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Abstract  

The induction of pink sectors in the otherwise blue staminal 

hairs of Tradescanti.a occidentalis by 250 kVp x-rays, cobalt-60 gamma 

radiation and monoenergetic neutrons with energies between 0.08 and 

15 Mel/ has been studied. 

In the dosimetry of the experiments, spectrometry was carried out 

for both neutrons and x-rays. Neutron fluence was measured by uranium 

fission chambers. Two types of ionization chamber were employed for 

dose measurement. From the neutron spectra and fluence measurements 

the expected ionization currents were computed with an allowance for 

changes in W-values. There is reasonable agreement between the 

computed and experimental results. The computed linear energy transfer 

(LET) and event size spectra for the neutron irradiations are 

presented. 

Statistical aspects of the biological results suggest that a 

fraction of the asynchronous cell population in the hairs is very 

sensitive to the higher LET neutron radiations, but not necessarily 

to low LET radiations. All the results were fitted by a least-

squares method to polynomials of different degrees. Best fits to 

x- and gamma-radiation data were provided by second degree polynomials 

and the neutron data by either second or third degree polynomials. 

Values for the relative biological effectiveness and oxygen 

enhancement ratio are derived at the limit of zero dose, both tend to 

increase at lower neutron energies. 

The two target theory postulated by Neary (1965) and a two hit 

theory, which is essentially identical. to the theory of dual radiation 

action of Kellerer and Rossi (1972), are formulated so that they may 

be contrasted and used to express the limiting relative biological 

effectiveness and oxygen enhancement ratio in terms of the physical 

parameters of LET and event size. Both theories are relatively 

successful in predicting the experimental results, although the two 

hit theory is marginally better particularly when the possible effects 

of short tracks are considered. In regard to relative biological 

effectiveness LET appears to be as effective as event size as-a 

description of radiation quality. This is not the case for oxygen 



• enhancement ratio, and it seems likely that if cxygen is produced in 

the tracks of high LET particles it is less effective when produced 

in short tracks than when produced in long tracks. There is little 

evidence that nuclear elastic scattering is of any importance for the 

production of the biological effect at the neutron energies studied. 



Flower of Tradescantia occidentalis showing stamens and stamen hairs. 
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' 1.1 INTRODUCTION 

It is now ten years since the experiments described in this thesis 

were performed, so that in this introduction it is appropriate not only 

to explain the objective of the investigations, but to explain the 

delay in publication. 

The experiments were originally conceived with the following 

objectives: 

(a) A careful comparison of the effects of intermediate energy 

and fast neutrons at low doses. It was hoped that the study 

would provide a body of data that could be used to explore 

the validity of physical theories of relative biological 

effectiveness (r.b.e.), such as the theory of dual radiation 

action of Kellerer and Rossi, 1972, which was only just being 

developed when the experiments began. In particular it was 

hoped to establish whether atomic displacements induced by 

elastic nuclear scattering could influence the r.b.e. of 

neutron radiation; as it had been shown by Jung and Zimmer, 

1966, that ribonuclease could possibly be inactivated both 

by this process as well as by ionization. 

(b) Related to the possible involvement of physical processes in 

the dependence of biological' effectiveness, the neutron 

dosimetry was to be carried out in such a way that these 

physical processes could be identified. In particular the 

relationship between ionization density and absorbed dose at 

different neutron energies was to be explored. 

The background to these cbjectives was the need, which still 

exists, to provide a sound physical basis for the Quality Factor used • 

in radiological protection and a method of arriving at realistic 

estimates of the risks from exposures to low levels of radiation. 

While it was recognized that the particular biological system used in 

the experiments, i.e. the induction of somatic aberrations in 

Tradescantia occidentalis, was somewhat removed from the induction of 

cancers and genetic defects in man, it appeared at the time that this 

was the only system which would enable reliable results to be obtained 

at low doses. It was hoped that, if methods of dosimetry and analysis 
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could be evolved and applied successfully to the response of . 

Tradescantia to radiation, these methods could be applied to 

investigations of other and more appropriate systems as biological 

techniques improved. 

The main problems in developing the methods of analysis have lain 

in understanding the physical processes involved in the dosimetry, 

particularly in relation to the ionization produced in gases by heavy 

ions and in the complexity of data evaluation and handling for the 

computation of microdosimetric parameters. Neither of these problems 

has been completely solved, and their study was protracted because 

methods were sought which would be applicable beyond the range of the 

immediate experiment. 

For the experimental dosimetry methods of both x-ray and neutron 

spectrometry were developed together with special ionization chambers. 

A new method of interpreting fission ionization chamber measurements 

was introduced also which provided both a measurement of the neutron 

fluence and information about the neutron spectrum (Dennis, Delafield, 

Peaple and Boot, 1972a). 

The clearest problem of the dosimetry was that of reconciling the 

measured currents from the ionization chambers with those calculated 

from the measurements of neutron spectra and fluence. In the first 

instance this required a study of the W values in gases for heavy ions.. 

Part of the motivation for this study was an initial belief, now 

discarded, that variations of W values for heavy ions could be linked 

to elastic nuclear scattering processes and that the study would have 

some relevance in understanding the biological effects as well as the 

dosimetry. Several papers have been published as a result of this 

aspect of the work (Dennis, 1969; Dennis, 1971a; Dennis, 1972b, Dennis 

and Edwards, 1975). Involved in this study was the evaluation, 

computation and compilation of the stopping powers of heavy ions with 

atomic numbers up to eight in materials of interest for dosimetry and 

biology (Dennis, 1971b). One outcome was a calculation of the 

interaction of protons in ribonuclease (Dennis, 1972c), which suggested 

that the role of elastic nuclear scattering in the experiments of Jung 

and Zimmer, 1966, might have been less than had been considered at 

first. 
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From what could be understood about W values of heavy ions in 

gases it was necessary to develop procedures for computing the mean 

values for neutron irradiated gases. This required the secondary 

particle spectra to be calculated for each neutron spectrum. Although 

this could have been done by hand by methods such as those used by 

Boag, 1954, and Bewley 1968; it was decided to proceed by developing a 

suitable computer program which would enable the results of other and 

future experiments to be quickly and accurately analysed. As well as 

the construction of the computer program (Dennis, 1973), that applied 

the appropriate kinetics to elastic, in-elastic and non-elastic neutron 

reactions, neutron cross-sections for the elements carbon, nitrogen and 

oxygen were compiled from published data in suitable formats covering 

the energy range from 10-8  to 20 MeV by means of subsiduary computer 

programs. (Cross-sections for elastic scattering of neutrons on 

hydrogen are represented by analytical formulae). The final computer 

program and data base enable ionization and kerma values to be computed 

for materials composed of any of the four elements hydrogen, carbon, 

nitrogen and oxygen. 

From 'the ability to compute kerma values, the program needed to be 

developed further to enable microdosimetric quantities, i.e. linear 

energy transfer, quality factor, event size spectra etc., to be 

calculated. That development is beyond the scope of this thesis; 

however, it is now possible to compute these quantities for neutron 

radiations (Edwards and Dennis, 1975, Edwards, 1975). Methods of 

computing these quantities for x- and gamma-radiations have yet to be 

developed, as have methods for dealing economically with a wide range 

of data or alternative biophysical models. 

During the progress of these studies it became evident that 

knowledge of interaction cross-sections of both neutrons and charged 

particles is often inadequate for an exact detailed description of the 

energy loss processes in tissue or for accurate dosimetry. The 

awareness of these problems is providing inspiration for continued 

research. 

As a final step, the theory of radiation action put forward by 

Kellerer and Rossi (1972) was shown to be a two hit theory which can be 

formulated in terms that enable it to be contrasted with the two target 
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• theory postulated by Neary (1965). The effects of short range tracks 

and oxygen enhancement were explicitly included in the two theories 

(Dennis, 1977). Both theories can be expressed in terms of linear 

energy transfer, and the two hit theory may also be expressed in terms 

of event size. 

The programme outlined above will have made it clear, that it was 

undoubtably over ambitious for the time scale of a conventional thesis. 

An additional complication, of course, was my responsibility for other 

technical developments and administration connected with my employment 

by the U.K.A.E.A. and the N.R.P.B. 

The scope of this thesis embraces descriptions of the dositetry 

and biological effects observed in the irradiation of Tradescantia  

occidentalis by x-rays, gamma-rays and monoenergetic neutrons. This 

introduction forms the first chapter of the thesis. The second chapter 

deals with derivation of limiting relative biological effectiveness and 

oxygen enhancement ratio in terms of two target and two hit mechanisms 

and their dependence on radiation quality. The third chapter deals 

with the dosimetry of the experiment, and the fourth chapter with the 

biological effects observed. In the fifth and final chapter the 

predictions of the two target and two hit models are contrasted with 

the experimental results and conclusions are drawn about the possibility 

of distinguishing between them. Conclusions are also drawn about the 

relative superiorities of the concepts of linear energy transfer and 

event size as descriptions of radiation quality. 
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Walton and 5.0 MeV Van de Graaff accelerators and in the preparation of 

neutron producing targets. 



CHAPTER 2 

TWO TARGET AND TWO HIT THEORIES 
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2.1 MTHODUCTION 

In recent times a consensus of opinion has begun to emerge in the 

description of the main features of the response of mammalian cells 

and eukaryotic cells generally to radiation. Such cells appear to 

contain a number of sites which can be affected by the passage of an 

ionizing particle. The simplest models which are employed to explain 

the observed dependence on radiation quality fall into two groups. 

The first group, which will be called here the "two target model", 

requires the interaction of not less than two sub-lesions each formed 

in targets within a site. The second group, which will be called the 

"two hit model", requires the interaction of not less than two species 

generated within the site by the particle. The physical difference 

between the two target and the two hit models is that in the former 

the density of the interacting sub-lesions is primarily a function of 

the irradiated system, and in the latter the density of the interacting 

species is a function of the radiation. This chapter contrasts the two 

models by formal mathematical developments using the LET concept, 

principally for its heuristic value, and considers the effects of short 

tracks and oxygen enhancement. 

An attempt will be made to avoid being too specific about the 

underlying biophysical models, nevertheless it is necessary to describe 

• the principal features of the models and define the terminology. 

The site is the volume within which sub-lesions or species 

interact to form lesions. It is a formal concept and can be regarded 

either as a volume with a clearly defined physical boundary or as an 

effective volume (Kellerer, Chmelevsky, 1975). The site may also 

correspond to the associated volume about events or species as defined 

by Lea, 1946, but in this application would correspond to the total 

associated volume of the interacting events or species. 

Sub-lesions are damage to specific entities within a cell. They 

may be taken to be chromosome breaks (Neary, 1965), single strand 

breaks in DNA molecules (Chadwick and Leenhouts, 1973) or damage to 

nuclear mcmbrances (Alper, 1969, 1971). Sub-lesions may be subject 

to repair mechanisms and interact to form lesions from which biological 

damage develops. 



Events can be regarded as either single ionizations or primary 

ionization events, or the total energy deposited in a volume or site 

by a single ionizing particle. Species cart be regarded as solvated 

electrons, OH or other free radicals. Species may interact to form 

lesions. The terms events and species are often used interchangably. 

In the theory of dual radiation action of Kellerer and Rossi, 1972, 

the tam "event" is used to refer to the total energy deposition within 

a site by an ionizing particle. When it is necessary to distinguish 

between this concept and events as single or primary ionizations the 

terms "site event" and "ionization event" will be used respectively. 

2.2 THE MODELS 

Biophysical models which require the creation of sub-lesions can 

be described by the "target" theory, and those that require the 

creation of interacting species by the "hit" theory. Both of these 

theories are well known and have a long tradition of use in radiobiology 

(Zimmer, 1961). 

In target theory n targets need to be struck to produce the 

effect, which is produced with a probability E after a dose D.. 

E 	(1 - exp - D/Do)n,   (2.1) 

or E = a1D
n - a2D

n+1 +
3
Dn+2 - etc. 

 

(2.1a) 

 

where the coefficients are functions of 1/Do, the expected number of 

targets affected per unit dose. 

In hit theory m hits are required to produce the effect, in which 

case 

[ 
1E= 1- 	1+ 	D 2 +  ... 	1 	D m-1 explg 

fc7 + 	( 	(m-1)! Do  
0 0 	

13
o 

 

	 (2.2) 

or E 	pipm - p2D 	+ p
3
D
m1-2 - etc.   (2.2a) 

where 
1
/D
o 

is the expected number of hits produced per unit dose. 
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In recent developments the above expressions have been associated 

not with direct effects on cells as they have in the past, but with 

effects on sites within cells (Neary, 1965; Powers, Lyman, Tobias, 

1968; Kellerer and Rossi, 1972; Chadwick and Leenhouts, 1973). The 

quantity E is then the probability that a site has been affected. 

The mean number of sites affected in a cell containing N sites is NB. 

The probability, K, that one or more sites in a cell has been affected 

is given by the binomial expression 

2 
K 1 - (1-E)N NE - N(N-1)-2! 

	3 
+ N(N-1)(N-2)!

! 
3 - 	(2.3) 

If it is assumed, as is usual, that N is large and E small, the 

Poissonian expression may be used, i.e. 

N2E2  N3E3 
K 1 - exp( -NE) NE - 21  

	

3!   (2.4) 

Irrespective of whether the target or hit mechanism is thought to be 

responsible for the observed biological effect, when E is small, e.g. 

at low doses, 

K  = Y1pq  - Y21)q+1 
	- + y

3
II
q+3  - etc. 

 

(2.5) 

 

The exponents, but not the coefficients, are identical with those of 	. 

equations 2.1a and 2.2a. In the limit of zero dose, the initial slope 

of the dose-effect curve is 

cg I = Y1c1D 
 q-1   (2.6) 

Unless q, i.e. n or m, is unity, this initial slope will be zero. 

For low LET radiations the effects on eukaryotic cells appear in 

most cases as being expressible in the form 

K = yin + y2D
2 

 

(2.7) 

 

In contrast to equation2.5,with q set at unity, the second term is 

positive. For high LET radiations, the form 

K = y1D 

 

(2.8) 
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appears to be more applicable. These relationships can be deduced 

either from the directly observed effects at low doses, or from the 

initial slopes of survival curves obtained with fractionated or fairly 

high acute doses of radiation (Proc. 6th L.H. Gray Conference, 1975). 

These observations may be taken to imply that in eukaryotic systems 

there exists a single target or a single hit mechanism, but equally for 

low LET radiations at least there also must exist a double target or 

double hit mechanism, since the coefficient of the quadratic term is 

positive. In principle, mechanisms of even higher order dynamics could 

exist also.. However, the simplest assumption is that only two target 

or two hit mechanisms are present, and that the apparent one target or 

one hit mechanism arises from the double mechanism as a characteristic 

of the radiation. This apparent single hit or target mechanism is then 

referred to as the intra-track mechanism and the double hit or target 

mechanism as the inter-track mechanism for reasons which will become 

clearer below. 

2.2.1 The two target model 

In the two target model it is postulated that the targets can be 

converted into interacting sub-lesions either through the action of 

associated events within the track of a single ionizing particle 

(intra-track) with an expected number of such sub-lesions produced by 

associated events of 1/D1 per unit dose, or through the action of 

events produced by independent ionizing particles (inter-track) with 
1/D2 of such sub-lesions produced per unit dose by unassociated events. 

The correct mathematical expression for such a model must take into 

account the probabilities that, (a) an intra-track event may occur in 

the targets, but not inter-track events; (b) inter-track events may 

occur, but not an intra-track event; (c) both an intra-track event and 

inter-track events may occur in the targets. The resulting expression 

is that fcr each pair of targets, or each site 

E 6/(1-exp-D/D1 ) + 2(1-exp-D/D2)
2 exp

-D
/Di    (2.9) 

where EL
1 

represents the probability that two intra-track sub-lesions 

will interact to produce a lesion, which develops to a biological end 

point, and 	represents the probability that two inter-track sub- 
,. 
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' lesions will interact and develop. The expression (exp
-D/D1 ) at the 

end of the second term, represents the probability that an intra-track 

effect does not occur in two targets that have been affected by inter-

track effects. If
1 
and

2 
are equal, 2.9 becomes 

E =6:(1-exp-D/D1(1- (1-exp-D/D2)2    (2.9a) 

This last expression was given by Neary, 1965. Although Neary 

postulated that the sub-lesions were chromosome breaks, and Chadwick 

and Leenhouts, 1973, postulated that the sub-lesions were single strand 

breaks of DNA;  the two models are identical from the view-point of the 

formal mathematical development. It is important to note that the 
1 probabilities /D1  and 1/D2  are independent, and are not connected as 

implied by Katz et al., 1971, Chadwick and Leenhouts, 1973 or 

Wide/43e, 1974. 

At low doses equation 2.9 takes the form 

( 
E 	D - 	

61 	62) 
D
2 
+ etc. 

: 
D
1 
	2D1 2 D

2
2 2D1  

 

(2.9b) 

 

2.2.2 The two hit model 

The alternative to the two target model is the two hit model in 

which two interacting species are formed by events (hits) in a site. 

These species may be formed either simultaneously within a track 

(intra-track) and give rise to 1/D1  lesions per unit dose, or in 

separate tracks (inter-track) such that 1/D2  species are produced per 

unit dose. The equation analogous to 2.9 is then 

E = G 
1 
 (1-exp-D/D1 ) +

2 [-( 
1 + D 	Ilexp-D/Diexp

2 	2 

In this expression al  represents the probability that a lesion produced 

by intra-track action develops to a biological end point, and e
2 
the 

probability, firstly, that species formed from independent events 

combine to form lesions and, secondly, that lesions formed in this way 

develop. 

	 (2.10) 
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At low doses (2.10) becomes 

E = 4:1 D - ( 6'12 	22 	
D
2 + .... etc. 	 

2D1  1 	 2D
2 

 
(2.10a) 

This equation is distinguishable from the two target expression 

2.9b only by the extra factor 2 in the denominator of the inter-track 

term in the coefficient of quadratic dose. 

2.2.3 Metabolic models 

Metabolic and repair mechanisms, including dependence on the 

position of cells in the mitotic cycle, can enter the dose effect 

relationships through the factors 	and 62. Both of these factors 

may be dose dependent, if the repair mechanisms are exhaustable; and 

both may be dose-rate dependent, if the rate of repair can be saturated. 

The factor 6 2 is more obviously dose-rate dependent, since it 
represents the efficiency with which independently formed sub-lesions or 

species can combine to form a lesion which develops. Dose or dose rate 

dependence of these factors can considerably alter the dose-effect . 

relationships (Orr, Hope, Wakerley and Stark, 1966; Laurie, Orr and 

Foster, 1972; Kellerer and Rossi, 1972; Pohlit, 1975; Haynes, 1975). It 
is not proposed to deal with these effects, although it should be noted 

that any such dependence could considerably modify the shapes of the 

dose-effect curves at high doses. 

2.3 DEPENDENCE ON RADIATION QUALITY 

For ease of exposition and because it results in analytical 

relations that provide insight into the mechanisms of radiation action, 

it is convenient to discuss dependence on radiation quality in terms cf 

linear energy transfer, L. The concept of linear energy transfer, LET, 

requires particles to expend their energy in straight tracks with no 

radial extension, and ignors the stochastic nature of energy loss and 

deposition. This is very far from the truth. 

2.3.1 General LET dependence 

The probabilities 
1/D1 and 

1
/D
2 
can be evaluated in terms of 

linear energy transfer for both two target and two-hit models. For the 

two target model it may 	shown that (Neary, 1965; and Appendix I): 
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12 
 a2  . 1 

/1-112 	- exP 	2-11I 	2  D1  - j 
(2.11a) 

and 1- = 1  a [-exp 
a
2 2 

1-exp - ELL 
D2 	L  Tr h2 	42 

	 2.11b) 

In these equations 

- a is the cross-section of the individual targets 

- t is the thickness of the individual targets 

- h is the radius of the site containing the targets 

- p is the probability that an event within a site causes 

a sub-lesion 

- 0 is the energy expended to fonii an event. 

For the two hit model the equivalent equations are (Appendix II) 

1 
A - exp 	(2PIL) 2)] 

D1 	0 
	 (2.12a) 

1 
D2 

exp 	(2PLh \ 
) 	 (2.12b) 

In these equations 

.re'. - A is the cross section of a site (V-oh2) 

- h is the site radius 

- 0 is the probability than an event gives rise to a reacting 

‘ speciest  

- P =
( C) -2-  
e 7  , where C is a coefficient representing the 

probability that the two species combine to form a 

lesion (Appendix II). 

- other quantities are as defined for equations 2.11a and 2.11b. 

If the probabilities p and P are small or at very low LET values, then 

the following approximations hold: 

1
-  a

2t21)2.  L 

	

55 	2 2 

	

1 	ilk h 
	  (2.11c) 

1 )4 



1 	^.-bp 
D2 0 
	  (2.11d) 

For the two hit model 

1 	4Ah2P2. L 
D1 	2 

1 	2Ah 
D2  

 

 

Irrespective of the model adopted the intra-track coefficient 
1/D

1 
is 

approximately proportional to the linear energy transfer and the inter-

track coefficient 1/D2 
is independent of the linear energy transfer. 

Substitution of these approximations in 2.9b and 2.10a, produces for 

the two target model 

61a2t2P2 	
62a2t2.02 2  

E - 	. L. D + 	 
Ich202 	

4.02 

Ea2t2102 [in 2 
Mw  	+ D 

02 h
2 

and for the two hit model 

 

(2.9c) 

 

2 2 

	

E = l2P2L D 	 2A2_h_a_ D2  
1 co2 	2 c.02\ 

, 	el C 	611°2 
or since 	11/.,  -- 2-  2 - 112 

E: 2A2h2P2 	2LD 	n2 
6,2 

	

h2 	.1) 
	  (2.10b) 

(These equations have identical forms and are equivalent to the basic 

equation of Kellerer and Rossi, 1972, see Section 2.3.5 below). 

Because of the forms of 2.9c and 2.101D - it is not possible to decide 

between the target and hit theories on the basis of the relative 

importance of the linear and quadratic dose coefficients for low LET 

radiation, although the ratio of these coefficients enables estimates 

of the site radius, h, to be obtained, if equal efficiencies for the 
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• intra-track and inter-track processes is assumed. Such estimates are 

usually in the region of 0.1 - 2.0 pm. (Heddle and Wolff, 1965; 

Neary, 1965; Kellerer and Rossi, 1972). 

2.3.2 Short track effects 

If the radiation is such that it produces secondary particles 

with finite range R, which is less than the site diameter of 2h, the 

expected dependence on LET is modified. In the two target model the 

probability that two targets within the site are struck by the same 

particle is reduced and with it the intra-track effect. Equations 

2.11a and 2.11b become (Appendix I): 

1 _ a2 	R. . 
D o  ( h 	exp DIA 

2  
i  ,rr   	 (2.11e) 

1 	1 
= 	a [-exp (_ lLt

r a2  

2 	

_.7r,11. 	• 	1-ex 	at p 
2 n 	

,)] 2  

\ 
	 ( .11f) 

In the two hit model the number of species produced in the site is 

reduced and, although the intra-track density remains the same, the 

probability of intra-track interaction is reduced. Equations 2.12a 

and 2.12b become (Appendix II): 

1A (bh 	/2PLh)  2  IR ) 2i)11 	 

	

= 	) 171 exp 	co  
1i42h 	

(2.12e) D1  L  7  

1 _ 2Aoh (2) 	( 	2PLh) 2  (11 2) 	 (2.121) 
5.2 - 	01  • exP 	0 	2h 

f / 

In both models at low LET the intra-track effect is reduced by short 

tracks. In the two hit model the reduction, which is due to a decrease 

in the number of species formed in the site by a single particle, is 

outweighed at high LET values by an increase in the number of particles 

entering the site. 

In general, short tracks. will result from particles of low energy, 

for such particles the assumption that 0, the energy per ionizing 
event, is independent of both particle type and energy may be incorrect. 
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If(Ois a variable it is most likely to produce a further reduction in 

intra-track effect for short tracks. 

2.3.3 Site event size 

With the two hit model, unlike the two target model, a further 

generalization about the dependence on radiation quality can be made, 

since the important parameter is the energy deposited within a site. 

This generalization has been made by Kellerer and Rossi, 1972, in their 

theory of dual radiation action. If a "site event", z, is defined as 

the energy deposited within a site by the passage of a single particle 

divided by the mass of the site, la, equations analogous to 2.12a and 

2.12b can be derived (Appendix III) as 

Pzii [ _ exp  f_ ( 	\ 
k  

  

  

exp (- (P1 2) 
60 

  

  

The definition of a "site event" adopted here differs from that used by 

Kellerer and Rossi (1972), who use z to represent the total energy 

deposited within a site by all particles which have passed through it 

after a given dose. 

If P, the probability that an ionization event gives rise to an 

interacting species and a lesion, is very small, then substitution of 

the resulting approximations into 2.10a gives a result that is 

equiValent to the basic equation of Kellerer and Rossi, ie. 

41,2 2 	[ 
E 	0/1 	2zD + D2]   (2.14) 

24,0-  

When ,there is a distribution of site event sizes, the z in 2.14 can be 

replaced by the fundamental constants defined by Kellerer and Rossi 

as the "energy mean of the increments of specific energy z produced by 

single events". I.E. 

if 	( 2 z d D/ idD = 	z f1(z)dz f1 / (z'dz . (2.15) 
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1 = 1 	1 	 exp 	(Pzu 2h) 24) 
D1 	z 	R  

exp 	2 1 
D2 

where f1
(z) is the frequency of single site events of size z. However, 

a quantity of 

Rossi's treatment 

(1 ) 15.
1 

more general interest, 

is: 

	

z 	-"p 	- I 

	

(1I 	( 	(127) 2)1] 

2 
1-exp 	- (131 

equivalent to 	* in Kellerer and 

z.fi(z)dz/Tzfi(z)dz 

( z )dz 	zf1(z)dz 	... 	(2.16) 

In thiS generalization the effect of short tracks, ie. R < 2h, is 

to increase the density of species within each site event and hence to 

increase the probability of their interaction and the intra-track 

effect. The resulting expressions for 2.13a and 2.13b are 

(Appendix IV): 

In the application of the site event generalization in chapter 5, 

the quantity z/C.0 will be replaced by the quantity n, which is the 

number of ionizations in each site event. The quantity W will be 

allowed to vary with both energy and type of ionizing particle, by the 

method used to calculate ionization in gases (Dennis, 1973) and taking 

25 eV as the nominal value of 60 for energetic electrons. Apart from 

the possibility that biologicaly effects may be correlated more 

successfully with ionization rather than energy deposited in the 

tissue; the event size in ion pairs corresponds to the quantity actually 

measured by the spherical proportional counters associated with the 

theory of dual radiation action (Kellerer and Rossi, 1972). 

2.4 OXYGEN ENHANCE NT RATIO 

The effect of oxygen in modifying the sensitivity of biological 

systems to radiation is well known, and gives rise to the necessity to 

account for this modification within the two target and two hit 
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hypotheses. One role for oxygen would be to change the values of the 

terms p or P in equations 2.11, 2.12 and 2.13. These terms represent 

the probabilities with which ionizing events become sub-lesions or 

interacting species. The term P in the two hit model is a composite 

term representing not only the probability with which an ionizing event 

is transformed into an interacting species, but also the probability 

with which such species actually interact. Oxygen could also effect 

the 	and '2 terms, which embody the probability that sub-lesions 
will interact to form lesions in the two target model, and in both 

models the probability that lesions or sub-lesions are not repaired and 

are transformed metabolically into a biological effect. 

Experiments in which oxygen is introduced rapidly into the 

irradiated system (Adams et al., 1975) show that the effect of oxygen 

occurs practically simultaneously with the ionizing event, and 

therefore it is the p and P terms that are most likely to be effected. 

As has been pointed out by Neary, 1965, and Kellerer and Rossi, 1972, 

modification of these terms implies that oxygen is not purely "dose 

modifying" in its effect, as can be seen by considering the effect of 

such modifications in equations 2.9c, 2.10b and 2.14. A further 

consequence of a simple modification of these terms by a constant factor 

is that such a modification would be independent of LET. Such a simple 

change is not observed experimentally. Oxygen has a greater effect at 

low LET values, and relatively little effect at high LET values, such 

that the form of the LET dependence is changed. This observation led 

Neary, 1965, to suggest that oxygen is formed within the tracks of high 

LET particles; the "oxygen in the track" hypothesis. 

Studies by Howard-Flanders and Alper, 1957, have shown that the 

dependence of radiation sensitivity, R, to low LET radiations on the 

oxygen concentration, j70
2
2, of the tissues relative to the sensitivity 

in the fully oxygenated state can be expressed 

R K m L-0
2
:7 

m(1(  L702_7) 

 

(2.17) 

 

Where m is the conventional oxygen enhancePent ratio fpr  lnw LET 

radiation and K is a constant. If Neary's suggestion is correct then 
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• the dependence of oxygen enhancement ratio, o.e.r., on linear energy 

transfer, L, might reasonably be expected to be given by the formula 

(Alper and Bryant, 1974). 

o.e.r. 	  (2.18) 

Where C is a constant and f(L) is some function of LET. A plausible 

form for f(L) is 

f(L) = 

 

(2.19) 

 

where the exponent x is 1 or 2 depending upon whether oxygen is formed 

as a first or second order reaction in a track. Alper and Bryant found 

a value of 1.38 for x in a study of oxygen and LET effects in 

Chlamydomonas reinhardii and Shigella flexneri. Welsh and Dennis 

(unpublished) in a study of data for eukaryotic systems provided by 

chromosome aberrations in Tradescantia bracteata, (Neary and Savage, 

1966; Neary, Preston and Savage, 1967) and destruction of the 

proliferative capacity of human cells (Barendsen et al., 1966) found a 

value of 2 for x provided a better description of the results than a 

value of unity, table 2.1. 

It follows from equations 2.17 and 2.18 that p, P and e in 

equations 2.11, 2.12 and 2.13 can be multiplied under conditions of 

hypoxia by a quantity q, which has the form: 

- + mL
2 

2x m(C + 	) L  
	  (2.20) 

Under aerobic conditions of irradiation a is unity. Note that, 

strictly, it is incorrect to apply equation 2.20 directly to track 

segment data on oxygen enhancement ratios as has been done in table 2.1. 

This point is discussed further in chapter 5. 

2.5 APPLICATION 

The simplest models involving two targets or two hits have been 

discussed above. There is no reason to suppose that these models 

represent the only possible processes. They could co-exist with single 

or multi-target or multi-bit processes. However extensions to encompass 
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Data Set f(L) m C X2 Degrees of 
Freedom P 

Barendsen et al. 1967 L 3.47 + 0.95 50.6 + 22.2 28.7 6 < 0.001 

L2 2.67 + 0.22 6485 + 1942 11.4 6 0.078 

Neary and Savage, 1966 
(particles) 

L 

L2 

13.5 

4.09 

+ 26.0 

+ 0.67 

27.9 

1076 

+ 15.5 

+ 409 

9.13 

3.11 

3 

3 

0.028 

0.375 

Neary, Preston and Savage, 1967 
(photons) 

L 

L2 

2.48 

2.49 

+ 0.24 

+ 0.17 

177 

3187 

+ 1.64 

+ 2252 

4.80 

3.53 

3 

3 

0.187 

0.318 

Neary and Savage, 1966 L 2.92 + 0.43 79.7 + 41.4 41.6 8 < 0.001 
Neary, Preston and Savage, 1967 
(particles and photons 
combined) 

L2 2.79 + 0.24 2038 + 965 23.4 8 0.003 

Table 2.1 Constants obtained by fitting the formula o.e.r. 
m(C + fN)  
C + mf L to data for the 

dependence of o.e.r. on LET. 



' such processes would lead to a greater proliferation of parameters than 

already required, and would be unprofitable without a better under-

standing of the underlying chemical and biological processes. 

As pointed out in section 2.2.L, dose effect relationships over a 

wide range of doses may be dependent on metabolic and repair 

mechanisms which may be dose and dose-rate dependent and are not yet 

well understood. Only at very low doses is there any chance that the 

complications introduced by these factors can be avoided. 

At very low doses of radiation the limiting relative biological 

effectiveness, (r.b.e)m, of a radiation with respect to x-radiation 

will be given by: 

(r.b.e)m 	(D1)x , 
(D1  )11  

where 1/(D1)n is the intra-track coefficient for tha radiation in 

question and 1/(D1)x is the coefficient for x-radiation. For the two 

target model this leads to the following relations between (r.b.e)m  and 

LET. 

(r.b.e)
m 

= Al 	- exp - Ln   (2.21) 
L n 	L1 

where L1 = 	' and Al is a normalization constant. For the two hit 

model the equivalent equation is: 

	

T. 	2 1 
(r.b.e)m  = A2 	_ exp - "un 	I   (2.22) 

 1-]; 

where L2 2Ph  . = 	For the generalization in terms of site and ionization 

events 

1W 

(r.b.e)m 	Al 	1 - exp(- (IL) 2\fl 
- 	‘n3  

1 
where = — nQ  - .  

 

(2.23) 

 

It is these last three equations, which will be used in the 

analysis in chapter 5. 
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CHAPTER 3 

DOSIMETRY 
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3.1 INTRODUCTION 

In this chapter the dosimetry of the experiment is described. 

In view of the general aims of the study, it was necessary to describe 

each radiation field as accurately as possible by measurements of both 

spectrum and intensity, and to support these with measurements of 

absorbed dose. At the neutron dose-rates available it was hardly 

possible to make direct measurements of absorbed dose and the more 

usual indirect procedure was adopted of measuring the ionization in 

different gases. 

3.2 GENERAL ARRANGDIETTS FOR DOSIMETRY 

The experimental arrangement for the plant irradiations was that 

six Tradescantia plants were supported within their pots in a large 

aluminium container of rectangular cross-section, which could be 

evacuated or filled with air or nitrogen, figure 3.1. The 

Inflorescences of the plants were bunched together within a tissue-

equivalent plastic box, so that they were held together in an 

octagonal area 10 cm across the flats and 2 cm deep. The centre of 

this volume was usually about 25 cm from the neutron producing target. 

For spectrometry the rear aluminium plate of the container was removed 

and also the rear tissue-equivalent plastic plate, so that the spectra 

were measured after passing through the front aluminium wall of the 

container and the front face of the tissue-equiva)ent plastic box. 

Ionization chamber and fission chamber measurements were made under the 

same conditions as the spectrometry. 

3.3 . X- AND GATE A-RAY DOSIMETRY 

3.3.1 Sources 

The inherent filtration of the equipment used to provide the 

nominal 250 kVp x-radiation was equivalent to 2 mm of aluminium and in 

addition a composite filter of 1.7 mm Pb, 1.0 mm Sn, 1.7 mm Cu and 

0.5 mm Al was interposed to provide an x-ray spectrum with a mean 

energy of about 200 keV. A dose-rate of 1.5 rad min 1  in Tradescantia  

tissue was obtained at the centre of the tissue-equivalent box at a 

distance 35 cm from the filter under the above conditions. 

For the gamma-ray exposures a cobalt-GO source was used which 

gave a dose-rate of about 2 rad min in the tissue-equivalent box at 
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a distance of 72 cm. 

3.3.2 Spectrometry 

A system of x-ray spectrometry was developed for the 

experiments (Peaple and Burt 1969). A smooth measured spectrum with 

a mean energy of 195 keV and a width at half height of 78 keV was 

obtained for the 250 kVp x-radiation. Any spectral impurity at about 

88 keV due to preferential transmission through the lead filter was 

less than 2% in terms of photon flux and hence a smaller percentage 

in terms of dose-rate. 

3.3.3 Exposure measurements'  

Exposure of plants to both x-rays and gamma-rays were monitored 

by means of lithium fluoride thermoluminescent powder (TLD-700) in 

small polythene containers. Three such dosemeters were used for each 

exposure placed on the inside walls of the tissue-equivalent plastic 

box and among the inflorescences of the plants. 

The lithium fluoride dosimetry system was calibrated for the 

measurement of both the 195 keV x-radiation and the cobalt-60 gamma 

radiation by means of a Victoreen 570A (25R) condenser ionization 

chamber, which had in turn been calibrated with a range of x- and 

gamma-radiation by the N.P.L. 

3.3.4 Uncertainties 

The identified uncertainties for the x- and gamma-dosimetry may 

be summarized.as a coefficient of variaticn of 1.5% for the precision 

of the thermoluminescent dosemeter system, a possible systematic error 

of 1% for fading effects in this system due.to variations in the time 

between exposure and read-out, and a standard error of 1% for the 

absolute calibration of the Victoreen instrument. These amount to an 

uncertainty of about + 5)/) at the 95% confidence limits. In addition 

to this uncertainty, there was a spread of exposure values for any one 

group of irradiated plants of about + 7% due to the combination of 

inverse square and attenuation affects. 

3.3.5 Derivation of absorbed doses 

The mean exposure value for the irradiation of the plant 

inflorescences was taken as the mean value of that derived from the 
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lithium fluoride dosemeters on the front and back inside surfaces of 

the tissue-equivalent plastic box. 

The exposure values were converted to absorbed doses by using the 

mass energy absorbtion coefficients given by the I.C.R.U., 1962, for 

the elements hydrogen, carbon, nitrogen and oxygen. The atomic 

composition of the Tradescantia inflorescences was determined by 

chemical analysis (Weiler and Strauss, private communication) as 

10.5% hydrogen, 6.41% carbon, 0.81% nitrogen and 81.6% oxygen by 

weight. This composition yields values for the mass energy absorbtion 

coefficients of 0.0296 cm2  g 1  for 195 keV x-rays and 0.0293 cm2  g-1  

for 1.25 MeV gamma-rays. Using a value of 0.0268 cm2  g 1  at both 

energies for air, the mean exposure values were converted to absorbed 

doses in Tradescantia as 0.960 rad per roentgen for 185 keV x-rays and 

0.950 rad per roentgen for 1.25 MeV gamma-rays. 

3.)4 NEUTRON DOSIMETRY 

3.4.1 Sources 

Neutrons were generated by using either the Harwell 5.0 MeV" 

Van de Graaff or 600 keV Cockcroft-Walton accelerators. The reactions, 

mean neutron energies and target details are summarized in table 3.1. 

With two exceptions, the neutrons were generated with energies at 

which the main form of neutron reaction with the atomic nuclei is by 

elastic scattering, and also at which there are no marked resonances 

in the cross-sections. The two exceptions were 14.7 MeV, which is of 

interest because of the easy availability of neutrons with this energy 

from low voltage accelerators; and 0.417 MeV, which was intended to be 

0.4h MeV at which there is a marked resonance in the elastic scattering 

of neutrons on oxygen. This energy was chosen in the hope that any 

biological effects due to charge exchange processes and elastic 

nuclear scattering due to the recoiling oxygen atoms would become 

apparent at this neutron energy in comparison with the results 

obtained at the neighbouring energies of 0.216 MeV and 0.674 MeV. 

3.4.2  Spectrometry 

For the neutron spectra with mean energies of 5.06 MeV and 

14.7 MeV the spectrometry was based on measurements with silicon semi- 
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Mean Neutron 
Energy 
MeV 

Reaction Used 
Bombarding 

Energy 
MeV 

Approximate 
Beam Current 

PanaP 
Target Details 

14.7 3H(d,04,He 0.250 75 Tritium in titanium, water cooled. 

5.06 2H(d,n)3He 2.10 25 Deuterium in titanium, water cooled. 

1.56 3H(p,n)3He 2.40 22 Tritium in titanium, water cooled. 

0.674 7Li(p,n)7Be 2.42 25 Lithium metal, copper backed, air cooled. 

0.417 7Li(p,n)7Be 2.20 30 Lithium metal, copper backed, air cooled. 

0.216 7Li(p,n)7Be 2.03 30 Lithium metal, copper backed, air cooled. 

0.0832 7Li(p,n)7Be 2.00 25 Thick lithium metal, copper backed,, air 
cooled. 

Table 3.1. Mean neutron energies, reaction and target details for neutron experiments. 



conductor detectors. The neutron spectra were obtained by analysing 
. 

the pulse height spectra due to the 29 
	28 
Si(n,a)

26Mg and the Siol,a)
25  mg 

reactions in silicon (Marcazzan, Marzari, Tonolini, 1962). At 14.7 MeV 

the spectrum was also obtained from an analysis of the pulse height 

distribution produced in the detector by recoiling protons from a thin 

film of polythene placed in front of the detector. 

The neutron spectra of mean energies 1.56, 0.674, 0.417 and 0.216 

MeV were measured with a helium-3 proportional counter (Texas Nuclear 

Corp., Type 9300). The spectrum of mean energy 1.56 MeV was obtained 

from the pulse-height distribution due to helium-3 recoils in the 

counter, but the other spectra were obtained from the pulse-height 

distributions generated by the exo-ergic 3He(n,p)3H reaction. 

In order to derive the neutron spectra from the helium-3 

spectrometer, a series of experimental response functions were obtained 

by using thin air-cooled targets to generate mono-energetic neutrons 

of sharply defined energy. The measured response functions were then 

used to interpret the spectra obtained from thick targets, some with 

water cooling, that were used for the plant irradiations. The measured 

spectra with mean energies of 0.216, 0.417 and 0.674 MeV are shown in 

figure 3.2. 

A disadvantage of using experimental response functions for 

interpretation is that the response functions include contributions to. 

the instrument response due to room scattered neutrons, so that the 

derived spectrum is only the primary spectrum. Any secondary scatter, 

other than that produced between the target and the detector, cannot 

be evaluated. However, these scattered neutrons can be measured by 

using uranium-235 fission chambers as described below (section 3.4.3). 

It was not possible to make a good measurement of the spectrum 

with a mean energy of 0.0832 MeV. This spectrum was generated from a 

lithium metal target which was so thick that the energy of the 

bombarding: Protons fell below the threshold value for the 71,i(p,n)7Be 

reaction due to energy loss within the target. The spectrum in 

consequence contained neutrons with energies doer' to a few keV and the 

resolution of the helium-3 proportional counter (wo keV) was 
inadequate for its complete measurement. However, the differential 

cross-section for the neutron producing reaction is well enough known 
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for the spectrum to be calculated from the kinetics of the reaction 

and the energy loss characteristics of protons in lithium (Gibbons and 

Newson, 1960). In figure 3.3 the calculated neutron spectra are given 

for two laboratory angles corresponding to that for the irradiation of 

the ionization chambers and at the mean angle for the irradiation of 

the inflorescences of the plants, these have mean energies of 0.0832 

MeV and 0.0849 MeV respectively. The small peak in the 1°  spectrum at 

30 keV is due to neutrons generated by protons just above the threshold 

energy (1.8811 MeV) of the reaction, when all neutrons are emitted in 

the forward direction. The spectrometer measurement indicated that the 

spectrum above 100 keV contained fewer neutrons than suggested by the 

calculation. It is possible that this was due to contamination of the 

surface of the lithium metay 	Th,emeasuirediand 
e0-44,-  74./ 44--,ZO/k 	0.,4f,;1 .44;t, ..v 

.111l • speptrgi„were 	 :64. - 41 1,- 
• • 

 

011S. 

 

  

In the 0.417 MeV experiment the neutron spectrum was monitored 

continuously during the plant irradiations at a position at 90°  to the 

accelerator beam, (the plants were exposed at 00). This was to make 

sure that there was no deterioration in the target or shift in the 

proton accelerating potential during the irradiation, owing to the 

Importance of keeping the neutron spectrum constant relative to the 

0.44 MeV scattering resonance of oxygen-16. 

3.L.3 Fission chamber measurements 

In order to obtain an accurate measurement of the neutron fluence 

at the position of the plant inflorescences a small uranium-235 fission 

chamber was employed. The measurements made with this fission chamber, 

as were all dosimetry measurements, were relative to a neutron monitor. 

This monitor consisted of a boron-trifluoride proportional counter in a 

cadmium covered polythene block placed in a convenient position relative 

to the neutron producing target and the plant irradiation container. 

The fission chamber was 6 mm in diameter with an active length of 

20 mm. The effective mass of uranium in the chamber was obtained by 

calibrating the chamber with neutrons of energies of 0.35 and 2.01 MeV 

against a "Long Counter" (Allen 1960); which had in turn been calibrated 

against a photo-neutron source and a proton recoil counter (Marin 1959, 

A.G. lAn?cul3on, private commmication). The effective mass so determined 

;it vaiyalc 1 

al 
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was 212 mg with an estimated uncertainty of + 7%. The uranium 

fission cross-section is known to an accuracy of about + 5% in the 

energy region 10 keV to 16 MeV. 

In each experiment three measurements were made  with the fission 

chamber; these were, firstly, with the chamber in a lg cm
2 
cover of 

boron-10; secondly, covered with 0.030 inch thick cadmium; and thirdly, 

bare. The details of the method of interpreting these measurements has 

been given elsewhere (Dennis, Delafield, Peaple and Boot, 1972a), but 

briefly the neutron spectrum is considered to consist of three 

components; the primary fluence, the secondary scattered fluence and a 

thermal fluence. The secondary scattered spectrum is assumed to be a 

typical neutron slowing down spectrum with a differential energy 

intensity proportional to the inverse of the neutron energy E, ie. a 
1/E spectrum, extending from thermal energies to an upper limit equal 

to the mean energy of the primary spectrum. This spectrum model 

combined with the cross-section characteristics of uranium also 

allowed the effective temperature of the thermal fluence to be deduced. 

As well as measurements with the fission chamber, measurements 

were made by means of the 32S(n,p)
32P reaction at primary neutron 

energies of 14.7 and 5.06 MeV. The calibration df:this system has 

been described by Boot and Dennis, 1965. The cross-section for the 

reaction is not well established at 5.0 MeV. 

3.4.4 Ionization chamber measurements 

Ionization chamber measurements were made with two types of 

ionization chamber (Dennis, Delafield, Peaple and Boot, 1972a). One 

chamber was completely homogeneous with walls and electrodes of 

conducting CH-plastic supplied by Bakelite Ltd. The other ionization 

chamber was of similar internal proportions and construction, but was 

manufactured from reactor quality graphite. Build-up caps were used 

with these chambers when necessary. Both chambers were operated with 

a gas flow system that ensured that the gases were free from dust, and 

in the case of acetylene from acetone, and were at the ambient 

temperature of the laboratory. Acetylene was used with the CH-plastic 

chamber and carbon dioxide with the graphite chamber. 

Corrections to the measured charges were made for pressure, 

temperature and recombination. Recombination was studied in a 



separate series of experiments. They were not entirely satisfactory 

owing to the difficulty of .obtaining steady operating conditions from 

the accelerators at that time. According to Zanastra, 1935, it should 

be possible to relate the collected charge Q, the applied potential V 

and the true saturated charge go
, by an expression of the type 

1 	1 	1 	
f3 

1 = — + a— + 	 2 + higher terms, Q, 	Qo 	V 

 

(3.1) 

 

where a and 13 are constants for the experimental conditions. A least 
square fitting procedure was employed with this expression to obtain 
1/go 

from the experimental results. Corrections to the measured charge 

ranging from 1 to 5% for the acetylene filled chambers and from 1 to 

10% for the carbon-dioxide chambers were required. 

The volumes of the ionization chambers were calculated from their 

known internal dimensions, and were also derived from the measured 

currents when they were exposed to a known exposure rate of cobalt-60 

gamma radiation. Both methods agreed to within 2% to give values of 

about 5 cm3. 

3.L1.5 Comparison of fission and ionization chamber results 

The parameters of the neutron spectra derived from the 

spectrometer and fission chamber measurements are given in table 3.2. 

The comparatively high effective temperature of the thermal fluence 

may either be due to the not unlikely possibility of a strong 
1
/V 

absorbtion of'neutrons in the neighbourhood of the measurement, or, 

alternatively and equally likely, it is an artefact of the method of 

interpretation. 

Before comparing the fission and ionization chamber measurements, 

it was necessary to make corrections by assuming an inverse square 

relation for the fact that the effective centres of the two types of 

instrument were not coincident with each other or with the centre of 

the tissue-equivalent plastic box. It was also necessary to correct 

for the attenuation of the neutron radiation in the walls of the 

ionization chambers as discussed by Rossi, Bateman, Goodman and 

Stickly, 1960. These corrections varied from L. to 8% for the fission 

chamber, about 2% for the CH-plastic chamber, and up to 12% for the 

graphite chamber. 
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Primary 

Mean Energy 
MeV 

Spectrum 

R.M.S. Deviation 
MeV 

Total 

Primary 
Fluence 

Spectrum Fractions 

Secondary 
Fluence (l/E) Thermal 

Effective Temp. 
of Thermal Fluence 

°C 

14.7 0.220 0.951 0.046 0:7023 
A 

138 

5.06 0.164 0.988 0.010 0.0017  136 

1.56 0.046 0.954 0.043 0.0032 135 

0.674 0.019 0.965 0.032 0.0031 129 

0.417 0.026 0.978 0.019 0.0026 128 

0.216 0.038 0.929 0.069 0.0018 127 

0.0849 0.0494 0.882 0.116 0.0014 125  

Table 3.2. Spectrum parameters for plant irradiations derived from spectrometer and 

fission chamber measurements. 



010 ,- (6,-1116/ 
Given two 	chambers exposed in the same mixed radiation 

field composed of a fluence of neutrons and an exposure 6 of gamma 
radiation. in which ionization densities of qi  and q2  are observed, 

then: 

ql 	n1 + E gl 

(3.2) 
$n2  + 6 g2  

These two simultaneous equations containing the ionization densities 

generated per unit fluence, n1  and n2, and the ionization densities 

generated per unit exposure, gl  and g2, may be solved for the fluence 

and exposure values. 

The calculation and nuclear data used to obtain n1 and n2 have 

been described by Dennis, 1973. The calculation takes into account 

the possible variation of the average energy, W, required to form an 

ion pair within the gases with both the nature and energy of the 

ionizing particles. Two different assumptions were tried in computing 

the expected ionization density in the graphite chamber at the two 

high neutron energies, i.e. 

(a) The ionization was entirely due to reactions in the wall. 

(b) The ionization was entirely due to reactions in the gas. 

gi  and g2  were taken as 2.261.10
12 and 1.649.10

12 ion pairs g
1 
per 

roentgen. Table 3.3 also gives the experimental values uncorrected for 

any ionization due to associated gamma radiation. 

The fluence and exposure values derived by use of equation 3.2 are 

displayed in table 3.4, which includes fission chamber, sulphur 

threshold detector measurements of fluence as well as some lithium 

fluoride thermoluminescent and film dosemeter measurements of exposure. 

The latter are uncorrected for any neutron sensitivity that the 

materials may exhibit. 

The negative exposure values in table 3.4 are obviously impossible, 

and indicate that the x- and gamma-radiation associated with the 

neutron radiation was negligible. 
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Mean Neutron 
Energy 
MeV 

Ionization Densities per Unit Fluence 

Computed Measured 

Acetylene Carbon Dioxide Acetylene 

ion pairs gram -1  

Carbon Dioxide 

ion pairs gram -1  -1 
ion pairs gram 

W 
eV ion pairs gram -1 W 

eV 

14.7 

5.06 

1.56 

0.674 

0.417 

0.216 

0.0832 

	

1.349. 	104 

	

8.370. 	103  

	

4.684. 	103  

	

3.071. 	103  

	

2.398. 	103  

	

1.596. 	103  

	

7.768.. 	102  

26.9 

27.3 

29.2 

30.0 

30.4 

30.6 

30.9 

4.398. 1034 

	

3.565. 	lo)  ` 

1.211. 10.3V 

	

9.421. 	103  

	

3.720. 	10
2 

	

1.768. 	10
2 

	

2.699. 	102 

	

6.978. 	101  

	

2.094. 	101  

35.3 
35.4 

.36.4 
36.4 

41.7 

47.4 

52.1 

58.4 

72.4 
i 

	

1.374. 	o 

	

8.518. 	103  

	

4.171. 	103  

	

3.061. 	103  

	

2.263. 	103  

	

1.015. 	103  

	

7.862. 	10
2 

	

3.206. 	103 

	

.8.285. 	102  

	

3.236. 	10
2 

	

1.773. 	102 

	

2.512. 	103 

	

8.485. 	10
1 

	

5.311. 	101  

(1) All reactions in carbon 	(2) All reactions in carbon dioxide 

Table 3.3. Computed and measured values of the ionization density in acetylene and carbon dioxide 

and computed mean W values. 



Mean Neutron 
Energy 
MeV 

Total Primary 
plus Secondary 
Fluence (1) 

n cm-2 

Ionization 
Measurements 

Fluence 
n cm-2 

Chamber 

Exposure 
roentgen 

Exposure from 
Film or TLD 
Dosemeter 

roentgen 

14-7 4.62. 	100
8  

5.83. 108M 8 - 0.65 - 
(4.32. 	10°) 5.05. 10 3 

- 0.19 

5.06 1.42. 109, 1.56. 1094 - 0.43 - (1.26. 	10') /.48. 107" - 0.13 

1.56 9.60. 108 8.70. 108 - 0.031 0.032 

0.674 1.70. 109  1.43. 109 0.022 

0.417 7.71. 	108 7.27. 108 - 0.013 0.030 

0.216 1.27. 109 0.76. 109  - 0.035 

0.0832 1.88. 109  1.87. 	109 0.039 

(1) Fluence values are from fission chamber measurements. Bracketed 
values are from 32S(n,p)32P measurements. 

(2) All reactions in graphite, (3) All reactions in carbon dioxide. 

Table 3.4. A comparison of fluence and exposure values per 10
6 

monitor 

counts obtained from fission chambers and ionization chambers. 



CORRECTION 

Page 39: 

Insert between lines 9 and 10. 

+ 1.5% for the standard error of the counting 

statistics. The uncertainty in the ionization 

chamber measurements amounted to + 5.7% compounded 

from 



The results at the neutron energy of 0.216 MeV are suspect. A 

detailed examination of the dosimetry, including other experiments at 

this energy, led to the conclusion that it was most probable that the 

ionization chamber measurement was incorrect. However, the biological 

results taken in conjunction with calculated values for relative 

biological effectiveness discussed in chapter 5 indicate that the 

fault lies with the fission chamber results. 

The total uncertainty in the fission chamber measurements could 

amount to + 7.2%, compounded from + 7% for calibration errors and 

+ 5% for the resistor value in the D.C. amplifier, + 2,(/) for planimeter 
errors and + 2% for the estimated volumes of the ionization chambers. 

There are additional sources of error associated with cross-section 

and W-values. 

3.4.6  Derivation of absorbed doses in Tradescantia  

The results summarized in table 3.)4 suggest that at the highest 

neutron energies there may well be errors connected with the 

computation of dose deposition as a result of neutron reactions In• 

carbon and oxygen, and a systematic underestimate of W-values for 

heavy ions in carbon dioxide. (Measurements of the W values for 

electrons in the acetylene and carbon dioxide used in the experiments 

gave values within 0.)4% of the recommended values of the ICRU, 1962). 

Taking all factors into account it was decided to regard the fission 

chamber measurements as providing the best estimates of fluence and 

the CH-plastic ionization chamber measurements as providing the best 

estimates of ionization density, although it could be that the fission 

chamber underestimated the fluence by about 5%. When the measured 

ionization density in acetylene exceeded the value computed from the 

fluence measurement, it was decided to ascribe the excess to the 

associated gamma-radiation. 

The computation of the absorbed doses due to neutrons in the 

Tradescantia from the spectrum and fluence measurements enabled the 

fractions of absorbed dose due to different secondary particles to be 

obtained and also the fraction of the absorbed dose due to quasi-

elastic nuclear scattering (Dennis, 1973). This data is reproduced 

in table 3.5 together with an estimate of the ionization produced in 

the tissue relative to that which would be produced by the same 
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Mean Neutron 
Ehergy 
MeV 

Fractions 

Hydrogen 

of neutron 

Carbon 

absorbed 

Oxygen 

dose due to: 

Nuclear Scattering 

Ionization 
Relative to 
X-radiation 

14.7 0.746 0.008 0.058 0.007 0.96 

5.06 0.896 0.010 0.071 0.009 0.95 

1.56 0.926 0.008 0.064 0.017 0.89 

0.674 0.945 0.007 0.048 0.023 0.87 

0.417 0.865 0.006 0.128 0.060 0.83 

0.216 0.949 0.006 0:045 0.035 0.86 

0.0832 0.963  0.005 0.032 0.045 0.86 

Table 3.5. Fractions of neutron absorbed dose due to different secondary 

particles and to quasi-elastic nuclear scattering; and an 

estimate of the ionization produced in tissue relative to that 

from the same absorbed dose of x-radiation. 



absorbed doses from x-radiation. This estimate is based on the 

perhaps unlikely assumption (Watt and Hughes, 1972) that the W values 

vary in tissue as they do in gases. Only the fractions of absorbed 

dose due to protons, carbon and oxygen ions are given in the table, as 

the fractions due to other nuclei are negligible in comparison; an 

exception to this occurs at 14.7 MeV when 13% of the absorbed dose is 

due to alpha-particles. 

3.5 LET AND SITE EVENT SIZE SPECTRA 

For each neutron spectrum the dose distributions of linear energy 

transfer and the site event size distributions were computed for 

Tradescantia tissue. The details of these calculations has been 

described elsewhere (Edwards and Dennis, 1975; Edwards, 1975). They 
make use of the continuous slowing down approximation for the energy 

loss from ionizing particles; and delta-ray effects are not considered. 

The steps in the calculation are briefly 

(a) A calculation of the primary differential spectra of 

secondary ionizing particles from the neutron spectrum, 

,tissue composition and neutron cross-section data. 

(b) A calculation of the differential fluence spectra of. 

ionizing particles by using the stopping power. 

(c) A calculation of the differential dose distribution of 

LET. (The first derivation of the stopping power is 

required for this calculation. It was obtained by 

fitting cubic splines to the tabulated stopping power 

data. The method has been described by Powell, 1967, 

and can be obtained as one of the.AERE library of computer 

subroutines (Hopper, 1973). The method requires the first . 

and second derivatives of the fitted functions to be 

continuous. The required first derivative is supplied 

from the computer program). 

(d) The calculation of the site event size spectrum. This 

consisted of two parts. In the first part the events in 

a spherical volume.  due to ionizing particles, which 

originate outside the volume are calculated; and in the 

second part the events which are due to secondary particles 

produced by neutron.reactions within the volume. In 
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both parts of the calculation the site event is 

calculated in terms ion pairs. (For Tradescantia tissue 

a nominal value of 25 eV was taken as the W.-value for 

fast electrons and the N.-values for other ions were 

allowed to alter as described by Dennis, 1973, for 

gases). The distribution of possible path lengths in 

the spherical volume is allowed for, as is the fact that 

some particles entering or originating within the volume 

do not have sufficient energy to cross it. 

The LET and event size spectra for the neutron radiations with 

mean energies 0.085, 0.417, 1.56, 5.06 and 14.7 MeV are displayed in 

figures 3.4 to 3.8. The LET spectra are plotted with the stopping 

power of Tradescantia tissue in units of MeV cm2 gram-1 as the 

abscissa; for conversion into the usual units of LET the tissue is 

assumed to have unit density so that 10 MeV cm2 gram
1 corresponds to 

1 ke"V pm 1. 

The sharp edges in the LET spectra occur at maxima and minima .in 

the dependence of stopping power on ion energy, where reciprocal of 

the first derivative become infinite. The most prominent edge in all 

the spectra occurs at 981 MeV cm2 gram 1 at the maximum of the 

stopping power of Tradescantia tissue for protons (proton energy 

63 keV). The other prominent edges occur at 2310 and 2462 MeV cm2 

gram 1, and correspond to a minimum and a maximum in the stopping 

power for oxygen ions with energies (32 keV and 5 keV) where nuclear 
elastic scattering is the main form of energy loss. At the neutron 

energies of 5.06 MeV and 14.7 MeV other particles contribute 

significantly to the LET spectra. Alpha particles provide an edge at 
/ 2390 MeV cm2 gram 1  (alpha energy 630 keV), which falls between the two 

oxygen ion edges. At 14.7 MeV edges appear due to the products of non-

elastic reactions of neutrons with oxygen-16 and carbon-12, the actual 

ions are shown in figure 3.8a. At low neutron energies the LET spectra 

do not extend below 144 MeV cm2 gram 1, corresponding to the stopping 

power for 100 eV protons; at higher energies the stopping power is 

lower for protons with energies above 2 MeV. 

For reasons which are explained in chapter 5 the event size 
spectra were computed for two sizes of spherical volume, 1 pm and 5 pm 
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' diameter. At the lower neutron energies, the events are predominately 

due to secondary particles originating within the volumes (insiders), 

which have ranges that are much smaller than the volume dimensions. 

For this reason there is little difference between the event size 

spectra for the two volumes at the neutron energy of 0.085 MeV. At 

higher energies the events are almost entirely due to outsiders 

(mainly protons) with ranges greater than the volume dimensions. As 

might be expected in this situation the most probable event size is 

proportional to the volume diameter. There is an interesting difference 

between the event size distributions for the two volumes at the neutron 

energy of 0.L117 MbV. The second maxima in the event size distribution 

for the 5 pm diameter volume at 1650 ion pairs is due to oxygen 

recoils. These recoils have a maximum range of about 0.5 pm (energy 

90 keV), which is sufficiently small for the recoils to be 

distinguished in the larger but not in the smaller volume. The 

equivalent proton range at this neutron energy is 8 pm. 
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CHAPTER 4 

SOMATIC ABERRATIONS IN THE STAMINAL HAIRS OF 

TRADESCANTIA OCCIDENTALIS  
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4.1 INTRODUCTION 

The biological system selected for study was that of somatic 

aberration or mutation induction in the staminal hair cells of a 

diploid (2n = 12) clone (02) derived from a.variety of Tradescantia 

occidentalis. The advantages of this system may be summarized as 

follows: 

(a) The system appears to be very sensitive to ionizing 

radiation. This was an advantage when only low 

dose-rates of monoenergetic neutrons were available. 

(b) A very large cell population can be analysed to 

provide good statistics. 

(c) Various factors affecting the radiation sensitivity 

have been studied and reported in the literature. 

(d) It is a very easy system to maintain, cultivate and 

score. 

(e) The experimental period required to obtain results 

is quite short. 

The system has been described in considerable detail by Mericle 

and Mericle (1967a, 1967b), Nayar and Sparrow (1967), and by Ichiwaka, 

Sparrow and Thompson (1969). Each flower of the plant has six stamens, 

each of which, under the conditions of growth described below, has 

50 hairs. The pattern of hair growth is that a single cell projects 

from the stamen and divides, this cell is meristematic and continues 

to divide until a complete hair is formed. In general about 80°/of the 

subterminal cells of the hair undergo another mitotic division, but 

the cell cycle time in this position is lengthened relative to that of 

the terminal cell, i.e. by the time subterminal cell enters mitosis it 

is not always in the subterminal position, and in any developing hair 

consisting of at least four cells more than two of them may undergo 

mitosis before the hair completes its development. In the pattern of 

hair development the bottom hairs on the stamen begin to develop before 

those at the top, and when developed contain about 30 cells, while 

those at the top of the stamen when developed contain about 16 cells 

which arc smaller than the cells of the bottom hairs. It should be 

clear from this description that the hairs of developing flowers 
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contain a complex and far from homogeneous cell population. About 

eleven to twelve days before flowering all the hairs on the stamen 

are in some stage of development, and all are completely developed 

six days before the flowers emerge from the bud. 

Tradescantia occidentalis is heterozygous for flower colour. The 

dominant colour is purplish-blue (blue) and the recessive colour 

purplish-pink (pink). Both spontaneously and after exposure to 

radiation, sectors of the recessive pink colour appear in both the 

petals and stamen hairs. The production of these sectors by exposure 

to ionizing.radiation is thought to be associated with chromosome or 

chromatid aberrations (Mericle and Mericle, 1967b, Nayar and Sparrow, 

1967). The system has been used for the study of the relative biological 

effectiveness of neutrons and other radiations (Davies et al., 1963a, 

Davies and Bateman, 1963b, Underbrink et al., 1970, Underbrink and 

Sparrow, 1971a, Underbrink et al., 1971b, Underbrink, Sparrow and 

Sparrow, 1971c, Sparrow, Underbrink and Rossi, 1972, Underbrink and 

Sparrow, 1974), and has been used as a paradigm for physical theories 
of relative biological effectiveness (Kellerer and Rossi, 1972). 

The study described here was concerned only with the appearance 

of pink cells in the hairs of otherwise normal flowers at low doses of 

radiation. Some features of the observed response have not previously 

been described in the literature. 

4.2 METHODS OF CULTURE, IRRADIATION AND SCORING 

4.2.1 Culture 

All plants used in the experiments were derived from cuttings 

taken from a single•plant. These cuttings were grown in individual 

plant pots in a heated greenhouse, and some two weeks before 

irradiation were transferred to a constant environment chamber under 

conditions of continuous light intensity of 500 ft. candles and 

constant temperature of 20 0.5°C. The object of using continuous 

light was to obtain as far as possible a completely asynchromous cell 

population in the staminal hairs at the time of irradiation. This 

differs from the conditions of growth employed by Underbrink and 

Sparrow, 1974, who employed a light intensity of 1650 ft. candles for • 

an 18 hour day, with a temperature of 20°C during the day and 17.8°C 

at night. After irradiation the plants were returned to the constant 
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environment chamber, where they were kept for a further 17 days until.  

the end of the experiment. 

L1.2.2 Irradiation conditions 

Six plants were employed for each dose level including back-

ground. These plants were placed together in the sealed aluminium 

container described in chapter 3 and their inflorescences held together 

in the small tissue-equivalent plastic box. Irrespective of the time 

required for the irradiation, the plants were kept in the container for 

a total of 50 min for the "in air" exposures during which time the 

container Was flushed with air of breathing quality. The irradiation 

commenced 15 min after the container was sealed. For the "in nitrogen" 

exposures the container was evacuated for 13 min to a pressure of about 

2 torr after which it was filled with nitrogen, the irradiation 

commencing 17 min later. In this case the plants were in the container 

for a total time of 65 min. The gas flow of either air or nitrogen 
I was L0 cu.ft. min , and the pressure in the container was about 

0.75 lb inch 2 above the ambient atmospheric pressure. The 

unirradiated plants used for background estimation were subjected to 

exactly the same procedures as those irradiated. 

The pre-irradiation evacuation and flushing procedure undertaken 

for the "in nitrogen" exposures was found necessary in order to obtain 

a high degree of hypoxia quickly. The oxygen content of the nitrogen 

emerging from the container was measured with a Hersch cell and never 

exceeded 300 parts per million at the beginning of the irradiation and 

decreased further during it. 

In view of the observations by Underbrink, Sparrow, Sautkulis and 

Mills, 1975, that the values for the relative biological effectiveness 

can alter markedly with the irradiation conditions, it is worth 

emphasizing that all the irradiations except for the irradiation with 

cobalt-60 gamma rays took place under exactly the same conditions. 

However, the difference between the procedures used for the "in air" 

and "in nitrogen" conditions may have influenced the oxygen 

enhancement ratios. 
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4.2.3 Scoring 

The scoring of pink aberrations or mutations commenced on the 

seventh day after the irradiation and continued until the sixteenth 

day. Any hair containing one or more pink sectors was scored as a 

single mutation. This differs from the method employed by Underbrink 

and his co-workers, 1970, 1971a,.1971b, 1971c; Sparrow et al, 1972, 

who scored only hairs in the top one third of the stamens and counted 

each pink sector as one event. For reasons, which are explained below, 

it is clear that multiple sectors are associated in general with a 

single mutating event and do not represent independent mutations. 

Overall about 60,000 to 70,000 hairs were scored for each dose level. 

Attheendofeachexperimentthemeanvalues(m.)of the 

observed mutated hairs per flower obtained each day for flowers 

emerging on days 8 to 15 inclusive were summed, i.e. 

m. 
—8 

This method of compounding the results was adopted to overcome 

the day to day variation in the number of flowers per radiation group 

and the variation in apparent sensitivity with time after exposure. 

The daily mean scores (m1) relative to the summed means (1) combined 

for all the experiments are shown in figure 4.1. There was no 

statistically significant difference between the experiments in this 

respect. The daily variation is similar to that obtained by Nayar and 

Sparrow, 1967, and also by Ichiwaka, Sparrow and Thompson, 1969. 

4.3 STATISTICAL FEATURES OP THE RESULTS 

The occurrence of mutated hairs in the flowers might be expected 

to obey Poissonian statistics. This expectation could be incorrect for 

several reasons. 

At high doses of any type of radiation all possible cells 

available for mutation will be mutated, i.e. a saturation effect, this 

will result in a smaller standard deviation than expected. At low 

doses of radiations that produce secondary particles of high LET in 

tissue and with sufficient range to penetrate through more than cne, 

cell, e.g. fast neutrons, there could be a correlation of mutations 
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within flowers and the standard deviation would be greater than 

expected. Larger than expected deviations will occur also if the cell 

population is non-homogeneous in its sensitivity to radiation, either 

because of inherent biological variability or because of a variation 

in the sensitivity throughout the cell cycle in an asynchronous 

population. 

Applying the chi-squared test to the mutations observed in plants 

unexposed to either irradiation or hypoxia gave a value of chi-squared 

of 2384 for 2395 degrees of freedom (P = 0.56) corresponding closely to 

the expected value. When the test was applied to irradiated plants 

according to the observed level of mutation the results shown in table 

4.1 were obtained. 

At high levels of effect the larger than expected standard 

deviations suggest that the effects of non-homogenity in the cell 

population are becoming apparent. Saturation effects are not apparent 

at these levels. At the level of effect 10 < M < 20 the indication of 

a smaller than expected standard deviation was investigated further by 

the analysis of the results according to the type of radiation shown in 

table 4.2: It would appear that a saturation effect occurs at this 

level of effect for all the neutron radiations with the exception of 

the lower LET 14.7 MeV radiation. This was most marked on scoring days 

10, 11 and 12. 

4.4 PATTERN OF MUTATION APPEARANCE 

The Mericles (1967b) have observed an unexpected correlation of 

observed mutations within hairs, but not within flowers, both in 

unirradiated plants and in those chronically exposed to low dose rates 

of cobalt-60 gamma radiation. The correlation was diminished by 

exposure to acute doses of x-radiation equivalent to the highest doses 

(i.e. 60 rad) used in the experiments described here. These 

observations suggested that the observed multiple mutated sectors 

within hairs are causally related by a biological mechanism independent 

of the radiation induced event. They were led to postulate the 

existance of mitotic crossing over within the chromosomes and a 

modulator gene that enhanced somatic association of the chromosomes and 

increased the crossing over; this mechanism being destroyed at large 

doses of radiation due to chromosome aberrations. J.K. Savage in a 
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Table 4.1. Results of chi-squared test applied to 

the combined results of different 

irradiations at various levels of 

effect. 

Level of Effect Chi-squared Degree:.  of 
freeom 

p 

0 < M<.  5 2791.0 2819 0.64 

5 < Id< lo 3441.3 3429 o.44 

lo <11.4.  20 3806.4 3930 0.92 

20 < M 4 30 3676.7 3679 0.51 

30 < DI < 4o 1851.8 1765 0.07 

140 < 1%1 .< 60 2298.2 1974 0.001 

Ff > 60 3406.1 • 2831 0.001 
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Table 4.2. Results of chi-squared test applied at 

the effect level of 10 < M \< 20 

according to radiation quality. 

Radiation Chi-squared Degrees of 
Freedom P 

250 kVp X-rays 498.6 494 0.44 
60Co-gamma 332.3 313 0.22 

0.085 MeV neutrons 669.9 680 0.99 

0.216 MeV neutrons 574.9 605 0.95 

0.417 MeV neutrons 199.3 214 0.83 

0.674 MeV neutrons 419.1 446 0.94 

1.56 	MeV neutrons 312.4 349 0.90 

5.06 	MeV neutrons 497.5 501 0.99 

14.7 	MeV neutrons i 302.4 301 0.47 
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private communication has suggested that interarm chromosome inter-

changes :leading to a breakage-fusion-bridge cycle at subsequent 

mitoses, or chromosome and chromatid deletions in which the fragment 

is included within the nucleus for a few divisions would be alternative 

and possibly more plausible explanations of the multi-sectoring 

observations. 

In order to obtain some information on these effects a limited 

investigation was carried out on plants exposed to 0.085 MeV, 0.674 MeV, 

1.56 MeV and 5.06 MeV neutron radiations. Mutation events in hairs 

were described as distal, proximal, multi and filament as follows:- 

(i) Distal 	- a single pink sector confined to cells at 

the end of the hair remote from the stamen. 

(ii) Proximal - a single pink sector in a hair with blue 

cells at the distal end. 

(iii) Multi 	- more than one sector of pink cells in the 

hair. 

(iv) Filament - all cells in the hair mutated to pink. 

The relative frequencies of these classes in plants unexposed to 

either radiation or hypoxia were; distal - 0.25 + 0.05, proximal -

0.58 + 0.05, multi - 0.11 + 0.04 and filament - 0.06 + 0.02. 

The daily variation in the frequencies for the results combined 

for all the radiation aualities investigated in this respect and after 

correction for the background frequencies is shown in figure 4.2. The 

variation by level of effect on the eleventh day of scoring is 

presented in table 4.3. Perhaps because of the methods of scoring and 

presentation, these results appear not to support those of the 

Mericles. The relative frequency of multi-sectors tends to increase 

with the level of effect, and at low levels of effect the relative 

frequency may be less than that observed in unirradiated plants with 

the distal frequency correspondingly higher. A difference between the 

frequencies of multi-sectors after exposure to 0.085 MeV neutrons and 

0.674 MeV neutrons was just significant at the 5% level, but for no 

other radiation qualities. 

Based on the observed frequency of mitotic division by Ichiwaka . 

and Sparrow, 1967, it is possible to deduce that on average slightly 

more than two cells may undergo mitotic division in a developing hair 
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Level of Effect Distal Proximal Multi Filament 

0 < M< 10 0.36 + 0.14 0.59 + 0.22 0.016 + 0.034 0.036 + 0.048 

10 < M. 	30 0.31 ± 0.03 0.60 + 0.04 0.084 + 0.017 0.006 + 0.005 

30 < M < 60 0.30 + 0.04 0.62 + 0.05 0.081 + 0.015 0.003 + 0.004 

M > 60 0.27 + 0.03 0.62 + 0.06 0.105 + 0.016 0.003 + 0.002 

Table 4.3. Relative frequencies of mutated sectors on the eleventh day of 

scoring by level of effect above background. 



(> 4 cells) after irradiation. Either or both daughter cells of these 
dividing cells could show the pink mutation. If both daughters always 

showed the mutation, the ratio of distal plus filament and multi-

sectors to proximal sectors would be expected to be 50:50 on day 

eleven; if only one daughter showed the mutation then the ratio would 

be 25:75 (Appendix IV). The observed ratio is 38:62, which suggests 

that equal numbers of cells divide with both daughters showing the 

mutation as divide with only one daughter that appears pink. 

If the probability of causing a mutation in a cell after some 

dose of radiation is P, the probability of obtaining a pink sector in 

a hair is approximately 2P. If both daughter cells show the mutation, 

then the expected frequency of multi-sectors due to the chance that 

more than one cell in the hair is mutated can be shown to be 0.3P
2 

(Appendix IV). If only one daughter cell shows the mutation, then the 

chance of obtaining a multi-sectored hair is P2. The expected 

relative frequency of multi-sectors due to chance is, therefore: 

2 	\ k0.3P 	P2) 
0.5 	_ 0.325P 

2P 

For a given mutation level, M, the mean number of sectors per 

flower on the eleventh day is 0.16M from figure 4.1. Since there are 

300 developing hairs in the flower at the time of irradiation, the 

value of P is 

2.7.10 14M, 

and the expected relative frequency of multi-sectors 8.7.10 5M. This 

is at least a factor of 10 less than the observed frequencies in 

table 4.3, and is a factor of 103  less than is observed in plants 

unexposed to irradiation or hypoxia. 

The evidence suggests that a biological mechanism is predominantly 

responsible for multi-sectoring, although the multi-sectoring also 

depends on the radiation dose to a degree that is not significant in 

the experiments described here, and may depend on radiation quality. 

4.5 Dose effect relationships 

Using a computer program (Edwards and Dennis, 1973), the data for 

each set of exposure conditions and radiation quality was fitted by 

polynomials of degree 1 to 4 minimizing the weighLed sums of the 
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• squares of deviations of the data from the polynomial. The weighting 

process only took into account the standard errors on the observed 

mutations and not relative errors in the radiation doses. 

The decision as to which degree of polynomial provided the "best 

fit" to a set of data was to some extent subjective, but a mixture of 

the following criteria were used 

(a) The fitting probability, P, should lie in the range 

0.05 to 0.95. 

(b) The estimated background mutation rate from the polynomial 

fit should be close to the observed value. 

(c) The error estimates for the coefficients of the polynomial 

should not be so large as to make the estimated values of 

the coefficients meaningless. 

(d) The "best fit" polynomial was consistent with the "best fit" 

polynomials for other data sets. 

(e) The "best fit" polynomial provided a reasonable extrapolation 

to dose levels slightly in excess of the highest 
experimental value, since it was known that the mutation 

frequency would continue to increase at dose levels.  above 

those used in the experiments. 

• Not all the criteria could be satisfied by every data set. The 

coefficients of the preferred "best fit" polynomials are given in 

table 4.4, coefficients derived from linear fits to the data are given 
in table 4.5. Both data and preferred fits are illustrated in figures 

4.3 to 4.11. For the 250 kVp x-ray data in air the data point at 

31.8 rads was omitted from the fitting procedure, because it was found 

to add unduly to the value of chi-squared fOr the fits of all degrees 

of polynomial. 

A comparison between 'best fit" quadratics obtained for sets of 

x-ray data obtained in July, October and February showed no 

statistically significant difference between the values of the 

coefficients, indicating that the early conditions of plant growth do 

not effect the result. 

Using exactly the same irradiation conditions as used in the main 

experiment the dose--rate of 250 kVp x-rays war_ rcduccd to one third and 

one tenth, i.e. 0.5 and 0:2 rad min 1  instead of 1.5 rad min 1, to 
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Experiment Degree of 
Polynomial OiCo  041 rad-1 

Coefficients 

°42 rad-2 'I 	 1  '''‘3 rad ' )4.2  
Degree of 
Freedom P 

250 kVp X-ray 
in air 
in nitrogen 

in air 
in nitrogen 

0.085 MeV neutrons 
in air 
in nitrogen 

0.216 MeV neutrons 
in air 
in nitrogen 

0.417 MeV neutrons 
in air 
in nitrogen 

0.674 MeV neutrons 
in air 
in nitrogen 

1.56 	MeV neutrons  
in air 
in nitrogen 

5.06 	MeV neutrons 
in air 
in nitrogen 

14.7 	MeV neutrons 
in air 
in nitrogen 

2 
2 

2 
2 

2 
2 

2 
2 

3 
2 

2 
3 

3 
3 

3 
2 

3 
3 

2:31 + 0.35 
5.09 ; 0.39 

2.69 + 0.35 
7.16 7 0.69 

2.24 + 0.20 
4.43 ; 0.40 

2.18 + 0.14 
4.69 -7 0.77 

1.81 + 0.45 
3.74 ; 0.68 

1.81 + 0.25 
5.63 ; 0.32 

2.49 + 0.49 
4.65 7 0.46 _ 

1.79 + 0.23 
5.65 7 0.65 

1.82 + 0.13 
5.96 T.o.60 _ 

0.966 + 0.095 
0.384 ; 0.050 

1.056 + 0.078 
0.310 T. 0.071 

38.1 	+ 4.0 
17.0 	; 2.8 

18.35 + 0.78 
9.84 ; 3.17 

34.6 	+ 4.5 
8.89 -I- 2.08 

31.8 	+ 1.2 
25.3 	; 1.9 

28.1 	+ 2.6 
17.3 	-I- 1.7 _ 

16.7 	+ 1.0 
8.16 	; 0.81 

12.06 + 0.49 
9.09 -7- 1.20 

0.0137 + 0.0029 
(1.54 + 1.13)10-3 

0.0113 + 0.0016 
(2.09 + 1.15)10-3 

- 31.6 + 11.8 
3.38 7 2.86 

- 1.10 + 0.62 
2.37 7 2.28 

- 15.8 + 7.4 
1.47 + 1.01 

- 2.97 + 0.52 
- 8.70 7 2.13 _ 

- 4.67 + 1.63 _ 
- 2.34 + 1.12 _ 

- 2.00 + C.47 
- 0.326 -7 0.139 

- 0.659 + 0.186 
- 0.641 ; 0.336  _ 

- 
- 	• 

- 
- 

17.4 	+ 	8.6 - 

- 
- 

5.61 	+ 2.84 
- 

- 
2.35 	+ 0.56 

0.76 	+ 0.33 _ 
0.38 	+ 0.19 - 

0.217 + 0.050 

0.046 + 0.015 
0.038 ; 0.022 _ 

3.46  
2.10 

3.72 
4.66 

1.39 
4.35 

0.64 
6.35 

3.81 
8.70 

3.85 
1.14 

4.91 
2.17 

1.64 
6.98 

0.61 
5.51 

2 
3 

3 
3 

2 
3 

3 
3 

2 
3 

3 
2 

2 
2 

2 
2 

2 
2 

0.18 
0.55 

0.29 
0.20 

0.50 
0.23 

0.89 
0.10 

0.15 
0.03 

0.28 
0.57 

0.09 
0.34 

0.44 
0.07 

0.74 
0.06 

Table 4.4 Computed coefficients for preferred "best fit" polynomials to mutation data. (M .040  +al  D +0(2D2  +0(3D3  etc.) 



Table 4.5. Computed coefficients for linear fits to mutation data (M =40  +lc D) 

acperiment Measured 
Background of 

o 
Cr. -1 1 rad 

,,2 
A. 

Degrees of 
Freedom P 

250 kVp X-ray 
in air 2.38 ± 0.27 1.80 + 0.97 1.38 ± 0.12 43.4 3 4 0.001 
in nitrogen 4.97 ± 0.50 4.84 ± 0.38 0.4l9 + 0.018 3.42 4 0.49 

60c0 	gamma 
in air 2.71 + 0.32 1.97 ± 1.24 1.58 + 0.11 68.4 4 < 0.001 
in nitrogen 7.70 ± 0.64 6.47 ± 0.72 0.433 ± 0.027 9.73 4 0.05 

0.085 MeV neutrons • 
in air 2.19 + 0.25 2.64 + 0.39 24.5 ± 1.3 13.1 4 0.11 
in nitrogen 4.39 ± 0.36 4.19 ± 0.35 19.9 ± 0.9 6.37 4 0.13 

0.216 MeV neutrons 
in air 2.23 + 0.33 2.29 ± 0.16 16.9 ± 0.34 1.3 4 0.86 
in nitrogen 4.73 ± 0.63 4.20 ± 0.62 13.0 ± 1.0 8.64 4 0.07 

0.417 MeV neutrons 
in air 1.88 ± 0.33 2.13 ± 0.54 24.7 + 1.1 13.0 4 0.01 
in nitrogen 3.52 + 0.42 3.29 ± 0.69 11.8 + 0.8 14.9 4 0.05 

0.674 MeV neutrons 
in air 1.76 ± 0.22 2.02 + 0.71 25.0 + 1.2 46.1 4 < 0.001 
in nitrogen 5.62 ± 0.43 5.94 ± 0.78 18.4 ± 0.7 10.9 4 0.03 

1.56 	MeV neutrons 
in air 2.49 + 0.32 2.82 ± 0.67 21.6 + 0.7 20.4 4 < 0.001 
in nitrogen 4.75 ± 0.44 5.33 ± 0.64 12.8 ± 0.4 11.6 4 0.02 

5.06 	MeV neutrons 
in air 1.79 ± 0.26 1.92 + 0.50 13.1 + 0.4 16.8 4 0.002 
in nitrogen 5.92 ± 0.45 6.26 ± 0.87 6.34 71- 0.36 19.9 4 < 0.001 

14.7 	MeV neutrons 
in air 1.84 + 0.13 1.96 ± 0.30 10.0 t 0.2 6.73 4 0.15 
in nitrogen 5.96 i 0.37 6.33 + 0.72 6.65 ± 0.25 17.5 4 0.002 
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provide single doses of 18 and 7 rads respectively. The resulting 

mutation yields for both "in air" and "in nitrogen" exposures were not 

significantly different from those obtained at equivalent doses at the 

dose-rate of 1.5 rad min 1. However, this result is not inconsistent 

at these dose levels with the observations of Underbrink and Sparrow, 

1974, who were able to show dose-rate effects for larger doses, longer 

irradiation times and higher dose-rates than were used here. 

4.6 RELATIVE BIOLOGICAL EMCTIVENESS, OXYGEN ENHANCE4ENT RATIO AND 

SENSITIVITY 

It is 'of obvious interest to compare the results of Underbrink 

and Sparrow with those obtained here for similar radiation qualities. 

Underbrink and his co-workers score mutations per hair in contrast to 

mutations per flower scored in this work. The mutations per flower on 

the eleventh day of scoring are 16.1% of the total score, M, and, since 

it is estimated that flowers scored on this day have approximately 300. 

sensitive hairs at the time of irradiation, the mutations per hair will 

be 5.37.104M. For unirradiated plants "in air" for which there is no 

variation from day to
o 
 day in the average score the mutations per hair 

is given by 4.17.10M.  

"Best fit" polynomials were computed for the 250 kVp x-ray and 

0.43 IleV neutron data of Sparrow, Underbrink and Rossi, 1972, over 

equivalent dose ranges to those used here. The coefficients of these 

polynomials are given in table 4.6 in comparison with the converted 

values from table 4.4.In the case of the neutron data, there is a 

difference in dosimetry. Sparrow et al. used a tissue equivalent 

proportional counter to measure the doses and took a value of 1.05 for 

the ionization per'unit dose relative to x-radiation (L.J. Goodman, 

private communication), they also assumed that the proportion of 

hydrogen in the plant tissue was 10.2%. In this paper the relative 

ionization was taken as 1.196 and the proportion of hydrogen in the 

tissue as 10.5% (Section 3.3.5 and Table 3.5). The linear coefficient, 

al, of the polynomial fit to the data of Sparrow et al. should be 

divided, therefore, by 1.17 and the quadratic coefficient, a2, by 1.38 

to place the dosimetry on the same basis. After these corrections, it 

is clear that the constant terms, ao, representing the background 

effect and the linear coefficients are in complete agreement. However, 
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Reference a cperiment 
°40 

041 
-1 rad-1  

Coefficients 

Or2  

rad-2 

04
3 

rad-3  

2 of Degrees 
Freedom P 

Sparrow 
et al. 

250 kVp X ray (7.08 + 0.31)104  (4.97 + 0.47)104  (2.06 + 0.21)10 5  - 19.9 8 0.01 

This paper 250 kVp X ray (9.62  +1.46)10-4  (5.19 + 0.51)10-4  _ (0.74 + 0.16)10-5  _ - 3.5 2 0.18 

Sparrow 
et al. 

0.43 MeV neutrons (8.01 + 0.68)10-4  (2.19 + 0.15)10-2  (5.10 + 1.54)103  - 4.0 4 0.41 

This paper 0.417 MeV neutrons (7.54 + 1.87)10 4  (1.86 + 0.24)10-2  -(8.25 + 3.87)10 3  (2.83 + 1.43)10 3  3.8 2 0.15 

Table 4.6 Computed coefficients for "best fit polynomials to the results of Sparrow, Underbrink and Rossi, 1972. 



the mutation yields obtained by Sparrow et al. increase more rapidly 

with dose than the results reported here. In part this is due to the 

omission of the multi-sector scores from the data of this paper, but 

may be due also to the different methods of culture and conditions of 

irradiation, as the Mericles, 1967b, have shown that the sensitivity to 

radiation increases with an increase in light intensity for the growth 

and irradiation conditions. 

The "best fit" polynomials obtained for the neutron results in 

this paper are obviously not in accord with the generally held belief 

that for high LET radiations the biological effects at low doses are 

linearly related to dose. However, the linear fits show very low 

probabilities of being "good fits", particularly at the higher neutron 

energies (Table 4.5). The use of "best fit" polynomials can be 

regarded from two viewpoints, either that they represent a real dose-

effect relationship, or that they are merely the most appropriate 

method on statistical grounds of interpolating between the observed 

results. Either viewpoint, however, leads to the same result as 

regards the derivation of r.b.e. values at the limit of zero dose. In 

defence of the former viewpoint it must be pointed out that curvilinear 

dose relationships of the type derived here for neutrons have been 

observed for the induction of a waxy mutation in maize by gamma rays 

(Eriksson, 1963), and that Ofterdal, 1968, has predicted such 

variations on theoretical grounds when the radiation sensitivity varies' 

through the cell cycle in different ways for competing biological 

effects. The most obvious competition would be between cell killing 

and .cell mutation, but also would be expected if there were competing 

mutation or aberration effects. The statistical indications of a 

saturated response at low doses of neutrons (Section L.3 and Table L.2) 

support the suggestion that the curvilinear response to neutrons 

arises from a small proportion of the cell population that are in a 

stage of the cell cycle that is particularly sensitive to neutrons. 

If this is true, the absolute r.b.e. values for neutrons derived by 

comparison with the x-ray response may not be entirely relevant to 

understanding the bio-physical basis of r.b.e., because essentially 

different cell populations are being compared. 

An alternative explanation for the curvilinear dose-response 

relationships is that they are an artefact due to a change in radiation 
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sensitivity during the irradiation. This could have been produced by 

the change from normal lighting conditions to the darkness of the 

irradiation chamber. This would effect the response to high doses 

more than that to low doses, which were given at the beginning of the 

period in the irradiation chamber. However, such an effect is not 

apparent in the x- and gamma-ray data. 

Rossi (private communication) has pointed out that it would not be 

possible to obtain anything other than a linear relationship with dose, 

if the average number of site events occuring per sensitive cell volume 

was substantially less than unity. In these experiments for all neutron 

energies an average of about one site event occurs per rad in a volume 

of 10 pm diameter. The nuclear diameter of the cells of Tradescantia 

lies in the range 10 - 20 pm, and since the number of events increases 

as the second or third power of the linear dimensions, curvilinear 

relationships are possible on physical grounds. 

The limiting r.b.e. and equivalent o.e.r. values at low doses 

obtained from the ratios of the linear dose coefficients of the "best 

fit" polynomials are displayed in table 4.7, and those from linear 

fits in table 4.8. In these tables two values of the r.b.e. are given 
at each energy. The energy r.b.e. values are based on the dependence 

of aberration induction on the absorbed dose. The ionization r.b.e. 

values are those that would have been obtained if the dosimetry had 

been by means of ionization chambers with no allowance for changing Id 

values. In effect, this makes the aberrations dependent on ionization 

rather than absorbed dose. Low dose r.b.e. values reported by 

Underbrink and Sparrow, 1974, are given in tables 4.7 and 4.8 for 

comparison. Because of differences in scoring, interpretation, 

dosimetry and irradiation conditions these are not entirely equivalent 

to those of this thesis, and in some cases, because different neutron 

spectra were used, the values were obtained by interpolation. It has 

already been shown that with the same methods of interpretation and 

equivalent dosimetry the results of Underbrink and Sparrow and those 

reported here are the same for 250 kVp x-rays and 0.417 MeV neutrons. 

Hence it would seem that the r.b.e. values given here for neutron 

energies in excess of 0.417 MeV are probably greater than would be 

given under identical conditions by Underbrink and Sparrow, 1974. 
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Experiment 
Energy 
r.b.e. 

Ionization 
r.b.e. 

Underbrink and 
Sparrow 
r.b.e. 

o.e.r. 

250 kVp x-ray 1.0 1.0 1.0 2.52 + 0.41 

6o Co-gamma 1.09 + 0.13 - - 3.41 + 0.82 

0.085 MeV neutrons 39.4 + 5.7 46.0 + 6.7 (18.2) 2.24 + 0.43 

0.216 MeV neutrons 19.0 + 2.0 22.2 + 2.3 26.3 1.87 + 0.61 

0.417 MeV neutrons 35.9 + 5.9 43.2 + 7.1 47.6 3.89 + 1.04 

0.674 MeV neutrons 32.9 + 3.5 38.0 + 4.0 31.3 1.36 + 0.08 

1.56 	MeV neutrons 29.0 + 3.9 32.9 + 4.4 (16.9) 1.70 + 0.08 

5.06 	MeV neutrons 17.3 + 2.0 18.3'+ 2.1 (14.0) 2.05 + 0.20 

14.7 	MeV neutrons 12.5 + 1.3 13.0 + 1.3 (10.0) 	6  1.51 + 0.06 

Bracketed values obtained by interpolation. 

Table 4.7 Limiting r.b.e. and o.e.r. values from "best fit" polynomials. 



Table 4.8. Limiting r.b.e. and o.e.r. values from linear fits to 

data. 

Neutron 
Energy 
MeV 

Energy 
b e r... 	, 

Ionization 
r r.b.e. 

Underbrink and 
Sparrow 
r.b.e. 

o.e.r. 

0.085 25.4 + 2.8 29.5 + 3.3 (18.2) 1.23 + 0.08 

0.216 17.5 + 1.7 20.3 + 2.0 26.3 1.30 + 0.10 _ 

0.417 25.6 + 2.8 30.8 + 3.4 47.6 2.09 + 0.18 

0.674 25.9 + 2.8 29.7 + 3.2 31.3 1.36 + 0.08 

1.56 22.4 + 2.3 25.2 + 2.6 (16.9) 1.69 + 0.08 

5.06 13.6 + 1.4 14.3 + 1.5 (14.0) 2.07 + 0.13 _ 

1
14.7 10.4 + 1.0 10.8 + 1.0 (10.0) 1.50 + 0.06 

Bracketed values obtained by interpolation. 
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The exposures to cobalt-60 gamma rays took place at a laboratory 

temperature of about 8°C, in contrast to the other exposures which 

took place at laboratory temperatures of between 21°C and 26°C. Since 

the radiation sensitivity is increased at low temperatures (Sparrow 

et al:, 1961), this probably accounts for the observed r.b.e. being 

greater rather than less than unity. 

The r.b.e. value for 0.085 MeV neutrons is dependent on the 

exact neutron spectrum about which there is some doubt, and could be 

decreased by about 20%, if the theoretical spectrum rather than the 

measured spectrum were assumed (Chapter 3). 

The neutron doses have been derived from fission chamber 

measurements. These measurements were repeated during the plant 

exposures to neutrons and the repeated measurements were in agreement. 

The actual plant exposures were monitored both by a BF3  proportional 

counter in a polythene block and by a fission chamber, the ratios of 

the total counts from these two independent monitors were constant in 

all experiments for different total exposures. There is no evidence, 

therefore, for any dosimetry equipment malfunction in any of the 

experiments or changes in the exposure conditions between the "in air" 

exposures and the "in nitrogen" exposures. In the 0.417 MeV neutron 

experiment the spectrum was monitored and remained constant throughout 

the experiment. There is no reason, therefore, to doubt the 

observation of a high o.e.r. value for this radiation on grounds of 

dosimetry or exposure conditions. Nevertheless, this observation may 

be a freak value, and is only just significantly different 

statistically from the values for 0.216 MeV and 0.085 MeV neutrons. 

The o.e.r. values for all three of the low energy neutron spectra are 

all larger than the values reported by Underbrink and Sparrow, 1974. • 

One relevant observation is that the procedure for inducing 

hypoxia.in the plants does itself result in an increased yield of 

aberrations in the absence of radiation. This lends weight to the 

earlier reservation about the o.e.r. values (section 4.2.2). 

Finally, it is interesting to note that a comparison of the 

coefficients of the "best fit" polynomials with those obtained 

chromosome aberrations in cultured human lymphocytes (Lloyd, Purrott, 

Dolphin, Bolton, Edwards and Corp, 1975) with the assumption that there 
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are two sensitive cells per hair reveals that there is very little 

difference between the sensitivities to radiation of the two systems. 

The yield of dicentric chromosome aberrations per human cell is 

Y = 4 	
)

.8 10 ID + 6.2 10
-6
D
2 in a dose-rate of 6000 rad hr

1 
and the 

yield of aberrations per staminal hair cell of Tradescantia occidentalis 
_ 

is M = 2.6 10 '̀D + 3.7 10 6D2  in a dose rate of 100 rads hr 1  of 

x-radiation. This suggests that the apparently high sensitivity of the 

plant is due to the ease of observation and does not reflect any 

peculiarity of the biological system. (The total yield of chromosome' 

aberrations in human cells is about twice the dicentric yield). 
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CHAPTER 5 

MICRODOSIMETRY AND CONCLUSIONS 
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Ieil-exp- H21 dD.dL 

., 	
iL 14  2 Q. dL 

/ 

o.e.r. = [1-exp- L) 211D.o, 
L2 	dL 

(5.14) 

• 5.1 INTRODUCTION 

In this chapter the r.b.e. and o.e.r. values obtained 

experimentally at the limit of zero dose will be contrasted with the 

values calculated on the bases of the two target and two hit models 

described in chapter 2. This should not be taken as indicating any 

strong belief in the validity of these models. In the absence of any 

detailed understanding of the underlying biological and biochemical 

mechanisms, any physical theory based solely on phenomenological data 

must be treated with some degree of scepticism. The models are 

possibly the simplest hypotheses capable of explaining the observations. 

5.2 ANALYSIS IN TEEM OF LET 

The calculation of the theoretical limiting r.b.e. values in 

terms of LET consisted in evaluating the integral 

I  

( r . b . e . )m 	
L

. Al il - exp - (11 ) 	2  
I1-1 	

. di 	dD. dL 
 dL 	a 	

...(5.1) 

for the two target model, and the integral 

(r.b.e.)

m f 

= A2 [1 - exp - (L )21] 	dD.dIAD.dL ...(5.2) 
7 

I   

for the two hit model. The corresponding o.e.r. values are given by 

the expressions: 

 

)1  

o.e.r. = 	11-exp- (1,, )]2  dD. aill, 

171 al 

fFexP-  (1 2  II 21-1  "1  

 

(5.3) 

and 

 

• 

cT-17/  )07  
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Both of these at low LET values yield: 

1 	m (C + L2)  o.e.r. - - 
C + mL

2 

 

(5.5) 

 

The differential dose distributions in LET were computed as described 

in section 3.5, and the above integrals were evaluated numerically and 

rather tediously using a programmable calculator. 

Ideally, the constants Al'  A2, L1 and L2, as well as the constants 

C and m, should have been derived from track segment experiments with 

the biological system. In the absence of such data, it was decided 

to derive the values from studies of other biological systems, and to 

obtain some indication of the sensitivity of the results to the choice 

of values. One set of values was obtained from the studies by Neary 

(Neary and Savage, 1966; Neary, Preston and Savage, 1967) of the 

induction of chromatid intrachanges in the pollen of Tradescantia  

bracteata. The published data do not give absolute r.b.e. values, 

so they were normalized to give a limiting r.b.e. value of 10 at an 

LET of 11.5 keV pm
1. The optimum values of the constants were then 

determined by a least squares fitting procedure (Salmon and Booker, 

1972). The values and the fitting probabilities for r.b.e. are given 

in table 5.1. The o.e.r. data has already been presented in chapter 2, 

table 2.1, where it has been fitted by equation 5.5 instead of equations 

5.3 and 5.4. Although this is strictly incorrect, the numerical values 

for o.e.r. given by eauations 5.3, 5.4 and 5.5 do not differ markedly 

over the range of LET values from 1 to 1000 keV pm 1 , ac is 

demonstrated by table 5.2. Any differences are within the uncertainties 

of the experimental values. 

' 	A second set of values for the constants was derived from the 

suggestion of Kellerer and Rossi, 1972, that an appropriate value for 

L2 
in the two hit model is 110 keV pm

1
. This value comes from the 

studies of the impaiiwent of the proliferative capacity of human cells 

made by Barendsen et al., 1966. The corresponding value of L2  was 

derived as 456 keV pm 1 by specifying that both models should give the 

same r.b.e. values at 1 keV p.m 1 and 50 keV pm
-1
. The former value 

corresponding approximately to the dose average LET for 250 kVp x-rays 

and the latter to the dose average LET for neutron radiations. The 
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LET Dependence 
Derived Parameters 

A L 0 -1 
KeIT pm 

X2 Degrees 
of Freedom P 

Two Target Model 

A 	2 
[1-expll 

Two at Model 

A T;  Ci-exp 	1 f) 

N (1.75 + 0.83).10 

(5.48 + 0.67).103  

136 + 36 

78.8 + 5.4 

0.39 

0.92 

- 2 

2 

0.14 

0.63  

Table 5.1 Constants derived to describe the LET dependence of (r.b.e.)m  for 

chromatid aberrations in Tradescantia bracteata (Neary and Savage, 

1966; Neary, Preston and Savage, 1967). 



Table 5.2 Calculated o.e.r. values as a function 

of LET. 

LET -1 keV pn 

m . 2.79 

Two 
Target. 
I 

C = 

Two 
Hit 
I 

2039 

1 
/ 	2 
q 

m . 2.67 

Two 
Target 
II 

C = 

Two 
Hit 
II 

6485 

1 /  
/ 	2 
q  

1 2.77 2.77 2.79 2.70 2.70 2.67 

2 2.76 2.68 2.78 2.68 2.69 2.67 

5 2.65 2.68 2.73 2.67 2.68 2.65 

10 2.53 2.59 2.57 2.58 2.59 2.60 

20 2.07 2.13 2.16 2.41 2.41 2.43 

50 1.34 1.34 1.41 1.84 1.74 1.82 

100 1.09 1.06 1.12 1.29 1.21 1.33 

200 1.01 1.00 1.03 1.09 1.02 1.10 

500 1.00 1.00 1.00 1.01 1.00 1.02 

1000 1.00 1.00 1.00 1.00 1.00 1.00 

I 	Based on Tradescantea bracteata data 

L1 = 136 keV pm
-1 

L2 = 78.8 keV pn
-1 

II Based on human cell data 

L 	456 keV pm 
1 

1 

L2 = 110 keV pm 1 
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data of Barendsen et al, 1966, was also used to obtain the 

corresponding values of C and m, chapter 2, table 2.1. 

The calculated limiting r.b.e. values were normalized to the-

experimental value at the mean neutron energy of 5.06 MeV by adjustment 

of the scaling constants Al  and A2  (equations 5.1 and 5.2). This 

energy was chosen as the point of normalization because short track 

effects are not important at this energy and the calculated LET and 

event size spectra are less likely to be in error due to uncertainties 

in cross-sections and stopping powers than at 14.7 MeV. 

The calculated limiting r.b.e. and o.e.r. values are displayed 

in tables 5.3 and 5.4. These tables also give the final values of the 

constants and the value of LET at which (r.b.e.)m would be unity with 

these values. Against the experimental (r.b.e.)m  at 0.216 MeV in 

table 5.4 has been inserted the value obtained by basing the dosimetry 
on the ionization chamber rather than the fission chamber results 

(Section 3.4.5). 

5.3 ANALYSIS IN TERMS OF SITE EVENT SIZE 

The generalization of the two hit model in terms of site event 

size required the evaluation of the integral 

(r.b.e.)
m 	

1-exp - n 2 	n.f(n)dn 
n
3  

f (n) do   (5.6) 

where f(n) is the differential frequency of event size n. The value 

of n
3 

is related to L
2 

in equation 5.2 and to the site diameter T by a 

formula based on that given by Kellerer and Rossi, 1972, ie. 

n3 
L
2 . 103 . 2 . 2 . T ion pairs  ---, 8 3 

 

(5.7 ) 

 

The averaging factors 9/8 and 2/3 are connected with the 
distribution of chord lengths in random traversals of a spherical 

volume, and ( is the average energy required to produce an ionization 
in tissue. Taking a nominal value of 25 eV for 4 and L2  as 110 keV pm 
gives a value of 3.30.103  ion pairs per im diameter. An additional 
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Table 5.3. Calculated (r.b.e)m values based on LET and 

normalized to the experimental value at 5.06 MeV. 

Mean Neutron 
Energy 
MeV 

Calculated 

Two Target 

I II 

(r.b.e)m 

Two 

I 

values 

Hit 

II 

Experimental 
(r.b.e)m 
Values 

0.085 30 .28 32 36 39 + 6 

0.216 32 31 33 39 19 + 2 (32 + 3)*  

0.417 30 33 32 38  36 + 6 

0.674 3o 28 32 36 33 + 4 

1.56 25 23 26 28 29 + 4 

5.06 17 17 17 17 17 + 2 _ 

14.7 15 20 13 14 13 + 1 

LET for 
(r.b.e)m = 1 
keV µm .1 

1.03 1.53 1.19 1.22 

* Ionization Chamber Dosimetry. 

I Based on Tradescantia bracteata data 

Al  = 1.31.103  L1  = 136 keV pm 1 
A2 4.41.103  L2 = 78.8 keV pm-1  

II Based on human cell data 

Al  = 8.91.104  L1  456 keV pm 

A2  = - 7.76.103  L2 = 110 keV pm 1  
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Table 5.4. Calculated o.e.r. values based on LET for neutron 

irradiations. 

Mean Neutron 
Energy 
MeV 

Two.  Target 

I 

Calculated 

II 

o.e.r. 

Two 

I 

values 

Hit 

II 

Experimental 
o.e.r. 
Values 

0.085 

0.216 

0.417 

0.674 

1.56 

5.06 

14.7 

1.2 

1.1 

1.1 

1.2 

1.3 

1.4 

1.3 

1.4 

1.3 

1.3 

1.4 

1.5 

1.4 

1.2 

1.1 

1.1 

1.1 

1.2 

1.3 

1.5 

1.4 

1.3 

1.3 

1.3 

1.4 

1.5 

1.7 

1.4 

2.2 + 0.4 _ 

1.9 + 0.6 

3.9 + 1.0 

3.4 1.- 	0.1 

1.7 + 0.1 ± 

2.1 + 0.2 _ 

1.5 + 0.1 

I Based on Tradescantia bracteata data 

L1 
= 136 keV pm 1 

L2 = 78.8 keV pm
1 

m = 2.79 C = 2038 

II Based on human cell data 

- 
L2 = 110 keV pn

1  

m. = 2.67 C = 6485 

L1  = 456 keV pm 
1  
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constant is required to relate q to event size rather than LET, 

table 5.6, this constant, k, is obtained by an equation similar to 

5.7. 

One consequence of the transformations is that high LET short range 

particles (ie. with ranges less than the site diameter, T) are given 

less weight in the site event size generalization than they would be 

when considered in terms of LET. It was not possible to specifically 

embody the theoretical treatment of short track effects outlined in 

chapter 2, which would have had the effect in general of increasing 

their weight in the site event size generalization. 

In chapter 2 it was pointed out that the assumption of equal 

efficiencies for the intra-track and inter-track effects enables the 

site diameter to be derived. The aberrations produced by 250 kVp 

x-rays and by cobalt-60 gamma rays are described by formulae of the 

form 

M = a
1 
 D + a

2
D
2 

 

(5.8) 

  

these in conjunction with equation 2.10b allow the site diameter, T, 

to be derived as 

T 	(f.a 8L) 2  

 

(5.9) 

 

Using the values of al  and a2  for 250 kVp x-rays from table 4.4, and a 
value for the dose average LET of this radiation of 1.5 keV pm

1 
(see 

table 5.3), the site diameter is calculated as 4.1 pm. From the 

response to cobalt-60 gamma rays, the calculated site diameter is 
, 

2.1 pm, when a dose average LET of 0.31 keV pm kICRU, 1970) is used. 

Rather larger diameters would be derived from the use of dose-average 

LET values of 9.4 keV pm
1 
and 6.9 keV pm

1 
respectively (ICRU, 1970) 

with an energy cut off in LET of 100 eV. Larger diameters would be 

obtained also if the efficiency of the inter-track process was less 

than that of the intra-track process. Kellerer and Rossi, 1972, have 

estimated a site diameter of 1.8 pm for the same biological system 

based on the experiments of Sparrow, Underbrink and Rossi, 1972. It is 

difficult to believe that interaction between independent events can 

take place over such comparatively large distances. Calculations were 
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carried out for site diameters of 1 pm and 5 pm, thus spanning the 

probable range of the parameter and allowing the effect of varying its 

value to be estimated. The computed (r.b.e.)m  and o.e.r. values are 

given in tables 5.5 and 5.6. The appropriate comparison of (r.b.e.)m  

in this instance is with the "ionization" r.b.e., since the event sizes 

are expressed in terms of ionization. The scaling constant A3  was 
adjusted to normalize the computed values of (r.b.e.)

m to the 

experimental value at 5.06 MeV neutron energy, as in the LET treatment. 

5.4 DISCUSSION 

On the basis of the results of experiments and calculations 

presented here the two hit model employing constants derived from 

human cell experiments appears to provide the best prediction of 

limiting r.b.e. values. The best predictions appear to be associated 

with small site diameters in the event size treatment, which in the 

limit of very small site diameters must approximate to the treatment 

in terms of LET. It should be noticed that the results are not very 

sensitive to the choice of parameters, so that any optimization 

procedure would give values with rather large associated uncertainties, 

and the fitting probabilities for the various models are likely to be 

comparable. A point made to some extent by table 5.1 for the track 

segment data• of Neary. Although short track effects were not embodied 

in the calculations their possible importance can be gauged from 

table 5.7, where the percentage of events due to insiders in the 5 pm 

and 1 pm volumes is given together with the maximum proton ranges at 

the different mean neutron energies (see also figures 3.4 to 3.8). In 

the two target model short track effects would tend to decrease the 

calculated (r.b.e.)
m values in the LET treatment at low neutron energies 

(equation 2.11e), and in the two hit model would tend to increase the • 

values (equation 2.12e). In the site event size treatment of the two 

hit model the calculated (r.b.e.)
m values possibly would not be very 

sensitive to short track effects (equation 2.13c), but in so far as 

they were affected there would be an increase in the (r.b.e.)m  values 

for low neutron energies. In summary, the incorporation of short track 

effects is likely to favour the two hit model. The actual 

incorporation of such effects introduces further adjustable 

parameters, and therefore increases the possibility of obtaining a good 

fit at the same time decreasing its significance. 

96 



Table 5.5. Calculated (r.b.e)m values based on ionization 

event size spectra in 5pm and 1pm diameter 

volumes. 

Mean Neutron 
Energy 

MeV 

t 

Calculated (r.b.e)m 

5pm dia. 

values 

lima dia. 

Experimental 
Ionization 
(r.b.e)m 
Values 

0.085 10 27 46 + 7 

0.216 19 35 22 + 2 (37 ± 4) 

0.417 25 36 43 + 7 

0.674 28 35 38 + 4 

1.56 26 29 33 + 4 

5.06 18 18 18 + 2 _ 

14.7 15 15 13 + 1 

The corresponding LET model is the two hit model with 

A2  = 8.69.103  and L2  = 110 keV µm 1. With these values 

(r.b.e)m = 1 at a LET of 1.16 keV um 1. 
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Table 5.6. Calculated o.e.r. values based on ionization 

event size spectra in 5pm and 1pm diameter 

volumes. 

Mean Neutron 
Energy 
MeV 

Calculated o.e.r. 

5pm dia. 

values 

1pm dia. 

Experimental 
o.e.r. 
Values 

0.085 2.4 1.7 2.2 + 0.4 

0.216 2.1 1.5 1.9 + 0.6 

0.417 1.8 1.5 3.9 + 1.0 

0.674 1.7 1.5 1.4 + 0.1 

1.56 1.8 1.6 1.7 + 0.1 

5.06 1.8 1.7 2.1 + 0.2 - 

14.7 1.5 1.5 1.5 + 0.1 - 

1 	m (C + kn2  2 

C + mkn2 
= (8  3. 	

2 
k 9 2 • 103T ) 

m = 2.67; C = 6490 
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Table 5.7 Proportion of events due to secondary particles 

originating within 5 pm and 1 pm diameter volumes, 

and ranges of the most energetic protons. 

Mean Neutron 
Energy 
MeV 	4 

Percentage of events 
particles originating 

5 pm dia. 

due to secondary 
in volume 

1 pm dia. 

Range of 
most energetic 

protons 
pm 

0.085 86% 55% 1 

0.217 74% 36% 3 

0.417 66% 28% 8 

0.678- 44% 14% 12 

1.56 19% 4.4% 45 

5.06 3.4% 0.7% 32o 

14.7 0.7% 0.1% 2000 
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The results at the mean neutron energy of 0.216 MeV indicate that 

there was a dosimetry error at this energy corresponding to the 

discrepancy noted in chapter 3 between the fissicn chamber and ioniza-

tion chamber results. It appears probable that the fission chamber 

results were in error. As pointed out in chapter 4, section 4.6, 

because of uncertainties in the neutron spectrometry, the experimental 

(r.b.e.)m 
at 0.085 MeV may be lower by some 20%. 

There appears to be no reason to attach any special significance 

to the possible biological effects of nuclear elastic scattering. 

Although this form of energy loss is given equal weight as energy loss 

to electrons in the LET treatments, it is omitted from the treatment 

in terms of event size which provides an equally good prediction of 

the (r.b.e.)m 
values. The omission of nuclear elastic scattering from 

the LET treatments would have the effect of slightly reducing the 

calculated (r.b.e.)m 
values at low neutron energies, possibly to a 

lesser extent than they would be increased in the two hit model by 

short track effects. 

In contrast to the comparatively greater success of the event size 

treatment with small site diameters and the LET treatments in predict-

ing (r.b.e.)m  values this is not so for the prediction of o.e.r. 

values. The site event size treatment with a large site diameter 

appears to be best for this purpose. The incorporation of short track 

effects would decrease the computed o.e.r. values so that the 

calculated and experimental values would diverge at low neutron 

energies. This may indicate that if the "oxygen in the track" 

hypothesis is correct, it only holds for fairly long tracks and 

implies that the oxygen so formed diffuses for large distances. If 

this were true it would help to explain the high o.e.r. value obtained 

at 0.417 MeV, when taken in conjunction with the 5 pm diameter event 

size spectrum at this energy (figure 3.5b). Nevertheless,as already 

indicated, too much weight should not be given to this observation, 

which has a large uncertainty, although it should be noted that the • 

o.e.r. values at the lower neutron energies as a group tend to be high. 

There is also the general doubt about the o.e.r. values because of the 

effect of hypoxia without irradiation (section 4.6) which increases 

the mutation yield. 
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It seems clear that short track effects, if properly elucidated, 

could be important in deciding between the two target and the two hit 

models. The treatment of short tracks in this thesis is elementary and 

capable of further elaboration in that the interaction of targets or 

species could be a function of their distance apart at the time of 

formation. Studies of these effects could be carried out using 

neutrons of lower energies than used here or by using low energy x-rays. 

At least one observation of an enhanced o.e.r. value has been reported 

for the latter radiation' (Bottino, 1969), and since the distribution 

of secondary particles can be smaller with this radiation the effects 

might be more clearly demonstrated. However, there are considerable 

difficulties in providing accurate and relevant dosimetric measurements 

for either type of radiation. 

Differences between the two models would become apparent also if 

track segment experiments could be extended over the range from 1 to 

1000 keV pm
1. In this case it'would be necessary to carefully 

distinguish any delta-ray effects arising with the higher LET particles, 

and a rather different approach to the calculations might be required, 

possibly based on the track structure theory of Katz (Dennis, 1977). 

The range of predicted (r.b.e.)m  values against LET by the two 

hit theory with L2  = 110 keV pm, as suggested by Kellerer and Rossi, 

1972, and A2 = 7.76.103  is given in table 5.8. This range is greater 

than is actually observed in experiments with most human cell cultures, 

although some high values have been obtained for the induction of lens 

opacification in mice (Bateman et al, 1972) and mammary tumours in mice 

(Vogel, 1974;  Shellabager et al, 1974). There are two possible reasons 

for this: the experimental values may not have been obtained at 

sufficiently low doses and there may be a single hit mechanism as well 

as a two hit or two target mechanism. If the latter were the case, 

then the appropriate two-hit formula for the (r.b.e.)m  value would be: 

(r.b.e.)m  = Ao 	1 -exp - L 	+ A2 	1 -exp - L 	2 	.. (5.10) 
L 	Lo 	L 	L2 

Formulae of this type have been fitted to experimental data by Burch 

(1969, 1970). The general evidence in favour of these formulae is 

discussed elsewhere (Dennis, 1977). They introduce further parameters 
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Table 5.8 Calculated (r.b.e.)m  values based on two hit model 

as a function of LET with L2  = 110 keV pm
1 

LET (r.b.e.)m  

1 0.64 

2 1.28 

5 3.20 

10 6.39 

20 12.6 

50 29.0 

100 43.6 

200 37.4 

500 15.5 

1000 7.8 
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into the models, which, as already remarked in connection with short 

track effects, increase the probability of obtaining a good fit to the 

experimental data but decrease the chance of providing a deeper 

understanding of the fundamental processes. 

5.5 CONCLUSIONS 

The conclusions of this study may be summarized as: 

- Without taking short-track effects into account, it would be 

difficult to distinguish experimentally between the two target 

and two hit models, or between models based either on LET or 

site event size. 

- The introduction of short track effects appears likely to 

favour the two hit model, but it would be desirable to carry 

out further experiments with low energy x-rays and neutrons and 

also track segment experiments spanning the range of LET values 

from 1 keV pm 
1 

to 1000 keV pm
1
. 

- The "oxygen in the track" hypothesis may not be applicable to-

short tracks. 

- Biological effects due to nuclear elastic scattering, if they 

exist, are of little significance in comparison with the 

associated ionization effects. 

- It is possible that the simple two target and two hit models, 

while applicable to some biological effects in plants and 

mammalian systems, are insufficient to explain the effects of 

• radiation quality on all mammalian cells and a single hit 

mechanism in addition to the two target or two hit mechanisms 

may be required. 
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APPENDIX I. TWO TARGET MODEL 

(i) General Relationships 

Let the targets have a geometric cross-section a, and a 

thickness t. 

The expected number of events per unit path length in the track 

of a particle is s = L, where 42 is the mean event size. 

If p is the probability that an event causes a sub-lesion in the 

target, then the expected number of sub-lesions produced in a target 

by an ionizing particle is pst. 

The probability that at least one sub-lesion is formed 

k = 1-exp(-pst). 

The expected number of particles passing through a target m = aD 
L 

(D is dose, L is linear energy transfer or stopping power, both in 

appropriate units). 

The expected number of occasions when a sub-lesion could be 

formed in the target = mk. 

If the probability that a track which passes through one target 

in a site also passes through a second target is g#Z0 a , where h is 
#71 h2 

the site radius, then the expected number of occasions when a track 
- 	_ gives rise to sub-lesions in both targets is 	)-7  

• mk.gk mgk
2 	  1 

The.expected number of occasions when a track passing through both 

targets only gives rise to a sub-lesion in one of them is 

• mk.g(1-k) 	mgle, 	 2a 

The expected number of occasions when a sub-lesion could be created in 

one target by a track that does not pass through another target is - 

• mk. (1-g) = mk - mgk   2b 

Hence the expected total number of occasions when a sub-lesion could 

be produced in only one target is 

• mgk - mgk2 mk - mgk 

• mk - mgk2 	  2c 
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' Hence from (1) 

D 	a2D [-pi - exp (1-1  :I 2  

51 rifh2L (0 

From 2(c) 

D = aD 	11[1 - exp 	(-pLt)] -g [1 - exp (ip- ] 2  
D2  L  0 	0 

a D [ [1 - exp (Di 	

h2

] - a2  [1 - exp (-111 
0 	to, 	... L   

(ii) Short Track Effect 

If the radiation consists of secondary particles with finite 

range, R, less than the site diameter, 2h, but greater than the target 

thickness, t, then the probability, g, that a track passing through one 

target also passes through another is changed. 

Assuming that targets are uniformly distributed within sites, 

the probability that a second target is within a distance R of another 

within a site is = R3. 

h3  

The probability, g21 a is altered by 1112  

-oh ..41#' 2 	kR2 

The total expected number of occasions when two targets could be hit in 

one track = g. h2 . R3  = 

R2 h3  

Hence 

D - 
 mg 7i k  = pi c 
R2 	a2 	/ oR 	1 [1 - exp I-pLt)]2  

5.1 	1 h2 	1/417 ) • IT 	k 	... 5 

D = D [I 	- exp 1-71] - a2 (R) 	- exp (-1:1 1 
D2 17 a 

 
G) 	2 h (5 	. . 6 

3 
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APPENDIX II. TWO HIT MODEL 

(i) General Relationships 

Let the site have a geometric cross-section A, and a thickness 

TA, 2h, where h is the radius of the site. T A, 

The expected number of events per unit path length in the track 

of the particle is s = L, where 0 is the mean event size. 
CO 

The expected number of events produced in a site by a particle 

sT. If e is the probability than an event gives rise to a reacting 

species, then the expected number of reacting species formed by a 

passage is OsT. The probability of obtaining r species is 
r 	 sT 

(c sT) e %.,";  
r! 

If it is assumed that the number of species combining to form 

potential lesions is proportional to the number of ways of forming 

pairs from r, then the expected number of lesions formed from r species 

is C.r(r-1) =  Cr! 	(This is only true for small values of the 
2 	2(r-2)! 

coefficient of interaction C, for large values of C the hit model 

approximtes to the target model). (A.A. Edwards, private 

communication). 

The expected number of lesions formed by the passage of a particle 

through a site is 

r=0 

C e sT  
2 r=0 

sT)r e- sT 
 
r! 

e ~sT 	
Cr!  

2(r-2)// 

- 

r 

 
C e 	

sT 
-  sT, .2 e OsT e  
2 

( 	

. 
where for convenience P 1. 	-2F 7 4 C  

2 

_ (PsT)2 

The probability that at least one pair of species interact to form 

a lesion is K = (1 - exp (-PsT)2). 

The expected number of tracks passing through a site 14,VAD 
easi 
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The expected number of tracks passing through a site which form 

lesions by intra-track action is 

. MK   1 

The expected number of tracks passing through the site which 

do not give rise to lesions by intra-track action is 

• M (1-K) 

Hence the expected number of species formed in the absence of intra-

track action is 

• M .(1-10cT   2 

Hence from 1 

D _ AD 111 - exp (- (PLT 
L 	 ) 

	

eke AD 111 - exp - (2PLh ) 2)] 	  
3 

And from 2 

D _ AD . OLT . exp 	(PLT )2o) 

552 L  (4,  

	

eiv  2 A hD. exp( - (2PLh )2  •   4 
GO 	(.42 

(ii) Short Track Effect 

If the radiation consists of secondary particles with finite 

range R less than the site diameter, 2h, the affects the expected 

number M of tracks passing through a site and also the expected number 

of interacting pairs of species. 

The expected total number of events produced in a site = sR. 

The expected number of potential lesions = (PsR)2  = (PsT)2  R 2  
T 

The expected number of tracks formed in a site Mry D . 	h3 
LR  3  

ev AD. ( 	h) 
L 3 R 
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Hence 

  

 

DAD L. L El - exp( (PLT 2  R 
- D1  L 	3 h 	 , ) 	2h) • • • • 5 

  

D 	2A0 LD  2 
D2 	\ 	3 

( ( 2 exp - PLT 	. if h  2  	 6 
CO 



APPENDIX III. TWO HIT MODEL WITH SITE EVENTS 

(i) General Relationships 

If the radiation can be characterised by discrete energy events, 

e, so that the "Site events" have specific size z = e. Where 4 is the 
.11  

mass of the site. Then the expected number of "ionization events" per 

"site event" = z 4. The expected number of lesions formed by 

interacting speoies in a site event is (Appendix II) 

pz 4 \2 
42 j 

Hence the probability, K, of forming one or more interacting pairs of 

species in a site event 

- exp (- (Pz Li) 2)] 

The expected number of events occurring in a site M = D 
z 

Hence the expected number of lesions formed by intra-track action 

after a dose D is 

D = — D [ 1 - exp 	(pz 4 
D1 	

) 

6,  )] 	 1 
The expected number of species formed by inter-track action after a 

dose D and not resulting in intra-track action is 

D 
- 

m. 	_K) z 	coz u . exp( - (111) 
49 49 

exp(- (El) 2) 

(ii) Short Track Effect 

If the energy deposition is in short tracks of length R < 2h, 

rather than in tracks which cross the complete site, then the density 

of ionizations within each site event is increased and the probability 

of forming a pair of interacting species is enhanced by the square of 

(the relative increase in density ie. by 2h 2  . 

2 

4,0 
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Hence the expected number of interacting pairs of species is 

_ au 2 H2 2h 

U9 	R 

The probability of intra-track action becomes 

D 	D [1 - exp (- (Pzu . 2h) 
131 	z 	11  

The probability of inter-track action becomes 

DP12 	exp (- (Pzu . 2h) 2  
D2 U7 (4) 

3 

4 
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t Ichiwaka and Sparrow, 1967. 

Probability that only the 1st Cell divides 

" only 1st & 2nd Cells dividc,  

" only 1st & 3rd Cells divide 

" only 1st & 4th Cells divide 

" only 1st, 2nd & 3rd Cells divide 

41  only 1st, and & 4th Cells divide 

" only 1st, 3rd & 4th Cells divide 

" 1st, 2nd, 3rd and 4th Cells divide 

11 

11 

It 

' APPENDIX IV. MUTATION POSSIBILITIES IN DEVELOPING HAIRS 

Developing hairs are defined as those with more than 4 cells, but 

whose total number of cells is at least 6 less than the final number. 

(a) Probability of Cell Division 

Position of Cell 1 
Number Observed 
in Mitosis t 

Probability of 
Division 

1st 115 1.00 

2nd .65 0.78 

3rd 20 0.22 

4th 5 0.04 

Total 205 

0.165* 

= 0.584 

= 0.046 

= 0.007 

= 0.165 

= 0.024 

= 0.002 

= 0.007, 

Total 1.000 

* 0.165 = 1.0 (1 - 0.78) (1 - 0.22) (1 - 0.04) etc. 
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(b) "Chromatid" Aberrations: 

Let the probability of a mutating event per cell be P, and only 

one daughter cell to show the mutation. 

(i) Total Probability of obtaining a Mutated Sector 

= 0.165 P + 0.584 (P(1-P) + (1-P)P + P2) + etc. 

= 2.040 P - 1.252 P2 + 0.219 P3 - 0.007 P 

(ii) Probability of obtaining a Distal Sector 

= 0.165 0.5 P + 0.584 0.5 P(1-p) + etc. 

= 0.500 P - 0.520 P2  + 0.106 P3  - 0.0035 P4  

(iii) Probability of obtaining a Proximal Sector 

= 1.540 P - 1.744 P2  + 0.452 P3  - 0.019 p4  

(iv) Probability of obtaining a Multi-Sectored hair (Doublet, 

Triplet & Quad.) 

= 1.012 P2 - 0.339 P3 + 0.0158 P4 

(c) "Chromosome" Aberrations 

let the probability of a mutating event per cell be P, and both 

daughter cells to show mutation. 

(i) Total Probability of obtaining a Mutated Sector 

= 0.165 P + 0.584 (P(1-P) + (1-P)P + P2) + etc. 

= 2.040 P - 1.252 P2  + 0.219 P3 - 0.007 P4  

(ii) Probability of obtaining a Distal Sector 

= 0.165 P + 0.584 (P(1-P) + P2) + etc. 

= 1.000 P - 0.260 P2  + 0.181 P3  

(iii) Probability of obtaining a Proximal Sector 

= 1.040 P - 1.283 P2 + 0.257 P3 - 0.014 P4 

(iv) Probability of obtaining a Multi-Sectored hair (Doublets only) 

0.291 P2 - 0.219 P3 + 0.007 P4 
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Further Thoughts on the W Values for Heavy Ions 

J. A. Dennis 

Health Physics and Medical Division, 
A.E.R.E., Harwell, Berks. 

United Kingdom. 

The extensive and consistent set of experimental data by Macdonald 

and Sidenius (Physics Letters 28A, 543-544 (1969)) on the ionization 
of methane by heavy ions is examined in the light of calculations of 

the energy expended in elastic nuclear scattering (Rad. Effects 8, 

87-98 (1971)). Although the dependence of W on the ion energy can to 

same extent be explained in terms of the elastic nuclear scattering, a 

more useful set of empirical relationships based on the ion velocity 

can be derived. The experimental data clearly demonstrate that W 

values are a periodic function of the atomic number of the heavy ion. 

Those atoms with a single electron in the outer shell show increased 

W values relative to other atoms at the same velocity. 

The implications of these effects for the mean W values for neutron 

irradiated gases are briefly considered. 
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1. Introduction  

At the last Symposium on Microdosimetry(1) and elsewhere(,3) I 

attempted to explain the observed changes in W values with the energy 

of heavy ions in terms of the energy dissipated by the ions in elastic 

nuclear scattering. The fragmentary experimental data that was 

immediately available indicated that to within t 1C% the quantity: 

III) . E52 . 1.00  
w 	Ily.  
P 	P 
Where E is the initial energy of the ions, D is the mean energy the 

ions dissipate as elastic nuclear scattering, I is the mean ionization 

produced in ion pairs and W
P 
 is the average energy expended by a fast 

electron in producing an ion pair in the gas. 

Empirical relationships were derived
(2
'
3) to improve the estimate 

of W1(E) in calculations and took the form 

1\112) _ *,
" 0  
(E 	) 

W 	1-6 	
... 2.0 

P 
In nitrogen and carbon dioxide 

	

MZ4/3 	MZ♦
+ 0.223 exP 

-5.56.106E  
4/3 	

... 3.0 
( 
R L ./ )- 0 875-0.p 4 mz 3  - - • 	230 ex -22E. 

this relationship is shown together with experimental data in Figure 1. 

In argon 

R ( 

E 	)= 1.0 03-0.283 exp 
mz4-/ 3 	

72.14L 
MZ4/3 

and in hydrocarbon gases 

... 4.0 

141.10-3 . R 	= 1.000+0.136 exp( 
Me/ 3 	 1%11/3 

E is in keV, M the ion mass in a.m.u., and Z the atomic number of the 

ion. 

2. Experimental Data for Methane 

The extensive and consistent set of experimental measurements by 

Macdonald and Sidenius(4)  of the ionization produced in methane by ions 

with energies in the range 10 to 120 keV and with atomic numbers from 

1 to 22, i.e. protons to titanium, produces a dramatic change in this 

picture. The original data of these authors is reproduced in Figure 2. 

W values range from 	eV for 60 keV protons to 167 eV for 10 keV 

... 1.0 

O.* 5.0 
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Figure 2 Experimental data by Macdonald and Sidenius(4)  for the 

ionization of methane by heavy ions. 
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itirim ions. When analysed in terms of equation 1 and plotted against 

E/M, as in Figure 3 for selected ions, it is obvious that, although the 

elastic nuclear scattering may account for some of the change in W with 

energy, residual effects due to interactions of electron structures are 

dependent upon the atomic number. 

Following the observation that the experimental results can be well 

represented by formulae of the general form, 

EL/ exp = 1. 

where W(E)exp  

were obtained 

035 + A (0)n 
	

... 6.0 

is the experimentally observed W value, values of A and n 

for each ion by a method of least square analysis(5). 

These values are given in table I, together with the ratio of the observed 

variance of the experimental observationsabout the expression to their 

estimated variance. The variance ratio is related to chi-squared and 

should be 1.0 for a good fit. Its significance may be appreciated by 

realising that for these results the mean accuracy with which the 

expression fits the data is given by- 

Accuracy = 2.0 (Variance Ratio)T percent, 

since the estimated accuracy of the observations used in the calculations 

was 2%. For alpha particles a further estimate of the values for A and 

n was made by including the data of Jesse(6) for energetic alpha 

particles. 

When A and n are plotted against atomic number, as in Figure 4., it 

is apparent that those ions whose atoms contain a single electron in the 

outer shell have rather larger W values than other ions with the same 

initial velocity (i.e. the same E/M value). Moreover since the exponent 

n is very nearly equal to 0.5, especially for atomic numbers greater than 

7 or 8, W(E)exp  is very obviously a function of the ion velocity and the 

constant A represents a scaling factor to be applied to this velocity. 

3. Mean W values for neutron irradiated gases 

Using equation 6 and the empirically determined values of A and n 

it is possible to calculate the mean W values for neutron irradiated 

gases, by weighting each secondary particle produced by the appropriate 

W value. Although A and n have only been determined for methane, these 

values can also be, used for ethylene and acetylene, since the 

experimental data(4' 6'7'8)  indicate that the ratio - 
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Figure 3 Variation of W1(E)Wp  with E/M for selected ions in methane. 
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Figure 4 Coefficients for the empirical description of W(E)ex  

obtained by a least square fit. 
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gI)exp 
Wp  

depends only on the atomic number and energy of the ion and is 

independent of the hydrocarbon gas. 

In table II the mean W values and other data are given for the 

irradiation of acetylene and carbon dioxide with essentially mono-

energetic n.:utron spectra corresponding to those used in a biological 

experiment. Equation 6 was used to obtain the W values in acetylene 

and equation 3 to obtain those in carbon dioxide. For the neutron 

energies concerned the secondary particle spectra in acetylene are 

such that using equation 6 rather than equation 5 changes the mean W 

values by about 5 percent. The table illustrates that some care must 
be exercised when deriving the absorbed dose due. to neutron radiation 

from ionization chamber measurements. 



409 

Table I 
Coefficients for the empirical description of the ratio W(E)exp/Wt3  

obtained by least square analysis 

Ion A n 
Variance Ratio 

observed/estimated 

Protons 0.1301 t 0.0258 .0.04902 ± 0.03704 0.1622 

Helium 2.018 t 0.083 0.5963 t 0.0204 0.5945 
1.810 ± 0.104T 0.5360 ± 0.0182+  3.026+  

Lithium 3.219 I 0.053 0.7630 ± 0.0124 0.2351 

Beryllium 2.240 ± 0.078 0.8208 ± 0.0269 1.480 

Boron 1.903 t 0.081 0.7226 ± 0.0366 2.897 

Carbon 1.909 t 0.090 0.6337 I 0.0396 4.254 

Nitrogen 1.907 ± 0.053 0.5828 I 0.0244 1.935 

Oxygen 2.020 ± 0.102 0.5999 t 0.0481 8.114 

Fluorine 2.013 t 0.045 0.5449 t 0.0230 2.146 

Neon 2.666 ± 0.067 0.5587 ± 0.0259 3.470 
Sodium 3.016 ± 0.052 0.5818 1.  0.0189 2.180 

Magnesium 2.518 ± 0.035 0.5254 I 0.0157 1.320 

Aluminium 2.311 t 0.045 0.5742 t 0.0230 3.026 
Silicon 2.244 ± 0.021 0.6187 I 0.0116 0.7402 

Phosphorus 2.136 t 0.019 0.5996 I 0.0110 0.6910 

Sulphur 2.041 t 0.021 0.6117 t 0.0130 0.9862 

Chlorine 1.961 ± 0.026 0.6075 t 0.0182 0.536 
Argon 2.033 t 0.031 0.5453 I 0.0198 2.168 

Potassium 2.256 t 0.028 0.5657 ± 0.0158 1.499 
Calcium 2.108 t 0.032 0.4721 t 0.0199 2.273 
Scandium 2.238 ± 0.020 0.4666 ± 0.0113 0.7957 
Titanium 2.438 t 0.029 0.4900 + - 0.0137 1.537 

+Includes data for energetic alpha particles from reference 6 



Table II 
Kerma, Nuclear Displacement Energy and Mean N values 

for Neutron Irradiated Acetylene and Carbon Dioxide 

Neutron 

Mean Energy 
MeV 

Spectrum 

R.M.S. Deviation 
MeV 

(per Unit 

Kerma, 
Ergs.grm-lx10' 

Acetylene 
Fluence) 

Nucl.Disp.Energy 
Ergs.grm -1x10 

W 
eV 

Carbon 
(per Unit 

Kerma 	, 
Ergs.grm-lx10' 

Dioxide 
Fluence) 

Nucl.Disp.Energy 
Ergs.grm-1x10 

I 
eV 

14.71 0.220 5.423 3.355 26.97 2.725 4.981 35.39 
5.064 0.164 3.566 3.160 27.28 0.5492 4.223 38.88 

1.557 0.0460 2.118 4.137 29.26 0.2475 5.140 44.41 
0.6744 0.0189 1.507 4.448 30.00 0.1322 4.621 51.46 

0.4165 0.0259 1.229 4.691 30.29 0.2208 9.755 57.54 
0.2157 0.0376 0.8492 4.302 30.66 0.07236 3.751 64.96 
0.1178 0.0540 0.5495 3.387 30.87 0.03869 2.306 75.66 
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ADDLTDUM 

The possibility that a general expression of the type 

;7(E)  exl)  = B + A(L J 	 ... 7.0 —5—  

could apply to gases other than the hL'drocarbcns was explored. Combining 

all the available data for helium, carbon, nitrogen and argon ions in the 

hydrocarbon gases on the one hand and in nitrogen and carbon dioxide on 

the other; one obtains the estimates given in table III for the constants 

B, A and n. Obviously it is the scale factor A that shows the greatest 

change, and suggests that for nitrogen and carbon dioxide a valid procedure 

might be to use the A(21) and n(Z1) values given in table I for the 

individual ions and alter the A(Z1) values by a factor 

1.261 7757  0.626 
Using this procedure the W values for neutron irradiated carbon dioxide 

are given in table IV, together with the values derived from the application 

of equation 3.0 



Table III 

Estimated Constants for the Representation of W(E)exp/Wp  for Helium, Carbon, 

Nitrogen and Argon Ions 

Gases 

B. 

Constants 

A n 

Percent Deviations 
from Expression 

Mean 

of Data 

Range 

Number of 
Data 
Values 

Hydrocarbons 1.062 ± 0.079 2.016 ± 0.033 0.6634 1-  0.0246 3.62 11 + 14.. 
37 - 	9. 67 

N2 and. CO2 ± 1.050 - 0.058 + 1.261 	- 0.112 + 0.6095 - 0.1231 7.77 
+ 25.76 
- 44.80 57 
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Table IV 

Estimated !lean VU values in Neutron Irradiated 

Acetylene and Carbon Dioxide 

Mean Neutron 
Energy 

MeV 
(1) 
eV 

Acetylene 

(2) 
eV 

Carbon 

(1) 
eV 

Dioxide 

(2) 
eV 

14.71 27.06 26.97 35.39 34.88 

5.064 26.73 27.28 38.88 37.47 

1.557 27.55 29.26 44.41 41.87 

0.6744 28.61 30.00 51.46 47.60 

0.4165 29.33 30.29 57.54 52.38 

0.2157 30.17 30.66 64.96 58.00 

0.1178 30.76 30.87 75.66 66.49 

(1) 

( 2 ) 

, E 

MZ4/3 

1.035 + A(Z1) 7 
_n(Z1) 

.p 

w(E)e., 
YI
P  
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ISCUSSI 0 N 

Mr TASTER 

You mentioned that the height of the W-values is caused by the 

inelastic energy loss. I know the work of EVERHARDT; in his-Work the 

Q-values, as they call them, are only 2% of the primary energy and this 

2% can not produce such a large shift in the W-values. 

Mr DENNIS 

In the case of protons the elastic loss I have calculated is quite 

small, but in the case of carbon recoils, e.g., with energies of about 

100 keV, I estimate something like 50% of the energy might go into 

elastic nuclear scattering. As I said in my paper when I presented it, 

there were two reasons why that estimate may be wrong. One is that in 

the calculations I did not allow for the inelastic effects which occur 

simultaneously with the elastic nuclear scattering event and which have 

the effect, overall, of reducing the energy which goes into the latter 

form of energy dissipation. The second one was, as you know, that I use 

cross-sections which are too large. 
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AN INTERCOMPARISON OF FLUX AND IONIZATION CHAMBER tTASUREMENTS OF 

MONO ENERGETIC NEUTRONS IN THE ENERGY RANGE 100 keV to 15.0 MeV  

by J.A. Dennis, H.J. Delafield, L.H.J. Peaple, S.J. Boot 
(Health Physics & Medical Division, A.E.R.E., Harwell, Berks, U.K.) 

ABSTRACT  

Two types of ionization chamber were exposed to essentially mono-

energetic neutrons in the energy range 100 keV to 15.0 MeV. One type of 

ionization chamber had conducting walls of "CH" plastic and was filled 

with acetylene; the other type had walls of graphite and was filled with 

carbon dioxide. The neutron spectra were measured by a helium-3 

proportional counter or by proton recoils and a solid state detector. 

Neutron fluxes and scattered radiation were measured with uranium-235 

fission chambers in boron-10 and cadmium shields. 

It is shown that the results can only be explained in terms of 

substantial changes in W values (energy required to form an ion pair) 

with neutron energy, particularly for carbon dioxide. Corrections due to 

changes in the effective centre of measurement of the ionization chambers 

and in the wall contribution to the ionization with neutron energy are 

discussed; and also an indication of an error in the knowledge of the 

non-elastic reaction of neutrons with carbon at higher neutron energies. 
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1. Introduction 

The techniques described in this paper have been developed as part 

of a continuing program which has as its aims an improvement in the 

accuracy and precision of neutron dosimetry in the context of radiobiology 

and radiological protection and the isolation of those physical parameters 

which are responsible for the variation of biological effectiveness with 

radiation quality. Particular emphasis is placed on those biological 

effects of relevanoe to radiological protection. The measurements that 

are described were performed as part of a study of the induction of 

somatic mutations in the plant Tradescantia occidentalis
(1,2), 

 similar 

measurements are now being carried out in a study of somatic mutations in 

mammalian cella(3). 

It is part of our general philosophy that we should attempt in the 

first instance to describe the radiation field as accurately as possible, 

i.e. to measure the spectrum and its intensity. The principle behind 

this philosophy is that from the description of the radiation field it 

should be possible to derive by calculation further parameters of 

interest, i.e. the absorbed dose, ionization density, LET distributions 

or micro dose distributions, without the necessity to make a priori 

assumptions about which of these are relevant to the physical basis of 

biological effectiveness. In so far as we have made other measurements, 

such as ionization density or with spherical proportional counters, these 

have been made either to confirm the possibility of making derivations 

from the measured radiation field or to aid the full description of the 

field, i.e. to measure the associated X-ray or gamma-ray exposure 

associated with a neutron fluence. This approach to neutron dosimetry 

uses a theoretical rather than an instrumental approach to the problems of 

microdosimetry and highlights problems in our understanding of the 

fundamental physics of the interaction of radiation and charged particles 

with matter. 

2. Spectrum Measurements  

Unfortunately biological experiments even with a sensitive biological 

system such as Tradescantia require relatively high radiation intensities. 

To obtain those intensities in experiments with accelerator produced 

neutrons it is necessary to employ thick targets which, because of the 

high intensity of bombardment, must be water cooled; consequently the 
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neutron spectra produced are not simple functions of the kinetics of the 

neutron producing reactions. For this reason we have considered it 

necessary to measure the neutron spectra even when using such neutron 
, 	, 

producing reactions such as H (p,n)He
3 
 , H

2 
 (d,n)He

3  , and H2  (t,n)He4, which 

should produce mono-energetic neutrons. An additional reason for carrying 

out spectrum measurements is that the biological sample is often 

irradiated in a container or behind a build-up shield which will modify the 

original spectrum. 

The methods which we employ to obtain the neutron spectrum are: 

(i) (n,m) reactions in silicon diodes for neutron energies about 

14- - 15 MeV, when the spectrum is not too broad. 
(ii) Proton recoils from a thin plastic radiator that are detected 

by a silicon diode for neutron energies above 2.0 MeV. 

(iii) He (n,p)H
3 
 as well as He3 recoils in cylindrical and spherical 

proportional counters for energies between 0.2 and 2.0 MeV. 

(iv) Calculation for energies below 0.2 MeV when generated by the 

Li7(p,n)Be7  reaction in air-cooled lithium metal targets, 

since the lower limit to measurement with the He3(n,p)H3  

reaction is about 60 keV due to the resolution limitations of 

proportional counters. The kinetics and cross-sections for 
/ the Li7(p,n)Be7  are well known particularly at lower 

bombarding energies of protons(). 

The method that we have ustmlly adopted, when using instruments to 

measure spectra, is first to obtain a series of experimental response 

functions for the detector by using a thin air cooled target to generate 

mono-energetic neutrons of sharply defined energy, and then to use these 

response functions to interpret the spectra from thick water cooled 

targets after passing through layers of tissue-equivalent plastic etc. A 
typical arrangement for measuring a spectrum in the irradiation of 

Tradescantia plants is shown in Fig 1. 

The disadvantage of this method of calibration and interpretation is 

that the measured response functions include a contribution to the instru-

ment response due to room scattered neutrons, so that the derived spectrum 

consists of the primary spectrum without the contribution due to room 

scatter. This problem can to some extent be solved by the use of 

uranium-235 fission chambers as described below. 
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3. Fission Chamber Measurements  
The advantage of uranium-235 fission chambers as flux measuring 

instruments is that it is possible to make measurements over the range 
from thermal energies to at least 20 MeV with one detector, and by 
employing neutron absorbing shields of cadmium and boron to obtain crude 
estimates of the scattered radiation. 

For the investigations in connection with our Tradescantia  experiments 
we employed chambers that were 6 mm in diameter with an active length of 
2 cm. Such a chamber in two shields of boron-10 with a thickness of 

- 1 gram cm 2.  is shown in Fig. 2. The effective cross-section obtained both 
by calculation and time-of-flight measurement(5) is shown in Fig. 3.for the 
shields taken together or separately. The chamber does not contain pure 
uranium-235, but a mixture of isotopes in the following proportions 
(93$ U-235, 3$ U-234., 4$ U-238). 

The uranium fission cross-sections are perhaps the most accurately 
known of all the cross-sections, other than that for the elastic-scattering 
of neutrons on hydrogen; the accuracy at any neutron energy is about 
+ 5%. It is necessary to know the amount of uranium in the fission 
chamber and, although this can in principle be obtained by weighing at the 
time of construction, it is often better to calibrate the chamber in a 
known neutron flux density to obtain the effective mass, since 100$ 
detection efficiency for fission events in the chamber is not always 
assured. The fission chamber illustrated in Fig. 2 was calibrated at 
neutron energies of 0.35 MeV and 2.01 MeV against a "Long Counter  

which had in turn been calibrated against a photoneutron source( 7) and 
proton recoil methods. The effective mass of uranium was measured as 
about 2 milligrams. More recently we have had other fission chambers 
designed for us( 8) specifically as secondary standards for neutron flux 
density measurement. The design of these chambers is illustrated by 
Fig. 4. The special feature of these chambers is that they are really two 
chambers within one envelope. One chamber is a single plate on which is 
deposited 8 milligrams of uranium (either U-235 or U-238) and is meant 
for accurate measurements near to neutron sources. 	The other chamber 
consists of five plates and 40 milligrams of uranium and is to be used 
when a high sensitivity is required at large distances from neutron 
sources and exact positioning is not so important. The plated electrodes 
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of these chambers are made of platinum which combined with the parallel 

plate geometry should ensure a close correspondence between the effective 

mass of uranium and the deposited mass obtained by weighing. We are at 

the present time attempting to obtain their effective mass by measure-

ments(9) made against a calibrated(10)  'Long Counter'. 

It is our practise to make three measurements with the uranium-235 

fission chamber; these are firstly with the chamber uncovered, secondly 

covered with 1 mm of cadmium, and thirdly covered with 1 gram cm-2  of 

boron-10. These measurements yield three different counting rates per unit 

mass of.  uranium of C, Ccd  and CB  respectively. When the primary neutron 

energy is high enough, additional confirmatory measurements are made with 

uranium-238 fission chambers or with the 02(n,p)P32  reaction in sulphur 

discs. 

The neutron spectrum is divided into three components; the primary 

flux density, /61), the secondary scattered flux density, ,15, and the 

effective thermal flux density or Westcott flux density /w. (This latter 

includes both the real thermal flux density and the secondary scattered 

flux density). The secondary scattered spectrum is assumed to be a 

typical neutron slowing down spectrum and proportional to t/E extending 

from thermal neutron energies to an upper limit Em  equal to the mean 

energy of the primary spectrum. These concepts lead to the following 

equations relating the specific counting rates to the flux densities:- 

CB = Ap B27p + As B2s  

CCd. by CdE'p 	'Is Cars 

E max 

As  = 13 	g dE 	  (3) 

0.5eV 

p = Flux density per log energy interval. 
2.1  and s are the mean macroscopic fission cross-sections of 

uranium-235 for the primary and secondary spectra, the pre-fixes B and Cd 

represent the effective cross-sections when the uranium is covered by 

boron or cadmium. 	27s corresponds to the microscopic resonance integral 

( 2) 



(7) ( E
max. 
0.5eV) 
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to Eurax, which is given in Fig. 5 for the particular isotopic comosition 
of our fission chambers. Employing  the Westcott convention(11'12)  it is 

possible to deduce both the effective temperature, T, and the effective 

thermal flux density, 	from from the following  equations. 

C = 4 Lo  (g(T) + r.s(T)) + Ap  2:p 	 (4) 

The cadmium ratio, Rca, since 27p  = Cd p 2: , is obtained from 

RCd = 

CCd Sp7.p 

2:0  is the macroscopic fission cross-section for 2200/nsec-1 neutrons, 

i.e. "thermal" neutrons, and g(T) and s(T) are functions
(12) of the effective 

temperature T and are given in Table I. The quantity r is the Epithermal 

Index, relating  the cross-section and spectrum parameters by 

r = g(T) (s(T) 	,1 ,). Rcd— .(T).1 
To = 293° Kelvin;  K is a constant related to the cadmium thickness 

and is 2.197 for 0.030 inch thick cadmium(11) 

For practical evaluation the equations are solved to obtain the 

Westcott flux density for several different temperature values, and that 

temperature selected, if necessary by interpolation, for which the 

following  identity holds. 

(5) 

(6) 

The Westcott flux density, 4 includes both the true thermal flux 

density and the secondary scattered flux density;  and, if necessary, it 

can be split into these two components with assumptions about the lower 

terminating  function of the secondary scattered spectrum. The most useful 

application of the Westcott flux density is in deducing  the magnitude of 

induced radio-activity for which the separation is not required. Since 

the concepts inherent in the Westcott convention are strictly applicable 
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Table I. Parameters to be used in the Westcott convention for the 
measurement of effective thermal flux density with 
Uranium-235(12) 

Effective 
Temperature 

°C 
g(T) s(T) 

20 0.9754 — 0.0458 

40 0.9702 — 0.0368 

60 0.9653 — 0.0280 

80 0.9607 — 0.0197 
100 0.9563 — 0.0116 

140 0.9482 + 0.0033 

180 0.9411 + 0.0163 

200 0.9348 + 0.0270 

Fission cross—section, 60  = 577.1 barns 
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to nuclear reactor technology, the use of the convention in the present 

context should proceed with caution. If a significant fraction of the 

radiation effects must be attributed to the Westcott flux density, then it 

would be wise to investigate the low energy region of the spectrum in 

greater detail. 

4. Ionization Measurements 

Ionization chamber measurements are made in our experiments with two 

types of ionization chamber. One type of chamber, shown in Fig. 6, is 

completely homogeneous with walls and electrodes of conducting CH-plastic 

(manufactured by Bakelite Ltd.) and filled with acetylene which is passed 

as a continuous flow through the chamber. The outer wall thickness of the 

chamber is 0.025 inch (0.064 cm), and is thin enough not to appreciably 

attenuate the neutron radiation at low energies; however, it is not thick 

enough to provide secondary particle equilibrium at higher energies and 

build-up caps of polystyrene must be used. The other type of chamber'is 

of similar proportions and construction, but with walls and electrodes of 

graphite and used with carbon dioxide as the filling gas. The collecting 

volumes of both chambers are about 5.0 ccs. 

The current collected from the ionization chambers is measured with a 

valve-voltmeter which in turn feeds a chart-recorder and an amplitude to 

digital converter. The latter instruments are required since in many 

accelerator experiments the radiation output is often far from steady 

owing to variations in the ion source; this makes it necessary to measure 

the integrated charge output from ionization chambers rather than rely on 

the measurement of a steady current. 

One correction that must be made to the measured charge, Q, is for 

recombination in the ionization chamber. In general columnar recombination 

is main effect and will be independent of the radiation level. A 
1 correction can be made according to the Jaffe theory(13) by plotting ri 

against 1 (V is the applied potential) to find the intercept when 

1 
V 

.40 for the saturated charge 1 . 

Qo 

Reversing the applied voltage does not always produce an equal and 

opposite current in ionization chambers, an effect that we believe is due 

to insulator and guard ring effects, and it is our practise to take the 

mean of the saturated charges measured with both polarities. 
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5. Dose and Ionization Calculations  

The measurements of spectrum, flux density and ionization are 

complemented by calculations of the dose deposition. These calculations 

are made by a computer program written in Fortran IV, which calculates 

the secondary particle spectrum produced by all known reactions in 

hydrogen, carbon, nitrogen and oxygen. The programme can deal with any 

neutron spectrum in the energy range 10
-8 

MeV to 20.0 MeV. 

It is intended that eventually the program will calculate LET spectra 

and quantities of interest in microdosimetry. At the present stage of 

development it evaluates the following quantities, as well as the secondary 

particle spectrum: 

(a) Absorbed Dose on Kerma by - 

Kerma = ElpE). E. dEj 	
 
(8) 

where the subscript j denotes a secondary ionizing particle of 
th the j type, and nj(E) dE is the number of such particles with _ 	.  

energy E generated per unit mass of material by the neutron 

spectrum per unit energy interval. 

(b) Ionization by - 

[ 

	B(z) -1 Ionization density = 	
J 	J 	

ik IL: 	n.(E).'E. ( + B(z) 	dEl.... (9)  
71P 
	El")) 

where W„, is the W value for fast electrons in the material and 

A, B(z) and p(z) are constants depending upon the atomic number 

Z of the jth  particle and the material. These constants have 

been given elsewhere(14), but are derived in the first instance 

from the measurements of W for heavy ions in methane by 

MacDonald and Sidenius(15). 

(c) The energy dissipated as elastic nuclear scattering by - 

Nuclear Scatterin 	 dE 	 (10) 

( 
J(  

where ej(E) is the energy dissipated in nuclear elastic 
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scattering by a stopped ion of type j and initial energy E. The 
derivation of £j(E) which contains an allowance for tertiary, 
quartenary etc. scattered atoms has been given elsewhere(16,17) 

The results of such a calculation for carbon-dioxide exposed to 
9.87 MeV neutrons are shown in Fig. 7. It is possible to compare the 
results of evaluating Kerma with the calculations of Bach & Caswell(18) 

• 
discrepancies of up to + 10% are obtained(19) depending upon the neutron 
energy mainly, but not entirely, due to different assumptions about non-
elastic and in-elastic reactions. 

In applying the results to practical measurements with ionization 
chambers it is necessary to make small corrections for the ionization 
produced in the chamber by gamma-rays from in-elastic, non-elastic and 
(ny) reactions in the chamber materials. These corrections are possible 
since the computer program also calculates the spectrum of gamma-rays 
produced in these reactions. When the chamber is not hOmogeneous further 
corrections may be necessary. In the case of the graphite - CO2  ionization 
chamber exposed to 14.7 MeV neutrons we have assumed that the ionization of 
the gas is due in part to the non-elastic reactions in the walls (i.e. the 
(no.) and (nrp) reactions etc.) and partly to the in-elastic and non-elastic 
scattering in the gas. 

In the intercomparison of the calculated and measured ionization 
densities over a wide range of neutron energies we had to make additional 
corrections for the fact that the effective centres of the ionization 
chambers alter with the neutron energy, because at high energies the 
ionization observed originates mainly from secondary particles generated 
in the walls of the chambers and at low energies from secondary particles 
generated in the gas itself. Ideally such corrections are made experi-
mentally by direct observation of the effect of changing the distance 
between the source and chamber. For various reasons this was not possible 
in our experiments and instead the correction was calculated rather crudely 
using a computer program(20)  in Fortran IV to obtain the relative propor-
tions of energy deposition in the gas due to recoils from wall and gas 
respectively. Table II gives the results of this computation for the 
chambers, which were represented for the purpose of the calculation as 
being of parallel plate construction. 
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Table II. 	Wall and as Contributions to Energy Deposition in 

Ionization Chambers used for Tradescantia Experiments 

Mean Neutron 
Energy 

CH Plastic - C21i2  
Graphite - CO2  

Contributions do Contributions dS 
MeV Well as Wall Gas 

% mm % % mm 

14.7 76 24 0.35 75 25 1.4 

5.06 79 21 0.83 7 93 4.3 

1.56 62 38 2.19 4 96 9.2 

0.674 28 72 6.5 2 98 9.5 

0.417 13 87 7.7 1 99 9.8 

0.109 3 97 9.2 0.6 99d+ 9.7 

*d is the distance from the wall gas interface of ionization 
chamber to its effective centre 
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16. Results and Discussion 

The results of spectrum and flux density measurements made as part of 

the investigation of somatic mutation induction in Tradescantia occidentalis 

are displayed in Table III. It will be seen that apart from the 14.7 MeV 

experiment the thermal flux density is less than 1F, of that due to the 
primary and secondary scattered spectra; and, except at the very lowest 

energy, the secondary scattered spectrum accounts for less than 5% of the 

spectrum. One interesting feature is the comparatively high effective 

temperature of the thermal flux density and the way that it decreases with 

the energy of the primary spectrum. A high effective temperature may be 

due to strong i,4 absorbtion in the neighbourhood of the measurement; a 

not unlikely possibility due to the presence of a build-up shield and an 

aluminium container in these measurements. The systematic change of 

temperature with primary energy, although not very great, suggests the 

representation of the secondary scattered spectrum by the VE form is 
probably not quite correct. 

In table IV the calculated and measured ionization densities in the 

ionization chambers are compared and the calculated mean W values for the 

neutron spectra are given. As there could well be a systematic error in 

the flux density measurement of +c due to the fission chamber calibration 

and superimposed upon that statistical errors of + 3% in some cases, while 

the absolute accuracy of the charge measurements is about + 5%, the agree-

ment between the measured and calculated ionization densities is quite 

good apart from the highest and lowest primary energies. At a mean 

primary energy of 14.7 MeV it is believed that there is a substantial 
contribution to the measured ionization density due to gamma-rays 

originating from in-elastic and non-elastic reaction and induced radio-

activity in the neutron producing target and the heavy aluminium container 

that was used to hold the plants (Fig. 1). While this accounts for the 

CH plastic-acetylene chamber result (although alternatively the calculated 

'N value in this gas may be too low), a further explanation is required for 

the graphite-carbon dioxide chamber result since in this instance the 

measured ionization is much less than that calculated. Either the mean 

value has been overestimated, this seems unlikely, or the cross-sections 

or reaction products for non-elastic reactions in carbon and oxygen are 

incorrectly assigned; additionally; the partition of energy deposition 



Table III. 	Spectrum Parameters for Ionization Chamber Experiments 

Primary 

Mean 
Energy 
MeV 

Spectrum 

R.M.S. 
Derivation 

MeV 

Total Spectrum 

Primary 
Fraction 

Components 

1/E 
Fraction 

Ratio of Thermal 
to Primary & Secondary 

Effective Temp. 
of Thermal Flux 

°C 

14.7 0.22 0.953 0.047 0.024 138 

5.06 0.16 0.990 0.010 0.0017 136 

1.56 0.046 0.963 0.037 0.0039 131 

0.674. 0.019 0.968 0.032 0.0031 129 

0.417 0.026 0.981 0.019 0.0026 128 

0.109 0.063 0.887 0.113 0.0012 -125 
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between wall and gas may be wrong. Actually the dose depositions in 

carbon and oxygen are nearly equal at this energy and the exact partition 

between wall and gas reactions has very little influence on the result. 

At the very lowest mean energy of 0.109 MeV it seems possible that 

the mean W value in acetylene has been underestimated, and that the 

opposite is true for carbon dioxide. However for the latter gas it is 

more likely that the discrepancy is due to associated X- and gamma-ray 

radiation in the experiment, since the expected ionization density in 

carbon dioxide is so low, i.e. about 0 of that expected in acetylene. 

Some of the points made above are brought out again by an alternative 

method of presentation in which the ionization densities in acetylene and 

carbon-dioxide are used to derive the neutron flux density and exposure 

values. The results of such a derivation are shown in Table V and 

compared with the fission chamber estimates of flux density and at two 

energies with TLD and film measurements of exposure. The latter are not 

very reliable since the fast neutron response of these devices(21)  is such 

that most of the response can be attributed to neutrons in these experiment 

rather than X- or gamma radiation. No attempt has been made to correct 

the measurements for the neutron effects. At the higher neutron energies 

negative values are obtained for the exposure values with a systematic 

trend to positive values as the energy decreases accompanied by increasing 

underestimates of the neutron fluence. The systematic trend argues for a 

systematic error in the estimates of mean W values, although the very 

large discrepancies at the highest neutron energy suggests additional 

causes. 

All the values given in table V are relative to a neutron monitor. 

This monitor consisted of a BF3  proportional counter in a polythene block 

placed at some convenient position relative to the target and the 

irradiation chamber. Our current practise is to use two fission chambers 

placed near the target for this purpose. 

7. 	Conclusions 

It seems clear from this work that neutron dosimetry over a wide 

range of neutron energy based solely on ionization chambers can be subject 

to considerable errors even when an allowance is made for changes in the 

mean W values. This is particularly the case for ionization chambers in 

which the ionization is not due predominately to protons, whose mean W 



Table IV. 	Calculated and Measured Ionization Densities 

Mean Neutron 
Energy 

W 
eV 

CH Plastic - Acetylene Chamber 

Ionization Densities 
ion pairs g-Vn cd-2  

Ratio W 
eV 

Graphite - Carbon Dioxide 

Ionization Densities 
ion pairs g-1/n cm-2 

Chamber 

Ratio 	• 

Measured/ Measured/ 
Calculated Measured Calculated Calculated Measured Calculated 

14.7 27.0 1.255.104  1.374.104 1.10  35.5 3.948.10 3.206.103  0.81 

5.06 27.3 8.144.103  6.518.10 1.05 37.5 9.076.102 8.285.102 0.91 

1.56 29.3 4.372.103  4.171 .103  0.95 41.9 3.568.102 3.236.102 0.91 

0.674 30.0 3.047.10 3.061 .1 03  1.01 47.6 1.683.102  1.773.102  1.05 

0.417 30.3 2.490.103  2.263.103  0.91 52.4 2.585.102 2.521 .102  0.98 

0.109 30.8 0.9618.103  0.7862.10 0.82 67.1 2.975.101 5.311.101  1.79 
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values are very largely energy independent04.05).  Even for hydrogenous 

ionization chambers W values appear to change by 100 or more over the 

energy range 0.1 to 15 MeV. 

If ionization chamber measurements can not be supported by other 

measurements of flux density and neutron spectrum, the dose measurement 

should employ homogeneous chambers whose composition is identical with 

that of the substance in which the dose is to be estimated. In the case 

of tissues like that of Tradescantia which contain up to 80g oxygen by 

weight this requirement is virtually impossible to achieve with current 

tissueequivalent materials; and is particularly important at high 

energies when non-elastic reactions in the walls of an ionization chamber 

are a predominant source of dose deposition. 

A dose estimation to an absolute accuracy of better than + 1C will 

be extremely difficult to obtain until our knowledge of cross-sections, 

reaction products and mean V values has been considerably increased. 

The variation of W with radiation quality raises fundamental issues 

in dosimetry. Quite apart from considerations of linear energy transfer 

or microdosimetry, should attempts to compare the biological effects of 

different radiations be based on the absorbed dose or energy, or should an 

attempt be made to compare them on the basis of ionization density or 

molecular disruption? 
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Table V. 	Fluence and Exposure Levels deduced from Fission Chambers, 

Paired Ionization Chambers and Thermoluminescent Dosimeters. 

(Values for 10
6 

Monitor Counts). 

Mean Neutron 
Energy 

MeV 

Fission Chamber 

Fluence 
.  71 cm- 2  

Ionization 

Fluence 
n cm-2  

Chambers 

Exposure 
Roentgen 

TLD and 
Film 

Exposure 
Roentgen 

14.7 4.62.108 6.05.108 - 0.55o - 

5.06 1.42.109  1.52.109 - 0.012 - 

1.56 9.60.108 9.22.108 - 0.011 0.032 

0.674 1.70.109 1.70.109 0.0091 - 

0.417 7.71.10
8 6.92.108 0:0094 0.030 

0.109 1.96.109  1.52.109  0.036 - 
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DISCUSSION 

Mr BEWLEY 

Can you say something more about how you calculated your 
values of_ W? 

Mr DENNIS 

Starting from the differential secondary particle spectrum 
n.(E), one has two equations. 

The first equation gives kerma — 

kerma m jf.rni (E) E dEj 

The second equation gives the ionization density 

I  . 	 .(E)  _ f(E,z)  1E1 
W 

These are Equations 6 and 7 in the paper. The mean W—value for 
the irradiated gas is given by the ratio of these two results, 

g kerma 
= I 

Mr BEWLEY 

I presume, then, that it all depends on your function f(E,z). 
Is this based on experimental observations? 
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* Mr DENNIS 

Yes it is, but unfortunately only for methane. 

Mr ROSSI  

There is disagreement on how much W does in fact change with 

proton energy. The values which you assume imply a rather pronounced 

change with energy. As you probably know there are some data that 

indicate virtually no change down to 10 or 20 keV. 

Mr DENNIS 

As a matter of fact, the values used in the function f(E,z) for 

protons produce the result that their W—values are allost independent 

of energy, so that the W—value changes in Table IV of the paper are 

mainly due to the effects of other particles (alphas, etc.). 

Mr BOOZ 

You showed us that the contribution of the thermal neutrons 

decreased with neutron energy, and for 100 keV neutrons the contribution 

of the thermal neutrons was only 0.1%. Would you please comment on this? 

Mr DENNIS 

I don't really have any comment on that. The values are related 

to the conceptual framework in which they are derived. In order to 

obtain the temperatures from the Westcott fluences and cadmium ratios, 

it is necessary to make assumptions about joining functions at the 

lower end of the 1/E spectrum. The particular joining functions which 

I used were appropriate to homogeneous well—moderated reactors and I am 

not confident that it is a good approximation in this situation. 
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Of oourse, the details of the thermal fluence are not important in 

these experiments since it contributes so little to the dose. 

However, I think that application of the conceptual framework re-

presented by the Westcott convention is something which we have to 

explore experimentally and possibly modify in the light of experimental 

evidence, but it is a starting point for such investigations. 
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ABSTRACT. As an aid to accurate neutron dosimetry the mean TV values, W, have been 
calculated for a tissue-equivalent gas mixture, ethylene, acetylene and carbon dioxide 
at twenty-one different neutron energies in the range 0.1-15-5 MeV. 

The calculations are based on a previously derived relationship for the mean value 
of the energy, W(E), expended in forming an ion pair by a heavy ion of mass AT, 
atomic number Z and initial energy E. For energies below 1.0 MeV per a.m.u. this 
relation takes the form 

TV(E) = TVg[1.035÷A(Z) (E1.111)-^ ( z ) ] 
and at higher energies 

TV(E) = 	E I(E— constant) 
where Wg is the mean value required to form an ion pair by an electron. 

Details of the cross-sections and kinetics of all the possible neutron induced reactions 
in the elements hydrogen, carbon, nitrogen and oxygen are given. 

Kerma and the energy expended as elastic nuclear scattering are also evaluated at 
each neutron energy from the differential secondary particle spectra. 

1. Introduction 
Gray (1944) was probably the first to emphasize the importance to neutron 

dosimetry of the variation in the mean energy TV (E), expended in producing 
an ionization, with the initial particle energy, E. This variation is of particular 
significance when the method of dosimetry is based on ionization chambers. 
In most attempts at accurate neutron dosimetry by this method an allowance 
is made for the difference in TV(E) values between heavy ions and electrons. 
For example, Neary, Munson and Mole (1957) in their study of the effect of 
chronic neutron irradiation on mice attempted to obtain a reasonable theoretical 
expression for the dependence of TV(E) values on the initial ion energy. The 
experimental position regarding this dependence has been summarized recently 
by Bewley (1970) and Dennis (1971a, 1972). However, one is tempted to 
assert that the twenty-eight years that have elapsed since Gray's original paper 
have served to confirm the uncertainties without improving the accuracy of 
our knowledge. 

The purpose of this paper is to use the best empirical formulae for the varia-
tion of TV(E) with ion energy and combine this with neutron cross-section 
data to obtain estimates of the mean TV values for neutron irradiated gases. 
The estimates so obtained are naturally only as accurate as the input data and 
the assumptions employed in their utilization. It will be shown that both 
these are fruitful sources of error. With the foregoing reservations the TV 
values are offered as a reasonable working guide. 

t Present address: National Radiation Protection Board, Harwell, Berks. 
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2. W(E) values for heavy ions 
There are two processes of energy loss by heavy ions that might be expected 

to lead to W(E) values different from those obtained for fast electrons. One 
mode of energy loss is by Rutherford and quasi-elastic nuclear scattering in 
which the ion loses energy in elastic encounters with the atoms of the gas. 
The other mode of energy loss is by charge exchange processes between the 
moving ion and the atoms and molecules of the gas. Both of these processes 
become increasingly important as the ion energy decreases and particularly 
when its velocity is less than the velocity of the orbital electrons of the gas 
molecules. The scattering mode of energy loss can only increase W(E) values, 
but it is by no means certain that this is the case for charge exchange processes 
which in some circumstances could possibly decrease W(E) values (Watt and 
Hughes 1972). 

By considering only the elastic scattering effects Haines and Whitehead 
(1966) were able to explain with reasonable success the pulse height defect in 
semiconductor detectors. However, an attempt to use this approach to explain 
the W(E) variations in gases was only moderately successful and it was clear 
that other energy loss processes were important (Dennis 1971a). The position 
was to some extent obscured by the inaccuracies in the experimental data. 
This situation was considerably altered by the extensive and consistent set of 
experimental observations made by MacDonald and Sidenius (1969) of the 
ionization produced in methane by ions in the energy range 10-120 keV with 
atomic numbers from 1 to 22. It is clear from these data that, even if elastic 
scattering effects are to some extent responsible for changes in TV values, a 
more important role is played by the electron configuration surrounding the 
low energy heavy ion. The experimental results of MacDonald and Sidenius 
can be represented empirically and with good accuracy by the relationship 

W(E) = Wfl[1.035 +A(Z)(E1111)-n( z ) ] 	 (1) 

where Wig  is the TV value for fast electrons in methane, 31 is the mass of the ion 
in atomic mass units and E its energy in keV. The coefficient A(Z) varies 
considerably with the atomic number of the ion and tends to be larger for those 
ions which in their neutral state have a single electron in their outer shell, the 
exponent n(Z) changes very little with Z and is about 0.6 (Dennis 1972). The 
values of the constants A(Z) and n(Z) for methane are given in table 1 for ions 
of interest and are used in eqn 1 together with the appropriate value for fast 
electrons for all hydrocarbon gases, including the tissue-equivalent gas mixture. 
It was found that the same equation and constants can be used to represent 
the available data for carbon dioxide and nitrogen providing that the A (Z) 
coefficients were multiplied by 0.626 (Dennis 1972). 

For heavy ions with energies in excess of 1000 keV per atomic mass unit 
the following relation is used : 

W(E) = Wfi(E1111)I[(EIM)- constant]. 	 (2) 

This is based on the premise that the W(E) values for very energetic ions 
should tend to Wig  (Dennis 1971a), and that the changes in TV (E) are mainly due 
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to energy loss processes at the end of the range. The constant in eqn (2) is 
obtained by normalizing it to eqn (1) with appropriate values of A(Z) and 
n(Z) at the ElM value of 1000 keV per a.m.u. 

Table 1. Coefficients used to derive mean TV values for heavy ions in organic 
gases 

Ion A(Z) n(Z) 

Proton 0
  0

  C
Z

 C
)  C

O
 C

O
  V

- 

o
o
 ol
 c
o
 c
o
 c
o
 c,
 

cb 	
c'o
 

0.04902 
Helium 0.5360 
Lithium 0.7630 
Beryllium 0.8208 
Boron 0.7226 
Carbon 0.6337 
Nitrogen 0.5828 
Oxygen 0.5999 

3. Kerma and mean W calculations 
In order to calculate the mean TV values in neutron irradiated gases by 

employing the relationships given above it is necessary to obtain the differential 
spectra of secondary particles in the gas. 

If the intensity of the differential spectrum for particles of type j and energy 
E is represented by ni(E) (particles g-1.11eV-1  per neutron cm-2), then kerma 
is given by 

kerma 	 jn j(E)E dE 
	

(3) 

and the mean TV value by 

W = Efni(E) E dEI E in j(E) [E MEW dE . 	 (4) 

The computer program which has been written in Fortran IV to obtain 
the above quantities also evaluates the total energy loss in elastic nuclear 
scattering by 

elastic scattering energy = Efni(E) 8(E)1  d 
	

(5) 

The quantity 8(E)1, which is the total energy dissipated as elastic nuclear 
scattering 'by a stopped ion, has been calculated by another computer program 
(Dennis 1971a, b, 1972) and takes into account the energy loss processes of 
tertiary, quarternary, etc. scattered ions. The computed values are probably 
overestimates since the computation treats elastic nuclear scattering as a free 
atom process, includes energy losses that are less than the molecular binding 
energies and uses cross-sections that are possibly too large (Luster, private 
communication). The elastic scattering energy is included in the calculations 
since at low neutron energies this form of energy loss may assume importance 
in biological effects. 
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4. The calculation of secondary particle spectra 
For the accurate determination of the differential spectra of secondary 

particles it was found necessary to divide the neutron reactions into three 
groups. The first group of reactions are those due to elastic scattering, a 
process that is not in general symmetric in the centre-of-mass (c-m) space. 
The second group consist of those inelastic and nonelastic reactions in which 
particle number is conserved, that is, only two particles result from the inter-
action, and for which the emerging particles are assumed to be distributed 
symmetrically in the c-ii space. The third, and last, group of reactions are 
those in which the number of particles is not conserved and more than two 
particles emerge from the reaction with an assumed symmetry of distribution 
in the c-xi space. 

The assumption of a symmetrical distribution in the c-m space is undoubtedly 
incorrect in many cases, but at present the fragmentary information available 
is not sufficient to justify any other assumption except possibly at selected 
energies. 

The kinetics of nuclear reactions are treated in several standard texts, but 
the following notes may be useful. 

4.1. Elastic scattering 
When a neutron with energy EL, and mass 1111  is elastically scattered through 

a c-m angle 8, from a nucleus of mass M,, the energy E2  of the struck nucleus is 
given by 

,.M E2  = 114 2111+  m22  Er, (1- cos 00 	 (6) 

If the neutron fluence intensity is 0(En ) and the atomic density in the material 
is N (atoms g-1), then the differential spectrum intensity of the recoiling 
particles is 

n(E2 ) = 1170(E.) (M1+  M2)2  a(En)e1  E(2L + 1 )f L(E JP', (cos Bl) 4/1/,./1/2  E L  
particles g-1  MeV-1. 	(7) 

PL  (cos BO is a Legendre polynomial of degree L and fL(En ) is its coefficient. 
Both the total elastic scattering cross-section u(En)ei  and the values of fL(En ) 
are obtained from tabulated compilations as explained below. 

In the case of elastic scattering on hydrogen the differential spectrum of the 
resulting protons is expressed as 

n(E2 ) = NO(En ) (  41111+ 312).  2  0"(E n)ei A(En) 3-11  M2  E 
	 (8) 

where 
A(En ) = (1 - 2b cos 01+ 21) cost 0 ,)1(1 

and 
b = 2(En/90)2. 
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The expression for A(En ) is that given by Gammel (1963) and appears to 
be the best approximation for the energy range up to 20.0 MeV. Above 
20.0 MeV Gammel (1963) suggests a more appropriate expression. 

4.2. Inelastic and nonelastic reactions with conservation of particle number 
A reaction produced by a neutron with mass M1  and energy Er, with a 

nucleus of mass M2  that results in two particles (one of which in inelastic 
reactions will also be a neutron) of energies E3  and E4  and masses M3  and M4  
with a symmetrical distribution in the C-31 space (03  = .7+04 ), leads to the 
following energy relation: 

E3  = X32  + 2X3  y3  cos 03  + y32 	 (9) 
where 

M3M+31114) Glill+12M2 En  ± Q 	11  
and 

M13/3   E li 
1(1111+ -m2)2 nJ 

Similar relations hold for E4. The Q value of the reaction is positive for 
exoergic reactions and negative for endoergic reactions. 	are the energies of 
the excited states in which either or both of M3  and 1V14  may be left by the 
reaction. These excited levels usually decay by the emission of y-rays, so that 
an alternative expression for is given by 

= 	r, 
where pr  is the emission probability (Er pr  = 1.0) for a y-ray of energy 11,.. 

Q is zero for inelastic reactions, and (i  is usually, but probably incorrectly, 
taken as zero for nonelastic reactions. 

The differential spectrum intensities are 

n(E3) = ATO(E.) a(E.)/4x3 y3 	 (11) 
where 

(x3 — Y3)2  E3 (x3 + Y3)2. 
For endoergic reactions the neutron energy must exceed a threshold value, 

ET, for the reaction to occur. 

ET  1111 34-1 z  
2 	i 

At the threshold energy the energy limits of E3  are equal to each other and 
greater than zero since x3  = 0. As the neutron energy is increased the energy 
limits expand until the minimum energy, (x3 —y3)2, becomes zero (i.e. x3  = y3). 
A further increase in neutron energy raises the minimum particle energy above 
zero again. 

X3  = 

y3 = 

(10) 

(12) 
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4.3. Nonelastic reactions with nonconservation of particle number 
The most prominent of these reactions in materials of interest to radio-

biology is the reaction 12C(n,n') 3a. As stated this reaction probably only 
exists as the net result of the following reactions (Brinkley, Robson and 
Titterton 1964, Wisner, Schmidt and Schintlmeister 1966). 

(a) n+  12C 12r1* +n'->8Be*+oc+n'-->3oc+n' 
---> 8Be*+n' + oc---> 3a +n' 

(b) n +12C --> 8Be*+ a- 
 -->81Ie* + 2a --> 3a + n' 

n +12C —> 8Be + 8He*--> 3a +n'. 
Frye, Rosen and Stewart (1955) have suggested that the energy distribution 

in the C-31 space for the final oc-particles and the neutron may be represented as 

.N(e) ds — 	
e  )2 

	

105 	
1 	dE 	 (13) 

1 6Emax Emax 	Emax 
where e is the energy of the particle and Emax  is the maximum value that it can have. 
The emission is taken as symmetrical in the c-m space. A more popular distri-
bution is that of an evaporation spectrum (Parker 1961, Ritts, Solomito and 
Stevens 1968), but without further qualification this allows the possibility of 
infinite energy. The expression due to Frye et al. (1955) has been used in this work. 

For four body break-up 

(Emax)i = xi2  = (1 will  (21/ 21+123/ En+Q — E0 1 	2 

where 
2<j<6; 2<i<6. 

It was decided to use eqn (13) to describe three body break-up as well as 
four body break-up. In order to maintain conservation of energy it is then 
necessary to put 

3 ( 	..c1/1 	-312  E (ema  = x12  = 15: 1  z 	+.21/2 n
+Q _ E 

 

although this cannot be justified kinetically. 
In describing the energy distribution in the laboratory space a useful para-

meter is that describing the energy possessed by the particle by virtue of the 
centre of mass velocity. 

1111 E. v  .2 = 	 
(1/11 M2)2  

When the maximum velocity of the particle in the c-ii space is less than the 
centre of mass velocity in the laboratory (i.e. xi2  < yi2 ) 

[1 1,1(E
x
)— 	± N(E)

x
—  y14  1 N(E)

x 

 - y  61 (17)  n(E) = NO(En )a(E.) 105  

	

64xy 3 \ 	) 	 3\  

(14)  

(15)  

(16)  
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where 
(y—x)2 < E < (y + x)2  

(The subscripts i have been omitted for clarity.) 
When the maximum velocity of the particle in the c-ii space exceeds the 

centre of mass velocity in the laboratory (i.e. x2  > y2), then two energy regions exist 
(1) 0..-cE..(x—y)2  

n(E ) 
	64xy 

105NC E.) a(En ) [N(E) 
x+ 

 yy  ME)  + + 1 

3 k
ME) + 

x ) 	x 	) 

N(E)—y\2  + N(E)—y\4  1 N(E)—y\6 1 

x 	 x )3k x) 

(2) (x—y)2<E< (x+y)2 

n(E) = 
105NO(E.) 0-(E ri ) 	N( E ) _y\  2  + N(E) — y\4  1 N(E)— y\6] 

64xy 	L3 	x ) 	
(19) x ) 3 \ 	) 

The threshold energies for the three and four body break-up reactions are 
given by the same expression as that for two body break-up (eqn 12). However, 
the energy limits of the secondary particle spectrum in the laboratory do not 
behave in quite the same way. The lower limit, which becomes zero when the 
maximum velocity of the particle in the c-31 space equals that of the centre of 
mass velocity in the laboratory, does not increase again as the maximum C-31 
velocity of the particle increases with the incident reaction energy as it does 
in two body break-up. 
4.4. Interpolation and integration 

The sources of the neutron cross-sections, Legendre coefficients and y-ray 
emission probabilities are summarized below. The data are tabulated at 
sufficient and appropriate values of neutron energy in the range from 10-8  MeV 
to 20.0 MeV in order that values at other neutron energies can be obtained by 
direct linear interpolation between the two nearest tabulated values. The 
intensities of the differential spectra are evaluated at equal logarithmic intervals 
of energy with ten intervals to the decade over the range 100 eV to 19.95 MeV 
and also at singularity values corresponding to the minimum and maximum 
values of the secondary particle energies resulting from each reaction. All 
integrations are performed by Simpson's rule using the identity 

if (E)dE = Jf (E) E d(lo&E) 	 (20) 

The accuracy of integration for kerma, which can easily be checked, appears to 
be better than 0.5%. 

The spectrum of y-rays generated by inelastic and nonelastic reactions is 
calculated as well as the other quantities already described. 

5. Cross-section data 
Although neutron cross-section data have been compiled by the UKAEA 

and exists as the UKAEA Nuclear Data Library (Parker 1963) on magnetic 
tape, it was decided not to make direct use of this material in the calculations 

(18) 

15 
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because the data are not all immediately available and accessible to the general 
public, and for comparative purposes it was desirable to use cross-sections that 
had been used elsewhere for similar calculations (Bach and Caswell 1968). 

It is important to realise that many of the cross-sections, particularly for 
inelastic and nonelastic reactions at neutron energies above 5 MeV, have been 
obtained by informed guesswork, often based on a single experimental value 
at 14.0 MeV. Even when the total cross-sections for reactions such as the 
160(n,oc)13C are known, the cross-sections for the different possible excited 
states of the resulting particles are not available. 

The sources of the cross-section data are given below. The list of reactions 
and their Q values are given in table 2. 

Table 2. Neutron induced reactions in hydrogen, carbon, nitrogen and 
oxygen 

Reaction Comment 

111(n,n)111 Elastic scattering 

12c(n,n)12c 
12c(n,„,)12c* (4.438) -> y 
12C(n,n')12C* (7.660) -> 31x 
12C(n,n')12C* (continuum) -+ 3a ± y 
12c(n,p)12B 
12C(n,d)11B 
12C(n,m)9Be 

Elastic scattering 
Inelastic scattering; 1 y-ray 
See text section 4.3 
See text section 4.3, 10 y-rays 
Q = - 12.588 MeV 
Q = - 13-732 MeV 
Q = - 5.704 MeV 

14N(n,n)14N 
14N(n,n,.)14N* (3.945) .4. y 

14N(nx,)14N* (continuum) -> y 
14N(„,p)14c 
14N(n,d)13c 
14N(n,t)12C 
14N- 410012c 
14N(n,2n)13N 
14N(n,2c4)7Li 

Elastic scattering 
Inelastic scattering, 3 y-rays 
Inelastic scattering, 18 y-rays 
Q = + 0.626 MeV 
Q = - 5-326 MeV 
Q = - 4.015 MeV 
Q = - 0.157 MeV 
Q = - 10.533 MeV 
Q = - 8222 MeV 

180(n,n)160 
"0(n,n')160* (6.131) -> y 
uo(nx,)160* (6.196) --> y 
180(n,0160* (7.115) -> y 
160(n,n')180* (continuum) -+ y 
160(n,p)16N 
"0(n,d)15N 
160(,,co13e 
160(nt,1)13c* (3.09) _>. y 

160(n,a2 ± ce,)13C* (3.77) -> y 
160(n,a4  ± c45)13C* (7.19) -> y 

Elastic scattering 
Inelastic scattering, 1 y-ray 
Inelastic scattering, 3 y-rays 
Inelastic scattering, 3 y-rays 
Inelastic scattering, 20 y-rays 
Q = - 9.639 MeV 
Q = - 9.901 MeV 
Q = - 2.215 MeV 
Q = - (2 . 21 5 + 3.09), 1 y-ray 
Q = - (2 - 21 5 + 3 . 7 7 ) , 1 y-ray 
Q = - (2.215+7.19), 1 y-ray 

5.1. Hydrogen 
5.1.1. Elastic scattering. For elastic scattering on hydrogen the analytical 

expression given by Gammel (1963) was used. 
E. = 37[1-206E. + ( —1.86 + 0.09415E. + 0-001306E2)2]-1  

+741-206E. + (0-1223 + 0.13E.)21-1. (21) 
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5.2. Carbon 
5.2.1. Elastic scattering. The elastic scattering data were taken from Bertin, 

Celinik, Flesher, Grochowski, Kalos, Ray and Troubetzkoy (1964) but with 
additional data inserted in the regions of the resonances between 2.0 MeV and 
3.1 MeV from Stehn, Goldberg, Magurno and Wiener-Chasman (1964). 

5.2.2. Inelastic scattering. According to Parker (1961) the only excited state 
of carbon-12 that is stable against particle decay is the first at 4.438 MeV, the 
higher excited states decaying to give three a-particles and a neutron. The 
more probable processes for the latter have already been described (section 4.3). 
The cross-section 01(4.438 + 7.660) given by Bertin et al. (1964) for the excita-
tion of carbon-12 to the two levels at 4.438 and 7.660 MeV has been split 
between them by means of table 46 of this reference. The 4.438 MeV level is 
assumed to decay with the release of a y-ray of the same energy. The 7.660 MeV 
level is taken to decay as the 12C(n,n')3a reaction. 

Bertin et al. (1964) also give the cross-section, ac, for the excitation of carbon-
12 to the continuum. In their table 48 the complete y-ray spectrum is given 
for both the level and continuum excitation. By using the ratio 

crL(4-438)  
RL = crL(4.438 + 7.660) + ac 

that fraction of the spectrum in the energy band at 4.438 MeV due to direct 
excitation of the 4.438 MeV level is obtained. This fraction is then subtracted 
from table 48 of Bertin et al. which is then renormalized to give the spectrum 
due only to excitation of the continuum. 

The normal mode of decay of the continuum was assumed to be to the 7.660 
MeV level and then by the four body break-up process, although some 3% at 
least (Lederer, Hollander and Perlman 1967) must be by the 4.438 MeV level. 
If p,. is the probability of obtaining a y-ray of energy 11,. by excitation to the 
continuum, then the maximum energy available to the a-particle in the C-111 
space is taken as 

Mc, 310  En  7.660 — Prr) - &max 	( 3 .21,1„ 	Mi) (111i  111c  
5.2.3. Nonelastic reactions. The cross-sections for the reactions 12C(n,p)9Be, 

'2C(n,d)11B and 12C(n,a)9Be were taken from Bertin et al. (1964). Additional 
values for the 12C(n,a)9Be reaction in the energy region 7.9-8.3 MeV were 
taken from Stehn et al. (1964). 

5.3. Nitrogen 
5.3.1. Elastic scattering. Cross-sections and Legendre coefficients were taken 

from Ray, Grochowski and Troubetzkoy (1966). 
5.3.2. Inelastic scattering. Ray et al. (1966) give the cross-section for the excitation 

of the 3.945 MeV level of nitrogen-14 only up to a neutron energy of 4.6708 MeV, 
but the cross-section was decreased smoothly from their value at this energy 
to zero at 10.0 MeV, as it seems unlikely that the level is not excited directly by 

(22)  

(23)  
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the higher energy neutrons. The decay of the 3.945 MeV level was taken to 
produce y-rays of 3.945 MeV (6%), 2.311 MeV (94%) and 1.634 MeV (94%). 

In order to obtain the normalized y-ray spectrum resulting from excitation 
of nitrogen-14 to the continuum levels a similar procedure was adopted to 
that used above to obtain the spectrum from the continuum levels of carbon-12. 
Ray et al. (1966) give both the cross-section for the excitation of the continuum 
and the y-ray spectrum per neutron producing reaction or inelastic scatter 
(table 4 of this reference). 

5.3.3. Nonelastic reactions. Cross-sections for the reactions 14N(n,p)1402 
14N(n,d)13C,  14N(n,012c,  14N(n,,,)11B as well as for the reactions 14N(n,2n)13N 
and 14N(n,2a)7Li were taken from Ray et al. (1966). 

5.4. Oxygen 
5.4.1. Elastic scattering. Cross-sections and Legendre coefficients were taken 

from Ray et al. (1966). 
5.4.2. Inelastic scattering. The cross-section, GI, given by Ray et al. (1966) 

for the excitation of the three levels of oxygen-16 at 6.131, 6.916 and 7.115 MeV, 
was split between those levels by means of table 7 of the reference. The 
6.131 MeV level was taken to decay to the ground state by the emission of a 
6.131 MeV y-ray. The 6.916 MeV level was taken to produce y-rays of 6.916 
MeV (97%), 6.052 MeV (3%) and 0.864 MeV (3%) ; the 7115 MeV level to 
produce y-rays of 7.115 MeV (93%), 6.131 MeV (7%) and 0.984 MeV (7%) 
(Lederer, et al. 1967). 

The spectrum of y-rays per neutron producing reaction is given in table 9 
of Ray et al. (1966) and was split between the excitation of the levels and the 
continuum and renormalized by the procedures adopted for carbon and nitrogen. 

5.4.3. Nonelastic scattering. Cross-sections for the 160(n,p)16N and 160(n,d)16N 
reactions were also taken from Ray et al. (1966). 

The 160(n,a)13C reaction is an important source of energy deposition by 
neutrons with energies greater than 3.0 MeV in biological materials containing 
a high percentage of oxygen. Above a neutron energy of 7.0 MeV the excitation 
of the residual carbon-13 nucleus becomes important in the kinetics of the 
reaction and effects the energy deposited both by the a-particle and the nucleus 
itself. It was decided to distinguish four different groups of a-particles corre-
sponding to the ground state and excited levels of the carbon-13 nucleus. 
The excited levels and corresponding a-particle groups are 3.09 MeV (a1), 
3.77 MeV (cc, + as), 7.19 MeV (a4 + a5). Up to a neutron energy of 7.3 MeV the 
residual carbon-13 nucleus was assumed to be in the ground state corresponding 
to the as  group and the cross-section was taken from Hughes and Schwartz 
(1958) and Stehn et al. (1964). Above 7.3 MeV the cross-section for the ground 
state of carbon-13 was taken from Dandy, Wankling and Parnell (1968). The 
cross-sections for the excited levels were arbitrarily assigned as shown in 
fig. 1 within the restriction that the sum of the cross-sections should equal the 
total cross-section for the reaction measured by Dandy et al. (1968) up to 
12.0 MeV and by Bormann, Cierjacks, Fretwurst, Giesecke, Neuert and Pollehn 
(1963) above that energy. The carbon-13 nucleus was assumed to decay from 
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each excited level to the ground state with the emission of one y-ray with an 
energy equal to the level. 

300 — 

Neutron energy ( MeV) 

Fig. 1. Assigned cross-sections for the 160(n,a)13C reaction above 8.0 MeV. 

6. Results 
Although it is possible to compute details of secondary particle spectra, 

kerma, mean TV values, etc. for any material or neutron spectrum, attention in 
this paper has been confined to the four gases in common use for dosimetry in 
radiobiology, namely a tissue-equivalent gas mixture, ethylene, acetylene and 
carbon dioxide. The atomic compositions and TITI3  values used in the compu-
tations for these gases are given in table 3, and the derived values for kerma, 

Table 3. Atomic compositions and TT values 

Gas 
Composition (atoms g-1  x 10-22) 

117f3 
(eV) H C N 0 

Acetylene 4.6303 4.6303 — — 25,7 (a) 
Ethylene 8.5946 4.2973 — — 26.3 (a) 
Carbon dioxide — 1.3692 — 2.7383 32.9 (a) 
Tissue-equivalent gas 6.0779 2.2832 0.15097 1,5284 29.2 (b) 

Methane 64.4% 
Carbon dioxide 32.4% 
Nitrogen 3.2% 

(a) ICRU 1964. (b) Leonard 1972. 



cra 
C.0 Table 4. Kerma, elastic scattering energy loss and mean TV value 

(a) Tissue-equivalent gas mixture 	 (b) Ethylene 

Neutron 
energy 
(MeV) 

Kerma 
(J kg-1  x 1011) 

Elastic 
scattering 
energy loss 

(J kg-1  x 1013) 

IV 
(eV) 

15.5 7.098 4.002 30.3 
14.7 6.860 3.958 30.3 
14.0 6.655 3.878 30.3 
13.3 6.401 3.855 30.3 

9.89 5.567 3.684 30.4 
7.70 5.292 4.579 30.6 
6.00 4.648 3.214 30.7 
4.67 4.434 3.681 31.0 
3.64 4.256 5.940 31.5 
2.83 3.714 4.423 31.8 
2.21 3.211 3.370 32.1 
1.72 2.909 4.212 32.8 
F34 2.626 5.313 33.4 
1.04 2.413 6.993 34.0 
0.812 2.049 4.589 33.8 
0.632 1.818 4.462 33.8 
0.492 1.622 5.078 34.1 
0.383 1.446 5.173 34.3 
0.299 1.264 4.560 34.2 
0.233 1.103 4.184 34.3 
0.100 0.658 3.083 34.4 

235U fission 
spectrum 

2.781 4.505 32.4 

1.8 MeV 
deuterons 
on thick 
beryllium 

2.889 4.782 32.2 

Neutron 
energy 
(MeV) 

Kerma 
(J kg-1  x 1011) 

Elastic 
scattering 
energy loss 

(J kg-1  x 1013) 

1V 
(eV) 

15.5 9.242 3.451 27.2 
14.7 8.985 3.345 27.2 
14.0 8.788 3.244 27.2 
13.3 8.544 3.297 27.2 

9.89 7.388 3.183 27.2 
7.70 7.237 4.750 27.5 
6.00 6.385 2.854 27.5 
4.67 6.183 3.845 27.8 
3.64 5.880 5.166 28.2 
2.83 5.239 4.986 28.6 
2.21 4.504 3.583 28.9 
1.72 4.050 4.062 29.4 
1.34 3.629 4.442 29.9 
1.04 3.221 4.551 30.1 
0.812 2.859 4.506 30.2 
0.632 2.540 4.657 30.3 
0.492 2.256 4.813 30.4 
0.383 1.996 4.802 30.5 
0.299 1.760 4.730 30.6 
0.233 1.541 4.567 30.6 
0.100 0.9247 3.789 30.8 

"5U fission 
spectrum 

3.842 4.137 29.0 

1.8 MeV 
deuterons 
on thick 
beryllium 

3.995 4.421 28.8 
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Table 4. Kerma, elastic scattering energy loss and mean W value 
(c) Acetylene 

Neutron 
energy 
(MeV) 

Kerma 
(J kg-1  x 1011) 

Elastic 
scattering 
energy loss 

(J kg-1  x 1013) 

07  
(eV) 

15.5 6.312 3.556 26.9 
14.7 6.044 3.434 26.9 
14.0 5.841 3.319 26.9 
13.3 5.591 3.373 26.9 
9.98 4.461 3.224 26.8 
7.70 4.446 4.924 27.2 
6.00 3.712 2.832 27.1 
4.67 3.710 3.904 27.5 
3.64 3.613 5.336 27.9 
2.83 3.164 5.124 28.2 
2.21 2.606 3.571 28.5 
1.72 2.345 4.079 29.0 
1.34 2.103 4.476 29.5 
1.04 1.862 4.570 29.8 
0-812 1.646 4.493 29.9 
0.632 1.461 4.623 30.1 
0.492 1.298 4.754 30.3 
0.383 1.145 4.694 30.4 
0.299 1.007 4.564 30.5 
0.233 0.8790 4.328 30.6 
0.100 0.5218 3.281 30.9 

235U fission 
spectrum 

2.247 4.128 28.6 

1.8 MeV 
deuterons 
on thick 
beryllium 

2.366 4.429 28.5 

(d) Carbon dioxide 

Neutron 
energy 
(MeV) 

Kerma 
(J kg-1  x 1011) 

Elastic 
scattering 
energy loss 

(J kg-1  x 10") 

IT 
(eV) 

15.5 2.343 4.979 35.3 
14.7 2.103 4.969 35.4 
14.0 1.884 4.882 35.5 
13.3 1.607 4.795 35.7 
9.89 1.024 4.547 36.3 
7.70 0.8552 5.124 36.8 
6.00 0.4740 3.792 37.6 
4.67 0.4569 3.877 37.7 
3.64 0.6140 7.535 38.9 
2.83 0.3703 4.564 39.0 
2.21 0.2230 3.449 40.0 
1.72 0.2507 4.751 41.3 
1.34 0.2591 6.585 43.6 
1.04 0.3794 10.08 44.1 
0.812 0.1647 5.155 45.9 
0.632 0.1324 4.712 47.9 
0.492 0.1330 5.719 52.0 
0.383 0.1386 5.907 51.4 
0.299 0.09850 4.629 54.2 
0.233 0.07649 3.915 57.4 
0.100 0.03266 2.092 72.4 

235U fission 
spectrum 

0.2942 5.334 40.9 

1.8 MeV 
deuterons 
on thick 
beryllium 

0.3266 5.621 40.5 
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mean 1,17  value and nuclear scattering energy in table 4. The neutron energies 
were selected to be identical with some of those chosen by Bach and Caswell 
(1968) so that a direct comparison can be made. Results are given also for two 
neutron spectra; one the uranium-235 fission spectrum after Hinves and Parker 
(1960) and the other the neutron spectrum obtained by bombarding a thick 
water cooled beryllium target with 1.8 MeV deuterons (Inada, Kawachi and 
Hiromoto 1968). 

For the purpose of illustration the differential particle spectrum obtained 
in carbon dioxide when exposed to 9.890 MeV neutrons is given in fig. 2, as 
reconstructed from the computer output. 

	 1F1  

16 0 

13c Alpha 

r 	 

E 10-t 
 

0 

X10 3  

o. 
ea 

. 47 L 

O 
v l0- 4  'Be 

1 
10-3 
	

10-a 	 1.0 
Particle energy (MeV) 

Fig. 2. Computed primary differential particle spectrum in carbon dioxide irradiated 
with 9.89 MeV neutrons. 

Reactions considered 
	 Prompt gamma spectrum 

io-5  

10-2  

io-3  

10-4  

10
10-5  

12c(n511)12c 
12c(n,n')I2C* 4.438-y 
12c(n,n‘)30, 
12C(n,n1)12C* -3a +y 
12c(n,,o9Be  
160(n ,n)180 
160(ntroi60* 6.131-y 
160(n n')160* 6.916-y 
160(n,n')160* 7.115-y 
160(n40160* continuum-y 
160(n,a0)13C 
160(n,a1)13C* 3.09-y 
160(n,a2 +a3)13C* 3.77-y 

Energy 
(MeV) 

(photons g-1 )/ 
(n cm-2) 

0.8- 1.0 6.69 x 10-5  
1.5- 2.0 2.75 x 10-6  
2.0- 3.0 4.69 x 10-5  
3.0- 4.0 2.88 x 10-3  
4.0- 5.0 5.53 x 10-3  
6.0-- 8.0 7.91 x 10-3  
8.0-10-0 1.33 x 10-3  

10.0-12-5 3-29 x 10-7 
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7. Discussion 
The kerma values given in table 4 often differ from those obtained by Bach 

and Caswell (1968) by up to 5% and occasionally by as much as 20%. The 
differences are most marked at higher energies and are probably due to different 
assumptions about inelastic and nonelastic reactions. In the case of acetylene 
there is a difference of 4% even at low energies when elastic scattering is the 
only process. It is possible that there is an error in Bach and Caswell's result 
for this gas since their values are not consistent with the values which they give 
for carbon and hydrogen separately. In the main, however, the differences 
between the values given here and those of Bach and Caswell merely reflect our 
ignorance of both cross-sections and the finer details of neutron induced 
reactions. The differences are a measure therefore of the accuracy possible in 
neutron dosimetry. 

It must be pointed out that, for the mean W values given here, no allowance 
has been made for the local absorption of y-rays generated in the inelastic and 
nonelastic reactions, and that the values are only applicable to homogeneous 
ionization chambers. The latter restriction needs to be remembered for both 
the tissue-equivalent gas mixture and carbon dioxide. The former is usually 
employed in ionization chambers in which the wall material is deficient in 
oxygen with respect to the gas, and carbon dioxide is used in chambers with 
walls of either graphite or Teflon. While it is possible to make allowance 
for these effects, which become increasingly important as the neutron 
energy is increased above 5 MeV, the subject is beyond the scope of 
this paper. 

One technique that is often recommended for the dosimetry of mixed neutron 
and gamma fields is to employ two ionization chambers which differ in their 
wall and gas compositions. If their relative sensitivities to neutron and y-
radiations are known, either the neutron radiation fluence and the gamma 
exposure may be derived or the absorbed doses that the two types of radiation 
would produce in a third medium such as tissue. Bewley (1970, 1972) has 
discussed the latter derivation based on the results of paired polythene-
ethylene and carbon-carbon dioxide chambers. Dennis, Delafield, Peaple and 
Boot (1972), using paired CH plastic-acetylene and graphite-carbon dioxide 
chambers together with the calculations of relative sensitivity based on the 
procedures outlined above, attempted to determine the neutron fluences and 
associated very small X-ray exposures from essentially monoenergetic neutrons 
in the range 0.1-15.0 MeV. The neutron fluences were independently measured 
by means of spectrometry and uranium fission chambers. Although the 
observed ionization densities were within ± 10% of those predicted from the 
independent fluence measurements, when the ionization chamber results were 
used to obtain estimates of fluence and exposure, negative values for the 
exposure were obtained at neutron energies above 1.0 MeV. This discrepancy 
was thought to be due both to a systematic error in the mean TV values, with 
an implication that they increase rather more sharply at the lower neutron 
energies than suggested in table 4, and also to uncertainties about the inelastic 
and nonelastic reactions in carbon and oxygen. 
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The uncertainties in both mean TV values and cross-sections make it difficult 
to obtain absolute neutron doses to an accuracy of better than ± 10%. This 
conclusion has also been reached by Bewley (1972) on the basis of experimental 
measurements. It is hoped that the calculations presented here will enable the 
inaccuracies to be kept within these limits. 

The major part of this work was carried out as part of the domestic pro-
gramme of the Health Physics and Medical Division, AERE, Harwell. The 
later stages of the work were to some extent supported by the National 
Radiological Protection Board. 

RESUME  
Les valeurs calculees d'ionisation et do kerma dans les gaz irradies en neutrons 

Comma un aide pour une dosimetric neutronique exacte, on a calcule les valeurs moyennes 
de W, W, pour un melange gazeux equivalent au tissu (ethylene, acetylene at acide carbonique), 
aux 21 energies neutroniques diverses dans la gamme de 0,1 a 15,5 MeV. 

Ces calculations sont basses sur un rapport derive anterieurement pour la valeur moyenne do 
l'energie W (E), consommee pour la formation d'une paire d'ions par un ion lourd do masse M, 
nombre atomique Z at energie initiale E. Pour des energies au-dessous de 1,0 MeV par masse 
atomique unitaire, ce rapport a la forme 

TV (E) = Ws[1-035+ A(Z) (E1111)-n(z)] 
at pour des energies plus elevees 

W (E) = TV E (E — constant) 
oii 1Vg  est la valeur moyenne necessaire pour qu'un electron forme une paire d'ions. 

On donne les details de sections at de cinetique pour toutes les reactions possibles, provoquees 
par les neutrons dans les elements hydrogene, carbone, azote et oxygen. 

La kerma at l'energie consommes comma dispersion nucleaire elastiquo sont aussi evalues pour 
chaque energie neutronique, en se basant sur les spectres differentials de particules secondaires. 

ZUSAMMENFASSUNG 
Die berechneten Ionisierungs-und Kermawerte in den neutronenbestrahlten Gasen 

Als Hilfsmittel zur genauen Neutronendosimetrie sind die mittloren W-Werte, TV, fur ein 
gewebeaquivalentes Gasbemisch (Athylen, Azetylen, Kohlensaure) bei 21 verschiedenen Neutronen-
energiewerten im Bereich zwischen 0,1 und 15,5 MeV berechnet worden. 

Die Berechnungen beruhen auf einer friiher abgeleiteten Beziehung far den Mittelwert der 
Energie 1V(E), welcher bei der Bildung eines Iononpaares mit Hilfe eines schweren Ions von der 
Masse M, Atomzahl Z und Anfangsenergie E aufgewandt wird. Ftir Energiewerte unterhalb 
1,0 MeV per Atommassen-Einheit erhalt diese Beziehung die Form 

W (E) = Wp[1-035 A(Z) (E111.1)-niz ) ] 

und bei hoheren Energiewerten 
W (E) = TV p E I(E — constant) 

wo TVs  der mittlero Wert ist, welcher far die Bildung eines Iononpaares durch ein Electron 
benotigt wird. 

Die Einzelheiten der Querschnitte und der Kinetik samtlicher moglicher neutronenbedingter 
Reaktionen in den Elementen Wasserstoff, Kohlenstoff, Stickstoff und Sauerstoff warden 
angegeben. 

Es werden gleichfalls Kerma und die ale elastische Kernstreuung aufgewandte Energie bei jeder 
Neutronenenergie aus don differentiellen Sekundarteilchen-Spektra berechnet. 

Pemome 
Paviemme 3HageHHH H011113HLIHH H xepmm B o6npiammx nefrrpoaama ra3ax 

CpeiHHe 311a1elliffl W, 	PaCMITIABB.THICL, xax TIOMOIllb Aria TO,HIOri HerITPOHHOg A0314MeTpHH, 
JI TICHHe3KBHBalleHTHOn ra3orst311 cmeca, 3THJIelia, aueranem H yflleKHCII0TbI Iva 21 pa3H1,1X 

aaeprmax HerITPOHOB B amana3oae OT 0,1 BO 15,5 M3B. 
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PaCYCTEA OCHOBaHbI Ha paHmue nttnenetatom OTHOILICHHH /11151 cpeaHero 3Ha‘ICHHA 3HC13THH W(E), 
3arpagenHoft ripkt o6pa30HaHnH napm HOHOB TSDKCJIbIM HOHOM, HMel0IIIHM MaCCY M, aTOMHOC 
‘HIC.TIO Z H HaganbHyto 3Heprivo E. ARA 3HepTlIfl meHee 1,0 M3B Ha aromHylo 3AHHHUy maccm 3TO 
OTHODICHIle npmnimaer BHA 

W(E) = W41.035 + A(Z)(E/M)-"( z )  
a )1nH 6onee BbICOKIIX 3HeprHil 

W(E) = W ftEl(E— constant) 
me Wp HarlfieTC/1 cpentutm 3Ha'leHHeM, Tpe6yeMbIM ARA o6pa3oaaHHH 3J1eKTp0HOM napm HOHOB. 

Flpencrasnenm nozpo6Hocut 	H KHHeTHKH ecex BO3MO)KHMX pCaKLIHrf, Bbl3BaHHbIX 
HertrpoHamH, B 3I1CMeHTaX: Honopon, yrnepo.a, a3OT H KECJI0p0B. 

Kepma H 3Heprlin, am-panel-Irma icax ynpyroe HnepHoe paccenHile, Tax)ICe oueintHaturcn rum 
Kaautoti HeitrpoHHoil 3Heprim H3 nitcpcbepeHitHanmibrx CIICKTPOB BTOpligHbIX nacrHu. 
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