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THEORY OF W A L L - E F F E C T S 
IN MICRODOSIMETRIC MEASUREMENTS* 
A.M. KELLERER 
Department of Radiology, 
College of Physicians and Surgeons, 
Columbia University, 
New York, N.Y., 
United States of America 
Abstract 

THEORY OF WALL-EFFECTS IN MICRODOSIMETRIC MEASUREMENTS. 
Microdosimetric data and the experimental assessment of radiation quality are based upon measurements 

with proportional counters. The Simulation of microscopic tissue regions by cavities filled with tissue 
equivalent gas is, however, limited by the fact that scaling relations are not preserved when a particle 
track has multiple intersections with a boundary between regions of different density. This limitation has 
forced various attempts to replace conventional proportional counters with wall-less constructions. In spite 
of its practical irnportance to microdosimetry there is as yet no satisfactory analysis of the problem. 
General theorems which allow a quantitative determination of the wall-effects can, however, be derived. 
First one can extend Fano's theorem from a Statement on the fluence spectrum at a point to a Statement 
on the spectrum of track segments in extended domains. As a second step one can then evaluate those 
changes in the Statistical correlation of track segments which are brought about by density variations in the 
irradiated medium. Finally one can give a generalization of Cauchy's theorem on the mean chord length 
in convex bodies to curved and finite tracks and their secondaries. These results make it possible to assess 
the differences between energy deposition spectra in conventional counters and wall-less instruments. 

1. INTRODUCTION 
An increasing number of studies on radiation quality i s being based 

on microdosimetric concepts and quantities. While microdosimetry has de-
veloped into an e f f i c i e n t tool of radiobiology, one aspect has, however, 
remained largely unresolved. This i s the problem of the so-called wall-
e f f e c t s . Wall effects are distortions i n the s t a t i s t i c s of energy de
position which occur i f microscopic tissue regions are simulated by gas-
f i l l e d c a v i t i e s . Rossi and his co-workers have drawn attention to these 
distortions early i n the development of microdosimetry (1,2); subsequently 
wall-less proportional counters have been constructed i n order to over-
come the e f f e c t i n microdosimetric measurements (3,4,5,6). 

This paper contains a Synopsis of relevant concepts and of geometrical 
theorems which are useful as a basis for a theory of wall e f f e c t s . Such a 
theory i s desirable because c r i t e r i a are needed to decide whether i n any 
parti c u l a r case conventional proportional counters are applicable, or wall-
less Instruments must be used. 

In order to give a b r i e f survey i t w i l l be necessary to draw together 
results without detailed derivations. Proof of the various relations are 
given i n more technical investigations ( 7 , 8 ) . 

* Based on work performed under Contract AT-(30-1)-2740 for the USAEC and Grant No.EC-74 
for the National Institutes of Health. 

45 



46 KELLERER 

FIG. l. Definition of the concept track segment. 

2. C H A R A C T E R I Z A T I O N O F W A L L E F F E C T S 
2.1 Definition of Concepts 

Several concepts w i l l be needed throughout the discussion. The f i r s t 
concept i s that of an energy deposition event. The terra s i g n i f i e s energy 
deposition i n the region, U,of interest by a charged p a r t i c l e and/or i t s 
secondaries. An event can also involve two charged p a r t i c l e s set i n motion 
by the same uncharged p a r t i c l e . Two energy depositions belong to di f f e r e n t 
events i f they are s t a t i s t i c a l l y independent, that i s i f they cannot be 
traced back to a common quantum act. The term event w i l l be used i n a 
somewhat more general connotation which also includes passage of a charged 
p a r t i c l e without actual energy deposition i n U. The d i s t i n c t i o n can be 
neglected except for very small regions and sparsely ionizing p a r t i c l e s . 

A charged p a r t i c l e track i s the l i n e of motion of a charged p a r t i c l e 
together with the branches and subbranches formed by i t s secondaries. Track 
length i s the t o t a l length of the track including i t s branches. A track 
segment i s a continuous portion of a track lyi n g inside the region, U. 
Two segments may belong to the same track, as for example the segments A 
and B i n F i g . l . 

Event m u l t i p l i c i t y , M, i s the raean number of segments per event i n 
U. If the frequency of segments i n U per unit dose i s 4>g and * i s the 
frequency of events, then the m u l t i p l i c i t y i s : 

M - * s/* (1) 

2.2 Types of Wall Effects 

Wall effects are due to the fact that the cavity f i l l e d with low 
density gas i s surrounded by high density raaterial. In the walls the 
charged p a r t i c l e tracks are short as compared to the dimensions of the 
cavity. 1 The boundary of the cavity as seen from the outside of the 
cavity then appears as a plane. This leads to the fact that track 
segments can occur simultaneously which would i n the S t a n d a r d case 

With the commonly eraployed cavity sizes the condition holds for electrons 
up to 1 MeV and for heavier p a r t i c l e s of much higher energy. Other cases 
are excluded from this discussion. 
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( i . e . , when the region U i s surrounded by material of the same density) 
be s t a t i s t i c a l l y independent. Three p r i n c i p a l processes can be d i s -
tinguished. 

In the Standard case a primary p a r t i c l e may traverse U while a 
6 ray formed outside U does not enter the region but traverses the 
plane, T, which i s tangential to U at the entrance point of the primary 
p a r t i c l e . In the cavity case traversal of the tangential plane, T, 
means entrance into the cavity. The Situation i s schematically re-
presented i n Fig.2a. The simultaneous entrance of the primary and the 
secondary p a r t i c l e i s ca l l e d delta ray e f f e c t . 

A s i m i l a r process i s represented i n Fig.2b. The effect i s due to 
the back scattering of the charged p a r t i c l e after i t has traversed the 
cavity. This re-entry effect i s s i g n i f i c a n t only for electrons with 
th e i r curled tracks. 

A t h i r d type of wall e f f e c t i s the V-effect. This effect i s re
presented i n Fig.2c. The V-shaped track of two nuclear fragments formed 
i n a nonelastic nuclear c o l l i s i o n has a higher probability for simul
taneous passages through the cavity than through the actual microscopic 
region. 

2.3 Increase of M u l t i p l i c i t y 

A common cha r a c t e r i s t i c of the different types of wall e f f e c t s i s 
that they increase event m u l t i p l i c i t y . The shape and the r e l a t i v e f r e 
quency of track segments i n the region, U, i s not affected by the density 
of the walls; this i s true under the conditions of Fano's theorem (9), 
and i t follows from this theorem. It i s merely the S t a t i s t i c a l coupling 
between segments which depends on the density of the material surrounding 
U. 

Assume that the region U i s convex. Then one obtains m u l t i p l i c i t y 
1 i n the free Space case, i . e . , when U i s positioned i n vacuo. In the 
Standard case the m u l t i p l i c i t y i s near 1, i f one deals with small regions. 
In the cavity case one has maximal m u l t i p l i c i t y . Estimates of the numeri-
ca l values are given i n section 3. 

2.4 Event Frequency and Mean Event Size 

If a convex region of volume V and surface S i s randomly traversed 
by i n f i n i t e straight l i n e s (Fig.3a), then the mean chord length, £, in 
the region i s equal to 4V/S. This i s the soj-called theorem of Cauchy. 
If the tracks are f i n i t e and of mean ränge r, then one can show that the 
mean segment length i n the region i s : 

_ -1 
s - + 1/r) (2) 

This i s the generalization of Cauchy's theorem to the Situation represen
ted i n Fig.3b. The generalization goes, however, further than that. Eq. 
(2) holds even i n the case where one deals with an Isotropie f i e l d of 
tracks which are curled and branched (10). This complete generalization 
i s indicated i n Fig.3c. The quantity Ä i s equal to 4V/S, the mean ränge 
i s the mean length of tracks including their branches, and s i s the mean 
length of segments as defined i n 2.1. 



FIG. 3. Diagram for the Cauchy theorem and its generalizations. 
(a) Infinite, straight random tracks 
(b) Finite, straight random tracks 
(c) Finite, curved, and branched random tracks 

The general Cauchy theorem leads to the following formula for the 
segment frequency per rad: 

4>G = .062 (1 + rfü) V / E Q ( 3 ) 

E (keV) i s the mean i n i t i a l energy of the charged primaries, r their 
mean track length including delta rays. V(pra^) i s the volume of the 
region, and i t i s assumed that this region has density 1. 

$ s i s equal to the event frequency for the free space case. For 
small regions i t i s also nearly equal to the event frequency i n the 
Standard case. In the cavity case i t can be markedly larger than the 
event frequency, and one must divide i t by the appropriate m u l t i p l i c i t y 
to obtain the event frequency or i t s inverse, the mean event s i z e . 

3 . N U M E R I C A L E S T I M A T E S 
3.1 Heavy Pa r t i c l e s 

The 6 rays of heavy charged pa r t i c l e s are short as compared to 
the length of the primary track. Therefore the probability i s very 
small that a 6 ray enters the cavity while the primary track does not 
enter i t . Consequently the i n d i r e c t events, i . e . , those events where 
the primary p a r t i c l e passes outside the region, U, and merely in j e c t s 
one or several of i t s 6 rays into U are suppressed i n the cavity case. 
I f t$/tp i s the 6 r*y track length per unit primary track length then 
the m u l t i p l i c i t y i s : 

M - 1 + t 6 / t p (4) 

The very short 6 rays lead to double events even i n the Standard case. 
In order to obtain an estimate of the wall effects one must therefore 
exclude these short 6 rays from t<5. A reasonable approximation i s to 
exclude a l l 6 rays whose ränge i s less than the equivalent diameter of 
the region U. 

Table I gives the 6 ray length per unit primary track length 
for protons at various energies. The m u l t i p l i c i t y increase due to the 
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T A B L E I . D E L T A R A Y R A N G E P E R U N I T L E N G T H O F 
P R I M A R Y T R A C K 
Proton A l l 6 rays 6 rays 
energy (MeV) 6 rays > .1 um > 1 ym 

2 0.48 0.20 — 
5 0.33 0.22 0.10 

10 0.26 0.20 0.14 

20 0.21 0.18 0.15 

50 0.17 0.16 0.15 

100 0.15 0.14 0.13 

6 ray effect i s of the order of .15 i n the t y p i c a l case of an equivalent 
diameter of 1 ym; i . e . about 15% of a l l pulses observed i n a conventional 
tissue equivalent proportional counter are too large due to 6 ray Influx. 
The event frequency i s reduced by about 15% and the mean event size i s 
increased correspondingly. 

The suppressed i n d i r e c t events are on the average much sraaller 
than the direct events (4) . The fr a c t i o n of energy involved i n the 
d i s t o r t i o n i s therefore s i g n i f i c a n t l y smaller than 15%. Numerical 
values for charged p a r t i c l e s and for neutron f i e l d s are given i n r e f . 
(8). 

For heavier p a r t i c l e s of atomic number Z at given energy per nu-
cleon one has to multiply the values i n Table I by Z^. This means that 
most of the events can be distorted due to the 6 ray effect. The fraction 
of energy involved i n the distortions i s , however, the same as that for 
protons. 

The V-effect can be an appreciable part of the wall e f f e c t s , i f 
the neutrons or charged p a r t i c l e s have enough energy that a s i g n i f i c a n t 
part of the absorbed dose i s produced by nonelastic nuclear c o l l i s i o n s . 
Numerical analysis has to be based on the nuclear cross sections i n each 
p a r t i c u l a r case. The probability that an event produced i n a cavity by 
a V-shaped track i s a double event i s given by the formula: 

p ' K <5> 
where L i s the combined length of the two arms of the track and c i s the 
distance of the two terminal points (see ref. ( 7 ) ) . The V-effect i s small 
for neutrons below 10 MeV, and for heavy charged particles of considerably 
higher energy. 
3.2 Electrons, x Rays, and y Rays 

Electrons have a much smaller 6 ray track length per unit length 
of primary track than heavy charged p a r t i c l e s . Between 10 kV and 1 MeV 
the value 0.06 i s never exceeded. Between 100 and 300 keV the value i s 
near 0.03 (see ( 7 ) ) . The 6 ray effect i s therefore small for electrons, 
x rays and y rays. 
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Approximately 20% of a l l events i n a conventional counter are, 
however, double events due to the backscattering of the primary electron. 
This follows from the fact that the Albedo, R, properly averaged over a l l 
angles, l i e s between .25 and .20 for electrons from 2 keV to 1 MeV (11). 

One can also show that the fraction of returning electrons i s 
bracketed by the following equation: 

(6) 2 r r 

where r i s the integrated ränge of the electron without 5 rays and r Q 

i s the distance between the s t a r t i n g point and the end point of the 
track (7). This r e l a t i o n agrees with the calculated Albedo values, 
and confirms that the re-entry effect i s dominant for electrons. 

Pair production can further contribute to the wall e f f e c t s . Due 
to their curved tracks the two electrons can siraultaneously traverse the 
cavity i n spite of the fact that they S t a r t out diametrically. 

3.3 Requirements for Wall-less Configurations 

Wall-less proportional counters work on the p r i n c i p l e that the 
sensitive region Ui of diameter d-̂  i s positioned i n the center of a 
cavity U2 of larger diameter, d?. In such a configuration only 6 rays 
of ränge exceeding ( d 2-di ) / 2 c a n b e i n v o l v e d i n w a l l e f f e c t s . H o w e v e r 
simultaneous events can s t i l l occur due to long ränge 6 rays, due to 
electron re-entry, and due to the V-effect. The following r e l a t i o n i s 
useful for an estimate of the extant e f f e c t s . 

If a convex body, U^, of surface Sj^ i s situated inside a convex 
body, of surface S2 then the fraction S 1 / S 2 of a l l random chords 
traversing pass through U^. This can be shown on the basis of 
formulae on the random traversal of convex bodies (10) . 

The r e l a t i o n implies that the extent of the wall effects decreases 
by the factor ( d 2/di)^ for a l l those double events i n which the angle of 
entrance of simultaneous segments i s uncorrelated. 

For electron backscatter this i s a conservative estimate because 
re-entry i s most l i k e l y for those electrons which leave the surface of 
U2 under a small angle, and most of the re-entering electrons re-enter 
under a small angle. A r a t i o , 6 . 2 / d i , of 4 w i l l therefore decrease the 
percentage of simultaneous events due to electron re-entry to well below 
1%. 

On the other band i t must be assumed that the most energetic 6 rays 
run nearly p a r a l l e l to the primary track at least i n the i n i t i a l parts of 
their track. The probability of simultaneous events due to these 6 rays 
w i l l then decrease by less than the factor (d2/d^)2 # 

R e l a t i v i s t i c heavy nuclei can produce s p a l l a t i o n showers which 
are sharply bundled forward. In this case one would have to have a 
ra t i o d^ / d 2 much smaller than the angle between the nuclear fragments 
i n the bündle i f simultaneous events were to be suppressed. This may 
lead to prohibitive values of d2/di» 
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D I S C U S S I O N 
V . I . I V A N O V : B o t h y o u r s e l f a n d M r . K a t z ( i n p a p e r I A E A - S M - 1 4 5 / 9 ) 1 

m e n t i o n e d d o s e d i s t r i b u t i o n i n t h e t r a c k . W h a t d o e s " d o s e " s i g n i f y i n 
t h i s c a s e ? 

A . M . K E L L E R E R : A b s o r b e d d o s e i s a l w a y s a n e x p e c t a t i o n v a l u e . 
I w o u l d t h e r e f o r e b e h e s i t a n t t o s p e a k a b o u t a b s o r b e d d o s e i n a t r a c k . 
M i c r o d o s i m e t r y d i s t i n g u i s h e s b e t w e e n t h e s t o c h a s t i c q u a n t i t y of s p e c i f i c 
e n e r g y a n d t h e n o n - s t o c h a s t i c q u a n t i t y of a b s o r b e d d o s e . T h e a b s o r b e d 
d o s e , D , c a n b e d e f i n e d a s t h e e x p e c t a t i o n v a l u e of t h e s p e c i f i c e n e r g y , 
Z . In t h i s s e n s e o n e m a y t a l k a b o u t a d o s e p r o f i l e a r o u n d a t r a c k ; i t i s 
a n i d e a l i z e d p r o f i l e , o b t a i n e d w h e n t h e p a r t i c l e p a s s a g e i s r e p e a t e d v e r y 
o f t e n . 

These Proceedings. 
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F o r a r i g o r o u s d e f i n i t i o n g i v e n , f o r e x a m p l e , i n t h e I C R U r e p o r t o n 
Q u a n t i t i e s a n d U n i t s , o n e m u s t i n c l u d e a l i m i t p r o c e s s b y r e d u c i n g t o 
z e r o t h e v o l u m e V i n w h i c h Z i s m e a s u r e d : 

D = l i m Z 
V ^ O 

H. H . E I S E N L O H R : I w o n d e r h o w g e n e r a l t h e g e n e r a l i z e d C a u c h y 
t h e o r e m i s ? I s t h e r e , f o r i n s t a n c e , a n y r e s t r i c t i o n i m p o s e d o n t h e 
a n g l e b y w h i c h t h e p a r t i c l e i s b e n t i n s i d e t h e v o l u m e ? 

A . M . K E L L E R E R : T h e t h e o r e m i s v a l i d f o r a r b i t r a r y s h a p e s of 
t h e t r a c k a n d f o r r e g i o n s w h i c h n e e d n o t b e c o n v e x . T h e s o l e c o n d i t i o n 
i s t h a t t h e p a r t i c l e f l u e n c e i s u n i f o r m a n d i s o t r o p i c . 

R . K A T Z : W h a t a r e y o u r f u t u r e p l a n s f o r g e n e r a t i n g s u r v i v a l c u r v e s 
f r o m m i c r o d o s i m e t r i c t h e o r y ? 

A . M . K E L L E R E R : We f e e l t h a t g e n e r a t i n g s u r v i v a l c u r v e s a n d c u r v e 
f i t t i n g t e c h n i q u e s a r e l i m i t e d b y t h e f a c t t h a t s u r v i v a l c u r v e s a r e i n 
g e n e r a l t h e c o m p l e x r e s u l t of s e v e r a l d i f f e r e n t s t o c h a s t i c f a c t o r s . T h e 
s t a t i s t i c s of e n e r g y d e p o s i t i o n i s o n l y o n e of t h e s e f a c t o r s . O n e c a n n o t 
t h e r e f o r e e x p e c t t h a t e q u a t i o n s b a s e d o n t h i s S i n g l e f a c t o r w i l l l e a d t o 
v a l i d c o n c l u s i o n s o n t h e p r i m a r y m e c h a n i s m s of r a d i a t i o n a c t i o n . W e 
t r y t o a p p l y m i c r o d o s i m e t r i c r e a s o n i n g i n a g e n e r a l w a y i n o r d e r t o o b t a i n 
n u m b e r s of i n t e r a c t i n g a b s o r p t i o n e v e n t s a n d t h e i r i n t e r a c t i o n d i s t a n c e s . 
In a n o t h e r p a p e r ( I A E A - S M - 1 4 5 / 1 0 ) 2 M r . R o s s i w i l l präsent d e t a i l s a n d 
r e s u l t s . 

2 These Proceedings. 


