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Calculation of survival rates and effective inactivation
cross sections of targets for heavy charged particles
based on microdose concept

Abstract

According to the microdose concept, survival rates and effective inactivation cross
sections of the targets are studied for heavy charged particles of energies 4~172MeV/
amu and of charges 7~18. Calculation was performed using an IBM-7044 computer.
The survival rates were calculated for one-, two-, and three-events models with
different combinations of the following parameters: effective charges of ions, Z,
incident energies of ions, E,, cut-off energies of d-rays, 7, target thicknesses, /. As
an input quantity, Z (primary energy transfer per target) was used. The effective
inactivation cross sections were derived from the survival rates for the one-event
model.
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1. Introduction

One of the most striking features representing the action of ionizing radiations on the various
systems (physical, chemical and especially biological systems) is that only a minute amount of energy
is sufficient to produce a remarkable effect. These specific characteristics are principally due to
the following two aspects of the primary energy transfer by ionizing particles, that is, the quantum
theoretical discontinuity of the interaction of ionizing particles with matter, and the high degrees
of the concentration of activation events around the track of ionizing particles and also of the
intercorrelation of the activation events on the same track as well as among the neighboring tracks.
The energy deposition by the ionizing particles, therefore, may be stated to be of the higher-
ordered. With the definition of absorbed energy in the rad unit? (macroscopic dose concept),
these features are completely disregarded. The absorbed dose in the unit of rad, D, is defined by
the following equation :

-2E (1)
where 4E is the energy (in the unit of 100 ergs) actually deposited in a volume element of mass
Adm (in the unit of gram) in question by ionizing particles. This expression may be a sort of the
local dose (or the differential dose) and has been usually recognized to be a quantity measurable
with an extrapolation chamber. However, in this definition, specific characteristics of primary
energy transfer by ionizing particles are not included and serious objections have been proposed
theoretically?® and experimentally?~? to the measurability of the differential dose.

Consequently, the description of radiation effects in terms of survival curves (or rates), which
has been usually regarded as the most fundamental one of the dose-effect(input-output) relation,
can not explain the effect of the radiation quality, as long as it is based on the macroscopic dose.
Therefore, new concept was for a long time wanted for to represent the input quantity relevant
to the dose-effect relations in the radiation biology. For this purpose, a new concept of microdose
was introduced to reflect the specific statistical characteristics of primary energy transfer by charged
particles, and theoretical as well as experimental studies have been developed since 19598)~11,

In this paper, the survival rates of biological targets for several kinds of heavy charged par-
ticles were evaluated with the use of Z which is one of the input quantities introduced on the
basis of the microdose concept. The survival rates were calculated for one-, two-, and three-
events models with different combination of the following parameters; the effective charge of ions,
Z.s, the incident energy of ioms, E,, the cut-off energy of d-rays, 5, and the target thickness, /.

The numerical values for the physical quantities necessary for performing the present calcula-
tion, such as Z%g, L,(E, 1), L.E, 1), ¢s(E), P(E, j) and f;, were already given in the previous
paper'?, Tables of survival rates in the case of T-input were also given there in the form of

Se/S, from which survival rates can be readily derived.
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2. Method of calculation

2.1 Formulation of target theory based on Z-distribution

In this paper, a fundamental quantity Z is made use of as the input quantity for the micro-
scopic description of the primary energy transfer into the target volume.'?
Z: the transfered energy in a target by all tracks traversing a target per target.
Z is dependent of the dose, on the contrary to another input quantity 7" used in the
preceding paper.1?

In order to get the Z-distribution simply, one would be better introduce the generating function
which is usually used in the probability theory. One can refer to Ref.(11) as for the mathema-
ticlal derivation of the Z-distribution!?. In the following, for simplicity, the total number of ions
produced by primary energy transfer per traget, J, is used as the input quantity instead of Z.
The relation between J and Z is expressed as follows:

Z=JW, (2)

where W is an average energy necessary to produce an ion pair. A random variable X, is
defined as a variable for the number of primary ionizations due to %-th hit where hit means the
traversal of charged particles through a target. A distribution function for X, is introduced by

P(Xi=7)=F, . ' (3)

where j is the number of ions produced by the primary energy transfer per track per target.
A random variable for the total number of ionizations due to N hits, Sy, is introduced as
follows :
Sy=Xi+Xp+ceee + X, (4)

where N is a random number for the number of hits and independent of X;. A distribution
function for N is defined by

P(N=m)=g¢gn. (9)
Then, a distribution function for the total number of ionizations Sy is given as follows:
P(Sy=J)=h;. (6)

Since eq. (3) means that the probability of occurrence of j ionizations by the 4-th hit is £; and
eq. (5) means that the probability of occurrence of  hits is g, then eq. (6 ) can be derived as a
convolution of the two distribution functions, given by egs. (3) and (5), as follows:

P(Sy=J) =hy= §OP[N=mJP£Sm:J). (7)
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The explicit form of h; can be readily derived with the use of generating function for £}, ¢.. and
h; which are denoted by f(s), g(s), and A(s), respectively. Since a random distribution function
for N, g.. is, in principle, given by a Poisson distribution, we have the following equation :

g(s)=exp—m(l—s), (8)

where 7 is a mean hit number and has the following relation with total flux of charged particles,
@:, and the mean geometrical cross section of target, .Sy,

m:¢tS0, ( 9 )
.= \p(E)IE. (10)

Here, let us define the probability P(E, j) that a particle with energy E delivers j ions in a target.
Then f; is given as follows:

\¢.(E)P(E, j)dE
fi= : an
fouE)aE

With the use of eq.(11) and the recursion formula for %;, an explicit expression for A; can be

readily derived and given as follows:

ho=exp—7i(1 — fo) =exp—B:So(1— fo) J=0, 12
hy="" g —i)fr_ih J>1. (13)

Survival rates of the biological targets can be readily calculated with the use of egs. (12) or (13).
Practical applications will be described in Section 3.

2.2 Calculation on distribution of primary energy transfer for heavy
charged particles

The probability distribution function based on Z-distribution can be regarded as a secondary
quantity derivable from the parameters concerning the primary energy transfer of heavy charged
particles such as @, f; and S,. Since the practical method of calculations and numerical values
of @, and f; were already described and tabulated in Ref. (12), only the outline of them will be
here recapitulated.

First, the effective charges of the heavy ions, Z.s, were estimated according to the empirical
formula introduced by Northcliffe!®. The primary energy transfer of ionizing particles is divided
into three parts: the local energy transfer, the d-ray production, and the radiative energy transfer.
Accordingly, the total LET is divided into three parts as follows ;1419

(total LET) = (local LET) + (energy imparted to d-rays)
+ (radiatiative energy transfer],

Lt(E):LI(E)+L01(E)+Lrad(E) (14)
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The local LET corresponds to the energy transfer delivered in the vicinity of the track, which
mainly comes from the glancing collisions and can be calculated by the formula given by Bethe.'?
The energy imparted to O-ray (L.(E)) givesrise to the newly produced ionizing radiation flux
(5-rays) whose energy is consumed in the region far from the primary track. L.(E) is the energy
loss which comes from the knock-on collisions and can be calculated with the use of the Mgller
cross section formula'” for electrons. Li.a(E) is the radiative energy loss and was calculated by
the formula derived by Racah!®.

Corresponding to the decomposition of the total LET mentioned above, the total flux of the
radiation fields consists of the two components; that is, the primary flux and the d-ray flux:

$:(E) = ,(E) + 9o E), %)

where ¢,(E) and ¢,(E) are the differential flux for heavy ions and for d-rays, respectively. We
assumed that the energy loss of heavy ions in the target medium is so small that the energy of
the incident heavy ions is constant through the medium of interest. It is also assumed that d-rays
are produced from heavy ion tracks following the Rutherford formula'? and are degradated in
the medium following the modified continuous slowing-down model.!41%

Then we get the following relation between ¢, and @5

Bs =P paZls, (16)
where

¢_5a=S¢a(E)dE, an

8,={¢u E)aE, | (18)

and “a” is a numerical factor which is the total energy flux of d-rays produced by heavy ion of
1 particle/cm? and of Z.g=1. Therefore eq.(15) can be rewritten using eq. (16) as follows :
=@l +aZ%s). a9

3. Results

The parameters used to get the actual results are given in Table 1. The biological system is
here represented by the water medium as an approximation, so that LET of heavy ions and of
electrons and @;(E) were calculated with the values for the water medium tabulated in Table 1.
The exact form of P(E, j) in the expression of f, in eq.(11) would be of the much complicated
one. However, if the mean diameter of the target is sufficiently small that the energy loss of the
particle passing through the target is negligibly small compared with the particle energy, each
ionization event along the same track may be regarded to be stochastically independent of each
other. Therefore, the Poisson distribution was here assumed for P(E, j) as a considerably good
approximation.

P(E, j)=w%’ﬂ1exp-u/ W)Ly(E), (20)

where [ is the average diameter of the target.
In the following, the survival rates of the biological systems were evaluated with the use of
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Table 1 Input parameters

Kind of heavy ion, Z: 1H, zHe, 3Li, 5B, GC, 7N, so, oF, loNe, 18A.
Incident energy of heavy ion, E,(MeV/amu): 4, 6, 8, 10, 12.
Cut-off energy, n(eV): 125, 250, 500, 1000.

Number of primary ionization per track per target, j: 0, 1, 2.
Number of primary ionization par target,J: 0, 1, 2

Target size, [/W(100 A/eV): 1/1000, 1/300, 1/100, 1/30, 1/10.

Average diameter of target: I(A).
Average energy required to produce one primary ionization: W(eV).
Input data for water medium
Ne=3. 33698 x 10?%els/cm?
Z=10
A=18.0153
p=0.9982
I=74.1eV.

Z-distribution. One can refer to the Ref. (11) on the difference of the meanings of between T
and Z when used as an input quantity.

When the multi-targets model is taken, survival rates can be readily derived with appropriate
combinations of %; corresponding to the properties of the target system of interest. Hereafter,
for convenience and simplicity, calculations are performed on the one target model.

In the case in which the threshold energy, Eu, for the inactivation of target is equal to W,
which is usually so called one target one event model, the survival rates are calculated by the
following equation :

ho=exp-$,So(1+aZs)(1—fo), €2y

where $,S; plays a role corresponding to the macroscopic dose, D. The expression of eq.(21) is
the same as that for T-input and the survival curves are an exponential type, as long as the
number of targets in the system is one. In this case, the effective inactivation cross section, Ses,
of a target is given as

Sett = So(1 +aZ?e)(1—fo). (22)

On the other hand, survivals for E,=mW, where m is integer and called as the number of
the threshold events, are given as follows:

Rothydveeeenees + A, (23)
and, for an example, the survival rate for m=2 is given with eq. (13) as
) h0+h1: [1+$PS0(1 +a22eﬂ)f1] ho. (24)

As is readily seen from an example with m=2, the survival curves are generally not of the ex-
ponential shape except for a case with m=1, even in the one target model. Actual calculations
were carried out for m=1, 2 and 3 with different combination of five kinds of E,, ten kinds of
ions, and four kinds of J/W. The results are tabulated in Table 2. The data are so massive that
the data are printed in microfiche. Discussion about these results from the point of view of physics,
biology and radiation dosimetry will be published elsewhere together with the results obtained
from T-distribution, including the actual application of 7- and Z-distribution for the biological
system.
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Table 2 Survival rate

Calculated values of survival rates as function of primary energy of incident ions, Ep,
kind of heavy ions, target size, I/W, cut-off energy, 7, for three kinds of models, h,, ho+h
and Ao-+hi+hs Because of typographical limitations, symbols of parameters used in text are
indicated as follows :

¢Sy (ions/target) : FPSO (IONS/TAGT)

E, : EP

i : ETA

W : LIW

ho : HO

ho+hy : HO+H1
hot+hi+he : HO+H1+H2

Powers of ten are indicated by symbol E: thus 8. 37678 E-01 means 8. 37678 x 107%.
Table is divided into five parts according to E;, thus,

Table 2-1: E,=4MeV/amu

Table 2-2: E,=6MeV/amu

Table 2-3: E,=8MeV/amu

Table 2-4: E;=10MeV/amu

Table 2-5: E,=12MeV/amu
The data are so massive that are printed in microfiche. Among them, five samples of the data
are shown in the following. The microfiche will be obtained if you request to the authors or
to the Division of Technical Information, Japan Atomic Energy Research Institute, Tokai-
mura, Naka-gun, Ibaraki-ken, Japan.
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Survival rates and effective inactivation cross sections for heavy charged particles
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