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Calculation of Survival Rates and Effective Inactivation
Cross Sections of Targets for Fast Neutrons
based on Microdose Concept

Takao Numakunaj, Satoru OuTani Katsuo Kawal and Nobuo Opa*

Tokai Research Establishment
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken

Received 8 October 1970

Abstract

The survival rates and the effective inactivation cross sections of biological targets
for neutrons of energies 1~20MeV were calculated according to the target theory
based on the microdose concept, using an IBM-7044 computer. The survival rates
were calculated with one-, two- and three-events models for different combinations of
the following parameters: the incident energy of fast neutrons, the cut-off energy of
delta-rays and the average thickness of targets. The effective inactivation cross sections
of targets were derived from the survival rates for one-target model.

* Visiting Scientist (Research Laboratory of Nuclear Reactor Tokyo Institute of Technology) Ookayama, Meguro-ku,
Tokyo.
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1. Introduction

The absorbed dose, D (in a unit of rad), introduced by the ICRUY in 1953 is used as one
of the most fundamental physical quantities, describing the energy absorption of medium from
ionizing radiations and defined as
_4E

dam’

where A4E is the energy (in a unit of 100 ergs) actually deposited in a volume element of mass

D

Am (in a unit of gram) in question by ionizing particles. However, with respect to the (input-
output) relation between the dose and the effect, it is well known that an extent of effects depends
not only on the absorbed dose but also on the radiation quality. Therefore, in order to describe
pertinently the relation between the dose and the effect, the quality factor, QF, and the relative
biological effectiveness, RBE, are used as the modifying factors for the radiation protection and
for the radiation biology, respectively. For neutrons, in order to take into account the effect of
the radiation quality on the radiation effects, BoaG?, along the line proposed by ZIRKLE®, described
the energy absorption when fast neutrons bombard water as the distribution of LET values for
the recoil nuclei. In this method of description, there are two ways of plotting the distribution
of LET: (1) the proportion of the total absorbed energy which is dissipated in each interval of
LET and (2) the proportion of the total track length belonging to each interval of LET, that
is, the LET distribution of the particle fluence (or flux) of recoil nuclei. In BoaG’s description,
d-rays were not regarded to give rise to separate tracks, but included in the total loss of energy
of the recoil protons. This approximation may lead to incorrect results for some cases which are
usually encountered in the biological effects of radiations. Boac also suggested as a future prom-
ising step the third kind of description of the energy dissipation in his paper? which is now
called the microscopic description of the energy absorption, that is, the microdosimetric energy
absorption based on the microdose concept. The dissipation of energy may be considered as series
of discrete events, that is, a quantum theoretical discontinuous phenomena which is in essence of
the statistical character, occurring in the vicinity of the tracks of the ionizing particles. On the
other hand, concerning the medium absorbing the energy from ionizing particles, the biological
system of special interest here has the socalled targets which correspond to the sensitive site such
as a DNA, its composite constituents and so on, and the dimension of targets is usually very small
compared to the track length of most ionizing particles but still of the finite size. Therefore, it
is impossible to describe relevantly the relation between the input and the output, disregarding
the correlation between the target size and the amount of energy transferred into the target volume
and its statistical fluctuation. For this reason, the concept of microdose was introduced and theo-
retical as well as experimental studies have been developed since 19594.%. This new field of
dosimetry is called the microdosimetry.

In the previous papers®»”, the primary energy transfers, the effective inactivation cross
sections, and the survival rates of targets for several kinds of heavy charged particles were
studied.

In this paper, following the method of the previous ones, the survival rates and the effective
inactivation cross sections of targets for fast neutrons are evaluated using the target theory based
on the microdose concept, where the d-rays are regarded as separate tracks and the statistical
character of the energy deposition to the target is fully taken into consideration.
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2. Method of Calculation

2.1 Mathematical Expressions of Survival Rates and Effective Inactivation Cross

Sections of Targets Based on Microdose Concept

First, two kinds of fundamental quantities are introduced®:® for the microscopic description
of the primary energy transfer into the target volume.

T':; the transferred energy in a target per track per target. 7T is independent of
dose and dose-rate.
Z; the transferred energy per target. Z depends on dose, contrary to 7.

For simplicity, T and Z are expressed in a unit of W, that is an average energy necessary
to produce a primary event which is usually regarded as a primary ionization event but here is
not restricted to this event in order to include all possible activation modes such as the superex-
citation, the dissociative electron capture and so on, as a primary event. Then, T and Z are
expressed as T=jW and Z=JW, where j stands for the number of events produced by a single
track in a target and J the total number of events produced in a target by all tracks traversing
a target, respectively.

The statistical structure of the primary energy transfer based on the T-distribution has been
for the first time formulated in Ref.® and this formulation has been later on applied to the cases
of the %°Co gamma-ray!¥ and the heavy particle® irradiations. The details of the derivation of
formulae may be referred to the references cited above and only the final expressions of formulae
used in this paper are recapitulated.

In a case of T-input, the survival rate, H,, for one-target and n-events model which means
that the threshold number of events for inactivation of target is #» and the system has a single
target, was given as follows;

H;, =exp—s3tSo(1—:§:fj), (1)
§=2(gu(E)dE., (2)
and Fi= 2l E) P Ewy )AEef$. | (3)

The suffix a stands for the kind of charged particles traversing the target and therefore ¢.(E,)
means the energy spectra of the particle fluence of the a-kind particles. P(E,, j) is defined as a
probability that a track with enegy E. of the a-kind particle provides the j primary events in a
target. S, is the geometrical cross section of the target.

In the case of fast neutron irradiation, ionizing particles produced by neutrons in the water
medium are mostly protons and &-rays produced by protons. Relations among the total neutron
fluence, 3., the total proton fluence, @,, and the total 3-ray fluence, @,, can be expressed as follows;

g—st = 5.; + 60, ( 4 )
$o=A0. , (5a)
$o=Bp. , (5b)

where A and B are conversion factors. Using egs. (4), (5a) and (5b), eq. (1) can be rewritten as

H,,T=exp~$n(A+B)So(1—'§: ) (6)
> |
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where f; is expressed as a sum of the contributions of protons and §-rays as follows;

1 . .
£33 [ PAE PUE,, B+ (oo B PUEs, DE | (7)
Then, the effective inactivation cross section of targets, Seg, is expressed by
n—1
Ser=So(A+B)(1— Zofj)- (8)
j=

On the other hand, the probability distribution function based on Z-distribution, ks, which
means that the probability of occurrence of J total events in a target by all tracks traversing a
target is Ay, is given, using a generating function and its convolution, as follows;

hy=exp—¢uSo1—fo),  J=0 (9)

= a—'“sgjil (J—=0)fs-ihi, J21. (10)

i=0
Then, the survival rate for one-target and n-events model based on Z-distribution, HZ, is
given as

-1
HZ=S hy. (11)
J=0

In the case of Z-input, the survival curves are generally not of the exponential shape, and one
cannot define the quantity, S, except for one-event model.

2.2 Procedure of Calculation

The biological system is represented by the water medium as an approximated substitute
following Boac?, and in the water or tissue about 90% of the total energy transferred by fast
neutrons to nuclei and considerably more than 90% of the track length is accounted for by
neutron-proton collisions?>'? and in the first place, we shall consider these alone. It is assumed
that the relevant dimensions of the irradiated material may be small compared with the mean
free paths of neutrons in it. Therefore, the practical calculations were carried out for only the
first collisions of each neutron with a proton, corresponding to the first collision dose. Input
parameters used are tabulated in TABLE 1.

In the case of fast neutron irradiation, as mentioned above, there are two kinds of ionizing
particles, protons and d-rays. In the energy region under consideration (1~20MeV), it can be
shown? that the initial energies, E,, of recoil protons are uniformly distributed between zero and
the energy of the incident neutron, E,, that is,
dE,

E,~
Then, the intergrated number of protons per unit volume I(E,, E.), having the initial energies

P(E,)dE,= (12)

greater than E, produced by neutron flux of energy E,, ¢.(E,), is given by
E,
L(E,, E)=$u(E)o(EJNf ~PE)AE, ,

=¢n(En)a(En)NH(1_gp), 13)

where o(E,) is the total recoil proton production cross section of neutron of energy E, and Ny
is the number of hydrogen atoms per unit volume of the medium. Then, the slowing-down
spectrum of protons, §(E,, E.), in the medium is expressed by the following equation, based on
the continuous slowing-down model of protons;

O Ep E=T00, (19
where L(E,) is the total LET of proton of energy E,.
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For E,>05MeV, L(E,) is given by
4re' N, . 2mc?By?
L= N 1, 2] 1
=g =gl ] 19)
where N, is the number of electrons per unit volume, I is the mean excitation potential of the

medium, and other notations are the same as the usual. For E,<0.5MeV, the theoretical formula
of L(E,) given by eq. (15) cannot be used, because the Born approximation used to derive eq.

(15) cannot be applied for protons of energies below 0.5MeV in water medium, and so far no
exact theoretical expression has not been given. Therefore experimental values'?:'® were used
instead of eq. (15). In the practical calculation of ¢,(E, E.), was introduced a new quantity
¢,/ (E,, E.), instead of ¢,(E,, E.,), which is a kind of the normalized slowing-down spectrum of
protons and is defined as follows in a unit of cm/MeV;

8,/ (Ey, En)=(E,, E)|Nulpu(E)o(E)I(E~E.)dE, (16)

where a delta function 8(E—E,) is introduced in the integrant to reflect the calculation condition
that incident neutrons are all of a definite energy E..

104

10'5 -

Flux (em/keV)

10°%-

107 L L et g
10t 102 10° 10¢ 10°

Proton energy(keV)

Fig. | The slowing-down spectrum of recoil protons @p'(Ep, En), produced
by neutrons of energies En=1, 2, 5, 10 and 20MeV in the water
medium. The ordinate is given in a unit of cm/keV.

The numerical values of ¢,/(E,, E.) are given in TABLE 2 and also graphically shown in Fig. 1.
The number of electrons produced by protons, §,(E,, E.)4E,, having the initial energies greater
than E, is given by

mnxz R ’
s, By E)=( | L3 E, EAE, aa
2re!NJ 1 1 7+
B [EJ‘ Ea,,,,x]m(Ep, E.)4E, (17)

where ¢,(E,, E.) is the number of protons per cm? in the energy range from (E,,——%AEP) to

*)
(Ep+~;—AEp) . Therefore, the total number of electrons, In(Es E.), having the initial enerrgies

greater than E,, produced by all of the protons having the slowing-down spectrum P(E,, E,) is
given by
Ly (Es, En)=§ Li(Es, E,, E.). (18)

Then, the slowing-down spectrum of 8-rays, s(Es, 7, E.), in the water medium is given by

* See Appendix for the procedure of the numerical calculations of the slowing-down spectra and the LET.
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the modified continuous slowing-down model'¥ and expressed by
E’max ~
$s(Es, 1, En)=Lt(Ed)_1[IM(E0, E")+SZE Po(Ey', 9, E)2 (EY, Eo)dEa'], (19)
where i (Ey, Ey) is the integrated d-ray production cross section and given by integrating Mgller
cross section'¥, and 7 is the cut-off energy which corresponds to the lowest energy of d8-rays at
a moment of their origination. L.(E;) is the total LET of electrons and calculated according

to the procedure described in Ref. (14). The practical calculations of ¢s(Es, 7, E,) were carried
out, in a similar way as for that of ¢,(E,, E.), introducing a new quantity ¢,’ (Es, 1, E.) as follows;

8 (Es, 7, E)=4u(Es, 1, E)/Nu{pn(E)o(E))(E~ E)dE. (20)

In TABLE 3, the numerical values of ¢s/(Es, 7, E.) are tabulated. In Fig. 2, o5’ (Es, 1, E,) are
shown for 7=0.125keV.

10°1

10+
1072

1073

Flux (cm/keV)

10~

10-¢

107 1 1 3
107 10° 10t 10?

Electron energy (keV)

Fig. 2 The slowing-down spectrum of J-rays ¢s'(Es, 7, E,), produced
by neutrons of energies En=1, 2, 5, 10 and 20MeV in the
water medium, The ordinate is given in a unit of cm/keV and
the cut-off energy of d-rays, 7, is taken as 0.125keV.

While the actual form of P(E, j) in eq. (3) would be much complicated, the Poisson distri-
bution was here assumed as a considerably good approximation for it and given by

(gl n] exo=[[£

RE, j)==""— LLE D | )
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where ¢ is the average thickness of the targets, and L|(E, 7) is the local LET of a particle with
energy E and means the energy transferred in the vicinity of the track, mainly coming from the
glancing collisions. Hereafter, 4/ W is expressed in a unit of 100 A/eV, that is, in a case of 4/W
=1/100, if we assume W=35eV, the value of £ is 35A. L(E,, ) for proton is given by

L(E, ;7)=Z‘;‘ﬂ]";[ In (zl’fcgifj”z— 8¢}, for E;>05MeV, (22a)
p P
_ _ 2me*NJ  2mc?By?
— L(E,) W[lnh(l_ ﬂz)v]’ for E,<05MeV. (22b)

In eq. (22b), empirical values'?>'® were used for L.(E,) as mentioned before.

The numerical values of L.(E,) and L|(E,, n) are tabulated in TABLE 4 and graphically shown
in Fig. 3, where the dashed line is the one calculated according to Bethe’s formula and solid lines
are ones calculated using the experimental values for L.(E,). Details of calculation and the
numerical values for L,(E;) and L(E,, 1) were described and tabulated in Ref. (6). Among them,
L(E;) and L\(E,, ) for E;=0.1256keV~1.0keV are shown in Fig. 4.

l()li
g
N S 109
”g 10 E
: §
=
:;"i ~ 104-
E 105.
3 L
L
10* . 1 \ 1 s 1 ; 1¢° =y - L5 L L L L ) )
Proton energy (keV) Electron energy (keV)
Fig. 3 The total LET, L«(E,;), and the local LET, Fig. 4 The total LET, L¢(E;), and the local LET,
L(E,, 7), of proton in the water medium. L\(E;, ), of electrons in the water medium.
The dashed line is the one calculated accord- L\(E;, n) are shown varying the cut-off energy
ing to Bethe’s formula and solid lines are cal- of O-rays as 7=0.125, 0.250, 0.500 and 1.000
culated ones using the experimental values and keV.

varying the cut-off energy of O-rays as 7=
0.125, 0.250, 0.500 and 1.000keV.

In TAsLE 6, numerical values of P(E, j) for protons are tabulated and ones for electrons were
also tabulated in Ref. (6).
In the case of neutron irradiation, f; is given by

En E.m-x
§, . Bo(Ee ENP(E, HAE+( " $o(Ev, 1, E)PEs, B

fJ at(En, 7]) ] 3 (23)
where

B(Eny 1) =B Ex) + o Eu, 1), (24)

_ E.,

PAEN=( " $4(Ey ENE, (25)
and

Fo(En, 7?)=S:'m¢a(Ea, 7, En)dEs (26)

The numerical values of f; are tabulated in TABLE 7. In Fig. 5, f, are shown as a function of
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- E,=10MeV
r 1.0 "

1.0 —— p=125eV £, —n=125eV

- 71=1000eV

2 0.5 = 0.5f
1 \\,\“s \:\ 0 Il 1 =™
171000 1/100 1/10 1/1000 1/100 1/10
I/ W (100A/eV) I/ W (100A/eV)

Fig. 5 The probability distribution of occurrence of Fig. 6 The probability distribution of j primary events
no event in a target by neutrons of energies, in a target by neutrons of energies E,=10
E,=1, 2, 5, 10 and 20MeV. The solid lines MeV. The solid lines and the dashed lines
and the dashed lines were calculated assuming were calculated assuming the cut-off energy,
the cut-off energy, 7=0.125keV and 7=1.000 7=0.125keV and 7=1.000keV, respectively.

keV, respectively.

the target thickness for 7=0.125keV, and in Fig. 6, fo, f1 and f; are shown for E,=10MeV and
7=0.125keV and 1keV.

3. Results

The survival rates for n-events and one-target model based on T-distribution, H,, is given by

- n—1
HE =exp—GuEw, DSo(1— 2 1), (27a)
j=
- - n—1
—exp— B EJo(E)NuS B! (Eny 11— 2 5 (27b)
j=
where
¢/ (Ea, 1) =8,/ (Ea)+8d' (En, 1), (28)
5p’(En) = S ¢pl(Ep: En)dEp’ (29)
#/(E., 1)={ 8¢ (Es, 1, E)dEs. (30)
The survival rate for T-input HY is expressed, using Stg, as follows:
HT=exp—¢.(E.) Sl (31)
where the effective inactivation cross section of the targets for H can be expressed by
_ n—1
S=SEINb! (B, 1)(1=E f). @2
j=

S is obtained as a function of E,, 7, So! 7 and ¢/W and the numerical values of S%/So
tabulated in TaBLe 8. The numerical values of HT would be readily calculated with the use of
values SZ/So.

In Fig. 7, S%/S, for HY(E,=10MeV) are shown as a function of ¢/W, varying n and 7. In
Fig. 8, S7/S, are shown for n=1 as a function of the target size as well as E..

The survival rates for the one-target n-events model based on Z-distribution, HZ, is given

by eq. (12), and for n=1 and 2 are expressed as
Hf= exp-—-(2—5,.(E,,)Soo(E,,)NH¢_5t'(En, n(L—fo)
H% =[1+8u(E.)Seo(Eo)Nud! (En, 1) JHY.
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X104
60 7=125eV 20MeV
l'/ e
5o p
2 ///,/IOMeV
& 40r "
N 4 5MeV
o3
~ 30F ;
v
20 e 2MeV
= 1MeV
10
1 L 1
1 1 T
1000 100 10
. I/ W (100A/eV)
:5 Fig. 8 The variation of the ratio of effective inacti-
S 104 vation cross section to geometrical cross section
@ of target SJg/Se, with the neutron energy.
& E,=1, 2, 5, 10 and 20MeV, based on 7T-
— =125eV distribution. The cut-off energy is taken as
/  ------7=1000eV 0.125keV.
E,=10MeV #.S, (neutrons/target)
2
100 2 10 15 20 X 10
1078 80
__ 60
X
=~ 40F
/ g HT
2 20
10 L 1
1 1 1 10-
1000 100 10 LHE “Hf  CHP H
I/W (100A/eV) Fig. 9 The variation of the survival rates, HI and
Fig. 7 The variation of the ratio of the effective in- HZ, based on T- and Z-distribution, respec-
activation cross section to the geometrical cross tively, with the number of threshold events
section of target, S./Se, with the number of for inactivation, 7(n=1, 2 and 3), for neutrons
threshold events for inactivation, n=1, 2 and of E,=10MeV. The abscissa corresponds
3, for neutrons of En=10MeV and 7=0.125 to the average number of neutrons passing
keV and 1.000keV, based on T-distribution. through a target.

7 is taken as 0.125keV and the target thick-
ness ¢/W is taken as 1/100 in a unit of 100
Alev.

The practical calculations of HZ are more complicated than H7, and the numerical values of
H? are tabulated in TABLE 5, varying E., 7, n and 4/W versus a variable ¢,S,. In the following
only a few typical ones of numerical results are here illustrated. From these figures, one can
see that while the survival curves for HY are of the exponential type, the ones for HZ are not.
In Fig. 9, the survival curves corresponding to HY and HZ are shown, where E,=10MeV,
4/W=1/100 and »=0.125keV. In Fig. 10, the variation of HT with the target size are shown
for E,=10MeV and 7»=0.125keV, and in Fig. 11, the variation of HT with the incident energies
of neutrons, E,, are shown for 4/W=1/100 and 7=0.125keV.

Discussions about these results, the application to practical problems and the comparison with
the result obtained by Boac? will be published elsewhere together with the results obtained for
X-rays and ry-rays.
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$,S, (neutrons/target -
#:5 (neutrons ixge ) . . #.So (neutrons/target)
1008 ? 1 = A 12 3 ¢ s 6 7 8 9 10100
80} o)
—~ 601 L
§ S 60,
a0f 40
Ney /= 000 -
s Y WwW=1/1 1\:::
'g s
[ 20 :s 201 10MeV
x . = .
IW=1/300 =
I/ W=1/100 \<OMeV
20MeV
10|
= 10t SMeV
YW=1/10" 13 e
Fig. 10 The variation of the survival rates for one Fig. 11 The variation of the survival rates for one
event model, HY and H?, with the target event model, H7 and H? for neutrons with
thickness 4/W in a unit of 100A/eV, for E.=1, 2, 5, 10 and 20MeV. The target
neutrons of E;=10MeV and for 7=0.125 thickness 4/W, in a unit of 100 A/eV is 1/100
keV. The abscissa corresponds to the average and 7 is 0.125keV.
number of neutrons passing through a target.
Appendix

In the practical calculations of the slowing-down spectra and the LET, the total energy range
is divided into logarithmic scale and the mesh point of energy, E;, and the energy width at that
point, 4E;, are determined by following equations,

where

E;=ai"1yp,

4E,=20=1p _0172854E,
a+1

1
a=24,

Although the maximum energy of recoil protons or d-rays, which is expressed as E™=, can
be determined exactly by the theoretical formulae, for the convenience of calculation, the following
prescriptions were used,

AE— —;-AE,. +(Emx—E,)

max — E“ L

AE, . = Emox— (E.- +-;—AE.-),

1

for Emx< E;+--4E;,

2

for Em=X>Ei+%AE,~.

The energy width at the cut-off energy, 4E,, is chosen as

D

2)
3)
4
5)

4E,= %AE; —0.0864272 E.
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Tables
TABLE 1 Input parameters
Incident neutron energy, E, (MeV). 1, 2, 5, 10, 20
Cut-off energy for d-rays, 7 (keV). 0.125, 0.250, 0.500, 1.000,
Target size, £/W (100 A/eV). 1/1000, 1/300, 1100, 1/30, 1/10.
Number of primary events per track per traget, j. 0, 1, 2.
Number of primary events per target, J. 0, 1, 2.
Number of threshold events for inactivation, 7. 1, 2, 3.

Average thickness of target: 4 (A)

Average energy required to produce one primary event: W (eV)

Recoil proton energy, Ep (MeV): 0.01~20. 48

Delta-ray energy, E; (keV): 0.125~107.6
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TABLE 2

TABLE 3

TABLE 4

TABLE 5

TABLE 6

TABLE 7

TABLE 8

Slowing-down spectrum of recoil protons $p'(Ep, En), in a unit of cm/MeV, in the water medium.
The values are shown as a function of the incident energy of neutrons E. (MeV) and the energy of

recoil protons Ep (MeV).

Slowing-down spectrum of d-rays ¢'s(Es, 1, En), in a unit of cm/keV in the water medium. The values
are shown as a function of the incident energy of neutrons En (MeV), the energy of d-rays E; (keV)
and the cut-off energy of d-rays 7 (keV).

Total LET, L(Ey), and local LET Ly(E,) of proton in the water medium. The values of Li(Ep)
(MeV/cm) are shown as a function of Ex(MeV). Li(Ep) (MeV/cm) are shown as a function of Ep
and the cut-off energy of d-rays n(keV).

The survival rate of traget for neutrons besed on Z-distribution, Hj. The values are shown as a

function of neutron flux (neutrons/target), the cut-off energy 7(keV), and the number of threshold

events for inacivation 7.

Probability that a track of proton of energy Ey(MeV) gives j-events, P(E,, j). The values are shown
as a function of E,, the traget size !/ W(100 A/eV). the cut-off energy n(keV), and the number of
events j. “0.” means that the value of P(E, j) is less than 107%

Probability of occurrence of j primary events in a target, £, by neutrons of energy En(MeV). The
values are shown as a function of En, the target size 1/ W(100 A/eV) and the number of events j.

The ratio of effective inactivation cross section to geometrical cross section of target, Sg/So, for
neutrons having energy En based on T-distribution. The ratio is shown as a function of En, the
traget size I/ W(100 AJeV), the cut-off energy 7(keV), and the number of threshold events for in-

activation 7.

In TABLE 2~ TABLE 8, because of typographical limitions, symbols of prameters used in text are

indicated as follows:

¢, (EpEn) : ¢(P)
E, : E(P)
¢ (Esn,En) : $(0)
Es : E(0)
E, : E(N)
fi : FJ
fo . FO
fi . F1
/2 : F2

Seff/So H SEFF/SO
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