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Abstract

The induction of pink sectors in the otherwise blue staminal

hairs of Tradescantia occidentalis by 250 kXVp x-rays, cobalt~-60 gamma

radiation and monoenergetic neutrons with energies between 0.08 and

15 MeV 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 expectéd 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 rediations, but not necessarily
to low LET radiations. All the resultis 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 dala by either second or third degree polynomials.
Values for the relative biological effectiveness and oxjgen
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 prediclting the experimental results, although the two
hit theory is marginally better particularly when the possible effects
of snort 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 theoxy of dual vadiation
action of Kellerer and Rossi, 1972, which was only just being
developed when the experiments began. In particular it was
hoped to establish whether atcmic 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.

(v) 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

Pradescantia 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 resulls to be obtained

at low doces. It was hoped that, if methods of dosimetry and snalysis
b



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 fis;ion ionization chamber megsurements
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 reconeciling the
measured currents from the ionization chambers with those calculated
from the measurements of neutron spectra and fluence. In the firet
instance this required a study of the W values in gases for heavy ions.
Part of the motivation for this study was an initizl 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 resuit of this
aépect of the work (Dennis, 1969; Dennis, 197la; 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 calculalion 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 thaa had been congidered at

first.



Trom what could be understood about W values of heavy ions in
gases it was necessary to develop procedures for computing the mean
W 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, 1951, 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 (Demnis, 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 108 %o 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 Tinal step, the theory of radiation action put forward by

Kellerer and Rogssi (1972) vas chown to be a two hit theory which can be

Tormalated in terms that enable it to be contrasted with the two target



theory postulated by Neary (1965). The effects of short range tracks
and oxygen enhancement were expliéitly 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 complicabion, of course, was my responsibility for othex
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 dosimetry

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 resvlts and conclusions are drawn about the possibility
of distinguishing between them. Conclusions are also drawn about the
relative superiorities of the concepts of lineaxr energy transfer and

event size as descriptions of radiation quality.
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CHAPTER 2
TWO TARGET AND TWO HIT THEORIES

OF RADIATION ACTION



2.1 INTRODUCTION

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 vwhich 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
underiying 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 oxr 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 membrances (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 can 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 term "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 cf 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..

=
I

(1 - exp = D/D)",  ceverriiiiiiiiiianeaeean. (2.1)

Or E = a,an - aan+1 + a3Dn+2 - etCQ ® 0 08 00 0P 0000t (2.1&)

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

targets affected per unit dose.

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

case
E = 1- f1+2 41 (22+ ] D n-T fexp-D
- t . & 9 - '
) DO 21! D’.) im']i, DO DO
P - -)
- ~ T To-+1 o U2
ox Jil:b»]D "BZD +})3:D —e'tC. sees s s srescecano (2.2a)

where 1/DO ig the expected number of hits produced per unit dose.



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 (Weary, 1965; Powers, Lyman, Tobias,
1968; Kellerer and Rossi, 1972; Chadwick and Leenhouts, 1973). The
gquantity E is then the probability that a sife has been affected.

The mean number of sites affected in a cell containing N sites is NE.
The probability, K, that one or more sites in a cell has been affected

is given by the binomial expression
N ' E2 E3
K=1-(1-E)" = NI —N@FUE!+IKN4)@L@§!— oee (2.3)

If it is assumed, as is usual, that N is large and E small, the
Poissonian expression may be used, i.e.

NoE° or2
2'

K=1- exp(-NE) = NE - 37

LK B B B B I BN B ] (2.&)
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: ')’Dq - 'YDq+1 + Dq+3 - etC- o0 0000 000 (205)

1 2 T3

The exponents, but not the cocefficients, are identical with those of
equations 2.7a and 2.2a. In the 1limit of zero dose, the initial slope

of the dose-effect curve is

%% % = y1qu_1 Cecesenssasevenssecesesenncrsoree (2.65

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

2
K:'Y1D + YZD ® 20 s s e RO RCB SO CILOOIELNSISIAEGTOIEOIETSRBSDES (2.7)

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

positive. Tor high LET radiaticns, the form

K=71D S 6 0 8 6 ¢ 5 T S EA P AP G PO LS LS GRS TSSOSO EIOIN TS TOCES (2.8)



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 suxrvival 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 assumpiion 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.
2.2.17 The two target model

In the two target model it is postulated that the targets can be
converted inte 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/I)1 per unit dose, or through the action of
events produced by independent ionizing particles (inter-track) with
1/I)2 of such sub-lesions produced per unit dose by unassoclated events.
The correct mathematical expression for such a model must take into
account the probabilities thot, (a) an intra-track event may occur in
the targets, but nof 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
- -D -D 2 -D .
x,::é1(1nexp /D1) + 652(1—exp /D2) exp /I)1 ceeee (2.9)
where 651 represents the probability that two intra-track sub-lesions

will interact %o precduce a lesion, which develops to a biological end

point, and & ., represents the probability that two inter-track sub-
r

11



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 cccur in two targets that have been affected by inter-

track effects. If 61 and 62 are equal, 2.9 becomes

E = é£(1—exp_D/D1(1— (1—exp_D/D2)?j) ceeenrasenseese (2.92)

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
probabilities 1/D1 and 1/D2 are independent, and are not connected as
implied by Katz et al., 1971, Chadwick and Leenhouts, 1973 or
Widerde, 1974.

At low doses ecuation 2.9 takes the form

E:él D‘_ 61 - 62 D2+etC. ts s 0B e (2-9b)
D 2 2
1 2])1 5

2.2.2 The two hit model

The aiternative 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/I)2 species are produced per

unit dose. The eguation analogous to 2.9 is then

E = 621(1—exp_D/D1) + 62 E— (1+-]3]-)~) exp —3]2 ]exp—])/l)1

2 2
ceeeres (2.10)

In this expression éq represents the probability that a lesion produced
by intra~track action develops to a biological end point, and éfz the
probability, firstly, that species formed from independent events
combine to form lesions and, éecondly,'that lesions formed in this way

develop.



At low doses (2.10) becomes

4 3
E =é%l D - 512 - 22 D2 + ve.. ebce ooev.. (2.10a)
1 2D1 2D2

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 é1 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 saturatbed.
The factor ézais more obviously dose-rate dependent, since it
represents the efficiency with which independently formed sub-lesions ox
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 radigbion action,
it is convenient to discuss dependence on radiation quality in berms 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 ignofé the stochastic nature of energy loss and

deposition. This is very far from the truth.

2.3.17 General LET dependence

The probabilities 1/D1 and 1/D2 can be evaluated in terms of
linear energy transfer for both two target and two-hit models. For the

two target model it may be shown that (Weary, 1965; and Appendix I):
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In these equations

- a 1is 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 1is the probability that an event within a site causes
a sub-lesion

- () is the encrgy expended to form an event.

For the +two hit model the equivalent equations are (Appendix I1)

Ul—’-

' o
% 1 _exp (_ (2_:9‘:_[-)1}-) @ 0 ¢ 8 08 ¢ U P U & E OSSO BDS (2.128:)

. ' étg_ exp (- (%l‘-) crreenreeneaanene. (2.120)

In these equations

6'—*

A is the cross section of a site (,;257‘(112)

- h is the site radius

- G is the probability than an event gives rise to a reacting
Species 1

- P =() (% 2, 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 LLET values, then

the following approximations hold:

2,22 )
% = %-b-—zp‘é. L ® B % 65 B G E S U O LT ES PO PR EEE PSSR (2.11C)
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Irrespective of the model adopted the intra-track coefficient 1/D1 is
approximately prbportional 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

g E1a%%2 €2a%6%° 2
g 02
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and for the two hit model
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(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 2.9¢c and 2.10b-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 efficiemcies for the



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
2.1la and 2.11b become (Appendix I):

2 2
131 :wf%}? (%)% 1 - exp (— %i}‘j ceeeeneeess (2.118)
1 = 1 a {l1-exp (— BLE a2 —) 1-exp _ pLb °
: eeseees (2.11F)

In the two hit model the numbar of species produvced 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):

2/ \2
%1 - (_31!%) [1 - exp <_ (ﬂz%) 52"3) ] cevees (2.12e)
- 2kph (%) . exp/— (EELE) ° (E—} 2‘) cerereess (2.12F)
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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 mumber 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 Vﬁ the energy per ionizing

event, is independent of both particle type and energy may be incorrect.
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If{2is a variable it is most likely to produce a further reduction in

intra~-track effect for short tracks.
2.3.3 Bite 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 duval radiation aétion. 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, p, equations analogous to 2.12a and
2.12b can be derived (Appendix III) as

()

_ B
.]1.51 A PR (_ (%)) e (2.138)
1 Pzu 2\

_D.2= (-’i% exp | - —(1,— (2.13b)'

The definition of g "site event" adopted here differs frem 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.

. 22 .
E:f;—P—,{f— 22D + D° R -2 13

Vhen -there is a distribution of site event sizes, the z in 2.1L can be
replaced by the fundamental constaxﬁ;f% defined by Kellerer and Rossi
as the "energy mean of the increments of specific energy z produced by

single events"., I.EH.
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where f1(z) is the frequency of single site events of size z. However,
a quantity of more general interest, equivalent to :g * in Kellerer and

Rossi's treatment is:

1 zu) 2 z.f.(z)dz ///,z z)dz
O f b 7)o
2
= 1—exp(- (%) i‘,l(z %zf_l(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):

2
1 1 Pzu 2h
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In the application of the site event generalization in chapter 5,
the quantity z/@Q will be replaced by the quantity n, which is the
number of ionizations in each site event. The quantity {£ 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 vaiue of (J 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
measuared by the spherical proportional counters associated with the

theory of dual radiation action (Kellerer and Rossi, 1972).
2.4 OXYGEN ENHANCEMENT RATIO

The effeet of oxygen in modifying the sensitivity of biological
systens to radiation is well known, and gives rise to the necessity lo

account for this modification within the two target and two hit



- 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 é;'1 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 simvltaneously 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 2.1L. A furthér
consequence of a simple modificaticn 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, Zfb2;7, of the tissues relative to the sensitivity

in the fully oxygenated state can be expressed

pok+m /0,7 et teeinreneerenencrtnsanenes (2.17)
n(K + Z702;7)

-

I=5

Where m is the conventional oxygern enhancewent ratio for low LET

radiation and X is a constant. If Weary's suggestion is correct then



the dependence of oxygen enhancement ratio, o.e.r., on linear energy
transfer, 1, might reasonably be expected to be given by the formula
(Alper and Bryant, 197L).
m(C + f(L

OIelr. - C+mf\L »> @ 98 9 o0 0 0 80 ® 6 @ 8 0 8 ¢ % 50 e s (2.18)
Where C is a constant and f(L) is some function of LET. A plausible
form for f£(1) is

f(L) = Lx, 0 & O & P 8O B O PO N PSS G LA EE NSNS S (2.19)
where the exponent x is 1 or 2 depending upon vhether oxygen is formed
as a first or sscond 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 flexmeri. 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 egquations 2.17 and 2.18 that p, P and in
equations 2.11, 2.12 and 2.13 can be multiplied under conditions of

hypoxia by a quantity G, which has the form:

_ [ﬁg?i—ﬁég§):] e (2.20)

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

(!

n

strictly, it is incorrect to apply eguation 2.20 directly to track
segment data on oxygen enhancement ratios as has beeu 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 nulti-target or multi-bit processes. However extensions to encompass
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2 Degrees of
Data Set (L) ? C X Freedomn P
Barendsen et al. 1967 L 3.47 + 0.95 | 50.6 + 22.2 | 28.7 6 < 0.001L
12 | 2.67 + 0.22 | 6485 + 2942 | 11.) 6 0.078
Neary and Savage, 1966 L 13.5 + 26,0 | 27.9 + 15.5 | 9.13 3 0.028
(particles) ) - - -
L 4.09 + 0.67 | 1076 + LO9 3.11 3 0.375
eaxy, Preston and Savage, 1967 L 2.48 + 0.24 177 + 1.6L | 4.80 3 0.187
(photons) 5 -
L 2.49 + 0.17 | 3187 + 2252 | 3.53 3 0.318
Neary and Savage, 1966 L 2.92 + 0.43 | 79.7 + L1.L 1.6 8 < 0.001
Neary, Preston and Savage, 1967 5 -
(particles and photons L 2.79 + 0.2, { 2038 + 965 23.4 8 0.003
combined) -

Table 2.1 Constants obtained by fitting the formula o.e.r. = mCC++ﬁ§ i to data for the

dependence of o.e.r. on LET.




such processes would lecad to a greater proliferation of parameters than
already required, and would be unprofitable without a better undexr-

standing of the underlying chemical and biological processes,

As pointed out in section 2.2.4, dose effect relationships over a
wide rénge 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 n

where 1/(D1)n is the intra-track coefficient for the 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 = A_1 I-‘I - exp (- L_n) ] cereesneeens (2.21)

Ln . L1

where L1 = é% , and A1 is a normalization constant. For the two hit

model the equivalent equation is:

(l‘.b.e) = A2 r1 - e - (Ln) 696 06uso0 s (2-22)
I I,
n L 2 J
where L2 = é%% . Tor the generalization in terms of site and ionization
events

£

/ 2
(I.b.e)m = _A-i 1 - CXP( - '{'TL_ \ ¢S s 00000800 (2.23)
; v\ }.J
h 1
where n3 = P}J.

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

analysis in chaptexr 5.
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CHAPTER 3

DOSIMETRY



3.1 ZINTRODUCTION

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 meacsurements of
absorbed dose. At the neutron dose-rates available it was hardly
possible to make direct measureménts of absorbed dose and the more
usual indirect procedure was adopted of measuring the ionization in

different gases.
3.2 GENERAL ARRANGEMENTS FOR DOSTMETRY

The experimental arrangement for the plant irradiations was that

gix 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-equivalent plastic box.
Tonization chamber and fission chamber measurements were made under the

same conditions as the spectrometry.
3.3. X- AND GAMMA-RAY DOSIMETRY
3.3.17 Sources

The inherent filtration of the eguipment 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_l in Tradescantia

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

distance 35 cm from the filter under the above conditions.

For the gamma-1ray exposures a cobalt-60 source was used which

[s)

I S : . .
gave a dose-rate of about 2 rad min & in the tissue-equivalenl box at
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a distance of T2 cm.
3.3.2 Spectrometry

A system of x-ray spectrometry was developzd 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 29 in terms of éhoton 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 1lithium 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- énd

gamma~radiation by the N.P.L.
3.3.4 TUncertainties

The identified uncertainties for the x- and gamma-dosimetiry may
be summarized as a coefficient of variation 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
uncexrtainty 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 + T% due to the combination of

inverse square and attenuation affects.
3.3.5 Derivation of absorbed doses

The iean exposure value for the irradiation of the plant

inflorescences was taken as the mean value of that derived from the
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1ithium fluoride dosemeters on the front and back inside surches 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 cm® g_l for 195 keV x-rays and 0.0293 cm? g—l
for 1.25 MeV gamma-rays. Using a value of 0.0268'cm2 g_l 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 ard

0.950 rad per roentgen for 1.25 MeV gamma-rays.
3.y NEUTRCH 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 1L.7 MeV, which is of
interest because of the easy availability of neutrons with this enecrgy
from low voltage accelerators; and 0.417 MeV, which was intended to be
0.4y 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 cnergies of 0.216 MeV and 0.67kL MeV.
3.;.2 Spectrometry

Yor the neutron spectra with mean energies of 5.06 MeV and

1.7 MeV the spectremetry was based on measurcments with silicon semi-



ac

Mean Heutron Bombarding Approximate
Energy Reaction Used Energy Beam Current Target Details
eV MeV yamp
1h.7 3H(d,n)uHe 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 2.4L0 22 Tritium in titanium, water cooled.
0.674 7Li(p,n)YBe 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)YBe 2.03 30 Lithium metal, copper backed, air cooled.
0.0832 7Li(p,n)YBe 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 anglysing
the pulse height spectra due to the 29Si(n,oc)26Mg and the 288i(n,oc)25Mg
reactions in silicon (Marcazzan, Marzari, Tonolini, 1962). At 1L.7 MeV
the spectrum was also obtained from an analysis of the pulse height
distribution produced in the detector by reéoiling protons from a thin

£ilm of polythene placed in front of the detector.

The neutron spectra of mean energies 1.56, 0.67L, 0.417 and 0.215
MeV were measured with a helium-3 proportional counter (Texas Nuclear
Corp., Type 9300). The épectrum 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 delector, cannot
be evaluated. However, these scattered neutrons can be measured'by

using uraniﬁm—235 fission chambers as described below (section 3.L4.3).

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 7Li(p,n)7Be
reaction due to energy loss within the target. The spectrum in
consequence contained neutrons with energies dow Lo a few keV and the
resolution of the helium-3 proportional counter (4730 keV) was

LR e T 3 4- . ~ b ] ~ A T N £ 3
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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 calcuiated 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 0.08L9 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 1s possible that this was due to contamination of the

surface of thewé‘ ,Einmym/itf %am/ Tye? eas ,for /i%a/ éu
e T SRR B S i et

In the 0.L17 MeV experiment the neutron spectrum was monitored
continuously during the plant irradiations at a position at 90o to the
accelerator beam, (the plants were exposed at OO). 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

0.4l MeVv scaftering resonance of oxygen-1i6.
3.4.3 TFission chamber measurements

In order to obtain an accurate measurement of the neutron fluence
at the positidn of the plant inflorescences a small uranium-235 fission
chamber was employed. The mezsurements 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 tlock placed in a convenient position relative

to the neutron producing target and the plant irradiation container.

The fission chamber was 6 ma 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 Countex" (Alien 1960), which had in turn been calibrated
against o phote-neuiron source and a proton recoil counter (Marin 1959,

A.G. Ferpnson, private communication). The effective mass so determined
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was 2.12 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 1g 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, 1972&), but
briefly the neutron Spec%rum is considered to consist of three |
components; the primary fluence, the secondary scattered fluence and a
thermal fluence. The sccondary scattered spectrum is assumed to be a
typical neutron siowing 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 3ZS(n,p)BzP reaction at primary meutron
energies of 14.7 and 5.06 MeV. The calibration of this system has
been described by Boot and Dennis, 1965. The croéérsection for the

reaction is not well established at 5.0 MeV.
3.h.ly Tonization chamber measurements

TIonization chamber measurements were made with two types of
ionization chamber (Demnnis, 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 chamﬁers 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 carben dioxide with the graphite chamber.

Corrections to the measured charges were made for pressure,

temperature and recombination. Itecombination was studied in a

v
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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 QO, by an expression of the type
1 .

+ B =+ higher teras, cassssescessane (3.1)
Ve

where « and B are constants for the experimental conditions. A least
square fitting procedure was employed with this expression to obtain
1/QO 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

3

about 5 cm”.
3.4.5 Comparison of fissicn and ionization chamber results

The parameters cof the neutron spectra derived from the
spectrometer and fission chamber measurements are given in table 3.2.
The comparatively high cffective temperature of the thermal fluence
may either be due to the not unlikely possibility of a strong 1/V
absorbtion of neutrons in the neightourhood 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, 19€60. Thesze courrcctions varied from L to 8% for the fission
chamber, about 24 for the Cl-plaztic chamber, and up to 12% for the

graphite chamber.
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Primary Spectrum

Mean Energy

R.M.S. Deviation

Total Spectrum Fractions

Primary

Secondary

Effective Temp.
of Thermal Fluence

MeV MeV Fluence | Fluence (1/E) Thermal ‘¢
1.7 0.220 0.951 0.046 0.023 138
5.06 0.164 0.988 0.010 0.0017 136
1.56 0.0L46 0.95) 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
- 0.08L9 0.0494 0.882 0.116 0.001L 125
Table 3.2. Spectrum parameters for plant irradiations derived from spectrometer and

fission chamber measurements.




/
%ﬁ{é“é/ﬁh‘%&c-é/

Given two‘ionlzation chambers exposed in the same mixed radiation
field composed of a fluence ¢ of neutrons and an exposure ¢ of gamma
radiation, in which ionization densities of Q4 and q, are observed,

then:

fn, + €e

44
cereeecenesasness (3.2)

9 gn, + €8

These two simultaneous equations containing the ionization densities
generated per unit fluence, n, and Ny, and the ionization densities
generated per unit exposure, 8, and 855 MAY be solved for the fluence

and exposure values,

The calculation and nuclear data used to obtain n, and n, 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.

Values of n, and n, are given in table 3.3. The respective values for

2
g4 and g, vere taken as 2.261.1012 and 1.6&9.1012 ion pairs g—l per
roentgen. Table 3.3 also gives the experimental values uncorrected for

any ionization due to associgted 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 detecfor measurements of fluence as well as some lithium
fluoride thermoluminescent and film dosemeter measurements of exposure.
The latter are uncorrected for any neutren sensitivity that the

materials may exhibit.

The negative exposure values in table 3.l are obviously impossible,

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

neutron radiation was negligible,
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Tonization Densities pexr Unit Fluence

Vean Newtron Computed Measured
Energy
M=V . .
Acetylene Carbon Dioxide Acetylene Carbon Dioxide
. . -1 W . \ -1 W ion pairs gram ion pairs gra.m_1
ion pairs gram o7 ion pairs gram oV
0.7 1.349. 104 26.9 | L.398. 1035123 35.3 1.374. 10% 3.206. 10°
3.565. 10 35.4
5.06 8.370. 10° 27.3 | 1.211. 1035123 36.4 8.518. 10° .8.285. 10°
9.421. 107 36.4 ~
1.56 . 68L. 107 29.2 | 3.720. 10° 1.7 71, 103 3.236. 10°
0.67L 3.071. 107 30.0 | 1.768. 10° L7.4 3.061. 107 1.773. 10°
0.117 2.398. 103 30.L | 2.699. 10° 52.1 2.263. 107 2.512. 103
0.216 1.596. 103 30.6 | 6.978. 10’ 58.4 1.015. 103 8.485. 10°
0.0832 7.768. 10° 30.9 | 2.094. 10 72.1 7.862. 10° 5.311. 10
(1) A1l reactions in carbon (2) A1l 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.
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Mean Neutron Total Primary Ionization Chamber Exposure from
Fner plus Secondary Measurements Film or TLD
ME;5V Fluence (1) Dosemeter

5 ' Fluence Exposure
n cm n cm-2 roentgen roentgen
1.7 h62. 103 | 5.83. 1o§§2§ - 0.65 .
(4.32. 10°) 5.05. 10°%3/ | - 0.19
5.06 1.12. 108 1.56. 1ogE§§ - 0.143 -
(1.26. 1¢7) 1.48. 10 - 0.13 '
1.56 9.60. 108 8.70. 108 - 0.031 0.032
0.67L 1.70. 100 1.43. 10° 0.022 |
0.417 T.71. 108 T.27. 108 - 0.013 0.030
0.216 1.27. 100 0.76. 10° - 0.035
0.0832 1.88. 10° 1.87. 10° 0.039

(1) TFluence 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 106 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
statistica. 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.L.6 Derivation of absorbed doses in Tradescantiz

The results summarized in table 3.l suggest that ai the highest
neutron energies there may well be errors connected with <he
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 0.106 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 bhest
estimates of ionization density, although it couléd be that the fission
chamber underestimated the fluence by about 5%6. When the measured .
ionization density in acetylene exceeded the value computed from the
fluence measurement, it was decided to ascribe the excéss to the

assoclated 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 io be
obtained and also the fraction of the absorbed dose due to quasi-
elastic nuclear scatiering (Dennis, 1973). This data is reproduced
in table 3.5 together with an estimate of the iorization produced in

the tissue relative to that which would be produced by the same
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Mean Neutron | Fractions of neutron absorbed dose due to: Tonization

Energy Relative to

MeV Hydrogen | Carbon | Oxygen | Nuclear Scattering | X-radiation
1L.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 0.06L 0.017 0.89
0.674 0.945 0.007 0. 048 0.023 0.87
0.417 0.865 0.006 0.128 C.060 0.83
0.216 0.949 0.006 0.0L5 0.035 0.86
0.0832 0.963 0.005 0.032 0.0L5 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 1.7 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 elsevhere (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 caloulation 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 AFRE library of computer
subroutines (Hopper, 1973). The method requires the first
and second derivatives of the ritted functions to be
continuous. The required first derivative is supplied

from the computer program).

(@) The calculation of *he site event size spectrum. This
consisted of two parts. Im 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 ncutron. reactions within the volume. In

Iy



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 W-values for other ions were
allowed to alter as described by ﬁennis, 1973, for
gases). The distribution of possible path lengths in
the spherical volume is allowed for, as is the fact that
some particleé 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 1L.7 MeV are displayed in
figures 3.4 to 3.8. The LET spectfa are plotted with the stopping
power of Tradescantia tissue in units of MeV cm2 gram—l 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_l corresponds to

1 keV pm t.

The sharp edges in the LET spectra occur at maxima and minima in
the dependence of stopping power on ion energy, vhere reciprocal of
the first derivative become infinite. The most prominent edge in all
the spectra occurs at 981 MeV cm2 gram—l 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—l, 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 1.7 MeV other particles contribute
significantly to the LET spectra. Alpha particles provids an edge at
2390 MeV cm? gram_l (alpha energy 630 keV), which falls between the two
oxygen ion edges. At 1L.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 1Ll MeV cm2 gram-l, corresponding to the stopping
power for 100 eV protons; at higher energies the stopping powar is

Jover 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 eveats 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 tc the volume diameter. There is an interesting difference
between the event size distributions for the two volumes at the neutron
energy of 0.417 MeV. 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 L,
SOMATIC ABERRATIONS IN THE STAMINATL HATRS OF

TRADESCANTTA OCCIDENTALIS
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Ly.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.

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

provide good statistics.

(¢) Various factors affecting the radiation sensitivity

have been studied and reported in the literature.

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

sScoxe.

(e) The experimental period required to obtain results

is quite short.

The system has been described in considerable detall by Mericle
and Mericie (1967a, 1967b), Nayar and Sparrow (1967), and by Ichiwaka,
Spérrow 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 uncergo
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 cclls of the bottem hairs. It should be

clear from this descripiion that the bhalirs of developing flowers
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contain a complex end 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

gix 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 haifs. The production of these sectors by exposure
to lonizing .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, 197la, Underbrink et al., 1971b, Underbrink, Sparrow and
Sparrow, 197lc, Sparrow, Underbrink and Rossi, 1972, Underbrink and
Sparrow, 197h), and has been used as a paradigm for physical theories

of relative biological effectiveness (Kellerer and Rossi, 1972).

The s%udy described here was concerned only with the appearance
of pink cells in the hairs of otherwise normal flowers at low doses of
radiation, BSome features of the observed response have not previously

been described in the literature.
L,.2 METHODS OF CULTURE, IRRADIATION AND SCORING
L.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 continucus light intensity of 500 ft. candles and
conctant temperature of 20 + O.SOC. 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, 197L, who employed a light intensity of 1650 ft. candles for
an 18 hour day, with a temperature of 20°¢ during the day and 17.800

al 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.
L.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—equivaleht 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

was 4O cu.ft. min~L

, and the pressure in the contalner was about
0.75 1b inch™® 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 fhe values for the relative biological effeétiveness
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 airxr"
and "in nitrogen" conditions may have influenced the oxygen

enhiancement ratios.
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};.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, 197la, 1971b, 197lc; 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 multipie sectors are associated in gencral with a |
single mutating event and do not represent independent mutations.
Overall about 60,000 to 70,000 hai;s were scored‘for each dose level.

At the end of each experiment the mean values (Ei) of the
observed mutated hairs per flower obtained each day for flowers
emerging on days 8 to 15 inclusive were summed, i.e.

pl
i=28

m.
1

E«ﬂ

'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 (Ei) relative to the summed means (M) combined
for all the experiments are shown in figure li.1. There was no
statistically significant difference between the experiments in this
respect. The daily variation is similar to that cobtained by Nayar and

Sparrow, 1957, and also by Ichiwaka, Sparrow and Thompson, 1969,
L.3 STATISTICAL FBATURES OF THE RESULTS

The occurrence of mutated hairs in the flowers might be expected
to obey Poissonian statisties. This expectation could be incorrect for

several reasons.

At high doses of any type of radiation all possible cells
availablelfor mutation will be mutated, i.e. a saturation effect, this
will result in a smaller standard deviation than expected. At low
doses of radiatiéns 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

1.1 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 L.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.

L.L, PATTERN OF MUTATION APPEARANCE

The Mericles (l967b) have observed an unexpected correlation of
observed mutations within hairs, but not within flowers, both in
unirradiated rlants and in those chronically cxposed 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
obsevrvations 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 postulaté the
existance of mitctic 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

60



Table 4.1,

the combined results of different

Results of chi-squared test applied to

irradiations at various levels of

effect.

Level of Effect | Chi-squared D‘}feeee;om"f P
0<MK5 2791.0 2819 0.6l
5<ML 10 3L41.3 3429 0.4l

10 <M 20 3806.4 3930 0.92
20 <M 30 3676.7 3679 0.51
30 <M Lo 1851.8 1765 0.07
4O < MK 60 2298.2 1574 0.001
M > 60 3L406.1 2831 0.001




Table L4.2.

the effect level of 10 < M 20

accbrding to radiation quality.

Results of chi-squared test applied at

Radiation Chi-squared Degeeee;o;f P
250 kVp X-rays 1,98.6 Lok 0. Ll
606 0-gamma 3323 313 c.22
0.085 MeV neutrons 669.9 680 0.99
0.216 MeV neutrons 574.9 605 0.95
0.417 MeV neutrons 199.3 241 0.83
0.674 MeV neutrons 419.1 Li6 0.94
1.56 MeV neutrons 312.14 349 0.90
5.06 MeV neutrons L97.5 501 0.99
14.7 MeV neutrons 302.4 301 0.47
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private commmicalion has suggested that interarm chromosome inter-
changes Jleading to a breakage-fusion-bridge cydle 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

observaticns.

In order to obtain some information on these effects a limited
investigation was carried out on plants exposed to 0.085 MeV, 0.67L 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.
a single pink sector in a hair with blue
cells at the distal end.

more than one sector of pink cells in the
hair.

all cells in the hair mutated to pink.

(ii) Proximal

(iii) Multi

(iv) Filament

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 gqualities 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 L.3. Perhaps because of the methods of scoring and
presentation, these results appear not to support those of the
Mericles., The relétive 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
0.67L MeV neutrons was just significant at the 5% level, but for no

other radiation qualities.

Based on the observed frequency of mitotic division by Ichiwala
and Sparrow, 1967, it 1s possible to deduce that on average slightly

more than two cells may wndergo mitotic division in a developing halwr
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Level of Effect Distal Proximal Multi Filament
0< Mg 10 0.36 + 0.1 | 0.59 + 0.22 | 0.016 + 0.03L4 | 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 + 0.0 | 0.62 + 0.05 | 0.081 + 0.015 0'003.i 0.004
M > 60 0.27 + 0.03 | 0.62 + 0.06 | 0.105 + 0.016 | 0.003 + 0.00?

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

scoring by level of effect above background.




(> L 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 O.3P2
(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 2
0.5 (O_'£2P_+I_’_) — 0.325]?

For a given mutation level, M, the mean number of sectors per
flower on the eleventh day is 0.16M from figure L.l. Since there are
300 developing hairs in the flower at the time of irradiation, the

value of P is
2.7.10-2“M,

and the expccted relative frequency of multi-sectors 8.7.1C

21,

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

This

table 4.3, and is a factor of 10° 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 experimenis described here, and may depend on radiatiéon quality.

.5 Dosz effect relationships

aing a computer program (Edwards nd Dennis, 1973), the data for
each set of cxposure conditions and rediation quality was fitted by

polynomials of degree 1 to L minimizing the weighted sums of the

ON
(oY



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 backzround mutation rate from the polynomial
fit should be close to the observed value.

(¢) The error estimates for the coefficients of the polyhomial
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 lknown 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 L.k, coefficients derived from linear fits 1o the data are given
in table 4.5. Both data and preferred fits are illustrated in figures
L.3 to L4.11. " 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 dosc-rate of 250 kVp x-rayc wac rcduccd to onc third and

one tenth, i.e. 0.5 and 0.2 rad min~! instead of 1.5 rad min—l, to
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Coefficients
Degree of Degree of
Experiment Polynomial o 0‘1 ! 0(2 rag=2 d3 rad3 X_‘z Freedom P

250 kVp X-ray

in air 2 2:31 + 0.35 | 0.966 + 0.09 0.0137 + 0.0029 - 3.46 2 0.18

in nitrogen 2 5.09 ¥ 0.39 | 0.38L ¥ 0.050| (1.54 + I.13)1073 - | 2.10 3 0.55
60uo gamna, :

in air 2 .69 + 0.35 | 1.056 + 0.078 0.0113 + 0.0016 - 3.72 3 0.29

in nitrogen 2 7.16 ¥ 0.69 | 0.310 ¥ 0.071] (2.09 + 1.15)10-3 - L.66 3 0.20
0.085 MeV neutrons

in air 2 2.24 + 0,20 38.1 + L.0 - 31.6 + 11.8 17.4 + 8.6 1.39 2 0.50

in nitrogen 2 L.43 + 0.4o | 17.0 + 2.8 3.38 + 2.86 - L.35 3 0.23
0.216 MeV neutrons

in air 2 2.18 + 0.14 | 18.35 + 0.78 - 1.10 + 0.62 0.6 3 0.89

in nitrogen 2 L.69 + 0.77 9.8L + 3.17 2.37 + 2.28 6.35 3 0.10
0.417 MeV neutrons

in air 3 1.81 + 0.45 | 34.6 + 4.5 - 15.8 + 7.4 5.61 + 2.84 3.81 2 0.15

in nitrogen 2 3.7% + 0,68 | B8.89 + 2.08 1.47 + 1.01 - 8.70 3 0.03
0.67L MeV neutrons ’

in air 2 1.81 + 0.25 | 31.8 + 1.2 - 2.97 + 0.52 - 3.85 3 0.28

in nitrogen 3 5.63 + 0.32 | 25.3 + 1.9 - 8.70 + 2.13 2.35 + 0.56 1.14 2 0.57
1.56 MeV ncutrons .

in air 3 2.49 + 0.49 | 28.1 + 2.6 - 1,.67 + 1.63 0.76 + 0.33 | L.91 2 0.09

in nitrogen 3 L.65 + 0.46 | 17.3 + 1.7 -2.34 + 1.12 0.38 + 0 19 2.17 2 0.34
5.06 MeV neutrons

in air 3 1.79 + 0.23 | 16.7 + 1.0 - 2,00 + C.47 0.217 + 0.050 | 1.6} 2 0.44

in nitrogen 2 5.65 % 0.65 | 8.16 F0.81 | - 0,326 ¥ 0.139 .= 6.98 2 0.07
14.7 MeV neutrons

in air 3 1.82 + 0.13 12,06 + 0.49 | -~ 0.659 + 0.186 0.046 + 0.015 | 0.61 2 0.74

in nitrogen 3 5.96 + 0.60 9.09 + 1.20 | - 0.641 + 0.336 0.038 + 0.022 5.51 2 0.06
Table L.l Computed coefficients for preferred "best fit" polynomials to mutation data. (M =X +& D +0C2D2 +0(3D3 ete.)




Table 4.5. Computed coefficients for linear fits to mutation date (M =X+ dl D)

_69_

. Measured 2 Degrees of
Experiment Background do "{1 rad'1 X Freedom P

250 kVp X-ray

in air 2.38 + 0.27 | 1.80 + 0.97 | 1.38  0.12 | L3.4 3 ¢ 0.001

in nitrogen | 4.97 % 0.50 | L.BL + 0.38 | 0.LL9 + 0.018 3.h2 N 0.19
6000 gamma

in air 2.7 +0.32 | 1.97 + 1.24 | 1.58 + 0.11 ] 6B.L L £ 0.001

in nitrogen 7.70 + 0.64 | 647 + 0.72 | 0.433 + 0.027 9.73 L 0.05
0.085 MeV neutrons ’

in air 2.19 + 0.25 | 2.64 +0.39 | 24.5 + 1.3 13,1 L 0.11

in nitrogen | 4.39 ¥ 0.36 | 4.19 + 0.35 | 19.9 + 0.9 6.37 L 0.13
0.216 MeV neutrons

in air 2,23 + 0.33 | 2.29 + 0.16 16.9 + 0.34 1.3 L 0.86

in nitrogen | L.73 + 0.63 | 4.20 + 0.62 | 13.0 + 1.0 8.6l N 0.07
0.117 MeV neutrons

in air 1.88 + 0.33 | 2.13 + 0.54 2h.7 + 1.1 13.0 b 0.01

in nitrogen 3.52 + 0.h2 | 3.29 + 0.69 11.8 + 0.8 14.9 L 0.05%
0.674 MeV neutrons

in air 1.76 + 0,22 | 2.02 + 0.71 25.0 + 1.2 h6.1 N < 0,001

in nitrogen 5.62 + 0.43 | 5.94 + 0.78 18.4 + 0.7 10.9 L 0.03
1.56 MeV neutrons

in air 2.49 + 0.32 | 2.82 + 0.67 21,6 + 0.7 20.14 N < 0,001

in nitrogen | L.75 + O.LL4 | 5.33 + 0.64 | 12.8 + 0.4 11.6 N 0.02
5.06 MeV neutrons '

in air 1.79 + 0.26 | 1.92 + 0.0 | 13.1 + 0.4 16.8 N 0.002

in nitrogen | 5.92 + 0.45 | 6.26 + 0.87 | 6.34 +0.36 | 19. L < 0.001
14.7 MeV neutrons

in air 1.84 + C.13 | 1.96 £ 0.30 | 10.0 + 0.2 6.73 L 0.15

in nitrogen 5.96 + 0.37 | 6.33 + 0.72 6.65 + 0.25 17.5 L 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 minfl. However, this result is not inconsistent
at these dose levels with the observations of Underbrink and Sparrow,
197L, who were able to show dose-rate effects for larger doses, longer

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

l,.6 RELATTVE BIOLOGICAL EFFECTIVENESS, OXYGEN ENHANCEMENT RATIO AND
SENSITIVITY '

It iz 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 5.37.10_hM. For unirradiated plants "in air" for which there is no
variation from day to day in the average score the mutations per hair

is given by u.17.1o"L‘M.

"Best fit" polynomials were computed for the 250 kVp x-ray and
0.h3 MeV 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 L.6 in comparison with the converted
values from table L.lj. In the case of the neutron data, there is a
difference in desimetry. Sparrow et al. used a tissue equivalent
proportional counter to measure the doses and took a value of 1.05 fér
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 10.24. In this paper the relative
ionization was taken as 1.196 and the provortion of hydrogen in the
tissue as 10.5% (Section 3.3.5 and Table 3.5). The linear coefficient,
o of the polynomial fit to the data of Sparrow et al. should be
divided, therefore, by 1.17 and the quadratic coefficient, Cos by 1.38
to place the dosimetry on the same basis. After these corrections, it

is clear that the constant terms, representing the background

0
effect and the linear coefficients are in complete agreement. -However,
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Coefficients
Reference Experiment o, fa'd }1 (o 4 2_2 & 23 2 Defg‘; eeedsou;)f P
rad rad rad
l Sparro: . 250 kVp X ray (7.08 + o.31)1o'LL (4.97 + o.Lﬂ)lo'h (2.06 + 0.21)10'S - 19.9 8 0.01
st al.
This paper 250 kVp X ray (9.62 1.1;6)10‘1L (5.19 + 0.51)10'LL (0.7h + o.16)1o‘S - 3.5 2 0.18
Sparrog . 0.43 MeV neutrons |(8.01 + 0.68)10‘1L (2.19 + o.15)1o‘2 (5.10 + 1.5u)1o‘3 - 4.0 N 0.41
et al.
This paper | 0.117 MeV newtzons |(7.5l + 18701074 [(1.86 + 0.2)1072 | ~(8.25 + 3.87)1077 | (2.83 + 1.143)1070 | 3.8 3 0.15
Table 4.6 Computed coefficients for '"best fit polynomimls 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 muwlti-sector scores from the data of this paper, but
mayAbe due also to the different methods of culture and conditions of
irradiation, as the Mericles, 1967b, have shéwn 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. Bither 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
(Eﬁksson, 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 biclogical
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)
sﬁpport the suggestion that the éurvilinear 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 neutrcns.

If this is true, the absolute r.b.e. values for neutrons derivzd by
comparison with the x-ray response may not be entirvely 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 arc 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 um diameter. The nucleaxr 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 eguivalent 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 L.7, and those from linear
fits in table L;.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 W
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, 197L.
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Underbrink and

Experiment E?;?f? Iog?g?Z%on Sparrow O.€.Tr.
r.b.e.
250 kVp x-ray 1.0 1.0 1.0 2.52 + 0.1
R ——— 1.09 + 0.13 - - 3.41 + 0.82
0.085 MeV neutrons | 39.L + 5.7 | L6.0 + 6.7 (18.2) 2.2l + 0.L3
0.216 MeV neutrons | 19.0 + 2.0 | 22.2 + 2.3 26.3 1.87 310.61
0.L417 MeV neutrons | 35.9 + 5.9 | 43.2 + 7.1 L7.6 3.89 + 1.04
0.67l4 MeV neutrons | 32.9 + 3.5 | 38.0 + L.O 31.3 1.36 + 0.08
1.56 MeV neutrons ; 29.C + 3.9 32.9 + L.L (16.9) 1.70 + 0.08
5.06 MeV neutrons | 17.3 + 2.0 | 18.3+ 2.1 (1L.0) 2.05 + 0.20
1L4.7 MeV neutrons | 12.5 + 1.3 | 13.0 + 1.3 (10.0) 1.51 + 0.06

Bracketed values obtained by interpolation.

Table L.7 Limiting r.b.e. and o.e.r. values from "best fit" polynomials.




Table 1;.8.

Limiting r.b.e. and o.e.r. values from linear fits to

data.
Neutron ' . . Underbrink and
Energy Engrgy Io§1§a210n Sparrow c.e.,r
MeV T e r.b.e.
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 L7.6 2.09 + 0.18
0.67L 25.9 + 2.8 29.7 + 3.2 31.3 1.36 + 0.08
1.56 22.ly + 2.3 | 25.2 + 2.6 (16.9) 1.69 + 0.08
5.06 13.6 + 1.4 1.3 + 1.5 (14.0) 2.07 + 0.13
1L.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 BOC, 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 neubrons is dependent on the
exact neutron spectrum about which there is some doubt, and could be
decreased by about 208, if the theoretical spectrum rather than the

measured spectrum were assumed (Chapter 3).

The neutron doses have been derived from fission chamber
megsurements. 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, %herefore, 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 TUnderbrink and Sparrow, 197k.

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 sbout the o.e.r. values (section L.2.2).

Finally, it is interesting to note that a comparison of the
coefficients of the "best £ith polynomials with those obtained
chromosome aberrabions in cultured human lymphocytes (Iloyd, 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 10740 4+ 6.2 10°%0? in a dose-rate of 6000 rad hr ' and the
yield of aberrations per staminal hair cell 6f Tradescantia occidentalis
is M = 2.6 104D + 3.7 107502

x-radiation. This suggests that the apparently high sensitivity of the

in a dose rate of 100 rads hr ' of
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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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. 1In 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 TERMS OF LET

The calculation of the +theoretical limiting r.b.e. values in

terms of LET consisted in evaluating the integral

(z.bee.) =jf1 ‘1 - exp -(L) ] 2 @@/f@.@ e (5.1)
A L, a dL

for the two target model, and the integral -

r(r.b.e.)m = fg [l - exXp - {_L_ )2] 4D, dl (@dl: «..(5.2)
. L \L2 | dL‘// ‘JdL

for the two hit model. The corresponding o.e.r. values are given by

the expressicns:

[i—exp— Q_}lﬂ\]z an.dk cresessesas(B5.3)°
N 1 dL

and

2] d__'Q.dL .‘..........(S°Ll)

88



Both of these at low LET values yield:

2
ooz, = L - nlex17) veeeenead(5.5)

q2 C + mL2
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 constapfs A1, 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 resuits to the choice
of values. One set of values was obtained from the studies by Neary
(Neaxy 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 um_1. The optimum values of the constants were then
deternined 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 equations 5.3, 5.l and 5.5 do not differ markedly
over the range of LET values from 1 to 1000 keV pm_1, age is
deménstrated 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 impairment of the proliferative capacity of human cells

made by Barendsen et al., 1966. The corresponding value of L, was

2
derived as L56 keV pm_1 by specifying that both models should give the
same r.b.e. values at 1 keV pm_1 and 50 keV um_1. The former value

corresponding approximately to the dose average LET for 250 kVp x-rays

and the latier to the dose average LET for neutron radiations. The
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Derived Parameters

Degrees

LET Dependence N Lo » X of Freedom P
KeV pm

Two Target Model

A 2 ly

T [l-exp ] (1.75 + 0.83).10 136 + 36 0.39 -2 0.14
Of «

Two Hit Model

A 2

I [l—exp%) (5.48 + 0.67).103 78.8 + 5.4 | 0.92 2 0.63
o .

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.
m=2.79 C = 2039 m = 2.67 C = 6L85
keVL Ep,Tm_1 . Two TV-JO 1 / Two Tv.:o 1 /
affet, H;t q2 Ta;iet %E: q2
1 2.77 2.77 | 2.79 2.70 2.70 | 2.67
2 2.76 | 2.68 | 2.78 | 2.68 | 2.60 | 2.67
5 2.65 2,68 1 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 2.4 2.1 | 2.43
50 1.34 .34 | 1.1 1.84 1.74 | 1.82
100 1.09 1.06 | 1.12 1.29 1.2 | 1.33
200 1.01 1.00 | 1.03 1.09 1.02 1.16_
500 1.00 1.00 | 1.0C 1.01 1.60  1.02
1600 1.00 1.00 | 1.00 1.00 1.00 | 1.00
I Based on Tradescantea bracteata data
' Ly = 136 keV wn"1
L, = 78.8 keV pm_1
IT Based on human cell data
L, = L56 keV pn”'
L, = 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 A, and A, (equations 5.1 and 5.2). This
energy was chosen as the point of normalization because short track
effects are not important at thié energy and the calculated LET and
event gsize 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.l; has been inserted the value obtained by basing the dosimetry
on the ionization chamber rather than the fission chamber results

(Section 3.L4.5).
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 = _A_3_ [ l-exp - (g )2] n.f(n)dan
n ny

n £ (n) dn cieerees (5.6)

where f(n) is the differential frequency of event size n. The value

of n, is related to L, in equation 5.2 and to the site diameter T by a

3 2

formula based on that given by Kellerer and Rossi, 1972, ie.

n, =22, 107 .9 . 2. T ion pairs  seeeeeenerrenes (5.7)

ot . 9 2 ..
The averaging factors 7/8 and “/3 are connected with the
distribution of chord lengths in random traversals of a spherical
volume, and (3 is the average energy required to produce an ionization

in tissue. Taking a nominal value of 25 eV for &) and L, as 110 keV pum

2
gives a valus of 3.30.103 ion pairs per pm diameter., An additional



Table 5.3. Calculated (r.b.e)m values based on LET and

normalized to the experimental value at 5.06 MeV.

Calculated (r.b.e)m values
Mean Neutron Experimental
Energy Two Target Two Hit (r.b.e)m
MeV . Values
I IT I IT
0.085 30 28 32 36 39 + 6
T
0.216 32 31 | 33 39 19 +2 (32 +3)
0.417 30 33 32 38 36 + 6
0.67L 30 28 32 36 33 +
1.56 25 23 26 28 29 + L
5.06 17 17 17 17 17 + 2
4.7 15 20 13 1L 13 +1
LET for
(r.b.e)m =1} 1.03 } 1.53 | 1.19 ; 1.22
keV umfl
¥ TIonization Chamber Dosimetry.
I Based on Tradescantia bracteata data
4 = 1.31.103 L, = 136 keV umt
A, = 141207 T, = 78.8 keV ™t
IT Based on human cell data
A = 8.91.10)*l L, = 456 keV um"l
A, = 7.76.10° 1L, = 110 ke¥ umt
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Table 5.l;. Calculated o.e.r. values based on LET for neutron

irradiations.

Calculated o.e.r. values
Mean Neutron 7 Experimental
Energy Two Target Two Hit 0.e.r.
MeV ’ Values
I IT I II
0.085 1.2 1.h 1.1 1.3 | 2.2+ 0.4
0.216 1.1 1.3 1.1 1.3 1.9 + 0.6
0.417 1.1 1.3 1.1 1.3 3.9 + 1.0
0.67L 1.2 1.k 1.2 1.4L 1.L + 0.1
1.56 1.3 1.5 1.3 1.5 1.7 + 0.1
5.06 1.4 1.4 1.5 1.7 2.1 + 0.2
1.7 1.3 1.2 1.h 1.4 1.5 + 0.1

I Based on Tradescantia bracteata data

L, = 136 keV um™>

L, = 78.8 keV um ™t

m =27 C = 2038
II Based on human cell data

L, = 456 keV pm_l

L, = 110 keV p.m—l

m = 2,67 C = 6485
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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 diametler, T) are given
less weight in the site event size generalization than they would be
when conéidered in terms of LET. It was not possible to specifically
embody the theoretical treatment of short track effects outlined in
chapter 2, which wouid 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 assumpiion 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

2
M = a1D+a2D @ 8 W 4 @ 8 ¢ ¢ ¢ ¢ GO QSO S8 00 eP OO S eN e 0D (5.8)
these in conjunction with equation 2.10b allow the site diameter, T,

to be derived as

% 8L z
N =(a1 %) Cecssccssncannae ceecctesecnans (5.9)

Using the values of «, and o, for 250 kVp x-rays from table L.lL, and a
value for the dose average LET of this radiation of 1.5 keV pmf1 (see
table £.3), the site diameter is calculated as L.l pm. From the
response to cobalt-60 gamma rays, the calculated site diameter is

2.1 pm, vhen a dose average LET of 0.31 keV pm—1 (ICRU, 1970) is used.
Rather larger diameters would be derived from the use of dose-average
LET values of 9.l 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 um 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, *hus sSpanning the
probable range of the parameter énd 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 apprcpriate comparison of (r.b.e.)m
in this instance is with the "ionization" r.b.e., since the event sizes
are expressed in terms cof ionization. The scaling constant A, 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.l 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 diazmeters 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 ganged from
table 5.7, where the percentage of events due to insiders in the S um
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 zt 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 2.13¢), but in so far as
they were affected there would be an increzse in the (r.b.e.)m values
for low neutron energies. In svmmary, the incorporation of short track
effects is likely to favour the two hit model. The actual

incorporation of such effects introduces further adjustable
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Table 5.5. Calculated (r.b.e)m values based on ionization

event size spectra in Sum and lpm diameter

volumes,
Mean Neutron Calculated (r.b.e)m values Experimental
Energy : Ionization
(r.b.e)m
MeV Sum dia. luym dia. Values
0.085 10 ' 27 L6 + 7
0.216 19 35 22 + 2 (37 + L)
0.1417 25 36 L3 + 7
0.67L 28 35 8+l
1.56 26 29 33+ 4
5.06 18 18 18 + 2
1.7 15 15 13 +1

The corresponding LET model is the two hit model with

5 = 110 keV pm‘l. With these values
(r.b.e)m = 1 at a LET of 1.16 ke¥ ym ™.

A, = 8.69.10° and L
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Table 5.6. Calculated o.e.r. values based on ionization

event size spectra in Sum and lum diameter

volumes,
Mean Neutron Calculated o.e.r. values Experimental
Energy o.e.r,
MeV Sum dia. lum dia. Values
0.085 2. : 1.7 2.2 + 0.
0.216 2.1 1.5 1.9 + 0.6
0.417 1.8 1.5 3.9 + 1.0
0.67L B 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
1.7 1.5 1.5 1.5+ 0.1
Loom(erw® (83 __ @ )2
— , —— L L]
! C + mkn® 2 437

m = 2.67; C = 6)-190
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Table 5.7 Proportion of events due to secondary particles
originating within 5 ym and 1 pm diameter volumes,

and ranges of the most energetic protons.

Percentage of events due to secondary Range of
Mean Neutron particles originating in volume most energetic

Energy protons
MeV 5 um dia. 1 um dia. pm
0.085 86% 55% 1
0.217 L% 36% 3
0.417 66% 28% 8
0.676 L% 1% 12
1.56 19% LoLg% L5
5.06 3.04% 0.7% 320
4.7 0.7% 0.1% 2000
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The resultse 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 Ly, section L.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.z.
values. The site event size treatmenp with a large site diameter
appears to be best for this purpose. The incorporation of shoft 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 heclds 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 encrgies as a group tend to be high.
There is also the geueral doubt about_the o.e.r. values because of the
effect of hypoxia without irradiation (section L.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 orx
species could be a function of their distanée 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 observatioﬁ 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 um-1.

distinguish any delta-ray effects arising with the highexr LET particles,

In this case it would be necessary to carefully

and a rather different approach to the calculations might be requifed,

possibly based on the track structure theory of Katz (Demnis, 1977).

The range of predicted (r.b.e.)m values against LET by the two
hit theory with L2
1972, and A, = 7.76.103 is given in table 5.8. This range is greater

= 110 keV um, as suggested by Kellerer and Rossi,

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, 197L; Shellabager et al, 197,). 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.)IIl = iQ [1—exp— ;__] + f‘g [l—exp— (_I_L_) 2] .. (5.10)
I o] T L,

Formulae of this type have been fitted to experimental data by Burch
(1969, 1970). The general evidence in favour of these formulae is

discussed elsevhere (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 L, = 110 keV pm"1

2
LET | (r.b.e.)p
1 0.6k
2| 1.28
5 3.20
10 6.39
20 12.6
50 29.0
i 100 L3.6
200 37k
500 15.5
1000 7.8
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into the models, which, as already remarked in commection 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:

~ VWithout 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 spamning the range of LET values

from 1 keV pm—1 to 1000 keV um_l.

~ 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 211 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 () is the mean event size.

If p is the probability that an event causes a sub-lesion in the
target, then the expectea 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 = abD
L

(D is dose, L is linear energy transfer or stopping power, both in

appropriate units).

The expected number of occasions when a sub-lesicn 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 Y _a where h is

2
ATh
the site radius, then the expected number of occasions when a track

. . . . R 9 IS U T AT
gives rise to sub-lesions in both targets is i;k/. el S

== L T

= mk-gk = mgk2 DR R A N I A R A R A A A S S A N 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) =m§\t- MEKR  ierireenrneanaae. 22

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 -
= mku (1_g) = mk - mgk e soseers e s s e 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 - mgkz --n....o-c;o.---.-ooco-o-oa.o 2C
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Hence from (1)

]

D _ aD E—exp (—:eli
D, ~ L %)

p| [t -em [ams)] - 22 [1-enw (—p_L_t_)Q .
2 = h2 L

(ii) Short Track Effect

If the radiation consists of secondary particles with fiﬁite
range, R, less than the site diameter, 2h, but greater than the target
thickness, %, 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 = R.

ho
The probability, g _a is altered by /ﬁ)

X |2

The total expected number of occasions when two targets could be hit in

one track = g. 11_?_ . 33 = gR
B2 n3 h
Hence
p __r.2_2a% [B) 1|1-exp [pms)f?
—_ ) —_ -
D, h ‘ﬂhQ h} L \ % R
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APPENDIX ITI., TWO HIT MODEL
(i) General Relationships

Let the site have a geometric cross-section 4, and a thickness

Tfly 2h, where h is the radius of the site.

The expected number of events per unit path length in the track

of the particle is s = L, where ({9 is the mean event size.

o

The expected number of events produced in a site by a particle
= sT7, If is the ?robability than an event gives rise to a reacting
species, then the expected number of reacting species formed by a
passage is G sT. The probability Qi‘ obtaining r species is

(psT)F e & sT
\

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) = Cb'.} (This is only true for small values of the
5 5(x-2)!

coefficient of interaction €, for large values of C the hit model

approximates 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 e_ Cr' ? T\r QST
I
r=0

_ o sT (esT)z erT:_C_(_@iT)E :(PST)2

2

Fz"\ﬂ
M"%

where for convenience P =<7 (g) =

The probability that at least one pair of species interact to form
a lesion is K = (1 - exp (—PsT)z).

The expected number of tracks passing through a site Mz

=
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The expected number of tracks passing through a site which form

lesiong by intra-track action is
= MK

000.0'0000‘ocouo-o't'-oco..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

ss e etossaces e 2

= M.(1—K)Q sT

Hence from 1

D _4 1—exp(— (@2\2]
D‘l L by w/
.{/ A
z_}g)_ 1 - expl - |2ELh 3
L L \ (9
And from 2 :
D _AD.pLT . exp pLT |2 '
D, L \@ W ‘

z 2 Ae‘;jD exp{—

(2PLh )2
W

(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
nunber 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)? = (PST)2 R 2

T

The expected number of tracks formed in a site Mas D . Eﬁq/h3
~IR 3

A AD.( L b

""L(3R

13
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APPENDIX ITI., 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 gize z = e. VWhere u is the

m
mass of the site. Then the expected number of "ionizaticn events" per

"site event" = 23;1. The expected number of lesions formed by
7
interacting spé%ies in a site event is (Appendix II)
[Pz u 2
W

Hence the probability, X, of forming one or more interacting pairs of

species in a site event

Lo )]

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

- 2
%':' MK = g 1 —exp - (’P—Z—_&) se 0 s es0 000 1
1 )

The expected number of species formed by inter-track action after a

dcse D and not resulting in intra-track action is

D _ Mpzu. gy _D (22 - expf - Pzp
D5 W (-K) =3 GT; ( (w

- B XP( (Pw)z) s 2

(ii) Short Track Effect

L§

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 icnizations 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 (_211_) 2 .
R
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Hence the expected number of interacting pairs of species is

(e }? (=)®
(0 R

The probability of intra-track action becomes

D _ D 1 -~exp|{- [Pzu . 2h 2 3
D1 Z (9 R

The probability of inter=track action becomes

D _ Im exp—(zz_u-&)z )
Dy % R |
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APPENDIX IV. MﬁTATION POSSIBILITIES IN DEVELOPING HAIRS

Developing hairs are defined as those with more than L cells, but

whose total number of cells is at least 6 less than the final number.

(a) Probability of Cell Division

Position of Gen1 | bEZ Qe | PeobiLLy of
1st 115 1.00
2nd | 65 0.78
3rd 20 0.22
> Lth 5 0.04
Total 205

¥ Ichiwaka and Sparrow, 1967.

Probability that only the 1lst Cell divides | =  0,165%
"o " only lst & 2nd Cells divide = 0.584
" - " only 1st & 3rd Cells divide = 0.046
" " only 1lst & Lth Cells divide = 0.007
" " only 1st, 2nd & 3rd Cells divide = 0.165
" " only 1lst, 2nd & Lth Cells divide =  0.024
" " only lst, 3rd & Lth Cells divide =  0.002
" " 1st, 2nd, 3rd and Lth Cells divide =  0.007

Total 1.000

* 0.165-= 1.0 (1 - 0.78) (L - 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 dauvghter cell to show the mutation.
(1) Total Probability of obtaining a Mutated Sector

= 0.165 P + 0.58 (P(1-P) + (1-P)P + P2) + ete.
2

2.04,0 P - 1.252 P2 + 0.219 P> - 0.007 P

(ii) Probability of obtaining a Distal Sector

0.165 0.5 P ; 0.584 0.5 P(1-P) + etc.

2

= 0.500 P - 0.520 P° + 0.106 P- - 0.0035 plt

(iii) Probability of obtaining a Proximal Sectox
= 1.540 P - 1.744 P° + 0.452 B3 - 0.019 P*

(iv) Probability of obtaining a Multi-Sectored hair (Doublet,
Triplet & Quad.)

- 1.012 P2 - 0.339 P3 + 0.0158 P*

(¢) "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 + 0.58L (P(1-P) + (1-P)P + P2) + ete.

2 + 0.219 P3 - 0.007 P)4

I

=2.040P - 1.252 P
(ii) Probability of obtaining a Distal Sector
='0.165 P + 0.58L (P(1-P) + P2) + ete.

2 + 0,181 P3

= 1.000 P - 0.260 P
(iii) Probability of obtaining a Proximal Sector

= 1.040 P - 1.283 P° + 0.257 P> - 0.01L P*
(iv) Probability of obtaining a Multi-Sectored hair (Doublets only)

= 0.291 P2 - 0.219 P> + 0.007 P¥ e
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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 28, 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 cen to
some 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 atcms 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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1e Introduction .
. . . €)] (2,3)

At the last Symposium on Microdosimetry and elsewhere I
attempted to explain the observed changes in W values with the energy
of heavy ions in terms of the energy dissipated by the icns in elastic
nuclear scattering. The fragnentary experimental data that was

immediately available indicated that to within b4 10% the quantity:

1
W (E) _ED _, ¢ ces 1.0
Vo W,

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 WB is the average energy expended by a fast
electron in producing an ion pair in the %as.

2,3)

Empirical relationships were derived to improve the estimate

of W' (E) in calculations and took the form

1
¥ (E) (E )

=R b cee 240
WB Mz é
In nitrogen and carbon dioxide éE

E =-2.10E -5.56.10
R("‘# ): 0.875-0.230 exp( ——= |4+ 0,223 exp( == ees 3.0
this relationship is shown together with experimental data in Figure 1.
In argon

E -21.2E
R{ = = 1.000-0.283 exp|{ —== eoe 4.0
(le“/\ ( mzl“/ )
3 3
and in hydrocarbon gases
-3
R 511+,)== 1.000+0.136 exp( 1+#1+10 " £ vee 5.0
MZ /3 M /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 Sideniua(l") 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 chenge in this
picture. The original data of these authors is reproduced in Figure 2.
¥ values range from 2873 eV for 60 keV protons to 167 eV for 10 keV

2!
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pd
jr—ii;ﬁ'm 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,

@exp = 1,035 + A(%)—n ves 6.0
where W(E)exp is the experimentally observed W value, values ofé&)and n
were obtained for each ion by & method of least square analysis‘~’.

These values are given in table I, together with the ratio of the observed
variance of the experimental observationgabout 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 by1-

Accuracy = 2,0 (Variance Ratic)? percent,
since the estimated accuracy of the observations used in the calculations
was 2%. Por alpha particles a further estimate of the values for A and
n was made by including the data of Jesse(s) 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)axp 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'**6718) inaicate that the ratio -
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B
depends only on the atomic number end 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 biclogical
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.
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Table I

Coefficients for the empirical description of the ratio W(E)e /WB

obtained by least square analysis

Ton A a Variance R?.tio
observed/estimated
Protons  [0.1301 % 0,0258 |0.04902 X 0.03704 0.1622
Helium 2.018 T 0.083 |0.5963 T 0.020k, 0.5945
1.810 = 0,104 |0.5360 = 0,0182 3,026%
Lithiun |3.219 ¥ 0.055 lo.7630 % 0.0124 0.2351
Beryllium {2.240 % 0.078 |0.8208 % 0.0269 1.480
Boron 1.903 % 0,081 |0.7226 % 0.0366 2.897
Carbon 1.909 % o0.090 [0.6337 % 0.0396 L4254
Nitrogen [1.907 ¥ 0.053 |0.5828 I o0.02u4 1.935
Oxygen 2,020 % o0.102 [0.5999 % 0.0481 8,114
Fluorine [2.013 X o.045 [0.5449 % 0.0230 2.146
Neon 2.666 X 0.067 |0.5587 L 0,0259 3.470
Sodium 3.006 Yo0.052 [0.5818 % 0.0189 2.180
Magnesium |2.518 ¥ 0.035 [0.5254 % 0.0157 1.320
Aluminium [2.311 Y o.045 |0.57%2 % 0.0230 3.026
Silicon |2.244 ¥ 0.021 |0.6187 % 0.0116 047402
Phosphorus{2.136 % 0.019 [0.5996 2 0.0110 0.6910
Sulphur [2.041 % 0.021 |0.6117 I 0.0130 0.9862
Chlorine [1.961 % 0,026 [0.6075 ¥ 0.0182 0.536
Argen 2,035 % 0.031 |0.5455 * 0.0198 2.168
Potassium |2.256 % 0.028 [0.5657 % 0.0158 1,499
Calcium [2.108 % 0.032 [0.4721 2 0.0199 2.273
Scandium |2.238 Y 0.020 [0.4666 % 0,0113 0.7957
Titanium [2.438 % 0.029 |o.4900 % 0.0137 1.537

*Includes data for energetic alpha particles from reference 6
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Table II

Kerma, Nuclear Displacement Energy and Mean W values

for Neutron Irradiated Acetylene and Carbon Dioxide

Neutron Spectrun (per 3;:?' ;i\?eence) (pceirgz?.t]);gﬁ;gze)

Mean Energy|R.M.S. Deviation Kerma Nucl.Disp.Ener W Kema. Nucl.Disp. I:ner i

MeV MeV Lrgs.grm'1x1 07 Ergs.grm™ x10§y eV 1Ergs.grm” x107 Ergs.grm™ 131 0@, eV
14,71 0.220 5423 34355 26.97 2,725 L. 981 3539
54,06 Oe164 34566 3.160 27.28 05492 4223 38,88
14557 0.0460 2.118 4e137 29.26]  0.2475 5.140 IV
0. 6744y 0.0189 1.507 Le4ii8 30,00 0.1322 L.621 51446
O.4165 0.0259 1.229 L.691 30.29 0.2208 9.755 5754
0.2157 0.0376 0.8492 44302 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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ADDENDUL
The possibility that a general expression of the type
- -\ -n
'_‘g.‘.‘lcxP=B+A(£) ees 740

W I
could apply to gzaszs other than the h-drocarbens was exploreds Combining
all the available data for helium, carbon, nitrogen and argon iens in the
hydrocarbon gases on the one hand and in nitrogen and carbon dioxide on
the other; one obtains the estimates given in +table IIT for the constants
B, A and n.  Obviously it is the scale factor A that shows the greatest
change, ana suggests that for nitrogen and carbon dioxide a valid procedure
might be tc use the A(Z1) and n(Z1) values given in table I for the
individual ions and alter the A(Z;) values by a factor

;—‘-é% = 0,626

Using this procedure the VW values for neutron irradiated carbon dioxide

arc given in table IV, together with the values derived from the application

of equaticn 3.0



Table III

Zstimated Constants for the Representation of W(E) exp/w‘3 for Helium, Carbon,

Nitrogen and Argon Ions

Cases Constants Percent Deziution.? of Data | Number of
from Ixpression Data
B A n Mean Range Values
+ + + + 1411
Hydrocarbons | 1.062 = 0,079 | 2.016 = 0,033 | 0.6634 = 0.0246 Fe62 - 9.37 67
+ + + + 25,76
N2 and 002 1.050 = 0,058 | 1.261 = 0,112 | 0.6095 - 0.1231 177 - 11,80 57

cLy
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Table IV

Estimated liean W values in Neutron Irradiated

Acetylene and Carbon Dioxide

Mean Neutron

Znergy Acetylene Carbon Dioxide
O [ @ [® @
HeV eV EY's eV eV
1471 27.06 | 26497 | 35.39 |34.88
5064 26473 | 27.28 | 38.88 | 37.47
1.557 27.55 | 29.26 | Uhad4d [41.87
0. 6742 28.61 | 30.00 | 51.46 [47.60
C.4165 29.33 | 30429 | 57.54 |52.38
C.2157 3017 | 30.66 | 64.96 | 58.00
0.1178 30,76 | 30.87 | 75.66 | 66.49
A -
(1) B2 .l 2
Y le"/j
-n(Z1)

(2) #2.).83@ = 1.035 + A(3,)

!

2.

2
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DISCUSSION

Mr IDSTER

You mentioned that the height of the W-values is caused by the
inelastic enmergy 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 nmuclear 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 ocour
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 MEASUREMENTS OF
MONO ENERGETIC NEUTRONUS IN THE ENERGY RANGE 100 keV to 15.0 MeV

by J.A. Dennis, H.J. Delafield, L.H.J. Peaple, S8.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 jionization 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 technigues 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 aosimetxy in the context of radiobiology
and radiological protection and the isolation of tht;se physical parameters
which are responsible for the variation of biological effectiveness with
radiation quality. Particular emphasis is placed on those biological
effects of relevance 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 occ:‘Ldexﬂ:al:'Ls(‘| ’2), similar
measurements are now being carried out in a study of somatic mutations in

(3)

mammalian cells‘~‘,

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 v;ater cooled; consequently the
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neutron spectra produced are not simple functions of the kinetics of the
neutron producing reéctions. For this reason we have considered it
necessary to measure the neutron spectra even when using such neutron
producing reaotions such as H3(p,n)ﬁe3, Hz(d,n)ﬁe3, and Hz(t,n)ﬁe’*, which
should produce mono-energetic neutrons. An additional reason for carrying
out spectrum measurements is that the blological sample is-often
irradiated in a container or behind a build-up shield which will medify the
original spectrum.

The methods which we employ to obtain the neutron spectrum are:

(1) (n,a) 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 neutroﬁ energies above 2.0 MeV.

(iit) Hej(n,p)H3 as well as He® 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

Li?(p,n)Be7 reaction in air-cooled lithium metal targets,
since the lower limit to measurement with the Hej(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(A).

The method that we have usually 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 Chember 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 chambérs that were 6 mm in diameter withan active length of
2 cms Such a chamber in two shields of boron-10 with a thickness of
1 gram dm-z'is shown in Fige. 2. The effective cross-section obtained both
by calculation and time=—of-flight measurement(S) is shown in Fige. 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, L% 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"(s)
which had in turn been calibrated against a photoneutron source(7 and
proton recoil methods. The eff'ective mass of uranium was measured as
about 2 milligrams. More recently we have had other fission chambers
designed for u3(8) specifically as secondary standards for neutron flux
density measurement. The design of these chambers is illustrated by
Fige 4o The special feature of these chambers is that they are really two
chambers within one envelopee 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(g) made against a calibrated(1o)

'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-z of
boron-10. These measurements yield three different counting rates per unit
mass of uranium of C, Cc(1 and CB respectively. When the primary neutron
energy is high enough, additional confirmatory measurements are made with
uranium=-238 fission chambers or with the 532( n,p)sz reaction in sulphur
discs. ’

The neutron spectrum is divided into three components; the primary
flux density, /Sp, the secondary scattered flux density, AS, and the
eff'ective thermal flux density or Westcott flux density ﬁw. (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 4/E extending
from thermal neutron energies to an upper limit Emax equal to the mean
energy of the primery spectrum. These concepts lead to the following
equations relating the specific counting rates to the flux densities:-

G = Ap BZ‘p + A, st PPN € B

Ccd: AP Cdzp + AS Cdrs D R L LR R R R (2)
E
max
- 1
By = B | 5 BB ceveiiiiiiiiiiiiiiiiinieniiiniie e (3)
0.5eV

B = Flux density per log energy interval.

Z‘p and Z‘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. Z‘s corresponds to the microscopic resonance integral
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to E. .» which is given in Fig. 5 for the particular isotopic composition

of our fission chambers. Employing the Westcott convention(11’12

possible to deduce both the effective temperature, T, and the effective

it is
thermal flux density, ‘Aw’ from the following equations.

c = ‘Aw Zo (&(T) + r.s(T)) +‘Ap ZP teereccenenssssosersecence (L)

The cadmium rastio, RCd’ since Z'p = Cde’ is obtained from

RCd = C—‘A ZI eeaomanssessccessssenserressasnse (5)

- Ca '5ipzp

zo 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(’l‘) +% ) \/—g_;_) Bog = s(T)} '1 (6)

To = 293)o Kelvin; K is a constant related to the cadmium thickness
and is 2.197 for 0,030 inch thick cadniumt’').

For practical eveluation 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.

£, =[TC 4, /108, (me.) RSP ¢ 0
2r .

O.5eV

The Westcott flux density, ﬁw, 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

Uraniun-235012),

Effective
Tempgzature &(T) s(T)
20 0.9754 | = 0.0458
40 0.9702 | - 0.0368
60 0.9653 | = 0D,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. lIonization Measurements

Ionization chamber measurements are made in our experiments with two
types of lonization chamber. One type of chamber, shown in Fig. 6, is
completely homogeneous with walls and electrodes of conducting CH-plastic
(manufactured by hakelite 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 iomization 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 ioniz'ation chamber. In general columnar recombination
is main effect and will be independent of the radiation level. A
correction can be made according to the Jai‘fe/theory(13 ) by plotting a—

against 1 (V is the aﬁplied potential) to find the intercept when
v
;1—,-,0 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 ° MeV to 20.0 ¥eV.

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 spectfum:

(a) Absorbed Dose on Kerma by -

Kerma = Z;_ nj(E). Eo B § ceeevecccecnnancncensasnanas (8)

where the subscript j denotes a secondary ionizing particle of
the jth type,'ia.nd nj(E) dE i1s the number of such particles with
energy E generate(i per unit mass of material by the neutron
spectrum per unit energy interval.

(b) Ionization by -

‘

Ionization density = ZJ nj(E).

‘h'm

8

A+Bz) Y7 aE eee (9)
(1

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

.th

Z. of the J”" particle and the material. These constants have

been given elsewhere(“'"), but are derived in the first instance
from the measurements of W for heavy ions in methane by
MacDonald and Sideniust13),

(¢) The energy dissipated as elastic nuclear scattering by -

Nuclear Scattering Energy = ZJ nj(E) . Sj(E) dEhevieanea (10)

where EJ(E) is the energy dissipated in nuclear elastic
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scattering by a stopped ion of type j and initiel energy E. The
derivation of gJ(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 evalueting Kerma with the calculations of Bach & Caswe11(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 smell 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., Vhen the chamber is not homogeneous further
corrections may be necessary. In the case of the graphite -~ 002 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 wells (i.e. the
(m) and (n-p) reactions etc.) and partly to the in-elastic and non-elastic
scattering in the gas. ]

In the intercomparison of the celculated and measured ionization
densities over a wide range of neutron energies we had to meke 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 s::conda.ty particles generated
in the walls of the chambers and at low energiés from seconda;'y perticles
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 wé.s not possible
in our experiments and instead the correction was celculated 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 well and gas
respectively. Table II gives the results of this computation for"%he
chambers, which were represented for the ?urpose of the caiculation as

being of parallel plate construction.
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Table IX. ¥Wall and Gas Contributions to Energy Deposition in

Ionization Chambers used for Tradescantia Experiments

Mean Neutron CH Plastic - (.‘.21'12 Graphite - 602
Energy

Contributions as Contributions a*

MeV Wall Gas Wall Gas
% % mm % % mm
14.7 76 24 0.35 K 25 14
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
0.147 13 87 | 7.7 1 99 | 9.8
0.109 3 97 9.2 0.6 99.4 | 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 1% 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 strongz 17 absorbtion in the neighbourhood of the measurement; a
not unlikely possibility due to the presence of a-buildyup 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 apectrum by the 1/E 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 + 7 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 caleculated 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-clastic and non-clastic 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
W 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 W
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.

Speotrum Parameters for Ionization Chamber Experiments

Primary Spectrum

Total Spectrum Components

Ratio of Thermal
to Primary & Secondary

Effective Temp,
of Thermal Flux

Mean RMoSe Primary 1/E o
Energy | Derivation Fraction Fraction c
MeV MeV
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
0u47 | 0.026 0,981 0.019 0.0026 128
0.109 0,063 0.887 04113 0.0012 125

952
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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 underestimzted, 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.es about 3% of that expected in acetylenc.

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 2 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 necutron 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

CH Plastic - Acetylene Chamber

Graphite ~ Carbon Dioxide Chamber

Energy - -
W Tonization Densities Ratio W Ionization Densities Ratio
ev ion pairs g=1/n om™2 eV ion pairs g~1/n cm=2
, Measured/ Measured/
Calculated Measured Calculated Calculated Measured Calculated
14e7 2740 | 1.255,10% | 1.374.10% 1.10 35.5 | 3.94840° | 3.206.10° 0.81
5.06 27.3 | 81440 | 8.548.40° 1.05 37.5 | 9.076.10% | 8.285.10° 0.91
1456 29,3 | 44372010 | 447110 0.95 11,9 | 3.568.10% | 3.236.10° 0.91
0.67% 30,0 | 3.047.10° | 3.061.10° 1.01 5746 | 1.683.10% | 1.773.10° 1.05
04417 3003 | 2.490010° | 242634100 0491 5244 | 2.585.10% | 24521.10° 0.98
0.109 30.8 | 0.9618.10° | 0.7862.10° 0.82 | 674 | 2.975.10' | 5.311.40° 1.79

85¢
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values are very largely energy independent(14’15). Even for hydrogenous
ionization chambers W values appear to change by 10% 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 idenfical 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 80% oxygen by
weight this requirement is virtually impossible to achieve with current
tissue<equivalent materials; and is particularly important at high
energies when non-~elastie 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 + 10% will
be extremely difficult to obtain until our knowledge of cross-sections,
reaction products and mean W values has been considerably increased.

The variation of W with radiation gquality 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 106 Monitor Counts).

Mean Neutron | Fission Chamber | Ionization Chambers | TLD and
Energy Film
Fluence Fluence Exposure | Exposure
MeV .a cm™ n co™2 Roentgen | Roentgen
8 8
14.7 Le62.10 6.05.10 - 0.550 -
5406 14420407 1.52.10° | - 0.012 -
1.56 9.60.10° 9.22.40% | - 0.011 | 0.032
0.674 1.70.10° 1.70.10° | 0.0091 -
047 7.71.10° 6.92.10% | o0i0004 | 0.030
0.109 1.96.10° 1.52.10° | 0.036 -
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DISCUSSIORN

Mr BEWLEY

Can you say something more about how you calculated your '
values of W?

Mr DENNIS

Starting from the differential secondary particle spectrum

nj(E), one has two equations,

The first equation gives kerma -
kerma = Zignj(E) E dEJ
J

The second equation gives the ionization density

I= Z;?jnj(E) &—B £(E, z) dEI

These are Equations 6 and 7 in the paper. The mean W~value for
the irradiated gas is given hy the ratio of these iwo results, i.e.,

= kerma
W e T

Mr BEWLEY

I presume, then, that it all depends on your function f£(E,z).

I= this based on experimental observations?
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‘Mr DENNIS
Yes it is, tut unfortunately only for methane,
Mr ROSSI

There is disagreement on how much W does in fact change with
proton energye. The values which you assume imply a rather pronounced
change with energy. As you probably know there are some data that
indicate virtually mo change down to 10 or 20 keV,

Mr DENNIS

As g matter of fact, the values used in the function f(E,z) for
protons produce the result that their W-values are almost independent
of energy, so that the W-value changes in Table IV of the paper are
mainly due to the effeots of other particles (alphas, etce).

Mr BOOZ

You showed us that the comtrilution of the thermal neutrons
decreased with neutron energy, and for 100 keV neutrons the conmtribution
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 approriate to homogeneous well-moderated reactors and I am

not confident that it is a good approximation in this situation.
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Of course, 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 Westcoti convention is something which we have to
explore experimenté.lly and possibly modify in the light of experimental
evidence, but it is a starting poimt for such investigationse.
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AmsTrRacT. As an aid to accurate neutron dosimetry the mean 1 values, iV, 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 3,
atomic number Z and initial energy E. For energies below 1-0 MeV per a.m.u, this
relation takes the form

W(E) = Wg[1:035+ A(Z) (E/M)~™D)]
and at higher cnergies
W(E) = Wz E/(E—constant)

where Wjg 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 reaections
in the elements hydrogen, carbon, nitrogen and oxygen are given.

Kerma and the energy expended as clastic 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 W(Z) 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 W(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 W(E) with ion energy and combine this with neutron cross-section
data to obtain estimates of the mean W 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 W
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. Onec
mode of energy loss is by Rutherford and quasi-elastic nuclear scattering in
which the ion loscs 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 incrcase W(E) valucs,
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 clastic scattering effects Haines and Whitchead
(1966) werc 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 cnergy 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 sct 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 effccts are to some extent responsible for changes in W values, a
more important role is played by the electron configuration surrounding the
low cnergy heavy ion. The experimental results of MacDonald and Sidenius
can be represented empirically and with good accuracy by the relationship

W(E) = W,[1-035 + A(Z) (E|M)~"2] (1)

where % is the W value for fast electrons in methane, M is the mass of the ion
in atomic mass units and & its energy in keV. The coefficient 4(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 4(Z) and n(Z) for methanc are given in table 1 for ions
of interest and are used in cqn 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 cquation and constants can be used to represent
the available data for carbon dioxide and nitrogen providing that the 4(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) = Wy(E[M)[[(B/M)— constant]. (2)

This is based on the premise that the W(E) values for very energetic jons
should tend to Wy (Dennis 1971a), and that the changes in W () 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 4(Z) and
n{Z) at the E/M value of 1000 keV per a.m.u.

Table 1. Coefficients used to derive mean 1 values for heavy ions in organic

gases
Ion A(Z) n(Z)

Proton 0-1301 0-04902
Helium 1-810 0-5360
Lithium 3-219 0-7630
Beryllium 2240 0-8208
Boron 1-903 0-7226
Carbon 1-909 0-6337
Nitrogen 1-907 0-5828
Oxygen 2:020 0-5999

3. Kerma and mean W calculations

In order to caleulate the mean W 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 n,(E) (particlesg~?MeV~! per neutron cm—2), then kerma
is given by

~

kerma = 3 Jn,.(E)EdE 3)
J
and the mean W value by

=3 fnj(E) EdE / Y f n,(E)[E[W(E),]dE. (4)

The computer program which has been written in Fortran IV to obtain
the above quantities also evaluates the total energy loss in elastie nuclear
scattering by

elastic scattering energy = ¥ |n;(E)S(E);dE. (5)
j

The quantity S(E);, which is the total energy dissipated as elastic nuclear
scattering 'by a stopped ion, has been calculated by another eomputer program
(Dennis 1971a, b, 1972) and takes into account the energy loss processes of
tertiary, quarternary, ete. 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 (Loster, 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-M 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-M 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 scaltering

When a neutron with energy E_ and mass }/; is elastically scattered through
a ¢-M angle 6, from a nucleus of mass M,, the energy E, of the struck nucleus is
given by
_2M M,
T M+ M,
Ifthe neutron fluence intensity is ¢(Z, ) and the atomic density in the material

is N (atomsg™1), then the differential spectrum intensity of the recoiling
particles is

B, E, (1—cosé,). (6)

(M, + M)

n(E,) = N$(Ey) m
1 n

a(Ep)a % (2L +1)fr(E,) P (cosb,)
particlesg~! MeV—1, (7)

P (cos8,) is a Legendre polynomial of degree L and f;(E,) is its coefficient.
Both the total elastic scattering cross-section o(Z)), and the values of f(¥,)
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

2
w(E)) = NplE) ST o(B)0 A(B,) ®)
where
A(B,) = (1—1bcos 8, + 1b cos?8,)/(1+ 3b)
and

b = 2(E,/90)2.
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The expression for A(E,) 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 M, and energy E, with a
nucleus of mass M, that results in two particles (one of which in inelastic
reactions will also be a neutron) of energies E, and E, and masses M; and M,
with a symmetrical distribution in the c-a space (8; = =+4,), leads to the
following energy relation:

By = 23® + 235 c08 03+ y5® (9)
where

Ty = [(I_Mffﬂ@) (Mﬁ-l{M By +Q— EC)]

N A }
Ys = {_(MI+M2)2E“] :

and

Similar relations hold for E,. The @ 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 3 and M, 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

CJ' = Eprr‘r (10)

where p, is the emission probability (X, p, = 1-0) for a y-ray of energy T',.

@ is zero for inelastic reactions, and {; is usually, but probably incorrectly,
taken as zero for nonelastic reactions.

The differential spectrum intensities are

n(B3) = N(E,) o(E,) /423 y5 (11)
where
(@3 —¥a)* < By < (23 + 13)%

For endoergic reactions the neutron energy must exceed a threshold value,
E., for the reaction to occur.

Ep= M+M (ZC Q) (12)

At the threshold energy the energy limits of E, are equal to each other and
greater than zero since x; = 0. As the neutron energy is increased the energy
limits expand until the minimum energy, (z;—y,)%, becomes zero (i.e. 3 = ¥,).
A further increase in neutron energy raises the minimum particle energy above
zero again.




384 J. A. Dennis

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 2C(n,n’)3«. As stated this reaction probably only
exists as the net result of the following reactions (Brinkley, Robson and
Titterton 1964, Mosner, Schmidt and Schintlmeister 1966).

(a) n+12C—12C*+n'—>8Be*+a+n'—3a+n’
8Be* +n' 4+ a—>3a+n’
(b) n+120—>9Be*+a—E
SHe* +2a—3a+n’
(c) n+412C —8%Be+°He*—>3x+n’.

Frye, Rosen and Stewart (1955) have suggested that the energy distribution
in the c-u space for the final a-particles and the neutron may be represented as

105 ( & \* e \2
Y = 1— 1
1\ (8) ds 168 ( ) ( 81]1&)() ds ( 3)

max IIICI\

where gisthe energy ofthe particleand ¢, 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 ef al. (1955) has been used in this work.
For four body break-up

N[ M,
(mas)e = 2t = (1=5737) (7 B+ @ -2 ) 14)
J

where
2<j<6; 2<ix<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

(mesli = 22 = 5 (1= 537 ) (e Bat @~ 30) (15)
J

r4

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.

ye = ME,
b (M D)

When the maximum velocity of the particle in the c-M space is less than the
centre of mass velocity in the laboratory (i.e. 2,2 <y,

_ NH(E,) o(B,) 22 E— (‘/(E)_y)2+ (‘/(E)_yr —%(‘/(E)_y)s] (17)

64y x x x

M, (16)
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where 7
(y—xP<B<(y+x)
(The subscripts ¢ have been omitted for clarity.)
When the maximum velocity of the particle in the c-3 space exceeds the
centreof massvelocity in the laboratory (i.e. 2% > ¢%), then two energy regions exist

(1) 0<B< (z—y)?

- B (] 48

_ (J(E)—y)2+ (\/(E)—y)"_% (\/(E)—y)“]

(18)

x z
(2) @—y)P<E<@+y)?

_ 106N¢(By) o(By) 1 (JUE)—y\2 | (VE)—y\t 1 (J(B)—y\°
) == [ (5 (5 s (5 oo
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-M space equals that of the centre of
mass velocity in the laboratory, does not increase again as the maximum c¢-M
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

_me=ﬁwwm%m (20)

The accuracy of integration for kerma, which can easily be checked, appears to
be better than 0-59,.

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 direet use of this material in the calculations

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,«)!3C 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 @ values are given in table 2.

Table 2. Neutron induced reactions in hydrogen, carbon, nitrogen and

oxygen

Reaction Comment
1H(n,n)1H Elastic scattering
12C(n,n)12C Elastic scattering
12C(n,n")12C* (4-438) » v Inelastic scattering; 1 y-ray
12C(n,n")12C* (7-660) — 3 See text section 4-3
12C(n,n")1*C* (continuum) - 3+ vy See text section 4-3, 10 y-rays
12C(n,p)1?B Q = —12-588 MeV
12C(n,d)'B Q = —13-732 MeV
12C(n,x)*Be Q@ = — 5704 MeV
UN(n,n)“N Elastic scattering
UN(n,n")14N* (3-945) > v Inelastic scattering, 3 y-rays
LN (n,n’)1¥N* (continuum) — < Inelastic scattering, 18 y-rays
1N (n,p)¥C Q@ =+ 0626 MeV
UN (n,d)®*C Q = — 5-326 MeV
UN(n,t)12C Q = — 4:015MeV
UN (n,x)12C Q =— 0157 MeV
UN(n,2n)18N Q@ = —10-533 MeV
LN (n,2a)'Li Q =— 8222MeV
1¥0(n,n)*0 Elastic scattering
16Q(n,n’)10* (6-131) - v Inelastic scattering, 1 y-ray
1°(Q)(n,n’)180* (6-196) — v Inelastic scattering, 3 y-rays
180(n,n")1%0* (7-115) > v Inelastic scattering, 3 y-rays
15Q(n,n")1*0* (continuum) — v Inelastic scattering, 20 y-rays
180 (n,p)1*N Q = — 9639 MeV
160 (n,d)sN Q = — 9-901 MeV
160(n, ) 2C Q = — 2215 MeV
180(n,a, )13C* (3-09) >y Q = —(2:215+3-09), 1 y-ray
150(n, o, + o) PC* (3-77) = v Q =—(2-215+3:77), 1 y-ray
160(n,0, + o5)13C* (7-19) > v Q=—(2-2154+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,, + 0-001306 E?)2]
+7[1-206E, + (0-4223 +0-13E,)?]-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 x-particles and a neutron. The
more probable processes for the latter have already been described (section 4.3).
The cross-section oy,(4-438 + 7-660) given by Bertin ef 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")3« reaction.

Bertin et al. (1964) also give the cross-section, o, 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

oy, (4-438)

B = or (4438 +7-660) + o

(22)

that fraction of the spectrum in the energy band at 4-438 MeV due to direct
excitation of the 4438 MeV level is obtained. This fraction is then subtracted
from table 48 of Bertin ef 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 39, 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 I', by excitation to the
continuum, then the maximum energy available to the «-particle in the c-m
space is taken as

_ M, M,
Ermax = (1 - 3Ma+M1) (Ml+McE“_ 7:660— T, 1‘,). (23)

5.2.3. Nonelastic reactions. The cross-sections for the reactions 2C(n,p)°Be,
12C(n,d)B and 2C(n,«)%Be were taken from Bertin ef al. (1964). Additional
values for the !2C(n,x)Be reaction in the energy region 7:9-8-3 MeV were
taken from Stehn et al. (1964).

5.3. Nitrogen

5.3.1. FElastic scattering. Cross-sections and Legendre coeflicients were taken
from Ray, Grochowski and Troubetzkoy (1966).

5.3.2. Inelasticscattering. Ray etal. (1966) give the cross-section for theexcitation
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
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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 (69}), 2-311 MeV (949,) and 1-634 MeV (949,).

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 4N(n,p)“C,
1N (n,d)13C, MN(n,t)12C, “N(n,«)''B as well as for the reactions ¥N(n,2n)!3N
and “N(n,2«)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, oy, 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 vy-ray. The 6:916 MeV level was taken to produce vy-rays of 6-916
MeV (979%,), 6-052 MeV (39%,) and 0-864 MeV (39%,); the 7-115 MeV level to
produce y-rays of 7-115 MeV (939%,), 6:131 MeV (79%,) 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 180(n,p)®N and %0 (n,d)sN
reactions were also taken from Ray et al. (1966).

The %0(n,x)'®C 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 «-particles corre-
sponding to the ground state and excited levels of the carbon-13 nucleus.
The excited levels and corresponding w«-particle groups are 3-09 MeV (o),
377 MeV (ap+ag), 7-19 MeV (a,+a;). 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 «, 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
(1968) 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.

Cross-seclion (mb)

300—
200 -
L (n,cc4+ ox5)
|
1001
(n,ccptce3)
(n,ocy)
l ] {(n.0)] 1 [
8 10 12 14 16 18 20
Neutron energy ( MeV)
Fig. 1. Assigned cross-sections for the *0(n,«)'*C reaction above 80 MeV.
6. Results

Although it is possible to compute details of secondary particle spectra,
kerma, mean W values, ete. 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 W, 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 W values

Composition (atoms g1 x 10-22)

i
H cC N 0 (eV)

Acetylene 4-6303 4-6303 — — 257 (a)
Ethylene 8-5946 4-2973 - — 26-3 (a)
Carbon dioxide — 1-3692 — 2.7383 329 (a)
Tissue-equivalent gas 6-0779 2-2832 0-15097 1-5284 29-2 (b)

Methane 64-49,

Carbon dioxide 32-4%,

Nitrogen 3-29,

(a) ICRU 1964. (b) Leonard 1972.



Table 4. Kerma, elastic scattering energy loss and mean W value

(a) Tissue-equivalent gas mixture

(b} Ethylene

Neutron Elastic - Neutron Elastic .
energy Kerma scattering W energy Kerma scattering 114
(MeV) (J kg1 x 1011) energy loss (eV) (MeV) (J kg~ x 1011) energy loss (eV)

(J kg=1x 101) (J kg-1x 1013)
155 7-098 4:002 30-3 15:5 9-242 3-451 27:2
147 6860 3-958 30-3 14-7 8-985 3:345 27-2
14-0 6-655 3-878 30-3 14-0 8-788 3:244 27.2
13-3 6-401 3-855 30:3 13-3 8-544 3-297 27-2
9-89 5-667 3-684 304 9-89 7-388 3-183 27-2
7:70 5292 4-579 30-6 7-70 7-237 4-750 27-5
6-00 4-648 3214 30-7 6-00 6-385 2-864 27-5
4-67 4-434 3:681 31-0 4-67 6-183 3-845 27-8
3-64 4.256 5-940 31-5 3-64 5-880 5-166 28-2
2-83 3714 4-423 318 2-83 5-239 4-986 28-6
2-21 3-211 3-370 3241 2-21 4-504 3-583 28:9
1-72 2-909 4-212 328 1-72 4:050 4:062 29-4
1-34 2-626 5-313 334 1-34 3:629 4-442 29-9
1-04 2-413 6-993 34-0 1.04 3-221 4-551 30-1
0-812 2:049 4-589 338 0-812 2-859 4-506 30-2
0-632 1-818 4-462 33-8 0-632 2-540 4-657 30-3
0-492 1-622 5-078 34-1 0-492 2.256 4-813 30-4
0-383 1-446 5-173 34-3 0-383 1-996 4-802 30-5
0-299 1-264 4-560 34-2 0-299 1-760 4-730 30-6
0-233 1-103 4-184 34-3 0-233 1-541 4-567 30:6
0-100 0:658 3-083 34-4 0-100 0-9247 3-789 30-8
2357J fission 2-781 4:505 324 257 fission 3-842 4137 29-0
spectrum spectrum
1-8 MeV 2-889 4-782 32.2 1-8 MeV 3-995 4-421 288
deuterons deuterons
on thick on thick
beryllium beryllium

06¢
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Table 4. Kerma, elastic scattering energy loss and mean W value

(c) Acetylene

(d) Carbon dioxide

Neutron Elastic o Neutron Elastic o
energy Kerma scattering w energy Kerma scattering W
(MeV) (J kg1 x 1011) energy loss (eV) (MeV) (J kg-! x 1011) energy loss (eV)

(J kg1 x 1013) (J kg~1x 1013)
155 6-312 3:556 26-9 15-5 2-343 4-979 356-3
14-7 6-044 3-434 26-9 14-7 2:103 4-969 354
14-0 5-841 3-319 26-9 14-0 1-884 4-882 35-5
13-3 5591 3-373 26-9 13-3 1-607 4795 35-7
9-98 4-461 3224 268 9-89 1-024 4-547 36-3
7-70 4-446 4-924 27.2 7-70 0-8552 5-124 36-8
6-00 3712 2.832 27:1 6-00 0-4740 3-792 37-6
4-67 3-710 3-904 27-5 4-67 0-4569 3-877 37-7
3-64 3613 5-336 27-9 3-64 06140 7:535 38-9
2-83 3-164 5124 28-2 2-83 0-3703 4564 39-0
2-21 2-606 3-571 28-5 2:2]1 0-2230 3-449 40-0
1:72 2-345 4-079 29-0 1.72 02507 4.751 41-3
1-34 2-103 4:476 29-5 1-34 0-2591 6-585 43-6
1-04 1-862 4-570 29-8 1-04 0-3794 10-08 44.1
0-812 1-646 4493 29-9 0-812 0-1647 5-155 459
0-632 1-461 4.623 301 0-632 0-1324 4.712 47-9
0-492 1-298 4-754 30-3 0-492 0-1330 5-719 52.0
0-383 1-145 4-694 304 0-383 0-1386 5-907 51-4
0-299 1.007 4-564 305 0-299 0-09850 4-629 54-2
0-233 0-8790 4-328 30-6 0-233 0-07649 3915 574
0-100 0-5218 3-281 30-9 0-100 0-03266 2-092 724
237 fission 2:247 4128 28-6 257 fission 0-2942 5334 409
spectrum spectrum
1-8 MeV 2-366 4-429 28-5 1-8 MeV 0-3266 5-621 40-5
deuterons deuterons
on thick on thick
beryllium beryllium

168 S3SDY PADIPVLIL UOUNINT UL SINID 4 DULIDY] PUD UOYDZIUOT pajnduio))



392 J. A. Dennis

mean W 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.
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Fig. 2. Computed primary differential particle spectrum in carbon dioxide irradiated
with 9-89 MeV neutrons.

Reactions considered Prompt gamma spectrum
120(n,n)*2C
2C(n,n’)!2C* 4-438—y Energy (photons g-1)/
12C(n,n")3x (MeV) (n cm—2)
120(n,n’)12C* —3a+
12((n,x)*Be
1%0(n,n)*0 0-8- 1-0 6-69 x 10-5
1%0(n,n’)1¢0* 6:131—y 1-5- 20 275 x 10-¢
60(n,n’)1*0* 6-916—y 2:0— 30 4-69 x 10-5
10(n,n’)160* 7-115— 30— 40 2:88 x 10-2
16Q(n,n’)¥0* continuum—y 40— 50 5-53 % 10-3
10(n,u,)'*C 6:0— 80 7-901 x 10-3
150 () SC* 3-09—y 8-0-10-0 1-33 x 10-3
180 (0,0, + 04)°C* 3-7T7—y 10-0-12-5 3-29 x 107
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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 49, 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 v-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 v-
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 + 109, 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 W 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 W values and cross-sections make it difficult
to obtain absolute neutron doses to an accuracy of better than +109,. 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.

Risumse
Les valeurs calculées d’ionisation et de kerma dans les gaz irradiés en neutrons

Comme un aide pour une dosimétrie neutronique exacte, on a calculé les valeurs moyennes
de W, W, pour un mélange gazeux équivalent au tissu (éthylene, acétyléne et acide carbonique),
aux 21 énergies neutroniques diverses dans la gamme de 0,1 & 15,5 MeV,

Ces calculations sont basées sur un rapport dérivé antérieurement pour la valeur moyenne de
I'énergie W(E), consommée pour la formation d’une paire d’ions par un ion lourd de masse M,
nombre atomique Z et énergie initiale E. Pour des ¢nergies au-dessous de 1,0 MeV par masse
atomique unitaire, ce rapport a la forme

W(E) = Wg[1-035+ A(Z) (E/M)-")
et pour des énergies plus élevées
W(E) = Wg E/(E —constant)

ol Wy est la valeur moyenne nécessaire pour qu'un électron forme une paire d’ions.

On donne les détails de sections et de cinétique pour toutes les réactions possibles, provoquées
par les neutrons dans les éléments hydrogéne, carbone, azote et oxygtne.

La kerma et 1'énergie consommée comme dispersion nucléaire élastique sont aussi évalués pour
chaque éncrgie neutronique, en se basant sur les spectres différentiels de particules secondaires.

ZUSAMMENFASSUNG
Die berechneten Ionisierungs-und Kermawerte in den neutronenbestrahlten Gasen

Als Hilfsmittel zur genauen Neutronendosimetrie sind die mittleren W-Werte, W, fur ein
gewebeaquivalentes Gasbemisch (Athylen, Azetylen, Kohlensiiure) bei 21 verschiedenen Neutronen-
energiewerten im Bereich zwischen 0,1 und 15,5 MeV berechnet worden.

Die Berechnungen beruhen auf einer frither abgelciteten Beziehung fiir den Mittelwert der
Energie W(E), welcher bei der Bildung eines Ionenpaares mit Hilfe eines schweren Ions von der
Masse M, Atomzahl Z und Anfangsenergie E aufgewandt wird. Fiir Energiewerte unterhalb
1,0 MeV per Atommassen-Einheit erhalt diese Beziehung die Form

W(E) = Wg[1-035 + A(Z) (E/M)~")]
und bei hdheren Energiewerten
W(E) = Wy E/(E—constant)
wo Wy der mittlere Wert ist, welcher fiir die Bildung eines Ionenpaares durch ein Electron
benétigt wird.

Die Einzelheiten der Querschnitte und der Kinetik samtlicher méglicher neutronenbedingter
Reaktionen in den Elementen Wasserstoff, Kohlenstoff, Stickstoff und Sauerstoff werden
angegeben.

Es werden gleichfalls Kerma und die als elastische Kernstreuung aufgewandte Encrgie bei jeder
Neutronencnergie aus den differentiellen Sekundarteilchen-Spektra berechnet.

Pesrome
PacyeTHble 3HAYECHHA HOHA3ALHH U KEPMEI B O0TYYECHHEBIX HEHTPOHAMM razax

Cpennve 3HayeHus W, W, pacuRTHBANMCh, KAK TOMOUIb JUlA TOYHOM HEHTPOHHOR HO3UMETPHH,
JUTA TKAHEKBHBAJIEHTHOM ra3oBOMl CMECH, 3TWJICHA, alETHIEHA H YTJIEKHCIOTB: Npd 2] pasHBIX
JHEprHsaX HelTPoHOB B mManazoxe o1 0,1 5o 15,5 Mas.
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PacuyeTsl OCHOBaHbL! Ha paHbIUE BLIBENEHHOM OTHOLIEHHH ISl CpenHero sHayeHus sHeprun W(E),
3aTpayeHHOH npH ofpa3oBaHHH Mapbl MOHOB TSDKEIBIM HOHOM, HMelomiuM Maccy M, aToMHOe
yHCl10 Z M HaYanmbHYIo 3nepruio E. Jlns sHepruit Medee 1,0 Map Ha aTOMHyIO 3AHHHLY MacCBl 3TO
OTHONICHHE IIPHHHMAET BHI

W(E) = W;[1.035 4 A(Z)(E[M)~ "%
a nus 6onee BBICOKHX 3HEprHil
W(E) = W,E/(E— constant)

rae W, ABNAETCA CpefHHM 3HadeHHeM, TpeGyeMbIM n1s o6pa3oBaHHs 3NEKTPOHOM maphl HOHOB.
TpencTaBieHbl monpoGHOCTH cedeHHt H KHHETHKH BCEX BO3MOXHBIX pPEaKLHii, BBEI3BAHHBIX
HEHATPOHAMH, B 3]IEMEHTAX: BOAOPOI, YII€pol, a30T H KMCIOPOIL. ’
Kepma H 3HEprus, 3aTpadeHHAsl KaK YNpYroe sAEpHOE paccesiHHe, TAaKXe OUECHHBAIOTCA IS
Kaxmo#l HeHTPOHHOI IHeprud U3 nuddepeHHANBHEIX CIEKTPOB BTOPHYHBIX YaCTHIL.
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