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Introduction 

In the previous paper (Michalik 1991a) one of the possib

le approaches to the track structure classification based on 

the K-means algorithm and Monte Carlo track simulation was 

described. The track is then characterized by the absolute 

frequency distribution of clusters h(j) which yields the mean 

number of clusters of order j produced along the track per 

unit of deposited energy. The cluster order corresponds to 

the number of ionizations that belong to the same cluster. 

All cluster distributions discussed below are computed 

for the cluster parameter 2 nm. This value of p is 

characteristic at least for some biological objects (Michalik 

1991b). The DNA double helix in B form has diameter 1.52 nm 

(Arnott and Hukins 1972) which corresponds to a water 

cylinder with diameter 2. 6 nm. There is fairly sa~isfactory 

agreement with the p = 2 nm bearing in mind that the analysis 

of the characteristic value of p was performed only for 

integer values and that there are very little differences 

between cluster distributions when p is between 2 and 3 nm. 

We can suppose that for biological objects, where the DNA is 

the target, this value of p is also relevant. 

Calculations were performed for electrons, photons and 

heavy ions in the energy ranges important from the practical 

point of view as well as where the cross sections of indivi

dual interaction processes are well known. For every type of 

particles the properties of the process of interaction with 

matter that are crucial for the radiation track structure are 

shortly discussed and the energy dependence of h(j) is lis

ted. Extensive information about the radiation track struc-

·~ ture can be found elsewhere (Paretzke 1987). 

,, All the irack structure simulations and the cluster K

means analyze were performed on VAX 8350. Each h(j) distribu-

''" tion was calculated for at least one hundred particle tracks 

with .,arious lengths of the track segment from 0. 1 /.liD to 

several /.liD. The track segment length is the result of compro-

, {. mise between the CPU time requirements of the K-means algo

rithm and the requirement to the track segment to be sufti-

I 

,, ~ ;.,;." .1 i . ' i 



I 

ciently "representative'' for a particle with defined initial 

energy. The distributions are computed after relations des

cribed in the previous paper. 

Electrons 

The primary role of electrons in the radiation track 

structure formation follows from the fact that all energy of 

primary photons or high energy electrons is transferred to 

the secondary electrons and then deposited by them in matter. 

The same is valid for considerable fraction of primary energy 

of heavy ions and hence also for neutrons. From the point of 

view of electron interaction with matter for the track struc

ture is important that with increasing electron energy the 

distance between individual points of energy transfer is 

increasing and that electrons are subjected to substantial 

angle scattering, probability of which is increasing with 

decreasing electron energy. 

The frequency distribution of clusters h(j) and the 

cumulative distribution H(j) versus the electron energy are 

plotted in Fig.1. The figures show that for j ~ 3 the number 

of clusters decreases with increasing energy and for the 

electron energy ~ 10-20 keV there are practically no changes 

in these distributions. Deviations from this behavior can be 

observed only for very low energies ( 100-200 eV) where the 

frequency of higher order clusters is very low due to a very 

low probability of origin of a sufficient number of 

ionizations needed for formation of a given cluster (for 

example the origin of five ionizations in the track of a 

100 eV electron). On the other hand, for j = 1 h(j) increases 

with increasing energy except for the 100 eV electrons, which 

are very effective in formation of these clusters (up to 

three times more effective than 200 eV electrons). It 

reflects a high value of the cross section of elastic 

scattering ~f 100 eV electrons. Cluster formation is very 

strong in the tracks of low energy electrons with energy 

about 500 eV. A similar conclusion concerning 500 eV elec

trons was drawn by Paretzke and Schindel (1981) when studying 
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Fig.l. The energy dependence of the absolute frequency dis

tribution of clusters in electron tracks. 
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Fig.l. The energy dependence of the absolute frequency dis
tribution of clusters in electron tracks. 
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distance distributions of nearest neighbors. For 500 eV elec
trons the probability of formation of a cluster of ioniza
tions in the track is from two to three times higher than for 
electrons with energy > 10 keV. There are two reasons for the 
small difference in the cluster distributions for electron 
energies > 10-20 keV. The mean free path between primary 
ionizations exceeds the cluster parameter and the frequency 
of clusters of order one is high, and the formation of higher 
order clusters is linked predominantly with the secondary low 
energy electrons, but the fraction of energy deposited by 
these electrons does not depend strongly on the energy of 
primary electron. 

Photons 
In the process of interaction with matter a photon 

transfers its energy to electrons which ionize atoms and 
molecules along their tracks. Therefore the track generated 
by a photon is in fact an electron track and the photon track 
structure is determined by initial energies of electrons 
ejected by the photon. The photon mean free path between 
incoherent collisions is as a rule greater than the range of 
secondary particles and the photon track structure analysis 
can be reduced to the analysis of the electron track 
structure. 

The distributions h(j) and H(j) are plotted in Fig.2. The 
differences between corresponding cluster distributions for 
photon and electron radiation will manifest itself only for 
low energy photons with initial energy of several keV, where 
the contribution of low energy Auger electrons to the whole 
deposited energy is considerable. For higher photon energies 
the energy contribution of Auger electrons, when photoeffect < 
occurs, or low energy Compton electrons, when Compton scatte
ring takes place, is negligible and the h(j) of higher energy 
photons is determined by h(j) of high energy electrons. But 
for high energy electrons there are nearly no differences in 
their ability to form clusters of ionizations and therefore 
there will be no differences among h(j) of these photons. 
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There are now many radiobiological data concerning biolo
gical effects of ultrasoft X-rays which among others shows 
the following (Goodhead 1990): a) ultrasoft X-rays are more 
effective than equal doses of hard X-rays or i rays, b) The 
RBE for inactivation decreases with increasing ultrasoft X-
rays energy, c) very local isolated events are alone suffi
cient to produce complete permanent biological damage. Compa
ring the above-mentioned experimental facts with the curves 
in Fig.l and Fig.2. one clearly sees that energy dependence 
of H(j) for j = 1 and j = 2 contradicts the experimental 
data. If one takes the threshold concept of radiation action, 
then only formation of cluster of ) г ] can be considered as 
biologically critical property cf radiation for lethal 
effect. 

Heavy ions 
For heavy ions with energy 0.5-ЮО MeV/u one can state 

that 65% - 75% of energy loss is transferred to the secondary 
electrons which witnesses the significance of secondary elec
trons in the analysis of heavy ion track structures as well. 
The fraction of energy deposited along or very near to the 
ion path falls down with increasing initial energy of the 
particle. The probability of ion interaction with molecules 
is proportional to the square of the ion charge and hence at 
the same particle velocity the number of secondary electrons 
emitted per track length unit of primary particle is higher 
for a particle with higher Z, and the mean free path for the 
particle with higher Z will be shorter. The track structure 
of heavy ions can also be influenced by two processes, the 
electron capture of a target molecule or, if ion is not fully 
stripped of its electrons, it can lose its own electrons and 
capture electrons of target molecules. The heavy ion tracks 
are straight, because their greater mass is the cause of a 
much lower probability of elastic scattering. 

In Fig.3. and Fig.4. there are distributions h(j) and 
H(j) for protons and ot-particles respectively. As figures 
show, there is only snail qualitative difference in energy 
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Fig.3. The energy dependence of the absolute frequency dis
tribution of clusters in proton tracks. 
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dependence of cluster distributions between electrons and 
heavy ions. For a-particles a maximum can be ooserved for 
some values of j and it is connected with the shift of the 
maximum to higher order clusters in the distributions h(j) 
for low particle energy, when the density of primary ioniza
tion is high. 

When studying the effects of heavy icns the approximation 
of the track divided into the track core and penumbra is 
frequently used. The track core is the inner part of the 
track adjacent to the geometric path. When estimating the 
initial radius of the core most authors use the Bohr adiaba-
tic criterium. For nonrelativistic velocities when the scree
ning effect of matter is weak, the radius of a core is given 
by r hv/2e , where v is the velocity of the charged par
ticle, с is the lowest electronic transition energy, and 
h=h/27T is the modified Planck's constant. The core contains 
all glancing collisional losses and the energy deposited by 
electrons traversing the core region and by low energy elec
trons which are stopped completely in this region. The penum
bra contains the energy deposited outside the core. What is 
the difference in the spatial patterns of the energy deposi
ted in the track core and in the penumbra? Fig.5. shows the 
dependence of the mean cluster size in the core and in the 
penumbra on the initial particle energy for protons and 
a-particles. The mean cluster size in the penumbra j is 

p 
independent of both the ion energy and the ion type and when 
comparing the whole cluster distributions, one finds very 
small differences. The value of i corresponds to the mean 

p 

cluster size for low energy electrons with energy 1.5-2 keV. 
In the track core the mean cluster size j changes with ener
gy in accordance with the energy dependence of the density of 
primary ionizations. Energy independence of the j indicates 

p 
the fact that the information about the radiation quality of 
heavy ions is contained in the radiation parameters directly 
connected with the primary ionizations. From this point of 
view the restricted linear energy transfer L. with a very low 
value of cut-off energy Д is this quality parameter of radia-
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tion reflecting fluctuations of energy deposition in nanome
ter regions. This result is in agreement with recent works 
discussing L. as a radiation quality parameter (Bartels and 
Harder 1990, Hahn et. al 1990) . 

Conclusion 
Piffer^nt types ol. ionizing radiations (100 eV - 1 MeV 

electrons, 1 1-eV - ] MeV photons, i MeV/u - гоо MeV/u heavy 
:onr.) have рчоп stud i od with rospe<-t to their ability to form 
cluste;"s о'" ionizations along the radi.ati.on tracks. For all 
types ol radiation listed above wo can surmarizo the fo]-
i n\! i ;KJ : a) the probability of origin of clusters of order one 
in track:-, 'i ncr eases with an increase in particle energy up to 
the plateau region, b) The probabil ity of origin of clusters 
ol order two dop.~sds very 1 ittlc on the particle energy, c) 
For clusters of orders higher or equal to three starting from 
к one energy a decrease. In the occurrence of these clusters 
with increasing particle energy is observed, d) In the region 
oi high prinary energies of particles, whore the density of 
ionizations is 1c.;, there is practically no difference in the 
cluster distributions. The sane conclusions are valid for the 
cumulative di stribut ions. 

Providing a threshold node] ol radiation action, i.e. 
that the cluster of the order • j lends to the inactivstion 
of the cell, then the above conclusions, result in the follow
ing consequences: a) a cluster of order one cannot give the 
RBE values greater than one. b) Л cluster of two ionizations 
is not sufficient to yield a distinct naxinuri in the RBE-LET 
dependence as well, c) The threshold cluster size must be 
.' 3. i:l) Л plateau in the region of low I,FT values in the RBF-
!1'T dependence can he explained very simply. In this LET re
gion, there is • or-y r.pall difference in the corresponding 
••:>•.for distribution:- and hence the physical stage of radia-
rio'i act: or: is the sane. Under the car" conditions it will. 
''- и? to the sane final < ' : ••cts. 

The cluster analysis of the heavy i or. trac>- structure 
"ilso shows that the restricted l;rear energy transfer with a 
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• 
very low value of the cut-off energy is good single parameter 

of the radiation quality. 
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MMxanMK B. £19-91-63 
KnacTep~w~ aHan~3 CTPYKTypw TpeKa 
PacnpeAeneH~~ KnacTepoa s rpeKax 
pa3n~~H~X BHAOB ~OH~3~p~x ~3ny~eH~~ 

B pa5ore paccMarp~aaerc~ cnoco6Hocrb pa3n~~H~x B~AOB 
~OHH3~P~HX ~3ny~eHH~ o6pa30BWBaTb B TpeKe KnaCTepw 
~oH~3a~~~. B 3HepreTH~ecKo~ 3aBMC~MocTH pacnpeAeneHM~ 
KnacTepoa He Ha6n~Aaerc~ Ka~ecraeHHWX oTn~~M~ MemAY pa3-
Hb~H BHAaM~ ~3ny~eH~~. KnacrepHw~ aHan~3 crpyKTypw rpeKa 
r~menwx 3apRmeHHWX ~acr~4 rome noKa3waaer, ~To orpaHH~eH

Hoe nn3 RBn~eTC~ xopowe~ xapaKTepHCT~KO~ Ka~eCTSa Hlny
~eH~~. 

Pa6ora awnonHeHa a na6opaTopHH ~AepHwx npo5neM OM~M. 

Coo6~e~He 06T.eJUQtetaroro HHCTHTyora RJl8PIII>lX NCCJleAO .... KA. Jly6Ha 1991 
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Different types of ionizing radiations have been stu
died with respect to their ability t~ form clusters of 
ionizations along the radiation tracks. In energy depen
dence of cluster distributions there are no qualitative 
differen.ces for radiation types studied. Cluster analysis 
of heavy ion track structure also shows that restricted 
LET is good single parameter of radiation quality. 

The investigation has been performed at the Laborato
ry of Nuclear·Problems, JINR. 
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