keV single escape peak 
associated with the Ti 6760-keV gamma ray. 

In principle, these interferences may be mitigated by 
tracking other gamma rays emitted by the interfering elements 
and using that information to strip out the interfering peak. 
Such a procedure, however, is limited by the uncertainties of 
counting statistics. If the relative intensity of the 
interfering peak is much larger (by a factor of 10 or more) 
than the intensity of the weak peak of interest, then the 
errors will typically be bigger than the sought peak. we 
encountered just such a situation in the case of gold. The 
only gold peak for which we expected no interference was that 
at 5230-keV (6252 keY double-escape). Prompt spectra, taken at 
130, 330, 350 and 450 foot depths in the rotary ho Ie for one 
hour each, failed to show the presence of a detectable peak at 
5230 keY. The presence of interfering elements, as previously 
mentioned, was confinned by inspection of the gam~a-ray 
spectra. Specifically, the H(2223 keV)the K(2073 keY) and the 
Ti(1381 keY) peaks were all observed with substantial 
intensities. 
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Conclusion 

The delayed-gamma data were not adequate to determine the 
sensitivity of the technique for in-situ gold determinations. 
A sufficient number of peaks attributable to gold were noted 
under various measuring conditions to suggest the advisability, 
in future work, of further testing in the field and laboratory. 
The delayed-gamma work, while inconclusive, suggested that the 
use of an intense, pulsed, 14-MeV neutron source and the 
7.2-second half-life activity offers the best change of 
success. 

Our prompt-gamma tests indicated that this technique is 
incapable of practical use in gold determinations because of 
the relatively high backgrounds and interfering peaks that are 
associated with it. 
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CONCLUSIONS 

A new high-resolution gamma-ray spectroscopic borehole 
probe was designed, built and tested for in-situ analysis of 
elernen ts in geolog ical fonna t ions by mean s of n eu tron- induced 
and natural eamma-ray emissions. This work wa.s carried out in 
two phases. 

Phase I included the following tasks: 

1) The design, construction and testing of prototype 
probe containing a cryogenically cooled intrinsic 
germanium detector, having a S.lcm (2 in) outer 
diameter, and capable of operating at 3000 ft. 
for 8-hour periods. 

2) The development of associated downhole electronics 
assemblies for the probe , including low-vo l tage and 
high-voltage power supplies, spectroscopy preampli­
fier and amplifier, analog-to-digital converter, 
and 4096-channel microprocessor-based multi­
channel analyzer. 

3) The development of a complete logging truck 
with data processing equipment and electrical 
mechanical controls for conducting tests of 
the systems. 

4) The development of downhole and uphole software. 

5) Laboratory testing and calibration of the 
prototype system. 

Phase I was completed in 1978. The prototype probe and 
system met design specifications. An interim report on Phase I 
was submitted March 31, 1978. 

Phase II consisted of field investigations of the 
prototype probe for in-situ ore grade detenninations of 
uranium, iron, copper, silver, and gold and analysis of coal. 
Summarized results of each are presented below. During this 
time, ongoing hardware and software ililprovement were 
incorporated as needed in order to achieve a reliable and 
smooth running automated logging system. 

Iron 

The iron ore tests were the first tests in this 
investigation to employ neutron-induced prompt gamma rays. 
These tests successfully proved the technical feasibility of 
the cryosonde and borehole electronics pcakage. The 
sensitivity of the sonde for iron was found to be approxomately 
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0.2 counts per second per percent iron using the double-escape 
doublet at 6.610 MeV and 6.624 MeV. The measurement time 
needed to achieve +10% (1 sigma) relative precisions at the 50% 
by weight Fe level was estimated to be about 50 sec. 

Uranium 

Uranium ore grade was determined by counting the naturally 
emitted 1.00l-MeV gamma ray of Protactinium-234. a close 
daughter product of Uraniurn-238. This gamma-ray line. although 
less intense than lines from other decay products. was more 
representative of the uranium ore grade than was the 
traditional gross gamma count, if the ore is not in secular 
equilibrium with all its daughter products. We found that 
uranium ore could be logged at +10% to + 20% relative precision 
at levels exceeding 0.01 weight percent Us Os at practical 
logging speeds. As a direct result of this work . Princeton 
Gamma-Tech initiated a commercial uranium logging service in 
1979. 

Copper 

The application of the cryosonde to in-situ logging of 
copper was investigated using proQpt gamma-ray detection. The 
sensitivity was in the range 45 to 95 counts per second per 
weight percent copper. The minimum detectable amount was about 
0.4 wt % Cu in a one-hour measurement. Although upgrading the 
system could lead to improved prompt gamma results. we 
recommend that future efforts concentrate on the delayed gamma 
technique, which ought to yield significantly better in-situ 
detenninations of copper at faster logging rates. 

Silver 

Delayed and prompt gammas following neutron stimulation 
from Cf-252 sources were investigated as a means of achieving 
in-situ silver assays. The 24.2-sec. half-life. 658-keV 
delayed gamma ray was found to be an excellent indicator of 
silver, providing that the effect of hydrogen in the formation 
was taken into account. Our tests indicated that a 
hypothetical scaled-up system having a 130 microgram Cf-252 
source and a 30% efficient Ge detector (relative to a 3" x 3" 
NaI cintillator) would be able to step-log at an average rate 
of one foot per minute and achieve a 2-sigma minimum detectable 
limit of about 0.4 oz per ton. or 17 parts per million by 
weight. On the other hand, the prompt gamma tests, based on 
the 5700-keV gamma-ray line. indicated that the prompt gamma 
approach using a Cf-252 source was impractical for downhole 
assaying of silver because of insufficient intensities and poor 
peak-to-background ratios. 
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Gold 

Delayed and prompt gamma rays following neutron 
stimulation from Cf-252 sources were studieu in a dispersed 
gold depos it. We concluded that the prompt gammas were not 
prac~ical for logging because of relatively high .backgrou~ds 
and interfering peaks. The delayed-gamma work was inconclusive 
bec~u~e of calibration problems. Furthenn~re, of t~e two 
radioisotopic half-lifes that were considered sUitable 
candidates, one (7.2 sec.) was too short for practical 
step-logging work with a Cf-252 source and the other (2.697 
day) was probably too long to be of practical value for field 
work. 

Coal 

Borehole loggi ng of a coal seam wi th the cryosonde and 
includ ing, a) natural gamma logging and, b) prompt gamma ray 
logging with a Cf-252 neutron source, provided a variety of 
useful information such as 1) seam depth and thickness; 2) 
in-situ analyses fo r s ul fur, aluminulTJ, silicon, and iron; 3) 
determination of ash content; and 4) determination of BTU 
content. We note, hml1ever, that other logging equipments 
presently exist that can prov ide most of this information 
fas ter and cheaper than the cryo sonde. we s pe cuI ate that if 
the germanium cryo sonde spectrometer is to have a place in 
practical coal wo rk, it will probably be in specialized 
applications involving in-si tu determinations of specific 
environmentally und e sirable minor elements such as sulfur and 
boron, which demand high-resolut ion spectroscopy, in situations 
that tolerate r elat ively lengthy mea surement times. 

1 3 



SUNtvlARY AND RECOHl''lENDATIONS 

In Phase I a germanium 
spectroscopic borehole probe 
successfully designed and built. 

detector-based, gamma-ray 
and support system were 

The field studies of Phase II led to a number of 
inferences about the pot ential usefulness of the germanium 
borehole cryosonde in the mining industry. Uranium was 
successfully logged by means of natural gamma-ray spectroscopy. 
The use of the 1.001-MeV, Pa-234 gamma ray elim~nated. errors 
caused by lack of se cul a r eq uili brium among lsotOP1C decay 
products. Copper and silver could in principle be logged at 
speeds in the range 1 to 5 minut es per measurement interval, 
(typically one to five f eet), if a moderately active (about 100 
microgram) Cf-252 neutron source we re used with delayed-gamma 
spectroscopy. Although it wa s technically feasible to log for 
iron and the principal el emen ts in coal with prompt gammas 
using a Cf-252 neutron source, such a tool is expected to be of 
little current interest in those ap plications. In-situ gold 
analysis suffered from insufficient sensitivity and uncertain 
calibration. 

Throughout this study a californium-252 source has been 
used to produce the neut rons that excite the gamma rays for the 
assay mesurement. While it is simple to use, the radioactive 
californium source presents a number of limitations: 

1) There is a reluc tance in the mining industries to 
utilize radioactiv~ sour ces if there is any possibility of such 
a source be ing dt"-opped down a boreho l e. Al though th i sis 
primarily a problem in education, not t e chnical feasibility, it 
is a serious concern in making the technology industrially 
acceptable. 

2) Since a califor~ium source that i s strong enough to be 
of practical value r equlres.more th~n 1000 pounds of shielding, 
it is cumbersome to handle 1n the f1eld. 

3) Regulations governing the transportation of the 
californium source a re complex and vary f rom state to state. 

4) The califo rnium source is a ctive all the time. It 
cannot be switched off. Thi~ means that the analytical 
measurement must either be mad~ 1~ ~he pre sence of the primary 
source of neutrons or SOL1 e s l gn1f1cant amount of time must be 
allowed for the source to be r move~ ~nd the detector to be 
placed. This time can perlla r s b e 11 .1 ted t o a few seconds, but 
even a few seconds can be a ong ~ ime compa r ed wi th the half 
lives of some r ad ioisotopes ro uc ed in the delayed gamma ray 
proces s. In the prompt p,a~~a h r~y ~easuremen ts the con ti nuou s 
neutron source causes a g ac ground that limits the assay 
sensitivity. 

114 



There is an alternative to the use of radioactive source 
for ge~erating neutrons in the borehole that might 
substantially improve the quality of logging for c?pper, 
s i 1 ve r , gold, imp ur i tie sin co a l, and 0 t be rIDe tal s • I tiS the 
use of a miniature accelerator that produces 14.1-heV neutrons 
during the bOr.Jbardment of tritium by deuterons. Such 
accelerators are commercially available. Propr:ietary models 
have been used ext ensive ly in the oil industry for a number of 
years. There are seve ral ad vantages in tbe use of accelerators 
as neutron sources: 

1) The only time the accelerator needs to be turned on is 
wben it is located in the borehole; so external shielding is 
not required. Accelerators presently can emit 10 neutrons per 
second. Some experime ntal mode ls emit as Illany as 10 neutrons 
per second. Although calitornium is available in similar 
strengths, the shielding for a 10 nls source would be 
prohibitively ponderous for field work. 

2) Accelerators can be pulsed. In fact, this is the usual 
mode of operation. The thennal neutrons that are produced are 
captured within a mi llisecond, so that delayed activation of 
el~nents with hal f -lives greater than a few milliseconds could 
be investigated. Sources, such as californium, that must be 
physically moved away tronl the activated sample, can only be 
used to analyze elements with half-lives longer than a few 
seconds. The ad vantage of n ot r equiring sudden gross motions 
of the sys tern pe rmi t s continuou s measurement and reduces the 
logging time per hole . It al so allows higher overall counting 
rates. 

3) In the past, gennanium de t ectors could not be used with 
accelerators because of the seve re damage caused by the 
neutrons. kecent improvements in germanium technology have 
resulted in detectors that have at least an order of magnitude 
less sensitive to neutrons (22). Improved techniques for 
restoring neutron-dam~ged .detecto rs offer the possibility of 
extending the useful life of a given de tector even further (6). 

We recomwend that the design, development, and testing of 
a new integra t ed ,boreh~l~ system for logging of metals and 
minerals be the subJec~ of future.wo rk . The suggested system 
ought to be ba sel~ on hlgh-resolut~on gamma-ray spectroscopy and 
neutrun stimulat10n of the fonnatlon . It ought to combine an 
intense pulsed n~utron sourc ~ (accelerator) and a 
high-efficiency ge~nanlum detector w1th appropriate electronics 
in a hardened J flel~worthy package that could be field tested 
in boreholes. The main purpose would , be to provide a speedier, 
less costly" a~d more rel lable alternative to 
coring-and-assaYlng 1n the search for and mining of valuable 
and strategiC metals. 
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