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RADIATION CHEMISTRY OF HEAVY PARTICLE TRACKS 
I. GENERAL CONSIDERATIONS* 

J. L. Magee** and A. Chatterjee 

Biology and Medicine Division 9 Lawrence Berkeley Laboratory, 
University of California, Berkeley, California 94720 

Abstract 

The radiation chemistry of heavy particle tracks in dilute aqueous 

solution is considered in a unified manner. Emphasis is on the 

physical and chemical phenomena which are involved rather than on the 

construction of models to be used in actual calculations although 

the latter problem is discussed. A differential segment of a heavy 

particle track is composed of two parts which we call "core 11 and 

11 penumbra 11
; elementary considerations show that all properties of such 

a differential track can be uniquely specified in terms of a two~ 

parameter system, and we choose energy per nucleon (E) and atomic 

number (Z) as independent parameters. The nature of heavy~particle 

track processes varies with the magnitude of the energy deposit (LET), 

and we discuss three categories of track problems, for low~, inter-

mediate-, and high~LET cases, respectively. Scavenger reactions 

normally terminate radical recombination in a track, and for heavy 
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No. W~7405-ENG-48. 
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particle tracks we find a criterion involving the scavenger concentra~ 

tion for a convenient separation of core and penumbra into essentially 

noninteracting parts which can be treated independently. Problems of 

the core expansion in the three regions are considered and it is found 

that a versatile model can be constructed on concepts previously 

introduced by Ganguly and Magee. A model for the penumbra, based on 

the authors 1 electron track theory, is presented and discussed. 



1. Introduction 

High energy heavy particle tracks are all similar in 

structure. 1•2 The initial energy deposit has a compact "core'' 

which contains somewhat more than half of the energy lost by the 

particle, and a diffuse "penumbra'' which is composed of the tracks of 

knock~on electrons. The radiation chemistry of such particles con­

tains a dichotomy of effects which arise, respectively, from the two 

par of the track. At low energies the core always dominates, and at 

high energies the penumbra always becomes important. 

Here we attempt a systematic treatment of the radiation 

chemistry of heavy particle tracks. Our considerations are actually 

restricted to the radiation chemistry of dilute aqueous solutions, but 

these systems allow the widest possible basis for comparison with 

earlier work- both experimental and theoretical. 

The processes by which energy deposited in water by charged 

particles is utilized in the formation of chemically active species 

are not well known. Theoretical considerations3 of these early 

events have been made, and experiments have been performed4•5 in 

attempts to elucidate the early time period for electron irradiations. 

There is reason to believe that special phenomena arise from the 

larger energy densities which occur in heavy particle tracks, partie~ 

ularly those of high Z and small E. The initial "radical•• yields may 

be different from those of electron tracks, and potentially important 

special effects could arise from the very high initial temperatures 

inevitably formed. They lead to weak shock waves and possibly local 
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expansions with bubble formation. Those effects are all neglected 

here and must be considered a later time. 

Early theoretical work on the radiation chemistry of water assumed 

that the chemically reactive intermediates are initially formed either 

in spurs, which are spherical, or in cylindrical in distributions. 6- 11 

It is actually not possible to take into account effects of knock-on 

electrons with such models. and later work made the attempt to do 

so. 12- 18 A more sophisticated treatment of the radiation chemistry 

of electron tracks has been presented by the authors. 19 

At the present time heavy particle irradiations are available 

which display a very broad range of track structures1•2 and a 

systematic treatment of the radiation chemistry of heavy particle 

tracks is thus necessary if experimental phenomena are to be 

understood. 

We speak of radiation chemical yields in terms of two kinds of 

G-va·lues: the integral yield, G, and the differential (or "locaP) 

yield, G'. These quantitites are both function of the same variables, 

such as type of particle, particle energy, the observed product, etc; 

the notation we employ is flexible, and any number of the variables 

may appear as arguments, e.g .• the differential ferric yield for a 

particle of charge Z and energy E per nucleon in a solution with 
. +3 scavenger concentration cs may be g1ven as G'(Fe ;E) when the 

other conditions are understood, or G'(Fe+3;E,Z,cs) when the 

particle and concentration of solute (Fe+2) need to be indicated 

explicitly. We are usually interested in the variation of a 
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particular yield with heavy particle energy and merely write G8 (E), or 

G(E). The two kinds of G·-values are related as follows: 

G8 (E)"' ~E EG(E) 

From a theoretical point of view G1 (E) is the more fundamental 

quantity to consider. 

(1) 
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Consider the pattern energy deposit in water by a heavy 

problem has discus by Chatterjee and particle. 

Tobias. They propose the use the Bohr adiabatic c terion to 

get the radius of the cylinder about the part le trajectory in which 

the resonant electronic excitations occur. 21 

(2) 

We call rc the 11 core radius." In eq 2, B is the ve ity of the 

particle in terms of the velocity of light, c; and ~p is the plasma 

ncy. About half the energy is lost (in water) to excitation 

processes below 100 eV (resonant excitations}, and half of the energy 

is lo excitation processes above 100 eV (i.e , knock-on 

electrons) 

The electronic excitation takes about 10~ 16 sec or less time, 

and there follows a iod of transformations of the energy with crea~ 

tion trans i reactive species~ etc. One important sequence 

i nvo 1 ves the transport of knock-on electrons from their loci 

of formation near the trajectory to the end of their ranges. Of 

course, some of the energy of these electrons is lost in the core, but 

most of it is used to create a region generally much larger than the 

core which we call the 11 penumbra". It has a radius which we designate 

as rp. The total time for the penumbra formation may be as long as 

a pico second. Howevers the processes occurring and the local time .. ~~ 
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scale for excitations created by secondary electrons are, for 

practical purposes, the same as those of excitations created by the 

imary particle. 

The distribution of energy in the penumbra has been studied by 

Chatterjee and Tobias. 20 These authors propose for the average initial 

energy densities in the track: 

r<r -c 

r <r<r c - p 

(3) 

( 4) 

Here, LET is the total energy loss per unit path length and r is the 

radial distance from the particle trajectory. The first term in eq 3 

is the energy density due to the glancing collisions; the second term 

gives a contribution from the energy lost by the knock-on electrons 

in their penetration of the core. The energy density of eq 4 arises 

from knock~on electrons which are stopped between rc and rp. 

It is clear that the track dimensions rc and rp depend only on 

the particle velocity a and not on charge or mass. The energy 

density, however, depends on the LET and thus on the particle charge. 

The general particle track, therefore, depends on two parameters which 

can be taken as energy per unit mass (E) and atomic number of particle 

(Z). The actual effective charge Zeff is determined by the interac­

tion of the particle with the medium; it depends on the velocity and 

cannot be arbitrarily. Table I contains values some the 

track quantities which depend on the velocity only. 
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The last column of Table I gives 1 1 the ratio of the "initial" 

energy density in the core to that in the penumbra near • and it 

shows that all concentrations of intermediates in the core are 

expected to be much larger than those in the penumbra. The actual 

location of the chemical intermediates formed by the resonant elec~ 

tronic excitations is not necessarily within the core of radius rc; 

t h 1 2 ~4 . 1 b . t t . 1 t t t t e ear y processes 1nvo ve su exc1 a 10n e ec ron ranspor o 

distances of 20~50 A or so; although these electrons return toward 

their loci of formation before they become hydrated, the initial core 

radius for electrons is not likely to be much less than 30 A. In any 

case, however, the core has a much larger radical concentration than 

the adjacent penumbra. 

The densities given bye 3 and 4 are average values, and the 

actual initial values may fluctuate greatly around them. For example, 

the core is comprised of spurs which contain, on the average. 40 eV; 

if the LET is small enough, the core is made up of a string of spurs 

rather than a continuous distribution of intermediates. The penumbra 

is made up of tracks of knock-on electrons, and it is always more 

inhomogeneous than the core. Here the individual tracks have their 

recombination ions which take place early, and then the escaping 

radicals intermingle to form a density which has the approximate 

radial dependence given by eq 4. The extent and importance of the 

intermingling of the radicals from neighboring electron tracks of the 

penumbra depend upon the rate of the scavenger reaction in a manner 

considered in section 3. 



7 

The stopping power of heavy particles in matter has been 

investigated. 23924 Figure 1 shows the LET for six selected par-

. 1 25 . t f t. f "t (E) Th t1c es 1n wa er as a unc 1on o energy un1 mass • ese 

curves were obtained using a recipe proposed by Blann. 26 Table II 

contains a summary of the effective charges (Zeff) on particles in 

water as a function of E. The effective charge is given by
27 

(5) 

where Z is the atomic number of the particle and vr is the relative 

velocity given by v = v/v z213; v is the particle velocity and r o 
v

0 
is the average velocity of the electron in the H atom(v

0 
= e2t~). 

stopping power (LET) of a particle with an energy per nucleon E is 

given in terms of the stopping power of the proton at the same 

energy 28 

(6) 

The proton "stopping power was calculated using the Bragg rule with 

data for the atomic targets H and 0 obtained from ref 24a. The data 

ref 24a scatter very widely 9 and a considerable amount of smoothing 

was made; the low-energy stopping power of heavy particles cannot be 

considered as well known. Figure 2 contains curves of the stopping 

power of the particles H and He (obtained in the same v1ay with 

data from ref 24b) in water for the lower energy region. 
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3. Overview of article Track Problems 

We by-pass all problems of the prethermal period (t < lo-12 sec) 

of track development, 2-4 and consider as initial condition for the 

chemical processes of the tr an assumed distribution of radicals 

formed by the deposited energy. With the problem simplified in this 

manner, treatment of the radiation chemistry of a heavy particle track 

still requires a system of partial differential equations for several 

species, with initial conditions given by the appropriate core and 

penumbra patterns. This procedure is too difficult to carry through, 

so we look for more simple intuitive models which can actually be 

elaborated with a reasonable amount of effort. A straightforward 

procedure using prescribed diffusion could, perhaps, be used to 

calculate the expansion of the core and its interaction with the 

adjacent penumbra; part of the penumbra will not interact with the 

core and, in any case. must be treated by the electron track theory. 

We need a scheme for making approximations which are reasonable on 

physical and chemical grounds and which allow track calculations to be 

carried out. 

The most desirable approximation would be a separation of the 

track into two noninteracting parts: core and penumbra. Procedures 

exist for treating cylindrical tracks (core region) and for treating 

electron tracks (penumbra region); a natural type of approximation 

therefore is to assign appropriate fractions of the track energy to 

the two kinds of tracks. We examine the possibilities for this type 

of approximation. 
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In any irradiated systems there are always reaction sequences, and 

they depend upon the chemical composition. Radicals initially formed 

always react readily with one another to form molecular products, and 

they may also react with various molecules of the system. If the 

latter processes decrease the number of radicals, they are called 

11 scavenger reactions." A simple example is the reaction 

OH + Fe 

which removes OH radicals from aqueous solutions. If a system has no 

scavenger at all initially present, radicals escape from tracks and 

build up a background concentration of radicals into which fresh 

tracks fall as the irradiation continues. 29 In such systems tracks 

have properties which vary with irradiation time. Systems which have 

scavengers present to destroy all newly-formed radicals as the tracks 

expand have track properties which are essentially independent of the 

extent of irradiation, and only these will be considered. 

Let us consider a system which has radicals of one type only. At 

any point in a track, radicals recombine with a rate given by 2kc2 

(because two radicals disappear) and react with the scavenger with a 

rate k c c, where c is the local radical concentration, c , the s s s 
scavenger concentration, and k and ks are rate constants. A radical 

concentration which we use as a reference is given by 

/2k (7) 
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and for this particular concentration the radical recombination and 

scavenger reaction rates are the same. If the radical concentration 

is "larger than c 1 ~ recombination is more important than scavenging, 

and if it is less than c1, the reverse is true. The mean time for 

the scavenger reaction is given by 

~] 
tl ~ ( k c ) - ( 8) s s 

and we use t 1 as a reference time. The track reactions cannot last 

for times appreciably larger than t 1• The distance,11 • that a 

radical can diffuse in the time t 1, is given by 

(9) 

Let us consider the changing phenomena in tracks as LET 

increases. At the lowest LET, particle tracks are closely related to 

high~energy electron tracks, In this range of LET, tracks are clearly 

separated into entities which develop independently; 19 and as LET 

varies, G 1 ~values change because the spectrum of knock-on electrons 

changes (see eq 36), 

As LET increases further, spurs {though initially separate in the 

track core) overlap (due to diffusion of radicals) before their 

11 forward" reactions (i.e., radical combination reactions) are 

complete, And as LET continues to increase, the spurs are merged 

initially to form a cylindrical track. If we say that the average 

spur contains 40 eV and has a radius of 20 A, the initial merging 
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occurs when the energy deposit in the core is about 1 eV/A, or when 

the total LET is ~2 eV/A. We call the region in which LET is less 

than 2 eV/A 11 Region Jl' (see Figure 1). In Region I, the cores of 

tracks are made up of spurs which are initially separate. 

Other important 11 high-LET effects 11 are expected to arise from the 

"over~lapping" of the core and penumbra. Of course, the penumbra is 

composed of a statistical distribution of electron tracks; in the 

low~LET track they develop independently, but at higher LET (where 

they are deposited closer together), they overlap with each other and 

with the core before radical recombination is terminated by expan-

sion. A measure of this kind of interaction is given by the average 

energy density in the track, and we can use the energy densities of 

Chatterjee and Tobias20 given in eqs 3 and 4. Values of rc and 

rp are shown in Table I. It is interesting that the values of rp 

in column 4 of Table I turn out to be related to the maximum electron 
I 

energies in column 5 approximately as 1 A per eV. 

Let us consider the radical recombination in the penumbra of a 

track, using a one-radical model. The partial differential equation 

which applies is 

ac 
a (10) 
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the c's are concent ions already defined and D is the diffu~ 

sion coefficient. The first rm on the right describes the diffu-

on, the second and third the radical recombination and scavenger 

react"ions, respectively. In our exploratory cons ide rat ion we take 

scavenger reaction as a perturbation and look at the equation obtained 

by neglecting the last rm of eq 10. 

(lOa) 

The average initia'l rad al concentration compatible with eq 4 is 

where r0 is an arbitrary reference radius, and c
0

, the initial 

radical concentration at r
0

, is to be obtained using eq 4; c
0 

is 

proportional to LET. Use of eq 11 in eq lOa yields 

t "' 0 

( 11) 

(12) 

This equation is valid only initially because at later times eq 11 

does not generally hold. The diffusion and recombination terms in 

eq 12 have the same dependence on r, and this dependence is the same 

as c 2 ~ i.e., r~4 This means that, on the average, the s 

ange in c ion because of diffusion and recombination 

have the same rel ive importance throughout the penumbra. There 

is a value of LET for each le energy E for which the bracket 

is zero. The condition zero bracket can be written 



2k c r2 :: 1 
4i5 0 0 

13 

(13) 

A reasonable value for 2k/4nD to be used in a one~radical treatment of 

water is 5A. The value of c r2 is somewhat more difficult to 
0 0 

estimate. The energy density of eq 4 and the radical concentration of 

eq 11 correspond to average values, i.e., values which exist after the 

separate electron tracks of the penumbra intermingle. Thus the 

"initial 11 condition of eq 12 is a f·ictitiousone in wh·ich the radicals 

escaping from the electron tracks of the penumbra form the average 

distribution of eq. 11. In track studies we have used 17 eV as the 

energy requirement for a radical pair. 19 The different significance 

of the 11 initiaP condition in the penumbra, which actually occurs 

after the forward reaction of the electron tracks is more or 

less complete) means that a very different magnitude of energy per 

radical pair is required. We take 34 eV as the energy per radical 

pair. This choice of parameters allows a calculation of the position 

of zero bracket in eq 12 and it is indicated in Figure 1 by the line 

labelled a= 1. The region below this line (and above Region I) is 

called 11 Region II"; the region above the line is called 11 Region III 11
, 

Equation 12 gives the initial ~~ in the penumbra for the 

partial differential eq lOa. Consider the early development in time 

of this equation in the penumbra for r values sufficiently distance 

from r or r . If the bracket is positive, diffusion dominates c p 

recombination initially; if the bracket is negative, recombination 

dominates diffusion initially. An examination of ac/at for small 

values of the time shows that, as time increases, ac/at becomes more 
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positive if it is initially positive and more negative if it is 

initi ly negative. We call Region II "a region of diffusion 

domination, 11 and ion III "a region of recombination domination." 

The importance of the scavenging reaction depends on the radical 

concentration as compared with c1 (eq 7). The values of the radii 

(r1) for the six representatives particles for which c = c1 are 
31 given in Figure 3 ~~e 1 this the radius of the 11 Chemica1 core" 

because it is bas on a chemical reaction criterion, whereas the core 

radius rc was based on a physical criterion. Figure 3 shows that 

r1 is equal to rc at high particle energies; as particle energy 

decreases, r1 increases and rp decreases; at some energy, r1 

becomes equal to rp; for smaller values of E, r1 = rp. 

The fraction of the total energy of the tracks enclosed within the 

radius r1 for this particular of parameters is shown in Figure 4 

for each of the six representative particles. At values of E for 

which r 1 is equal to or less than the core radius rc, the fraction 

of energy in the core is about 0.52; at values of E for which r1 is 

equal to rp (or /2k is less than the radical concentration 

r ~ rp)• Fcore = 1 

Use of eqs 7-9 and 11 allows us to write 

(14} 

This relationship shows that both r1 and 11 vary in the same way 

with scavenger concentration. We also see that for the condition of 

zero bracket in eq. 12 (i.e., a~ 1), 
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(l4a) 

In the application of eq 10 to the portion of the track with 

r > r1, to a good approximation we can neglect the recombination 

term 2kc2• The consideration leading to eq 12 shows that the diffu~ 

sian and recombination terms are of comparable importance, so the 

diffusion term can also be neglected; thus, the equation 

a c "" ~k c c ( 15 ) 
a s s 

appears to be a reasonable approximation. This means that the 

scavenger reacts completely with the radicals, and thus the yields are 

just the same as for the separate tracks which form the penumbra. 

This treatment suggests that the 11 Chemical core 11 (i.e., the 

portion contained within r = r1) reacts in a typical kind of track 

process, and the 11 Chemica·l penumbra" (the portion beyond r r1) 

reacts as if the electron tracks were isolated. Thus, the approximate 

separation of the heavy particle track into two noninteracting parts 

is reasonable. In sections 4, 5 and 6 we consider various aspects of 

the core expansion problem; in section 7, we consider the penumbra 

prob ·I em. 
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4. The Low-LET 

The problem considered here is the apping of spurs along a 

track as expansion occurs and the treatment is similar to that of 
7 Ganguly and Magee. A one~radical model is used for mplicity but 

an application of the methods developed here in a companion paper30 

employs a multi radical treatment. 

In one-radical prescribed di u on the concentration of radicals 

in a track of N spurs is given by 

r2
+(z--z-rl 

N exp - 2 , j 
c(r,z,t) 

ri + 4Dt 
( 16) "" \L 

[ n ( r~+4Dt) ]312 1 

i=l l 

theN spurs have centers located at positions on the z axis at z1, 

, z3 •.• ~ ••• zN; the th spur has vi radicals and a radius 

parameter ri. If we use this concentration in the partial 

differential eq lOa and rst integrate over all space, we g 

N 2 
d 

v. 
-2k 

1 

dt \). ::::: 

[2n(r~+4Dt)J 312 1 
i 1 

2 
(z.- z.) :1 

N v.v. exp - 1 J..__ 
l J r? + r~ + 8Dt + 1 J ( 17) 

[ n( r?+r ?+Sot) ]312 J i=l 1 J 
j t!i 

which is an equation summed over all theN spurs. 32 
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In prescribed diffusion the v
1 

are considered as function of 

time to be determined. We write a system of n ordinary differential 

equations. 

d i 
dt "; = ~2k [2n(r~ + 4Dt) ]3/2 

1 

+ v; 
"j exp ~ r~ + r~ + 8Dt 

1 J 

2 
(z.~z.) l J 1 

= 1,2,3 ... N. (18) 

In justification of these equationswe note that all possible spur~spur 

interaction terms are included, and summation of both sides of eqs 18 

over 1 leads to eq 17. 

A rigorous treatment of this set of equations has not been made 

but the following approximation leads to a result which has intuitive 

1 C . d th t. f . t . th . th d appea . ons1 er e equa 10n or an 1n enor spur, e 1 , an 

approximate the summation (in eqs. 18) by an integration. We are 

interested in the average value of ~t "i' and take the 

probability that the jth spur occurs in the interval dzj as 

(dzj/Z1), where z1 is a parameter which depends on the LET. 

Substitution of the appropriate integral gives 

dv. 
1 dt = -2k ( 19) 

It is clear that the first term of eq 19 gives the ordinary prescribed 

diffusion result for a spur, and the second term g·ives its interaction 

with the other spurs; the bracket< > on the second term indic es an 
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average over the spur di but ion function. Equation 19 applies to a 

spur of any size. urs are created by resonant energy losses in the 

range 0-100 eV, and th 17 eV required to form a radical pair. ~ 

varies from 2 to in order to get the track yield, this expression 

must be averaged over the spur di ribution function. Although a 

distribution function for spurs has been proposed, 33 vve do not 

consider this averag(c; explicity at this time, but for simplicity, 

propose that the following equation applies to the low-LET average 

spur which has v radicals 

(20) 

where we choose v as the average number of radicals in a spur and the 

average r 2 parameter so that the correct spur yields are obtained 

19 (e.g., 18.4 for the Fe yield of the Fricke system); the parameter 

varies inversely with LET~ and the proportionality constant can 

be adjusted for agreement with the experiment. 

When the parameter z1 in eq 20 gets so small with the increase 

of LET that the second term in the bracket is much larger than unity, 

we get 

dv~ 2k v2 

dt=- [2n( + 4Dt)] z
1 

(21) 

and we can write the equation in terms of the variable vtz1 = N, the 

number of radicals per unit distance 
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dN~ 
dt =- [ 

which is t ordinary prescribed diffusion equation for lindrical 

symmetry (without consideration of scavenger reaction or interaction 

with penumbra). Equation 20 therefore, has a convenient form which 

allows the low~LET core equation to remain valid as LET increases. 

This equation contains the essence of the Ganguly-Magee track treat~ 

ment; here, however, we recognize that only part of the track is 

involved. This treatment can also be extended to apply to a multi~ 

radical case, and in the companion paper this is done and the G'-value 

for the Fricke dosimeter is calculated. We note that the yield of the 

core depends only on LETcore (because the penumbra is neglected). 



5. The Med i urn~ LET Chern i c 

I n R eg i o n II t rs in the track core are in ia11y merged, 

and the main problem for calculation track yiel is the interac-

tion of the core w h the penumbra. This is a region of "diffusion 

domination" in the penumbra, as noted in section 3. The rad al 

concentration increases initially at all positions in the penumbra as 

the net result of di usion and recombination; this means that the 

outward diffusion of radkals from small radii is more important than 

radical loss by recombination, and a model in which the core expands 

into the penunbra is indicated. Consider a one-rad al model of the 

core expansion in sharp-boundary prescribed diffusion. The core 

volume per unit length of track increases with time as 

V(t} = w( 2 
+ 4Dt) (23} 

Say that the number of rad als in this volume per unit length of 

track is N(t); it changes with time because of two processes: a 

rease because of recombination, and an increase arising from the 

engulfing of the penumbra. Thus 

dN(t) =-2k(!i)
2 

V + dV 
dt V edt , (24) 

where c is the loc concentration in the penumbra given by eq 11; c 

is actually increasing with time but, in this treatment, we take it 

be time independent equal the initial value. Equation 24 can 

be transformed into 



in which we use the new independent variable x = 1 V
0

, and the 
2 

quantities K = 2k/4'!f0 and y "" 1r are introduced; V = nr . 
0 0 

Equation 25 is a form the Ri equation and has an 

analytic solu on of the desired type 

(25) 

N(x) = (26) 

When x = o, 

N(x) = N
0

, the initial number of radicals per unit length in the 

core •. 

The condition for the vanishing of the bracket in eq 12 is a = 1. 

In Region II near this limit, a is almost unity (somewhat smaller) 

and, for modest expansion ratios, the asymptotic form of eq 26 is 

reached, i.e., 

N(x) ~ (27) 

The picture we obtain from this analytical solution is that of a core 

in a steady state as it sweeps through the penumbra; at each instant 

of time there is just enough recombination to balance the addition of 

radicals through engulfment. 

When the condition a = 1 is satisfied, the asymptotic number 

radicals per unit length in the core is 



N "" 00 

1 
y "" iZ 

the concent ion 

(28) 

rad als decreases in time as 

(29) 

which is t same as the time dependence of rad al concent ion in a 

homogeneous system that recombines with t rate co ant k (see 

34). The l value N = K - 4u0/2k ~ 4nD/2x4uDa ~ l/2a. 

where we have used t diffusion limited form of the rate constant 

with parameter~ as the reaction radius; if 2~ is taken as 5A 

N = 0.2. Under the condition a= 1, for any part le, at least 

se vera 1 rad a 1 s wi 11 have been formed per A in the core and the part 

of the pentJnbra engulfed; thus, the recombination is nearly complete. 

In this region the core maintains a concentration higher than the 

penunbra it is engulfing. When the core concentration drops to its 

lowest value, i.e., kscs/2k, we assume that the recombination 

stops and all rem ning radicals react with the scavenger. 

Let us consider the validity of the assumption the core and 

penunbra do not interact. We shall not make a general treatment but 

limit the discussion to the sit ion at the boundary between 

Regions II and III where a= 1. Here the bracket eq 12 vanishes 

and 11 ~ r1• Since (~t)r~rl ~ 0, a calculation of the flux from 

the core i the penumbra is simple because we can take c(r,t) = o). 

The outward flux of radicals per unit track length through r"' r 1, is 

equ 
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This flux integrated over the time (kscs)~1 over which the track 

reaction occurs gives 

(30) 

( 31 ) 

Examination of this condition for the heavy particle tracks of C, Ne 

and Ar for ~ ~ 1 shows that about 10 radicals are formed per A in each 

case, and this means that only 2 percent of the radicals leave the 

chemical core before the scavenger reaction takes over. 

The treatment of this section is based on eq. 24 and an analytical 

solution is obtained because of the r-2 dependence assumed for the 

radical concentration in the penumbra. (The average initial concen-

tration has this r dependence). Equation 24 is again obtained if we 

start with eq. 22 and add the same penumbra engulfment term. Thus the 

Ganguly-Magee model of the core can be used in region II if the 

penumbra engulfment is added. In actual calculations using a numerical 

procedure it is convenient to use this model and it has several 

advantages. A multiradical reaction scheme can be used and the 

geometry of the core changes from a string of spurs to a cylinder 

automatically. This technique is used in the model calculation of the 

companion paper. 30 



6. Chernk al 

In t case recombination domination, the equation in 

the one-radic approximation is 

de 

h has the sol ion 

) c( o) 
c(t ""T~+ 2k c(o)t 

limit of eq 33 is 

1 
c(t) "" 2kt ' 

(33) 

(34) 

and we see that this li does not depend upon the initial 

concentration; all high concentrations radicals reach the same 

absolute value at long times. The measur~ of the time to reach the 

limiting form, however, does depend upon the initial concentration; 

the half time is 

1 
t --~ l/2- 2kC\OJ 

(35) 

section 5 the consideration of the core expansion for the case 

in wh h the bracket 12 is zero led a core concentration 

given by eq 34 (see eq This result suggests that a simple 

rec ombi nat ion mode 1 the high~LET track should have good va 1 id ity. 
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The low-LET limit for this model is the vanishing of the bracket in 

eq 12 (see the line m = 1 on Figure 1). The size of the core is 

determined essentially by the condition c(o) = k c /2k. s s 
In a quantitative sense there is little difference between the use 

of the equations of this section and the prescribed diffusion model 

described in sections 4 and 5. The recombination is almost complete 

in any case and this result is obtained by either procedure. In the 

model calculation of the companion paper30 we use the same 

prescribed diffusion model for the core in all three regions. The 

most serious questions in region III have to do with the initial 

radical yields and with special phenomena which may alter the 

reactions. 
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7. Particle Track Model 

If (;;:)~ t alue a radiation chemical products is known 

as a function energy for electron tracks, the G•~values of the same 

product for lov~~LET part les can be obt ned by elementary 

operations. 19 We have 

)G {36) 

where G1 (E) is t differential yield per 100 eV of the part le with 

energy E; G is the isolated spur yield of the product; Ge(e:) is 

the alue for the product of an electron track which starts with 

energy e:; w(E,c) is the fraction of energy lost by the particle of 

energy E in c ion of knock~on electrons per unit energy interval at 

e:;e
0 

is 100 eV, the low energy limit of knock-on electrons; 

e:max = 2 me 2e 2 /1~-e 2 , the maximum knock~on electron energy; 1. 

is the fraction of energy expended in the creation knock-on 

electrons. 

a particles L 's low 0.2- 0.3 eV/A or so. We should perhaps 

note that all ur properties, such as energy distribution, are 

expected be independent of the particle which creates them. The 

c ion for va 1 i d ity of eq 36 is the nonoverl appi ng of the spurs 

along the track core as t expand and react with the scavenger. 

We can write a more general relationship for the track yield 
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(37) 

be obtai ned according to the appropriate model 

of sections 4-6,and G'pen(E) is to be obtained by a modification of 

the integral expression of eq 36. The basic electron yield curve as a 

function of energy must be used, and the electron spectrum of the 

electrons whkh are absorbed in the region r1 < r < r must be - ~ p 

used. Let us consider the following expression for the penumbra yield 

.. (38) 

All of the knock-on electrons originate on the track axis and go into 

the chemical core region r i r1; e 1 is the minimum energy which 

allows them to reach r1 and must be taken as the lower limit of the 

integral. The penetration of electrons in the penumbra is a is~ 

tical problem which has been considered by Chatterjee and Tobias. 20 

These authors found that the value of rp is essentially proportional 

to €max· This result means that on the average the penetration of 

an electron is linear in energy. Thus we take 

(39) 
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as the appropriate argument in the electron yield expression i.e.~ 

Ge(e 1
), because the electrons which go beyond r1 leave this amount 

of energy in the penumbra. 

With this prescription for G (E), the model for the chemical pen 

yield of the heavy particle track is complete. The discussions of the 

physical and chemical phenomena are based on simplified systems (e.g .• 

one radical models). but the approximation of separation of the track 

into two independent parts is probably a more general result. In any 

case, use of this approximation allows the construction of elaborate 

models including complete reaction mechanisms. 
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8. Discussion 

There are many facets of the track problem in radiation chemistry 

and the heavy particle track involves all of them. The general heavy 

particle track has two diverse regions (core and penumbra) which must 

be treated explicitly, including their interaction. Considerations of 

this paper using one-radical models suggest that a meaningful separa­

tion can be made of the track into two parts which develop indepen~ 

dently. This type of approximation is very practical in terms of 

calculational procedures and it is used in a companion paper30 to 

calculate yields of the Fricke dosimeter. A multi radical treatment 

is actually used and comparison with experiment is encouraging. 

The high energy low Z particles (H and He) have tracks which are 

actually very well understood. Their yields are related in a fairly 

rigorous way to the yields of electron tracks. 

At the other extreme, low energy high Z particles, the situation 

is less satisfactory. We believe that a valid model for such a track 

is a cylindrical core, but there are serious problems. The large 

initial energy densities in such tracks introduce phenomena into the 

picture which we have neglected and which may have important effects. 

On very general grounds we know that high temperatures and high 

pressures are created and that a weak shock wave is formed. Following 

the shock wave, the temperature is still high, further expansion 

occurs, and the possibility exists that a bubble is formed around the 

track core. Such a bubble cannot be very large, but its effects are 
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entirely unknown and further investigation is clearly needed. Perhaps 

a more important effect is the variation of the yields of transient 

intermediates with energy density. It has been suggested that more 

radicals per unit energy are created in the higher energy densities, 

but no mechanisms have been proposed. In all model calculations (such 

as those of the companion paper30 ) it is assumed that the initial 

yields of intermediates is constant, independent of energy density, 

The radiation chemical yields discussed here are in all cases 

final yields and the time dependences of the transient intermediates, 

although explicitly a part of any model, have not been given. 

Numerous investigations of the time dependence of the products (such 

as hydrated electrons) formed in electron pulses have been made. 5 

Similar results are not generally available for heavy particle 

irradiations. but eventually they will be. A limited study of the 

time dependence of hydrated electron in pulses of H and He has been 

made by Naleway et a1. 18 We expect to extend this study at a future 

time to include the time dependence of intermediates in the general 

heavy particle track. 
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TaD le I. Track Parameters Independent of Particle Charge 

<~--~-------~~-~--~~~~~-~~~~~-------~~--

r r c p 

~~ner gy ( fv\eV I :D_ 8 Core Radius(A) Penumbra Radius A ~ax(eV) A 

1000 0.876 90.16 2. 7 X 1 3,4 X 1 23.42 

800 0.843 86.75 2.4 X 106 2.5 X 106 22.46 

600 0. 794 81.69 2.1 X 106 1.7 X 106 22.31 

400 0.715 73.54 1.6 X 106 1.1 X 106 21.98 

200 0.568 58.43 8,4 X 105 4.9 X 105 21.15 

100 0.430 44.21 3. 9 x· 105 2, 3 X 105 20.17 

80 0.390 40.12 3. 0 X 105 1.8 X 105 19.84 

60 0.343 35.26 2.1 X 105 1.4 X 105 19.38 

40 0.284 29.23 L3 X 105 0.9 X 105 18.80 

20 0.204 20.99 5.3 X 104 4,4 X 104 17.67 

10 0.145 14.96 2.1 X 104 .-2.,2 X 104 16.49 

8 0.130 13.40 1.6 X 104 1.8 X 104 16.17 

6 0.113 11.63 1.1 X 104 1.3 X 104 15.70 

4 0.092 9.51 6.2 X 103 8.8 X 103 14.96 

2 0.065 6.73 2,4 X 103 4,4 X 103 13.75 

1 0.046 4.77 9.6 x 1 o2 2,2 X 103 12.61 

0.8 0.041 4.26 7 ,l X 102 1.8 X 103 12.23 

0.6 0.036 3.69 4.8 X 102 1.3 X 103 11.74 

0.4 0.029 3.02 2 .a x 1 o2 8.8 X 102 11.06 

0.2 0.021 2.13 1.1 X 102 4,4 X 102 9.89 

0.1 0.015 1.51 4.3 )( 101 2.2 X 10 2 8.70 



Table II. Root Mean Square Charge States 

~(MeV/N) Fermium Argon Neon Carbon He 1i um Hldrogen 

1000 99.50 18.00 10.00 6.00 2.00 1.00 

800 99.39 18.00 10.00 6.00 2.00 1.00 

600 99.17 18.00 10.00 6.00 2.00 LOO 

400 98.67 18.00 10.00 6.00 2.00 1.00 

200 96.76 18.00 10.00 6.00 2.00 1.00 

100 92.54 17.99 10.00 6.00 2.00 1.00 

80 90.51 17.99 10.00 6.00 2.00 1.00 

60 87.38 17.97 10.00 6.00 2.00 1.00 

40 82.02 17.92 10.00 6.00 2.00 1.00 

20 70.84 17.62 9.97 6.00 2.00 1.00 

10 58.45 16.86 9.83 . 5.98 2.00 1.00 

8 54.47 16.47 9.74 5.96 2.00 1.00 

6 49.47 15.88 9. 58 5.93 2.00 1.00 

4 42.78 14.87 9.25 5.84 2.00 1.00 

2 32.65 12.79 8.40 5.55 1.99 1.00 

1 24.40 10.52 7.27 5.03 1.96 LOO 

0.8 22.14 9. 79 6.87 4.83 1.93 1.00 

0.6 19.49 8.88 6.34 4.54 1.89 0.99 

0.4 16.22 7.67 5.60 4.11 1.82 0. 98 

0.2 11.77 5.85 4.41 3.35 1.63 0.93 

0.1 8.47 4.36 3. 37 2.6.3 1.40 0.85 
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F i :L~re Leg en~d s 

L The stopping power (in eV/A) of six selected pc.~rtic1es in H20 vs 

ific energy (in MeV per nucleon). See text for definition of 

low-, medium- and high-LET regions (Regions I, II and III, 

t . l ) D t f - . l 24 respec lVe y , a a are rom Z1eg er. 

2. The stopping power (in eV/A) of Hand He in H2o vs specific 

energy (in MeV/n). Data are from Ziegler{l 24 

3, Chemical core radii r 1 (E) (in A) for the six selected part les 
.!. 

vs specific energy E(in MeV/n). At low energies, all values of 

r
1

(E) are equal to the penumbra radius, rp; at high energies, 

values of r1(E) become equal to the physical core radius, 

rc. Of course9 rc and rp are common for all particles. 

4. The fraction of track energy contained initially within the 

chemkal core radius r1(E) for the six particles vs the specif 

energy E. 
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