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SAMEVATTING 

Afslaanmonstememing, soos tans in die Suid-Afrikaanse 
goud- en uraanmy. ibedryf vir die voorspelling van werkfront-
graad toegepas, gaan mank aan 'n aantal ernstige tekort-
kominge. naamlik: 

(i) dit is arbeidsintensief; 
(ii) die monstetvolumes is dikwels nie-verteenwoordigend 

en aan menslike foute onderworpe; en 
(iii) die uraanmineralisasie mag baie wisselvallig wees al 

langs die rif. 

In teenstelling hiermee is in situ radiometriese essaiëring 
vir uraan al langs die rif 'n vinnige, hoofsaaklik eenman-
bewerking, wat 'n heelwat groteren dus meer verteenwoor-
digende monstervolume vir meting beskikbaar stel. 

Die hod radiometriese agtergrond eie aan enige uraanmyn 
vereis dat 'n mate van hoëdigtheidsafskerming ingespan 
word om sodoende kwantitatiewe in s/fr/-essaiëring moont-
lik te maak. In hierdie verslag word die ontstaan, aard, 
waarneming en afskerming vei gammastrale dus kortliks 
beskryf. Resultate met 'n voor-afgeskermde totaletellings-
instrument ingesamel, het aangetoon dat radiometriese 
ramings van die uraangraad goed vergelyk met die tydens 
lotmynbou behaal en derhalwe vir die «oorspelling van 
werkfrontgraad gebruik kan word, met dien verstande dat 
die erts in radiometriese ewewig verkeer en dat torium en 
kalium bf nie aanwesig is nie, bf in 'n simpatieke verhouding 
tot die uraangraad staan. Spektrale analise het egter 
aangetoon dat hierdie omstandighede die gebruik van 'n 
gekollimeerde (sy-afgeskermde) detektor met 'n aanvaar-
bare gewig moontlik sal maak mits slegs die lae-energiege-
deelte van die spektrum gemeet word. Die voordele van 'n 
gekollimeerde detektor bo 'n voor-afgeskermde detektor is 
betekenisvol: 

(i) slegs een lesing word per monsterpunt geneem in 
teenstelling met twee lesings met die voor-afge
skermde stelsel, wat 'n verbetering in telstatistiek 
meebring; en 

(ii) die afskerming vorm 'n permanente deal van die 
datektor. 

Omvattende ontwerpaspekte van 'n kompakte, draagbare 
instrument word voorgestel en metodes vir die bepaling 
van agtergrondstraling, soos op 'n gekollimeerde datektor 
van toepassing, word beskryf. 

ABSTRACT 

The chip-sampling technique currently employed by the 
South African gold- and uranium-mining industry, for the 

prediction of face grade, has several drawbacks, namely: 

(i) it is labour-intensive: 
(i i) sample volumes are often unrepresentative and prone 

to human error; and 
(iii) the uranium mineralisation may be very erratic along 

the reef. 

In situ radiometric assaying for uranium along the reef, on 
the other hand, is a rapid, essentially one-man operation, 
enabling a much larger and hence a more representative 
sample volume to be measured. 

The high radiometric background inherent in any uranium 
mine necessitates some form of high-density shielding in 
order to facilitate quantitative in situ assaying. This report, 
therefore, briefly outlines the origin, nature, detection and 
shielding of gamma rays. Results obtained with a frontally 
shielded total-count instrument showed that radiometric 
estimates of uranium grade are comparable to those 
obtained by batch mining and can be used for the prediction 
of face grades, provided that the ore is in radiometric 
equilibrium and that thorium and potassium are either not 
present, or vary sympathetically with the uranium grade. 
Spectral analysis showed, however, that these circumstances 
will also permit the use of a collimated (side-shielded) 
detector of acceptable weight, provided that only the low-
energy portion of the spectrum is measured. The advantages 
of a collimated detector over a frontally shielded detector 
are also noteworthy, viz.: 

(i) only one reading is taken per samole point rather than 
two, as is the case with the frontally shielded system, 
thus improving counting statistics; and 

(ii) the shielding is permanently fixed to the detector. 

Comprehensive design considerations for a compact, port
able instrument are suggested and methods for determining 
background radiation as applicable to a collimated detector 
are described. 
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1. INTRODUCTION 

The South African uranium-mining industry is seriously in 
need of a portable, compact instrument capable of rapid 
underground assaying at the stope face. The channel 
sampling technique used at present is labour-intensive, 
slow and frequently unreliable due to the mostly unrepre
sentative volume of rock sampled. Small variations in 
channel depth and width can have a marked influence on 
the assay result, leading to adjacent channels (50 mm 
apart) yielding vastly different grades. This, coupled to the 
erratic nature of the mineralisation along the reef (Fig. 1), 
may result in assay values that do not correspond to the 
metal concentration of the oreblock mined. Although 
continuous channeling along the reef yields more reliable 
results, it is an even more time-consuming procedure and 
requires that larger volumes of sample chips have to be 
transported to the surface. 

/ * \ / 
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Figure 1. 

Variation of uranium grade with distance along reef as 
determined by scintillometer readings. Carbon Leader 

Blyvooruitzicht S/22 Block 31 East Face 2. 

The Atomic Energy Board suggested, as a specific alternative 
for uranium, the use of in situ radiometric assaying 
techniques at the stope face (1]. This method involves a 
much larger volume of rock being sampled, it is essentially a 
one-man operation and is potentially very much faster. In 
theory the instrument can be calibrated to display in situ 
uranium grades. Certain problems were, however, apparent 
from the start: firstly, the inherent background gamma 
radiation in a uranium mine is very high and not necessarily 
uniform, due mostly to the erratic mineralisation and also to 
changes in geometry, necessitating some form of high-
density shielding to remove thi* background; and secondly, 
low-grade ore would yield low count rates which could lead 
to large statistical variations and hence lerge errors in a 
high-background environment. Also, radiometric instru
ments are generally sensitive to mechanical shock and 
changes in temperature and humidity. 

In order to overcome these limitations a research program 
was launched. This report describes the results of this 
investigation. 

2. NATURAL RADIOACTIVITY 

2.1 Origin and Nature 

The disintegration of natural radioactive elements is 
accompanied by the emission of alpha and beta particles. 

gemma radiation and X-rays. Gamma rays, in contrast with 
alpha and beta particles, have no mess or charge and 
therefore form the most penetrating radiation, being capable 
of travelling distances of up to 350 mm in rock [2). As a 
rule of thumb, the penetrating power of gammas, betes and 
alphas is roughly in the proportion 1:0,01:0,00001. 
Gemma radiation is thus clearly the most suitable for the in 
situ measurement of uranium concentration in view of the 
larger volume of rocl» sampled. 

The three major sources of gamma radietion encountered in 
nature are those arising from the radioelements of potassium, 
uranium and thorium, and/or their decay products. 

Uranium, however, has three natural isotopes, viz, ^ U , M * U 
and 2 3 4 U, which have abundances of approximately 99,3 %, 
0,7 % and 0,005 % respectively. The isotopes m T h and 
*°K make up 100% of naturally occurring thorium and 
potassium, respectively. The gemma-ray spectre of the 
uranium and thorium decay series ere extremely complex, 
while potassium emits monoenergetic gemme rays at an 
energy of 1,46 MeV. 

2 M U and 2 M Th do not emit gemme rays directly but decay 
into daughter products, of which certain isotopes of Bi and 
Pb have high gamma activities. Since **U emits only a 
relatively small number of low-energy gamma rays, uranium 
is commonly detected indirectly by measuring the gamma 
radiation emitted by one of the 2 , 4 Bi photopeaks at an 
energy of 1,76 MeV. Thorium ia also detected indirectly by 
measuring the ""Tl photopeek et 2,61 MeV [3). In view of 
this indirect measurement of uranium, it is essentiel that the 
parent M , U be in a state of secular equilibrium with its 
daughter nuclides if the gemma radiation ia to be used 
quantitatively to determine uranium grade. A further problem 
is the presence of thorium and potassium which will 
influence the accuracy of the uranium determinations; 
particularly if total-count instruments are used. If, however, 
the thorium and potassium concentrations vary sympatheti
cally with the uranium concentration, this effect can be 
corrected for. 

The emission and detection of gamma radiation is a 
probabilistic process following statistical laws of the 
Poisson distribution. Two consecutive readinga taken 
under identical conditions are, therefore, not likely to be the 
same [4]. If n counta are measured in T seconds, the beet 
statistical estimate of the true unit count rate, N, is obtained 
from N • =-and its standard deviation given by Sn •» y/N. 

The degree of variation of the count rate from the true value 
dependa on the accumulated number of counts only end ia 
given by 

s n / n | % ) . m 
y/n 

In terms of counting statistics, therefore, maximum 
accuracy of grade determination may be achieved 
by e high eccumulation of counts. 
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A further major factor affecting tha accuracy of an in situ 
radiometric assay is the degree of departure from the 
geometry for which the instrument was calibrated. Thus, an 
instrument calibrated for e 2w (flat) geometry will yield 
completely erroneous results when utilised underground. 
Shielding is therefore necessary to ensure that a uniform 
sample geometry is maintained and that most of the counts 
originate from within the reef of interest 

2.2 Detection and Shielding 

Moat modem field instruments utilise detection systems 
consisting of e scintillation detector, high-voltage (HV) 
supply, amplifier, pulse-height analyser (PHA) and scaler, 
as illustrated in Fig. 2. 

The gemma rays are absorbed by the crystal according to 
the following relation, 

I = l.e-M»-

where 

I. — intensity of the incident beam of gamma rays, 
I = intensity after traversing a distance x through the 

crystal, 
ft = linear absorption coefficient dependent on the 

energy of incident radiation. 

By using the above equation, the absorption efficiency of 
gamma radiation in the crystal was calculated for various 
crystal thicknesses and incident gamma-ray energies. The 
results are presented in tabular form (Table I) and also 
graphically (Graph I). 

cmsnu. TMcmns (s «•) 

Figure 2. 
Block diagram of scintillation counting system 

The scintillation detector comprises a sodium iodide 
(thallium-activated) crystal which is optically coupled to a 
photomultiplier tube (PMT). When a gamma ray interacts 
with the crystal it loses energy, producing a photon of lower 
energy which is usually in the ultra-violet region of the 
spectrum. This small scintillation produces an electron at 
the photo-sensitive cathode of the PMT, which, by a 
cascade process, gives rise to a measurable electrical 
pule*. The amplitude of this pulse is proportional to the 
gamma-ray energy dissipated in the crystal. After amplifica
tion of these smell pulses in the pre-amplifier and linear 
amplifier, the pulse-height analyser then sorts the pulses 
according to their amplitude and is thus capable of 
analysing the radiation energy and permitting identification 
of one or more of the three radioelements. 

tmmt or wcmnT KMMTKM IM«V> » 
Graph I 

Absorption efficiency (%) of gemma rays in the/Hunt' 
activated sodium iodide 

In order to determine the thickness of shielding required to 
attenuate the background radiation, th» above formula was 
also used. In this case the efficiencies of transmission of 
gamma radiation of various energies through lead and 
tungsten were computed for a variety of thicknesses, and 
have been presented in Tables II and III and also in Graphs 
II and III respectively. 

TABLE I 
Absorption efficiency [%) of gamma rays In thallium-activated sodium iodide 

ENERGY OF INCIDENT RADIATION (MeV) -

LINEAR ABSORPTION 
COEFFICIENT u. (mmrT) 

CRYSTAL 

THICKNESS 

(mm) 

3.0 2,0 1.5 1,0 0,8 0,6 0,4 0,2 0,1 
ON 
m 1) -

0,013 0,015 0,017 0,022 0,025 0,030 0,043 0,122 0,624 

76 63,4 68,0 72,7 80,1 84,4 89,6 96,1 100,0 100.0 

50 48,8 53,2 67,9 65,9 71,1 77,9 88,5 99,8 100,0 

25 28,5 31,6 35,1 41,6 46,2 53,0 66,1 95,3 100,0 

10 12,5 14,1 15,9 19,3 22,0 26,1 35,1 70,7 99,2 

05 6,5 7,3 8.3 10,2 11,7 14,0 19,5 45,8 95,6 

03 2.9 4,6 5,1 6,2 7,2 8,7 12,2 30,8 84,6 

01 1.2 1,5 1,7 2,1 2,5 3,0 4,2 11,6 46,4 
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TABLE II 
Transmission sfficiancy (%) of gamma rays in load 

LINEAR ABSORPTION 
COEFFICIENT fi (mm') 

LEAD 

THICKNESS 

(mm) 

ENERGY OF INCIDENT RADIATION (MeV) -* 
3.0 2.0 1.5 1,0 0,8 0.6 0.4 0.2 0.1 

ON 
m') - 0.048 0.052 0.059 0.080 0.100 0.141 0.262 1.115 6.500 

90 1,4 0.9 0.5 0,1 0 0 0 0 0 

80 2.2 1.6 0.9 0,2 0 0 0 0 0 

70 3,6 2.7 1.6 0.4 0,1 0 0 0 0 

60 5,8 4,5 2.9 0.8 0,2 0 0 0 0 

50 9,9 7.5 5.2 1.8 0,7 0,1 0 0 0 

40 15,0 12.6 9.4 4,1 1.8 0.4 0 0 0 

30 24,0 21,1 17.0 9,9 5.0 1.5 0 0 0 

20 38,7 35.5 30,7 20,3 13,5 6,0 0.5 0 0 

10 62.2 59.6 55.4 45,0 36,8 24,5 7.3 0 0 

TABLE III 
Transmission •fficioncy (%) of gamma rays in tungstan 

UNEAR ABSORPTION 

TUNGSTEN 

THICKNESS 

(mm) 

ENERGY OF INCIDENT RADIATION (MeV) -* 
3.0 2,0 1.5 1,0 0,8 0,6 0,4 0,2 0,1 

ON 
m'1) -* 0,078 0,084 0,096 0,126 0,154 0,207 0,363 1,486 8,724 

50 2,1 1,5 0,8 0,2 0,1 0 0 0 0 

40 4,5 3,4 2,2 0,6 0,2 0 0 0 0 

30 9,7 8,0 5,7 2,3 1,0 0,2 0 0 0 

20 21,1 , 18.5 14.8 8,0 4,6 1,6 0,1 0 0 

10 45,9 43,0 38.5 28,3 21,4 12,7 2,7 0 0 

IKCMT or MCICMT MOUTWI ItMV) 

Graph II 
Tranamlaalon efficiency (%) of gamma raya in lead 

Graph III 
Tranamiaaion efficiency (%) of gamma ray» In tungatan 
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3. INSTRUMENTATION 

Two instruments were used in the various stages of the 
research program: 

3.1 Th« Berthold Scintillometer 

This instrument consists of a 25 mm x 25 mm Nal (Tl) 
detector crystal coupled to a ratemeter unit which allows 
counting in various ranges, up to 10 000 cps. The lower 
energy threshold is set at 0,2 MeV and the unit operates on 
internal rechargeable batteries. The total weight of the unit 
including shielding, is 6 kg. 

3.2 The Spectral Analyser 

Spectral analysis was carried out using a Canberra 50 mm x 
50 mm Nal (Tl) detector crystal and a Nuclear Enterprises 
PSR6 portable scaler/ratemeter with an internal power 
supply. The spectrometer incorporates a pulse-height 
analyser with an adjustable (0-10 V) baseline setting (lower 
discriminator level) and an adjustable (0-10 V) window 
setting for establishing the range of pulse amplitudes 
which are passed by the analyser and which consequently 
appear at the analyser output. With a HV setting of 825 V, 
the full range of the base-line setting could be used to 
obtain a spectrum from 0 to 3,0 MeV. Two small sources of 
'3'Cs and MCo, emitting gamma rays at 0,662, and 1,17 
and 1,33 MeV, respectively, were used to calibrate the 
base-line setting directly in MeV. 

4. TEST SITES 

Preliminary testing of the in situ radiometric assaying 
method, using the frontal shielding technique described in 
Section 5 below, was conducted in the Deep West, Flora 
and South U sections of the West Rend Consolidated Mine 
(WRC) [1]. Radiometric grade determinations were com
pared with XRF analyses of 27 channel samples. The 
results were sufficiently promising to embark on a more 
detailed investigation which was conducted at 8 test site at 
the Bryvooruitzicht Gold Mine provided by the Chamber of 
Mines Research Organisation. 

The reef mined at this site is the Carbon Leader, a 
conglomerate horizon rarely exceeding 100 mm in thick
ness at the test locality. The major purpose of investiga
tions undertaken by the Chamber of Mines at this site is to 
reveal distribution patterns of gold, uranium and other 
constituents in the reef. To accomplish this, a long strip of 
reef 4 m wide is mined by 0,5 m face advance with a 
stoping width of 1 m. After each successive blast, the 
exposed face is mapped, and contiguous chip samples are 
taken. The rock material released by each blast, making up 
a batch, is totally recovered, transported to surface, crushed, 
split, sampled and analysed for gold and uranium. This 
experimental stops was thus found to be an ideal place for 
the evaluation of analytical instruments, aa batch- and chip-

sampling values are obtained routinely and can therefore be 
correlated with the instrument's results. 

5. GAMMA ASSAYING PROCEDURE 

5.1 Frontal Shielding Applied to a BerthoM Scintillo
meter 

To overcome the problem of highly varying background 
radiation due to erratic mineralisation and changes in 
measuring geometry, e frontal shielding technique, termed 
the 'lead-block technique*, was proposed by the AEB (now 
NUCOR). An instrument, the 'Mt Sopris Differential Face 
Scanner', which employs a similar shielding technique, 
recently became available on the local market although 
subsequent to the underground surveys, discussed in this 
report, being performed. 

The Berthold total-count detector was equipped with a light 
aluminium container that could hold a lead block, 80 mm 
thick and 65 x 65 mm in cross section, in place in front of 
the detector. The thickness of the lead block was sufficient 
to absorb 95 % (Table II) of all the gamma rays below 
3 MeV, originating within a more or less conical volume 
directly in front of the block. Two readinga were taken at 
each sample location, always retaining the identical 
measuring geometry for each set: one without the block, 
registering al! the gamma rays arising from the reef end 
surroundings, and the other with the block in its holder, 
registering all the gamma rays originating cutside the 
conical shielded area. The difference between the two 
readings thus yielded the gamma counts originating in the 
essentially constant volume of shielded reef material. It is 
important to note that a high shielding efficiency, i.e. 
thickness of lead shield, is not essential when using this 
method. If only a fraction of the gamma rays are stopped by 
the shield, that fraction is still proportional to the maximum 
that could be emitted by the shielded area. A radiometric 
assay can therefore be determined by suitable calibration. 
As the shield is made thinner, the differential count rate 
decreases and hence the uncertainty in measurement 
increases. Thinner, and therefore lighter shields would thus 
necessitate much longer counting times in order to maintain 
the accuracy of the asaay. 

During the initial test at the WRC Mine, square blocks, 
measuring 60 x 60 mm, and immediately adjacent to one 
another, were clearly marked on the stope face along a line 
traversing the reef perpendicularly. Scintillometer readings 
were taken, using the lead-block technique, on each square 
and the residual counts per square were summed and 
averaged for each traverse. Thereafter, the sampling team 
chiselled ore from each square and this was analysed for 
uranium and thorium by the WRC laboratories, using the 
XRF method. A direct plot of these values against the 
cslibrated scintillometer values yielded a regression curve 
with a correlation coefficient r • 0,66. The data are 
displayed in Fig. 3. This regression curve indicated the 
scintillometer values *o be optimistic by 16 %, based on a 
calibration curve derived for the scintillometer at the 
Pelindaba calibration facility. 
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Figure 3. 
Comparison between in situ radiometric eU30, and corresponding batch values of channel sample assays ofU,Ot content 

As a result of these encouraging results, it was decided to 
extend the project in order to determine methods of 
overcoming the practical limitations involved and to study 
various shielding possibilities under more controlled condi
tions. The Chamber of Mines Research Organisation was 
therefore approached to make their experimental site at 
Blyvooruitzicht Gold Mine available to the AEB (now 
NUCOR) tor further tests. 

Using the lead-block technique and Berthold detector, 
channel measurements were taken at spacings of 65 mm 
traversing the reef perpendicularly from the hanging wall to 
thu foot wall. Four channel measurements nominally 1 m 
apart were taken on the fece of every batch to he sampled. 
The area under the curve of each channel waj normalised to 
the stoping width and the average assay was calculated 
using a calibration curve determined at the Pelindaba 
calibration facility. In Fig. 3 the correlation between the 
average assay of normally four channels per batch versus 
the batch values are also shown. This comparison yielded a 
correlation coefficient (r = 0,54) that was somewhat 
disappointing. Continuous chip samples taken over a 
similar number of faces yielded a correlation coefficient of 
r = 0,78 when compared to the corresponding batch 
values. Close scrutiny of the data revealed that the full area 
under the curve is very often not read due to the reef being 
too close to the hanging wall or foot wall. 

A large number of chip samples taken at the project site 
indicated that more than 90 % of the uranium is usually 
located in the reef horizon only. It was also apparent that 
the distribution of uranium within the reef showed immense 
variations over short distances. This suggested that readings 
taken along the reef could yield more information about the 
tenor of the mineralisation. To test the validity of this 
approach the channel values, determined from the total 
area under the curve, were plotted (Fig. 4) against, firstly, 
the corresponding single on-reef values (circles) and, 
secondly, the means of the three highest values per 
channel (squares). The on-reef values were normalised to 

s 
I 
! 

! 

aClNT. CHMWI1: tUjOg (ftt 

Figure 4 
Comparison of on-reef and channel estimates of e l / / 1 , 

grade using a scintillometer 

the stoping width using an effective sample thickness of 
140 mm, whereas the mean of three readings was normal
ised to stoping width using an effective sampling thickness 
of 265 mm. These effective sample thicknesses can be 
determined empirically by suitable model studies or by 
theoretical calculations. The coefficients of correlation are 
r»0,91 and r»0,95. It is evident therefore, that results 
bearing comparable information can be obtained by taking 
readings on the reef horizon only. In addition, in view of the 
rapid lateral variations in uranium concentration, as seen, 
for example, in Fig. 1, on-reef values are considered to be 
more representative of the uranium concentration in the 
face to be mined. It was therefore decided to opt for an on-
reef rather than a channel system of measurement, 

On-reef measurements, read at 250 mm intervals, ware 
taken on 23 stops faces and correlated with the correspond
ing batch values in Fig. 3. This comparison yielded a 
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correlation coefficient of r=0,77. Contiguous chip sampling 
taken along the corresponding reefs gave a coefficient of 
r«0.78 when compered to the batch values (Fig. 5). It is 
thus evident that scintillometer readings and contiguous 
chip samples taken along the reef are quantitatively well 
comparable to each other and to the uranium content in the 
rock mined. From a practical point of view, however, 
contiguous chip sampling along the reef is very laborious 
and time-consuming (one shift per 4 m face) compared to 
the more elegant scintillometer measurements that take 
only 30 min per four-metre face. Since the scintillometer 
system used was not specially designed for. but merely 
adapted to. these studies, it is felt that this measurement 
time could be reduced. Improved design considerations are 
discussed in Section 6. 

Figure 5 
Comparison between U30, estimate based on normalised 
mean contiguous chip samples and U3Ot batch values 

6.2 Thorium end Potassium Impurities 

It should be borne in mind that scintillometer readings are 
also influenced by thorium and potassium. In the Witwaters-
rand Supergroup, potassium minerals are scarce in the reef 
horizons, but thorium is widespread, found mostly in 
uraninite and in smaller amounts in zircon. In order to 
investigate the influence of radiation originating from 
thorium, a number of ore samples from various localities on 
the Carbon Leader horizon were analysed by means of 
Neutron Activation Analysis at the AEB (now NUCOR). An 
unexpectedly excellent correlation ( r • 0,98, see Fig. 6) 
was evident between uranium and thorium in ore samples 
of different grade and from different localities. The mean 
ThOj/UjO, ratio is 8,86 %, the standard devietion being 
• • 2,88 %. Since the gamma activity of thorium is approx
imately 42 % of the uranium gamma activity, the eU,0, data 
would have to be attenuated by 3,72 % to give the true 
uranium content. An average error of ± 2,33 % may arise 
due to the effect of variations in thorium concentration. The 
effects of thorium on quantitative scintillometry in Witwaters-
rand mine* (at least in the Carbon Leader horizon) are not 
only small but also predictable and can be corrected for if 
necessary. 

r 

UjO, (»?!)« 1000 

Figure 6 
Correlation between Th02 andiljO, grade in Carbon Leader 
ore samples from the whole mining area at Blyvooruitzicht 

Gold Mine 

6. DESIGN CONSIDERATIONS 

6.1 Limitations of Frontal Shielding 

Although the frontal shielding technique proved very 
reliable for the in situ determination of uranium grade, a 
number of serious limitations were evident, viz: 

(i) the taking of two readings at each sampling site was 
not only cumbersome from a practical point of view but 
also time-consuming; 

(ii) the error in uranium-grade determination due to 
statistical uncertainties increases when two readings 
are taken (see Section 2); 

(iii) the loose lead block was heavy and thus not acceptable, 
from a practical point of view, to users in industry. 

It was thus decided to investigate the possibility of using a 
collimated (side-shielded) detector which would overcome 
the statistical problems, since only a single reading need be 
taken and the detector is in direct contact with the reef. This 
method is a usable alternative provided that the lead 
collimator does not present a weight problem. In order to 
investigate the optimisation of collimator thickness, further 
experiments were conducted at Blyvooruitzicht with a 
PSR 6 spectral analyser. 

6,2 Spectral Aspects of Collimated Shielding 

The underground energy spectrum was measured in steps 
of 0,06 MeV with the PSR 6 analyser. The results of the 
unshielded and shielded spectra are presented in Figs. 7s 
and 7b. The shielding consisted of a 10 mm lead collimator 
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Figure 7a 
Gamma-ray spectra recorded underground showing the characteristic *'4Bi phttopeaks. Unshielded spectrum. 
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Figure 7b 
Gamma-ray spectra recorded underground showing the characteristic "4Bi photopeaks. Shielded spectrum from reef only. 

surrounded by a further 100 mm thick layer of lead blocks 
around all sides of the crystal, thus allowing penetration of 
radiation directly from the reef only and also some through 
the back of the detector probe. All the photopeaks visible 
above the Compton continuum can be attributed to "*Bi. 
The contribution of J 0 , TI is negligible, as was expected, due 
to the low thorium-to-uranium ratio. The slight peak at 
1,4 MaV could have some component of potassium but this 
would also be very low. The very small contributions due to 
potassium and thorium imply that total-count instruments 
will yield very reliable eUjO, grades (within 5%; see 
Section 5.2), a fact also illustrated by the frontal shielding 
experiments. The same argument can be applied to the 
measurement of any of the photopeaks in the spectrum. 
Most commercial spectrometry instruments use the 1 , 4 Bi 
peak at 1,76 MeV as an indicator of uranium. 

Referring to Table I, the detection efficiency of a 50 mm 
thick Nal (Tl) crystal for 1,76 MeV radiation is found to be 
55%. To achieve a similar efficiency at, for example 
0,61 MeV, the crystal thickness need only be roughly 
26 mm, resulting in a halving of the weight of the lead 
collimator. In addition, it can be seen, from Table II, that a 

10 mm lead shield would allow only 24,5 % of the0,61 MeV 
radiation to reach the crystal, whereas the same shielding 
efficiency at 1,76 MeV would necessitate approximately 
25 mm thickness of lead. With a 25 mm crystal diameter 
this will increase the weight of the collimator by a factor of 
3,5. Thia weight increase would, however, not be as 
marked should a tungsten collimator be uaed and would 
amount to a factor of 2,2 (see Table III) due to the improved 
shielding efficiency of tungsten. 

These considerations led to the conclusion that if collimated 
shielding is used, only lower-energy gamma radiation 
should be measured. A more elaborate analysis of the low-
energy spectra in the underground environment was thus 
embarked upon. Using three different lead collimators of 5, 
10 and 16 mm thickness, based on the information in Table 
II, spectra between 0,4 MeV and 1,0 MaV were measured 
on the reef in steps of 0,02 MeV. In addition, a 30 mm thick 
lead plug that fitted firmly in the front of the collimators was 
uaed to eliminate 90% of all radiation below 1 MeV 
incident from that direction. The shielded detector/probe 
assembly was placed on a tripod to maintain the same 
geometry throughout the experiment. The front end of the 
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collimator was held 20 mm from the reef. In addition, the 
background radiation was measured at a distance of two 
metres from the reef in steps of 0,07 MeV for the three 
collimator assemblies. The spectra thus determined are 
displayed in Fig. 8. 

Taking the 0,61 MeV peak height of the uncollimated 
detector as a reference, the 5,10 and 15 mm collimators 
resulted in a reduction in the peak amplitude to 75 %, 54 % 
and 52 % of the reference value, respectively. With the 
frontal shield in place this reduction increased to 27 %, 
16 % and 14 % of the reference value respectively. Theoreti
cally (from Table II), the expected reduction in the peek 
amplitude for a detector properly shielded by 5, 10 and 
15 mm of lead should, however, be 49,5 %, 24,5 % and 
12,1 % respectively. This difference between the theor
etical and the experimental values, with the frontal shield, 
can be explained by the constant 30 mm thickness of the 
lead plug, whereas three plugs of 5,10 and 15 mm would 
have been more appropriate. The contribution throitgh the 
back of the crystal was not evaluated although it will a!?o 
influence the measured values. However, it is apparent that 
there is a substantial increase in shielding efficiency 
between the 10 mm and the 5 mm collimators, but very 
little is gained in shielding effectiveness for thicknesses 
greater than 10 mm. Moreover, the u«e of 15 mm shielding 
would lead to a 65 % increase in mass in relation to 10 mm 
shielding. 

6.3 Determination of Background Radiation 

It has been mentioned in Section '. that the inherent 
background in a uranium mine is high and often variable. 
This background may, however, be considered to consist of 
two components for a detector placed against the reef, viz: 

(i) a relatively constant distant component reaulting from 
any stope faces far away from the detector; and 

(ii) a highly variable and local side-component arising 
from mineraliaation inhomogeneity in the immediately 
adjacent areas of exposed reef. 

6.3.1 The distant component 

Correction for the diatant component of the background 
should be a simple matter since it is relatively uniform 
within a specific stope area. The background spectra 
obtained with the PSR 6 spectral analyser (Fig. 8) clearly 
show that, even at a distance of two metres from the reef, an 
unshielded instrument will detect virtually the same gamma 
radiation that originates both from a wide area of the reef 
and from the distant background component. The correction 
procedure thus necessitates some form of shielding in 
order to remove the effects of the reef in such a manner that 
only the diatant component may be measured. It is of 
interest to note that a cloae similarity exists between the 
apectra metsured with a frontally shielded collimator held 
againat the reef and those measured using either an open, 
or a frontally shie'ded collimator, held two metres away 

from the reef. This indicates that the relatively constant 
distant component of the background may be obtained in 
two ways: 

(i) in large underground workings where the reef is only 
proximal in the stoping face to be meesured, it will be 
sufficient to piece the collimated detector, say three to 
four metres from the reef, and read the background 
count rate without frontal shielding: 

(ii) in narrow trenches end tunnels where the reef is 
encountered in two closely spaced feces, s frontal 
shield will have to be used with the detector held fairly 
close to the reef to be meesured. 

The determination of the distant component of the back
ground will depend largely on the locel conditions met in 
practice, and tests will have to be conducted to determine 
the frequency of background reedinga needed to obtain a 
realistic value for the background. Generally, however, it is 
expected that the number of background readings required 
will be far less than those taken at the reef. 

6.3.2 The local component 
As has been discussed in Section 6.2, a 10 mm leed 
collimator will «taorb 75 % of all 0,61 MeV redietion 
directed at the side* jf the detector. Thus 75 % of the 
0,61 MeV peak originate» i>om the reef directly in contact 
with the front end of the detecio. Aa can be seen from Fig. 
8, the contribution from distant sources directed through 
the back of the shielded detector is negligible. The intensity 
of this peek will therefore be very sensitive to the uranism 
grade in a small, roughly conical volume of reef directly >« 
front of the detector with the highly variable, localised side-
componer.t largely filtered out. It could, however, be argued 
that the thickness of the leed collimator should be increased 
sufficiently in order to filter this side-component out con* 
pletely. This, of course, is impractical and a compromise 
hes to be reeched between the mass of the detector system 
and the signal-to-noise ratio. Reduction of the amplitude of 
the side-component to 25 % of its original value or less will 
thus still produce some information as regards the uranium 
grade in the adjacent sections of reef, but the spurious side 
effects due to poor face geometry will be reduced to a 
minimum. 

Unless a multichannel spectrometer is used and channel 
atripping ia earned out, only the peak amplitude above the 
Compton continuum should, strictly speaking, be used, as 
this represents unscattered radiation that can only come 
from 2 1 4Bi. The low thorium concentrations and virtual 
abaence of potassium does, however, suggest that the 
Compton continuum, which is msde up principally of 
scattered gamma radiation emitted by higher energy "*Bi 
photopeaka, will be directly proportional to the intensity of 
the 0,61 MeV peak. This assumption was tested by measur
ing the low-energy end of the spectrum at six different 
localities having variable grades and geometries. 

The data thus obtained are given in Fig. 9. The area under 
the 0,61 MeV peak (readings an 0,02 MeV apart) was 
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obtained by summing five readings centred on the highest 
reading, while the Compton continuum was measured by 
summing five readings (also 0,02 MeV apart) centred at 
0,74 MeV. The respective windows are indicated in Fig. 9. 

(iii) Automatic ftorage and subtraction of the constant 
component of the background is highly recommended. 

(iv) The detector crystal should be 50 mm in diameter to 
permit higher counting rates but the thickness should 

not exceed 25 mm. as thin crystals are less sensitive to 

high-energy gamma rays, and a shorter lead collimator 

will be required. 

1. Corner, B. Report on investigations, at the West Rand 
Consolidated Mine, for the in situ radiometric determi
nation of uranium grade using a lead-block technique. 
AEB Report (restricted) PIN-391 (BR). Pelindaba. 1978. 

Figure 10 
Correlation between 0,61 MeVpeak area and 0,74 MeV Compton continuum area 

These results are compared in Fig. 10 and yield a correlation 
coefficient between the 0,61 MeV peak area and the 
0,74 MeV Compton continuum area, of r = 0,98. This result 
again confirms that gamma scintillometry can yield accurate 
estimates of uranium grade regardless of the window width 
and energy threshold employed in the measuring instrument, 
provided that thorium and potassium, if preaent, are in a 
fixed ratio to the uranium and can thus be corrected for. 

7. CONCLUSIONS AND DESIGN RECOMMENDA
TIONS 

This report has presented ample evidence that a sufficiently 
accurate in situ radiometric determination of uranium grade 
in producing mines where the ore is in equilibrium is a 
feasible proposition and that the only drawback is the lack 
of an instrument specifically designed to meet the specifica
tions and geometric problems unique to gamma radiometry 
in uranium mines. It is recommended that an instrument be 
designed and built to the following specifications: 

(i) The detector probe and electronic circuitry should be 
housed entirely in one compact unit with a determined 
effort to keep the size of the container as smsll and 
portable as possible. An ideal form would be a pistol-
grip-type housing with a clearly visible digital display 
directly in the view of the operator. 

(ii) Tho instrument housing must meet SABS specifica
tions for use in underground mines, particularly with 
regard to robustness and to being sealed against 
moisture. 

(v) Only low-energy gamma rays must be counted. The 
energy window recommended should have a threshold 
setting of 0,5 MeV with a window of 0,22 MeV, i.e. an 
upper threshold of 0,72 MeV. This will result in the 
0,61 MeV peak, which is in a relatively flat portion of 
the Compton continuum, being in the centre of the 
window (Fig. 9). 

(vi) In order to correct for electronic drift, a narrower 
window (0,02 MeV) centred on the 0,61 MeV peak 
should be used to set the high-voltage gain by 
displaying the count rate on a suitable energy calibration 
source (i.e. either on the reef directly or using a 
supplied uranium source). Temperature compensation 
for the gain is desirable. 

(vii) A fixed 10 mm thick lead collimator extending 10 mm 
in front of the crystal and 30 mm to the rear of the 
crystal, i.e. 65 mm long, constitutes sufficient shielding 
for the low-energy gamma rays at 0,61 MeV. The lead 
collimator should be housed in a light-weight metal 
sheath for protection. 

(viii) A loose 10 mm thick front-end plug must accompany 
the instrument for background determinations in con
fined working areas. 

(ix) Suitable calibration pads will be needed to calibrate 
the instrument readings in kg/t as well aa to determine 
the effective aample volume of each instrument. 
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