
LXperimentally it was touna tnat the .r.ost prominent yolu 

peak in tne normalizes Co-57 spectrum i.e. tnc Au Ka^ peak, 
nad a net peak height slightly lower than the Au peak in 
the comparaoie Cu-luv spectrum. The peaK-to-background ratio 

lor tnc same gold concentration was mure than tnrec times 

n.gher in the latter s p e c t r u m  i.e. *> * from
equation 7.4 tot similar peak heights, therefore, Co-57 

requires a measuring perron more thmn thre« times longer 

in a n  t h a t  l o r  C u - l u t # ,  t o  a t t a i n  t h e  s a m e  

coeificient-ot-variation ot the peak-to-background ratio at 

tne same golu concentration,
Although in tne Tc-lkdm spectrum tnc Au Ko^ peak hau 

vo^ut l,d times the intensity oi tne *\ 6̂  pc.k in tne Cd-lu^ 
spectrum, tnc background under the Ko^ peak was 2,2 times
h.yner than that under the equation 7.4 snows a 2,2
times longer measuring period lor Te-I2lm it tne peaks hau 

oeen equal, but tne increased intensity ot the h a  peak 

r equires that equa t i o n  7.J be used, s.. that the actual 
measuring petiou is 2,2/(1,d)2 -1,1 times Ion.er than that 

tor Cu-luy.
ror in situ golu ore valuation, wnere rapid measurement 

is required, tne mucu snorter measuring time using Cu-li)9 
eisiiy compensates tor its higher cost relative to Co-57 and 

ic-12 dm.

7,1 Measurement, ot tnc Cu-iU5 golu ore spectrum 
m e  optimum scneme for evaluating tne spectrum characterized 

by the relevant spectral region has two gold Kfi' peaks on a 

nearly e x p o n e n t i a l l y  uecrcacing background neeus to be 
determined, beau K ni and K peaks are situated on either
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side ot tnc Au K0 ' peaks. Tne only otncr elements wnose K P 

iin^c lie closer to tnc Au KB lines tnan the Pt. K B lines, 

namely lr, Pt, H g , and T1 do not occur in signiticant 
quantities in tne Witwatersrand gold ucposits. 1nter let m g  

Ko peeks tor elements ncavier tnan lead cannot occur in this 

region because the K lines ot such elements arc not exciteu 

(,7 the tiB keV photons of Cu-109.
Altnougu a positive correlation between gold and

uranium, and its associated natural radioactivity and leuu, 

ir known to exis in tne deposits, tnc correlation otten is 

poor and cannot be relied upon. The lead peaks must, 

tncre tore be considered as an uncorrelated interference 

tnai Hr, its the spectral region available ter tne evaluation

ci tne background uruer tne gold KB' peaks.
Similar.y in tnc measurement ot rougn samples where tne 

measuring geometry nay vary widely the background beyond the 

lead K lines is not well enough correlated witn tne 

uackground under the gold peaks ana cannot, tneretore, b

used in tnc evaluation ot tne gold region.
m e  VO to 9U KeV region ot the fluorescence spectrum ot 

pure golJ ..ad 1= snown in Figure 7.J. Tne energies and

relative intensities of the K lines are listtu in Table 7.1

(neaerer, 1967) .
i>*ewsurea relative intensities from thick samples tUUer

a tew percent from tne listed values because of matrix 

aosorption.
in preliminary measurements, a pccudo-two-cnannel scneme

was employed lor tne evaluation 01 tne Au peak only, one

window was placed arbitrarily over tne peak while two

n
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uac*grouno windows whicn were counted in the same register,
y

were placed between the fb Ka^ and Au KB^ peaks and between 

the Au K 6^ and Au K peaks. System energy resolution gave 

some concern as it was thought necessary for the Au KB^ and 

the Au KB^ peaks to be well enough resolveo to allow an 

adequate "clear background" window between them.

Tne Au KB^ peak was certainly the most prominent peak 

and the listed k line intensities and observed background 

intensities seemed to indicate that it would hardly be 

worthwhile t^ include the Au k B'2 peak in the evaluation. 

When it came to optimising the six discriminator positions, 

nowever, closer investigation showea that, when background 

intensity per mean peak width is con^idereu, the peak to 

background intensity ratios for the Au KB^ ana KB^ peaks arc

about the same. It was tounu that since the KBj/Kf^ peak

intensities had a ratio which was approximately 9/35, 

measurement times would have been increased by about 9/35 

i ^ . 251, by not including the KB^ peak. Since inclusion ot

the KB^peak would involve little or no aduco instrumental

complexity, this cnange was considered worthwhile.
detailed analysis of the two peck measurement will be 

ueierred (chapter 9) so that it may be combined with the 

optimisation oi signal processing parameters.



8 FUNDAMENTALS IN RANDOM SIGNAL PROCESSING

In routine application where as much rock as possible should 

be sampled in a given time and valued to a given precision# 

it is important that all parts of the valuation system 

should be optimised as a whole. Data acquisition tor trace 

elements is an inherently slow process# and the processing 

of detector signals thus must be efficient and of high 

quality to reduce the time for data acquisition to a 

minimum. In most discussions on random signal processing 

times only the fundamentals of the basic processes aie dealt 

with. In this cnapter comprehensive equations# including new 

concepts of pileup overlap parameters# developed from first 

principles, are presented. These permit optimisation of the 

signal processing system as a whole.
The efficiency of signal processing can be expressed as 

the usable output count-ratc divided by the detected event 

rate for any one spectral component; it is synonymous with 

the probability P that an event will be analysed without 

pileup distortion# and with the true livetime fraction. In 

what follows# P* with the asterisk will indicate the 

probability that a randomly detected event is processed 

inclusive of pileup distortion. In a complementary way 

percentage deadtime is a measure of inefficiency. Energy 

resolution and freedom from spectral distortion are m e a s u r e s

of system quality rather than efficiency.
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8.1 Extending and non-extending processing times 

Every de tec tea photon gives rise to a signal sequence which 

must be above the noise threshold for the finite time 

required to process the signal. In the processing of signals 

from randomly occurring events, there are two types of 

processes, extending and non-extending. Extending processes, 

variously known as s e l f - p r o l o n g i n g , paralysable or 

retr iggerable, occur for every event irrespective of other 

events, e.g. the amplifier pulse width <* in solid state 

detector systems• Non-extending processes occur if signals 

that have met certain conditions are processed a particular 

way, e.g. analog- to-digital conversion of duration t* in

pulse height analysis.
When simply counting above the noise level is required, 

the probability that a randomly detected event gives rise to 

an extending pulse is given by the familiar expression 

i>*» l/bxp(rw*) 

wnere r • total detected event rate 

ano w*- pulse width for a single event.
For purely non-extending processes of duration t* the

expression would be:-
p*» 1/(1 +rt*) — 1/Exp(r t* ) 8-2

When both types oi processes occur for the same event 

they do not usually commence simultaneously, e.g. in energy 

analysis the optimum point for analysing the height of a 

pulse occu.6 a time I* after the event, t* usually being the 

leading eage of a pulse or the time-to-peak, for a pulse 

from a single event. It is at this point where non-extending 

processes of duration t* usually start; part or all of t*



nay run concurrently with the trailing edge w*-Z* of the 

amplifier pulse, i.e. with part or all of the extending 

processing time. r-ese parameters are illustrated in Figure 
o. 1.

The leading edge of a pulse normally is shorter than the 

trailing edge i.e. l*<»w*/2. The opposite situation, 

however, would not alter the processing efficiency.

d-2 t£Ocessjn9_9vej^ap_parameters 

The random occurrence of detected events inevitably leads to 

tne overlap of the processing times of different events.

It any two events follow each other very closely, and if 

this can be detected, then one or both events may be 

rejectej f.om final signal processing which could in this



case possibly be perturbed. Such rejection would thus reduce 

spectral distortion. Whether or not a specific event will 

undergo final processing depends on timing conditions which 

can be defined by three overlap parameters , namely p * a 

and 6 as follows:
- p - in any processing systems there is always a 

lower time limit p within which two or more randomly 

occurring events cannot be recognised separately and will bu 

processed as a single pulse, '’’he parameter p is normally 

referred tc as the pulse-pair-resolution time for pilcup 

rejection. In energy analysis, it p is small relative to w* 

and the neight of the amplifier pulse is nearly constant 

over a tioe p near its peak, then practically full summing 

of analysed pileup events will result from peak-on-peak 

pileup. Larger values of p will also allow analysis of 

leading edge and trailing edge pileup pulses. This overlap 

par meter always has a finite value that cannot exceed w*,

i.r. 0<®p<»w*,
- a - It the time between a current event and the 

next event is greater than I *+ a then the current event will 

not be rejected by the next event; in pulse height analysis 

if - £*<■ a < 0 then spectral distortion will be caused by 

amplifier leading pileup - hence cx will be referred to as 

the leading overlap limit, and
- $ - if the time between the end of the processing 

time of a previous event and a current event is greater than 

6 - Z* then the current event will not be rejected by the 

previous one; if -(w*- Z *) <* $ < 0 then spectral distortion 

will be caused by trailing edge pileup - thus P will be
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referred to as the trailing overlap limit.

Negative leading ,'nd trailing overlap limits are 

mutually exclusive with p so that -w* <- a ♦ 6 - p. Positive 
values cause unnecessary rejection but do not cause pileup 
distortion of the spectrum.

The introduction of these overlap parameters greatly 

s implifies the derivation of the signal processing 
efficiency P.

d•3 Effective processing time and efficiency 

the probability P that a randomly detected event will be 

processed without pileup distortion can still be expressed 

simply with the following effective parameters

w * w*+ a + 6 + p « effective extending processing time 

I = /*+ a * effective leading edge 8.3

and t * t*+ B + p « effective non-ext. processing time

For extending processes

ti.4P * 1/Fxp(rw) 

and for purely non-extending processes

p -  1 / ( 1  +rt) I  H  ■  m | f  ■ 8 . 5

The absence of the asterisk indicates that effective 

parameters are used and that the probability excludes the 

pileup distorted part of the processed spectrum. P is a more 

realistic measure of system efficiency than P* particularly 

in signal processing not followed hy data processing that 
unfolds pileup spectra.

Nhen both extending and non- extending processes occur 

the probability becomes (see Appendix 8.6) -

l/(erw * erV (l-e"rt ) + rt")

where t and t'1 depend on how much the non-extending process



lengthens the extending process as given in Table 8.1.

Equations 8.4 and 8.5 are readily seen to be the 

limiting conditions of equation 8.6. If the total detected 

event rate r consists of spectral components rn (i.e.

m L ) where the subscript n refers to events of energy 

between n and n ♦ 1, and if the effective non-extending

processing time t varies as tfi, as for example in ramp type 

analog to digital conversion systems, then the probability, 

this time in original parameters, becomes

the summations extending over all detected components.

Table 8.1 Effective non-extrading processing times 

Process relationshi

w <

___

The foregoing equations have wide applicability in 

random event processing systems. They can be used from the 

simplest c o u n t i n g  systems to high-r ate coincidence 

spectrometry and pulsed-optical feedback detection systems 

to provide a precise measure of the efficiency ot data 

acquisition. Their analytical nature forms a basis for 

pvnluatina systematic errors in a wide variety of turning



aterns used in present-day random-event processors.

8.4 Relative importance of various processing parameters 

In roost pulse processing systems, only the familiar 

parameters w* and 8* are specified.

The extending parameters w* and f* are usually expressed 

in time constants T C , w* ranging down to 5 ,5TC or even 

lower, and I* usually around 2,2TC for modern semi-Gaussian 

amplifiers.
For high-energy (MeV) analysis with solid-state 

detectors of about 0,11 resolution at full-width halt 

maximum (FWHM) the optimum TC at low count rates is about 

2 us (i.e. w*~10ps) while for low energy (keV) analysis with 

detectors of %3% FWHM resolution, time constants up to 10ys 

(i.e. w* 'xSO are often recommended by the manufacturers.

The non-extending time t* in r amp-type pulse-height- 

conver tor s of 100 MHz rundown frequency ranges from around 

50 us at 0,1% FWHM resolution to about 5 ns at 104 FWHM 

resolution.
Table 8.1 shows that only the p o r t i o n  of the 

non-ex. nding processing time that is not already taken up 

by extending processing time reduces the processing 

efficiency P. At low energies where t* is usually less than 

w* -t *, the non-extending time t* hardly influences Pj 

although at high energies P can be reduced substantially 

more by t* than by w* if * is greater than w*-1* for most 

of the detected spectral components. However, if only one or 

two minor spectral components are of interest then, as 

equation 8.6 shows, the extending processing time can become 

the dominant one even at high energies. For the analysis of



a single element at trace concentrations, the signal 

processing efficiency with ramp-type pulse-height-converters 

can thus be p r a c t i c a l l y  the same as with discrete 

pulse-hcight-discriminators having much smaller t*.

In most commercial spectrometry systems the combined 

overlap times a + 6 + p can readily amount to w*/2 and 

influence P by an additional half as much as w*.

Whereas negative values of a and p result in pileup 

distortion of the spectral background and positive values of 

u end 6 cause unnecessary rejection of good amplifie. 

pulses, zero values allow the highest signal processing 

efficiency with the lowest pileup distortion.

In systems w i t h o u t  s p e c i f i c  pileup rejection, 

trail ing-cdge pileup distortion car. be overcome simply by 

analysing only the first peak in a pulse starting from the 

noise threshold. In these systems £■> Si*, at. excessive 

positive value, and because a ■ -p " - t* leadiny-edge pileup 

distortion occurs.
In systems with specific pileup rejection p xs 

considerably smaller tnan I* end a *> 0. However, almost 

always it is found that g »> f* whereas practically zero 

values could readily be implemented for both ex and B.

Commercially available systems are thus seen to be 

s o m e w h a t  w a s t e f u l  in r e j e c t i n g  a m p l i f i e r  pulses 

unnecessarily. At low count rates, i.e. for rw < 0,1, where 

most systems tend to be operated, this hardly matters, but 

at i n c r e a s i n g l y  h igher rates this a s p e c t  becomes

progressively more important.
f o r  a given effective extending processing time w, the



spectrum acquisition rate for any component rnP reaches a 

maximum at a total detected rate t ■ 1/w. At higher rates 

the signal processing is very inefficient i.e. P ■ 1/e ■ 

0,368, and well before the efficiency has dropped this low 

it may be advisable to trim w * . Reductions in w* must, 

h iwever, be carried out judiciously as they worsen the 

system en< jy resol on; a comprom.se between efficiency P 

and FWHM energy resolution is called tor.

8 Pileup rejection 

The need to reject amplifier pulse pileup is not always 

clearly unders t o o d .  In systems where non-extending 

prot ssing times t* exceed the trailing edge w* - **, 

non-rejected pileup pulses unnecessarily add to the total 

non-ex tvnding processing time, but in most cases the 

reduction in P is not significant. When for all spectral 

components t* <» w* - I*, pileup rejection has no effect on 

the signal processing efficiency whatsoever.

Without rejection, pileup causes a count-rate dependent 

Background of relatively low intensity over the whole 

spectrum. For most spectral components where this pileup 

background slightly augments an intense natural background, 

pileup hardly affects the spectral quality. The real need 

for pileup rejection, however, arises for minor and trace 

spectral components that lie in a natural background region 

of low intensity which might be overshadowed by pileup 

background.

The total pileup intensity in spectrum acquisition, 

relative to the total natural spectrum intensity is given by 

(e-r(a*B-p) _ i) where positive values of a and p are taken



distortion. The pileup components of a spectrum are made up 

of (partial) energy summations of the natural spectral 

components. The relative spectral distortion in a particular 

spectral region of low intensity can thus be far more severe 

than the mean value for the total spectrum indicated by the 

above expression.

To cum up, the signal processing efficiency P of a 

system can be completely described in terms or the total 

Detected event rate r, the familiar parameters w*, % *, and 

t^ and the three overlap parameters p, a and 6. The pulse 

width w* or, more correctly, the system time constant TC 

influences the energy resolution, while the overlap 

parameters determine the degree of spectral distortion from 

pulse pileup.

8.6 Appendix: Derivation of equations 

Mean of the number (1 + c) of events occurring for each 

analysed event.

In a PHA system every detected event is followed by an 

extending processing time:

w* * amplifier pulse width 

The point of optimum resolution for analysing the pulse 

height occurs at

I* ■ heading edge (time to pe*\j 
after the event.

Only analysed events cause non-extending processing time

|  m & U  I
where

n ■ cnannel number
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f * ADC rundown frequency 

me * ADC stretcher + resetting time + memory storage 

cycle time
It p is the pulse pair resolution time tor pileup rejection 

and it the pulse peak of an event has to occur at least an 

interval 6 after the end of the processing time of the 

previous event, and at least an interval a before the next 

event, in order not to be rejected, then:
w m ** + a♦8+p* effective extending processing time

I ■ $.* ♦ a ■ effective leading edge

and tn » t^ ♦ 6+ p • effective non-ext. processing time

When * w* <=6 < 0, spectral distortion is caused due to 

trailing edge pile-up and when -%* <■ a < 0, spectral 

distortion is caused due to leadin^ edge pile-up. Values ot 

ct and 6 equal to zero are the optimum for pile-up rejection, 

whereas positive values cause unnecessary rejection.

The non-extending processing time of non piled-up events 

starts at a time £ or £ *, whichever is the larger, after the 

event. The trail ir.j edge ot the amplifier pu’se overlaps 

with t*.
The following equations are derived tor £* <* & t

symmetrical results would be obtains J for £*■> $w.

Let
r w - I for tfi <- w - £

t =L tn for w - £ < tn <- w

^ w for w < tn

r * random event rate

Q(i) » probability that there will be i events between 

any two successive analysed events
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A) Then for a fixed non-extending processing time t„<- w the

U (i)'s can be derived as:
-rt0 (0) « e 

0(1)
_e-r(w-t))(1_e-i<‘--i!)e-tw + (l-e'tl )e'r |w"t 1 e"rt0(2) - (1 

Let w • (1 ~ e r(w ^)
and

then

,1 -

Q(2) ■ W 0(1) + 1*0(0)

0(3) - W20(1> ♦ W L0(0) ♦ U)(l)
0(4) - W 30d) + W2LQ(0) + 2W LOd) + L"Q(0)
0(5) - W40 d) + W3LQ(0) > 3W2LQ(1) + 2WL20(0) ♦ L2Q(D

etc.
For i and j > 0 the jth term ot 0(i) i"

r - w w #  w ‘" j L h ; ,a|  £otoafiJ

Substituting 

k - 

and m *

0(1,j) 0(0) for even j

for even j

the zeroeth statistical moment becomes
m
£0(i)1*0

0(0) + I 10(1,j)
0(0, e %U<y 0(0, t Lk-10(1)

» gto, + T H L kU(0) + Lk ^Q(i, t(i'w , , 
k=l

. 0(0) + (erx-l)0(0) ♦ 6 0 ( D
.

■ 1 ■ the total probability
.

and the first statistical moment becomes

t ioui -  „!,( u-k 0«» J c 1* t 1
m=o
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I

00

k£1,1 <T-W>k

+ *1-W* J(1) lTI=ST> * 1
(a(O)-f^t OtD-jL-Kl-e-'Se2'1* 0 ( 1 ) ^ ^  - e2rt 
e "  - 1 + er" - etlwt)
E(c : « K[1 + C) - 1

the mean number of events between successive 
analysed events.

ti) tor a fixed non-ex tending processing time t > w then
events occurring during the trailing, non-extending interval
(t, w) are yoisson distributed with parameter r (tn - w)
Tne above mean is thus increased by r(tn - w)

Lie] .rw - 1 + erk - er (w-t) + r (t v)
C) For a variable non-extending processing time tn where

n

Let

* rate of component n requiring a non-extending
processing time tn

■ t-w+

1I

w+f and t" *
r 0

0

for tn<«w-*

for w—f <tn<"w
-tn-w for w< tn

then

LU+cJ - 1 ♦ E(cJ

1 + 5 (erw - 1 + er ‘ ) + rt") rn/r
Crw + et£(l - S ai“ -tnA) 4 ? Cnt,

l/P --->

which is the reciprocal probability that a ov tec ted event 
will be analysed without pileup distortion.



the mean number of events between successive 
analysed event; .

tf) tor a fixed non-extending processing time tn > w the 

events occurring during tt trailing, non-extending interval 

itn - w) are Poisson dis‘ tioute; with parameter r(tn - w). 
Tne above mean is thus increased by r (tf - w).

HcJ erw - 1 4 e r* - er(w-t) 4 r{t_ - w)

C) For a variable non-extending processing time tn where

• rate of component n requiring a non-extending
processing time t

Let

t' • t—W4 fr - 0 for t_<*w-t
w4 f and t" ■ - 0 for w-J<tn<«w

then

L114CJ

■tn-w for w<tn

1 4 E I C J
1 ♦$ <*rw - 1 ♦ erl - + rt*)t
ctw + 

1/P -
er£(1 -? e~rL rn/r ) 4 2 rnt"

which is the reciprocal probability that a detected event
will be analysed without pileup distortion,



ANALOG SIGNAL PROCESSING IN THE GOLU ANALYSER

9.1 The gold peaks 

Quantitative evaluation ot two intensity-correlated peaks 

would be straightforward it they were Gaussian. The KB, and 

KB2 peaks arc, however, an unresolved triplet and doublet 

respectively. Peak broadening < ai readily be observed in 

Hgure 7.1 where only the Pb Kt*. peak is a singlet, when the 

system nau been adjusted for higher resolution, peak 

s n o u l u e r s  c o u l u  be o b s e r v e d .  For e v a l u a t i o n  of 

peaK-to-background ratios tne individual lines need to be 

defined more precisely.

The Ka 2 and K q 2 lines correspond to monoenergetic 

transitions from two L atomic levels to the K level. 

However, the energies listed in Table 7.1 for the B ' lines 

are averages of groups of transitions from three M atomic 

levels and two N levels. The Siegbahn notation for the 

individual lines and their energies, calculated from 

differences in binding energies (Lederer, 1967), is shown in 

Table 9.1.
I A literature search for the relative individual 

intensities did not tu&n up reliable data The values listed 

in ASTM US46 ( J o h n s o n  et al., 1970) do not total to the 

intensity means in Table 7.1 nor do they fit the observed 

peak shapes in Figure 7.1. It was, therefore, assumed that 
in the Siegbahn notation the lines hau been numbered in
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Quantitative evaluation ot two in tc nsi ty-corr e la tea peaks
-

would be straighttorwaru it they were Gaussian. The and 

K B2 Peaks are, however, an unresolved triplet and doublet 

respectively. Peak broadening can readily be observed in 

figure 7.1 where only the Pb K*j peak is a singlet, when the 

system hau been aujustcd tor higher resolution, peak 

stiouloers c o u l c  he o b s e r v e d .  Por e v a l u a t i o n  ot 

peaK-to-backg round ratios tne individual lines need to be 

defined more precisely.

The K a i and K q2 lines correspond to monoenergetic 

transitions from two L atomic levels to the K level. 

However, the energies 1 is tea in Table 7.1 for the g ' lines 

are averages of groups ot transitions from three M atomic 

levels and two N levels. The Siegbahn notation tor the 

individual linen and Lheir energies, calculated from 

differences in binding energies (Ledeter, 1967), is shown in 
Table 9.1.

A literature search for the relative individual 

intensities did not turn uo reliable data. The values listed 

in ASTM U S 46 (Johnson e t al., 1970) do not total to the 

intensity means in Table 7.1 nor do they fit the observed 

peak shapes in figure 7.1. It was, tneretore, assumed that 

in the Siegoahn notation the lines hau been numbered in



Table 9.1 individual K X-ray lines of gold and lead

LbVLL ESTTD LNLHGY (KeV)

LINl TRANSITION INTENSITY Au Pb

h*2 LII * K 55
K«x LU 1  - K (100)

66,99 72,00

K^1 \Kh M lll “ K 26 - 12
M lv - K U,5 - 3

(K/3 M 11 " K

^^2 W111 ” ^

order ot decreasing intensity as expected from calculated 

transition probaoi1 it tea; estimated intensities baseu on 

tnis assumption are included in Table 9.1.
instead of creating tne five golu lines individually, 

the and KB^ peaks can be handled as approximately

oaussian peaxe waving effective peak resolu ions wider than 

the Pb K w , peak. because the two golu pea. . arc correlated 

their ratios can be treated as one composite peak in 

calculating tne peak-to-backgrounu ratio.

9.2 .laximum available background region

in deciding on the maximum available background region 

t in units of o, available for the evaluation of the 

peak-to-bac kg round ratio, first the available- energy region

needs to be determined from the interfering Pb Kax and KB3 

line energies and tne system energy resolution . Next tne



effective energy resolution ot the Au KPj and Au K 62 peaks 
must be defined in terms of I' . Compensation must be maoe tor 

the change from a constant background to a sloping 

background. This is done by adjusting the tmax# determined 

from the energy resolution and separation of the gold an.t 

leao peaks, by the ratio of the background intensity under 

the gold peaxs and the adjacent regions.

Tne FWHM system energy resolution was given in eg.5.1

r • V*i 5,5f ce ♦ r ‘ ]
Over the limited range between the ?b Ka and K6 lines yt is 
practically constant. Thus, taking an average energy of 

00 keV, tne system resolution is
9.1b

which can be written linearly as the fundamental resolution
r * f(40b^ + r„ ) ev

plus a noice term:-

r » 406ev + *rr,
wnere * I is the equivalent quadrature summed noise 

contribution, tor detectoi systems under considerav^on * fn 

ranges from about 50eV to 400eV.
mInterference from lead peaks d e p e n d s  on the intensity ot 

the lead peak tails included in the background evaluation. 

If exceptionally strong lead peaks are not to bias the 

measurement of small gold peaks (K'v 0 ,1) by more than 10% 
(negatively) tnen the background region employed should not 

come within 4 0 (i.e. 1,7 FWHM) of the Pb Kft| and Pb K
M m  I I

lines. The total energy region available is thus -

Pb Km 1 Pb Kg.

from 749 /U + 1,7 7 to 044 50 - 1,7 1 eV 9.2a

i.e. from 75650 + l,7*rn to 03770 - l,7*ln eV 9.2b



working with the blank backscatter spectrum in n y  

the intensity in this region relative to the total spectrum

intensity was found to be
.£•*, 7,36xl0-3 - 3,B4xlO~6* Tn 9*2c

The effective resolution of the KB' peaks ir this region is 

given by the system resolution T and broadening from tne 

400eV and lOOeV separation oi the dominant 6 lines. 1 he 

broadening cannot exceed the separation at high resolution 

ana tapers off at poorer resolution. Over the limited 

resolution range where Gaussi.n approximation of the 

multiplets is appropriate the effective resolution of the B ' 

peaks was measured over a range of time constants, changing 

T, and was determined as
r te j  SUO ♦ 0.5 r e v  - 1 0  0,5*rn ev

9.3brev " 4U3 4 *rn ev

9.3a

and T 6u +
Tne FWHM energy regions tor the Au KB^ and Au Kt 2 peaks art
baseo upon the data given in Table 9.1, thus:

77900 i.e. from 7754v-;*rn to t62bl + i*:n 9.4a

and 80100 i.e. from 798Gd-l*l n to 803324V ln 9.4b

Tne relative intensities of the background spectrum in 

.• igura 4.1 for these regions were found to be 

f*- d ,24x10*"* ♦ 5,75xl0-,*rn 9.5a

and -in. 3,03x10-4 4 7 ,57xJ0-7* n 9*5b
respectively, giving a total FWHM B ^ B *  relative background

intensity
in - l,13xl0-3 4 1,33x10 '(>*r n 

The total available background region finally is

by the intensity relationship multiplied by VU*n2)



’ 36xl0~3 - 3 ,64xl0"6* f
t t 1,177- 
max 1,13x10” + l,33xl0~6* T

D
n

9. 6

9,3 a w o -  and pscudo-two channel analysis
mtmmrnm im mu ■ ■ i ■■ n mi  ........ n ■ » n »  11 ■■

In Table 9.2 ^„ is given at various resolutions. Formax
two-channel evaluation the optimum position of the inner

uiscr iminator from Figure 6.6b is seen to be for this

limited range of tmdX and R ~ 0,1 at about 1,36 o, which

corresponds to a convenient setting at full width 401 peak

height (i.e.FW4/10M) oi prominent gold KB' peaks. The

t W 4 /10.1 positions of six discriminators A to F for two

channel e v a l u a t i o n  ol the gold K t' peaks are shown

schematically in Figure 9.1. Counts frcm the two peak

regions uC and Ob are summed into one counting channel and

Ad ♦ CD + tF into the other. In pseudo-two-channel

evaluation, two discriminators each would be required for B ,

C, D and E, all in all ten discriminators instead of six.

Also shown in Table 9.2 are the standardised two-channel

and pseudo-two-channel variances fiom Figures 6.6a and 6.7a

i.ur R « 6,1. In the double E' peak evaluation the variances

or measurement times with a two-channel scheme are only 3 to

o\ higher than with a pseudo-two-channel scheme at a saving

of four discriminators in ten. An approximate comparison of

the pseudo-two-chnnnel evaluation for only tnc KB^ peak and

the two-chunnel evaluation for both KB' peaks shows that the

two-chann**l scheme would increase the measurement time per

peak by about 74, but this is more than compensated for by
-the 9/35th additional information contributed by the Au KBj 

peak; the latter scheme thus permits at least 13% (i.e. 
9/(35 ♦ 9) - 7%) taster measurement with the same number (6)





of discriminators.

From the above treatment it may be concluded tnat with 

six discriminator, two channel evaluation o\ both the Au KB^ 

and Au KB 2 peaks is an optimum scheme for gold ore analysis 

with a simple fielo instrument. This is only 161 slower than 

is theoretically feasible with multichannel, weighted 

leest-squarcs Gaussian evaluation.

9.4 The  ̂.ak-tc-background ratio detection limit 

‘he variable parameter in the previous section, the system 

resolution 1' , is a function of the amplifier time constant 

TC. Longer tie* constants give better energy resolution but 

lower signal processing efficiency F. A combination of 

parameters is, therefore, sought which allows the shortest 

measurement time Tm for a specified precision.

At a given detector count rate, r, three factors varying 

with r influence the required measurement time T^ - the 

standardised variance V b , the specified peak-to-bac kg round 

ratio k and the signal processing efficiency P.

A detection limit ior a peak-to-backgrounu ratio of 

R * 0,1 may be provisionally specified at the fundamental 

peak resolution (Tn«0). If, according to Currie (196U), for 

5* errors of the 1st and 2nd kind a 1,6b S .0. critical level 

and a 3,2* S.P. detection limit (i.e. coefficient of 

variation CV»l/3,29) is adoptee, then the variance in R of a 

measurement a* the limit has to be

v • (K X O ’:2 - (0,1/3,29) 2 - 0,00092 9.7

in the two-channel evaluation the standardised variance 

(«i«l) at the fundam# tal resolution (for w.ich tmax*7,7o) is



The 2 o background count (tor 2 siaed evaluation) thus ought 

to be
a . | v B/v

From equation 9.5c the 2c relative intensity in the spectrum
of Figure 4.1 is 
(rB/r) » I,13xl0"3/V(2in2) % 9,6x10* 9*9

The total analysed count required tor the specititj 

detection limit (R«0,1 for r'n»0) is therefore 

-J- (^) counts 'v vd counts
-v 9J9600 x VB counts 9.10

As the resolution gets poorer the peak intensity remains 

constant giving a smaller but wider peak, the hack^rvuna 

intensity per unit energy remains unchanged, hut the 

intensity per peak resolution increases so that tne 

peak-to-backgrouno ratio decreases. For the gold KB' peaks 

the increase is proportional to the value given in equation 

9.5c and tne detection limit ratio can be specified at any

resolution as
R .  i . n x i o ' V a . n x i o " 3 + i ,  u x i u " ” r n ) 9.11     n
The d i f f e r e n t  R 'e c o r r e s p o n d  to the same gold

concentration and it the CV of the measurement is to remain

constant (at 1/3,29) then, according to equation 7.3, the

total analysed count (eq. 9.10) has to be increased by 0,1/R.

At a detected count rate r the total analysed count is

given by rTmP where Tm is the measurement time and -u the

signal processing efficiency. The measurement time to

accumulate the required number of counts at the specified

detection limit is therefore

•f- • <V



analysis
P ■ Exp(-rw) 9.13

where w is the effective pulse width (chapter 8) usually

measured in system time constants TC. in efficient signal

processing systems typically w % 5,5TC or even smaller, but

in less efficient s y s t e m s  w can readily exceed 12Tv. The

resolutic.i f of a system depends maimy on TC and not on the

factor w/TC. In Table 9.3 the system resolution (at 80 keV)

and TC are given tor a typical 200mm  ̂germanium detector,

and P has been calculat^a tor a total detected rate of
2

r » 50 kHz wnich amounts to a aetectea flux of 25 kHz/cm .

The ratio R and in Tabic 9.3 were calculated from
max

equation 9.J1 anu were taken from Table 9.2. The time

Table 9.3 Data acquisition parameters Ij;_90ld_ore_ana3y£is 
[or a t ^ E f c ^ ^ 0ym^_Ge_detector^t_r_-^0_kHz

resolution TC p-Exp(-rw) Limit

P(CV) /s tiw-5,5TC(12TC) R me *
r„(s)

400 — 0,1 11,0 —

450 2,8 0,46(0,19) 0,094 11,4 589(1467)

500 1,1 U,74 (0,52) 0,089 11,8 402(573)

550 0,65 0,84(0,68) 0,085 12,2 385(477)

oOO 0,42 0,89(0,78) 0,081 12,7 396(455)

650 0,32 0,92(0,82) 0,077 13,2 421(468)



required to measure the spccii ied R witn a cv - at

r » 50 KHz calculated troir, e q . 9.12 is shown in the last 

column oi the table and in figure 9.2.
A minimum measurement time of Tm « 3d5 (4b5) seconds is

indicated for the specified ratio detection limit at a 

syswen time constant of Tv a 0,6 (0,4) ps.

9.5 fiEtem time constant and detect^r_§ize 

Similar calculations were performed tor some larger ana

smaller planar detectors at a tlux ot 250 tiz/mm . The noise

resolution (in eq.9.la or b) was assumed to be direct iy
2proportional to tne detector capacitance oi 22,5 fF/mm plus 

a stray capacitance ot 5pF as discussed in cnapter 5.2.1. 

The measurement times tor the speciiicu ratio uctccticr 

lii%4t (eq. 9.11) arc snown in Figure 9.2 and the minimum

values are reproduced in Figure 9.3.
Figure 9.2 snows that the minimum measurement times at a 

total count rate oi 2a0 Hz/mm2 are attainable at TC 'v 0,6ps

tji a wid_ ronjc of detector sizes.
ihe measurement times tor the specified ratio detection 

limit are inversely proportional to the detector size when 

tne size is small but above 100»m2 poorer resolution and 

lower signal processing efficiency counteract this trend, in 

Figure 9.3 tne lowest measuring time of 293 seconds is shown 

tor a 4Uumm2 detector running at luu Khz. The measurement

time required with a 200mm‘ detector at 50 kHz is, according 

to this analysis, t 30% higher than the minimum attainable

with the larger uetectors that cost disproportionately more, 

in most signal processing systems, however, caunt rate., 
high as 100 KHz would cause resolution degradation in

-



105

1000

800

I

1
600

400

I T
Ii200 mm1 (w* = 10TC)
I

, V  80m*'
0 I 

/
//

100mm2
500mm2

200mm'

300mm3
400mm3

1
Time constant (us)

10

Fig. 9.2 Measurement times for specified ratio detection 
limit vs. TC for various detector sizes ( •* ■ 5.5TC ).

I 6004*

400
x :1

200
■ti 600200 400

Detector size (mm*)

Fig. 9.3 Measurement times § 250Hz/mm‘>vs. detector size



lub

addition to the capacitance noise contribution already taken 

into account. Tnie would increase the minimum measurement 

times of the larger detectors as indicated by the arrows in 

figure 9.3, shifting the lowest point of the curve to 
smaller sizes.

Tnis analysis has shown that a germanium detector size 

of 200mm (a standard size in the industry) would be optimum 

for the measurement of gold ores.

9.o The gold concentration detection limit 

Tne ratio detection limit provisionally specified in section 

0.4 (eg. 9.11) can be r e l ated to a c e r t a i n  golo 

concentration. Absolute derivation of tne relationship from 

fundamental parameters is oeyond the scopv of this thesis as 

tne differential scattering cross sections am not readily 

available. An empirical determination of the concentration 

detection limit follows below.

A powdered ore sample assaying approximately 4U0 p.p.m.

and K 6j peak counts above tne interpolated background were 

determined as 58500 ♦ 19200 ■ 77700 counts. The FtiHM

resolution of the system at 80 keV and >0 kHz was determined

The interpolated 1 o (l.e.r/2,355..) background counts were 

27000 and 12000 respectively totalling 39000 counts. The 

peak to background ratio determined for 400 p.p.m. was

therefore 7 7700/39000 ■ 2,0. Tne detection limit ratio 
specified by equation 9.11 and the parameters in Table 9.3
tnus correspond to a concentration detection limit oi (see

gold was measures with a 200mm* tie oe tector and a system 

time constant r*> 0,5 ys at r - 50 kHz. The total gold

as 600ev, and from eq. 9.3, r iB^l " tiOUeV and rlB^J " 660eV



ath row oi iabic y.i) -

400 x 0,Ud1/2 #0 = 16 p.p.m. gold 

and a measurement S.D. = 5 p.p.m. gold.

with a 200mm2 Ge detector ano an efficient signal processing 

system (w - 5,51C) tnis limit can thus be measured in 385 

seconds at a count rate of 50 kHz. tor single measurement 

times up to a few hours, at this count rate, the detection 

limit is inversely proportional to the square ol the 

measurement time# beyond this, long-term instrument 

instabiliy may result in measurement standard deviations 

tnat exceeu tnese lower standard deviations derived ircir. 

counting statistics alone.

y . 7 biscuscjLon

rne values oi several ol the parameters used in tnis chapter 

were decided on from measurements with systems wittering 

appreciably from an optimised system tor gold valuation. 

Tnny served to illustrate the procedure oi arriving at 

optimised conditions, but they may be revised os the 

optimising criteria can be more precisely defined.

The choice between Cd-109 and other isotopes rests 

mainly on the need fcr rapid measure it, cnt oi very low 

concentrations. It measurements arc not performed in situ 

then slower measurement might be acceptable and a less 

costly isotope might suffice.
The choice of the energy region is determined by the 

occurrence of interfering elements in the ore. 'The decision 

to include the Au peak in the evaluation was made in the

interest oi taster measurement, as it docs noL involve 

additional instrumental complexity.



The reason lor optimising the evaluation lor peak to 

background ratios below 1 is tnat tor yold ore valuation the 

measurement 01 low concentrations, particularly of marginal 

grades, is considered more important than that of high 

concentrations. Ratios as high as k ■ 10 can be expected 

occasionally, but even their non-optimised evaluation would 

lurnisn a measurement precision in excess of requirements. 

The optimum precision to which an individual sample needs to 

oe measured will depend on the use to which the measurement 

is put, and will be discussed in the next chapter. The 

detection limit of 16 p.p.m. in 385 seconds, arrived at in 

the previous section, can, by means of equation 7.3, readily 

oe anjusteu to any particular need, probably as low as 

fractional parts per million.

A count rate of 50 kHz average was assumed from

estimates of the count-rate handling capability of a number
2ot commercial systems. This rate, i.e. 25U tlz/mr", received 

in a 200 mm ue Lector from a fluoresced sample 50mm away, 

gives an acceptable radiation uose rate at approximately 

125mm behind the detector where a portable probe would be 

held. If this dose rate is not to be changed, then the count 

rate for different size detectors must be proportional to 

m e  i r area. However, the optimum sample distance depends to 

some extent on the thinness of the tabular deposit and the 

count rate would change considerably with a small adjustment 

oi the measuring distance without a significant change in 

dose rate. It may thus be advisable to operate at a 

different count rate, most probaoly at a higher rate, 

depending on the types of deposit encountered.



•  ̂ e howc that an aueoua te 
intertc-rence- tree region is available tor evaluation at the

gold K3's. The Change in tmax with resolution is associated

with a moderate linear change in the standardised variances.

in Table y.j it can be seen that the latter change is

slightly smaller than tne change of the composite ratio ot

the k b ' peaks and background. The exponential change in

signal processing efficiency has a similar but opposite

eitect on the measurement time and this time thus has a

pronounced minimum in tne resolution range considered.

comparison of an efficient signal processing system
(XV/w = ->,5) with a less efficient systea (TC/w » 12) in

iflble y.3 snows tnat optimum measurement times are about

O b / i a s  i.e. Id* longer witn tne latter system, it is

possible to obviate this increase by careful design based on

thorough unuerstanding of tne processes involved. The

concept of pileup overlap parameters evolvea in this thesis

has greatly facilitated this. At lower count rates there

would be less ot a difference in measurement times, but at

the more probable higher count rates the difference 
increases snarpiy.

in this Chapter it has been shown that tor in .sgj^.gcJL^ 

ore measurement a two channel scheme tor the evaluation ot 

tne minor golo Kf^ and peaks on the scattered background 

ensures good efficiency with an uncomplicated instrument. A 

2cm uctector and efficient signal processing at a time 

constant of TC - U,6ps permit optimum measurement times at a 

constant detector flux. At 250 Hz/mm* the (3,29 ti.U.) 

uetection limit is 16 p.p.m. gold in a measurement time ot



ja5 seconus. This limit is inversely proportional to the

square of the measurement time and the square ot the count

rate.



10 QUANTITATIVE MEASUREMENT OF ROUGH ORE SAMPLES

In Chapter 4 consideration was given to the source-sample- 

oe tec tor g e o m e t r y , In this chapter the geometry ol the 

sample itself is considered. Geological samples normally 

require preparation before quantitative analysis, typically 

n o m o g e n i s a t i o n  of the sample and presentation in a 

reproducible measuring geometry. Such preparation is not 

feasible whers mine slope faces are to be scanned for goll 

ore valuation. The samples, i.e. the areas on tne face to be 

measured, have a rough surface, particularly in tne gold 

containing regions wnere the rock may be more triable than 

in the waste rock above and below the reef.

Furthermore, the thin layered, sedimentary nature of the 

ueposits requires that the area concentration of gold in 

g/m2 (or related unite) instead of the volume concentration 

in g/m** be determined. Accoruingly it is necessary to 

determine the area concentration by viewing the layered 

deposit edge on, which is a difficult sample shape for 

quantitative measurement because of its heterogeneous nature

10.1 Homogeneous concentrations 

In the laboratory, where a constant measuring geometry can 

be assured, absolute counting of the gold peaks plus their 

background woulo give a quantitative measure of the gola 

concentration in homogeneous samples. Alternatively at 

variable count rates the counting of the golu peaks plus



their background relative to the easily measured Compton 

peak would give a quantitative measure.

decause the detected count rates vary approximately as 

th* inverse square oi the radiation path length, absolute 

counting of the gold peaks plus background would not be a 

quantitative measure. Moreover, for rough surfaced samples 

the finite dimensions of source and detector and tnc 

comparatively short radiation path lengths result in a
I # 0

oackscatter angle at the sample from source to detector 

wnich is significantly smaller than 180 . with a smooth 

surfaced sample this angle may be held constant, but with a 

rough sample it varies with changing radiation path lengths. 

As shown in chapter 4 the background under the gold peaks is 

influenced by tnis angle. For rough surfaced samples the 

Compton peak and the background under the gold peaks, 

therefore, do not have a high enough correlation for the 

quantitative determination of very small gold peaks by the 

relative counting of these peaks.
the background adjacent to and between the two gold Kp 

peaks is, however, well enough correlated with the 

background under the peaks tor the determination of very 

small peak to background ratios even if the radiation path 

length ana scatter angle vary appreciably.

Over the limited energy region from the lead Ka^ peak to 

the lead K 03 peak the mass absorption coefficient of the 

rock matrix decreases by about 15% but the mean mass 

absorption coefficient of the background energy regions 

adjacent to and between the gold X 8' peaks hardly dittetc 

from the mean mass absorption coefficient of the two k B



peak energy regions. ith the same entrance and tni same 

exit aosor pt ion coefficients, tne singly scattered 

background photons thus follow the same radiation paths i.e. 

the same sample depths as tne exciting and fluoresced

photons.
The multiple scattered background photon follow 

slightly different radiation paths but they constitute only 

a small proportion of the total scattered pnotons.
The nett gold peaks and the regional background thus 

come from the same sample and, therefore, their ratio is u 

good measure of tne gold mass concentration.
uecause different parts from the sample contribute 

different proportions to the total Uetecteu intensity tne 

lunweiot'.au) ratio of gold to background is a me sure of 

concentration only for a homogeneous samole. It the mean 

rad at ion path lengths v*ry greatly while scanning rough 

surfaces, the relationship be twee., the ratio of golci to 

background and gold concentration may be poorer.

10.1 Thin laycreu sedimentary concentrations 

m e  majority of tne ..itwatcr sr and gold deposits are thin, 

layered deposits. Although the reef conglomerate may be 

several decimeters thick, tne gold is often concentrates in 

a layer or layers less than bem thick, sometimes existing 

only ootveen the contact of two sedimentary layers.

These deposits arc min.d edge-on, tne complete thickness 

of the gold bearing layer being extracted with additional 

waste rock above and below it. For ore valuation the amount 

ot jold per area mlnrd needs to be determined, regardless ol 

tne thickness mined i.e. regardless ot tne stops 'width1.



The valuation unit most commonly used in the gold mining 

industry is the area concentration unit g/m" divided by the 

rock density (2,76) t/m3 to give i. .g/t, or more rationally 

cm.g/t. The advantage of this area concentration unit is 

that the values for several layers are additive and that on 

division by the stoning height (in cm) it gives the 

extracted or mill mass concentration in g/t, or divided by 

the sample height gives the homogeneous or average samole

mass concentration in g/t.
in the horizontal direction, or rather in the olane of 

the reef, scanning with the fluorescence orobe effectively 

homogenizes a sample; however, normal to the reef plane a 

heterogeneous sample is seen by the orobe. Whan the distance 

between the probe and sample surface increases the effective 

sample height increases while the effective samole death 

decreases, i.e. more waste rock above and below a yold 

bearing layer is seen by the orobe, and the measured

concentration (in g/t) decreases.
A 1cm thick cemented ore slab having a homogeneous gold 

concentration was sandwiched between large blocks of waste 

rock to simulate a narrow reef. Edge-on measurements at 

various distances of the probe from this samole and at 

various distances of the orobe axis from the centre plane of 

the slab a e shown in Figure 10.1. These illustrate the 

substantial effect the measuring geometry has on the 

precision in the quantitative measurement of heterogeneous

samples.
To prevent wide fJ-ctuations in measured concentrations 

of the same sample the variation in distance between* the 

sample surface and the fluorescence oi be may be 'limited



to a fixed range thus limiting fluctuations in the measured 

peak-to-background ratio from this source to acceptable

values.
Restriction of short measuring distances to within a 

narrow range is mechanically not feasible on rough surfaces 

and another way was devised. It was found that the total 

count rate is inversely ororortional to a low oower (% 1,4) 

oi the orobe to sample distance. The count rate in the 

energy region between the Pb Kct. and K&. oeaks is a good 

measure of the distance to the centre of mass of the

measured sanole, but this rate is rather low. It was found
: ■ ;

that the total count rate above about 53 keV, which is far

niqher and therefore can be measured far more orecisely over
gSolmy

short periods, can give an accurate indication of the



deviation limits tor measurements or live milliseconds are
indicated.

In practice the eitective uistance was restricted by 

interrupting uata accumulation tor gold peak-to-background 

determination wnencver the total court tutu, measured with a 

ratemeter, tell outsiue ‘.wo set ccunt-rate limits. These

1

count-rate limits could .e cnosen to correspond to limits in 

the probe-to-sample Distance over which the maximum errors 

in a single measurement were acceptable. These limits would

noimally oe ascertained trom sr.ooth-surtaced stanuara 

s a n..wicn samples, but the somewhat larger variations in

116

probe-to-sample distance is snown, ana the two stanaaru

•d IB*oc
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fig. 10.2 Total count rate (>50 keV) vs. probe to sample
distance! —  t two st. dev. for Sms



Distance irom particular small portions ol icugn samples 

neeus to oe ta%en into consioeration in tne final settings.

10.j anape_ot the fluorescence sample 

*ne vertical profiles in Figure 10.1 reflect the effective 

cample shape in the determination of area concentration

With a co-axial source detector geometry a flat surfaced 

sample nas a snape similar to that oi a segment iron a 

spnere. if tne segment is vie veu as c series of concentric 

sho.i.l&, tie different layers would contribute different 

proportions per unit (santj re} mass to tne measurement, i.e. 

the innermost layers, which are clcr st to tne prooe, have 

tne h.ghest measuring weight. ».ith sources (or detectors) 

coilimated to less tnan 2n steradians tne edges of tne 

ueeper sample layers are truncated. •• ith rougn surfaces t m s  

layered sample is effectively distorted in the direction of 

v ,e source radiation paths with slightly increased measuring 

,eight being given to sample sections positioned closer to

tne source.
m e  effective sample depth is fixed by the sample's mass 

absorption coefficients for ootn tne exciting ana the 

excited radiation and tnese are constants tor tne relevant 

e n e r g i e s  in the gold ore m a t r i x . ihe sample uepth, 

therefore, is a constant even it the sample surface i' very 

rougn. A constant area of tne projects ore booy is thus 

measured edge-on with a fixed depth vertical profile, as 

required for determination of area concentrations.

it the separation between the source and uetectoi is 

small relative to tneir distance from tne sample surface,



L : s
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tne line normal to tlic eurtace ot the sample is an axis ot 

sample symmetry.

So tar calibration factors have been empirically 

determined with sandwich ore samples. More work still has to 

be done to calculate the sample shape tor the conversion of 

mass concentrations to area concentration units.

r



11 INSTRUMENTATION FOR THE GOLD ANALYSER

11.1 Instrumental requirements 

Tne main instrumental requirements were the following:

Portability even in difficult locations underground. 

Radiation, cryogenic and electrical safety.

Simplicity of operation, and 

Fast measurement of trace quantities.

- porfacility - The gold analyser is by present cay 

standarcs, a very complex field instrument that sometimes 

has to be operated under very oitf icult conditions. 

Packaging of the instrument presented a major challenge as 

ruggedness is essential for underground conoitions. It was 

realized that several kilograms of instrumentation were 

involved. Since this weight cannot, for prolonged periods, 

be carried as a single package with an outstretched arm 

wiiile (canning a slope face and crawling or crouching, it 

was aocided to use a handheld measuring probe connected by 

caole to a chest pack (r> ♦ back pack). The chest pock 

contains all the components that need not be in the probe so 

that the probe can be as light as possible. The lighter the 

probe the less it will tire the operator and the less 

inclined he will be to discontinue measuring or to scan 

inaccurately. The negatives are approprlate here as

underground conditions make the operation strenuous.
- Safety - Aspects of radiation, cryogenic and

.
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electrical i n t r i n s i c  saiety in explosive (methane) 

atmospheres were given careful attention from the outset 01 

the project and are discussed in chapter 13.
_ operational simplicity - An instrument as complex 

as this could easily overwhelm an operator if he had to 

control a large number of the functions under mining 

conditions. During the development a method of operating the 

instrument was evolved by which tne operator may locus all 

nis attention in scanning the correct strata in the exposed 

mine face. Operational control for scanning was reduced to a 

single lever in the probe supporting grip. This lever 

allowed automatic sequencing of measuring and data storage, 

and actuated the source shutter and sample illumination 

lignt. Automatic storage in the instrument ol all the day s 

data reuuccs drastically the amount of writing an operator 

has to do underground, and it eliminates human recording

errors.
Control of the measurement during scanning is via a live 

digit Ltd display and a 9 LCD bar on the front ot the probe 

within tne field of vision ot the operator for almost any 

orientation ot the probe, during measurement the 5 digit LED 

display functions as a Jean rate monitor (displaying 

percentage of preset background counts) to assist the 

operator in maintaining a fairly uniform scanning speea 

parallel to the rock face. On comoletion ot a measurement, 

tne measured gold value in calibrated units is shown on the 

display so that the operator can immediately base his

valuation .trategy on thl. value, on storage ot the valu. 

the number of the measurement (from u to 255) is displayed

{



so that the operator may (occasionally) note down the 

correspondence between measurement number and the exact 

location in the m i n e , or record other comment's on the 

measurement.

The 9 LuD oar is a rateme ter display £ uctioning as a 

prooe-to-sample distance indicator. Should the distance be 

outside the range limits, the display flashes and data 

accumulation is interrupted.

Tne sample light and Ltid displays also serve as warning 

indicators for possible instrument malfurtions.

A great deal ot effort ty the manufacturer of the 

prototypes nas gone into stabilisation ot the electronic 

c ircuits so that the i n s t r u m e n t  will not require 

recalibration under wideiy varying, harsh conditions and 

over e x t e n d e d  per loos. C o n t r o l s  for (e.g. wee k)y) 

'"-libration checks are, however, accessible in tne chest 

pack. High instrument stability greatly simplifies its 

operability.
- Fast measurement - Optimum parameters for efficient 

nnd hign quality signal processing were discussed in 

previous chapters. Tne implementation of these parameters in 

some respects had to oe compromised with limited battery 

capacity available in a portable field instrument.

11 2 evolution ot the instrument 

Tne fir:t experiments in the laboratory were performed with 

a jiaCi Co-57 source, a lithium drifted germanium detector 

with JO 1 i< re cryostat and an amplifier plus multichannel

analyser.
This developed towards lOOmCi Cd-109 excitation, a



hyperpure germanium detector in a 3 litre omnidirectional 

cryostat which was portable although it weighed 11 kg. 

Pulsed optical feedback was used in the preamplifier. The 

amplifier incorporated pileup rejection and the amplified 

signal was analysed with three single-channel pulse height 

analysers in a pseudo-two-channel arrangement cn the gold

peak and two scalers.
Nuclear instrument modules (N1M) were used in a NIM bin 

with power s u p p l y . This was then noused in a box with 

self-contained air-condition r and saturated core voltage 

regulation. This h e x , which weighed over 100kg. was then 

installed down a mine where it was installed near to a stope 

lace. It had to be supplied, from a crosscut 300m away, with 

J k vA of 220 V single phase power from the mine's 5b0 V 

three phase network. This instrument is shown in Figure 11.1.

Tne first portable gold analyser consisted of a 1,5 kg 

probe with a liquid nitrogen holding time of about two hours 

and batteries, an analog board and a digital board in a « kg 

chest pack. A central lOOmCi Ca-lUb source was useu and a 

/cm^ x 7mm deep hyperpure germanium detector with resistive 

feedback in the preamplifier. The detector high voltage bias 

supply was housed in the probe. Liquid nitrogen in the probe 

had to be replenished from a portable duwar every one and a 

half hours and this caused many problems underground. Data 

stored in a solid state memory in the chest pack was printed 

out on surface after the end of each day s work. This 

instrument is shown in use in Figure 11.2.

The probe of the second prototype portable analyser was 

more ruggedly packaged and had a liquid nitrogen holding



Lime ot six nours, adequate tor one shxtt's work at ter 

tillinq on L.urface. Three sources averaging 4UmCi each were 

used in a peripheral source geometry to permit an improved 
source snutter design and to allow sourc replacement by 

rotation. This geometry resulted in too high a scatter 

background from the protective cover Lnut was used. In this 

. rotol/pe a multiplier was provided replacing one of two 

preset numbers thus providing a freer choice ot calibration 

factors.
In the third prototype a central source geometry was 

vncc again used as tne peripheral source geometry hae 

resulted in an increase in measuring tir~ for measurements 

ot the same precision. The rugyedness of tne probe had been 

further improved, operation nad been simplified and the 

layout ot tne digital board was improved tor production 

streamlining. In tnis last prototype version, visibility 01 

tne sample anu the Ltd indicators was finally accceptable. 

inis instrument is snown in figure 11.J.

11.j bomoonents (block diagram) 

upecitication- for the tniru prototype ot the portable golu 

.nalyscr arc given in a Chamber ot Minos Research Report 

(I,Loyu and Nolle, 1977), and these were presented to ORTLC 

inC. tor implementation (Hill et al., 197b). only the main 

components ot tne instrument are described below.

m e  instrument consists ot a handheld probe assembly 

permanently connected by a short cable to a chestpack 

Assembly, and an above-ground support moocle.

The analyser was separatee nto a probe and a chestpack 

to reduce the handheld mass to the minimum necessary so that
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iq. 11.1 First modular analyzer for in situ analysis

I

Fig. 11.2 First prototype portable analyzer in use undergroundH e  ■ ■ ■ h I
:



Fig. 11.3 Third prototype portable gold analyzer

tne operational ettoii could be 1 iynten u . A pack *01n cn 
the back would nave restricted crawlinj through narrow 

stoDcc. Complete, simp 111led operation ot the source satety 

snuLter anu tne tunct.ions ot data accumulation, display and 

storage is controlled by a multifunction trigger in the 

probe nandle. Two operational displays and a rumple 

ill u.nina tion light, -nul tiplcxcd with warning signals, are 

strategically positioned on the probe. Protected controls on 

the cnectpack serve only tor calibration and 'on/Standi •* 
switching ot the instrument. Tne support nodule contains a 

battery charger, a readout module tor the stored data, 

calibration support and a liquid nitrogen tilling system.

An electronic block diagram oi the analyzer is shown in 

n gure 11.4.
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fig. 11.4 electronic block diagram ot the tniru prototype 

portable gold analyzer

A miniature r.ign voltage power supply in tne probe 

provides tne bias to, the cooled Go aetector uioae. Tne 

aetector and the first stage ot the preampliticr are cooled 

(to -lg6°C) tor nigh resolution. Tne preampliticr circuits 

arc trimmed to allow count rates up to 5U0 kHz. 1 he 

preamplifier and high voltage power supply are potteo anu 

all leads shielded or current limiteu to assuie intrinsic

safety.
The main amplifier uses a semi-Gaussian filter vith a 

shaping time constant TC * 0,t,us tor good energy resolution 

consistent with tne high count rates encountered in the 

measurement. The main amplifier pulse width W  - 5us, i.e. 

1 0 1C, and the leading edge of the pulse f* = l»4uB 1 *Ce 

2,ore. A gated baseline restorer is uscu ana the baseline is 

monitored and the noise thresnolo automatically adjusted.

_______



A tast amplit ier, navxn^ a snaping tine constant ot 

*uns, anu a peak uetector on tne main amplifier output 

uperate tne p i l c u p  rejector. This has a pulse pair 

resolution time, p, ot about 350ns, testing for pileup 

events greater than 6 keV.

A biased amplifier stage cxpanas tne region around

uu kev to f a c i l i t a t e  a n a l y s i s  by six pulse hcignt

uiscriminators. The output from tnese single channe1 

analyzers to two scalers is gated hy tne pileup rejector ana 

tne distance controlling ratemeter.
Tne non-e x te nu m g  processing time ot the analyzers 

c* *u.zbus concurrent with tne trai' i edge ot tne 

ampliiier pulse. Tne leaaing edge overl&y limitot is tnus 

also j , 2 5 u s .  however tne use ot the peak detector results in 

a trailing edge pileup overlap limit equal to I*, i.e. 

B - l,4us.
Tne total count rate above au xeV is measured by tne 

uigitial ratemeter every live milliseconds and displayed at 

tne prooe by a linear array ot nine light emitting dioues to

indicate tne prooe to sample distance.
Tne digital data processor converts tne scaler contents

to units ot area gold concentration tor display at the probe 

and tor storage in a solid state memory# whicn can retain 

the results from 2Sb measurements. A preset timer monitors 

tne holding time ot liquid nitrogen and shuts ott the 12UU v 

bias supply to the detector alter a preset time to protect 

tne cooled stage of the preamplifier.

In the development ot tne portable gold analyzer several
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iiiyn technology disciplines were brought together to solve a 

particular problem. A ruygeaized hyperpure germanium 

uetector, a small portable cryostat and hign performance low 

power electronics adjusted to optimum parameters make this 
instrument possible.

■



i*iyh technology disciplines were brouynt together to solve a 

particular problem. A ruggeaized hyperpure germanium 

uetector, a small portable cryostat and hign performance low 

power electronics adjusted to optimum oaramcters make this
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? C A ’V'ilUM-109 SUUKvL A tiJ COLLIt-iATOH

Tne decay scneme for 4i>Jd Cd-lU9 is as follows -

Cd-109 (4vJo)

Ay-lU9m (39,Ws) 

m :«-109 (stable)

ground state

d>, KeV

_ & ground state

Caamium-109 occays by electron capture to Ag-lu9ir. 

yielding 6 7,7* 2*1 kev silver K x-rays. Tins, in turn, decays 

with a 3 9,8s halt life to the grouno state ot Ag-lU9 by 

emission ot dti kuV gamma rays. Approximately ^6,4* of these 

are internally converted with a 3-. .6* yield oi silver K 

X-rays; only the remaining 3,8* oi tne 8o keV gammas are 

useful tor golu X level excitation.

A small sourCw. ot about luOmCi (3,7 udq) ot Cu-lu9 is 

requited in the instrument for gold valuation.

'ine s o u r c e  is a r a t h e r  critical component. Its design 

was optimised so as to make efficient use of costly

activity, at the same time reducing the potential radiation 

hazard and producing a source that can be handled safely 
underground.

12.1 Production and specific activity of Cu-109 

Caumium-lu9 is one oi about twenty known isotopes of 
cadmium, eight oi wtiicn are stable. Taole 12.1 lists various

»



Halflite or 
nat. Abundance

51,82%

48,18*

H u m 2 n d

0 ,68*

4> jd

12,39%

24,U 7*
il jm 13,6y

28,86*

4 t,lu

Table 12.1 Isotopes relevant in tne production cf Cd-lu9

Reaction Kema ks

(a,pn)lu9Cd cyclotron production 

(a,2n)lLl5#ln— >luy cyclotron production

(n,v)10UAg
iutiCa(n,y)109 reactor production 

l>lutiPd
cyclotron production 

cyclotron production
(d,2n)luyCd

(p,n)luyCu 

(n,Y)11UmAg 

^ n 0 Cu .

(n,Y )luyCd

^ itjymAg > 1UvAg

in,Y)11UCd

(n,Y)113mCd

(n,Y) U b m Cu

rauiochem. impurity 

6 reactor production 

reactor production

I
reduces reartor proa, 

specific activity 

reactor produced 

radioisotopic impurity 

reactor produced 

radioisotopic impurity

isotopes relevant m  the production of Cd-lu9.

daumium-luy can be produced by the (n,y) reaction of 

U--1J6, by tne (p,n) or (d,2n) reactions of Ag-lU9, or the 

(a,pn) reaction cr (n,2n) follower by decay of Ag-1U7.

Reactor production of radioisotopes is normally cheaper 

than cyclotron production, but the isotcpee cannot, usually,



be produced cart icr-tree i.e. without other stable isotopes 

ot the same element. A carrier-free activity is desirable to 

reduce the attenuation ot the gamma tlux by self-absorption.

heactor production through thermal neutron irradiation 

of natural cacmium is very inefficient as Cd-lOd is only 

U , dti t abundant in natural cadmium and has a tncrmal neutron 

cross section of only 1,1 barn, furthermore low activities 

ot 1 j ,6y Cd-lijm and 44,Id Cd-llb would be produced as 

radioisotopic impurities, both emitting photons that would 

interfere with the spectrum from C--1Q9.

Tne activity produced may be calculated as follows -
u.y/dt ~  (1 - 2* t/ 4 5 3 d )

where 14 * numoer ot atoms suitable for reaction 

o » cross section tor Cd-iU9 formation 

« particle tlux

and tne last tor m in par e n t n c c e s  being trie saturation 

factor; tne e x p r e s s i o n  is not exact because subsequent 

nuclear r e a c t i o n  ot Cti-109 and tlux attenuation by the 

sa.rpie have been ncglectew. Substituting Avogadro's number, 

tr.< natural abundance and atomic mass for W , tne specific 

a c t i v i t y  after 453a irradiation (half saturation) in a 

thermal neutron tlux ot loi4cm~^.s'1 is 

tU,U23xlO<:jxU,UUd8/112,41xl,lxlU~24xlU1<,xU,5/3,7xlUlU Cl/g

= U,07u Ci/g " 2,59 Tbq/kg

ti d,o5 .lg/mJ Co « 0,61 mCi/mm"* ■ 22,4 Ldq/m^

The millimetre unit has been used tor rationalization to 

source dimensions.

*.itn highly enriched Cd-lUu the specific activity could 

be increased by the relative abundance 1/0,OOub to 8,2 Ci/g



be produced carrier-tree i.e. without other stable isotopes 

or the some element. A carrier-free activity is desirable to 

reduce the attenuation of the gamma flux by self-absorption.

heactor production through thermal neutron irradiation 

of naturaJ csamiuir. is very inefficient as Cd-lOti is only 

0,ddfc abundant in natural caamium and nas a thermal neutron 

cross section of only 1,1 barn, furthermore low activitiesEl 1
of 13,6y Cd-llJm and 44,Id Cd-115 would be produced as 

radioisotopic impurities, both emitting photons that would 

interfere with the spectrum from Cu-109.

Tne activity produced may be calculated as toilows - 

uW/dt ~ wo<(' (1 - 2~t/*b*a)
where W ® number of atoms suitable for reaction 

o * cross section tor Cd-lu9 formation 

$ » particle flux 

ana the last term in parentneccs being the saturation 

factor; tne expression is not exact because subsequent 

nuclear reaction of Cd-109 and flux attenuation by tne 

sa.. pie have beer, ntgleciev. Substituting Avogadro's number, 

tr.r natural abundance and atomic mass tor W, the specific 

activity after 453a irradiation .half saturation) in a 

thermal neutron flux of l u ^ c m  ‘.s * is 
lo,023xl02Jxu,UUd8/llji,41xl,lxlU”24xlU1'1xU,5/j,7y,lUllU ci/g

* 0,U70 ci/g ■ 2,59 Tbq/kg

ti d,o5 .'ig/mj Co ■ 0,61 rnCi/mm^ * 22,4 Ldq/m-1

The millimetre unit has been used for rationalization to 

source dimensions.

with higniy enriched Cd-lOu tne specific activity could 

be increased by the relative abundance l/0,00ob to ti#2 Ci/g



or 71mCi/mm3.
' Russell (1064) Irradiated natural silver foil for a 

pe r i o d  of four y e a r s  in a thermal neutron flux of 

#v2xl014cm*2.s-1 to produce enriched Cd-108 and Cd-109 by the 

reactions

107A9 (n.T)10lA9 X 1 5 » 108c-1 (n.Y l10’Cd 
uurnup of the Ag-109 and of Cd-109 produced also stable 

Co-11h , Cd-111 and Cd-112. The specific activity reached was 

1,6 i/g or 14mCi/mm Cd.
Cadmium-109 sources having a Cd thickness greater than 

0,l^m substantially svif-aosorb 08 keV photons and the above 

specific activities thus indicate lOOmCi source areas or the 

order 'X 1cm2 tor reactor produced Cd-109.
Tne (p,n) and (d,2n) activation functions of Ag-109 have 

peak values 01 0,36 barn tor 10 MeV protons and 0,62 barns 

tor 14 MeV deuterons respectively, while the (a,2n+pn) 

combineu activation function peaks at 1 barn for 27 MeV 

alphas (Wing e t al.. 1962; Oimitriev ft_aj., 1967). The 

natural-silver thick-target yields shown in Figure 12.1 wore
1 I B .  ■ B  1  Breported by D*mitriev.

The cyclotron at the council for Scientific and 

Industrial Research in Pretoria can accelerate 0.5mA ot 

lu MeV deuterons to produce 2mCi/n with a natural silver 
target or 4mCi/n with enriched (>99%) Ag-lo9 (6 R52/g). The 
2,2a (86 inch) cyclotron at Oak Ridge National Laboratory 

accelerates 1,2mA ot 22 MeV protons to produce 9mCi/n with a 
natural Ag-109 target. Thus yields are in agreement with the

values shown in Figure 12.1. In some particle accelerators 
silver beam stops behind thin targets yield low-ccst Cu-109.
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' 1Fig. 12.1 Cyclotron production yield of Cd 109
I (Dimitrlev et al.y 1967)

Tne specific activity of isotopically pure Cd 109 is 
dMfiLl • -isl disintegrations per day per atom

16,023k 102^/109) x 453x24x3600 * (1/3*7*10 ) Ci/g
■ 2643 Ci/g 

22,9 Ci/mm3
In cnatged particle reactions some stable Cd isotopes 

are also produced. Trace amounts of cadmium originally 
present in a s i l v e r  t a r g e t  and i n t r o d u c e u  d u r i n g  
radiochemical separation may also reduce the specific 
activity slightly. Consequently the specific activity of tne 
fresnly separated, carrier-free product does not normally 
exceed hair the theoretical value and decreases as the
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.e n i y ii tire c n  ic activity 01 car riet-iree Co-10 j has 

made possible lUOmCi sources of less than imm* area without 

appreciable seir-absorption losses of the tti keV photons.

Tne C d-1U y may be r ad iochemica11y separated from 

irradiated silver targets. Russell (1964) used AgCl 

p r e c i p i t a t i o n  f o l l o w e d  by c h l o r o f o r m /  pyridine 

aolvent-extraction and uowex 5U--8a cation excnanne. tor 

carrier-iree production, very high quality separation is

desirable. Strelow (iy?ti), after electroplating ot the

silver onto copper, separated the Cd ir a nitric acid/ 

nyorobromic aciu solution on ar. Avl-xo anion resin.

1^.2 Source and collimator design 

i*ne effect on gold measuring time of tne photon scattering 

angle, from sourc*. to sample to oetector, was discussed in 

section 4.3 and a central-source detector arrangement was 

found to be optimum. For this arrangement, snvuowing of the 

detector demands that i.ne source with its collimator be a: 

small us practical, i'he minimum size of tne source and 

collimator was limited by tne available source manufacturing 

tecnnoloyy. witn materials such as tungsten a shielding 

IniciUiesG ot tne order ot 1mm was indicated and there would 

little reduction in shadowing for sources smaller than 

imm diameter.
in the ezrly stages ot development difficulties were 

experienced by the C.d.i.K. in electroplating a nominal 

luOmCi activity ot Cu-109 onto an area ot about 1mm*, but 

these problems were solved as the impurity levels in the 

Ca-109 plating solution were decreased. The integrity ot the 

plateo layer was improved and inactivation ot the plated

Im

H B !



suit ace by over plat ing with inactive caaraiuir or another 

metal, was considered for additional protection from 

possible exposure to corrosive atmospheres underground. 

Another metal would be preferable for overplating so as not 

to lower the specific activity for future recycling of 

partially decayed sources.
■fne low melting point or cadmium (321°C) presents a 

problem during the encapsulation of small sources by heat 

sealing metnods such as welding.
At the start or the source development it appeared 

reasonable to use the radiation collimator with a suitable 

window for encapsulation of the electroplated activity, 

thereby er ^inatino additional encapsulating material which 

would increase the collimator diameter.

A molybdenum source window was ciIver-s^laercj into a 

tungsten collimator, the piated activity inserted and closed 

from the bacx with a tungsten screw which was cold-scaled 

with %n inorganic tnreao sealant. Metal O-ring seals were 

also considered because in an earlier source, where the 

activity had been sealed from the front with an epoxied 

molybdenum window, the epoxy aval had undergone radiation 

damage and subsequently the source had leaked. The outside

diameter (U.d.) 01 the tungsten collimator was Jmm, thus
2shadowing only 3,5* or a 200m.;i detector.

Although it seems that all the source performance 

standards (ArtSl, 196ti) require^, for portable instruments 

could be met by tnc above integral sourcc-collimator design, 

the reliability or the window seal and vibration anu 

temperature classifications or the source (snoulu the
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instrument be lett in a tire) were s u e s t i o n e j  by two 

commercial source manufacturers. A 2,bmm O.D. * Imro long 

weltieu stainless steel capsule, meeting ANSI N5.10-1908 

c l a s s i f i c a t i o n  C 3 3 2 3 2 , W c s thus developed as this type ot 

design nad been proven in the industry with existing source

manufacturing tccunology.
iunystcn-incrt-gas wcloing is used with the aid ot a

carbon blocs neat sink to prevent migrrtion of the platea

activity from the front of the source.
A b.bmm O.u. tungsten alloy collimator was designed tor

the source capsule, shadowing 12i ol the detector.
in figure 12.2 tne s o u r c e -detector arrangement used in 

tne third prototype ol tne portable gold analyser is shc|n. 

.ltte window and shield thickness derivations are given in the

lollow:--' sections.

p mm75mm

Detector

Fig. 12.2 Source detector orrcngement in the third prototyp
gold anolyzer



ihe window ot tne source was assigned, in combination with

the detector window, to iilter out most of the unwanted low

energy (22 keV) radiation with minimum attenuation of the
>

useful high energy (bb keV) radiation.

The most suitable elements for filtration are those 

having a high mass adsorption ratio lor 22 keV and 00 keV 

photons. Llements 2 = 22 to 41 (li to Tc) have mass 

absorption ratios between 4u and 47 while outside this range

ot atomic numbers the ratios fall sharply except lor

elements heavier than leao. Tnere is little difference

within tnis r nge ot elements, so that iron with mass
} 2 absorption coefficients ot 2b,ucm /g at 20 keV and 0,55cm /g

at 00 k cV is a convenient metal to use.
A thickness ot u centimeters of stainless steel of 

density 7,OOg/cm reouces the ratio ot 20 to dO keV 
t adlat ion intlsity by the t.ctor c-7 .86 (i5.0-0,5o, u.c-192U, 

wi.ere d is m  centimeters. The intensity ratio of 22 keV to 

db keV radiation emitted by Cd-lu> is 96,4/1,6 e 27. A ratio 

ot the order oi 0,01 is desirable at tne detector so that 

ine increase in total count rate from the low energy 

rauiation may be insignificant. This requires a ratio 

reduction by about 2/uO which is attained by a stainless 

steel filter ot U  n2/uu)/192cm « 0,4mm thickness.

in the interest of reducing possible radiation exposure 

it would have been preferable to position most ot this 

combined thickness at the origin ot the radiation patn, i.e. 

at the source window and to use tne minimum tnicniiest. 

required tor mecnanical strength at the detector window.



The minimum detector window thickness allowed by the 

instrument m a n u l a c t u r e r  for an integral stainless 

steel-endcap of 41 mm diameter was, h o w e v e r , 0,38mm. 

Consequently a thickness of 0,16mm stai >ess steel was 

allowed tor the source window, in addition to the 0,38mm, to 

reduce the ratio in the open measuring field from 2 7 to 

1,25, at wi.ich ratio the 22 keV radiation contributes less 

than 201 to tne exposure in the external radiation ficic 

I see chapter 13).
The winuow thiCKnesse. ot o ,3timrr, and u,lbmm stainless 

steel attenuate tne useful 80 keV radiation from the source 

to d j «x 93 *-784 at tne detector. A 2 ,4mn thick protective 

polycarbonate cover (̂ *1 16^3  ̂ attenuates this still further 
a . 94 * to a rather poor 94 4 ot 7*4, i.e. 74 4. Any self­

absorption in the plated activity attenuates the useful 

radiation still further; it is, therefore, important that 

all the C o - 10 9 be positioned against tne source winnow 

within tne shield's collimation angle.

ine detector winnow causes the largest attenuation in 

useful radiation. A reduction in the presently employed 

thickness of 0,J8mn stainless steel would increase the 854 

transmission factor proportionately, without adversely 

affecting the detected spectrum.

12.2.2 Collimator shield 

ine purpose ot tne collimator shield is to reuuce the direct 

radiation from tne source to tne detector to a level low 

enough not to cause interference in the spectrum from a 

sample. A forward collimation angle ot 120° provides 

protection for the operator behind and to the side ot the
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The material used for the collimator needs to have a

hijh linear absotption coefficient for photons of energies 

tnat might interfere in the spectrum; this applies not only 

to the 88 KeV source radiation, but in particular to the 

X-rays generated in the shield, to which the shield is 

fairly transparent. A high linear absorption coefficient 

reduces the necessary size of the collimator thus shadowing

less or the detector.
Several nigh density metals were considered for this 

application, fneit aosorption properties are listed in 

Table 12.2. Uf these It, Pt and Au have K 8 X-rays in the

. able 12.z Aosotpt ion_proper ties o f snieId ing me tals (oerrjf 

^62, Javisson 19u8)

ELi.ui.WT durtalTX 
.J

At\SS AU5. COL Ft . LINEAR AUS. CuLFF.

g/cm-' Mdticn//g UKafCm2/9 L8dpcm_i PKa|pcm“1

Ta 1 b . V 0,0 3,5 100 56

n 19,1 6,2 3,4 12U 6u

k c 21,U 6,4 3,3 134 u

us 22,o 0,6 3,2 150 72

it 22,5 6,d 3,0 151 66

c I. 21,4 7,0 2,9 156 02

AU 19,1 7,2 2,7 139 52

r
11,4

lv,l

7,8

3,7

2,5 89

70

29

__
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energy region between the Pb Ka, and K6, lines and are tnusX X

to be avoided tor gold determination. Metalworking 01 Os and 
Re is rather i tticult, while the relatively low density of 

pb and Ta gives these metals a correspondingly lower linear 

coetticient. Shielding by uranium is less because it does 

not otter K-lcvel absorption ot the tib keV photons. 

Tungsten, or a neavy tungsten alloy which is more amenaH*e

to metalworking, is thus the smelding metal oi choice.

fne minimum amount of shielding may be calculated by 

stipulating tnat the constant intensity from the source 

directly to the uutector should constitute only about one or 

two percent ot the intensity from the sample at the limiting 

probe-to-saraple distance.

Inc total count rate from a massive sample at a limit
2distance 01 u,bcm from a 12bmCi Ca-10i# source and 200mm 

uetector was determined to be d?,2> kHz.

ina source radiation to be shielded may be considered as 

comprised ot two components. The primary component is the 

otf k e V  p h o t o n s  (ot 3 , G »  a b u n d a n c e )  i . e .  

12uxO,U Jbx 1, 7x10/ei ,u 7x10d pnotons/second emitted into 4it 

steradians. Since the mc-m range ot bti keV photons in 

tungsten is only l/btiej p,v0,lmm, a secondary component of 

tungsten h x-rays is produced in the inner layer ot the 

tungsten shield. Tne fraction of tib keV pnoto-electric 

absorption, leading to W K-lcvel excitation in a thick W 
target, relative to the total absorption (i.e. inclusive of 

incoherent scattering and L level excitation) is about 0,til 

tut only oi tne excited W atoms produce k x-rays, with

a 26*l20O# x.e. l>/ ()2nsin<j)d<|)e2ii (cosU-cos e)ed»14sr, torwaru

_________

m



;
'

$88

141

collimation angle ol the shield, the shield intercepts 

(4e-3,l« ) / 4 a » 0 ,75 oi the prin.ary radiation producing a 

secondary component of l,67xlu^x0,81xU,94xti,75 ,95x10^ W

K X-rays per second emitted into 4nsr.

A detector oi timm radius positioned 7nun benind a point 

source subtenas a half angle of 0*arctan(b/7) and a solia 

angle of 2n(cos0-cos6)«2,l5sr of the source. Thus a fraction

x, 15/4n*0,17 oi the primary and secondary source components

are directed at the detector. Equating the two components of 

the source radiation passing through tnc tungsten ohield of 

thickness d, to Is (or 2s) oi the intensity oi th radiation 

trotii tne sample, we nave -

I,67xl0°x0,l7e* ^i^+O^SxlO^xo , 1 7 x e ' U* 0,01x37500

giving d ~  1,6mm (1,5mm for 2*)
?ne source backing thus ought to be 1,6mm thick while 

tne oblique direction sideways through the shield requires 

only a 1,6 x arctan(b/7)-1,2mm wall thickness, with heavy 

tungsten alloys these shielding thicknesses neeo to be 

m c r e a s e u  by the ratio oi the density oi pure tungsten 

(18,Jg/cmi) to the density ot the elloy.

A wall thickness oi 2mm ana a uacKinj thickness of 3mm 

in a H alloy oi lti,xg/cm', termed by powaer metallurgy, were 

provided by the instrument manutacturer. The increase in 

thicknesses from the minimum was arbitrarily provided to 

all t’V tor undercuts in the shield wall for a source 

retaining collar and for uecu-e molding into a polycarbonate 

cover, and for a slot in tne w alloy screw in the shield

backing.
The overall diameter oi 5,5mm ot this collimator with a

V .

.....



weldea stainless steel source capsule results in a shadow

x.e. 12* of a 200mm^ detector, with aarea of 2 3 ,

smaller plated area ot the Cd-109 activity and an integral 

source encapsulating shield this could be reduced to about 
4 percent.

H»e relatively small improvements discussed in this 

chapter c o u l d  all lead to a reduction in the amount of 

vu-10;# activity required to measure gold at optimum speed, 

and the raviation dose rate, to which an operator might be 

x posed, would Du similarly decreases. However, it has 

< sentially been found necessary to increase the Cu-109 

v' ivity in order to proviue a sale means of securino the
I - L



13 SAFETY ASPECTS

The gold analyser presents three potential hazards,
.

particularly since it is a portable instrument which is to

be used under arduous conditions underground. These 

potential hazards arise from the use of liquid nitrogen as a 

coolant, the use of electronic circuits in atmospheres which 

may contain flammable or explosive gases such as methane, 

and the use of a radiation source.

and usually are cooled with liquid nitrogen.

As an altenative coolant a solid-liquid propane system

which could be completely contained (Boynton, 1974), was 

considered for this application. The latent neat ot melting 

(80 J/g at 91°K) is, however, lower than that of boiling 

liquid nitrogen (199 J/g at 77°K) so , _: weight and volume 

considerations favoured the latter. Lightweight (6 kg) 

Mechanical refrigerators (Hogan, 1966 ; Carrol, 1971) 
operating on Sterling or Solvay cryogenic cycles were also 

investigated but their power requirements rendered them 

unsuitable for this portable application.

The potential hazards to the operator from liquid 

nitrogen are skin burns' from accidental contact with

extremely cold surfaces or liquid and from the 174-told 

volume expansion at the phase change which could cause

13.1 Liquid nitrogen 

High resolution germanium detectors operate at 77° - 90^h

a



pressure problems in c cd systems.

Small droplets of liquid nitrogen when spilled onto the 

skin usually roll off and do not cause 'burns' unless they 

wet the skin.
To minimize the contact hazard, a spillproof dewar, 

which could be pointed in any direction, was specified. A 

design based on a commercially available, non-pressurized 

dewar was suggested; this had two vent pipes, at least one 

of which could always vent from above the liquid surface to 

the o p p o s i t e  o u t s i d e  w i t h o u t  spillage, with minor 

restrictions on the orientation of the dewar. The instrument 

manufacturer simplified this to a single vent cum fill pipe 

terminating in the centre of a cylindrical dewar. In this 

design the dewar can be filled only to half the volume of 

the cylinder but it removes all restrictions on orientation 

of the dewar.
For handling of liquid nitrogen it is safer if the 

liquid need not be pressurized during transfer and use. 

Lightweight, quick-connect couplings for refilling of liquid 

nitrogen are prone to leakage due to cooling from ambient 

tempe* tures to below bO°K, and pressur ization would 

aggravate this problem. Icing-up of the coupling can hardly 

be prevented when the weight of the probe hac to be reduced 

to a minimum, but this inconvenience was found to be small 

for filling periods of less than an hour.

The diameter of the vc t pipe was a critical parameter. 
For spillage during operation it ought to be small whereas 

tor refilling a larger diameter is preferable, especially it 

the liquid has tc run down the pipe with a counterflow of



displaced air and evaporated liquid. If two pipes to the 

centre of the cylinder were used the filling could be

accomplished with smaller diameters than is needed for a
! ^

single pipe. A single pipe, however, simplifies construction 

of the cryostat and a divider in the pipe was therefore 

suggested, v-hich should a1 low some reduction in diameter as 

it separates opposing flows; with this design it has been 

possible to fill a warm probe, having a 3mm inside diameter 

fill tube, from a clip-on funnel within ten minutes.

For the first prototype portable analyser a liquid 

nitrogen holding time of one hour was specified, and the 

instrument manufacturer produced a probe with a holding time 

of nearly two hours. The refill system, which had to be

carried underground, often tailed as it could not stand up
.

to normal underground treatment. For the second and third 

prototypes the liquid nitrogen holding time of the probe was 

increased to six hours, so eliminating the need to refill 

the - he underground.
if the probe of the fill system were pressurized with 

intermittent pressure release then there would always be the 

possibility that the pressure relief mechanism could ice up 

or fail otherwise and that vessels could rupture from 

pressure buildup. With an ambient pressure system the 

continuous boiling of the liquid nitrogen ensures that vents 

are continuously kept open so that ice cannot block the vent 

completely. Care must, however, still be exercised to keep 

water or ice out of the system during filling.

The small amount of liquid nitrogen required for 

operation thus need only be transferee! above ground, and



handling there has been simplified so as to reduce potential 

hazards to a minimum. During filling of the large storage 

container it will be necessary to observe the simple 

precautions normally taken when handling potentially 

hazardous liquids. Underground the liquid is contained at 

ambient pressure in a spillproof dewar which presents no 

potential hazard unless the vent is blocked deliberately.

13.a intrinsic safety for fiery mines 
The carbonaceous content of ores in some gold mines gives 

riw. to methane (firedamp) which can present a potential 

explosion hazard. For these fiery mines instruments must 

either be encased in explosion-proof boxes, or they must be 

intrinsically safe, i.e. during operation or malfunctioning 

the energy in any spark that may be generated by the 

instrument must be less than that required for ignition oi 

any methane-air mixture.
The armouring required for explosion-proof enclosures is 

incompatible with a lightweight, portable instrument, i he 

remaining s o l u t i o n ,  intrinsic safety, had not been 

implemented on a related type of instrument beiore and 

presented a number of problems that had to be resolved in 

the design as discussed below.
The high-voltage bias supply (1200 V) for the detector 

was located in the probe and not in the chest pack so that 

energy storage in cables to the detector could be kept to a 

minimum; all circuits were resistively current limited and 

fuse protected at the nickel-cadmium batteries so that even

short circuits could not produce energetic sparks; the 

incandescent sample light was specially enclosed to protect



it from external breakage. The possibility for tamoering 

with the instrument was limited.
Aluminium and titanium were strong contenders for the 

probe vessel. However» when these metals are struck on iron 

oxides, widely pr»sanL in v mine, the exothermic teaction 

can produce sparks and these metals were, therefore, avoided 

as structural materials. Cadmium also could not be used e.g.
■:-,X ,

on plated s crews. The fiery mine oroblem and corrosion 

problems underground made stainless steel the structural

metal of choice.
A'ter several consultations during the design stage the 

third prototyoe oortable analyzer was submitted to the 

Explosives Hazards Division of the South African Bureau of 

Standards where it was tested and found to comely with the 

standard for intrinsically safe electrical aooaratus (SABS, 

1977). Approval was obtained from the Government Mining 

Engineer to use this prototype underground in Grouo 1 

atmospheres, i.e. in die presence of firedamp.

13.3 Radiation safety 
approximately 4,6 GBq (125mCi) of Cd-109 in the gold 

analyser allow an acceptable measurement i ate for ore 

valuation of narrow reefj . The potential radiation and 

contamination hazards from such a source thus had to be 

analysed.
Operator safety was carefullly considered in the 

instrumental requirements from the initiation of the design. 

This demanded that the activity aho ld be used efficiently 

and as s afely as oossible. The following features 

contributed towards these objectives:



The source was designed to filter most of the unwanted 

22 keV silver K X-rays with only a small reduction in the 

useful 88 keV r a d i a t i o n .  A p roven stainless steel 

encapsulation was used, and the source and collimator were 

securely and protectively mounted in the probe front cover 

to p r e v e n t  d a m a g e  to or lo s s  of the s o u r c e .  A 

source-sample-detector geometry was developed which a1lowed 

a wide collimation angle for maximum use of the source, the 

close geometry enhancing the measurement of narrow reef 

bands. The detector size was made as large as resolution 

considerations permitted; the electronics were optimised to 

attain the highest practical rate of gold determination

particularly at marginal gold values.
The nature of the measurement, i.e. backscatter scanning 

t extended rough rock laces, is such that it is impossible 

to contain the raoiation within the system as can be done 

with a small sample which can be introduced into a systen. 

Reef scanning in situ requires good visibility around the 

probe head and as portable a probe as possible, ihe 

possibility of reducing the radiation by shie* 5ing was thus 

limited. The source is completely shielded to the rear and a , 

close fitting tungstei shutter contains most of the source 

radiation whenever the operational trigger is released. A 

shutter lock was provided to prevent accidental opening. A 

lignt shining (at the sample) in the same direction as the 

source serves as a radiation warning; this light is switched 

on as soon as the shutter is opened.
elaborate shutter systems had been contemplated, but it 

was realized that with this type of measurement a fail-safe



design is well-nigh Impossible and could only give a false 

sense of security. A small potential radiation hazard should 

be considered present under all operating conditions. It 

can, however, easily be ascertained that the shutter is not 

damaged and is functioning correctly and whenever this is 

done the operator can rest assured that he receives no 

significant radiation dose when the shutter is closed. When 

not in operation, the probe can be clipped onto the chest 

pack where a lead cap over th» source and shutter allows 

complete reliance on more than adequate shielding. Radiation 

warning lables are prominently displayed on the probe to 

discourage misuse or tampering.
Under normal operation the highest radiation dose rate 

would be received by the hand supporting the probe. In the 

first portable prototype the probe handle was near the front 

of the probe and the hand was shielded by a tantaidm loi3. 

In the second and third prototypes the handle was positioned 

under the centre of mass of the probe further back where the 

radiation intensity is less. The problem of accurately 

measuring dose rates close to low energy sources (<100 keV) 

is not simple and requires specialized equipment which was 

not available for this project. The radiation dose received 

by the hand c a n , however, be calculated from the blank 

backscatter spectrum shown in Figure 4.1 and the i>0 kilz 

count rate received by the detector under normal operatic « 

The absorbed dose rate may be calculated from

>g/Eraaxflux(photona/h.mm2) x E(Joules) x ~(mm2/kg) dt *y/h

if is the energy transfer coefficient for air (Davisson,



1968 pe«l>, division by 0,877 will adjust the values to the 
absorption response of human tissue. The total photon flux 
of 50 kHz falls on 1 7 6 m m 2 of unshadowed area of the 
detector, i.e. 1.02x10* photons/h.mm2. The flux of photons 
of energy between E and E ♦ A B may be calculated from the

spectrum on Figure 4#! ~
88 2

1,02x10 IeAE / I leAE photons/h.mm

Approximate numerical integration over all energies gave an

absorbed dose of 40yGy/h (4mrem/h).
for radiation calculations, at a nominal probe to

sample distance of 40mm, the source may be considered as
imaged 50mm behind the effective centre of mass of tne
.ample 10mm deep in the rock. i.e. 100mm in front of the
detector. The absorbed dose rate of 40uCy/h at 100mm may be
converted to any position behind the shielded source by the

inverse squire distance relationship.
The f i n g e r ,  on the probe handle are positioned

approximately 125mm behind the shielded source, and at that 
distance the dose rate is 40(100/225)2 " 7.9uGy/h. The dose 
limit (IAEA, 1967) for the hand of individual members of the 
public, ‘hat need not be registered as radiation workers, is 
75 milliCt.y per year (7,Sre-/y..r>. Under the most unlikely 
aituatlon -her. an operator were to pull the probe trigger 
continuously for 40 hour, per week. 52 weeks per year, the 
dose absorbed by hi. operating hand would be one fifth of 
the absorbed dose limit permissible for the public, if he 
ware registered a. a radiation worker the permissible limit 

would be still ten times higher.



The eyes cannot, normally, be closer than 300mm from the 

virtual position of the source in the rock opposite the 

probe, and at that distance the absorbed dose rate is 

4,5oGy/h. Since the permissible dose limit tor the eye is 

five times lower than that for the hand, regular exposure of 

the most sensitive organ relevant in this application also 

does not give rise tor the need to register the operator as

a radiation worker.
For d i r e c t  e x p o s u r e  to the 4,6 GBq (filtered, 

i.e.x0,03ti) Cd-109 sourc with the shutter open, the flux at 

im is

0,038 x 4,6x10* x 3600 / 4* * 5x10* 80 kev photons/h.m2

giving an absorbed dose rate of -

SxlO^^tphotons/h.m2) x 88x1,6x10 x 2,66x10 (m'/kg)

* 1,87 oGy/h (0,18mrem/h) at 1m
This rate has an inverse square distance relationship, tor 

example, at 100mm from the source the absorbed dose rate is

IdTp Gy/h.
It may be seen that continuous direct exposure close to 

the source may result in the permissible weekly absorbed 

dose being reached over a small part of the body within 

several hours. Operators of the instrument thus will be 

trained so that accidental direct exposure may be kept to a 

minimum. Notwithstanding the unlikelyhood of reaching the 

permissible absorbed dose >r non-radiation workers, it is 

envisaged that operators will be registered as radiation 

workers and that routine personnel monitor ing will be 

implemented.



From the above mentioned considerations it should be 

clear that all possible potential safety hazards have been 

adequately taken care of and are so small that they need not 

be of concern for general application of the gold analyser 

in the harsh mining environment.



14 KE JUL'i u Of Thii FLUu Rl u v u NC l ME i MUU

to test the f e a s i b i l i t y  ot. tne aeth«-a anu to test 

inattumentation, a series of measurements had to te carrier 

out underground. The first modular instrument was installed 

in a stope at Leslie Gclu rt-ne Ltd.. The first prototype 

por tuole analyzer was tried on a number ol paieli at 

.tar ievale Gold Mine Ltd. and in an experimental stope at 

dlyvooruitzicht Gold Mine L t u . Testing at tnis sit 

continued with tne secund and third prototype analyzers.

it.I leacurements at Leslie Gold_Mine Lt^.

14.1.1 Equipment 
ihe analyser consisted ot an electronic package connected to 

a portable measuring probe by a 13m cable.
The package comprised a modular three-channel pulee 

height analyser with pile-up rejector and constant voltage 

power supplies, mounted in a temperature-controlled box. The 

dox dimensions were approximately 0 ,6x0 ,6x1 ,2m ana weighed

about 100 kg.
Tne measuring probe consisted ot a luumdi vd-lv9 

radioisotope point source in a tungsten cup ot outside 

diameter 3mm mounted concentrically 3mm in front ot a lj i 

nyperpure Ge detector. The detector was cooled by liquid 

nitrogen he id in a portable two-litre omnidirectional 

cryostat. An analog ratemeter functioned as an effective 

distance meter. The probe was tripod mounted ana weigheu



aooroximately 11 kg w.ien full of liquii nitrogen.

14.1.2 Teat^site 
The teats were carried out in the western area of the nine 

in stooe 11A 23 Too on the two east oanels adjacent to

end-tioper track No.4.
Compared with sanoles from other Darts of the mine, the 

valtea of cnip samolea from the western area, as revealed by 

repeat sampling of orevious samolinq channels, indicate a 

much largev scatter. Even though the ratio of or ejected 

amoled area to orojected mined area of the reef in the 

western area was more than ten times greater than that for 

the rest of the mine, evaluation of the average grade of 

individual stooe facet, in the western area was more 

difficult than elsewhere in the mine.
In the test oanels a single reef-band was located easily 

at the contact between the light-coloured quartzite hanging 

wail and the dark shale fnotwall. The thickness of the 

reef-band varied from a few centimetres to virtually zero. 

The surface of the face was particularly rough across the 

contact where the measurements were made. 3teos of a few 

centimetres often occurred at the contact.
The stoplng width ranged from 350mm to 1m, the iio was 

approximately at an angle of 20°, and the temoerature 29 v 

dry-bulb.

14.1.3 Experimental 
The electronic oackage and mains suooly were installed in 

the end-tipper track for foil weeks. The orobe was filled 

daily with liquid nitrogen on surface.



At the beginning of each shift tests were male In the 

track for the oresence of methane; as a further orecaution a 
jet of compressed air was directed over the electronic 

package. The temperature controller was then switched on and 

the electronic calibration of the instrument was checked.
A continuous row of rectangles, 150mm wide and BOmm high 

(from 55mm above the contact down to 25mm into the shalet 

was m a r k e d  along the face by a sampling official, 

measurements were made centrally on both halves of each 

rectangle. The rectangles were afterwards chin sampled.
Coarse adjustments of the trlood for positioning the 

probe centrally in front of each half rectangle was rather 

difficult n  the stope, and usually required more time than 

that n-eded for the actual counting, fine adjustment to a 

precalibrated 40mm effective orobe-samole distance could,

however# be sisde within secondse
At convenient points, where a high gold value was found 

by the m e a s u r e m e n t s  referred to above, a tew estta 

measurement, were made to explore the spatial distribution 

of the gold in the region in which it was concentrated.
The distance resolution for the calibrated measuring 

g e o m e t r y  used was sufficient to show that vertical 

otstribution of gold was no more than 50mm. Abruot changes 

In concentration were observed over about 20mm in the 

direction normal to the face. This evolved from raoeat XRF 

measurement after "hip aamolinq.

14.1.4 gatails of-the_fluotescence_measutements

in the tests the probe was adjusted before each measurement 

to give a total count rate equal to that obtained when the



probe was 40mm from a smooth rock surface. It was calculated 

that at this distance the sample of solid rock from which 

more than 90% of the measured intensity was received was 

equivalent to a bowl-shaped mass 10cm in diameter and 2,5cm 

deep.
The instrument was initially calibrated by means oi 

powdered nomogeneous samples. The calibration was later

adjusted to the inhomogencous, layered structure of the
'

reef. It was later found that this adjustment had not been 

quite accurate, and that there h< ̂  been some residual bias. 

A more precise calioration factor for a layered structure 

still had to be determined.
it was realized that the thickness of the gold-bearing 

layer influences the calibration factor to some extent. In 

these tests tne tnic k n e s s  of tne visible reef was 

consistently less than 5umn«. it was estimated that any 

variation in thickness between 0 und SUnun could only nave 

resulteu in a shift in the calibration factor of less than 

about 7%.
Tne exposed reck face was measured at fixed positions 

or two counting periods of 100 seconds each. The counts 

analysed in each channel were displayed on tne elecronic 

package. The gold content expressed in terms of either g/t 

or cm.g/t could then be calculated directly from the 

readings.
The random counting error amounted to an almost constant 

ibsolute standard deviation of J7g/t or 140cm.g/t gold in 

eaca pair of analyses, because of this statistica. eiror, 

negative values for the gold content were sometimes obtained



at low concentr ions ( <25g/t or 200cm.g/t).
The coefficient of variation,, C V , i.e. the relative 

statistical error, vas inversely proportional to the gold 

concentration; the total random error in the fluorescence 

sampling and analysis of individual values below 1000cm.g/t 

was thus predominantly the linear 1 40cm.g/t standard 

deviation resulting from counting statistics.

14.1.5 Details o f chip sampling and analysis 

Chip smamples at the mine had a nominal standard height ~>f 

80mm and a nominal depth oi 20mm into the face. A nominal 

width of ISumm was chipped in the tests to permit comparison 

with flourescence measurements made at two adjacent points.

At the test site it was difficult to cut samples of the 

required size because of the transition from quartzite in 

the hangingwall to snale in the footwall. The chipping depth 

of individual samples was observed to vary from bmm to 60mm 

over the height oi the sample, while the mean height varied 

•tom 60 to 100mm and the mean width from 120 to 220mm. In 

other words the ratio of sample mass to projected area ot 

the gold-bearing part of the sample varied significantly, 

whicn does affect the evaluation when sampling a thin 

layered deposit. It would be extremely difficult to overcome 

variations of this kind in this par ticuloar area and the 

precision of the results obtained would be significantly

affected for this reason.
The time taken to chip a sample was approximately the 

same as the actual counting time (excluding set-up time) in

tne fluorescence measurement ot the same sample. Ihc chip 

samples were taken to the assaying department where they



were individually crushed, yround to -IbU/im and well mixed, 

duplicate fire assays tor yold on weiyned portions 01 the 

homogeneous sample agreed to within about lOcm.g/t.

14.1.b Comparison or XKF and cnip sample values
-

in Figure 14.1 tire assay values ot several contiguous 

groups ot individual chip samples are plotted; directly 

aoove these the corresponding t1uorescence values are shown, 

it will be o b s c r v e u  that there is, generally, goou 

correlation between the upper and lower patterns. Ihe means 

ot sample groups are given in 1 able 14.1, and the 

correlation coot t icicnts between X Rt and chip values in 

I'able 14. j, and the probability that tne coefficients could 

i .a v e  resulted from purely random fluctuation is evaluated 

using a transformation due to R.A.Fisher (uavics 1956). 

oroup means ana thrir standard deviations are shown in 

Figure 14.2.
ij?kle_14.JL Comparison of means o t XRF and chip samples 

oamulc group XKF Mean Chip Mean d

A 9,7 lU ,4 H

a 5 b 5b 19

C 77 93 10

D Jti 3d 23

L 57 09 27

F 120 luJ 19

u 4a 17,7 29

U 38 12 16

to ti 02,9 (y*bu) * 57,7 («* * 7 2 , /’) 136

F ana ;!•* 0 7,9 (f"04,9) 0d,j (•'*77 ,o ) lu7

* cr ■ standard deviation of mean
** Group v eliminated because the results ere suspect





idble 14 Correlation between XRt values

tiLher transt.
JdLI,

Null
Proba­
bility

-----

Individual samples 130 0,442 0,4 7

oroups A to H

uroups A - F and H*

fa u,911 If 35

7 0,95 1#83

0,002
0,001

* Group G eliminated because results were suspect
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200 400 600 800 1008 1200 
Chip sampling values (cm. g/i)

Fig. 14.2 Group means of fluoreecenos and ohip values



rk:is ita tis tict. auelysi* sho^s that the means of the 

results obtained from chip samoling and assaying agree very 

well with those obtained by the flourescence method. This 

holds true for corresponding results obtained from 

individual measurements as well as those from groups of

contiguous samples.
Once the close U n e a r  relationship between ':he XRF and

the chip values had been shown, estimates of the variation

in the underlying gold distribution and of the variation in

tne chip sampling method could be made, since the variation

in the XRF method was reasonably well known and small

because of the large numoer of repeat measurements done.
The coefficient of variation, i.e. relative standar

deviation cf measured values is made up of the coefficient

of variation of measuring, CV„, and that of the underlying

gold distribution, CVg , summed in quadrature:

CV2 - CV2 ♦ CV2
The XRF measurements have a C V 2 - (60/62,1) " 0,91

(excluding group G, CV2 - (64,9/67,9>2 - 0,91). The standard 
deviation of the XRF measurements, known from Poisson 

s t a t i s t i c s ,  is a p p r o x i m a t e l y  17g/t, which gives 

CV2 * (17/62,9)2 * 0t07 (* 0,06 excluding grouo G).
Thus CVg - VTTTST - 0.92 (-0,92 excluding grouo G) . It 

can t. raasonably a«»um»* that tot over 100 corresponding 

measurements the underlying CVq must have been very similar 

tor both the fluorescence and chip values. The measured Ohio 

values have CV2 • (12,7/57,7)2 - 1,5» (“1,28 excluding grouo 

0 ) i subtracting the CV2 found above leaves for the chto 

..moling plus assaying CV„ - V377T - 0,87 (-0,66 excluding



The derivation of the value of the CVm for chio sanding 

and assaying is insensitive to errors in the estimation of 

the CVm of the fluorescence measurement. It does, however, 

rely on the assumption of a similar value for CVg which 

becomes less accurate when fewer than about 100 samoles are 

compared.
These calculations show that the variation in the 

fluorescence method in these tests was much less than the 

variation in the chip samoling method for equal chioping and

measuring times.
The above cumoar ison may also be interoreted as 

indicating that for a soecific measuring orecision tnr 

fluorescence measurement was aooproximately ten times faster 

than the taking of chio samoles.
I I14.1.7 D iscussion 

The results from the site at Leslie Goid Mines Ltd. ha3 

enown that at that site it was feasible to oerform the 

in situ determination of gold on a stooe face by means of a 

gamma-ray fluorescence analyser, It was also found that, 

whereas a continuous samole along the face yields the true 

av e r f g u  value of the fac e , samoles taken over short 

distances every few metres may not give a true reflection of 

the value.
Whether the feasibility could be demonstrated at any 

other site was not certain. It was thought that in going to 
wider reefs or rock with better chioping characteristics the 

chip sampling precision could possibly imorove to a greater 

extent than the precision in the XRF measurements. The



observed ten-fold soeed advantage of the XRF measurement, 

wnen adjusting the measurement time to obtain the same 

precision as in chio samoli n g , would the be somewhat 

diminished but even for very wide reefs of much lower local 

concentration it was thought that there should still remain

some advantage.
While it had been shown at Leslie that the fluorescence 

method of measurement was feasible, it had not yet been 

shown that it was practical.
In the tests the overall measuring soeed, including 

positioning of the orobe, was far slower than the actual 

measuring soeed. To make the method oractical and thus 

attain the abovement toned soeed advantage over chio 

sampling, a far lighter and more robust instrument than was 

used in tnese tests had to be develooed. It was realised 

that the electronic package needed to be easily portable but 

the probe, in particular, had to be convenient for 

continuous, rapid hand scanning of the face. At that stage 

the development entailed largely an adaotion and integration 

of technology then available and did not aooear to present 

any fundamental difficulties.
The equipment used in these tests was for various 

reasons operated considerably below its maximum measuring 

speed. The experience gained in these tests led to several 

simple modifications in t e design of subsequent instruments 

which resulted in about an order of magnitude in increase in 

measuring soeed.
At that stage little was known as to what the octimun 

measuring speed should be. It was realized, however, that
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