
S A M M A  RAY FLUORESCENCE FOR I N  s i t u  e v a l u a t i o n  

OF ORE IN WITWATERSRAND GOLD MINES

R. ROLLE



GAMK .JW FLUORESCENCE FOR IN SITU EVALUATION OF 
ORE IN WITWATERSRAND GOLD MINES

R a i n e r  R o l l e

A T h e s i s  Subm i t t ed  t o  t h e  F a c u l t y  o f  S c i e n c e  
U n i v e r s i t y  o f  t h e  W i t w a t e r s r a n d , Jo h a n n e s b u r g  
f o r  t h e  Degree  o f  Doctor  o f  P h i l o s o p h y

Jo h a n n e s b u r g  1979



11

ABSTRACT

A s y s t e m  t o r  q u a n t i t a t i v e  i n  s i t u  e v a l u a t i o n  o l  o r e  i n  

• t i t w a t e r s r a n u  g o l d  L i n e s  w£.s r e s e a r  c n c d  and s u b s e q u e n t l y  

de v e l o p ed .

ino p r i n c i p l e  o t  measurement  i s  ba sed  on t ne  e x c i t a t i o n  

o l  g o l d  l» X - r a y s  i n  r o c k  r a c e  s a m p l e s  by t n e  8ti HeV gamma 

r a d i a t i o n  f rom a Cadmiurn-109 r a d i o i s o t o p e  s o u r c e . The X- r a ys  

ana s c a t t e r e d  r a d i a t i o n  Lrom the  rock  m a t r i x  a r e  d e t e c t e d  t y  

a hype r  p u r e  germanium d e t e c t o r  c o o l e d  by l i q u i d  n i t r c g e n  in 

a p o r t a b l e  p r o b e .  In  t he  f l u o r e s c e n c e  s p e c t r um  tne  i n t e n s i t y  

r a t i o  0 1  t h e  g o l d  Kp  p e a k s  t o  t h e i r  i m m e d i a t e  s c a t t e r e d  

b a c k g r o u n d  i s  e v a l u a t e ^  anu q u a n t i t a t i v e l y  c o n v e r t e d  i n  t he  

p o r t a b l e  a n a l y s e r  t o  a r e a  c o n c e n t r a t i o n  u n i t s .

Al l  a s p e c t s  o t  t h e  p h y s i c a l  and i n s t r u m e n t a l  measurement  

na d  t o  be i n v e s t i g a t e d  t o  a r r i v e  a t  a s y s t e m  c a p a b l e  o t  

q u a n t i t a t i v e  e v a l u a t i o n  o t  t r a c e  c o n c e n t r a t i o n s  i n  s t o p e  

l a c e  o r e  s a m p le s .  The p a r a m e t e r s  ol  e f f i c i e n c y  o t  e x c i t a t i o n  

o t  t h e  g o l d  K X - r a y s , and t h e  e n e r g y  d i s t r i b u t i o n  a f t e r  

s c a t t e r i n g  f ro m t h e  r o c k  m a t r i x  a t  d i f f e r e n t  a n g l e s  were 

i n v e s t i g a t e d  f r o m  b a s i c  p r i n c i p l e s  t o  d e t e r m i n e  an optimum 

s o u r c e - s a m p l e - a e t c c t o r  g e o m e t r y  w h i c h  w o u l d  a l l o w  

q u a n t i t a t i v e  e v a l u a t i o n  o t  homogeneous o r e  c o n c e n t r a t i o n s ,  

t o r  e d g e d - o n  m e a s u r e m e n t  o t  r o u g h - s u r f a c e d  t h i n  l a y e r  

d e p o s i t s  a m e t h o d  0 1  c o n t r o l l i n g  t h e  measurement  geome try  

t h rough  r a t e m e t e r  f e e dback  was d e v e l o p e d  t o  a l l o w  c o n v e r s i o n  

u£ mass c o n c e n t r a t i o n  v a l u e s  t o  u n i t s  of  a r e a  c o n c e n t r a t i o n .
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Tne 03ca n e t <2cs o f  goect c  un e v a l u a t i o n  were i n v e s t i g a t e d  Ero^n 

f u n i a n a n t a l  or  i n c i o l e s  t o  a l l o w  qua t i t a t i v e  a s s e s s men t  o f  

j i f f e f e n t  methods o f  oeak e v a l u a t i o n  f o r  o p t i m i z a t i o n  of  t h e  

m e t h o d  a s  a w h o l e ,  . 'he b a s i c  c o n c e p t s  o f  random s i g n a l  

o r o c e s s i n g  t i m e s  we re  d ev e l o p ed  t o g e t h e r  w i th  new c o n c e n t s  

of  o i l e u o  o a r a m e t e r s  t o  a l l o w  a q u a n t i t a t i v e  d e s c r i o t i o n  o f  

t n e  d a t a  a c q u i s i t i o n  r a t e  o f  a c o m o l e t e  a n a l o g  o u l s e

o r o c e s s i n g  sys tem.

r f i t n  t h i s  f o u n d a t i o n  a p r a c t i c a l  measur ing  geomet ry  and 

oo t imum v a l u e s  f o r  s i g n a l  o r o c e s s i n g  t ime o a r a m e t e r s ,  f o r  

d e t e c t o r  s i z e  and  f o r  d i s c r i m i n a t o r  p o s i t i o n s  f o r  soec t rum 

e v a l u a t i o n  c o u ld  be d e t e r m i n e d .

P a r a l l e l  w i t h  t h e  d e r i v a t i o n  o f  oot imum m e a s u r e m e n t  

p a r a m e t e r s  went  t he  deve looment  o f  i n s t r u m e n t s ,  t h e i r  f i e l l  

t e s t i n g  and a o o r a i s a l  o f  t h e  method.  The unde rground  r e s u l t s  

o b t a i n e d  w i t h  o r o t o t y o e  v e r s i o n s  o f  t h e  gamma r a y  

f l u o r e s c e n c e  a n a l y s e r  were i n  a l l  i n s t a n c e s  found t o  have a 

h i g h l y  s i g n i f i c a n t  c o r r e l a t i o n  w i t h  t h o s e  o b t a i n e d  from t h e  

same l o c a t i o n s  by c o n v e n t i o n a l  c h i o  o r  b u l k  s am p l in g  and 

f i r e  a s s a y .

The developmen t  o f  t h e  gamma r a v  f l u o r e s c e n c e  method ha s  

shown  t h e  p o t e n t i a l  o f  t h e  m e t h o d  t o  s e r v e  a s  an o r e  

v a l u a t i o n  t o o l  and t o  a s s i s t  i n  t h e  g e o l o g i c a l  i d e n t i f i c a i o n  

o f  s t r a t a  in W i t w a t e r s r a n d  g o l d  mines .
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INTRODUCTION

h .  W l t w . t e c s t . n d  , . c l o , i c . l  By = » -  ^ n t . i n s  t h e  w o r l d ' ,  

. c e . t  known d e p o s i t ,  o f  g o l d  . n d  I t  t h u .  p l . y .  .  " d o ,  

o l .  In  t h e  e c o n o m y  of  t h e  R e p u b l i c  o f  Sou th  A f r i c .  By t he  

tnd of  1975 g o l d  h . d  a c c o u n t e d  f o r  a p p r o x i m a t e l y  »6 p e r c e n t  

t h .  t o t a l  v a lu e  o f  m i n e r a l  p r o d u c t ,  o f  t h e  c o u n t r y  from

I t .  e a r l i e s t  mining a c t i v i t i e s  ( C o e t . e e ,  1976) .

The  d e p l e t i o n  o f  o r e  r e s e r v e ,  a  no e v e r  i n c r e a . m g  

p r o d u c t i o n  c o . t .  h a v e  f o c u s s e d  a t t e n t i o n  u p o n  t h e  

p r o f i t a b i l i t y  o f  . 1 1  a . p e c t .  o f  g o l d  m in i n g .  One o f  t h e s e ,  

o r ,  v a l u a t i o n ,  p l a y ,  a "  i " P ° r t . n t  ‘ o l e  i n  t h l . .  The g r e a t  

m a g n i t u d e  a n d  t h e  e x c e p t i o n a l  c o n t i n u i t y  o f  t h e  

W l t v a t e r s r a n d  o r .  b o d y  m a k e  i n _ J L i t u  e v a l u a t i o n  o f  

u n d e r g r o u n d  o r .  d e p o s i t ,  f e a s i b l e ,  a t  t h e  l o w  

c o n c e n t r a t i o n ,  g e n e r a l l y  e n c o u n t e r e d  e v a l u a t i o n  f rom 

w i t h o u t  t h .  deep  o r e  d e p o s i t ,  w o u ld  n o t  a l l o w  anywhere  nea r

a s  h i gh  a p r e c i s i o n  o f  o r e  v a l u a t i o n .

T h .  a v e r a g e  mining d e p t h  i s  a p p r o x i m a t e l y  1 ,6  km below

s u r f a c e ,  a p p r o x i m a t e l y  ZS „ t  o f  o r .  a r e  t r e a t e d  a n n u a l l y  

. n d  t h e  a v e r a g e  g r a d ,  o f  t h e  o r .  t r e a t e d  i s  a p p r o x i m a t e l y  

1 0 g / t  (10 p a r t s  p a r  m i l l i o n ) .

1 . 1  Ot t h a  wi twa t e r s t a n d  g o l d  d e p o s i t

T h .  W i t w u t e r s r e n d  g o l d  o r e .  w e r e  s t r . t l g r . p h l c . l l y  

d e p o s i t e d  i n  P c . c . m b r l . n  t i m e ,  i n  s u c c e s s i v e  c y c l e ,  o f  

. . . ( m e n t a t i o n ,  w i t h  e a c h  c y c l e  c o n s t i t u t e d  by a varying
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number o f  p u l s e s  of  d i f f e r e n t  i n t e n s i t y  and c h a r a c t e r .

At  p r e s e n t  g e o l o g i c a l  t i m e s ,  t h e  p l a n e s  c i  t h e s e  

t a b u l a r  d e p o s i t s  a r e  o f t e n  a lm o s t  h o r i z o n t a l ,  t hough t hey  

may be i n c l i n e d  a t  any  a n g l e  up t o  t h e  v e r t i c a l  and t hey  

h a v e  v a r y i n g  d e g r e e s  o f  u n d u l a t i o n  and f a u l t i n g .  Abou t  

s i x t y  p e r  c e n t  o f  a l l  g o l d  o r e  i s  m in e d  by e x p l o s i v e  

m e t h o d s  a t  a s t o p i n g  ( t a b u l a r  e x c a v a t i o n )  w i d t h  of  l e s s  

t h a n  o n e  m e t r e  a nd  t h e  i m p o r t a n t  h e a v y  m e t a l  b e a r i n g  

c o n g l o m e r a t e  i n  t h e s e  h a s  a l a y e r  t h i c k n e s s  o r  r e e f  w id th

of. l e s s  t h a n  200mm.

The g o l d  b e a r i n g  r e e f s  a r e  c o m p o s e d  o f  a v a r i e t y  of

q u a r t z  p e b b l e s  i n  a m a t r i x  c o n s i s t i n g  p r e d o m i n a n t l y  of 

q u a r t z  o f  s a n d  s i z e ,  w i t h  v a r y i n g  a m o u n t s  o f  p y r i t e  and 

o t h e r  s u l p h i d e s  and some h e a v y  m i n e r a l s .  The o r e  d e n s i t y  

a v e r a g e s  2 , 7 6 t / m 3 . C a r b o n  i s  n o t a b l e  i n  some  of  t h e  

c o n g l o m e r a t e - , .  The  g o l d  o c c u r s  i n  t h e  f«.. fl o f  h i g h l y  

i r r e g u l a r  p a r t i c l e s  r an g in g  from 0 ,0 0 5  ' 0,5m. a c r o i s .  The

s i l v e r  c o n t e n t  of  t h e  m e t a l l i c  p a r t i c  , v a r i e s  g r e a t l y  -  

f r o m  l e s s  t h a n  4 p e r  c e n t  t o  m o r e  t h a n  32 p e r  c e n t .

( C c e t z e e ,  19 76 ) .

The c o n c e n t r a t i o n  of  g o l d  i s  a t  t r a c e  l e v e l s ,  t he  g o l d

i s  t h u s  s e l d o m  v i s i b l e  t o  t h e  n a k e d  e y e  a n d  o t h e r  

g e o l o g i c a l  f e a t u r e s  commonly h a v e  t o  be  r e l i e d  upon fo r  

i d e n t i f i c a t i o n .  The m o s t  p r o m in e n t  i n d i c a t o r  i s  u s u a l l y  a 

r e e f  baud  o f  p e b b l e  c o n g l o m e r a t e ;  some t imes  a c a r bo n  band 

o r  t h e  s e p a r a t i o n  of  two g e o l o g i c a l  l a y e r s ,  e . g .  q u a r t z  and 

s h a l e ,  s e r v e  a s  v i s u a l  i d e n t i f i c a t i o n .  These  f e a t u r e s  a r e  

o t t e n  n o t  d i s t i n c t  and  i t  i s  i m p o r t a n t  t o  r e a l i z e  t h a t  

a l t h o u g h  t h e y  a r e  c o r r e l a t e d  w i t h  t h e  g o l d  c o n c e n t r a t i o n ,



t h e  c o r r e l a t i o n  i s  p o o r . D i s c o n t i n u i t i e s  i n  t he  f e a t u r e s  

and g e o l o g i c a l  f a u l t i n g  and u n d u l a t i o n  augment  t he  i n  s i t u  

p r o b l e m  o f  f o l l o w i n g  t h e  g o l d  c o n t a i n i n g  l a y e r ,  and i t  i s  

n o t  uncommon t h a t  some min ing  i s  c a r r i e d  o u t  on c o m p l e t e l y  

t h e  wrong h o r i z o n s ,  m i s t a k e s  w h i c h  c a n  be  r a t h e r  c o s t l y  

p a r t i c u l a r l y  s i n c e  t h e  p a y a b l e  h o r i z o n s  m i s s e d  may have 

become unmineabl e  t h rough  t h i s  o p e r a t i o n .

Uran ium i s  o f t e n  a s s o c i a t e d  w i t h  t h e  go l d  o r e s  and t he  

r a d i a t i o n  f rom i t s  d e c a y  p r o d u c t s  i s  somet imes  used a s  a 

m e a s u r a b l e  i n d i c a t o r  o f  t h e  g o l d  c o n t e n t ,  b u t  t h e  

c o r r e l a t i o n  i s  o n l y  m e d i u m  t o  p o o r  a n d  u r a n i u m  o r  

r a d i o a c t i v i t y  c a n n o t  be r e l i e d  upon a s  p r i m a r y  i n d i c a t o r  

f o r  go ld  w i t h o u t  c o n t i n u e d  v e r i f i c a t i o n  of  t h e  c o r r e l a t i o n .

1 .2  Ore v a l u a t i o n 

O r e  v a l u a t i o n  e n t a i l s  s a m p l i n g  o f  t h e  o r e  b o d y ,  

d e t e r m i n a t i o n  o f  t h e  m i n e r a l  c o n t e n t  o f  t he  s a m p l e s ,  t h e s e  

two p r o c e s s e s  b e i n g  r e f e r r e d  t o  a s  e v a l u a t i o n  of  t h e  o r e , 

and  a s s e s s m e n t  o f  t he  r e s u l t s  t o  a l l o w  mining  d e c i s i o n s  t o  

be  m a d e . In  t h e  v a l u a t i o n  o f  t h r e e  d i m e n s i o n a l  d e p o s i t s  

o n l y  t h e  p o s i t i o n ,  mas s  and mass c o n c e n t r a t i o n  of  s amp le s  

i s  r e q u i r e d .  E v a l u a t i o n  o f  s a m p l e s  o f  t h i n  t a b u l a r  

d e p o s i t s ,  h o w e v e r ,  e n t a i l s  t h e  d e t e r m i n a t i o n  o f  mass  o f  

m i n e r a l  p e r  u n i t  a r e a .  The d i m e n s i o n s  o f  e ach  sample  t hu s  

need t o  be known so  t h a t  t h e  mass c o n c e n t r a t i o n s  d e t e r m i n e d  

i n  t h e  a s s a y  may be c o n v e r t e d  t o  t h e  a r e a  c o n c e n t r a t i o n .

The c o n v e n t i o n a l  method o f  s a m p l i n g  ( S t o r r a r ,  1977) in  

t h e  go ld  mining i n d u s t r y  h a s  been  c h i p  s a m p l i n g .  At  r e g u l a r  

i n t e r v a l s  o i  3 t o  10 m e t r e s  i n  s t o p e s ,  and  a t  s h o r t e r  

i n t e r v a l s  i n  de ve lopme n t  e n d s ,  d e l i n e a t i n g  b l o c k s ,  t he  rock
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f a c e  ( w a l l )  i s  w a s t e d  and d r e s s e d ,  i . e .  c l e a r e d  of  loos® 

o i e c e s  o f  r o c k  and  l a r g e  s t e o s , and t h e  o u t l i n e  o f  t h e  

s a m o l e  t o  oe  c h i o p e d  i s  m e a s u r e d  a n d  m a r k e d  o f f  wi t h  

c r a / o n .  A g r o o v e  n o m i n a l l y  25mm or  so  deep  and abou t  73 t o  

100mm o r  150mm b r o a d  i s  c h i o o e d  w i t h  hammer and c h i s e l  

a c r o s s  t n e  m i n e r a l i s e d  zone ,  f o r  na r row  r e e f s  o n l y  a s i n g l e  

s a m p l e  o f  s p e c i f i e d  w i d t h  ( h e i g h t )  80mm, 100mm o r  159mm 

n o r m a l  t o  t h e  r e e f  p l a n e  i s  c u t  i f  n o n - m i n e r a l i z e d  rock  can 

be i n c l u d e d  i n  t n e  u p p e r  and  l o w e r  p a r t s  o f  t h e  s a m p l e ,  

o t h e r w i s e  t h e  g r o o v e  i s  l e n g t h e n e d  t o  p r o v i d e  s e v e r a l  

s a m o l e s . Be tween  0 , 5  t o  2 kg o f  c h i p p i n g s  a r e  c au gh t  i n  a 

pan  b e lo w  t h e  samnic b e in g  t a k e r .  A ru bb e r  guard  or  a o i e c e  

of  c l o t h  wound a round  t h e  c h i s e l  ne a r  i t s  p o i n t  r e d u c e s  t h e  

number o f  r ock  c h i p s  f l y i n g  o f f .

G r o o v e  s a m p l e s  a c r o s s  t a b u l a r  d e o o s i t s ,  a s  f a r  a s  

p o s s i b l e  s h o u l d  be  o f  even  d e o t h ,  and r e c t a n g u l a r  in shaoe  

w i t h  s o l i d  s q u a r e  c o r n e r s  t o  a l l o w  s i m p l e  c o n v e r s i o n  of  

m a s s -  t o  a r e a  c o n c e n t r a t i o n s .  The q u a r t  s i t e s  g e n e r a l l y  

e n c o u n t e r e d  i n  t h e  i l l  t w a t e r  e r a  nd g o l d  m in e s  make t h i s  

r a t h e r  d i f f i c u l t  i n  m a n u a l  s a m p l i n g  and uneven f r i a b i l i t y  

a c r o s s  t n e  m i n e r a l i s e d  zone c an  r e a d i l y  i n t r o d u c e  s a m o l i n i  

b i a s .  M e c h a n i c a l  s a m p l in g  w i t h  diamond wheel  c u t t e r s  o f f e r s  

o n l y  s l i g h t  i m p r o v e m e n t  a t  h i g h e r  c o s t  and  i n c o n v e n i e n c e  

and,  t h e r e f o r e ,  ha s  l i m i t e d  a p p l i c a t i o n .

The h i g h l y  e r r a t i c  d e p o s i t i o n  o f  g o l d  and t h e  o v e r a l l  

low v a l u e s  c a l l  f o r  t h e  a r e a  s am p l i ng  r a t i o ,  i . e .  t h e  

t o t a l  p r o j e c t e d  a r e a  o f  t h e  samp le s  t o  t h a t  o f  t h e  o r e  

body,  t o  be a s  l a r g e  a s  p o s s i b l e , and f o r  t h e  samples  

t o  be r e p r e s e n t a t i v e l y  d i s t r i b u t e d  t h r o u g h o u t  t h e  o r e  

body.  The a r e a  s a m p l in g  r a t i o  and t h e  d i s t r i b u t i o n  o f



a o l d  v a l u e s  d e t e r m i n e  t h e  p r e c i s i o n  w i t h  which t h e  v a l u e  o f  

a s t a n d a r d  s i z e  o r e  body t h a t b a s  been  mined ,  or  o f  one t h a t  

i s  t o  be m i n e d ,  may be a s s e s s e d .  In  s t o p e  and deve lopmen t  

end c h i p  s ampl ing  u s u a l l y  an a r e a  r a t i o  o f  l e s s  t h an  0 ,0001  

o f  t h e  a r e a  m in e d  i s  r e p r e s e n t a t i v e l y  samp led .  A s t a n d a r d  

s i z e  o r e  body h a s  n o t  y e t  been  s t i p u l a t e d  and t he  r e q u i r e d  

p r e c i s i o n  o f  v a l u a t i o n  f o r  t h i s  s t a n d a r d  s i z e  f o r  min ing  

d e c i s i o n s  f r e q u e n t l y  e n c o u n t e r e d  s t i l l  have t o  e v o l v e ;  t h e  

p r e c i s i o n  o f  v a l u a t i o n  c a n  t h e n  be  r e l a t e d  t o  any s i z e  o f  

o r e  body.

Tht  m a i n  u s e  o f  o r e  v a l u a t i o n  f r om  c h i p  sampl ing  h a s  

b e e n  f o r  c o n t r o l  o f  t h e  g r a d e  o f  o r e  mined and t o  p r o v i d e  

e s t i m a t i o n  o f  f u t u r e  o r e  r e s e r v e s .  Many min ing  d e c i s i o n s  a t  

p r e s e n t  made on a n  a r b i t r a r y  b a s i s  c o u l d  b e n e f i t  g r e a t l y  

f r om on i m p r o v e d  p r e c i s i o n  i n  o r e  v a l u a t i o n .  The maximun 

b e n e f i * .  ( o f  o r e  v a l u a t i o n )  i s  o b t a i n e d  f rom low g r a d e  

a r e a s  a s  t h e y  become p a y a b l e  a nd  t h e  m i n i n g  o f  a r e a s  i s  

t e r m i n a t e d  a s  soon a s  p o s s i b l e  a f t e r  t h e y  become unpay ab l e  

( J o h n s t o n ,  1 9 7 3 ) .  T h e  I m p e n d i n g  i n t r o d u c t i o n  o f  

m e c h a n i s a t i o n  i n t o  t h e  g o l d  m i n e s  w i l l  r e q u i r e  much more 

c o n c e n t r a t e d  m i n i n g  f o r  e f f i c i e n t  u s e  o f  t h e  c o s t l y  

e q u i p m e n t .  T h i s  w i l l  r e q u i r e  a  h i g h e r  p r e c i s i o n  o f  

v a l u a t i o n  o f  o r e  b o d i e s  o f  t h e  s m a l l e s t  s i z e s  amenable  t o  

s e l e c t .  “ m i n i n g .  A h i g h e r  p r e c i s i o n  c a n  be  a t t a i n e d  

t h r o u g h  »>£t t e r  s a m p l i n g  c o n t i n u i t y  and  a h i g h e r  a r e a  

sampl ing  r . t l o  u s u a l l y  a t  i n c r e a s e d  c o s t .

O t h e r  m e t h o d s  o f  u n d e r g r o u n d  s a m p l i n g  h a v e  b e e n  

emp loy ed  u n d e r  p a r t i c u l a r  s i t u a t i o n s  t o  r ed uc e  v a l u a t i o n  

c o s t s  w i t h  v a r y i n g  d e g r e e s  o f  s u c c e s s .  G ra b  s a m p l i n g  of
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broken o r e  i s  used  i n  some mines ,  o f t e n  i n  c o n l u n c t i o n  w i th  

c h i p  s a m p l i n g ,  f o r  c o n t r o l  o f  t h e  g r a d e  o f  o r e  mined .  For 

o r e  v a l u a t i o n  t h e  a v e r a g e  s t o p i n g  w id t h  of  t h e  a r e a  cove red  

by a b r o k e n  o r e  s a m p l e  c o l l e c t i o n  p o i n t  ne ed s  t o  be known 

t o  a l l o w  c o n v e r s i o n  o f  mas s  t o  a r e a  c o n c e n t r a t i o n .  For 

n a r ro w  r e e f s  a b r o k e n  o r e  s a m p l e  o f  10 kg r e p r e s e n t s  an 

a r e a  o f  t h e  o r e  body  s i m i l a r  t o  t h a t  o f  a c h i p  sample  o f  

t h e  o r d e r  o f  1 k g .  I t  a p p e a r s  t h a t  e v e n  i f  t h e  a r e a  

sampl ing r a t i o  o f  t h e  o r e  body sampled  i s  l e s s  t h a n  in  c h i p  

s a m p l i n g ,  t h e  h i g h e r  c o n t i n u i t y  f e a s i b l e  i n  b r o k e n  o r e  

s a m p l i n g  t h r o u g h  r e d u c e d  a c q u i s i t i o n  c o s t s  a l l o w s  b e t t e r  

r e p r e s e n t a t i o n  o f  t h e  p a r e n t  o r e  body and t h u s  improvement  

i n  v a l u a t i o n  p r e c i s i o n  i n  some m i n i n g  a r e a s  ( C h e l i u s ,  

1 9 7 3 ) .  A l i m i t a t i o n  o f  b r o k e n  o r e  s a m p l i n g  i s  t h a t  t n e  

s m a l l e s t  s i z e  o f  o r e  body t h a t  may be v a l u e d  f o r  s e l e c t i v e  

m i n i n g  i s  o f  t h e  o r d e r  o f  t h e  t o t a l  a r e a  c o v e r e d  by a 

sample c o l l e c t i o n  p o i n t ,  i . e .  u s u a l l y  one  o r  more s t o p e s .

S p e c i a l  b u l k  s t a p l i n g ,  where 1001 o f  t h e  o r e  o f  a s m a l l  

s r e a  o f  an  o r e  body i s  e x t r a c t e d  and  p u t  t h r o u g h  a sampl ing  

p l a n t ,  n a s  b e e n  u s e d  t o  o b t a i n  i n f o r m a t i o n  f o r  co mp a r i so n  

w i t h  r o u t i n e  s a m p l i n g  r e s u l t s  ( i l a l l b a u e r ,  1 9 7 7 ) ,  bu t  t h i s  

method  p r e c l u d e s  good s a mp l ing  c o n t i n u i t y  f o r  e x t e n d e d  o r e

b o d i e s .
The o r e  s a m p le s  f rom un d e rg ro und  a r e  f e d  t o  a s m a l l  jaw 

c r u s h e r  and  r e d u c e d  t o  a c e r t a i n  s i z e .  The s amp le  i s  t h en  

d i v i d e d  t o  r e d u c e  t h e  amount  and f e d  t o  a p u l v e r i z e r  where 

i t  i s  r e d u c e d  t o  100% - 7 4 Pm. F i f t e e n  t o  s i x t y  g r a m s  o f  

sample i s  p l a c e d  i n  a f i r e - c l a y  c r u c i b l e  and 80-90g of  f l u x  

( L i t h a r g e  30%, Sodium c a r b o n a t e  45%, Borax 25%, Maize meal
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2 g ) i s  a d d e d .  The  c r u c i b l e  i s  p l a c e d  i n  a r e v e r b e t a t o r y  

f u r n a c e  a t  1100°C,  where t h e  g o l d  c o l l e c t s  i n  a l e a d  bead .  

The c o n t e n t s  a r e  t . . ” ' p ou r ed  i n t o  a mould and c o o l e d .  The 

l e a d  bead i s  removed and hammered i n t o  a cube and p l a c e d  in  

a c u p e l  i n  a m u f f l e  f u r n a c e .  A f t e r  a b o u t  h a l f  an hour  t he  

l e a d  h a s  b e e n  a b s o r b e d  and e v a p o r a t e d  and t h e  c u p e l  i s  

r em ov ed .  The A u / \ g  b e a d  i s  we ighed and t he  mass r e c o r d e d .  

An a v e t  ag e  c o r r e c t i o n  i s  n o r m a l l y  a p p l i e d  f o r  t h e  s i l v e r  

c o n t e n t ,  t h e  a v e r a g e  b e i n g  ch ecked  p e r i o d i c a l l y .  A l t hou gh  

l o s s e s  i n  t h e  f u r n a c e s  and d u r i n g  c u p e l l a t i o n  c a n  caus e  

e r r o r s  (Wall  e t  a l . , 1 9 7 3 ) ,  t h e s e  e r r o r s  a r e  n o t  s e r i o u s  i n  

t h e  e v a l u a t i o n  o f  o r e s  a s  s a m p l i n g  e r r o r s  a r e  d o m in a n t ;  

t h e y  c a n ,  h o w e v e r ,  be i m p o r t a n t  i n  t h e  a s ^ y i n g  of  much 

lower c o n c e n t r a t i o n  s am p le s  such a s  f rom t a i l i n g s .

U s u a l l y  t h e  s a m p l e  r e s u l t s  a r e  c o m b i n e d  t o  o b t a i n  

a v e r a g e s  f o r  v a l u a t i o n  o f  s t r e t c h e s  o f  o r e  f o r  g r a d e

c o n t r o l  and o r e  r e s e r v e  c a l c u l a t i o n s .

Im pr ov ed  g e o s t a t i s t i c a l  m e t h o d s  o f  v a l u a t i o n ,  d a t i n g  

f r o m  t h e  1 9 5 0 ' s ( r e v i e w e d  by K r i g e ,  1 9 6 4 ) ,  have  more  

r e c e n t l y  been  a p p l i e d  a t  a number o f  g o l d  mines  t o  c o n t r o l  

t he  q u a l i t y  o f  r o u t i n e  s amp l ing  and a s s a y i n g  and t o  p r o v i d e  

r e a l i s t i c  c o n f i d e n c e  l i m i t s  i n  t h e  o r e  v a l u a t i o n  of any

s i z e  o f  o r e  body.

The  g e o e t a t l e t l c a l  m e t h o d s  a t e  c o n t i n u o u s l y  b e i n g  

I m p r o v e d  and I t  may be  e x p e c t e d  t h a t  t h e  a r e a  s a m p l i n g  

r a t i o .  I n s t e a d  o f  b e i n g  a s t i p u l a t e d  v a l u e  f o r  a l a r g e  

s e c t i o n  o f  a  m i n e ,  w i l l  be  a b l e  t o  be d e t e r m i n e d  on  a 

p r e c i s e  c o s t  b e n e f i t  b a s i s  a c c o r d  ng t o  t h e  u s e s  of  t h e  

v a l u a t i o n  and t o  t h e  g o l d  d i s t r i b u t i o n s  e n c o u n t e r e d .
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1 .3  A l t e r n a t i v e  methods  of  e v a l u a t i o n  of  o r e #

The d i s a d v a n t a g e s  o f  t h e  c o n v e n t i o n a l  method o f  e v a l u a t i o n ,  

whe v samples  c l e c t e d  un d e rg ro u nd  a r e  a sbayed  on s u r f a c e ,  

a r e  t he  d i f f i c u l t y  o f  u n b i a s e d  c h i p p i n g  of  s amp le s  f rom t h e  

n a r r o w  s t o p e  f a c e s , t h e  t r a n s p o r t a t i o n  o f  t h e  s a m p le s  t o  

s u r f a c e  and t h e  d e l a y  f rom the  t ime  of  c h i p p i n g  u n t i l  t h e  

r e s u l t s  a r e  a v a i l a b l e .  O nc e  i n  t h e  l a b o r a t o r y  t h e  

c o n c e n t r a t i o n  o f  t h e  s a m p l e s  c a n  e a s i l y  be d e t e r m i n e d  by 

f i r e  a s s ay  t o  h igh  a c c u r a c y  and p r e c i s i o n .

A l t e r n a t i v e  l a b o r a t o r y  m e t h o d s  o f  measu r ing  t h e  g o l d  

c o n t e n t ,  such  a s  c o n v e n t i o n a l  X- r ay  f l u o r e s c e n c e  a n a l y s i s ,  

r a d i o i s o t o p i c  X - r a y  f l u o r e s c e n c e  a n a l y s i s  (Bur k h a 1 t e r  

e t  a l , , 1 9 7 0 ) ,  i n s t r u m e n t a l  n e u t r o n  a c t i v a t i o n  a n a l y s i s  

Uken e t  a l . . 1966)  and  a c i d  l e a c h i n g , s o l v e n t  e x t r a c t i o n  

w i t h  a tomic  a b s o r p t i o n  s p e c t r o m e t r y  (Groenewald ,  1969) have  

b e e n  i n v e s t i g a t e d  and  we re  found t o  o f f e r  some a d v a n t a g e s  

ove r  f i r e  a s s a y i n g .  « o w e v e r , t o  r e d u c e  t h e  samp l ing  p rob l em 

in  s i t u  methods of  e v a l u a t i o n  of  o r e  were  c o n s i d e r e d .

Of t h e  c h e m i c a l  m e t h o d s  c h r o m a t o g r a p h i c  p a i n t  

( H a l l b a u e r  , 1 9 7 3 ) w a s  s h o w n  t o  b e  u s e f u l  i n  so m e

q u a l i t a t i v e  i n v e s t i g a t i o n s  and  w h i l e  i n  s i t u  c h e m i c a l  

l e a c h i n g  o r  c y a n i d a t i o n  (Lloyd e t  , ,  1969) a l s o  ha s  some 

p o t e n t i a l , i t  i s  p r o b a b l y  t o o  t i m e  c o n s u m i n g  f o r  t h i s  

a p p l i c a t i o n .

I n s t r u m e n t a l  m e t h o d s  f o r  q u a n t i t a t i v e  measu rement  o f  

t h e  g o l d  c o n t e n t  d i r e c t l y  on u n p r e p a r e d  s t o p e  f a c e s  were  

i n v e s t i g a t e d .  A l t h o u g h  d i s p e n s i n g  w i t h  a r d u o u s  s a m p l e  

e x t r a c t i o n  and w i th  p r e p a r a t i o n  of  t h e  sample  may seem ve ry  

a t t r a c t i v e ,  t h e s e  m e t h o d s  f a c e  t h e  p r o b l e m  o f  d i r e c t
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p h y s i c a l  m e a s u r e m e n t  o t  t r a c e  c o n c e n t r a t i o n s  o f  g o l d  

w i t h o u t  an y  f o r m  o f  p r e c o n c e n t r a t i o n  w i t h  s o p h i s t i c a t e d  

e q u i p m e n t  t h a t  ne eds  t o  be c a r r i e d  t h ro u gh  and o p e r a t e d  i n  

s t o p e s .  F u r t h e r m o r e  even  though an i n s t r u m e n t a l  method may 

be u s ed  i n  r a p i d  s c a n n i n g  o f  t h e  whole s t o p e  f a c e ,  t h e r e b y  

improving c o n t i n u i t y  o f  s amp l ing  ov e r  c o n v e n t i o n a l  p e r i o d i c  

d i s t a n c e  s a m p l i n g ,  t h e  d e p t h  o f  measurement  i n t o  t h e  ro ck  

f a c e  needs  t o  be h i g h  enough so  _. .at  a l s o  t h e  a r e a  s ampl ing  

r a t i o  o f  t h e  a r e a  o f  t h e  o r e  body mined may be  improved .  

For  e x a m p le  c h i p  s a m p l i n g  of  s e c t i o n s  20mm d e e p  and 100mm 

b r o a d  on a s q u a r e  g r i d  p a t t e r n  o f  5m ha s  an a r e a  s a m p l in g  

r a t i o  o f  20xl00r . im2/ 2 5 m 2 -  0 , 00008  whe reas  an i n s t r u m e n t a l  

method  o f  s c a n n i n g  t h e  who l e  s t o p e  f . ce a f t e r  s i m ■ ir 5m 

advances  t o  a d e p t h  o f  o n l y  0,1mm would have  a p o o r e r  r a t i o  

o t  o n l y  0 , 0 0 0 0 2 .

M e as u r em en t  o f  g e l d  v a l u e s  i n  na rrow r e e f s  d i r e c t l y  on 

t h e  s t o p e  f a c e  ha s  t h e  a d v an t a g e  o v e r  measu r ing  g o l d  v a l u e s  

in b roken ro ck  in  t h a t  t h e  c o n g lo m e r a t e  i s  n o t  d i l u t e d  w i t h  

w a s t e  r o c k  and  t h a t  t h e r e  i s  no c o m p l i c a t i n g  f a c t o r  o f  

s e g r e g a t e d  b r ok en  s i z e s .  The t im e s  t o  measu re  t h e  same mass 

o f  r o c k  t o  t h e  s a m e  p e r c e n t a g e  p r e c i s i o n  a r e  

d i s p r o p o r t i o n a t e l y  l o n g e r  f o r  t h e  l o w e r  a v e r g t  

c o n c e n t r a t i o n s  i n  t h e  b roken  ro ck .  A l s o ,  t h e  s u r f a c e  o f  t h e  

r o c k  t o  be  m e a s u r e e d  i s  somewhat  l e s s  rough cn  t h e  s t o p e  

f a c e  t h a n  on  t h e  b r oke n  o r e  and t he  p rob l em o f  c o n t r o l l i n g  

o r  c o r r e c t i n g  f o r  a v a r i a b l e  m e a s u r i n g  g e o m e t r y  n 

q u a n t i t a t i v e  s ample  e v a l u a t i o n  i s  t h u s  s l i g h t l y  r e d u c e d .

In  c o n s i d e r i n g  t h e  p h y s i c a l  p r o p e r t i e s  o f  g o l d  which 

c o u l d  be u s e f u l l y  a p p l i e d  i n  t h e  d e s i g n  of  a s t o p e  f a c e
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go l d  a n a l y e e r , t h e  e n t i r e  e l e c t r o m a g n e t i c  s p e c t r u m  had  been  

r ev i ewed .  I n  t h e  r a d i o  and microwave r e g i o n s  t h e r e  a p p e a r e d  

t o  be  no p r o p e r t i e s  o f  u s e ;  i n  t h e  i n f r a - r e d  r e g i o n  t h e  

h i g h  r e f l e c t i v i t y  o f  m e t a l l i c  g o l d  was n o t e d ;  i n  t h e  X- r ay  

and gamma r a y  r e g i o n s  f l u o r e s c e n c e  and MSssbauer  e f f e c t s  

s e e m e d  p o t e n t i a l l y  u s e f u l  w i t h  e l e c t r o n  e x c i t a t i o n  o f  

X- rays  a poor  a l t e r n a t e ;  w h i l e  in  t h e  heavy p a r t i c l e  f i e l d ,  

n e u t r o n  a c t i v a t i o n  showed some p r o m i s e .  C o n s i d e r a t i o n  of  

t h e  t h e r m a l ,  e l e c t r i c a l  and  m a g n e t i c  p r o p e r t i e s  d i d  no t  

r e v e a l  a n y t h i n g  of  i n t e r e s t .

Thus f o u r  p h y s i c a l ,  n o n - d e s t r u c t i v e  methods  a p p e a r e d  t o  

be p o t e n t i a l l y  u s e f u l .

I n f r a r e d  r e f l e c t i v i t y  measu rement  w i t h  a v i d i c o n ' t ube  

g a v e  e n c o u r a g i n g  r e s u l t s  ( H i n d e ,  1 5 7 1 ) .  T h i s  m e t h o d ,  

however ,  had t h r e e  sho r t co min gs*  O p t i c a l  r e s o l u t i o n  f o r  t h e  

ve-. ,  f i n e  g o l d  p a r t i c l e s  was i n s u f f i c i e n t ,  o n l y  t h e  s u r f a c e  

o f  g o l d  p a r t i c l e s  and  n o t  t h e i r  mas s  c o u l d  be d i r e c t l y  

a s s e s s e d  and  t h e  p e n e t r a t i o n  i n t o  t h e  rock  i s  i n s u f f i c i e n t  

f o r  t h e  r e q u i r e m e n t  o f  s ampl ing  a h i g h  r a t i o  o f  t h e  a r e a  o f  

t he  o r e  body .

A c l o s e r  a s s e s s m e n t  o f  t h e  Mossbauer  e f f e c t  s u g g e s t e d  

t h a t  any  m e t h o d  b a s e d  on t h i s  e f f e c t  w o u l d  p r o b a b l y  be 

i m p r a c t i c a l .  I t  a p p e a r e d  t h a t  i t  w o u l d  be  n e c c e s s a r y  t o  

c o o l  t h e  r o c k  t o  o b t a i n  t h e  e f f e c t  and t h e  r a t e  o f

d a t a  a c q u i s i t i o n  would p r o b a b l y  be  t o o  s low.

Gold K l e v e l  X - r a y  f l u o r e s c e n c e  d i d ,  h ow ev e r , a p p e a r  

p r a c t i c a b l e  and  i t s  d e v e l o p m e n t  w i l l  be o u t l i n e d  i n  t h e  

n e x t  c h a p t e r .

The h i g h  c r o s s  s e c t i o n  f o r  r e s o n a n c e  n e u t r o n s ,  t h e  h i gh
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s e n s i t i v i t y  o f  i n s t r u m e n t a l  n e u t r o n  a c t i v a t i o n  a n a l y s i s  and 

t h e  h igh  p e n e t r a t i o n  o f  n e u t r o n  and gamma r a y s  t h rough  rock  

h a d  f o c u s s e d  m«ch a t t e n t i o n  on  t h i s  m e t h o d . L a b o r a t o r y  

i n v e s t i g a t i o n s  h a d  b e e n  c a r r i e d  o u t  a t  t h e  N a t i o n a l  

I n s t i t u t e  f o r  M e t a l l u r g y  ( U k e n  e t  a l . , 1 9 6 6 ) ,  a n d  

i n d i c a t i o n s  we r e  t h a t  a d e q u a t e  s e n s i t i v i t y  and  r a p i d i t y  

c o u l d  p o s s i b l y  be a t t a i n e d  w i t h  g o l d  o r e s .  However ,  a h ig h  

f l u x  n e u t r o n  s o u r c e  o f  c a l i f o r n i u m - 2 5 2  would be r e q u i r e d  

and t h e  d i f f i c u l t i e s  o f  s a f e  h a n d l i n g  o f  such  a so u r c e  i n  a 

p o r t a b l e  i n s t r u m e n t  i n  s t o p e s  seemed t oo  g r e a t .

1 . 4  D i sc us s  ion

To m ee t  e v e r  i n c r e a s i n g  mining  c o s t s  d e f i n  mprovements  

i n  t he  p r e c i s i o n  of  o r e  v a l u a t i o n  w i l l  be r e q u i r e d .

The  c o n v e n t i o n a l  m e t ho d  o f  c h i p  s a m p l i n g  o f f e r s  l i t t l e  

p o t e n t i a l  f o r  improved e v a l u a t i o n  o f  o r e s .  Improvements  i n  

t h e  l a b o r a t o r y  a n a l y s i s  o f  s a m p l e s  c a n  o n l y  have  a minor  

: e c t  on t h e  e v a l u a t i o n  b e c a u se  t h e  main p rob l ems  l i e  on

t h e  s ampl ing  s i d e .

Bu lk  s a m p l i n g  o f  b r o k e n  o r e  a p p e a r s  t o  a l l e v i a t e  t he  

s a m p l i n g  s i t u a t i o n  i n  some m i n e s  u n d e r  p r e s e n t  m i n i n g  

c o n d i t i o n s ,  b u t  t h e  a r e a  s e l e c t i v i t y  a n d  d e g r e e  o f  

improvement  w i l l  be i n s u f f i c i e n t  f o r  f u t u r e  demands.

I t  was r e a l i z e d  t h a t  on l y  by r a p i d  s c a n n i n g  o f  exposed  

s t o p s  f a c e s  t o  a d e p th  o f  more t h a n  a m i l l i m e t r e  co u ld  t h e  

c o n t i n u i t y  and a r e a  s amp l ing  r a t i o  be improved s u f f i c i e n t l y  

f o r  s e l e c t i v e  m i n i n g  t o  a s c a l e  s m a l l e r  t h an  t h e  s i z e  o f  

p r e s e n t  day  s t o p e s . The i m p o r t a n t  c r i t e r i o n  was  t h a t  a s  

much r o c k  a s  p o s s i b l e  s h o u l d  be measured  pe r  u n i t  t ime t o 

an a c c e p t a b l e  measurement  p r e c i i I o n .
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T he  u n d e r g r o u n d  e n v i r o n m e n t  w h e r e  o r e s  h a v e  t o  be  

e v a l u a t e d  i s  f a i r l y  h a r s h  f o r  a s o p h i s t i c a t e d  i n s t r u m e n t  

t h a t  i s  u s u a l l y  o p e r a t e d  i n  an a i r  c o n d i t i o n e d  l a b o r a t o r y .  

The i n d u s t r y  a v e r a g e  we bu l b  t e m p e r a t u r e  i n  working s t o p ' s  

i s  abo u t  29°C and a v e r a g e  wet  Kata  r e a d i n g s  a r e  a b o u t  1 1 , 5 .  

Working  h e i g h t  i s  o f t e n  r e s t r i c t e d  t o  l e s s  t h a n  one m e t r e  

b e c a u s e  o f  b r o k e n  r o c k  l y i n g  i n  w o r k i n g  p l a c e s ,  and 

i n s t r u m e n t s  may h a v e  t o  be  d r a g g e d  a c r o s s  t h i s  h i g h l y  

a b r a s i v e  q u a r t x i t e .  A i r  v e l o c i t y  a v e r a g e s  I m / s  and t h e  a i r  

may be d u s t y .  I l l u m i n a t i o n  i s  by cap l amp .  Ore e v a l u a t i o n  i s  

s o m e t i m e s  r e q u i r e d  i n  n o n - w o r k i n g  p l a c e s  and  i n  t h e s e  

p l a c e s  c o n d i t i o n s  may be c o n s i d e r a b l y  p o o r e r .

A n u m b e r  o f  p o t e n t i a l  i n s t r u m e n t a l  m e t h o d s  we r e  

c o n s i d e r e d  f o r  d i r e c t  q u a n t i t a t i v e  measu rement  of  t h e  g o l d  

c o n t e n t  i n  t h e  rock  w i t h o u t  ha v ing  t o  remove a sample  from 

t h e  s t o p e  f a c e .  C a r e f u l  p r e p a r a t i o n  of  t h e  sample  s u r f a c e  

a l s o  was t o  be  a v o i d e d  a s  t h i s  would d e f e a t  t h e  o b j e c t  o f  

n o t  having  t o  t ak e  a samp le .  Only p e n e t r a t i n g  r a d i a t i o n  ha s  

t h e  p o t e n t i a l  o f  i n c r e a s i n g  t h e  a r e a  s amp l ing  r a t i o .  Of t h e  

i n s t r u m e n t a l  m e t h o d s  o n l y  r a d i o i s o t o p e  e x c i t e d  K l e v e l  

X - r a y  f l u o r e s c e n c e  o f  g o l d  and d e t e c t i o n  o f  t h e  r a d i a t i o n  

w i t h  a h i g h  r e s o l u t i o n  s o l i d  s t a t e  d e t e c t o r  a p p e a r e d  t o  be 

w i t h i n  r each  o f  p r e s e n t  day t e c h n o l o g y  f o r  t h i s  a p p l i c a t i o n .

The term g a mma r ay  f l u o r e s c e n c e  i s  used  i n  t h i s  work t o  

d i s t i n g u i s h  t h e  method f rom c o n v e n t i o n a l  X- r a y  f l u o r e s c e n c e  

a n a l y s i s .  T h e  e n e r g y  r e g i o n  u s e d  f o r  e x c i t a t i o n  and  

m e a s u r e m e n t  f a l l s  a b o v e  t h e  e n e r g y  r e g i o n  c o n v e n t i o n a l l y  

used  i n  X- ray  f l u o r e s c e n c e  a n a l y s i s  and a t  t h e  l ower  end o f  

c o n v e n t i o n a l  gamma r ay  s p e c r o m e t r y i  Gamma r a d i a t i o n  i s  u sed



l o t  e w c i t a t i o n  e n J  t n e  n i q n  # n e r  iy  q o l i  < K - c ay a  a r e  

s t e c t e d .  A ' Low e n e r g y ' photon  d e t e c t o r  s u i t a b l e  t o r  t h i s  

i n t e r m e d i a t e  o r  t r a n s i t i o n a l  e ne r gy  r e g i o n  i s  « no l o y e 1. Both 

t h e  d i s c i p l i n e s  o f  gamma r a y  s p e c t r o m e t r y  and o f  X - r a y  

s p e c t r o m e t r y  a r e  merged i n  t h i s  a o o l i c a t i o n .

To a c h i e v e  an a c c e p t a b l e  r a t e  o f  r ock  a n a l y s i s  a l l  t h e  

p a r a m e t e r s  o f  e x c i t a t i o n ,  d e t e c t i o n  and d a t a  o r o c e s s i n g  had 

t o  be o p t i m i s e d  fo r  a o o r t a b l e  i n s t r u m e n t  t o  be  used in the  

h o s t i l e  s t o o e  e n v i r o n m e n t .  In t h e  f o l l o w in g  c h a o t e r s ,  a l t e r  

an o u t l i n e  o f  t h e  method,  t he  v a r i o u s  p a r a m e t e r s  c r i t i c a l  t o  

t h e  m e t h o d  a r e  d i s c u s s e d  and d e v e l o p e d  f rom f u n d a m e n t a l  

p r i n c i p l e s  a s  t h e  e m o i r i c a l  a o o r o x i m a t  i o n s  mos t  commonly 

e m p l o y e d  i n  b o t h  d i s c i p l i n e s  w e r e  n o t  a a i n a b l e  t o  t h e  

r i g o r o u s  t r e a t m e n t  a n d  w o u l d  n o t  h a v e  p e r m i t t e d  an 

i n d i c a t i o n  o f  t h e  maximum i m p r o v e m e n t  o o s s i b l e  on a g i v e n  

c o m b i n a t i o n  o f  p a r a m e t e r s .  Some e a r l y  u n d e r g r o u n d  samole 

e v a l u a t i o n s  t a k e n  w i t h  o r o t o t y o e  i n s t r u m e n t s  a r e  o r e s e n t e d  

t o  i l l u s t r a t e  t h e  i n t r o d u c t i o n  o f  gamma r a y  f l u o r e s c e n c e  

a n a l y s i s  i n t o  o r e  v a l u a t i o n  o f  t h e  Ki twa  t  e r s r a n l  g o l d  

d e p o s i t s .
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2 l i f L I N E  CF THE DEVELOPMENT OF THE FLUORESCENCE METHOD

The  i n  s i t u  i n s t r u m e n t a l  e v a l u a t i o n  o f  g o l d  o r e s  i s  a 

s o p h i s t i c a t e d  t a s k  i n v o l v i n g  a l a r g e  number o f  a s o e c t s .  

T h e s e  may be  c o n s i d e r e d  a s  a c h a i n  o f  o a r a m e t e r s  t h a t  nee  l 

t o  be  o p t i m i s e d  a s  a w h o l e . Some of  t h e  o a r a m e t e r s  miy be 

c o n s i d e r e d  a l m o s t  i n d e p e n d e n t l y  o f  e a c h  o t h e r  w h i l e  t h e  

dependence  o t h e r s  c a l l s  f o r  a comoromise ,  y e t  weakness  o f  

any  one  p a r a m e t e r  r e s u l t s  in  ooor  o v e r a l l  oe r fo rmance  wh i l e  

e x c e s s i v e  s t r e n g t h  i n  a n o th e r  may s imo ly  be w a s t e f u l .

The a s p e c t s  t h a t  needed c o n s i d e r a t i o n  were t h e  n a t u r e  o f  

t h e  o r e  d e p o s i t  on b o t h  a l a r g e  s c a l e  and a m i c r o s c o o i c  

s c a l e , t h e  r e q u i r e m e n t s  f o r  o r u  v a l u a t i o n ,  t he  envi ronmen t  

f o r  t h e  e v a l u a t i o n ,  t h e  h u m a n  a s p e c t s  o f  i n  s i t u  

I n s t r u m e n t a l  o p e r a t i o n  a n d  o p e r a t i o n a l  p r o c e d u r e , 

o p e r a t i o n a l  s a f e t y ,  a s e r i e s  o f  measurement  and i n s t r u m e n t a l  

p a r a m e t e r s ,  m e a s u r e m e n t  i n t e r f e r e n c e s  and t h e  p r e s e n t a t i o n  

and u t i l i z a t i o n  of  measurement  d a t a .

I t  was ment ioned i n  t h e  open ing  c h a o t e r  t h a t  most  o f  t he  

g o l d  o c c u r s  i n  v e r y  n a r r o w  d e p o s i t s  and in  a wide r ange  of

p a r t i c l e  s i z e s ,  and t h a t  t h e  r a t i o  o f  t h e  a r e a  sampled t o

t h e  a r e a  m i n e d  n e e d s  t o  be  h i g h e r  t h a n  t h e  a r e a  r a t i o  

h i t h e r t o  employed w i t h  c h i p  s ampl ing  i f  t h e  p r e c i s i o n  o f  o r e  

v a l u a t i o n  i s  t o  be Improved.

2 . 1  Rock p e n e t r a t i o n  f o r  an  i n s t r u m e n t a l  method

The e f f e c t i v e  d e o t h  of  m e a s u r e m e n t  i n  r o c k  o f  a p o t e n t i a l
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i n s t r u m e n t a l  me tho d  wou ld  have t o  be an improvement  on t n e  

maximum e f f e c t i v e  d e p t h  o f  c u r r e n t  c h i p  s a m p l i n g .  T h i s  i s  

n o m i n a l l y  a 20mm d e e p  c u t  o f  100mm l e n g t h  made e v e r y  5 

m e t r e s  o f  an exposed  s t o p e  f a c e ,  i f  t h i s  p r o j e c t e d  a r e a  were 

s p r e a d  o u t  e v e n l y  a l o n g  t h e  s t o p e  f a c e  f rom one c u t  to  t he  

n e x t ,  t h e  e f f e c t i v e  d e p t h  o f  s a m p l i n g  w o u l d  be 

2 0 » » x J 0 0 m m / ! » m - 0 , 2 m m .  The s i z e s  o f  go ld  p a r t i c l e s  found in 

t n e  r e e f  r e q u i r e  t h a t  a l s o  t he  measurement  d e p t h  i n  g o l d  be 

s u f f i c i e n t  t o  p e n e t r a t e  t h e  l a r g e r  g o l d  p a r t i c l e s .  I f  on*y a 

t h i n  s u r f a c e  l a y e r  o f  t h e  l a r g e r  g o l d  p a r t i c l e s  cou ld  be 

p e n e t r a t e d  t h e n  t h e  p r o j e c t e d  a r e a  of  t h e  p a r t i c l e s ,  r a t h e r  

t h a n  t h e i r  mass would be r e f l e c t s  i n  t he  measurement  v a l u e s .

Tne n a r r o w n e s s  o f  m o s t  o f  t h e  g o l d  b e a r i n g  o r e  l a y e r s  

n e e d s  t o  b e  t a k e n  i n t o  a c c o u n t  when c o n s i d e r i n g  l a r g e  

p e n e t r a t i o n  d e p t h s .  I n  t h e  e d g e - o n  measurement  of  a nar row 

l a y e r  o f  g o l d  b e a r i n g  o r e  t h e  a b s o l u t e  c o n c e n t r a t i o n  i n  t h e  

s a m p l e  t o  be  m e a s u r e d  d e c r e a s e s  a s  t h e  s a m p l e  d i m e n s i o n  

n o r m a l  t o  t h e  l a y e r  i n c r e a s e s  be yon d  t h e  l a y e r  t h i c k n e s s ,  

t h u s  i n c l u d i n g  w a s t e  r o c k  i n  t h e  s a m p l e .  Because  t he  go l o  

c o n c e n t r a t i o n s  t h a t  h a v e  t o  be d e t e r m i n e d  a r e  a t  t r a c e  

l e v e l s ,  t h e  measu rement  phenomenon t o  be d e t e c t e d  m a n i f e s t s  

i t s e l f  o n l y  w e a k l y  and  i t  i s  t h e r e f o r e  a d v a n t a g e o u s  no t  t o  

i n c l u d e  much w a s t e  r ock  i n  t h e  sample  so  t h a t  t he  phenomenon 

may a p p e a r  r e l a t i v e l y  s t r o n g e r .  A h i g h  e f f i c i e n c y  i n  t he  

u t i l i s a t i o n  o f  m e a s u r i n g  r a d i a t i o n  i s  d e s i r a b l e  f o r  such a 

w e a k  p h e n o m e n o n  a n d  t h i s  c a n  be  a t t a i n e d  o n l y  w i t h  an 

u n c o i l i m a t e d  o r  w i d e - a n g l e  measurement  g e o m e t r y .  With t h i s  

g e o m e t r y  t h e  m e a s u r e m e n t  p e n e t r a t i o n  s h o u l d  i d e a l l y  be 

. i m  l i a r  i n  v a l u e  t o  t h e  o r e  l . y r  t h i c k n e s s  a n d  t h e
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m e a s u r i n g  head  s h o u l d  be a s i m i l a r  d i s t a n c e  away from the  

s a m e l  e s u r f a c e .  T h i s  w o u l d  i n d i c a t e  an  o o t  imuit r o c k  

p e n e t r a t i o n  d e o t h  o f  a few m i l l i m e t r e s  f o r  mo s t  o f  t n e  

/i i  twa  t e r  s r  and  d e p o s i t s ,  bu«. t h i s  wou ld  be i m o r a c t  i c a l . 

T n e r e  w o u l d  be  n o  o o i n t  i n  e m o l o y i n g  a method  w i t h  an 

e f f e c t i v e  sample  p e n e t r a t i o n  d e p t h  l e s s  t h a n  about  2 0 mm. as 

i t  wo u ld  be d i f f i c u l t  t o  d i s c e r n  a l a y e r  and t o  g u i d e  a 

s m a l l  m e a s u r i n g  h e a d ,  i n  s c a n n i n g  r a o i d l y  a l o n g  a r ough  

s t o o e  f a c e ,  w i t h  a o r e c i s i o n  b e t t e r  t h a n  t h i s .

From a p e n e t r a t i o n  and c o n c e n t r a t i o n  o o i n t  o f  view th e  

g a m m a- r a y  e x c i t e d ,  g o l d  K X-ray f l u o r e s c e n c e  method i s  t h u s  

i d e a l  f o r  t h e  e v a l u a t i o n  of  most  o f  t h e  W i t w a t e r s r a n d  gold 

d e p o s i t s :  t h e  g o l d  K X - r a y s  h a v e  a h a l f - r a n g e  i n  r o ck  of  

13mm, i . e .  t h e y  l o s e  h a l f  o f  t h e i r  i n t e n s i t y  i n  g o i n g  

t h r o u g h  13mm o f  r o c k , and any e x c i t i n g  gamma r a d i a t i o n  for  

t h e s e  X - r a y s  h a s  a h a l f - r a n g e  i n  q u a r t z i t e  l o n g e r  t h a n  

t h i s .  I n  s o l i d  g o l d  t h e  h a l f - r a n g e s  o f  g o l d  K X- rays  and 

o f  e x c i t i n g  gamma r a y s  a r e  r e s p e c t i v e l y  0 , 2 mm and g r e a t e r  

t n a n  0,04mm,  t h u s  m o s t  o f  t h e  l a r g e r  g o l d  p a r t i c l e s  t h a t  

may be e n c o u n t e r e d  a r e  e a s i l y  p e n e t r a t e d  so  t h a t  t h e  mass 

o f  g o l d  p a r t i c l e s ,  r a t h e r  t h a n  t h e i r  s u r f a c e  a r e a  i s  

r e p r e s e n t e d  i n  t h e  f l u o r e s c e n c e  measurement .

2 . 2  D e s c r i p t i o n o f  t h e  f l u o r e s c e n c e  sys tem 

Gamma r a d i a t i o n  f r o m  a r a d l o i  s o t o o e  s o u r c e  i s  u s e d  t o  

e x c i t e  t n e  c h a r a c t e r i s t i c  K X - r a y s  o f  g o l d  i n  a s t o o e  f a c e  

s a m o l e . T h es e  i n  t u r n  a r e  d e t e c t e d  by a germanium d e t e c t o r  

a n d  t h e  d e t e c t o r  s i g n a l s  a r e  p r o c e s s e d  t o  g i v e  a 

q u a n t i t a t i v e  i n d i c a t i o n  o f  t h e  go ld  c o n c e n t r a t i o n .
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C a d m i u m - 1 0 )  e m i t s  83 keV i amma r a y s  w h i c h  can  oe 

*f f i c  i e n t l y  a b s o r b e d  by t h e  K e l e c t r o n s  o f  go ld  which a r e  

-.hen e n i t t e d  w i t h  t h a t  e n e r g y  l e s s  t h e i r  K - s h e l l  b in d in g  

energy o f  80 . 7  keV, i . e .  as  7 keV e l e c t r o n s .  The v a ca n t  go ld  

( a t o m i c  s h e l l  i s  s u b s e q u e n t l y  f i l l e d  w i t h  an e l e c t r o n  from 

t h e  l , M or  N s h e l l  and  i n  t h i s  o r o c e s s  may i s o t r o o l c a l l y

emit a fluorescent gold K X-ray.
T he  8 8  keV gamma r a y s  a r e  a l s o  s c a t t e r e d  i n  a l l

d i r e c t i o n s  by e l e c t r o n s  in  t h e  rock  m a t r i x .  In t he  c o h e r e n t  

s c a t t e r i n g  p r o c e s s  t h e  e ne r gy  o f  t h e  incoming and o u tg o in g  

p h o t o n  r e m a i n s  u n c h a n g e d  w h e r e a s  i n  t h e  I n c o h e r e n t  

s c a t t e r i n g  o r o c e s s  some e ne r gy  i s  l o s t  t o  an e l e c t r o n .  The 

p r o b a b i l i t i e s  oZ s c a t t e r i n g  in  a g i v e n  d i r e c t i o n  va ry  wi th  

t h e  s c a t t e r i n g  an g l e  and a r e  d i f f e r e n t  f o r  t h e  two t y oes  o f  

s c a t t e r i n g  . Whereas t he  go ld  f l u o r e s c e n c e  X-ray  soec t rum i s  

t h e  same i n  a l l  d i r e c t i o n s  ( ex c eo L  f o r  d i f f e r e n c e s  f rom 

a b s o r p t i o n  t h rough  t he  m a t r i x ) ,  the  m a t r i x  s c a t t e r  soec t rum 

h a s  d i f f e r e n t  o r  o f  l i e s  a t  d i f f e r e n t  s c a t t e r i n g  a n g l e s .  

Cadmium-109 was chosen  p r i m a r i l y  because  i t s  93 keV ohotons  

e x c i t e  g o l d  e f f i c i e n t l y  wh i l e  a t  c l o s e  t o  a 190° s c a t t e r i n g  

a n g l e  t h e  s c a t t e r i n g  s o e c t r u m  h a s  ve ry  low i n t e n s i t y  in

the region of the gold K x-rays.
A m i n i a t u r e  p o i n t  s o u r c e  i n  c o m b i n a t i o n  w i t h  a w i J *  

a n g l e  t u n g s t e n  c o l l i m a t o r  s h i e l d  was deve looed  f o r  mount ing 

c o n c e n t r i c a l l y  i n  f r o n t  o f  a ge rm a n iu m  d e t e c t o r  so  t h a t  a 

s o u r c e - s a m p l e - d e t e c t o r  s c a t t e r i n g  a n g l e  c l o s e  t o  190° c o u l i  

be a ch i ev e d  i n  a l l  f o rwa rd  d i r e c t i o n s  o f  t h e  s o u r c e - d e  e c t o r  

orobe  even  f o r  samole  t o  o ro be  d i s t a n c e s  a s  s h o r t  as  25mm.

The  22 keV s i l v e r  X - r a y s ,  e m i t t e d  a b u n d a n t l y  b /
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:,di,lum-109, w e r e  filtered out to re luce t h e  o o t e n t n l  

radiation hazard and so as not to take uo any useful count 
rate handling caoabtlity of the detection and analysing

i /ate.n,
*  h y p e r  pu re  germanium pho to n  d e t e c t o r ,  c oo l e d  by l l q u r 1 

l i t r o g e n ,  w a s  s p e c i f i e d  b e c a u s e  o f  i t s  h i g h  e n e r g y  

r e s o l u t i o n  and  e f f i c i e n c y  f o r  p ho to n s  in t h e  g o l d  Kf X-ray 

•nergy r e g i o n .  The s i z e  o f  200mm2 , 7 m .  deeo  was e v a l u a t e d  fo r

>ptimum d a t a  a c q u i s i t i o n  r a t e s .

I n s t e a d  o f  r e l y i n g  o n  c o n v e n t i o n a l  e m o l r i c a l

a p p r o x i m a t i o n s  fo r  soer ' . r um e v a l u a t i o n ,  a f undamen ta l  s t u d y  

was u n d e r t a k e n  t o  a l l o w  q u a n t i t a t i v e  comoa t i son  o f  d i f f e r e n t  

m e t h o d ,  r ,  s pe c t r u m  e v a l u a t i o n ,  kn o p t i m i s e d  s i n g l e  ch anne l  

s c hem e  f o r  t h e  two c o r r e l a t e d  g o l d  K f  o e a k .  was deve loped  

o n  t h i s  f o u n d a t i o n .  T h i s  p r o v i d e s  e f f i c i e n t  s o e c t r u m  

e v a l u a t i o n  w i t h  i n s t r u m e n t a l  s i m p l i c i t y  needed  i n  a p o r t a b l e

' n a t r  ument .
Two i m p o r t a n t  de ve lo pm e n t s  f o r  q u a n t i t a t i v e  i n  s i t u  go ld  

d e t e r m i n a t i o n  were  1 ) t h e  d e r i v a t i o n  o f  a method o f  r a t l o l n g  

t h e  m e a s u r e d  g o l d  p e a k s  and  t h e i r  immedia te  background  t o  

c o p e  w i t h  t h e  v a r i a b l e  g e o m e t r y  m e a s u r e m e n t  o f  r o u g h  

s u r f a c e s ,  a n d  l i t  f o r  c o n v e - s l o n  o f  m a s s  t o  a r e a  

c o n c e n t r a t i o n  a method o f  f e ed b ack  t o  c o n t r o l  t h e  o r o b .  t o  

sample  s e p a r a t i o n  w i t h i n  p r e d e t e r m i n e d  l i m i t s .  In t h e  l a t t e r  

m e t h o d  t h e  t o t a l  s p e c t r u m  c o u n t  r a t .  1 .  I n t e . o r w t . d  a .  a 

p r o b e  t o  s a m p le  d i s t a n c e ,  t h e  r a t e  i s  c o n t i n u a l l y  d i s p l a y e d  

t o  t h e  o p e r a t o r  t o  g u i d e  him f o r  human s e r v o  c o n t r o l  o f  t h e  

d i s t a n c e  and  t h e  r a t .  1 .  i n t e r n a l l y  m o n i t o r e d  t o  i n h i b i t  

d a t a  a c q u i s i t i o n  wnen t h .  r a t .  i s  n o t  w i t h i n  s e t  l i m i t s  i . e .
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when t h e  m e a s u r i n g  g e o m e t r y  i s  n o t  w i t h i n  c o r r e s o o n i i n g  

d i s t a n c e  l i m i t s ,  A South  A f r i c a n  o a t e n t  (R o l l e ,  1974) and c 

U n i t e d  S t a t e s  o a t e n t  ( R o l l e ,  i 9 7 7 )  were  g r a n t e d  for  t h i s  

c o n c e p t .

T h e  b a s i c  c o n c e p t s  o f  e x t e n d i n g  and  n o n - e x t e n d i n g  

p r o c e s s i n g  t im e s  in  t h e  ana log  p r o c e s s i n g  o f  random s i g n a l s  

w e r e  d e v e l o o e d  t o g e t h e r  w i t h  new c o n c e o t s  o f  o i l e u o  

p a r a m e t e r s  t o  a l l o w  a q u a n t i t a t i v e  d e s c r i o t i o n  o f  t h e  d a t a  

a c q u i s i t i o n  r a t e  o f  a c o m o l e t e  a n a l o g  o u l s e  o r o c e s s i n g  

s y s t e m .  Wi th  t h i s  f o u n d a t i o n  t h e  o u l s e  o r o c e s s i n g  t i m e s  

c o u l d  be o o t i m i s e d  f o r  g i ve n  d e t e c t o r  r e s o l u t i o n  o a r a m e t e r s  

t o  maximize t h e  n o n - o l l e d  uo d a t a  a c q u i s i t i o n  r a t e .

D i g i t a l  d a t a  o r o c e s s i n g  was t r im m ed  t o  t h e  s i m o l e s t  

s y s t e m  t h a t  c o u l d  a u t o m a t i c a l l y  o r o v i d e  d a t a  in c a l i b r a t e )  

c o n c e n t r a t i o n  u n i t s  t o  t h e  o p e r a t o r  and fo r  s t o r a g e  in an 

i n t e r n a l  d a t a  memory  f o r  r e t r i e v a l  a b o v e  g r o u n d .  More 

s o p h i s t i c a t e d ,  m i c r o o r o c e s s o t - b a s e d  sy s t em s  c a n ,  however , be

e x p e c t e d  i n  t h e  near  f u t u r e .

The  l a y o u t  o f  t h e  p o r t a b l e  s y s t e m  was d e s i g n e d  f o r  

maximum o p e r a t i o n a l  s i m p l i c i t y  and  o p e r a t o r  c o n v e n i e n c e ,  

p a r t i c u l a r l y  f o r  r a p i d  s c an n in g  o f  l ong s t r e t c h e s  o f  s t o n e  

f a c e .

The i n s t r u m e n t s  s o  f a r  t e s t e d  unde rg round  have deve looed  

f r o m  a s t a t i o n a r y ,  ma i n s - o p e r a  t e d  model  t h r o u g h  t h r e e  

p r o t o t y p e  v e r s i o n s  o f  o o r t a b l e  i n s t r u m e n t s .  At t h e  c l o s e  of  

t h e  w r i t i n g  of  t h i s  t h e s i s  a number  o f  i n s t r u m e n t s  of  t he  

t h i r d  p r o t o t y p e  were i n  t h e  s t a g e s  o f  a c c u m u l a t i n g  d a t a  in  

o r e  v a l u a t i o n  f i e l d  t r i a l s  a t  v a r i o u s  mines .
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3 EXCITATION OF FLUORESCENT X-RAYS

For t h e  d e t e r m i n a t i o n  o f  t r a c e  amounts o f  a heavy meta l  i n  a 

l i g h t  m a t r i x  by XRF s o e c t o m e t r y ,  i t  i s  n e c e s s a r y  t o  choose  a 

s o u r c e  w h i c h  w i l l  e x c i t e  t h e  X - r a y s  o f  i n t e r e s t  as  

e f f i c i e n t l y  a s  p o s s i b l e .  However , e f f i c i e n c y  of  e x c i t a t i o n  

i s  n o t  t h e  s o l e  c r i t e r i o n ,  b e ca us e  t he  e x c i t e d  X- rays  must  

oe  d e t e c t e d  a g a i n s t  a b a c k g r o u n d  s i g n a l  c a u s e d  by t h e  

s c a t t e r i n g  of  p h o t o n s  by t h e  m a t r i x  o r  by o h o t o n s  in the  

s o u r c e  o f  e n e r g i e s  o t h e r  t h a n  t h o s e  w h i c h  e x c i t e  t h e  

f l u o r e s c e n t  X- rays  most  e f f i c e i n t l y .  A c co rd in g l y  t he  s o u r c e  

o f  e x c i t i n g  r a d i a t i o n  must  be c h os en  n o t  on ly  on the  grounds  

o f  t h e  e f f i c i e n c y  of  e x c i t a t i o n ,  b u t  a l s o  s o  t h a t  i t  may 

m i n i m i z e  t h e  b a c k g r o u n d  r a d i a t i o n  s e e n  by t h e  d e t e c t a r . 

E x c e s s i v e  background  r a d i a t i o n  c a n  r ed uc e  the  e f f i c i e n c y  of  

t h e  d e t e c t i o n  s y s t e m ,  i n c r e a s e  t h e  p o t e n t i a l  r a d i a t i o n  

h a z a r d ,  and may r e d u c e  t h e  s i g n a l - t o - n o i s e  r a t i o  i n  t h e  

e n e r g y  r e g i o n s  i n  w h i c h  t h e  f l u o r e s c e n t  X- r ays  o f  i n t e r e s t

o c c u r .
I n  w h a t  f o l l o w s ,  t h e r e f o r e ,  a l l  p o s s i b l e  means  f o r  

e x c i t i n g  t h e  g o l d  K and  L X- r a ys  a r e  c o n s i d e r e d  f i r s t ,  and 

t h e n  t h e  v a r i o u s  p o t e n t i a l  s o u r c e s  f o r  K l e v e l  e x c i t a t i o n  

a r e  c o m pa r ed  n o t  o n l y  on t h e  g r o u n d s  o f  t h e  e f f i c i e n c y  w i th  

w h i c h  t h e y  c a n  e x c i t e  t h e s e  X - r a y s ,  b u t  a l s o  on g rou nd s  o f  

t h e  r e d u c t i o n  i n  t h e  t o t a l  f l u x  r e c e i v e d  by  t h e  

s p e c t r o m e t e r i  t h e  m a x i m i s a t i o n  o f  t h e  s i g n a l - t o - n o i s e  r a t i o  

i n  t h e  e n e r g y  r e g i o n  o f  i n t e r e s t ;  and t h e  p r a c t i c a b i l i t y  o f
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t h e  v a r i o u s  t y o e s  o £ s o u r c e  when u s e  3 i n  a o o r t a b i e  

u n d e r g r o u n d  i n s t r u m e n t ,  wh ich  i s  t h e  u l t i m a t e  i n t e n d e d  

p r a c t i c a l  outcome o f  t h i s  work#

3 . 1  p a r t i c l e  i nduced  X-rav e m i s s i o n  

F o r  X - r a y s  be  low a b o u t  5 t o  15 keV ( l e V » l  , 602x  10 1 J ) ,  

c h a r g e d  p a r t i c l e  e x c i t a t i o n ,  e . g .  by means  of  o r o t o n s  or 

a l p h a  p a r t i c l e s ,  o f f e r s  g oo d  f l u o r e s c e n c e  c r o s s  s e c t i o n s  

w h i l e  p r o d u c i n g  a r e l a t i v e l y  low s c a t t e r  background in t h e  

r e c o r d e d  X - r a y  s o e c t r u m .  E x c i t a t i o n  c r o s s  s e c t i o n s  of  

charged  p a r t i c l e s  i n  th-» 1 t o  50 MeV r ange  l i e  in t h e  r e g i o n  

o f  0 , 1  t o  lm 2/ k g  w h i c h  i s  c o m o a r a b l e  w i t h  cha t  f o r  photon 

e x c i t a t i o n .  The b r e m s s t r a h l u n g  i n t e n s i t y  d e o e n l s  on t h e  

s q u a r e  o f  t h e  c h a r  g t  ( z ) oe  r m as s  (m) o f  t h e  i n c i d e n t  

p a r t i c l e  i . e .  on ( z / m ) 2 s o  t h a t ,  w i t h  o r o t o n  o r  a l o h a  

e x c i t a t i o n  a s  c o m oa r ed  w i t h  d i r e c t  e l e c t r o n  e x c i t a t i o n ,  

p r o b l e m s  o f  t h e  a s s o c i a t e d  b a c k g r o u n d  i n  t h e  r e c o r d e *  

s p e c t r u m  a r e  r e d u c e d  by t h e  o r d e r  o f  t h e  s q u a r e  of  t h e  

p r o t o n / e l e c t r o n  mass r a t i o .  Charged p a r t i c l e  e x c i t a t i o n  h a s ,

h o we ve r , t h r e e  d r a w b a c k s i -

i )  t h e i r  r a ng e  i n  a i r  i s  l i m i t e d ;

i i )  a p a r t  f r o m  a l p h a  p a r t i c l e s  e m i t t e d  d u r i n g  

r a d i o a c t i v e  de c a y ,  t hey  hav e  t o  be p roduced  in a c c e l e r a t i n g  

machines  and t h u s  a r e  u n l i k e l y  t o  be p r a c t i c a l  unde rg round  

and  i l l )  s e c o n d a r y  e l e c t r o n s  a r e  e m i t t e d  and may r e s u l t  i n  

an i n c r e a s e  o f  t h e  r e l e v a n t  background .

3 .2  Photon e x c i t a t i o n  

In  t h e  p a s t  i t  was found t h a t  f o r  X-rays  above 5 t o  15 keV, 

p h o t o n  e x c i t a t i o n  o f f e r e d  s u p e r i o r  d e t e c t i o n  l i m i t s  

(Wo Id se t h , 1973) .
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The f l u o r e s c e n c e  e x c i t a t i o n  e f f i c i e n c y  o f  o h o t on s  of  

e n e r g y  E d e c r e a s e s  a o p r o x i m a t e l y  a s  E * above  t h e  X - r a y  

a b s o r p t i o n  edge o f  t h e  e l e m e n t ,  i . e .  80,7 keV for  t h e  gold  k 

l e v e l . P h o t o n s  o f  e n e r g y  be low t h e  a b s o r p t i o n  edge c a n n o t

e x c i t e  t h e  r e l e v a n t  g rouo  o f  X - r a y s .

P h o t o n  s o u r c e s  c an  be c l a s s i f i e d  i n t o  t h r e e  main g rouos  

d e p e n d i n g  on  t h e  mode o f  p r o d u c t i o n  o f  t h e  p r i n c l o a l  

r a d i a t i o n  e m i t t e d ,  na me ly  b r e m s s t r a h l u n g -  , X - r a y -  and low 

ene rgy  gamma s o u r c e s .

3 . 2 . 1  B r e m s s t r a h lung s o u r c e s  

B r e m s s t r a h l u n g  i s  p r o d u c e d  by t h e  d e c e l e r a t i o n  ( o r  

a c c e l e r a t i o n )  o f  e l e c t r o n s .  X - r a y  t u b e s  f o r  XAF a r e  

e s s e n t i a l l y  o p e r a t e d  a s  b r e m s s t r a h l u n g  s o u r c e s .  The pho ton  

s p e c t r u m  *• c o n t i g u o u s  uo t o  t h e  maximum of  t h e  e l e c t r o n  

e n e r g y .  T h e  c o n t i n u u m  s p e c t r u m  i s  s u i t a b l e  f o r  t h e  

s i m u l t a n e o u s  e x c i t a t i o n  o f  a whole r ange  o f  e l e m e n t s  bu t  i s  

n o t  o p t i m i s e d  f o r  any  p a r t i c u l a r  e l e m e n t .

3 . 2 . 2  X- r ay  s o u r c e s

P r i m a r y  X - r a d i a t i o n  i s  p r o d u c e d  by a to m s  i o n i z e d  t h ro ug a  

e l e c t r o n  bombardment , n u c l e a r  r e c o i l  or  i n t e r n a l  c o n v a r s i o n .

T h e  p h o t o n  s p e c t r u m  c o n s i s t s  o t  a g r o u o  o f  

c h a r a c t e r i s t i c  X- ray  l i n e s  which may be p a r t i c u l a r l y  s u i t e d  

f o r  t h e  s e l e c t i v e  e x c i t a t i o n  o f  some i n d i v i d u a l  e l e m e n t .  I f  

a c e r t a i n  i n t e r f e r i n g  e l e m e n t  i s  t o  be d i s c r i m i n a t e d  

a g a i n s t ,  t h e n  a f i l t e r ,  or  a s e c o n d a r y  t a r g e t  o f  e i t h e r  t h a t  

e l e m e n t  o r  o n e  o f  s l i g h t l y  h i g h : ;  a t o m i c  number 2 , may be 

p l a c e d  i n  t h e  p r i m a r y  p h o t o n  beam.  T h i s  c a n  r emove  a l l  

r a d i a t i o n  c a o a b l e  o f  e x c i t i n g  t h e  i n t e r f e r i n g  e l e m e n t .
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p a r t i a l l y  c o n v e r t i n g  i t  t o  X - r a y s  o f  e n e r g i e s  m o r e  

e f f i c i e n t  i n  e x c i t i n g  s t i l l  l owe r-Z e l e m e n t s ,  t h u s  a l l o w i n g  

t h e s e  t o  be  s e l e c t i v e l y  e x c i t e d .  More e f f i c i e n t  u s e  o f  

r a d i a t i o n  i s ,  h o w e v e r , made by e x c i t a t i o n  w i t h  d i r e c t

p r ima ry  r a d i a t i o n .

I n  a w e l l - d e s i g n e d ,  low e ne rg y  so u rc e  t h e  i n t e n s i t y  of  

t h e  g r o u p  o f  X - r a y  l i n e s  may c o n s t i t u t e  90% o f  t h e  t o t a l  

r a d i a t i o n  f rom t h a t  s o u r c e .  At  h i g h e r  e n e r g i e s ,  s c a t t e r i n g  

e f f e c t s  a r e  r e l a t i v e l y  more  i m p o r t a n t ,  and t y p i c a l l y  o n l y  

3 0  t o  60% o f  t h e  t o t a l  r a d i a t i o n  a p p e a r s  a s  t h e  X - r a y s  o f

i n t e r e s t .

3 . 2 . 3  ix>w ene rgy  gamma s o u r c e s  

Gamma r a d i a t i o n  i s  p rod uced  i n  t h e  decay  of e x c i t e d  n u c l e a r  

s t a t e s  t o  ’ ower  s t a t e s  o f  t h e  n u c l e u s .  Most r a d i o i s o t o p e  

d e c a y  s c h e m e s  a r e  c o m p l e x  a n d  i n v o l v e  s e v e r a l  gamma 

e n e r g i e s  u s u a l l y  i n i t i a t e d  by a c h a r g e d  p a r t i c l e .  However ,  

some d e c a y  s c h e m e s  a r e  s i m p l e  w i t h  p r a c t i c a l l y  no c h a r g e d  

p a r t i c l e  e m i s s i o n  and  o n l y  one  o r  two  gamma e n e r g i e s ,  o r  

a l l  b u t  t h e  e n e r g y  t r a n s i t i o n s  o f  i n t e r e s t  a r e  of  v e r y  low

i n t e n s i t y .

Gamma s o u r c e s  f o r  XRF a r e  p o t e n t i a l l y  m o n o e n e r g e t i c  

s o u r c e s  t h a t  c a n  g i v e  o p t im u m  e x c i t a t i o n  f o r  i n d i v i d u a l  

e l e m e n t s .

A n e a r  p e r f e c t  gamma s o u r c e  f o r  XRF e x c i t a t i o n  of  a 

p a r t i c u l a r  e l e m e n t  w o u l d  e x h i b i t  t h e  f o l l o w i n g

c h a r a c t e r i s t i c s  -

a)  d e c a y  by e l e c t r o n  c a p t u r e  (EC) o r  i s o m e r i c

t r a n s i t i o n  ( I T )  w i t h  l i t t l e  i n t e r n a l  c o n v e r s i o n ,  o t h e r  

. o d . s  o f  d e c a y  a r e  a c c o m p a n i e d  by  a b r e . s . t r . b l u n g

A
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c o n t i n u u m  and  i n t e r n a l  c o n v e r s i o n  r e d u c e s  t h e  i n t e n s i t y

whi l e  p rodu c ing  unwanted X - r a y s .

b) a n  i n t e n s e  gamma t r a n s i t i o n  n e a r  t h e  a . o r p t i o n

edge o f  t h e  e l e m e n t  o f  i n t e r e s t  w i t h  no h i g h  e n e r g y  gammas. 

The  h i g h  e n e r g y  r a d i a t i o n  i n c r e a s e s  b a c k g r o u n d  i n  t h e  

d e t e c t e d  spe c t rum and a g g r a v a t e s  r a d i a t i o n  p rob l ems .

c )  a s u f f i c i e n t l y  l ong  h a l f l i f e  t o  o b v i a t e  t n e  need 

f o r  f r e q u e n t  c a l i b r a t i o n  of  t h e  i n s t r u m e n t  and r e p l a c e m e n t

of  t h e  s o u r c e .

d)  an  a c c e p t a b l e  p r o d u c t i o n  c o s t  -  m o s t  o f  t h e s e

i s o t o p e s  a r e  a c c e l e r a t o r - p r o d u c e d  and t h u s  c o s t l y .

r .amma-ray  s o u r c e s  a r e  p a r t i c u l a r l y  c o n v e n i e n t  f o r  t he

e x c i t a t i o n  of  t he  h igh  e ne r gy  X - r a y s  o f  t h e  heavy e l e m e n t s .

3 . 3  Compar Ison o f  X-r t u b e s  and r a d i o i s o t o p e  s o u r c e s  

The p r im a r y  a d va n t a ge  of  X- ray  t u b e s  i s  t h e  a v a i l a b i l i t y  of 

a f l u x  having  an i n t e n s i t y  o r d e r s  o f  magn i t ude  g r e a t e r  t han  

i s  p r o d u c e d  by r a d i o i s o t o p e  s o u r c e s .  The v e r s a t i l i t y  of  a 

t u be  t h rough  c h o i c e  of  o p e r a t i n g  c o n d i t i o n s ,  and t he  s imp le  

f a c t  t h a t  a t u b e  w i t h  i t s  p o t e n t i a l  r a d i a t i o n  h a z a r d ,  can 

be s w i t c h e d  o f f ,  a r e  s e c o n d a r y  a d v a n t a g e s .

R a d i o i s o t o p e  s o u r c e s  h a v e  t h e  a d v a n t a g e  of  b e i n g  

l i g h t w e i g h t ,  h a v i n g  a v e r y  s t a b l e ,  p r e d i c t a b l e  o u t p u t  and 

o f f e r i n g  s im p le  h ig h  e ne r gy  XRF e x c i t a t i o n .

3 .4  R a d i o i s o t o p e  s o u r c es  f o r  e x c i t a t i o n o f _ g o l d _ K_jf~ ra^  

The g o l d  K a b s o r p t i o n  edge l i e s  a t  8 0 , .  keV and o n l y  sou rc e  

p h o t o n s  o f  h i g h e r  e n e r g y  w i l l  e x c i t e  t h e  K X - r a y s

e f f e c t i v e l y .
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3 . 4 . 1  Pr imacy e m i s s i o n s  of  p o t e n t i a l  r a i l o i sq tqoeg 

A n u m b e r  o f  o o t e n t i a l  r a d i o i s o t o o e s  and  t h e i r  o r i m a r y  

r a d i a t i o n s  a r e  l i s t e d  i n  T a b l e  3 . 1 .  Tho o r o b a b i  l i t y  o f  

p r o d u c i n g  a o r i m a r y  o h o t o n  of  p a r t i c u l a r  ene rgy  du r ing  t he  

d e c a y  o f  an  a tom d e o e n d a  on t h e  decay  scheme and o f t e n  i s  

n o t  100%. F u r t h e r m o r e  t h e  p r im a r y  oho to n  may be i n t e r n a l l y  

c o n v e r t e d  w i t h o u t  emerging  from the  atom.  The P e r c e n t a g e s  i n  

t h e  f i f t h  and s i x t h  columns o f  Tab l e  3 . 1  r e f e r  t o  t h e  number 

o f  a t o m s  d e c a y e d .  P e r c e n t a g e s  above 100% a r e  f e a s i b l e  from 

c o m p l e x  d e c a y  s c h e m e s  a n d  c o n s e c u t i v e  d e c a y s .  The 

p h o t o e l e c t r i c  c r o s s  s e c t i o n  p Dh f o r  K l e v e l  e x c i t a t i o n  i s  

0 , 7 1 m * / k g  Au f o r  p h o t o n s  b a r e l y  e x c e e d i n g  30 ,7  keV. As t he  

p h o t o n  e n e r g y  G i n c r e a s e s ,  t h e  e x c i t a t i o n  e f f i c i e n c y  

d e c r e a s e s  a p o r o x i m a t e l y  a s  E 3 , a n d  t h e  o a r  ame t e r  

( E / 3 0 , 7 ) - 3 , w i t h  E in keV, shown in  t h e  7 th  column of  Table

3 . 1  i s  a n  i n d i c a t i o n  o f  t h e  g o l d  K - l e v e l  e x c i t a t i o n  

e f f i c i e n c y  o f  t h e  p r i m a r y  e m i s s i o n  r e l a t i v e  t o  t h a t  o f  

80 ,7  keV p h o t o n s .

3 . 4 . 2  Seconda ry  emi s s i o n s  from s o u r c e s  

I f  t h e  r a d i o i s o t o p e s  c o u l d  be m ou n te d  on a t h i n  f i lm  then  

o n l y  t h e  p r i m a r y  r a d i a t i o n  would be o b s e r v e d .  For o r a c t i c a l  

a p p l i c a t i o n s  t h e  r a d i o l  s o t o o e s  need t o  be  e n c a p s u l a t e d  a n l  

s h i e l d e d  f rom t h e  d e t e c t o r .  B e s i d e s  t h e  o r im a r y  r a d i a t i o n  

t h e  s o u r c e  s p e c t r u m  t h e r e f o r e  c o n t a i n s  X- rays  and s c a t t e r  

peak s  f rom t h e  sou rc e  back i ng  and window and from t h e  sou rc e  

m a t e r i a l .  a* s o u r c e  s c a t t e r  b e a k s  a r e  r e l a t i v e l y  s m a l l  

b e c a u s e  t h e  h e a v y  m e t a l  b a c k i n g s , such as Pa and w used in 

t h e s e  a o o l  i c a t i o n s ,  a t t e n u a t e  o h o t o n s  in  t h e  80 t o  230 keV 

r e g i o n  o r e d o m i n a n t l y  by o h o t o e l e c t r i c  a b s o r p t i o n .  At t h e s e

1 #
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Tab le  3.1 gold determination
ISOTOPE HALF DECAY PRINCIPAL INT. EMIS REL.EXCIT.

LIFE MOi , PHOTONS CONV. SION EFFICIENCY

days keV % « (max)

Ba-133 2628 EC 81* 57 34 0 , 9 9 (1 >*

356 2 62 0 , 0 1 ( 0 , 1 6 )

276}303;384 1 25 0 , 0 2 ( 0 , 2 )

54}8v}160 1 2 5 0 ,0 9 (0 ,5 5 )

Tm-170 128 B 84 2 1 3 , 4 0 , 8 8 ( 1 )

- b r e m s (968) 0 , 0 0 ( 1 )

Cd-109 453 EC 8 8 96 3 , 8 0 ,7 7 ( 1 )

AgKX 22}25 1 0 2 0

Gd-153 241 EC 97 8 30 0 ,5 7 (1 )

103 30 2 0 0 ,4 8 (1 )

70 1 1 3 0

EuXX 41;47 1 1 0 0

Co-57 271 EC 1 2 2 1 85 0 ,2 9 (0 .94 )

136 1 1 1 0 , 2 1 ( 0 , 75 )

14 9 0

FeKX 6 ,4}7 55 0

Te-123m 1 2 0 IT 159 83 0 , 1 3 (0 ,56 )

TeKX 27)31 50 0

Pm-147 957 % b r e m s (225) 50 0 ,0 5 ( 1 )

t a r g e t  PfcX <1 0 , 5 6 ( 1 )

Ce-139 140 EC 166 2 0 80 0 , 1 2 ( 0 , 5 2 )

* u n d e r l i n i n g  I n d i c a t e s  t h e  pho ton  o f  I n t e r e s t

* f i g u r e s  i n  b r a c k e t s  i n d i c a t e  t h e  maximum r e l a t i v e  

e x c i t a t i o n  e f f i c i e n c y  a f t e r  i n c o h e r e n t  s c a t t e r i n g  t h r o u g h

an optimum a n g l e

I
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!netql„  th. usable o.l.ary radiation ealtted fro, a source 
nay thus constitute 50. or less of the total radiation.

Tyolcal source soectra measured with a hyoeroure =«

detector are shown in Fi g u r e  3.1.

3.4.3 The e x c i t a t i o n s o e c t r ----------
Por gold determination In a light geological m.trl. the 
excitation spectrum above 81 keV need, to be considered.

pnotons at these energies are predominantly scattered, 
with 1... than 20. being photoelectricity absorbed. In a 
-thin- samole the scattered radiation leave, the samole but 
1„ . -thick' sample this radiation Is available for further

i n t e r a c t i o n  w i th  the  sample.
Above 81 k.V, scattering in a light matrix 1. largely

incoherent so that Inside a sample not only th. Intensity of
t h e  e x c i t i n g  r a d i a t i o n  d i m i n i s h e s  e x p o n e n t i a l l y  w i t h  d . o t n ,

put th. e n e r g y  of th. radiation 1 .  lowered a. well. The
energy B* of a photon scattered from a free electron at rest
tl . function of th. scattering angle 9 and the Incident
ph ot on  e n e r g y  B. I t  1 .  g i v e n  by t h .  Comoton (1823,  equat ion

for conservation of momentum and energy
2

B' ■ E/l 1 ♦ <l-cos0)S/(mc ) 1 
The maximum angle through which a Photon may be 

incoherently scattered before it, energy 1. reduced below 
tl.at required for th. excitation gold X x-ray. (81 k.V, 1. 
ehown in figure 3.2. Th. reduction In th. energy of an 
incoherently scattered ohoton. If It Is still above 81 k.V, 
result, in an enhanced efficiency for th. excitation of 
gold. The maximum relative efficiency for ku K-l.wl
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Fig. 3. 2 Anglo required in incoherent scattering
to reduce energy of primary photon to 81 keV

e x c i t a t i o n  o f  s i n g l y  s c a t t e r e d  p h o t o n s  i s  g i v e n  i n  

p a r e n t h e s e s  i n  T a b ) #  3 . 1 .  T h i s  i s  a n a l o g o u s  t o  t h e  

e n h a n c e m e n t  e f f e c t  i n  XRF a t  l o * e r  e n e r g i e s ,  e x c e p t  t h a t  

t h e r e ,  s t e a d  o f  b e i n g  geome t ry  d e p e n d e n t ,  i t  d ep end s  on 

t h e  p r e s en c e  i n  t h e  m a t r i x  of  e l e m e n t s  o f  a t o m i c  number Z a 

l i t t l e  h i g h e r  t h a n  o f  t h e  e l e m e n t  o f  i n t e r e s t ,  b e c a u se  t h e  

e f f e c t  o c c u r s  t h r o u g h  f l u o r e s c e n c e .  The a v e r a g e  e x c i t a t i o n  

e f f i c i e n c y  i n  a t h i c k  s a m p l e  l i e s  be tween  t h e  two v a l u e s  

g i v e n  i n  t h e  t a b l e ;  m u l t i p l e  s c a t t e r i n g ,  s a m p l e  d e p t h  

d e p e n d e n c e  and m e a s u r i n g  g e o m e t r y  d e p e n d e n c e  a s  we l l  a s  

v a r i a t i o n s  i n  m a t r i x  c o m p o s i t i o n  make p r e c i s e  c a l c u l a t i o n

d i f f i c u l t .
In an ' i n f i n i t e l y ' t h i c k  s amp le ,  pho to ns  s c a t t e r e d  in  a
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f o r w a r d  d i r e c t i o n  r e m a i n  i n  t h e  s a m p l e  f o r  f u r t h e r  

i n t e r a c t i o n  b u t  t h o s e  s c a t t e r e d  b a c k w a r d  h a v e  a l o w e r  

p r o b a b i l i t y  o f  f u r t h e r  i n t e r a c t i o n  b e c a u s e  t hey  may a l s o  

l efove  t h e  s a m p l e .  D u r i n g  s c a t t e r i n g ,  t h e  p h o t o n s  a r e  

p o l a r i z e d ,  and  f r om  t h e  second s c a t t e r i n g  e v e n t ,  a pho ton  

t e n d s  t o  b e  f o c u s e d  t o  t h e  o l a n e  d e f i n e d  by t h e  f i r s t  

e v e n t ,  t h u s ,  c o m p a r e d  t o  i n d e p e n d e n t  p r o c e s s e s , t h e  

p r o b a b i l i t y  t h a t  a m u l t i p l y  s c a t t e r e d  p h o t o n  may l e a v e  t h e  

sample  i s  e n h an c ed .

3 . 4 . 4  E x c i t a t i o n  o f  o t h e r  heavy e l e m e n t s  

X - r a y s  o f  o t h e r  h e av y  e l e m e n t s  c o u l d  p o s s i b l y  i n t e r f e r e  

w i t h  t h e  m e a s u r e m e n t  o f  t r a c t  a m o u n t s  o f  g o l d .  E l eme n t s  

f rom h a f n i u m  t o  r adon  have K x - r a y s  in  t h e  v i c i n i t y  o f  t h e  

g o l d  X - r a y s . On ly  l e a d  h a s  a s i g n i f i c a n t  c o n c e n t r a t i o n  

among t h e  heavy m e t a l s  i n  W i t w a t e r s r a n d  g o l d  o r e s .  A l l  t h e  

s o u r c e s  l i s t e d  i n  Tab l e  3 . 1  can e x c i t e  l e a d  X - r a y s .  At  the  

s t a r t  of t h i s  i n v e s t i g a t i o n  the  r e p o r t e d  e n e r g y  of 87 ,7  kev 

f o r  t h e  C d - 1 0 9  gamma t r a n s i t i o n  ( L e d e r e r , 1967) indicated 
t h a t  l e a d  w i t h  a K a b s o r p t i o n  edge o f  8 8 , C kev would no t  be 

e x c i t e d ,  b u t  e x p e r i m e n t s  s o o n  s h o w e d  v e r y  e f f i c i e n t  

e x c i t a t i o n  o f  t h i s  e l e m e n t ,  and s u b s e q u e n t l y  t h e  gamma 

ene rgy  was r e p o r t e d  a t  88 , 0 2 3  keV (Dragun ,  19 76 ) .

Uranium i s  an e c o n o m i c a l l y  i m p o r t a n t  e l e m e n t  a s s o c i a t e d  

w i t h  g o l d .  I t s  K a b s o r p t i o n  e d g e  l i e s  a t  1 1 5 , 6  keV. For 

d i r e c t ,  e x c i t a t i o n  o t  U o n l y  s o u r c e s  e m i t t i n g  p h o t o n s  of  

ene rgy  h i g h e r  t h a n  t h i s  c a n  be u sed .

M e a s u r e m e n t  o f  l e a d ,  a d e c a y  p r o d u c t  o f  u r an i um ,  may 

p r o v e  t o  be  a u s e f u l  measu remen t  f o r  u r an ium v a l u a t i o n  in 

t h e  w i t w a t e r s r a n d  d e p o s i t s  whe re  h a r d l y  an y  l e a c h i n g  i s
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f o r w a r d  d i r e c t i o n  r e m a i n  i n  t h e  s a m p l e  ' . o i  f u r t h e r  

i n t e r a c t i o n  b u t  t h o s e  s c a t t e r e d  b a c k w a r d  h a v e  a l o w e r  

p r o b a b i l i t y  o f  f u r t h e r  i n t e r a c t i o n  b e c a u s e  t hey  may a l s o  

l e a v e  t h e  s a m p l e . D u r i n g  s c a t t e r i n g ,  t h e  p h o t o n s  a r e  

p o l a r i z e d ,  and  f rom t h e  second s c a t t e r i n g  e v e n t ,  a ph o ton  

t e n d s  t o  be f o c u s e d  t o  t h e  p l a n e  d e f i n e d  by t h e  f i r s t  

e v e n t , t h u s ,  c o m p a r e d  t o  i n d e p e n d e n t  p r o c e s s e s , t h e  

p r o b a b i l i t y  t h a t  a m u l t i p l y  s c a t t e r e d  p h o t o n  may l e a v e  t h e  

sample  i s  e n h a n c e d .

5 . 4 . 4  E x c i t a t i o n  of  o t h e  heavy e l e m e n t s 

X - r a y s  o f  o t h e r  h e a v y  e l e m e n t s  c o u l d  p o s s i b l y  i n t e r f e r e  

w i t h  t  m e a s u r e m e n t  o f  t r a c e  a m o u n t s  o f  g o l d .  E l e me n t s  

f rom h a f n i u m  t o  r ad on  have K X- rays  i n  t h e  v i c i n i t y  of  t h e  

g o l d  X - r a ? B . Only  l e a d  h a s  a s i g n i f i c a n t  c o n c e n t r a t i o n  

among t h e  heavy  m e t a l s  in K i t w a t e r s r a n d  g o l d  o r e s .  A l l  t h e  

s o u r c e s  l i s t e d  i n  T ab l e  3 . 1  can e x c i t e  l e a d  X - r a y s .  At  t h e  

s t a r t  of  t h i s  i n v e s t i g a t i o n  t he  r e p o r t e d  e n e r g y  of  87 ,7  keV 

f o r  t h e  C d -1 0 9  gamma t r a n s i t i o n  ( L e d e r e r , 1967) i n d i c a t e d  

t h a t  l e a d  w i t h  a K a b s o r p t i o n  edge o f  8 8 , 0  keV would no t  be 

e x c i t e d ,  b u t  e x p e r i m e n t s  s o o n  s h o w e d  v e r y  e f f i c i e n t  

e x c i t a t i o n  o f  t h i s  e l e m e n t ,  and s u b s e q u e n t l y  t h e  gamma 

energy  was r e p o r t e d  a t  88 ,023  keV (Dra g u n , 1976 ) .

Uranium i s  an e c o n o m ic a l l y  i m p o r t a n t  e l e m e n t  a s s o c i a t e d  

w i t h  g o l d .  I t s  K a b s o r p t i o n  ed ge  l i e s  a t  1 1 5 , 6  kwV. For 

d i r e c t  e x c i t a t i o n  o f  U o n l y  s o u r c e s  e m i t t i n g  p h o t o n s  of

ene rgy  h i g h e r  t h a n  t h i s  can  be u sed .

Measurement  of l e a d ,  a d ec ay  pr od u c t  o f  uranium, may 

prove  to be a u s e f u l  measurement for  uranium v a l u a t i o n  in  

the W i t w a t e r s r a n d  d e p o s i t s  where h a r d l y  any l e a c h i n g  i s
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t h ou g h t  t o  have t a k e n  p l a c e .

E x c i t a t i o n  o f  t h e  p l a t i n u m  g r o u p  m e t a l s  i s  v e r y  s i m i l a r  

t o  t h a t  o f  g o l d  and  t h e  same s o u r c e s  c a n ,  t h e r e f o r e ,  be 

c o n s i d e r e d  f o r  t h e i r  d e t e r v i r a t i o n  i n  o r e s .

G o od  s h i e l d i n g  m a t e r i a l s  a r e  by  t h e i r  n a t u r e  

e f f i c i e n t l y  e x c i t e d  and p o s s i b l e  i n t e r f e r e n c e  by t h e s e  

X- rays  needs  t o  be h e l d  t o  a c c e p t a b l y  low l e v e l s .



4 TBg background  sp ectru m

A s p e c t r u m  o£ 8 8  keV Cd-109 r a d i a t i o n  b a c k s c a t t e r e d  f rom a 

b l a n k  r o c k  i s  shown i n  F i g u r e  4 . 1 .  I t  was m ea su r ed  w i t h  ^ 

s y s t e m  r e s o l u t i o n  o f  600eV f u l l  w i d t h  h a l f  maximum (FWHM) 

a t  8 8  keV and t h e  s c a t t e r i n g  a n g l e  f r om s o u r c e  t o  sample  t o  

d e t e c t o r  was  g r e a t e r  t h a n  1 6 5 ° .  D i r e c t  r a d i a t i o n  f rom t h e  

sou rc e  o r  s o u r c e  s h i e l d  t o  t h e  d e t e c t o r  was n e g l i g i b l e .

The  m n t  p r o m i n e n t  f e a t u r e  i n  t h e  s p e c t r u m  i s  t h e  

i n t e n s e  i n c o h e r e n t  o r  Compton  s c a t t e r e d  p e a k  C.  A much 

s m a l l e r  p e a k  m ar ke d  A, a p p r o x i m a t e l y  1 / 1 0 0  o f  t h e  peak

10  * r
SoftU - 
(Wt*etw - Ce 
Ci lartry >1®°

in

ENERGY (keV) 

Fig. 4.1 Cd 109 backecotter epectrui from blank rock



i n t e n s i t y  o t  C # a r i s e s  i r o n  c o h e r e n t  s c a t t e r i n g  o t  t n e

8 8  keV s o u r c e  r a d i a t i o n .  Peaks  L and  F a r e  t u n g s t e n  K X-rays 

f rom t h e  s o u r c e  s h i e l d ,  b a c k s c a t t e r e d  by t h e  s ample .  Our 

main c o n c e rn  i s  w i th  t he  con t i nuum r e g i o n  B where the  gold K 

X—r a y s  h a v e  t o  be m e a s u r e d  o r  w i t h  r e g i o n  D when h i gh e r  

energy  s o u r c e s  a r e  used f o r  which t h e  p r om in e n t  Compton peak 

C l i e s  above  t h e  e ne r gy  of t h e  g o l d  K X - r a y s .

The true sample spectrum is degraded by the resolution 
of the detection system so that sharp lines appear in the 
recorded spectrum as narrow Gaussian peaks of specific 
width. Minor, usually insignificant, deviations from a 

perfect Gaussian shape occur as a result of imperfections of 
the system.

The b a c k g r o u n d  u n j e t  a peak  d e t e r m i n e s  t h e  d e t e c t i o n  

l i m i t  f o r  t h e  p e a s ,  and t he  t o t a l  ba ckg round  f l u x  t a x e s  t h e  

p u l s e  h a n d l i n g  c a p a b i l i t y  o f  t h e  m e a s u r i n g  s y s t e m ,  t h u s  

l i m i t i n g  t h e  s p e e d  w i t h  w h i ch  a d e t e c t i o n  l i m i t  c a n  be 

a t t a i n e d .

An understanding of the scattering processes is 
important if possible optimisation of the background 
spectrum is contemplated.

4.1 Photon  s c a t t e r i n g  

y u a r t z  w i t h  up t o  5 4  p y r i t e  may be c o n s i d e r e d  t h e  t y p i c a l  

m a t r i x  f o r  M i t w a t e r s r a n d  g o l d - b e a r i n g  c o n g l o m e r a t e ,  i h« 

r e l e v a n t  p h o t o n  i n t e r a c t i o n  d a t a ,  a d a p t e d  f r o m  

Gwozdz  e t  . a l .  (1 97 3) , f o r  S i 0 2 and  S i 0 2 ♦ 54 F e 20 3 a r e  

p l o t t e d  v s .  ene rgy  i n  F i g u r e  4 . 2 .  Below 50 keV p h o t o e l e c t r i c  

a b s o r p t i o n  i s  t h e  dominant  mechanism t o r  t h e  a t t e n u a t i o n  o? 

t h e  p h o t o n  i n t e n s i t y .  S c a t t e r i n g  h e r e  h a s  a much l o w e r
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Fig. 4. 2 Photon interaction data for rock
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4 . 2  S h a o c  o f  d i f f e r e n t i a l  c r o s s s e c t i o n s  o e r  u n i t  s o l i d

. n g l e  f o r  e c a t t e r i n q  o£ a »  »cV o h o t o n s  f r o m  i r o n .  

( 1 ) -Coon , .on  f r e e  e l e c t r o n s ,  (2 ) - I n c o h e r e n t  an !  ( 3 , - c o h e r e n t  

( a l t e r  Davi sson ,  1963) .

p r o b a b i l i t y  s o  t h a t  t h e  backg round  i s  low r e l a t i v e  t o  t he  

i n t e n s i t y  o t  t n e  X - r a y  p e a k s .  F u r t h e r m o r e ,  t he  background 

s p e c t r u m  be lo w  a b o u t  20 keV r e s e m b l e s  t h a t  of  t he  sou r ce  

r a d i a t i o n  b e c a u s e  s c a t t e r i n g  n- r e  o c c u r s  e s s e n t i a l l y  

c o n e r e n t l y ,  i . e .  w i t h o u t  e ne r gy  l o s s .  Tne major  a t t e n u a t i o n  

of t h e  p h o t o n  i n t e n s i t y  in t he  e n e r g y  r e g i o n  above 50 keV 

comes  f rom t h e  i n c o h e r e n t  s c a t t e r i n g  e f f e c t .  At 80 keV the  

c o n c r c n t  s c a t t e r  i n j  : r o s s  s e c t i o n  i s  m u l l e t  by a f a c t o r  of  

7 or  m ore .  The e n e r g y  l o s s  i n  t n i s  i n c o n e r e n t  s c a t t e r i n g  

p r o c e s s  r e s u l t s  i n  a t r a n s l a t l  i  o f  t h e  s o u r c e  r a d i a t i o n  

spe c t rum t o  lower  e n e r g i e s  and c o n s i d e r a b l e  m o d i f i c a t i o n  of

t n i s  spe c t ru m .

Whereas f l u o r e s c e n t  X- r a ys  a r e  e m i t t e d  in a l l  u i r e c t u n s  

w i t n  e q u a l  p r o b a b i l i t y ,  s c a t t e r i n g  o f  p h o t o n s  i s
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a n i s o t r o p i c .  The c r o s s  s e c t i o n s  shown in F i g u r e  4.2 a r e  t h e  

v a l u e s  i n t e g r a t e d  o v e r  a l l  d i r e c t i o n s .  The  r e c o r d e d  

background i s  t h u s  de pen de n t  on t h e  measu r ing  geome t ry .

T he  e n e r g y  d e p e n d e n c e  on  s c a t t e r i n g  a n g l e d  * or a 

Compton e l e c t r o n  ( i . e .  s t a t i o n a r y  e l e c t r o n )  was g i ve n  i n

3 . 4 . 3  -

E '  » E/ (  1 + (1 -  co sO)E / (mc2) |

K l e i n  a n d  N l s h i n a  (19 29 )  d e r i v e d  t h e  c r o s s  s e c t i o n s  i n  

Compton s c a t t e r i n g .  The d i f f e r e n t i a l  c r o s s  s e c t i o n  oe r  u n i t  

s o l i d  a n g l e  i s  i l l u s t r a t e d  f o r  i r o n  n F i g u r e  4 . 3  f o r

u n p o l a r i z e d  88 keV p h o t o n s .

Bo und  e l e c t r o n s  h a v e  s p e c i f i c  momen tum,  and  f o r  

i n c o h e r e n t  s c a t t e r i n g  a t  a g i v e n  a n g l e  t h e  p h o t on s  have  an 

e n e r g y  d i s t r i b u t i o n  known as  t h e  Como ton  o ' o f i l e .  Only t h e  

p e a k  e n e r g y  c o r r e s p o n d s  t o  t h e  a b o v e  s c a t t i r e d  e n e r g y  

e q u a t i o n .  Compton p r o f i l e s  have  been  c a l c u l a t e d  from a tom ic  

wave f u n c t i o n s  (C lemen t i ,  1965) and have  been  measured f o r  a 

number  o f  g a s e s  by E i s e n b e  t g e r  e t  a l . ( 1 9 7 2 ) .  Most o f  t h e  

i n t e n s i t y  i n  r e g i o n s  B and D o f  F i g u r e  4.1 c an  be accoun t ed  

f o r  a s  t h e  Compton p r o f i l e .  Some o f  t h e  i n t e n s i t y ,  however , 

r e s u l t s  f r o m  m u l t i p l e  s c a t t e r i n g  ( d i s c u s s e d  i n  t h e  n e x t  

s e c t i o n )  and f ro m  i n s t r u m e n t a l  p u l s e  p i l e u p  d i s c u s s e d  in 

c h a p t e r  9.

C o h e r e n t  s c a t t e r i n g  would n o t  be p o s s i b l e  from unbound 

e l e c t r o n s .  The peak A a t  b8 keV in  F i g . 4 .1  i s  c l e a r  e v id e n c e  

t h a t  88 keV p h o t o n s  can  be c a t t e r e d  c o h e r e n t l y  t h r o u g h  

a n g l e s  >165°  by e l e m e n t s  i n  t h e  sample  whose e l e c t r o n s  have

b i n d i n g  e n e r g i e s  w e l l  be low 10 keV.

An i n t e r e s t i n g  f e a t u r e  o f  t h e  s c a t t e r i n g  c r o u s  s e c t i o n s
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i l l u s t r a t e d  I n  t h e  s p e c t r a  f o r  p h o t o n s  s c a t t e r e d  from 

n o n  shown I n  F i gu r e  4 . 4 .  T h e re  i s  a marKed s t e p  shou t  7 keV 

,elow t h e  66 keV e x c i t a t i o n  e ne r gy  -  t h i s  e n e r g y  d i f f e r e n c e  

co r r e sponds  e x a c t l y  t o  t h e  Fe K e l e c t r o n  b i n d i n g  energy .  The 

i n c o h e r e n t  c r o s s  s e c t i o n  d r o p s  s h a r p l y  In f a v o u r  o f  c ohe ren t  

s c a t t e r i n g  f o r  e n e r g y  t r a n s f e r s  l o w e r  t h a n  t h e  b i n d i n g  

e n e r g y .  T h i s  I s  shown q u a l i t a t i v e l y  i n  F i g u r e  4 . 3 .  In  which  

t h e  v a r i a t i o n  o f  d i f f e r e n t i a l  c r o s s  s e c t i o n s  w i t h  u n i t  s o l i d  

a n g l e  i s  g i v e n .  A v a r i a b l e  i r o n  c o n c e n t r a t i o n  would r e s u l t  

i n  a  v a r i a b l e  s t e p  i n  t h e  backg round  s p e c t r u m  a t  Bl keV and 

would r educe  t h e  p r e c i s i o n  w i t h  which t h e  ba ckg round  I n  t h e  

g o l d  KB p e ak  r e g i o n  c o u l d  be d e t e r m i n e d .  The p e r c e n t a g e  of 

p y r l t e  i n  w l t w . t e r s r a n d  g o l d  b e a r i n g  c o n g l o m e r a t e s  i s ,  

h o w e v e r ,  l o w  a n d  c a n  c a u s e  o n l y  a v e r y  s m a l l  s t e p .  

F u r t h e r m o r e  t h e  I n t e n s i t y  In t h e  s p e c t r a l  r e g i o n  a t t e s t e d  by 

t h e  s t e p  f o r m s  o n l y  a  s m a l l  f r a c t i o n  o f  t h e  b a c k g r o u n d  

i n t e n s i t y  u s e f u l  f o r  t h e  e v a l u a t i o n  o f  t h e  g o l d  KB" peak ,  so 

t h a t  d e t e r i o r a t i o n  i n  P t e c i s . o n  would h a r d l y  be n o t i c e a b l e

in  t h i s  a p p l i c a t i o n .

4 .2  c . . " . r l n o  spectrum  trgm_thlck_samBiss

t h i c k  s a m p le s  a d d i t i o n a l  I n t e n s i t y  i n  t h e  s p e c t r a l  r eg i on  

b e t w e e n  t h e  c o h e r e n t  a n d  C o m p t o n  p e a k s  a r i s e -  f r o m  

i n c o h e r e n t  f o l l o w e d  by c o h e r e n t  s c a t t e r i n g ,  or  v i c e  v e r s a .  

T„ .  i n c o h e r e n t  p r o c e s s  c h a n g e s  t h e  e n e rg y  of  t h e  photon wi th 

a c o r r e s p o n d i n g  c h a n g e  I n  s c a t t e r i n g  a n g l e  w h i c h  may be 

i n s u f f i c i e n t  f o r  t h e  p h o t o n  t o  r e t u r n  t o  t h e  d e t e c t o r  and 

t h e  c o h e r e n t  p r o c e s s  f u r t h e r  changes  t h e  d i r e c t i o n  s o  t h a t

the photon  may r e a c h  t h e  d e t e c t o r .
T h .  p r o c e s s  o f  c o m b i n e d  c o h e r e n t  a n d  I n c o h e r e n t
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s c a t t e r i n g  i n  t h i c k  s a m p l e s  i s  c o n f i r m e d  by t h e  r e l a t i v e  

i n t e n s i t i e s  o f  t h e  s u p e r i m p o s e u  s p e c t r a  i n  F i g . 4 . 4 .  These  

h a v e  b e e n  n o r m a l i s e d  t o  t h e  same 88 kev i n t e g r a l  peak  

i n t e n s i t y .  The ' t h i n '  sample  c o n s i s t e d  o f  a  s i n g l e  d i s c  25mm 

d i a m e t e r ,  0,5mm t h i c k n e s s ,  t h e  ' t h i c k '  sample  c o n s i s t e d  o f  

40 s i m i l a r  d i s c s  s t a c k e d  b e h i n d  t h e  t h i n '  s a m p l e .  The 

i n t e n s i t y  s l i g h t l y  below 88 kev i s  a b o u t  501 h i g h e r  f o r  t he  

' t h i c k '  s a m p l e  f ro m combined  s c a t t e r i n g ,  i n s t e a d  o r  be ing  

l o w e r ,  a s  m i g h t  h a v e  b e e n  e x p e c t e d  f rom th e  p r e f e r e n t i a l  

a b s o r p t i o n  o f  l o w e r  e n e r g y  p h o t o n s  i n d i c a t e d  by t h e  

r e l a t i v e l y  l o w e r  i n t e n s i t y  o f  t h e  Compton p e ak  a t  65 kev.  

m e  e x p l a n a t i o n  f o r  t h e  h i g h e r  i n t e n s i t y  i s  t h a t  t h e  

p r o b a b i l i t y  f o r  m u l t i p l e  s c a t t e r i n g ,  t o  g i v e  a backg round  

c o n t r i b u t i o n  i n  t h e  r e g i o n  b e t w e e n  t h e  i n c o h e r e n t  and 

c o h e r e n t  s c a t t e r  p e a k s ,  i n c r e a s e s  f a s t e r  w i t h  s a m p l e  

t h i c k n e s s  t h a n  t h e  p r o b a b i l i t y  l o t  s i n g l e  s c a t t e r i n g  

r e p r e s e n t e d  by t h e  c o h e r e n t  s c a t t e r  peak .

A l t h o u g h  t h e  C o m p t o n  p r o f i l e  i s  s y m m e t r i c a l ,  t h e  

i n t e n s i t y  a t  e n e r g i e s  be low t h e  Compton peak  i s  g e n e r a . . y  

h i g h e r  t h a n  a b o v e  i t .  a s  i s  e v i d e n t  i n  F i g u r e  4 . 1 .  The 

a d d i t i o n a l  i n t e n s i t y  a r i s e s  f r o m  I n c o h e r e n t  s c a t t e r i n g ,  

m o s t l y  > 9 0 ° .  i n  t h e  s o u r c e ,  s c a t t e r e d  o n c e  more  by t h e  

s a m p l e ,  s o u r c e  s h i e l d  X - r a y s  a l s o  a r e  s c a t t e r e d  b y  t h e

I t lID p *  *1 •

4 . 3  so u ^ c e ^ a a n jp l e ^ d e t e c t o r _ JS S p ^ _ 2 e p ? ' £ t r y  

AS shown l a t e r  ( c h a p t e r s  6 and 71 .  i n  o r d e r  t o  o p t i m i s e  t he  

m e a s u r e m e n t  o f  low g o l d  c o n c e n t r a t i o n ,  i n  t h e  r e e f ,  i t  i s  

n e c e s s a r y  t o  s e l e c t  b o t h  t h e  g o l d  x - r a y  pe ak s  t o  be measured 

„ „ d  t h e  s o u r c e  s o  t h a t  t h e  p e . k - t o - b . c k g r o u n d  r a t i o  i s
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maximized and the  t o t a l  backg r oun d  i t s e l f  minimized.  Because 

t h e  b a c k g r o u n d  v a r i e s  w i t h  t h e  s o u r c e - s a m p l e - d e t e c t o r  

g e o m e t r y , some c o n s i d e r a t i o n  mus t  be g i v e n  t o  t h e  opt imum 

ge om e t r y .

For a c o - p l a n a r  s o u r c e  and d e t e c t o r , i n c r e a s i n g  t h e  SSD 

a n g l e  l o w e r s  t h e  e n e r g y  o f  t h e  Compton peak t h u s  r e d u c i n g  

t h e  background i n t e n s i t y  a t  h i g h e r  e n e r g i e s  w h i l e  i nc r eas ing  

t h e  i n t e n s i t y  below i t ,  and v i c e  v e r s a .

For  Co -57  and h i g h e r  e n e r g y  s o u r c e s ,  s c a t t e r i n g  a n g l e s  

c o n s i d e r a b l y  l e s s  t h a n  180°  would a ope a r t o  be p r e f e r a b l e  

w h i l e  f o r  Cd-109 and l ower  e n e r g y  s o u r c e s  a n g l e s  c l o s e r  t o  

18U° a r e  more f a v o u r a b l e .

L im i t i ng  t he  s c a t t e r i n g  a n g l e  t o  l e s s  t h a n  180°  i m p l i e s  

t h a t  t h e  s a m p le  s h o u l d  be  s m a l l  r e l a t i v e  t o  t h e  r a d i a t i o n  

p a t h  l e n g t n s , d e f i n e d  by t h e  c o l l i m a t i o n  o f  t h e  s o u r c e  

a n d /o r  t he  d e t e c t o r . T h i s  i s  a r a t h e r  i n e f f i c i e n t  measu r ing  

g e o m e t r y .  W i t h o u t  c o l l i m a t i o n , a m a s s i v e  s a m p l e  t o u i d  

su b t e nd  between s o u r c e  and  d e t e c t o r  a r ange  o f  ang le s  fvom a 

minimum a l l  t h e  way up t o  180° and d e c r e a s i n g  t h e  minimum 

d u g l e  w o u l d , t h e r e f o r e ,  have l i t t l e  e f f e c t  i n  r e d u c i n g  t he  

background i n t e n s i t y  a t  e n e r g i e s  be low t h e  Compton peak;  the 

r e d u c t i o n  would  be  g r e a t e r  a b o v e  t h e  Compton p e a k  when 

i n c r e a s i n g  t h e  a n g l e  t oward  i 180°.

Gold  d e t e r m i n a t i o n  i n  s i t u  r e q u i r e s  t h e  measurement  o f  

r o u g h - s u r f a c e d  samples* where t h e  d i s t a n c e s  of  s amp le s  f rom

A r o u g h  s u r f a c e  may be

s a m p l e  a r e a ,  t h e  r o o t  mean 
p l a n e  i s  o f  t h e  same o l d e r  

p a t h  l e n g t h s .

d e f i n e d  a s  one whe re ,  over  t h e

s q u a r e  d e v i a t i o n  f rom a f l a t  
o f  m a g n i t u d e  a s  t h e  r a d i a t i o n
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t he  so u r c e  and  d e t e c t o r  c a n n o t  be a c c u r a t e l y  c o n t r o l l e d .  The 

minimum s c a t t e r  a n g l e  may t h u s  f l u c t u a t e  c a u s i n g  an e n e r g y  

s h i f t  of  t h e  Compton p r o f i l e  a s  we l l  a s  c h a n g e s  i n  the shape 

o f  t h e  backg round  f rom m u l t i p l e  s c a t t e r i n g .  The v a r i a t i o n  i n  

t h e  s a a p e  o f  t h e  b a c k g r o u n d  c o n t r i b u t e s  a v a r i a n c e  t o  t h e  

me? j u r  emen  t  o f  f l u o r e s c e n t  g o l d  p e a k s .  The  c l o s e r  t h e  

minimum s c a t t e r i n g  a n g l e  i s  t o  180° t h e  s m a l l e r  w i l l  be i t s  

f l u c t u a t i o n  f o r  a g i v e n  c h a n g e  i n  s a m p l e  d i s t a n c e ; t h e  

f i n i t e  d i m e n s i o n s  o f  d e t e c t o r  a n d  s o u r c e  p r e c l u d e  a 

s c a t t e r i n g  a n g l e  e q u a l  t o  180° .

For  C d - l u 9  a number o f  SSD c o n f i g u r a t i o n s  were  t e s t e d .  

I n  t h e  e a r l i e s t  e x p e r i m e n t s  on ly  a 3mCi Cd-109 so u r c e  was 

a v a i l a b l e  a n d  a h i g h  g e o m e t r i c a l  e f f i c i e n c y  was sou gh t  by 

p l a c i n g  t h e  s o u r c e  d i r e c t l y  on t he  rock  w i t h  t he  d e t e c t o r  a 

few cm b e h i n d  t h e  s o u r c e  s h i e l d .  T h i s  g a v e  a r e l a t i v e l y  

l o w e r  p e a k - t o - b a c k g r o u n d  r a t i o  f o r  g o l d  K6'  pe ak s  t h an  was 

obs e rved  f o r  t h e  g o l d  peaks  e x c i t e d  by Co-57.  The s o u r c e  

1 i c o n t a c t  w i t h  t h e  s a m p l e  a l l o w e d  r a d i a t i o n  e m e r g i n g  

s i d e w a y s  ( i n  a  s l i g t h l y  fo rwa rd  d i r e c t i o n )  t o  be s c a t t e r e d  

by t h e  s a m p l e  t h r o u g h  a s  low a s  90°  t o wa rd s  t h e  d e t e c t o r ,  

t h u s  g r e a t l y  i n c r e a s i n g  t h e  backg round  under  t h e  g o l d  KB' 

peaks  r e l a t i v e  t o  t h a t  f rom a l a r g e r  minimum s c a t t e r  a n g l e .

S u b s e q u e n t  m e a s u r e m e n t s  w i t h  t h e  Cd-109 s o u r c e  p l a c e d  

c l o s e  t o  t h e  d e t e c t o r , and  away from t h e  s a m p le ,  t o  i n c r e a s e  

t h e  m i n i m u m  s c a t t e r  a n g l e  i m p r o v e d  t h e  g o l d  

p e a k - t o - b a c k g r o u n d  r a t i o  f o r  Cd-109 so  th* ; i t  ex ce ed e d  t h e  

r a t i o  f o r  Co-57 .

I n  F i g u r e  4 . 5  t h e  KB s p e c t r a l  r e g i o i e  o f  a  g o l d  o r e  

samp le ,  o f  homogeneous  c o n c e n t r a t i o n ,  a r e  shown f o r  c e n t r a l
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and p e r i p h c r a l - s o u r c e  g e o m e t r i e s .  A 1,5mm d i a m e t e r  Cd-109 

sour ce  was p l a c e d  3mm i n  f r o n t  of  and f rom Oum t o  6Omm from 

t h e  a x i s  o f  a 16mm d i a m e t e r  x 10mm d e e p  Ge d e t e c t o r ;  t he  

. ur f ace  of t h e  s t a n o a r d  o r e  s ampl e  was a t  d i s t a n c e s  of  25mm 

and 40mm f r om t h e  d e t e c t o r ,  and s o u r c e  s h i e l d  c o l l i m a t i o n  

was 120° t owards  t h e  s a mpl e .  Annu l a r  s o u r c e s  a r e  o f t e n  used 

f o r  p e r i p h e r a l - s o u r c e  g e o m e t r i e s  b u t  a s e t  of  p o i n t  s o u r c e s  

a t  t he  annu l us  r ^ u s  g i v e s  t . , e  same r e s u l t s .

The s p e c t r a  i .  f i g u r e  4 . 5  were  n o r m a l i z e d  t o  t h e  Au K Bf 

p e a k  i n t e n s i t y .  A c h ange  i n  t h e  s l o p e  of  t h e  ba ckgr ound  i n  

t h e  g o l d  Kb r e g i o n  may be  o b s e r v e d ,  i h e  r> y h e s t  

pe ak - t o - ba c kg  round r a t i o  was o b t a i n e d  f o r  t he  c e n t r a l  source

g e o m e t r y .

In n g u t t  4 . 6  m e  r e l o i  ive i n c * e a s e  of  the  b a c k s e a t  t e r

ui
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o
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F i g .  4 . 6  I n c r e a s e  i n  b o c k e c a t t e r  i n t e n s i t y  a t  BBkeV f r - o m  
p e r i p h . r o !  . o u r c n .  r . l o t i v .  t o  t h a t  f r o m  o  o . n t r o l  . o u r c .  
P r o b . - t o - . o m p l .  d i . t a n c . l  ( l ) - 2 5 m m .  ( 2 ) - 4 0 m m

'
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i n t e n s i t y  a t  7d KeV (Au K$j) i s  s ->own r e l a t i v e  t o  t h a t  f rom 

a c e n t r a l  s o u r c e  g eo me t ry  a s  a Cd-109 sou rc e  i s  moved away 

form the  d e t e c t o r  a x i s .  I t  w i l l  be  shown in  c h a p t e r s  6 and 7 

t h a t ,  f o r  a f i x e d  peak  i n t e n s i t y  t h e  m ea su r in g  t ime r equ i r e d  

t o  a t t a i n  t h e  s a m e  p r e c i s i o n  o f  e s t i m a t i o n  f o r  t h e  

pe ak  -  t c - b a c  kg r o u n d  r a t i o  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  

b a c k g r o u n d  i n t e n s i t y  i n  t h e  peak  r e g i o n ,  o t h e r  c o n d i t i o n s  

being e q u a l .

For  s m a l l  d i s p l a c e m e n t s  f rom the  a x i s  of  t h e  d e t e c t o r ,  

s h a d o w i n g  f r o m  t h e  s o u r c e  d e c r e a s e s  t h e  m e a s u r i n g  

e f f i c i e n c y .  A t i n y  Cd-109 s o u r c e  and s h i e l d  of  5 ,5mm o u t s i d e  

d i a m e t e r  was  d e v e l o p e d ,  so  t h a t  t h i s  shadowing amounted t o  

12%. C o n s e q u e n t l y  a p e r i p h e r a l  Cd-109 sou rc e  would hove tc 

be l e s s  t h a n  18mm f r o m  t h e  d e t e c t o r  a x i s  t o  show a b e t t e r  

p e r f o r m a n c e  t h a n  a c e n t r a l  s o u r c e  o f  t h e  same s t r e n g t h .  

P e r i p h e r a l  s o u r c e s  t h i s  c l o s e  t o  t he  d e t e c t o r  a x i s  h a r d l y  

o f f e r  any m a n u f a c t u r i n g  a d v a n t a g e  o v e r  a c e n t r a l  s o u r c e  

s y s t e m .  M o r e o v e r ,  t h e  s y s t e m  f o r  g o l d  d e t e r m i n a t i o n  i s  

l i m i t e d  by t h e  e l e c t r o n i c  c o u n t - r a t e - h a n d l i n c . i  c a p a b i l i t y  o f  

t h e  m e a s u r i n g  s y s t e m , so  t h a t  a c e n t r a l  s o u r c e  of  h i g h e r  

i n t e n s i t y  c a n  be  e m p l o y e d  t o  compensa te  f o r  i t s  shadowing 

e f f e c t .

In  t h e  s econd  p r o t o t y p e  o f  t h e  p o r t a b l e  g o l d  a n a l y s e r , 

i n  an  a t t e m p t  t o  p r o d u c e  a r e l i a b l e  s o u r c e  s h u t t e r , a 

p e r i p h e r a l  s o u r c e  g e om e t r y  was d e s i g n e d  w i t h  t h r e e  s o u r c e s  

m o u n t e d  a t  26mm f r o m  t h e  d e t e c t o r  a x i s ,  when t h e  f u l l  

i m p l i c a t i o n  of  t h e  i n c r e a s e  i n  mea su r ing  t ime w i t h  r ed uc t i o n  

i n  t h e  minimum s c a t t e r i n g  a n g l e  was r e a l i s e d  t h e  d e s i g n  

r e v e r t e d  t o  a c e n t r a l  s o u r c e  g e o m e t r y  f o r  t h e  t h i r d  

p r o t o t y p e .

LJ
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5 DETECTION OF FLUORESCENT SPECTRA

For r a p i d  d e t e r m i n a t i o n  o f  go l d  t he  pho ton  f l u x  i n  t h e  g o l d  

K x - r a y  r e g i o n  t h a t  e m e r g e s  f r o m  t h e  s a m p l e  m u s t  be 

d e t e c t e d  e f f i c i e n t l y  and w i t h  h igh  e n e r g y  r e s o l u t i o n .  The 

d e t e c t o r  p a r a m e t e r s  which a f f e c t  e f f i c i e n c y  and r e s o l u t i o n  

a r e  e v a l u a t e d  b e  l o w .  I n  c h a p t e r  9 a b a l a n c e  i s  s t r u c k  

between h igh  e f f i c i e n c y  and h i g h  r e s o l u t i o n ,  which l e a d s  t o  

an optimum m ea su r i ng  t ime f o r  t he  d e t e r m i n a t i o n  of  g o l d .

5 .1  G e o m e t r i c a l  d e t e c t i o n  e f f i c i e n c y  

A few cm away f r o m  a l a r g e  r o c k  s a m p l e  i r r a d i a t e d  by an 

u n c o l l i m a t e d  p o i n t  s o u r c e ,  l o c a t e d  a s i m i l a r  d i s t a n c e  away,  

t h e  f l u x  s p r e a d s  o v e r  many t e n s  o f  s q u a r e  c e n t i m e t r e s  and 

e n c o m p a s s e s  d i r e c t i o n s  i n  a s o l i d  a n g l e  somewhat  l e s s  t h a n  

2* s t e r a d i a n s .  With i n c r e a s i n g  d e t e c t o r  a r e a  t he  e f f i c i e n c y  

i n c r e a s e s  a s  more  o f  t h e  f l u x  i s  d e t e c t e d .  However ,  o n l y  

t h e  r e t u r n  f l u x  n e a r  t h e  so u r c e  ha s  been  s c a t t e r e d  t h r ou g h  

a l a r g e  a n g l e ,  which  i s  n e c e s s a r y  t o  g i v e  a s p e c t r u m  of  t h e  

d e s i r e d  low b a c k g r o u n d .  An u n c o l l i m a t e d  d e t e c t o r  o f  a few 

c u b i c  c e n t i m e t r e s  volume l o c a t e d  b e h in d  t h e  s o u r c e ,  sho u l d  

t hu s  have an o p t i m i s e d  g e o m e t r i c a l  e f f i c i e n c y  t o g e t h e r  w i t h  

t he  l a r g e  a n g l e  s c a t t e r i n g  d e s i r e d .

D e t e c t o r s  c o m m e r c i a l l y  a v a i l a b l e  f o r  X- and low e ne r gy  

gamma r a y  m e a s u r e m e n t  a r e  g a s  p r o p o r t i o n a l  t u b e s ,  sodium 

i o d i d e  s c i n t i l l a t o r s  and  c r y o g e n i c a l l y  c o o l e d  s i l i c o n  and 

germanium s e m i c o n d u c t o r s .
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5 . 1 . 1  D e t e c t o r  t h i c k n e s s  

F o r  u n c o i l i m a t e d  m e a s u r e m e n t  t h e  l i n e a r  a b s o r p t i o n  

c o e f f i c i e n t  o f  t h e  d e t e c t o r  s h o u l d  be  h igh  enough t o  d e t e c t  

m o s t  o f  t h e  g o l d  K X - r a y s  w i t h i n  a vo l ume  c l o s e  t o  t h e  

s o u r c e ,  i . e .  w i t h i n  a d e t e c t o r  t h i c k n e s s  n o t  much g r e a t e r  

t h an  i t s  r a d i u s .  The i n t e n s i t y  o f  80 keV p h o t o n s  i s  r educed  

by h a l f  e v e r y  310mm, 0,6mm, 13 ,6mm and I,37mm in  X e ( g a s ) , 

N a l , S i  and Ge r e s p e c t i v e l y ,  s h o w i n g  t h a t  t h e  a b s o r p t i o n  

c o e f f i c i e n t s  o f  p r o p o r t i o n a l  t u b e s  and s i l i c o n  d e t e c t o r s  

a r*  t oo  low f o r  t h i s  a p p l i c a t i o n .

W i t h  C d - 1 09 e x c i t a t i o n  m o s t  o f  t h e  b a c k s c a t t e r e d  

r a d i a t i o n  h a s  l o w e r  e n e r g y  t h a n  t h e  g o l d  KB l i n e s .  I t  i s  

t h u s  d e s i r a b l e  t o  use. a d e t e c t o r  t h i c k n e s s  where t h e  go ld  

KB l i n e s  a r a  d e t e c t e d  a t  c l o s e  t o  100% quantum e f f i c i e n c y  

s i n c e  t h e  l o w e r  e n e r g y  r a d i a t i o n  i s  d e t e c t e d  w i t h  h i g h e r  

e f f i c i e n c y , On t h e  o t h e r  h a n d , i f  Co -57  (122 keV) o r  

T e - 1 2 3 m  (159 keV) e x c i t a t i o n  w e r e  t o  be u s e d  a t h i n n e r  

d e t e c t o r  n a v i n g  a l o w e r  e f f i c i e n c y  f o r  t h i s  h i g h e r  ene rgy  

r a d i a t i o n  w o u l d  d i s c r  i n . i n a t e  a g a i n s t  t h e  u n w a n t e d  

r a d i a t i o n ,  i . e .  t h e  d e t e c t o r  f i l t e r s  t h e  d e s i r e d  x - r a y s .

Wi th  C d - 1 0 9 e x c i t a t i o n  and Ge d e t e c t o r s  t h e  l i n e a r  

d e t e c t i o n  e f f i c i e n c y  f o r  80 keV an d  65 keV p h o t o n s  and  

t h e i r  r a t i o  i s  sh o w n  i n  F i g u r e  5 . 1 .  T h e r e  i s  l i t t l e  

i m p r o v e m e n t  i n  t h e  80 k e V / 6 5  keV e f f i c i e n c y  r a t i o  f o r  

d e t e c t o r s  t h i c k e r  t h a n  t h r e e  t o  f o u r  m i l l i m e t r e s .  However,  

t h e  e l e c t r o n i c  n o i s e  r e s o l u t i o n  o f  t h e  d e t e c t o r  s y s t e m  

improves  w i t h  t h e  lower  c a p a c i t a n c e  o f  t h i c k e r  d e t e c t o r s .  A 

l i m i t a t i o n  o n  i n c r e a s i n g  t h e  t h i c k n e s s  i s  t h e  maximum
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d e s i r a b l e  c h a r g e  c o l l e c t i o n  t i m e ,  which amounts  t o  lOns/mm 

i n  t h e  d e t e c t o r ,  s i n c e  t h i s  p r o p o r t i o n a l l y  a f f e c t s  t he  

p u l a e ~ p a i r - r e s o l u t i o n  t ime  f o r  a m p l i f i e r  p i l e u p  r e j e c t i o n .

From t h e s e  c o n s i d e r a t i o n s ,  a Ge d e t e c t o r  t h i c k n e s s  of 

7mm a p p e a r s  nea r  opt imum.

5 .2  Energy  r e s o l u t i o n  

In  t h e  X - r a y  r e g i o n  below 30 keV e x c e l l e n t  l i n e  r e s o l u t i o n  

c a n  b e  a t t a i n e d  w i t h  c r y s t a l  d i f f r a c t o m e t e r s ,  i . e .  

wave l eng th  d i s p e r s i v e  s y s t e m s .  T h e i r  g e o m e t r i c a l  e f f i c i e n c y  

i s ,  h o w e v e r , e x t r e m e l y  lew b e c a u se  o n l y  r a d i a t i o n  from the  

s a m p l e  c o l l i m a t e d  t o  f r a c t i o n a l  m i l l i s t e r a d i a n s  i s  

m e a s u r e d .  The  l o w  g e o m e t r i c a l  e f f i c i e n c y  r e q u i r e s  a 

complementa ry  h i g h  Ciux which i s  i n  p r a c t i c e  a v a i l a b l e  o n l y
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t r om x - r a y  t u b e s .  I n  t h e  g o l o  K X - r a y  e n e r g y  r e g i o n ,  the  

c r y s t a l s  o f  w a v e l e n g t h  d i s p e r s i v e  s y s t e m s  a l s o  have a low 

d i f t r a c t i o n  e f f i c i e n c y  and i n  f a c t  have  a p o o r e r  r e s o l u t i o n  

t h an  germanium d e t e c t o r s .

Sodium i o d i d e  ( t h a l l i u m  a c t i v a t e d )  wou ld  be  the  most  

c o n v e n i e n t  t y p e  o f  p h o t o n  d e t e c t o r  b e c a u s e  i t  r e q u i r e s  no 

c o o l i n g  and i s  n i g h l y  e f f i c i e n t ,  b u t  i t s  e n e rg y  r e s o l u t i o n  

i s  r a t h e r  p o o r  i n  t h e  x - r a y  r e g i o n  an d  a d d i t i o n a l  energy  

d i s c r i m i n a t i o n  would be r e q u i r e d  sucn  a s  c r y s t a l  d i f f r a c t i o n  

o r  a p a i r  o f  b a l a n c e d  f i l t e r s  w h i c h ,  by  s e l e c t i v e  

a b s o r p t i o n ,  a l l o w  t h e  d e t e r m i n a t i o n  o f  s i n g l e  e l e m e n t s  in  

p a i r e d  m eas u remen t s .

S e m i c o n d u c t o r  d e t e c t o r s  h a v e  i n h e r e n t l y  a h i gh  ene r gy  

r e s o l u t i o n  t o r  X - r a y s  and may be u s e d  w i t n o u *  a d d i t i o n a l  

e n e r g y  d i s c r i m i n a t i o n .  An i n c o n v e n i e n c e ,  pa r  i c u l a r l y  t o r  

p o r t a b l e  a p p l i c a t i o n s ,  i s  t h a t  t h i s  r e s o l u t i o n  i s  r e a l i z e d  

o n l y  a t  c r y o g e n i c  t e m p e r a t u r e s ,  c o n v e n t i o n a l l y  a t  77°K 

( l i q u i d  n i t r o g e n ) .  The  d e v e l o p m e n t  i n  r e c e n t  y e a r s  of  

h y p e r p u r e  g e r m a n i u m  h a s ,  h o w e v e r ,  g r e a t l y  r e d u c e d  t h e  

c o o l i n g  p r o b l e m  wh i c h  p r i o r  t o  t h i s  meant  l i f e t i m e  c o o l i n g  

o f  t h e  d e t e c t o r  t o  p r e v e n t  u n d r i f t i n g  o f  c o m p e n s a t i n g  

l i t h i u m  i o n s .  Warmup o f  t h e s e  d e t e c t o r s  b e t w e e n  d a i l y  

o p e r a t i o n  no  l o n g e r  h a s  a d e l e t e r i o u s  e f f e c t  on  t h e  

r e s o l u t i o n .

The e n e r g y  window o f  a p a i r  of  p l a t i n u m / i r i d i u m  ba l a nce d  

f i l t e r s  (whose t h i c k n e s s e s  a r e  b a l a n c e d  t o  e x h i b i t  t he  same 

a b s o r p t i o n  c h a r a c t e r i s t i c s  o u t s i d e  t h e i r  e n e r g y  window) t o r  

t h e  measur ement  o f  t h e  go l d  k/ij l i n e s  i s  2 , 28  keV,  whi l e  t ne  

r e s o l u t i o n  o f  a t h i n  Nal  s c i n t i l l a t o r  c r y s t a l  f o r  a s s o c i a t e d
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b a c k g r o u n d  m e a s u r e m e n t  i s  a b o u t  11 kev  FWHM. T h e s e  

p a r a m e t e r s  may be compared t o  t h e  0 ,6  keV FWHM r e s o l u t i o n  of 

a germanium d e t e c t o r ,  which p e r m i t s  s i m u l t a n e o u s  measurement  

o f  p e a k  a n d  b a c k g r o u n d  a n d  t h u s  e n a b l e s  g o l d  t o  be 

d e t e r m in e d  w i t h  a  germanium d e t e c t o r  a t  l e a s t  t e n  t i m e s ,  and 

p r o b a b l y  c l o s e r  t o  a h u n d r e d  t i m e s  f a s t e r ,  t h a n  w i t h  

ba l an ced  f i l t e r s  and a t h i n  Nal c r y s t a l .

5 . 2 . 1  R e s o l u t i o n  o f  germanium d e t e c t o r s  

The e n e r g y  r e s o l u t i o n  of  a germanium d e t e c t o r  i s  a f u n c t i o n  

Both of  t h e  p h o to n  e n . r g y  and o f  t h e  e l e c t r o n i c  n c i . e  o f  t h e

d e t e c t o r  sy s t e m .

The FWHM e n e r g y  r e s o l u t i o n  o f  t h e  s y s t e m  i s  g i v e n  by

(Woldseth , 1 9 6 7 )

r - V( 5,55 Fee + rj ) 5-1

where

y ■ Fano f a c t o r  ^  0 , 1 2 5  f o r  Ge

c -  e n e r g y  p e r  h o l e  e l e c t r o n  p a i r  \  2 .93eV i n  Ge

E » p h o t o n  e n e r g y  ( i n  eV)

T n-  FWHM sy s t e m  n o i s e  r e s o l u t i o n  

The  c o n s t a n t  5 , 5 5 . . .  c o n v e r t s  s q u a i e d  u n i t s  o f  fwhm t o

s t a n d a r d  d e v i a t i o n s .

I n  w h a t  f o l l o w s ,  t h e  a p p r o x i m a t e  r e s o l u t i o n  o f  a

ge rm a n i u m  d e t e c t o r  i s  t a k e n  a t  80 k«V ( t h e  e n e r g y  o f  t n e

g o l d  KB'2 l i n e s )  and  a p r e l i m i n a r y  e v a l u a t i o n  of  t h e  n o i s e

r e s o l u t i o n  i s  m a d e .  F u r t h e r  c a l c u l a t i o n s  o f  t h e  n o i s e

r e s o l u t i o n  a r e  g i v e n  i n  c h a p t e r  9.

Th .  i n h . c . n t  t e e o l u t l o n  f o r  germanium a t  80 k .V,  I . e .  I f

t h e r e  w e r e  no  e l e c t r o n i c  n o t e .  ( r n . 0 )  ,  i s  4 0 6 . V  ( i . e .

5 . 5 5 , 0 . 1 2 5 . 2 , 9 8 S 8 0 0 0 0 . V , .  C O O l . d  f i . l d . f t « .  t r . n . i . t o r .
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a n d  p u l s e d - o p t i c a l - f o e d b a c k  c i r c u i t s  a r e  c o m m e r c i a l l y  

a v a i l a b l e  w i t h  an  e l e c t r o n i c  n o i s e  pe r f o r m an c e  which  m a t ch e s  

t h e  s t i l l  s m a l l e r  i n h e r e n t  r e s o l u t i o n  a t  l o w e r  p h o t o n  

e n e r g i e s ,  t t  80 keV,  h o w e v e r , r e s i s t i v e  f e e d b a c k  p r o v i d e s  

a d e q u a t e l y  l o w  n o i s e  p e r f o r m a n c e ,  and  a t  t h e  same t i m e  

p e r m i t s  o p e r a t i o n  a t  h i g h e r  c o u n t - r a t e s  t h a n  d o e s  

p u l s e d - o p t i c a l  f e e d b a c k .

The n o i s e  r e s o l u t i o n  F n d e p e n d s  on t h e  a m p l i f i e r  t ime  

c o n s t a n t  TC, t h e  c a p a c i t a n c e  o f  t h e  d e t e c t o r  sy s t e m  and on 

t h e  b a s e l i n e  i n s t a b i l i t y  o f  t h e  a m p l i f i e r  a t  h i g h  c o u n t  

r a t e s .

I n t e g r a t i o n  o v e r  t i m e  o f  t h e  e q u i v a l e n t  s e r i e s  and

p a r a l l e l  n o i s e  g i v e s  r e s p e c t i v e l y  an i n v e r s e  and  d i r e c t

s q u a r e  r o o t  d e p e n d e n c e  on t h e  s y s t e m  t ime  c o n s t a n t  TC f o r  

t n e  two n o i s e  component s  -  

r n ( s e r i e s  ) “ 1/VTC 

and Fn ( p a r a l l e l ) * /TC

whi l e  F ^ -  r * ( s e r i e s )  + ( p a r a l l e l )  5 . 2

T h i s  i s  i n d i c a t e d  by t h e  d a s h e d  l i n e s  i n  F i g u r e  5 . 2 .  For

t i m e  c o n s t a n t s  TC s h o r t e r  t h a n  2m s t h e  t o t a l  n o i s e

r e s o l u t i o n  i s  p r e d o m i n a n t l y  c a u s e d  by s e r i a l  n o i s e  and t he

p a r a l l e l  n o i s e  c o n t r i b u t i o n  may be  d i s r e g a r d e d .  I n  t h i s
2

f i g u r e  t h e  r e s o l u t i o n  o f  a t y p i c a l  Ge d e t e c t o r  200mm x7mm 

t h i c k  measured a t  s e v e r a l  t ime c o n s t a n t s  TC i s  shown a s  we l l  

a s  t h e  n o i s e  r e s o l u t i o n  o f  t h e  sy s t em w i t h  a p u l s e r .

The n o i s e  r e s o l u t i o n  i s  p r o p o r t i o n a l  t o  t h e  c a p a c i t a n c e  

o f  t h e  f e t e c t o r  s y s t e m .  F o r  a p l a n a r  d e t e c t o r  t h e  

c a p a c i t a n c e  i s  g i v e n  by t h e  p e r m i t t i v i t y  x a ^ e a / t h i c k n e s s .  

T h u s  a 7mm t h i c k  Ge d e t e c t o r  h a s  a c a p a c i t a n c e  o f  a b o u t
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Fig. 5.2 Energy resolution of a 200mmZx 7mm Ge detector

2 2 , 5 tF/mm2 and t h e  s r r a y  c a p a c i t a n c e  i n  a t y p i c a l  d e t e c t o r  

system i s  a b o u t  5 p F . T h i s  g i v e s  t h e  n o i s e  r e s o l u t i o n  a s  -

Ar n ^  itSon( 0 ' 0225A + 5)  ( 2 , 2 5  + 5)  * ( 0 , 0 0 3 A  + 0 , 7 )  5 * 3
2

where  A • a r e a  of  de Le c t o r  i n  mn. ; t h i c k n e s s  7mm
2

lOO^n * n o ^sc r e s o l u t i o n  of  100mm d e t e c t o r  

C o mb i n i n g  t h i s  w i t h  2 0 0 r n ^ 31u/ A v  eV t ‘1c a p p r o x i ma t e  n o i s e  

r e s o l u t i o n  a t  t i me  c o n s t a n t s  s h o r t e r  t h a n  2ps i s  g i v e n  by 

Arn 'V ( 0 , 0 0 3 A + 0 , 7 )  3 1 0 /1 ,  3/YC eV

~ ( 0 , 7 3A + 16 3 ) / / T C  eV 5.4

a n d  w i t h  e q u a t i o n  5 . 1 ,  t h e  s y s t e m  e n e r g y  r e s o l u t i o n  a t

dO kcV i s

T ^  { [40G2 + (0 , 7 3A + 16 3) 2/TC) eV 5 . 5

D e g r a d a t i o n  o f  t h e  r e s o l u t i o n  a nd  p e a k  s h i f t  a t  h i gh

c o u n t  r a t e s  i s  l a r g e l y  c a u s e d  by  i n s t a b i l i t y  o f  t h e
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a m p l i f i e r  b a s e l i n e  w h i c h  i s  a d d i t i v e  t o  t h e  a m p l i f i e r  peak 

h e i g h t .  W i t h  g o o d  b a s e l i n e  r e s t o r a t i o n ,  a m p l i f i e r  d u t y  

c y c l e s  a s  h i g h  a s  95% can  be t o l e r a t e d ,  whe rea s  w i t h  p o o r e r  

r e s t o r a t i o n ,  i n s t a b i l i t y  may be n o t i c e d  a t  d u t y  c y c l e s  of  

40% o r  e v e n  l o w e r .  I n  t h e  g o l d  d e t e c t o r  d u t y  c y c l e s  a r e  

m a i n t a i n e d  b e lo w  30% s o  a s  t o  k e ep  t h e  s i g n a l  p r o c e s s i n g  

e f f i c i e n c y  h i g h .  D e g r a d a t i o n  o t  t h e  r e s o l u t i o n  an d  p e a k  

p o s i t i o n  w i t h  h i g h l y  v a r y i n g  c o u n t  r a t e s ,  a s  e n c o u n t e r e d  i n  

s cann ing  rougn rock  f a c e s ,  s h o u l d , t h e r e f o r e ,  be low.

I t  h a s  b e e n  shown a bo ve  t h a t ,  t o r  g o l d  d e t e r m i n a t i o n  

w i t h  C d - 1 0 9  e x c i t a t i o n ,  t h e  d e t e c t i o n  e f f i c i e n c y  o f  a 

ge rman ium d e t e c t o r  i s  c l o s e l y  p r o p o r t i o n a l  t o  i t s  a r e a  and 

t h e  e n e r g y  r e s o l u t i o n  i s  a f u n c t i o n  of  t he  a . s a  and sys tem 

t ime  c o n s t a n t  g i v e n  by e q u a t i o n  5 . 5 .  T h e s e  r e l a t i o n s h i p s  

w i l l  be  u s e d  i n  c h a p t e r  9 t o  d e r i v e  t h e  op t imum d e t e c t o r  

s i z e  and sys tem t ime  c o n s t a n t  f o r  go l d  d e t e r m i n a t i o n .
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6 FUNDAMENTALS IN SPECTRUM EVALUATION

I n  p r e v i o u s  c h a p t e r s ,  o p t i m i s a t i o n  o£ t he  t h r o u g h p u t  of  a 

a e t e c t o r  a m p l i f i e r  s u b - s y s t e m  was d i s c u s s e d .  A l l  t oo  o f t e n  a 

g r e a t  d u a l  o f  a t t e n t i o n  i s  p a i d  t o  t h e  t h r o u g h p u t  o i  t n i s  

aub s y s t e m  w h i l e  t h e  e v a l u a t i o n  o f  t h e  o u t p u t  s pe c t ru m  i s  

t r e a t e d  r a t h e r  p o o r l y ,  r e s u l t i n g  i n  r e d u c e d  t o t a l  sy s t em 

p e r f o r m a n c e .  I n  t n i s  c h a p t e r ,  h a n d l i n g  of  t h °  a m p l i f i e r  

o u t p u t  i n  t n e  p o r t a b l e  i n s t r u m e n t  i s  d i s c u s s e d .  A l though  

h i g h l y  e f f i c i e n t  s p e c t r a l  e v a l u a t i o n  i s  d e s i r e d ,  a t  t h e  

p r e s e n t  t i m e  i n s t r u m e n t  s i m p l i c i t y  may d i c t a t e  a s l i g h t l y  

reduced e f f i c i e n c y .  Advances  i n  t e c n n o lo g y  may i n  t h e  f u t u r e  

l e a d  t o  more complex p o r t a b l e  i n s t r u m e n t s  l e s s  r e s t r i c t e d  in  

t h e  e v a l u a t i o n  o f  t h e  a m p l i f i e r  o u t p u t .  I t  i s  shown ,  

n o w e v e r ,  t h a t  t h e  b e n e f i t s  t o  be g a i n e d  f rom a d d i t i o n a l  

comp lex i t y  a r e  l i k e l y  t o  be s m a l l .

The o u t p u t  f r om  t h e  a m p l i f i e r  i s  a s p e c t r u m  of  p u l s e  

h e i g n t s .  A f i n e l y  d i f f e r e n t i a t e d  p u l s e  h e i g h t  o r  e n e r g y  

s p e c t r u m  c a n  be o b t a i n e d  by employing an a n a l o g - t o - o i g i t a l  

c o n v e r t e r  -  m u l t i c h a n n e l  sy s t e m .  In  t h i s  t ype  o f  sys tem the  

h e i g n t  o f  a p u l s e  i s  a n a l y s e d  by s m a l l  i n c r e m e n t a l  s t e p s .  

A l t e r n a t i v e l y ,  s e l e c t e d  p a r t s  of  t h e  s p e c t r u m  c a n  be 

c o a r s e l y  d i f f e r e n t i a t e d  i n t o  a few c h a n n e l s  by means  of  

s e p a r a t e  p u l s e  h e i g h t  d i s c r i m i n a t o r s  i n  a s e t  of  s i n g l e

channe l  s y s t e m s .

In  a f i n e l y  d i f f e r e n t i a t i n g  sy s t em ,  t he  p r o c e s s i n g  t ime
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o r  d e a d t i m e  o l  t h e  p u l s e - h e i g h t - a n a l y s i s  s u b - s y s t e m  c a n  

sometimes a d v e r s e l y  a f f e c t  t h e  t o t a l  sys tem o u t p u t  r a t e ,  f o r  

g o l d  d e t e r m i n a t i o n ,  t h e  b a c k s c a t t e r  s p e c t r u m  f rom a ro ck  

f a c e  w o u l d , however , r e q u i r e  f i n e  d i f f e r e n t i a t i o n  ove r  o n l y  

a l i m i t e d  r e g i o n .  T h i s  r e g i o n  h a s  a v e r y  low c o u n t  r a t e  

r e l a t i v e  t o  t h a t  o f  t h e  t o t a l  s p e c t r u m  a n d  f i n e  

u i f t e r e n t i a t i c n  i n  t h i s  c a s e  n e e d  n o t  r e d u c e  t h e  u s e f u l  

o u t p u t  r a t e  by m o r e  t h a n  o n e  p e r c e n t  a t  t h e  h i g h e s t  

p r a c t i c a l  r a t e s .

The s p e c t r a l  f e a t u r e s  of  i m p o r t a n c e  h e r e  a r e  peaks  and 

t h e  b a c k g r o u n d  u n d e r  a n a  a d j a c e n t  t o  t h e  p e a k s .  T ne  

i n s t r u m e n t a l  r e s p o n s e  t o  a m o n o e n e r g e t i c  l i n e  may be 

c o n s i d e r e d  as  p u r e l y  (>aus s lan .  A l t h ou g h  i n t e n s e  s i n g l e  peaks  

may a l s o  snow n o n - G a u s s i a n  t a i l s ,  t h e s e  a r e  u s u a l l y  sm a l l  

an a  need  n o t  c o n c e r n  u s  h e r e .  The  b a c k g r o u n d  i n  t h e  peak 

r e g i o n  c a n  be c o n s i d e r e d  a s  a smooth f u n c t i o n  w i th  no peak  

s t i u c t u r e .

The  e x t e n t  o t  t h e  s p e c t r a l  r e g i o n  s u i t a b l e  t o r  t h e  

e v a l u a t i o n  o t  a peak and i t s  ba ckg round  i s  no rma l ly  l i m i t e d  

by n e i g h b o u r i n g  p e a k s  a n d  by t h e  c o r r e l a t i o n  o f  t h e  

background away from the  peak t o  t h a t  under  t he  peak .

In  t h e  f o l l o w i n g  s e c t i o n s  t h e  e v a l u a t i o n  of a s i n g l e  peak  

a n a  i t s  b a c x g r o u n d  w i l l  be t r e a t e d  a n a l y t i c a l l y ,  i n  t h e  

f o l l o w i n g  c n a p t c r  t h e  t h e o r e t i c a l  r e s u l t s  w i l l  t h e n  be 

a p p l i e d  t o  t h e  go ld  r e g i o n  o f  t h e  b a c k s c a t t e r  spe c t r um .

6 .1  Gauss i an  peak on a c o n s t a n t  b a c kground 

A s i n g l e  G a u s s i a n  p e a k  on a c o n s t a n t  b a c k g r o u n d  w i l l  be 

c o n s i d e r e d  h e r e .  O t h e r  sm o o t h  b a c k g r o u n d  f u n c t i o n s  c an  

r e a d i l y  be  r e l a t e d  t o  t h i s  s i m p l e  c o n s t a n t  f u n c t i o n .  For
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t h i s  c a s e ,  s p e c t r u m  e v a l u a t i o n  i n v o l v e s  t h e  s e p a r a t e  

d e t e r m i n a t i o n  o t  peak and backg round  i n t e n s i t i e s  i rom two or 

n o r e  m e a s u r e d  i n t e n s i t y  v a l u e s  o f  v a r i o u s  p a r t s  o f  t h e  

s p e c t r u m .  At  a g i v e n  b a c k g r o u n d  r a t e ,  t h e  s t a n d a r d i z e d  

v a r i a n c e s  o b t a i n e d  a r e  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  

measurement  t im es  which would be r e q u i r e d  t o  o b t a i n  t he  same 

m e a s u r e m e n t  p r e c i s i o n  by t he  d i f f e r e n t  e v a l u a t i o n  schemes .  

T n e s e  v a r i a n c e s  t h u s  f o r m  a b a s i s  f o r  t h e  o b j e c t i v e  

o p t i m i z a t i o n  of  t he  spe c t r um  e v a l u a t i o n .

6 . 2  G e n e r a l i z e d  e v a l u a t i o n  

f o r  c o m p a r i s o n  of  d i f f e r e n t  e v a l u a t i o n  methocs  a no rm a l i z ed  

c o - o r u i n a t c  s y s t e m ,  shown i n  F i g u r e  6 . 1 ,  i s  c h o s e n ,  where 

t h e  p e a*  r e s o l u t i o n  i s  g i v e n  by t n e  G a u s s i a n  pa r a m e t e r  o - l .  

m e  t o t a l  peak  i n t e n s i t y ,  when i n t e g r a t e d  from - - t o  + - ,  i s  

h e t i n e r t  a s  P u n i t s ,  w h i l e  t h e  ba ckg ro un d  ha s  an i n t e n s i t y  B 

pe r  u n i t  p e a k  s t a n d a r d  d e v i a t i o n .  The p e a k  t o  background

i t i o  R can  t h i n  be d e f i n e d  a s  R ■ p/ B*

i n  t h i s  n o r m a l i z e d  c o - o r d i n a t e  s y s t t u  t he  peak  h e i g h t  i s  

«*/f(2i i )  a no t h e  FtoHM r e s o l u t i o n  i s  rf(8tn2) - 2 , 3 5 . .  . When

the  n o r m a l i z e d  R ne eds  t o  be c o n v e r t e d  t o  p e a k - h e i g h t  r a t i o ,  

r  s n o u l d  be  m u l t i p l i e d  by 1/V(2s) -  0 , 3 9 8 . .  , w h i l e  f o r

c o n v e r s i o n  t o  FWHM pe ak  a r e a  pe r  FWHM b a c k g r o u n d  a r e a ,  R 

s h o u l d  be  m u l t i p l i e d  by f { 2 / t ) Q J ^ 2 i n  ' * .zp(  - t  / 2 ) d t  

-  0 , 4 2 9 . .  *
M e a s u r e m e n t s  i n  a s p e c t r a l  r e g i o n  can  be pe r fo rmed  in a 

number 1 o f  i n d e p e n d e n t  m e a s u r i n g  c h a n n e l s ,  e a c h  bounded by 

l o w e r  a n d  u p p e r  d i s c r i m i n a t o r s  a t  e n e r g i e s  I  and u*

r e s p e c t i v e l y ,  a s  I l l u s t r a t e d  i n  F i g u r e  6 . 2 .  For  

d i f f e r e n t i a t i o n  a l a r g e  n u m b . r  o f  c o n t i g u o u s  c h a n n e l .



Fig. 6.1 Normalized Causeian peak and background
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o t  e q u a l  e n e r g y  i n c r e m e n t s  ( u t x"

a r e  e m p l o y e d  s o  t h a t  t h e r e  a r e  s e v e r a l  c h a n n e l s  per  peak

s t a n d a r d  d e v i a t i o n .  I n  c o a r s e  d i f f e r e n t i a t i o n  a minimum

number o f  two c h a n n e l s ,  o f  n on - eq u a l  e n e r g y  i n c r e m e n t s ,  or

spaced  a s y m m e t r i c a l l y  a b o u t  t h e  peak ,  i s  r e q u i r e d .
• »

At  a t r u e  p e a k  and  b a c k g r o u n d  i n t e n s i t y  P and B t h e  

e x pe c t e d  i n t e n s i t y  i n  e ach  measu r ing  c h a n n e l  i s  g i v e n  by -

»i - 4 V i - i‘i> ♦ 4

B t

-  B ( t i ♦ R Gi )

The i n t e n s i t i e s  a r e  P o i s s o n  v a r i a b l e s ,  and the  e x p e s t e d  mean 

aiK -sr i a n c e  t h u s  have  t h e  same va lu e  -

V lYi ) "

•  6 t i  + § G,

-  V l d t i ) ♦ V|PGi )

A s o l u t i o n  f o r  P and  ti c a n  be o b t a i n e d  f r o m  measured  

i n t e n s i t i e s  by  t h e  f o l l o w i n g  w e i g h t e d  l e a s t  s q u a r e s  

c a l c u l a t i o n

t

C

J .
D

where t he  d e t e r m i n a n t  i s  -

0 ■ 2 $ < ‘ 1° )  * t j Gi , 2wl W)
The s o l u t i o n  o f  maximum l i k e l i h o o d  would be o b t a i n e d  w i t h

w e i g h t i n g  f a c t o r s  wx e q u a l  t o  t h e  r e c i p r o c a l  o f  t h e  t r u e

v a r i a n c e  o i  Y* i . e .  f o r

-  1 / V l Y j l

$5i wi I'i ci
-i

r i ci wi

ci wi Vi ki P i fci ki

N ki 'I'* ci wi p i ci «i

-Pi -i wi 1*1 wi P i wi
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- 1/  ^
I n  a m e a s u r i n g  s i t u a t i o n  t h e  t r u e  means and v a r i a n c e s  a r e  

unkn own .  I t ,  h o w e v e r , t h e  m e a s u r e d  i n t e n s i t i e s  a r e  h i g h  

enough t h e n  t h e y  c a n  be t a k e n  a s  a good a p p r o x i m a t i o n  f o r  

t he  t r u e  v a l u e s  -

When t h e  m e a s u r e d  i n t e n s i t i e s  Y1 a r e  s m a l l ,  t h e  l e a s t  

s q u a r e s  c a l c u l a t i o n  can  be pe r fo rmed  w i t h o u t  t he  w e i g h t i n g  

f a c t o r s  i.^ -  u s u a l l y  w i th  l i t t l e  d e t e r i o r a t i o n  i n  a c c u r a c y  

o l  t he  r e s u l t s .  The f i r s t  c a l c u l a t i o n  can  be f o l l o w e d  by one 

o r  two i t e r a t i v e  c a l c u l a t i o n s  u s i n g  i m p r o v e d  w e i g h t i n g  

f a c t o r s .

I n  tw o -c h a n n e l  a n a l y s i s  t h e  same means a r e  o b t a i n e d  w i t h  

o r  w i t h o u t  w e i g h t i n g  f a c t o r s  bu t  t he  v a r i a n c e  i s  a f f e c t e d  

by t he  w e i g h t i n g  f a c t o r s .

b . 3 V a r i a nce o f  t h e  peak t o  b a ckg r ound r a t i o  

In  t he  p r e s e n t  a n a l y t i c a l  e v a l u a t i o n  w i t h  a p r i o r i  knowledge 

o f  t h e  P a n d  B , t h e  t r u e  v a l u e s  o f  1 / V^ , e v e n  a t  low 

i n t e n s i t i e s ,  a r e  a v a i l a b l e  a s  w e i g h t i n g  f a c t o r s  f o r  t h e  

v a r i a n c e  a n a l y s i s  o f  e x p e c t e d  P and B.

The v a r i a n c e  o f  P a n d  B a r e  g i v e n  by t h e  d i a g o n a l  

e l e me n t s  o f  t h e  s q u a r e  c o v a r i a n c e  m a t r i x  -  

VIP) P i / * !

V|B)

The v a r i a n c e  o f  t h e  p e a k - t o - b a c k g r o u n d  r a t i o ,  d e r i v e d  by t he  

d e l t a  method (Hawkins ,  1975) , i n v o l v e s  a l l  t h e  e l e m e n t s  -



The l a s t  e q u a t i o n ,  i n  v a r i o u s  fo rm s ,  was a p p l i e d  t o  t n e  

u i t f e r e n t i a l  m u l t i c h a n n e l  a n d  t o  t h e  t h r e e  s i n g l e  

c n an n e l - s ch e m e r  fu r  spe c t r um -ex  l u a t i o n  shown in  Fig e 6 .  

Tne b a c k g r o u n d  i n t e n s i t y  was  s  t a n d a r o  i z e u  t o  a s i n g J :  

( f o i o s o n )  c o u n t  p e r  p e a k  s t a n d a r d  u e « i a t i o n ,  i . e .  B = l ,  t o  

a l l o w  c o m p a r i s o n  o l  v a r i a n c e s ,  o n l y  t h e  r e g i o n  t>»U was 

c o n s i d e r e o  b e c a u se  peak and backg r ou nd  a r e  s y m m e t r i c a l  ab o u t  

t *U .  Tniu  o n e - s i u e u  a n a l y s i s  f a c i l i t a t e s  a d a p t a t i o n  0 1  t h e  

e v a l u a t i o n  s c nem e  t o  r e a l  s i t u a t i o n s  where  t h e  s pe c t r u m  on 

ona Siuc 0 1  a peak  o f t e n  d i f f e r s  f rom t h a t  on t n e  o t h e r  s i u e .

two [---  —
.5ch2

-

ch o h l . 5ch2
pseudo 

. 5oK2 chi .5ch2

three | 1 ..
channel „5ch3 .3c! ,2

-  t 1
chi . 5ch2 . 5ch3

Fig. 6.3 Single channel schemes for peak evaluation
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V a r i a n c e s  w e r e  c o m p u t e d  t o r  a s c r i e s  o t  p e a k  

b a c k g r o u n d  r a t i o s  P f r om  1000 t o  0 , 0 1  an a  P - 0 ,  and f o r  a 

r a n g e  o f  maximum a v a i l a b l e  b a c k g r o u n d  r e g i o n s ,  t max from 

i n f i n i t y  t o  l o , w he r e  t h e  h i g h e s t  d i s c r i m i n a t o r  would be

p o s i t i o n e d .
i n  f i g u r e  6 . 4  t h e  s t a n d a r d i z e s  backg round  m u l t i c h a n n e l  

( s u p e r s c r i p t  m, v a r i a n c e  * v (> x ot  t h e  p v a k - t o - b a c k g r o u n d  

r a t i o  w i t h  an u n l i m i t e d  background r e g i o n ,  i . e .  * 00 #

1 8  shown f o r  t h e  above s e r i e s  ot  p e a k - t o - b a c k g r o u n c  r a t i o s ,  

t o i  R-0 we h a v e  $V - 4 ^  “ 7 , 0 9  an d  a l o g a r i t h m i c  s c a l e  

o t ” , , / *V -  1 was c h o s e n  t o r  c l a r i t y  i n  p r e s e n t a t i o n  o t  t h e

v a r i a n c e .  I n  F i g u r e  6 . 5  t h e  s t a n d a r d i z e d  m u l t i c h a n n e l  

v a r i a n c e  a t  l i m i t e d  b a c k g r o u n d  r e g i o n s  o i v i d e u  by t h o s e  a t  

un . im i t ed  backg ro un d ,  t rom the  p r e v i o u s  t i g u r e ,  *'  ^  /  RV-  

a r e  g i v e n .  T h e  r e l a t i v e  v a r i a . c e s  a r e  p l o t t e d  on a 

l o g a r i t h m i c  s c a l e  o t  %  / t y j  ^ i l e  t h e  maximum 

a v a i l a b l e  b a c k g r o u n d  r e g i o n  1 .  l o t t e d  on a l og  s c a . e  o .

! t H a l  -  u , 6  7 o I  . t h e  c o n s  l s t  0 , 5 !  r c l a t i n ,  t o  t n e  

p r o b a b i l i t y  o t  0 , 5 ,  s i n c e  -  , ( 2 / r ' b . p t - t / J l d t  -  0 , 5 .  

T n e s e  c u r v e s  i l l u s t r a t e  t n e  u l t i m a t e  i m p r o v e m e n t  f a c t o r  

p o s s i b l e  i n  d i f f e r e n t i a l  m u l t i c h a n n e l  e v a l u a t i o n  I f  a n  

u n l i m i t e d  background  r e g i o n  were  a v a i l a b l e .

I n  s i n g l e  c h a n n e l  schemes t h e  v a r i a n c e  t o r  a g i v e n  R ano

t  d e p e n d s  o n  t h e  p o s i t i o n ( s )  o t  t n e  i n t e r m e d i a t e
max

d i s c r i m i n a t o r ( s ) . The  v a r i a n c e  e g u a t i o n s  wnen p a r t i a l l y  

d i f f e r e n t i a t e d  w i t h  r e s p e c t  t o  t h e  i n  t e r m i o i a t  

u i s c r  i m i n a t o r  p o s i t i o n ( s )  and  e q u a t e d  t o  a e r o ,  l e a d  t o  

t r a n s c e n d e n t a l  e q u a t i o n s  I n v o l v i n g  n o r m a l  i n t e g r a l s .  The 

minimum v a r i a n c e s  w e r e ,  t h e r e f o r e ,  computed by s u c c e s s i v e
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a p p ro x i m a t i o n  o f  t he  i n t e r m e d i a t e  d i s c r i m i n a t o r  p o s i t i o n ( s ) .

f i n a l e  c h a n n e l  s c hem es  f o r  s p e c t r a l  p e a k - t c - b a c k g r o u n d  

r a t i o  e v a l u a t i o n  emp l oy  two o r  more  c o u n t i n g  c h a n n e l s .  

U s u a l l y  an  e v e n  number o f  p n l s e - h e i g h t - d i s c r  i m i n n t o r s  i s  

u s e d . A d i s c r i m i n a t o r  a t  t h e  peak c e n t r e  s e r v e s  no p u r p os e .  

An od d  n u m b e r  o i  d i s c r i m i n a t o r s  wou l d  t h u s  be u n e v e n l y  

d i s t r i b u t e d  be tween t h e  two s i d e s  of  t h e  peak .  T h i s  s p e c i a l  

s i t u a t i o n  neeu n o t  co n ce rn  us h e r e . Ment ion  s h o u l d , howe ve r , 

be  made o f  t h e  l o w e s t  s c heme  of  two c o n t i g u o u s  c o u n t i n g  

c h a n n e l s  w i t h  3 d i s c r i m i n a t o r s  -  t h i s  can  be u s e f u l  where 

t h e  b a c k g r o u n d  i s  h i g h l y  a s y m m e t r i c a l  a b o u t  t h e  p e a k  o r  

where  i t  i s  i m p e r a t i v e  t o  use t h e  l o w e s t  p o s i b l e  number of

a i s c r i m i n a t o r s .

ni  t h  t h e  same number of  d i s c r i m i n a t o r s  on bo th  s i d e s  of 

tr .e p e a k  t n e  c o r r e s p o n d i n g  s p e c t r a l  r e g i o n s  can  be c o u n t e d  

in t n e  same c o u n t i n g  c h a n n e l .  I n  t h i s  a n a l y s i s  oi . ly  one s i d e  

of  t h e  p e a k  a nd  b a c k g r o u n d  r e g i o n  was c o n s i d e r e d ,  w i t h  t he  

same number  o f  c o u n t i n g  c h a n n e l s  and  h a l f  t h e  number  o i  

d i s c r i m i n a t o r s  a s  used in t h e  whol^ r e g i o n .  V a r i a n c e s  o f  t he  

p e a k - t o - b a c k g r o u n d  r a t i o  w e r e  c o m p u t e d  f o r  t h e  t h r e e  

s i n g l e - c h a n n e l  scnemes i l l u s t r a t e d ,  in  F i g u r e  6 . 3  -

a )  2 V f o r  2 d i s c r i m i n a t o r s  on  a s i d e  w i t h  two  

c o n t i g u o u s  c o u n t i n g  r e g i o n s  -  t h i s  w i l l  be r e f e r r e d  t o  a s

t he  2 cn» ,r ~. schc-.ie j

w) *v f o r  3 d i s c r i m i n a t o r s  w i t h  t h r e e  c o n t i g u o u s  

co un t i n g  r e g i o n s  — r e f e r r e d  t o  as  t h e  3 c h a n n e l  s cheme , and 

c )  3 : 2 ^  t o r  3 d i s c r i m i n a t o r s  w i th  two n o n - c o n t i g u o u s

c o un t i n g  r e g i o n s  r e f e r r e d  t o  as  t h e  p seudo  2 c ha n n e l  scneme t 

d a t a  be tween t h e  two r e g i o n s  i s  d i s c a r d e d .

The a t t r a c t i o n  of  u s i n g  on ly  two c o u n t i n g  c h a n n e l s  l i e s



app ro x im a t io n  o f  t h e  i n t e r m e d i a t e  d i s c r i m i n a t o r  p o s i t i o n ( s ) .

S i n g l e  c h a n n e l  s c hem es  t o r  s p e c t r a l  p e a k - t o - b a c k g r o u n d  

r a t i o  e v a l u a t i o n  em p l oy  two o r  more  c o u n t i n g  c h a n n e l s .  

U s u a l l y  an  e v e n  number  o f  p u l s e - h e i g h t - d i s c r i m i n a t o r s  i s  

u s e a .  A d i s c r i m i n a t o r  a t  t he  peak c e n t r e  s e r v e s  no pu r p o se .  

An odd  n u m b e r  o f  d i s c r i m i n a t o r s  wo u ld  t l  s be u n e v e n l y  

d i s t r i b u t e d  be tween  t h e  two s i d e s  o f  t h e  peak ,  i h i s  s p e c i a l  

s i t u a t i o n  nee^ n o t  c o n c e r n  us h e r e .  Ment ion  s h o u l d ,  however ,  

be  made o f  t h e  l o w e s t  scheme o f  two c o n t i g u o u s  c o u n t i n g  

c h a n n e l s  w i t h  j  o i s c r i m i n a t o r s  -  t h i s  can be u s e f u l  where 

t h e  b a c k g r o u n d  i s  h i g h l y  a s y m m e t r i c a l  a b o u t  t h e  p e a k  o r  

where  i t  i s  i m p e r a t i v e  t o  use  t he  l o w e s t  p o s i b l e  number of

a i s c r i m i n a  t o i L .

w i t h  t h e  same number of d i s c r i m i n a t o r s  on both  s i d e s  of  

t n e  peak  t n c  c o r r e s p o n d i n g  s p e c t r a l  r e g i o n s  can  be c ou n t e d  

in  t ne  same c o u n t i n g  c h a n n e l .  I n  t h i s  a n a l y s i s  o n l y  one s i d e  

of  t h e  peak  and  b a c k g r o u n d  r e g i o n  was con l o c r c c ,  w i t n  t h e  

same  number c t  c o u n t i n < c h a n n e l s  and  h a l f  t n c  number  0 1  

d i s c r i m i n a t o r s  a s  used in  t h e  whole r e g i o n .  V a r i a n c e s  o f  t h e  

p e a k - t o - b a c k g r o u n d  r a t i o  w e r e  c o m p u t e d  f o r  t h e  t h r e e  

s i n g l c - c n a n n e i  schemes i l l u s t r a t e d  i n  F i g u r e  o . 3  -

a )  ^V f o r  I  d i s c r i m i n a t o r s  on  a s i d e  w i t h  t w o  

c o n t i g u o u s  c o u n t i n g  r e g i o n s  -  t h i s  w i l l  be r e f e r r e d  t o  a s

t n e  2 channe l  scheme;

b) v t o r  3 d i s c r i m i n a t o r s  w i t h  t h r e e  c o n t i g u o u s  

coun t i ng  r e g i o n s  -  r e f e r r e d  t o  as  t h e  3 c h a n n e l  scheme,  and

c)  ^ v t o r  3 d i s c r i m i n a t o r s  w i t h  two n o n - c o n t i g u o u s

coun t i ng  r e g i o n s  r e f e r r e d  t o  a s  t h e  pseudo  2 c h an n e l  scheme;  

d a t a  be tween t h e  two r e g i o n s  i s  d i s c a r d e d .

The a t t r a c t i o n  o f  u s i n g  o n l y  two c o u n t i n g  c h a n n e l s  l i e s



i n  t h e  s i m p l i c i t y  o f  c a l c u l a t i n g  P and  B by t h e  l i n e a r  

a l g o r i t h m s  -

p n 1_ fc2 - h * i

B D - G, c i .

where D ■ t 2 “G2 t l

and i ( t , Y l / Y2 -  t 1 ) / ( - G 2Y1/ Y2 + Gx )

I f  a p r e s e t  c o u n t  i s  a c c u mu l a t e d  in  c h a n n e l  1 or 2 t he n  

P f B a no P/i i  c an  be c a l c u l a t e d  f rom t h e  c o u n t  _ i n  c h a n n e l  2 

or  1 r e s p e c t i v e l y  by A^Y + A2 , where i n  t he  c a s e  of  P and B 

t h e  A *s a r e  c o n s t a n t s  and i n  t h e  c a s e  o f  P/B t h e  A s a r e  

f u n c t i o n s  of  Y, b u t  c a n  u s u a l l y  be t a k e n  as  c o n s t a n t s  f o r  

smal l  v a l u e s  of  P/B o r  over  l i m i t e d  r a n g e s  o :  P/B.

t, h e n  m o r e  t h a n  two c o u n t i n g  c h a n n e l s  a r e  u s e d  t h e n  

c a l c u l a t i o n  o f  t h e  a l g o r i t h m s  b e c o n . e s  s l i g h t l y  mor e  

l a b o r i o u s  a n d ,  a s  i n o  i c a t c d  i n  s e c t i o n  6 . 2 ,  w e i g h t i n g  

f a c t o r s  -  l / v l Y i l ough t  t o  be used .

I n  F i g u r e s  6 . 6 a  t o  6 . 8 a  t n e  s t a n d a r a i z e d  v a r i a n c e s  of  

t n e  p e a k  t o - b a c k g r o u r d  r a t i o  i n  s i n g l e  c h a n n e l  a n a l y s i ,  

r e l a t i v e  t o  t h o s e  i n  m u l t i c h a n n e l  a n a l y s i s  a r e  shown.  1 he 

c o r r e s p o n u i n g  p o s i t i o n s  of  t h e  i n t e r m e d i a t e  d i s c r i m i n a t o r s ,  

a t  whi ch  t h e  minimum v a r i a n c e  o c c u r s ,  a r e  shown in t he  (b) 

p a r t s  o f  t h e  f i g u r e s .  The maximum a v a i l a b l e  b a c k g r o u n d  

r e g i o n  t max i s  a g a i n  p l o t t e d  on a l og  s c a l e  of  U max- 8 ,67 o ) .

The a b s o l u t e  v a l u e s  o f  t h e  s t a n d a r d i s e d  v a r i a n c e s  can 

r e a d i l y  be o b t a i n e d  by m u l t i p l y i n g  t he  r e l a t i v e  v a r i a n c e s  in 

t h e s e  f i g u r e s  by t h e  a p p r o p r i a t e  f a c t o r s  f rom F i g u r e s  6 . 4

and 6 . 5 .

Th e s e  v a r i a n c e s  ha ve  t o  be  h a l v e d  when c o mb i n i n g  t h e  

e v a l u a t i o n  o f  b o t h  ( s y mme t r i c * . )  s i d e s  o f  a peak and have  t o

»
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be d i v i d e d  by B f o r  n c n - s t a n d a r d i s e d  backg round c o n d i t i o n s .  

The r e l a t i v e  p r e s e n t a t i o n  p e r m i t s  r e a d y  compar i son  o f  t he  

d i f f e r e n t  e v a l u a t i o n  schemes .

6 .4  Compar i s o n  o i  m u l t i c h a n n e l  and f e w c ha nn e l  methods 

The  m u l t i c h a n n e l  v a r i a n c e s  sh o w n  i n  F i g u r e  6 . 4  may be 

c o n s i d e r e d  a s  t h e  i n h e r e n t  s t a n d a r d i s e d  v a r i a n c e s  o i  t he  

p e a  k - t o - b a c k g  r o u n d  r a t i o s  u n d e r  s t a n d a r d i s e d  b a c k g r o u n d  

c o n d i t i o n s .  I t  may be s e e n  t h a t  when mR i n c r e a s e s  f rom 0 t o  

1 t h e  v a r i a n c e  i n c r e a s e s  by o n l y  324 ( f ro m  7,0!# t o  9 , 4 )  

B e c a u s e  i t  i s  d o m i n a t e d  by t h e  s t a n d a r d i s e d  b a c k g r o u n d ,  

w h e r e a s  a t  h i g n  r a t i o s  t h e  i nc r  s much g r e a t e r  a s  t he

i n n e r c n t  v a r i a n c e  t e n d s  t o  t he  v a l u e  2R. At h i gh  r a t i o s ,  the 

peak i n t e n s i t y  on i t s  own i s  u s u a l l y  more i m p o r t a n t  t h a n  the 

p e a k - t o - b a c k g r o u n d  r a t i o  b u t  a t  low r a t i o s  t ne  o p p o s i t e  i n  

o t t e n  t he  c a s e ,  a s  i t  i s  in  t he  go ld  d e t e c t i o n  p rob l em.

f rom F i g u r e  6 . 5 ,  i t  may be s e en  t h a t ,  f o r  r a t i o s  below 

A - l ,  l i t t l e  improvement  i n  v a r i a n c e  i s  t o  be g a i n e d  by u s ing  

b a c k g r o u n d  r e g i o n s  b e y o n d  ( i . e .  4 FuliM f rom the

p e a k  c e n t r e  p o s i t i o n ) .  The  s t a n d a r d i s e d  m u l t i c h a n n e l  

v a r i a n c e s  f o r  f mdX” ° o ,  i . e .  a r e  o n l y  ab ou t  30% h i g h e r

t h a n  t h e  i n h e r e n t  v a r i a n c e s  R <  ̂ r e q u i r i n g  an  i n f i n i t e  

b a c k g r o u n d  r e g i o n s  d o u b l i n g  t h e  b a c k g r o u n d  r e g i o n  t o  

t roaX*l-6o r e s u l t s  i n  o n l y  15% r e d u c t i o n  i n  v a r i a n c e .

I t  s h o u l d  b e  p o i n t e d  o u t  t h a t  t h e s e  t h e o r e t i c a l  

i m p r o v e m e n t s  i n  mv u w i t h  l a r g e r  backg round  r e g i o n s  r e s t  on 

t h e  a s s u m p t i o n  t h a t  a l l  p a r t s  o f  t h e  background  r e g i o n  a r e  

p e r f e c t l y  c o r r e l a t e u .  I n  r e a l  s p e c t r a ,  however ,  t he  f u r t h e r  

a  p a r t i c u l a r  b a c k g r o u n d  r e g i o n  l i e s  away t i o m  a p e a k ,  

u s u a l l y  t h e  p o o r e r  w i l l  b e  i t s  c o r r e l a t i o n  w i t h  t h e



b a c k g r o u n d  directly under the  peak. Thic d i m i n i s h i n g

c o r r e l a t i o n  i n  r e a l  s p e c t r a  s o o n  b a l a n c e s  o u t  t h e  s m a l l

i m p r o v e m e n t s  i n  v a r i a n c e  t h a t  t h e o r e t i c a l l y  c o u l a  be g a i n e d

by g r e a t l y  i n c r e a s i n g  t h e  t o t a l  backg round  r e g i o n .

On t h e  o t h e r  hand ,  when t he  a v a i l a b l e  background  r e g i o n

i s  r e d u c e d  b e lo w  t inax'x'4o t h e  v a r i a n c e s  d e t e r i o r a t e  v e r y

r a p i d l y .  When t h i s  h a p p e n s  on one  s i d e  o f  a peak  t h e n  t he

o t h e r  s i d e  s h o u l d  be  m o r e  h e a v i l y  r e l i e d  upon  f o r  t h e

combined  two s i d e d  e v a l u a t i o n  o f  t he  p e a k .  E v a l u a t i o n s  fo r

t  < 2 f  a r e  made u s u a l l y  when t h e r e  a r e  o v e r l a p p i n g  o r  max
u n r e s o l v e d  p e a k s  t h a t  a r e  u n c o r r e l a t e d .  T h i s  c a s e  need n o t

be t r e a t e d  h e r e .

C o m p a r i s o n  o f  t h e  v a r i o u s  s i n g l e - c h a n n e l  s c h e m e s ,  

F i g u r e s  6 . 6 a  t o  6 . 8 a  show t h a t  t h e  v a r i a n c e s  3 * of  t h e  

p s e u d o - t w o - c h a n n e 1 s c heme  i n  v e r y  r e s t r i c t e d  b a c k g r o u n d  

r e g i o n s  U max< 2c) t end  t o  t h o se  o f  t h e  t h r e e  c h a n n e l  scheme 

and a t  v e r y  wide  b a c k g r o u n d  r e g i o n s  ap p ro a ch  t h e  v a r i a n c e s  

of  t he  t w o - c h a n n e l  scheme.

I t  may be s een  t h a t ,  a s  i s  t o  be e x p e c t e d ,  t he  v a r i a n c e s  

d e c r e a s e  a s  more  d i s c r i m i n a t o r s  and  c o u n t i n g  c h a n n e l s  a r e  

adued.  The b i g g e s t  d e c r e a s e  o c c u r s  a t  t h e  f i r s t  a d d i t i o n  ana 

f u r t h e r  a d d i t i o n s  g i v e  r a p i d l y  d i m i n i s h i n g  r e t u r n s .  I he 

t o t a l  p o s s i b l e  d e c r e a s e  i s  n o t  v e r y  l a r g e .  Fo r  R <"1 ana

t  •> 4 o t h e  v a r i a n c e  e v e n  i n  t h e  t w o - c h a n n e l  scheme i s  max
n e v e r  more t h a n  I w % h i g h e r  t h a n  t h a t  i n  t h e  m u l t i c h a n n e l  

s cheme ;  t h e  same h o l d s  t o r  l a r g e  r a t i o s  n>l and t maxe>50.  

I n  s i n g l e - p e a k  e v a l u a t i o n  t he  s i m p l i c i t y  of  c a l c u l a t i o n  in 

two c o u n t i n g - c h a n n e l  s chemes  l e a v e s  l i t t l e  i n c e n t i v e ,  as  f a r  

a s  v a r i a n c e  improvement  i s  c o n c e r n e d ,  f o r  u s ing  schemes w i t h



mote t han  two c o u n t i n g  c h a n n e l s .

The m o s t  w i d e l y  u s e d  s cheme i s  t h e  p s e u d o - t w o - c h a n n e l  

s cheme .  Even i n  t h e  m a j o r i t y  o f  m u l t i c h a n n e l  measuremen ts  

t h e  p e a k s  a r e  s t i l l  e v a l u a t e d  a c c o r d i n g  t o  t h e  

pceudo—two—c h a n n e l  scheme.  The o n l y  b a s i c  d i f f e r e n c e  be tween 

t h e  l i t t l e - u s e d  t w o - c h a n n e l  and t h e  p s e u d o - t w o - c h a n n e l  

s c h e m e s  i s  t h a t  a t  a s u b s t a n t i a l  s a v i n g  o f  t w o  

d i s c r i m i n a t o r s  t h e  two c h an n e l  scheme ha s  a s l i g h t l y  h i g h e r  

v a r i a n c e ,  a s  shown in  F i g u r e  6 . 6 a  and 6 . 7 a ,  p a r t i c u l a r l y  a t  

l o w  v a l u e s  o f  t m o x . T h e  w i d e  a c c e p t a n c e  n f  t h e  

p s e u d o - t w o - c h a n n e l  scheme c a n n o t  be a s c r i b e d  t o  t h e  above 

d i f f e r e n c e .  I t  p r o o a b l y  s t e m s  f ro m t h e  m i s c o n c e p t i o n  t h a t  

t he  p seudo  two c h a n n e l  scheme i s  i, uch more p r e c i s e  o r  i t  may 

have  b e e n  a d o p t e d  t o  s i m p l i f y  c a l c u l a t i o n .  C e r t a i n l y  t h e r e  

i s  a g e n e r a l  u n a w a r e n e s s  t h a t  a t w o - c h a n n e l  scheme can  be 

i m p l e m e n t e d  b y  p l a c i n g  b o t h  a w i d e  a n d  a n a r r o w  

s i n g l e - c h a n n e l  a n a l y s e r  window s y m m e t r i c a l l y  o ve r  a pe ak ,  

t n c  w i d e r  c o u n t i n g  c h a n n e l  i n c l u d i n g  t h e  n a r r o w e r  c o u n t i n g  

c h a n n e l .  The a l g o r i t h m s  f o r  t h i s  o v e r l a p p i n g  two c h a n n e l  

scheme a r c  s t i l l  j u s t  as  s im p le  -

p
a A t i + t 2 - t l Y1

B D -Gi -G2 ti l V Y2
where D * G^t^  -Ggt^

w  s  — —---------- —   —---------------
d -(0^62) Y1/(Y1tY2) + Gx

I n  t h e  p s e u a o - t w o - c h a n n e 1 s c hem e  t h e  o u t e r  c o u n t i n g  

c h a n n e l  p a i r  i s  n o r m a l ly  p l a c e d  by i n s p e c t i o n  f a r  enough f o r

t h e  a s s u m p t i o n  t h a t  G2 » 0 j i n  t h e  t w o - c h a n n e l  s c hem e  a 

s i m i l a r ,  somewhat b e t t e r ,  a p p r o x i m a t i o n  G1>G2- 0 , 5  (p e r  s i d e )



7 2

can be made f o r  l a r g e  enough  t max.

i n  c o n c l u s i o n  i t  c an  be s t a t e d  t h a t  w i t h  an a p p r o p r i a t e  

g@ 1 1 i n g  o f  t w o  p a i r s  o f  d i s c r i m i n a t o r s #  t h e  s i m p l e  

t w o - c h a n n e l  s cheme  l e a v e s  l i t t l e  room f o r  Improvement  in 

s i n g l e - p e a k  e v a l u a t i o n .  The f a r  more w i d e l y  u sed  p se ud o - t w o  

c h a n n e l  s c h e m e  a t  a 50 1 i n c r e a s e  i n  t h e  n u m b e r  o f  

d i s c r i m i n a t o r s  c a n  y i e l d  v a r i a n c e s  i n  R o n l y  m a r g i n a l  l y
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7 EVALUATION OF SPECTRA FOR GOLD ANALYSIS

In  t h i s  c h a p t e r  t h e  f o r e g o i n g  t h e o r e t i c a l  r e s u l t s  f o r  a 

s i n g l e  G a u s s i a n  peak on a un i fo rm  background  a r e  a p p l i e d  t o  

t h e  m e a s u r e d  s p e c t r u m .  I n  g o l d  o r e  a n a l y s i s ,  t h e  r e l e v a n t  

p a r t  o f  t h e  s p e c t r u m  f o r  d e t a i l e d  e v a l u a t i o n  c o n s i s t s  o f  a 

number  o f  g o l d  K X - r a y  p e a k s  and  i n t e r f e r i n g  p e a k s  on a 

s l o p i n g  backg ro und .

The b a s i s  f o r  compa r i son  of  s p e c t r a  i s  i n t r o d u c e d  below.  

T n e r e a f t e r  t h e  s p e c t r a  f r om b a - 1 3 3 ,  Cd -109,  Gd-153,  Co-57 

and  Te-123m e x c i t a t i o n  a r e  s e m i q u a n t i t a t i v e l y  compared and 

f i n a l l y  t h e  Cd-109 spe c t ru m  w i l l  be t r e a t e d  q u a l i t a t i v e l y  in  

more d e t a i l .

7 . 1  Compar ison  of  t t e r e n t  p e ak s  and b a ckgrounds  

I n  t h e  p r e v i o u s  c h a p t e r ,  v a r i a n c e s  we re  o b t a i n e u  w h i c h  

p e r m i t t e d  t h e  co mp a r i so n  of  e v a l u a t i o n  methods  t o r  a s i n g l e  

p e a k  on  a n o r m a l i z e d  b a c k g r o u n d .  For  c o m p a r i s o n  o f  t h e  

p r e c i s i o n  o r  d e t e c t i o n  l i m i t s  o f  d i f f e r e n t  peaks  on t h e i r  

p a r t i c u l a r  b a c k g r o u n d s ,  e i t h e r  t h e  c o e f f i c i e n t  o f  v a r i a t i o n  

of  t h e  r a t i o s ,  CVlRj  ■ VV|R) /R i . e .  t h e  r e l a t i v e  s t a n d a r d  

d e v i a t i o n  a t  e q u i v a l e n t  background  c o u n t s ,  or  t h e  r e l a t i v e  

m e a s u r e m e n t  t im es  a t  a c o n s t a n t  backg round  r a t e  t o  o b t a i n  a 

c o n s t a n t  CViRj  may be u s e d .  T h i s  i s  b a s i c a l l y  t h e  same 

a p p r o a c h  a s  i n  t h e  p r e v i o u s  c h a p t e r ,  a l t h o u g h  p r e v i o u s l y  

s t a n d a r d i s e d  c o n d i t i o n s  a l l o we d  some s i m p l i f i c a t i o n .

At  low p e a k - t o - b o c k g r o u n d  r a t i o s ,  i . e .  R<1,  V(R| was
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shown t o  be n e a r l y  i n d e p e n d e n t  o t  R because  i t  i s  domina t ed  

by t h e  backg r ou nd  so  t h a t  CVlRj i s  i n v e r s e l y  p r o p o r t i o n a l  t o  

U i . e .

CV IR ) ;  1/R ( f o r  s m a l l  R) 7 . 1

d e c a u s e  t h e  v a r i a n c e  o t  t h e  mean of  a number of  i n d e p e n d e n t  

m e a s u r e m e n t s  i s  e q u a l  t o  t h e  v a r i a n c e  c t  t h e  i n d i v i d u a l  

m e a s u r e m e n t s  d i v i d e d  by t h e  number  o f  m e a s u r e n e n t s ,  t h e  

c o e f f i c i e n t - o f - v a r i a t i o n  o t  a g i v e n  R i s  i n v e r s e l y  

p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  o t  t h e  background  c o u n t  B, 

o r  t h e  s q u a r e  r o o t  o t  t h e  m e a s u r e m e n t  t i m e  a t  a c o n s t a n t

background r a t e  Tb i . e .

CV IR} e 1 / Vd (k c o n s t a n t )  7 . 2 a

or  CV|K) ° l /VTb (k c o n s t a n t )  7 . 2 b

i t  f o l l o w s  t h a t ,  t o r  d i f f e r e n t  r a t i o s ,  t h e  same CV w i l l  be 

o b t a i n e d  w i t h  backgrouno c o u n t s  B, or  measurement  t ime s  f t  a 

c o n s t a n t  background  r a t e  Tg,  t h a t  a r e  i n v e r s e l y  p r o p o r t i o n a l

t o  t h e  squ a re  o t  t ne  r a t i o  i . e .

u ana  l u « 1 /R2 (CV c o n s t a n t ;  R s m a l l ) .  7 . 3

S i m i l a r l y  t h e  same CV w i l l  be o b t a i n e d  w i t h  peak c o u n t s  f ,

o r  m e a s u r e m e n t  t i m e s  a t  a c o n s t a n t  peak  r a t e  1^,  t h a t  a r t  

i n v e r s e l y  p r o p o r t i o n a l  t o  ( t h e  f i r s t  o r d e r  o f )  t h e  r a t i o  i . e .

B and a l / R  (CV c o n s t a n t ;  R sm a l l )  7.4

These  r e 1a t i o n s h 1ps  e m p h a s i s e  t h a t  t h e  more p rom inen t  

peaks  g e n e r a l l y  nave  a lower  CVIR).  The r a t i o  ha s  a s t r o n g e r  

i n f l u e n c e  on  t h e  c o e f f i c i c n t - o f - v a r  i a t i o n  t h an  t h e  a c t u a l  

c o u n t s .  When t h e r e  a r e  two o r  more  i n t e n s i t y - c o r r e l a t e d  

p e a k s  i n  a s p e c t r u m ,  i t  i s  u s u * l  t o  a n a l y s e  o n l y  t he  most

p r o m i n e n t  p e a k  i n  s i n g l e - c l e m e n t  a n a l y s i s .  When h i g h l y  

e f f i c i e n t  s p e c t r a l  e v a l u a t i o n  i s  d e s i r e d ,  i t  may be
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w o r t h w h i l e  t o  l o o k  a l s o  a t  t h e  l e s s  o r o - i i n e n t  c o r r e l a t e  1 

peaks  i n  o r d e r  t o  r e d uc e  t h e  t o t a l  c o e f f i c i e n t - o f - v a r i a t i o n .

7 .2  C o i i a r i s o n  o f  s n e c t r a from d i f f e r e n t  s o u r c e s  

So u r ce s  o f  f i v e  r a d i o i s o t o n e s ,  f3a-13 3, Cd-109,  Gd-153,  Co-37 

and r e - 1 2 3 m ,  w e re  u s e d  fo r  XRF e x c i t a t i o n  o f  t h e  same qold  

o r e  s a m p l e .  The r e l e v a n t  s n e c t r a  a r e  shown in  F igu re  7 . 1 .  

B a - 1 3 3 ,  C d - 1 0 9 , Co-57  and Te-123m showed o rominen t  gold Ka 

or  KB' n e a k s .  With Gd-153  t h e  background  i n  t h e  oeak r e g i o n s  

was much h i g h e r  and t h e  p e a k s  were  no l o n g e r  d i s c e r n !  < 1 e

above t h e  background  n o i s e .

I f  s o u r c e s  o f  s u f f i c i e n t  s t r e n g t h  a re  a v a i l a b l e ,  t hen  

t n e  m e a s u r i n g  i n s t r u m e n t  c a n  be o n e r a t e d  a t  i t s  o n t  in urn 

c o u n t - r a t e - h a n d l i n g  c a c a o i l i t y , i r r e s o e c t i v e  o f  t he  t yne  o f  

s o u r c e  u s e d .  An o b j e c t i v e  comnar  i so n  o f  measurement  t imes  

r e q u i r e d  t o  a c h i e v e  t h e  same p r e c i s i o n  when u s i ng  d i f f e r e n t  

t y p e s  o f  s o u r c e s  c an  t h e n  be made by n o r m a l i z i n g  t he  s o e c t r a  

t o  t n e  same t o t a l  c o u n t .  The co un t  r a t e  h a n d l i n g  c a n a b i l i t y  

o f  a m e a s u r i n g  i n s t r u m e n t ,  however ,  denends  t o  some e x t e n t  

on t h e  a v e r a g e  e n e r g y  o f  t h e  o h o t o n  f l u x .  C o b a l t - 5 7  and 

Xe-123m s p e c t r a  hav e  a v e r a n e  oho ton  e n e r g i e s  ab ou t  30% an 1 

5 0% h i g h e r  t h a n  a c o m p a r a b l e  C d - 1 0 9  s o e c t r u m .  The  

c o m p a r i s o n s  b e l o w  r e f e r r i n g  t o  s o e c t r a  o f  t h e  same t o t a l  

c o u n t ,  w i l l  t h u s  be b i a s e d  c o n s e r v a t i v e l y  a g a i n s t  Cd-109.

The s o u r c e  e x c i t a t i o n  e f f i c i e n c y  shown in  c h a o t e r  3 

( T a b l e  3 . 1 ) ,  when m u l t i p l i e d  by t h e  r e l a t i v e  i n t e n s i t y  o f  

t h e  g o l d  K l i n e  f rom Tabl e  7 . 1 ,  g i v e s  a rough i n d i c a t i o n  of  

t h e  r e l a t i v e  o e a k  h e i g h t  t o  be e x p e c t e d  i n  a n o r m a l i z e d  

s p e c t r u m .  A d d i t i o n a l  s o u r c e  l i n e s ,  m a t r i x  enhancement ,  and 

d i f f e r e n t  a b s o r p t i o n  o f  Ka and KB l i n e s ,  modify t h e  r e l a t i v e  

oeak h e i g h t  somewhat.
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F i g .  7 . 2  F l u o r e s c e n c e  s p e c t r a  o f  p u re  go ld  and l e a d

* a o l e  7 .1  En e r g y  ana  r e l a t i v e  i n t e n s i t y  o i  t ne  K X- rays  ut  

*oid  and l e a j

P 4
Llement  Ka^ *, 0 |  *. t ^ /

j o l d  Ed . | > bd ,d  ( luO) 77 ,9 (35 )  oO,1 (9 )

l e a d  72 ,du (5b )  7 4 , 9 7 ( luu )  8 4 , d ( 3 a )  * 7 , 3 ( iv)

* v i e a s u t e d  r e l a t i v e  i n t e n s i t i e s  f rom ’ i n f i n i t e ’ sample 

u i f  f c r a t e w  p e r c e n t  f r o m t h e  l i s t e d  v a l u e s  b e c a u s e  o t  

m a t r i x  a b s o r p t i o n .



L x p e r i m e n t a l l y  i t  wus t oun a  t n a t  t h e  .r.ost p r o mi n e n t  yo l u  

peak  i n  t n e  n o r m a l i z e s  Co-57 s p e c t r u m i . a .  t nc  Au Kaj peak,  

nad a ne t  peak h e i g h t  s l i g h t l y  l ower  t h a n  t he  Au 1. 1:  ̂ peak in 

t he  comparaoi e  Cu- l u?  s pe c t r um.  The p e a k - t o - b a c k g r o u i . a  r a t i o  

l o r  t n e  same g o l d  c o n c e n t r a t i o n  was mure t h a n  t n r e e  t i roes  

n . g h e r  i n  t h e  l a t t e r  s p e c t r u m  i . e .  ■> i « LO . From

e q u a t i o n  7 . 4  t o t  s i m i l a r  p e a k  h e i g h t s ,  t h e r e f o r e ,  Co- 5  7 

r e q u i r e s  a m e a s u r i n g  p e r i o d  more  t h ' ^n  thre*-  t i m e s  l o n g e r  

i n  a n  t h a t  l o r  C u -  1 u t# , t o  a t t a i n  t h e  S a m e  

c u e 1 1 i c i e n t - o t - v a r l u t i o n  o t  t he  p e a k - t o - b a c k g r o u n d  r a t i o  a t  

tne  same y o l u  c o n c e n t r a t i o n .

A l t h o u g h  i n  t n e  T c - l z u m  s p e c t r u m  t m  Au Ka^ pe ak  hau 

e o n u t  1 ,  j  t i m e s  t n e  i n t e n s i t y  o t  t n e  iv Bj pc k i n  t n e  Cd- lut# 

s p e c t r u m ,  t n e  b a c k g r o u n d  u n d e r  t n e  Ka  ̂ peak was 2 , 2 t i m e s  

h . y n e r  t h a n  t n a t  u n d e r  t h e  • e q u a t i o n  / . 4  s n o ws  a 2 , 1  

t i m e s  l o n g e r  m e a s u r i n g  p e r i o d  t o r  T e - l ^ l m  i t  t n e  p e a k s  hau 

o e e n  e q u a l ,  b u t  t n e  i n c r e a s e o  i n t e n s i t y  o t  t h e  Ka  p e a k  

r e q u i r e s  t n a t  e q u a t i o n  7 . 1  be  u s e d ,  s. .  t n a t  t h e  a c t u a l  

m e a s u r i n g  p e r i o u  i s  2 , 2 / ( 1 , S ) 2 - 1 , 1  t i m e s  I o n  . e r  t n a n  t h a t  

t o r  C u - l u * .

r o r  i n  s i t u  g o i u  o r e  v a l u a t i o n , wnere r a p i d  measurement  

i s  t c y u i r e u ,  t n e  mucu s n o r t e r  m e a s u r i n g  t ime us i ng  C u - 109 

*j s i i y  c ompe ns a t e s  t o r  i t s  h i g h e r  c o s t  r e l a t i v e  t o  Co-57 and 

i e -  .12 dm.

7 .1  M e a s u r e m e n t  o t _  t n e  C u - ( U9 g o l d  o r e  s p e c t r u m  

m e  o p t i m u m  s c n e m e  f o r  e v a l u a t i n g  t n c  s p e c t r u m  c h a r a c t e r i z e d  

b y  t h e  r e l e v a n t  s p e c t r a l  r e g i o n  h a s  t w o  g o l d  K 6 ' p e a k s  o n  a  

n e a r l y  e x p o n e n t i a l l y  d e c r e a s i n g  b a c k g r o u n d  n e e u s  t o  b e  

d e t e r m i n e d ,  b e a u  K a i  a n d  K h j  p e a k s  a r e  s i t u a t e d  o n  e i t h e r
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s i d e  o t  t n c  Au K0 ' p e a k s .  Tne o n l y  o t n c r  e l e m e n t s  wnose k P 

l i n u c  l i e  c l o s e r  t o  t n c  Au KB l i n e s  t nan  t he  W. KB l i n e s ,  

n a m e l y  l r , P t ,  Hg,  a n d  T1 do  n o t  o c c u r  i n  s i g n i f i c a n t  

q u a n t i t i e s  i n  t n e  W i t w a t e r s r a n d  g o l d  u c p o s i t s .  I n t e r t e i i n g  

Ka peeks  t o r  e l e m e n t s  h e a v i e r  t n a n  l e a d  c a n n o t  oc cu r  in  t h i s  

r e g i o n  b e c a u s e  t he  K l i n e s  o t  such e l e m e n t s  a r c  n o t  e x c i t e u

i/f t h e  dB keV p h o t o n s  of  Cu-109.

A l t n o u g u  a p o s i t i v e  c o r r e l a t i o n  b e t w e e n  g o l d  and 

u r a n i u m ,  and  i t s  a s s o c i a t e d  n a t u r a l  r a d i o a c t i v i t y  and l e a u ,  

i c  known t o  e x i s  i n  t ne  d e p o s i t s ,  t n c  c o r r e l a t i o n  o f t e n  i s  

p o o r  a n d  c a n n o t  b e  r e l i e u  u p o n .  The  l e a d  p e a k s  m u s t ,  

t h e r e f o r e  be  c o n s i d e r e d  a s  an  u n c o r r e l a t e d  i n t e r f e r e n c e  

t n a t  l i : .  i t s  t h e  s p e c t r a l  r e g i o n  a v a i l a b l e  f o r  t h e  e v a l u a t i o n  

c f  t n c  ba ckg round  u r ue r  t h e  g o l d  KS' p e a k s .

b i m i l a r . y  i n  t nc  measurement  o t  rougn s a m p le s  where t ne  

measur ing  geome t ry  nay va ry  w i de ly  t he  backg round  beyond t he  

L o ad  K l i n e s  i s  n o t  w e l l  e n o u g h  c o r r e l a t e d  w i t n  t h e  

u a c k g r o u n d  u n d e r  t h e  g o l d  p e a k s  a n a  c a n n o t ,  t h e r e f o r e ,  b
useu i n  t n c  e v a l u a t i o n  of  t n e  g o l d  r e g i o n .

m e  70 t o  9U keV r e g i o n  o f  t h e  f l u o r e s c e n c e  spe c t ru m  ot 

p u r e  g o l d  a m  dead 1= suown In  F i g u r e  7 . ? .  Tne e n e r g i e s  and 

r e l a t i v e  i n t e n s i t i e s  o f  t h e  K l i n e s  a r e  l l s t t u  in Tab le  7 . 1

( L e u c r e r , 1967) .

i-*es.surea r e l a t i v e  i n t e n s i t i e s  f rom t h i c k  s a m p l e s  d i t i e r

a f e w  p e r c e n t  f r o m  t n c  l i s t e d  v a l u e s  b e c a u s e  o f  m a t r i x  

a o s o r p t i o n .

i n  p r e l i m i n a r y  measu remen t s ,  < p s e u d o - t w o - c h a n n e l  scneme

was employed t o r  t n e  e v a l u a t i o n  o l  t n e  Au « r i  peak  o n l y ,  one 

w i n d o w  was  p l a c e d  a r b i t r a r i l y  o v e r  t n c  p e a k  w h i l e  two
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b a c k g r o u n d  windows whicn were c o u n t e d  in t h e  same r e g i s t e r ,
y

were  p l a c e d  be tween  t h e  fro Ka^ and Au K p e a k s  and be tween 

t h e  Au K 6^ and  Au K 6^ p e a k s .  Sys tem ene rgy  r e s o l u t i o n  gave 

some c o n c e r n  a s  i t  was t h o u g h t  n e c e s s a r y  fo r  t h e  Au and 

t h e  Au KB2 p e a k s  t o  be  w e l l  e n o u g h  r e s o l v e o  t o  a l l o w  an 

ad eq u a t e  " c l e a r  background"  window be tween  them.

Tne Au K0^ pe ak  was c e r t a i n l y  t he  most  p r o m in e n t  peak 

and t n e  l i s t e d  k l i n e  i n t e n s i t i e s  and o b s e r v e d  background  

i n t e n s i t i e s  s e e m e d  t o  i n d i c a t e  t h a t  i t  wo u ld  h a r d l y  be 

w o r t h w h i l e  t _  i n c l u d e  t n e  Au k S'2 p e a k  i n  t h e  e v a l u a t i o n ,  

tfnen i t  came t o  o p t i m i s i n g  t he  s i x  d i s c r i m i n a t o r  p o s i t i o n s ,  

n o w e v e r , c l o s e r  i n v e s t i g a t i o n  showed t h a t ,  when background  

i n t e n s i t y  p e r  mean peak  w i d t h  i s  c o n . . i d e r e u , t h e  peak t o  

background  i n t e n s i t y  r a t i o s  f o r  t h e  Au KB^ ano K02 peaks  a r e  

a b o u t  t h e  s a m e .  I t  was f o u n d  t h a t  s i n c e  t n e  KBg/KBi peak 

i n t e n s i t i e s  h a d  a r a t i o  w h i c h  was  a p p r o x i m a t e l y  9 / 3 5 ,  

m c - ' s u r em en t  t i m e s  would  h a v e  b e e n  i n c r e a s e d  by a b o u t  9 /35  

i by n o t  i n c l u d i n g  the  KB2 peak .  S i n c e  i n c l u s i o n  o t

t h e  Kfi^peak wou ld  i n v o l v e  l i t t l e  o r  no aduca  i n s t r u m e n t a l  

c o m p l e x i t y ,  t h i s  cnange  was c o n s i d e r e d  w o r t h w h i l e .

D e t a i l e d  a n a l y s i s  o f  t h e  two peck  measurement  w i l l  be 

d e f e r r e d  ( c h a p t e r  9) s o  t h a t  i t  may be c o m b i n e d  w i t h  t he  

o p t i m i s a t i o n  o t  s i g n a l  p r o c e s s i n g  p a r a m e t e r s .
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8 FUNDAMENTALS IN RANDOM SIGNAL PROCESSING

In  r o u t i n e  a p p l i c a t i o n  where a s  much rock  a s  p o s s i b l e  shou ld  

be s a m p l e d  i n  a g i v e n  t ime  and v a l u e d  t o  a g i v e n  p r e c i s i o n ,  

i t  i s  i m p o r t a n t  t h a t  a l l  p a r t s  o f  t h e  v a l u a t i o n  s y s t e m  

s h o u l d  be o p t i m i s e d  a s  a w ho le . Da t a  a c q u i s i t i o n  f o r  t r a c e  

e l e m e n t s  i s  an  i n h e r e n t l y  s low p ro c e s s #  and t he  p r o c e s s i n g  

o f  d e t e c t o r  s i g n a l s  t h u s  m us t  be e f f i c i e n t  a n d  o f  h i g h  

q u a l i t y  t o  r e d u c e  t h e  t i m e  f o r  d a t a  a c q u i s i t i o n  t o  a 

minimum.  In  m o s t  d i s c u s s i o n s  on r andom s i g n a l  p r o c e s s i n g  

t i m e s  o n l y  t h e  f u n d a m e n t a l s  of  t h e  b a s i c  p r o c e s s e s  a r e  d e a l t  

w i t h .  I n  t h i s  c n a p t e r  comprehens ive  e q u a t i o n s ,  i n c l u d i n g  new 

c o n c e p t s  o f  p i l e u p  o v e r l a p  p a r a m e t e r s ,  de ve l ope d  from f i r s t  

p r i n c i p l e s ,  a r e  p r e s e n t e d .  These  p e r m i t  o p t i m i s a t i o n  of  t he  

s i g n a l  p r o c e s s i n g  sys tem as  a whole .

The e f f i c i e n c y  of s i g n a l  p r o c e s s i n g  can be e x p r e s s e d  a s  

t h e  u s a b l e  o u t p u t  c o u n t - r a t o  d i v i d e d  by t h e  d e t e c t e d  e v e n t  

r a t e  f o r  any one  s p e c t r a l  component ;  i t  i s  synonymous w i th  

t h e  p r o b a b i l i t y  P t h a t  an  e v e n t  w i l l  be a n a l y s e d  w i t h o u t  

p i l e u p  d i s t o r t i o n ,  and  w i th  t he  t r u e  l i v e t i m e  t r a c t i o n .  I n  

w h a t  f o l l o w s , P* w i t h  t h e  a s t e r i s k  w i l l  i n d i c a t e  t h e  

p r o b a b i l i t y  t h a t  a r a n d o m l y  d e t e c t e o  e v e n t  i s  p r o c e s s e a  

i n c l u s i v e  o f  p i l e u p  d i s t o r t i o n .  I n  a c o m p l e m e n t a r y  way 

p e r c e n t a g e  d e a d t i m e  i s  a m e a s u r e  o f  i n e f f i c i e n c y .  Enurgy 

r e s o l u t i o n  and f reedom from s p e c t r a l  d i s t o r t i o n  a r e  m eas u r e s

of  sys tem q u a l i t y  r a t h e r  t h a n  e f f i c i e n c y .
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8 .1  E x t e nding and non- e x t e n d ing  p r o c e s s i n g  t i mes 

E v e r y  de t e c  t e a  p ho t on  g i v e s  r i s e  t o  a s i g n a l  s equ ence  which 

m u s t  be  a b o v e  t h e  n o i s e  t h r e s h o l d  f o r  t h e  f i n i t e  t i m e  

r e q u i r e d  t o  p r o c e s s  t h e  s i g n a l .  I n  t h e  p r o c e s s i n g  of s i g n a l s  

f r o m  r a n d o m l y  o c c u r r i n g  e v e n t s , t h e r e  a r e  two t y p e s  o f  

p r o c e s s e s ,  e x t e n d i n g  and n o n - e x t e n d i n g .  Ex t end ing  p r o c e s s e s ,  

v a r i o u s l y  k n o w n  a s  s e l f - p r o l o n g i n g , p a r a l y s a b l e  o r  

r e t r  i g g e r a b l e , o c c u r  f o r  ev e r y  e v e n t  i r r e s p e c t i v e  o f  o t h e r  

e v e n t s ,  e . g .  t h e  a m p l i f i e r  p u l s e  w i d t h  <* i n  s o l i d  s t a t e  

d e t e c t o r  s y s t e m s . N o n - e x t e n d i n g  p r o c e s s e s  occu r  i f  s i g n a l s  

t h a t  have  met  c e r t a i n  c o n d i t i o n s  a r e  p r o c e s s e d  a p a r t i c u l a r  

way,  e . g .  a n a l o g - t o - d i g  i t a l  c o n v e r s i o n  o f  d u r a t i o n  t*  in

p u l s e  h e i g h t  a n a l y s i s .

rihen s i m p l y  c o u n t i n g  above t h e  n o i s e  l e v e l  i s  r e q u i r e d ,  

t h e  p r o b a b i l i t y  t h a t  a randomly d e t e c t e d  e v e n t  g i v e s  r i s e  t o  

an e x t e n d i n g  p u l s e  i s  g i v e n  by t h e  f a m i l i a r  e x p r e s s i o n  

P*» 1/Exp(rw*)  

wnere r -  t o t a l  d e t e c t e d  e v e n t  r a t e  

anrj w*» p u l s e  w i d t h  fo r  a s i n g l e  e v e n t .

F o r  p u r e l y  non  — e x t e n d i n g  p r o c e s s e s  o i  d u r a t i o n  t* t h e

e x p r e s s i o n  would b e i -

P*« 1 / ( 1  + r t * )  — 1 / E x p ( r t * ) 8-2

When b o t h  t y p e s  o i  p r o c e s s e s  o c c u r  f o r  t h e  same e v e n t  

t h e y  do n o t  u s u a l l y  commence s i m u l t a n e o u s l y ,  e . g .  i n  e n e r gy  

a n a l y s i s  t h e  op t imum p o i n t  f o r  a n a l y s i n g  t h e  h e i g h t  o f  a 

p u l s e  o c c n . a  t ime  I *  a f t e r  t h e  e v e n t .  I* u s u a l l y  be in g  t he  

l e a d i n g  eu g«  o f  a p u l s e  o r  t h e  t i m e - t o - p e a k , f o r  a p u l s e  

from a s i n g l e  e v e n t .  I t  i s  a t  t h i s  p o i n t  where n o n - e x t e n d i n g  

p r o c e s s e s  o f  d u r a t i o n  t *  u s u a l l y  s t a r t )  p a r t  or  a l l  of  t*



64

may r u n  c o n c u r r e n t l y  w i t h  t h e  t r a i l i n g  e d g e  w* - f *  of  t he  

a m p l i f i e r  p u l s e ,  i . e .  w i t h  p a r t  o r  a l l  o f  t h e  e x t e n d i n g  

p r o c e s s i n g  t i m e . " . .ese p a r a m e t e r s  a r e  i l l u s t r a t e d  in  F i g u r e  

o. 1.

I h e  l e a d i n g  edge  of  a p u l s e  n o r m a l l y  i s  s h o r t e r  chan the  

t r a i l i n g  e d g e  i . e .  ( * < » w * / 2 .  T h e  o p p o s i t e  s i t u a t i o n ,  

however , would no t  a l t e r  t h e  p r o c e s s i n g  e f f i c i e n c y .

8 .2  P r o c e s s i n g o v e r l a p  p a r a m e t e r s  

The random o c c u r r e n c e  of  d e t e c t e d  e v e n t s  i n e v i t a b l y  l e a d s  t o  

t ne  o v e r l a p  of t he  p r o c e s s i n g  t i m e s  of  d i f f e r e n t  e v e n t s .

I t  any two e v e n t s  f o l l o w  each  o t h e r  v e r y  c l o s e l y , and i t  

t h i s  c a n  b e  d e t e c t e d ,  t h e n  o n e  o r  b o t h  e v e n t s  may be 

r e j e c t e e  f . o m  f i n a l  s i g n a l  p r o c e s s i n g  which c o u ld  in  t h i s

0

M G U f t t  8 . I A N A L O G  P U L S E  P R O C E S S I N G  T I M E S



65

c a s e  p o s s i b l y  be p e r t u r b e d .  Such r e j e c t i o n  would t h u s  r educe  

s p e c t r a l  d i s t o r t i o n .  Whe t he r  o r  n o t  a s p e c i f i c  e v e n t  w i l l  

u n d e r g o  f i n a l  p r o c e s s i n g  de pends  on t im in g  c o n d i t i o n s  which 

c a n  be d e f i n e d  by t h r e e  o v e r l a p  p a r a m e t e r s  , namely p , a 

and B a s  f o l l o w s ;

-  p -  i n  any p r o c e s s i n g  s y s t e m s  t h e r e  i s  a lw ay s  a 

l o w e r  t i m e  l i m i t  p w i t h i n  w h i c h  two o r  m or e  r a n d o m l y  

o c c u r r i n g  e v e n t s  c a n n o t  be r e c o g n i s e d  s e p a r a t e l y  and w i l l  bu 

p r o c e s s e d  a s  a s i n g l e  p u l s e .  The  p a r a m e t e r  p i s  n o r m a l l y  

r e f e r r e d  t c  a s  t h e  p u l s e - p a i r - r e s o l u t i o n  t im e  f o r  p i l c u p  

r e j e c t i o n .  I n  e n e r g y  a n a l y s i s ,  i t  p i s  s m a l l  r e l a t i v e  t o  w* 

and  t h e  n e i g h t  o f  t h e  a m p l i f i e r  p u l s e  i s  n e a r l y  c o n s t a n t  

o v e r  a t i . ? e  p n e a r  i t s  peak ,  t h e n  p r a c t i c a l l y  f u l l  summing 

o f  a n a l y s e d  p i l e u p  e v e n t s  w i l l  r e s u l t  f r om p e a k - o n - p e a k  

p i l e u p .  L a r g e r  v a l u e s  o f  p w i l l  a l s o  a l l o w  a n a l y s i s  o f  

l e a d i n g  e d g e  and  t r a i l i n g  edge  p i l e u p  p u l s e s .  T h i s  o v e r l a p  

p a r  m e t e r  a l w a y s  h a s  a f i n i t e  v a l u e  t h a t  c anno t  e x c e e d  w*, 

i . r .  0<*p<-w*,

-  a -  I f  t h e  t i m e  b e t w e e n  a c u r r e n t  e v e n t  and the  

nex t  e v e n t  i s  g r e a t e r  t h a n  Z*+ a t h e n  t he  c u r r e n t  e v e n t  w i l l  

n o t  be r e j e c t e d  by t h e  n e x t  e v e n t ;  i n  f u l s e  h e i g h t  a n a l y s i s  

i f  - f * < *  a < 0 t h e n  s p e c t r a l  d i s t o r t i o n  w i l l  be c a u s e d  by 

a m p l i f i e r  l e a d i n g  p i l e u p  -  h e n c e  cx w i l l  be r e f e r r e d  t o  a s  

t he  l e a d in g  o v e r l a p  l i m i t ,  and

-  6 -  I f  t h e  t i m e  be tween  t h e  end of  t h e  p r o c e s s i n g  

t ime of  a p r e v i o u s  e v e n t  and a c u r r e n t  e v e n t  i s  g r e a t e r  t h an  

6 -  Z* t h e n  t h e  c u r r e n t  e v e n t  w i l l  n o t  be r e j e c t e d  by t he  

p r e v i o u s  o n e ; i f  - ( w*-  Z *) <• $ < 0 t h en  s p e c t r a l  d i s t o r t i o n  

w i l l  be c a u s e d  by t r a i l i n g  e d g e  p i l e u p  -  t h u s  B w i l l  be



r e f e r r e d  t o  a s  t h e  t r a i l i n g  o v e r l a p  l i m i t .

N e g a t i v e  l e a d i n g  „ n d  t r a i l i n g  o v e r l a p  l i m i t s  a r e  

m u tu a l l y  e x c l u s i v e  w i t h  p so  t h a t  -w* <■ a ♦ B -  p .  P o s i t i v e  

v a l u e s  c a u s e  u n n e c e s s a r y  r e j e c t i o n  b u t  do n o t  c ause  p i l e u p  

d i s t o r t i o n  of  t h e  spe c t r um .

The i n t r o d u c t i o n  o f  t h e s e  o v e r l a p  p a r a m e t e r s  g r e a t l y  

s i m p l i f i e s  t h e  d e r i v a t i o n  o f  t h e  s i g n a l  p r o c e s s i n g  

e f f i c i e n c y  P.

d .3  E f f e c t i ve p r o c e s s i n g  t ime  and e f f i c i e n cy 

The p r o b a b i l i t y  P t h a t  a r a n d o m l y  d e t e c t e d  e v e n t  w i l l  be 

p r o c e s s e d  w i t h o u t  p i l e u p  d i s t o r t i o n  can  s t i l l  be e x p r e s s e d  

s imply  w i th  t h e  f o l l o w i n g  e f f e c t i v e  p a r a m e t e r s

w ■ w*+ a ♦ 8 + p « e f f e c t i v e  e x t e n d i n g  p r o c e s s i n g  t ime

The a b s e n c e  o f  t h e  a s t e r i s k  i n d i c a t e s  t h a t  e f f e c t i v e  

p a r a m e t e r s  a r e  u s e d  and  t h a t  t h e  p r o b a b i l i t y  e x c l u d e s  t h e  

p i l e u p  d i s t o r t e d  p a r t  o f  t h e  p r o c e s s e d  s p e c t r u m .  P i s  a more 

r e a l i s t i c  m easu re  o f  sy s t em e f f i c i e n c y  t h a n  P* p a r t i c u l a r l y  

i n  s i g n a l  p r o c e s s i n g  n o t  f o l l o w e d  hy d a t a  p r o c e s s i n g  t h a t  

u n f o l d s  p i l e u p  s p e c t r a .

When b o t h  e x t e n d i n g  and n o n - e x t e n d i n g  p r o c e s s e s  oc cu r  

t he  p r o b a b i l i t y  becomes ( s e e  Appendix 8 . 6 )  -

* e f f e c t i v e  l e a d i n g  edge 8 . 3

and t  * t*+ B + p ■ e f f e c t i v e  n o n - e x t .  p r o c e s s i n g  t ime  

f o r  e x t e n d i n g  p r o c e s s e s

P * 1 /Fxp( rw)  

and f o r  p u r e l y  n o n - e x t e n d i n g  p r o c e s s e s  

P -  1 / ( 1  + r t ) 8 . 5

8 . 4

6 . 6

where t  and t "  depend on how much t h e  n o n - e x t e n d i n g  p r o c e s s



l e n g t h e n s  t h e  e x t e n d i n g  p r o c e s s  as  g i v e n  i n  T ab l e  8 . 1 .

E q u a t i o n s  8 . 4  a n d  B. 5  a r e  r e a d i l y  s e e n  t o  be t h e  

l i m i t i n g  c o n d i t i o n s  o f  e q u a t i o n  8 . 6 .  I f  t h e  t o t a l  d e t e c t e d  

e v e n t  r a t e  r c o n s i s t s  o f  s p e c t r a l  c o m p o n e n t s  r n ( i . e .  

j > L t  t ) where  t h e  s u b s c r i p t  n r e f e r s  t o  e v e n t s  o f  e ne r gy  

b e t w e e n  n a nd  n ♦ 1 ,  and i f  t h e  e f f e c t i v e  n o n - e x t e n d i n g  

p r o c e s s i n g  t ime  t  v a r i e s  as  t fi, a s  f o r  example  i n  ramp typ e  

a n a l o g  t o  d i g i t a l  c o n v e r s i o n  s y s t e m s ,  t h e n  t h e  p r o b a b i l i t y ,  

t h i s  t ime i n  o r i g i n a l  p a r a m e t e r s ,  becomes

y .  1 / | « * < « * ♦ • * * ♦ »  . . f  I ***“ I ( 1 - ?  n/ t ) n t  *|  b . 7

the  summations e x t e n d i n g  over  a l l  d e t e c t e d  componen ts .

Tabl e  8.1 E f f e c t i v e  non- e x t ending  p r o c e s s i n g  t i m e s

P ro c es s  r e l a t i o n s h i p

t n<* w * 4

_______________ __________

0 0

( t  * <• w*- 4 •  0 0 1

w -  t  W t n-  W ♦ < 0

( y e -  *•< t  *<• w*+ a w*» ( *  0 )

w < t n Ln" w

(*++ a < t ; _________________________ Ll?  . 2  ^  J? -

The  f o r e g o i n g  e q u a t i o n s  ha v e  w ide  a p p l i c a b i l i t y  i n  

random e v e n t  p r o c e s s i n g  sy s t e m s .  They can  be u sed  from th e  

s i m p l e s t  c o u n t i n g  s y s t e m s  t o  h i g h - r  a t e  c o i n c i d e n c e  

s p e c t r o m e t r y  and  p u l s e d - o p t i c a l  f e e d ba c k  d e t e c t i o n  sy s t e m s  

t o  p r o v i d e  a p r e c i s e  m e a s u r e  o f  t h e  e f f i c i e n c y  o f  d a t a  

a c q u i s i t i o n .  T h e i r  a n a l y t i c a l  n a t u r e  f o r m s  a b a s i s  f o r  

evaluating systematic e r r o r s  i n  a w id e  v a r i e t y  o f  l.*ming
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i f a t era s  used i n  p r e s e n t - d a y  r an d om -e v en t  p r o c e s s o r s .

8 . 4  R e l a t i v e  i m p o r t a n c e of  v a r i o u s  p r o c e s s i n g  p a r a m e t e r s  

I n  m o s t  p u l s e  p r o c e s s i n g  s y s t e m s ,  o n l y  t h e  f a m i l i a r  

p a r a m e t e r s  w* and ** a r e  s p e c i f i e d .

The e x t e n d i n g  p a r a m e t e r s  w* and f* a r e  u s u a l l y  e x p r e s s e d  

i n  t i m e  c o n s t a n t s  TC , w* r a n g i n g  down t o  5 , 5TC o r  e v e n  

l o w e r , and  I * u s u a l l y  a round  2,2TC f o r  modern s e m i - G a u s s i a n  

a m p l i f i e r s .

F o r  h i g h - e n e r g y  (MeV) a n a l y s i s  w i t h  s o l i d - s t a t e  

d e t e c t o r s  o f  a b o u t  0 , 1 4  r e s o l u t i o n  a t  f n l l - w i d t h  h a l f  

maximum (FWHM) t h e  op t imum TC a t  low co u n t  r a t e s  i s  a b o u t  

2 us ( i . e .  w*^10ys)  wh i l e  f o r  low e ne r gy  (keV) a n a l y s i s  w i t h  

d e t e c t o r s  o f  %3 4 FWHrt r e s o l u t i o n ,  t ime c o n s t a n t s  up t o  1 0 ys 

( i . e .  w* ,v50 ,.>) a r e  o f t e n  recommended by t he  manuf a c t u r e r n .

The n o n - e x t e n d i n g  t i m e  t *  i n  r a m p - t y p e  p u l s e - h e i g h t -  

c o n ve r  t o r  s o f  100 MHz rundown f r e q u e n c y  r a n g e s  from a round  

50 yB a t  0 , 1% FWHM r e s o l u t i o n  t o  a b o u t  5p s  a t  10% FWHM 

r e s o l u t i o n .

T a b l e  8 . 1  s h o w s  t h a t  o n l y  t h e  p o r t i o n  o f  t h e  

n o n - e x . n d i n g  p r o c e s s i n g  t ime  t h a t  i s  no t  a l r e a d y  t a k e n  up 

by e x t e n d i n g  p r o c e s s i n g  t i m e  r e d u c e s  t h e  p r o c e s s i n g  

e f f i c i e n c y  P.  At low e n e r g i e s  where t* i s  u s u a l l y  l e s s  t h a n  

w * - f # , t h e  n o n - e x t e n d i n g  t i m e  t *  h a r d l y  i n f l u e n c e s  P;  

a l t h o u g h  a t  h i g h  e n e r g i e s  P c a n  be  r e d u c e d  s u b s t a n t i a l l y  

more by t *  t h a n  by w* i f  .* i s  g r e a t e r  t h a n  w*-1* f o r  mos t  

of t h e  d e t e c t e d  s p e c t r a l  c o m p o n e n t s . However , i f  o n l y  one o r  

two m i n o r  s p e c t r a l  c o m p o n e n t s  a r e  o f  i n t e r e s t  t h e n ,  a s  

e q u a t i o n  8 .6  shows,  t h e  e x t e n d i n g  p r o c e s s i n g  t ime  can  become 

th e  d o m i n a n t  one even  a t  h i g h  e n e r g i e s .  For t h e  a n a l y s i s  of



89

a s i n g l e  e l e m e n t  a t  t r a c e  c o n c e n t r a t i o n s ,  t h e  s i g n a l  

p r o c e s s i n g  e f f i c i e n c y  w i t h  r am p - t y pe  p u l s e - h e i g h t - c o n v e r t e r s  

c a n  t h u s  b e  p r a c t i c a l l y  t h e  s a m e  a s  w i t h  d i s c r e t e  

p u l s e - h c i g h t - d i s c r  i m i n a t o r s  hav ing  much s m a l l e r  t * .

I n  mo s t  c o m m e r c i a l  s p e c t r o m e t r y  s y s t e m s  t h e  combined 

o v e r l a p  t i m e s  a + 6 + p c a n  r e a d i l y  a m o un t  t o  w * / 2 and  

i n f l u e n c e  P by an a d d i t i o n a l  h a l f  a s  much a s  w*.

Wherea s  n e g a t i v e  v a l u e s  o f  a and  p r e s u l t  i n  p i l e u p  

d i s t o r t i o n  of  t h e  s p e c t r a l  backg round  and p o s i t i v e  v a l u e s  of  

u e n d  B c a u s e  u n n e c e s s a r y  r e j e c t i o n  o f  go o d  a m p l i f i e .  

p u l s e s ,  z e r o  v a l u e s  a l l o w  t h e  h i g h e s t  s i g n a l  p r o c e s s i n g  

e f f i c i e n c y  w i th  t h e  l o w e s t  p i l o u p  d i s t o r t i o n .

I n  s y s t e m s  w i t h  i u t  s p e c i f i c  p i l e u p  r e j e c t i o n ,  

t r a i l  i n g - c d g e  p i l e u p  d i s t o r t i o n  car .  be overcome s imp ly  by 

a n a l y s i n g  o n l y  t h e  f i r s t  peak i n  a p u l s e  s t a r t i n g  from the  

n o i s e  t h r e s h o l d .  I n  t h e s e  s y s t e m s  6«> I* , ai. e x c e s s i v e  

p o s i t i v e  v a l u e ,  and be ca u se  a ■ - p  ■ -  I* l e a d i n g  edge p i l e u p  

d i s t o r t i o n  o c c u r s .

I n  s y s t e m s  w i t h  s p e c i f i c  p i l e u p  r e j e c t i o n  p i s  

c o n s i d e r a b l y  s m a l l e r  t n a n  I* and a ■> 0 .  Howeve r ,  a lm o s t  

a l w a y s  i t  i s  f o u n d  t h a t  g »> »* w h e r e a s  p r a c t i c a l l y  z e r o  

v a l u e s  c o u ld  r e a d i l y  be implemented  f o r  bo th  o and g .

C o m m e r c i a l l y  a v a i l a b l e  s y s t e m s  a r e  t h u s  s e e n  t o  be 

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

u n n e c e s s a r i l y .  At  low c o u n t  r a t e s ,  i . e .  f o r  rw < 0 , 1 ,  where 

mos t  s y s t e m s  t e n d  t o  be o p e r a t e d ,  t h i s  h a r d l y  m a t t e r s ,  b u t  

a t  i n c r e a s i n g l y  h i g h e r  r a t e s  t h i s  a s p e c t  b e c o m e s

p r o g r e s s i v e l y  more i m p o i * a n t .

f o r  a g i v e n  e f f e c t i v e  e x t e n d i n g  p r o c e s s i n g  t ime w, t he



s p e c t r u m  a c q u i s i t i o n  r a t e  f o r  a n y  component  r n P r e a c h e s  a 

maximum a t  a t o t a l  d e t e c t e d  r a t e  t  ■ 1 /w.  At h i g h e r  r a t e s  

t h e  s i g n a l  p r o c e s s i n g  i s  v e r y  i n e f f i c i e n t  i . e .  P ■ 1 / e  ■ 

0 , 3 6 8 ,  and w e l l  b e f o r e  t he  e f f i c i e n c y  h a s  d r o pp ed  t h i s  low 

i t  may be  a d v i s a b l e  t o  t r i m  w* . R e d u c t i o n s  i n  w* m u s t ,  

h i w e v e r ,  be  c a r r i e d  o u t  j u d i c i o u s l y  a s  t h e y  w o r s e n  t h e  

s y s t e m  em yy r e s o l  on;  a comprom.se  be tween e f f i c i e n c y  P 

and FWHM e n e r g y  r e s o l u t i o n  i s  c a l l e d  t o r .

8 f i l e u p  r e j e c t i o n  

The  need  t o  r e j e c t  a m p l i f i e r  p u l s e  p i l e u p  i s  n o t  a l w a y s  

c l e a r l y  u n d e r s t o o d .  I n  s y s t e m s  w h e r e  n o n - e x t e n d i n g  

p r o c  > s i n g  t i m e s  t  * e x c e e d  t h e  t r a i l i n g  e d g e  w* -  %*, 

n o n - r e j e c t e d  p i l e u p  p u l s e s  u n n e c e s s a r i l y  add t o  t h e  t o t a l  

n o n - e x n d i n g  p r o c e s s i n g  t i m e ,  b u t  i n  m o s t  c a s e s  t h e  

r e d u c t i o n  i n  P i s  n o t  s i g n i f i c a n t .  When f o r  a l l  s p e c t r a l  

c o m p o n e n t s  t * <■ w* -  I * ,  p i l e u p  r e j e c t i o n  has  no e f f e c t  on 

t h e  s i g n a l  p r o c e s s i n g  e f f i c i e n c y  w h a t s o e v e r .

W i t h o u t  r e j e c t i o n ,  p i l e u p  c a u s e s  a c o u n t - r a t c  d e p e n d e n t  

o a c  kg r o u n d  o f  r e l a t i v e l y  l ow  i n t e n s i t y  o v e r  t h e  w ho l e  

s p e c t r u m .  Fo r  m o s t  s p e c t r a l  c o m p o n e n t s  w he re  t h i s  p i l e u p  

b a c k g r o u n d  s l i g h t l y  augments  an i n t e n s e  n a t u r a l  b a ck g r ou n d ,  

p i l e u p  h a r d l y  a f f e c t s  t h e  s p e c t r a l  q u a l i t y .  The r e a l  need 

f o r  p i l e u p  r e j e c t i o n ,  h o w e v e r ,  a r i s e s  f o r  minor  and t r a c e  

s p e c t r a l  componen t s  t h a t  l i e  i n  a n a t u r a l  backg round  r e g i o n  

o f  l o w  i n t e n s i t y  wh ich  m i g h t  be o v e r s h a d o w e d  by p i l e u p  

background .

The t o t a l  p i l e u p  i n t e n s i t y  i n  s p e c t r u m  a c q u i s i t i o n ,  

r e l a t i v e  t o  t h e  t o t a l  n a t u r a l  s p e c t r u m  i n t e n s i t y  i s  g i v e n  by 

( e - r ( a 4 &-p) -  i )  where p o s i t i v e  v a l u e s  o f  a and p a r e  t a k e n
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a s  e c r o ,  b e c a u s e  w i t h  p o s i t i v e  v a l u e s  t h e r e  1 a no p i l e u p

d i s t o r t i o n .  The p i l e u p  componen ts  of  a sp e c t r u m  a r e  made up 

o f  ( p a r t i a l )  e n e r g y  s u m m a t i o n s  o f  t h e  n a t u r a l  s p e c t r a l  

components .  The r e l a t i v e  s p e c t r a l  d i s t o r t i o n  i n  a p a r t i c u l a r  

s p e c t r a l  r e g i o n  of  low i n t e n s i t y  c an  t h us  be f a r  more s e v e r e  

t h a n  t h e  mean v a l u e  f o r  t he  t o t a l  s p e c t r u m  i n d i c a t e d  by t he  

above e x p r e s s i o n .

To cum u p , t h e  s i g n a l  p r o c e s s i n g  e f f i c i e n c y  P o f  a 

s y s t e m  c a n  be c o m p l e t e l y  d e s c r i b e d  i n  t e r m s  ox t h e  t o t a l  

D e t e c t e d  e v e n t  r a t e  r , t h e  f a m i l i a r  p a r a m e t e r s  w*, , and

t *  and t h e  t h r e e  o v e r l a p  p a r a m e t e r s  p ,  a a mi 6 . The p u l s e  

w i d t h  w* o r , more  c o r r e c t l y ,  t h e  s y s t e m  t i m e  c o n s t a n t  TC 

i n f l u e n c e s  t h e  e n e r g y  r e s o l u t i o n ,  w h i l e  t h e  o v e r l a p  

p a r a m e t e r s  d e t e r m i n e  t he  d e g r e e  o f  s p e c t r a l  d i s t o r t i o n  from 

p u l s e  p i l e u p .

8 . 6  A p p e n d i x : D e r i v a t i o n  of  e q u a t i o n s

d e a n  o f  t h e number  (1 + c ) o f  e v e n t s  j p c c u r r  i ng  f o r  ^ a c h  

a n a l y se d  e v e n t .

I n  a PHA s y s t e m  e v e r y  d e t e c t e d  e v e n t  i s  f o l l o w e d  by an 

e x t e n d i n g  p r o c e s s i n g  t ime t

w* ■ a m p l i f i e r  p u l s e  w i d t h  

The p o i n t  o f  op t imum r e s o l u t i o n  f o r  a n a l y s i n g  t h e  p u l s e  

h e i g h t  o c c u r s  a t

■ heading  edge  ( t im e  t o  p e < . /  

a f t e r  t h e  e v e n t .

Only a n a l y s e d  e v e n t s  c a u s e  n o n - e x t e n d i n g  p r o c e s s i n g  t ime

t n •  n / l  ♦ roc

where

n ■ c n a n n e l  number
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£ ■ ADC rundown f r e q u e n c y  

me * ADC s t r e t c h e r  + r e s e t t i n g  t ime + memory s t o r a g e  

c y c l e  t i me

I t  p i s  t i e  p u l s e  p a i r  r e s o l u t i o n  t ime t o r  p i l e u p  r e j e c t i o n  

and i i  t h e  p u l s e  p e a k  o f  an e v e n t  h a s  t o  o c c u r  a t  l e a s t  an 

i n t e r v a l  6 a f t e r  t h e  end o f  t h e  p r o c e s s i n g  t i m e  o f  t h e  

p r e v i o u s  e v e n t *  a nd  a t  l e a s t  an i n t e r v a l  o b e f o r e  t he  n e x t  

even t *  i n  o r d e r  n o t  t o  be r e j e c t e d ,  t h e n :

w m ** + n+8+p» e f f e c t i v e  e x t e nd in g  p r o c e s s i n g  t ime

1 ■ l* ♦ a ■ e f f e c t i v e  l ea d in g  edge

and t n ■ t * * 6 + p • e f f e c t i v e  n o n - e x t .  p r o c e s s i n g  time

When * w* <= d < 0 ,  s p e c t r a l  d i s t o r t i o n  i s  caused due to  

t r a i l i n g  e d g e  p i l e - u p  and when - f * < * o < 0 * s p e c t r a l  

d 4 s t or  t i o n  i s  caused due to l e a d i r *  edge p i l e - u p .  Values  ot

n and 6 equal  t o  z ero  are the optimum for  p i l e - u p  r e j e c t i o n ,

whereas p o s i t i v e  v a l u e s  cause  unnecessary  r e j e c t i o n .

The no n - ex t e n d in g  pr o c es s in g  t ime of  non p i l e d - u p  e v e n t s  

s t a r t s  a t  a t ime % or &*,  whichever i s  the  l a r g e r , a f t e r  the  

e v e n t .  The t r a i l  i n ]  edge  o f  the  a m p l i f i e r  p u ’ i e  o v e r l a p s  

wi th t

The f o l l o w i n g  e q u a t i o n s  a r e  d e r i v e d  f o r  £*<- **f

symmetrical  r e s u l t s  would be o b t a i n t J  for  {*■> jw.

Let

r  w -  I for  t n <“ w ‘ &

t n for  w -  £ < t fi <- w

w for  w < t fi

r * random e v e n t  rat e  

Q(i)  ■ p r o b a b i l i t y  th a t  there  w i l l  be i e v e n t s  between 

any two s u c c e s s i v e  ana ly sed  e v e n t s



A) Then f o r  a f i x e d  n o n - e x t e n d i n g  p r o c e s s i n g  t i me  t n<- w t he  

U ( i ) ' s  can  be d e r i v e d  a s :

0(0)  « e ” r t

Let M » (1 -  « r|w 11

(1 -  e ' " l .and L 4 

t hen

q (2) ■ W 0( 1)  + 1*0(0)

Q(3) •  W20(1> ♦ W L0(0) ♦ U J d )

Q(«) -  W30(1) + W2LOIO> ♦ 2M W)<1) ♦ lI Q«01
0 ( 5 )  -  W4Ut l )  ♦ W3LQ(0) * 3W2L0(1) ♦ 2ML2U(0) ♦ L20 d )

e t c .
For i  and j > 0 the j t h  term of  Q( i )  »"

(1 „  r  £or 0 6 6 1  
CU,))  ' 1 . L')  0 ( 0 )  for  even j

S u b s t i t u t i n g
_ ♦ 1 l o t  odd )

K ■ L for even j

and m ■ i -  )

the zer oe th  s t a t i s t i c a l  moment becomes
CD 1

E 0 ( 1 )  - 0 ( 0 )  ♦ 1 * 0 ( i » J )

l *° .  0 , 0 ,  * j ’uLl o . o ,  * l 4- 3o , i ,

m 0(0)  + t  H L k0 , 0 )  + 0 k l Q,X> KX*W) 1 
k-1

.  0(0)  + ( e rJL- l ) 0 ( 0 )  * e r 0 (1 )

-  1 -  the t o t a l  p r o b a b i l i t y

and the f i r s t  s t a t i s t i c a l  moment becomes

Z 1 0 ( i ) -  % I (Lk 0 (0 )  " (m ♦ **  1

n  (u-iou, ?m»o



kn  • - i w  u < » > N ^

* ( TTRT, *  K i ' l

(O(O)-fEtt ♦ 0 < l ) l i r H l - e ' r t ) e 2 r I * Q d l y i ^ -  e2 r I
e r -  -  l  + e r " -  e r (w" t >

• E(o « E(1 + c] -  1

the mean number of e v e n t s  between s u c c e s s i v e  

ana lysed e v e n t s .

B) t or  a f i x e d  n o n - e x  t e n d i n g  p r o c e s s i n g  t i m e  t n > w the  

e ven t s  occurr ing  during the  t r a i l i n g ,  non-ex tend ing  i n t e r v a l  

* t a ~ w  ̂ a t e  f o i s s o n  d i s t r i b u t e d  with parameter r ( t fi -  w) . 

Tne above mean i s  thus i ncr ea se d  by r ( t n -  w ) .

t i c ]  -  i rw -  1 4 e r -  e r , w- t )  + r ( t  -  w)

C) For a v a r i a b l e  non-ex tend ing  pr oc es s in g  time t n where

1n “ ra te  o f  component n requ ir ing  a non-ex tend ing

p r oc es s i n g  t ime t

L e t

ir■ t-w+ « i- - 1„ - w4 f and t "  ■

r  0 f o r  t n<«w-f

* 0 f o r  w - t < t n<-ti

- tn -w f o r  w<tn

t h e n

E[ l +c )  ■ I ♦ E [ c ]

• I  ♦ ?  ( e iw - I t  e 1 ' - . ‘ • ' " ‘ I * r f ) r n/ r

• « rw ♦ . l l U  - E ^ V a , t f r t *n
1 / p  — ►

whi c n  i s  t h e  r e c i p r o c a l  p r o b a b i l i t y  t h a t  a o w t e c t e d  e v e n t  

w i l l  be a n a l y s e d  w i t h o u t  p i l e u p  d i s t o r t i o n .



k «  l ■ i - w 1 - k

4

•  ( 0 < 0 ) £ g -  ♦ U t D y ^ - H l - e  rf ) e 2 r ' ♦ 0 ( 1 )  -  e 2r  1

-  e rw -  1 ♦ e rfi -

• i|cl • b(i + c| - i
• t he  mean number of  e v e n t s  be t ween  s u c c e s s i v e  

a n a l y s e d  e v e n t :  .

B) t o r  a f i x e d  n o n - e x  t e n d  iny p r o c e s s i n g  t i m e  t n > w t h e  

e v e n t s  o c c u r r i n g  d u r i n g  ti  t r a i l i n g ,  n o n - e x t e n d i n g  i n t e r v a l  

i c n -  w) a r e  i >o i s s o n  d i  ‘ r i o u t e i  wi t h  p a r a m e t e r  r ( t n -  w) . 

Tne above mean i a  t h u s  i n c r e a s e d  by r ( t  -  w) .

M e )  •  e rw - 1 4  e r l  -  e r ^w_t  ̂ 4 r ( t _  -  w)

L) For  a v a r i a b l e  n o n - e x t e n d i n g  p r o c e s s i n g  t ime t r| where  

r n " r a t e  o f  component  n r e q u i r i n g  a n o n - e x t e n d i n g  

p r o c e s s i n g  t i me  t .

L e t

» t - W 4 fr w4 £ a n d  t "  *

- 0 

- 0

f o r t n < - w - £

f o r  w - £  < t n < « w

t n - w  f o r w < t n
t h e n

E114C] 1 4  E | c  J

-  1 r w
-  1 4 e r* _ »*(  I ) + r t " ) r _ / i

e r w  4  er£ ( 1  - ? e " r t  r n / r ) 4  §  r n t '

• 1 / P   4

w h i c h  i s  t h e  r e c i p r o c a l  p r o b a b i l i t y  t h a t  a  d e t e c t e d  e v e n t  

w i l l  be a n a l y s e d  w i t h o u t  p i l e u p  d i s t o r t i o n .
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V ANALOG SIGNAL PROCESSING IN THE GOLO ANALYSER

S#.l The g o l d  /. r ' pe a k s  

Q u a n t i t a t i v e  e v a l u a t i o n  o f  t wo i n t e n s i t y - c o r r e l a t e a  p e a ks  

would be s t r a i g h t f o r w a r d  i t  t h e y  were G a u s s i a n .  The KB, and 

K $2 p e a k s  a r e , h o w e v e r , a n  u n r e s o l v e d  t r i p l e t  and d o u b l e t  

r e s p e c t i v e l y .  Peak  b r o a d e n i n g  < a a r e a d i l y  be o b s e r v e d  i n  

t i g u r e  7 .1  where o n l y  t h e  Pb K*. peak i s  a s i n g l e t ,  when t he  

s y s  t em n a u  b e e n  a d j u s t e d  f o r  h i q  h» r r e s o l u t i o n ,  p e a k  

■ n o u l o e r s  c o u l u  b e  o b s e r v e d .  F o r  e v a l u a t i o n  o f  

p e a K - t o - b a c k g  r o u n d  r a t i o s  t n e  i n d i v i d u a l  l i n e s  need t o  be 

d e f i n e d  more p r e c i s e l y .

The  K a j  a n d  K q2 l i n e s  c o r r e s p o n d  t o  m o n o e n e r g e t i c  

t r a n s i t i o n s  f r o m  t wo  L a t o m i c  l e v e l s  t o  t h e  K l e v e l .  

Howeve r ,  t h e  e n e r g i e s  l i s t e d  in Tab l e  7 . 1  f o r  t h e  g ' l i n e s  

a r c  a v e r a g e s  o f  g r o u p s  o f  t r a n s i t i o n s  f rom t h r e e  M a t o m i c  

l e v e l s  a n d  t w o  N l e v e l s .  The  S i e g b a h n  n o t a t i o n  f o r  t h e  

i n d i v i d u a l  l i n e s  a n d  t h e i r  e n e r g i e s ,  c a l c u l a t e d  f r o m  

d i f f e r e n c e s  i n  b i n d i n g  e n e r g i e s  ( L e d e r e t ,  1 9 6 7 ) ,  i s  shown i n  

Table  9 . 1 .

A l i t e r a t u r e  s e a r c h  f o r  t h e  r e l a t i v e  i n d i v i d u a l  

i n t e n s i t i e s  d i d  n o t  tu&n up r e l i a b l e  d a t a  The v a l u e s  l i s t e d  

i n  ASTM US 4 6 ( J o h n s o M  a f a l . , 1970)  d o  n o t  t o t a l  t o  t h e  

i n t e n s i t y  means  i n  T a b l e  7 . 1  nor  d o  t hey  t i t  t h e  o b s e r v e d  

pe a k  s h a p e s  i n  f i g u r e  7 . 1 .  I t  was ,  t n e r e t j r e ,  assumed t h a t  

i n  t h e  S i e g o a h n  n o t a t i o n  t h e  l i n e s  ha u  b e e n  numbe r e d  i n
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9*1 The g o l d  K P p e aks  

Q u a n t i t a t i v e  e v a l u a t i o n  o f  two i n  t c  n s i  t y - c o r r  e l a  t e a  pe aks  

would be s t r a i g h t f o r w a r d  i t  t he y  were G a u s s i a n .  The > i  ̂ and 

K &2 P e a k s  a r e ,  h o w e v e r , a n  u n r e s o l v e d  t r i p l e t  and d o u b l e t  

r e s p e c t i v e l y .  Pe a k  b r o a a e n i n g  c a n  r e a d i l y  be o b s e r v e d  i n  

f i g u r e  7 .1 where o n l y  t n e  Pb Khj peak i s  a s i n g l e t ,  when t he  

s y s t e m  h a u  b e e n  a a  j u s t e d  f o r  h i g h e r  r e s o l u t i o n ,  p e a k  

s n o u l a e r s  c o u l u  b e  o b s e r v e d ,  f o r  e v a l u a t i o n  o f  

p e a n - t o - b a c k g  r o u n d  r a t i o s  t n e  i n d i v i d u a l  l i n e s  need t o  be 

o e f i n e d  more p r e c i s e l y .

The Kq 1 a n d  K l i n e s  c o r r e s p o n d  t o  m o n o e n « r g e t i c  

t r a n s i t i o n s  f r o m  t wo L a t o m i c  l e v e l s  t o  t h e  K l e v e l . 

Ho w e v e r , t h e  e n e r g i e s  l i s t e d  in T a b l e  7 . 1  fo r  t h e  $ '  l i n e s  

a r e  a v e r a g e s  o f  g r o u p s  o f  t r a n s i t i o n s  from t h r e e  M a t o m i c  

l e v e l s  a n d  t w o  h l e v e l s .  The S i e g b a h n  n o t a t i o n  t o r  t h e  

i n d i v i d u a l  l i n e n  a n d  L h e i r  e n e r g i e s ,  c a l c u l a t e d  f r o m 

d i f f e r e n c e s  i n  b i n d i n g  e n e r g i e s  ( Le d e t c r ,  1 9 6 7 ) ,  i s  shown in 

Tabl e  9 . 1 .

A l i t e r a t u r e  s e a r c h  f o r  t h e  r e l a t i v e  i n d i v i d u a l  

i n t e n s i t i e s  d i d  n o t  t u r n  uo r e l i a b l e  d a t a .  The v a l u e s  l i s t e d  

i n  ASTM DS46 ( J o h n s o n  i t   ̂ . ,  1970)  do  n o t  t o t a l  t o  t h e  

i n t e n s i t y  means  i n  T a b l e  7 . 1  nor  do  t hey  f i t  t he  o b s e r v e d  

p e a k  s h a p e s  i n  f i g u r e  7 . 1 .  I t  was ,  t n e r e t o r e , assumed t h a t  

i n  t h e  S i e g o a h n  n o t a t i o n  t h e  l i n e s  n a a  b e e n  numbe r e d  i n



Tab le  9.1 I n d i v i d u a l  K X- r ay  l i n e s  of  g o l d  and l e a d

LtVEL ES'ITD. ENERGY (keV)

LINl TRANSITION INTENSITY Au c • Pb

k*2 LII -  K 55 66,99 72, 60

Kh1 L1I1 -  K (100) 0 6 . Bi  . 2, 61---- — •*74 ,97

r K/ i  

M i  ] m i  

i k i a

M11 

rtI II 

MIV

-  K

-  K

-  K

3 -  b

26 -  32 

U ,5 -  3

77 ' J . 4 0

7 ' ' ^ ^ ^ ^ 0 , 4 5  
76,43#

64 , 4 5  

/ 6 4 , 9 4

/ o ' . 41

*11

M11I

-  K

-  K

3 -  4 , 5  

4 . 5  -  b 0 0 .1 1 1 4

67 , 24  

8 7 , 36

o r d e r  o t  d e c r e a s i n g  i n t e n s i t y  a s  e x p e c t e d  from c a l c u l a t e d  

t r a n s i t i o n  p r o b a o i 1 i t  l e a ;  e s t i m a t e d  i n t e n s i t i c i  b a s e a  on 

t n i  a s s umpt i o n  a r e  i n c l u d e d  i n  Tab l e  9 . 1 .

i n s t e a d  o f  c r e a t i n g  t n e  f i v e  g o l d  l i n e s  i n d i v i  u a l l y ,  

t h e  • , a n d  p e a k s  c a n  b e  n a n d l e d  a s  a p p r o x i m a t e l y

u a u s s i a n  peaxe  waving e f f e c t i v e  peak r e s o l u  i o n s  wider  t han 

t h e  t b  Kw p e a k . b e c a u s e  t he  two go l d  pea.  . a r e  c o r r e l a t e d  

t h e i r  r a t i o s  c a n  be  t r e a t e d  a s  o n e  c o m p o s i t e  p e a k  i n  

c a l c u l a t i n g  t ne  p e a k - t o - b a c k g r o u n u  r a t i o .

9.2 . laximum a v a i l a b l e  ba ckgr o u n d r an

i n  d e c i d i n g  on  t h e  maximum a v a i l a b l e  backgr ound  r e g i o n  

t  i n  u n i t s  o f  o , a v a i l a b l e  f o r  t h e  e v a l u a t i o n  o f  t h e  

p e a k - t o - b a c k g r o u n a  r a t i o ,  f i r s t  t he  a v a i l a b l e  e n e r g y  i g i on  

n e e d s  t o  be d e t e r m i n e d  from t h e  i n t e r f e r i n g  t b  and KB3

l i n e  e n e r g i e s  a n d  t n e  s ys t em e n e r g y  r e s o l u t i o n  . Ne
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e l  t e c  Li ve  e n e r g y  r e s o l u t i o n  of  t h e  Au KBj and Au K 62 p e a k s  

must  be d e f i n e d  i n  t e r ms  of  I' . Compens a t i on  must  be  maae t o r  

t h e  c h a n g e  f r o m  a c o n s t a n t  b a c k g r o u n d  t o  a s l o p i n g  

b a c k g r o u n d .  T h i s  i s  clone by a d j u s t i n g  t h e  t max, d e t e r m i n e d  

f rom t h e  e n e r g y  r e s o l u t i o n  a n d  s e p a r a t i o n  of  t h e  g o l d  a n J  

l e a u  p e a k s , by t h e  r a t i o  o f  t h e  backgr ound  i n t e n s i t y  under  

t h e  gol d  peatcs and the  a d j a c e n t  r e g i o n s .

Tne FWHM sys t em ene r g y  r e s o l u t i o n  was g i v e n  i n  e q . 5 . 1

r •  V*1 5 , 5KCC + F ‘  ] 9 . 1 *

o v e r  t h e  l i m i t e d  r a n g e  be t ween  t h e  ?b Ka  and K6 l i n e s  VE i s  

p r a c t i c a l l y  c o n s t a n t .  T h u s , t a k i n g  an a v e r a g e  e n e r g y  o f  

80 keV, t ne  sys t em r e s o l u t i o n  i s

r » f ( 4 0 b ;z ♦ r *  ) ev 9. i l>

whi c h  c a n  be  w r i t t e n  l i n e a r l y  a s  t he  f un da me n t a l  r e s o l u t i o n  

p l u s  a no i ce  t e r m : -

F -  406ev + * r ri

w n e r e  * 1M 1 s t h e  e q u i v a l e n t  q u a d r a t u r e  summed n o i s e  

c o n t r i b u t i o n ,  t or  d e t e c t o x  s y s t e ms  under  c o n s i d e r a t i o n  * f n 

r ange s  f rom a b o u t  5UeV t o  400eV.

J n t e r t e r e n c e  f rom l e a d  p e a k s  d e pends  on the i n t e n s i t y  of  

t h e  l e a d  p e a k  t a i l s  i n c l u d e d  i n  t he  backgr ound e v a l u a t i o n .  

I f  e x c e p t i o n a l l y  s t r o n g  l e a d  p e a k s  a r e  n o t  t o  b i a s  t h e  

m e a s u r e m e n t  o f  s m a l l  g o l d  p e a k s  ( R'v 0 , 1 )  by more t h a n  10* 

( n e g a t i v e l y )  t n e n  t h e  backgr ound  r e g i o n  employed s ho u l d  n o t  

come w i t h i n  4 0 ( I . e .  1 , 7  FWHM) o f  t h e  Pb Ka^ and Pb K i'j

l i n e s .  The t o t a l  e n e r g y  r e g i o n  a v a i l a b l e  i s  t h u s  -

Pb Krt1 Pb lip

from 7 4 * /U ♦ 1 , 7  «* t o  844bO -  1 , 7  I eV * . 2 a

i . e .  f rom 7 5650 + l , 7 * r n t o  *3770 -  1 , 7 * 1 n eV 9 . 2 b
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wo r k i n g  w i t h  t h e  b l a n k  b a c k s c a t t e r  s p e c t r u m  i  f i g p r a  4 .1  

t h e  i n t e n s i t y  i n  t h i s  r e g i o n  r e l a t i v e  t o  t he  t o t a l  s p e c t r u m

i n t e n s i t y  was found t o  be

i n -  7 , 3 6 X 1 0 ' 3 -  3 , B4xl O“ 6» rn 9 - 2c

The e f f e c t i v e  r e s o l u t i o n  of  t h e  KB' p e a k s  i r  t h i s  r e g i o n  i s  

g i v e n  by t h e  s y s t e m  r e s o l u t i o n  r a nd  b r o a d e n i n g  f rom t ne  

4 OOeV and lOOeV s e p a r a t i o n  o i  t h e  d o m i n a n t  6 l i n e s .  The 

b r o a d e n i n g  c a n n o t  e x c e e d  t he  s e p a r a t i o n  a t  h i g h  r e s o l u t i o n  

a n a  t a p e r  s o f f  a t  p o o r e r  r e s o l u t i o n .  Over  t h e  l i m i t e d  

r e s o l u t i o n  r a n g e  w n e i c  G a u s s i . n  a p p r o x i m a t i o n  o f  t h e  

m u l t i p l e t s  i s  a p p r o p r i a t e  t he  e f f e c t i v e  r e s o l u t i o n  o f  t h e  B ' 

p e a k s  was measur ed  ove r  a r a n g e  o f  t ime c o n s t a n t s ,  c h a n g i ng

F, and was a e t e r m i n e d  a s

r iBi l  5U0 + 0 . 5  r e v  -  7UJ ♦ 0 , 5 * r n ev 9 . 3 a

and P Mgl  60 ♦ FeV -  403 + * r n eV 9 *3b

Tne PHIIM e n e r g y  r e g i o n s  t o r  t h e  Au KB1 and Au ‘ 2 pe aks  ar

baseu upon t he  d a t a  g i v e n  i n  T a b l e  9 . 1 ,  t hus*

77900 j / ' l / i l  i * e .  f rom 77 54u-^*r  n t o  70251 + ^ " ^  9 . 4 a

and 80100 M’V i *  i , e * ^ rom 7986d- i * l  n t o  80332+** In 9 . 4 b

Tne r e l a t i v e  i n t e n s i t i e s  o t  t h e  b a c k g r o u n d  s p e c t r u m  i n  

. i g u r s  4 . 1 f o r  t h e s e  r e g i o n s  were found  t o  be

i n -  6 , 2 4x10- *  + 5 , 7 5 x l 0 - * T n 9e5a

and - f n .  3 , 0 3 x l 0 - 4 + 7 , 5 7 x J 0 " 7* n 9e5b

r e s p e c t i v e l y ,  g i v i n g  a t o t a l  FWHM B ^ B 2 r e l a t i v e  ba ckgr ound

i n t e n s i t y

i n  -  l , 1 3 x l 0 - 3 + l , 3 3 x l C  b * r n 9 *bC

The t o t a l  a v a i l a b l e  backgr ound  r e g i o n  f i n a l l y  i s  g i v e n

by t he  i n t e n s i t y  r e l a t i o n s h i p  m u l t i p l i e d  by V(2*nZi



9 . 3  iwo- and p s e u d o - t wo  c hanne l  a n a l y s i s

I n  T a b l e  9 . 2  t „ » „  i s  g i v e n  a t  v a r i o u s  r e s o l u t i o n s .  Formax 2
t w o - c h a n n e l  e v a l u a t i o n  t h e  o p t i mu m p o s i t i o n  o f  t h e  i n n e r  

u i s c r  i m i n a t o r  f r o m  F i g u r e  6 . 6 b  i s  s e e n  t o  be  f o r  t h i s  

l i m i t e d  r a n g e  o f  t max and R 'v 0 , 1  a t  a b o u t  1 , 3 6  o, w h i c h  

c o r r e s p o n d s  t o  a c o n v e n i e n t  s e t t i n g  a t  f u l l  w i d t h  101 peak 

h e i g h t  ( i  . e . FW4/ 10M)  o f  p r o m i n e n t  g o l d  KB'  p e a k s . The  

t  W4/ I0 i l  p o s i t i o n s  o f  s i x  d i s c r i m i n a t o r s  A t o  F f o r  two 

c h a n n e l  e v a l u a t i o n  o i  t h e  g o l d  K t '  p e a k s  a r e  s h o w n  

s c h e m a t i c a l l y  i n  F i g u r e  9 . 1 .  C o u n t s  f rctn t h e  t wo p e a k  

r e g i o n s  uC and  0% a r e  summed i n t o  one c o u n t i n g  c h a n n e l  and 

ha * CO + fcF i n t o  t h e  o t h e r .  I n  p s e u d o - t w o - c h a n n e l  

e v a l u a t i o n ,  two d i s c r i m i n a t o r s  e a c h  would be r e q u i r e d  t o r  B, 

C, D and E, a l l  i n  a l l  t en  d i s c r i m i n a t o r s  i n s t e a d  of  s i x ,

Al so shown i n  T a b l e  9 . 2  a r e  t he  s t a n d a r d i s e d  t wo - c h a n n e l  

and p s e u d o - t w o - c h a n n e l  v a r i a n c e s  f rom F i g u r e s  6 . 6 a  and 6 . 7 a  

i.ur R « 6 , 1 .  I n  t h e  doub l e  B' peak e v a l u a t i o n  t he  v a r i a n c e s  

or  measurement  t i m e s  w i t h  a t w o - c h a n n e l  scheme a r e  o n l y  3 t o  

o * h i g h e r  t h a n  w i t h  e pseudo - t w o - c h a n n e l  Bcrnnv* a t  a s a v i n g  

of  t o u r  d i s c r i m i n a t o r s  i n  t e n .  An a pp r o x i ma t e  c o mp a r i s o n  ot  

t h e  p s e u d o - t w o - c h a n n e l  e v a l u a t i o n  f o r  o n l y  t nc  KBJl peak and 

t he  t wo- chunne l  e v a l u a t i o n  f o r  b o t h  KB'  peaks  shows t h a t  t he  

t w o - c h a n n a l  s c h e me  wou l d  i n c r e a s e  t he  measurement  t i me  per  

peak by a b o u t  74 ,  b u t  t h i s  i s  more t h a n  compensa t ed  f o r  by 

t h e  9 / 3 5 t h  a d d i t i o n a l  i n f o r m a t i o n  c o n t r i b u t e d  by t h e  Au KB^ 

p e a k ;  t h e  l a t t e r  s c h e me  t h u s  p e r m i t s  a t  l e a s t  13* ( i . e .  

9 / ( 35  + 9) -  74) t a s t e r  measur ement  w i t h  t he  same number (6)
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of  d i s c r i m i n a t o r s .

From t h e  a b o v e  t r e a t m e n t  i t  may be c o n c l u d e d  t n a t  wi t h  

s i x  d i s c r i m i n a t o r ,  two c h a n n e l  e v a l u a t i o n  of  b o t h  t he  Au K8^ 

and Au KB 2 p e aks  i s  an opt imum scheme f c r  g o l d  o r e  a n a l y s i s  

wi t h  a s i mp l e  f i e l u  i n s t r u m e n t .  T h i s  i s  o n l y  16% s l ower  t han  

i s  t h e o r e t i c a l l y  f e a s i b l e  w i t h  m u l t i c h a n n e l ,  w e i g h t e d  

l e e s t - s q u a r e s  Ga u s s i a n  e v a l u a t i o n .

9.4 The . a k - t c - b a c k g r o u n b  r a t i o  d e t e c t i o n  l i m i t  

i he v a r i a b l e  p a r a m e t e r  i n  t he  p r e v i o u s  s e c t i o n ,  t he  sys t em 

r e s o l u t i o n  1' , i s  a f u n c t i o n  of  t h e  a m p l i f i e r  t i me  c o n s t a n t  

TC. Longe r  t i me  c o n s t a n t s  g i v e  b e t t e r  e n e r g y  r e s o l u t i o n  but  

l o w e r  S i g n a l  p r o c e s s i n g  e f f i c i e n c y  F.  A c o m b i n a t i o n  of 

p a r a m e t e i s  i s ,  t h e r e f o r e ,  s oug h t  which a l l o w s  t h e  s h o r t e s t  

measurement  t ime Tm f o r  a s p e c i f i e d  p r e c i s i o n .

At  a g i v e n  d e t e c t o r  c o u n t  r a t e ,  r , t h r e e  f a c t o r s  va r y i ng  

w i t h  r i n f l u e n c e  t h e  r e q u i r e d  m e a s u r e m e n t  t i m e  -  t he  

s t a n d a r d i s e d  v a r i a n c e  V ° , t h e  s p e c i f i e d  p e a k - t o - b a c  kg round 

r a t i o  h and t he  s i g n a l  p r o c e s s i n g  e f f i c i e n c y  P.

A d e t e c t i o n  l i m i t  t o r  a p e a k - t o - b a c k g r o u n o  r a t i o  of  

R ■ 0 , 1  may be i r o v i s i o n a l l y  s p e c i f i e d  a t  t he  f undame n t a l  

pe a k  r e s o l u t i o n  ( r n « 0 ) . I f ,  a c c o r d i n g  t o  C u r r i e  (196U) , for  

5% e r r o r s  of  t h e  1 s t  and 2nd kind a 1 , 6 5  S , D . c r i t i c a l  l e v e l  

and  a 3 , 2 c S . P .  d e t e c t i o n  l i m i t  ( i . e .  c o e f f i c i e n t  of  

v a r i a t i o n  CV" l / 3 , 2 9 )  i s  a d o p t e e , t hen  t he  v a r i a n c e  i n  R of  a 

measurement  a*- t he  l i m i t  has  t o  be

V -  (R x O ’: 2 -  ( 0 , 1 / 3 , 2 9 ) 2 -  0 , 00092  9 . 7

i n  t h e  t w o - c h a n n e l  e v a l u a t i o n  t h e  s t a n d a r d i s e d  v a r i a n c e  

( i W)  a t  t h e  fundame t a l  r e s o l u t i o n  ( f o r  r  . i c h  t maxe 7 , 7o)  i s
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The 2 o b a c k g r o u n d  c o u n t  ( f o r  2 s i d e d  e v a l u a t i o n )  t h u s  ough t  

t o  be

B ■ b V°/V

From e q u a t i o n  9 . 5 c  t h e  2c r e l a t i v e  i n t e n s i t y  i n  t he  s p e c t r u m

of  F i g u r e  4 . 1  i s  

( r B/ r )  -  l , 1 3 x l O - 3 / V ( 2 l n 2 )  % 9 , 6 x l 0 -4 9 *9

T h e  t o t a l  a n a l y s e d  c o u n t  r e q u i r e d  f o r  t h e  s p e c i f  i t  j 

d e t e c t i o n  l i m i t  ( R*0f l  f o r  1^*0) i s  t h e r e f o r e  

( ^ )  c o u n t s  'v - vfl c o u n t s

-v 939600 x VB c o u n t s  9 . 1 0

As t h e  r e s o l u t i o n  g e t s  p o o r e r  t h e  peak i n t e n s i t y  r e ma i n s  

c o n s t a n t  g i v i n g  a s m a l l e r  b u t  w i d e r  p e a k ,  t he  b a d  :uuna 

i n t e n s i t y  p e r  u n i t  e n e r g y  r e m a i n s  u n c h a n g e d ,  bui  t h e  

i n t e n s i t y  p e r  p e a k  r e s o l u t i o n  i n c r e a s e s  s o  t h a t  t n e  

p e a k - t o - b a c k g  r o u n d  r a t i o  d e c r e a s e s .  For t h e  g o l d  KB p e a k s  

t h e  i n c r e a s e  i s  p r o p o r t i o n a l  t o  t h e  v a l u e  g i v e n  in  e q u a t i o n  

9 . 5 c  and t n e  d e t e c t i o n  l i m i t  r a t i o  can be s p e c i f i e d  a t  any 

r e s o l u t i o n  as

R •  l , 1 3 x i u " 4/ ( l , 1 3 x l 0 -3 + 1 , i3xiU v Tn ) 9 , 11

The  d i f f e r e n t  R ' e c o r r e s p o n d  t o  t h e  s a me  g o l d  

c o n c e n t r a t i o n  and i f  t he  CV of  t h e  measur ement  i s  t o  r e ma i n  

c o n s t a n t  ( a t  1 / 3 , 2 9 )  t h e n ,  a c c o r d i n g  t o  e q u a t i o n  7 . 3 ,  t he  

t o t a l  a n a l y s e d  c o u n t  ( eq .  9 . 10)  h a s  t o  be i n c r e a s e d  by 0 , 1 / R .

At a d e t e c t e d  c o u n t  r a t e  r t h e  t o t a l  a n a l y s e d  c o u n t  i s  

g i v e n  by r T mP wh e r e  Tm i s  t h e  m e a s u r e m e n t  t i m e  and P t he  

s i g n a l  p r o c e s s i n g  e f f i c i e n c y .  The  m e a s u r e m e n t  t i m e  t o  

a c c u m u l a t e  t h e  r e q u i r e d  number  o f  c o u n t s  a t  t he  s p e c i f i e d

d e t e c t i o n  l i m i t  i s  t h e r e f o r e

- ‘fe>-btf1
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The r n a l  p t  o c e s s  e f f i c i e n c y  i n  s i n g l e  e l e m e n t  

a n a l y s i s

P ■ Exp( - r w)  9 . 13

whe r e  w i s  t h e  e f f e c t i v e  p u l s e  w i d t h  ( c h a p t e r  8) u s u a l l y

me a s u r e d  i n  s y s t e m  t i m e  c o n s t a n t s  TC.  In e f f i c i e n t  s i g n a l

p r o c e s s i n g  s y s t e ms  t y p i c a l l y  w % 5#5TC or  even  s m a l l e r ,  bu t

i n  l e s s  e f f i c i e n t  s y s t e m s  w c a n  r e a d i l y  e x c e e d  12TC. The

r e s o l u t i c . i  r o f  a s y s t e m de pends  m a i m y  on TC and n o t  on t he

t a c t o r  w/TC.  I n  T a b l e  9 . 3  t h e  sys t em r e s o l u t i o n  ( a t  80 keV)

and TC a r e  g i v e n  f o r  a t y p i c a l  2 0 Omm^ germanium d e t e c t o r ,

and  P h a s  b e e n  c a l c u l a t e d  t o r  a t o t a l  d e t e c t e d  r a t e  o f
2

r » !»Q kHz wn i c h  a m o u n t s  t o  a a e t e c t e u  f l u x  of  25 kHz/cm . 

The r a t i o  R and 2 i n  T a b i c  9 . 3  were  c a l c u l a t e d  f rom 

e q u a t i o n  9 . J 1 a n u  wVre t a k e n  f r o m  T a b l e  9 . 2 .  The t i m e

Tabl e  9 . 3 Dat a  a c q u i s i t i on  p a r a me t e r s  o r c  a n a l y s i s

: or  a t y p i c a l  200m2 Ge d e t e c t or  a t  r  f . 50_kHz

r e s o l u t i o n  TC 

PicV) / s

400 —

450 4, 8

500 l , x

550 0 , 6b

oOO 0, 42

650 0 , 32

700 0,24

P»Exp(-rw) Li mi t  

*5 , 51'C ( 12TC) R

— 0, 1

0 , 4 0 ( 0 , 1 9 ) 0 , 094

0 , 7 4 ( 0 , 5 2 ) 0 , 069

0 , 8 4 ( 0 , 6 6 ) 0 , 065

0 , 8 9 ( 0 , 7 8 ) 0, 061

0 , 9 2 ( 0 , 6 2 ) 0,077

0 , 9 4 ( 0 , 6 7 ) U,074

11 , 0 — —

11,4 569(1467)

11 , 8 402(573)

12 , 2 385(477)

12,7 396(455)

13 , 2 421(468)

13 , 8 451(466)
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r o i j u i r e u  t o  m e a s u r e  t h e  s p c c i i  l e d  R w i t h  a cs/ * a t

r » 50 Kriz c a l c u l a t e d  t r o m  e q . 9 . 1 2  i s  shown i n  t h e  l a s t

column o t  t h e  t a b l e  ano i n  F i g u r e  9 . 2 .

A minimum measur ement  t ime o f  Tm -  3d5 (4b5) s e c o n d s  i s  

i n d i c a t e d  f o r  t h e  s p e c i f i e d  r a t i o  d e t e c t i o n  l i m i t  a t  a 

a y s ■ t ime c o n s t a n t  o f  TC * 0 , 6  ( 0 , 4 )  p s .

y . 5 j / s turn t i me c o n s t a n t  ana  de t e c t s r  s i z e

S i m i l a r  c a l c u l a t i o n s  we r e  p e r f o r m e d  t o r  some l a r g e r  ana  

s m a l l e r  p l a n a r  u e t e c t o r s  a t  a f l u x  o t  250 Hz/mm' . The n o i s e  

r e s o l u t i o n  ( i n  e g .  9.  l a  o r  t>) was  a s s u me d  t o  be a i r e d  

p r o p o r t i o n a l  t o  t ne  d e t e c t o r  c a p a c i t a n c e  o t  22 , 5  fF/mm2 p l u s  

a s t r a y  c a p a c i t a n c e  o t  5pF a s  d i s c u s s e d  i n  c n a p t e r  5 . 2 . 1 .  

The  m e a s u r e m e n t  t i m e s  t o r  t n e  s p e c i i l e u  r a t i o  uc t c c t i c r

l i ^ i t  ( e q . 9 . 1 1 )  a r c  snown i n  F i g u r e  9 . 2  and t h e  minimum

v a l u e s  a r e  r e p r o d u c e u  i n  F i g u r e  9 . 3 .

F i g u r e  9 . 2  snows t h a t  t he  minimum measurement  t i m e s  a t  a 

t o t a l  c o u n t  r a t e  o t  2a0 Hz/mm2 a r e  a t t a i n a b l e  a t  TC 'v 0 , 6 p s

l o r  a wid_ r a nge  of d e t e c t o r  s i s e s .

Ihe  me a s u r e me n t  t i m e s  t o r  t h e  s p e c i f i e d  r a t i o  d e t e c t i o n  

l i m i t  a r e  i n v e r s e l y  p r o p o r t i o n a l  t o  t he  d e t e c t o r  s i z e  when 

t ne  s i z e  i s  s m a l l  b u t  a b o v e  100mm2 p o o r e r  r e s o l u t i o n  and 

lower  s i g n a l  p r o c e s s i n g  e f f i c i e n c y  c o u n t e r a c t  t h i s  t r e n d ,  i n  

F i g u r e  9 . 3  t n e  l o we s t  me a s u r i n g  t i me  o t  293 seconds  i s  shown 

t o r  a 4Uumm2 d e t e c t o r  r u n n i n g  a i  l u u  khz .  Tne measu cmcnt  

t ime r e q u i r e d  wi t h  a 200mm2 d e t e c t o r  a t  50 kHz i s ,  a c c o r d i n g  

t o  t h i s  a n a l y s i s ,  % 3 04  h i g h e r  t h a n  t he  minimum a t t a i n a b l e  

wi t h  t he  l a r g e r  o e t e c t o r s  t h a t  c o s t  d i s p r o p o r t i o n a t e l y  more,  

i n  mo s t  s i g n a l  p r o c e s s i n g  s y s t e m s ,  however ,  c uun t  r a t e -  at  

h i g h  a s  100  kHz w o u l d  c a u s e  r e s o l u t i o n  d e g r a d a t i o n  i n
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a d d i t i o n  t o  t h e  c a p a c i t a n c e  n o i s e  c o n t r i b u t i o n  a l r e a d y  t a k e n  

i n t o  a c c o u n t .  T n i s  wo u l d  i n c r e a s e  t h e  minimum measurement  

t i m e s  o t  t h e  l a r g e r  d e t e c t o r s  a s  I n d i c a t e d  by t h e  a r r o w s  i n  

f i g u r e  9 . 3 ,  s h i t t i n g  t h e  l o w e s t  p o i n t  o t  t h e  c u r v e  t o  

s m a l l e r  s i z e s .

T n i s  a n a l y s i s  h a s  shown t h a t  a germanium d e t e c t o r  s i z e  

o t  2U0mm^ (a s t a n d a r d  s i z e  i n  t h e  i n d u s t r y )  would be opt imum 

f o r  t h e  me a s u r e me n t  o f  g o l d  o r e s .

9 . o  The g o l d  c o n c e n t r a t i o n  d e t e c t i on l^imit  

Tne r a t i o  d e t e c t i o n  l i m i t  p r o v i s i o n a l l y  s p e c i f i e d  i n  s e c t i o n  

J . A  ( e q .  9 . 1 1 )  c a n  b e  r e l a t e d  t o  a c e r t a i n  g o l o  

c o n c e n t r a t i o n .  A b s o l u t e  d e r i v a t i o n  of  t n e  r e l a t i o n s h i p  f rom 

f undament a l  p a r a m e t e r s  i s  oeyond t he  scope  o t  t h i s  t h e s i s  as  

t n e  d i f f e r e n t i a l  s c a t t e r i n g  c r o s s  s e c t i o n s  am n o t  r e a d i l y  

a v a i l a b l e .  An e m p i r i c a l  d e t e r m i n a t i o n  o t  t h e  c o n c e n t r a t i o n  

d e t e c t i o n  l i m i t  f o l l o w s  be l ow.

A p o wd e r e d  o r e  sample  a s s a y i n g  a p p r o x i m a t e l y  400 p . p . m .  

g o l d  was m e a s u r e s  w i t h  a 200mm* Ue oe t e c t o r  a n d  a s ys t em 

t i m e  c o n s t a n t  r *> 0 , 5  ps a t  r  -  50 kHz.  The t o t a l  g o l d  Khi 

and K p e a k  c o u n t s  a b o v e  t n e  i n t e r p o l a t e d  ba ckgr ound  were 

d e t e r m i n e d  a s  58 500  + 1 9 2 0 0  ■ 77700  c o u n t s .  The FwHM

r e s o l u t i o n  o f  t h e  s y s t e m a t  80 keV and >0 kHz was d e t e r m i n e s  

a s  600ev,  and f rom e q .  9 . 3 ,  f i B ^ l  ■ 800eV and r l B - ]  ■ 660eV.  

The i n t e r p o l a t e d  1 o ( i . e . r / 2 , 3 5 5 . . ) backgr ound  c o u n t s  were 

27000 and 12000  r e s p e c t i v e l y  t o t a l l i n g  39000 c o u n t s .  The 

p e a k  t o  b a c k g r o u n d  r a t i o  d e t e r m i n e d  f o r  400 p . p . m .  was

t n e r o f o : *  7 7 7 0 0 / 3 9 0 0 0  ■ 2 , 0 .  Tne d e t e c t i o n  l i m i t  r a t i o  

s p e c i f i e d  by e q u a t i o n  9 . 11  and t he  p a r a m e t e r s  i n  Ta b l e  9 . 3

t n u s  c o r r e s p o n d  t o  a c o n c e n t r a t i o n  d e t e c t i o n  l i m i t  o i  ( see
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5 t h  row o t  i a b i c  y . J )  -

400 x U , U d l / 2 , 0  -  16 p . p . m.  g o l d  

and a measur ement  S. D.  = 5 p . p . m.  g o l d .

wi t h  a 200mm^ Ge d e t e c t o r  ano an e f f i c i e n t  s i g n a l  p r o c e s s i n g  

s y s t e m (w -  5 , 5 1 C )  t m s  l i m i t  c a n  t h u s  be mea s u r e d  i n  385 

s e c o n d s  a t  a c o u n t  r a t e  oi  50 kHz.  t o r  s i n g l e  measur ement  

t i m e s  up t o  a few h o u r s ,  a t  t h i s  c o u n t  r a t e ,  t he  d e t e c t i o n  

l i m i t  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  s q u a r e  o i  t h e  

m e a s u r e m e n t  t i m e ,  b e y o n d  t h i s ,  l o n g - t e r m  i n s t r u m e n t  

i n s t a b i l i y  may r e s u l t  i n  m e a s u r e m e n t  s t a n d a r d  d e v i a t i o n s  

t h a t  e x c e e u  t h e s e  l o w e r  s t a n d a r d  d e v i a t i o n s  d e r i v e d  frcir. 

coun t i ng  s t a t i s t i c s  a l o n e .

y . 7 u l s c u s j i o n

i‘ne v a l u e s  o t  s e v e r a l  o i  t h e  p a r a m e t e r s  used  i n  t m s  c h a p t e r  

were d e c i d e d  on f r o m m e a s u r e m e n t s  w i t h  s y s t e m s  p i l f e r i n g  

a p p r e c i a b l y  f r o m a n  o p t i m i s e d  s y s t e m  t o r  g o l d  v a l u a t i o n .  

Tnt ty  s e r v e d  t o  i l l u s t r a t e  t h e  p r o c e d u r e  o i  a r r i v i n g  a t  

o p t i m i s e d  c o n a i t i o m ,  b u t  t h e y  may be  r e v i s e d  a s  t h e  

o p t i m i s i n g  c r i t e r i a  can  be more p r e c i s e l y  d e f i n e d .

The c h o i c e  b e t w e e n  CV«-1£)9 and o t h e r  i s o t o p e s  r e s t s  

m a i n l y  on t h e  n e e d  f c r  r a p i d  m e a s u r e i r c n t  o i  v e r y  l o  

c o n c e n t r a t i o n s .  I t  m e a s u r e m e n t s  a r c  no t  p e r f o r me d  i n  s i t u 

t h e n  s l o w e r  m e a s u r e m e n t  m i g h t  be a c c e p t a b l e  and  a l e s s  

c o s t l y  i s o t o p e  mi gh t  s u f f i c e .

The c h o i c e  o f  t h e  e n e r g y  r e g i o n  i s  d e t e r m i n e d  by t he  

o c c u r r e n c e  o t  i n t e r f e r i n g  e l e m e n t s  i n  t h e  o r e .  The d e c i s i o n  

t o  i n c l u d e  t h e  Au peak i n  t he  e v a l u a t i o n  was made i n  t he

i n t e r e s t  o t  t a s t e r  m e a s u r e m e n t ,  a s  i t  d o e s  nov i n v o l v e  

a d d i t i o n a l  i n s t r u m e n t a l  c o m p l e x i t y .



The r e a s o n  l o r  o p t i m i s i n g  t h e  e v a l u a t i o n  t o r  peak to  

background r a t i o s  be low 1 i s  t h a t  t o r  v o i d  o r e  v a l u a t i o n  the  

m e a s u r e m e n t  o r  low c o n c e n t r a t i o n s ,  p a r t i c u l a r l y  of  m a r g i n a l  

g r a d u s ,  i s  c o n s i d e r e d  more i m p o r t a n t  t h a n  t h a t  o f  h i g h  

c o n c e n t r a t i o n s .  R a t i o s  a s  h i g h  a s  R ■ 10 c a n  be  e x p e c t e d  

o c c a s i o n a l l y ,  b u t  even t h e i r  n o n - o p h i mi s e d  e v a l u a t i o n  would 

t u r n i s n  a m e a s u r e m e n t  p r e c i s i o n  i n  e x c e s s  of  r e q u i r e m e n t s .  

Tne opt imum p r e c i s i o n  t o  which an i n d i v i d u a l  s ampl e  needs  t o  

oe m e a s u r e d  w i l l  depend on t he  use t o  whi ch t h e  measurement  

i s  p u t ,  a n d  w i l l  be d i s c u s s e d  i n  t h e  n e x t  c h a p t e r .  The 

o e t e c t i o n  l i m i t  o f  10 p . p . m .  i n  385 s e c o n d s ,  a r r i v e d  a t  i n  

t n e  p r e v i o u s  s e c t i o n ,  c a n ,  by means of  e q u a t i o n  7 . 3 ,  r e a d i l y  

oe  a d j u s t e d  t o  a n y  p a r t i c u l a r  n e e a ,  p r o b a b l y  a s  l ow a s  

f r a c t i o n a l  p a r t s  pe r  m i l l i o n .

A c o u n t  r a t e  o f  50 khz  a v e r a g e  wa s  a s s u m e d  f r o m

e s t i m a t e s  o f  t h e  c o u n t - r a t e  h a n d l i n g  c a p a b i l i t y  of  a number
2

of  c o m m e r c i a l  s y s t e m s .  T h i s  r a t e ,  i . e .  250 t lz/mr , r e c e i v e d  

i n  a 200mm^ a e t e c t o r  f r om a f l u o r e s c e d  s a m p l e  50mm away,  

g i v e s  an a c c e p t a b l e  r a d i a t i o n  u o s e  r a t e  a t  a p p r o x i m a t e l y  

125mm b e h i n d  t h e  d e t e c t o r  wh e r e  a p o r t a b l e  p r obe  would be 

h e l d .  I f  t h i s  d o s e  r a t e  i s  not  t o  be c h a n g e d ,  t h e n  t h e  coun t  

r a t e  f o r  d i f f e r e n t  s i z e  d e t e c t o r s  mu s t  be p r o p o r t i o n a l  t o  

t n e  i t  a r e a .  However ,  t h e  opt imum sampl e  d i s t a n c e  de pends  t o  

some e x t e n t  o n  t h e  t h i n n e s s  of  t h e  t a b u l a r  d e p o s i t  and t he  

c o u n t  r a t e  would change  c o n s i d e r a b l y  w i t h  a s ma l l  a d j u s t m e n t  

o i  t h e  m e a s u r i n g  d i s t a n c e  w i t h o u t  a s i g n i f i c a n t  change  i n  

d o s e  r a t e .  I t  may t h u s  be  a d v i s a b l e  t o  o p e r a t e  a t  a 

d i f f e r e n t  c o u n t  r a t e ,  m o s t  p r o b a o l y  a t  a h i g h e r  r a t e ,  

dependi ng  on t h e  t y p e s  o f  d e p o s i t  e n c o u n t e r e u .
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n o m i n a t i o n  o t  T a b l e  y . .  Shown t h a t  a n  a u e q u a t e  

i n t e r t e r e n c e -  t r e e  r e g i o n  i s  a v a i l a b l e  t o r  e v a l u a t i o n  at  t he  

g o l d  K g ' S .  The change  i n  t max wi t h  r e s o l u t i o n  i s  a s s o c i a t e d  

wi t h  a mode r a t e  l i n e a r  change  i n  t he  s t a n d a r d i s e d  v a r i a n c e s ,  

i n  f a b l e  !#. 3 i t  c a n  b e  s e e n  t h a t  t h e  l a t t e r  c h a n g e  i s  

s l i g h t l y  s m a l l e r  t h a n  t n e  change  o f  t h e  c o mp os i t e  r a t i o  o t  

t h e  tvB' P e a k s  and b a c k g r o u n d .  The e x p o n e n t i a l  c h a n g e  i n  

s i g n a l  p r o c e s s i n g  e f f i c i e n c y  h a s  a s i m i l a r  b u t  o p p o s i t e  

e i f e c t  on t h e  m e a s u r e m e n t  t i m e  and  t h i s  t i m e  t h u s  h a s  a 

pr onounced minimum i n  t he  r e s o l u t i o n  r a n g e  c o n s i d e r e d .

c o m p a r i s o n  o f  an  e f f i c i e n t  s i g n a l  p r o c e s s i n g  s y s t e m

w i t h  a l e s s  e f f i c i e n t  s y s t e m  (TC/w « 12) i n

i a b l e  9 . 3  snows  t n a t  op t i mum m e a s u r e m e n t  t i m e s  a r e  a b o u t

0 5 / 3 t i i  i . e .  I d *  l o n g e r  w i t n  t n e  l a t t e r  s y s t e m .  I t  i s

p o s s i b l e  t o  o b v i a t e  t h i s  i n c r e a s e  by c a r e f u l  d e s i g n  b a s ed  on

t h o r o u g h  u n u e r s t a n d i n g  o f  t n e  p r o c e s s e s  i n v o l v e d .  The

c o n c e p t  o f  p i l e u p  o v e r l a p  p a r a m e t e r s  e v o l v e o  i n  t h i s  t h e s i s

h a s  g r e a t l y  f a c i l i t a t  d t h i s .  At  l o w e r  c o u n t  r a t e s  t h e r e

woul d be  l e s s  o t  a d i f f e r e n c e  i n  mea s u r e me n t  t i m e s ,  b u t  a t

t n e  m o r e  p r o b a b l e  h i g h e r  c o u n t  r a t e s  t h e  d i f f e r e n c e  

i n c r e a s e s  s n a r p l y .

i n  t h i s  Chap t e r  i t  has  been shown t h a t  t o r  i n  q i t u  g o ’ 

o r e  m e a s u r e m e n t  a two c h a n n e l  scheme t o r  t h e  e v a l u a t i o n  ot  

t he  mi nor  g o l d  Kf^ and Ki^ pe aks  on t he  s c a t t e r e d  backgr ound 

e n s u r e s  good  e f f i c i e n c y  wi t h  an u n c o m p l i c a t e d  i n s t r u m e n t .  A 

Jem u e t c c t o r  and e f f i c i e n t  s i g n a l  p r o c e s s i n g  a t  a t i me  

c o n s t a n t  of  TC -  0 , 6h6  p e r m i t  opt imum measurement  t i me s  a t  a 

c o n s t a n t  d e t e c t o r  f l u x .  A t  2 50 i iz/mm^ t h e  ( 3 , 2 9  t i . U . ) 

u e t e c t i o n  l i m i t  i s  16 p . p . m .  g o l d  i n  a measurement  t ime of



385 s e c o n d s . T h i s  l i m i t  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t he  

s q u a r e  o f  t h e  m e a s u r e m e n t  t i me  and t h e  s q u a r e  of  t h e  c o u n t



1 0  Q U A N T IT A T IV E  MEASUREMENT OF ROUGH ORE SAMPLES

I n  C h a p t e r  4 c o n s i d e r a t i o n  was g i v e n  t o  t h e  s o u r c e - s a m p l e -  

oe  t e c  t o r  g e o m e t r y *  In  t h i s  c h a p t e r  t h e  g e o m e t r y  o l  t h e  

s a m p l e  i t s e l i  i s  c o n s i d e r e d .  G e o l o g i c a l  s a m p l e s  no r ma l l y  

r e q u i r e  p r e p a r a t i o n  b e f o r e  q u a n t i t a t i v e  a n a l y s i s ,  t y p i c a l l y  

n o m o g e n i s a t i  on  o f  t h e  s a m p l e  a n d  p r e s e n t a t i o n  i n  a 

r e p r o d u c i b l e  m e a s u r i n g  g e o m e t r y .  S u c h  p r e p a r a t i o n  i s  no t  

f e a s i b l e  w h e r e  mi ne  s l o p e  f a c e s  a r e  t o  be s canned  f o r  g o l i  

o r e  v a l u a t i o n .  The s a m p l e s ,  i . e .  t he  a r e a s  on t nc  f a c e  t o  be 

m e a s u r e d ,  h a v e  a r o u g h  s u r f a c e ,  p a r t i c u l a r l y  i n  t he  g o l d  

c o n t a i n i n g  r e g i o n s  wne r e  t h e  r o c k  may be more f r i a b l e  t han  

i n  t h e  was t e  rock above and helow t h e  r e e f .

F u r t h e r mo r e ,  t h e  t h i n  l a y e r e d ,  s e d i m e n t a r y  n a t u r e  o f  t h e  

d e p o s i t s  r e q u i r e s  t h a t  t h e  a r e a  c o n c e n t r a t i o n  o f  g o l d  i n  

g / m 2 (or  r e l a t e d  u n i t e )  i n s t e a d  of  t h e  volume c o n c e n t r a t i o n  

i n  g/m"* b e  d e t e r m i n e d .  A c c o r d i n g l y  i t  i s  n e c e s s a r y  t o  

d e t e r m i n e  t h e  a r e a  c o n c e n t r a t i o n  by v i e w i n g  t h e  l a y e r e d  

d e p o s i t  e d g e  o n ,  wh i c h  i s  a d i f f i c u l t  s a m p l e  s h a p e  f o r  

q u a n t i t a t i v e  measurement  b e c a u s e  o f  i t s  h e t e r o g e n e o u s  n a t u r e .

10.1 Homogeneous c o n c e n t r a t i o n s  

I n  t h e  l a b o r a t o r y ,  wh e r e  a c o n s t a n t  me a s u r i n g  g eometry  can  

be a s s u r e d ,  a b s o l u t e  c o u n t i n g  of  t h e  g o l d  p e a ks  p l u s  t h e i r  

b a c k g r o u n d  woul d  g i v e  a q u a n t i t a t i v e  m e a s u r e  of  the  g o l a  

c o n c e n t r a t i o n  i n  h o m o g e n e o u s  s a m p l e s .  A l t e r n a t i v e l y  a t  

v a r i a b l e  c o u n t  r a t e s  t h e  c o u n t i n g  o f  t n c  g o l u  p e aks  p l u s
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t h e i r  b a c k g r o u n d  r e l a t i v e  t o  t h e  e a s i l y  m e a s u r e d  Compton 

peak would g i v e  a q u a n t i t a t i v e  me a s u r e .

d e c a u s e  t h e  d e t e c t e d  c o u n t  r a t e s  v a r y  a p p r o x i ma t e l y  as  

th-i  i n v e r s e  s q u a r e  o t  t h e  r a d i a t i o n  p a t h  l e n g t h ,  a b s o l u t e  

c o u n t i n g  o f  t h e  g o l d  p e a k s  p l u s  b a c k g r o u n d  would no t  be a 

q u a n t i t a t i v e  m e a s u r e .  Mo r e o v e r ,  f o r  r ough s u r f a c e d  s a mpl e s  

t h e  f i n i t e  d i m c n e i o n s  o f  s o u r c e  a n d  d e t e c t o r  and  t n c  

c o m p a r a t i v e l y  s h o r t  r a d i a t i o n  p a t h  l e n g t h s  r e s u l t  i n  a 

o a c k s c a t t e r  a n g l e  a t  t h e  s a m p l e  f r o m s o u r c e  t o  d e t e c t o r  

w u i c h  i s  s i g n i f i c a n t l y  s m a l l e r  t h a n  1 8 0 ° .  w i t h  a s mo o t h  

s u r f a c e d  s a mp l e  t h i s  a n g l e  may be h e l d  c o n s t a n t ,  bu t  w i t h  a 

r ough  sample  i t  v a r i e s  w i t h  c h a ng i ng  r a d i a t i o n  p a t h  l e n g t h s .  

As sLiown i n  c h a p t e r  4 t h e  b a c k g r o u n d  under  t he  g o l d  peaks  i s  

i n f l u e n c e d  by  t n i s  a n g l e .  For  r o u g h  s u r f a c e d  s a mp l e s  t h e  

C o m p t o n  p e a k  a n d  t n e  b a c k g r o u n d  u n d e r  t h e  g o l d  p e a k s ,  

t h e r e f o r e ,  d o  n o t  h a v e  a h i g h  e n o u g h  c o r r e l a t i o n  f o r  t h e  

q u a n t i t a t i v e  d e t e r m i n a t i o n  of  v e r y  s ma l l  go l d  peaks  by t h e  

r e l a t i v e  c o u n t i n g  of  t h e s e  p e a k s .

t h e  b a c k g r o u n d  a d j a c e n t  t o  and be t ween  t ne  two go l d  Kp 

p e a k s  i s ,  h o w e v e r ,  w e l l  e n o u g n  c o r r e l a t e d  w i t h  t h e  

b a c k g r o u n o  u n d e r  t h e  p e a k s  f o r  t h e  d e t e r m i n a t i o n  of  v e r y  

s m a l l  p e a k  t o  b a c k g r o u n d  r a t i o s  even  i f  t h e  r a d i a t i o n  p a t h  

l e n g t h  ana  s c a t t e r  a n g l e  v a r y  a p p r e c i a b l y .

Over t h e  l i m i t e d  e n e r g y  r e g i o n  from t h e  l e a d  Ka^ peak t o  

t h e  l e a d  K 63 p e a k  t h e  m a s s  a b s o r p t i o n  c o e f f i c i e n t  o f  t h e  

r o c k  m a t r i x  d e c r e a s e s  b y  a b o u t  151  b u t  t h e  mean ma s s  

a b s o r p t i o n  c o e f f i c i e n t  o f  t h e  b a c k g r o u n d  e n e r g y  r e g i o n s  

a d j a c e n t  t o  a n d  b e t w e e n  t h e  g o l d  X 8 '  p e aks  h a r d l y  d i f f e r s  

f r om t h e  mean ma s s  a b s o r p t i o n  c o e f f i c i e n t  o f  t h e  two k 8
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ye ak  e n e r g y  r e g i o n s ,  w i t h  t h e  same e n t r a n c e  and tn*. same 

e x i t  a o s o r  p t  i o n  c o e f f i c i e n t s ,  t n e  s i n g l y  s c a t t e r e d  

background p h o t o n s  t h u s  f o l l o w  t he  same r a d i a t i o n  p a t h s  i . e .  

t h e  same  s a m p l e  d e p t h s  a s  t n e  e x c i t i n g  a nd  f l u o r e s c e d

pho t ons .

The  m u l t i p l e  s c a t t e r e d  b a c k g r o u n d  p h o t o n  f o l l o w  

s l i g h t l y  d i f f e r e n t  r a d i a t i o n  p a t h s  b u t  t hey  c o n s t i t u t e  on l y  

a s ma l l  p r o p o r t i o n  o f  t h e  t o t a l  s c a t t e r e d  p n o t o n s .

i n e  n e t t  g o l d  p e a k s  and  t h e  r e g i o n a l  b a c k g r o u n d  t h u s  

come f r om t h e  same s a mp l e  and ,  m e r e  f o r e , t h e i r  r a t i o  i s  a 

good measure  o f  t ne  g o l d  mass c o n c e n t r a t i o n .

u e c a u s e  d i f f e r e n t  p a r t s  f r o m  t h e  s a m p l e  c o n t r i b u t e  

a i t f e t e n t  p r o p o r t i o n s  t o  t h e  t o t a l  d c t e c t e u  i n t e n s i t y  t ne  

( u n v e i l  . a u )  r a t i o  o f  g o l d  t o  b a c k g r o u n d  i s  a me s u r e  of  

c o n c e n t r a t i o n  o n l y  f o r  a h o m o g e n e o u s  s a m c l e .  I t  t h e  mean 

t a d  a t  i o n  p a t h  l e n g t h s  v - r y  g r e a t l y  w h i l e  s c a n n i n g  rough  

s u r f a c e s ,  t h e  r e l a t i o n s h i p  b e t w e e . .  t h e  r a t i o  of  golci  t o  

background and g o l d  c o n c e n t r a t i o n  may be j - oo r c i .

j .0.1 Tn i n  l a y e r eu s e d i m e n t a r y  c o n c e n t r a t i o n s

m e  m a j o r i t y  o t  t n e  . . i t w a t c r  s r  and  g o l d  d e p o s i t s  a r e  t h i n ,  

l a y e r e d  d e p o s i t s .  A l t h o u g h  t h e  " r e e f  c o n g l o m e r a t e  may be 

s e v e r a l  d e c i m e t e r s  t h i c k ,  t n e  g o l d  i s  o f t e n  c o n c e n t r a t e d  i n  

a l a y e r  or  l a y e r s  l e s s  t h a n  5cm t h i c k ,  somet i mes  e x i s t i n g  

on l y  Detween < he c o n t a c t  of  two s e d i m e n t a r y  l a y e r s .

Tncse d e p o s i t s  a r e  min-d e d g e - o n ,  t ne  c o mp l e t e  t h i c k n e s s  

o t  t h e  g o l d  b e a r i n g  l a y e r  b e i n g  e x t r a c t e d  wi t h  a d d i t i o n a l  

w a s t e  r o c k  above  and below i t .  For  o r e  v a l u a t i o n  t he  ar .ount  

o t  gold per  a r e a  mi n j d  n e e d s  t o  be  d e t e r m i n e d ,  r e g a r d l e s s  o t  

the  t h i c k n e s s  wined i . e .  r e g a r d l e s s  o t  t n e  6 t ope  ' w i d t h ' .



The v a l u a t i o n  u n i t  most  c o m m o n i Y used in t h e  gold mining 

i n d u s t r y  i s  t h e  a r e a  c o n c e n t r a t i o n  u n i t  g / m‘ d i v i d e d  by the  

r o c k  d e n s i t y  ( 2 , 7 6 )  t / m 3 t o  g i v e  i. . g / t ,  or  more r a t i o n a l l y  

c r n . g / t .  The a d v a n t a g e  o f  t h i s  a r e a  c o n c e n t r a t i o n  u n i t  i s  

t h a t  t h e  v a l u e s  f o r  s e v e r a l  l a y e r s  a r e  a d d i t i v e  and t h a t  on 

d i v i s i o n  by  t h e  s t o n i n g  h e i g h t  ( i n  cm) i t  g i v e s  t h e  

e x t r a c t e d  o r  m i l l  mass  c o n c e n t r a t i o n  in  g / t ,  or  d i v i d e d  by 

t h e  s a m p l e  h e i g h t  g i v e s  t h e  homogene ous  o r  aver age  s a n o l e

mass  c o n c e n t r a t i o n  in  g / t .

i n  t h e  h o r i z o n t a l  d i r e c t i o n ,  o r  r a t h e r  i n  t he  o l a n e  o f  

t h e  r e e f ,  s c a n n i n g  w i t h  t h e  f l u o r e s c e n c e  o r obe  e f f e c t i v e l y  

h o m o g e n i z e s  a s a m p l e ;  h o w e v e r ,  n o r m a l  t o  t h e  r e e f  p l a n e  a 

h e t e r o g e n e o u s  sample i s  s een  by t he  o r o b e .  When t he  d i s t a n c e  

be t ween  t h e  p r obe  and sampl e  s u r f a c e  i n c r e a s e s  t he  e f f e c t i v e  

s a m p l e  h e i g h t  i n c r e a s e s  w h i l e  t h e  e f f e c t i v e  samol e  deo t h  

d e c r e a s e s ,  i . e .  mor e  w a s t e  r o c k  a b o v e  and be l ow a y o l d  

b e a r i n g  l a y e r  i s  s e e n  b y  t h e  o r o b e ,  a nd  t h e  m e a s u r e d

c o n c e n t r a t i o n  ( i n  g / t )  d e c r e a s e s .

A 1cm t h i c k  cement ed  o r e  s l a b  h a v i n g  a homogeneous go l d  

c o n c e n t r a t i o n  was  s a n d w i c h e d  be t ween  l a r g e  b l ocks  o f  was t e  

r o c k  t o  s i m u l a t e  a n a r r o w  r e e f .  E d g e - o n  m e a s u r e m e n t s  a t  

v a r i o u s  d i s t a n c e s  o f  t h e  p r o b e  f r o m t h i s  s a mo l e  and a t  

v a r i o u s  d i s t a n c e s  ) f  t h e  o r o b e  a x i s  f rom t he  c e n t r e  p l a n e  o f  

t h e  s l a b  a *e shown i n  F i g u r e  1 0 . 1 .  T h e s e  i l l u s t r a t e  t h e  

s u b s t a n t i a l  e f f e c t  t h e  - m e a s u r i n g  g e o m e t r y  h a s  on t he  

p r e c i s i o n  i n  t h e  q u a n t i . a t W e  measurement  o f  h e t e r o g e n e o u s

s a mpl e s .
To p r e v e n t  wi de  f J  - c t u a t i o n s  i n  measured  c o n c e n t r a t i o n s  

o f  t h e  same s a m p l e  t h e  v a r i a t i o n  i n  d i s t a n c e  b e t w e e n ' t h e  

s a m p l e  s u r f a c e  and t h e  f l u o r e s c e n c e  o, be may be ' l i m i t e d
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Dietonoe from  oentr#  plan* of •aep le  Cm) 

fig. 10.1 Efî v-on fluorooeeno* ##o#ur###nt# of a ' •andwloh' 
ore eaeplei d * probe to eoeple dietonoe <*■)

t o  a f i x e d  range  t h u s  l i m i t i n g  f l u c t u a t i o n s  i n  t h e  measured  

p e a k - t o - b a c k g r o u n d  r a t i o  f r o m  t h i s  s o u r c e  t o  a c c e p t a b l e  

v a l u e s .

R e s t r i c t i o n  o f  s h o r t  m e a s u r i n g  d i s t a n c e s  t o  w i t h i n  a 

n a r r o w r a n g e  i s  m e c h a n i c a l l y  n o t  f e a s i b l e  on rough s u r f a c e s  

and a n o t h e r  way was d e v i s e d .  I t  was f o u n d  t h a t  t h e  t o t a l  

c o u n t  r a t e  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  a low cower  (% 1 , 4 )  

o i  t h e  o r o b e  t o  s a m p l e  d i s t a n c e .  The c o u n t  r a t e  i n  t h e  

e n e r g y  r e g i o n  b e t w e e n  t h e  Pb Ka.  and Kg', o e a k s  i s  a good 

m e a s u r e  o f  t h e  d i s t a n c e  t o  t h e  c e n t r e  o f  m a s s  o f  t h e  

m e a s u r e d  s a m p l e ,  b u t  t h i s  r a t e  i s  r a t h e r  low.  I t  was found 

t h a t  t h e  t o t a l  c o u n t  r a t e  above a b o u t  53 kcV, which i s  f a r  

n i q h e r  and t h e r e f o r e  can  be measured f a r  more p r e c i s e l y  over  

s h o r t  p e r i o d s ,  can g i v e  an a c c u r a t e  i n d i c a t i o n  o f  t h e  

d i s t a n c e .  In F i g u r e  10 . 1  t he  r e g r e s s i o n  o f  co un t  r a t e  and

11 11 larEi ■ dec
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p r o b e - L o - s a m p l e  d i s t a n c e  xs s n o w n , ana  t n e  t wo s t a n a u r u  

d e v i a t i o n  l i m i t s  t o :  me a s u r e me n t s  ox l i v e  m i l l i s e c o n d s  a r e  

i n d i c a t e d .

i n  p r a c t i c e  t h e  e i t e c t i v e  d i s t a n c e  was r e s t r i c t e d  by 

i n t e r r u p t i n g  u a t a  a c c u m u l a t i o n  t o r  g o l d  p e a k - t o - b a c k g r o u n d  

d e t e r m i n a t i o n  whenever  t he  t o t a l  cour» r a t e ,  measur ed  w i t h  a 

i  a t e m e t e  r , t e l l  o u t s i d e  ' .wo s e t  c c u n t - r a t e  l i m i t s .  These  

c o u n t - r a t e  l i m i t *  c o u l d  . e c nos cn  t o  c o r r e s p o n d  t o  l i m i t s  i n  

t h e  p r o b e - t o - s a m p l e  d i s t a n c e  o v e r  which t he  maximum e r r o r s  

i n  a s i n g l e  measur ement  were a c c e p t a b l e . These  l i m i t s  would 

no i  ma 1 l y  oe a s c e r  t a i n e u  t r o m  s r . o o t h - s u r t a c e d  s t a n a a r a  

s n n . w i c h  s a m p l e s , b u t  t he  somewha t  l a r g e :  v a r i a t i o n s  i n

j

IB*

IB1

Distance (mm)

Fig. 10.2 Total count rate  (>50 keV) ve. probe to  eampli 
dietancei —  ± two et. dev. for 5me
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d i s t a n c e  t r o w  p a r t i c u l a r  s m a l l  p o r t i o n s  o l  i c u g n  s ampl e s  

neeu& t o  oe t a x e n  i n t o  c o n s i d e r a t i o n  i n  t ne  f i n a l  s e t t i n g s .

1 0 . J 5 i a p e _ o t _ t h e  f l u o r e s cence  sampl e  

*ne v e r t i c a l  p r o f i l e s  i n  F i g u r e  1 0 . 1  r e f l e c t  cne e f f e c t i v e  

c a m p l e  s h a p e  i n  t h e  d e t e r m i n a t i o n  of  a r e a  c o n c e n 1 1 e 1 1 on

v a l u e * •

w i t h  a c o - a x i a l  s o u r c e  d e t e c t  or  geome t r y  a f l a t  s u r f a c e d  

s a m p l e  n a s  a s n a p e  s i m i l a r  t o  t h a t  o l  a s e g m e n t  I r o n  a 

s p n e r e .  I t  t u e  s e g m e n t  i s  v i e * e u  a s  a s e r i e s  of  c o n c e n t r i c  

s h e  -l I s , t i e  d i f f e r e n t  l a y e r s  wo u l d  c o n t r i b u t e  o i  f c r e n t  

p r o p o r t i o n s  p e r  u n i t  (sanij re)  mass t o  t ne  me a s u r e me n t ,  i .  • 

t u e  i n n e r m o s t  l a y e r s ,  which a r e  d o -  s t  t o  t ne  p r o o e ,  have  

t n e  h . g h e s t  m e a s u r i n g  w e i g h t . >. i t h s o u r c e s  (or  d e t e c t u r s )  

c o l l i m a t e d  t o  l e s s  t n a n  2 n s t e r a d i a n s  t h e  e d g e s  uf t n e  

u e epe r  sample  l a y e r s  a r e  t r u n c a t e d .  . . i t h  rougn s u r f a c e s  t m s  

l a y e r e d  sample  i s  e f f e c t i v e l y  d i s t o r t e d  i n  t h e  d i r e c t i o n  of  

t . .e s o u r c e  r a d i a t i o n  p a t h s  w i t h  s l i g h t l y  i n c r e a s e d  me a s u r i n g  

, e i g n t  b e i n g  g i v e n  t o  sample s e c t i o n s  p o s i t i o n e d  c l o s e r  t o

tne  s o u r c e .

i ne  e f f e c t i v e  sample  d e p t h  i s  f i x e d  by t h e  sampl e  s mass  

a u s o r p  t i o n  c o e f f i c i e n t s  t o r  o o t n  t n e  e x c i t i n g  ana  t h e  

e x c i t e d  r a d i a t i o n  anu  t n e s e  a r e  c o n s t a n t s  t o r  t ne  r e l e v a n t  

e n e r g i e s  i n  t h e  g o l d  o r e  m u t r  i x . i h c  s a m p l e  u e p t h ,  

t h e r e f o r e ,  i s  a c o n s t a n t  even  i t  t n e  sample s u r f a c e  11  v e r y  

r o u g n .  A c o n s t a n t  a r e a  o l  t n e  p r o g e c t  u o r e  bo oy  i s  t h u s  

m e a s u r e d  e d g e - o n  w i t n  a f i x e d  o e p t n  v e r t i c a l  p r o f i l e ,  a s  

r e g u i r e d  t o r  d e t e r m i n a t i o n  o f  a r e a  c o n c e n t r a t i o n s .

i t  t n e  s e p a r a t i o n  b e t w e e n  t h e  s o u r c e  uhd u e t e c t o i  i s  

s m a l l  r e l a t i v e  t o  t n e i r  d i s t a n c e  f r om t ne  s ampl e  s u r f a c e .



t n e  l i n e  n o r m a l  t o  t h e  s u r t a c e  o t  t h e  sample  i s  an a x i s  o t  

sample  symmet ry.

So f a r  c a l i b r a t i o n  f a c t o r s  h a v e  b e e n  e m p i r i c a l l y  

d e t e r m i n e d  wi t h  sandwi ch  o r e  s a mp l e s .  More work s t i l l  has  t o  

ue  d one  t o  c a l c u l a t e  t h e  sample  shape  t o r  t h e  c o n v e r s i o n  o t  

mass  c o n c e n t r a t i o n s  t o  a r e a  c o n c e n t r a t i o n  u n i t s .
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11 INSTRUMENTATION FUR THE GOLD ANALYSER

11.1  I n s t r u men t a l  r e q u i r e m e n t s  

Tne main i n s t r u m e n t a l  r e q u i r e m e n t s  were t h e  f o l l o w i n g :

P o r t a b i l i t y  e ven  i n  d i f f i c u l t  l o c a t i o n s  u n d e r g r o u n d .  

R a d i a t i o n ,  c r y o g e n i c  and e l e c t r i c a l  s a f e t y .

S i m p l i c i t y  o f  o p e r a t i o n ,  and

F a s t  measur ement  o f  t i a c e  q u a n t i t i e s .

-  p o t  f a c i l i t y  -  The g o l d  a n a l y s e r  i s  by p r e s e n t  cay 

s t a n d a r o s ,  a v e r y  c o m p l e x  f i e l d  i n s t r u m e n t  t h a t  somet i mes  

h a s  t o  b e  o p e r a t e d  u n d e r  v e r y  d i f f i c u l t  c o n d i t i o n s .  

P a c k a g i n g  o f  t h e  i n s t r u m e n t  p r e s e n t e d  a major  c h a l l e n g e  as  

r u g g e d n e s s  i s  e s s e n t i a l  f o r  und e r g r ound  c o n d i t i o n s .  I t  was 

r e a l i z e d  t h a t  s e v e r a l  k i l o g r a m s  o f  i n s t r u m e n t a t i o n  we r e  

i n v o l v e d .  S i n c e  t h i s  w e i g h t  c a n n o t ,  f o r  p r o l o n g e d  p e r i o d s ,  

be c a r r i e d  a s  a s i n g l e  p a c k a g e  w i t h  a n  o u t s t r e t c h e d  arm 

w h i l e  f c a n n i n g  a s l o p e  f a c e  and  c r a w l i n g  or  c r o u c h i n g , i t  

was  o c c i a e d  t o  u s e  a h a n d h e l d  measur i ng  p robe  c o n n e c t e d  by 

c a o l e  t o  a c h e s t  p a c k  ( n • b a c k  p a c k ) .  The c h e s t  p a c k  

c o n t a i n s  a l l  t he  c omp one n t s  t h a t  need n o t  be  i n  t h e  p r o b e  so 

t h a t  t h e  p r o b e  can  be a s  l i g h t  a s  p o s s i b l e .  The l i g h t e r  t h e  

p r o b e  t h e  l e s s  i t  w i l l  t i r e  t h e  o p e r a t o r  a n d  t h e  l e s s  

i n c l i n e d  he w i l l  b e  t o  d i s c o n t i n u e  m e a s u r i n g  o r  t o  s c a n  

i n a c c u r a t e l y .  T h e  n e g a t i v e s  a r e  a p p r o p r i a t e  h e r e  a s

underground c o n d i t i o n s  make t h e  o p e r a t i o n  s t r e n u o u s .

-  S a f e t y  -  A s p e c t s  o f  r a d i a t i o n ,  c r y o g e n i c  a nd
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e l e c t r i c a l  i n t r i n s i c  s a i e t y  i n  e x p l o s i v e  ( m e t h a n e ) 

a t m o s p h e r e s  were  g i v e n  c a r e f u l  a t t e n t i o n  f rom t he  o u t s e t  o t  

t he  p r o j e c t  and a r e  d i s c u s s e d  i n  c h a p t e r  13.

-  o p e r a t i o n a l  s i m p l i c i t y  -  An i n s t r u m e n t  a s  complex 

a s  t h i s  c o u l d  e a s i l y  o v e r w h e l m  a n  o p e r a t o r  i f  he ha d  t o  

c o n t r o l  a l a r g e  n u m b e r  o f  t h e  f u n c t i o n s  u n d e r  m i n i n g  

c o n d i t i o n s ,  d u r i n g  t h e  d e v e l op me n t  a method o f  o p e r a t i n g  t h e  

i n s t r u m e n t  was e v o l v e d  by whi ch t n e  o p e r a t o r  may f o c u s  a l l  

n i s  a t t e n t i o n  i n  s c a n n i n g  t h e  c o r r e c t  s t r a t a  i n  t he  e xposed  

mine f a c e .  O p e r a t i o n a l  c o n t r o l  t o r  s c a n n i n g  was r e duc ed  t o  a 

s i n g l e  l e v e r  i n  t h e  p r o b e  s u p p o r t i n g  g r i p .  T h i s  l e v e r  

a l l o w e d  a u t o m a t i c  s e q u e n c i n g  o t  me a s u r i n g  and d a t a  s t o r a g e ,  

and  a c t u a t e d  t h e  s o u r c e  s h u t t e r  a n d  s a m p l e  i l l u m i n a t i o n  

l i g n t .  A u t o m a t i c  s t o r a g e  i n  t he  i n s t r u m e n t  of  a l l  t h e  day s 

d a t a  r e u u c c s  d r a s t i c a l l y  t h e  amount  o f  w r i t i n g  an o p e r a t o r  

ha s  t o  do u n d e r g r o u n d , and  i t  e l i m i n a t e s  human r e c o r d i n g

e r r o r s .

C o n t r o l  o f  t h e  me a s u r e me n t  d u r i n g  s c a n n i n g  i s  v i a  a i 

d i g i t  L t d  d i s p l a y  and a 9 LCD ba r  on t h e  f r o n t  o t  t he  p r obe  

w i t h i n  t n e  f i e l d  o f  v i s i o n  o t  t h e  o p e r a t o r  f o r  a l m o s t  any 

o r i e n t a t i o n  o t  t h e  p r o b e ,  d u r i n g  mea s u r e me n t  t he  b d i g i t  LED 

o i s p l a y  f u n c t i o n s  a s  a J e a n  r a t e  m o n i t o r  ( d i s p l a y i n g  

p e r c e n t a g e  o f  p r e s e t  b a c k g r o u n d  c o u n t s )  t o  a s s i s t  t h e  

o p e r a t o r  i n  m a i n t a i n i n g  a f a i r l y  u n i f o r m  s c a n n i n g  s p e e o  

p a r a l l e l  t o  t h e  r o c k  f a c e .  On c o m o l e t i o n  o t  a m e a s u r e m e n t  

t n e  m e a s u r e d  g o l d  v a l u e  i n  c a l i b r a t e d  u n i t s  i s  shown on t h e  

d i s p l a y  s o  t h a t  t h e  o p e r a t o r  c a n  i m m e d i a t e l y  b a s e  h i s

v a l u a t i o n  s t r a t e g y  o n  t h i s  v a l u e ,  o n  s t o r a g e  o t  t n e  v a l u .  

t ne  number  o f  t h e  m e a s u r e m e n t  ( f r om u t o  255) i s  d i s p l a y e d
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s o  t h a t  t h e  o p e r a t o r  may ( o c c a s i o n a l l y )  n o t e  down t h e  

c o r r e s p o n d e n c e  b e t w e e n  m e a s u r e m e n t  numbe r  and  t h e  e x a c t  

l o c a t i o n  i n  t h e  m i n e ,  o r  r e c o r d  o t h e r  comment ' s  on t h e  

measur ement .

The 9 Ll D o a r  i s  a r a t e m e t e r  d i s p l a y  f u c t i o n i n g  a s  a 

p r o o e - t o - s a m p l e  d i s t a n c e  i n d i c a t o r .  Shou l d  t he  d i s t a n c e  be 

o u t s i d e  t h e  r a n g e  l i m i t s ,  t h e  d i s p l a y  f l a s h e s  and  d a t a  

a c c u mu l a t i o n  i s  i n t e r r u p t e d .

Tne s a mp l e  l i g h t  and LSD d i s p l a y s  a l s o  s e r v e  a s  warni ng  

i n d i c a t o r s  f o r  p o s s i b l e  i n s t r u m e n t  m a l f u r t i o n s .

A g r e a t  d e a l  o t  e f f o r t  t y  t h e  m a n u f a c t u r e r  o f  t h e  

p r o t o t y p e s  n a s  go n e  i n t o  s t a b i l i s a t i o n  o t  t h e  e l e c t r o n i c  

c i r c u i t s  s o  t h a t  t h e  i n s t r u m e n t  w i l l  n o t  r e q u i r e  

r e c a l i b r a t i o n  u n d e r  w i a e i y  v a r y i n g ,  h a r s h  c o n d i t i o n s  and 

o v e r  e x t e n d e d  p e r  l o o s .  C o n t r o l s  f o r  ( e . g .  w e e k l y )  

- . l i b r a t i o n  chcc KS a r e ,  h o w e v e r ,  a c c e s s i b l e  i n  t ne  c h e s t  

p a c k .  H i g h  i n s t r u m e n t  s t a b i l i t y  g r e a t l y  s i m p l i f i e s  i t s  

o p e r a b i l i t y .

-  F a s t  measur ement  -  Optimum p a r a m e t e r s  f u r  e f f i c i e n t  

h nd h i g h  q u a l i t y  s i g n a l  p r o c e s s i n g  w e r e  d i s c u s s e d  i n  

p r e v i o u s  c h a p t e r s .  Tne i m p l e m e n t a t i o n  of  t h e s e  p a r a m e t e r s  i n  

some r e s p e c t s  had  t o  oe  c o m p r o m i s e d  w i t h  l i m i t e d  b a t t e r y  

c a o a ' : i t y  a v a i l a b l e  i n  a p o r t a b l e  f i e l d  i n s t r u m e n t .

11 1 t . v o l u t i o n  ot_ thc_ i n s t r u m e n t  

Tne f i r j t  e x p e r i m e n t s  i n  t he  l a b o r a t o r y  were p e r f o r me d  wi t h  

a 3mCi Co- 57  s o u r c e ,  a l i t h i u m  d r i f t e d  germanium d e t e c t o r  

w i t h  30 l i «  r e  c r y o s t a t  and  an a m p l i f i e r  p l u s  m u l t i c h a n n e l

a n a l y s e r .

T h i s  d e v e l o p e d  t o w a r d s  lOOmCi C d - 1 0 9  e x c i t a t i o n ,  a



h y p e r p u r e  g e r m a n i u m  d e t e c t o r  i n  a 3 l i t r e  o m n i d i r e c t i o n a l  

c r y o s t a t  w h i c h  wa s  p o r t a b l e  a l t h o u g h  i t  w e i g h e d  11 k g . 

P u l s e d  o p t i c a l  f e e d b a c k  was  u s e d  i n  t he  p r e a m p l i f i e r .  The 

a m p l i f i e r  i n c o r p o r a t e d  p i l e u p  r e j e c t i o n  and t he  a m p l i f i e d  

s i g n a l  was a n a l y s e d  w i t h  t h r e e  s i n g l e - c h a n n e l  p u l s e  h e i g h t  

a n a l y s e r s  i n  a p s e u d o - t w o - c h a n n e l  a r r a n g e m e n t  cn  t h e  g o l d

peak  and two s c a l e r s .

N u c l e a r  i n s t r u m e n t  modul es  (N1M) were used  in a NIM b i n  

w i t h  p o w e r  s u p p l y . T h i s  was  t h e n  n o u s e d  i n  a box w i t h  

s e l f - c o n t a i n e d  a i r - c o n d i t i o n  r a n d  s a t u r a t e d  c o r e  v o l t a g e  

r e g u l a t i o n .  T h i s  h e x , w h i c h  w e i g h e d  o v e r  1 0 0 Kg, was t h e n  

i n s t a l l e d  down a mine where  i t  was i n s t a l l e d  nea r  t o  a s t o p e  

l a c e .  I t  had t o  be s u p p l i e d ,  f rom a c r o s s c u t  300m away,  wi t n  

3 k vA o f  220 V s i n g l e  p h a s e  power  f r o m t h e  m i n e ' s  5 b 0 V 

t h r e e  phase  ne t wor k .  T h i s  i n s t r u m e n t  i s  shown in  F i g u r e  1 1 . 1 .

I n c  f i r s t  p o r t a b l e  g o l d  a n a l y s e r  c o n s i s t e d  of  a 1 , 5  kg 

probe wi t h  a l i q u i d  n i t r o g e n  h o l d i n g  t ime of  a b o u t  two h o u r s  

and b a t t e r i e s ,  an a n a l o g  board  and a d i g i t a l  boa r d  i n  a 4 kg 

c h e s t  p a c k .  A c e n t r a l  lOOmCi C o - l U b  s o u r c e  was useu and a 

2cm^ x 7mm d e e p  h y p e r p u r e  germanium d e t e c t o r  wi t h  r e s i s t i v e  

f e e dba c k  in t h e  p r e a m p l i f i e r .  The d e t e c t o r  h i gh  v o l t a g e  b i a s  

s u p p l y  was housed  i n  t he  p r o b e .  L i q u i d  n i t r o g e n  in  t he  probe  

had t o  be r e p l e n i s h e d  from a p o r t a b l e  dewar  e v e r y  one and a 

h a l f  h o u r s  a nd  t h i s  c a u s e d  many p r ob l ems  u n d e r g r o u n d .  Data  

s t o r e d  in  a s o l i d  s t a t e  memory i n  t he  c h e s t  pack was p r i n t e d  

o u t  o n  s u r f a c e  a f t e r  t h e  e n d  o f  e a c h  d a y  s  wor k .  T h i s  

i n s t r u m e n t  i s  shown i n  use  i n  F i g u r e  1 1 . 2 .

Tne p r o b e  o f  t h e  second p r o t o t y p e  p o r t a b l e  a n a l y s e r  was 

more r u g g e d l y  p a c k a g e d  and  h a d  a l i q u i d  n i t r o g e n  h o l d i n g
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l i m e  o t  s i x  n o u r  s , a d e q u a t e  t o r  one  s h i t t ' s  work a t  t e r  

t i l l i n g  on L.urfftce.  Three  s o u r c e s  a v e r a g i n g  4UmCi e a c h  were 

used  i n  a p e r i p h e r a l  e v u r c e  ge ome t r y  t o  p e r m i t  an  i mproved 

s o u r c e  s n u t t e r  d e s i g n  and t o  a l l o w  s o u r c « r e p l a c e m e n t  by 

r o t a t i o n .  T h i s  g e o m e t r y  r e s u l t e d  i n  t o o  h i g h  a s c a t t e r  

b a c k g r o u n d  t r om t h e  p r o t e c t i v e  cover  Lnut  was u s e d .  I n  t h i s  

. r o t o t y p e  a m u l t i p l i e r  was  p r o v i d e d  r e p l a c i n g  one  of  two 

p r e s e t  numbe r s  t h u s  p r o v i d i n g  a f r e e r  c h o i c e  o t  c a l i b r a t i o n  

f a c t o r s .

I n  t h e  t h i r d  p r o t o t y p e  a c e n t r a l  s o u r c e  g e o m e t r y  was 

u n c c  a g a i n  u s e d  a s  t n e  p e r i p h e r a l  s o u r c e  g e o m e t r y  haci 

r e s u l t e d  i n  a n  i n c r e a s e  i n  mea s u r i ng  tin*'* tot* me a s u r e me n t s  

o t  t h e  same p r e c i s i o n .  The r u g ^ e d n e s s  o t  t n e  p r o b e  had been 

f u r t h e r  i m p r o v e d ,  o p e r a t i o n  nad b e e n  s i m p l i f i e d  and t h e  

p a y o u t  o t  t n e  d i g i t a l  b o a r d  was i m p r o v e d  t o r  p r o d u c t i o n  

s t r e a m l i n i n g .  I n  t n i s  l o s t  p r o t o t y p e  v e r s i o n ,  v i s i b i l i t y  01  

t n e  s a m p l e  a n u  t h e  LLd i n d i c a t o r s  was f i n a l l y  a c c c c p t a b l e .  

m i s  i n s t r u m e n t  i s  snown in f i g u r e  11.  J .

1 1 . J Comoc t en t s  ( b l oc k  d i a y  am 

u p e c i t i c a t i o n -  t o r  t he  t n i r u  p r o t o t y p e  o t  t h e  p o r t a b l e  g o l u  

. n a l y s c r  a r c  g i v e n  i n  a Chamber  o t  Mi n a s  R e s e a r c h  R e p o r t  

( i ,Loyu and R o l l c ,  1 9 7 7 ) ,  and t h e s e  were p r e s e n t e d  t o  ORl’bC 

i t iC.  t o r  i m p l e m e n t a t i o n  ( t i i l l  e t  a l . ,  197t i ) .  u n l y  t h e  main 

component s  o t  t n e  i n s t r u m e n t  a t e  d e s c r i b e d  below.

m e  i n s t r u m e n t  c o n s i s t s  o t  a h a n d h e l d  p r o b e  a s sembl y  

p e r m a n e n t l y  c o n n e c t e d  by  a s h o r t  c a b l e  t o  a c h e s t p a c k  

a s sembl y ,  and an a bo ve - g r oun o  s u p p o r t  moac l e .

m e  a n a l y s e r  was s e p a r a t e e  n t o  a p r obe  anu a c h e s t p a c k  

t o  r educe  the  h a n d h e l d  mass t o  t he  minimum n e c e s s a r y  so t h a t



i q .  11.1 F i r s t  modu l a r  a n a l y z e r  f o r  In  s i t u  a n a l y s i s

F i g .  11 . 2  F i r s t  p r o t o t y p e  p o r t a b l e  a n a l y z e r  i n  u s e  un de r g r ound



F i g . 1 1.3  T h i r d  p r o t o t y p e  p o r t a b l e  g o l d  a n a l y z e r

t n e  o p e r a t i o n a l  e t t o r  t c o u u  be  1 i y n t e n  u . A pack * 0 1  n cn 

t n c  o u c k  w o u l d  n a v e  r e s t r i c t e u  c r a w l i n j  t h r o u g h  n a r r o w  

s t o  pa s . C o m p l e t e ,  s i m p l i f i e d  o p e r a t i o n  o t  t h e  sou r c e  s a f e t y  

s n u L t e r  a n a  t ne  f u n c t i o n s  o t  u a t a  a c c u m u l a t i o n ,  d i s p l a y  and 

s t o r a g e  i s  c o n t r o l l e d  by a m u l t i f u n c t i o n  t r i g g e r  i n  t n c  

p r o b e  n a n u 1 o . Two o p e r a t i o n a l  u i s p J a / s  a n d  a P i m p l e  

i l l  Uiiiina t i o n  l i g h t ,  m u l t i p l e x e d  w i t h  wa r n i n g  s i g n a l s , a r c  

s t r a t e g i c a l !  y p o s i t i o n e d  on t ne  p r o b e .  F r o t e c l c u  c o n t r o l s  on 

t h e  c n e s t p a c k  s e r v e  o n l y  t o r  c a l i b r a t i o n  and ' u n / S t a n d i  

s w i t c h i n g  o t  t h e  i n s t r u m e n t ,  r nc  s u p p o r t  n o d u l e  c o n t a i n s  a 

b a t t e r y  c n a r g c r ,  a r e a d o u t  m o d u l e  t o r  t h e  s t o r e d  d a t a ,  

c a l i b r a t i o n  s u p p o r t  and a l i q u i d  n i t r o g e n  f i l l i n g  s y s t e m.

An e l e c t r o n i c  b l o c k  d i a g r a m o r  t h e  a n a l y z e r  i s  shown in 

r i g u r e  1 1 . 4 .
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f a y .  1 1 . 4  e l e c t r o n i c  b l o c k  d i a g r a m  o t  t h e  t n i r u  p r o t o t y p e  

p o r t a b l e  g o l d  a n a l y z e r

A m i n i a t u r e  i . i g n  v o l t a g e  p o we r  s u p p l y  i n  t r .e p r o b e  

p r e s i d e s  m e  b i a s  f o r  t h e  c o o l e d  Ge a e t e c t o r  u i o a e .  i n e  

o e t e c t o r  a n d  t he  f i r s t  s t a g e  o f  t h e  p r e a m p l i f i e r  a r e  c o o l e d  

( t o  - 1 * 6 ° C )  i o r  h i g h  r e s o l u t i o n .  The  p r e a m p l i f i e r  c i r c u i t s  

a r e  t r i m m e d  t o  a l l o w  c o u n t  r a t e s  up t o  5U0 k H z .  1 he  

p r e a m p l i f i e r  and  h i g h  v o l t a g e  p o we r  s u p p l y  a r e  p o t t e o  ano 

a l l  l e a d s  s h i e l d e d  o r  c u r r e n t  l i m i t c u  t o  a s s u r e  i n t r i n s i c

s a f e t y .

The m a i n  a m p l i f i e r  u s e s  a s c m i - G a u s s i a n  i t e r  w i t  a 

s h a p i n g  t i m e  c o n s t a n t  TC -  U, t ,us f o r  good e n e r g y  r e s o l u t i o n  

c o n s i s t e n t  w i t h  t n e  h i g h  c o u n t  r a t e s  e n c o u n t e r e d  i n  m e  

m e a s u r e m e n t .  Tne  m a i n  a m p l i f i e r  p u l s e  w i d t h  W -  5 u s ,  i . e .  

1 0 1 C ,  and t h e  l e a d i n g  e d g e  o f  t n e  p u l s e  f* = l » 4uB 1 *Ce 

2 , o r e .  A g a t e d  b a s e l i n e  r e s t o r e r  i s  u s c u  ana  t h e  b a s e l i n e  i s  

mon i t o r ed  and t h e  n o i s e  t h r e s n o l o  a u t o m a t i c a l l y  a d j u s t e d .
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A t a s t  a m p l i t  i e r , n a v i n ^  a s n a p i n g  t i n e  c o n s t a n t  o t  

J u n s ,  a n u  a p e a k  ue t e c  t o r  on t n e  ma i n  a m p l i f i e r  o u t p u t  

u p e r a t e  t n e  p i l c u p  r e j e c t o r .  T h i s  h a s  a p u l s e  p a i r  

r e s o l u t i o n  t i m e ,  p ,  o t  a b o u t  3 5 0 n s ,  t e s t i n g  f o r  p i l e u p  

e v e n t s  g r e a t e r  t h a n  0 keV.

A b i a s e d  a m p l i t i e r  s t a g e  c x p a n o s  t n e  r e g i o n  a t o u n d

<j o K e v t o  f a c i l i t a t e  a n a l y s i s  by s i x  p u l s e  h c i g n t

u i s c r i m i n a t o r s .  Th e  o u t p u t  f r o m  t n e s e  s i n g l e  c h a n n e l  

a n a l y z e r s  t o  two s c a l e r s  i s  g a t e d  by t n e  p i l e u p  r e j e c t o r  ana  

t n e  d i s t a n c e  c o n t r o l l i n g  r a t e m e t e t .

1‘ne  n o n -  e x t e  no  i n g  p r o c e s s i n g  t i m e  o t  t h e  a n a l y z e r s  

t *  * u . z b u s  c o n c u r r e n t  w i t h  t n e  t r a i 1 i e d g e  o t  t n e  

ampl  i  i xe r p u l s e .  Tne  l e a d i n g  e d g e  o v e r l . ^  l i m i t o t  i s  t n u s  

a l s o  j , 2 5 u s .  however  t n e  use  o t  t he  peak d e t e c t o r  r e s u l t s  i n  

u t r a i l i n g  e d g e  p i l e u p  o v e r l a p  l i m i t  e q u a l  t o  / • ,  i . e .

B -  1 , 4 us .

t n e  t o t a l  c o u n t  r a t e  a b o v e  au kcV i s  m e a s u r e d  by t ne  

u i g i t i a l  r a t e m e t e r  e v e r y  l i v e  m i l l i s e c o n d s  and d i s p l a y e d  a t  

t ne  prooe by a l i n e a r  a r r a y  o t  n i ne  l i g h t  e m i t t i n g  d i o u e s  t o

i n d i c a t e  t n e  p r o o e  t o  s ampl e  d i s t a n c e .

i n e  d i g i t a l  d a t a  p r o c e s s o r  c o n v e r t s  t n e  s c a l e r  c o n t e n t s

t o  u n i t s  o t  a r e a  g o l d  c o n c e n t r a t i o n  t o r  d i s p l a y  a t  t he  probe  

and t o r  s t o r a g e  i n  a s o l i d  s t a t e  memory,  whicn can r e t a i n  

t h e  r e s u l t s  f r o m  25b me a s u r e me n t s .  A p r e s e t  t rmer  m o n i t o r s  

t ne  h o l d i n g  t i me  o t  l i q u i d  n i t r o g e n  and s h u t s  o f f  t he  12UU v 

b i a s  s u p p l y  t o  t h e  d e t e c t o r  a l t e r  a p r e s e t  t ime t o  p r o t e c t  

t ne  c o o l e d  s t a g e  o f  t h e  p r e a m p l i f i e r .

In  t he  d e v e l o p m e n t  o t  t ne  p o r t a o i e  g o l d  a n a l y z e r  s e v e r a l



1 2 $

m y n  t e c h n o l o g y  o i s c i p l i n e s  were b r o u g h t  t o g e t h e r  t o  s o l v e  a 

p a r t i c u l a r  p r o b l e m .  A r u g g e a i z e J  h y p e r p u r e  g e r m a n i u m  

u e t e c t o r , a s m a l l  p o r t a b l e  c r y o s t a t  ana  h i g n  pe r f o r ma nc e  low 

power  e l e c t r o n i c s  a d j u s t e d  t o  opt imum p a r a m e t e r s  make t h i s  

i n s t r u me n t  p o s s i b l e .



126

n i g h  t e c h n o l o g y  d i s c i p l i n e s  were b r o u g n t  t o g e t h e r  t o  s o l v e  a 

p a r t i c u l a r  p r o b l e m .  A r u g g e a i z e d  h y p e r p u r e  g e r m a n i u m  

d e t e c t o r , a s m a l l  p o r t a b l e  c r y o s t a t  and h i g h  p e r f o r ma n c e  low 

power  e l e c t r o n i c s  a d j u s t e d  t o  opt imum o a r a m e t e r s  make t h i s  

i n s t r u m e n t  p o s s i b l e .



, 3  CA’M l U M - 1 0 9  SUUKvL .\c iJ  COLLIMATOR

Tne decay scneme f o r  4 b j d  Cd 

Cd-109 (4^3o)

Ay-lu9m ( 3 9 , ds)

* j - 1 0 9  ( s t a b l e )

C a o m i u m -  109 o e c a y s  by e l e c t r o n  c a p t u r e  t o  Ag-1 u9 rr. 

y i e l d i n g  6 7, 7* 22 kev s i l v e r  K x - r a y s .  T i n s ,  i n  t u r n , decays  

w i t h  a 3 3 , 8 s  h a l t  l i f e  t o  t h e  g r o u n a  s t a t e  o t  Ag- l U9  by 

e m i s s i o n  o t  titi KeV gamma r a y s .  Ap p r o x i ma t e l y  9 b, 4«  of  t h e s e  

■ r e  i n t e r n a l l y  c o n v e r t e d  w i t h  a 3 * . 6 *  y i e l d  o t  s i l v e r  K 

X - r a y s  t o n l y  t h e  r e m a i n i n g  3 , 8 *  o t  t n e  dd keV gammas e r e  

u s e f u l  t o r  g o l u  X l e v e l  e x c i t a t i o n .

A s m a l l  s o u r  Cl o t  a b o u t  luOmCi  ( 3 , 7  udq)  o t  Ca - l u 9  i s  

r e q u i r e d  i n  t he  i n s t r u m e n t  f o r  g o l d  v a l u a t i o n .

Tne s o u r c e  i s  a r a t h e r  c r i t i c a l  component .  I t s  d e s i g n  

w a s  o p t i m i s e d  s o  a s  t o  make  e f f i c i e n t  u s e  o f  c o s t l y  

a c t i v i t y ,  a t  t h e  same t ime r e d u c i n g  t h e  p o t e n t i a l  r a d i a t i o n  

h a z a r d  and p r o d u c i n g  a s o u r c e  t h a t  c a n  be  h a n d l e d  s a f e l y  

unde r gr ound .

12 . 1  P r o d u c t i on and s p e c i f i c  a c t i v i t y  of  Cd- lU9

Ca d mi u m- l u 9  i s  one  o i  a b o u t  t w e n t y  known i s o t o p e s  of  

cadmium,  e i g h t  o i  wnicn a r e  s t a b l e .  T a o l e  1 2 . 1  l i s t s  v a r i o u s

-109 i s  a s  f o l l o w s  -

ground s t a t e

T
gr ound  s t a t e



no

Tab l e  12 .1  I s o t o pe s  r e l e v a n t  in t h e  p r o d u c t i o n  c f Cd - l u 9

I s o t o p e H a l f l i t e  o r R e a c t i o n Kema ks
n a t .  Abundance

107a9 51,82% ( a , p n ) 105*Cd c y c l o t r o n  p r o d u c t i o n

( a , 2 n ) l u 9 l n — >lu9 c y c l o t r o n  p r o d u c t i o n

( n , Y) 10UAg

Ml _ b l , i u 8 C d ( n , y ) 1 0 9 r e a c t o r  p r o d u c t i o n
4% 'L e i > i o o p d

48, 18$ ( d , 2 n ) 1U9Cd c y c l o t r o n  p r o d u c t i o n

( p , n ) l u 9 Cu c y c l o t r o n  p r o d u c t i o n

( n , Y) 11UmAy

11UmA9 2 o3d —- s ; i i O c d  ____ r a a i o c h e m.  i m p u r i t y

& r e a c t o r  p r o d u c t i o n

l0ttCd 0 ,68$ ( n , Y ) 1U$#Cd r e a c t o r  p r o d u c t i o n

4:>3d —EC^10*mAg_ l ^ l u , Ag

t n , Y ) 11UCd r e d u c e s  r e a c t o r  p r o a .

i i u c u 12,3*% s p e c i t i c  a c t i v i t y

2 4 , U7$ ( n , Y ) 113mCd r e a c t o r  p r o a u c e u

1 3 , Oy r a d i o i s o t o p i c  i m p u r i t y

i l 4 Cd 28, 86$ ( n , Y ) 115mCu r e a c t o r  p r od uc e d

u a Ca 4 i , l u r a d i o i s o t o p i c  i m p u r i t y

i s o t o p e s t e l c v a n t  i n  t he  p r o d u c t i o n  ot  Cd - l u * .

c a o m i u m - l u y  c a n  oe p r o d u c e d  by t h e  ( n , y) r e a c t i o n  o i

C - - 1 J U , , by t n c  ( p , n) o r  ( d , 2n )  r e a c t i o n s  o i  Ag- l U* , o r  t he

( a , pn ) r e a c t i o n  cr ( a , 2 n )  t ol lowou,  by 1 * decay  o t  Ay- 1 U7.

He a c t o r  p r o d u c t i o n  o l  r a d i o i s o t o p e s  i s  nor i r . al ly c h e a p e r  

t non c y c l o t r o n  p r o d u c t i o n ,  bu t  t h e  i s o t i p e e  c a n n o t , u s u a l l y ,
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be p r o d u c e d  c a r t  i c r - t r e e  i . e .  w i t h o u t  o t h e r  s t a b l e  i s o t o p e s  

ot  t h e  same e l e m e n t . A c a r r i e r - f r e e  a c t i v i t y  i s  d e s i r a b l e  t o  

r educe  t he  a t t e n u a t i o n  of  t h e  gamma t l u x  by s e l f - a b s o r p t i o n .

h e a c t o r  p r o a u c t i o n  t h r c u g h  t h e r ma l  n e u t r o n  i r r a d i a t i o n  

of  n a t u r a l  c ac mi um i s  v e r y  i n e f f i c i e n t  a s  C d - lOti i s  o n l y  

U, dti t  a b u n d a n t  i n  n a t u r a l  cacmium and nes  a t n t r m a l  n e u t r o n  

c r o u s  s e c t i o n  o f  o n l y  1 , 1  b a r n ,  r u r m e r m o r e  low a c t i v i t i e s  

o t  1 j , 6y C d - 1 1 j m  and 4 4 , i d  C d - 1 15 woul o  be  p r o d u c e d  a s  

r a d i o i s o t o p i c  i m p u r i t i e s ,  b o t h  e m i t t i n g  ph o t o n s  t n a t  would 

i n t e r f e r e  wi t h  t h e  s p e c t r u m from C- - 109 .

Tne a c t i v i t y  p r o d u c e d  may be c a l c u l a t e d  a s  f o l l o w s  -  

u t V d t  -v ( 1  -  2 ~ t / 4 5 3 a )

where  J  * numoer o t  a toms  s u i t a b l e  f o r  r e a c t i o n

0 » c r o s s  s e c t i o n  t o r  Cd - l u9  f o r m a t i o n

1 » p a r t i c l e  f l u x

a n a  t n e  l a s t  t e r m  i n  p a r  e n t  n c s c s  b e i n g  t n e  s a t u r a t i o n  

f a c t o r ;  t n e  e x p r e s s i o n  i s  n o t  e x a c t  b e c a u s e  s u b s e q u e n t  

n u c l e a r  r e a c t i o n  o f  C d - 109 and  f l u x  a t t e n u a t i o n  by t h e  

oa . r p i e  ha ve  been n c g l c c t e ^ .  S u b s t i t u t i n g  Avo g a d r o ' s number , 

tr.i n a t u r a l  a b u n d a n c e  and  a t o m i c  mass  t o r  W, t ne  s p e c i f i c

a c t i v i t y  a f t e r  4 5 3 a  i r r a d i a t i o n  ( h a l f  s a t u r a t i o n )  i n  a

t he r mal  n e u t r o n  t l u x  of  l u ^ c n T ^ . s -1  i s  

l o , U2Jxl U^J x d , U U d 8 / 1 1 2 , 4 J x l , l x l u “ 2*xlUi 4 x U , 5 / J , 7 x l U AU C l / g

■ U,07U C i / g  = 2,59 Tbq/kg

y d , u5  .Ig/tr Cu •  0 , 61  mCi/mm ■ 22, 4  Ldq/m

The m i l l i m e t r e  u n i t  h a s  b e e n  u s e d  t o r  r a t i o n a l i z a t i o n  t o  

sour ce  d i me n s i o n s .

» , i t n  h i g h l y  e n r i c h e d  Cd- lUu t h e  s p e c i f i c  a c t i v i t y  c o u l d  

be i n c r e a s e d  by t h e  r e l a t i v e  abundance  1 / 0 , OOdb t o  8 , 2  C i / g
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be p r o d u c e d  c a r r i c r - t r e e  i . e .  w i t h o u t  o t h e r  s t a b l e  i s o t o p e s  

o t  t he  some e l e m e n t .  A c a r r i e r - f r e e  a c t i v i t y  i s  d e s i r a b l e  t o  

r educe  t h e  a t t e n u a t i o n  o i  t h e  gamma i l u x  by s e l f - a b s o r p t i o n .

K e a c t o r  p r o d u c t i o n  t h r o u g h  t h e r ma l  n e u t r o n  i r r a d i a t i o n  

o t  n a t u r a l  cadmi um i s  v e r y  i n e f f i c i e n t  a s  Cd- 100  i s  o n l y  

a b u n d a n t  i n  n a t u r a l  caamium and has  a t h e r ma l  n e u t r o n  

c r o s s  s e c t i o n  o t  o n l y  1*1 b a r n ,  f u r t h e r m o r e  low a c t i v i t i e s  

o f  1 i , 6y C a - l l J m  and 4 4 , I d  Cd - 1 1 5  woul o  be  p r o d u c e d  a s  

r a d i o i s o t o p i c  i m p u r i t i e s ,  b o t h  e m i t t i n g  p h o t o n s  t h a t  would 

i n t e r f e r e  wi t h  t h e  s p e c t r u m from Cu-109.

Tne a c t i v i t y  produced may be c a l c u l a t e d  a s  f o l l o w s  -  

u W / d t  ~  w o |  ( 1  -  2 “ t / 4 5 3 d )

where W “ number of  a toms s u i t a b l e  f o r  r e a c t i o n  

o ■ c r o s s  s e c t i o n  f o r  Cd - l u 9  f o r m a t i o n  

$ ■ p a r t i c l e  f l u x  

a n d  t n e  l a s t  t e r m  i n  p a r e n t h e s e s  b e i n g  t n e  s a t u r a t i o n  

f a c t o r ;  t n e  e x p r e s s i o n  i s  n o t  e x a c t  b e c a u s e  s u b s e q u e n t  

n u c l e a r  r e a c t i o n  o f  Cd - 1 0 9  and f l u x  a t t e n u a t i o n  by t n e  

ea.. p i e  h a ve  been  n t g l e c i  Cv.  S u b s t i t u t i n g  Avogadro s number ,  

tr.c n a t u r a l  a b u n d a n c e  a nd  a t o m i c  mas s  f o r  N, t ne  s p e c i f i c  

a c t i v i t y  a f t e r  4 5 3o i r r a d i a t i o n  , ha I f  s a t u r a t i o n )  i n  a 

t nc r ma l  n e u t r o n  f l u x  of  l u ^ 4cm " . s 1 i s  

lo ,U23xlU23x u , U U i i 0 / l l k , 4 1 x l , l x l U “ 24xl U14x O , 5 / j , 7 x l U AU c i / g

■ 0 , u7u  c i / g  ■ 2 ,59 Tbq/Kg

ti d , u 5 . ig/m3 Co ■ 0 , 61  mCi/mm3 ■ 22 , 4  bi iq/m3

The m i l l i m e t r e  u n i t  h a s  b e e n  u s e d  f o r  r a t i o n a l i z a t i o n  t o  

sou r c e  d i me n s i o n s .

„ i t n  h i y n i y  e n r i c h e d  Cd- lOu t ne  s p e c i f i c  a c t i v i t y  c o u l d  

be i n c r e a s e d  by t h e  r e l a t i v e  abundance  1 / 0 , OOob t o  0 , 2  C i / g
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or  71roCi/mm3 .

' R u s s e l l  ( 19 64 )  i r r a d i a t e d  n a t u r a l  s i l v e r  f o i l  f o r  a 

p e r i o d  o f  f o u r  y e a r s  i n  a t h e r m a l  n e u t r o n  f l u x  o f  

'v*2 x l Ol 4 cm“ 2 . s “ 1 t o  p r od uce  e n r i c h e d  Cd-108 and Cd-109 by t h e  

r e a c t i o n s

l 0 7 M  ( n . Y ) 10%  x ^ r > 1 0 8 c d  ' n ^ ' 1 0 , c ‘i
u u r n u p  o f  t h e  Ag- 109  a nd  o f  C d - 1 0 9  p r o d u c e a  a l s o  s t a b l e  

Cu - 1 1 o,  c d - 1 1 1  and Cd- 112.  The s p e c i f i c  a c t i v i t y  r e a c h e d  was

1 , 6  Vg  o r  14mCi/mm3 Cd.

Cadmi um- 109  s o u r c e s  ha v i ng  a Cd t h i c k n e s s  g r e a t e r  t ha n  

0 , 1  n'fa s u b s t a n t i a l l y  s u l f - a o s o r b  08  keV p h o t o n s  and t he  above 

s p e c i f i c  a c t i v i t i e s  t h u s  i n d i c a t e  lOOraCi s o u r c e  a r e a s  or  t he  

o r d e r  /  l 1cm2 f o r  r e a c t o r  p r o duce d  Cd-109.

Tne ( p , n )  and ( d , 2n )  a c t i v a t i o n  f u n c t i o n s  o f  Ag-109 have 

p e a k  v a l u e s  o r  0 , 3 6  b a r n  l o r  10 MeV p r o t o n s  and 0 , 62  b a r n s  

t o r  14 MeV d e u t e r o n s  r e s p e c t i v e l y ,  w h i l e  t h e  ( a , 2 n + p n )  

c o m b i n e u  a c t i v a t i o n  f u n c t i o n  p e a k s  a t  1 b a r n  f o r  2 7 MeV 

a l p h a s  (Wing e t  a l . .  1 9 6 2 ;  D i m i t r i e v  e t  a l . , 1 9 6 7 ) .  The 

n a t u r a l - s i l v e r  t h i c k - t a r g e t  y i e l d s  shown i n  F i g u r e  1 2 . 1  were

r e p o r t e d  by D i m i t r i e v .

T h e  c y c l o t r o n  a t  t h e  c o u n c i l  f o r  S c i e n t i f i c  a n d  

I n d u s t r i a l  R e s e a r c h  i n  P r e t o r i a  c a n  a c c e l e r a t e  0.5mA of  

l o  MeV d e u t e r o n s  t o  p r o d u c e  2 mCi / n  w i t h  a n a t u r a l  s i l v e r  

t a r g e t  o r  4mCi /n wi t h  e n r i c h e d  (>991)  Ag - l u 9  ( 6  R 5 2 / g ) . The 

2 , 2 m ( 8 6  i n c h )  c y c l o t r o n  a t  Oak R i d g e  N a t i o n a l  L a b o r a t o r y  

a c c e l e r a t e s  1,2mA o f  22 MeV p r o t o n s  t o  p r odu c e  9 mCi/n w i t h  a 

n a t u r a l  Ag-109 t a r g e t .  Thus  y i e l d s  a r e  i n  agreement  w i t h  t he

v a l u e s  shown i n  F i g u r e  1 2 . 1 .  I n  some p a r t i c l e  a c c e l e r a t o r s  

s i l v e r  beam s t o p s  b e h i n d  t h i n  t a r g e t s  y i e l d  l o w - c o s t  Cu-109.



2

'
w
•v—4
#

>•

PARTICLE ENERGY (M.V)

Fig. 12.1 Cyclotron production yield of Cd 109
(Dimitriev et al., 1967)

Tne s p e c i f i c  a c t i v i t y  o f  i s o t o p i c a l l y  p u r e  Cd*109 i s  

dMZilt ■ -1^2 d i s i n t e g r a t i o n s  p e r  d s y  p e r  atom

. 1*.U23xX023/ 1 0 9 I  X '  l l / 3 . 7 « 1 0 1 0 l C l / 9

■ 264 3 C i / g  

• 2 2 , 9  Ci /mm3

i n  c n a r g e d  p a r t i c l e  r e a c t i o n s  some s t a b l e  Cd i s o t o p e s  

a r e  a l s o  p r o d u c e d .  T r a c e  a m o u n t s  o f  c a d mi u m o r i g i n a l l y  

p r e s e n t  i n  a  s i l v e r  t a r g e t  a n d  i n t r o d u c e u  d u r i n g  

r a d i o c h e m i c a l  s e p a r a t i o n  may a l s o  r e d u c e  t h e  s p e c i f i c  

a c t i v i t y  s l i g h t l y .  C o n s e q u e n t l y  t h e  s p e c i f i c  a c t i v i t y  o f  t n e  

f r e s n l y  s e p a r a t e d ,  c a r r i e r - f r e e  p r o d u c t  d o e s  n o t  n o r m a l l y  

e x c e e d  h a i r  t h e  t h e o r e t i c a l  v a l u e  a n d  d e c r e a s e s  a s  t h e  

Cd- l o9  oecaya*



,e n i y 11 b r e c i i  i c  a c t i v i t y  0 1  c a r  r i c t - i  r c e  Cu- i Oj  has  

made p o s s i o l e  lOOmCi s o u r c e s  o f  l e s s  t h a n  imm* a r e a  w i t h o u t  

a p p r e c i a b l e  s e l f - a b s o r p t i o n  l o s s e s  o f  t h e  bb keV p h o t o n s .

Tne  C d - l U 9  may be  r a d i o c h e m i c a 1 1 y s e p a r a t e d  f r om 

i r r a d i a t e d  s i l v e r  t a r g e t s .  R u s s e l l  ( 1 9 6 4 )  u s e d  Ag Cl  

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

s o l v e n t - e x t r a c t i o n  and  oowex 5U--8a c a t i o n  e x c h a n g e ,  t o r  

c a m e r - l r e e  p r o d u c t i o n ,  v e r y  h i g h  q u a l i t y  s e p a r a t i o n  i s  

d e s i r a b l e ,  d t r e l o w  ( 1 9 7 b ) ,  a f t e r  e l e c t r o p l a t i n g  o t  t n e  

s i l v e r  o n t o  c o p p e r ,  s e p a r a t e d  t h e  Cd i r  a n i t r i c  a c i u /  

nyor obr omi c  a c i u  s o l u t i o n  on an Avl - xo  a n i o n  r e s i n .

Sour ce  and c o l l i mat or  d e s i g n  

i‘ne e f f e c t  on g o l u  m e a s u r i n g  t ime o f  t n e  pho t on  s c a t t e r i n g  

a n g l e ,  f r om s o u r c i .  t o  sampl e  t o  o e t e c t o r ,  was d i s c u s s c a  i n  

s e c t i o n  4 . 3  and  a c e n t r a l - s o u r c e  o e t e c t o r  a r r a n g e m e n t  was 

f o u n d  t o  be opt imum.  For t h i s  a r r a n g e m e n t ,  snvuowing of  t h e  

o e t e c t o r  de ma n ds  t h a t  i.ne s o u r c e  w i t h  i t s  c o l l i m a t o r  be ai 

fi fi iai l  a s  p r a c t i c a l ,  i’he minimum s i z e  of  t n e  s o u r c e  and  

c o l l i m a t o r  was l i m i t e d  by t n e  a v a i l a b l e  sou r c e  m a n u f a c t u r i n g  

t e c n n o l o y y .  w i t h  m a t e r i a l s  s u c h  a s  t u n g s t e n  a s h i e l d i n g  

Lh i c xnes G o t  t ne  o t o c r  ot  1mm was i n d i c a t e d  and t n e r e  would 

l i t t l e  r e d u c t i o n  i n  s h a d o w i n g  f o r  s o u r c e s  s m a l l e r  t h a n  

imm d i a m e t e r .

i n  t h e  e a r l y  s t a g e s  o t  d e v e l o p m e n t  d i f f i c u l t i e s  were 

e x p e r i e n c e d  by t h e  C . d . l . K .  i n  e l e c t r o p l a t i n g  a n o m i n a l  

l uUmvi  a c t i v i t y  o t  Co- 10 9 o n t o  an  a r e a  o t  abou t  1mm , b u t  

t h e s e  p r o b l e m s  we r e  s o l v e d  a s  t h e  i m p u r i t y  l e v e l s  i n  t ne  

Cu-109 p l a t i n g  s o l u t i o n  were d e c r e a s e d .  The i n t e g r i t y  o t  t h e  

p l a t e o  l a y e r  was  i mp r o v e d  a nd  i n a c t i v a t i o n  o t  t h e  p l n t e o
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su r t a c e by o v e r  p l a t  i ng w i t h i n a c t i v e  caomi ui r  o r  a n o t h e r

me t a 1,  wa s c o n s i t i e  r e d f o r a o d  i t i o n a l  p r o t e c t i o n  f r om

PQ S B i b l e ex p o s u r e  t o  c o r  t o s i v e  a t m o s p h e r e s  u n d e r g r o u n d .

An o t h e r  m e t a l  would be p r e f e r a b l e  t o r  o v e r p l a t i n g  so a s  no t  

t o  l o w e r  t h e  s p e c i f i c  a c t i v i t y  f o r  f u t u r e  r e c y c l i n g  of  

p a r t i a l l y  d e c a y e d  s o u r c e s .

The low m e l t i n g  p o i n t  o r  cadmi um ( 311 ° C)  p r e s e n t s  a 

p r o b l e m  d u r i n g  t h e  e n c a p s u l a t i o n  o f  s m a l l  s o u r c e s  by h e a t  

s e a l i n g  met nods  such  a s  we l d i n g .

At t h e  s t a r t  o t  t h e  s o u r c e  d e v e l o p m e n t  i t  a p p e a r e d  

r e a s o n a b l e  t o  u s e  t h e  r a d i a t i o n  c o l l i m a t o r  w i t h  a s u i t a b l e  

wi ndow f o r  e n c a p s u l a t i o n  o f  t h e  e l e c t r o p l a t e d  a c t i v i t y , 

t h e r e b y  e* ^ i n a t i n q  a d d i t i o n a l  e n c a p s u l a t i n g  m a t e r i a l  which 

would i n c r e a s e  t he  c o l l i m a t o r  d i a m e t e r .

A mol ybdenum s o u r c s  wi ndow was  s i I v e r - s ^ l c e r c j  i n t o  a 

t u n g s t e n  c o l l i m a t o r ,  t he  p r a t e d  a c t i v i t y  i n s e t - v d  and c l o s e d  

f rom t h e  bacK w i t h  a t u n g s t e n  s c r e w  which was c o l d - s e a l e d  

w i t h  *n i n o r g a n i c  t n r e a c  s e a l a n t . M e t a l  O- r i n g  s e a l s  were 

a l s o  c o n s i d e r e d  b e c a u s e  i n  a n  e a r l i e r  s o u r c e ,  wher e  t h e  

a c t i v i t y  h a d  b e e n  s e a l e d  f r om t h e  f r o n t  w i t h  an e pox  l e d  

molybdenum wi ndo w,  t h e  e p o x y  s e a l  had  undergone  r a d i a t i o n  

damage and s u b s e q u e n t l y  t h e  s o u r c e  had l e a k e d . The o u t s i d e

d i a m e t e r  ( u . O . ) 0 1  t h e  t u n g s t e n  c o l l i m a t o r  was 3mm, t h u s
2shadowing o n l y  3 , 5*  of  a 200m.u d e t e c t o r .

A l t h o u g h  i t  s e e m s  t h a t  a l l  t h e  s o u r c e  p e r f o r m a n c e  

s t a n d a r d s  ( AwSl , 19t>ti) r e q u i r e ^  f o r  p o r t a b l e  i n s t r u m e n t s  

cou l d  be met  by t nc  above i n t e g r a l  s o u r c c - c o l l i m a t o r  d e s i g n ,  

t h e  r e l i a b i l i t y  o r  t h e  w i n u o w s e a l  a n d  v i b r a t i o n  a no 

t e m p e r a t u r e  c l a s s i f i c a t i o n s  o r  t h e  s o u r c e  ( s n o u l u  t h e
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i n s t r u m e n t  b e  l e t t  i n  a t i r e )  w e r e  ^ u e s t i o n e j  by two 

c o m m e r c i a l  s o u r c e  m a n u f a c t u r e r s .  A 2 , bmm O . D .  x 3mm l ong 

w e l d e u  s t a i n l e s s  s t e e l  c a p s u l e ,  m e e t i n g  ANSI N 5 . 10- 19G8  

c l a s s i f i c a t i o n  C 3 3 2 3 2 , w i  s t h u s  d e v e l o p e d  a s  t h i s  t y p e  of  

d e s i g n  n a d  b e e n  p r o v e n  i n  t h e  i n d u s t r y  w i t h  e x i s t i n g  s o u r c e

m a n u f a c t u r i n g  t c c n n o l o g y .

i m g s t c n - i n c r t - y a s  w c l o i n g  i s  u s e d  w i t h  t h e  a i d  of  a

c a r b o n  b l o c k  n e a t  s i n k  t o  p r e v e n t  m i g r r t i o n  o f  t h e  p l a t e a

a c t i v i t y  f r om t h e  f r o n t  o f  t h e  s o u r c e .

i . bmm O.D.  t u n g s t e n  a l l o y  c o l l i m a t o r  was  d e s i g n e d  t o r

t he  sour ce  c a p s u l e ,  shadowi ng 1 2 i  o l  t h e  d e t e c t o r .

in f i g u r e  1 2 . 2  t n e  s o u r c e - d e t e c t o r  a r r a n g e m e n t  u s e d  i n  

t h e  t h i r d  p r o t o t y p e  o l  t n e  p o r t a b l e  g o l d  a n a l y s e r  i s  shown,

•me «inoow and s h i e l d  t h i c k n e s s  d e r i v a t i o n s  a r e  g i v e n  i n  t h e

l o l l o w : " '  s e c t i o n s .

1

* mm75mm

Detector

Fig. 12.2 Source detector arrangement in the third prototypi 
gold analyzer
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1 2 , 2 . 1  So u r ce  wi ndow 

m e  window o t  t n e  s o u r c e  was u e s i g n e d , i n  c o mb i n a t i o n  wi t h  

t h e  d e t e c t o r  window,  t o  f i l t e r  o u t  most  of  t h e  unwanted low 

e n e r g y  (22 keV) r a d i a t i o n  w i t h  minimum a t t e n u a t i o n  o f  t he
J

u s e f u l  h i gh  e n e r g y  (bU keV) r a d i a t i o n .

The m o s t  s u i t a b l e  e l e m e n t s  f o r  f i l t r a t i o n  a r e  t h o s e  

h a v i n g  a h i g h  mas s  a b s o r p t i o n  r a t i o  l o r  22 keV and BO keV 

p h o t o n s ,  e l e m e n t s  2 ■ 22 t o  41  ( i i  t o  Tc )  h a v e  m a s s  

a b s o r p t i o n  r a t i o s  be t ween  4u and 47 w h i l e  o u t s i d e  t h i s  r ange  

o t  a com i  c n u m b e r s  t h e  r a t i o s  f a l l  s n a r p l y  e x c e p t  f o r  

e l e m e n t s  h e a v i e r  t h a n  l e a o .  Tne  r e  i s  l i t t l e  d i f f e r e n c e

w i t h i n  t n i s  i ^ n g e  o t  e l e m e n t s ,  s o  t h a t  i r o n  w i t h  ma s s
l  2a b s o r p t i o n  c o e f f i c i e n t s  o t  2%,ucm / g  a t  20 keV and 0 , 55cm /g

a t  00 xeV i s  a c o n v e n i e n t  me t a l  t o  u s e .

A t h i c k n e s s  o t  u c e n t i m e t e r s  o t  s t a i n l e s s  s t e e l  of

d e n s i t y  7 , B O g / c m '  r e o u c e s  t h e  r a t i o  o t  20 t o  00  keV

r a d i a t i o n  i n t * : . s i t y  by t n e  f a c t o r  c -7 r86 ( 2 5 , 0  0 , 5^ )  o ee 192d^

wi . ere  u i s  i n  c e n t i m e t e r s .  The i n t e n s i t y  r a t i o  ot  22 keV t o  

00 keV r a d i a t i o n  e m i t t e d  by Cd- lU* i s  9 6 , 4 / 3 , 6  ■ 27.  A r a t i o  

o t  t h e  o r d e r  o r  0 , 0 1  i s  d e s i r a b l e  a t  t ne  d e t e c t o r  so  t h a t  

m e  i n c r e a s e  i n  t o t a l  c o u n t  r a t e  f r o m  t h e  l ow e n e r g y  

r a d i a t i o n  may be i n s i g n i f i c a n t .  T h i s  r e q u i r e s  a r a t i o  

r e d u c t i o n  by a b o u t  2 / u 0  r h i c h  i s  a t t a i n e d  by a s t a i n l e s s  

s t e e l  f i l t e r  o t  { I n2 Juu) /192cm -  0,4mm t h i c k n e s s .

i n  t h e  i n t e r e s t  o t  r e d u c i n g  p o s s i b l e  r a d i a t i o n  e x p o s u r e  

i t  w o u l d  h a v e  b e e n  p r e f e r a b l e  t o  p o s i t i o n  mo s t  o f  t h i s  

combined t n i c x n e s s  a t  t h e  o r i g i n  o t  t h e  r a d i a t i o n  p a t n ,  i . e .  

a t  t n e  s o u r c e  w i n a o w  a n d  t o  u s e  t n e  minimum t h i c k n e s s  

r e q u i r e d  t o r  me c n a n i c a l  s t r e n g t h  a t  t he  d e t e c t o r  window.
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The minimum d e t e c t o r  wi ndow t h i c k n e s s  a l l o w e d  by t he  

i n s t r u m e n t  m a n u i  a c t u r e r  £ c r a n  i n t e g r a l  s t a i n l e s s  

s t e e l - e n d c a p  o f  41 mm d i a m e t e r  w a s ,  h o w e v e r ,  0 , 3 8mm. 

C o n s e q u e n t l y  a t h i c k n e s s  o f  0 , 1 6 mm s t a i  , e s s  s t e e l  was  

a l l owed  t o r  t h e  s o u r c e  wi noow, i n  a d d i t i o n  t o  t he  0,38mm, t o  

r e d u c e  t h e  r a t i o  i n  t h e  o p e n  m e a s u r i n g  f i e l d  f r om 27 t o  

1 , 2 5 ,  a t  wh i c h  r a t i o  t h e  22 keV r a d i a t i o n  c o n t r i b u t e s  l e s s  

t h a n  2 0 1 t o  t ne  e x p o s u r e  i n  t h e  e x t e r n a l  r ad i a i i o n  t  i o i c  

t s ce  c n a p t e r  13) .

The winuow t h i C K n e s s e .  of  u , 3 timrr- and u, lbmm s t a i n l e s s  

s t e e l  a t t e n u a t e  t ne  u s e f u l  80 keV r a u i a t i o n  f rom t he  s o u r c e  

t o  d j «x9 3 » « 7 y 4 a t  t n e  d e t e c t o r .  A 2 ,4mn t h i c k  p r o t e c t i v e  

p o l y c a r b o n a t e  c o v e r  a t t e n u a t e s  t n i s  s t i l l  f u r t h e r

a .  94s  t o  a r a t h e r  poor  9*4 of  7 y » ,  i . e .  74* .  Any s e l f 

a b s o r p t i o n  i n  t h e  p l a t e d  a c t i v i t y  a t t e n u a t e s  t h e  u s e f u l  

r a d i a t i o n  s t i l l  f u r t h e r ;  i t  i s ,  t h e r e f o r e ,  i m p o r t a n t  t h a t  

a l l  t h e  C o - 109 be  p o s i t i o n e d  a g a i n s t  t n e  s o u r c e  wi noow 

w i t h i n  t ne  s h i e l d ' s  c o l l i m a t i o n  a n g l e .

i ne d e t e c t o r  winoow c a u s e s  t h e  l a r g e s t  a t t e n u a t i o n  i n  

u s e f u l  r a d i a t i o n .  A r e d u c t i o n  i n  t h e  p r e s e n t l y  e m p l o y e d  

t h i c k n e s s  o f  0 , J8mn s t a i n l e s s  s t e e l  would i n c r e a s e  t h e  85* 

t r a n s m i s s i o n  f a c t o r  p r o p o r t i o n a t e l y , w i t h o u t  a d v e r s e l y  

a f f e c t i n g  t he  d e t e c t e d  s p e c t r u m.

1 2 . 2 . 2  Col l i ma t o r s h i e l d 

i ne  pu r pose  of  t n e  c o l l i m a t o r  s h i e l d  i s  t o  r e u u c e  t he  d i r c r t  

r a d i a t i o n  f r o m t n e  s o u r c e  t o  t h e  d e t e c t o r  t o  a l e v e l  low 

e n o u g h  n o t  t o  c a u s e  i n t e r f e r e n c e  i n  t h e  s p e c t r u m  f r o m a 

s a m p l e .  A f o r w a r d  c o l l i m a t i o n  a n g l e  o f  12 U °  p r o v i d e s  

p r o t e c t i o n  f o r  t h e  o p e r a t o r  b e h i n d  and t o  t h e  s i d e  of  t he
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t i roues

The m a t e r i a l  u s e d  f o r  t n e  c o l l i m a t o r  n e e d s  t o  have  a 

h i j n  l i n e a r  a b s o i p t i o n  c o e f f i c i e n t  f o r  p h o t o n s  o f  e n e r g i e s  

t n a t  m i g h t  i n t e r f e r e  i n  t h e  s p e c t r u m ;  t h i s  a p p l i e s  n o t  o n l y  

t o  t h e  88 ke v  s o u r c e  r a d i a t i o n ,  b u t  i n  p a r t i c u l a r  t o  t he  

X - r a y s  g e n e r a t e d  i n  t h e  s h i e l d ,  t o  wh i c h  t h e  s h i e l d  i s  

f a i r l y  t r a n s p a r e n t .  A h i g h  l i n e a r  a b s o r p t i o n  c o e f f i c i e n t  

r e d u c e s  t h e  n e c e s s a r y  s i z e  of  t n e  c o l l i m a t o r  t h u s  shadowing

J e s s  or  t h e  d e t e c t o r .

S e v e r a l  n i g n  d e n s i t y  m e t a l s  wer e  c o n s i d e r e d  f o r  t h i s  

a p p l i c a t i o n .  Fn e i r  a o s o r p t i o n  p r o p e r t i e s  a r e  l i s t e d  i n  

T a b l e  1 2 . 2 .  Of t h e s e  I t , P t  and  Au h a v e  K8 X - r a y s  i n  t h e

. a b l e  12.x Abso r p t i o n p r o p e r t i e s  o f  s h i e l d i ng m e t a l s  (wor r y  

1*62,  J a v i s s o n  19u8)

LLuiiuriT UudalTX MASS AUG. COLFf . UNLAR AllS. CUE .

9 / c mJ Wdacn/ /g UKafCm2/ g  Vaypcm' 1 UKQ^pcnf1
—

Ta 1 6 . V 0 ,0 3 ,5 100 58

n 1 9 , i 6 ,2 3,4 12U 6u

ue 2 1 , U 6,4 3 ,3 134 O'J

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

I t 22 ,5 6 ,d 3 ,0 153 66

K t 21 ,4 7 ,0 2 ,9 158 02

AU 19 ,3 7 ,2 2 ,7 139 52

11 ,4

1 * ,1

7 ,8

3 ,7

2 , 5 69

70

29



1 4 0

e n e r g y  r e g i o n  be t wee n  t h e  Pb Ka^ and KP, l i n e s  and a r e  t u u s  

t o  be a vo i ded  t o r  g o l d  d e t e r m i n a t i o n .  Met a l wor k i ng  0 1  Os and 

Re i s  r a t h e r  • f f i c u l t ,  wh i l e  t he  r e l a t i v e l y  low d e n s i t y  of  

pd and Ta g i v e s  t h e s e  m e t a l s  a c o r r e s p o n d i n g l y  lower  l i n e a r  

c o e f f i c i e n t .  S h i e l d i n g  by u r a n i u m  i s  l e s s  because  i t  do e s  

n o t  o t t e r  K - l c v e l  a b s o r p t i o n  o t  t h e  tib keV p h o t o n s .  

T u n g s t e n ,  or  a n e a v y  t u n g s t e n  a l l o y  which i s  more amenaK*e 

t o  me t a l wo r k i n g ,  i s  t h u s  t he  s h i e l d i n g  m e t a l  o l  c h o i c e .

f n e  minimum a mo u n t  o f  s h i e l d i n g  may be c a l c u l a t e d  by 

s t i p u l a t i n g  t n a t  t h e  c o n s t a n t  i n t e n s i t y  f r o m t h e  s o u r c e  

d i r e c t l y  t o  t he  u u t e c t o r  s ho u l d  c o n s t i t u t e  o n l y  a o o u t  one o r  

two p e r c e n t  o t  t h e  i n t e n s i t y  f rom t h e  sample  a t  t he  l i m i t i n g  

p r o b e - t o - s a m p l e  d i s t a n c e .

fne  t o t a l  c o u n t  r a t e  f r om a m a s s i v e  sample  a t  a l i m i t
2

d i s t a n c e  0 1  u , bcm f r o m a 12£>mCi Ca-lOl# s o u r c e  and 200mm 

u e t e c t o r  was d e t e r m i n e d  t o  be d 7 , b  kHz.

1’hu sour ce  r a d i a t i o n  t o  ue s h i e l d e d  may be c o n s i d e r e d  a s  

c o m p r i s e d  o l  t wo c o m p o n e n t s .  The  p r i m a r y  component  i s  t he  

ot t  k e V  p h o t o n s  ( o t  3 , 0 4  a b u n d a n c e )  i . e .  

1 2 bxO, 0 3 b x 3 , 7 x 1 0 ?* 1 , u 7 x 1 0 a p n o t o n s / s e c o n d  e m i t t e d  i n t o  4n 

s t e r a u i a n s .  S i n c e  t h e  rnc^n r a n g e  o t  bti keV p h o t o n s  i n  

t u n g s t e n  i s  o n l y  l / u tid p,v0 , l mm,  a s e c o n d a r y  component  of  

t u n g s t e n  h x - r a y s  i s  p r ^ u u c e o  i n  t h e  i n n e r  l a y e r  o t  t h e  

t u n g s t e n  s h i e l d ,  f n e  f r a c t i o n  o f  0U keV p n o t o - e l e c t r i c  

a b s o r p t i o n ,  l e a d i n g  t o  W K - l c v e l  e x c i t a t i o n  i n  a t h i c k  to 

t a r g e t ,  r e l a t i v e  t o  t h e  t o t a l  a b s o r p t i o n  ( i . e .  i n c l u s i v e  of  

i n c o h e r e n t  s c a t t e r i n g  and L l e v e l  e x c i t a t i o n )  i s  a b o u t  0 , t i l  

l u t  o n l y  j . ot  t h e  c x c i t c u  W a toms produce  K x - r a y s .  With 

a 2 6* 120 o # x . e .  0/ <)2 nsin())d<t>e 2 n ( c o s O - c o s  6) * 3 , l 4 s r ,  f o r w a r d
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c o l l i m a t i o n  a n g l e  oL t h e  s h i e l d , t h e  s h i e l d  i n t e r c e p t s  

( 4 1 - 3 , 1 4  ) / 4 i i « U  , 7 5  o i  t h e  p r i m a r y  r a d i a t i o n  p r o d u c i n g  a 

s e c o n d a r y  componen t  o f  l , 6 7 xlu®x0 , 8 1 x 0 , 9 4 x 0 , 7 5  x0,95x10^  W 

K X- r ays  p e r  s econd  e m i t t e d  i n t o  4 i r s r .

A d e t e c t o r  o f  timm r a d i u s  p o s i t i o n e d  7mm b e n i n d  a p o i n t  

s o u r c e  s u b t e n a s  a h a l f  a n g l e  of  Q * a r c t a n ( b / 7 )  and a s o l i d  

a ng l e  of  2 i ( c o s O - c o 8 0 ) » 2 , 1 5 s r  o f  t h e  s o u r c e .  Thus a f r a c t i o n  

x , 1 5 / 4 1 * 0 , 1 7  of  t h e  p r i ma r y  and s e c o n d a r y  s o u r c e  component s  

a r e  d i r e c t e d  a t  t he  d e t e c t o r .  E q u a t i n g  t h e  two componen t s  of  

t he  s o u r c e  r a d i a t i o n  p a s s i n g  t h r o u g h  tnc  t u n g s t e n  s h i e l d  of 

t h i c k n e s s  u ,  t o  I t  ( o r  X.) of  t he  i n t e n s i t y  of  t h  r a d i a t i o n  

from t ne  s a mp l e ,  we nave -

I , 6 7 x l 0 ° x 0 , l 7 e ” 95x10^x0 , 1 7 x e " u * U , 01x37500

g i v i n g  d ^ 1 , 0 mm (1,5mm f o r  i e )

i n e  s o u r c e  b a c k i n g  t n u s  o u g h t  t o  be 1,6mm t h i c k  wh i l e  

t n e  o b l i q u e  d i r e c t i o n  s i d e wa y s  t h r ou gh  t h e  s h i e l d  r e q u i r e s  

o n l y  a 1 , 0  x a r c t a n ( b / 7 ) - 1 ,2mm w a l l  t h i c k n e s s ,  w i t h  heavy 

t u n g s t e n  a l l o y s  t h e s e  s h i e l d i n g  t h i c k n e s s e s  n e e o  t o  be 

i n c r e a s e s  by  t h e  r a t i o  o f  t h e  d e n s i t y  o f  p u r e  t u n g s t e n  

( 1 9 , 3 g/cm'>) t o  t he  d e n s i t y  or  t ne  e l l o y .

A w a l l  t n i c x n e s s  o f  2mm and a oacKiv. j  t h i c k n e s s  of  3mm 

in a d a l l o y  of  l d , x g / c m " ' , formed by powaer m e t a l l u r g y ,  were 

p r o v i d e d  oy  t h e  i n s t r u m e n t  m a n u f a c t u r e r . The  i n c r e a s e  i n  

t h i c k n e s s e s  f r om t h e  minimum was  a r b i t r a r i l y  p r o v i d e d  to  

a l l  t'V f o r  u n d e r c u t s  i n  t h e  s n i c l a  w a l l  f o r  a s o u r c e  

r e t a i n i n g  c o l l a r  and f o r  ue c u - e  molding i n t o  a p o l y c a r b o n a t e  

c o v e r ,  and  f o r  a s l o t  i n  t n e  w a l l o y  s c r e w  i n  t h e  s h i e l d  

back i ng .

Tne o v e r a l l  d i a m e t e r  of  5,5mm of  t h i s  c o l l i m a t o r  w i t h  a



14?

weldea  s t a i n l e s s  s t e e l  s o u r c e  c a p s u l e  r e s u l t s  i n  a shadow 

a r e a  o f  2 3 , * • e . 12# o f  a 200mm^ d e t e c t o r . w i t h  a

s m a l l e r  p l a t e d  a r e a  o r  t h e  Cd-109 a c t i v i t y  and an i n t e g r a l  

s o u r c e  e n c a p s u l a t i n g  s h i e l d  t h i s  c o u ld  be r ed u c ed  t o  a b o u t  

4 p e r c e n t .

r ue  r e l a t i v e l y  s m a l l  i m p r o v e m e n t s  d i s c u s s e d  i n  t h i s  

c h a p t e r  c o u l u  a l l  l e a d  t o  a r e d u c t i o n  i n  t h e  amoun t  o f  

u - 1 0 s a c t i v i t y  r e q u i r e d  t o  measure  g o l d  a t  opt imum s p e e d , 

and t h e  r a u i a t i o n  d o s e  r a t e ,  t o  which an o p e r a t o r  m igh t  be 

i p o s e d , w o u l d  bu s i m i l a r l y  d e c r e a s e  u . H o w e v e r ,  i t  h a s  

°  " e n t i a l l y  b e e n  f o u n d  n e c e s s a r y  t o  i n c r e a s e  t h e  C o -1 09  

“ ' i v i t y  i n  o r d e r  t o  p r o v i u e  a s a t e  means o£ s e c u r i n a  t h e  

t w u t e  w n i l e  p e r m i t t i n g  i t s  r c a a y  r e p l a c e m e n t *
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13 SAFETY ASPECTS

T he  g o l d  a n a l y s e r  p r e s e n t s  t h r e e  p o t e n t i a l  h a z a r d s ,  

p a r t i c u l a r l y  s i n c e  i t  i s  a p o r t a b l e  i n s t r u m e n t  which i s  t o  

be  u s e d  u n d e r  a r d u o u s  c o n d i t i o n s  u n d e r g r o u n d .  T h e s e  

p o t e n t i a l  h a z a r d s  a r i s e  f rom t h e  use  o f  l i q u i d  n i t r o g e n  a s  a 

c o o l a n t ,  t h e  uuc o f  e l e c t r o n i c  c i r c u i t s  i n  a tm o sp h e r e s  which 

may c o n t a i n  f l a m m a b l e  o r  e x p l o s i v e  g a s e s  such  a s  me thane ,  

and t he  use  of  a r a d i a t i o n  s o u r c e .

13 .1  L i q u i d  n i t r o g e n
O L*h i g h  r e s o l u t i o n  g e rm a n iu m  d e t e c t o r s  o p e r a t e  a t  77 -  90" s

and u s u a l l y  a r e  c o o l e d  w i t h  l i q u i d  n i t r o g e n .

As an  a l t e n a t i v e  c o o l a n t  a s o l i d - l i q u i d  p ropane  sys tem 

which  c o u l d  be c o m p l e t e l y  c o n t a i n e d  ( B o y n t o n ,  1 9 7 4 ) ,  was 

c o n s i d e r e d  f o r  t h i s  a p p l i c a t i o n .  The l a t e n t  n e a t  or m e l t i n g  

(80 J / g  a t  91°K) i s ,  h o w e v e r ,  l o w e r  t h a n  t h a t  o f  b o i l i n g  

l i q u i d  n i t r o g e n  (199 J / g  a t  77°K) so  . . .  we igh t  and volume 

c o n s i d e r a t i o n s  f a v o u r e d  t h e  l a t t e r .  L i g h t w e i g h t  (6 kg) 

M e c h a n i c a l  r e f r i g e r a t o r s  ( H o g a n ,  1 9 6 8 ;  C a r r o l ,  1971 )  

o p e r a t i n g  on  S t e r l i n g  o r  S o l va y  c r y o g e n i c  c y c l e s  were a l s o  

i n v e s t i g a t e d  b u t  t h e i r  power  r e q u i r e m e n t s  r e n d e r e d  them 

u n s u i t a b l e  f o r  t h i s  p o r t a b l e  a p p l i c a t i o n .

Th e  p o t e n t i a l  h a z a r d s  t o  t h e  o p e r a t o r  f r om l i q u i d  

n i t r o g e n  a r e  s k i n  b u r n s '  f r om a c c i d e n t a l  c o n t a c t  w i t h

e x t r e m e l y  c o l d  s u r f a c e s  o r  l i q u i d  a nd  f ro m  t h e  1 7 4 - t o l d  

v o l u m e  e x p a n s i o n  a t  t h e  p h a s e  c h a n g e  w h i c h  c o u l d  c a u s e
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p r e s s u r e  p rob lems  i n  c ed s y s t e m s .

S m a l l  d r o p l e t s  o f  l i q u i d  n i t r o g e n  when s p i l l e d  o n t o  t h e  

s k i n  u s u a l l y  r o l l  o f f  and do  n o t  c ause  ' b u r n s ' u n l e s s  t h ey  

wet  t he  s k i n .

To m i n i m i z e  t h e  c o n t a c t  h a z a r d ,  a s p i l l p r o o f  d e w a r , 

wh ich  c o u l d  be p o i n t e d  i n  any  d i r e c t i o n ,  was s p e c i f i e d .  A 

d e s i g n  b a s e d  on a c o m m e r c i a l l y  a v a i l a b l e ,  n o n - p r e s s u r i z e d  

dewar  was s u g g e s t e d ;  t h i s  had two v e n t  p i p e s ,  a t  l e a s t  one 

o f  w h i ch  c o u l d  a lways  v e n t  from above t he  l i q u i d  s u r f a c e  t o  

t h e  o p p o s i t e  o u t s i d e  w i t h o u t  s p i l l a g e ,  w i t h  m i n o r  

r e s t r i c t i o n s  on t h e  o r i e n t a t i o n  of t h e  dewar .  The i n s t r u m e n t  

m a n u f a c t u r e r  s i m p l i f i e d  t h i s  t o  a s i n g l e  v e n t  cum f i l l  p i p e  

t e r m i n a t i n g  i n  t h e  c e n t r e  o f  a c y l i n d r i c a l  d e w ar . I n  t h i s  

d e s i g n  t h e  dew ar  c a n  be f i l l e d  o n l y  t o  h a l f  t h e  volume of 

t h e  c y l i n d e r  b u t  i t  removes a l l  r e s t r i c t i o n s  on o r i e n t a t i o n  

o f  the  dewar .

F o r  h a n d l i n g  o f  l i q u i d  n i t r o g e n  i t  i s  s a f e r  i f  t h e  

l i q u i d  need  n o t  be  p r e s s u r i z e d  d u r i n g  t r a n s f e r  an d  u s e .  

L i g h t w e i g h t ,  q u i c k - c o n n e c t  c o u p l i n g s  f o r  r e f i l l i n g  o f  l i q u i d  

n i t r o g e n  a r e  p r o n e  t o  l e a k a g e  due  t o  c o o l i n g  from a m b i en t  

t e m p e .  t u r e s  t o  b e l o w  t iO°K,  a n d  p r e s s u r  i z a t i o n  wo u ld  

a g g r a v a t e  t h i s  p r o b l e m . I c i n g - u p  o f  t h e  c o u p l i n g  can  h a r d l y  

be  p r e v e n t e d  when t h e  w e i g h t  o f  t h e  probe  hac  t o  be r e d u c e d  

t o  a minimum,  b u t  t h i s  i n c o n v e n i e n c e  was found t o  be s m a l l  

f o r  f i l l i n g  p e r i o d s  o f  l e s s  t h a n  an ho u r .

The d i a m e t e r  of  t h e  ve t  p ip e  was a c r i t i c a l  p a r a m e t e r .  

For  s p i l l a g e  d u r i n g  o p e r a t i o n  i t  ough t  t o  be sma l l  whe rea s  

t o r  r e f i l l i n g  a l a r g e r  d i a m e t e r  i s  p r e f e r a b l e ,  e s p e c i a l l y  i f  

t h e  l i q u i d  h a s  t o  r u n  down t h e  p i p e  w i t h  a c o u n t e r  f l ow of

Ml ■ ■  I  I
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d i s p l a c e d  a i r  and e v a p o r a t e d  l i q u i d .  I £ two p i p e s  t o  t h e  

c e n t r e  o f  t h e  c y l i n d e r  w e r e  u s e d  t h e  f i l l i n g  c o u l d  be 

a c c o m p l i s h e d  w i t h  s m a l l e r  d i a m e t e r s  t h a n  i s  n e e d e d  f o r  a 

s i n g l e  p i p e .  A s i n g l e  p i p e ,  however ,  s i m p l i f i e s  c o n s t r u c t i o n  

o f  t h e  c r y o s t a t  and  a d i v i d e r  i n  t h e  p i p e  was t h e r e f o r e  

s u g g e s t e d ,  which s h o u l d  a ’ low some r e d u c t i o n  i n  d i a m e t e r  as  

i t  s e p a r a t e s  o p p o s i n g  f l o w s ;  w i t h  t h i s  d e s i g n  i t  h a s  been  

p o s s i b l e  t o  f i l l  a warm p r o b e ,  hav ing  a 3mm i n s i d e  d i a m e t e r  

f i l l  t ube ,  f rom a c l i p - o n  f u n n e l  w i t h i n  t e n  m i n u t e s .

Fo r  t h e  f i r s t  p r o t o t y p e  p o r t a b l e  a n a l y s e r  a l i q u i d  

n i t r o g e n  h o l d i n g  t i m e  o f  one  h o u r  was s p e c i f i e d ,  and t he  

i n s t ru m e n t  m a n u f a c t u r e r  p rod uced  a p robe  w i t h  a h o l d i n g  t ime  

o f  n e a r l y  two h o u r s .  The r e f i l l  s y s t e m ,  w h i c h  had  t o  be 

c a r r i e d  u n d e r g r o u n d ,  o f t e n  t a i l e d  a s  i t  c o u l d  n o t  s t a n d  up 

t o  no rm a l  u n d e r g r o u n d  t r e a t m e n t .  For  t he  s econd and t h i r d  

p r o t o t y p e s  t h e  l i q u i d  n i t r o g e n  h o l d in g  t ime  of  t h e  p robe  was 

i n c r e a s e d  t o  s i x  h o u r s ,  so  e l i m i n a t i n g  t he  need t o  r e f i l l  

t he  he u n d e r g r o u n d .

i f  t h e  p r o b e  o f  t h e  f i l l  s y s t e m  were p r e s s u r i z e d  w i t h  

i n t e r m i t t e n t  p r e s s u r e  r e l e a s e  t h e n  t h e r e  would a lways  be t h e  

p o s s i b i l i t y  t h a t  t h e  p r e s s u r e  r e l i e f  mechanism c o u ld  i c e  up 

o r  f a i l  o t h e r w i s e  a n d  t h a t  v e s s e l s  c o u l d  r u p t u r e  f r o m  

p r e s s u r e  b u i l d u p .  W i t h  a n  a m b i e n t  p r e s s u r e  s y s t e m  t h e  

c o n t i n uo us  b o i l i n g  o f  t h e  l i q u i d  n i t r o g e n  e n s u r e s  t h a t  v e n t s  

a r e  c o n t i n u o u s l y  k e p t  open s o  t h a t  i c e  c a n n o t  b l o c k  t n e  v e n t  

c o m p l e t e l y .  C a r e  m u s t ,  ho we ve r , s t i l l  be e x e r c i s e d  t o  keep 

wa te r  or  i c e  o u t  o f  t h e  sys tem d u r i n g  f i l l i n g .

The s m a l l  a m o u n t  o f  l i q u i d  n i t r o g e n  r e q u i r e d  f o r  

o p e r a t i o n  t h u s  n e e d  o n l y  be t r a n s f e r e e !  a b o v e  g r o u n d ,  and
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h an d l i ng  t h e r e  h a s  been  s i m p l i f i e d  so  a s  t o  r e d u c e  p o t e n t i a l  

h a z a r d s  t o  a min imum.  D u r i n g  f i l l i n g  of t h e  l a r g e  s t o r a g e  

c c n t a i n e r  i t  w i l l  b e  n e c e s s a r y  t o  o b s e r v e  t h e  s i m p l e  

p r e c a u t i o n s  n o r m a l l y  t a k e n  wh e n  h a n d l i n g  p o t e n t i a l l y  

h a z a r d o u s  l i q u i d s .  U n d e r g r o u n d  t h e  l i q u i d  i s  c o n t a i n e d  a t  

a m b i e n t  p r e s s u r e  i n  a s p i l l p r o o f  dewar  wh ic h  p r e s e n t s  no 

p o t e n t i a l  h a z a r d  u n l e s s  t he  v e n t  i s  b l o c k e d  d e l i b e r a t e l y .

13 .2  i n t r i n s i c  s a f e t y  fo r  f i e r y  mines  

The c a r b o n a c e o u s  c o n t e n t  o f  o r e s  i n  some g o l d  mines  g i v e s  

r i « -  t o  m e t h a n e  ( f i r e d a m p )  w h i c h  c a n  p r e s e n t  a p o t e n t i a l  

e x p l o s i o n  h a z a r d .  Fo r  t h e s e  f i e r y  m i n e s  i n s t r u m e n t s  mus t  

e i t h e r  be e n c a s e d  i n  e x p l o s i o n - p r o o f  bo xes ,  or  t h e y  mus t  be 

i n t r i n s i c a l l y  s a f e ,  i . e .  d u r i n g  o p e r a t i o n  or  m a l f u n c t i o n i n g  

t h e  e n e r g y  i n  a n y  s p a r k  t h a t  may be  g e n e r a t e d  by t h e  

i n s t r u m e n t  m u s t  be  l e s s  t han  t h a t  r e q u i r e d  fo r  i g n i t i o n  of 

any m e t h a n e - a i r  m i x t u r e .

The a rmour ing  r e q u i r e d  fo r  e x p l o s i o n - p r o o f  e n c l o s u r e s  i s  

i n c o m p a t i b l e  w i t h  a l i g h t w e i g h t ,  p o r t a b l e  i n s t r u m e n t .  I he 

r e m a i n i n g  s o l u t i o n , i n t r i n s i c  s a f e t y ,  h a d  n o t  b e e n  

i m p l e m e n t e d  on  a r e l a t e d  t y p e  o f  i n s t r u m e n t  be t o r e  and  

p r e s e n t e d  a number  o f  p r o b l e m s  t h a t  had t o  be r e s o l v e d  i n  

t h e  d e s i g n  as  d i s c u s s e d  below.

The h i g h - v o l t a g e  b i a s  supp ly  (1200 V) f o r  t h e  d e t e c t o r  

was l o c a t e d  i n  t h e  p r o b e  and no t  i n  t h e  c h e s t  pack so  t h a t  

e n e r g y  s t o r a g e  i n  c a b l e s  t o  t h e  d e t e c t o r  c o u ld  be k e p t  t o  a 

minimum; a l l  c i r c u i t s  were r e s i s t i v e l y  c y r r t n t  l i m i t e d  and 

f u s e  p r o t e c t e d  a t  t h e  n i cke l - c adm iu m  b a t t e r i e s  so t h a t  even

s h o r t  c i r c u i t s  c o u l d  n o t  p r o d u c e  e n e r g e t i c  s p a r k s ;  t h e  

i n c a n d e s c e n t  s amp le  l i g h t  was s p e c i a l l y  e n c l o s e d  t o  p r o t e c t
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i t  f r om e x t e r n a l  b r e a k a g e .  The o o s a i b i l i t y  f o r  t amoer inq  

w i t h  t h e  i n s t r u m e n t  was l i m i t e d .

A l u m in i u m  and t i t a n i u m  were  s t r o n g  c o n t e n d e r s  f o r  t h e  

p r o b e  v e s s e l .  However # when t h e s e  m e t a l s  a r e  s t r u c k  on i r o n  

o x i d e s ,  w i d e l y  p r»s&nL i n  m i n e ,  t h e  e xo th e rm i c  r e a c t i o n  

c a n  p roduce  s p a r k s  and t h e s e  me ta l s  we re ,  t h e r e f o r e ,  avoided  

a s  s t r u c t u r a l  m a t e r i a l s .  Cadmium a l s o  cou ld  no t  be used e . g .  

on  p l a t e d  s c r e w s .  The f i e r y  mine  o r o b l e m  and c o r r o s i o n  

p r o b l e m s  u n d e r g r o u n d  made s t a i n l e s s  s t e e l  t h e  s t r u c t u r a l

me t a l  o f  c h o i c e .

A ’ t e r  s e v e r a l  c o n s u l t a t i o n s  d u r i n g  t he  d e s i g n  s t a g e  t he  

t h i r d  p r o t o t y o e  o o r t a b l e  a n a l y z e r  was s u b m i t t e d  t o  t h e  

E x p l o s i v e s  H a z a r d s  D i v i s i o n  o f  t h e  Sou th  A f r i c a n  Bureau of 

S t a n d a r d s  whe re  i t  was t e s t e d  and found t o  comely w i t h  t he  

s t a n d a r d  f o r  i n t r i n s i c a l l y  s a f e  e l e c t r i c a l  a o o a r a t u s  (SABS, 

1 9 7 7 ) .  A p p r o v a l  was o b t a i n e d  f rom t h e  G o v e r n m e n t  Min ing  

E n g i n e e r  t o  u s e  t h i s  p r o t o t y p e  u n d e r g r o u n d  i n  Grouo 1 

a tm o sp h e r e s ,  i . e .  i n  «die p r e s e n c e  o f  f i r eda mp .

1 3 .3  Radiat ion s a f e t y  

a p p r o x i m a t e l y  4 , 6  GBq (12 5m Ci )  o f  C d - 1 0 9  i n  the  g o l d  

a n a l y s e r  a l l o w  an a c c e p t a b l e  measurement  : a t e  f o r  o r e  

v a l u a t i o n  o f  n a r r o w  r e e f j .  The o o t e n t i a l  r a d i a t i o n  and 

c o n t a m i n a t i o n  h a z a r d s  from such a s o u r c e  th u s  had t o  be 

ana ly se d .

O p e r a t o r  s a f e t y  was  c a r e C u l l l y  c o n s i d e r e d  i n  t h e  

i n s t r u m e n t a l  r e q u i r e m e n t s  f rom th e  i n i t i a t i o n  o f  t h e  d e s i g n .  

T h i s  demanded  t h a t  t h e  a c t i v i t y  a h o / l d  be used  e f f i c i e n t l y  

a n d  a s  s a f e l y  a s  o o s s i b l e .  T h e  f o l l o w i n g  f e a t u r e s  

c o n t r i b u t e d  t owards  t h e s e  o b j e c t i v e s i



The s o u r c e  was d e s i g n e d  t o  f i l t e r  most  of t h e  unwanted 

22 keV s i l v e r  K X - r a y s  w i t h  o n l y  a s m a l l  r e d u c t i o n  i n  t h e  

u s e f u l  88  keV r a d i a t i o n .  A p r o v e n  s t a i n l e s s  s t e e l  

e n c a p s u l a t i o n  was u s e d ,  and t h e  s o u r c e  and c o l l i m a t o r  were 

s e c u r e l y  and  p r o t e c t i v e l y  mounted in  t h e  probe  f r o n t  cov e r  

t o  p r e v e n t  d a m a g e  t o  o r  l o s s  o f  t h e  s o u r c e .  A 

s o u r c e - s a m p l e - d e t e c t o r  g e o m e t r y  was de ve l ope d  which  a ’ lowed 

a w ide  c o l l i m a t i o n  an g l e  f o r  maximum use o f  t h e  s o u r c e ,  t h e  

c l o s e  g e o m e t r y  e n h a n c i n g  t h e  m e a s u r e m e n t  o f  n a r r o w  r e e f  

b a n d s .  The d e t e c t o r  s i z e  was  made a s  l a r g e  a s  r e s o l u t i o n  

c o n s i d e r a t i o n s  p e r m i t t e d ;  t h e  e l e c t r o n i c s  were o p t i m i s e d  t o  

a t t a i n  t h e  h i g h e s t  p r a c t i c a l  r a t e  o f  g o l d  d e t e r m i n a t i o n

p a r t i c u l a r l y  a t  m a r g i n a l  g o l d  v a l u e s .

The n a t u r e  o f  t h e  m eas u r em en t ,  i . e .  b a c k s c a t t e r  s c a n n i n g  

t e x t e n d e d  rough rock  l a c e s ,  i s  such t h a t  i t  i s  i m p o s s i b l e  

t o  c o n t a i n  t h e  r a d i a t i o n  w i t h i n  t h e  sys tem a s  c an  be done 

w i t h  a s m a l l  s a m p l e  w h i c h  c an  be i n t r o d u c e d  i n t o  a s y s t e n .  

Reef  s c a n n i n g  i n s i t u  r e q u i r e s  g ood  v i s i b i l i t y  a round  t he  

p r o b e  h e a d  a n d  a s  p o r t a b l e  a p r o b e  a s  p o s s i b l e .  T he  

p o s s i b i l i t y  o f  r e d u c i n g  t h e  r a d i a t i o n  by sh i e*  ‘ing was t h u s  

l i m i t e d .  The s o u r c e  i s  c o m p l e t e l y  s h i e l d e d  t o  t h e  r ea i  and a 

c l o s e  f i t t i n g  t u n g s t e i  s h u t t e r  c o n t a i n s  most  o f  t h e  s o u r c e  

r a d i a t i o n  w h e n e v e r  t h e  o p e r a t i o n a l  t r i g g e r  i s  r e l e a s e d .  A 

s h u t t e r  l o c k  was p r o v i d e d  t o  p r e v e n t  a c c i d e n t a l  o p e n i n g .  A 

l i g n t  s h i n i n g  ( a t  t h e  s amp le )  i n  t he  same d i r e c t i o n  a s  t h e  

so u r c e  s e r v e s  a s  a r a d i a t i o n  w a r n in g ;  t h i s  l i g h t  i s  s w i t c h e d  

on as  soon a s  t h e  s h u t t e r  i s  ope ned .

e l a b o r a t e  s h u t t e r  s y s t e m s  had been c o n t e m p l a t e d ,  but  i t  

was r e a l i z e d  t h a t  w i t h  t h i s  t y p e  of  measurement  a f a i l - s a f e
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d e s i g n  i s  w e l l - n i g h  I m p o s s i b l e  and c o u l d  o n l y  g i v e  a f a l s e  

s e nse  of  s e c u r i t y .  A s m a l l  p o t e n t i a l  r a d i a t i o n  ha z a rd  sho u l d  

be c o n s i d e r e d  p r e s e n t  u n d e r  a l l  o p e r a t i n g  c o n d i t i o n s .  I t  

c a n ,  h ow e v e r ,  e a s i l y  be a s c e r t a i n e d  t h a t  t h e  s h u t t e r  i s  n o t  

damaged and i s  f u n c t i o n i n g  c o r r e c t l y  and whenever  t h i s  i s  

d o n e  t h e  o p e r a t o r  c a n  r e s t  a s s u r e d  t h a t  he  r e c e i v e s  no 

s i g n i f i c a n t  r a d i a t i o n  dose  when t h e  s h u t t e r  i s  c l o s e d . When 

n o t  i n  o p e r a t i o n ,  t h e  p r o b e  c a n  be  c l i p p e d  o n t o  t h e  c h e s t  

pack  whe re  a l e a d  c a p  o v e r  th® s o u r c e  and s h u t t e r  a l l o w s  

comple t e  r e l i a n c e  on  more t h a n  a d e q u a t e  s h i e l d i n g . R a d i a t i o n  

w a r n i n g  l a b l e s  a r e  p r o m i n e n t l y  d i s p l a y e d  on  t h e  p robe  t o  

d i s c o u r a g e  misus e  o r  t a m p e r i n g .

Under  n o r m a l  o p e r a t i o n  t h e  h i g h e s t  r a d i a t i o n  dose  r a t e  

would  be r e c e i v e d  by t h e  hand s u p p o r t i n g  t h e  p r o b e .  I n  t h e  

f i r s t  p o r t a b l e  p r o t o t y p e  t he  probe  h a n d l e  was nea r  t h e  f r o n t  

o f  t h e  p r o b e  and t h e  hand  was s h i e l d e d  by a t a n t a u m  i o i 3. 

I n  t he  second and t h i r d  p r o t o t y p e s  t h e  ha n d l e  was p o s i t i o n e d  

under  t he  c e n t r e  o f  mass o f  t h e  p robe  f u r t h e r  back where t he  

r a d i a t i o n  i n t e n s i t y  i s  l e s s .  The p r o b l e m  o f  a c c u r a t e l y  

m e a s u r i n g  dose  r a t e s  c l o s e  t o  low e n e r g y  s o u r c e s  (<100 keV) 

i s  n o t  s i m p l e  and  r e q u i r e s  s p e c i a l i z e d  equ ipmen t  which was 

n o t  a v a i l a b l e  f o r  t h i s  p r o j e c t .  The r a d i a t i o n  dose  r e c e i v e d  

by t h e  h a n d  c a n ,  h o w e v e r ,  be c a l c u l a t e d  f r om  t h e  b l a n k  

b a c k s c a t t e r  s p e c t r u m  shown in  F i g u r e  4 . 1  and  t h e  b 0 kHz 

count  r a t e  r e c e i v e d  by t h e  d e t e c t o r  unde r  normal  ope r a t i o  .

The ab so rb ed  d o se  r a t e  may be c a l c u l a t e d  from

lux (pho tons /h .mm^)  x E ( J o u l e s )  x -r- (mm^/kg) dE »>/h 

i f  I' i s  t h e  e n e r g y  t r a n s f e r  c o e f f i c i e n t  f o r  a i r  (Dav i s son ,
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1968 p 8 « l ) ,  d i v i s i o n  by 0 , 8 7 7  w i l l  a d j u s t  t h e  v a l u e s  t o  t he  

a b s o r p t i o n  r e s p o n s e  o f  human t i s s u e .  The t o t a l  pho ton  f l u a  

o f  50 kHl  f a l l s  o n  176mm2 o f  u n s h a d o w e d  a r e a  o f  t h e  

d e t e c t o r .  I.e. 1 , 0 2 . 1 0 *  ph o t o n , / h .m m 2 . The f l u x  of  p h o t o n ,  

o f  e n e r g y  b e t w e e n  E a n d  E ♦ I E  may be c a l c u l a t e d  f rom the

spec t rum on F l . u r e  4 . 1  -

68 2
1 ,0 2 . 1 0 *  I eAE /  I  1EAE pho tons /h .mm

A p p ro s lm ate  num erica l  i n t e g r a t i o n  over a l l  e n e r g i e s  gave  an

ab so rb ed  dose  o f  tOuGy/h (4mrcm/h ) .

F o r  r a d i a t i o n  c a l c u l a t i o n s ,  a t  a n o m i n a l  p r o b e  t o  

s a m p l e  d i s t a n c e  o f  40mm, t h e  s o u r c e  may be c o n s i d e r e d  as  

I m a g e d  50mm b e h i n d  t h e  e f f e c t i v e  c e n t r e  o f  mas s  o f  t n e  

. . . p i .  10mm d e e p  I n  t h e  r o c k .  I . e .  100mm I n  f r o n t  o f  t he  

d e t e c t o r .  The a b s o r b e d  d o se  r a t e  o f  40M=y/h  a t  100mm may be 

c o n v e r t e d  t o  any  p o s i t i o n  be h in d  t h e  s h i e l d e d  s o u r c e  by t h e

i n v e r s e  s q u i r e  d i s t a n c e  r e l a t i o n s h i p .

T h e  f l n g . r .  o n  t h e  p r o b e  h a n d l e  a r e  p o s i t i o n e d

a p p r o x i m a t e l y  12S .«  b e h i n d  t h e  s h i e l d e d  s o u r c e ,  and a t  t h a t

d i s t a n c e  t h e  d o se  r a t e  I s  4 0 ( 1 0 0 / 2 2 5 , 2 ■ 7 . 9 „ G y / h .  The dose

l i m i t  (IAEA. 1967 ,  f o r  t h e  hand of  i n d i v i d u a l  member ,  o f  t h e

p u b l i c ,  - h a t  need n o t  b .  r e g i s t e r e d  a .  r a d i a t i o n  w o r k e r s ,  i s

75 m i l l lG ra y  per  year ( 7 . S r , m / y e a r , .  Under the  most  u n l i k e l y

s i t u a t i o n  w h e r e  a n  o p e r a t o r  were  t o  p u l l  t h e  p r o b e  t r i g g e r

c o n t i n u o u s l y  f o r  40 h o u r ,  per week,  52 week,  per y e a r ,  the

d o s e  a b s o r b e d  by h i .  o p e r a t i n g  h a n d  would be o n .  f i f t h  o f

t h e  a b s o r b e d  d o s e  l i m i t  p e r m i s s i b l e  f o r  t h e  p u b l i c ,  I f  he

w . r e  r e g i s t e r e d  . .  a  r a d i a t i o n  worker  t h e  p e r m i s s i b l e  l i m r t

would be s t i l l  t e n  t i m e s  h i g h e r .
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The e y e s  c a n n o t ,  n o r m a l l y ,  be c l o s e r  t h an  300mm from the  

v i r t u a l  p o s i t i o n  o f  t h e  s o u r c e  i n  t h e  r o c k  o p p o s i t e  t h e  

p r o b e ,  a n d  a t  t h a t  d i s t a n c e  t h e  a b s o r b e d  d o s e  r a t e  i s  

4 , 5 VGy/h.  S i n c e  t h e  p e r m i s s i b l e  d o s e  l i m i t  t o r  t h e  eye i s  

f i v e  t imes  lower  t h a n  t h a t  f o r  t h e  hand ,  r e g u l a r  e x p o s u r e  of  

t h e  mos t  s e n s i t i v e  o r g a n  r e l e v a n t  i n  t h i s  a p p l i c a t i o n  a l s o  

d o e s  n o t  g i v e  r i s e  t o r  t h e  need t o  r e g i s t e r  t h e  o p e r a t o r  as

a r a d i a t i o n  worke r .

f o r  d i r e c t  e x p o s u r e  t o  t h e  4 , 6  GBq ( f i l t e r e d ,  

i . e . x 0 , 0 3 t i )  Cd-109 so u r c  w i th  t h e  s h u t t e r  open ,  t he  f l u x  a t  

im i s

0 ,0 38  x 4 , 6 x l 0 9 x 3600 /  4n * 5 x l 0 9 88 kev p h o t o n s / h . m 2

g i v i n g  an a b so rb e d  dose  r a t e  of  -

5x10*®( p h o t o n s / h . m 2 ) x 88x1 ,6x10  lf*(J)  x 2 ,66x10 ^(m /k g )

» 1 , 8 7  viGy/h ( 0 ,18mrem/h)  a t  1m

T h i s  r a t e  h a s  an i n v e r s e  sq u a r e  d i s t a n c e  r e l a t i o n s h i p ,  for  

e x a m p l e ,  a t  100mm from t h e  s o u r c e  t h e  a b s o r b e d  dose  r a t e  i s

187vj Gy/h.

I t  may be s e en  t h a t  c o n t i n u o u s  d i r e c t  e x p o su r e  c l o s e  to 

t h e  s o u r c e  may r e s u l t  i n  t h e  p e r m i s s i b l e  w e e k l y  a b s o r b e d  

d o s e  b e i n g  r e a c h e d  o v e r  a s m a l l  p a r t  o f  t h e  body w i t h i n  

s e v e r a l  h o u r s .  O p e r a t o r s  o f  t h e  i n s t r u m e n t  t h u s  w i l l  be 

t r a i n e d  s o  t h a t  a c c i d e n t a l  d i r e c t  e x p o s u r e  may be k e p t  t o  a 

minimum. N o t w i t h s t a n d i n g  t h e  u n i i k e l y h o o d  of  r e a c h i n g  t h e  

p e r m i s s i b l e  a b s o r b e d  d o s e  r n o n - r a d i a t i o n  w o r k e r s ,  i t  i s  

e n v i s a g e d  t h a t  o p e r a t o r s  w i l l  be r e g i s t e r e d  a s  r a d i a t i o n  

w o r k e r s  a n d  t h a t  r o u t i n e  p e r s o n n e l  m o n i t o r  i ng  w i l l  be 

implemented.



F

15?

From t h e  a bo ve  m e n t i o n e d  c o n s i d e r a t i o n s  i t  s h o u l d  be 

c l e a r  t h a t  a l l  p o s s i b l e  p o t e n t i a l  s a f e t y  h a z a r d s  have been 

a d e q u a t e l y  t a k e n  c a r e  o f  and a r e  s o  s m a l l  t h a t  t h e y  need no t  

be o f  c o n c e r n  f o r  g e n e r a l  a p p l i c a t i o n  o f  t h e  g o l d  a n a l y s e r  

i n  t h e  h a r s h  mining  e n v i r o n m e n t .

1
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14 KBJUl'I j  Jt' ftit, FLUuRljvuNwl MB. 100

AO t e s t  t h e  f e a s i b i l i t y  o i  t n e  me t ht -a  a n a  t o  t e s t  

i n a t e u m e n t a t i o n ,  a s e r i e s  of  measurements  hau t o  t e  c a r r i e r  

o u t  u n d e r g r o u n d .  Tne f i r s t  modular  i n s t r u m e n t  was i n s t a l l e d  

i n  a s t o p e  a t  L e s l i e  Gol  , M ne L t d . .  The f i r s t  p r o t o t y p e  

p o r  t u o l e  a n a l y z e r  was t r i e d  on a n u m ber  o t  p a i e l t  a t  

. i a r  i e v a l e  Go ld  Mine L t d .  and i n  an e x p e r i m e n t a l  s t o p e  a t  

d l y v o o r u i t z i c h t  G o l d  M i n e  L t u .  T e s t i n g  a t  t u i s  s i t  

c o n t i n u e d  w i t h  t h e  secand  and t h i r d  p r o t o t y p e  a n a l y z e r s .

l , . l  l e a s ureme n t s  a t  L e s l i e  Gold_Mirie L tu^—

1 4 . 1 . 1  equipmen t  

The a n a l y s e r  c o n s i s t e d  o t  an e l e c t r o n i c  package c o nn ec t e d  t o  

a p o r t a b l e  measu r ing  p robe  by a 13m c a b l e .

The p a c x a g e  c o m p r i s e d  a m o d u l a r  t h r e e - c h a n n e l  p u l s e  

h e i g h t  a n a l y s e r  w i t h  p i l e - u p  r e j e c t o r  and c o n s t a n t  v o l t a g e  

power s u p p l i e s ,  mounted i n  a t e m p e r a t u r e - c o n t r o l l e d  box.  The 

box d i m e n s i o n s  we re  a p p r o x i m a t e l y  0 , 6 x 0 , 6 x 1 , 2m ana weighed

ab o u t  100 kg.

Tne  m e a s u r i n g  p r o b e  c o n s i s t e d  o t  a l u u m c i  C d - l u S  

r a d i o i s o t o p e  p o i n t  s o u r c e  i n  a t u n g s t e n  cu p  o t  o u t s i d e  

d i a m e t e r  3mm mounted c o n c e n t r i c a l l y  3mm in  f r o n t  of  a 

n y p e r p u r e  Ge d e t e c t o r .  The  d e t e c t o r  was c o o l e d  by l i q u i d  

n i t r o g e n  h e l d  i n  a p o r t a b l e  t w o - l i t r e  o m n i d i r e c t i o n a l  

u r y o s t a t .  An a n a l o g  r a t e m e t e r  f u n c t i o n e d  a s  an  e f f e c t i v e  

d i s t a n c e  m e t e r .  The p r o b e  was t r i p o d  moun ted  an a  weigheu
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a o o r o x i m a t e l y  11 kq w.ien f u l l  o f  l i q u i l  n i t r o g e n .

1 4 . 1 . 2  Te a t  s i t e  

The t e s t s  we re  c a r r i e d  o u t  in t h e  w e s t e r n  a r e a  of  t h e  mine 

I n  s t o o e  11A 28 Too on t h e  two  e a s t  o a n e l s  a d j a c e n t  t o

e n d - t i o o e r  t r a c k  No.4.

Compared  w i t h  s amo le s  from o t h e r  c a r t s  o f  t h e  mine,  t he  

v a l i e s  o f  c n i p  samoles  f rom th e  w e s t e r n  a r e a ,  as r e v e a l e d  by 

r e p e a t  s a m p l i n g  o f  o r e v i o u s  s s m o l i n q  c h a n n e l s ,  i n d i c a t e  a 

much l a r g e  s c a t t e r .  Even t h o u g h  t h e  r a t i o  of  o r o j e c t e d  

a m o l e d  a r e a  t o  o r o j e c t e d  mined  a r e a  o f  t h e  r e e f  i n  t h e  

w e s t e r n  a r e a  was more t h a n  t e n  t ime s  g r e a t e r  t han  t h a t  foi  

t h e  r e s t  o f  t h e  mine ,  e v a l u a t i o n  o f  t h e  a v e r a g e  g r a d e  o f  

i n d i v i d u a l  s t o o e  f a c e t ,  i n  t h e  w e s t e r n  a r e a  wa s  more  

d i f f i c u l t  t h a n  e l s e w h e r e  in t he  mine .

I n  t h e  t e s t  o a n e l s  a s i n g l e  r e e f - b a n d  was l o c a t e d  e a s i l y  

a t  t h e  c o n t a c t  be tween t h e  l i g h t - c o l o u r e d  q u a r t z i t e  hanging  

w a l l  an d  t h e  d a r k  s h a l e  f a o t w a l l .  The t h i c k n e s s  o f  t h e  

r e e f - b a n d  v a r i e d  f rom a few c e n t i m e t r e s  t o  v i r t u a l l y  z e r o .  

The s u r f a c e  o f  t h e  f a c e  was p a r t i c u l a r l y  rough a c r o s s  t h e  

c o n t a c t  w h e r e  t h e  m e a s u r e m e n t s  we re  made.  S t e o s  o f  a few 

c e n t i m e t r e s  o f t e n  o c c u r r e d  a t  t h e  c o n t a c t .

The s t o p i n g  w i d t h  r a n g e d  from 350mm t o  1m, t he  d io  was 

a p p r o x i m a t e l y  a t  an a n g l e  o f  2 0 ° ,  and t h e  t e m o e r a t u r e  29 v 

d r y - b u l b .

1 4 . 1 . 3  Expe r i m e n ta l  

The e l e c t r o n i c  p a c k a g e  an d  m a i n s  s u o o l y  were  i n s t a l l e d  in 

t h e  e n d - t i p p e r  t r a c k  f o r  f o i l  w e e k s .  The o robe  was f i l l e d  

d a i l y  w i th  l i q u i d  n i t r o g e n  on s u r f a c e .
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At  t n e  B e g i n n i n g  o f  e ac l .  . n l f t  t e s t s  were male In t h e  

t r a c k  f o r  t h e  o r e s e n c e  of  methane;  a s  a f u r t h e r  o r e c a u t l o n  a 

) e t  o f  c o m p r e s s e d  a i r  a s  d i r e c t e d  o v e r  t h e  e l e c t r o n i c  

package .  The t e m p e r a t u r e  c o n t r o l l e r  was t h e n  s w i t c he d  on and 

t h e  e l e c t r o n i c  c a l i b r a t i o n  o f  t h e  I n s t r u m e n t  was c h e c k ed .

A c o n t i n u o u s  row o f  r e c t a n g l e s ,  150mm wide and 90mm h igh  

( f r o m  55mm a b o v e  t h e  c o n t a c t  down t o  25mm i n t o  t h e  s h a l e )  

w a s  m a r k e d  a l o n g  t h e  f a c e  by  a a a m o l i n g  o f f i c i a l .  

M e a su r e m e n ts  were made c e n t r a l l y  on  b o t h  h a l v e s  o f  e a c h  

r e c t a n g l e .  The r e c t a n g l e s  were  a f t e r w a r d s  c h i o  sampled .

C o a r s e  e d j u s t m e n t s  o f  t h e  t r l o o d  f o r  p o s i t i o n i n g  t h e  

p r o b e  c e n t r a l l y  i n  f r o n t  o f  e ach  h a l f  r e c t a n g l e  was r a t h e r  

d i f f i c u l t  l . i  t h e  s t o p e ,  and u s u a l l y  r e q u i r e d  more t ime t h a n  

t h a t  n e e d e d  f o r  t h e  a c t u a l  c o u n t i n g ,  f i n e  ad ju s tm en t  t o  a 

p r e c a l i b r a t e d  40mm e f f e c t i v e  o r o b e - s a m o l e  d i s t a n c e  c o u l d ,

however § be made w i t h i n  second#e

At  c o n v e n i e n t  p o i n t s ,  where a h i g h  go ld  v a l u e  was found 

b y  t h e  m e a s u r e m e n t ,  r e f e r r e d  t o  e b o v e .  a  f ew  . » t t a  

m e a s u r e m e n t s  we re  made t o  e x p l o r e  t h e  s p a t i a l  d i s t r i b u t i o n  

of  t h e  g o l d  i n  t h e  r e g i o n  i n  wh ich  i t  was c o n c e n t r a t e d .

The d i s t a n c e  r e s o l u t i o n  f o r  t h e  c a l i b r a t e d  measur ing  

g e o m e t r y  u s e d  w a s  s u f f i c i e n t  t o  sh o w  t h a t  v e r t i c a l  

d i s t r i b u t i o n  o f  g o l d  was  no more t h a n  50mm. Abruot  changes  

i n  c o n c e n t r a t i o n  w e r e  o b s e r v e d  o v e r  a b o u t  20mm i n  t h e  

d i r e c t i o n  n o r m a l  t o  t h e  f e e s .  T h i s  e v o lv e d  from r a o e a t  XAF 

measurement a f t e r  ' ' h i p  aamol inq e

1 4 . 1 . 4  g e t m l l a _ g f J t h e _ f l u o r e s c e n c e j m e e s u r e m e n t s

i n  t h e  t e s t s  t h e  p robe  was a d j u s t e d  b e f o r e  each measurement  

t o  g i v e  a t o t a l  c o u n t  r a t e  e q u a l  t o  t h a t  o b t a i n e d  when t h e
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^robe was 40mm from a smooth rock  s u r f a c e .  I t  was c a l c u l a t e d  

t h a t  a t  t h i s  d i s t a n c e  t h e  s a m p l e  o f  s o l i d  r ock  f rom which 

more t h a n  90% o f  t h e  m e a s u r e d  i n t e n s i t y  was r e c e i v e d  was 

e q u i v a l e n t  t o  a b ow l - sh a pe d  mass 10cm in  d i a m e t e r  and 2,5cm 

deep .

The i n s t r u m e n t  was i n i t i a l l y  c a l i b r a t e d  by means  o£ 

p o w d e r e d  Homogeneous  s a m p l e s .  The c a l i b r a t i o n  was  l a t e r  

a d j u s t e d  t o  t h e  i n h o m o g e n c o u s ,  l a y e r e d  s t r u c t u r e  o f  t h e  

r e e f .  I t  was l a t e r  f o u n d  t h a t  t h i s  a d j u s t m e n t  had n o t  been  

q u i t e  a c c u r a t e #  and t h a t  t h e r e  h« ^ been  some r e s i d u a l  b i a s .  

A more p r e c i s e  c a l i o r a t i o n  f a c t o r  f o r  a l a y e r e d  s t r u c t u r e  

s t i l l  had t o  be d e t e r m i n e d .

i t  was r e a l i z e d  t h a t  t h e  t h i c k n e s s  o f  t h e  g o l d - b e a r i n g  

l a y e r  i n f l u e n c e s  t h e  c a l i b r a t i o n  t a c t o r  t o  some e x t e n t .  I n  

t h e s e  t e s t s  t n c  t n i c k n c s s  o f  t n e  v i s i b l e  r e e l  was  

c o n s i s t e n t l y  l e s s  t h a n  5umn.. i t  was e s t i m a t e d  t n a t  any  

v a r i a t i o n  i n  t h i c k n e s s  b e t w e e n  0 and  50mm cou ld  o n l y  nave 

r e s u l t e d  i n  a s n i f t  i n  t he  c a l i b r a t i o n  f a c t o r  of  l e s s  t h an  

about  7%.

Tne e x p o s e d  r e c k  f a c e  was m e a s u r e d  a t  f i x e d  p o s i t i o n s  

o r  two c o u n t i n g  p e r i o d s  o f  100 s e c o n d s  e a c h .  The c o u n t s  

a n a l y s e d  i n  e a c n  c h a n n e l  we re  d i s p l a y e d  on  t n e  e l e c r o n i c  

p a c k a g e .  The g o l d  c o n t e n t  e x p r e s s e d  i n  t e r m s  of  e i t h e r  g / t  

o r  c m . g / t  c o u l d  t h e n  be  c a l c u l a t e d  d i r e c t l y  f r o m t h e  

r e a d i n g s .

The random c o u n t i n g  e r r o r  amounted t o  an a lm o s t  c o n s t a n t  

■sbsolu te  s t a n d a r d  d e v i a t i o n  o f  J 7 g / t  o r  1 4 0 c m . g / t  go ld  i n  

eaCti p a i r  o f  a n a l y s e s ,  b e c a u s e  o f  t h i s  s t a t i s t i c a .  e r r o r ,  

n e g a t i v e  v a l u e s  f o r  t he  g o l d  c o n t e n t  were somet imes  o b t a i n e d
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a t  low c o n c e n t r  i o n s  ( <25g/1  o r  2 0 0 c m . g / t ) .

The c o e t £ i c i e n t  o£ v a r i a t i o n , , CV, i . e .  t h e  r e l a t i v e  

s t a t i s t i c a l  e r r o r , v a s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  g o l d  

c o n c e n t r a t i o n ;  t h e  t o t a l  r andom e r r o r  i n  t h e  f l u o r e s c e n c e  

s a m p l i n g  and  a n a l y s i s  o f  i n d i v i d u a l  v a l u e s  below 1 0 0 0 c m . g / t  

was  t h u s  p r e d o m i n a n t l y  t h e  l i n e a r  1 4 0 c m . g / t  s t a n d a r d  

d e v i a t i o n  r e s u l t i n g  from c o u n t i n g  s t a t i s t i c s .

1 4 . 1 . 5  D e t a i l s  o f  c h i p  s a m p l i n & a n d ^ a n a l ^ s i s  

C h i p  smamples  a t  t h e  mine  had a nomina l  s t a n d a r d  h e i g h t  i f  

80mm and a n o m i n a l  d e p t h  o t  20mm i n t o  t he  f a c e .  A nomina l  

width  of ISumm was c h ip p e d  i n  t h e  t e s t s  t o  p e r m i t  co mp a r i so n  

w i th  f l o u r e s c e n c e  measu remen t s  made a t  two a d j a c e n t  p o i n t s .

At t h e  t e s t  s i t e  i t  was d i l f i c u l t  t o  c u t  s am p le s  o f  t h e  

r e q u i r e d  s i z e  b e c a u s e  o t  t h e  t r a n s i t i o n  from q u a r t z i t e  in 

t h e  n a n g in g w a l l  t o  s n a l e  i n  t h e  f o o t w a l l .  The c h i p p i n g  d c p t n  

o i  i n d i v i d u a l  s a m p le s  was o b s e r v e d  t o  va ry  from bmm t o  60mm 

o v e r  t h e  h e i g h t  o i  t h e  s a m p l e ,  wh i l e  the mean h e i g h t  v a r i e d  

■com 60 t o  100mm and  t h e  mean w i d t h  from 120 t o  22Umm. In 

i . t h c r  word s  t h e  r a t i o  o f  s a m p l e  mass  t o  p r o j e c t e d  a r e a  oi  

t h e  g o l d - b e a r i n g  p a r t  o t  t h e  s a m p l e  v a r i e d  s i g n i f i c a n t l y ,  

w h i c n  d o e s  a f f e c t  t h e  e v a l u a t i o n  when s a m p l i n g  a t h i n  

l a y e r e d  d e p o s i t .  I t  would be e x t r e m e l y  d i f f i c u l t  t o  overcome 

v a r i a t i o n s  o t  t h i s  k i n d  i n  t h i s  p a r t i c u l a a r  a r e a  and t he  

p r e c i s i o n  o l  t h e  r e s u l t s  o b t a i n e d  would be s i g n i f i c a n t l y

a f f e c t e d  f o r  t h i s  r e a s o n .

The t i m e  t a k e n  t o  c h i p  a s a m p l e  was a p p r o x i m a t e l y  t he  

same a s  t h e  a c t u a l  c o u n t i n g  t ime ( e x c l u d in g  s e t - u p  t ime)  in

t n e  f l u o r e s c e n c e  m e a s u r e m e n t  o t  t h e  same s a m p le .  I he  c h i p  

s a m p l e s  were  t a k e n  t o  t h e  a s s a y i n g  d e p a r t m e n t  where  t hey



were  i n d i v i d u a l l y  c r u s h e d ,  y round  t o  -15U/im and we l l  mixed,  

d u p l i c a t e  t i r e  a s s a y s  t o r  g o l d  on w e i yne d  p o r t i o n s  0 1  t h e  

homogeneous sample  a g re e d  t o  w i t h i n  a b o u t  l U c m .g / t .

1 4 . 1 . 6  Comp a r i s o n  o t  XKF and c n i p  sample  v a l u e s  

i n  F i g u r e  1 4 . 1  t i r e  a s s a y  v a l u e s  o t  s e v e r a l  c o n t i g u o u s  

g r o u p s  o t  i n d i v i d u a l  c h i p  s a m p l e s  a r e  p l o t t e d ;  d i r e c t l y  

aoove t h e s e  t he  c o r r e s p o n d i n g  t l u o r e s c e n c e  v a lu e s  a r e  shown, 

i t  w i l l  b e  o b s t r v e u  t h a t  t h e r e  i s ,  g e n e r a l l y ,  g o o u  

c o r r e l a t i o n  be tween t he  upper  and lower  p a t t e r n s .  I he  means 

o t  s a m p l e  g r o u p s  a r e  g i v e n  i n  l a b l e  1 4 . 1 ,  a n d  t h e  

c o r r e l a t i o n  c o o t  t i c i e n t s  b e t w e e n  XRt and  c h i p  v a l u e s  i n  

i ' a b l e  1 4 . j ,  and t he  p r o b a b i l i t y  t h a t  t n e  c o e t t i c i e n t s  c ou ld  

i .ave r e s u l t e d  t r om  p u r e l y  r ando m f l u c t u a t i o n  i s  e v a l u a t e d  

u s i n g  a t r a n s f o r m a t i o n  due  t o  R . A . F i s h e r  ( u a v i e s  1 9 5 u ) .  

u r o u p  m e a n s  a n a  t h r i r  s t a n d a r d  d e v i a t i o n s  a r e  shown i n  

f i g u r e  1 4 . 2 .

i j b l e  14.1 Compar i son  ol  means o t  ARF and ch ? samples  

oamole g roup  XkF i-iean Chip  Mean d

A 9, 7 l u  , 4 in

ti 5u 56 19

C 77 93 10

0 JB 3d 23

L 57 09 27

F 120 l u J 19

u 4 J 17 ,7 29

d IB 32 16

t o  u o 2 ,9 (y-6u)  * 5 7 ,7  K - V 2 , M 136

F anu ;!•* 6 7 , 9 (<'■‘64 ,9) 6 0 , J (r' * 7 7 , o ) l u7

* cr’ ■ s t a n d a r d  d e v i a t i o n  o t  mean

** Croup v e i i m i n a t e u  becau se  t h e  r e s u l t s  e r e  s u s p e c t
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rk:is s t a t i s t i c t .  a n a l y s i s  s h o ^ s  t h a t  t he  means o£ t he  

r e s u l t s  o b t a i n e d  from c h i p  samol inq  and a s s a y i n g  ag ree  ve ry  

w e l l  w i t h  t h o s e  o b t a i n e d  by t h e  f l o n r e s c e n c e  method.  Th is  

h o l d s  t r u e  f o r  c o r r e s p o n d i n g  r e s u l t s  o b t a i n e d  f r o m  

i n d i v i d u a l  m e a s u r e m e n t s  w e l l  a s  t h o s e  f rom g r o i H ^ ^ H

c o n t i g u o u s  s amp le s .

Once t h e  c l o s e  U n e a r  r e l a t i o n a h i o  between *:he XRF and

t h e  c h i p  v a l u e s  had  b e e n  shown,  e s t i m a t e s  o f  t h e  v a r i a t i o n  

i n  t h e  u n d e r l y i n g  go ld  d i s t r i b u t i o n  and o f  t h e  v a r i a t i o n  in 

t n e  c h i p  s am p l i ng  method cou ld  be made,  s i n c e  t he  v a r i a t i o n  

i n  t h e  XRF m e t h o d  was  r e a s o n a b l y  w e l l  known and  s m a l l  

b e c a u s e  o f  t h e  l a r g e  numoer o f  r e p e a t  measurements  done .

The c o e f f i c i e n t  o f  v a r i a t i o n ,  i . e .  r e l a t i v e  s t a n d a r d  

d e v i a t i o n  c f  m e a s u r e d  v a l u e s  i s  made up o f  t he  c o e f f i c i e n t  

o f  v a r i a t i o n  o f  m e a s u r i n g ,  CV„, and t h a t  of  t h e  u n d e r l y i n g  

g o l d  d i s t r i b u t i o n ,  CVg , summed in  q u a d r a t u r e :

cv2 ■ cv2 + cvj
T h e  XRF m e a s u r e m e n t s  h a v e  a CV2 -  ( 6 0 / 6  2 , 1 )  - 0 ,  9 1

( e x c l u d i n g  g roup  G, CV2 " < 6 4 , 9 / 6 7 , 9>2 ■ 0 , 9 1 ) .  The s t a n d a r d  

d e v i a t i o n  o f  t h e  XRF m e a s u r e m e n t s ,  known f rom P o i s s o n  

s t a t i s t i c s ,  i s  a p p r o x i m a t e l y  1 7 g / t ,  w h i c h  g i v e s  

CV2 * ( 1 7 / 6 2 , 9 ) 2 * 0 r 07 (* 0 ,06  e x c l u d i n g  grouo G ) .

Thus  CVg -  /TTTTT -  0 , 9 2  ( - 0 , 9 2  e x c l u d i n g  g rouo  G) . I t  

c a n  r e a s o n a b l y  a s s u m e d  t h a t  f o r  o v e r  100 c o r r e s p o n d i n g  

m e a s u r e m e n t s  t h e  u n d e r l y i n g  CVq must  have bean v e ry  s i m i l a r  

f o r  b o t h  t h e  f l u o r e s c e n c e  and c h i p  v a l u e s .  The measured c h i o  

v a l u e s  have CV2 -  ( 7 2 , 7 / 5 7 , 7 )  2 -  1 , 59  ( - 1 , 2 8  e x c l u d i n g  grouo 

G ) f  s u b t r a c t i n g  t h e  CV2 f o u n d  a b o v e  l e a v e s  f o r  t h e  c h i o  

s a m p l i n g  p l u s  a s s a y i n g  CV„ -  / 7 77 T  -  0 , 9 7  ( - 0 , 6 6  e x c l u d i n g
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o r oup  G ) «

The d e r i v a t i o n  o f  t h e  v a l u e  of  t h e  CVm fo r  c h i o  s a n o l i n g  

and a s s a y i n g  i s  i n s e n s i t i v e  t o  e r r o r s  i n  t h e  e s t i m a t i o n  o f  

t h e  CV,,, o f  t h e  f l u o r e s c e n c e  measurement .  I t  doe s ,  however , 

r e l y  on  t h e  a s s u m p t i o n  o f  a s i m i l a r  v a l u e  f o r  CVg wh ich  

b e co m es  l e s s  a c c u r a t e  when f ewer  t h a n  a b o u t  100 s amoles  a re  

compared.

T h e s e  c a l c u l a t i o n s  show t h a t  t h e  v a r i a t i o n  i n  t h e  

f l u o r e s c e n c e  m e th od  i n  t h e s e  t e s t s  was much l e s s  t h an  t h e  

v a r i a t i o n  i n  t h e  c h i p  s am o l i ng  method f o r  eq ua l  c h i o p i n g  and

measu r ing  t i m e s .

T h e  a b o v e  c u m o a r I s o n  may a l s o  b e  i n t e r o r e t e d  a s  

i n d i c a t i n g  t h a t  f o r  a s o e c i f i c  m e a s u r i n g  o r e c l s i o n  t n c  

f l u o r e s c e n c e  measurement  was a o o p r o s i m a t e l y  t a n  t im e s  f a s t e r  

t h an  t h e  t a k i n g  o f  c h i o  s a m o le s .

1 4 . 1 . 7  D i s c u s s i o n  

The  r e s u l t s  f r om t h e  s i t e  a t  L e s l i e  Go ld  q i n e s  L t d .  h a 3 

e no wn  t h a t  a t  t h a t  s i t e  i t  was  f e a s i b l e  t o  o e r f o r m  t h e  

i n  s i t u  d e t e r m i n a t i o n  o f  g o l d  on a s t o o e  f ace  by means o f  a 

g a m m a - ra y  f l u o r e s c e n c e  a n a l y s e r , I t  was  a l s o  f oun d  t h a t ,  

w h e r e a s  a c o n t i n u o u s  s amole  a long  t h e  f a c e  y i e l d s  t h e  t r u e  

g ve  t  f  g v v a l u e  o f  t h e  f a c e ,  s a m o l e s  t a k e n  o v e r  s h o r t  

d i s t a n c e s  ev e r y  few m e t r e s  may n o t  g i v e  a t r u e  r e f l e c t i o n  of  

t h e  v a l u e .

W h e t h e r  t h e  f e a s i b i l i t y  c o u l d  be  d e m o n s t r a t e d  a t  any 

o t h e r  s i t e  was n o t  c e r t a i n .  I t  was t h o u g h t  t h a t  in  go i ng  t o  

wide r  r e e f s  o r  r o ck  w i t h  b e t t e r  c h i o p i n g  c h a r a c t e r i s t i c s  t he  

c h i p  s a m p l i n g  p r e c i s i o n  c o u ld  p o s s i b l y  imorove t o  a g r e a t e r  

e x t e n t  t h a n  t h e  p r e c i s i o n  i n  t h e  XRf m e a s u r e m e n t s .  The



1 6 )

o b s e r v e d  t e n - C o l d  s o e e d  a d v an t ag e  o f  t h e  XRF measurement ,  

wnen a d j u s t i n g  t h e  m e a s u r e m e n t  t i m e  t o  o b t a i n  t h e  s a n e  

p r e c i s i o n  <is i n  c h i o  s a m o l i n g ,  would  t h e  be somewhat  

d i m i n i s h e d  b u t  even  f o r  very  wido r e e f s  o f  muc* lower l o c a l  

c o n c e n t r a t i o n  i t  was t h o u g h t  t h a t  t h e r e  should  s t i l l  r ema in

some a d v an t ag e .

W h i l e  i t  had been shown a t  L e s l i e  t h a t  t h e  f l u o r e s c e n c e  

m e t h o d  o f  m e a s u r e m e n t  was f e a s i b l e , i t  had n o t  y e t  b e e n  

shown t h a t  i t  was p r a c t i c a l .

I n  t h e  t e s t s  t h e  o v e r a l l  m e a s u r i n g  s o e e d ,  i n c l u d i n g  

p o s i t i o n i n g  of  t h e  o r o b e ,  was f a r  s l o w e r  t h a n  t he  a c t u a l  

m e a s u r i n g  s o e e d .  To make t h e  method  o r a c t i c a l  and  t h u s  

a t t a i n  t h e  a b o v e  m e n t i o n e d  s o e e d  a d v a n t a g e  o v e r  c h i o  

s a m p l i n g ,  a f a r  l i g h t e r  and more r o b u s t  i n s t r u m e n t  t h a n  was 

u s e d  i n  t n e s e  t e s t s  had t o  be d e v e l o o e d .  I t  was r e a l i s e d  

t h a t  t h e  e l e c t r o n i c  pa ckage  needed t o  be e a s i l y  p o r t a b l e  b u t  

t h e  p r o b e ,  i n  p a r t i c u l a r ,  h a d  t o  be  c o n v e n i e n t  f o r  

c o n t i n u o u s ,  r a p i d  hand  s can n i ng  o f  t he  f a c e .  At t h a t  s t a g e  

t h e  deve lopmen t  e n t a i l e d  l a r g e l y  an a d a o t i o n  and i n t e g r a t i o n  

of  t e c h n o l o g y  t h e n  a v a i l a b l e  and d i d  n o t  aooea r  t o  p r e s e n t  

any fu nd am en ta l  d i f f i c u l t i e s .

T h e  e q u i p m e n t  u s e d  i n  t h e s e  t e s t s  was f o r  v a r i o u s  

r e a s o n s  o p e r a t e d  c o n s i d e r a b l y  be lo w  i t s  maximum measur ing  

s p e e d .  The e x p e r i e n c e  g a i n t d  i n  t h e s e  t e s t s  l ed  t o  s e v e r a l  

s i m p le  m o d i f i c a t i o n s  i n  f  e d e s i g n  o f  su b s eq u e n t  i n s t r u m e n t s  

which r e s u l t e d  i n  ab o u t  an o r d e r  o f  magni t ude  i n  i n c r e a s e  i n  

measur ing  s o e e d .

At  t h a t  s t a g e  l i t t l e  was known a s  t o  what  t h e  oc t imun  

m e a s u r i n g  s p e e d  s h o u l d  b e .  I t  was  r e a l i z e d ,  however ,  t h a t



t h e  n e d s u t  i n q  s p e e d  r e l a t e s  t h e  m e a s u r e m e n t  t i m e  of  an 

e f f e c t i v e  amoun t  o f  r o c k  t o  t h e  measurement  o r e c i s i o n ,  and 

t h a t  t h e s e  p a r a m e t e r s  c an  be m a n i o u l a t e d  a t  w i l l  t o  s u i t  t he  

p r e c i s i o n  r e q u i r e m e n t .

The t e s t s  showed t h a t  w i t h  t h e  r i g h t  i n s t r u m e n t  t h e  

o v e r a l l  m e a s u r i n g  s p e e d  cou ld  be a t  l e a s t  I n c r e a s e d  t o  t e n  

t im e s  t h e  c h i p o l n g  speed  under  most  s i t u a t i o n s .

I n  t h e s e  t e s t s  t h e  i n s t r u m e n t  was m e a s u r i n g  in  f i x e d  

p o s i t i o n s .  I t  i s  p o s s i b l e  t o  m e a s u r e  a l a r g e  number  o f  

d i s c r e t e  s a m p l e s  i n  t h i s  way t o  o b t a i n  a o r e c i s e  a v e r a g e . 

The s am p l i ng  s t a t i s t i c s  o f  many d i s c r e t e  samples  measured t o  

h i g h  p r e c i s i o n  a r e ,  h o w e v e r ,  p o o r e r  t h a n  t ho se  o f  a l a r g e  

num ber  o f  p r a c t i c a l l y  i n d e p e n d e n t  s m a l l  s a m p l e s  su c h  a s  

wou l d  r e s u l t  f rom t h e  c o n t i n u o u s  e x a m i n a t i o n  o f  a f a c e  by 

f l o u r e s c e n c e  s c a n n i n g  f o r  t h e  same t o t a l  m e a s u r i n g  t i m e . 

Scann ing  o f  a f a c e  t o  o b t a i n  an a v e r a g e  v a l u e ,  when t h e  go ld  

i s  v e r y  h e t e r o g e n e o u s l y  d i s t r i b u t e d ,  i s  l i k e l y  t o  y i e l d  a 

f a r  b e t t e r  e s t i m a t e  o f  t h e  t r u e  v a l u e  o f  t h e  f a c e  t h a n  c h i o  

s a m p l i n g  a t  a few f i x e d  p o s i t i o n s .  T h i s  i s  so  i n  s u i t e  o f  

t h e  f a c t  t h a t  t h e  t o t a l  volume o f  r ock  " sampled"  may be l&ss 

i n  t h e  c a s e  o f  f l u o r e s c e n c e  measurement  by s c an n i n g  t han  in 

t h e  c a s e  o f  c h i p  s a m p l i n g .  I t  may be no t e d  t h a t  s can n i ng  may 

a c t u a l l y  t a k e  more  t i m e  t h a n  c h i p  s a m p l i n g ,  b u t  i t  i s  

c o n t e n d e d  t h a t  t h e  v a l u e  of  a c h o s e n  s a m p l i n g  s t r a t e g y  

c a m o t  be j u d g e d  on t h e  t i m e  t a k e n  f o r  s a m p l i n g  any more 

t h a n  i t  c a n  be  j u d g e d  on t h e  w e i g h t  o f  s a m p l e  t a k e n .  The 

o n l y  j r i t o r i o n  i s  w h e t h e r  t h e  r e s u l t s  o f  s a m p l i n g  enab l e  

b e t t e j  m i n i n g  d e c i s i o n s  t o  be t a k e n ,  s o  a s  t o  i n c r e a s e  t he  

o v e r a l l  p r o f i t a b i l i t y  o f  m in i n g .  Whether  s c an n i ng  would i n

ffj | 7®
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f a c t  oe t ml t  an im o r o v e d  samp l ing  s t r a t e g y  t o  be d e v e l o o e i ,  

s t i l l  h a d  t o  be  t e s t e d ,  and i n d i c a t i o n s  we re  t h a t  t h i s

l oo ked  v e r y  p r o m i s in g .

A n o t h e r  i n o o r t a n t  a d v a n t a g e  o f  t h e  f l u o r e s e n c e  method 

wa s  e x p e r i e n c e d ,  n a m e l y ,  t h a t  s p o t  o r  a r e a  v a l u e s  a r e  

i m m e d i a t e l y  a v a i l a b l e  and  t h a t  t h i s  c o u l d  be of  g r e a t  

a s s i s t a n c e  i n  l o c a t i n g  a nd  t r a c i n g  I n v i s i b l e  g o l d  ba nds ,  

t h u s  making p o s s i b l e  improved s amo l ing  s t r a t e g i e s .

*«fc was co nc lu de d  t h a t  t h e  f i r s t  underg round  t e s t s  o f  t he  

g a m m a - r a y  f l u o r e s c e n c e  t e c h n i q u e  had p roved  t h e  f e a s i b i l i t y  

of  t h e  t e c h n i q u e  f o r  o r e  v a l u a t i o n  a t  t he  o r e s e n t  o r e  pay 

l i m i t  i n  a l o c a t i o n  whero s amo l ing  was by no means e a s y ,  and 

t h a t  I m o r o v ed  e q u io m e n c  was  r e q u i r e d  t o  c o n d u c t  f u r t h e r  

t e s t s .

14.2  F i t s t - p r o t o t y oe r e s u l t s  from Ma r i eva l e  Gold Mine 

The f l u o r e s c e n c e  m e a s u r e m e n t s  e x p e r i m e n t  a t  Ma r i eva l e  gold  

m i n e  w a s  d e s i g n e d  t o  d e t e r m i n e  t h e  r e p r o d u c i b i l i t y  of  

m e a s u r e m e n t s  when a l l  t h e  s o u r c e s  o f  e r r o r  were t aken  i n t o  

a c c o u n t .  The  r e l a t i v e  m a g n i t u d e s  of  t h e  d i f f e r e n t  t y p e s  o f  

e r r o r  w e r e  i n v e s t i g a t e d  t o  c o n f i r m  t h a t  t h e r e  we re  no

u n a c c e p t a b l y  l a r g e  e r r o r s .

On b l o c k  N o . 25 ,  t h i r t y  c o n t i g u o u s  samoles  were marked 

o f f  a n d  s c a n n e d  28 t i m e s  o v e r  a p e r i o d  of  a m on th .  The 

r e s u l t s  a r e  g i v e n  i n  T a b l e  1 4 . 3 .  The mean v a l u e  o f  a l l  t he  

m e a s u r e m e n t s  was 359 c m . g / t ,  b u t  t h e  s e r o  v a l u e  o f  t he  

i n s t r u m e n t  d r i f t e d  c o n t i n u o u s l y  and was t h e r e f o r e  measured 

f r e q u e n t l y .  I n t e r p o l a t i o n  of  t h e s e  " s e r o "  mesurements  f o r  

t h e  28 s c a n s  g a v e  a mean s e r o  o f f s e t  o f  1 4 8 c m . g / t  so  t h a t  

t h e  a v e r ag e  g o l d  v a lu e  was 2 1 1 c m . g / t .  The 30x29 measurements
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were a n a l y s e d  t o  o b t a i n  an i n d i c a t i o n  o f  t h e  d i s t r i b u t i o n  o f  

g o l d  a t  t h e  s a mo l ing  s i t e ,  o f  t h e  o v e r a l l  g e o m e t r i c a l  e f f e c t  

and o f  t h e  i n s t r u m e n t  c a l i b r a t i o n  s t a b i l i t y  over  a oe r i o d  of 

a m o n th .  Pour  t y p e s  o f  s t a n d a r d  d e v i a t i o n s  were c a l c u l a t e d :  

Sc t h e  t h e o r e t i c a l  c o u n t i n g  s t a n d a r d  d e v i a t i o n ,  Sg t h e  

o v e r a l l  g e o m e t r i c a l  s t a n d a r d  d e v i a t i o n  f o r  an  i n d i v i d u a l  

m e a s u r e m e n t ,  Sd t h e  i n s t r u m e n t a l  d r i f t  s t a n d a r d  d e v i a t i o n  

f o r  s u c c e s s i v e  m e a s u r e m e n t s ,  and S Au t h e  I n h e r e n t  g o l d  

s t a n d a r d  d e v i a t i o n l c  t h e  g roup  o f  t h i r t y  s am o le s .  These  a re  

s e t  o u t  i n  T a b l e  1 4 . 3  w h e r e  t h e  s u b s c r i p t s  i  and j  f o r  a 

m e a s u r e d  v a l u e  x l f j  r e f e r  t o  t h e  s a m o l e  n u m b e r  a n d  

s u c c e s s i v e  measurement  number r e s o e c t i v e l y , i . e .  t o  t h e  i

row and column in  Table 14 .3 .

E v e r y  I n d i v i d u a l  m e a s u r e m e n t  i s  s u b j e c t  t o  a c o u n t i n g  

e r r o r , 3 C, a n d  a g e o m e t r i c a l  e r r o r ,  S g , a n a l o g o u s  t o  

a s s a y i n g  an d  s a m p l i n g  e r r o r s  i n  : h i o  s a m o l i n g .  When t h e  

s a m e  s a m p l e  i s  s c a n n e d  r e p e a t e d l y  o v e r  many d a y s  t h e  

o b s e r v e d  s t a n d a r d  d e v i a t i o n  I n c l u d e s  t h e  I n s t r u m e n t a l  d r i f t  

Sd f rom sc an  t o  s c a n ,  a s  I n  e q u a t i o n s  14 .1  and 14 .4  In Tabl e

1 4 . 4 .  The s h o r t - t e r m  ( 0 , 5  h o u r ) d r i f t  f o r  a s can  of  t h i r t y  

s a m p l e s  wa s  a s s u m e d  t o  be  i n s i g n i f i c a n t .  The o b s e r v e d  

s t a n d a r d  d e v i a t i o n  o f  many s am o le s  i n  a s c a n  t h u s  I n c l u d e s  

o n l y  t h e  g o l d  d i s t r i b u t i o n ,  SAu , a s  in e q u a t i o n s  14.2 and 

1 4 . 3 .  The  t h e o r e t i c a l  c o u n t i n g  s t a n d a r d  d e v i a t i o n  f o r  

i n d i v i d u a l  measurement ,  Sc , i s  d e t e rm i n e d  by t h e  background  

c o u n t  p r e s e t  i n  t h e  i n s t r u m e n t ,  and  i s  g i v e n  i n  e q u a t i o n

1 4 . 5 ,  f r o m  which  Sg , Sd and SAu may be c a l c u l a t e d ,  w i t h  t h e

r e s u l t s  g i v e n  i n  e q u a t i o n s  14 .6  t o  1 4 . 8 .

t h e s e  v a l u e s  show  t h a t  t h e  g e o m e t r i c a l  e r r o r  w*i



Tmbi* 1 4 . 4
C a l c u l a t i o n  o f  the v a r i ance*  I n  t h e  d e t e r m i n a t i o n  of_ g o l d  

‘ c o n c e n t r a t i o n *  a t  M a r l e v a l e

b2(k11 ■ ♦ V  * Sd2 (409 cm 9 /t)  i s ;  i

82 (x1) ■ 'S c 2 ♦ Sg 2 ) / 2 8  ♦ S*u2
■ (113 cm g / t ) 2 14.2

s 2(xj ) ■ c 2 ♦ sg2 + sAu2 s (397 cm g / t )  2 14.3

S2 (xj ) ■ «s=2 ♦ Sg 2 ) / 3 0  ♦ Sd2 (150 cm g / t ) 2 14.4

m io  V 1 ooo x 4/1 B 365 cm g / t 14.5.
c

m 129 cm g / t 14.6
9

Sd # 132 cm g / t 14.7

.hd Sjyj m 88 cm g / t 14 J

considerably smaller than the counting error and thus had 
only a small effect or. the measurement error. The combined 
errors fa* +3* can Le expected to decrease as the number of 
fixed-time measurements in an average Increases, or as the 
measurement time increases, as snown in Figure 14.3. Drift 
for successive scans in the first prototype dominated the 
measurement error for measurement times exceedkg three 
minutes, as can be seen from equation 14.4. The drift S Q 

132 cm,g/t for successive scans was of the same order of 
magnitude as the overall gold value (211 cm.g/t) at this 
site, making it difficult to get reproducible scan averages. 
For routine valuation, instrument drift should be less than 
at of the current pay-limit value of the ore (approximately 
500cm.g/t), without requiring daily adjustment of the 

Some of th. l.t*. drift. ob..t«.d with th. flr.t 
portable prototype could h.v. been th. result of th.
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i n s t r u m e n t  " * l Ru " f a u l t .  A t i v c - t o l d  i m p r o v e m e n t  i n  

s t a b i l i t y  was s o u j n t  i n  t h e  d e s i g n  of  t h e  second  p r o t o t y p e .

1 4 . 2 . 1  M i n i mum l e ng t h  o f s t o p * f ace f o r q u a n t i t a t i ve  

e s t i m a t i o n  of t h e  go l d  c o n t e n t  a t  M a r i e v a l e  

Gold Min?

Vae most  i m p o r t a n t  v a l u a t i o n  d e c i s i o n s  a r e  r e q u i r e d  when o r e  

v a l u e s  a r e  m a r g i n a l .  I n  t h e  f o l l o w i n g  i t  i s  assumed t h a t  the  

pay l i m i t  i s  5 0 0 c m . g / t  a n d  t h a t  a v a l u a t i o n  p r e c i s i o n  of  

b o c m . g / t  ( 1 0  4 o f  t h e  p a y - l i m i t )  may b e  c o n s i d e r e d  a 

s a t i s f a c t o r y  r e q u i r e m e n t  f o r  q u a n t i t a t i v e  e s t i m a t i o n .  At 

t h i s  s i t e ,  a c o e f f i c i e n t - o f - v a r i a t i o n  f o r  t h e  g o l d  o f  CVAu ■ 

SAu^ffean * 8 8 / 2 1 1  » 0 , 4 2  was f o u n d  f o r  15cm w i d e  x 2,5cm 

aeep  s a m p le s .  Assuming a c o n s t a n t  CVAu t h i s  would i n d i c a t e  a 

gt  d v a r i a t i o n  o f  SAu -  0 , 42 x 500 •  2 1 0 c m . g / t  a t  t h e  

p a y - l i m i t  f o r  15 c m  w i d e  s a m p l e s  a n d  a v a r i a t i o n  o f  

»Au ■ 5 0 c m . g / t  f o r  ( 2 1 0 / 5 0 ) 2x 15cm ■ 2,6m o f  s t o p e  f a c e .

I t  would ,  n ow e ve r , n o t  be p r a c t i c a l  t o  e s t i m a t e  t he  g o l d  

c o n t e n t  o f  t h e  o ^ e  w i t h  a n e g l i g i b l y  s m a l l  e r r o r ,  a s  t h i s  

would be t o o  t ime c o n s u m i n g . I n  s c a n n i n g  t r i a l s  un d e rg r o u n d ,  

no d i f f i c u l t y  was  e x p e r i e n c e d  i n  t r a c i n g  t h e  r e e f  a t  

s cann ing  r a t e s  o f  up t o  a b o u t  t h r e e  m e t r e s  pe r  m i n u t e ,  w h i l e  

m a i n t a i n i n g  t h e  p r o b e  be tw ee n  2 , 5  and 6,5cm from th e  f a c e . 

The  g e o m e t r i c a l  e r r o r  may t h u s  b e  a s  s u a e  d t o  be  

i n d e p e n d e n t  o f  r a t e  a n d  t o  d e p e n d  o n l y  on  t h e  t o t a l  

m e a s u r e m e n t  t i m e  a s  s h o w n  i n  f i g u r e  1 4 . 3 .  A d d i n g  a 

measurement  e r r o r  (S^ + S * ) 0#5 t o  SAu i n c r e a s e s ,  by a f a c t o r  

e q u a l  t o  t h e  v a r i a n c e  r a t i o ,  ( 3 ^  ♦ S* * Sa u ^ A u * t h e  

min imum f a c e  l e n g t h  r e q u i r e d  t o  r e a c h  a p r e c i s i o n  o t  

b U c m . g / t  i n  t h e  e s t i m a t e  o f  t h e  g o l d  v a l u e .  Tne r e s u l t s  o f
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s u c h  a c a l c u l a t i o n  a r e  shown i n  F i g u r e  1 4 . 4 .  Prom t h i s  

f i g u r e  a s t o p e  f a c e  l e n g t h  o f  a b o u t  10m measured i n  about  

h a l f  an  h o u r  a o p e a r s  a o r a c t i c a l  minimum l e n g t h  f o r  

q u a n t i t a t i v e  e s t i m a t i o n  o f  m a r g i n a l  g r a d e s  . 

" Q u a n t i t a t i v e " ,  i n  t h i s  c o n t e x t ,  means a v a l u a t i o n  o r e c i s i o n  

of  5 0 c m . g / t ,  and i f  l e ^ s  o r e c i s i o n  i s  d e s i r o a ,  t h e  l e n g t h  o f  

f a c e  r e q u i r e d  f o r  t h e  e s t i m a t i o n  o f  t h e  go ld  c o n t e n t  woul l  

b& r e d u c e d  a c c o r d i n g l y .  Fo r  i n s t a n c e ,  a p r e c i s i o n  o f  t h e  

o r d e r  of  1 0 0 c m . g / t  c o u ld  be a ch i ev e d  in  ab ou t  2,5m and 6min 

s c a n  t i m e ,  and a p r e c i s i o n  o f  2 5 c m . g / t  i n  a b o u t  40m and 

lOOmin s c an  t ime .

J 4 . 3_ R e s u l t s  o b t a i n e d  * i t h  the  f i r s t  p r o t o t y p e  a t  

B 1 y v o o r u i t z i c h t  Gold Hine 

Two e x p e r i m e n t s  w e re  c o n d u c t e d  a t  B l y v o o r u i t z i c h t  w i th  t he  

f i r s t  p o r t a b l e  p r o t o t y p e . One e x p e r i m e n t  was d e s i g n e d  t o  

d e t o r m * n e  t h e  e x t e n t  t o  which f l u o r e s c e n c e  s amp l ing  o f  t h e  

f a c e  c o u l d  y i e l d  an e s t i m a t e  o f  th« b u l k  c o n t e n t  o f  t h e  g o l d  

i n  t h e  r e e f .  The o t h e r  e x p e r i m e n t  was d e s i g n e d  t o  c o n f i r m ,  

by c o r r e l a t i o n  o f  t h e  r e s u l t s  w i t h  t h o s e  o f  c h i p - s a m p l i n g ,  

t h a t  t h e  g o l d  a n a l y s e r  c o u l d  t u s e d  t o  m e a s u r e  

q u a n t i t a t i v e l y .  The r e s u l t s  o f  m e a s u r e m e n t s  a r e  g i v e n  in  

Tab l e  1 4 . 5 .

Of t h e  64 b a t c h e s  (4m f a c e  x 0,5m on b l a s t )  o f  b l o c k s  IE 

t o  BE mined  i n  t h e  e x p e r i m e n t a l  s t o p e ,  41 b a t c h  f a c e s  were 

s c a n n e d  w i t h  t h e  f l u o r e s c e n c e  a n a l y s e r  t o  a p r e c i s i o n  o f  

a b o u t  7 5 c m . g / t  (1 s t m d a r d  d e v i a t i o n ) .  The a v e r a g e s  o f  t he  

v a l u e s  measured w i th  t h e  f l u o r e s c e n c e  a n a l y s e r  were  compared 

w i th  t h e  bu lk  ba t ch  v a l u e s  f o r  r e e f  t o  t h e  e a s t ,  ( s e e  F i g u r e  

1 4 . 2 ) ,  a n d  f o r  r e e f  t o  t h e  w e s t  o f  t h e  f a c e ,  and t h e

*
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TAB LE 1 4 . 5  

BATCH MEASUREMENTS AT BI.YVOOnUITZICHT

U n i t s

3a Bulk b a t c h  v a l u e s .

Block
No. Batch No.

1 2 3

1W 2064 1638 1403
IE 1338 1274 1634
2E 545 1328 1762
3E 1654 1865 1764
4E 2265 2407 2318
5E 851 895 1101
6E 1318 1647 1566
7E 950 1275 1450
BE 1095 1584 2225

cm q / t

4 5 6 7 8

1486 727 651 667
1233 1082 1604 1726 1621
1438 728 553 1431 2865
1618 2130 1381 1517 2847
1695 1138 3087 1103 1132
1200 1307 1618 1453 2417
1520 1312 1321 1421 1303
1152 2016 1891 1910 1699

3b Face v a l ue s  by f l u o r e s c e n c e  measurement  

Batch  No.
Block

No.

1 2 3 4 5

1W
IE 735 1105 885 1135 1040
2E 1260 690 765 1720 1080
3E 1253 1850
4E 2370 2920 2740 1080
5E 1180 1820 1710 1490 2210
6E 2395 2820 1590 1520
7E 1365 1720 1230
8E 730 2860

6 7 8

1165 lOOO

2330 2670
1291 1680

1660 2340
1350 

2170 1530

3c Face v a l u e s  by c h i p  s a m p l i n g .

Block 
No. Batch No.

1 5

1W 576 938
IE 1142 1515
2E 1956 893
3E 2053 1901
4E 1956 1197
5E 979 1304
6E 2142 1683
7E 1368 1624
8E 1717
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c o r  r e l a  t t i o n  c o e  £ f i c e n t s  found ( r  ■ 0 ,54  and r ■ 1 ,48  wi th  

40 d e g r e e s  o f  f r e e d o m )  had a o r o b a b i l i t y  o f  abou t  0,1% of  

c o m i n g  f r o m  r a n d o m  v a l u e s .  T h i s  v e r y  h i g h  l e v e l  o f  

s i g n i f i c a n c e  o f  t h e  c o r r e l a t i o n  c o e f f i c i e n t  s u o o o t t s  t h e  

h y p o t h e s i s  t h a t  t h e  f l u o r e s c e n c e  method  c a n  be u sed  f o r  

q u a n t i t a t i v e  measurement  o f  t h e  f juld c o n t e n t  o f  t h e  o r e .  The 

f a i r l y  low v a lu e  o f  t h e  c o r r e l a t i o n  c o e f f i c i e n t  shows mere ly  

t h a t  t h e  g o l d  c o n t e n t  v a r i e d  c o n s i d e r a b l y  w i t h i n  a b a t c h  

w h i l e  t h e  f l u o r e s c e n c e  s a m o l e  (4m f a c e  x 2 , 5 c m  d e e o )  

r e p r e s e n t s  o n l y  54 o f  t h e  b a t c h .  H igh  v a r i a b i l i t y  a t  t h i s  

s i t e  i s  sh ow n  by  t h e  v a l u e s  i n  F i g u r e  1 4 . 6 ,  and  t h e  

a e r a i v a r  l og r am in  F igu r e  1 4 . 7 ,  o f  128 c o n s e c u t i v e  b a t c h e s  o f  

a r e .  A s t r i k i n g  p e r i o d i c i t y  o f  t h e  v a l u e s  e v e r y  18 b a t c h e s ,  

o r  9m, i s  a o p a r e n t  f rom t h e  v a r i o g r a m .  I n s t r u m e n t  d r i f t  as 

w e l l  a s  i n s u f f i c i e n t  o o e r a t o r  e x o e r t i s e  i n  t r a c i n g  unmarked 

r e e f  c o u l d  a l s o  h a v e  i n t r o d u c e d  v a r i a t i o n  i n t o  t h e  

measu rement s .

The  f a c e  o f  e v e r y  f o u r t h  b a t c h  o f  t h e  6 )  b a t c h e s  was 

c h i p - s a m p l e d  c o n t i g u o u s l y .  The  a v e r a g e  t o r  t h e  4m f a c e s ,  

when c o m pa r ed  w i t h  t h e  bu lk  b a t c h  v a l u e s  f o r  t h e  o r e  t o  t h e  

e a s t  a n d  t o  t h e  w e s t  o f  t h e  f a c e ,  g a v e  c o r r e l a t i o n  

c o e f f i c i e n t s  ( r  ■ 0 ,4 7  and 0 , 7 0  w i t h  14 d e g r e e s  o f  f reedom) 

h a v i n g  p r o b a b i l i t i e s  b e t w e e n  7% and  0,1% o f  coming  f rom 

r andom v a l u e s .  T h i s  i s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  from th e  

r e s u l t  o b t a i n e d  w i t h  t h e  f l u o r e s c e n c e  a n a l y s e r .

The r e s u l t s  o f  c h i p - s a m p l e  and f l u o r e s c e n c e  measurements  

on  s i x  f a c e s  (15cm wide)  were  compared .  The measurements  a r e  

g i v e n  i n  T a b l e  1 4 . 6 .  F o r  s i x  f a c e s  t h e  c o r r e l a t i o n  of  

r e s u l t s  o f  f l u o r e s c e n c e  and c h i p - s a m o l e  m e a s u r e m e n t s  f o r



»  1—    1
1000 2000 cmg/t 3000

XRF Face values

Figured I Comparison of batch and X-ray fluorescence estimates 
a t  Blyvoorultzicht. Error bar »ho *s s tan d ard  deviation 

•etimnt* F r r o r  of batch estimate unknowfx
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TABLE 1 4 . 6 . P r o t o t y p e  1 f l u o rescence - (XRF)  and c h i p  v a l u e s  and 
t h e i r  c o r r e l a t i o n  c o e f f i c i e n t s  a t  B l y v o o r u l t z l c h t .

SAMPLE NO.
BLOCK AND BATCH NO.
3EB5 4EBS 4E NORTH 5EB1 6E SOUTH 7EB1

XRF CHIP XRF CHIP XRF CHIP XRF CHIP XRF CHIP XRF CHIP
1 3170 2368 2220 1741 780 1343

2 270 747 1830 1709 1340 1322

3 1820 932 370 952 ) 180 560

4 1580 1561 1280 1578 770 840

S 1640 1355 1130 1195 590 378

2720 1212 1300 1726 260 619

2250 858 810 1340 940 663

4210 1432 890 719 2540 766

2900 2956 920 619 1030 1210

10 4470 4535 230 671 2020 1946 1450 1726

5010 3139 640 722 2280 2561 1550 1322

8210 6756 250 261 930 1083 2180 1873

890 932 5400 3048 210 484 IlOO 1524 520 1248

920 1120 3000 2093 960 604 1590 2277 2520 1707

15 590 1138 2500 2298 2110 766 2350 2277 1580 2228

1010 876 6340 2093 1110 1909 1090 2764 2100 932

1260 1304 3010 2919 2790 2020 990 971 1890 3397

1150 1414 1500 2313 2970 2020 1240 1276 1530 2350 5940 3778

1190 3905 1030 784 1680 812 170 1008 940 1083 4760 1781

20 2320 1928 210 766 -330 1389 180 1120 880 368 3150 1909

1890 2515 -130 290 1280 1260 910 1340 6440 3727 5050 2846

-30 952 710 217 1170 1649 210 376 1210 1442 3460 3268

150 803 990 319 1610 2444 750 772 2010 4700 3050 1285

1060 1047 2120 1909 3210 3690 850 1285 1380 1175

25 1210 1081 2000 1871 1250 1138 540 334 1100 1027

1780 2094 1270 2313 100 988 240 254 2000 1597

1030 1474 390 766 1590 914 530 174 2320 1744

1000 1570 670 803 990 1138 770 432
3850 1800 350 503

30 2560 1782
1190 1386

r'-O,,49 r * 0 , 71 r = 0 , 76 r-<3.73 r « 0 ,60 r*<3 ,70

O v e r a l l  r  • 0 , 7 3
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i n d i v i d u a l  samo le s  qave c o r r e l a t i o n  c o e f f i c i e n t s  (r ■ 0 , 5  t o  

0 , 3  w i t h  1C and 30 d e g r e e s  o f  f reedom) having  o r o b a b i l i h i e s  

4 t  t o  < 0 , 0 1 4  o f  a r i s i n g  from random v a l u e s ,  w i t h  an o v e r a l l  

c o e f f i c i e n t  f o r  t h e  123 samoles  ( r  ■ 0 ,73  and 127 de g re e s  o f  

f reedom) hav ing  a o r o b a b i l i t y  « 0 , 0 1 %  o f  a r i s i n g  from random 

v a l u e s .  T h i s  v e r y  h i g h  l e v e l  o f  s i g n i f i c a n c e  o f  t h e  

c o r r e l a t i o n  c o e f f i c i e n t  l e a v e s  l i t t l e  doub t  r e g a r d i n g  t h e  

v a l i d i t y  o f  t h e  f l u o r e s c e n c e  m e t h o d  f o r  q u a n t i t a t i v e  

measurement .

I n  t h e  b a t c h  c o m p a r i s o n s  t h e  c o r r e l a t i o n  c o e f f i c i e n t s  

w e r e  f a i r l y  low b e c a u s e  o n l y  54 o f  a v e r y  v a r i a b l e  g o l d  

d i s t r i b u t i o n  was  s a m o l e d .  I n  t h e  c o m p a r i s o n  o f  r e s u l t s  

o b t a i n e d  by t h e  f l u o r e s c e n c e  a n a l y s e r  and  c h i o - s a m o l I n g  

m e t h o d s  t h e  c o e f f i c i e n t s  we re  - l i r l y  low o a r t l y  b e c a u s e  

c o u n t i n g  an d  g e o m e t r i c a l  e r r o r s  w e r e  o e r m i t t e d  t o  be  

r e l a t i v e l y  l a r g e  and o a r t l y  b e ca us e  t h e  sha oes  and n i z e s  o f  

t h e  samples  u sed  in  t h e  two methods were d i f f e r e n t .

1 4 . 3 . 1  Re s u l t s  u s i n g  t h e  s e cond p r o t o t y p e  a t  3 1 y v o o r u l t -  

z i c h t  Gold Mine

An a t t e m p t  was made t o  d e t e r m i n e  t h e  c o r r e l a t i o n  between 

b a t c h  and c h i p  v a l u e s  u s i n g  t h e  s e c o n d  o r o t o t y o e  o o r t a b l e  

a n a l y s e r .  However,  t oo  few b a t c h  f a c e s  cou ld  be  measured t o  

p e r m i t  a m e / i l n g f u l  s t a t i s t i c a l  e v a l u a t i o n  t o  be made of  t h e  

c o r r e l a t i o n  t<«twt 'n  f l u o r e s c e n c e  and b a t c h  r e s u l t s .

On f o u r  f seu o f  b l o c k  146 ,  c o r r e s p o n d i n g  I n d i v i d u a l  

f l u o r e s c e n c e  m e a s u r e m e n t s  and c h i o - s a m b l e s  were t a k e n ;  t h e  

r e s u l t s  a r e  g i v e n  i n  T a b l e  1 4 . 7 .  The f o u r  c o r r e l a t i o n  

c o e f f i c i e n t s  (r  ■ 0 , 7 1 ;  0 , 7 3 ;  0 , 5 4 ;  0 , 69 )  c a l c u l a t e d  f o r  t h e  

e a t s  o f  d a t a  g i v e n  i n  T a b l e  1 4 . 7  a l l  h a v e  a o r o b a b i l i t y
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TABLE 1 4 . 7. p r o t o  2 F l u o r e s c e n c e  and c h i p  v a l u e s  (ctng/ t)

SAMPLE NO.
BLOCK AND BATCH NO,
14E SOUTH 
XRF CHIP

159
513

1414
2368

268
638

1763
451

2001
1506

714
404

3522
1873
4186
2020

368
1506
1487
1065

1 560
2 1300
3 2140
4 3680
5 1280
6 (6750)
7 1930
6 810
9 3470

10 1540
11 790
12 1760
13 4960
14 1620
15 3080
16 3490
17 290
18 1380
19 4800
20 2520
21
22
23
24
25
26
27
28
29
30
31
32
33

14EB5 14E NORTH 15EB1
XRF CHIP XRF CHIP XRF CHIP

-1770 1891 2580 2460 540 971
1660 1781 1910 1248 490 1625
5720 4425 300 1138 430 729
3000 2552 600 971 770 393

580 971 1950 1065 640 699
510 437 2700 2130 -410 722
440 459 6650 4094 510 1324
720 246 5140 4370 - 90 546

1480 2745 1580 3611 2170 568
2 350 2460 2360 6150 1290 840
1600 1561 750 1340 1610 3029
3140 1450 990 480 620 5205
1710 2736 -140 876 • 1180 3286
3810 4691 -230 144 11980 8391
1780 3837 -180 42 3960 3231
1820 2580 360 126 360 72
4060 5178 (70 8354) 90 57
121 2700 -360 342 4870 2020
-430 320 710 614 — 280 130

500 503 2340 9620 160 790
760 568 2810 1909 2400 1450
250 1120 1520 0703 1770 1377

1180 2773 1620 3745 3290 8622
1170 3415 9770 20233 4230 4406

520 2111 (10760) 3801 780 1726
750 2607

5900 2938 1640 2306
1730 2625 2000 1083

1540 876
1390 952 1310 971

1430 1047
2260 1561 2620 1597

2310 1212

C o r r e l a t i o n  c o e f f i c i e n t s  

r * 0 , 71 r * 0 ,7 3 r ’*0# 64 r*0#69
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TABLE M.7.  P r o t o  2 F l u o r e s c e n c e  and c h i p  v a l u e s ( c m g / t )

SAMPLE NO.
BLOCK AND BATCH NC
14E SOUTH
XRF CHIP

1 560 159
2 1300 513
3 2140 1414
4 3680 2368
5 1280 268
6 (6750) 638
! 1930 1763
8 810 451
9 3470 2001

10 1540 1506
11 790 714
12 1760 404
13 4960 3522
14 1620 1873
15 3080 4186
16 3490 2020
17 290 368
16 1380 1506
19 4800 1487
20 2520 1065
21
22
23
24
25
26
27
28
29
30
31
32
33

14EB5 14E NORTH 15EB1
XRF CHIP XRF CHIP XRF CHIP

1770 1891 2580 2460 540 971
1660 1781 1910 1248 490 1625
5720 4425 300 1138 430 729
3000 2552 600 971 770 393

580 971 1950 1065 640 699
510 437 2700 2130 -410 722
440 459 6650 4094 510 1324
720 246 5140 4370 -9 0 54C

1480 2745 1580 3617 2170 568
2350 2460 2360 6150 1290 840
1600 1561 750 1340 1610 3029
3140 1450 990 480 620 5205
1710 2736 -140 876 1180 3286
3810 4691 -230 144 11980 8391
1780 3837 -180 42 3960 3231
1820 2680 360 126 360 72
4060 5178 (70 8354) 90 57
1250 2700 -360 342 4870 2020
-430 320 710 614 -  280 130

500 503 2340 9620 16C 790
760 568 2810 1909 2400 1450
250 1120 1520 8703 1770 1377

1180 2773 1620 3745 3290 8622
1170 3415 9770 20233 4230 4406

520 2111 (10760) 3801 790 1726
750 2607

5900 2938 1640 2306
1730 2625 2000 1083

1540 876
1390 952 1310 971

1430 1047
2260 1561 2620 1597

2310 1212

C o r r e l a t i o n  c o e f  f i c i e  i t i  

r » 0 , 71 r e0 , 73 r*0» 64 r eO,69



b e l o *  j , 1 1 o f  a r i s i n g  f  r on  r o n l o m  v a l u e d  a n 1 t  h v  

s i g n i f i c a n c e  o f  t h e  c o r r e l a t i o n  of  t h e  c om bi ned  d a t a  i s  

s t i l l  f a r  h i g h e r . T h i s  f i n d i n g  adds  f u r t h e r  s u o o o r t o  t h e  

h y p o t h e s  s t h a t  t h  f l l u o r  e s c e n c e  m e t h o d  c «,i be u se d

q u a n t i t « t i v e l y .

I n  a d d i t i o n ,  an  e x o e r  imer*  was c o n d u c t e d  t o  de t e rm in e

t h e  r e p r o d u c i b i l i t y  o f  m e a s u r e m e n t s  u s i n g  t h e  s e c o n d  

p r o t o t y p e ,  a n d  t o  t e s t  f o r  t h e  e f f e c t s  o f  o o s s l n l e  

d i f f e r e n c e s  i n  t e c h n i q u e  be tween one o o e r a t o r  and a n o t h e r .  

The  e x p e r i m e n t  was  u n d e r t a k e n  on t h e  n o r t h  f a c e  o f  b lock  

H o . 11 i n  t h e  e x o e r i m e n t a l  s t o o e .  N i n e t e e n  samples  15cm wide 

by 10cm h i g h  w e r e  marked  o f f  on a n a r r o w  r e e f  and  we re  

measured  I t  t im es  i n  s u c c e s s i o n  by. two o p e r a t o r s .  The v a l u e s  

o b t a i n e d  a r e  shown in  Tab l e  1 4 . 8 .

T h e  i n s t r u m e n t  h a d  b e e n  c a l i b r a t e d  t o  g i v e ,  f o r  

i n d i v i d u a l  m e a s u r e m e n t s  ( a p o r o x i m a t e l y  40 s )  a c o u n t i n g  

s t a n d a r d - d e v i a t i o n ,  Sc , o f  4 2 5 c m . g / t . B o t h  o p e r a t o r s  

o b t a i n e d  i d e n t i c a l  w i t h i n - s a r a o l e  measu rement  v a r i a n c e s  o f  

(3 J ♦sj) * ( 4 4 5 c m . g / t ) 2 . The  v a l u e  o f  t h e  g e o m e t r i c a l  

s t a n d a r d - d e v i a t i o n ,  Sg , o f  1 3 2 c m . g / t  was n o t  unexoec t ed  in 

v i e w  o f  t h e  u n e v e n  n a t u r e  o f  t h e  r o c k  f a c e  s c a n n e d .  Both 

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

w i t h i n  c o u n t i n g  s t a t i s t i c s .  The means (of  14 measu remen t s ) 

o f  t h e  19 s amp le s  had a h i g h l y  s i g n i f i c a n t  c o r r e l l a t i o n  for  

t h e  two o p e r a t o r s  ( r  ■ 0 , 9 7 ,  18 d e g r e e s  o f  f reedom) w i th  a 

p r o b a b i l i t y  o f  l e s s  t h a n  0 ,011  o f  coming t om random v a l u e s .  

T h e  h i g h  c o r r e l a t i o n  c o e f f l c e n t  s h o w s  t h e  g o o d  

r e p r o d u c i b i l i t y  o f  t h e  method a t  an  a v e r a g e  o r e  v a lu e  o f  

9 3 9 c m . g / t ,  t h a t  i s ,  a t  a b o u t  t w i c e  t h e  p a y  l i m i t .  The Bi



TABLE14.a
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P r o t o t v o e  2 fluorescence measurement s  on 
I s  R^mt^cs o f  Blyvoorultzicht. U n i t s  cm g / t .

OPERATOR A.
NO 1 2 3 4 5 6

1 1420 1130 230 2170 950 1000
2 450 270 30 770 500 700
3 1000 830 60 270 870 150
i -100 -280 300 1130 -440 1140
5 460 520 710 300 -42 0 570
6 -420 470 320 -1 60 200 -320
7 -360 -110 460 — 660 580 -640
8 970 970 40 650 140 950
9 960 900 800 1130 -220 1020

10 1260 1320 1230 540 1000 1070
11 3390 3020 34 30 2880 2730 2500
12 2710 2650 2400 2140 2130 22
13 1810 390 1270 1310 1880 181-
14 2770 1630 1050 1550 1440 1700
15 860 660 1090 620 1490 1210
16 1910 1330 2390 1630 1270 870
17 1680 1060 1910 6 30 1010 710
18 270 800 870 1410 558 820
29 -9 0 130 660 410 830 340

Measurement  No.
7 8 9 10

1600 1150 1180 -160  
820 150 220 360

1090 220 890 1020
500 U 0  340 450
600 - 4 9 0  540 -590
- 4 0  110 -2 20  630

-480  - 2 0  700 250
110 780 210 630
390 430 840 lOOO
940 1130 1540 1830 

3018 3820 2530 2630 
1920 1380 2000 1850 
1810 1080 540 1020

190 1360 1770 1820 
950 1190 730 1110

2000 1440 1950 1730 
240 4 30 2310 360

1380 1140 860 390
490 680 290 540

U 1/ 13 14
i t 1228 770 1240 1300
2 1330 1470 760 30
3 690 540 9 60 1040
4 850 7 30 - 7 0 160
5 60 660 820 590
6 810 310 310 390
7 110 - 9 0 - 2 0 —60
8 - 1 7 0 60 950 360
9 1040 200 440 480

10 1830 1030 920 1300
11 3910 1270 3180 2660
12 2350 2340 1320 1350
13 1450 810 960 1400
14 1900 1590 1560 720
15 1640 1210 n o o 1180
16 1620 1450 1420 7050
17 1630 1130 540 820
18 750 1410 720 1280
19 1050 850 720 280

OPERATOR B.

Measurement No.

15 16 17 18
1150 1390 920 540

320 -430 720 250
730 420 720 780

1260 360 250 860
720 -630 - 300 1300

30 -330 -630 -230
550 -220 -210 570
310 -110 500 610

-300 270 500 -2 20
1150 1040 860 970
3900 3160 2880 3460
2450 2730 2660 2380

740 590 1680 1230
1370 960 780 1320
1520 680 1240 1180
1590 1360 17 :0 2250
1210 1780 1140 70

950 780 1350 1040
-560 710 610 -360



TABLE l ' l - 8 ( C o n t i n u e d )  

OPERATOR B .  ( C o n t i n u e d )

103

Sample No. M e a s u r e m e n t  N o .

19 20 21 22 23 24 25 26 27 28

1 1360 1360 590 300 850 700 1010 1010 1500 440
2 780 1030 1180 810 240 410 - 1 1 0 230 250 0
3 610 780 1080 -560 760 510 540 250 310 1630
4 220 1620 60 640 720 1100 520 240 320 500
5 30 530 470 -700 1010 610 810 210 470 50
6 —180 310 -170 40 130 -640 - 5 9 0 80 -290 280
7 470- 1160 220 -300 -4 90 -460 - 4 1 0 -220 130 -400
8 590 460 210 630 500 570 - 4 2 0 780 960 -120
9 1180 610 200 -220 490 1000 480 30 490 —60

10 800 1180 820 350 1290 1220 - 1 2 0 720 980 640
11 2620 4290 2550 3620 2840 2310 3190 3500 3280 2330
12 2320 1500 2360 2100 1950 2620 1580 1950 1490 2360
13 1590 480 1930 1040 16*0 510 1390 470 910 830
14 2030 1110 830 1760 1100 1440 860 1120 2120 1210
15 1090 1730 940 1840 1250 1290 1850 760 1650 530
16 1940 1610 1260 2590 1640 1450 1560 1480 1620 1770
17 1620 740 610 1410 1280 1120 1210 1350 1500 1820
18 460 1630 1270 1000 1250 1270 910 200 820 1230
19 350 570 •  20 •  130 -2 00 330 130 260 -220 -90

B A a n d  B

i - 1 t o  14 i«  15 t o  28 C
s * i * 1 Sx i x i x i

1 1086 559 937 385 1011 477
2 563 446 406 450 484 447
3 688 368 611 481 650 422
4 344 493 619 451 482 484
5 309 475 327 589 318 525
6 170 364 -156 319 7 375
7 -24 424 -138 481 -81 448
8 475 411 391 381 433 391
9 672 392 318 448 495 451

10 1149 308 850 377 999 370
11 3140 556 3138 589 3139 562
12 2059 455 2175 424 2117 435
13 1253 481 1074 502 1163 491
14 1504 593 1296 426 1395 518
15 1089 273 1254 428 1171 362
16 1647 391 1703 354 1575 367
17 1033 632 1204 473 1119 554
18 904 373 1010 373 957 370
19 513 310 99 386 306

Means 939
403
445Means 977 43? Means 906 438

S- 746 S-  812 B- 774
*1 *1 *1



d i f f e r e n c e  between t h e  t o t a l  a v e r a g e  v a l u e s  founJ  hv t h e  two 

o o e r a t o r s  f a l l s  w i t h i n  a c c e o t a b l e  s t a t i s t i c a l  l i m i t s  an! 

does  no t  i n d i c a t e  a r a l  b i a s  be tween t h e s e  two o o e r a t o r s .

1 4 . 3 . 2  minimum l e n g t h  o f  s t o o e  f a c e  a t  l l y v o o r u i t z i c h t

Mine  fo r  Q u a n t i t a t i v e  e s t i m a t i o n  o f  t h e  gold v a l u e 

F o l l o w i n g  t h e  same l i n e  o f  t h o u g h t  as  i n  s e c t i o n  14.2 .1*  an 

e s t i m a t e  of  t h e  minimum l e n g t h  o f  s t o o e  f a c e  r e g u i r e l  for  

q u a n t i t a t i v e  v a l u a t i o n  may be  o b t a i n e d  f r o m  t h e  q o l d  

d i s t r i b u t i o n  S^u found a t  t h i s  s i t e .  The v a r i a t i o n  in samole

means was found t o  be :

-  (S j  + s 2 ) / 2 8  + s j u -  ( 7 7 3 c m . g / t ) 2

-  ( 4 4 5 ) 2Z23 + S2 U

g i v i n g  3/Xu « 7 6 d c m . g / t  a t  a mean go ld  v a l u e  o f  93 9c m,g / t  and

CVXu -  S^y/mean ■ 7o8/939  •  0 , 82

T h e r e f o r e  a t  m a r g i n a l  g r a d e s  of  5 0 0 c m . g / t , t he  va lu e  o f  

S f o r  15cm wide  x 2,5cm dceo  s amo le s  would be 40 9 c m . g / t ,  

and  a v a l u a t i o n  o r e c i s i o n  o f  SAu •  5 0 c m . g / t  would r e g u i r -  a 

measurement  o f  ( 4 0 9 / 5 0 ) 2 x 15cm ■ 10m s t o o e  f a c e .

The a d d i t i o n  o f  t h e  m e a s u r e m e n t  e r r o r  ( o f  t h e  seconJ  

p r o t o t y p e )  ( S2 + S2 ) 0 ,5  l e a d s  t o  t h e  minimum s t o o e  f a c e  

l e n g t h  and  m e a s u r e m e n t  t i m e s  shown i n  F i g u r e  1 4 . 9 ,  from 

w h i c h  i t  a o p e a r s  t h a t  f o r  t h e  m o r e  v a r i a b l e  a o M  

d i s t r i b u t i o n  a t  B l y v o o r u i t z i c h t  a s t o o e  f ac e  l e n g t h  of  the  

o r d e r  o f  330m m e a s u r e d  i n  a b o u t  1 , 5  h o u r s  seems t o  be a 

p r a c t i c a l  minimum l e n g t h  o f  m a r g i n a l  g r a d e  f o r  q u a n t i t a t i v e  

e s t i m a t i o n  of  g o l d  v a l u e s .
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15 CONCLUSIONS

The need  f o r  improvement s  in  t h e  p r e c i s i o n  of  o r e  v a l u a t i o n  

i n  t h e  g o l d  m i n i n g  i n d u s t r y  ha s  been  r e c o g n i z e d  w i d e l y .  I t  

has  been r e a l i z e d  t h a t  t h e  c o n v e n t i o n a l  method o f  e v a l u a t i o n  

by c h i p  s a m p l i n g  a n r  f i r e  a s s a y  w o u l d  a l l o w  o n l y  a 

s i g n i f i c a n t  i m p r o v e m e n t  i n  t h e  p r e c i s i o n  i f  many more 

s a m p l i n g  t e a m s  w e r e  e m p l o y e d , a n d  t h i s  w o u l d  g r e a t l y  

e s c a l a t e  o r e  v a l u a t i o n  c o s t s .  M e t h o d s  o f  Xn s i t u  

i n s t r u m e n t a l  o r e  e v a l u a t i o n , a m e n a b l e  t o  s c a n n i n g  g r e a t e r  

amounts o i  ex posed  rock  f a c e ,  were t h u s  s o u g h t .

A number o f  p o t e n t i a l  i n s t r u m e n t a l  methods  had undergone  

p r o v i s i o n a l  i n v e s t i g a t i o n  a n a  o f  t h e s e  t h e  gamma r a y  

f l u o r e s c e n c e  method seemed t n e  mos t  p r o m i s i n g .  The p rob l ems  

of  m e a s u r i n g  t r a c e  c o n c e n t r a t i o n s  i n  s i t u  p r e s e n t e d  a g r e a t  

c h a l l e n g e .  At  t n e  o u t s e t  i t  was n o t  c e r t a i n  w h e t h e r  gamma 

r a y  f l u o r e s c e n c e  s p e c t r o m e t r y  c o u l d  be d e v e l o p e d  i n t o  an 

e c o n o m i c a l  me thod  of  e v a l u a t i o n , o u t  i t  s e emed  t h _ t  w i th  

o p t i m i z a t i o n  of  a l l  t h e  m e a s u r e m e n t  p a r a m e t e r s , t h i s  g o a l  

snould  be w i t h i n  r e a c h  o f  t h e  a v a i l a b l e  t e c h n o l o g y .

u a n y  a s p e c t s  o f  t h e  m e t h o d  were  i n v e s t i g a t e d  f rom 

fundamenta l  o r i n c i p l e s  t o  a l l o w  q u a n t i t a t i v e  a s s e s s m e n t  bo th  

o f  t h e  p a r a m e t e r s  o a i  t h e  i n t e r r e l a t i o n  o f  t h e  

p a r a m e t e r s ,  so t h a t  t h e  method a s  a whole cou ld  be o p t i m i z e d  

f o r  the  e v a l u a t i o n  o f  h i t w o t o r s r a n d  go l d  o r e s  t o  s e r v e  a s  an 

o r e  v a l u a t i o n  t o o l  an a  t o  a s s i s t  i n  t he  i d e n t i f i c a t i o n  of 

g e o l o g i c a l  s t r a t a ,  q u a n t i t a t i v e  f o r m u l a t i o n  of  measurement
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p a r a m e t e r s  made p o s s i b l e  t h e  c a l c u l a t i o n  of  t n e  maximum 

i m p r o v e m e n t s  a v a i l a b l e  f o r  c e r t a i n  p a r a m e t e r s  and t h e  

t r a d e - o f f  w i t h  o t h e r s .  F o r  e x a m p l e , a s i n g l e - c h a n n e l  

pu. '  - e -  h t ' i g h t  a n a l y s e r  s c h e m e  w a s  o p t i m i s e d  s o  t h a t  

m e a s u r e m e n t  t i m e s  t h e r e w i t h  w o u l d  be  o n l y  a f ew p e r c e n t  

l o n g e r  t n a n  t h e  b e s t  p o s s i b l e  t i m e s  w i t h  a m u l t i c h a n n e l  

s c n em e ,  w h i c h  wo u ld  h a v e  p l a c e d  g r e a t e r  demands on b a t t e r y  

power.

p a r a l l e l  w i t h  t h e  d e r i v a t i o n  o f  op t imum m e a s u r e m e n t  

p a r a m e t e r s  w e n t  t h e  d e v e l o p m e n t  o f  l a b o r  a t o r y —t y  pe 

i n s t r u m e  f o l l o w e d  by t h e  d e v e l o p m e n t  o f  p o r t a b l e

i n s t r umen t s  i n  c o l l a b o r a t i o n  w i t h  ORTLC INC.# t ne  f i c l o  

t e s t i n g  of i n s t r u m e n t s  and c o n t i n u a l  a p p r a i s a l  o f  t h e  method.

some o f  t n e  i n s t r u m e n t a l  p a r a m e t e r s  implemented i n  t h e  

t h i r d  p r o t o t y p e  a n a l y z e r  s t i l l  f a l l  s n o r t  of  t h e  c a l c u l a t e d  

opt imum v a l u e s  b e c a u s e  t h e  m a n u f a c t u r e r  # f o r  some o f  t he  

s u b - u n i t s # -  p r e i e r r e u  t o  r e l y  on  f a m i l i a r  o r  p r o v e n  

t e c h n o l o g y . t or  example  # a m onost a b l e - b a s e d  t im i ng  sy s t em t o  

o e t i n e  t ne  a m p l i f i e r  p u l s e  peak p o s i t i o n #  t o r  t he  p u r po se  0 1  

p i i e u p  r e j e c t i o n #  was aev** lopeu  by t h e  a u t h o r #  b u t  t h e  

i n s t r u m e n t  m a n u f a c t u r e r  p r e f e r r e d  t o  u se  a more  f a m i l i a r  

a m p l i t u d e  p e a k  o e L e c t o r  f o r  wnich t he  t r a i l i n g  edge p i l c u p  

p a r a m e t e r  B c a n n o t  be  o p t i m i s e d  t o  t h e  same d e g r e e #  and 

r e l e v a n t  i n  s i t u  m eas u r in g  t ime s  w i t h  t h a  l a t t e r  sys tem a r e  

t n u s  s l i g h t l y  l o n g e r .  As t h e  g o l d  a n a l y s e r  i s  go ing  i n t o  

c o m m e r c i a l  p r o d u c t i o n  some o f  t h e  s u b - u n i t s #  f o r  w h i c h  

s i g n i f i c a n t  improvement  i s  p o s s i b l e ,  a r e  oe ing  r e d e s i g n e d .

i’ne many f l u o r e s c e n c e  m e a s u r e m e n t  v a l u e s  o b t a i n e d  to  

o a t e  a t  e x p e r i m e n t a l  u n d e r g r o u n d  s i t e s  w i th  t n e  p r o t o t y p e



i n s t r u m e n t s ,  w e re  i n  a l l  i n s t a n c e s  f ound  t o  have a h i g h l y  

s i g n i f i c a n t  c o r r e l a t i o n  w i t h  t h o s e  o b t a i n e d  from t h e  same 

l o c a t i o n s  by whip or  bu lk  s ampl ing  and f i r e  a s s a y .

At  t h e  c o i c o l e t i o n  o f  t h i s  t h e s i s  t h r e e  u n i t s  of  t h e  

t h i r d  p r o t o t y p e  v e i s i o n  o f  t h e  p o r t a b l e  gold a n a l y s e :  a r e  

b e i n g  d e p l o y e d  i n  n o rm a l  w o r k i n g  s t o n e s  t o  d e r i v e  ootimum 

m e a s u r e m e n t  p r o c e d u r e s  f o r  o r e  v a l u a t i o n .  Gamma r a y  

f l u o r e s c e n c e  r e s u l t s  f r o m  more  t h a n  1000 man h o u r s  of  

o p e r a t i o n  have  shown h i g h  r e p r o d u c i b i l i t y  and ored  i c t a b l e  

v a l u a t i o n  p r e c i s i o n  ( D a v i e s  e t  a 1 . , 1 9 7 9 ) .  T r u e  t o  

e x p e c t a t i o n ,  a t  a number  o f  l o c a t i o n s  i t  has  been o o s s i b l e  

t o  show w i t h  t h e  f l u o r e s c e n c e  i n s t r u m e n t  t h a t  min ing  was

f o l l o w i n g  t h e  wrong h o r i z o n .

The p o s s i b i l i t y  o f  s i m u l t a n e o u s  measurement  o f  u ranium 

and  g o l d  w i t h  an  i n s t r u m e n t  o f  t h i s  t y o e ,  and t he  need in  

s e v e r a l  mines  f o r  combined o r e  v a l u a t i o n  o f  t h e s e  m e t a l s  has  

g e n e r a t e d  a demand fo r  t h e  a d d i t i o n  t o  t h e  i n s t r u m e n t  o f  an 

a n a l y s i n g  c h a n n e l  f o r  u r a n i u m .  T h i s  may mean t h e  r a o i d  

e v o l u t i o n  o f  a second  g e n e r a t i o n  o f  commerc i a l  i n s t r u m e n t s ,  

w h i c h  may b e  b r o u g h t  c l o s e r  t o  t h e  o o t im a  which have been 

i d e n t i f i e d  i n  t h i s  t h e s i s .
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