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Abstract  A cellular survival model and the cross section calculation with low and high LET for ion irradiation were 

presented. Based on our formula of surviving fraction calculation, the survival data of Chinese hamster cell (V-79 ) 

for ion irradiation including He, Li, B, C, O, Ne and Ar were calculated; the cross sections for ion irradiation includ-

ing He, Ni, C, Ar, Kr, Xe and U were shown. The calculated results show that the presented model is a good descrip-

tion of radiation effects of V-79 cell for different ion irradiation. In this model splitting energy between ion-kill mode 

and gamma-kill model is avoided, the calculated results of cross section needn’t be multiplied by a factor to fit the 

experimental data. 
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1 Introduction 

The radiation effects of ions are dependent on the 

distribution of physical and chemical events, such as 

ionization, excitation and the formation of free radi-

cals around the ion’s path. A full description of all 

interactions that occur in the medium is very compli-

cated, and at present it is virtually impractical for 

completely interpreting the radiation effects. In the 

Katz’s track structure theory of delta rays,[1,2] the en-

ergy deposition by delta rays ejected from the medium 

by a passing ion is considered as characteristic quan-

tity to describe radiation effects of the ions. Radiation 

effects produced by an ion can be determined by the 

distribution of energy deposition by delta electrons 

while the difference of energy spectra of delta rays is 

neglected, and radiation response of a detector is the 

sum of radiation effects produced by the distribution 

of energy deposition. Since gamma rays always inter-

act with a medium through secondary electrons, a de-

tector exposed to gamma rays can be calibrated, 

whereby the target in the detector is bathed in a uni-

form field of secondary electrons. According to the 

theory, for single target/single-hit detector, such as dry 

enzymes and viruses, the inactivation cross sections of 

ions can be calculated by using the numerical integra-

tion methods[1] or a simplified analytical formula.[3] 

The results show that the theory is a good description 

of the experimental results. 

The biological cell is more complex than the sin-

gle-hit detector. Cells may be inactivated by a burst of 

delta rays accompanying the passage of a single ener-

getic ion, or first damaged by the passage of an ion 

and then inactivated by the passage of other ions. The 

first case is a single particle effect which is suitably 

described by an inactivation cross section, and the 

second case is a multi-particle effect. These two kinds 

of inactivation are called as ion-kill mode and gam-

ma-kill mode in the Katz’s theory.[1,2] Based on the 

track structure theory of delta rays, Katz gave a 

four-parameter model to describe the response of cells 

for ion irradiation considering biological cells as mul-

ti-targets/single-hit detector[2,4] and splitting the ener-

gy deposition by delta electron between ion-kill mode 

and gamma-kill mode. The four parameters are the 

size of a cell σ0, the number of target in a cell m, the 
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characteristic dose to gamma ray D0 and K, related 

radiation sensitivity of cells to ions. The response of 

cells to ions can be calculated successfully using the 

model. In Katz’s model the number of target m is not 

an integer that means averaged characteristics of cell 

inactivation. If cells are of simple structure, i.e. in 

each of them there is only one sensitive element, it 

would be expected that the cross section for one sensi-

tive element is equal to the cross section for a cell, so 

parameter σ0 could be determined by parameters D0 

and K, because the radius a0 of a sensitive element is 

related with K and D0  as K=D0a0
2/(2×10-7)erg·cm-1 

according to Katz’s model. The calculated results 

show that there is an order of magnitude difference 

between the value of calculated results and the fitting 

parameter σ0. It implies that a cell is a complex struc-

ture in which more than one sensitive element are 

contained. 

Based on the track structure theory of delta rays 

the interaction cross section of an ion with one sensi-

tive element is calculated in the present work. As-

suming that one biological cell contains multi- sensi-

tive elements, a model of cell inactivation for ion irra-

diation is proposed and the response in low LET and 

the extrapolated cross section in high LET of V-79 cell 

are calculated. 

2 Materials and methods 

2.1 Cell inactivation model assumption 

The cell model including multi-sensitive ele-

ments is assumed as follows: 1) biological cell con-

tains multi-sensitive elements, in each of which there 

are two targets, every target is a hit detector; 2) when 

two targets in one element were hit one or two times, 

the sensitive element is completely damaged; the cell 

will be inactivated while every sensitive element was 

completely damaged; when only one target was hit the 

element is partly damaged; the cell containing partly 

damaged elements is partly inactivated. 

A sensitive element was completely damaged in-

cluding two sides: 1) two targets in a sensitive element 

are hit by delta electrons produced by an ion, this is 

called “one particle effect”, which cross section is 

represented as σsi ; 2) one of two targets in a sensitive 

element is hit by delta electrons produced by an ion 

and the other is hit by delta electrons produced by 

other ions, this is called “multi-particle effect”, which 

cross section is represented as σs1 and σs1＋1, respec-

tively. 

Assuming that in a cell the number of sensitive 

elements is n, then in a partly inactivated cell the 

number of partly damaged sensitive elements may 

possibly be 1, 2, or…, n, and so on. Respectively we 

called the cells as “1-time, 2-times, …, n-times dam-

aged cell”. For “i-times damaged cell ” to be inacti-

vated it can be classified as two categories: 1) two 

targets in one element were not hit completely before 

hit by the delta electrons produced by an ion, the cross 

section of which is represented as (n-i)σsi  because the 

“i-times damaged cell” contains (n-i) completely not 

hit elements; 2) one target was hit before, now 

the-not-hit-target is hit by delta electrons produced by 

other ions, the cross section of which is represented as 

iσs1＋1. 

Suppose the initial number of cell in a thin 

specimen is NI0, when the ion beam with flux F radi-

ates the specimen, the number of “i-times damaged” 

cell will be n-i. We have 
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On the right-hand side of the Eq.(3), the first 

term represents the portion from Ni-1 to Ni; the second 

term and the third one correspond to the first kind and 

the second kind of the “i-times damaged cell” process 

as described above; and the last term represents the 

portion from Ni to Ni+1. 

The solutions of the above equations are: 
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The number of surviving cells in the specimen 

after irradiation by the ion beam is 
0

n

ii
N N


 . 

Using Eq.(5) we can get the surviving fraction SF: 
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For the thin specimen there is a relation between 

the absorbed dose D and the flux F of ion beam: 

D=F×LET, the surviving fraction related to the ab-

sorbed dose can be obtained with Eq.(6). 

2.2 Calculation of cross section 

The cross section of an ion interacting with a 

sensitive element can be obtained by calculating the 

hitting probability of targets contained in the sensitive 

elements. According to the target theory, the average 

number of hit per target m is proportional to the ab-

sorbed dose D: 0/m D D , where D0 represents the 

characteristic dose. According to the Poisson statistics 

the probability of the hitting target and no hitting tar-

get is 1 exp( )m   and exp( )m  respectively. 

Since the energy deposition of delta rays produced by 

ions is not uniform, the cross sections can be repre-

sented as: 

2
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where ( )D t  is the mean dose deposited in a sensitive 

element whose center is at radial distance t from the 

path of an ion. Considering that a partly damaged sen-

sitive element may be repaired, and the probability of 

a sensitive element partly damaged is smaller than the 

probability of one of two targets in the sensitive ele-

ment being hit, we introduce a fitting parameter R in 

Eq.(8) to represent the effect. 

When the sensitive element is represented by a 

cylinder which radius is a0 (the axis of the cylinder is 

parallel to the ion’s path），the mean energy deposition 

can be expressed by 

0 2π
2 2 1/ 2

2
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π
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D t D t r rt r r
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       (10) 

where D(t) is the distribution dose of all points in the 

radius of the ion’s path. 
Based on different assumptions there are differ-

ent models to deal with the radial distribution of dose 

about the ion’s path.[5-7] These models agree at the 

same point: when the distance t is not very near Tmax, 

D(t) is proportional to 1/t2, where t is called penumbra 

radius. When t is very near Tmax, D(t) decrease rapidly. 

For practical purposes it may be assumed that there is 

a sudden cut-off at the point of Tmax, the radial distri-

bution of dose around the path of an ion can be ex-

pressed as:[5] 
2

2
2

( ) effZ
D t C t


  (for t≤Tmax). 

When maxt T , ( ) 0D t  . In this equation C is a co-

efficient only depending on the absorbing medium, 

and when the medium is water, C=1.25×10－8erg·cm－1; 

β is the ion’s velocity relative to that of light in vac-

uum; Zeff is the effective ion’s charge number. Con-

sidering the ejecting angle of secondary electrons, the 

maximum distance of delta electron in the ion’s path is 

Tmax=6.16×10－2 (E/Mi)1.7, where the unit of Tmax is μm, 

E is MeV, and Mi is the mass of an ion in atomic mass 

unit.[5] 

The mean dose deposition in an element can be 



 

 

359No.6 CHEN Li-Xin et al：Calculation of response and thindown of V-79 cell for ion irradiation 

calculated using above equations. To avoid the diver-

gence in the calculation, we replace 1/t2 with 1/(t2+ε2), 

and assume that ε2 is 3.5×10－5 μm, then the equation 

becomes:[8] 
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        (11) 

When t≤Tmax+a0, the secondary electrons can 

interact with the sensitive elements whose center is in 

the distance t≤Tmax+a0. When max 0t T a  , 

( ) 0D t  . When t » a0, ( )D t  varies with 1/t2. 

2.3 Results and discussion 

Fig.1 shows the variation of ( )D t  with t based 

on Eq.(11). When t < a0, there is a plateau with ( )D t  

varying with 2 2 2
0effZ a   . When t > a0, ( )D t  de-

clines rapidly with the increment of t and then varies 

with t as 1/t2. When t is 1.1 a0, ( )D t  is smaller than 

4 times 0( )D a . 

The survival curves of V-79 cells irradiated by 

ions He, Li, B, C, O, Ne and Ar were calculated with 

the above model and compared with the experimental 

results.[9] In Fig.2, the points represent experimental 

data[10]  and the lines represent calculated results. The 

fitting parameters are: a0=7.3×10－5cm, D0=4.9×104 

erg·cm－3, n=20, R=0.15. The survival curves are hor-

izontally displaced by a factor s to avoid overlap. It 

can be seen that theoretical results are in good agree-

ment with experimental data. The four parameters for 

V-79 cell in the Katz’s model are: m=2.5, D0=1.95× 

104erg·cm－3, K=1.4×10-3, σ0=5×107 cm2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  The mean dose ( )D t  deposited by secondary elec-
trons in a cylinder sensitive element of radius a0, whose center 
is at radial distance t from the path of an ion of effective charge 
number Zeff moving at relative speed β. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.2  Survival data of Chinese hamster cells(solid square)[8] are superimposed on fitted survival curves using the multi- sensitivity 
element model, where β is the velocity of an ion relative to that of light in vacuum. The curves are nested using horizontal displace-
ment parameters. The charge number Z of ions is 2,3,5,6,8,10 and 18 for He, Li, B, C, O, Ne and Ar respectively. The lines represent 
the calculated results. 

Evaluating the logarithmic derivative of the sur-

viving fraction with respect to the beam flux F in the 

high flux (extrapolated) region, which is identified as 

negative extrapolated cross section σext, we can find 

from Eq.(6) that: 

σext=n(σs1+σsi)   for   σs1+σsi<σs1+1, 

σext=nσs1+1   for   σs1+σsi<σs1+1, 
which include single-particle and multi-particle effects. 
From Eqs.(7), (8) and (9) it can be verified that 
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σs1+σsi<σs1+1 when R<1/2. 
We also have calculated the extrapolated cross section 
σext and compared it with experimental data for V-79 
cell irradiated by ions as the same as above. The result 
was shown in Fig.3, where the lines represent calcu-
lated results and the points represent experimental 
data.[8] It is also shown that we needn’t multiply by a 
factor to fit the experimental data of cross sections. In 
Fig.3 we have seen the decrease of the cross section 
from a maximum value with an increase in LET of 
ions, which is called the thindown effect. [8,11] 
In Katz’s cellular survival model, the extrapolated 
cross section σext is equal to the inactivation cross sec-
tion which represents single-particle effect in the 
thindown region. Fig.4 shows the calculated result of 
inactivation cross sections of cells σci=nσsi compared 
with experimental cross sections.[8] 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Calculated results of inactivation cross section σext vs. 
LET for V-79 Chinese hamster cells. The points represent the 
experimental data, and the lines represent the calculated results. 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Calculated results of inactivation cross section of cells 
σci=nσsi vs. LET for V-79 Chinese hamster cells. The points 
represent the experiment data, and the lines represent the 
calculated results. 

3 Conclusions 

In the study of heavy ion irradiation biology, the 

Katz’s cellular track model has been widely used in 

describing experiments with heavy ion exposure to 

mammalian cell cultures. In this paper, based on the 

Katz’s track structure theory, a formulation of inacti-

vation of cells for ion irradiation is given when con-

sidering that a biological cell is a structure containing 

multi-sensitive elements and there are two targets in 

each sensitive element. Using the interaction cross 

sections of an ion with a cell the response and the ex-

trapolated cross sections are calculated. In this calcu-

lation, the splitting energy between ion- kill mode and 

gamma-kill mode in Katz's cellular model is avoided, 

and the cross section needn’t be multiplied by a factor 

(while the Katz’s model needs) to fit the experimental 

data. The calculated results show that the model gives 

a good description of the response and the thindown 

effect of V-79 cell to different LET ions. 
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