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MHxanHK B. El9-89-669 
CTpyKTypa TpeKa H 3q>qleKT HaCbl~eHHH 

IlocneAHHe 3KCnepHMeHTanbHble AaHHble noKa3blBaJOT, 'ITO sa
BHCHMOCTb OB3 OT mI3 HBJIHeTCH 6onee cno~HOH, tieM npeAnona
ranOCb paHbwe, H 'ITO Hy~HO HCKaTb 06bHCHeHHH Ha ¢H3H'leCKOM 
H ¢H3HKO-XHMH'leCKOM YPOBHHX. Ba~HY~ pOnb B 3THX npoQeccax 
HrpaeT cepAQeBHHa TpeKa H npOHCXOAHmHe B HeH H3MeHeHHH. 
~OPMHPOBaHHe HHAHBHAYanbHbIX HHCnaAa~HX nHHHH H3 COBMeCT
HOH 3aBHCHMOCTH OB3 OT Jlll3 COOTBeTCTByeT npeBbIWeHH~ HeKo
TOporo KpHTH'leCKOro ypOBHH KOHQeHTpaQHH 3HeprHH B cepAQe
BHHe TpeKa. Hs-sa H3MeHeHHH B cepAQeBHHe TpeKa IlPOHCXOAHT 
yMeHbWeHHe npHMOrO H KOCBeHHOro B03AeHCTBHH. 3TH ¢aKTbl MO
ryT 06bHCHHTb ¢opMHpOBaHHe HHAHBHAYanbHblX HHCnaAa~HX nH
HHH H3 COBMeCTHOH 3aBHCHMOCTH OB3 OT Jlll3 6es npeAnOCblJIKH 
0 HaCbJ~eHHH noBpe~eHHH , 

Pa6oTa BbmOnHeHa a na6opaTopHH HAepHbIX npo6neM mum. 

Coo6~eHHe 061»e.a.HHeHHOro HHCTHT}'Ta MepHblX Hccne,D;OBllHHH . .Ily6Ha 1989 

Michalik V. E19-89-669 
Track Structure and Overkill 

Recent experimental results showed that RBE dependenr.e 
on LET has a more complex structure than was earlier sup
posed and that we have to look for explanation at the phy
sical and physico-chemical level. The track core and chan
ges within it plays an important role in these processes. 
Formation of individual hooks of decreasing branches from 
a common RBE-LET curve corresponds to extention of the 
track core energy concentration beyond some limit value. 
Due to changes in the track core there is a decrease in 
the direct as well as indirect effect. These facts can ex
plain the hook formation without the overkill presumption. 

The investigation has been performed at the Laboratory 
of Nuclear Problems, JINR. 
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INTRODUCTION 

There are manu experimental results concerning the dependence 

of relative biological effectiveness <RBE> on linear energy 

transfer (LET> measured for different biological objects and 

endpoints. The measurements using light ions /l-3 / showed the RBE 

dependence on LET to be increasing with LET up to a local maxi111t.1• 

at 100 keV/ µm followed bu a decrease for higher LET ·values. This 

dependence is very similar for different biological objects and 

endpoints. 

There is the followinQ interpretation of obtained results 

Low LET radiation at low doses produces sublethal damages at 

qreat distances from one another, they interact with a small 

probability and are easily repairable. For higher doses there is 

an increasinQ number of sublethal damages and lethal lesions can 

occur with greater probability. For higher LET there are smaller 

distances between sublethal damages and the interaction 

probability increases, radiation becomes more effective and 

reaches an effective maximum at some LET value <about 100 keV/µm) 

where the number of damages extends beyond the amount necessary 

to produce the endpoint. Further increase of LET also evoke 

increase of energy deposition fluctuation in biological targets. 

It means that the RBE dependence on LET will decrease for high 

LET and the action cross section dependence on LET will display a 

plateau in the action cross section value corresponding to the 

size of the geometrical cross section of the critical target. 

Recent experiments 141 using a wide variety of particles and 

energies showed that the RBE <or al dependence on LET is more 

complex <Fig.ll. For heavier ions the ma><imum of the 

effectiveness is shifted to 200 keV/µm and for greater LET values 

the RBE c urves form individual '"hooks "" of decreasing branches 

from a common RBE-LET curve. This structure is also observed for 

the inactivation of ueast cells and bacteria spores 141 and for 

the mutation induction in bacteria spores 
151 

and yeast cells
161

• 

It was shown 171 that we can exclude in interpretation of hooks 

the case of overproduction of biological damages, since a similar 

dependence on LET was observed for molecular effects such as DNA 



breaks and so we have to look for the answer at the physical and 
chemical level. 

Recently it has been shown /S/ that the dominant mechanism 

for reproductive death in mammalian cells is determined by the 

matching of the mean free path between ionizations to the strand 

separation in double stranded DNA. Electrons have greatly reduced 

intrinsic efficiencies of action when compared with heavier 

particles because they can reach the requisite· specific primary 

ionization only at very low energies 

range straggling. Besides heavy ion 

t~ack core plays an important role in 

when they undergo 

induced a electrons, 

explanation of the 

large 

the 

RBE 
dependence on LET since a large fraction of energy is deposited 
in it. 

TRACK CORE ENERGY CONCENTRATION CALCULATION 

We can imagine a particle track as a compound of track core 

and individual a electrons. The track is a cylinder with an axis 

identical.to the ion's geometrical path and with a radius rcore 

The radius rcore can be defined as an effectiv~ impact parameter 

value for which the primary particle is able to excite a molecule 

to the state with the smallest energy transfer nw
01

• Than the 

track core radius 191 is 

r 
core 

flV 

W01 
(1) 

where vis the speed of the particle. Further we can express the 

part of the primary particle energy deposition in the track core. 

Of the total stopping power, the fraction Fa, transferred to the 

kinetic energy of a rays with the range greater than r core is 

Emax 

Fa = J E d1 (E) / Loo , (2) 

Em1n 

where dU(E) is the differential cross section for ejection of a 
rays of energy E. In calculation we used the 

for the collision of an 1On with an electron 

du 

dE 
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Rutherford formula 
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and the linear energy transfer L
00 

is given by the Bethe 

expression for the stopping power of uniform medium for heavy 
charged particles 

dE 411Z *i, '\, 
[ ln 

2mc
2
a

2 
2 ] -= - a 

dx mc2 a2 1c1-a2 > , 

* r -213 1 where Z = Z Ll-exp <-12saz > J 

Emax is the maximum enerqy transfer in a single collision of 

heavu charged particle with an atomic electron and E. is 

(4) 

the 

the 
Mn 

enerqy of the electron with the range equal tor • E can be 
/lO/ core min 

derived from the semiempirical relation between the electron 

range and its energy. The F0 dependence on the heavy ion energy 

for water is in Fig.2. If F0 , L
00 

and rcore are known, we can 

calculate the track core energy concentration n 
core 

"core 

L <1-:--F,,l 
[ 00 C, ] 

2 (5) 
1lr core 

DISCUSSION 

concentration n on 
core 

Dependence of the track core energy 

the ion enerqy and on LET is in Fig.3 and Fig.4 respectively. 
Comparing Fig.land Fig.4 we can conclude that RBE-LET hooks 

formation corresponds to the situation, when the track core 

energy concentration e><ceeds some limit value between 1-3 eVnm-3 • 

Apparently such energy concentrations give rise to a high 

densi t4 of i,onizations and e><ci tations and originating radicals, 

ions and electrons are very near each other and they can 

recombine wfth a high probability. This is confirmed by the 

experimental results giving low yields of free radicals and 

t,iqher yields of molecular products for high LET values. 

According to the ion spike model
1111

, radiation deff,ects of heavy 

ions in condensed matter occur as a result of Coulomb repulsion 

of ionized atoms. In the case of effective recombination there 

will be considerable suppresion of this effect. The hook 
formation corresponds to the end _of the particle track where 

cnanges 1n the track core and in the angular and energy 

distr1but1on of heavy ion. induced o electrons occur. Due to these 

changes there can be a decrease of the direct effect 
<recombination of a positive, ion with an electron) and of 
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indirect effect (recombination of free radicals>. If this 

recombination mechanism works we can eKplain the hook formation 

without the overkill presumption. But in the eKplanation of the 

common RBE-LET curve we must retain the overkill model. The 

results from heavy ions biological eKperiments are predominantly 

obtained using particles with low Zand in the LET range up to 

hundreds keV/l,lm. For such particles "core values are too small 

for effective recombination. 
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