
COHPARISO?? OF CALCULATED A N D  MEASURED DOSE A S  A 
PUNCTIO!? OF D E P T R  IN A BEAH OF FAST PIONS USED FOR R A D I A T I O N  
THERAPY 

Hans B i c h a e l ,  University o f  W a s h i n g t o n ,  and S a n d r a  
Z i n k ,  LASL. 

1 INTRODUCTION. 

TWO n e t h o d s  a r e  u s e d  t o  Q J ~  t h e  r a d i a t i o n  f i e l d  
p r o d u c e d  by a b e a n  o f  f a s t  p i o n s :  

a) H c a s u r e m e n t s  v i t h  i o n i z a t i o n  c h a m b e r s ,  

b) C a l c u l a t i o n s  of t h e  e n t r e y  d e p o s i t i o n  f rom 8 known 
f l u t n c e  d i s t r i b u t i o n  of t h e  i n c i d e n t  p a r t i c l e s  ( p i o n s ,  
muons,  e l e c t r o n s ,  e t c . ) .  

I n  t h e  work  p e r f o r m e d  u n t i l  e a r l y  1 9 7 9 ,  when a n  I 

u n c e r t a i n t y  o f  10% i n  dose V J ~  c o n s i d e r e d  t o  b e  a c c e p t a b l e ,  
i t  was p o i s l b l e  t o  n e g l e c t  a number o f  e f f e c t 8  wh ich  w e r e  
a s s u n e d  t o  c o n t r i b u t e  l e s s  t h a n  1 0 2  t o  t h e  u n c e r t a i n t y .  

R e c e n t l y  i t  h a 8  b e e n  r e a l i s c d  t h a t  t h e  u n c e r t a i n t y  in 
d o s e  s h o u l d  be r e d u c e d  t o  t h e  o r d e r  of 3 % .  I n  c o n s e q u e n c e ,  
we h a v e  examined  s e v e r a l  f a c t o r s ,  n e g l e c t e d  so f a r ,  wh ich  
n u s t  be  t a k e n  i n t o  a c c o u n t  f o r  t h e  c o m p a r i s o n  of c r ~ c u l a t e d  
and  measu red  d o s e  d i s t r i b u t i o n s  a t  t h i s  l e v e l  of a c c u r a c y .  

T h e s e  f a c t o r s  w i l l  be d i s c u s s e d  h e r e ,  and  t h e  
u n c e r t a i n t y  i n  t h e i r  v a l u e r  w i l l  b e  e s t i n a t e d .  F i r s t ,  t h o s e  
J f  f e c t i n g  i o n i s a t i o n  chamber  n e a s u r e n c n t r  w i l l  b e  
c o n s i d e r e d ,  t h e n  t h o s e  i n f l u e n c i n g  t h e  dose c a l c u l a t l o n s .  

2 -  FACTORS NEEDED FOR IONIZATION CFiAHBER MEASUREMENTS. 

The q u a n t i t y  Q d e t e r n i n e d  i n  a n  l o n i a a t i o n  chamber  i 6  

t h e  number. It o f  i o n  p a i r 8  c r e a t e d  by t h e  r a d i a t i o n  i n  t h e  
i o n  chamber ,  d i v i d e d  by t h e  n i s i  m of t h e  gas:  Q = N / m .  f t  is 
c a ~ c u ~ a t a d  f r o m  t h e  c h a r g e  c o l l e c t e d  i n  t h e  chamber .  A 
f i_rr t  p r o b l e m  e n c o u n t e r e d  l s  t h e  i n c o m p l e t e  c o l l e c t i o n  o f  
c h a r g e  d u e  t o  r e c o n b i n a t i o n .  A r s u n e  t h a t  a c o r r e c t i o n  

, f a c t o r  Cr i s  n e e d e d  t o  c a l c u l a t e  N f r o m  t h e  m e a s u r e d  v a l u e  
Nx: N-Cr*t?x .  u- a E= Nov,  Q n u s t  be  c e - t ~ r t e d  i n t o  d o s e  Dg ( e n e r g y  p e r  u n i t  0 E m  n a s l  d e p o s i t e d )  i n  t h e  8.S. F o r  t h i s ,  t h e  a v e r a g e  e n e r g y  W L L +  

Rgm n e e d e d  t o  p r o d u c e  a n  i o n  p a i r  i n  t h e  g a s  m u s t  b e  known: P P. mm4 Dg-W*Q. W v )  
-g Y 5 m  

E =  
Next ,  t h e  d o s e  Dw i n  t h e  w a l l  of t h e  i o n i s a t i o n  c h a a b e r  Mmr. nust be c a l c u l a t e d .  T h e  f a c t o r  r u s e d  f o r  t h i s  c o n v e r s i o n  L m g  s h a l l  be c a l l e d  t h e  dose r a t i o  , Dv-r*Dg. r c a n  b e  
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c a l c u l a t e d  € ~ o m  t h e  s t o p p i n g  powers  S of t h e  w a l l  and g a s .  

F i n a l l y ,  t h e  d o s e  D i n  t i s s u e  nust b e  c a l c u l a t e d :  
D-k*DW- 

We t h u a  h a v e  i d e n t i f i e d  f o u r  f a c t o r s  n e e d e d  t o  c o n v e r t  
t h e  number Nx of  o b r e r v e d  ion p a i r s  i n t o  d o s e  D in t i s s u e :  
Cr, W ,  r and k. Each of theme f a c t o r 8  d e p e n d s  on  t h e  
p o r l t i o n  of t h a  ion chamber  i n  t h e  r a d i a t i o n  f i e l d .  We 
assume t h a t  t h e  u n c e r t a i n t y  in t h e  d e t e r m i n a t f o n  of m and Nr 
i8 n e g l i g i b l e -  

2.1. RECOWBINATIOt?  CORRECTION FACTOR C r .  

In g e n e r a l .  t h e  i o n i z a t i o n  is m e a s u r e d  e x p e r i n e n t a l l y  
with s e v e r a l  d i f f e r e n t  v a l u e s  of t h e  e l e c t r i c  f i e l d  used  t o  
c o l l e c t  the i o n s .  Then a n  c x t r a p o l a t f o n  is made t o  o b t a i n  
the nunber o f  ion p a i r s  which  would b e  m e a s u r e d  w i t h  JO 
i n f i n i t e  e l e c t r i c  f i e l d ,  and  i t  is assumed  t h a t  t h i s  v 8 l u e  
r e p r e s e n t s  t he  i n i t i a l  i o n i s 8 t I o n  p r o d u c e d  by t h e  r a d l a t i o n .  
We s h a l l  a s s u m e  t h a t  t h e  u n c e r t a i n t y  o f  t h i s  n e t h o d  is 
e s t  a b 1  i s h e d  e x p e  r imen t a l  19. 

2 - 2 .  AVERAGE ENERGT W TO P R O D U C E  AN I O N  PAIR. 

A r t v i e v  of W h a s  r e c e n t l y  b e e n  p u b l i s h e d  by t h e  ICRU 
( 1 9 7 9 )  . The f o l l o w i n g  c o n c l u a i o a s  a r e  i m p o r t a n t  f o r  t h e  
c a l c u l a t i o n  of a v e r a g e  W v a l u e r  f o r  p i o n  d o s i m e t r y :  

8 )  it c a n n o t  be 8srumed t h a t  W is i n d e p e n d e n t  of 
p a r t i c l e  e n e r g y  a t  h i g h  e n e r ~ i e s ,  

b) It  c a n n o t  be arsurned t h a t  W is t h e  same f o r  
d i f f e r e n t  p ~ r t l c l e a ,  

c )  f o r  m o s t  p 8 r t i c l r r  and  g a s e s ,  t h e  u n c e r t a i n t y  o f  
m e a s u r e d  values of W i r  o f  t h e  o r d e r  o f  5 % .  

E x c e p t  for  some p r e l i m i n a r y  d a t a  b y  D i c e l l o  ( 1 9 7 9 1 ,  
t h e r e  a r e  a0 mrarurad t l - v a l u e s  f o r  p i o n s .  One c o u l d  asaume 
t h a t  W f o r  p l o n a  would b e  in b e t w e e n  that. f o r  p r o t o n s  8nd 
e l e c t r o n s  ( T a b l e  1) .  

TABLE 1. W-values  ( i n  e V  p e r  i o n p a i r )  f o r  p r o t o n s  
a n d  e l e c t r o n s  (ICRU 1 9 7 9 ) .  

P e r a t i o  
W2 36.5 3 4 . 8  1 . 0 4 9  
A r  2 7  2 6 . 6  1 . Q 2 3  
co 2 340s 3 3 .  1 .045  
C R 4  30.5  2 7 . 3  1 . 1 1 7  
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We see  t h a t  w h i l e  t h e  r a t i o  i r  e q u a l  t o  1.0 w i t h i n  t h e  
u n c e r t a i n t y  o f  t h e  d a t a  ( a b o u t  5 %  f o x  t h e  p r o t o n s , r l i g h t l y  
l e s s  f o r  t h e  e l e c t r o n s ) ,  e x c e p t  f o r  m e t h a n e ,  i t  t e n d s  t o  b e  
g r e a t e r  t h a n  1.0. S i n c e  t h e  u n c e r t a i n t y  f o r  mos t  o f  t h e  
W-valuer  g i v e n  by t h e  I C R U  a m o u n t s  t o  5 % .  a t  l e a s t  t h i a  
u n c e r t a i n t y  m u s t  b e  a s s u m e d  f o r  W-values  f o r  p i o n r .  A more  
c a u t i o u r  a p p r o a c h  would b e  t o  c h o o s e  a n  u n c e r t a i n t y  of 7 %  
( c o n s i 8 t i n g  of t h e  u n c e r t a i n t y  o f  w f o r  p r o t o n 8  p l u s  o n e  
h a l f  of t h e  d i f f e r e n c e  fron 1.000 o f  t h e  r a t i o s  in T a b l e  1 ) .  

I n  t h e  p e a k  r e g i o n  of t h e  r a d i a t i o n  f i e l d  ( t h e  r e g i o n  
w h e r e  s t o p p i n g  p i o n r  c o n t r i b u t e  t o  t h e  d o s e ) ,  t h e  W-values  
n u s t  be  c a l c u l a t e d  € o r  t h e  s p e c t r u m  o f  t h e  c h a r g e d  p a r t f c l c s  
f o u n d  t o  p r o d u c t  i o n i s a t i o n  in t h e  chamber .  T h i a  r e q u i r e .  a 
d e t a i l e d  c a l c u l a t i o n  s i m i l a r  t o  t h a  one f o r  n e u t r o n s  
( B i c h s e l  and  Rubach ,  1 9 7 7 ) .  We u n d e r s t a n d  t h a t  some work on 
t h e s e  c a l c u l a t i o n s  f o r  p i o n s  h a s  b e e n  done  a t  U.B.C. Again ,  
8n u n c e r t a i n t y  of a t  l a a r t  5 %  must  b e  r s a u n t d  ( t h e  
u n c e r t a i n t y  w i l l  be compounded by t h e  a d d i t i o n a l  
u n c e r t a i n t i e s  o f  t h e  p a r t i c l e  s p e c t r a ) .  A n  e s t i m a t e  made by 
T u r n e r  e t  a l .  ( 1 9 7 5 )  g a v e  a r a t i o  of a b o u t  1 - 0 3  f o r  W(peak) 
t o  \ ? ( p l r t e A U ) .  

2.3. DOSE RATIO r. 

In t h e  p l a t e a u  r e g i o n ,  t h e  d o s e  r a t i o  c a n  b e  
a p p r o x i n a t c d  r e a s o n a b l y  c l o s e 1 7  by t h e  s t o p p i n g  power r a t i o  
c a l c u l a t e d  w i t h  t h e  Bragg-Gray  r e l a t i o n .  F o r  t h e  p e a k  
r e g i o n ,  it i r  a g a i n  n e c e s s a r y  t o  c a l c u l a t e  d o s e  r a t i o  w i t h  
a model mimilar  t o  t h e  o n e  u s e d  f o r  n e u t r o n s  ( B i c h s e l  and  
R u b a c h ,  1 9 7 7 ) .  C a l c u l a t i o n s  f o r  p i o n s  a r e  b e i n g  done  a t  
U.B.C. 

No a b s o l u t e  m e a r u r e m e n t r  o f  s t o p p i n g  power h a v r  b e e n  
made f o r  p i o n s ,  b u t  r e l a t i v e  m e a s u r e m e n t s  h a v e  b e e n  made f o r  
sone r o l i d s  ( N o r d i n  and  R e n k e l n a n ,  1 9 7 8 ) .  No m e a s u r e n e n t s  
h a v e  been made f o r  gases .  T h e r e f o r e  w e  m u e t  u s e  t h e  
a e a t u r e m e n t s  w i t h  o t h e r  p a r t i c l e s  and  r e l y  on t h e o r y  t o  
o b t a i n  d a t a  for p i o n s .  I n  r e c e n t  r e v i e w 8  ( B i c h r e l ,  1977  and  
1 9 7 8 )  ft w a ~  shown t h a t  t h e  n e a r u r e m e n t m  o f  s t o p p i n g  power s 
w i t h  p ro ton r  a t  r n e r g i c r  a b o v e  1 MeV in g a s e r  d i f f e r e d  by 8 8  
much a8 102. O n l y  f o r  a l p h a  p a r t i c l e s  t h e r e  a r e  aone 
a c c u r a t e  m e a s u r e m e n t 8  a t  e n e r g i e s  a b o v e  a few MeV ( H a r t i n  
a n d  N o r t h c l i f f c ,  1 9 6 2 ) .  

T h e r e  a r e  no a e a s u r e a e n t r  a c c u r a t e  enough t o  c o n f l r m  
the  a c c u r a c y  of t h e  e n e r g y  d e p e n d e n c e  of t h e  B e t h e  t h e o r y  t o  
b e t t e r  t h a n  a b o u t  1%. The m e a s u r e m e n t s  by T s c h a l 8 e r  and 
B i c h s e l  ( 1 9 6 7 )  showed p o s a i b l a  d i f f e r e n c e s  b c t v e e n  t h e o r y  
a n d  e x p e r i m e n t  o f  t h e  o r d e r  o f  1%. It a p p e a r s  t o  ua t o  b e  
a d v i s a b l e  t o  asnuma an u n c e r t a i n t y  o f  2 %  f o r  a n y  s t o p p i n g  
p o w e r  c a l c u l a t e d  by e x t r a p o l a t i o n  o v e r  e x t e n d e d  e n e r g y  
r a n g e r  in a d d i t i o n  t o  t h e  u n c e r t a i n t y  d u e  t o  t h e  
t x p e r i a e n t s .  A l t o e e t h e r ,  an u n c e r t a i n t y  o f  3-5% s h o u l d  b e  
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a s s i g n e d  t o  d o r e  ratio8 c a l c u l a t e d  w i t h  o t o p p i n g  power  d a t a .  
Our  gut88 i r  t h a t  r ( p e a k )  w i l l  be a b o u t  (3+2)% s m a l l e r  t h a n  
r ( p 1 a t e a u )  . 

2.4. DOSE C O N V E R S I O N  FACTOR k POR WALL TO TISSUE. 

I n  t h e  p l a t e a u  r e g i o n ,  k vi11 be a p p r o x i n a t e d  q u i t e  
C?08ely  b y  t h e  s t o p p i n g  p o v e r  r a t i o  of t i s s u e  and  w a l l ,  and  
i t 8  u n c e r t a i n t y  w i l l  b e  t h a t  of t h e  s t o p p i n g  power p l u s  the 
u n c e r t a i n t y  o f  t h e  v a l u e r  of t h e  f l u e n c c r  f o r  t h e  s e v e r a l  
p a r t f c l e r  u s e d  € o r  t h e  c a l c u l a t i o n .  I n  t h e  p e a k  region, t h e  
u n c e r t a i n t y  i n  t h e  t e r n a  f o r  t h e  p i o n a  a n d  o f  t h e  c a p t u r e  
c o e f f i c i e n t r  f o r  p i o n 8  and  muonr i n  t h e  d i f f e r e n t  conpounda  
w i l l  b e  added  t o  t he  u n c e r t a i n t i e s  i n  s t o p p i n g  p o w e r r .  A t  
p r e r e n t ,  t h e  m a j o r  u n c e r t a i n t y  ~ I J  p r o b a b l y  in t h e  Kerma f o r  
c a r b o n  and oxygen. 

3mFACTORS N E E D E D  IN DOSE CALCULATIONS. 

I n  t he  c o m p a r i s o n r  made b e t w e e n  c a l c u l a t e d  and  r e a a u r e d  
d e p t h  d o r e  c u r v e r ,  w e  c o n s i d e r e d  i t  i m p o r t a n t  t o  r e p r o d u c e  
t h e  peak of the dose c u r v e  i f  t h e  c a l c u l a t i o n  i r  n o r m a l i z e d  
in t h e  p l a t e a u  r e g i o n .  We f o u n d  t h a t  t h e  f o l l o w i n g  e f f e c t s  
i d f l u e a c e d  t h e  h e i g h t  of  t h e  peak: 

1. d i v e r g e n c e  of  t h e  bean ' 7  

2. asymmetry i n  t h e  r t r a g g l i n g  f u n c t l o n -  
3 .  t h e  f r a c t i o n  and r p a t i a l  d i r t r i b u t i o n  o f  

d e c a y i n g  p i o n e  and  muonr 
4.  r r s u m p t f o n s  a b o u t  t h e  8 ta rdo .e  
5.  d e p t h  dore  curves and s p a t i a l  d i r t r i b u t i o n  of 

-qr , 

e l e c t r o n 8  
c 

f a  a d d i t i o n ,  problem8 v e r e  c a u s e d  i n  'worn. i n r t a n p e 3  b y  
i n a d e q u a t e  s t a t i s t i c s  in t h e  number of i n c i d e n t  p a r t i c l e 8  
f o r  t h e  c a l c u l 8 t i o o a .  For 8 b 8 0 1 u t t  r a n g e  m e a 8 u r e m t n t r .  t h e  
s e n i r c u r  of t h r  water  r u r f a c e  n u s t  be  t a k e n  into a c c o u n t .  
The  i n f l u e n c e  of t h e  c h o i c e  o f  the  m u l t i p l e  r c a t t e r i n g  mode l  J"B k r e d  ha8 n o t  y e t  b e e n  e x p l o r e d  ( i n  p a r t i c u l a r ,  n u c l e a r  
r c a t t e r i n 8  ha8  not been c o n r i d e r e d  so f a r ) . '  A d i r c u s s i o n  of 
theme p r o b l e m 8  - f o l l o w 8 .  

3.1. D I V E R G E N C E  OF EEAH. 

If t h e  bean of c h a r g e d  p a r t i c l e s  i o  d i v e r l e n t ,  t h e  
f l u c n c e  in t h r  p l a t e a u  r e g i o n  w i l l  b e  l a r g e r  t h a n  t h e  
f l u e n c e  i n  t h e  peak region. I f  t h e  d o s e  c o n t r i b u t i o n  b y  
S t a t e  c a n  be c o n a i d e r e d  t o  be l o c a l i z e d  ( i . e . ,  m o s t  of t h e  
e n e r g y  d e p o r i t i o n  by t h e  s t a r  i r  i n  a v o l u n e  sma l l e r  t h a n  
t h e  d o r i a e t e r ) ,  t h e  r a t i o  o f  p e a k  t o  p l a t e a u  w i l l  be 
p r o p o r t i o n a l  t o  t h e  r a t i o  o f  f l u e n c e e .  T h e r e f o r e  i t  i s  e a a y  
t o  make a c o r r e c t i o n .  I t8  a c c u r a c y  w i l l  be a p p r o x i m a t e l y  
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e q u a l  t o  t h e  a c c u r a c y  w i t h  which  t h e  f l u t n c e  r a t i o  fs knovn.  
The  rame c o n s i d e r a t i o n s  a p p l y  for c o n v e r g e n t  b t a 6 r .  The 

. u n c e r t a i n t y  w i l l  of c o u r s e  b e  given b y  t h e  u n c e r t a i n t i e s  io 
t h e  f l u e n c e  n e a s ~ r e m e n t s .  

3-20 ASYMMETRY I N  TRE S T R A G G L I N G  FUNCTION. 

L e w i s  ( 1 9 5 2 )  shoved  t h a t  t h e  r a n g e  s t r a g g l i n g  f u n c t i o n  
1s & s g m n c t r i c .  So f a r ,  v e  h a v e  n o t  had enough t i m e  t o  
e i t h e r  r e p r o d u c e  h i s  r e s u l t 8  c o r r e c t l y  o r  t o  a p p l y  cham to a 
b e a n  of 86-MeV p i o n s  b u t  c 8 l c u l a t i o n s  of t h e  h i g h e r  m o o c o t s  
of t h e  s t o p p i n g  power ( B i c h s e l ,  1 9 7 2 )  show t h a t  t h e  d a t a  
g i v e n  by L e w i s  a r e  c o r r e c t  w i t h i n  5 0 % .  We h a v e  w r i t t e n  
FORTRAN p r o g r a m  c a l c u l a t l n g  t h e  r a n g e  s t r a g g l i n g  from t h e  
a d d i t i o n  of s t r a g g l i n g  f u n c t i o n s  f o r  a u c c c s s l v a  t h i n  layers 
of a b s o r b e r .  A g a i n ,  w e  h a v e  n o t  had  e n o u g h  t i m e  t o  check  
o u r  r e s u l t s .  

Our p r e l i m i n a r y  r e s u l t s  i n d i c a t e  t h a t  t h e  r a n g e  
s t r a g g l i n g  f u n c t i o n  s h o u l d  b e  5-10% h i g h e r  t h a n  the G a u a a i a o  
w h i c h  h a s  b e e n  used  so f a r  t o  a p p r o x i m a t e  s t r a g g l i n g .  

3.3. FRACTION AND D I S T R I B U T I O N  OF D E C A Y I N G  PIONS AND 
YUONS 

Pion8 and muons d e c a y  d u r i n g  t h e i r  t r a n s i t  in t h e  b e a n  
c h a n n e l  and in t h e  a b s o r b e r .  The a n g u l a r  d i s t r i b u t i o n  o f  
the d e c a y  p r o d u c t r  depend8  o n  t h e  e n e r g y  and  t h e  
p o l a r i ~ a t f o a  of t h e  d e c a y i n g  p a r t i c l e .  The a c c u r a c y  of t h e  
m o d e l  u s e d  to c & l c u l a t e  t h e s e  decay. c a n  b e  a s s e s r e d  from a 
c o m p 8 r i s o n  of m e a r u r e d  and c r l c u l a t e d  d e p t h  d o s e  C u r v e s  
b e y o n d  t h e  p e a k ,  We are working w i t h  P. B e r a r d o  and M O  
P a c i o t t i  o a  t h i s  p rob lem.  A t  p r e s e n t ,  w e  d o  not even h a v e  8 
r e a s o n a b l e  e s t i m a t e  of t h e  e f f e c t ,  much l e s s  an e s t i m a t e  of 
t h e  u n c e r t a i n t y  i n  dose due  t o  th im e f f e c t .  

3 - 5 .  ASSUHPTIONS ABOUT THE STARDOSE. 

C l e a r l y ,  for 8 c o m p a r i s o n  b e t w e e n  c a l c u l a t i o n  and 
n e a s u r e m e n t ,  t b e  c a l c u l a t i o n  m u s t  be made f o r  t h s  e x a c t  
g e o m e t r y  of t h e  e x p e r i m e n t .  I f  f o r  e x a m p l e  an ion e h a n b e r  
w i t h  w a l l s  of Shonka p l a s t i c ,  f i l l e d  w i t h  t i s s u e - e q u i v a l e n t  
g a s ,  % r  used  in a w a t e r  phantom t o  m e a s u r e  t h e  dose 
d i s t r i b u t i o n ,  t h e  c a l c u l a t i o n  m u s t  m i m u l a t e  t h i s  8 e t u p .  In 
p 8 r t i c u l a r ,  an es t ima te  n u s t  b e  made of t h 8  f r a c t i o n  of t h e  
r t a r d o s e  p e n e t r a t i n g  f rom t h e  w a t e r  i n t o  t h e  ion c h a n b e r .  
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3.5. SPATIAL DISTRIBUTION OF ELECTRONS FROM MUON 
DECAY. 

We a r e  w o r k i n g  w i t h  P. B e r a r d o  on i a p r o v e n e n t m  i n  t h e  
a n g u l a r  d i s t r i b u t i o n  of  d e c a y  e l e c t r o n m  am w e l l  a8 on u s i n g  
b e t t e r  d e p t h  dome curvem € o r  t h e  e l e c t r o n s  (Bergcr, 1 9 7 8 ) .  

4 .  CONCLUSIONS. 

Sone o f  t h e  varioum e f f e c t 8  d i s c u m r e d  above  w i l l  
i n c r e a s e  t h e  r a t i o  o f  t h e  d o s e  a t  t h e  peak t o  t h e  do8e  a t  
t h e  p l a t t m u ,  some w i l l  d e c r t a m e  th im r a t i o .  m u 8 t  
d i m t i n g u i a h  c l e a r l y  b e t w e e n  t h e  r y m t c n a t i c  n a t u r e  of t h e  
e f f e c t s  and t he  random n a t u r e  o f  t h e i r  u n c e r t a i n t i e r .  I f  
t h e  e f f e c t s  a r e  n e g l e c t e d ,  t h e  u n c e r t a i n t y  of a doae 
a e a a u r e m e n t  o r  c a l c u l a t i o n  8 h o u l d  b e  c o n r i d e r e d  t o  be e q u a l  
t o  a t  learnt t h e  a l g e b r a i c  mum of t h e  e m t i m a t e d  e f f e c t s  p l u s  
t h e  r m m  mum of t h e  u n c e r t a l a t i e . .  I f  t h e  e f f e c t 8  a r e  t a k e n  
i n t o  a c c o u n t ,  o n l y  t h e  r m m  u n c e r t a i n t y  w i l l  d e t e r m i n e  t h e  
u n c e r t a i n t y  o f  t h e  dome. W h i l e  t h e  s u m  of  t h e  e f f e c t .  may 
be q u i t e  m ~ a l l  , t h a  s u n  of t h e  u n c e r t a i n t i e s  of theme 
e f f e c t s  m y  b e  q u i t e  l a r g e .  I f ,  € o r  e x a m p l e ,  n i n e  t f f e c t m  
a r e  a d d e d ,  t h e  a v e r a g e  u n c e r t a i n t y  o f  e a c h  e f f e c t  s h o u l d  be 
o n l y  of  t h e  o r d e r  of 1% t o  p r o d u c e  an o v e r a l l  u n c e i t a i n t y  of 
32. Our k n o w l e d g e  a b o u t  t h e  v a r i o u m  e f f e c t .  I 8  far from 
8 d e q u a t e  f o r  t h i m  a c c u r a c y .  
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