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CONCEPTS AND QUANTITIES 

RELEVANT TO THE EVALUATION OF CHARGED PARTICLE TRACKS 
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I n s t i t u t für Med .Strahlenkunde der Universität Würzburg, Versbacher S t r . 5 , 
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R a d i o l o g i c a l Research L a b o r a t o r y , Dept.of Radiology, Columbia U n i v e r s i t y , 

630 West 168th S t . , New York, N.Y. 10032 

ABSTRACT: The s t o c h a s t i c v a r i a b l e s ε, ζ and y have o r i g i n a t e d i n c l o s e 

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

t i o n s r e f l e c t these t e c h n i q u e s . Recently o t h e r q u a n t i t i e s have been de­

f i n e d t h a t correspond more c l o s e l y t o the c o m p u t a t i o n a l approach i n m i c r o -

d o s i m e t r y . Of p a r t i c u l a r importance among the new concepts i s the n o t i o n 

of energy transfers and t h a t o f the distance distribution t ( x ) . These 

n o t i o n s are c o n s i d e r e d . 

A general e q u a t i o n f o r dual r a d i a t i o n a c t i o n ( l e s i o n s produced by p a i r s o f 

s u b l e s i o n s ) can be f o r m u l a t e d i n terms o f t ( x ) and an analogous f u n c t i o n 

s ( x ) t h a t d e s c r i b e s the geometry o f the s e n s i t i v e s t r u c t u r e s i n the c e l l . 

T his f o r m u l a i s a general e q u a t i o n f o r t h e random o v e r l a p o f two geo­

m e t r i c a l o b j e c t s ( p a r t i c l e t r a c k and s e n s i t i v e s t r u c t u r e s o f the c e l l ) ; i t 

determines the magnitude o f the l i n e a r component f o r the f o r m a t i o n o f 

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

d i s t r i b u t i o n t ( x ) the concept o f intra-traek dose Δ(χ) i s i n t r o d u c e d . 

Work supported by Euratom C o n t r a c t 208-76-7B10 D and by Grant Numbers 
CA 15307 and 12536, awarded by the N a t i o n a l Cancer I n s t i t u t e , DHEW, and 
by C o n t r a c t EP -78-S -02-A733 from the U.S. Department o f Energy. 
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Introduction 

M i c r o d o s i m e t r y i s t h e p a r t of d o s i m e t r y t h a t deals w i t h the s t a t i s t i c a l 

f l u c t u a t i o n s o f energy a b s o r p t i o n i n i r r a d i a t e d m a t t e r . S t o c h a s t i c q u a n t i t i e s 

such as energy imparted ε specific energy ζ and lineal energy y d e s c r i b e 

these f l u c t u a t i o n s . T h e i r p r o b a b i l i t y d i s t r i b u t i o n s ( u s u a l l y r e s t r i c t e d t o 

s p h e r i c a l r e g i o n s ) have been the o b j e c t o f e x p e r i m e n t a l as w e l l as t h e o r e t i ­

c a l s t u d i e s . In f a c t m i c r o d o s i m e t r y i s sometimes, i n a somewhat too narrow 

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

ε, ζ or y. 

The e s t a b l i s h e d s t o c h a s t i c q u a n t i t i e s ε, ζ, and y are i m p o r t a n t and u s e f u l ; 

however o t h e r q u a n t i t i e s and concepts have been i n t r o d u c e d which may even­

t u a l l y assume an e q u a l l y i m p o r t a n t r o l e . These n o t i o n s have o r i g i n a t e d from 

the e v a l u a t i o n o f charged p a r t i c l e t r a c k s and they w i l l here be summarized. 

The d e f i n i t i o n o f energy imparted can serve as a s t a r t i n g p o i n t f o r t h e i r 

cons i d e r a t i o n . 

The notion of energy transfers and the definition of energy imparted 

Energy imparted i s the fundamental s t o c h a s t i c q u a n t i t y o f d o s i m e t r y . I t i s 

d e f i n e d as t h e d i f f e r e n c e o f r a d i a t i o n energy ( k i n e t i c energy o f i o n i z i n g 

p a r t i c l e s ^ ) f l o w i n g i n t o and f l o w i n g out o f the r e f e r e n c e volume ( l ) . 

D e t a i l s o f the d e f i n i t i o n t h a t account f o r the change o f r e s t mass i n p a r ­

t i c l e t r a n s f o r m a t i o n s need, f o r the present purpose, not be c o n s i d e r e d . 

The ICRU d e f i n i t i o n o f energy imparted i s s c h e m a t i c a l l y represented i n 

F i g . l a . This d e f i n i t i o n r e f e r s t o f i n i t e domains and invokes merely the 

o v e r a l l i n f l o w and o u t f l o w o f r a d i a t i o n energy. I t does not account f o r the 

a c t u a l processes of energy t r a n s f e r w i t h i n the volume nor does i t account 

f o r t h e i r s p a t i a l d i s t r i b u t i o n . The d e f i n i t i o n corresponds t h e r e f o r e t o t h e 

e x p e r i m e n t a l d e t e r m i n a t i o n o f the q u a n t i t i e s ε, ζ, or y, where t o t a l energy 

The term ionizing has not been e x p l i c i t e l y d e f i n e d i n ICRU r e p o r t 19. 
In the present c o n t e x t i t i s s u f f i c i e n t t o note t h a t c e r t a i n minimum 
k i n e t i c e n e r g i e s can a r b i t r a r i l y be s p e c i f i e d f o r v a r i o u s types o f par­
t i c l e s so t h a t these p a r t i c l e s a r e not considered as i o n i z i n g i f t h e i r 
k i n e t i c energy ( i . e . energy minus r e s t energy) i s below the s p e c i f i e d 
v a l u e . 
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t r a n s f e r (approximated i n terms o f t o t a l number o f ions) i s determined 

w i t h o u t regard t o the s p a t i a l d i s t r i b u t i o n w i t h i n the s e n s i t i v e r e g i o n o f 

the d e t e c t o r . 

Carlsson (2) has r e c e n t l y proposed a d e f i n i t i o n o f energy imparted t h a t i s 

e q u i v a l e n t t o the ICRU d e f i n i t i o n but has a d i f f e r e n t form. In t h i s d e f i n i ­

t i o n the energy imparted i s the sum o f c o n t r i b u t i o n s Δε. from i n d i v i d u a l 

processes, such as e l e c t r o n i c c o l l i s i o n s , o c c u r r i n g in the r e f e r e n c e volume. 

T h i s form o f the d e f i n i t i o n corresponds t o those recent m i c r o d o s i m e t r i c 

s t u d i e s which u t i l i z e t h e a c t u a l c o o r d i n a t e s o f charged p a r t i c l e t r a c k s . 

In f a c t the d e f i n i t i o n o f the c o n t r i b u t i o n s Δε. i s i d e n t i c a l w i t h the d e f ­

i n i t i o n o f energy transfers^ i n the e v a l u a t i o n o f charged p a r t i c l e t r a c k s 

( 3 ) . 

Energy t r a n s f e r s Δε. are d e f i n e d f o r those p o i n t s T. where i o n i z i n g par­

t i c l e s undergo an i n t e r a c t i o n . Each p o i n t Τ. i s termed a transfer point. 

The v a l u e Δε. i s equal t o the k i n e t i c energy o f t h e i o n i z i n g p a r t i c l e i n ­

c i d e n t on the t r a n s f e r p o i n t minus t he k i n e t i c energy o f t h e i o n i z i n g par-

t i c l e ( s ) emerging from t he p o i n t . 

I t must be noted, t h a t k i n e t i c energy i s not counted i f i t i s lower than 

the l i m i t s p e c i f i e d f o r i o n i z i n g p a r t i c l e s . T h i s i m p l i e s t h a t energy d i s ­

s i p a t i o n by n o n - i o n i z i n g p a r t i c l e s i s d i s r e g a r d e d . There w i l l be numerous 

t r a n s f e r p o i n t s where an i n c i d e n t i o n i z i n g p a r t i c l e loses s u f f i c i e n t ener­

gy t o emerge as a n o n - i o n i z i n g p a r t i c l e . The number o f emerging i o n i z i n g 

p a r t i c l e s may then be zero, and the energy t r a n s f e r i s s i m p l y equal t o the 

k i n e t i c energy o f the incoming p a r t i c l e . 

I t w i l l a l s o be noted t h a t i n t e r a c t i o n s between charged p a r t i c l e s do n o t , 

s t r i c t l y , take place a t a p o i n t . For the purpose o f the pre s e n t d i s c u s s i o n 

t h i s can, however, be d i s r e g a r d e d . 

For those d e t a i l s o f the d e f i n i t i o n t h a t deal w i t h changes i n r e s t mass i n 

p a r t i c l e t r a n s f o r m a t i o n s one may r e f e r t o the a r t i c l e by Ca r l s s o n . 

+^The energy t r a n s f e r s have e a r l i e r (3) been symbolized by ε., but 
Carlsson's n o t a t i o n Δε. i s now used. 
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The d e f i n i t i o n o f energy imparted i n terms o f i n d i v i d u a l energy t r a n s f e r s 

i s s c h e m a t i c a l l y represented i n Fig. 1 b . In t h i s f i g u r e dots stand f o r the 

energy t r a n s f e r s Δε.. 

1a l b 

F i g . 1 Two e q u i v a l e n t d e f i n i t i o n s o f energy imparted. 

The symbols T_^ and T ^ i n Fig.1a stand f o r the k i n e t i c e n e r g i e s 
o f i n c i d e n t and o u t - g o i n g p a r t i c l e s . 

The dots i n F i g . l b r e p r e s e n t energy t r a n s f e r s Δε. t h a t may be 
i o n i z a t i o n s or e x c i t a t i o n s . 
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The spatial pattern of energy transfers as an explicit description 

of particle tracks 

The c o o r d i n a t e s o f a l l energy t r a n s f e r s t o g e t h e r w i t h the values Δε. 

a f f o r d a n e a r l y e x h a u s t i v e d e s c r i p t i o n o f a charged p a r t i c l e t r a c k . The 

term particle track i s here used t o d e s i g n a t e energy d e p o s i t i o n by a par­

t i c l e and i t s i o n i z i n g secondaries. 

The s p a t i a l d i s t r i b u t i o n s o f energy t r a n s f e r s are u s u a l l y o b t a i n e d by 

Monte C a r l o methods ( ^ , 5 ) · S i m i l a r i n f o r m a t i o n i s sought i n experiments 

t h a t aim a t the d e t e r m i n a t i o n o f the c o o r d i n a t e s o f i n d i v i d u a l i o n i z a t i o n s 

i n a c l o u d chamber ( 6 ) . The unprocessed i n f o r m a t i o n , i . e . t he c o l l e c t i o n 

o f t h e c o o r d i n a t e s o f energy t r a n s f e r s , c o uld i n p r i n c i p l e be u t i l i z e d 

d i r e c t l y i n a Monte Carlo s u p e r p o s i t i o n o f s i m u l a t e d charged p a r t i c l e 

t r a c k s and s i m u l a t e d c e l l u l a r s t r u c t u r e s . However t h i s w i l l o f t e n r e q u i r e 

d e t a i l e d i n f o r m a t i o n on c r i t i c a l c e l l o r g a n e l l e s t h a t i s not a v a i l a b l e . I t 

i s t h e r e f o r e d e s i r a b l e t o o b t a i n a c h a r a c t e r i z a t i o n o f the s p a t i a l p a t t e r n 

o f energy t r a n s f e r s t h a t i s more compact and t h a t can be a p p l i e d i n a more 

general way. The distance distribution, t ( x ) , of energy t r a n s f e r s i s such 

a compact c h a r a c t e r i z a t i o n . 

The distance distribution t ( x ) as an implicit description of 

the charged particle tracks 

The m i c r o s c o p i c d i s t r i b u t i o n s of energy produced by d i f f e r e n t types o f 

i o n i z i n g r a d i a t i o n s vary by the degree o f s p a t i a l c o r r e l a t i o n o f energy 

t r a n s f e r s . With e n t i r e l y u n c o r r e l a t e d energy t r a n s f e r s (random d i s t r i b u ­

t i o n o f t r a n s f e r s ) t h e r e would be no increased p r o b a b i l i t y f o r o t h e r energy 

t r a n s f e r s i n the v i c i n i t y o f a t r a n s f e r p o i n t . However u n c o r r e l a t e d energy 

t r a n s f e r s are produced o n l y by UV i r r a d i a t i o n ; w i t h i o n i z i n g r a d i a t i o n s 

energy t r a n s f e r s occur i n c l u s t e r s (designated v a r i o u s l y as b l o b s , spurs, 

δ-rays , t r a c k s e t c ) . 

L i n e a r energy t r a n s f e r i s one concept t o c h a r a c t e r i z e t h e a g g r e g a t i o n o f 

energy t r a n s f e r s , but i t i s i n many ways a poor concept. The y - d i s t r i b u -

t i o n s a f f o r d a more r e a l i s t i c c h a r a c t e r i z a t i o n o f the s p a t i a l c o n c e n t r a ­

t i o n o f energy t r a n s f e r s . Another p o s s i b i l i t y c o n s i s t s i n q u o t i n g an a c t u a l 
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parameter o f c o r r e l a t i o n . The d i s t a n c e d i s t r i b u t i o n i s such a parameter o f 

c o r r e l a t i o n . I t has been g i v e n t h e f o l l o w i n g d e f i n i t i o n ( 7 ) : 

t n ( x ) dx i s the expected energy imparted w i t h i n a d i s t a n c e χ t o x+dx 

from an energy t r a n s f e r randomly s e l e c t e d . 

W ith no c o r r e l a t i o n t h i s would be: 

t D ( x ) = W 2 p D (1) 

where D i s the absorbed dose, and ρ i s the d e n s i t y . 

For a c t u a l p a r t i c l e s one o b t a i n s an a d d i t i o n a l term t ( x ) which r e p r e s e n t s 

c o r r e l a t e d energy t r a n s f e r s , i . e . energy t r a n s f e r s from t h e same t r a c k : 

t D ( x ) = t ( x ) + W 2 p D ( 2 ) 

The dose-dependent term i s t r i v i a l . I t i s t h e r e f o r e s u f f i c i e n t t o c o n s i d e r 

the f u n c t i o n t ( x ) which can be used t o c h a r a c t e r i z e r a d i a t i o n q u a l i t y . This 

f u n c t i o n i s c a l l e d t h e distance distribution o f energy t r a n s f e r s ; one can 

show t h a t i t i s i n f a c t t h e (non-normalized) d i s t r i b u t i o n o f d i s t a n c e s o f 

randomly s e l e c t e d p a i r s o f t r a n s f e r s i n t h e same p a r t i c l e t r a c k . However 

the term proximity function has a l s o been used ( 8 ) . 

One can a l s o use the i n t e g r a l : 

χ 
T ( x ) = J t ( x ' ) dx' (3) 

0 

which i s equal t o the expected energy imparted i n a sphere o f r a d i u s χ 

centered a t a randomly s e l e c t e d t r a n s f e r p o i n t . 

Computation of t ( x ) and T ( x ) from the coordinates of 

charged particle tracks 

For a g i v e n s p a t i a l p a t t e r n o f energy t r a n s f e r s one can compute t h e c o r r e ­

sponding f u n c t i o n s t ( x ) and T ( x ) . Since an a c t u a l p a t t e r n comprises a l a r g e 

but f i n i t e number o f energy t r a n s f e r s , t ( x ) w i l l be a sum o f Di r a c δ-dis-

t r i b u t i o n s , and T ( x ) w i l l c o n s i s t o f d i s c r e t e s t e p s . 

Let Δε. ( i = l , 2 , ... i ) be the energy t r a n s f e r s and l e t x.^ be t h e d i s t a n c e 

between t he t r a n s f e r p o i n t s T. and T^. Then the formulae f o r t ( x ) and T ( x ) 

ar e : 
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I I ι 

t ( x ) = l l ό(χ. -χ) Δε Δε / I Δε m 

1 = 1 k=1 , Κ 1 Κ ί = 1 ' w 

and J j . 

Τ(χ) = £ Ζ Δε. Δε. / \ Δε. (5) 
i=1 k ' Κ i=1 ' 

where the summation extends over a l l k w i t h χ., < χ 
ι k 

The terms w i t h i=k are inc l u d e d so t h a t T(o) has the f i n i t e v a l u e 

Δ ε . 2 / Δε.,that i s the energy average o f the i n d i v i d u a l energy t r a n s f e r s . 

Fig.2 g i v e s a schematic two-dimensional example f o r the c a l c u l a t i o n o f the 

d i s t a n c e d i s t r i b u t i o n . As w i l l u s u a l l y be the case i n numerical e v a l u a ­

t i o n s , the 6 - d i s t r i b u t i o n s are approximated by d i s t r i b u t i o n s o f f i n i t e 

w i d t h . For s i m p l i c i t y t h e energy t r a n s f e r s are a l l taken t o be o f t h e same 

va l u e ; t h i s corresponds t o the case where one observes o n l y i o n i z a t i o n s , 

Fig.2 A schematic, two-dimen­
s i o n a l example f o r an 
inchoate distribution (3) 
o f energy t r a n s f e r s and 
the corresponding d i f f e r ­
e n t i a l and i n t e g r a l d i s ­
tance d i s t r i b u t i o n . 

A c t u a l d i s t r i b u t i o n s t ( x ) and T ( x ) belong not t o one sample o f 
p a r t i c l e t r a c k but are the average o b t a i n e d f o r many samples. 
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w h i l e e x c i t a t i o n s a r e d i s r e g a r d e d . In a c t u a l m i c r o d o s i m e t r i c computa­

t i o n s one o b t a i n s smooth curves which a re the r e s u l t o f the s u p e r p o s i t i o n 

o f d i s t r i b u t i o n s b e l o n g i n g t o many p a r t i c l e t r a c k s . 

A l i m i t e d number o f d i s t a n c e d i s t r i b u t i o n s has been computed by sev e r a l 

a u thors from s i m u l a t e d p a r t i c l e t r a c k s ( 4 , 5 , 9 ) . A s y s t e m a t i c e f f o r t t o 

o b t a i n such d i s t r i b u t i o n s f o r e l e c t r o n s and f o r heavy charged p a r t i c l e s 

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

Applicability of the distance distributions 

An e a r l i e r t h e o r e t i c a l t r e a t m e n t which has been termed t h e t h e o r y o f dual 

r a d i a t i o n a c t i o n (10) has u t i l i z e d t h e m i c r o d o s i m e t r i c q u a n t i t y s p e c i f i c 

energy z. The main r e s u l t o f the t h e o r y i s a l i n e a r - q u a d r a t i c dose de­

pendence f o r c e l l u l a r l e s i o n s t h a t r e s u l t from t he combinations o f p a i r s 

o f s u b l e s i o n s . The use o f the q u a n t i t y ζ had made i t necessary i n the 

e a r l i e r t r e a t m e n t t o assume c e r t a i n s i t e s i n the nucleus o f t h e c e l l where 

s u b l e s i o n s would be produced and where they would i n t e r a c t w i t h c o n s t a n t 

p r o b a b i l i t y r e g a r d l e s s o f t h e i r s e p a r a t i o n . There i s no e x p e r i m e n t a l e v i ­

dence t o support such an assumption. I t must i n s t e a d be assumed t h a t sub­

l e s i o n s can be produced throughout t he nucleus and t h a t they combine w i t h 

a p r o b a b i l i t y t h a t depends on t h e i r s e p a r a t i o n . 

In s p i t e o f i t s approximate n a t u r e the e a r l i e r t r e a t m e n t was judged t o be 

s a t i s f a c t o r y f o r charged p a r t i c l e s w i t h ranges l a r g e r than o r comparable 

t o t h e dimensions o f the nucleus. Such p a r t i c l e s w i l l always spread 

energy t r a n s f e r s over a l a r g e p a r t o f a s p e c i f i e d m i c r o s c o p i c r e g i o n . 

A c c o r d i n g l y the b i o l o g i c a l e f f e c t s w i l l be s i m i l a r a t equal v a l u e s o f z; 

the i n t e r n a l d i s t r i b u t i o n o f energy t r a n s f e r s w i t h i n the r e g i o n w i l l be 

of minor importance. 

The d e f i n i t i o n o f t ( x ) i s g i v e n i n a form t h a t i n c l u d e s a l l energy 
t r a n s f e r s . I t i s obvious t h a t t h i s c o uld be m o d i f i e d . I f b i o l o g i c a l 
evidence should i n d i c a t e t h a t e x c i t a t i o n s have l i t t l e o r no e f f e c t i v e ­
ness, one may r e d e f i n e t ( x ) as w e l l as ε, ζ, or y t o r e f e r o n l y t o 
i o n i z i n g i n t e r a c t i o n s 
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3a 3b 

Fig.3 An event where the same s p e c i f i c energy ζ i s produced by a 
p a r t i c l e o f long range (a) and a p a r t i c l e of s h o r t range (b) 

The s i t u a t i o n i s d i f f e r e n t f o r p a r t i c l e s o f ve r y s h o r t range such as the 

e l e c t r o n s from s o f t x - r a y s . As i n d i c a t e d i n F i g . 3 , a narrow c l u s t e r o f 

energy t r a n s f e r s may r e s u l t which i s s u b s t a n t i a l l y more e f f e c t i v e than the 

same increment o f ζ produced by long range p a r t i c l e s . T h i s must be so i f 

c l o s e l y n e i g h b o u r i n g s u b l e s i o n s have an enhanced p r o b a b i l i t y of i n t e r a c t i o n . 

A r e c e n t g e n e r a l i z a t i o n o f the t h e o r y i s based not on the q u a n t i t y ζ but on 

the d i s t a n c e d i s t r i b u t i o n s . T h i s g e n e r a l i z e d t r e a t m e n t i s v a l i d a l s o f o r 

short-ranged p a r t i c l e s , and i t i s e q u a l l y a p p l i c a b l e t o s t u d i e s such as the 

molec u l a r ion beam experiment d e s c r i b e d by Rossi e t a l . ( l l ) . An e x p l i c i t 

t r e a t m e n t has been gi v e n elsewhere ( 8 ) , but a b r i e f statement o f the essen­

t i a l r e s u l t w i l l f o l l o w . 

General formula for dual action 

I t i s assumed t h a t s u b l e s i o n s a re produced by i n d i v i d u a l energy t r a n s f e r s 

w i t h i n an extended c e l l u l a r s t r u c t u r e which may be the nucleus o f the c e l l 

or a p a r t o f the nucleus. This s t r u c t u r e i s termed the sensitive matrix. 

According t o t h i s assumption the su b l e s i o n s w i l l be a subset o f the energy 

t r a n s f e r s w i t h i n the m a t r i x . 

I t i s f u r t h e r assumed t h a t s u b l e s i o n s can combine t o form l e s i o n s . The aver 

age combination p r o b a b i l i t y o f two s u b l e s i o n s separated by the d i s t a n c e χ 

is denoted by g ( x ) . 
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An a d d i t i o n a l p o s t u l a t e i s t h a t the t o t a l number o f s u b l e s i o n s exceeds 

c o n s i d e r a b l y the t o t a l number o f l e s i o n s , i . e . i t i s assumed t h a t the 

magnitude o f g ( x ) i s s m a l l . I f t h i s assumption i s i n v a l i d , as i t may be 

f o r v e r y densely i o n i z i n g r a d i a t i o n s , one w i l l have t o account f o r compe­

t i t i o n between s u b l e s i o n s . The i n t e r a c t i o n p r o b a b i l i t y o f two s u b l e s i o n s 

w i l l then depend on the presence o f o t h e r , n e i g h b o u r i n g s u b l e s i o n s . T h i s 

more complicated case w i l l not be c o n s i d e r e d . I t w i l l a l s o be assumed t h a t 

e i t h e r the i r r a d i a t e d c e l l s are randomly o r i e n t e d , or t h a t the r a d i a t i o n 

f i e l d i s i s o t r o p i c . 

Under these assumptions one o b t a i n s the l i n e a r - q u a d r a t i c dependence o f t h e 

mean number o f s u b l e s i o n s per c e l l ( 8 ) : 

C(D) = k U D + D 2 ) (6) 

where the c o e f f i c i e n t ξ i s determined by the f o l l o w i n g e q u a t i o n : 

ξ =
 J t ( x ) g(x) s ( x ) d x / J

 g ( x ) s ( x )
 ,

χ ( 7 ) 

ο 4πχ2ρ ο 

The f u n c t i o n s ( x ) i s e n t i r e l y analogous t o the f u n c t i o n t ( x ) . However i t 

r e f e r s t o the m a t r i x , i . e . , the s e n s i t i v e s t r u c t u r e o f the c e l l , and not t o 

the charged p a r t i c l e t r a c k . s ( x ) d x i s the expected volume o f the m a t r i x a t 

d i s t a n c e χ t o x+dx from a p o i n t randomly s e l e c t e d in the m a t r i x . In mathe­

m a t i c a l morphology the f u n c t i o n s ( x ) i s c a l l e d the covariance o f a geo­

m e t r i c a l o b j e c t ( 1 2 , 1 3 ) . I t depends o n l y on the geometry o f the m a t r i x . For 

a sphere i t i s o f s i m p l e a n a l y t i c a l form ( 7 ) ; f o r o t h e r geometries i t can 

be o b t a i n e d n u m e r i c a l l y . 

The general formula f o r ξ appears s u r p r i s i n g l y s i m p l e i n view o f the f a c t 

t h a t i t accounts both f o r the c o m p l i c a t e d t r a c k s t r u c t u r e and f o r the geo­

metry o f the m a t r i x . 

A p r e l i m i n a r y a n a l y s i s o f the m o l e c u l a r ion experiment (14) and o f e x p e r i ­

ments w i t h low energy e l e c t r o n s (15,16) has led t o the c o n c l u s i o n t h a t sub­

l e s i o n s can i n t e r a c t over d i s t a n c e s o f the o r d e r o f micrometers but t h a t 

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

over much c l o s e r d i s t a n c e s o f the o r d e r o f 0.1 pm. T h i s may be due t o the 

f a c t t h a t the i n t e r a c t i o n p r o b a b i l i t y g ( x ) r i s e s s h a r p l y a t small separa-
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t i o n s χ. I t could a l s o r e s u l t from the f a c t t h a t the m a t r i x c o n s i s t s o f 

small c l u s t e r s o f DNA randomly spread over l a r g e r r e g i o n s o f the nucleus. 

The notion of intra-track dose Δ(χ) 

Absorbed dose i s d e f i n e d as expected energy imparted t o a r e g i o n d i v i d e d 

by the mass i n t h i s r e g i o n . t(x)/kvpx^ i s the expected energy imparted t o 

a s p h e r i c a l s h e l l centered a t a t r a n s f e r p o i n t , d i v i d e d by the mass o f 

the s h e l l . A c c o r d i n g l y one can c o n s i d e r t h i s q u a n t i y as a conditional ab­

sorbed dose i n the v i c i n i t y o f an energy t r a n s f e r : 

Δ(χ) = t ( x ) / 4πχ 2ρ (8) 

This c o n d i t i o n a l dose i s due t o energy imparted by the same p a r . t i c l e t r a c k ; 

i t w i l l t h e r e f o r e be termed intra-track dose. One may note the s i m i l a r i t y 

o f t h i s concept t o the f r e q u e n t l y invoked n o t i o n o f a r a d i a l dose d i s t r i ­

b u t i o n around the t r a c k o f heavy charged p a r t i c l e s . C o n t r a r y t o oc c a s i o n a l 

c r i t i c i s m i t i s j u s t i f i e d t o apply t h e term dose i n t h i s c o n t e x t . 

Fig.h g i v e s t h e f u n c t i o n s t ( x ) and T ( x ) f o r d i f f e r e n t p a r t i c l e s and Fig. 5 

r e p r e s e n t s the cor r e s p o n d i n g i n t r a - t r a c k doses Δ(χ). In Fi g . 6 the r e s u l t s 

Fig.h D i f f e r e n t i a l and i n t e ­
g r a l d i s t a n c e d i s t r i b u ­
t i o n s t ( x ) and T ( x ) f o r 
1 keV e l e c t r o n s ( t o t a l 
t r a c k ) , f o r f a s t e l e c t r o n s , 
and f o r 20 MeV p r o t o n s . 
Data from ( 9 ) . 
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Fig.6 Schematic r e p r e s e n t a t i o n o f the s p a t i a l d i s t r i b u t i o n o f i n t r a - t r a c k 
dose, i . e . , the data from Fig.5 i n t h e form o f an i s o - A ( x ) diagram. 

are g i v e n i n a more i 1 l u s t r a t i v e , s c h e m a t i c form. The b i o p h y s i c a l i m p l i c a ­

t i o n s are r e a d i l y apparent. The i n t r a - t r a c k dose i n the c l o s e v i c i n i t y o f 

an energy t r a n s f e r i s l a r g e even f o r s p a r s e l y i o n i z i n g r a d i a t i o n s . At ab­

sorbed doses o f a few hundred rad i t i s t h e r e f o r e v e r y l i k e l y t h a t the 

neighbours o f an energy t r a n s f e r , ( o r of a s u b l e s i o n ) belong t o the same 

p a r t i c l e t r a c k ; i t i s very u n l i k e l y t h a t they belong t o independant p a r ­

t i c l e t r a c k s . This must be so because the frequency y o f n e i g h b o u r i n g energy 

t r a n s f e r s from the same t r a c k i s p r o p o r t i o n a l t o the i n t r a - t r a c k dose Δ(χ), 

w h i l e the frequency o f energy t r a n s f e r s from o t h e r t r a c k s i s p r o p o r t i o n a l 

t o absorbed dose D. The l i n e a r term i n the dose r e l a t i o n must t h e r e f o r e 

exceed the q u a d r a t i c term whenever Δ(χ) exceeds D. 
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A comparison of the data given in Figs.4 to 6 for the three d i f f e r e n t 

r a d i a t i o n s brings out c h a r a c t e r i s t i c d i f f e r e n c e s . In particu1ar, one r e a l ­

izes that for small separations the i n t r a - t r a c k dose is l a r g e s t for the 

1 keV e l e c t r o n (track ends), while for larger separations (x>50nm) i t is 

smaller and even approaches zero. 

One may consider the hypothetical case where two sublesions are always 

produced at a separation a. The dose dependence of l e s i o n s i s then: 

£ ( D ) = k(A(a) D + D 2) (9) 

T h i s is r e a d i l y derived from Eq(7) with s ( x ) ^ 6 ( a - x ) . 

Furthermore one concludes from Eq(7) that ξ w i l l always exceed A(a) i f the 

l i n e a r dimensions of the matrix are smaller than a or i f the maximum in t e r 

action distance of sublesions i s smaller than a. The i n t r a - t r a c k dose A(a) 

provides therefore a lower l i m i t for the quantity ξ. This applies regard­

l e s s of the complexities of track s t r u c t u r e and the geometry of the sen­

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